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Cartoon showing a BK channel-forming slo1 protein (BK alpha subunit, in red) accompanied by
modulatory beta (in green) and gamma (in blue) subunits. The BK alpha subunit contains seven
transmembrane segments (0-6), resulting in an extracellular amino (N) end. They include the pore and
voltage-gating domains, which are conserved to those of purely voltage-gated K+ channels of the TM6
superfamily. These seven segments are connected via a short linker (zig-zag line) to a large cytosolic tail
domain which contains two Regulator of Conductance for K+ structures (RCKs 1 and 2), which include
the sensing sites for physiological calcium and magnesium. The assembly of four BK alpha subunits
around a central pore results in the formation of the gating ring with eight RCKs and thus, a fully
functional BK channel. The complex may include beta (types 1-4) or gamma subunits (LRRC proteins).
The stoichiometry of native BK complexes with different beta and gamma subunits is not fully resolved,
although recombinant channels made of slol+beta2+gammal with a novel current phenotype have
been reported (Gonzalez-Perez et al., 2015).

“Gonzalez-Perez, V., Xia, X.M., Lingle, C.J. (2015). Two classes of regulatory subunits coassemble in the
same BK channel and independently regulate gating. Nat Commun. 6:8341. doi: 10.1038/ncomms9341.
PMID: 26388335”
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Maxi calcium-activated potassium channels (BK) are an amazing category of ion channels which
are found in cellular plasma membranes as well as in membranes of intracellular organelles.
The function of these channels is to repolarize any excited membrane by passing a potassium
outward current, in response to depolarization and/or increase in local calcium levels. Thus,
voltage and calcium ions are involved in gating the channel under physiological conditions. This
dual activation makes them perfect sensors for many cellular events that require integration
between intracellular calcium levels and electrical signals.

A plethora of physiological and pathophysiological functions, such as membrane hyperpolariza-
tion, modulation of synaptic transmission, hormone secretion or mental deficiencies, vaso-reg-
ulation, epilepsies, heart diseases, myotonic dystrophies, hypertension etc, in almost all cells and
tissues were reported for these channels. BK channels are main targets for important ligands like
alcohol and gaseous neurotransmitters, such as NO, CO or H,S, to name a few.

In the last years, the molecular entities and mechanisms involved in modulation of BK channels
have gained tremendous attention, as the key role of these channels in cellular processes became
increasingly recognized. Indeed, accessory proteins such as slowb, beta and gamma subunits, all
serve to modulate the channel gating characteristics. Moreover, channel subunit expression and
function is further tuned by phosphorylation/ dephosphorylation processes, redox mechanisms
and the lipid microenvironment of the BK channel protein complex.

This e-book contains structural and functional aspects of BK channels, channel modulation by a
variety of agents and cellular components, as well as the channel’s relevance in health and disease.

Citation: Weiger, T. M., Dopico, A., Hermann, A., eds. (2017). BK Channels: Integrators of Cellular
Signals in Health and Disease. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-291-0
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lon 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 Ca?*
activated BK channels, a KT channel with an electrical sensor and multiple chemical
sensors, provide a uniqgue model system for us to understand how physical and chemical
energy synergistically operate its activation gate.

Keywords: BK channels, allosteric gating, calcium binding proteins, modular organization, ion permeation, voltage

sensor domain, magnesium binding, ion channel gating

INTRODUCTION

BK channels, also known as MaxiK, Slol or Kc,1.1 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 (Ky) channel
superfamily, the basic functional unit of BK channels is a tetramer
of the pore-forming o-subunits encoded by Slol or KCNMAI
gene in human (Figure 1A). The slol gene was first identified
by studying a mutation of the Drosophila Slowpoke locus that
specifically abolished a Ca®*-activated KT 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 Ca** (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 f (Tseng-
Crank et al., 1996; Wallner et al., 1996; Behrens et al., 2000; Orio
etal., 2002) and y 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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Top view

CTD

FIGURE 1 | Structural domains of the large-conductance, Ca?+- 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:
3UBN) 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

c D 0 100pM [Ca?*], F 0 [Ca?"]
C [Ettmmmenama
PGD | |L —
@]
V K E 1.0
R . X é;so_s 100 0 uM [Ca2*];
A 4 X-Ligand 4 0.0
CTD 0 200 0 200

Test Potential (mV)

Test Potential (mV)

conformations of PGD, respectively; L: the equilibrium constant for the
C-0 transition in the absence of voltage sensor activation and Ca?*
binding; R and A: resting and activated states of VSD; J: the equilibrium
constant for VSD activation; K¢: 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 100uM [Ca?t];. (E) Increasing [Ca2t]; shifts the conductance-voltage
(G-V) relation to more negative voltages. (FG) In the absence of CaZt,
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
Ca?t Activation D367 R514, and E535 (in RCK1) and Ca-bowl: D889, D892, D895, Schreiber and Salkoff, 1997; Shi et al.,
and D897 (in RCK2) 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 Ce12KACg15Hg16 (between RCK1 and RCK2) Tang et al., 2003

PIP, 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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etal,, 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
etal., 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
Slol 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 Ca’" 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 Nat- 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
KT 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 Ca?* (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, Ca’* 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 Ca?* (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 1E,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 SO (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 Slol peptide to the extra-
cellular side (Figure 1A). Biochemical and electrophysiological
evidence suggests that the extracellular end of SO 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 KT 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
le 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 $4 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 Ca?" 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: 3MTS5,
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 (BA-BF) forms central core of
the gating ring; the intermediate helix-crossover (aF-turn-aG)
interlocks RCK1 and RCK2 domains within the same subunit;
and the C-terminal subdomain (aH-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, Ca®* is
the major BK channel regulator that binds to the CTD. CTD
also interacts with VSD via intracellular Mg?™ to activate the
channel. Other ligands such as protons, heme, phosphatidylinos-
itol 4,5-bisphosphate (PIP;) 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 Ca>* and Mg+t -dependent activa-
tion and also briefly summarize the action of other physiological
ligands.

CAZ+ SENSORS AND THEIR ACTION

Intracellular Ca®>* binds to the CTD of BK channels to increase
channel opening, typically in the range of 100nM to 300 uM
(Figures 1D,E). Electrophysiological and mutagenesis experi-
ments have identified two Ca* 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 “Ca®t 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 Ca’* 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 | Ca?t and Mg?*-dependent activation of BK channels. (A) The
putative CaZ* binding pocket in the RCK1 site (PDB ID: 3NAF). (B) The Ca2*t
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 Ca?*-free (3NAF) and
Ca®* bound to the Ca?* bowl (3U6N) CTD structures are shown in the left and
right panels, respectively. One of the most dramatic CaZ*+-induced
conformational changes happens in the AC region (BA-aC, orange). The rest of

VSD PGD VSD

the RCK1 domain is shown in blue and the RCK2 domain is shown in green.
The bound Ca?* in the Ca2* bowl is shown as red dot in the right panel. (D)
The low affinity Mg?* 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) MgZ* 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 Ca?*
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 Ca®* jon (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 Ca®*. Instead, it forms
salt bridges with R1018 and K1030, presumably helping to stabi-
lize the conformation of the Ca?> bowl. D896, on the other hand,
does not contact with other parts of the protein or Ca?", and is
thereby not important for Ca>* binding.

Compared to the Ca>* bowl site, the high affinity Ca>* bind-
ing site in RCK1 domain was less well defined by the recent BK
channel CTD structures. No diffraction of Ca>* ion was resolved
within the putative high affinity Ca?* binding pocket in the
RCK1 domain even when 10 or 50 mM Ca?* 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 Ca’* 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 Ca?* binding site (Figure 2A).
Other residues implicated by mutational studies as being impor-
tant for Ca’t dependent activation, such as M513 (Bao et al.,
2002) and D362 (Xia et al., 2002) do not seem to be part of
the putative Ca>* 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 Ca?* binding by stabilizing the RCK1 Ca’*
site. Does the absence of Ca?" at the RCK1 site in these struc-
tures represent artifacts during crystallization or result from the
potential distortions of the Ca>* 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 Ca?*
site and Ca’* bowl are not identical in terms of ion bind-
ing and the subsequent allosteric activation mechanism. These
two sites are located, ~25A apart, near the periphery of the
gating ring (Figure 1B) with the Ca?™ 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 Ca?* to the RCK1 site but
not to the Ca?>* bowl (Sweet and Cox, 2008). The same study
also discovered that the Ca?* sensors exhibit different apparent
Ca’* binding affinity with the Ca>* bowl showing higher Ca>*
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 Ca?t bowl specifically binds Ba?*, while the
RCK1 site only senses Cd**, though both sites can bind Ca** and
Sr2*. Moreover, the two Ca®* sites also exert different effects on
channel kinetics (Zeng et al., 2005). The Ca?* bowl mainly accel-
erates activation kinetics at low Ca®t concentrations, while the
RCK1 site influences both activation and deactivation kinetics.
Considering the fact that these two Ca** sensors contribute about
equally and independently to Ca** 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 Ca’* sensitivity
specifically through the RCK1 site but not the Ca?* bowl (Yang
et al., 2010). The enhancing effect of the mutation was lost when
the RCKI1 site was destroyed, but still remained intact when the
Ca?™ 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 Ca?* binding to the RCK1 site. Instead, this
mutation increases Ca’*t sensitivity at low Ca>* concentrations
by enhancing the rigidity of the N-terminal AC region (3BA—aC) 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 Ca**-free and Ca?*-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 Ca?*-induced activation pathways and
their potential interactions in the near future.

MG2+ SENSOR AND ITS ACTION

Under physiological conditions, millimolar intracellular Mg?*
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) Mg?*-dependent
activation is independent from the high affinity (in micromo-
lar range) Ca?*-dependent activation as the Mg?T sensitivity
remains unaltered at both zero and saturating Ca>* concentra-
tions (100 wM) (Shi and Cui, 2001). Indeed, Mg2+ activates the
channel by binding to a low affinity divalent cation binding site
distinct from the high affinity Ca’* 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 Mg?t sensing and
likely to be part of the putative Mg?* 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 Mg?* 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 Mg®" 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 Ca?*-dependent activation that is largely
independent of the BK VSD (Horrigan and Aldrich, 2002), Mg?*
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 Mg?*-dependent activation. First, millimolar Mg?*
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 uM [Ca*t]; can
increase the open probability >2000-fold under similar voltages
(Horrigan and Aldrich, 2002; Yang et al., 2010). This suggests
that Mg?* 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 Mg?" sensitivity, but had no effect on Ca*"
sensing (Hu et al., 2003). A study further demonstrated that an
electrostatic repulsion between R213 and the bound Mg?™* at the
interface of the VSD and CTD is responsible for the activation
effect of Mg?t (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 Ca?* and Mg?T, 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 Ca?*, 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 Ca" binding site, it is likely that its protonated imida-
zole side chains electrostatically interact with the nearby putative
Ca’* sensor D367 to facilitate Ca>* binding. On the other hand,
H394, a residue that stays further away from the RCK1 Ca?* site,
may indirectly affect Ca>* 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 Ca?* on its RCK1 sensor.

Ethanol can directly activate BK channels in isolated inside-out
membrane patches (Dopico et al., 1998) in the presence of Ca**
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 Ca?*, mutations in the Ca’* 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 Ca%* 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: 3UBN.

K361 (in the middle of oA helix) likely forms hydrogen bond with
the hydroxyl group of ethanol, while R514 (in the linker between
oG and aH) may help to stabilize the ethanol binding pocket. It
is known that ethanol cannot active BK channels in the absence
of Ca®*. This new study gave structural explanation to this phe-
nomenon. In the absence of Ca?*, 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 Ca?* sensing (Zhang et al., 2010b). It is therefore
plausible that Ca?* binding opens up the putative ethanol bind-
ing pocket and the binding of ethanol, in turn, further facilitates
Ca’*-dependent activation by increasing Ca?* binding and/or by
enhancing the allosteric coupling between Ca?t binding at the
RCK1 site and channel opening. By screening C. elegans strains
with different predicted missense mutations in the SloI 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 PIP,, 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,¢,d; Tang et al., 2014). PIP;, a ubiquitous lipid modulator
of numerous ion channels and transporters, enhances Ca?*-
dependent gating of BK channels. Neutralizing the positively
charged residue K392 and R393 in aB greatly reduced the appar-
ent sensitivity to PIP,, suggesting that these two resides might
be part of the putative PIP, 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 PIP, head group in the inner leaflet of the
plasma membrane (Figure 3). Interestingly, the PIP, effect was
only apparent when potent PIP; depleting reagents were applied,
suggesting that PIP, 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 PIP,, 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 f1 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 (IC59 =~70nM) (Tang et al., 2003; Horrigan
etal., 2005). Bioinformatics predication and the subsequent func-
tional characterization identified the sequence “CKACH” in the
N-terminus of the RCK1-RCK?2 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 Ca®* 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 KT 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
KT 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 Kt 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 KT 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 Kt 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 KT 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—
20A) 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 A 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, Ca?*-activated K*)
channels (Bruening-Wright et al., 2007). The interaction between
permeating thallium ion (TI") 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 Kt 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 (Figure4A). 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 Ca?* 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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A Pore S6 C-linker
BK GYGDVYAKTTLGRLFMVEFFILGGLAMFASYVPEII--ELI---GNRKKYG---GSYSAVSGRK 343
MthK GYGDYSPSTPLGMYFTVTLIVLGIGTFAVAVERLL--EFL---INREQMKLM-GLIDVAKSR- 116
GsuK GFGDITFESDAGYLFASIVTVSGVIFLLIILPFGEVSMFLAPWIERRLRYHPTIELPDDTRG- 131
Kvl.2 GYGDMVPTTIGGKIVGSLCAIAGVLTIALPVPV-IVSNFNYFYH-RETEGEEQAQYL-——--- 430
* * * . * . * . . *
C

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 a 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

Model 2

; Rotation of
ht ‘S Gating Ring
. | )

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 SO 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
aB helix might move toward the membrane-spanning domain
along the central axis when compared the Ca’t-bound CTD
structure (3U6N) with the Ca?t-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, Mg?™ or the charges around the Mg?* binding site in the
CTD can electrostatically interact with R213 in S4 of VSD (Hu

etal.,2003) (Figure 2E). Fifth, introducing charges to N172 in the
VSD and E399 in the CTD creates electrostatic interactions that
affect the voltage- and Ca®*-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 PIP, 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 Prohne 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 Mg?™ 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 Mg?* 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 Mg?™ sensitivity. The retention of Mg?" 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 Mg?* binding site. In this way, one or two out of
four Mg?* 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 Mg?* binding residues are from
the same Slo1 subunit to form an intrasubunit Mg?* site. Since
one single mutation is sufficient to eliminate Mg?* binding, none
of the heterotetrameric channels could retain intact Mg?* 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 Ca?"
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 Ca®* 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 Ca?t- 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 Ca’* 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 Ca’>* 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 Ca?* bind-
ing can enhance channel opening in a relatively independent
fashion. In the absence of Ca?t binding, extreme depolariza-
tion (> +110mV) enhances channel open probability when
the voltage sensor moves from resting state to activated state
(Figures 1D-G) (Cui et al., 1997). Similarly, saturating Ca*t
increases BK channel open probability by four orders of magni-
tude from ~10~7~107> when the voltage sensors are at the resting
state (Horrigan and Aldrich, 2002; Yang et al., 2010), indicating a
strong interaction between Ca?* binding and channel opening.
A weak interaction between voltage sensor activation and Ca®*
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 Ca>*-bound to the Ca**
bowl suggests that the N-terminal lobe of RCK1 domain under-
goes most dramatic conformational changes upon Ca** binding
to the Ca?" 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 Ca?t 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 Ca?" 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 A measured at Ca 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 Ca>* (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 Ca** binding to the
Ca’* bowl and the RCKI1 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 Ca>*-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 Ca’*
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dependent activation originated from the Ca?* bowl and the
RCKI 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 Ca?* 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 Mg?* 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.
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INTRODUCTION

Single-channel kinetics has proven a powerful tool to reveal information about the gating
mechanisms that control the opening and closing of ion channels. This introductory
review focuses on the gating of large conductance Ca?*- and voltage-activated K+
(BK or Slo1) channels at the single-channel level. It starts with single-channel current
records and progresses to presentation and analysis of single-channel data and the
development of gating mechanisms in terms of discrete state Markov (DSM) models.
The DSM models are formulated in terms of the tetrameric modular structure of BK
channels, consisting of a central transmembrane pore-gate domain (PGD) attached to
four surrounding transmembrane voltage sensing domains (VSD) and a large intracellular
cytosolic domain (CTD), also referred to as the gating ring. The modular structure and
data analysis shows that the Ca?t and voltage dependent gating considered separately
can each be approximated by 10-state two-tiered models with five closed states on the
upper tier and five open states on the lower tier. The modular structure and joint Ca?* and
voltage dependent gating are consistent with a 50 state two-tiered model with 25 closed
states on the upper tier and 25 open states on the lower tier. Adding an additional tier of
brief closed (flicker states) to the 10-state or 50-state models improved the description of
the gating. For fixed experimental conditions a channel would gate in only a subset of the
potential number of states. The detected number of states and the correlations between
adjacent interval durations are consistent with the tiered models. The examined models
can account for the single-channel kinetics and the bursting behavior of gating. Ca2* and
voltage activate BK channels by predominantly increasing the effective opening rate of the
channel with a smaller decrease in the effective closing rate. Ca2* and depolarization thus
activate by mainly destabilizing the closed states.

Keywords: Markov models, channel gating, 50-state model, dependency

Lee and Cui, 2010; Horrigan, 2012; Contreras et al., 2013; Hoshi
et al., 2013). To supplement these reviews, we will take a differ-

Large conductance Ca’*- and voltage activated K+ channels
(also referred to as Slol or maxi K™ channels) are widely dis-
tributed. BK channels (for big conductance) have an unusually
high conductance for such a K* selective channel of ~300 pS in
symmetrical 150 mM KCI. Their joint activation by depolariza-
tion and Ca?T (Marty, 1981; Pallotta et al., 1981; Latorre et al.,
1982) provides a negative feed-back system to drive the mem-
brane potential more negative, which would then close both the
open BK channels and also the voltage dependent Ca®t chan-
nels that are often co-localized with BK channels (Robitaille et al.,
1993; Wang et al., 2001). Through this negative feedback mecha-
nism, BK channels are involved in many physiological processes
(Vergara et al., 1998). Dysfunction of BK channels can lead to
diseases such as autism and mental retardation (Laumonnier
et al., 2006), epilepsy (Du et al., 2005), asthma (Seibold et al.,
2008), cerebellar ataxia (Sausbier et al., 2004), and hypertension
(Sausbier et al., 2005).

There have been a number of recent reviews on the gating
mechanisms of BK channels (Magleby, 2003; Cox, 2005, 2007;
Latorre and Brauchi, 2006; Cui et al., 2009; Latorre et al., 2010;

ent approach for our contribution to the Frontiers in Physiology
Research Topic: BK channels: integrators of cellular signals in
health and disease. Our review will focus specifically on what
selected single-channel studies have revealed about the Ca®*-
and voltage-dependent gating of BK channels. The level of pre-
sentation will be introductory. Beta subunits, Mg?" and other
modulators, as well as channel conductance, and selectivity are
not considered. Representative figures of single-channel data and
analysis are included so that the review is relatively self-contained.
Those who seek further information about gating mechanism
after reading this introductory single-channel review can start
with the extensive reference lists found in the reviews listed above.

THE QUESTION

Figure 1A presents the current through a single BK channel in a
small patch of membrane, recorded with the patch clamp tech-
nique (Hamill et al., 1981). In this case, the inside of the excised
patch of membrane in the tip of a glass pipette is exposed to
the bath solution, allowing the solution at the inner membrane
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FIGURE 1 | Synergistic activation of BK channels by Ca?* and
depolarization. (A) A current record from a membrane patch with a single
BK channel for 75 wM intracellular Ca2* and +30 mV (from McManus and
Magleby, 1988). Channel opening is indicated by upward current steps and
channel closing by downward current steps. (B) Plot of open probability Po
as a function of Ca%* and voltage (from Barrett et al., 1982). All references
to CaZ* in this paper are for Ca%* at the intracellular membrane.

surface to be easily changed. The upward and downward steps in
the current reflect channel opening and channel closing, respec-
tively. Measuring the current record at half open amplitude gives
a record of successive open and closed interval durations that
allow the calculation of open probability, Po, from the total open
time divided by the sum of the total open time plus the total
closed time. The successive interval durations also give informa-
tion about the underlying gating mechanism of the channel. The
gating is complex with intervals over wide ranges of durations.
Figure 1B shows that BK channels are activated synergistically
by both Ca?* and depolarization. In resting skeletal muscle with
voltage of —80 mV and intracellular Ca?* < 0.1 .M, BK chan-
nels seldom open. Increasing both Ca?* and depolarization are
then required to activate the channels under physiological con-
ditions. This review considerers the question of what types of
kinetic gating mechanisms can account for the single-channel
current records for the activation of BK channels by Ca?* and
voltage.

MODULAR STRUCTURE OF BK CHANNELS

A schematic diagram of the modular structure of a BK channel is
shown in Figure 2. Only two of the four subunits are shown with
front and back subunits removed. BK channels are comprised of
four transmembrane voltage sensor domains (VSD) surrounding

B Helix Ca2"

FIGURE 2 | Schematic of the modular structure of a BK channel. The
central pore-gate domain (PGD) formed from S5 to S6 of each of the four
subunits forms the gates and conducting pore of the channel. Two of the
four voltage sensor domains (VSD) that surround the central PGD are
shown. The cytosolic domain (CTD) forms a large intracellular gating ring
comprised of four RCK1 domains and four RCK2 domains, of which only
two of each are shown. Each RCK1 domain contains a high affinity RCK1
CaZ* binding site and each RCK2 domain contains a high affinity Ca2t bowl
binding site. Four S4-S5 linkers connect S4 in the VSDs to the PGD (upper
springs) and four RCK1-S6 linkers connect the gating ring to the PGD (lower
springs), shown for two subunits. Ca* binding expands the gating ring to
pull on the RCK1-S6 linkers and can also elevate the aB helices (purple
helices) under the VSDs (Yuan et al., 2012). See text for references and
detailed explanations.

a central pore gate domain (PGD), and a large cytosolic domain
(CTD), as shown schematically in Figure2. The CTD is also
referred to as the gating ring (Jiang et al., 2002). Each VSD is
formed from SO to S4 transmembrane segments of a single sub-
unit. The central PGD is formed from S5 and S6 from each of
the four subunits, with the pore loops between S5 and S6 form-
ing the selectivity filter that excludes anions, Na?*, Ca?*, and
Mg?™, allowing KT to pass through the channel at a high rate.
The gating ring is assembled from the RCK1 and RCK2 domains
(regulators of the conductance of KT) of each of the four sub-
units (Yuan et al., 2010), forming a ring with a central opening.
The gating ring is attached to the PGD by four RCK1-S6 linkers,
indicated for two subunits by the lower spring on each side of the
drawing. The RCK1 domain of each subunit contains a high affin-
ity Ca®* binding site termed the RCK1 site (Kq.5 4-17 wM), and
the RCK2 domain contains a second high affinity Ca?>* binding
site called the Ca®t bowl (K5 2—4 pM) (Schreiber and Salkoff,
1997; Bao et al., 2002; Shi et al., 2002; Xia et al., 2002; Zeng et al.,
2005; Zhang et al., 2010). Removing the gating ring by severing
the RCK1-S6 linkers at the RCK1 end removes all Ca** and Mg?*+
sensitivity, converting the BK channel into a purely voltage sensi-
tive channel (Budelli et al., 2013). Ca** binding to the gating ring
effectively expands the gating ring, pulling on the RCK1-S6 link-
ers to activate the channel (Pico, 2003; Niu et al., 2004; Yuan et al.,
2010, 2012). The above information indicates that the gating ring
is the module of the channel responsible for Ca>* sensitivity.
Depolarization of BK channels elevates the S4 transmembrane
segment in the VSD, pulling on the S4-S5 linker, which acts on
the PGD to open the channel (Ma et al., 2006; Hoshi et al., 2013;
Zhang et al., 2014). S4-S5 linkers for two subunits are shown as
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the upper springs in Figure 2. Charges in S1-S3 also contribute to
voltage sensitivity (Ma et al., 2006). The convergence of the action
of depolarization and Ca?* on the PGD through the RCK1-S6
linkers and the S4-S5 linkers provides an explanation for the
synergistic activation of BK channels by both depolarization and
Ca’*. Mg?T modulates the activity of BK channels through four
low affinity sites (Ko 5 2—4 mM), each located between the cytoso-
lic side of a VSD and the top of an RCK1 domain in the gating ring
(Hu et al., 2003; Yang et al., 2007). This review will focus on Ca®*
and voltage activation.

Where is the gate? The term gating is used to refer to all the
processes involved in channel activity, including Ca** and volt-
age induced conformational changes as well as the actual opening
and closing of the gate(s) in the conduction pathway. The phys-
ical location and mechanism by which the gate blocks the pore
in BK channels is not clear, but the gate may be located deep in
the inner vestibule of the PGD just below the selectivity filter,
such that closing arises from movement (possible rotation) of the
four S6 transmembrane segments to form a hydrophobic region
that physically obstructs the deep pore to close or almost close
the channel (Wilkens and Aldrich, 2006; Chen et al., 2014). As a
possible second step, the hydrophobic region may then exclude
water, leading to the formation of a water free region (a bub-
ble) that completely blocks the movement of ions (Roth et al,,
2008). Consistent with this two-step possibility, Ferguson et al.
(1993) found that transitions from fully open to fully closed (and
also transitions from fully closed to fully open) often proceeded
through a very brief duration almost closed subconductance state
with a conductance about 5% of the fully open state. The channel
could also reopen from the brief duration subconductance states
giving rise to very brief flicker (almost) closed states.

DISCRETE STATE MARKOV MODELS AS GATING
MECHANISMS

Discrete state Markov (DSM) models, after Russian mathemati-
cian Andrey Markov, have proven highly useful to describe single-
channel gating (Colquhoun and Hawkes, 1982, 1995b; Magleby
and Pallotta, 1983b; McManus and Magleby, 1991; Gil et al,
2001; Lape et al, 2008). These models assume that channels
gate by moving among different conformational and/or agonist
bound states of the channel protein. Open and closed states of the
channel represent two different conformational states. A channel
with all four voltage sensors deactivated (down) is in a different
conformational state than a channel with three voltage sensors
deactivated and one activated (up). A channel with no bound
Ca’* is in a different bound state than a channel with one bound
Ca?t, which is in a different state than a channel with two
bound Ca’*.

Three examples of DSM models are shown by kinetic Schemes
1-3 in Figure 3, where open (O) and closed (C) states are indi-
cated and each state is identified by a state number. Scheme
1 is the simplest DSM model that gates. Whereas most WT
channels gate in large numbers of states, Cukierman et al.
(1997) constructed a channel from two gramicidin A molecules
covalently linked with a dioxolane ring that gates as the two-state
model in Scheme 1. Schemes 2 and 3 each have two open and
three closed states, but are different gating mechanisms because

C, — O Scheme 1

C5 - C4 — C3
/L 1 Scheme 2

0, — Oy
C;s<~—=C4y —C3~— Oy <~— O; Scheme3

FIGURE 3 | Examples of discrete state Markov (DSM) models with
limited numbers of states. C and O are closed and open states,
respectively. Scheme 1 is the simplest model that gates. Scheme 2 with
two gateway states (Cz and C4) connecting open and closed states would
typically generate correlations between adjacent open and closed interval
durations. Scheme 3 with one gateway state (C3) would not generate such
correlations (Fredkin et al., 1985; Magleby and Song, 1992; Colquhoun and
Hawkes, 1995b).

the connections (transition pathways) between the states are
different.

The assumptions for DSM models as applied to gating of BK
channels are: (1) the time required for the transition between
two connected states is insignificant compared to the time spent
in either state, (2) the rate constants for the transitions between
states remain constant (in time) for constant experimental condi-
tions, and (3) voltage and Ca* gate the channel by changing the
effective rates for the transitions between states. It follows from
(2) that the rate constants for leaving a state are independent of
the previous sequence of events before entering the state, and are
also independent of the duration of time already spent in the state.
For this reason Markov models are often referred to as memory
less processes. However, it is not the model but the rate constants
that are memory less. Markov models can have memories defined
by the kinetic schemes and rate constants, leading to correlations
in the data, as will be explained later.

DWELL-TIMES IN STATES ARE EXPONENTIALLY
DISTRIBUTED IN DSM MODELS

For DSM models (and also for the decay of radioisotopes), the
dwell-times (lifetimes) in a state are a random (stochastic) vari-
able, described by an exponential distribution, where the prob-
ability (density), f(t), of observing a dwell-time with duration ¢
decays exponentially with ¢, such that

f() = (1/7)exp( —t/7) (1)

where t is the duration of a dwell-time in the state, 7 is the time
constant of the distribution, given by the time for the distribu-
tion to decline to 1/e (0.368) of its initial magnitude, and 1/t is
the magnitude of the distribution at time 0. T is also given by
the mean of all the intervals in the exponential distribution. The
product of 7 times the magnitude of the exponential at time 0
gives the area of the exponential. The probability (density) func-
tion given by Equation (1) is normalized to an area of 1.0 by
setting the magnitude to 1/7. Increasing 7 10-fold then reduces
the magnitude 10-fold to retain an area of 1.0.
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Why are dwell-times in a Markov state exponentially dis-
tributed? Converting a rate constant to a probability indicates a
small probability of leaving a state in each small increment of
time. For example, a rate constant of 1/s away from a state con-
verts to a probability for leaving the state of 10=/ms, 1076/,
or 10~%/ns. A small but constant probability of leaving a state
per unit time leads to an exponential distribution of the times
spent in the state (Colquhoun and Hawkes, 1995b). As a thought
experiment, imagine that the channel possesses a true die with
10° sides which it throws once every nanosecond. If side 1 out
of the 10° sides comes up, then the channel makes a conforma-
tional change. If any of the other 999,999,999 sides come up, then
the channel throws the die again without memory of previous
throws, and continues to do so until side 1 comes up, at which
point it makes a conformational change. Mechanistically, during
each brief moment of time (1077 s), the thermal fluctuations in
the channel have only a low probability of providing sufficient
energy to move the present conformation over a thermally fluc-
tuating energy barrier into the next state, or alternatively, during
each brief moment of time the channel very rapidly samples many
different conformations due to thermal fluctuations, with only a
very low probability of reaching a different stable conformation
state. See Frauenfelder (2014) for discussion of protein motions.

The engineered two-state channel of Cukierman et al. (1997)
discussed in the previous section was identified as gating in two
states from the single exponential distributions for open and
closed intervals. The distributions of open times for sodium chan-
nels are described by a single exponential, suggesting a single
open state (Horn and Vandenberg, 1984). For channels with mul-
tiple open and closed states, dwell-times in any given state are
still exponentially distributed for DSM models, but the separate
dwell-time distributions of all open and all closed interval dura-
tions are now comprised of the sums of exponentials, as will be
described in later sections.

CALCULATION OF STATE LIFETIMES AND PROBABILITIES
FOR DIFFERENT TRANSITIONS

Rate constants for DSM models are identified by state numbers,
such that ki is the rate constant for the transition from state i to
state j. The mean lifetime (dwell-time) in any state i can be cal-
culated from the rate constants (Colquhoun and Hawkes, 1995b)
using

Mean lifetime of state

i=1/ (Z rate constants away from state i) (2)

where (X rate constants away from state i) gives the effective rate
constant for leaving state i. For example, the mean lifetime of C,
in Scheme 1 is given by 1/k,_1, the mean lifetime of Cs in Scheme
2 is given by 1/ks_4, and the mean lifetime of C4 in Scheme 2
is given by 1/(ks—2+ ks—3 + k4—s5). It follows from rearranging
Equation (2) that the rate constants can be determined directly for
the two-state model given by Scheme 1 for data in which all open
and closed intervals are detected from the inverse of the mean
lifetimes of the open and closed intervals

ki =1/01
k-1 =1/C,

(3)
(4)

For Scheme 1, with only one transition pathway between the
states, which state is entered next is a given. For more com-
plex models like Schemes 2 and 3, the probability of making a
transition from state i to state j, Pi_jis

P =ki_j/ (Z rate constants away from state i) (5)

For Scheme 2, Ps_jequals ks_4/ks—4 equals 1, and Py,
equals ks—»/(ky—> + ks—3 + ks—s). For Scheme 3 P,_; equals
ky—1/(ky—1 + kz—3).

The connected states C5-C4-C3 in Schemes 2 and 3 form
compound closed states, with each of the states in the com-
pound state having the same closed current level, so that the
state transitions within the compound closed states are hidden
from direct experimental observations. Examples of hidden tran-
sitions within the compound closed state in Scheme 2 would
be: O1-C3-C4-0; and O;-C4-C3-C4-Cs5-C4-O,. The same would
apply to transitions among the compound open states, O1-O;,
which in BK channels would have the same open current level.
Consequently, compound openings such as C4-0,-0;-0,-C4 for
Scheme 2 and C3-0,-0;-0,-C3 for Scheme 3, would all have the
same open current levels with the open—open transitions hidden.
In spite of the hidden transitions, information about the num-
bers of closed and open states, the transition pathways among
the states, the probabilities of the various transitions pathways,
and the mean lifetimes of the states are reflected in the succes-
sive open and closed interval durations, which reveal the closed
and open dwell-time distributions and also the 2D dwell-time
distributions and the correlations between open and closed inter-
val durations (see graphical demonstrations in (Magleby and
Song, 1992; Colquhoun and Hawkes, 1995b; Rothberg et al., 1997;
Rothberg and Magleby, 1998a). Because state transitions are hid-
den within compound states, DSM models are also referred to as
hidden Markov models.

DESCRIBING DWELL-TIME DISTRIBUTIONS BY THE SUMS
OF EXPONENTIALS

Even though transitions among states in a compound state are
hidden, each of these states will lead to the generation of an
exponential component in the distribution of interval durations
(Colquhoun and Hawkes, 1982, 1995b). For s, closed and m,
open states in a DSM model, the dwell-time distribution of all
closed intervals would then consist of the sum of n, exponen-
tial components, and the dwell-time distribution of all open
intervals would consist of the sum of m, open exponentials com-
ponents, although all exponentials may not be detected because
of closely spaced or identical time constants, or areas too small to
detect. Distributions described by sums of exponentials are often
referred to as being described by mixtures of exponentials because
it is not possible to assign any single interval in the summed
distribution to any given exponential component, except in terms
of probabilities. A first step often used in the analysis of single-
channel data is to fit open and closed dwell-time distributions
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with sums of exponentials to determine the numbers of signifi-
cant exponential components, which then provides an estimate
of the minimum number of open and closed states required in a
DSM, such that,

N

f® =) (ar/mexp( — t/w)

k=1

(6)

where f(¢) is the dwell-time distribution arising from the sums of
exponential components, N is the number of summed exponen-
tials, ay is the area (the fraction of the total area of the dwell-time
distribution) of exponential k, 7 is the time constant of exponen-
tial k, and the quotient ax/ti gives the magnitude of exponential
k at 0 time (Landowne et al., 2013).

A common misconception in the interpretation of dwell-time
distributions is to assume a one-for-one relationship between
exponential components and states, such that, the dwell-times
in a specified state give rise to the dwell-times in a single expo-
nential component. Such a relationship is seldom the case when
compound states are involved, as each state in a compound
state can make contributions to all of the exponential compo-
nents arising from the compound state. The relationship between
components and states is fascinating, being both paradoxical or
predictable depending on the ratios of the various rate constants
connecting the states (Shelley and Magleby, 2008). Fortunately,
the methods used to determine rate constants and rank models
circumvent the need to know the complexities of these rela-
tionships. Nevertheless, to discuss exponential components in
terms of states, which is often done, requires understanding the
relationship between components and compound states.

ESTIMATING PARAMETERS AND RANKING KINETIC GATING
MECHANISMS

This section illustrates by example how kinetic parameters can be
estimated for a two-state model and then describes the process for
more complex models. Figure 4A presents a segment of a simu-
lated single-channel record for Scheme 1 with rate constants for
opening, kca—o1, and for closing, ko1—c2, of 1000/s. The varia-
tion in successive dwell-times and the apparent drift in activity
over time reflects stochastic variation in dwell-times. Measuring
the durations of 10° simulated closed intervals and plotting them
as a frequency histogram gives the linear plot of the dwell-time
distributions in part C, which is well-described by the exponential
function (continuous line)

f(t) = 1000 exp( — t/7) (7)
where f(t) is the number of intervals per ps of bin width, ¢ is
interval duration, and t is 1 ms, given by the time required for
the exponential to fall to 1/e of its initial magnitude. Figure 4B is
a Sigworth and Sine (1987) plot of the same data in Figure 4C.
In this transform, the distribution peaks at the time constant of
the exponential, providing a quick visual indication of the mean
interval duration in the distribution. Log binning is used in both
parts B and C, with the duration of the bins increasing logarith-
mically with dwell-time. With log binning the bin width remains
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FIGURE 4 | Simulated single channel kinetics for the two-state
Scheme 1. (A) A simulated single-channel current record for Scheme 1
with opening and closing rate constants of 1000/s. (B) Dwell-time
distribution of the closed interval durations plotted with the Sigworth and
Sine transformation (Sigworth and Sine, 1987). The abscissa has log binning
with 10 bins per log unit. The distribution peaks at the mean interval
duration of 1 ms, indicated by t. The rate constant for opening is given by
the inverse of 1. (C) Dwell-time distribution of the same data in part B on a
linear plot. The intervals were corrected for the increasing bin width that
occurs with log binning. The mean interval duration t is given by the time to
decay to 1/e (1/2.718 = 0.368) of the initial amplitude. The same
distributions would be obtained for the open intervals. 108 intervals were
simulated and analyzed (from Shelley et al., 2010).

constant on a logarithmic abscissa. The Sigworth and Sine trans-
form plots the square root of the number of intervals per bin
vs. the log of the mean duration of the intervals in each bin,
and the linear plot presents the number of intervals per ps of
bin width (to correct for the log binning) vs. the mean duration
of intervals per bin. Log binning allows binning and plotting of
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dwell-times with durations ranging from microseconds to hours
using less than 100 bins with constant time resolution (McManus
et al., 1987). Sigworth and Sine plots, because of the uncorrected
increasing bin width with log binning, can give the mistaken
impression that the frequency of intervals in a dwell-time distri-
bution first increase and then decrease, but this is not the case, as
can be seen by comparison to the liner plot in Figure 4C which
has been corrected for the log binning.

The 1 ms time constant of decay in Figures 4B,C indicates a
rate constant for channel opening, k,—;, of 1000/s (Equation 4).
The analysis would be the same for the open intervals, giving a
rate constant for channel closing, k1—,, of 1000/s. Hence, for a
two state model and ideal data with unlimited time resolution,
the rate constants can be determined directly from the inverse of
either the time constants or the mean interval durations.

As a general experimental approach, the rate constants for
Scheme 1 and for more complicated schemes would be obtained
by maximum likelihood fitting of the single-channel data using
Q-matrix or other methods (Colquhoun and Hawkes, 1982,
1995a,b; McManus and Magleby, 1991; Rothberg and Magleby,
1998b; Colquhoun et al., 2003; Qin, 2014). In one approach,
single-channel data, in the form of 2D dwell-time distributions
obtained over a range of Ca’* and voltage, but with fixed con-
ditions for each distribution, are simultaneously fitted (global
fitting) with the gating mechanisms of interest (Rothberg and
Magleby, 1998a). Such fitting determines the most likely rate con-
stants and their voltage and Ca’>* dependence for each tested
gating mechanism. Ranking the examined gating mechanisms
in terms of the likelihood that the observed single-channel
data were generated by the gating mechanisms, then identi-
fies the most likely model. When ranking models, a penalty
is applied for increases in the number of free parameters in
the models (Rothberg and Magleby, 1999). Such global fitting
of data over a range of Ca’* and voltage as well as taking
into account the correlation information (see later section) is
essential to define models and rate constants. Without global
fitting the rate constants and ranking of models can be poorly
defined. The highest ranking model is not the “correct” model,
which is not known, but is the most likely of all the examined
models.

It is possible to determine if there is a model with the same
number of states that ranks higher than the highest ranking
model. The data are fitted with a generic model (Kienker, 1989)
that includes all possible models for the specified number of
states. Global fitting is not possible with the generic model, so
each experimental condition is fitted separately with the generic
model and then the log likelihoods for each experimental condi-
tion are added. If the likelihood of the highest ranked model is
equal to the likelihood of the generic model for the same data,
then no other model with the same number of states will be
found that has likelihood higher than the highest ranked model
(Rothberg and Magleby, 1998b, 1999). A comparison of the log
likelihoods of the generic models to the examined models also
quantifies how well the examined models account for the data
(Rothberg and Magleby, 1999).

For experimental single-channel records, very brief intervals
can be sufficiently attenuated by the low pass filtering used to
reduce high frequency noise in the current record that the brief

intervals are not detected. These missed intervals distort the
single-channel data. For example, if a very brief closed interval
between two longer open intervals is missed, then the missed
closed interval plus the two adjacent open intervals would be
detected as a single longer open interval. Alternatively, if a very
brief open interval is missed, then the missed open interval plus
the two adjacent closed intervals would appear as a single longer
closed interval in the experimental record. Mathematical correc-
tions for these missed events are applied when fitting experimen-
tal data to correct for the effects of the limited time resolution
(Blatz and Magleby, 1986; Crouzy and Sigworth, 1990; Hawkes
et al., 1992; Qin et al., 1996).

The DSM models developed in the previous sections would
indicate the numbers of states, the transition pathways among
the states, the rate constants for the transitions, and the voltage
and Ca?t dependence of the rate constants. Given such models,
it is possible to calculate the expected dwell-time distributions
and the macro currents over wide ranges of voltage and Ca’*
using Q-matrix methods (Colquhoun and Hawkes, 1982, 1995a).
Macro currents are currents recorded from hundreds to thou-
sands of channels in a macro patch of membrane or from the
membrane of an intact cell. Single-channel current records can
also be calculated from the DSM models through simulation
using the rate constants and a random number generator to make
the stochastic decisions as to specific dwell-times and state transi-
tions. Whereas each simulated run would give a unique example
of single-channel gating, combining many such runs would give
a second method to calculate average single-channel and macro
current kinetics and steady-state responses.

DSM models are simplifications of actual protein function.
Each state in a DSM model represents large numbers of con-
formational substates in very rapid equilibrium due to ther-
mally induced protein motions (McManus and Magleby, 1989;
Frauenfelder, 2014). In the DSM models used here the transi-
tions between any two connected states and the binding and
unbinding of agonist (Ca?T) are represented with single effec-
tive rate constants, rather than with the short lifetime multi-state
processes that underlie these transitions. These multistep pro-
cesses are too rapid to be separated in the single-channel data.
Whereas the DSM models used for gating among states do not
include the multi-step processes of state transitions directly, they
do give information about the dwell-times before the transitions
and the different probabilities for exiting via the different tran-
sitions pathways. This information defines the DSM models and
also delimits the information that will have to be accounted for by
transition state theory.

In spite of the simplifications mentioned above, critical tests of
Markov gating for BK and NMDA receptor channels have found
that the single-channel kinetics are consistent with DSM mod-
els. The time constants of the exponentials describing the open
and closed dwell-time distributions were independent of adjacent
interval durations for fixed experimental conditions, as required
for DSM models (McManus and Magleby, 1989; Gibb and
Colquhoun, 1992). These observations of time constants inde-
pendent of adjacent interval durations also indicate that the time
constants of the exponentials can be accurately determined from
the experimental data. Further support for Markov gating are the
observations that dwell-time distributions are well-described by
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either single exponentials or sums of exponentials, as expected for
DSM models. Fractal models can be ruled out for four examined
channels, BK channels, fast Cl-channels, nicotinic AChR receptor
channels, and GABA, channels, as DSM models ranked signif-
icantly higher than fractal models for these four different ion
channels (McManus et al., 1988).

DSM models will be referred to as gating mechanisms or
schemes or simply models in the remainder of this review. Kinetic
is often added to emphasize that these models can describe the
dynamics of the gating over time because they contain rate con-
stants for both forward and backward transitions. This is in
contrast to equilibrium models that can only describe the steady
state or equilibrium Po, and thus give no information about the
time course of the gating.

GATING MECHANISMS CONSISTENT WITH THE MODULAR
STRUCTURE OF BK CHANNELS

Gating mechanisms are best formulated in terms of what is
known about the structure of an ion channel. The modular

structure in Figure 2 indicates that BK channels have: (1) four
VSD modules, each with an S4 transmembrane segment that is
assumed to be either deactivated (down) or activated (up); (2) a
gating ring comprised of four pairs of intertwined RCK domains,
each with two high affinity Ca?* binding sites; and (3) a PGD that
is gated by the four VSDs through the S4-S5 linkers and also by
the four RCK1-S6 linkers from the gating ring. For simplicity, as
is typically done for BK channels, the two high affinity Ca?* bind-
ing sites per pair of intertwined RCK domains will be treated as
a single site, giving four effective high affinity Ca** binding sites.
This simplification is possible (but not necessarily justified) for
BK channels because the Hill coefficients for plots of Po vs. Ca>*
typically approach, but seldom, exceed 4, as will be shown later.
The (mainly) independent voltage and Ca?* activation sys-
tems of BK channels can be incorporated into a kinetic model
by starting with separate models for each. Scheme 4 in Figure 5
presents a gating mechanism for the voltage-dependent gating
of BK channels in the absence of Ca’*t (Cox et al.,, 1997; Cui
et al., 1997; Horrigan and Aldrich, 1999; Horrigan et al., 1999),

Os

Scheme 8

FIGURE 5 | Two-tiered gating mechanisms for BK channels. Scheme 4
is for voltage only gating, Scheme 5 is for Ca?* only gating, and

Scheme 6 combines the two for joint gating by both voltage and Ca?t.
The upper tiers are closed states and the lower tiers open states. The
four subunits for each state are depicted. A filled subunit has a bound
Ca?t and a round subunit has an activated voltage sensor (from

Rothberg and Magleby, 1999, 2000). Scheme 7 presents a constrained
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Scheme 9

approach of representing the allosteric action of voltage and Ca?* on
the opening and closing transitions between the closed and open tiers
in Schemes 4-6. Scheme 8 is a shorthand method devised by Horrigan
and Aldrich (2002) to describe Scheme 6 in terms of effective
equilibrium constants. Scheme 9 from Rothberg and Magleby (2000) is
a subset of Scheme 6. See text for detailed descriptions of all these
schemes.
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and is similar to models that have been considered for other
voltage gated channels (Marks and Jones, 1992; Rios et al., 1993;
McCormack et al., 1994). In this 10-state model, each state is
comprised of four subunits, as dictated by tetrameric BK chan-
nels (Shen et al., 1994). The five states in the upper tier are closed
and the five states in the lower tier are open, with an open state
indicated by an open circle in the middle of the four subunits on
the lower tier. A square subunit indicates that the voltage sen-
sor in that subunit is relaxed (deactivated), whereas a circular
subunit indicates that the voltage sensor is activated. The same
10-state Scheme 4 would also apply for voltage dependent gating
at 95 WM Ca* by shading all the squares and circles to indicate
that all subunits have bound Ca®* (Shelley et al., 2010). Notice in
Scheme 4 that the voltage sensors can activate and deactivate for
both open and closed channels, and that there is not an obligatory
coupling between voltage sensor movement and channel opening
and closing, as channels can open and close with 0, 1, 2, 3, and 4
activated voltage sensors, with Po increasing with an increase in
the number of activated voltage sensors (Horrigan and Aldrich,
1999; Horrigan et al., 1999; Rothberg and Magleby, 1999, 2000;
Shelley et al., 2010). Further support for Scheme 4 comes from
the single-channel observations of Talukder and Aldrich (2000)
of multiple components in both open and closed dwell-time dis-
tributions at high voltages (+180 to +260 mV) with zero Ca’*.
They suggest that the multiple components indicate states or
combinations of states with different numbers of activated voltage
Sensors.

Scheme 5 presents a gating mechanism for the Ca?-
dependent gating of BK channels (McManus and Magleby, 1991).
This scheme parallels the voltage activation shown in Scheme 4
except that activation is by binding Ca?*, indicated by a shaded
(gray) subunit. Scheme 5 as depicted is for all four voltage sensors
activated. The same Scheme 5 with no voltage sensors acti-
vated would be indicated by replacing all the round subunits in
Scheme 5 with square subunits. Scheme 5 for Ca>t-dependent
gating has features in common with the Monod, Wyman and
Changeux (MWC) model (Changeux and Edelstein, 1998) widely
considered for agonist activation of receptor channels. Scheme
5 for Ca’* activation has many of the same general features as
Scheme 4 for voltage activation. Both are two-tiered, with five
closed states on the upper tier and five open states on the lower
tier. There is not an obligatory coupling between Ca?* bind-
ing and channel opening and closing, as channels can open and
close with 0, 1, 2, 3, and 4 bound Ca%*, with Po increasing
with the number of bound Ca?* (Magleby and Pallotta, 1983a,b;
McManus and Magleby, 1991; Cox et al., 1997; Cui et al., 1997;
Rothberg and Magleby, 1998b, 1999, 2000; Horrigan and Aldrich,
2002).

Scheme 6 combines the voltage and Ca®* -activation into one
model (Rothberg and Magleby, 1999, 2000; Cui and Aldrich,
2000). Scheme 6 includes five repeats of Scheme 4, with 0, 1, 2,
3, and 4 bound Ca?* per channel (left to right). Alternatively,
Scheme 6 can be viewed as five repeats of Scheme 5, with 0, 1, 2,
3, and 4 activated voltage sensors per channel (top to bottom).
The upper left most tier of one closed and one open state has
0 Ca?* bound and 0 voltage sensors activated. The lower right
most tier of one closed and one open state has four bound Ca**

and four voltage sensors activated. Scheme 6 shows that with
one Ca®* sensor and one voltage sensor per subunit, the chan-
nel could potentially enter 25 closed states on the upper tier and
25 open states on the lower tier during gating, each defined by
different combinations of activated voltage sensors and bound
Ca?? sites. If the relative positions (adjacent or diagonal) of Ca>*
binding and voltage sensor activation on the various subunits in
a channel alter the gating, then there would be additional states
(Cox et al., 1997; Rothberg and Magleby, 1999; Qian et al., 2006),
which will not be considered here. Gating in all 50 states would
require changing the Ca?* and voltage over wide ranges. Voltage
and Ca?* jointly activate the channel, by shifting the gating from
states in the upper left region (low Ca?* and hyperpolarized volt-
age) of Scheme 6 to states in the lower right region (high Ca**
and large depolarization). For a fixed Ca’* and a fixed voltage,
the channel would gate in only a subset of the states in the 50-state
scheme.

One highly constrained conceptual method of representing the
allosteric action of voltage and Ca** sensors on the opening and
closing transitions between the upper tiers and the lower tiers in
Schemes 4-6 can be represented as Scheme 7 in Figure 5, where
n is the number of voltage sensors activated, m is the number of
bound Ca’*, H and K are the opening and closing rate constants
when n and m = 0 (no activated voltage or Ca?t sensors), D and
E are the allosteric accelerators for voltage on the opening and
closing rate constants, respectively, and R and S are the allosteric
accelerators for bound Ca?* on the opening and closing rates,
respectively, (Chen et al., 2012). Scheme 6 with rate constants and
expanded to include the allosteric action of both voltage and Ca**
on the opening and closing rates using (Scheme 7) is an extension
of earlier models with equilibrium constants (Marks and Jones,
1992; Rios et al., 1993; McCormack et al., 1994; Horrigan and
Aldrich, 2002). For Scheme 7, a channel with two voltage sen-
sors activated and three Ca** bound would have an allosteric
acceleration in opening of D?R* and the opening rate would be
HD?R.

Scheme 8 represents a clever notation developed by Horrigan
and Aldrich (2002) to describe the steady-state Po (equilibrium
gating) predicted by the 50-state model in Scheme 6. In Scheme
8, L, ], and K represent the equilibrium constants for the transi-
tions between the closed and open states (C-O), the resting and
activated voltage sensors (R-A), and the unbound and bound
Ca’* sensors (X—Xca), respectively. The four’s reflect four
voltage and four Ca®* sensors, D and C are allosteric equilib-
rium factors for the actions of the voltage sensors and Ca**
sensors on the opening-closing equilibrium, and E is a cou-
pling factor for interactions between voltage and Ca®* sensors.
Note that the parameters in Scheme 8 have different meanings
than those in Scheme 7 and further schemes to be presented in
this review. Scheme 8 as shown has equilibrium constants, and
consequently gives no information about the time course (kinet-
ics) of gating or single-channel kinetics. Nevertheless, Scheme
8 provides a powerful tool to study gating mechanism of BK
channels by indicating the fundamental principles of the gating
(Horrigan and Aldrich, 2002), and Scheme 8 can be expanded to
use rate constants rather than equilibrium constants, becoming
Scheme 6.
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The open distributions were described by the sums of three significant open
exponentials (dashed lines summing to make the continuous lines through
the data), and the closed distributions were described by the sums of five
significant closed exponentials from McManus and Magleby (1991).

BK CHANNELS TYPICALLY GATE IN A MINIMUM OF 3-4
OPEN STATES AND 5-6 CLOSED STATES FOR FIXED
EXPERIMENTAL CONDITIONS

Figure 6 shows how the minimum number of kinetic states
entered during gating can be estimated from the number
of significant exponentials required to describe the dwell-
time distributions. Figure 6A presents single-channel recordings
obtained from a single BK channel at three different Ca?*.
The Ca-induced increase in channel activity is readily appar-
ent. Measuring open and closed interval durations from long
records of stable data (McManus and Magleby, 1988) and

plotting them as frequency histograms on log-log coordinates
gave the open (left) and closed (right) dwell-time distribu-
tions for the two indicated Ca** (Figure 6B). These are yet a
third type of plot for dwell-time distributions, in addition to
those in Figure 4. The ordinate is expressed as log of the num-
ber of intervals per 12.5pus of bin width to correct for the
effect of log binning the interval durations, and the abscissa
is expressed as the log of the mean duration of the intervals
in each log bin. In the log-log plots in Figure 6 each addi-
tional exponential is indicated by an inflection in the dwell-time
distribution.
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From Figure 6B it can be seen that the observed durations of
intervals can extend over five orders of magnitude and that the
frequencies of intervals can extend over seven orders of magni-
tude. Such extended information is seldom seen in biology, but is
routine for single-channel data because of the huge kinetic space
of gating and the fact that frequency (counting) and duration
(time) are two physical parameters readily measured by computer
with high accuracy.

The open distributions were well-described (continuous line)
by the sum of three significant exponential components (dashed
lines) and the closed distributions by the sum of five signifi-
cant exponential components. For experiments of this type for
data from single BK channels over a range of Ca?* and voltage
(—100 to +100 mV), but with fixed Ca?* and voltage for each
determinations, the open distributions were typically described
by 3—4 significant open exponential components and the closed
distributions by 4-6 significant closed exponential components,
suggesting gating in a minimum of 3—4 open states and 4—6 closed
states (McManus and Magleby, 1988, 1989, 1991; Rothberg and
Magleby, 1999). Detecting 3—4 open states and 4—6 closed states
appear more consistent with the 10-state Schemes 4 and 5 than
the 50-state Scheme 6. If the 50-state Scheme 6 represents the
proposed gating mechanism, then why aren’t 25 significant closed
and 25 significant open exponentials detected, one for each of the
50 states? One reason presented earlier is that the 50 states are
potential states based on the modular structure of BK channels.
For any given Ca’" and voltage, the gating would be effectively
limited to only a small subset of the 50 states, so only that subset
would generate exponentials with sufficiently large areas to detect.
Furthermore, calculations on large multistate models show that
many of the expected time constants for 50-state models can be
nearly identical or too close to detect. It will be shown in sections
below, that Ca>* dependent gating at fixed voltage, and voltage
dependent gating at fixed Ca’>", can each be approximated by
the 10-state Schemes 5 and 4, respectively, consistent with the
numbers of significant detected exponential components.

The observation of typically 5-10 significant exponentials
in the dwell-time distributions of BK channels (Magleby and
Pallotta, 1983b; McManus and Magleby, 1988) providing exper-
imental evidence for gating in a minimum of 5-10 states, was
met with skepticism by many back at the time, even though it
had been previously proposed for decades that agonist activated
channels and also voltage activated channels would be expected to
gate in 5-10 or more states (Hodgkin and Huxley, 1952; Monod
et al., 1965; Nonner, 1980). To avoid the need for large num-
bers of states, even though expected, the much simpler fractal
model gained interest until it was shown to be inconsistent with
the experimental data for four different ion channels (McManus
et al., 1988).

INVERSE RELATIONSHIP BETWEEN THE DURATIONS OF
ADJACENT OPEN AND CLOSED INTERVALS

General information about gating mechanisms can be obtained
from the relationships between adjacent open and closed interval
durations (McManus et al., 1985; Colquhoun and Hawkes, 1987;
Magleby and Song, 1992; Rothberg and Magleby, 1998b). To gen-
erate correlations there needs to be more than one gateway state

in the kinetic scheme, where the number of gateway states in a
kinetic scheme is given by the minimal number of states that have
to be removed to sever all connections between open and closed
states (Colquhoun and Hawkes, 1987). For Schemes 1 and 3 there
would be no correlation between the durations of adjacent open
and closed intervals because there is only one gateway state con-
necting open and closed states. In Schemes 2, 4, 5, and 6, there
are 2, 5, 5, and 25 gateways between open and closed states so that
these schemes could show correlations between adjacent open
and closed interval durations. To test for correlations, McManus
etal. (1985) plotted the mean durations of open intervals adjacent
to specified ranges of closed intervals (Figure 7A). There was an
inverse relationship between the durations of adjacent open and
closed intervals. This inverse relationship can be observed directly
in the single-channel current records in Figure 6A, where brief
open intervals are typically adjacent to longer closed intervals
and longer open intervals are typically adjacent to briefer closed
intervals.

A more rigorous demonstration of this inverse relationship for
essentially all possible pairs of adjacent open and closed interval
durations, including showing the significance of the inverse rela-
tionship, is presented in Figures 7B—-D (Rothberg and Magleby,
1998b). Part B shows 2D dwell-time distributions of all theoret-
ically possible pairs of adjacent interval durations, plotted in the
Sigworth and Sine transform. Part C shows a dependency plot
of the data in part B which indicates which pairs of adjacent
open and closed intervals are in excess and which are in deficit
over that expected by chance pairing alone. Part D presents a
dependency significance plot of the data in part C indicating the
significance of the excesses and deficits of intervals. (These plots
are described in-depth in the legend of Figure 7). Plots C and D
would be a flat plane at 0.0 if adjacent open and closed inter-
vals paired by chance alone, as would be the case if there were
only one gateway state. The significant correlations rule out gating
mechanisms like Scheme 3, with one gateway state between open
and closed intervals. The observed inverse correlations between
adjacent open and closed interval durations suggest gating mech-
anisms like Schemes 4—6 in which the lifetimes of the closed
states on the upper tiers progressively decrease and the lifetimes of
the open states on the lower tiers progressively increase as more
voltage sensors are activated and/or more Ca?* is bound. For a
graphical demonstration of this concept, see Magleby and Song
(1992).

GATING OF BK CHANNELS IS CONSISTENT WITH
MICROSCOPIC REVERSIBILITY

To develop a gating mechanism for an ion channel it is neces-
sary to know whether there is an external energy source driving
the gating. In an excised patch of membrane held at a moderate
voltage such as +30 mV, BK channels can gate with stable kinetics
for many hundreds of thousands of open and closed transitions
over tens of minutes. Where is the energy source for the gat-
ing? In order to record single channel currents there has to be an
electrochemical (voltage and/or concentration) gradient to drive
K* through the channel. If this energy source provided energy
for gating, then the single-channel kinetics for the same current
record analyzed in the forwards and backwards directions could
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FIGURE 7 | The inverse relationship between the durations of adjacent
open and closed intervals suggests two-tiered gating with
the lifetimes of the open states on the lower tier inversely related to the

(Continued)

FIGURE 7 | Continued

lifetimes of the closed states above them on the upper tier. (A) Inverse
correlation between the mean durations of closed intervals adjacent to
open intervals of specified durations delineated by the vertical lines near
the abscissa. 0.7 uM Ca2*, +30 mV, 64,000 open and closed intervals were
analyzed (from McManus et al., 1985). (B-D) Kinetic structure of a BK
channel details the inverse relationship between durations of adjacent open
and closed intervals. (B) 2D dwell-time distribution of adjacent open and
closed interval pairs presented in a Sigworth and Sine transformation. The x
and y axes indicate the logs of the means of the adjacent open and closed
interval durations in each 2D bin. The ordinate gives the square root of the
number of adjacent interval pairs in each 2D bin defined by the x and y axis.
The greatest frequency is at number 4 for longer openings adjacent to
briefer closings (12.3 M CaZ*, +30mV). (C) Dependency plot of the
excess frequency of interval pairs over that expected if open and closed
intervals pair at random. There were 45% more longer closed intervals
adjacent to briefer open intervals (number 3), 15% more longer open
intervals adjacent to briefer closed intervals (number 4), and 40% fewer
briefer open intervals adjacent to briefer closed intervals (number 1), than
would be expected by chance pairing. Dependency for any given bin is
defined as the difference between the observed number of intervals in that
bin minus the number of intervals expected for independent pairing,
divided by the number expected for independent pairing. (D) The excesses
of paired intervals in part C are significant (P < 0.05) for interval pairs above
the solid black lines at numbers 3 and 4, and the deficits are significant for
interval pairs below the solid black line at number 1. A significant deficit of
longer open intervals adjacent to longer closed intervals (at number 6)
cannot be seen on the back side of the plot. 28,560 intervals were analyzed
(from Rothberg and Magleby, 1998b). The observed inverse relationships
between the durations of adjacent open and closed interval pairs would be
consistent with Schemes 4-6 if the closed state lifetimes in these schemes
progressively decreased from left to right, and the open state lifetimes
progressively increased from left to right.

differ (Steinberg, 1987; Song and Magleby, 1994; Colquhoun and
Hawkes, 1995b). No differences were found in single-channel
records analyzed in the forwards and backwards directions for
BK channels (Song and Magleby, 1994), indicating that the gat-
ing for BK channels was consistent with microscopic reversibility.
Consequently when fitting data for BK channels, microscopic
reversibility is maintained by keeping the product of the rate con-
stants in one direction around each loop of states equal to the
product of the rate constants in the opposite direction around
the same loop of states for every loop in the model (Colquhoun
and Hawkes, 1995b). For Scheme 2 the product of k3—; X kj— x
kr—4 x ks—3 would need to equal the product of kj—3 X k3z—g X
ks—p x kp—1. Hence one of the rate constants in each loop when
fitting is not free but is determined by the other seven.

ACTIVATION OF BK CHANNELS BY Ca%*

Activation of a BK channel by Ca®" at the single-channel level
was shown in Figure 6A. Data obtained from the analysis of four
different patches, each containing a single BK channel, are shown
in Figure 8A (Rothberg and Magleby, 1999). (All data in Figure 8
were collected at 430 mV.) There was a steep dependence of Po
on Cai2+, with a maximal Po of 0.95, a half activation, Kq s, at
11.1 M Ca;*, and a Hill coefficient of 3.5, (thick line from fit-
ting the Hill equation), suggesting four or more bound Ca**
are required for maximal activation of the channel. Note that
four bound Ca?t would be consistent with Schemes 5 and 6.
The Hill coefficient of 3.5 indicates a cooperative action of Ca>*
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FIGURE 8 | Accounting for the Ca?t dependent gating of BK
channels with Scheme 5. (A) Ca?t activates BK channels with a Hill
coefficient of 3.5 (heavy black line), indicating cooperative action of
Ca2t in opening the channel. (B) Ca2t increases mean open interval
duration with a Hill coefficient of 1.0 (thick black lines) and (C)
decreases mean closed interval duration with a Hill coefficient of —3.5.
(D) Effective mean opening and closing rates as a function of CaZt.
The major action of CaZ?t binding is to cooperatively increase the
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opening rate. The thin lines are the description of the data for models
based on subsets of the states in Scheme 6 (Rothberg and Magleby,
1999, 2000). (E,F) Predicted dwell-time distributions for Scheme 5 with
the two lower left-most open states not included, as they were
entered too infrequently to alter the likelihood of the model. Parts A-C
are from Rothberg and Magleby (1999). Part D is from Rothberg and
Magleby (2000). Parts E and F are from McManus and Magleby (1991).
All data at +30mV.
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in activating the channel, with at least four sites bound for full
activation. Niu and Magleby (2002) found that decreasing the
number of Ca?t bowls (by mutation) decreased the Hill coeffi-
cient, with Hill coefficients of 4.1, 3.5, 2.6, 1.8, and 1.4 observed
for 4, 3, 2, 1, and 0 functional Ca?*T bowls. Their observations
reveal directly that BK channels can gate with 0—4 high affinity
allosteric Ca®* bowl activators. This would be consistent with the
two-tiered Schemes 5 and 6 where the channel can open with 0—4
Ca’* sensors bound. Niu and Magleby (2002) also found that a
model with 0—4 Ca®* bowl sensors together with four RCK1 Ca?*
sensors could describe the Po vs. Ca?T and Hill slope data.

Increasing Ca?T increased observed mean open interval dura-
tion 10-fold with a Hill coefficient of 1.02 (Figure 8B) and
decreased observed mean closed interval duration about 1000-
fold with a Hill coefficient of —3.48 (thick lines), for changes in
Ca’* from 3 to 1000 uM (Figure 8C). Determining the effective
mean opening and closing rate constants from the inverse of the
mean closed and open dwell-times (Equations 3 and 4) over a
wider range of Ca>* gave the plots in Figure 8D, where increasing
Ca’* from <0.1 to 1000 WM increased the effective opening rate
constant 10,000-fold and decreased the effective closing rate con-
stant about 30-fold. Hence, the major action of Ca®" is a highly
cooperative increase in the effective rate constant for opening
(leaving the closed states), indicating destabilization of the closed
states, with a much smaller increase of slowing the effective rate
constant for leaving the open states (closing), which gives a much
smaller stabilization of the open states.

To explore what types of gating mechanisms could describe the
Ca?t activation of BK channels, McManus and Magleby (1991)
tested 11 models that were subsets of Scheme 5 and also an exten-
sion of Scheme 3 with five closed and four open states with one
gateway state. They collected single channel data at 3—4 differ-
ent Ca’" for each of five patches, each containing a single BK
channel. Typically >100,000 intervals were recorded from each
channel. All data were collected at 430 mV. Simultaneous max-
imum likelihood fitting of the data for each channel then gave
the most likely estimates for the rate constants and likelihood val-
ues. Ranking of the models then indicated that Scheme 5 gave
excellent descriptions of the single-channel kinetics and Ca*
activation of the channels. For this channel the two left most
open states on the lower tier did not improve the likelihood so
they were omitted, consistent with the detection of only three sig-
nificant open states for this channel. This eight-state Scheme 5
could describe the Ca?* dependence of the single channel kinetics
(Figures 8E,F). The Po vs. Ca?* curve was also well-described and
the correlations between open and closed interval durations was
approximated (not shown). The principle activation—deactivation
pathway was Coca-Cica-Caca-C3ca-O3ca-Ouaca- The closed states
Coca-Cica-Caca-Csca greatly decreased their lifetimes with each
successive Cat binding, and the open states Ozca-O3ca-Ouca
moderately increased their lifetimes.

Adding an intermediate tier of brief closed states (flickers) sig-
nificantly improved the description of the Ca-dependent gating
(Rothberg and Magleby, 1999). More recently, such intermediate
flicker states, termed flip states (Lape et al., 2008) or interme-
diate states (Mukhtasimova et al., 2009) have been described in
the gating of nicotinic receptor channels. Thus, Scheme 5 gave

reasonable descriptions of the Ca>*-dependence of the single-
channel kinetics for a fixed voltage, with the addition of a tier of
flicker closed states improving the description of the data.

ACTIVATION OF BK CHANNELS BY VOLTAGE

Shelley et al. (2010) studied the activation of BK channels by
voltage at the single-channel level. The activation of a single BK
channel by voltage is shown in Figure 9A for voltages ranging
from —70 to +100 mV with Ca?* fixed at 95 WM Ca’*. Po ranged
from 2 x 10™* at =70 mV to 0.94 at +100 mV. The fixed 95 pM
Ca’* was used to left shift the activation of the channel to voltage
ranges where the channel could be fully activated (0.95) without
the need to apply such high voltages that the membrane would be
destroyed for the longer duration recordings required for single-
channel analysis. The RCK1 Ca?" site and the Mg?" site were
removed by the mutations D362A/D367A and E399A, respec-
tively (Shi et al., 2002; Xia et al., 2002; Zeng et al., 2005), leaving
the Ca-bowl, which would be fully saturated with the 95uM
Ca’*, more than 20 times the apparent Kp (Bao et al., 2002; Xia
et al., 2002). The saturating Ca?* would shift the gating to the
10-state model described by the right most 10-states in Scheme 6.
This Ca?" saturated 10-state scheme would be indicated by filling
in all of the subunits in Scheme 4 to indicate that each subunit has
abound Ca**.

Data from four different patches, each containing a single
channel is shown in Figures 9B-D. Fitting the Po vs. voltage data
with a Boltzman equation in Figure 9B indicated an 11.4mV
depolarization for an e-fold (2.7 times) increase in Po with an
effective partial charge movement across the electric field of the
membrane of 2.3 units of elementary charge (e,) for activa-
tion (Shelley et al., 2010). This can be compared to Shaker Ky
channels, which are more voltage sensitive, with a 2.4 mV depo-
larization for an e-fold change in Po and an effective partial charge
movement of 12.3 e, for activation (Schoppa et al., 1992). The
decreased voltage sensitivity of BK channels arises because only
the lowest of the four arginines in S4 of each voltage sensor
contributes to the voltage dependence of BK (Ma et al., 2000).
Changing the voltage from —100 to +100mV decreased the
observed mean closed time 4500-fold (Figure 9D), while increas-
ing the observed mean open time 12-fold (Figure 9C). Hence, the
predominant action of depolarization is to destabilize the closed
states, with a much smaller action on stabilizing the open states.

To examine whether Scheme 4 could account for the volt-
age activation at the single-channel level, specific Schemes 10,
11, and 12 (Figure 10A) were examined by Shelley et al. (2010).
Rate constants A and B for voltage sensor activation and deac-
tivation, respectively, and rate constants H and K for channel
opening and closing, respectively, were exponentially dependent
on voltage such that

Rate(V) = Rate(V,)exp(qV/e025.5mV) (8)

where voltage (V) is in mV, V,, is 0 mV, and q is partial charge dis-
placement in units of e, for the conformational change described
by the rate constant, and 25.5mV (at 23°C) indicates that the rate
constant will change e-fold for each elementary unit of charge
moved through 25.5mV of membrane potential (Hille, 2001).
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Ca?t bowls. (B) Po vs. voltage plots for four different single BK
channels. The lines are Boltzman fits indicating an e-fold (2.72) increase
in Po for each additional 11.4mV of depolarization. (C,D) Depolarization
from —100 to +100mV increased mean open time 12-fold and
decreased mean closed time 4500-fold. The thin lines are the predicted
response for DM1 (continuous lines) and DM4 (dashed lines) with
Scheme 12. Figures are from Shelley et al. (2010).

For example, for q of 0.3 e, and Rate (V,) = 100/s, then the
rates at —100 and +100 mV would be 30.8/s and 324/s. The 4,
3, 2, and implied 1 preceding each rate constant above the for-
ward arrows indicates the number of subunits with deactivated
voltage sensors, and the implied 1 and 2, 3, and 4 preceding each
rate constant below the backwards arrows indicates the number of
subunits with activated voltage sensors. Partial Scheme F would
add a tier of flicker closed states beneath the other schemes with
subscript F added to the scheme designation.

Single-channel data collected over a range of voltages were
simultaneously fit to each of the kinetic Schemes in Figure 10A.
Scheme 12p (with the tier of flicker closed states) ranked first
followed by Schemes 12, 11f, 11, and 10. Schemes 12F and 12
gave excellent description of the voltage dependence of the dis-
tributions (Figures 10B,C). As different as these Sigworth and
Sine plots may look from the log—log plots for Ca** activation
in Figures 8E,F, if the same transforms were used for the plots,
those with the same Po would look relatively similar. Scheme 10

did not describe the closed dwell-time distributions or the shift
in the closed dwell-time distribution with voltage and can be
rejected outright. Predictions of all the schemes superimposed
for the open distributions and also for Schemes 12 and 12f for
the closed distributions. Interestingly, all of the schemes includ-
ing Scheme 10 gave excellent descriptions of the Po vs. V curve
(equivalent to the continuous lines in Figure 9B), indicating that
the ability of a model to describe Po vs. voltage is not a critical test
of gating mechanism.

For Schemes 12f and 12 there was cooperativity (U) in subunit
activation with activation of deactivated voltage sensors about
U = 4.5 times faster for every activated S4, with little coopera-
tivity in subunit deactivation (W = 1.3). Whether there is actual
cooperativity in gating or whether the cooperativity is just a
product of the idealized relationships between rate constants in
Scheme 12 and 12 will require additional experiments to resolve.
In these schemes, the major voltage dependence of the gating
arises from two separate steps. In the first step there is a voltage
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the predicted descriptions for the various examined schemes, as et al. (2010).

dependent increase in the rate of voltage sensor activation (mean
qa = 0.34 e,) and a voltage dependent slowing of voltage sensor
deactivation (mean qg = —0.18 e, ), where q is the partial charge
movement associated with these conformations. In the second
step this voltage dependent change in the number of activated
voltage sensors is then allosterically coupled to the opening and
closing transitions in Schemes 12f, 12, 11f, and 11 through the
coupling factors D and E. Each activated voltage sensor changes
the opening rate D-fold and the closing rate E-fold. The allosteric

acceleration in opening rate D for each activated voltage sensor
was 22.9, 28.3, 17.9, 17.4 for Schemes 11, 11§, 12, and 12, respec-
tively, and the allosteric acceleration in closing rate, E, ranged
from 1 to 1.4 for channel closing. A value of D of 20 would indi-
cate a 20-, 400-, 8000-, and 160,000-fold increases in opening
rate for 1-4 activated voltage sensors, respectively, compared with
little effect on the closing rate. Hence, depolarization activates
predominantly by accelerating the opening rate, destabilizing the
closed states.

www.frontiersin.org

January 2015 | Volume 5 | Article 532 | 36


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

Geng and Magleby

Single-channel gating of BK channels

A smaller voltage dependence of increasing the opening rate
constant H with depolarization (qug ~0.2 e,) and decreasing the
channel closing rate constant K (qg ~ -0.2 e,) was also observed
(Shelley et al., 2010). The voltage dependence of opening H and
closing K rate constants is thought to reflect the further move-
ment of the S4 voltage sensors as the channels open or close
(Horrigan and Aldrich, 1999, 2002; Horrigan et al., 1999). To a
first approximation, the estimates of partial charge determined
from the single-channel analysis (Rothberg and Magleby, 2000;
Shelley et al., 2010) are consistent with those estimated from gat-
ing current and macro current analysis following voltage steps
(Horrigan and Aldrich, 1999, 2002; Horrigan et al., 1999).

The data of Shelley et al. (2010) then show that voltage activa-
tion of BK channels can be described at the single-channel level
by the 10-state two tiered Scheme 4 as detailed in Scheme 12 (and
approximated by Scheme 11), and that an added tier of flicker
closed states (Partial Scheme F) improves the description of the
data (Figures 10B,C). The voltage dependence arises predomi-
nantly from each activated voltage sensor greatly accelerating the
opening rate.

SYNERGISTIC ACTIVATION OF BK CHANNELS BY Ca+ AND
VOLTAGE

The previous sections showed that Schemes 4 and 5 could account
separately for the voltage and Ca?" activation of BK channels
at the single-channel level. Combining these two schemes gives
the 50-state model in Scheme 6. This section reviews the work of
Rothberg and Magleby (2000) showing that Scheme 6 can account
for the synergistic activation of BK channels by Ca?* and volt-
age. The joint activation of a BK channel by voltage and Ca?* is
shown in Figure 11. Increasing either Ca>* (left to right compar-
ison) or depolarization (upper to lower comparison) increased
Po. Jointly increasing Ca?* and depolarization (diagonal from
upper left to lower right) led to synergistic increases in Po. Po
vs. voltage plots for data from seven single-channel patches are
plotted over a range of voltage and Ca?* in Figure 11B on linear
(B) and semi-logarithmic (C) coordinates. The thick solid lines
are Boltzman fits, indicating an effecting partial charge move-
ment of 2.3 e, in determining the Po, which was little affected
by Ca", as indicated by the near parallel shifts (Figures 11B,C).
Further support that Ca?* has little effect on the charge move-
ment is the observation by Shelley et al. (2010) that with 95 pM
Ca’* their estimate of the partial charge movement was the same
as in Figures 11B,C. Increasing Ca’t gave approximately paral-
lel left shifts in the Po vs. voltage curves, suggesting independent
activation by Ca?* and voltage (Horrigan and Aldrich, 2002),
consistent with the modular model of separate voltage and Ca>*
activation systems. For essentially zero Ca®* (0.001 M), a volt-
age of +150mV was required to half activate the channel. With
20.3 M Ca?* the voltage required to half activate the channel
was +15mV, for a left shift of —135mV by 20.3 pM Ca%t. For BK
channels, facilitation or inhibition of activation by various agents
or mutations is often quantified in terms of the equivalent left
or right shifts in the voltage, respectively, required to restore half
activation.

As was shown in the previous sections for Ca?* activation
(Figures 8B-D) and voltage activation (Figures9C,D) acting
separately, activation over a range of Ca’™ and voltage also

occurs predominately by decreasing closed interval duration with
a smaller increase in open interval duration (Figures 11D,E).
With increased Ca’* and depolarization, the mean closed inter-
val durations decreased to an apparent steady-state value of about
0.18 ms, reflecting mainly the briefest closed intervals (the flick-
ers within bursts) that dominate at high Po. The reciprocals of the
thick lines in Figures 11D,E indicate a partial charge movement
for channel closing of —0.5 e, and for channel opening of 1.8 e,.
Summing these and changing the sign for channel closing to cor-
recting for the fact that slowing channel closing increases Po, gives
anet partial charge for channel activation of 2.3 e,, as determined
from the Po vs. voltage plots in Figures 11B,C. These observations
indicate that the major effect of depolarization on Po is through
an increase in the channel opening rate.

To examine whether the 50-state Scheme 6 that combines
Ca’* and voltage activation could account for the joint activa-
tion of BK channels by Ca?* and voltage, Rothberg and Magleby
(2000) determined whether Scheme 9, a subset of the 50-state
scheme, could account for the joint activation. The rational for
the reduced state scheme was two-fold: (1) if the reduced state
scheme could account for the single-channel kinetics, then the
full 50-state scheme would also be able to account for the kinet-
ics because Scheme 9 is contained within the 50-state scheme;
and (2) the reduced state scheme decreased the numbers of rate
constants sufficiently that they could be determined through
simultaneous fitting of data obtained over a range of Ca’* and
voltage. Figure 12 presents experimental open and closed dwell-
time distributions for six different combinations of Ca?t and
voltage with Po ranging from 0.0061 to 0.82. The reduced state
Scheme 9 gave good to excellent descriptions of the data (thick
lines). Hence, the more complex 50-state scheme would also be
able to account for the single-channel kinetics equivalently or bet-
ter. Chen et al. (2012) made a direct test of the 50-state Scheme
6 using Scheme 7 to constrain rate constants to greatly reduce
the number of free parameters, and found that the highly con-
strained model could approximate the description of the data,
and that the addition of a tier of flicker closed states improved the
likelihood of the description. Hence, the 50 state Scheme 6 is con-
sistent with the voltage and Ca>* dependent activation of the BK
channel.

ACCOUNTING FOR THE BURSTING BEHAVIOR OF BK
CHANNELS

Inspection of the single-channel records in Figures1, 6, 9, 11
show that gating of BK channels (as with most other chan-
nels) occurs in bursts of openings, with each burst comprised
of typically longer openings separated by briefer closings (flick-
ers). The bursts are then separated from each other by longer
duration closings (Magleby and Pallotta, 1983a; Nimigean and
Magleby, 1999, 2000). To examine whether Scheme 9 captures
the single-channel bursting behavior, single-channel records pre-
dicted by Scheme 9 were simulated with filtering and noise and
plotted in Figure 13 (From Figure S1 in Rothberg and Magleby,
2000). Comparison of the experimental single-channel current
records (Figure 11A) with the predicted single-channel records
(Figure 13) shows that Scheme 9, and consequently Scheme 6, can
generate single-channel current records with bursting behavior
that mimics the experimental data.
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FIGURE 11 | Joint activation of BK channels by Ca?* and depolarization.
(A) Single-channel records showing that increasing Ca2* or depolarization
increased Po, and increasing both together gave a synergistic increase in Po.
Currents for six different combinations of Ca2* and voltage are shown. Open
(0) and closed (c) current levels are indicated. (B,C) Linear and
semi-logarithmic plots of Po vs. membrane potential for seven different
single-channel patches at four different Ca%*. Thick solid lines are the mean
response. Increasing Ca2* left shifts the plots to more negative potentials,
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indicating that less depolarization is required to activate the channel as Ca2*
is increased. (D,E) The predominant action of Ca?* and voltage is to
decrease mean closed interval duration (part E), with a much smaller effect
on increasing mean open interval duration (part D), and this is the case over a
range of CaZt and voltage. Thick solid lines are the mean response. The thin
continuous, dotted, and dashed lines are the predicted responses with
Scheme 9, a subset of the 50 state Scheme 6. Figures from Rothberg and
Magleby (2000).
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FUNCTIONS OF THE GATING RING (CTD)

As indicated previously in the Modular Structure Section, exten-
sive mutational studies have suggested two high affinity Ca’*
binding sites on each subunit of BK channels, the Ca-bowl and the

RCKI1 site, located in the RCK2 and RCK1 domains, respectively,
of each of the four subunits that form the gating ring. Extensive
mutational studies also indicated that a low affinity Mg?™ site is
sandwiched between the top of the gating ring and the cytosolic
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FIGURE 13 | Accounting for the bursting behavior of BK channels with
Schemes 9 and 6. Simulated single-channel currents from Figure S1 of
Rothberg and Magleby (2000) for comparison to the experimental data in
Figure 11A. The currents were simulated with Scheme 9 with filtering and
noise equivalent to that of the experimental data. The values of Po were
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obtained from 10,000 simulated intervals at each of the indicated Ca2t and
voltage. Opening is upward. Scheme 9 predicts single-channel Po and
bursting behavior records that are remarkably similar to the experimental
data. Because Scheme 9 is a subset of Scheme 6, then Scheme 6 would also
be able to predict the single-channel data equivalently or better.

side of each of the voltage sensors (see Figure 2 and associated ref-
erences). On this basis, removing the gating ring should remove
all of the Ca?* and Mg*" sensitivity. Budelli et al. (2013) found
that removing the 827 amino acid gating ring and replacing it
with a short 11 amino acid tail removed all of the Ca?* and Mg?*
sensitivity from the BK channel. Hence, as indicated in the modu-
lar diagram in Figure 2, the Ca?* sensors are located in the gating
ring and the Mg?* sensors require the gating ring.

To explore if the gating ring acts by pulling on S6 in the
pore gate domain through the RCK1-S6 linkers, Niu et al. (2004)
shortened and lengthened the linkers. In the absence of Ca’*,
shortening the linkers by -1 or -3 amino acids increased channel
activity (Figures 14A—C), shifting the Po vs. voltage curves to the
left (Figure 14D), and lengthening the linkers by +3, 46, or 412
amino acids decreased channel activity (Figures 14A—C), shifting
the Po vs. voltage curves to the right (Figure 14D). A possible
explanation for these observations is that lengthening the linkers
decreased Po by decreasing the pull of the linkers on the PGD. The
Po could then be restored by increasing the depolarization which
increased the pull the voltage sensors applied to the PGD through
the S4-S5 linkers (Figure 2). Conversely, shortening the RCK1-S6
linkers would increase the pull on the PGD, which could then be
compensated for by applying less depolarization.

In the absence of Ca2t, Niu et al. (2004) observed a near
linear relationship between V5 and changes in linker length
(Figure 14E). This relationship could be modeled by assuming
that the linker-gating ring complex acts as a passive spring in the
absence of Ca*, passively pulling on the PGD to bias the channel
toward opening in the absence of Ca®*. If a passive opening force
by the gating ring were not the case then lengthening the linkers
should have had little effect on Po, in contrast to the marked

decrease in activity that was observed. Further support that the
linker-gating ring complex applies a passive opening force to the
channel comes from the observations of Budelli et al. (2013) that
BK channels without a gating ring have a right shifted Po vs. volt-
age curve, indicating that more voltage is required to open the
channel in the absence of the gating ring, presumably to replace
the passive opening force that was applied by the gating ring
before it was removed. Budelli et al. also found that removing the
gating ring in the absence of Ca’* decreased mean open interval
duration, consistent with the proposal that the gating ring applies
a passive opening force to the gates in the absence of Ca**. A
major structural contributor to the passive spring may be the AC
region of the RCK1 domain (Krishnamoorthy et al., 2005).

In the presence of Ca?*, changing the RCK1-S6 linker length
had a rather different effect than in the absence of Ca?*. Niu et al.
(2004) observed that lengthening the linkers in the presence of
Ca?T decreased the Ca>* dependent increase in Po over a range
of Ca?" (Figure 14F). These observations suggest that the link-
ers are involved in transmitting the action of Ca?* to the PGD.
Their further observation that in higher Ca’>* that lengthening
the linkers gave the least decrease in Po (Figure 14F) and the
greatest decrease at low Ca®T suggests that high Ca?t may pro-
vide a greater range of movement in the gating ring which could
compensate to partially overcome the extra length of the RCK1-S6
linkers. From macro-current analysis Pico (2003) has made some
similar observations for the effects of changes in linker length on
Ca’T activation.

The observations in the previous sections are consistent with
the RCK1-S6 linkers transmitting force from the gating ring to
the PGD to activate the channel. In the absence of Ca’* the gat-
ing ring applies a passive opening force to the PGD, and in the
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FIGURE 14 | The linker-gating ring complex applies passive spring force
to open the channel in 0 Ca2* and active machine force to open the
channel in the presence of Ca2*. (A,B) In the absence of Ca?* shortening
the RCK1-S6 linkers connecting the gating ring to the PGD (diagrammed in
Figure 2) by 1 or 3 amino acids (-1, —3) increased channel activity. Two
examples are presented, at +100 and +150 mV. Lengthening the linkers by
+3, 46, or +12 amino acids progressively decreased channel activity. The
arrows indicate the closed level of the single channel currents. (C) Plot of Po
vs. change in linker length at two different potentials for data like that in parts
A and B. (D) Shortening the RCK1-S6 linkers shifted the Po vs. voltage plots
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to the left and lengthening the linkers shifted the plots to the right. The shift
in the voltage for half activation gives a quantitative measure of the change in
force associated with the change in linker length. (E) The plot of the voltage
for half activation vs. linker length at 0 CaZ* is approximated by a straight line,
indicating that the linker gating ring complex acts as a passive spring. (F)
Increasing linker length decreased the action of Ca?t, with the greatest
decrease at low Ca?*, suggesting that the linker transmits opening force
from the gating ring to the PGD, and that increasing CaZ* increased the force
and/or distance of the Ca2t-induced movement of the RCK1-S6 linker. Data
from Niu et al. (2004).

presence of Ca’t the gating ring applies active opening force.
Yuan et al. (2012) have constructed an interpolative movie using
a BK gating ring with MthK and Ky transmembrane domains
to show how Ca”*-induced movement in the gating ring may be
transmitted to the PGD through the RCK1-56 linkers.

SUMMARY OF GATING MECHANISM

This brief review of single-channel gating kinetics has presented
a few selected single-channel experiments as an introduction to

gating mechanism for BK channels. The Ca?*-dependent gating
and the voltage dependent gating can each be approximated by
two-tiered 10-state models with five closed states on the upper
tier and five open states on the lower tier (Schemes 4 and 5). The
joint activation by Ca>* and voltage is obtained with five repeats
of the 10-state voltage activation mechanism, where each repeat
has 0, 1, 2, 3, or 4 bound Ca?™. Alternatively, the joint activation
can be obtained with five repeats of the 10-state Ca’* activation
mechanism, where each repeat has 0, 1, 2, 3, or 4 activated voltage
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sensors. Both of these approaches give the same 50-state two-
tiered model comprised of 25 closed states on an upper tier and 25
open states on a lower tier. Adding a tier of flicker closed states to
extend the 10-state models to three tiers and 15 states and the 50-
state model to three tiers and 75 states improves the description
of all the models. Ca?* and depolarization activate BK channels
by predominantly increasing the rate of channel opening, with a
much smaller decrease in the rate of channel closing. Hence, Ca?t
and depolarization activate BK channels by mainly destabilizing
the closed states.

To a first approximation, voltage and Ca?* can act relatively
independently to activate the channel, consistent with separate
modules for voltage activation (VSDs) and Ca?* activation (gat-
ing ring), with both allosterically coupling at the PGD (Figure 2).
Nevertheless, detailed analysis suggests that there may be inter-
actions within and among the various sensors (Horrigan and
Aldrich, 2002; Qian et al., 2006; Shelley et al., 2010). Such inter-
action might be anticipated because the voltage sensors would
be coupled to each other through their attachment to the PGD,
so that movement in one VSD might influence movement in the
other VSDs. Similarly the Ca?* sensor domains, RCK1 and RCK2,
in the gating ring could interact through the gating ring itself
and also through their attachment to the PGD. Because VSDs and
the Ca%t sensors are both attached to the PGD, then they could
interact allosterically through the PGD. Such interaction would be
expected for allosteric models of activation and has been observed
(Horrigan and Aldrich, 2002).

This review has presented only a brief introduction to gating of
BK channels with observations and references restricted in most
part to selected single-channel recording and analysis papers. For
those who have made it this far and would like to delve deeper
into the details of gating mechanism, some of the following papers
could be consulted (Cox et al., 1997; Cui et al., 1997; Rothberg
etal., 1997; Rothberg and Magleby, 1998a,b, 1999, 2000; Horrigan
and Aldrich, 1999, 2002; Horrigan et al., 1999; Cui and Aldrich,
20005 Shi and Cui, 2001; Zhang et al., 2001; Magleby, 2003; Chen
et al., 2012), as well as the reviews listed at the beginning of this
review.

NEEDED STUDIES

A full 50-state model (75 states with the flicker closed states),
rather than the subset of states from the 50-state model
(Scheme 9), will be needed with rate constants to fully describe
the kinetics underlying gating for the joint activation of BK chan-
nels by voltage and Ca?*. A preliminary study has shown that
a highly constrained 50-state model can approximate the single-
channel data (Chen et al., 2012). A viable model would describe
both the single-channel kinetics and the kinetics of the macro cur-
rent data, as the average of the single-channel responses gives the
macro currents.

Future studies need to address to what extent the gating
parameters determined by single-channel analysis can account for
the gating currents and the pseudo mono-exponential relaxations
of macro currents associated with activation and deactivation fol-
lowing voltage steps (Cox et al., 1997; Horrigan and Aldrich, 1999;
Horrigan et al., 1999). To account for mono-exponential relax-
ations, it was proposed that Ca?" binding and voltage sensing

must be fast compared to channel opening and closing (Horrigan
and Aldrich, 1999; Horrigan et al., 1999). A test of this pro-
posal and also of the ability of single-channel analysis to esti-
mate parameters typically obtained from voltage jumps could
be obtained by using gating parameters estimated from single-
channel analysis to predict macro currents for comparison to the
observed macro current data.

BK models need to be expanded to take into account the
two high affinity Ca>* binding sites on each subunit rather than
the usual assumption of one high affinity site. This extension
seems essential toward understanding the gating mechanism, as
the RCK1 site and Ca?t bowl site may well-act through different
mechanisms. This would increase the number of states to 250 and
to 375 with a tier of flicker states, but experimental approaches
and analysis techniques are available to study these more com-
plete models. Some view such large state models with incredulity,
but gating in structurally realistic models with the expected num-
ber of states is the same process as gating in simplified models
with a limited number of states. No matter the number of states,
the channel occupies only one state at any time, and then enters
the next state based on the probabilities of the various transi-
tion pathways away from the occupied state. If BK channels threw
up their voltage sensors and gave up on gating because of dis-
belief in the large number of potential states available to enter,
then our health would surely suffer. With powerful experimen-
tal and computational techniques, and fast desktop computers,
certainly we can stretch our sights out at least as far as our BK
channels do. A 250-state model is just three 10-state models work-
ing simultaneously, each of which can be studied separately to
obtain the parameters and then combined. Differences between
the experimentally observed gating and the gating predicted by a
250-state model would then indicate potential interactions within
and among the various domains of the channel, providing further
insight into gating mechanism.
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Large conductance, Ca?t-activated K+ (BK) channels represent an important pathway
for the outward flux of K ions from the intracellular compartment in response to
membrane depolarization, and/or an elevation in cytosolic free [Ca2*]. They are functionally
expressed in a range of mammalian tissues (e.g., nerve and smooth muscles), where
they can either enhance or dampen membrane excitability. The diversity of BK channel
activity results from the considerable alternative mRNA splicing and post-translational
modification (e.g., phosphorylation) of key domains within the pore-forming a subunit of
the channel complex. Most of these modifications are regulated by distinct upstream cell
signaling pathways that influence the structure and/or gating properties of the holo-channel
and ultimately, cellular function. The channel complex may also contain auxiliary subunits
that further affect channel gating and behavior, often in a tissue-specific manner. Recent
studies in human and animal models have provided strong evidence that abnormal BK
channel expression/function contributes to a range of pathologies in nerve and smooth
muscle. By targeting the upstream regulatory events modulating BK channel behavior, it
may be possible to therapeutically intervene and alter BK channel expression/function in a
beneficial manner.

Keywords: calcium-activated K* channel, B subunit, phosphorylation, modulation, smooth muscle, neuron,

contractility

INTRODUCTION: BK CHANNEL DISTRIBUTION AND
ARCHITECTURE

BK channels, also called MaxiK/Slo1/Kc,1.1 channels, are a
class of K ion channels that undergo extensive pre- and post-
translational modification. BK channel o subunits are encoded
by the KCNMAI gene, also known as SLO, and are ubiquitously
expressed throughout mammalian tissues (e.g., neurons, smooth
and skeletal muscles, exocrine cells). BK channels are assembled
and strategically positioned on membrane surfaces, including
the plasma membrane (Latorre et al., 1989), mitochondria and
nucleus (Singh et al., 2012). Functional BK channels are multi-
meric structures composed of four similar pore-forming o sub-
units (Shen et al., 1994) and up to four regulatory f subunits can
co-assemble with the tetrameric a subunit complex. The syner-
gistic activation of BK channels by Ca®* ions and depolarization
causes a substantial K™ current that exhibits a large or “big” sin-
gle channel conductance (i.e., up to 250 pS under symmetric K*
conditions). Activation of this formidable ionic current serves to
drive membrane potential in the negative direction.

The transmembrane portion of the BK channel a subunit
structure is thought to largely resemble that of voltage-gated
K™ (Ky) channel subunits in terms of voltage-sensing and pore-
forming domains. Notably, BKa subunits contain an additional
transmembrane segment, termed SO, resulting in an extracellu-
lar N-terminus. Specialized charged residues are present within
the transmembrane segments S2-S4 of the BKa subunit that
contribute to its voltage-sensing properties. While topologically
similar to their K, channel counterparts, BK channels display

weaker or less sensitive voltage-dependent activation (i.e., the
ionic conductance-voltage relation is less steep), due to an altered
distribution of voltage-sensing residues within the S2-S4 seg-
ments (Ma et al., 2006). Mechanistically, membrane depolariza-
tion drives conformational re-arrangements in the voltage sensor
domains, resulting in an upward twisting of the S4 segment rel-
ative to the pore domain; these conformational movements are
reversed upon repolarization (Hoshi et al., 2013).

The C-terminal domain of the BKa subunit contains a con-
siderable range of specialized structures that regulate channel
function. These include several binding sites for divalent cations
(ie., Ca’* and Mg?’*) and regions that undergo dynamic post-
translational modification such as phosphorylation. Each mam-
malian BKa subunit contains two “regulators of K conductance”
(RCK) domains, arranged in tandem along the C-terminus; in the
tetrameric channel complex, these RCK domains co-assemble to
form an octomeric gating ring structure in the cytosol (Yuan et al.,
2010). The RCK domains also have Ca?*-binding regions and are
crucial in conferring the channel’s Ca?* ion sensing properties
(Cui et al., 2009). Ca** ions bind to these specialized regions
within the BKa C-terminus, leading to a structural expansion
of the intracellular region of the ion conduction pathway that
facilitates gating and K efflux (Yuan et al., 2012; Hoshi et al.,
2013).

GENETIC DIVERSITY AND SPLICE VARIANTS

Unlike the K, channel superfamily, which uses different genes
to increase its genetic diversity, BK channels derive functional
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diversity through the alternative post-transcriptional splicing of
mRNA derived from the single KCNMA1I gene encoding the BKa
subunit (Shipston, 2001). Up to ten distinct splice sites have
been described in KCNMA1 (Poulsen et al., 2009), leading to the
generation of BKa subunits with different phenotypes and vari-
ous functional roles, including altered sensitivity to Ca?* and/or
voltage (Shipston, 2001; Johnson et al., 2011), responses to phos-
phorylation (Tian et al., 2001), signaling cascades (Schubert and
Nelson, 2001; Tian et al., 2001, 2004), membrane expression reg-
ulation (Alioua et al., 2008; Ahrendt et al., 2014), trafficking and
lipidation (Toro et al., 2006; Zarei et al., 2007; Shipston, 2014).
The impressive range of phenotypic products that can result from
differential splicing of the KCNMAI gene product contributes
to diversity of BK channel function between tissues, cells and
intracellular compartments.

BK CHANNEL AUXILIARY SUBUNITS

BK channels can co-assemble with modulatory auxiliary subunits
BKpB1-4 (Knaus et al., 1994a; Tanaka et al., 1997; Brenner et al.,
2000a; Uebele et al., 2000), as well as a newly defined family of
leucine-rich repeat containing subunits (LRRCs), referred to as
y subunits (Yan and Aldrich, 2010, 2012). Both BKp and y sub-
units contain sizeable extracellular regions and it is thought that
these regions physically interact with the membrane-spanning
domains of the BKa subunit. In particular, BKB subunits appear
to interact mainly with the N-terminal SO0-S2 segments of the
pore-forming BKa subunit (Morrow et al., 2006; Liu et al,
2008; Morera et al., 2012), thereby regulating channel open-
ing through allosteric effects on the intramolecular processes
underlying Ca?* and/or voltage-dependent activation. As these
auxiliary subunits are expressed in a tissue-specific manner, they
confer distinct functional consequences by impacting BK chan-
nel kinetics and gating behavior. For instance, BKB1 subunits

are typically expressed in smooth muscle, whereas BKP4 are
expressed in neural tissue. BKB subunits 1, 2 and 4 are reported
to stabilize the channel’s voltage sensor domains in the active
conformation (Contreras et al., 2012), thereby enhancing chan-
nel activity, In contrast, BKB2 and $3 subunits confer BK channel
inactivation via an N-terminal “inactivation ball” (Wallner et al.,
1999; Brenner et al., 2000a; Uebele et al., 2000) (Figure 1), which
will limit K efflux and membrane hyperpolarization. To date,
two functionally-distinct BKB2 splice variants (BKB2,-;,) have
been described in mammals, although BKB2, does not appear to
inactivate the channel complex (Ohya et al., 2010). Similarly, four
functionally-distinct BKP3 splice variants (BKP3,-4) are known,
with splice variants A-C conferring partial inactivation of BK
channel current (Uebele et al., 2000). BKB4 subunits are the most
distantly-related of the f subunits in terms of sequence similarity
and produce mixed effects on BK channel gating, depending on
the local Ca>* concentration. At low Ca?* concentrations, BKp4
appears to decrease channel activation, but at high Ca®* concen-
trations, activation is enhanced (Brenner et al., 2000a; Wang et al.,
2006).

The molecular mechanisms by which y-subunits interact with
and influence BK channel gating and kinetics are currently
an area of active investigation. All four known LRRC proteins
(i.e., LRRC26, 38, 52, and 55) have been reported to enhance
voltage-dependent activation of BK channels (Yan and Aldrich,
2010, 2012), with LRRC26 producing an impressive shift of up
to —150 mV.

ROLE OF BK CHANNELS IN SMOOTH MUSCLE FUNCTION
AND DISEASE

Phasic smooth muscles, such as those lining the urinary blad-
der, urethra and ureters, undergo action potential (AP) events,
with rapid depolarization-repolarization fluctuations. APs cause
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FIGURE 1 | A schematic illustration of BK channel «, B and y subunit architecture with major structures defined. Abbreviations: N, amino-terminus; C,
carboxy-terminus; LRR, leucine-rich repeat; S, transmembrane segment; RCK, regulator of K+ conductance.
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a significant global increase in intracellular [Ca’>*] and BK chan-
nels are largely responsible for the rapid down-stroke (repolar-
ization) phase (Burdyga and Wray, 2005; Thorneloe and Nelson,
2005; Kyle et al., 2013b). In contrast, tonic smooth muscles, such
as those found throughout vascular tissue and much of the gas-
trointestinal tract and airways, regulate lower magnitude changes
in membrane potential by principally responding to localized
elevations in intracellular [Ca®*] mediated by ryanodine recep-
tors (RyRs) (Figure 2). The dynamic post-translational “tuning”

storc 009

() /
° 9209380

junction

FIGURE 2 | A summary of select physiological mechanisms leading to
BK channel activation and reversible phosphorylation-mediated
enhancement. (A) Ca2t-dependent activation of BK channels
hyperpolarizes the membrane potential. Depolarization of the membrane
potential activates voltage-dependent CaZ* channels, leading to CaZ* entry
and CaZt-induced Ca2* release from nearby ryanodine receptors. Released
Ca?* promotes BK channel activation, which drives the membrane potential
in the negative (hyperpolarized) direction. Ca?* influx via VDCCs may also
contribute directly to BK channel activation (dotted line) as a result of the
spatial proximity of these two channels within membrane
nano/micro-domains. (B) Mechanisms underlying the generation of nitric
oxide from an endothelial cell, with the NO/cGMP/PKG-mediated
phosphorylation of a BK channel illustrated in an adjacent vascular smooth
muscle cell. Nitric oxide release from endothelial cells binds to soluble
guanylyl cyclase in smooth muscle cells, resulting in elevated intracellular
cGMP concentrations. PKG is then activated and phosphorylates the BKa
subunit. Phosphodiesterase activity lowers intracellular cGMP and protein
phosphatase activity removes the regulatory phosphate from Ser/Thr
residues of the BK channel protein. Abbreviations: VDCC,
voltage-dependent Ca2t channel; BK, BK channel; Er,, membrane potential;
CICR, Ca?*-induced Ca2* release; RyR, ryanodine receptor; GPCR,
GTP-binding protein-coupled receptor; eNOS, endothelial nitric oxide
synthase; NO, nitric oxide; EC, endothelial cell; sGC, soluble guanylyl
cyclase; PDE, phosphodiesterase; PO,4, phosphate group; cGMR cyclic
guanosine monophosphate; PKG, protein kinase G; PP, protein phosphatase;
VSMC, vascular smooth muscle cell.

of BK channels permits considerable diversity in the biophysical
properties of the current.

In common with many other tetrameric K channels in
smooth muscles, the amplitude of K* current carried through
BK channels in smooth muscles can be dynamically regulated by
post-translational modifications to the channel complex, includ-
ing the reversible phosphorylation of the pore-forming BKa
subunit by a number of protein kinases, as described below.
Almost all phosphorylation sites are conserved in mammalian BK
channel splice variants.

Many tissues have distinct macromolecular signaling com-
plexes underlying the function of ion channels. Smooth muscles,
for instance, generally have closely-associated RyRs, which peri-
odically release Ca?* and cause local elevations in [Ca®*]; (i.e.,
10-20 wM) (Pérez et al., 1999; ZhuGe et al., 2002) near BK chan-
nels positioned on the plasma membrane, which is sufficient to
significantly raise the P, and efflux K™ (Figure2). The RyRs
themselves are often close to Ca>* influx pathways, for instance
voltage-gated Ca®* channels, or in proximity to IP3 receptors
(Ohi et al., 2001).

The primary role of BK channels in vascular smooth muscle
(VSM) is to repolarize/hyperpolarize the cell membrane poten-
tial in the face of chronic depolarizing stimuli, thereby reducing
contractile activity. It is now well-recognized that enhance-
ment of BK channel current in VSM via phosphorylation is
principally-regulated by nitric oxide (NO)/cGMP/PKG signaling
(Feil et al., 2003) (see Section BK Channel Modulation via Protein
Phosphorylation below). NO is a gaseous second messenger syn-
thesized mainly by the adjacent endothelial cell layer lining the
lumen of all blood vessels (Fleming and Busse, 2003). Therefore,
BK channel activity is considered to be closely linked with
endothelial cell activity. Therapeutically, NO and synthetic NO
donors are used to treat a range of vascular disorders, including
angina pectoris and hypertension (Wimalawansa, 2008).

In addition to the urinary tract and VSM, BK channels are also
important regulators in mediating the proper function of various
other smooth muscles, including those found in the gastroin-
testinal tract, airway, and uterus. Their function, however, varies
between cell types and layers, and generally is dependent on the
associated macromolecular signaling complex. In the colon, for
instance, BK channels contribute to setting the resting membrane
potential in longitudinal smooth muscle, whereas in the circular
layer, they limit excitatory responses (Sanders, 2008).

In VSM, a single amino acid polymorphism in the BKB1 sub-
unit (i.e., E65K) is reported to have a gain-of-function effect on
BKs channel activation and has been associated with lower sys-
tolic and diastolic blood pressures and a decreased prevalence
of diabetic hypertension in humans (Fernandez-Fernandez et al.,
2004; Nielsen et al., 2008). In contrast, BKB1 subunit expres-
sion is decreased in some forms of genetic hypertension (Amberg
and Santana, 2003). Moreover, a point mutation (R140W) in the
BKp1 subunit that modestly impairs channel opening has been
linked with asthma severity in African-American males (Seibold
et al., 2008). Provocative data from Jaggar and colleagues fur-
ther suggest that the majority of BKB1 subunits reside within
the cell interior and assemble with o subunits at the cell surface
in a dynamic fashion (Leo et al., 2014). NO signaling appears
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to promote the forward trafficking of internal BKB1 subunits to
the cell membrane, where they co-associate with BKa subunits
to enhance channel activation. The authors suggest that auxiliary
BKB1 subunits undergo selective endocytosis from the plasma
membrane, followed by re-insertion in response to a vasodilatory
stimulus, such as NO. These data imply that native BK channels
in VSM may not always contain a full complement of B1 subunits
(i.e., the ratio of B1 to o subunits in a single channel complex
is <1), as described in rat cremaster artery (Yang et al., 2009),
and that the subunit stoichiometry of these channels is not per-
manent. Dynamic regulation of BK channel subunit co-assembly
and interaction at the plasma membrane may thus represent a
novel paradigm for the modulation of ion channel activity.

Many research groups have reported that BK channel activ-
ity is upregulated during hypertension, and its contribution is
apparently enhanced compared to normotensive animals (for
review, see Joseph et al., 2013). It should be noted, however, that
downregulation of BK channel activity has also been reported
during hypertension (Amberg et al., 2003; Amberg and Santana,
2003; Nieves-Cintrén et al., 2007; Yang et al., 2013). Investigators
have speculated that this decrease may be due to reduced BKB1
subunit expression/coupling, which would dampen the Ca’*
sensitivity of BK channel activation. Several research groups
have reported that BK current density is positively-correlated
to blood pressure in hypertensive animals (Rusch et al., 1992;
England et al., 1993; Rusch and Runnells, 1994; Liu et al., 1998).
Aortic smooth muscle isolated from rats with renal hyperten-
sion, spontaneously-hypertensive rats (SHR) and stroke-prone
SHR (Rusch et al., 1992; England et al., 1993; Liu et al., 1998)
exhibits significantly-upregulated BK channel activity, likely as a
compensatory response. Collectively, these studies indicate that
the expression and function of BK channels in the vasculature
involves complex expression and signaling pathways, and may
vary between cells, tissues, vascular beds and pathophysiological
profiles.

BK channels are densely-expressed in mammalian bladder tis-
sues (~20 channels per square micrometer) (Ohi et al., 2001)
with BKB1 auxiliary subunits. BKa subunit knockout mice have
demonstrated bladder dysfunction and exhibit a depolarized rest-
ing membrane potential in isolated bladder smooth muscle cells
and intact tissues, indicating a role for BK channels in setting
the membrane potential (Sprossmann et al., 2009). Inhibition of
BK channel current with iberiotoxin in the bladders of healthy
mice led to similar effects (Heppner et al., 1997; Hristov et al.,
2011). BKB1-knockout mice similarly display overactive blad-
der symptoms, and a significant decrease in BK channel activity
(Petkov et al., 2001). Intriguingly, bladder smooth muscle tissue
taken from patients with neurogenic bladder over-activity exhibit
little to no response to BK channel inhibition by iberiotoxin,
or the channel agonist NS1619, indicating severe BK channel
dysfunction (Oger et al., 2010). Macroscopic current recordings
from these tissues demonstrated a significantly lower BK channel
current density that mirrors that reported for experimentally-
induced partial urethral obstruction in rats (Aydin et al., 2012).
Patients with benign prostatic hyperplasia experiencing overac-
tive bladder symptoms also demonstrate a parallel reduction in
BK channel expression (Chang et al., 2010). Overexpression of

BK channel protein in rats with experimentally-induced partial
urethral obstruction proved to be an effective treatment for the
existing overactive bladder activity (Christ and Hodges, 2006).
These data collectively indicate that BK channels are important
regulators of bladder smooth muscle excitability, and a poten-
tial target for therapeutic intervention for overactive bladder
conditions.

ROLE OF BK CHANNELS IN NEURONAL
FUNCTION/DYSFUNCTION

BK channels are abundantly expressed in both central and periph-
eral neurons, with prominent expression reported in both the
cell body and pre-synaptic terminals (Faber and Sah, 2003).
Functionally, these channels are key regulators of neuronal
excitability, as channel opening will reduce action potential (AP)
amplitude and duration, increase the magnitude of the fast after-
hyperpolarization (fAHP) immediately following repolarization
and limit the frequency of AP burst firing (Bielefeldt and Jackson,
1993; Faber and Sah, 2003; Gu et al., 2007; Haghdoost-Yazdi et al.,
2008). At the pre-synaptic nerve terminal, localized BK chan-
nel activity can modulate both the amplitude and duration of
depolarization-evoked Ca?™ entry as a result of the rapid repolar-
ization and deactivation of voltage-gated Cav 2.1 (i.e., P/Q-type)
and 2.2 (N-type) Ca®t channels (Robitaille and Charlton, 1992;
Issa and Hudspeth, 1994; Marrion and Tavalin, 1998; Fakler and
Adelman, 2008). Reduced Ca?T influx will limit vesicle fusion
at active zones, leading to decreased neurotransmitter release
(Roberts et al., 1990; Hu et al., 2001; Raffaelli et al., 2004).

Dissecting the functional roles of BK channels in the nervous
system has been greatly aided by the availability of highly selec-
tive toxins (i.e., iberiotoxin) (Kaczorowski and Garcia, 1999) and
small molecule inhibitors (e.g., penitrem A, paxilline, lolitrem B)
(Knaus et al., 1994b; Imlach et al., 2008; Nardi and Olesen, 2008),
along with the generation of genetically-engineered mice lacking
either BKa or p subunits (Brenner et al., 2000b, 2005; Pliiger et al.,
2001; Meredith et al., 2004; Sausbier et al., 2004). Such strategies
have revealed that the loss of neuronal BK current, either acutely
or chronically, increases membrane excitability by decreasing the
magnitude of the fAHP. Reducing the fAHP facilitates more rapid
membrane depolarization in response to a tonic stimulus, lead-
ing to higher frequency AP firing. Such alterations in neuronal
activity are typically associated with neurological disorders in the
CNS, including tremor and ataxia (Sausbier et al., 2004; Brenner
et al., 2005; Imlach et al., 2008). Interestingly, a point mutation
in the RCK1 domain of the BKa subunit (i.e., D434G) identified
in a subset of epileptic patients has been shown to increase neu-
ronal BK channel activity by enhancing Ca>*-dependent channel
gating (Du et al.,, 2005; Wang et al., 2009; Yang et al., 2010).
Functionally, increasing BK activity and the associated fAHP may
augment membrane excitability in the soma by enhancing the
recovery rate of fast Na© currents from voltage-dependent inac-
tivation and reducing the absolute refractory period of neuronal
firing.

In the CNS of mice and humans, genetic knockout or muta-
tional disruption of the molecular chaperone cysteine string
protein (CSPa) is linked with early onset neurodegeneration
(Fernandez-Chacon et al., 2004; Donnelier and Braun, 2014),

Frontiers in Physiology | Membrane Physiology and Membrane Biophysics

August 2014 | Volume 5 | Article 316 | 49


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

Kyle and Braun

Regulation of BK channel activity

and interestingly, these conditions are associated with a signif-
icant up-regulation of BK channel expression in mouse brain
and cultured neurons (Kyle et al., 2013a; Ahrendt et al., 2014).
Although the mechanistic link between increased BK expres-
sion/activity and neurodegeneration remains undefined, it is
hypothesized that increased BK current density in pre-synaptic
terminals and/or the soma may lead to disrupted synaptic mem-
brane excitability and neurotransmitter release. As described
below, elevated BK channel expression in the CNS is closely linked
with epilepsy, strongly suggesting that increased BK current den-
sity can lead to neurological disorders and possibly synaptic
dysfunction/degeneration.

POST-TRANSLATIONAL MODIFICATION

Heteromeric BK channel complexes are the subject of exten-
sive post-translational modifications, which can significantly alter
channel behavior. Some modifications are highly-complex and
require prior upstream modification(s) to the channel subunits.

BK CHANNEL MODULATION VIA PROTEIN PHOSPHORYLATION
Perhaps the most studied enzymatically-driven modification of
BK channels is the addition of phosphate (PO?[) groups to
functionally-important residues (Ser/Thr/Tyr) present within the
channel’s pore-forming o subunit. These reactions are catalyzed
by select protein kinases and are reversed by the actions of protein
phosphatases that dephosphorylate these sites following removal
of the stimulus. Phosphorylation can be either stimulatory or
inhibitory with respect to the open probability of the channel and
can depend on several variables (see below).

Regulation of BK channel activity in smooth muscles by
phosphorylation-dependent signaling pathways is well docu-
mented (Schubert and Nelson, 2001) and the main modifying
enzymes include cAMP- and cGMP-dependent protein kinases
(i.e., PKA and PKG, respectively), protein kinase C (Zhou et al.,
2010) along with c-Src tyrosine kinase (Davis et al., 2001).
Biochemically, PKA is comprised of 2 catalytic and 2 regulatory
subunits and kinase activation occurs in response to the direct
binding of the second messenger cAMP to the regulatory sub-
units (Taylor et al., 1990). Cyclic AMP synthesis occurs following
stimulation of adenylyl cyclase by hormones (e.g., adenosine, f3-
adrenergic agonists, PGI,, PGE,, etc.) or direct activators (e.g.,
forskolin). In the case of PKG activation, synthesis of cGMP
can occur via a soluble or a membrane-bound form of guany-
Iyl cyclase (Miinzel et al., 2003); the former is typically activated
by NO and the latter by natriuretic peptides acting on the cell
surface receptors NPR-A and NPR-B. Structurally, PKG exists as
a homodimer in which each monomer consists of a regulatory
and catalytic domain linked in a single polypeptide chain (Francis
et al., 2010); holo-PKG thus closely resembles the overall struc-
ture of PKA. Generally, PKA and PKG-mediated phosphorylation
leads to BK channel enhancement, whereas PKC leads to channel
inhibition. It should be stressed, however, that these regulatory
effects on BK channel activity depend upon contextual phospho-
rylation/modification at multiple sites (Zhou et al., 2010, 2012;
Kyle et al., 2013¢), and may be further influenced by the constitu-
tive phosphorylation status of the channel complex (see below).
Selective blockade of the phosphodiesterase enzymes responsible

for cGMP metabolism by pharmacologic agents such as sildenafil
will prolong cGMP effects in smooth muscle and this process has
been exploited therapeutically to treat erectile dysfunction and
pulmonary hypertension (Francis et al., 2010). For a comprehen-
sive overview of early studies describing BK channel regulation by
kinase-associated pathways, see Schubert and Nelson (2001).

Using a multi-faceted strategy involving protein biochemistry,
site-directed mutagenesis and patch clamp recordings, our group
has recently reported that NO/cGMP/PKG signaling in VSM cells
leads to the modification of three distinct Ser residues in the BKa
C-terminus (i.e., Ser 691, 873 and 1111-1113), which directly cor-
relate with enhancement of channel activity (Kyle et al., 2013c).
Not unexpectedly, one of these sites (i.e., Ser873) is also impor-
tant for PKA-mediated enhancement of BK activity (Nara et al.,
1998). The regulatory phosphorylation status of BK channels also
appears to differ developmentally, as BK channels in fetal arter-
ies display more enhanced activity compared with channels from
adult VSM (Lin et al., 2005, 2006). Augmentation of BK chan-
nel activity by NO/cGMP/PKG signaling is readily reversible and
this is largely due to dephosphorylation via Ser/Thr protein phos-
phatases. Several studies have described involvement of protein
phosphatases 1 and 2A in the regulation of BK channel activity,
based mainly on the selective actions of inhibitors, such as okadaic
acid (Zhou et al., 1996, 2010; Sansom et al., 1997).

Activation of PKC is reported to inhibit BK channel activity
in VSM via the putative phosphorylation of Ser695 and Ser1151,
and these modifications also appear to interfere with the stim-
ulatory effects mediated by PKA and PKG (Zhou et al.,, 2010).
Interestingly, this PKC-mediated inhibition of channel activity
is absent in STREX-containing BKa splice variants (Zhou et al.,
2012) (see below).

Similar to VSM, neuronal BK channel activity can be enhanced
in response to regulatory phosphorylation of the pore-forming
BKa subunit by both PKA and PKG, which can be reversed by
the actions of Ser/Thr phosphatases 1 and 2A (Reinhart et al,,
1991; Reinhart and Levitan, 1995; Sansom et al., 1997; Tian et al.,
1998). Interestingly, proteomic analyses of rat brain BK channels
isolated under basal conditions has identified ~30 Ser and Thr
residues that appear to be constitutively phosphorylated in vivo,
with 23 of these modified residues located within the channel’s
C-terminus (Yan et al., 2008). Such observations suggest that con-
stitutive phosphorylation may help stabilize BK channel tertiary
structure and/or create binding sites for interacting proteins. The
various protein kinases responsible for these in vivo modifica-
tions are presently unknown, as is the extent to which channels
from other tissues or expressed heterologously exhibit consti-
tutive phosphorylation. Our recent data describing a role for
multiple phosphorylation sites to support cGMP-dependent aug-
mentation of BK channel activity in VSM cells (Kyle et al., 2013c)
promote the idea that individual phospho-Ser/Thr residues act
synergistically to enhance BK channel activity.

In neurons and neuroendocrine cells (e.g., pituitary, adrenal
gland) and more recently in VSM (Nourian et al., 2014), a portion
of BK channels identified by qRT-PCR contain the STREX splic-
ing insert, a 59 amino acid insert present at splice site C2 within
the C-terminus (Xie and McCobb, 1998; Shipston, 2001). In
response to cAMP/PKA signaling, a Ser residue within the STREX
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insert can undergo phosphorylation, which has been shown to
decrease BK channel activity (Tian et al., 2001). Functionally, such
a change would be expected to enhance membrane excitability in
neuroendocrine cells and promote exocytosis. Interestingly, phos-
phorylation of the STREX domain also appears to override the
positive gating effects mediated by PKA-induced phosphoryla-
tion at other C-terminal sites, leading to an overall dominant-
negative effect of STREX phosphorylation on BK channel activity
(i.e., a single STREX-containing o subunit within a tetrameric
channel is sufficient to flip PKA-mediated phosphorylation from
stimulatory to inhibitory) (Tian et al., 2004). Furthermore, this
inhibitory effect of PKA on BK channel activity appears to depend
upon the presence of palmitoyl fatty acid groups within the
STREX insert (Shipston, 2014), as palmitoylation-incompetent
BK channels do not undergo PKA-mediated phosphorylation of
the STREX insert and a decrease in activity (Tian et al., 2008).
Collectively, these findings suggest that presence of STREX insert
will lead to association of a C-terminal domain with the plasma
membrane, which appears necessary for PKA-mediated phos-
phorylation within the STREX insert and inhibition of channel
activity. Interestingly, presence of the STREX insert also appears
to prevent the inhibitory effect of protein kinase C (PKC) on BK
channel opening, possibly by inducing a conformation that pre-
cludes PKC-induced phosphorylation of Ser695 within the linker
joining RCK1 and RCK2 domains (Zhou et al., 2012).

In addition to Ser/Thr phosphorylation, BK channels also
undergo direct Tyr phosphorylation in the presence Src fam-
ily kinases (i.e., c-Src and Hck) and the Ca®*-sensitive tyrosine
kinase Pyk-2 (Ling et al., 2000, 2004; Alioua et al., 2002; Yang
et al., 2012). Functionally, direct tyrosine phosphorylation of
the BKa subunit has been reported to either increase (Ling
et al., 2000, 2004; Yang et al., 2012) or decrease (Alioua et al.,
2002) channel activity, although the reason(s) for this discrep-
ancy remains unclear. Work from our group has shown that Phe
substitution of Tyr766 in the C-terminus largely inhibits c-Src-
induced BKa subunit phosphorylation, but does not appear to
disrupt Pyk-2 mediated modification (Ling et al., 2000, 2004).
Future studies examining the direct phosphorylation of native
BK channels by tyrosine kinases in situ are needed to clarify the
physiologic importance of this regulatory event.

ENDOGENOUS REGULATORY MOLECULES

Endogenous molecules (e.g., heme, carbon monoxide (CO), reac-
tive oxygen species) have been reported to interact with the BK
channel complex (for review, see Hou et al., 2009). Similarly, acid-
ification of the cytosol (i.e., pH 6.5) is able to increase BK channel
activation by left-shifting the voltage dependence by ~45mV,
but such effects can be readily masked by physiological levels of
free Mg2+ (i.e, 1mM) and Ca®*t (i.e., 1 M) (Avdonin et al.,
2003). The importance of [H™] with regards to BK channel activ-
ity may become more apparent during pathological conditions
where fluctuations in [H*] and [Ca%t] may occur (e.g., cerebral
ischemia) (Lipton, 1999).

The linker between the RCK1 and RCK2 regions of the BKa
subunit (Figure 1) reportedly contains a binding site for intracel-
lular heme molecules (Hou et al., 2009). Application of heme to
the cytosolic face of BK channels was found to inhibit channel

opening with an ICsyp ~70nM (Tang et al., 2003), likely via an
allosteric process. Moreover, the direction of gating modulation
by heme appears to be closely-linked to membrane potential, as
BK channel P, is enhanced at negative membrane potentials and
inhibited at positive potentials. Heme regulators, transporters and
degradation products (e.g., CO) are currently under investigation
for their therapeutic potential in influencing BK channel activity
and thus, global membrane potential (Hou et al., 2009).

Soluble guanylyl cyclase (sGC) contains an iron (heme) cen-
ter that serves to bind NO, however, this site is also targeted
by CO, which can activate sGC, leading to increased cytosolic
[cGMP], PKG activation and enhanced BK channel activity (see
Figure 2B). It has been further suggested that CO, along with NO,
can also directly augment BK channel activity when applied at
sufficiently-high concentrations (Hou et al., 2009; Leffler et al,,
2011). Further examination of the physiologic contribution of
such effects to BK channel regulation are warranted.

Reactive oxygen species (ROS) that are reported to influence
BK channel behavior include hydrogen peroxide (H,0O,), super-
oxide (O; ') and peroxynitrite (ONOO™). Increased levels of ROS
may occur under localized conditions, such as atherosclerosis
(Li and Forstermann, 2009) and are particularly troublesome,
as H,O; and O, will react with free NO to generate ONOO™,
thereby reducing NO bioavailability and cGMP/PKG signaling in
vascular smooth muscle. For detailed discussions on impact of
ROS on BK channel activity, the reader is referred to excellent
review articles (Tang et al., 2004; Hou et al., 2009).

REGULATION OF BK CHANNEL EXPRESSION BY UBIQUITINATION

Protein ubiquitination has emerged as a ubiquitous quality
control mechanism for the regulation of protein trafficking
and turnover and has been implicated in the dynamic control
of diverse cellular processes (e.g., gene transcription, synap-
tic development and plasticity, oncogenesis, etc.) (Hershko and
Ciechanover, 1998). Protein ubiquitination functions as a tagging
system to mark proteins for degradation by the 26S proteasome
complex and the human genome is reported to contain >600
genes encoding E3 ubiquitin ligases (Li et al., 2008), the enzyme
responsible for conjugating ubiquitin monomers to target sub-
strates. Given this level of abundance, the ubiquitin-proteasome
system (UPS) appears to enzymatically parallel protein phos-
phorylation, for which ~520 putative kinase genes have been
described (Manning et al.,, 2002), as a widespread mechanism
for protein modification and the regulation of cellular function.
Recent evidence indicates that BK channels also undergo ubiquiti-
nation, which appears to have important functional implications.
In the CNS, interaction of BK channels with cereblon (Jo et al.,
2005), a substrate receptor for the CRL4A E3 ligase, leads to ubig-
uitination of the BKa subunit and retention of modified channels
in the endoplasmic reticulum (Liu et al., 2014). Preventing ubiq-
uitination of BK channels by pharmacologic or genetic interfer-
ence of the CRL4A enzyme complex leads to increased trafficking
of BK channels to the neuronal cell membrane and a higher inci-
dence of seizure induction and epilepsy in mice. Such data point
to ubiquitination as an important quality control mechanism to
limit BK channel expression in neurons, which will ultimately
impact membrane excitability. Given that cereblon transcripts
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FIGURE 3 | A summary of cellular events/factors leading to BK channel activation (open pore) and deactivation/inactivation (closed pore).
Abbreviations: Ep,, membrane potential; STREX, stress-axis regulated exon; PKC, protein kinase C; Ser, serine.

Open/active

are also widely expressed in tissues outside the CNS, this regula-
tory paradigm may have broader functional importance. As noted
above, disruption of the neuronal chaperone CSPa in mice also
elevates BK channel expression, suggesting that increased chan-
nel density be a common contributing factor to excitation-related
neuropathologies.

In VSM, BKB1 subunits are reported to undergo ubiquitina-
tion in cultured myocytes exposed to high glucose and in arteries
obtained from mice made diabetic by injection of streptozotocin,
a pancreatic B-cell poison. Diabetes-like conditions elevate the
expression of a muscle-specific RING finger E3 ubiquitin ligase
via enhanced NF-kB transcriptional activity, leading to increased
BKB1 subunit ubiquitination and proteolysis (Yi et al., 2014). As
previously described, loss of the BKB1 subunit would be expected
to decrease Ca®T- and voltage-dependent activation of VSM BK
channels (Brenner et al., 2000b), leading to exaggerated mem-
brane depolarization and smooth muscle contraction. As BK1
subunits may be capable of dynamically assembling with BKa
subunits at the membrane (Leo et al., 2014), ubiquitination of
BKB1 alone may not necessarily result in a decreased cellular level
of BKa subunits.

CONCLUDING REMARKS

BK channel activity is regulated both directly and indirectly
through a diverse range of modulatory pathways involving cova-
lent modifications, metabolic factors, trafficking events and tran-
scriptional processes (see Figure 3). Given the formidable effect
that BK channels can exert on membrane excitability, as a result
of their large single channel conduction and dual activation by
membrane depolarization/cytosolic free Ca>*, such “fine-tuning”
affords cells the ability to precisely control the impact of these
channels on their function and responsiveness to both acute and
chronic stimuli. As reinforced by the accompanying articles in this
thematic issue, BK channels represent powerful effectors in tis-
sue health and dysfunction and that understanding their modes
of regulation may lead to novel therapeutic strategies in disease
treatment.
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AUTHOR NOTE

Lingle and coworkers have demonstrated that the y1 subunit
(i.e., LRRC26) mediated leftward shift in BK channel gating
occurs in an all-or-none fashion, in contrast to the incremen-
tal shifts in gating produced by stoichiometric association of
BKB1 subunits (Proc. Natl. Acad. Sci. U.S.A. 111, 4873, 2014. doi:
10.1073/pnas.1322123111). Subsequently, Evanson et al. (2014)
have reported that LRRC26 is endogenously expressed in rat
cerebral vascular myocytes and may function as an auxiliary y1
subunit by altering the voltage and calcium sensitivity of BK chan-
nel gating (Circ. Res. 115, 423—-431. doi: 10.1161/CIRCRESAHA.
115.303407).
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INTRODUCTION

While most large-conductance, calcium-, and voltage-activated potassium channels (BK or
Maxi-K type) are blocked by the scorpion venom iberiotoxin, the so-called “type II” subtype
has the property of toxin resistance. This property is uniquely mediated by channel
assembly with one member of the BK accessory B subunit family, the neuron-enriched
B4 subunit. This review will focus on current understanding of iberiotoxin-resistant,
B4-containing BK channel properties and their function in the CNS. Studies have shown
that 4 dramatically promotes BK channel opening by shifting voltage sensor activation to
more negative voltage ranges, but also slows activation to timescales that theoretically
preclude BK ability to shape action potentials (APs). In addition, 4 membrane trafficking
is regulated through an endoplasmic retention signal and palmitoylation. More recently,
the challenge has been to understand the functional role of the iberiotoxin-resistant BK
subtype utilizing computational modeling of neurons and neurophysiological approaches.
Utilizing iberiotoxin-resistance as a footprint for these channels, they have been identified
in dentate gyrus granule neurons and in purkinje neurons of the cerebellum. In these
neurons, the role of these channels is largely consistent with slow-gated channels
that reduce excitability either through an interspike conductance, such as in purkinje
neurons, or by replacing fast-gating BK channels that otherwise facilitate high frequency
AP firing, such as in dentate gyrus neurons. They are also observed in presynaptic
mossy fiber terminals of the dentate gyrus and posterior pituitary terminals. More
recent studies suggest that p4 subunits may also be expressed in some neurons lacking
iberiotoxin-resistant BK channels, such as in CA3 hippocampus neurons. Ongoing research
using novel, specific blockers and agonists of BK/4, and g4 knockout mice, will continue
to move the field forward in understanding the function of these channels.

Keywords: BK channel, iberiotoxin, beta4, KCNMB4, type Il bk channels, KCNMA1, MaxiK, calcium-activated
potassium channel

et al., 2000; Weiger et al., 2000; Lippiat et al., 2003). This was

While BK K* channels are often identified using the scorpion
venom iberiotoxin, seminal work by Rinehart and Levitan identi-
fied an iberiotoxin-resistant, slow-gated BK channel subtype from
brain synaptosomal membranes (Reinhart et al., 1989; Reinhart
and Levitan, 1995). The investigators classified this as the so-
called “type II BK channel” which was in contrast to the more
conventional iberiotoxin-sensitive type I, fast-gated BK channels.
A similar type II toxin-resistant BK channel was observed in pos-
terior pituitary nerve terminals soon after (Bielefeldt et al., 1992;
Wang et al., 1992). The molecular basis for type II BK chan-
nels was revealed in 1999 when random ¢cDNA sequences began
flooding DNA databases and perusing BKologists identified three
additional accessory subunit family members (B2, $3, and B4)
similar to the previously cloned B1 that modulate the BK pore-
forming o subunit. Among these, the neuron-specific 4 subunit
was found to confer the slow-gating and iberiotoxin-resistance
that likely underlies the type II BK channels seen in synaptoso-
mal membranes (Behrens et al., 2000; Brenner et al., 2000; Meera

confirmed by gene knockout of the B4 subunit that converted
BK channels in neurons from iberiotoxin-resistant to iberiotoxin-
sensitive channels (Brenner et al., 2005). While cloned more than
14 years ago, our understanding of the functional role of p4-
containing BK potassium channels in neurons is still very limited.
This short review will discuss current understanding of BK/B4
biophysical properties, their regulation, and neurophysiological
function.

BK CHANNELS ARE COMPOSED OF DIVERSE SUBTYPES IN
CENTRAL NEURONS

Large conductance calcium-activated (BK-type) potassium chan-
nels are potassium channels uniquely activated by both calcium
and depolarization (Kaczorowski et al., 1996; Gribkoff et al.,
1997; Calderone, 2002). When open, BK channels have among
the largest ion channel conductance (>200pS) and are very
effective in hyperpolarizing the membrane. BK channels are
expressed relatively broadly in many excitatory neurons of the
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CNS (Wanner et al., 1999). Early studies used scorpion ven-
oms including charybdotoxin, and later the uniquely BK-selective
iberiotoxin, to block channels and thereby study BK effects in
neurons. Use of these blockers has revealed their key role in shap-
ing action potentials. Depending on the neuron, BK channels
affect the repolarization phase and the fast-component of the
afterhyperpolarization to various extents (Sah and Faber, 2002).
Although the pore-forming subunit (o subunit) is encoded by
a single gene, a family of four tissue-specific accessory subunits,
B1 through p4 (Orio et al., 2002), confer BK channels with diverse
functional properties affecting steady-state conductance proper-
ties, gating kinetics, inactivation, and pharmacology (Behrens
et al.,, 2000; Brenner et al., 2000). Expression studies suggest
that B2 and B4 are the principle B subunits expressed in central
neurons (Figure 1A) (Brenner et al., 2000), and electrophysiol-
ogy and pharmacology studies (discussed below) suggest that a
interactions with these subunits define one of three BK chan-
nel subtypes generally observed in central neurons. These are the
inactivating BK channels (o + p2), and the non-inactivating type
I (o alone) and type II BK channels (o + f4). A simple overview
of some key properties that distinguishes these channel subtypes

in neurons is shown in Figure 1B. In heterologous expression sys-
tems, the accessory B2 subunit confers N-type inactivation to BK
channels and is sensitive to iberiotoxin block (Wallner et al., 1999;
Xia et al., 1999). Inactivating BK channels are observed in CAl
(Cornu Ammonis-1) neurons of the hippocampus (McLarnon,
1995) and adrenal chromaffin cells (Solaro and Lingle, 1992).
The effect of these channels in central neurons is to repolarize
the first few, but not later, action potentials in a train, resulting
in a frequency-dependent spike broadening (Shao et al., 1999;
Faber and Sah, 2003). Although inactivating BK channels are
likely mediated by the B2 accessory subunit, some splice products
of the B3 subunit also confer inactivation. However, this protein
has weak expression in the brain (Wallner et al., 1999; Xia et al.,
1999; Uebele et al., 2000; Hu et al., 2003).

The non-inactivating type I and type II BK channel subtypes
were originally identified from bilayer recordings from synap-
tosomal membrane preparations from brain (Reinhart et al,
1989; Reinhart and Levitan, 1995). Type I BK channels have rel-
atively fast gating kinetics, are sensitive to iberiotoxin block, and
likely represent BK channels lacking accessory f subunits. Type
IT BK channels have slow gating kinetics and are insensitive to

Resistance
to venom blockers

Extracellular

A Neuronal, Calcium- & Voltage-Activated (BK) Potassium Channel Subunits

Intracel\lul‘aﬂr / \ ' ' ' ‘ &
RCK ST/ Ca2* Bowl
Inactivation . - . S8
Particle — Palmitoylation Site domain N D)
ER Retention Sequence S9 S10
B Neuronal BK Channels (Paxilline-sensitive)

Inactivating BK Channels

Non-inactivating BK Channels

a+p2
Iberiotoxin-Sensitive
Fast-activated

FIGURE 1 | (A) Cartoon of the major BK channel subunits expressed in
neurons of the central nervous system and key domains. “Inactivation
particle” is B2 amino terminal sequence that confers fast-type inactivation on
BK channels (Wallner et al., 1999; Xia et al., 1999). The B4 subunit
extracellular domain contains residues that confer BK channel “resistance to
venom blockers” including charybdotoxin and iberiotoxin (Meera et al., 2000;

a alone
Iberiotoxin-Sensitive
Martentoxin-Insensitive
Fast-activated

|
a+f34
Iberiotoxin-Insensitive
Martentoxin-Sensitive

Slow-activated

Gan et al., 2008). Surface trafficking of B4 is regulated by carboxyl-terminal
“palmitoylation” (Chen et al., 2013) and an “ER (endoplasmic reticulum)
retention sequence” (Shruti et al., 2012; Cox et al., 2014). The BK channel is
depicted with voltage-sensor regions (S2-S4) (Ma et al., 2006) and calcium
binding sites (RCK and CaZ* bowl domains) (Bao et al., 2002; Xia et al., 2002).
(B) Flow chart of neuronal BK channel pharmacology and gating properties.
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iberiotoxin block (Reinhart et al., 1989). As discussed below,
the slow gating and iberiotoxin-resistance are hallmarks of BK
channels containing $4 subunits. In addition, type II BK chan-
nels are coupled to protein kinase C and protein phosphatase
(Reinhart and Levitan, 1995). Historically the functional role of
type II BK channels are less understood perhaps due to their resis-
tance to iberiotoxin block, but also because they are less often
observed in neurons. Later, paxilline was identified as a useful
blocker for BK channels (Knaus et al., 1994) that indiscriminately
blocks both type I and type II BK channels (Hu et al., 2001).
Thus, investigators can unambiguously identify BK/B4 channels
as those that are resistant to iberiotoxin and sensitive to pax-
illine. Recently, Martentoxin (Shi et al., 2008; Tao et al., 2012)
and Conopeptide Vt3.1 (Li et al., 2014) were identified as more
selective blockers of BK/B4 channels than the pore-forming o sub-
unit alone. The neuronal 2 subunit does not alter Conopeptide
Vt3.1 block (Li et al., 2014). Whether or not Martentoxin also
blocks BK/B2 channels has not been established with certainty.
Although Martentoxin blocks a large fraction of BK currents in
adrenal chromaffin cells where BK/B2 channels are expressed (Ji
etal., 2003), pharmacological studies on pure a 4+ 2 have not yet
been conducted.

4 SUBUNITS SLOW GATING AND INCREASE OPEN
PROBABILITY OF BK CHANNELS

BK channels are unique among other potassium channels
in being activated by both voltage and calcium. Therefore,

these channels are believed to be a negative feedback mecha-
nism regulating voltage-dependent calcium channels and other
calcium-modulated voltage-dependent channels (Figure 2A).
Theoretically, the tissue-specific accessory f subunits tune the
response properties of BK channels to the needs of the cell.
The dual activation properties of BK channels are most clearly
apparent in single channel recordings (Figure 2B). In constant
calcium (1.7 uM internal calcium, Figure 2B, left panel) chan-
nel opening increases in a voltage-dependent manner. As well,
at constant voltage (440 mV, Figure 2B, right panel) increasing
calcium increases channel open probability. The response prop-
erties of BK channels to voltage and calcium are well represented
in plots of conductance-voltage relationships (G-V relationships,
Figure 2C). The pore-forming subunit of BK channels (o sub-
unit) binds calcium at affinities that are relatively low (tens
of micromole) compared to physiological global calcium con-
centrations (i.e., bulk calcium rises that occur throughout the
cell, ~ 100-200nM) (Cox et al., 1997; Cui et al., 1997). At rest-
ing calcium concentrations (nanomolar) BK channels in neurons
do not show significant channel openings at physiological voltage
ranges (Horrigan et al., 1999) (Figure 2C). Thus, to obtain high
open probabilities, BK channels require coincident depolarization
and calcium rises such as might occur during an action poten-
tial and in close apposition to voltage-activated calcium channels
(Fakler and Adelman, 2008). Experimentally, the dual calcium
and voltage sensitivities are seen as shifts of the G-V relations
to negative potentials with increasing calcium (Figure 2C). Thus,

A \oltage-dependent
Calcium Channels
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Activate

K Large
Conductance(BK) Ca-Activated
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“?33?5
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FIGURE 2 | (A) Cartoon of voltage-dependent calcium channel and BK
channel negative feedback mechanism. Depolarization opens
voltage-dependent calcium channels. The coincident calcium influx and
depolarization activate BK channels, that in-turn, repolarize the
membrane and deactivate voltage-dependent currents. (B) Single
channel recording of BK a alone at various voltage (left panel) and
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calcium (right panel). Note: there are two BK channels in this patch.
(C) Conductance-voltage relations of BK a alone recorded from
inside/out patches containing macroscopic currents. 0 Ca2t is internal
solution containing 5mM EGTA to buffer calcium. 60uM internal
calcium shifts the G-V relations to more negative membrane
potentials.
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neurons can theoretically convert BK channels from channels
that are high voltage-activated channels, to channels activated
at threshold or subthreshold potentials by dynamically increas-
ing calcium concentrations. Indeed, although Shaker-type Kv
channels are more voltage-sensitive than BK channels, high local
calcium can cause BK channels to open in a voltage-dependent
fashion at more negative membrane potentials (Figure 2C).
Functional studies in heterologous expression systems pro-
vided strong evidence that 34 confers properties of type II BK
channels. The extracellular domain of B4 has been shown to
occlude toxin binding to BK channels, a key property of type II
channels (Meera et al., 2000; Gan et al., 2008). The B4 subunits’
predominant effect on channel gating is to slow activation and
deactivation kinetics, also a property of type II channels (Behrens
etal., 2000; Brenner et al., 2000; Ha et al., 2004; Wang et al., 2006).
This is quite obvious in the slow activation rise time and slow
tail currents, respectively (Figures 3A,B). The biophysical mech-
anisms underlying kinetic changes are not understood. 4 also
modulates steady-state properties by causing negative shifts of the
conductance-voltage relations in high calcium (> ~10 wM) but
positive shifts in low calcium (Behrens et al., 2000; Brenner et al.,
2000; Lippiat et al., 2003; Ha et al., 2004; Wang et al., 2006). These
effects on channel opening suggest that $4 regulates BK channels
through multiple, opposing mechanisms on channel opening.
Several studies have investigated how P4 alters steady-state gat-
ing (Wang et al., 2006; Contreras et al., 2012) in the context of an
allosteric gating model for BK channels (Horrigan and Aldrich,
1999; Horrigan et al., 1999; Rothberg and Magleby, 1999). The
allosteric model describes BK channel opening to be due to rela-
tively independent coupling of voltage-sensors and Ca*>* sensors
to the channel gate [(Horrigan and Aldrich, 2002); an excellent,
short review in Lingle (2002)]. B4 was shown to increase BK

channel opening by shifting voltage-sensor activation to more
negative potentials (Wang et al., 2006; Contreras et al., 2012).
This property has also been reported for the related p1 and p2
subunits (Bao and Cox, 2005; Orio and Latorre, 2005; Contreras
et al., 2012). Channel modeling studies of p4 effects suggest that
this calcium-independent property contributes to the negative-
shift of the conductance-voltage relations that is apparent at high
calcium (Wang et al., 2006). How does 4 reduce channel open-
ing (cause a positive-shift of the conductance-voltage relations) at
low calcium? Two mechanisms have been ascribed to this effect.
P4, like the related B1 and B2, cause an increased energetic bar-
rier for gate opening (Orio and Latorre, 2005; Wang and Brenner,
2006; Wang et al., 2006). As well, B4 was shown to reduce gat-
ing charge which also can contribute to reduced channel openings
(Contreras et al., 2012).

The slow gating and the depolarization of the G-V relations
at low calcium suggested that f4 subunits could be regarded as
an inhibitory neuronal subunit of BK channels (Behrens et al.,
2000; Weiger et al., 2000; Brenner et al., 2005). However, BK
channel biophysicists generally find it convenient to record cur-
rents with symmetrical, high potassium concentrations (replacing
external sodium with potassium). Surprisingly, recordings con-
ducted at physiological external sodium, low external potassium
concentration instead indicate that B4 confers a negative shift of
the G-V relationship at all calcium concentrations (Wang et al.,
2009; Jaffe et al., 2011) (Figure 3C). This casts some doubt into
conclusions obtained from previous biophysical studies using
non-physiological solutions. The slow activation and deactiva-
tion gating kinetics nevertheless is observed, albeit to a lesser
extent (Figure 3D). Thus, from a steady-state perspective $4 gen-
erally promotes BK channel opening. However, during the fast
times of an action potential, the slow-activation conferred by
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B4 could theoretically inhibit BK channels from contributing
to repolarization, whereas their slow-deactivation might sustain
open channels following repolarization.

34 EFFECTS ON BK CHANNELS IN THE CONTEXT OF BK o
SUBUNIT ALTERNATIVE SPLICING OR GENE MUTATIONS

The effect of B4 on BK channel biophysical properties is also
dependent on splicing isoforms or mutations of the o subunit.
One well-studied splice variant is the stress-axis activated exon
(STREX) (Xie and McCobb, 1998; Tian et al., 2001) that promotes
BK channel opening via decreasing the closing rates of the chan-
nels. While f4 and STREX both slow deactivation, the combined
effect of STREX and P4 are to speed deactivation (Petrik and
Brenner, 2007). In addition, at low calcium, B4 further inhibits
channel opening of STREX channels by dramatically slowing
channel activation kinetics (Petrik and Brenner, 2007). Studies of
the inhibitory “SRKR” exon of BK channels also showed a more
dramatic inhibition when coexpressed with B4 (Shelley et al,
2013). Given its expression in the CNS, the effect of f4 on a
human mutation (D434G) that causes epilepsy and paroxysmal
dyskinesia (Du et al., 2005) has also been studied (Du et al,
2005). The mutation dramatically increases BK channel openings
and speeds channel activation. However, p4 effects on steady-
state, conductance-voltage relations is largely reduced with the
human D434G mutation (Diez-Sampedro et al., 2006; Lee and
Cui, 2009; Wang et al., 2009). Paradoxically, the mutation in the
murine o (D369G) and B4 channel subunit shows full effects of
p4. Why murine and human channels behave differently with
regard to P4 effects on the epilepsy D/G mutation is currently
unknown.

BIOPHYSICAL NEURONAL MODELS CONTAINING TYPE |
AND TYPE Il BK CHANNELS

Computer models of excitable cells containing BK channels have
been used to understand the differential effects of inactivating and
non-inactivating channels on output firing patterns. In adrenal
chromaffin cells inactivating BK channels (containing o + 2
subunits) enhance excitability (Sun et al., 2009) by boosting the
afterhyperpolarization (AHP) and, in turn, presumably enhanc-
ing the recovery of Na™ channels from inactivation (Erisir et al.,
1999). Modeling of inactivating BK channels in simulations of
CA1 pyramidal neuron firing reproduces the decreased spike
duration seen in the first few action potentials in a train of spikes
(Shao et al., 1999). As discussed above, this allows for greater
instantaneous firing rates at the beginning of an episode of spike
generation.

The role of iberiotoxin-resistant (type I1I) BK channels on
neuronal excitability has also been investigated by us in the mod-
eling of BK channels in dentate gyrus granule neurons (Jaffe
etal., 2011). Using physiological-appropriate recordings of type I
(o alone) and type II (o + B4) BK channels in vitro, the inves-
tigators developed analytical equations describing the combined
voltage-, calcium-, and time-dependence of both type I and II BK
channels (Figure 4A). These were incorporated into a model of
DG neurons containing either type I or type II channels (Jaffe
et al., 2011). The model reproduced in silico the relative reduc-
tion in spike duration shaped by type I BK channels (Figure 4B1),

similar to that observed from recordings of DG neurons where
the B4 was knocked out (Brenner et al., 2005). In contrast, type
II channels achieved less spike reduction; ~50% of that pro-
duced by type I channels (assuming the same BK channel density)
because of the relative difference in activated BK channel cur-
rent (Figure 4B2). The difference in BK current between the
two channel types was readily explained by the difference in BK
channel kinetics. The ratio of the steady-state activation variable
plotted against the activation time constant variable (woo/Ty)
illustrates a greater likelihood for type I channel activation for
the short period of depolarization during peak of the action
potential. It was not during the down-stroke of the spike where
Ca’* influx is maximal (Figure 4C). At the peak of the spike the
initial influx of calcium reaches a concentration where it shifts
the channels’ voltage-dependence into the voltage range of an
action potential (see Figure 4A). As a result, type II channel acti-
vation lags compared to that of type I channels. Subsequently,
their differential effects on spike waveform can, in turn, influence
neuronal excitability by altering slower Ca?*-dependent conduc-
tances (Brenner et al., 2005; Jaffe et al., 2011; Ly et al,, 2011),
Na™ influx and Na*-dependent conductances, as well as voltage-
gated potassium conductances (Shao et al., 1999). This model
also supports the hypothesis that both type I and II BK chan-
nels express a low-affinity Ca?t sensor (Schreiber and Salkoff,
1997; Zhang et al., 2001) and that they are in close physical
proximity to voltage-gated Ca?* channels (Marrion and Tavalin,
1998; Grunnet and Kaufmann, 2004; Berkefeld et al., 2006; Muller
etal., 2007). In particular, this model is highly consistent with the
modeling of Engbers et al. (2013) where Ca?t concentrations of
10 WM or greater were required to observe a significant difference
in spike duration (Figures 4B3,D).

4 SURFACE TRAFFICKING IS HIGHLY REGULATED
Considering the very broad and high level of 4 mRNA through-
out the brain (Behrens et al., 2000; Brenner et al., 2000; Meera
et al., 2000; Uebele et al,, 2000; Weiger et al., 2000) it is
quite surprising that iberiotoxin-resistant BK channels have been
described in only few types of neurons. These are cerebellar purk-
inje neurons (Benton et al., 2013), dentate gyrus neuronal soma
(Brenner et al., 2005) and their mossy fiber terminals (Alle et al.,
2011), and posterior pituitary terminals (Wang et al., 1992). One
may conclude that BK/B4 channel surface trafficking must be
post-transcriptionally regulated. Recent studies indeed suggest
that B4 subunits are largely retained in intracellular compart-
ments through an endoplasmic reticulum (ER) retention signal
(Baietal.,2011; Shrutietal., 2012; Cox et al., 2014). The efficiency
of BK/B4 channels surface trafficking is controversial. Studies in
transfected HEK293 cells by one group indicated that while 4 is
retained in the ER, it did not affect BK channel surface trafficking
(Cox et al,, 2014). While another group indeed showed a dom-
inant negative effect of 4 on BK channel surface trafficking in
HEK293 cells and CA3 neurons (Shruti et al., 2012).

In addition to an ER retention motif (Shruti et al., 2012;
Cox et al., 2014), the 4 subunit was shown to be palmitoylated
at a site in the carboxyl terminal cysteine 193 that is neces-
sary for surface trafficking (Chen et al., 2013). Palmitoylated 4
appears to oppose a BK channel splice variant retention signal
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FIGURE 4 | Biophysical modeling: the effects of type | and Il BK
channels on neuronal function. (A) Voltage-, Ca?*-, and time-dependence
of type | and type Il BK channels. wy is steady-state activation while t,, is
the time constant for channel activation. The state variable w was
integrated over time as dw/dt = (Ws — W)/tw. The Wy and 1, parameter
space was described by analytical equations derived from voltage-clamp
measurements obtained under physiologically-appropriate conditions (see
Jaffe et al., 2011). (B) Type | BK channels shorten the spike duration and
increase the fAHP relative to type Il channels (B1). Type | BK channels are
more strongly activated during the down-stroke of the action potential than
type Il BK channels (B2). As a result, the down-stroke is faster for the
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model with type | BK channels compared with a model containing type I
BK channels or no BK channels (B1). The sharper spike resulting from type
| channels reduces the duration, but not amplitude, of the calcium transient
sensed by BK channels compared to type Il channels or blocked BK
channels (B3). Channel density in these simulations was 1 mS/cm?.

(C) Phase-plane analysis of the ratio of ws /Ty against membrane potential
achieved during the time course of an action potentials. Arrows indicate the
direction of time through the course of the spike. (D) A difference in action
potential duration between type | or type Il-containing models occurs when
local peak Ca%t concentration exceeds 10 WM. Figures are replotted from
equations described in Jaffe et al. (2011).

(VEDEC carboxyl variant) and thereby increase surface expres-
sion of this splice variant. For BK channel splice variants that
lack this alternative splice site but are not maximally trafficked
to the surface, palmitoylated B4 does not promote surface expres-
sion but depalmitoylated $4 subunits appear to retain channels in
the ER. Thus, differences in neuronal palmitoylation, or BK chan-
nel splicing, might explain the paradoxical finding that although
B4 mRNA is more abundant in CA3 than dentate gyrus neu-
rons, patch clamp recording show a largely iberiotoxin-sensitive
current in CA3 and iberiotoxin-resistant current in DG neurons
(Shruti et al., 2012).

4 SUBUNIT REGULATION BY STEROID HORMONES AND
FATTY ACIDS

Steroids have been known to modulate BK channels through non-
genomic actions. Particularly the 1 subunit, that is enriched in
vascular smooth muscle, has drawn extensive attention given that

it can directly interact with estrogen compounds (Valverde et al.,
1999; Dick et al., 2001), activate smooth muscle BK channels
(Dick and Sanders, 2001) and potentially have beneficial effects
on vascular function. BK channels in the CNS (area postrema)
have also shown to be activated by estrogen compounds (Li
and Hay, 2000). However, it is often unclear whether these are
direct effects or indirect effects since estrogen acutely modu-
lates a large number of targets including protein kinase G, which
also activates BK channels (Rosenfeld et al., 2000; White et al.,
2002; Dimitropoulou et al., 2005). Nevertheless, early cloning and
expression of the B4 subunit showed that estrogen could, similar
to B1, activate BK/B4 channels (Behrens et al., 2000). A compara-
tive study of different steroids indicated the 4 conferred a greater
sensitivity to BK channels for corticosterone than estrogen, and
followed by progesterone (King et al., 2006). This is in contrast to
the B2 subunit that is much less sensitive to corticosterone but
activated by dehydroepiandrosterone (DHEA), a stress-related
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adrenal androgen. The differential sensitivities to corticosterone
and DHEA provide an interesting opportunity to differentially
activate BK/B4 and BK/B2 channels in neurons. The effect of cor-
ticosterone (1 wM) on BK/P4 channels was to negative-shift the
conductance-voltage relations (—13mV) and slow deactivation
kinetics about 3 fold (at —80 mV, 1 wM internal calcium) (King
et al., 2006). In addition to steroid hormones, some B subunits
also confer sensitivity to fatty acids. Recent studies showed that
B4, like B1 but not B2 confer a sensitivity to BK channels for
the long chain omega-3 fatty acid, docosahexaenoic acid (DHA)
(Hoshi et al., 2013). This is one of the fatty acid compounds
enriched in fish oil that provides beneficial health effects (Harris
et al.,, 2013). DHA (3 wM) causes a robust ~ —60 mV shift of
conductance-voltage relations in BK/B4 channels (measured in
absence of calcium), but only ~ —10mV shift in BK channels
lacking B subunits (Hoshi et al., 2013).

PHYSIOLOGICAL FUNCTION OF IBERIOTOXIN-RESISTANT

BK CHANNELS IN NEURONS

{34 DISTRIBUTION IN THE BRAIN

While BK channels expression in many regions of the nervous sys-
tem is well-established (Wanner et al., 1999), the expression of 34
needs further study. Gene targeting of an EGFP reporter into the
KCNMB4 (B4 gene) locus, and in situ hybridization studies have
provided some information regarding regions of high 4 mRNA
expression (Weiger et al., 2000; Brenner et al., 2005; Petrik and
Brenner, 2007; Shruti et al., 2012). Using these approaches, p4
shows strong staining in the posterior pituitary (Brenner et al.,
2005), pyramidal neurons of the cortex, CA3 pyramidal neu-
rons, and dentate gyrus region of the hippocampus (Weiger et al.,
2000; Brenner et al., 2005; Petrik and Brenner, 2007; Shruti et al.,
2012), olfactory bulb, and purkinje neurons of the cerebellum
(Petrik and Brenner, 2007). To date, expression data is corrob-
orated by functional studies of BK/B4 channels in the posterior
pituitary, CA3 pyramidal neurons, dentate gyrus granule neu-
rons, and cerebellar purkinje neurons (will be discussed further
below). In contrast to f4 mRNA, reports of immunolocalization
of the protein in neurons is limited (Piwonska et al., 2008). In
part, this is because antibodies to this protein, although commer-
cially available, often lack sufficient specificity to unambiguously
identify B4 (a personal observation that many commercial anti-$4
antibodies detect equivalent signals in our $4 knockout mice).

POSTERIOR PITUITARY TERMINALS

Physiological function of BK/B4 channels was likely first stud-
ied in posterior pituitary nerve terminals (Bielefeldt and Jackson,
1993). The investigators described a calcium- and voltage-
activated, large conductance potassium current that was resistant
to charybdotoxin and apamin in rat posterior pituitary termi-
nals (Bielefeldt et al., 1992). These characteristics strongly suggest
BK/B4 channels, and indeed 4 gene expression was later observed
in posterior pituitary nerve terminals (Brenner et al., 2005). The
investigators found that high frequency firing of action potentials
was terminated by increased calcium influx using the L-type cal-
cium channel opener Bay K 8644, presumably through activation
of the calcium-activated potassium channels. A key observa-
tion was that these calcium-activated potassium channels were

particularly slow- activated and deactivated. Thus, the investiga-
tors suggested that these channels are tailored for silencing bursts
of action potentials that might arise possibly due to calcium accu-
mulation. Later studies showed that while iberiotoxin-resistant
BK channels are enriched in the pituitary terminals, BK chan-
nels of the hypothalamic somas that connect to these terminals
are fast-gated, iberiotoxin-sensitive type I channels (Dopico et al.,
1999). These results indicate that neurons may co-express distinct
BK channel subtypes in different subcompartments,

CEREBELLAR PURKINJE NEURONS

BK channels likely have an important role in the cerebellum since
knockout of the pore-forming subunit causes a profound ataxia
in the mice (Meredith et al., 2004; Sausbier et al., 2004). Similar
to hypothalamic neurons, a mixture of BK channel subtypes were
recently identified in cerebellar purkinje neurons (Benton et al.,
2013). However, the different subtypes did not appear to be segre-
gated to different compartments. Whole cell recordings identified
a mixture of slow-gated, non-inactivating iberiotoxin-resistant
channels, and fast-gated, inactivating iberiotoxin-sensitive BK
channels (Benton et al., 2013). The presence of iberiotoxin-
resistant BK channels is consistent with expression of f4 in
cerebellar purkinje neurons (Petrik and Brenner, 2007). The slow-
gating of the iberiotoxin-resistant BK channels sustains opening
of these channels during the AHP and contributes to a sustained
interspike conductance (Benton et al., 2013). Unfortunately, the
investigators did not specifically block these channels and not
the inactivating subtype to investigate the consequence of the
iberiotoxin-resistant currents on firing frequency. However, they
had the novel observation that the SK channel agonist EBIO is an
agonist for iberiotoxin-resistant channels, and indeed observed a
larger interspike conductance and reduced spike frequency with
EBIO. Given that SK current is inconsequential in the age of neu-
rons studied, then the effect of EBIO was attributed to the BK/B4
channels. Teleologically, one can make the observation that BK/B4
are being employed to replace the calcium-activated, SK-type
potassium channels that similarly have sustained interspike open-
ings that allows for effective regulation of spike frequency (Sah
and Faber, 2002). Despite the fact that knockout of the BK chan-
nel pore-forming subunit causes a profound ataxia (Meredith
etal., 2004; Sausbier et al., 2004), the role of the 4 accessory sub-
unit in the cerebellum is either more subtle or somewhat different
since an ataxic phenotype has not been reported in f4 knockout
mice.

CA3 HIPPOCAMPUS NEURONS

In situ hybridization reported by investigators (Shruti et al.,
2012) and the Allen Brain Atlas (http://mouse.brain-map.org/
gene/show/37365) indicate greatest expression of 34 mRNA in
CA3 neurons. Utilizing a gene knockout for the Fragile X Mental
Retardation Protein (FMRP), it was recently found that this
protein regulates action potential duration through direct inter-
actions with the 4 subunit (Deng et al., 2013). The FMRP gene is
essential for cognitive development and strongly linked to men-
tal disabilities and autism (Wijetunge et al., 2013). Knockout of
the FMRP gene was found to cause broadening of action poten-
tials and reduced fast-afterhyperpolarizations. Knockout of f4
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occludes FMRP protein effects on action potential duration. The
authors demonstrated that the effect on action potential duration
consequently affects calcium influx and neurotransmitter release
at CA3—CA1 synapses. This novel finding suggests that the 34 pro-
tein, through interactions with FMRP, might be a direct mediator
of BK channel regulation in cognitive function.

The findings of Deng et al. (2013) also pose some interesting
questions. Despite a key role of 4 subunits in mediating effects of
FMRP on action potentials, iberiotoxin apparently blocked these
channels in CA3 neurons (Deng et al., 2013). This was a simi-
lar finding as Shruti et al. (2012). It is therefore not clear how
BK/B4 might regulate action potential shape, yet be sensitive to
iberiotoxin. BK channels are homotetramers and are believed to
express a theoretical four or less f subunits (Ding et al., 1998;
Wang et al., 2002). As yet we do not know the stoichiometry of
BK o and B4 subunits sufficient to confer iberiotoxin resistance.
One might speculate that in CA3 neurons, membrane-associated
BK channels might have a less than saturating concentration
of B4 subunits that perhaps allow access of iberiotoxin to the
BK channel pore, whilst still modulating BK channel activity.
Given that knockout of the B4 gene appears to allow greater traf-
ficking of channels to the membrane (Shruti et al., 2012), one
might also speculate that FMRP may function to retain more
B4 subunits in the ER in some neurons such as CA3, to allow
BK channels to be fast-gated and more effectively shape action
potentials.

DENTATE GYRUS GRANULE NEURONS

Dentate gyrus neurons in mice express predominantly
iberiotoxin-resistant, type II channels as evidenced by whole cell
current recordings (Shruti et al., 2012) and single channel record-
ings (Brenner et al., 2005). Presumably due to the slow gating,
blocking these channels with paxilline had no significant affect
on action potential shape (WT red trace vs. WTPax red dashed
trace, Figure 5) (Brenner et al., 2005). Knockout of B4 results
in a conversion to type I, iberiotoxin-sensitive channels and a
BK channel gain-of-function as evidenced by sharper action
potentials and a larger fast-afterhyperpolarization (Figure5).
The greater contribution to action potential repolarization in the
B4 KO is largely consistent with the computational predictions
of Jaffe et al. (2011), and discussed above. Evidence that p4
knockout results in a gain-of-function of BK channels is apparent
from paxilline block of KO neurons, which broadens the action
potential trace to that of wild type (Figure 5). It is important to
point out that in other studies paxilline shows a greater effect
on BK-mediated repolarization in recordings of wild type rat
dentate gyrus neurons (Muller et al., 2007). This is perhaps due
to warmer recording conditions (35°C) that likely speeds BK/p4
channel gating, compared to the 25°C recording conditions
in the mouse KO studies (Brenner et al., 2005). The relative
contribution to action potential repolarization of BK channels in
wild type vs. B4 KO neurons at near physiological temperatures
has yet to be determined.

A surprising observation was that the 4 knockout conversion
to type I, fast-gated BK channels increased the action potential
frequency in dentate gyrus neurons and resulted in spontaneous
temporal lobe seizures in the mice (Brenner et al., 2005). A similar
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FIGURE 5 | B4 inhibits BK channel activation in mouse hippocampal
DG neurons. Averaged action potential waveform from 2nd action potential
evoked from a 105-pA current injection. Four traces are wild type or p4=/~
mice in the presence (WTPax and KOPax) or absence of 5 wM paxilline (WT
and KO). The right panel show the same average data with error bars
reflecting the s.e.m. Data was derived from Brenner et al. (2005).

effect has been seen with a human gain-of-function mutation
of the pore-forming o subunit that results in epilepsy in family
members carrying the mutant allele (Du et al., 2005). As well,
pro-excitatory BK channels appear to be acquired in a picrotoxin
seizure model (Shruti et al., 2008), and paxilline block of these
channels appears to protect against subsequent seizures following
a second insult (Sheehan et al., 2009). Thus, one may conclude
that fast-gated BK channels can be pro-excitatory and slowing of
BK channels with B4 can reduce excitability. The pro-excitatory
mechanisms of BK channels need to be further studied. But they
may be mediated by secondary effects of fast-gated BK channel:
a sharper action potential or larger fAHP that would theoreti-
cally remove sodium channel inactivation or reduce activation of
other potassium currents such as delayed rectifier currents (Gu
etal., 2007) or SK-type calcium activated currents (Brenner et al.,
2005), that otherwise reduce spike frequency.

PRESYNAPTIC BK/g4 CHANNELS

Axons of dentate gyrus granule cells, the mossy fibers, have very
large presynaptic terminals that provide one of the few oppor-
tunities in central neurons (in addition to the calyx of held and
posterior pituitary terminals) where voltage clamping of a presy-
naptic terminal is feasible. Recordings of mossy fiber terminals
identified a mixture of iberiotoxin-sensitive and iberiotoxin-
resistant BK channels suggesting that the f4 subunit also traffic
to presynaptic locations (Alle et al., 2011). Similar to purkinje
neurons discussed above, the iberiotoxin-sensitive fraction was
fast-gated, and inactivating. The iberiotoxin-resistant fraction
were slow-gated, typical of BK/B4 type II channels. Interestingly,
even the fast-gated BK channel subtype could not contribute
to presynaptic terminal action potential repolarization owing to
the faster-gating of Kv3 type channels that dominate the presy-
naptic repolarization. Similar to studies in Schaffer collateral-
commissural fibers (Hu et al,, 2001), a role for mossy fiber
terminal BK channels was revealed only when Kv channels were
first blocked (Alle et al., 2011). By showing that even the fast
BK component was sensitive to a slow calcium buffer (EGTA),
the investigators concluded that slow-activation of presynaptic
BK channels might also be due to a lack of nanodomain cal-
cium source required for fast BK channel activation. In contrast,
somatic BK channels were reported to be insensitive to EGTA
or even moderate concentrations of fast chelator BAPTA (Muller
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et al.,, 2007) indicating somatic BK channels are distinguished
from terminal BK channels, not only in being more homoge-
neously composed of BK/B4 channels (Brenner et al., 2005; Shruti
et al., 2012), but also being more tightly coupled to their calcium
source (Muller et al., 2007).

SUMMARY AND FUTURE DIRECTIONS

Our understanding of BK channel subtypes appears to be shift-
ing from ascribing different BK channel subtypes in different
neurons, to different BK channel subtypes cohabitating neu-
rons. As well, we are beginning to recognize how different sub-
types are employed toward the needs of the cell. BK/B4 may
coexist with other subtypes in a single compartment, such as
inactivating BK channels and BK/B4 channels in mossy fiber
presynaptic terminals (Alle et al., 2011) and pyramidal neuronal
soma (Benton et al.,, 2013). Alternatively, BK/B4 channels may
be segregated to different subcompartments, such as fast-gated
type I channels in hypothalamic magnocellular neurons in the
soma, and type II BK/B4 channels residing only in their poste-
rior pituitary terminals. In general, slow-gating by p4 appears
to either reduce BK channel contribution to action potentials
or contribute to a more sustained interspike conductance while
the fast-gated BK channels having a more conventional role
to shape action potentials. Finally, the p4 subunit has roles
in addition to modulating BK channel biophysical properties
that include regulation of BK channel surface trafficking and as
a receptor for other proteins such as FMRP to modulate BK
channels.

There is much more that is necessary to understand with
regard to the nature of iberiotoxin-resistant BK channels. Studies
of 1 and P2 stoichiometry indicate that BK channels can assem-
ble with a less than saturating (four or less subunits per channel)
concentration of § subunits (Ding et al., 1998; Wang et al., 2002)
resulting in intermediate gating properties than is expected from
fully p—saturated channels (Ding et al., 1998; Wang et al., 2002).
One might speculate that a less than saturating concentration
of B4 might not occlude iberiotoxin access, and therefore 4
might also be assembled with BK channels more broadly in the
nervous system than we can infer from the iberiotoxin-resistant
pharmacology. This might explain why B4 subunit mRNA is
broadly expressed (Brenner et al., 2000), yet iberiotoxin-resistant
channels seem to be more restricted, and mainly seen in neu-
rons that have relatively high expression levels of p4. Further,
we do not yet know if BK channels can assemble to include
mixtures of accessory subunits, such as both 2 and B4 sub-
units, to further increase BK channel diversity. Certainly, future
studies are needed to better understand the pharmacology of
BK/B4 channels with subsaturating f4 accessory subunits, or
with coexpressed $2 and PB4 subunits, so that we can relate
this to the molecular underpinnings of these channels in neu-
rons. One should expect that our understanding of the func-
tional role of iberiotoxin-resistant BK channels should improve
as utilization of BK/p4-specific toxin Mallotoxin will allow inves-
tigation of these channels specifically, without blocking all BK
channels. As well, our understanding of BK/B4 channels should
increase as the B4 knockout mice are employed to a greater
extent.
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This mini-review focuses on lipid modulation of BK (MaxiK, BKcg) current by a direct
interaction between lipid and the BK subunits and/or their immediate lipid environment.
Direct lipid-BK protein interactions have been proposed for fatty and epoxyeicosatrienoic
acids, phosphoinositides and cholesterol, evidence for such action being less clear for
other lipids. BK a (slo1) subunits are sufficient to support current perturbation by fatty
and epoxyeicosatrienoic acids, glycerophospholipids and cholesterol, while distinct BK
B subunits seem necessary for current modulation by most steroids. Subunit domains
or amino acids that participate in lipid action have been identified in a few cases: hslo1
Y318, cerebral artery smooth muscle (cbv1) R334,K335,K336, cbv1 seven cytosolic CRAC
domains, slo1 STREX and B1 T169,L172,L173 for docosahexaenoic acid, PIP,, cholesterol,
sulfatides, and cholane steroids, respectively. Whether these protein motifs directly bind
lipids or rather transmit the energy of lipid binding to other areas and trigger protein
conformation change remains unresolved. The impact of direct lipid-BK interaction on

physiology is briefly discussed.

Keywords: MaxiK channel, protein receptor site, protein-lipid interaction, lipids, electrophysiology

Large conductance, Ca’*/voltage-gated Kt (BK, maxiK, slol)
channels result from tetrameric association of a (slol) subunits
(Figure 1). In most tissues, slo1 channels are associated with small
accessory proteins termed B subunits. Four types of p subunits
have been identified, their expression being tissue-specific (Orio
et al.,, 2002). This mini-review focuses on lipid modulation of BK
current observed in cell-free systems and thus, studies support-
ing direct interactions between lipid and BK proteins and/or their
immediate proteo-lipid environment.

FATTY ACIDS

Increase in BK channel activity by low M FA has been reported
in VSM (Kirber et al.,, 1992; Ahn et al., 1994; Dopico et al.,
1994; Clarke et al., 2002, 2003; Martin et al., 2013) and GH3
cells (Denson et al., 2000), and following channel expression in
HEK?293 cells (Hoshi et al., 2013a-c) and Xenopus oocytes (Sun
et al., 2007). FA-induced BK activation occurs at a wide range of
[Ca?T];, and [Mg?*]; (Ahn et al., 1994), and in virtual absence
of Cainr (Clarke et al., 2002; Hoshi et al., 2013b). Moreover, FAs
neither require voltage-sensor activation (Hoshi et al., 2013b) nor
alter the slope of the activity-voltage relationship (Denson et al.,

Abbreviations: AA, arachidonic acid; BK, calcium- and voltage-gated, large
conductance potassium; cAMP, cyclic adenosine monophosphate; Cai”, intra-
cellular calcium; CB, cannabinoid; CHO, Chinese hamster ovary cells; CLR,
cholesterol; CRAC, cholesterol recognition amino acid consensus; CTD, cytoso-
lic tail domain; DHA, docosahexaenoic acid; DHET, 11,12-dihydroxyeicosatrienoic
acid; EET, epoxyeicosatrienoic acid; EETe, epoxyeicosatetraenoic acid; FA, fatty
acid; HEK, human embryonic kidney; GH3, rat pituitary tumor epithelial-like
cells; HCN-1A, human cortical neuronal cells; HENA, 3-hydroxyolean-12-en-
30-oate; 1/O, inside-out patch; LPI, lysophosphatidylinositol; LT, leukotriene;
PC, phosphatidylcholine; PG, prostaglandins; PI, phosphoinositide; PIP,, phos-
phatidylinositol 4,5-bisphosphate; PK, protein kinase; Po, open probability; RCK,
regulator of conductance for potassium; SM, smooth muscle; SPL, sphingolipid;
TM, transmembrane; TxA2, thromboxane A2; VSM, vascular smooth muscle.

2000). In particular, DHA favors channel dwelling in conducting
states by destabilizing the closed conformation of the pore (Hoshi
etal., 2013a,b).

FA-induced BK activation does not correlate with changes in
membrane fluidity or production of free radicals and oxygen
metabolites (Denson et al., 2000). In addition, FA action per-
sists in cell-free, membrane patches (Denson et al., 2000; Clarke
et al., 2002; Hoshi et al., 2013b). The membrane-impermeable
arachidonoyl-CoA potentiates current only when applied to the
cytosolic side of the membrane patch (Denson et al., 2000; Sun
et al., 2008), suggesting that the FA-recognition site(s) is accessi-
ble from the inner membrane leaflet.

Presence of a negatively charged head-group seems critical for
FA “direct” action on BK channels. This action, however, per-
sists after screening membrane surface charge with high-ionic
strength solution (Clarke et al., 2002). Structure-activity studies
reveal that unsaturated FAs (DHA, arachidonic, and oleic acids)
enhance steady-state amplitude and slow inactivation of hslo1+f2
currents whereas saturated FAs fail to do so (Sun et al., 2007).
Cis-unsaturated FAs increase GH3 cell BK current whereas sat-
urated or trans-unsaturated FAs have no effect (Denson et al.,
2000). On the other hand, long-chain FAs are more effective
than short-chain counterparts in activating VSM BK channels
(Ahn et al., 1994; Clarke et al., 2002). The mechanisms and tar-
gets underlying differential modulation of BK currents by FA of
variant structure remain unidentified.

Channel subunit composition plays a critical role in the
final effect of FA on BK current. In the same expression sys-
tem, DHA potentiates and fails to alter hslol-mediated and
dslol-mediated current, respectively (Hoshi et al., 2013c). These
findings are consistent with the existence of specific, DHA-
recognizing sites in slol proteins, with hslol Y318 playing a
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A DHA (a fatty acid)
A Cholane steroids
A pip2

/A Cholesterol

= Sphingolipids C

FIGURE 1 | Lipid-sensing areas in a BK heterodimer made of o (slo1)
and B1 subunits. The cartoon highlights protein regions in which mutations
ablate lipid sensitivity of BK channels in cell-free systems, such as excised
membrane patches or planar lipid bilayers. Whether these regions directly
bind lipids or allosterically modulate BK channel function upon lipid binding
to other BK areas remains unresolved.

critical role in DHA-sensing (Hoshi et al., 2013c). In addition,
DHA potentiation of hslol current is amplified by BK 1 and
B4 subunits (Hoshi et al., 2013a). On the other hand, AA slows
inactivation and potentiates current mediated by B2- or B3-
containing BK channels. In contrast, long-chain acyl-CoAs facil-
itate hslo2+pB2 inactivation and thus, inhibit overall current (Sun
et al.,, 2008). The presence of opposite charge on residues at posi-
tions 11 (N-terminus) and 18 in BK p transmembrane domain-1
(TM1) is crucial for DHA action in presence of $1 and 4 (Hoshi
et al., 2013a). It remains unclear whether these residues represent
an FA binding site or transduce FA-docking energy into gating
modification. Consistent with modulatory or “allosteric” mecha-
nisms, AA inactivates a+f2-mediated currents but fails to affect
inactivation of current by the $2-inactivating ball peptide alone,
suggesting that AA does not interact with the ball peptide itself
(Sun et al., 2007).

The physiological and pathophysiological consequences of BK
channel modulation by FAs are under investigation. AA elimi-
nates a transient KT current in neocortical neurons (Sun et al.,
2007), which should drastically alter excitability. BK currents
mediate AA-induced relaxation of pulmonary artery, yet the exact
contribution of a direct FA-BK interaction to this AA action
remains unclear (Guerard et al., 2004). However, omega-3 FAs
lower blood pressure by directly activating BK channels in VSM
(Hoshi et al., 2013b).

PROSTANOIDS

PGI,, PGE;, unoprostone and AH13205 activate BK currents in
retinal pericytes (Burnette and White, 2006), coronary artery SM
(Zhu et al., 2002), HCN-1A (Cuppoletti et al., 2007) and tra-
becular meshwork cells (Stumpff et al., 2005), respectively. In
contrast, U46619 inhibits BK current when the channel is co-
expressed with thromboxane A, (TxA;) receptors in HEK293 cells

(Li et al., 2013). PGI,- and PGE;-induced BK activation require
cAMP-stimulated cross-activation of PKG, but not PKA (Hata
et al., 2000; Zhu et al., 2002). In VSM, however, PGI, activation of
BK current involves a cAMP-independent, Gs protein-dependent
component (Tanaka et al., 2004). In turn, U46619 inhibits chan-
nel activity in cell-free patches, an action that involves indepen-
dent associations between channel-forming subunits, BK f1, and
TxA; receptors. A direct interaction between prostanoids and BK
subunits, however, remains unclear.

Prostanoid-induced BK activation may contribute to the relax-
ant activity of PGE, in trabecular meshworks (Wang et al., 1998;
Stumpff et al., 2005), and PGI,-induced VSM relaxation (Tanaka
et al., 2004) with consequent retinal vasodilation and blood flow
augmentation (Hata et al,, 2000). Prostanoid-BK interactions
may provide a basis for using PGI,-mimetics against pulmonary
hypertension (Benyahia et al., 2013). Such interactions may
also underlie unoprostone-induced hyperpolarization and con-
sequent protection of cortical neurons against glutamate-induced
Cai2+ dysregulation (Cuppoletti et al., 2007).

EPOXYEICOSATRIENOIC ACIDS AND LEUKOTRIENES

EET and derivatives activate BK channels in VSM (Wu et al., 2000;
Zhang et al.,, 2001; Lauterbach et al., 2002; Archer et al., 2003;
Dimitropoulou et al., 2007; Loot et al., 2012) and non-vascular
SM (Benoit et al., 2001), cortical collecting duct (Sun et al., 2009),
pituitary GH3 (Wu et al., 2000), HEK293 (Fukao et al., 2001),
and adrenal chromaffin cells (Twitchell et al., 1997), and crude
airway SM microsomes reconstituted into lipid bilayers (Benoit
et al., 2001). EET-related epoxyeicosatetraenoic acids (EETe) and
5-oxo-eicosatetraenoic acid potentiate BK current in human pul-
monary artery and distal bronchi (Morin et al., 2007, 2009), and
cerebral and mesenteric VSM (Hercule et al., 2007). EET and
EETe effective concentrations range from nM to low uM (Wu
et al., 2000; Benoit et al., 2001; Lauterbach et al., 2002; Hercule
et al., 2007; Morin et al., 2009).

EET increases BK current without affecting unitary conduc-
tance (Wu et al., 2000; Benoit et al., 2001; Fukao et al., 2001).
Rather, EET and 11,12-dihydroxyeicosatrienoic acid (DHET)
increase channel open probability (Po) by lengthening open
and shortening closed times (Wu et al, 2000; Lu et al,
2001). Modification of gating by EET and EETe is observed
across a wide voltage range (Wu et al, 2000; Lauterbach
et al, 2002; Hercule et al., 2007) and unaffected by strong
buffering of Cai2+ (Benoit et al., 2001; Hercule et al., 2007).
However, DHET fails to activate BK channels in absence of
Cainr (Lu et al., 2001). EET-induced BK channel activation is
suppressed by anti-Gas antibody (Fukao et al., 2001), and by
protein phosphatase 2A inhibitor (Dimitropoulou et al., 2007).
However, EET-induced BK activation could be observed in cell-
free patches (Wu et al., 2000; Dimitropoulou et al., 2007)
and following channel reconstitution into artificial lipid bilay-
ers (Benoit et al.,, 2001). EET-induced activation of recom-
binant channels expressed in HEK293 cells does not require
Bl subunits (Fukao et al, 2001). Consistently, EETe action
on BK channels is preserved in cerebral and mesenteric VSM
lacking BK P1 subunits (Hercule et al., 2007). Collectively,
these findings point at the BK B1 subunit and its lipid
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microenvironment as the primary target of EETs and related
compounds.

It is noteworthy that 11,12-EET but neither 8,9- nor 14,15-
EET, activates BK channels in cortical collecting duct cells (Sun
etal., 2009). However, 14,15-EET activates BK channels in inside-
out patches from GH3 cells (Wu et al., 2000). In addition, while
equipotent in activating coronary artery SM BK channels, several
DHETs show a reduced efficacy when compared to 11,12-EET (Lu
et al., 2001). Structural specificity in EET action on BK chan-
nels is consistent with involvement of distinct EET-recognizing
protein sites. In contrast, data from coronary microvessel SM cell-
free membrane patches demonstrate a low structural specificity
for EET action, as several EET regioisomers and enantiomers,
epoxyeicosaquatraenoic, and epoxydocosatetraenoic acids acti-
vate BK channels with similar potencies and efficacies (Zhang
et al., 2001).

In airway SM, 20-hydroxyeicosatetraenoic acid (20-HETE)
and EETs cause membrane hyperpolarization and relaxation of
human distal bronchi (Morin et al., 2007, 2009). Likewise, EET-
induced BK activation leads to hyperpolarization and dilation
of internal mammary (Archer et al., 2003), pulmonary (Morin
et al., 2007) and mesenteric arteries (Dimitropoulou et al., 2007).
However, EET-mediated SM dilation may be counteracted by
EET-stimulated physical association of BK a and 1 subunits in
mitochondria: this association enhances mitochondria BK func-
tion, leading to loss of mitochondrial membrane potential and
thus, depolarization, as reported in pulmonary VSM (Loot et al.,
2012). Consistently, EETs fail to hyperpolarize the membrane and
relax isolated internal carotid artery (Chataigneau et al., 1998).
Finally, BK activation by EET plays an important role in flow-
stimulated K secretion in the cortical collecting duct (Sun et al.,
2009), and possibly in regulating adreno-chromaffin cell secretion
(Twitchell et al., 1997).

LTA4, I'TB4, LTC4, ILTD4, and LTE4 (nM-puM) have been
tested on Pl subunit-containing recombinant BK channels in
Xenopus oocyte 1/O patches, with only LTB4 significantly increas-
ing channel activity (Bukiya and Dopico, 2013a). This finding
raises the hypothesis that BK activation via LTB4-BK interac-
tion reduces LT receptor-mediated, SM contraction by LTB4
(Rosenblum, 1985; Lawson et al., 1986; Peters-Golden and
Henderson, 2007).

CANNABINOIDS

BK channel activation by cannabinoids was detected in myome-
trial strips (Houlihan et al., 2010), trabecular meshwork cells
(Stumpft et al., 2005), ophthalmic artery (Romano and Lograno,
2006), coronary (White et al., 2001) and aortic SM (Sade et al,,
2006), and HEK293 cells expressing BK o, a+B1 or a+p4 sub-
units (Sade et al., 2006; Godlewski et al., 2009). In contrast,
WM methanandamide decreases BK activity in mesenteric and
aortic SM (Bol et al., 2012). Likewise, virodhamine and syn-
thetic analogs inhibit slol channels expressed in HEK293 cells
(Godlewski et al., 2009).

The differential effects of cannabinoids on BK activity raised
speculation on involvement of several mechanisms and molec-
ular entities in cannabinoid action on BK channels. However,
cannabinoid activation of SM BK channels involves neither

CBl or CB2 receptors (White et al, 2001; Romano and
Lograno, 2006) nor cannabinoid metabolites (White et al,
2001). Moreover, studies in HEK293 cells rule out involve-
ment of G-proteins and protein kinases (Sade et al., 2006),
leading to the hypothesis that a direct cannabinoid-BK chan-
nel interaction mediates cannabinoid-induced channel activa-
tion (Godlewski et al., 2009). However, methanandamide fails
to activate BK channels in cell-free medium (Sade et al., 2006;
Godlewski et al., 2009), suggesting that cannabinoid action
requires cellular signaling. This signal(s) would likely interact
on the slol protein, as cannabinoid-induced BK activation is
observed in homomeric slol (Sade et al., 2006; Godlewski et al.,
2009). Interestingly, cannabinoid-induced potentiation of slol
current is lost after membrane CLR depletion and restored
upon CLR repletion (Godlewski et al., 2009), with the slol
CTD providing several CLR-recognition domains that medi-
ate CLR modulation of slol activity (Singh et al., 2012) (see
below).

Cannabinoid-induced BK activation seems to play a role
in endothelium-dependent vasodilation (White et al., 2001;
Romano and Lograno, 2006; Godlewski et al., 2009), modulation
of ocular outflow (Stumpff et al., 2005), and myometrial quies-
cence (Houlihan et al., 2010). In addition, BK activation might
contribute to cannabinoid-induced neuroprotection; in particu-
lar, to cannabidiol-induced protections against pentylenetetrazol-
induced seizure (Shirazi-zand et al., 2013).

GLYCEROPHOSPHOLIPIDS

Glycerophospholipid actions on BK function have been exten-
sively studied in artificial lipid bilayers. Glycerophospholipid-
induced changes in unitary conductance (Crowley et al., 2005)
and Po (Chang et al., 1995; Crowley et al., 2005; Yuan et al.,
2007) have been reported. Increase in slol conductance is linked
to net negative charge in the glycerophospholipid headgroup
(Crowley et al., 2005). In turn, data from bilayers made of vari-
ant PCs show that Po decreases with increase in bilayer thickness
from PC14:1 to PC 22:1 while increasing from PC22:1 to PC24:1
(Yuan et al., 2007). While this dual profile of Po change is par-
alleled by changes in mean closed times, BK mean open time
increases monotonically with bilayer thickness (Yuan et al., 2007).
Moreover, increased open times have been linked to an increase in
the glycerophospholipid headgroup cross-sectional area (Chang
etal., 1995).

The mechanisms underlying glycerophospholipid-induced
modification of BK open and closed times and thus, Po,
remain unknown. Putative mechanisms include modification in
the physical properties of the lipid microenvironment of the
slol protein (Chang et al,, 1995; Crowley et al., 2005; Yuan
et al., 2007); changes in lateral stress imposed by the increas-
ing headgroup size (Chang et al., 1995), perturbation of surface
charge density and distribution by negatively charged head-
groups (Moczydlowski et al., 1985), and hydrophobic mismatch
between protein and bilayer thickness (Yuan et al., 2007). Specific
glycerophospholipid-slol protein binding cannot be ruled out
(Crowley etal., 2005), and gains increasing acceptance as evidence
documenting direct binding of membrane lipids to transmem-
brane proteins keeps growing (Yeagle, 2014).
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PHOSPHOINOSITIDES
Pl-induced BK activation has been reported in cerebral
artery and skeletal muscle myocytes (Vaithianathan et al,
2008), and with recombinant channels expressed in Xenopus
oocytes (Vaithianathan et al., 2008; Tang et al., 2014).
Phosphatidylinositol 4,5-bisphosphate (PIP;)-induced BK activa-
tion is independent of PIP, metabolites, and occurs in absence of
changes in unitary conductance or voltage-gating. However, this
PIP; action requires Caiz+. Moreover, PIP; facilitates Caiz+-driven
gating (Vaithianathan et al., 2008). Very recent work points at the
KDRDD loop in the slol RCK1 domain as mediator of functional
coupling between PIP;- and Cai2+—regulation of channel activity
(Tang et al., 2014): in absence of Cai2+, the slol RCK1 KDRDD
loop decreases the channel’s affinity for PIP, whereas in presence
of Cai2+ the inhibitory modulation of such loop on PIP; affinity
is relieved by Ca>*-D367 coordination (Tang et al., 2014).
PI-induced BK activation increases with increase in negative
charge within the PI headgroup. On the other hand, the more
water-soluble analogues diC4 and diC8 are ~10-fold less effec-
tive than PIP, in increasing BK activity, a difference that can be
explained by their lower affinity to a site(s) and/or by their poor
partitioning in the lipid membrane. If membrane partitioning
is required for PI to access its site of action, this site should be
located in the TM or the intracellular region of the protein, as
lipids were more effective when applied to the intracellular side
of the membrane. Indeed, the triplet R334,K335,K336 located
after S6 in the BK channel-forming cbvl subunit CTD has been
identified as the PI-sensor (Vaithianathan et al., 2008). PIP;-
induced BK activation is observed in homomeric cbvl channels
and drastically amplified by B1 subunits. Whether this amplifi-
cation involves PIP,-recognition sites in $1 or distinct coupling
between 1 and PIP,-bound cbvl is under investigation.
Manipulation of endogenous PIP; levels leads to endothelium-
independent, BK-mediated cerebral artery dilation, which sug-
gests that VSM PIP; regulates myogenic tone via BK activation
(Vaithianathan et al., 2008).

LYSOPHOSPHOLIPIDS

In I/O patches from an umbilical vein-derived, endothelial cell
line, LPI increases BK Po at sub-pM Cai2+ and following low
basal (pre-LPI) activity while decreasing Po at uM Cai2+ and
following high basal activity. LPI has no effect in the absence
of Calinr (Bondarenko et al., 2011). The structural bases of LPI-
BK interaction and its dependence on Caf"" remain unknown.
The gating modifications, however, seem complex, as LPI effect
results from changes in both open and closed time distributions.
Modulation of BK current by endogenous LPI could play a role
in the potentiation of endothelial cell hyperpolarization by low
histamine concentrations (Bondarenko et al., 2011).

SPHINGOLIPIDS (SPLs)

Sub-uM to low WM SPLs and their metabolites modulate BK
activity in pinealocytes (Chik et al., 2001), CHO cells (Chi and Qi,
2006) and an endothelial cell line (Kim et al., 2006). Sulphatides,
cerebroside termitomycesphin-A and sphingosine-1-phosphate
increase BK current (Chik et al., 2001; Chi and Qi, 2006; Kim

et al., 2006; Xu et al., 2011) while ceramides reduce current via
a PKC-dependent pathway (Chik et al., 2001).

SPL-induced BK current potentiation is dose-dependent,
reversible (Kim et al., 2006), and occurs in absence of unitary
conductance modification (Xu et al., 2011). SPL action is inde-
pendent of Cai2+ and G protein-coupled receptors (Chi and Qj,
2006; Kim et al., 2006; Xu et al., 2011). Moreover, deletion of the
STREX insert in the slol CTD reduces channel activation by sul-
phatides (Chi and Qi, 2006) and totally suppresses the channel’s
sensitivity to termitomycesphin-A (Xu et al., 2011).

SPL modulation of BK activity could play a role in Ca?* mobi-
lization in endothelial cells (Kim et al., 2006), circadian regulation
(Chik et al., 2001), and neuroprotection (Chi and Qi, 2006; Xu
etal., 2011).

CHOLESTEROL, OTHER STEROIDS, AND VITAMIN D

A comprehensive and recent review on modulation of BK
channels by CLR and related cholestanes is provided elsewhere
(Dopico et al., 2012a,b). In brief, excessive membrane CLR usu-
ally decreases BK current, which has been attributed to direct
and indirect mechanisms. For decades, CLR action on BK activity
has been primarily linked to modification in membrane physical
properties by CLR insertion (Chang et al., 1995; Crowley et al,,
2003; Lundbaek, 2008). Direct CLR-BK interactions via seven
CLR-recognition amino acid consensus (CRAC) motifs in the slo1
CTD were proposed (Singh et al., 2012).

In most cases, bile acids and related cholanes, pregnanes,
androstanes, and estranes increase BK current, with eventual
modification of physiology (reviewed in Dopico et al., 2012a).
Later work identified a cholane-recognition site in the BK
Bl TM2 where cholane docks via hydrogen bonding between
its hydroxyl and T169, as well as via van der Waals interac-
tions between the steroidal rings and L172,L173 (Bukiya et al.,
2011). This site accommodates non-steroidal compounds, such
as sodium 3-hydroxyolean-12-en-30-oate (HENA). Cholane and
HENA recognition results in endothelium-independent, cerebral
artery dilation via BK activation (Bukiya et al., 2013b). Because
the identified site is found in the SM-abundant $1 and not in
other BK Bs (2-4), such a site represents an attractive target for
rationale design of agents to counteract SM enhanced contrac-
tion, as found in asthma, cerebral vasospasm, systemic hyperten-
sion, erectile, bladder and uterine dysfunction (Patil et al., 2008;
Bukiya et al., 2012).

Considering: 1-the critical roles of both vitamin D and BK
channel function in maintaining healthy blood pressure levels
(Holtzclaw et al., 2011; Basit, 2013), and 2-the structural sim-
ilarity of vitamin D with the cholane lithocholic acid, which
activates BK channels (see above), it was hypothesized that vita-
min D increased BK activity. Indeed, WM vitamin D3 and 25-OH
vitamin D3 increase p1-containing, BK-mediated currents after
expression in Xenopus oocytes (Bukiya et al., unpublished). The
consequences of vitamin D action on BK currents are under
investigation.

CONCLUSIONS

Modulation of BK current by direct (e.g., independent of cell
integrity, signaling or lipid metabolism) interaction between lipid
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ligand and BK subunits has been reported for a wide variety of
lipid species. For some lipids (e.g., cholesterol), lipid-BK channel-
forming (slo1) subunit interaction accounts for most of the lipid
effect. The majority of lipid-sensing regions in slol have been
mapped to its intracellular tail domain. Whether these regions
directly bind lipids or modulate BK channel function following
lipid binding to other slol areas remains to be determined. For
other lipids (e.g., cholanes), accessory p subunits are necessary
for lipid action. Still for others (e.g., PIP,), slol subunits suf-
fice for lipid action, yet § subunits drastically modify the lipid’s
final effect. In most cases, the impact of direct BK channel-lipid
interaction on organ function is under investigation.
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Mechanisms that control surface expression and/or activity of large conductance
calcium-activated potassium (BK) channels are important determinants of their
(patho)physiological function. Indeed, BK channel dysfunction is associated with major
human disorders ranging from epilepsy to hypertension and obesity. S-acylation
(S-palmitoylation) represents a major reversible, post-translational modification controlling
the properties and function of many proteins including ion channels. Recent evidence
reveals that both pore-forming and regulatory subunits of BK channels are S-acylated and
control channel trafficking and regulation by AGC-family protein kinases. The pore-forming
a-subunit is S-acylated at two distinct sites within the N- and C-terminus, each site
being regulated by different palmitoyl acyl transferases (zDHHCs) and acy! thioesterases
(APTs). S-acylation of the N-terminus controls channel trafficking and surface expression
whereas S-acylation of the C-terminal domain determines regulation of channel activity
by AGC-family protein kinases. S-acylation of the regulatory B4-subunit controls ER
exit and surface expression of BK channels but does not affect ion channel kinetics
at the plasma membrane. Furthermore, a significant number of previously identified
BK-channel interacting proteins have been shown, or are predicted to be, S-acylated.
Thus, the BK channel multi-molecular signaling complex may be dynamically regulated
by this fundamental post-translational modification and thus S-acylation likely represents

an important determinant of BK channel physiology in health and disease.

Keywords: acylation, palmitoylation, phosphorylation, trafficking, KCNMA 1, KCNMB4, MaxiK channel, Slo1

INTRODUCTION

The pore-forming a-subunits of large conductance calcium- and
voltage- activated potassium (BK) channels are encoded by only
a single gene, KCNMA1, yet these channels display considerable
functional diversity to control an eclectic array of physiologi-
cal processes in distinct cells and systems of the body (Salkoff
et al., 2006; Contreras et al., 2013). Multiple mechanisms exist
and work combinatorially to expand this physiological diversity
including alternative pre-mRNA splicing of the a-subunit (Fodor
and Aldrich, 2009), assembly with regulatory and accessory p-
and y- subunits (Orio et al., 2002; Yan and Aldrich, 2012) and
post-translational modification via a diverse array of signaling
pathways (Schubert and Nelson, 2001; Hou et al., 2009; Toro
et al., 2013). These mechanisms ultimately control either the
number of BK channels that are resident at a plasma membrane
or affect the intrinsic properties or regulation of the channel at
the membrane. For BK channels, due to their large conductance,
small changes in either the number or activity of the channel
can dramatically modify potassium flux across the membrane
with subsequent impact on cellular physiology. Indeed, disrup-
tion of BK channel function is linked to a variety of disorders
of the vascular, nervous, endocrine and renal systems including

hypertension, obesity, epilepsy, autism, incontinence and stress-
related disorders (Brenner et al., 2000, 2005; Meredith et al., 2004;
Sausbier et al., 2004, 2005; Du et al., 2005; Werner et al., 2005; Jiao
etal, 2011; Deng et al., 2013).

Thus, post-translational modifications that control BK chan-
nel surface expression and/or activity represent powerful mech-
anisms to regulate both the normal physiological function of
BK channels as well as serve as potential nodes of channel dis-
ruption in disease. In the past few years S-acylation, the only
true fully reversible post-translational lipid modification of pro-
teins (Figure 1A), has emerged as a fundamental mechanism
controlling the surface expression and activity of a diverse array
of ion channels, including BK channels (Shipston, 2011, 2014).
Although S-acylation was first described more than 30 years ago,
at the same time as tyrosine kinase phosphorylation, only rel-
atively recently have the enzymes that control S-acylation been
identified (Fukata et al., 2004; Linder and Deschenes, 2007;
Fukata and Fukata, 2010; Greaves and Chamberlain, 2011; Resh,
2012) and an array of proteomic and imaging tools developed
(Drisdel and Green, 2004; Forrester et al., 2009; Hannoush and
Sun, 2010; Martin et al., 2012) to allow rigorous examination of
the functional role of protein S-acylation.
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FIGURE 1 | S-acylation of BK channels. (A) Schematic of reversible
enzymatic regulation S-acylation of proteins. Addition of lipid (typically
palmitate) to cysteine residues in target proteins via a thioester bond is
catalyzed by a family of palmitoyl acyltransferases (zDHHCs). Removal of
lipid results from the action of acylthioesterases. (B) S-acylation controls
multiple steps in the lifecycle of BK channels including control of forward
trafficking, surface expression and intrinsic channel properties and
modulation by other signaling pathways. (C) Schematic of the pore-forming
a-subunit of the BK channel encoded by the single KCNMAT gene.
a-subunits are S-acylated at two distinct sites by distinct acyl transferase
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(zDHHCs): the conserved intracellular SO-S1 loop and the alternatively
spliced STREX insert in the C-terminal linker between the two regulator of
potassium conductance (RCK) domains. S-acylation of the S0-S1 loop
controls surface trafficking of the channel whereas S-acylation of the
STREX insert determines channel activity and regulation by AGC-family
protein kinases. (D) Schematic of the regulatory B4-subunit encoded by the
KCNMB4 gene. The B4-subunit is S-acylated at a single cysteine
juxtaposed to the second transmembrane domain in the intracellular
C-terminus. S-acylation of the B4-subunit controls surface expression of
distinct BK channel a-subunit splice variants.

As well as providing new insights into BK channel regula-
tion and physiology these studies are also revealing important
mechanisms, properties, and function of protein S-acylation.

S-ACYLATION: A REVERSIBLE LIPID POST-TRANSLATIONAL
MODIFICATION

Protein S-acylation involves the post-translational addition of a
lipid (typically, but not exclusively, palmitate) via a labile thioester
bond to intracellular cysteine residues. Thus, S-acylation, unlike
other lipid modifications such as myristoylation or prenylation, is
dynamically reversible (Figure 1A). Indeed, S-acylation of most
proteins is enzymatically driven by a large family (23 in mam-
mals) of transmembrane zinc-finger containing protein acyl-
transferases (zDHHC family). zDHHCs have a highly conserved
Asp-His-His-Cys (DHHC) signature sequence within a cysteine
rich stretch of ~50 amino acids critical for catalytic activity.
zDHHGC: display distinct tissue expression as well as subcellular
localization with zDHHCs expressed typically at the ER, Golgi
or plasma membrane (Fukata et al., 2004; Linder and Deschenes,
2007; Fukata and Fukata, 2010; Greaves and Chamberlain, 2011;
Resh, 2012). Conversely, de-acylation is determined by acylth-
ioesterases belonging to the large serine hydrolase superfamily

including the cytosolic LYPLAI, LYPLA2 enzymes, and the lyso-
zomal PPT1 (Zeidman et al., 2009; Bachovchin et al., 2010;
Martin et al., 2012). For most proteins, let alone ion channels,
the zDHHC: or thioesterases that control S-acylation are poorly
characterized.

Over the last few years developments in both characterization
of the enzymes that control S-acylation as well as improved bico-
hemical methods to interrogate native protein S-acylation have
begun to reveal the a major role for S-acylation in controlling both
trafficking and regulation of many different types of ion channel,
incuding BK channels (Figure 1B).

S-ACYLATION OF BK CHANNEL PORE-FORMING
o-SUBUNITS

BK CHANNEL «-SUBUNITS ARE S-ACYLATED AT TWO DISTINCT SITES
In native tissues, such as brain, BK channels pore-forming a-
subunits are robustly S-acylated as revealed using biotin-exchange
or acyl-resin assisted capture (acyl-RAC) methodologies (Kang
etal., 2008; Tian et al., 2008; Alioua et al., 2011). Although, these
approaches did not reveal cysteine residues that are S-acylated
freely available S-acylation prediction algorithms [e.g., CSS-palm
(http://csspalm.biocuckoo.org) (Ren et al.,, 2008)] reveal that
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cysteine residues in both the intracellular SO-S1 loop as well as
the alternatively spliced stress-regulated exon (STREX) insert, in
the C-terminal linker between the two regulator of K conductance
(RCK) domains, are likely S-acylated (Figure 1C). Using a com-
bination of site directed mutagenesis, acyl-RAC and >H-palmitate
labeling of recombinant murine ZERO variant BK channels (that
lack the STREX insert) expressed in HEK293 cells revealed that
cysteine residues C53 and 56 in the S0-S1 loop were endogenously
S-acylated in HEK293 cells (Jeffries et al., 2010; Tian et al., 2012).
Site directed mutagenesis of C53 and C56 abolished S-acylation
of the full-length ZERO variant suggesting these are the only
cysteines S-acylated in the entire ZERO channel. S-acylation of
the SO-S1 loop allows the isolated SO-S1 loop (assayed as a —
GFP fusion protein) to associate with the plasma membrane
in the absence of transmembrane domains. This suggests that
S-acylation acts as an additional membrane anchor in this other-
wise largely unstructured domain. Using an siRNA based screen
to knock-down the expression of individual zDHHCs expressed
endogenously in HEK293 cells revealed that zDHHC 22 and
zDHHC 23 are the major acyltransferases that control S-acylation
of the SO-S1 loop (Jeffries et al., 2010; Tian et al., 2012). Whether,
these distinct zDHHCs differential control S-acylation of C53 or
C56, respectively is unknown. However, the zZDHHCs may also
control S-acylation of the S0-S1 loop at different stages during the
lifecycle of the channel as it traffics from the ER to plasma mem-
brane (Figure 1B). Furthermore, overexpression of zDHHC23,
but not the catalytically inactive zDHHS23 mutant, increased
S0-S1 S-acylation.

Similar approaches have also revealed that the alternatively
spliced STREX insert located within the unstructured linker
between RCK1 and RCK?2 in the large intracellular C-terminus is
S-acylated at two tandem cysteine residues: C645 and C646 (Tian
etal., 2008, 2010; Jeffries et al., 2012). For example, using an imag-
ing screen exploiting a —GFP fusion of the entire C-terminus of
the ZERO or STREX variant BK channel (i.e., in the absence of
transmembrane domains) revealed that the STREX C-terminus,
but not the ZERO C-terminus, was robustly associated with the
plasma membrane. Site directed mutagenesis of the two cysteines,
C645 and C646 in STREX predicted to be S-acylated by the CSS-
palm algorithm, abolished S-acylation and membrane association
of the fusion protein (Tian et al., 2008; Jeffries et al., 2012). Similar
data were also obtained using a —GFP fusion of just the 59 amino
acid STREX insert alone. S-acylation of the STREX insert at these
residues was confirmed in full-length STREX channels in which
the S0-S1 S-acylated cysteines were mutated to alanine (Tian et al.,
2008; Jeffries et al., 2012). Using the siRNA screen to knock-
down individual zDHHC:s revealed several ZDHHCs (zDHHC:s 3,
5, 7,9, and 17) as potential S-acylating enzymes of the STREX
insert (Tian et al., 2010). Moreover, S-acylation of the STREX
domain was enhanced by over expression of the cognate zDHHCs
with zDHHC17 showing the greater selectivity for the dicysteine
C645:646 motif.

S-acylation is a reversible post-translational modification cat-
alyzed by members of the serine hydrolase superfamily. The lyso-
somal acylthioesterase, PPT1 that typically de-acylates proteins
undergoing lysosomal degradation, appears to have little role in
controlling S0-S1 loop S-acylation. In contrast, over expression

of the cytosolic thioesterase LYPLA1 and a splice variant of the
related LYPLALI, but not LYPLA2, depalmitoylated BK channels
at the S0-S1 loop (Tian et al., 2012). In both cases, catalytically
“dead” mutants of the thioesterases were ineffective. However,
steady-state S-acylation of the SO-S1 loop was not significantly
affected by knockdown of LYPLA1 suggesting that either deacyla-
tion is not rate limiting or that S-acylation of the S0-S1 loop has a
long halflife in the lifecycle of the channel. To date, the acyltrans-
ferases controlling STREX insert S-acylation, and the dynamics of
S-acylation of either site are not fully elucidated.

Taken together, these data reveal that the pore-forming
a-subunits can be S-acylated at distinct intracellular domains
of the channel. Remarkably, each site is differentially regulated
by distinct zDHHC enzymes suggesting that each site can be
controlled independently and supporting the hypothesis that
distinct zZDHHCs can display substrate specificity (Greaves and
Chamberlain, 2011). This also raises a challenge for interrogating
BK S-acylation in native tissues. For example, to interrogate how
S-acylation of each domain may be differentially controlled by
distinct physiological challenges will require adaptation of current
biochemical assays. As an example, using the acyl-RAC approach
would require approaches such as on-bead tryptic digests fol-
lowed by elution of S-acylated peptides for analysis by mass
spectrometry. The zDHHCs that control S0-S1 loop or STREX
insert S-acylation are expressed at either the ER, Golgi or plasma
membrane suggesting that the pore-forming a-subunits may be
regulated at multiple sites in the trafficking pathways to the
plasma membrane. Clearly, a challenge for the future is also to
establish the tissue and cellular distribution of these zZDHHCs and
thioesterase and their regulation of BK channels in native tissues.

Importantly, as S-acylation controls two functionally distinct
domains on the pore-forming o-subunits this suggests that dif-
ferential S-acylation may control distinct channel properties as
discussed below.

S0-S1LOOP S-ACYLATION CONTROLS CELL SURFACE TRAFFICKING
The functional role of the BK channel S0-S1 loop is poorly
understood although it is thought to be largely unstructured
and includes residue(s) important for magnesium ion coordina-
tion with the C-terminal RCK domains (Yang et al., 2007; Cui,
2010; Shi et al., 2013). Furthermore, in some species it is also
a site for both post-translational modification by phosphoryla-
tion as well as sites of alternative splicing (c.f. Liu et al., 2006).
Moreover, the transmembrane SO domain is important for func-
tional coupling with regulatory B-subunits (Orio et al., 2002).
Thus, potentially S-acylation of the SO-S1 loop may have multiple
functional consequences.

However, the major role of S-acylation of the S0-S1 loop
appears to be in the control of cell surface expression of
a-subunits (Jeffries et al., 2010; Tian et al., 2012) (Figures 1B,
2). Depalmitoylation of the S0-S1 loop, using several approaches
including inhibition of global S-acylation with the broad
spectrum zDHHC inhibitor 2-bromopalmitate (2-BP), siRNA
mediated knockdown of zDHHC:s 22 or 23, or site directed muta-
genesis of the S-acylated cysteine residues to alanine, results in
a suppression of BK channel steady-state surface expression by
more than 50%. This effect appears to be independent of the
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FIGURE 2 | S-acylation of the a-subunit controls distinct properties of
BK channels. Model schema for regulation of STREX variant a-subunits by
S-acylation and AGC-family kinases. The STREX variant of the BK channel can
be S-acylated at two distinct sites: (i) the S0-S1 loop allowing the loop to
associate with the plasma membrane and is important in controlling surface
delivery of the BK channel; (ii) in the alternatively spliced STREX insert that
allows the cytosolic STREX domain to interact with the plasma membrane.
S-acylation of the STREX insert determines STREX channel regulation by
AGC-family protein kinase dependent phosphorylation. Protein kinase A
(PKA)-dependent phosphorylation of S83¢ in the STREX insert (purple
hexagon), that is immediately upstream of the S-acylated cysteine residues,
results in dissociation of the STREX domain from the plasma membrane and
inhibition of STREX channel activity. In contrast, when STREX is S-acylated,
protein kinase C (PKC) has no effect on channel activity even though
phosphorylation of the PKC-consensus sites (S7%° and $'"%6), that are
downstream of the STREX insert, result in channel inhibition in channels
lacking the STREX insert (e.g., ZERO variant). Thus, the S-acylated STREX

STREX variant a-subunit

High surface expression
Inhibited by PKA

STREX insert

STREX insert
de-acylated

High surface expression
Inhibited by PKC

insert prevents PKC-mediated inhibition in STREX channels. However,
deacylation of the STREX insert, or PKA mediated dissociation of the STREX
domain from the plasma membrane, now allows phosphorylation of the $790
PKC-site (S79°, gray triangle) that, in conjunction with the C-terminal PKC site
S"56 confers PKC-dependent inhibition of STREX channels. Thus, the
S-acylation of STREX serves as a switch to determine STREX BK channel
regulation by either PKA or PKC. PKG- mediated activation of STREX
channels, dependent on phosphorylation of other C-terminal serine residues,
is not controlled by STREX insert S-acylation. In combination with control of
S0-S1 loop S-acylation channels with distinct surface expression and
regulation by AGC-kinases can be generated thus expanding BK channel
physiological diversity. For example, channels that are S-acylated at both the
S0-S1 loop and STREX insert (center top) would be predicted to have high
surface expression and inhibited by PKA. Channels de-acylated at only the
S0-S1 loop would have low surface expression but inhibited by PKA (bottom
left) whereas channels S-acylated at only the STREX insert would have high
surface expression and now inhibited by PKC, but not PKA (bottom right).

splice variant of the a-subunit under investigation, including
whether the C-terminal STREX insert is S-acylated (Jeffries et al.,
2010; Tian et al., 2012; Chen et al., 2013b). Although, the sup-
pression of surface expression can be partially rescued by expres-
sion with some regulator subunits (see Section S-acylation of
B4-Subunits Controls Surface Delivery and Chen et al., 2013b) de-
palmitoylated a-subunits surface expression is still compromised
compared to expression of S-acylated subunit and regulatory sub-
units. Thus, S-acylation of SO-S1 plays a dominant role in surface
expression. BK channel a-subunits that can never be S-acylated
at the SO-S1 loop (e.g., site directed cysteine to alanine mutants)
show enhanced trapping at the Endoplasmic reticulum suggesting
that ER exit may be a key regulatory step, although S-acylation
is not essential as mutant a-subunits can still reach the cell sur-
face. However, a key regulatory site for BK channel trafficking

controlled by the S0-S1 loop is also at the level of exit from the
trans-golgi network (TGN) (Tian et al., 2012). Overexpression
of the acylthioesterase LYPLAL, but not LYPLA2, also decreased
steady-state cell surface expression by approximately half in accor-
dance with the studies above. Channels that were de-acylated by
LYPLA1 were largely retained in the TGN and this TGN accumu-
lation was associated with a reduction in channel co-localization
in recycling endosomes (Tian et al., 2012). Clearly, a major goal
will be to understand the spatiotemporal dynamics of S0-S1
S-acylation during both forward trafficking to the cell surface as
well as routes for channel recycling.

As indicated above, channels that are de-acylated can still
reach the plasma membrane. Recent studies that S0-S1 loop S-
acylation (using site directed alanine mutants) controls the lateral
mobility of single BK channels in the plasma membrane (Kim
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et al., 2014). De-acylated channels display a faster and more ran-
dom lateral diffusion compared to wild-type channels suggesting
S-acylation constrains the movement of channels in the plasma
membrane (Kim et al., 2014). Whether this reduced mobility is
a function of the ability of the S-acylated S0-S1 loop to act as
an additional membrane anchor or allows BK channels to assem-
ble with the cytoskeleton, or other membrane domain organizing
components, remains to be determined.

S0-S1 loop S-acylation does not have any significant effect
on the intrinsic calcium/voltage sensitivity of the a-subunit as
site directed mutation of the S-acylated cysteine residues has no
effect on the voltage for half maximal activation over a range of
calcium concentrations (Jeffries et al., 2010; Kim et al., 2014).
This also suggests that S-acylation is not central to the role of
the S0-S1 loop in coordinating magnesium binding with the
RCK domains. However, whether S0-S1 loop S-acylation con-
trols physical and/or functional coupling to regulatory p- or
y- subunits remains to be determined.

S-ACYLATION OF A RCK1-RCK2 LINKER SPLICE VARIANT (STREX)
DETERMINES REGULATION BY AGC FAMILY PROTEIN KINASES

BK channels are subject to post-translational regulation by an
array of distinct protein kinases and phosphatases including
members of the classical AGC-family of protein kinases: cAMP
dependent protein kinase (PKA); protein kinase C (PKC) and
c¢GMP-dependent protein kinase (PKG). Importantly, the effect of
AGC-family kinase mediated phosphorylation on the activity of
BK channels is determined by the pore-forming a-subunit splice
variant (e.g., Tian et al., 2001, 2004; Zhou, 2001). In this regard,
inclusion of the alternatively spliced STREX insert introduces an
additional consensus PKA-phosphorylation that switches chan-
nel regulation by PKA from channels that are activated (when
the STREX insert is absent) to channels that are inhibited (when
the STREX insert is included) (Tian et al., 2001, 2004). The
STREX insert is a cysteine rich domain that is located in the
structurally disordered intracellular linker between the RCK1 and
RCK2 domains in the C-terminus (Figure 1C). As well as control-
ling regulation by PKA, the STREX insert also shifts the voltage for
half-maximal activation to the left such that STREX BK channels
are more sensitive to calcium and voltages in the physiological
range and also changes both activation and deactivation kinet-
ics (Xie and McCobb, 1998; Tian et al., 2001). Intriguingly, the
PKA consensus site required for PKA-mediated inhibition within
STREX (S636) is located immediately upstream of the di-cysteine
cluster (C645:646) that is S-acylated, and within a highly poly-
basic sequence of amino acids (Figure 1C). As outlined above
(section BK Channel a-Subunits are S-acylated at Two Distinct
Sites) the S-acylated STREX domain associates with the plasma
membrane. PKA-mediated phosphorylation of S636, or phospho-
mimetic mutation to S636E or S636D, all of which introduce
negative charge into the otherwise polybasic region upstream of
the S-acylated dicysteines S645:646 attenuate STREX S-acylation
and results in dissociation of the STREX domain from the plasma
membrane (Tian et al., 2008; Jeffries et al., 2012). This data also
suggest that both the polybasic domain and S-acylated di-cysteine
motif are required for association of the STREX domain with the
plasma membrane. Indeed, mutation of residues of the polybasic

domain per se control S645:646 S-acylation and membrane asso-
ciation of STREX. As S-acylation is mediated at membrane inter-
faces this may suggest that the polybasic domain is required for
an initial transient association with the membrane to allow S-
acylation of C645:646 by cognate zDHHC:s, as reported for other
proteins with such polybasic domains (Linder and Deschenes,
2007; Greaves and Chamberlain, 2011). In addition, destabiliza-
tion of the polybasic domain by PKA-phosphorylation may also
allow cytosolic acylthioesterases access to the di-cysteine cysteines
to promote de-acylation. In this way, palmitoylation and phos-
phorylation may interact and allow temporal control of STREX
channel function.

Thus, this data supports a model in which introduction of neg-
ative charge disrupts interaction of the polybasic region upstream
of the site of S-acylation, leading to conformational rearrange-
ments in the channel and subsequent inhibition of channel prop-
erties (Figures 1C, 2). In support of this, de-acylation of STREX
results in channels with kinetic and conductance/voltage rela-
tionships similar to channels inhibited by PKA, or lacking the
STREX insert. Thus, pharmacological inhibition of STREX S-
acylation, or knockdown of the cognate zZDHHCs (as in section
BK Channel a-Subunits are S-acylated at Two Distinct Sites), pre-
vents PKA-mediated inhibition and converts STREX BK channels
to a phenotype closer to that of channels lacking the STREX
insert. This suggests that STREX insert S-acylation is critical for
conferring core properties, as well as PKA-mediated inhibition,
of STREX variant BK channels. Importantly, other modes of reg-
ulation conferred by the STREX insert, such as regulation by low
oxygen tension (hypoxia) (McCartney et al., 2005) are not depen-
dent upon S-acylation of the STREX domain. Furthermore, at
least in recombinant systems, STREX insert S-acylation has no
effect on plasma membrane surface expression of BK channels
illustrating that S-acylation of the STREX and S0-S1 domains
have distinct functions, controlled by different zZDHHCs. Taken
together this suggests an important level of cross-talk between
the PKA and S-acylation signaling pathways via mutual control
of an S-acylated domain of proteins (Figures 1C, 2)—such cross-
talk is an emerging concept in a range of other ion channels and
signaling proteins (Shipston, 2014).

The studies discussed above reveal a level of interaction
between a phosphorylation (PKA) and lipid post-translational
modification through mutual regulation of a protein domain at
the plasma membrane with the phosphorylation and S-acylation
sites close together (in linear sequence ~10 amino acids).
However, recent studies from Thomas Wieland’s laboratory
examining PKC-mediated regulation of BK channel activity have
also revealed a role for STREX S-acylation in controlling PKC
phosphorylation mediated regulation via consensus phosphory-
lation sites outwith the STREX domain (Zhou et al., 2012). PKC
has been shown to inhibit BK channels, in splice variants lack-
ing the STREX insert, through phosphorylation of two distinct
PKC consensus sites located in the BK channel C-terminus (Zhou
et al., 2010). One PKC site is located toward the very C-terminus
of the channel (S1156) with an additional site (S700) located
downstream of the STREX insert site of splicing. Importantly,
for PKC-mediated inhibition the S700 site is only phospho-
rylated once S1156 is phosphorylated and both sites must be
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phosphorylated for PKC to inhibit channel activity. However, in
channels in which the STREX insert is included, PKC has no effect
on channel activity even though both the S700 and S1156 sites
are present in the C-terminus (Zhou et al., 2012). Strikingly, in
STREX channels in which S-acylation of the STREX di-cysteine
S-acylation motif was prevented, either by global zZDHHC inhibi-
tion by 2-BP, or site directed mutagenesis of C645:646, PKC could
now inhibit channel activity. Furthermore, in S-acylated STREX
channels in which the S700 PKC consensus site was mutated to the
phosphomimetic S700E PKC could now inhibit channel activity
(Zhou et al., 2012). This suggests a model in which the S-acylated
STREX domain normally occludes phosphorylation of S700 thus
preventing PKC mediated inhibition. Dissociation of the STREX
domain from the plasma membrane via either de-acylation per se
or prior PKA-mediated phosphorylation of the STREX insert at
the PKA site S636, would thus gate the ability of STREX variant
channels to be inhibited by PKC (Figure 2). Indeed, this appears
to be an important mode of regulation in pituitary endocrine cells
that express STREX variant channels (Zhou et al., 2012).

In contrast, PKG mediated regulation of STREX containing,
or STREX-less channels, is independent of the S-acylation sta-
tus of the STREX insert per se (Zhou et al., 2012), most likely as
the major consensus site for PKG-mediated regulation is toward
the very C-terminus of the channel a-subunit. Thus, these data
reveal an important role in S-acylation in acting as a switch to
specify STREX variant regulation by PKA and PKC (Figure 2).
Furthermore, it may also provide a mechanism to provide robust
regulation by both PKA and PKC in STREX-expressing cells
in which BK channels are targets for signaling pathways acti-
vating the PKC and PKA pathways such as in some endocrine
cells.

S-ACYLATION OF BK CHANNEL REGULATORY SUBUNITS
AND ASSOCIATED PROTEINS

S-ACYLATION OF g4-SUBUNITS CONTROLS SURFACE DELIVERY

The assembly of BK channel pore-forming a-subunits with a
diverse family of transmembrane B- and y- subunits provides
additional mechanisms to determine physiological diversity of the
BK channel in different cells and tissues. Regulatory subunits play
diverse roles in modifying both the intrinsic properties of the
channel (kinetics and calcium/voltage sensitivity) as well as traf-
ficking of the channel to the cell surface (Orio et al., 2002; Yan
and Aldrich, 2012). Recent evidence reveals that S-acylation of
the regulatory B4-subunit may play an important role in the lat-
ter. The B4-subunit is highly expressed in the nervous system, as
well as endocrine tissues, and confers complex effects on chan-
nel activity dependent upon the local calcium concentration and
also modifies BK channel pharmacology by making the chan-
nel largely resistant to the toxins Iberiotoxin and Charybdotoxin
(Meera et al., 2000; Brenner et al., 2005; Wang et al., 2006).
The B4-subunit, as for other B-subunits, has two transmembrane
domains with a large extracellular loop and short intracellu-
lar N- and C-termini (Figure 1D). Previous data have revealed
that the 4 C-terminus contains a basic ER-retention traffick-
ing motif that controls B4-subunit surface expression (Shruti
etal., 2012). B4-subunits are S-acylated in mouse brain and when
expressed in recombinant systems at a single cysteine residue

(C193) juxtaposed to the second transmembrane domain imme-
diately upstream of the C-terminal trafficking motif (Chen et al.,
2013b) (Figure 1D). B4-subunits alone are typically trafficking
incompetent largely residing in the ER and S-acylation has no
effect on B4-subunit localization. However, mutation of the ER
retention motif allows B4-subunts to traffic to the cell surface
and the exit from the ER is dependent upon S-acylation of the
B4-subunit at C193. Importantly, assembly of p4-subunits with
a-subunits controls surface expression of the channel complex.
Rather surprisingly, f4-subunits can up- or down- regulate o-
subunit surface expression depending on the specific splice vari-
ant of the pore forming subunit (Shruti et al., 2012; Chen et al.,
2013a). Surface expression of BK channel a-subunits that include
the C-terminal splice variant ..REVEDEC motif is upregulated by
p4-subunits (Chen et al., 2013b). Upregulation of a-subunit sur-
face expression is dependent upon S-acylation of the f4-subunit
at C193. B4-subunits that are de-acylated at C193 do not promote
surface expression of the ..REVEDEC a-subunit variants. The
REVEDEC heptapeptide has been reported to suppress a-subunit
surface expression and thus hypothesized to act as a traffick-
ing motif (Kim et al.,, 2007; Chiu et al., 2010). Transplanting
the REVEDEC heptapeptide onto the C-terminus of a-subunits
whose surface expression was not normally enhanced upon co-
expression with f4-subunits, resulted in a f4-subunit S-acylation
dependent up regulation of surface expression. This suggests that
.REVEDEC acts as a trafficking motif and that S-acylated p4-
subunits may mask this motif to allow enhanced surface expres-
sion. The mechanistic basis for this effect remains to be resolved
however a possible explanation is that S-acylation of f4-subunits
is required for the correct structural interaction with a-subunits
at the ER. Chemical crosslinking experiments reveal that the
extracellular aspect of the second transmembrane domain of the
B4-subunit is in close apposition to SO of the a-subunit (Wu
et al., 2009). In other systems, S-acylated cysteines juxtaposed
to transmembrane domains promote tilting of the transmem-
brane domain and this may be important at the thinner ER
membrane to reduce hydrophobic mismatch as well as confer
restraints on the B4-peptide (Nyholm et al., 2007; Abrami et al.,
2008; Baekkeskov and Kanaani, 2009; Charollais and der Goot,
2009).

However, although such a model may explain how p4-subunits
control surface expression of the a-subunit ..REVEDEC splice
variant, f4-subunit control of BK channel surface expression is
clearly more complex than the model outlined above. Indeed,
surface expression of another distinct a-subunit splice variant
was in fact suppressed upon co-expression with de-acylated B4-
subunits. This is in accordance with other data supporting a
role for B4-subunits to suppress BK channel expression in some
neurons, although how selectivity of action between different
a-subunit splice variants is conferred is not known. Moreover,
although PB4-subunits can also enhance surface expression of
de-acylated a-subunit ..REVEDEC splice variants at the S0-SI
loop, an effect that is B4-subunit S-acylation dependent, B4-
subunit co-expression cannot rescue to the levels achieved by
expression of a- and P4-subunits that can both be S-acylated.
Thus, in BK channels, S-acylation of the S0-S1 loop of the pore-
forming subunit controls global BK channel surface expression
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and B4-subunit S-acylation additionally controls surface expres-
sion of specific pore-forming subunit splice variants.

CONTROL OF BK CHANNELS VIA S-ACYLATION OF OTHER
COMPONENTS OF THE CHANNEL COMPLEX?

BK channels, as for other ion channels, do not exist in “iso-
lation” in membranes but assemble into functional complexes
with an array of adapter, structural and signaling proteins (e.g.,
see Lu et al., 2006; Kathiresan et al., 2009; Berkefeld et al.,
2010; Toro et al., 2013). As S-acylation can control a wide vari-
ety of proteins, from G-protein coupled receptors, to tyrosine
kinases and multifunctional adapter proteins such as PSD-95
(Fukata et al., 2004; Linder and Deschenes, 2007; Fukata and
Fukata, 2010; Greaves and Chamberlain, 2011; Shipston, 2011,
2013; Resh, 2012), S-acylation may also exert effects on BK chan-
nel trafficking and function through modulation of the channel
multi-molecular complex per se or signaling pathways that con-
verge on the complex. As assembly of BK channels with different
interacting proteins is likely to be cell specific S-acylation may
control BK channel function differentially through modulation of
components of the larger multi-molecular BK channel signaling
complex.

As outlined in section S-acylation of p4-subunits Controls
Surface Delivery B4-subunits are S-acylated and control traffick-
ing however, although other regulatotry subunits are also pre-
dicted to be S-acylated (Figure 3) the functional consequence is
as yet unknown. Furthermore, a significant number of BK chan-
nel interacting proteins previously reported in proteomic screens
(e.g., see Lu et al., 2006; Kathiresan et al., 2009; Berkefeld et al.,
2010; Toro et al., 2013) are also predicted, or have been shown,
to be S-acylated (Figure 3). A clear challenge will be to define S-
acylated components of the BK channel complex in defined cell
types and understand both how S-acylation of these proteins is

TXA2R B2AR

&

FIGURE 3 | Does S-acylation control multiple components of the BK
channel signaling complex? Schematic illustrating exemplar proteins that
have previously been reported to assembly within a multimolecular
complex with the BK channel pore forming a-subunit and are strongly
predicted, or have been previously shown, to be S-acylated in cells. The
functional consequence of S-acylation, except for the B4-regulatory subunit,
of these components on BK channel function is not yet known. Proteins
include: additional accessory subunits of the BK channels such as the y3
subunit LRRC55; G-protein coupled receptors such as the thromboxane A2
(TXA2R) and B2-adrenergic (B2AR) receptors; adapter and scaffolding
proteins such as PSD-95, AKAP79/150, caveolin and ANKRA,; structural and
cytoskeletal proteins such as tubulin and signaling proteins such as the
AMP-activated serine/threonine protein kinase (AMPK), the tyrosine kinase,
HCK and the serine/threonine protein phosphatase PP1.

controlled as well as the functional consequence of S-acylation on
BK channel physiology.

CONCLUSIONS

Multiple mechanisms, including alternative splicing, assembly
with accessory subunits and post-translational modifications
allow considerable functional diversity of BK channels to be
generated from a single gene, KCNMAI, encoding for the
pore-forming a-subunits. The work described above implicates
S-acylation, a reversible post-translational lipid modification of
proteins, as a major mechanism to control both the number of BK
channels at the cell surface as well as their activity and regulation
at the membrane. Importantly, S-acylation can control multiple
sites within the BK channel complex and this post-translational
modification works combinatorially with other mechanisms that
specify functional diversity to fine tune BK channel properties and
regulation.

Clearly to understand the contribution of this important
post-translational modification in BK channel physiology sev-
eral major challenges need to be addressed. Firstly, although we
are beginning to define the enzymes that control BK channel
S-acylation the temporal and spatial dynamics of BK channel
S-acylation is very poorly understood. Furthermore, although
distinct enzymes can control different aspects of BK channel
physiology how these enzymes themselves are regulated is largely
unknown. As S-acylation works in combination with other mech-
anisms, including controlling cysteine reactivity per se (Hess et al.,
1993; Sen and Snyder, 2010; Ho et al., 2011), a clear challenge is
to define how such interactions control specific cellular functions.
For example, defining cellular physiological processes and spe-
cific cell types in which S-acylation controls: AGC-family kinase
regulation of the STREX variant, f4-subunit mediated regula-
tion of a-subunit splice variant surface expression, or regulation
conferred by assembly with other S-acylated components of the
BK channel complex. Ultimately the major challenge will be to
understand how S-acylation controls BK channel function at the
systems and whole animal level and understanding how palmitoy-
lation status may be controlled and/or dysregulated in disease. For
example, several of the ZDHHC enzymes implicated in BK chan-
nel control, such as ZDHHCs 5, 9, and 17, are also implicated in
a variety of disorders including endocrine dysfunction and neu-
rological deficits. In contrast, the physiology of other zDHHC
enzymes that control BK channel function, such as zZDHHC23,
is completely unexplored.

With the continued development of new tools to interro-
gate and manipulate S-acylation we are now at the foothills of
being able to define and understand the role of S-acylation in
the physiological function of BK channels as well as providing
an opportunity to gain greater insights into the mechanisms and
function of S-acylation itself.
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The large-conductance, calcium- and voltage-activated potassium (BK) channel has the
largest single-channel conductance among potassium channels and can be activated by
both membrane depolarization and increases in intracellular calcium concentration. BK
channels consist of pore-forming, voltage- and calcium-sensing o subunits, either alone
or in association with regulatory subunits. BK channels are widely expressed in various
tissues and cells including both excitable and non-excitable cells and display diverse
biophysical and pharmacological characteristics. This diversity can be explained in part by
posttranslational modifications and alternative splicing of the a subunit, which is encoded
by a single gene, KCNMA1, as well as by tissue-specific B subunit modulation. Recently,
a leucine-rich repeat-containing membrane protein, LRRC26, was found to interact with
BK channels and cause an unprecedented large negative shift (~-140mV) in the voltage
dependence of the BK channel activation. LRRC26 allows BK channels to open even at
nearphysiological calcium concentration and membrane voltage in non-excitable cells.
Three LRRC26-related proteins, LRRC52, LRRCb55, and LRRC38, were subsequently
identified as BK channel modulators. These LRRC proteins are structurally and functionally
distinct from the BK channel B subunits and were designated as y subunits. The discovery
of the y subunits adds a new dimension to BK channel regulation and improves our
understanding of the physiological functions of BK channels in various tissues and cell
types. Unlike BK channel B subunits, which have been intensively investigated both
mechanistically and physiologically, our understanding of the y subunits is very limited
at this stage. This article reviews the structure, modulatory mechanisms, physiological
relevance, and potential therapeutic implications of y subunits as they are currently
understood.

Keywords: BK channels, KCNMA1, Slo1, K¢aq.1, auxiliary subunit, accessory protein, regulation, modulation

DISCOVERY OF y SUBUNITS

Among the numerous K* channels, the large-conductance Ca*-
and voltage-activated K™ channel (termed BK, Slol, K¢,1.1, or
KCNMATI; hereafter BK) is considered unique, characterized by
its large single-channel conductance and dual activation by mem-
brane depolarization and elevation in intracellular free calcium
([Ca2*]y) (Marty, 1981; Latorre and Miller, 1983; Golowasch
et al., 1986; Latorre et al., 1989). The structure, function, and
regulatory mechanisms of BK channels have been investigated
over the past 3 decades. BK channels are considered chan-
nel complexes composed of either homotetramers of the pore-
forming and calcium- and voltage-sensing o subunit (BKa) alone
or BKa together with tissue-specific auxiliary subunits. BKa
is structurally distinct from most other K* channels because
it possesses an extra N-terminal transmembrane segment (S0)
(Wallner et al., 1996; Meera et al., 1997) and a large CaZt-
sensing cytosolic C-terminus composed of two RCK (regulating
conductance of K*) domains (Wu et al., 2010; Yuan et al,
2012) (Figure 1). BKa is also distinct from most other voltage-
gated KT (Kv) channels in the pore-forming transmembrane
S1-S6 domains by a very low amino acid sequence similarity
with them.

BK channels occur in many different tissues and cells and
display diverse biophysical or pharmacological characteristics.
This diversity can be explained in part by posttranslational
modifications and alternative splicing of the large BKa subunit
(~130kDa), which is encoded by a single gene, KCNMAI, as
well as by tissue-specific  subunit modulation. Four different
B subunits (B1-P4) have been cloned and identified in mam-
mals. The first § subunit was identified as a binding partner
of BKa in the BK channel complexes purified from bovine tra-
cheal smooth muscle by extensive conventional chromatography
together with sucrose gradient centrifugation or by immunopre-
cipitation (Knaus et al., 1994a,b,c). In these early experiments,
charybdotoxin (ChTx), which is a specific peptide blocker of BK
channels, was radiolabeled as a tool for BK channel complex or
protein detection and ChTx was found to be attached to a f sub-
unit upon cross-linking. This smooth muscle—specific auxiliary
protein was later named the B1 subunit, and the other 3 fam-
ily members were discovered thereafter (Wallner et al., 1999; Xia
et al., 1999; Behrens et al., 2000; Brenner et al., 2000; Meera et al.,
2000; Uebele et al., 2000).

Each B subunit has 2 transmembrane segments connected by a
large loop on the extracellular side (Figure 1). The 4f subunits
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FIGURE 1 | Schematic structure and membrane topology of BK
channel « and B subunits.

display different and complex effects on apparent calcium and
voltage sensitivities, macroscopic current kinetics, and pharmaco-
logical sensitivities, which involve multiple distinct mechanisms.
For example, the 1 and P2 subunits overall induce slowing of
the macroscopic kinetics and an increase in apparent calcium
and voltage sensitivity (Behrens et al., 2000; Brenner et al., 2000;
Savalli et al., 2007; Contreras et al., 2012). The 2 and some splice
variants of B3 subunits also cause rapid inactivation through
their intracellular N-termini (Wallner et al., 1999; Xia et al.,
1999, 2000; Uebele et al., 2000). The B3 subunits generate recti-
fying outward currents regulated by their extracellular loops (Xia
et al., 2000; Zeng et al., 2003). The brain-specific f4 subunit, in
addition to greatly slowing activation and deactivation kinetics,
reduces apparent calcium sensitivity in low [Ca2T]; conditions
but increases apparent sensitivity in high [Ca’*]; conditions
(Behrens et al., 2000; Brenner et al., 2000).

The wide distribution of BKa suggests that BK channels have
a potentially important function in various physiological pro-
cesses (Nelson et al., 1995; Hu et al., 2001; Gu et al., 2007).
The activation mechanisms and functions of BK channels in
excitable neuronal and smooth muscle cells have been intensively
studied and are relatively well understood in principle, although
more remains to be examined, such as channel heterogeneity
caused by different auxiliary subunit composition in different
cells. Compared with other voltage-gated or Ca?*-activated K+
channels, BK channels have much higher thresholds for channel
activation by either voltage or [Ca?t]; alone; these thresholds are
generally outside of physiological ranges. Thus, in excitable cells,
activation of BK channels typically requires coincident mem-
brane depolarization and elevation in [Ca?T*); levels (Brenner
et al., 2000; Salkoff et al., 2006), and BK channels are physi-
cally coupled to voltage-gated Ca?t channels in order to sense
locally enriched Ca®t (Berkefeld et al., 2006; Fakler and Adelman,
2008). However, non-excitable cells generally have a relatively
constant low resting membrane potential and a marginal amount
of [Ca?T];. BK channel function and mechanism of activation has
been largely unexplored in non-excitable cells.

In 2005, an unusal type of K current was reported in lymph
node carcinoma of the prostate (LNCaP) cells, which showed
a Kv-like low half-activation voltage (V1,2) of ~30mV in the
absence of [Ca?t]; but had many characteristics of BK cha-
nenls (Gessner et al., 2005). These BK-like features included large
single-channel conductance (220 pS at 140 mM symmetric KT),
activation by [Ca®*]; in the LM range and [Mg?*]; in the mM
range, and sensitivity to specific activator NS1619 and blockers
ChTx, IbTx, paxilline, and penitrem A (Gessner et al., 2005).
The voltage dependence of channel activation for this endogenous
BK-like channel in LNCaP cells was shifted to the hyperpolariza-
tion direction by more than 120 mV compared with human BKa
channels expressed in HEK cells. The researchers therefore con-
cluded that they had observed a special BK channel or at least
a BK-like channel in LNCaP cells, which they designated BKj.
However, it remained unknown how the channel’s voltage depen-
dence was unprecedentedly shifted to such a great extent, and this
could not be readily explained by any previously known modu-
latory mechanisms, such as alternative splicing, phosphorylation,
or B subunits.

Five years later, it was demonstrated that the LNCaP cells did
express BKa at the protein level, as detected by the BKa anti-
body, but the BKa existed in a normal splicing form, according
to reverse transcriptase PCR and sequencing of mRNA (Yan and
Aldrich, 2010). The authors then took a proteomic approach to
immunopurify the channel complex and used mass spectrometry
to identify potential novel interacting partners that may drasti-
cally modify the BK channel’s gating property (Yan and Aldrich,
2010). A 35-kDa leucine-rich repeat-containing protein, LRRC26,
was specifically identified in the BKa pull-down components.
Knockdown of this protein in LNCaP cells resulted in a com-
plete loss of the BK channel’s property of being activated at low
voltage in the absence of calcium. Meanwhile, overexpression of
LRRC26 in another prostate cancer cell line, PC3, which lacks
endogenous LRRC26 expression, converted the endogenous typ-
ical BKa channels to the low-voltage—activated LNCaP-type BK
channels. It was additionally shown in a heterologous expression
system (HEK-293 cells) that LRRC26 was specifically associated
with BKa as detected by reciprocal co-immunoprecipitation and
shifted the conductance-voltage (G-V) relationship of BK chan-
nels to the hyperpolarization direction by ~140 mV, as was seen
in the LNCaP cells. This suggests that direct channel complex
formation likely occurs without mediation by other proteins.

LRRC26 is structurally and functionally distinct from the 48
subunits and thus was considered a new type of BK channel
auxiliary subunit. Later on, 3 other structurally related leucine-
rich repeat-containing proteins, LRRC52, LRRC55, and LRRC38,
were reported to be also able to modulate BK channels when co-
expressed heterologously with BKa in HEK-293 cells (Yan and
Aldrich, 2012) (Figure 2). These proteins have also been shown to
produce marked shifts in the voltage dependence of BK channel
activation in the hyperpolarization direction, although the shifts
are smaller than those produced by LRRC26. LRRC52 causes a
shift of approximately 100 mV, LRRC55 causes a shift of 50 mV,
and LRRC38 causes a shift of 20mV in the absence of [Ca®T];
(Figure 2B). The ion channel auxiliary subunits, such as the BK
or Kv channel § subunits, may exist in multiple paralogous forms
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FIGURE 2 | Structure and function of BK channel y subunits. (A)
Protein sequence alignment of BK channel y subunits in humans. The
hydrophobic segments and potential cleavage sites in the N-terminal
signal peptide sequences are indicated. Potential N-glycosylation sites of
Asn residues are shown in red. Cysteine pairs (total of 4) for potential
disulfide formation are also shown. Key residues of the consensus
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sequence (LxxLxLxxN) in each leucine-rich repeat unit are marked by a
filled square at the bottom. (B) Modulatory effects of y subunits on
the voltage dependence of BK channel activation in the absence of
intracellular calcium, upon heterologous expression of the y subunit in
HEK-293 cells. (C) Predicted leucine-rich repeat domain structure and
membrane topology of the y subunit.

with related modulatory functions. These three LRRC proteins,
together with LRRC26, have been thus designated as the y fam-
ily of the BK channel auxiliary subunits (Yan and Aldrich, 2012).
LRRC26 was named y1 while LRRC52, LRRC55, and LRRC38
were tentatively named y2, y3, and y4, respectively, according to
their capabilities to modify the voltage dependence of BK channel
activation. Similar to BK B subunits, these proteins also displayed
different tissue-specific expression at the mRNA level (Yan and
Aldrich, 2012).

STRUCTURAL CHARACTERISTICS

The 4y subunits have similar molecular weights, around 35 kDa.
They are type I single-span membrane proteins containing a

classic N-terminal cleavable signal peptide for extracellular local-
ization of the N-terminal LRR domain in the mature proteins.
The signal peptide region was found to be absent in the mature
protein. Mutations in this region caused the signal peptide to be
retained in the expressed protein and led to a loss of modulatory
function in the y1 subunit, suggesting that proper maturation
guided by the signal peptide region is critical for the function
of y subunits (Yan and Aldrich, 2012). The mature proteins of
the 4y subunits all contain a single transmembrane domain,
an N-terminal extracellular LRRD, and a short C-terminal tail.
The 4y subunits share an overall sequence similarity of 35—
40% (Figure 1A) which are comparable with that among the 4f
subunits.
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The atomic structure of y subunits is not yet known. However,
a comparison of the amino acid sequences in the LRR domains
of y subunits with those in other LRR-containing proteins pro-
vided a good prediction of the structure of y subunits. The LRR
domains of y subunits all contain 6 LRR units and 2 cysteine-rich
regions, a small one called LRRNT, capped on the N-terminal
side, and a large one called LRRCT, capped on the C-terminal
side (Figure2A). As in many other LRR-containing proteins,
each LRR unit in the y subunits consists of 24 residues and
has a classic consensus sequence of LxxLxLxxN (where x can
be any amino acid). Because no structure has been described
for an LRR domain containing both LRRNT and LRRCT ele-
ments that are similar to those in the y subunits, structures of
lymphocyte receptor B (Kim et al., 2007a) for the LRRNT and
LRR regions and structures of mouse TLR4 (Kim et al., 2007b)
for the LRRCT region have been referred to in structural mod-
eling (Yan and Aldrich, 2010, 2012). The resultant structural
model for the y subunit LRR domain can be depicted as in
Figure 2C. According to this structural model, the LRR domain
is a banana-shaped structure with a curved parallel -sheet lining
the inner circumference and small helices or turns flanking the
convex circumference, formed by 6 LRR units stacked together
in the middle. Each LRR unit forms a p-strand lining the con-
cave face and a short a-helix connected by loops flanking the
outer circumference. The hydrophobic core of the LRR domain
is tightly packed by the parallel inward-pointing leucine residues,
shielded by the LRRCT and LRRNT caps on the N- and C-
terminal ends. Both LRRNT and LRRCT contain 2 pairs of fully
conserved cysteine residues that in total potentially form 4 disul-
fide linkages in the favorable oxidizing extracellular environment.
Consistent with their predicted extracellular location, the LRR
domains of the y subunits all contain single or multiple consensus
N-glycosylation sites: Asn-Xaa-Ser/Thr, where Xaa is not a pro-
line. For the y1 subunit, N147Q mutation and enzymatic removal
of the N-linked glycan by PNGase F resulted in disappearance of
an upper glycosylated-mass band in SDS-PAGE (Yan and Aldrich,
2012).

The protein sequences in the LRR domains of y subunits
are closely related but become divergent in the transmembrane
and intracellular C-terminal tail regions (Figure 1A). The single-
transmembrane segments of the y subunits are well predicted
from their hydrophobicity and the presence of charged residues
on both sides, particularly multiple positively charged residues on
the intracellular side following the general “positive-inside rule”
for membrane insertion and orientation of membrane proteins.
For the C-terminal tail regions, in addition to the cluster of pos-
itively charged residues adjacent to the transmembrane domain,
it is interesting to note that the rest of the amino acid sequence
is polyproline (11 proline residues out of 36 residues) for y1 and
polyacidic for y2, y3, and y4.

MODULATORY MECHANISMS

To date, the structures of the whole y subunit, as well as the
whole BKa channel, have not yet been described. The detailed
mechanisms underlying how the y subunits bind to the BKa
tetramer and regulate channel function remain largely unex-
plored and unknown. The gating shift produced by y1 subunit

is equivalent to the effect of ~10 WM [Ca?*]; on BK channels
formed by BKa alone. However, Ca?t and Mg?™ sensitivities
were shown to be largely unaffected by the yl subunit (Yan
and Aldrich, 2010). Therefore, the mechanistic actions of the
y1 subunit were investigated and analyzed within the frame-
work of the well-established BK channel allosteric model of
voltage-dependent gating in the absence of Ca’*. According
to this HA model (Horrigan and Aldrich, 2002), the acti-
vation or open probability (P,) of BK channels by voltage
can be simply calculated or described by 5 gating parameters:
Ly and Jj together with Z; and Zj were referred to as equilibrium
constants and associated gating charges for the channel pore’s
closed <> open and voltage sensors’ resting <> activated transi-
tions and D was considered the allosteric coupling factors between
the pore and the voltage sensors (Horrigan and Aldrich, 2002)
(Figure 3). Using simulations, and by measuring the kinetics and
open probabilities of the channels at very negative voltages to
achieve good estimates of the Zj, and L( parameters, it was found
that the y1 subunit’s modulatory effect can be best explained by
a ~20-fold increase in the allosteric coupling D factor, whereas
the pore’s gating parameters Ly and Zi are largely unaffected by
the y1 subunit (Yan and Aldrich, 2010). According to this study,
the y1 subunit may mainly affect the coupling between voltage
sensors and the pore. However, the possibility cannot be ruled
out that the y1 subunit also slightly affects Zj, Jo or Ly, owing to
limitations in the accuracy of experimental data obtained at very
negative voltages and the assumption used in simulations that
only one gating parameter is affected. The y1 subunit may also act
on some other aspect of BK channel gating, such as the two dis-
tinct calcium binding events on RCK1 and RCK2 domains (Xia
et al., 2002) and the interactions among the two calcium bind-
ing sites and the voltage sensor (Qian et al., 2006; Sweet and Cox,
2008; Savalli et al., 2012), which were not addressed by HA model
(Horrigan and Aldrich, 2002) and also excluded for consideration
in the modeling analyses of the y1 modulatory effect (Yan and
Aldrich, 2010). Regardless of these limitations, y subunits may
serve as good tools to study BK gating mechanisms because little is
currently known about the molecular basis underlying allosteric
coupling between voltage sensors and the pore in this voltage- and
ligand-gated channel.

c ~ 1

Y L(1+DJ)*
R L=L(.exp(%] @
Jof <> | J=Jex(£ﬁq @
A ly X.ca*ly P

FIGURE 3 | Schematic and equations of the HA allosteric gating model
for BK channel activation by voltage. The two processes of voltage-sensor
activation (equilibrium constant J) and channel opening (equilibrium constant
L) are linked by the allosteric coupling factors D. The calcium binding
(equilibrium constant K) and the related allosteric coupling factors C, E are
shown in gray. P, in the equation (1) means channel open probability.
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The action of the y1 subunit is remarkable in its modulatory
magnitude and mechanistic simplicity. A recent study indicated
that the regulatory mechanism of the y1 subunit may be fun-
damentally different from that of the p subunit (Gonzalez-Perez
et al., 2014). In contrast to B subunits, which have the ability to
regulate the voltage dependence of BK channel activation in the
titration-dependent mode, the y1 subunit exhibited an “all-or-
none” regulatory pattern (Gonzalez-Perez et al., 2014). In a classic
model, it is understood that auxiliary subunits bind to the BKa
subunit one by one with 4-fold symmetry so that the regulatory
effect is incremental (Wang et al., 2002). However, the y1 subunit
caused the voltage dependence of channel activation to be either
shifted to a full extent or unchanged independent of the molar
ratio of the injected BKa:yl RNA to Xenopus oocytes, although
the ratio of these two populations of channels varied (Gonzalez-
Perez et al., 2014). It is unknown whether one y1 subunit per
channel complex is sufficient to fully modulate BK channels.
Alternatively, the y1 subunit may preferably exist in a tetrameric
form when forming a complex with BKa. Additional studies will
be required to determine the detailed mechanisms, particularly
the stoichiometry and the interaction sites between the BKa and
y subunits in the tetrameric channel complex.

Not surprisingly, the y1 subunit can inhibit the effect of some
BK activators (Almassy and Begenisich, 2012). The endogenous
y1 subunit was present in native salivary gland parotid acinar
cells; it blocked the activating effect of mallotoxin (MTX) but not
NS-1619 (Almassy and Begenisich, 2012). Similar blocking effect
of the y1 subunit on MTX action was also observed in HEK-
293 cells when the y1 subunit was heterologously co-expressed
with BKa. It was proposed that MTX may displace the y1 subunit
instead of lacking accessibility to the binding site (Almassy and
Begenisich, 2012). Further biophysical studies and biochemical
binding assays will be needed to clarify the detailed mechanisms.
MTX and y1 are likely exclusively and sterically related in their
binding to the BK channels. NS1619 was recently shown to bind
to the S6/RCK linker region (Gessner et al., 2012), but little is
currently known about the MTX binding site. Identification of
the MTX binding site may complement our understanding of the
actions of y subunits on BK channels.

PHYSIOLOGIC RELEVANCE

The tissue-specific distribution patterns of the 4y subunits at
the mRNA level had been investigated using TagMan quantita-
tive PCR in various human tissues (Yan and Aldrich, 2012). The
y1 subunit was highly expressed in the salivary glands, prostate,
and trachea, whereas y2 (LRRC52) was found predominantly in
the testes and y3 (LRRC55) was found primarily in the nervous
system. The y4 (LRRC38) subunit was mainly observed in skele-
tal muscle, adrenal glands, and the thymus. These results suggest
that like B subunits, y subunits have different tissue-specific dis-
tributions to fit the diverse functional requirements of various
tissues and cell types (Yan and Aldrich, 2012). The y1 subunit’s
endogenous functional regulation of BK channels has been con-
firmed in prostate and salivary gland cells (Yan and Aldrich, 2010;
Almassy and Begenisich, 2012). The physiological roles of the
y1 subunit in prostate and salivary glands remain to be deter-
mined. Conceivably, constitutive activation of BK channels might

be required for K™ flow-mediated fluid secretion in these non-
excitable tissues. A very recent study implies that the y1 subunit in
airway epithelial cells may participate in the BK channel-mediated
airway hydration for effective mucociliary clearance (Manzanares
etal.,2014). The K™ flow through the apically expressed BK chan-
nels in airway epithelial cells provides an electrochemical driving
gradient for Cl~ secretion and thus plays a role in airway hydra-
tion. It was found that both the mRNA level of the y1 subunit and
the sensitivity of BK channels to mallotoxin were decreased after
IFN-vy treatment, implying that the y1 subunit might be involved
in the IFN-y-mediated reduction in BK channel activity and the
resulting mucociliary dysfunction (Manzanares et al., 2014). The
y1 subunit under a different name (CAPC) was reported to be
able to suppress tumor growth and metastasis, which may likely
involve ion channel-independent function (Liu et al.,, 2012). It
will be necessary to determine how the association of the y1 sub-
unit with BK channels may affect tumor growth because of the
enhanced K1 channel activity that generally promotes cancer cell
proliferation (Pardo and Stuhmer, 2014).

Because of the drastic activating effect caused by the y1 sub-
unit, expression of this protein even at low levels might exert sig-
nificant effect on BK channel currents. For example, a low mRNA
expression level of the y1 subunit has been detected in aorta cells
(Yan and Aldrich, 2012). A very recent study reported that knock-
down of y1 subunit expression in rat cerebral artery myocytes led
to a reduction in the apparent voltage /Ca® sensitivity and cur-
rent frequency and amplitude of BK channels, as well as a decrease
in the extents of BK channel-specific inhibitor-induced vaso-
constriction and activator-induced vasodilation (Evanson et al.,
2014). This study suggests that the y1 subunit may play broad
physiological roles that are not limited to non-excitable cells. In
excitable cells, the voltage and Ca?* sensitivities of the BK chan-
nels are more finely tuned to be properly responsive to different
levels of voltage and Ca* in different cell types, and therefore low
expression of this potent BK channel modulator might exert a sig-
nificant physiological effect. It is worth noting that the y1 subunit
is also expressed in fetal brain tissue (Yan and Aldrich, 2012), and
the y1 subunit might participate in maintaining proper neuronal
excitability in the fetal nervous system during early development.

PERSPECTIVES

Our understanding of BK channel y subunits is still in its infant
stage. In particular, very little is known about the physiologic
functions and the structural basis underlying the regulatory
mechanisms of y subunits. The discovery of y subunits adds a
new dimension to BK channel regulation and provides a molecu-
lar basis for a better understanding of the physiological functions
of BK channels in different tissues or cell types. The few published
studies examining the modulatory mechanisms and physiological
functions of BK channel y subunits have mainly focused on y1,
the most potent y subunit. The regulation of BK channels by y2-
4 subunits has so far been demonstrated only in the heterologous
expression system. It will be important to determine whether y2-
4 subunits also play any functional or physiological role in BK
channel modulation in vivo.

The y2 subunit is also potent in shifting the voltage depen-
dence of BK channel activation. The presence of the y2 subunit
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specifically in the testes among the examined mouse and human
tissues suggests that it plays a special role in spermatogenesis
or male fertility (Yang et al., 2011; Yan and Aldrich, 2012). A
detailed study suggested that the mouse y2 subunit functions
as an accessory subunit of the sperm-specific mouse Slo3 chan-
nels (Yang et al., 2011). Co-expression of Slo3 and y2 in Xenopus
oocytes generated pH and voltage-dependent currents that are
more similar to native KSper than those of the Slo3 channel alone.
Moreover, Slo3 deletion in mouse testes and sperm either signif-
icantly decreased or eliminated the expression of y2. In rats, BK
channel-like currents and immunostaining of BKa was found to
be high in premeiotic germ cells, spermatozoa and primary sper-
matocytes, but very low in postmeiotic germ cells (Gong et al.,
2002). It will be intriguing to determine whether the y2 subunit
also modulates BK channels and whether Slo3 and BK channels
can form functional heterotetrameric channels in any stage of
germ cells. BK channels and Slo3 belong to the Slo channel family,
which also includes 2 more distantly related Na*-activated chan-
nels, Slo2.1 (slick) and Slo2.2 (slack). There is currently no report
on the effect of y subunits on the Slo2.1 or Slo2.2 channels. It
remains an open question whether the y subunits may broadly
function as auxiliary proteins of the Slo channel family.

Effective BK channel openers have been sought or explored
to treat a variety of diseases such as stroke, epilepsy, psy-
choses, bladder overactivity, erectile dysfunction, asthma, arterial
hypertension, ischemic heart disease, and gastric hypermotility
(Nardi and Olesen, 2008). Although the widely used BK chan-
nel opener NS1619 can give ~-40-mV shift in Vy/, at a high
concentration (30 uM) (Gessner et al., 2012), its specificity was
recently questioned because of its direct inhibiting effect on the
sarco/endoplasmic reticulum Ca?t-ATPase (SERCA) (Wrzosek,
2014). The y1 subunit, which is so far the most potent BK channel
activator, and the other y subunits of different potencies provide
molecular tools to manipulate BK channel activity in vivo through
either transgenic or viral delivery of gene expression. This may
offer the opportunity to evaluate the therapeutic potential of
BK channel activators (openers) of different channel-activating
potencies in the treatment of various diseases. Currently, no BK
channel-targeted drug has been approved for clinical use in spite
of extensive academic and pharmaceutical efforts over the past
two decades. Deciphering the biochemical mechanisms underly-
ing BK channel activation by y subunits will be very useful for the
development of new BK channel-targeted drugs.
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Coded by a single gene (Slo7, KCM) and activated by depolarizing potentials and by a rise
in intracellular Ca2* concentration, the large conductance voltage- and Ca%t-activated K+
channel (BK) is unigue among the superfamily of KT channels. BK channels are tetramers
characterized by a pore-forming a subunit containing seven transmembrane segments
(instead of the six found in voltage-dependent K™ channels) and a large C terminus
composed of two regulators of K* conductance domains (RCK domains), where the
Ca?*-binding sites reside. BK channels can be associated with accessory B subunits and,
although different BK modulatory mechanisms have been described, greater interest has
recently been placed on the role that the B subunits may play in the modulation of BK
channel gating due to its physiological importance. Four B subunits have currently been
identified (i.e., B1, B2, B3, and B4) and despite the fact that they all share the same
topology, it has been shown that every B subunit has a specific tissue distribution and that
they modify channel kinetics as well as their pharmacological properties and the apparent
Ca?* sensitivity of the a subunit in different ways. Additionally, different studies have
shown that natural, endogenous, and synthetic compounds can modulate BK channels
through B subunits. Considering the importance of these channels in different pathological
conditions, such as hypertension and neurological disorders, this review focuses on
the mechanisms by which these compounds modulate the biophysical properties of BK
channels through the regulation of B subunits, as well as their potential therapeutic uses

e-mail: ramén.latorre@uv.cl

for diseases such as those mentioned above.

Keywords: BK channel, Slo7, KCNMB, BK § subunits, BK pharmacology, auxiliary subunits

INTRODUCTION

Consisting of 5 families and more than 70 different encoding
genes in mammals, the diversity of KT channels is amazingly large
(for a comprehensive review on K™ channels, see Gonzilez et al.,
2012). In particular, the Ca?T- and voltage-activated K+ (BK)
channel is a relative of the 6-transmembrane domain voltage-
dependent Kt (Kv) channel family, which is also part of the
S4 superfamily encompassing voltage-dependent Na* and Ca*
channels. There are, however, several differences between Kv and
BK channels that make BK channels unique. First, BK channels
are encoded by a single gene (Slol). Second, they contain seven
transmembrane domains and, hence, the N-terminus is in contact
with the cell external milieu (Meera et al., 1997) (Figure 1). Third,
the BK channel can be independently activated by Ca?* or volt-
age, and it can open in the absence of Ca%t. Moreover, it is clear
at present that voltage and Ca?™ sensors are allosterically coupled
to channel opening (as reviewed in Latorre et al., 2010; Horrigan,
2012). In other words, voltage or Ca?* alone can open the chan-
nel, but the free energy required to open the channel greatly
decreases when both sensors are activated. Finally, unlike Kv
channels, where most voltage-sensing charges are contained in the
S4 transmembrane segment, only about 50% of the gating charges
for BK channels are in S4 and the rest of the voltage-sensing

particles reside in S3 and S2 (Ma et al., 2006). Accordingly, the BK
voltage sensor can be defined as a decentralized voltage sensor.

The BK channel in mammals is ubiquitously distributed in dif-
ferent tissues and, because it is activated by voltage and Cat,
it is the perfect molecular machine to reduce or stop excitatory
stimuli. For example, the BK channel modulates neurotransmit-
ter release by co-localizing with voltage-dependent Ca®* channels
(Robitaille and Charlton, 1992). In vascular smooth muscle cells,
BK channels regulate contractile tone. In this case, increments
in local Ca®* (i.e., Ca** sparks) produce BK channel-mediated
spontaneous transient outward currents (STOCs), thus hyperpo-
larizing the membrane and producing muscle relaxation (Jaggar
et al., 2000; Ledoux et al., 2006). On the other hand, alterations in
BK channels are known to be important in the pathophysiology
of hypertension, asthma, diabetes, and epilepsy (as reviewed in
Contreras et al., 2013). Because of the profound involvement of
BK channels in the health problems described above, their acti-
vators, and blockers have potential therapeutic implications. In
several cases, the action of these compounds is mediated by their
binding to the B subunit or modulated by the presence of these
subunits. Hence, the main goal of the present review is to provide
an overview of our current knowledge of how such mediation and
modulation are accomplished.
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FIGURE 1 | Topological representation of the human Calcium-activated potassium channel o subunit. Using Protter visualizator (Omasits et al., 2014),
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BK CHANNEL g SUBUNITS

In most tissues, the BK channel is associated with accessory p
subunits. To date, four B subunits (31-$4, encoded by the genes
KCNMB1-4) have been identified (Figure2) and their expres-
sion depends on cell type (as reviewed in Contreras et al., 2013)
(Table 1). All B subunits share the same predicted structural char-
acteristics (170-200 residues in length) and they are composed of
two transmembrane segments (i.e., TM1 and TM2), intracellu-
lar N and C termini and a large extracellular loop (as reviewed
in Orio et al., 2002; Torres et al., 2007; Hoshi et al., 2013b). The
first B subunit to be identified was 1 in tracheal smooth muscle
cells (Figure 3A) (Garcia-Calvo et al., 1994; Knaus et al., 1994).
In heterologous systems such as Xenopus oocytes and cell cultures,
the co-expression of 1 with the o subunit leads to an increase in
the apparent Ca?™ sensitivity of the channel, which slows down
activation and deactivation kinetics and causes a lefward shift in
G-V relations by —70 to —80 mV at 5-10 WM intracellular Ca>*
concentrations (McManus et al., 1995; Wallner et al., 1995; Meera
et al., 1996; Tanaka et al., 1997; Brenner et al., 2000a; Cox and
Aldrich, 2000; Nimigean and Maglebly, 2000; Bao and Cox, 2005;
Orio and Latorre, 2005).

Functional coupling between o and 1 subunits is determined
by the SO transmembrane segment of the BK channel. Cysteine
crosslinking experiments have indicated that 1 lies between and
can interact with the voltage sensors of two adjacent o subunits,
and that TM2 lies in the proximity of SO (Wallner et al., 1996; Liu
et al., 2010). Similar to the B1 subunit, B2 also increases appar-
ent BK channel Ca?" sensitivity and alters its gating kinetics, but
the existence of 31 more amino acid residues in the N termi-
nal has shown to promote an inactivation process (Figure 3B)
(Wallner et al., 1999; Brenner et al., 2000a; Xia et al., 2003; Orio
and Latorre, 2005). Although it behaves as an open channel block
(Wallner et al., 1999), this N-type inactivation does not promote
charge inmobilization, as in the N-type inactivation observed
in Shaker K* channels (Savalli et al., 2007). It is important to

mention that although the B1 subunit can exist in a 1:1 stoi-
chiometry with o subunits, there is a report suggesting that the
variability seen in BK inactivation behavior in rat chromaffin cells
can originate from a less than a 1:1 assembly of B2 and a subunits
(Knaus et al., 1994; Ding et al., 1998; Wang et al., 2002).

The B3 subunit is less similar to the B1 and B2 subunits
(Figure 3C) and confers distinct modulating characteristics to the
o subunit (Riazi et al., 1999; Xia et al., 2000). There are four dif-
ferent B3 subunits (B3a—d), which all originate from alternative
splicing of the same gene (i.e., KCNMB3) (Brenner et al., 2000b;
Uebele et al., 2000). It was reported that TM1 is closest to aS1 and
S2 and TM2 is closest to aSO (Wu et al., 2013). The expression
of B3a, b, and ¢ causes a partial inactivation of potassium cur-
rents. Althoug p3a and c induce a similar inactivation process as
the B2 subunit, B3b-dependent inactivation is faster. The $3d sub-
unit does not causes inactivation of potassium currents (Brenner
et al., 2000b; Uebele et al., 2000).

Similar to B1, TM1 from B4 subunit is nearest to aSI and
S2 meanwhile f4 TM2 is closest to SO (Wu et al., 2009). This
subunit its expressed in the brain and is considered to be a
downregulator of BK channels by dramatically decelerating BK
channel activation gating kinetics (Figure 3D) (Weiger et al,
2000). However, although P4 shifts conductance-voltage curves
to the right along the voltage axis at Ca?T concentrations lower
that 1 WM, it increases apparent Ca>* sensitivity at Ca’* concen-
trations larger than 1 wM (Brenner et al., 2000b; Ha et al., 2004;
Wang et al., 2006). Additionally, the 4 subunit reduces the volt-
age dependence of the conductance—voltage relationship as well
as the slope of the gating charge-voltage curve (Wang et al., 2006;
Contreras et al., 2012).

THE ROLE OF 8 SUBUNITS IN BK CHANNEL
PHARMACOLOGY

BK channels can be modulated by diverse molecules that may
induce either an increase or decrease in channel activity. The
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KCMB3-HUMAN-QINPAI
KCMB4-HUMAN-Q86W47

60 70
O T | P T |
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FIGURE 2 | Human calcium-activated potassium channel g subunit alignment. Using MUSCLE software (Edgar, 2004). UniProt protein accession:

Q16558; KCMB2, Q9Y691; KCMB3, Q9NPA1; KCMB4, Q86WA47.
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Table 1 | Tissue expression of the BK channel accessory p subunits.

Subunit Chromosome Gene symbol UniProt protein accession Tissue expression
location (human) (human) number (human)

g1 5q34 KCNMB1 Q16558 Smooth muscle (Knaus et al., 1994), kidney, urinary bladder (Wu and
Marx, 2010), brain (Tseng-Crank et al., 1996), myometrium (Wallner
et al., 1996)

B2 3026.32 KCNMB2 Q9Y691 Pancreas (Ohya et al., 2010), kidney, (Uebele et al., 2000), chromafin
cells (Xia et al., 1999), brain (Wallner et al., 1999)

B3a 3026.3-g27 KCNMB3 QI9NPA1-2 Spleen, placenta, pancreas, heart, kidney (Behrens et al., 2000;
Brenner et al., 2000b; Uebele et al., 2000; Xia et al., 2000)

B3b 3026.3-g27 KCNMB3 Q9NPA1-4 Lung, liver, testes, spleen, placenta, pancreas, heart, kidney, brain
(Behrens et al., 2000; Brenner et al., 2000b; Xia et al., 2000)

B3c 3026.3-027 KCNMB3 QINPA1-3 Ovary, brain, lung, liver, spleen, placenta, pancreas, prostate, kidney
(Behrens et al., 2000; Brenner et al., 2000b; Xia et al., 2000)

p3d 3026.3-g27 KCNMB3 QINPA1-1 Lung, brain, testes, spleen, placenta, pancreas, kidney (Behrens
et al.,, 2000; Brenner et al., 2000b; Xia et al., 2000)

B4 12q KCNMB4 Qs6wW47 Brain, neuronal tissue, Behrens et al., 2000; Brenner et al., 2000b

kidney, bladder smooth muscle (Chen and Petkov, 2009)

effects of these molecules can be exerted through direct interac-
tions with the o subunit and, in some cases, by the expression
of B subunits, which would modify such effects. Nevertheless,
some of these molecules need p subunits to modulate BK chan-
nel activity. The effects of various molecules that have been
extensively studied as BK channel modulators and whose activ-
ity has been proposed to be related to p subunit expression
will be described here (Table 2). Among the latter, toxins (such
as charybdotoxin, iberiotoxin), ethanol, steroids, and fatty acids

(like araquidonic acid and metabolites) are also mentioned.
Molecules like tungstate, DiBACy (bis (1,3-dibutylbarbituric acid)
trimethine oxonol), nitric oxide (NO) and tetrandrine, whose
effects are determined by B subunits and have not been studied
in detail will be also described.

TOXIN INTERACTION
BK channels have been described to be sensitive to scorpion-
peptide toxins, such as charybdotoxin (ChTX), iberiotoxin
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FIGURE 3 | Topological representation of human Calcium-activated potassium channel g subunits. Using Protter visualizator (Omasits et al., 2014).
UniProt protein accession: (A) KCMB1: Q16558, (B) KCMB2: Q9Y691, (C) KCMB3: QINPA1, (D) KCMB4: Q86\W47.

(IbTX), slotoxin (SloTX), and martentoxin (Figure 4). Toxins
can affect channel properties with different affinities and speci-
ficities, and their binding has been shown to be modulated
by the coexpression of f subunits. For example, while IbTX—
which is a 37 amino acid peptide present in the venom of
the African scorpion Buthus tamulus (Galvez et al., 1990)—is
a specific BK channel blocker (Kaczorowski and Garcia, 1999),
ChTX—which is a peptide with the same number of amino
acid residues isolated from the scorpion Liurus quinquestriatus—
blocks other potassium channels (Galvez et al., 1990; Kaczorowski
and Garcia, 1999). Interestingly, both toxins reversibly block BK
channels by externally binding to the mouth of the channel
through a bimolecular reaction (Miller et al., 1985; Anderson
et al,, 1988; Candia et al, 1992; Giangiacomo et al., 1992).
IbTX and ChTX blockade is characterized by long-lived (blocked)
non-conducting states that separate bursts of activity. These long-
lived blocked states define mean blocked times of 10 and 200s
for ChTX and IbTX, respectively. Under similar experimental
conditions, the dissociation constant (Kd ~1.5nM) for IbTX
is nearly 10-fold smaller than for ChTX (Candia et al.,, 1992;
Giangiacomo et al., 1992; Gribkoff et al., 1996; Mullmann et al.,
1999).

It has been shown that ChTX and IbTX toxins have different
net charges that may affect selectivity by means of a mechanism
involving electrostatic interactions with BK channels. Since the

channel external vestibule has a fixed negative charge density
region, a local electrostatic potential is set up near the toxin bind-
ing site, raising the local concentration of the positively-charged
toxin (Anderson et al., 1988). Although ChTX and IbTX are
equal in size and display a highly homologous sequence (68%
homologous), ChTX has a net charge of +5 due to the pres-
ence of several basic residues, while the net charge for IbTX
is 4-2, since it has 4 more acidic residues and 1 basic amino acid
residue less than the ChTX (Figure 5). The latter would explain
the different behaviors observed in their toxin-channel electro-
static interactions where the binding of ChTX to BK channel
is more sensitive to ion strength variations that IbTX binding
(Galvez et al., 1990; Candia et al., 1992; Giangiacomo et al.,
1992). Additionally, it has been suggested that an electrostatic
mechanism underlies the dissociation of ChTX from the chan-
nel (Anderson et al., 1988; MacKinnon and Miller, 1988). The
apparent voltage dependence of the channel block is due to a
destabilization of the channel-toxin complex, which is mediated
by K ions entering the selectivity filter from the internal side
when the membrane is depolarized, hence inducing a repulsion
force that unbounds the toxin from the channel (MacKinnon and
Miller, 1988).

These two toxins plug the BK channel by means of direct inter-
action between toxin lysine 27 and the channel selectivity filter
(Park and Miller, 1992; Mullmann et al., 1999). The above studies
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Table 2 | Molecules that regulate BK channel activity through B
subunits.

Ligand Subunit associated to a
modulatory effect on the BK
channel activity

Toxins Charybdotoxin B1, B2, B3, and p4
Iberiotoxin B1 and p4
Slotoxin g1 and p4
Martentoxin B4
Vi 3.1 pa

Fatty acids Arachidonic acid B1, B2, and B3
Docosahexaenoic B1 and p4
Eicosapentaenoic B1
Acil-CoA B2

Alcohol Ethanol B1 and B4

Steroids 178-Estradiol B1
Tamoxifen B1
Dehydroepiandrosterone B2 and p4
Lithocolic acid B1
Dehydrosoyasaponin-I B1

Others Tungstate B1
DiBAC4 B1, B2, and p4

led to the hypothesis that lysine 27 seems to be in the proximity of
one of the external K binding sites. This hypothesis has recently
been fully confirmed by Banerjee et al. (2013), who were able to
solve the crystal structure of the chimeric channel Kv1.2/Kv2.1
in complex with ChTX. The structure of the Kv-ChTX complex
shows that the toxin binds to the extracellular aspect of the selec-
tivity filter and the most extracellular Kt binding site is devoid of
K™ ions.

Coexpression of BK channel o and § subunits causes a dra-
matic effect on ChTX-BK interaction properties when compared
to the o subunit alone. It has been suggested that extracellular
loop from B subunit is involved in the formation of the toxin
receptor (Hanner et al., 1997). The affinity of ChTX to o +f1
channels is 50-fold larger than that of channels formed by the
o subunit alone. This increase in toxin binding potency is due
to a seven-fold decrease in the toxin dissociation rate constant
and an increase of about five-fold in the association rate con-
stant (Hanner et al., 1997). To identify the $1 subunit amino acid
residues involved in ChTX binding affinity changes, an alanine
scanning mutagenesis along the p1 external loop was performed.
The results indicated that the L90, Y91, W93, and E94 residues are
critical for ChTX high-affinity binding to the o + 1 BK chan-
nel. Mutations to alanine of these residues do not change the
physical interactions between 1 and o subunits. However, they
affect ChTX association and dissociation kinetics, suggesting that
the mutated residues may be significantly involved in the large
increases observed in ChTX binding affinity in the presence of
the B1 subunit (Hanner et al., 1998).

It is worthy of noting that studies have shown that BK channels
expressing auxiliary subunits other than $1 change their affinity

FIGURE 4 | Toxin structure. (A) Charybdotoxin: PDB ID 2CRD; (Bontems
et al, 1992). (B) Martentoxin: PDB ID 1M2S (Wang et al., 2005). (C)
Iberiotoxin: PubChem ID 16132435. (D) Slotoxin: PubChem ID 16133816.
Using PyMOL Molecular Graphics System, Version 1.5.0.4 Schrédinger, LL.
Green: carbon atoms, white: hydrogen atoms, red: oxygen atoms, blue:
nitrogen atoms, yellow: sulfur atoms.

to toxins in an opposite way, that is, by inducing a decrease in
the toxin association rate. For instance, Reinhart et al. (1989)
describe channels with two different sensitivities to ChTX in
brain neurons, namely that while one type of BK channel was
blocked with concentrations similar to those required to block
the BK channel from skeletal muscle membranes, as describe by
Anderson et al. (1988), the others were rather insensitive to the
toxin. Further studies on rat supraoptic magnocellular neurons
reported by Dopico et al. (1999b) showed similar results, where
some BK channels were blocked at ChTX or IbTX concentra-
tions of 10 nM, while the others were insensitive to ChTX even
at concentrations as large as 360 nM. To explain such differences
in sensitivity, Meera et al. (2000) reported that coexpression of
o with the p4 subunit (which is the p subunit present in the
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FIGURE 5 | Sequence alignment of the ChTX family of K* toxins. Using MUSCLE software (Edgar, 2004). UniProt protein accession: Charybdotoxin,

P13487; Iberiotoxin, P24663; Slotoxin, POC182; Martentoxin, QONBG9.

brain) leads to a BK channel phenotype that displays very low
ChTX and IbTX sensitivity. Meera et al. (2000) proposed that
the molecular basis for toxin insensitivity in BK channels found
in neurons is that they are formed by the o 4 4 subunit com-
bination (Behrens et al., 2000; Meera et al., 2000). 4 subunit
expression induces a rise in the apparent half-maximal inhibitory
concentration (ICsp) of the BK channel and a lessening of the
toxin association rate by 250—-1000-fold. To explain the mecha-
nism that may determine the differences in effects induced by
the B1 and P4 subunits on ChTX binding to BK channels, the
smooth muscle f1 subunit extracellular loop was exchanged with
the neuronal B4 subunit loop. The results showed that the  sub-
unit extracellular loop determined the affinity of this toxin to
the BK channel. The 4 subunit external loop contains more
basic residues (e.g., K120, R121, K125) than the B1 subunits,
and their neutralization, or charge reversals (i.e., R121D) greatly
increase toxin association and dissociation rates. These results
suggest that positively charged residues impose an electrostatic
shield on ChTX action (Gan et al., 2008). When comparing $1
and P4 subunits, it has been shown that f4 is missing a con-
served Y100 residue, and restoring this residue into the $4 subunit
enables the recovery of the a 4+ f4 BK channel’s higher sensi-
tivity to ChTX. In addition, tyrosine 294 at the C-terminal end
of the pore loop in mslo, which interacts with Y36 in ChTX,
as well as the missing p4 Y100 residue are possible sites for
ChTX channel interaction (Gao and Garcia, 2003; Gan et al.,
2008).

These results have also been confirmed by studies evaluating
IbTX affinity to BK channels, where the presence of B4 leads to
reduced toxin binding to the channels. However, unlike ChTX,
the presence of B1 decreases IbTX association rates by about 40-
fold and produces a large decrease (~100-fold) in dissociation
rates. The end result of this is that although a 4+ f1 BK channels
show less sensitivity to IbTX, binding is essentially irreversible
(Meera et al., 2000). These results strongly suggest that differ-
ences in toxin residues determine combinatorial effects with the
extracellular loop of the B subunit. However, it is important to
consider that some reports have found that IbTX behaves similar
to ChTX in the presence of p1. This discrepancy can be due to
differences in the ionic strengths of the solutions used to perform
the experiments (Hanner et al., 1997; Meera et al., 2000).

Similar to the effects observed in channels expressing a 4 4
subunits, the expression of p2 was found to trigger a steeper
decrease in response rates to ChTX compared to the effect on the
a subunit alone [ECso = 58 nM and 1 nM, respectively] (Wallner
et al., 1999). This has been further corroborated in chromaf-
fin cells, where the 2 subunit is endogenously expressed (Ding
et al., 1998). Additionally, studies evaluating the coexpression of
o + B3 channels also report a decrease in the degrees of block-
ade by ChTX (ICs9 80 nM) (Xia et al., 1999, 2000; Zeng et al.,
2008), together with a change in the magnitude and kinetics of
the blocking reaction (Ding et al., 1998). Different to what has
been found when comparing amino acid sequences of f1 and
B4, residues proposed to mediate ChTX interaction with 1 are
present in the B3 subunit, which suggests that other differences
between both subunits are responsible for dissimilarities in ChTX
sensitivity (Xia et al., 1999).

Although the previous results strongly suggest that amino
acid sequences in the B subunit and toxin loop play an impor-
tant role in toxin affinity to the BK channel, IbTX, and ChTX
surface charge interfaces have been found to be nearly identi-
cal. This means that peptide net charge does not contribute to
their potassium channel specificities, suggesting that the molec-
ular mechanism responsible for such effects would be related to
glycosylations in the § subunit extracellular loop and its proximity
to the channel vestibule (Gao and Garcia, 2003).

Another scorpion toxin from the Centruroides noxius species
that specifically inhibits mammalian BK channels is Slotoxin
(SloTX), which has 76% of identity to IbTX and 54% to ChTX
(Garcia-Valdes et al., 2001). Like IbTX and ChTX, SloTX inter-
acts through a bimolecular reaction by blocking BK a subunit
pore domain. In addition, the toxin can differentiate between
the channels expressing o, @ 4+ 1, and o + B4 subunits. If the
B1 subunit is coexpressed with the o subunit, on-rates of chan-
nel blockade are reduced by two orders of magnitude com-
pared to when the BK channel o subunit is alone. Furthermore,
off-rates acutely decrease, making SloTX blockade irreversible.
Toxin association rates in oocytes coexpressing o + 4 subunits
are much slower than when B1 is present. Therefore, o + B4
channels are extremely resistant to SloTX blockade, but once
blocked, toxin interaction seems irreversible (Garcia-Valdes et al.,
2001).
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Martentoxin, which is a peptide isolated from Buthus martensi
Karsch scorpion venom, can bind to K™ channels by means of a
similar mechanism as other well-known scorpion toxins (Ji et al.,
2003; reviewed in Tao et al., 2012). Martentoxin preferentially
selects BK over Kv channels with a 1000-fold difference (Shi et al.,
2008). After blocking BK channel currents with martentoxin, full
recovery is achieved much faster than with ChTX (Ji et al., 2003).
Martentoxin is a unique neurotoxin whose activity depends on
Ca%t concentrations, and which selectively blocks a + B4 subunit
BK channels with a higher preference than channels expressing
the o subunit alone (Shi et al., 2008; Tao et al., 2014). At low
Ca** cytoplasmic concentrations, neuronal a + B4 BK channel
currents are inhibited by martentoxin, but at high Ca?>* concen-
trations the toxin acts as an agonist. Martentoxin does not shift
BK channel (a 4 1) conductance-voltage dependence, thus indi-
cating that this toxin does not interact with the voltage sensor,
unlike 1 (Tao et al., 2011). After applying 400 nM of marten-
toxin, the current induced by aBK channels by a +80 mV pulse
was not significantly affected, despite the fact that 400 nM of IbTX
abolishes it completely (Shi et al., 2008). This result suggests that
BK channels expressing only o subunits are insensitive to mar-
tentoxin, which could make it a potential selector for BK channel
subtypes (Tao et al., 2011).

The toxin Vt3.1 is a disulfide-cross-linked dimer conopeptide
isolated from Conus vitulinus that acts on BK channels activity by
a different mechanism of that reported for toxins like ChTX and
IbTX. Toxin Vt3.1 inhibits a BK channels. However, its effect is
substantially enhanced when channels are formed by o + 4. This
property makes the Vt3.1 toxin an excellent tool for the study of
neuronal BK channels where the $4 subunit is highly expressed (Li
etal, 2014). Li et al. (2014) have suggested that this toxin affects
the gating mechanism of the channel and induces a shift in G-V
relation to more positive voltages.

FATTY ACIDS
The well-known role of BK channels in the regulation of vas-
cular tone and their high expression in neurons have increased
current interest in evaluating the effects of cardiovascular and
nervous system regulators (such as fatty acids) on the biophysical
properties of BK channels. For instance, BK channel activa-
tion by epoxyeicosatrienoic acids (EET), which are arachidonic
acid metabolites, has been observed to result in concentration-
dependent coronary artery relaxation (Eckman et al., 1998).
Recent studies have found that unsaturated cis fatty acids,
such as palmitoleic (PAM), oleic (OA), linoleic (LA), linolenic
(ALA), arachidonic (AA), and eicosapentaenoic acids (EPA)
(Figures 6A—F), significantly heighten BK channel activity by
increasing their open probability (Py) without affecting chan-
nel voltage sensitivity or unitary conductance (Ahn et al,
1994; Denson et al., 2000; Clarke et al., 2002; Zheng et al.,
2005). However, saturated and trans-unsaturated fatty acids
have no effect on channel activity. In addition, it has been
demonstrated that AA metabolites, such as 11,12-EET, and 14,15-
EET (Figures 6G,H), increase BK channel Py in cells from both
pig coronary arteries and rat pituitary GH3 with no effect on
their unitary conductance and Ca>* sensitivity, hence providing
evidence for the direct influence of EET on the channel protein

(Baron et al., 1997; Wu et al., 2000a). This was further corrobo-
rated by using inhibitors such as ChTX and TEA, which diminish
or abolish the effects induced by EET on Py in bovine coronary
arterial smooth muscle cells (Campbell et al., 1996). On the other
hand, results observed by Fukao et al. (2001) suggest that 11,
12-EET directly acts on the o subunit independently from the
B-subunit. The role of the a subunit complex as a high affinity
receptor for fatty acids has been confirmed with docosahexaenoic
acid (DHA), which activates BK channels from excised patches
in a reversible way (Hoshi et al., 2013a). Recent studies using
human BK mutants (Y318S) showed a significant decrease in the
amplifying effect of DHA (Figure 61) and EPA currents, suggest-
ing that this residue located in the S6 segment is either part of
the fatty acid binding site or constitutes an important piece of
the coupling system that transforms chemical binding energy into
pore-opening energy (Hoshi et al., 2013a). However, no changes
were observed when AA or ALA was used (Hoshi et al., 2013c¢),
indicating that additional o subunit residues or auxiliary subunits
may be required for the enhancing effects of these fatty acids on
BK channels.

In order to increase BK channel activity, studies thus far have
shown that fatty acids must have the following molecular charac-
teristics: more than 8 carbon atoms, one or more cis unsaturations
and a negative charge (Ahn et al., 1994; Denson et al., 2000; Zheng
et al., 2005). Neutral and short-chain lipids have no effect on
Py, while positively charged lipids (like sphingosine) produced a
decrease in NPy. Increases in Py result from decreases in mean
closed time (7.) without modifying mean open time (z,) (Clarke
et al., 2002, 2003).

Similar to the differential effects seen from toxins in the pres-
ence of auxiliary subunits, the effects of fatty acids on BK channels
are modified by p subunit expression where fatty acids interacts
directly with B subunits (Martin et al., 2013). When examining
AA effects on BK channels formed by a 4+ 2 or o + #3 subunits,
a potentiation in the current and a slowdown in inactivation
(oo + B2 channels) were displayed. It is thought that this effect
could be mediated by the direct interaction of AA with the chan-
nel rather than through its metabolites (Sun et al., 2007). When
BK channels are modulated by AA, B subunits have important
implications for the adequate function of the nervous system,
considering that the expression of 2 and B3 are specific to certain
types of neurons. In the absence of B2 or $3 or in the presence
of B4, AA does not induce a significant response to BK chan-
nels. Furthermore, AA causes an increase in Py as well as in the
number of open channels. Effects on peak current amplitude
and o + B2 current inactivation kinetics have been observed to
be dose-dependent in the range of 1-50 uM of AA. At higher
AA doses, a complete loss of the inactivation component was
evident. Data supports the premise that the effects of AA are
mediated by changes in trypsin-sensitive inactivation and that
there is no obvious fatty acid-mediated activation effect upon
removing inactivation. As a whole, the f2-dependent BK channel
inactivation gate is a specific molecular target for AA and other
unsaturated fatty acids (Sun et al., 2007). In addition, it has been
shown that DHA and oleic acid (OA) can also activate o + 2
current and slow down inactivation kinetics, whereas saturated
fatty acids (i.e., palmitic, stearic, and caprylic acid) seem to have

www.frontiersin.org

October 2014 | Volume 5 | Article 383 | 96


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

Torres et al.

BK channel B subunit pharmacology

FIGURE 6 | Chemical structure of unsaturated fatty acids that
modulate BK channel activity. (A) PAM, Palmitoleic Acid; (B) OA, Oleic
Acid; (C) LA, Linoleic Acid; (D) ALA, Linolenic Acid; (E) AA, Arachidonic
Acid; (F) EPA, Eicosapentaenoic Acid; (G) DHA, Docosahexaenoic acid;

(H) 11, 12 EET, 11, 12 Epoxyeicosatrienoic acid; (I) 14, 15 EET, 14, 15
Epoxyeicosatrienoic acid. Using PyMOL Molecular Graphics System,
Version 1.5.0.4 Schréodinger, LL. Green, carbon atoms, white, hydrogen
atoms; red, oxygen atoms.

no effects. Of all the fatty acids tested, OA is the most potent in
enhancing BK currents.

In native human vascular smooth muscle cells, where the
Bl subunit is expressed, single channel recordings have shown
an important rise in the Py of BK channels induced by AA
acid (Martin et al., 2013). In addition, AA accelerates voltage-
dependent activation kinetics of channel. Studies in HEK 293T
cells have concluded that B1 subunit expression is needed for AA
to activate the channel, since no effect has been seen when the 1
subunit is not expressed. Therefore, the 1 subunit is required to
mediate AA effects on BK channels by a mechanism that involves
modifying gating ring operation independently from channel
voltage sensitivity changes (Martin et al., 2013). In conclusion,
these results strongly suggest that BK channel activation by AA
requires the expression of 81, $2, or B3 subunits. Although such
mechanisms have not yet been fully established, Martin et al.
(2013) have suggested a mechanism for AA action that involves
an increase in Py, while Sun et al. (2007) have proposed that
AA prevents inactivation when BK channels are formed by the
a + B2 subunit.

The degree of DHA modulation, on the other hand, depends
on which B subunit is associated with the a subunit. For instance,
when B1 or B4 are expressed, a large increase in peak current can
be observed, but in o + B2 or aBK channels the response is rather
limited. In addition, DHA differentially influences activation or
deactivation kinetics, depending on which B subunit is present
(B1, B2, and B4) (Hoshi et al., 2013c). It has been reported that
DHA and EPA activate BK channels expressing p1 subunits (Lai
etal., 2009; Hoshi et al., 2013c¢), and DHA has a ~20-fold current-
enhancing effect on channels expressing o + 1. This effect is
associated with a leftward shift in half-activation voltage, which

also destabilizes the closed conformation of the conduction gate
and decreases the activation time constant. The following two
important residues determine the modulatory effects exerted by
DHA in B1 and B4 subunits: one residue is in the N terminus
(RI1 in B1 and E12 in B4) and the other in TM1 (Cl18 in B1
and R19 in B4). The exchange of these residues with the equiv-
alent amino acids in B2 allows this subunit (as is the case of B1
and P4) to behave as an enhancer of the DHA effect (Hoshi et al.,
2013¢).

In contrast to the enhancing effect found from fatty acids, a
metabolic intermediary in the synthesis of fatty acids (i.e., acyl-
CoA) has been shown to interact with the 82 subunit in inhibiting
BK currents (Sun et al., 2008). In cerebral ischemic damage,
selective AA reincorporation and accumulation into brain mem-
branes has been observed (Rabin et al., 1997). In addition, it is
acknowledged from studies in animal models that BK channel
activation can potentially protect neurons under ischemic con-
ditions (Rabin et al., 1997; Gribkoff et al., 2001). Moreover, the
effects of unsaturated fatty acids on BK channel activity may
influence neuronal survival/death, as their concentration may
undergo rapid changes under certain pathophysiological condi-
tions (Sun et al., 2007). Therefore, BK channel modulation by
acyl-CoA or unsaturated fatty acids may control events lead-
ing to cell protection or cell death. Understanding the role of
lipids under ion channel modulation conditions may lead to new
therapeutic uses (Sun et al., 2008).

ETHANOL

Ethanol is a well-known modulator of the BK channel activity, as
it has been described for several cells types such as neurons from
rat dorsal root ganglia, nucleus accumbens and neurohypohysial
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nerve terminals (reviewed in Dopico et al., 1999a; Gruss et al.,
2001; Knott et al., 2002; Martin et al., 2004). Changes in neu-
ropeptide release (Knott et al., 2002) and cerebrovascular tone
variations (Bukiya et al., 2009) are some of the reported effects
of ethanol, all of which are reversible and seen at clinically rel-
evant concentrations. It was initially proposed that such effects
were related to the number of functional channels, changes in
single channel conductance or modifications in gating proper-
ties. Subsequently, however, it was shown that gating properties
were modified by the direct binding of ethanol to BK channels
and by the activation of intracellular signaling cascades that may
regulate the channel (Dopico et al., 1996). More recently two
reports have described BK amino acid residues required for acti-
vation (Bukiya et al., 2014; Davis et al., 2014). The BK single-point
mutant T352I located in RCK1 was found to be utterly insensitive
to ethanol, with no changes in conductance, selectivity or gat-
ing (Davis et al., 2014). On the other hand, Bukiya et al. (2014)
unveiled an alcohol-sensing site, site that is only accessible to
ethanol in the presence of Ca®*. This site is located in the Ca?™ -
sensing tail domain and molecular modeling suggest that residue
K361forms an essential hydrogen bond with ethanol only in the
presence of Ca’*.

Studies on mslo (Dopico et al., 1998; reviewed in Dopico et al.,
1999a), hslo (Feinberg-Zadek and Treistman, 2007; Feinberg-
Zadek et al., 2008) and bslo channels (Dopico, 2003) have shown
a concentration-dependent increase in NPy related to gating
channel properties and not to changes in ionic conductance
(Dopico et al., 1996, 1998). BK channel response is known to be
voltage-independent, but is inextricably affected by intracellular
Ca?T concentration changes. For instance, the potentiation of
mslo activity induced by ethanol decreases when intracellular
Ca’* increases, meaning that BK channel activation by this
alcohol is more marked when intracellular Ca?* is near basal
conditions (Dopico et al., 1996, 1999a). Effects on NP, are
induced by a combination of increases in 7y and decreases in t,
(Dopico et al., 1998).

It has also been observed that ethanol can increase BK chan-
nel activity in a tissue-dependent manner (Dopico et al., 1996,
1999b; Gruss et al., 2001; Knott et al., 2002), which was initially
related to BK isoforms and/or differential § subunit expression
in various tissues (Dopico, 2003). Of the cloned B subunits,
only B1, and P4 were studied and showed different responses.
In vascular smooth muscles, where the f1 subunit is predom-
inant (reviewed in Orio et al., 2002), ethanol effects depend
on intracellular Ca>" concentrations (Bukiya et al., 2009). For
instance, when a BK channel-forming a-subunit isoform cloned
from rat cerebral artery myocytes (cbvl) is expressed in Xenopus
laevis, current potentiation after ethanol exposure (as seen by
decreases in V7y) is evident at Ca?t concentrations less than
20 WM. On the other hand, rises in Ca®T concentrations diminish
potentiation and concentrations’ over 30 WM result in inhibi-
tion. The latter response denotes that basal Ca’t concentrations
promote BK channel potentiation, whereas high concentrations
(>10 M) induce inhibition. Ethanol does not generate changes
in channel unitary current amplitude, which implies that its effect
on cbvl channels is limited to modifying gating. Finally, the effect
of ethanol depends on the intracellular Ca?* levels sensed by the
o subunit (Bukiya et al., 2009).

In studies, where cbvl was co-expressed with the $1 subunit,
shifts from ethanol induced activation to inhibition were found
at Ca>" concentrations less than 3 WM. The latter implies that
B1 subunit expression induces BK channel current inhibition
by ethanol at intracellular Ca®* levels similar to those reached
during cerebral myocyte contraction (4-30 wM). These results
indicate that B1 subunit effect on ethanol activity is mediated
with an allosteric mechanism where 1 acts like a transducer
that couples changes in Ca>* concentration to BK channel acti-
vation (Bukiya et al., 2009). Similar results were also found in
myocytes, indicating that the 81 subunit would be responsible for
ethanol-induced BK current inhibition at membrane potentials
and Ca®* concentrations reached during cell contraction (Bukiya
et al., 2009).

In experiments performed on soma and dendrites of nucleus
accumbens neurons, BK channels exhibit a dual behavior, where
somatic channels are sensitive to ethanol, while dendritic chan-
nels are not. In other words, when the B4 subunit is expressed,
ethanol has a potentiating effect, whereas when P1 is expressed,
this effect is not exerted. These results were further confirmed by
heterologous expressions of o and B4 subunits in HEK293 cells
(Martin et al., 2004; Treistman and Martin, 2009). The increase
of the a + B4 channel’s NPy results from a rise in 7, and a fall in
7. (Feinberg-Zadek and Treistman, 2007).

The effect of 1 and B4 in the response of BK channels to
ethanol has been related to alcohol tolerance, implying a loss
of effectiveness with time, which is a key feature of addiction
(Martin et al., 2008). The mechanism by which B subunits deter-
mine BK channel potentiation seems to also modulate alcohol
sensitivity, which may contribute to explaining the roles of genetic
predisposition and tissue-dependent expression of BK channels
(Feinberg-Zadek and Treistman, 2007). For example, 81 deter-
mines low BK channel sensitivity to ethanol (Feinberg-Zadek
etal., 2008), whereas f4 subunit expression in BK channels poten-
tiates the response to ethanol. This suggests that in the absence of
the B4 subunit, acute tolerance of BK channels is induced, while
the presence of this subunit abolishes it. Accordingly, there is a
strong association between alcohol tolerance and predisposition
to alcoholism. Therefore, the 4 subunit could determine specific
differences related to alcohol abuse and alcoholism, hence making
it a potential therapeutic target (Martin et al., 2008). Intermittent
chronic alcohol exposure could increase expression of f1 subunits
in local brain regions. The latter could be used as a good strategy
in alcohol-dependent subjects to selectively alter their motiva-
tional drive to excessively consume alcohol (Kreifeldt et al., 2013).

STEROIDS
Steroids usually exert their action through specific receptors
within cells. The lipophilic nature of these components benefits
their entrance across the cellular membrane to the cytoplasm,
allowing them to bind to receptors acting as transcription factors
in the nucleus. (Thiede et al., 2012). Nevertheless, there are cer-
tain rapid effects that are independent of this nuclear signalization
and start in membrane receptors (Simoncini et al., 2004).
17B-estradiol (E2) (Figure 7A) has been shown to activate BK
channels in a nuclear receptor-independent manner. This activa-
tion is caracterized by an increase in potassium currents, acceler-
ated current kinetics and a rise in Py to less positive potentials
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at 1-20 puM of E2 and at low Cat? concentrations (~100 nM)
(Valverde et al., 1999; De Wet et al., 2006). The observed incre-
ments in BK activity are related to the expression of auxiliary
subunits, that can act like a receptor for E2 (King et al., 2006).
Such increments can be Bl-dependent at <1 uM of E2 or B1-,
B2-, and B4- dependent at 1-30 WM, (Behrens et al., 2000; King
et al., 2006), which suggests the existence of an E2 membrane
receptor that can distinguish between different f subunits. (King
et al., 2006). The action of E2 on BK channels is determined by
type of B subunit expression, and it can be observed in native
(Holdiman et al., 2002; Coiret et al., 2005; Ohya et al., 2005),
and heterologous expression (Valverde et al., 1999; De Wet et al.,
2006).

Although E2 can activate the BK channel when the f1 subunit
is present, the exact binding site has not yet been identified. E2
activation can be induced when E2 is conjugated to a protein that
is impermeable to the membrane, but only when it is applied to
the outside of the cell, suggesting that the binding site is located in
the extracellular region of the 1 subunit (Valverde et al., 1999).
Regulation in proteasomal degradation of the f1 subunit in the
presence of E2 also suggests the importance of this subunit for
cellular metabolism (Korovkina et al., 2004; Nagar et al., 2005).

After identifying the stimulating activity of E2 on BK chan-
nel properties, research has focused on other molecules that can
exert the same characteristics. It has been shown that Tamoxifen
(Figure 7B), which is an agonist of estrogen receptors that is
widely used for breast cancer therapy, also activates the BK chan-
nel, but is at least 10 times more potent than E2, causing a
reversible and fast effect at concentrations as low as 0.1 uM (Dick
et al., 2001). The E2-mediated increase in Py was also observed
in the absence of cytoplasmic signals, as this effect was observed

in BK channels incorporated into lipid bilayers, as well as in out-
side out and inside out patches. Changes in channel activation,
however, were not seen when the BK o subunit was alone, as
confirmed in experiments with B1—knockout mice cells (Dick
and Sanders, 2001). Ethylbromide tamoxifen, which is a molecule
that does not permeate the membrane, was observed to elevate
potassium current at +40 mV and also raise the open probabil-
ity when applied to the outside of the membrane, indicating that
there may be an extracellular binding site (Dick et al., 2002) just
as was proposed for E2 (Valverde et al., 1999).

Dehydroepiandrosterone (DHEA; Figure 7C), which is an
adrenal androgen, is another steroid derivative that activates BK
channels, for which such sensitivity is provided by the B2 subunit.
Corticoesterone (Figure 7D) at physiological concentrations can
also quickly and reversibly activate BK channels when expressed
with the B4 subunit. Under conditions of constant calcium con-
centration, it primarily acts by shifting the voltage activation
curve to the left. This finding has suggested that § subunits dif-
ferentiate between steroids, but that BK channels do not respond
when o subunits are present alone (King et al., 2006), which has
led to an increased interest in researching the molecules target-
ing the B1 subunit as a potential modulator of the BK channel.
Lithocholic acid (Figure 7E), being a cholane at micromolar con-
centrations (ECsgp = 45 wM), acts as a BK channel activator only
in channels formed by o + 1 (Bukiya et al., 2013).

The binding site of these molecules is another important
research focus, due to its pharmacological potential. Structural
molecular models and structure—activity relationship (SAR) stud-
ies have led to the identification of a binding site for lithocolic
acid in the Bl subunit TM2 domain (Bukiya et al., 2011). The
search for similarities in such models and structural databases is

FIGURE 7 | Chemical structure of steroids and other molecules that
modulate BK channel activity. (A) 17B-Estradiol. (B) Tamoxifen. (C)
Dehydroepiandrosterone. (D) Corticoesterone. (E) Lithocholic acid. (F)

Dehydrosoyasaponin-I. Using PyMOL Molecular Graphics System, Version
1.5.0.4 Schrodinger, LL. Gray, carbon atoms; white, hydrogen atoms; red,
oxygen atoms, blue, nitrogen atoms.
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helpful for the identification of other molecules, such as sodium
3-hydroxyolean-12-en-30-oate (HENA). This compound is not
a steroid, but it activates BK channels because it contains the
structural characteristics considered to be necessary for its acti-
vation and, interestingly, it also activates BK channels only when
B1 subunits are expressed (Bukiya et al., 2013).

Dehydrosoyasaponin-I (DHS-I) (Figure 7F) isolated from
Desmodium adscendens is a reversible and potent activator of the
BK channel. When applied to the intracellular side of the mem-
brane, it causes a shift in both calcium- and voltage-dependent
activation curves. It was identified because it inhibits ChTX bid-
ing to the channel in bovine tracheal smooth muscle membranes
(McManus et al., 1993). A triterpene glycoside was the first and
most potent activator to be identified at nanomolecular (100 nM)
concentrations, causing an 80 mV lefward shift in V;,, and an
increase in open probability by means of a direct mechanism
(Giangiacomo et al., 1998). The identification of this effect in
smooth muscle membranes has led to report that such activation
depends on the expression of the f1 subunit, although it is unclear
whether this effect is determined by other subunits as well (Bukiya
etal., 2012).

OTHER MOLECULES

Tungstate is a molecule commonly used as and antihypertensive
agent (Swei et al.,, 1999) that modulates BK channels express-
ing o subunits alone or coexpressed with B subunits (B1 —
B4) in a concentration-dependent manner (Ferndndez-Marifio
et al., 2012). When comparing 0.1 and 1 mM of tungstate, it was
observed that both concentrations can induce a decrease in V5,
but reductions in current amplitude are seen only at higher con-
centrations. Vi, declines are calcium-dependent and are only
seen in the presence of B1 or B4 subunits, but not in channels con-
taining B2 or B3 subunits (Ferndndez-Marino et al., 2012). The
tungstate putative binding site is located in the BK channel o sub-
unit, but residues from the B1 extracellular loop are also required
for the appropriate activation of the channel. It has been proposed
that extracellular loop residues are involved in maintaining the
BK channel structure needed for tungstate to bind to the channel
(Ferndandez-Marifo et al., 2014).

Another BK channel activator is DiBAC; (bis (1,3)-
dibutylbarbituric acid) trimethine oxonol), which is a
voltage-sensitive fluorescent dye that significantly increases
whole-cell BK o + 1 currents in HEK293 cells and in native
channels from urinary bladder smooth muscle cells. DiIBACy
shifts the activation voltage to hyperpolarizing potentials without
causing changes in single-channel conductance. Morimoto et al.
(2007) reported that DiBACy activates whole-cell rBKa + 1 and
rBKa + B4 currents partially blocking rBKa + B2 currents with
no effects on channels where the o subunit is alone (Morimoto
et al., 2007). Nonetheless, Scornik et al. (2013) suggested that
the DiBAC4 binding site should be in the o subunit, since
DiBAC; selectively enhances BK channel activity in the presence
or absence of the 1 subunit (Scornik et al., 2013). It has been
shown that DiBAC4 can increase deactivation time constants
without changing the voltage dependence of deactivation.
Although the latter effects do not necessarily require the presence
of Bl subunits, these subunits enhance BK channel response

to DIBAC,. It has also been established that leftward shifts in
conductance-voltage curves induced by DiBAC, are significantly
larger in channels expressing o + 1 than in those expressing
a subunits alone. Moreover, $1 subunits promote a four-fold
decrease in the K of DIBAC4. Such findings could envision a new
scope for the role B1 subunits in cardiovascular pharmacology
(Bosch et al., 2014).

Additionally, NO, being an endogenous vasodilatation gas, can
rapidly, reversibly, and significantly increase BK open channel
probability from both sides of the membrane (Bolotina et al.,
1994; Peng et al., 1996). Carbon monoxide (CO), which is another
endogenous like NO, can increase native BK channel activity.
However, stimulatory effects of CO and NO rely on specific inter-
actions, where CO interacts with o and NO with B subunits (Wu
et al., 2002). The alkaloid tetrandine is a blocker of hslo current
and its action as a BK inhibitor is potentiated in channels coex-
pressing o and B subunits (Dworetzky et al., 1996). In endothelial
human cells, it was found that tetrandrine shifted the G-V to
more positive potentials and inhibited the maximal Py (Wu et al.,
2000Db). BK channel expression in human gliomas appears to be
correlated with tumor malignancy grade and is involved in the
proliferation of human osteoblasts (Henney et al., 2009; Chen and
Tseng, 2010).

CONCLUDING REMARKS

BK channels are related to different pathophysiological processes,
such as changes in vascular tone regulation, diabetes, kidney,
and nervous system diseases. The expression of auxiliary § sub-
units plays an important role in these processes because of the
modulatory effects of these subunits on BK channel activity,
inducing changes in their biophysical properties. Furthermore,
B subunits act like binding sites for various molecules that reg-
ulate BK channel activity, prompting an increase or decrease in
the effects induced by drugs. This knowledge would be impor-
tant in drug design, since it may be possible to find molecules
that induce specific modulatory effects on BK channel proper-
ties, depending on the tissue types where they are expressed.
That is particularly important in smooth muscles and in the ner-
vous system, where B1 and B4 are highly expressed and have
been found to significantly regulate the biophysical properties of
BK channels.
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Since its discovery in a glioma cell line 15 years ago, mitochondrial BKg, channel
(mitoBKg,) has been studied in brain cells and cardiomyocytes sharing general
biophysical properties such as high KT conductance (~300 pS), voltage-dependency
and Ca?t-sensitivity. Main advances in deciphering the molecular composition of
mitoBKg, have included establishing that it is encoded by the Kcnmal gene, that a
C-terminal splice insert confers mitoBK¢4 ability to be targeted to cardiac mitochondria,
and evidence for its potential coassembly with g subunits. Notoriously, 1 subunit directly
interacts with cytochrome ¢ oxidase and mitoBKc, can be modulated by substrates of
the respiratory chain. mitoBKg, channel has a central role in protecting the heart from
ischemia, where pharmacological activation of the channel impacts the generation of
reactive oxygen species and mitochondrial Ca*t preventing cell death likely by impeding
uncontrolled opening of the mitochondrial transition pore. Supporting this view, inhibition
of mitoBK¢4 with Iberiotoxin, enhances cytochrome c release from glioma mitochondria.
Many tantalizing questions remain open. Some of them are: how is mitoBKg, coupled
to the respiratory chain? Does mitoBKc, play non-conduction roles in mitochondria
physiology? Which are the functional partners of mitoBKz,? What are the roles of
mitoBKg, in other cell types? Answers to these questions are essential to define the
impact of mitoBKg, channel in mitochondria biology and disease.

Keywords: mitochondria, potassium channels, BK channels, MaxiK channels, subunit composition, permeability
transition pore, ischemia reperfusion injury

Introduction

Mitochondria are key organelles defining cell fate and thus, much interest has developed in under-
standing the functional role of proteins present at its membranes. Mitochondria are shaped by
an outer membrane, and an internal membrane that separates the intermembrane space and
the matrix. The internal membrane is particularly important because it houses the respiratory
chain protein complexes where reactive oxygen species and ATP are produced and also serves
to delimit a Ca®" storage space, making mitochondria not only producers of ATP but also reg-
ulators of Ca®t and redox homeostasis. The list of proteins uncovered at the inner membrane
keeps increasing, among them, K* selective channels. A recent review by Szabo and Zoratti
(2014) summarizes the evidence for the presence/role of: ATP-sensitive (KaTp), small-conductance
calcium-activated (SK¢,), intermediate-conductance calcium-activated (IKc,), large-conductance,
voltage and calcium-activated (BKc,), voltage-gated 1.3 (Kv1.3), two-pore domain acid-sensitive
type 3 (TASK-3), and pH-sensitive K™ channels. The subject of this review is the mammalian
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mitochondrial BK¢, channel (mitoBKc,) that has sparked much
interest primarily because of its role in protecting the heart from
ischemic insult, as first demonstrated by Xu et al. (2002).

General Design of BK¢,; Channels

BKc, channels at the plasma membrane are characterized by hav-
ing a large conductance, and by sensing changes in membrane
potential and intracellular calcium (for a recent review see Con-
treras et al., 2013). Structure-function studies have ascribed these
properties to distinct domains of the 7 transmembrane (S0-S7)
subunit -encoded by the Kcnmal gene- that has an extracellular
N-terminus and an intracellular C-terminus (Figure 1A). Four a
subunits form a functional channel. The voltage sensing domain
encompasses S0-S4 segments, the pore/gate domain includes
§5-S6 and corresponding linker which lines the pore selectivity
filter of the tetrameric channel, and the Ca?*sensing domain is

A BKc, channel a subunit

EKKWFTDEPDNAYPRNIQIKPMSTHMANQINQYKSTSSLIPPIRVEDEC

BK, channel and regulatory subunits

FIGURE 1 | Structural domains in BKc, channels and regulatory
subunits. (A) BK, is composed by 7 transmembrane domains (S0-S7) and
a long intracellular C-terminus. S0-S4 form the voltage sensing domain, and
S5-S6 conform the pore-gating domain. Ca2* biding sites are highlighted in
the Regulator of Potassium Conductance (RCK) 1 and RCK2 domains. A
C-terminal 50 amino acid splice insert, DEC, is highlighted. (B) Regulatory
BKcq subunits. Homotetramer model of the pore-forming o subunit, the two
spanning domain regulatory g subunits (1-4), and single spanning domain y
(1-4) subunits. The loop of 4 subunit confers to BKg, o subunit its resistance
to toxin inhibition (Meera et al., 2000).

located at the C-terminus. Pore residues located extracellularly
comprise the receptor for pore blockers, Charybdotoxin (ChTx)
and Iberiotoxin (IbTx) (Gao and Garcia, 2003; Banerjee et al.,
2013). The intracellular C-terminus, which occupies two thirds
of the whole protein, contains two regions that can sense Ca?"
known as the regulators of K+ conductance (RCK) 1 and 2. Muta-
genesis studies have shown that RCK1 contains two critical aspar-
tates (D362/D367) while RCK2 contains 5 consecutive aspartates
in the “Ca?t bowl” that together are sufficient for BKc, activa-
tion at physiological Ca?* concentrations (Schreiber and Salkoff,
1997; Xia et al., 2002). However, recent crystal structures have
only detected a single site of Ca** binding located in the “Ca?*
bowl” and utilizing two main-chain carbonyl oxygens of Q889
and D892 and side-chain carboxylate oxygens of D895 and D897
(underlined in 8°QFLDQDDDDDPDT?!) (Yuan et al., 2010,
2012). In addition to Ca?*, BK¢, can also be activated by Mg>*
in the millimolar range. Interestingly, residues of distinct o sub-
units form part of the Mg?* sensor, namely D99 and N172 from
the voltage sensing domain of one subunit with E374 and E399
from the RCK1 domain of a different subunit (Shi et al., 2002;
Yang et al., 2008).

The Kcnmal gene when transcribed can undergo exten-
sive alternative splicing that give rise to multiple BKc, chan-
nel isoforms with varied functional characteristics including
voltage/Ca®t sensitivities, response to phosphorylation and
arachidonic acid modulation, and subcellular localizations,
including targeting to mitochondria as discussed later in this
review (Saito et al., 1997; Tian et al., 2001; Zarei et al., 2004; Ma
etal., 2007; Li et al., 2010; Singh et al., 2013).

BKc, channel functional heterogeneity is further increased by
its association with modulatory g (1-4) or y (Yan and Aldrich,
2010, 2012) subunits (Figure 1B) that are mostly tissue-specific
and greatly modify functional and pharmacological characteris-
tics like kinetics, Ca?t/V sensitivities, and toxin blockade (Knaus
etal., 1994; Wallner et al., 1999; Brenner et al., 2000; Meera et al.,
2000; Uebele et al., 2000). Beta subunits (B1,62,84) can also act
as modulators of channel density at the plasma membrane via
endocytic processes (Toro et al., 2006; Zarei et al., 2007; Shruti
et al, 2012; Cox et al., 2014). The relatively high tissue speci-
ficity of B subunits make them key in defining the function of
BKc, channels in different organs, for example the abundance of
B1 subunit in smooth muscle make them essential to maintain a
healthy vascular tone.

Posttranslational modifications like lipidation and phospho-
rylation add another regulatory layer to BKc, function. For
example, in the o subunit, internal myristoylation at N-terminal
intracellular loops slows down the activation kinetics of BKc,
channel and reduces its cell surface expression promoting endo-
cytosis via a clathrin mediated mechanism (Alioua et al., 2011).
Palmitoylation at SO-S1 linker also reduces cell surface expres-
sion, and at the spliced exon STREX (inserted at the C-terminus
of BK,) produces channels resistant to protein kinase C induced
inhibition (Jeffries et al., 2010; Zhou et al., 2012). With respect
to B subunits, juxtamembrane palmitoylation of the 34 subunit
at its C-terminus promotes surface expression of BKc, o sub-
units but only when the latter contain a 50 amino acid C-terminal
splice insert, named DEC (Chen et al., 2013). Most of the above
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findings have been obtained in heterologous expression systems;
the next challenge is to define the physiological or pathophysio-
logical impact that these processes have in different organs of the
body.

Discovery of BK¢c,; Channel Activity at the
Inner Mitochondrial Membrane and
Biophysical Properties

The first evidence showing that BKc, channel with a conduc-
tance of about 300 pS (in 150 mM KCI) was present at the inner
mitochondrial membrane was given by Siemen and coworkers
in the late 90’s; the channel was characterized using mitochon-
dria devoid of external membranes (mitoplasts) of the glioma cell
line, LN-229, and the patch clamp technique (Siemen et al., 1999).
Since then, mitochondrial BKc, channels (mitoBKc,) with simi-
lar conductances ranging from 200 to 307 pS have been detected
in other systems using channel reconstitution in lipid bilayers or
by patch clamping mitoplasts. A single report shows a 564 pS
channel in mitochondria of brain (Table 1).

We now know that mitoBK¢, and plasma membrane BKc,
channel pore-forming o subunits are encoded by the same gene
(Kenmal) (Singh et al,, 2013) explaining why they share com-
mon basic biophysical properties including a large conductance,
and being responsive to voltage and Ca**, although specific val-
ues may vary. A comparison of plasma membrane BK¢, and
mitoBKc, properties in a human glioma cell line (LN 229) shows
that the conductance of the former was 199 =+ 8 pS and of the lat-
ter was 278 & 10 pS. Although both channels were voltage/Ca?*

dependent, their sensitivities were different. In the inside-out
configuration, plasma membrane BKc, displayed a low sensitiv-
ity to voltage as it displayed a low open probability (Po) even at
high potentials (Po < 0.1 at +80 mV and ~0.4 at 100mV) and
400 uM Ca** facing the cytosolic side of the channel. mitoBKc,,
on the other hand, recorded on the on-mitoplast configuration
and the same Ca’" in the bath solution only needed a depo-
larization to —40mV to reach a Po of ~0.6 (Gu et al.,, 2014).
Although in this configuration the precise Ca?* concentration at
the matrix side of the channel is difficult to establish, the authors
showed that by decreasing Ca*" in the bath to “zero” the chan-
nel Po decreased to <0.05 (see below for discussion of mitoBKc,
orientation). Thus, assuming that both classes of channels could
sense the same Ca?* concentration, one possible explanation to
these differences is that multiple BK¢, isoforms exist, both at
the plasma membrane and in mitochondria, which could result
from a combination of factors including splice variation, associ-
ation with auxiliary subunits or posttranslational modifications
affecting how they respond to voltage and Ca®*.

Along the above point of view, Table 1 shows that different cell
types appear to express mitoBKc, channels with varied voltage
and Ca®T sensitivities. For example, the cardiac mitoBKc, chan-
nel from guinea pig had a particularly high Po of ~0.9 within a
large voltage range (—60 to +60 mV) at 0.5 LM [Ca®*] suggest-
ing that its molecular composition (e.g., association with auxil-
iary subunits) may be substantially distinct from that expressed
in glioma mitochondria which at 1 WM Ca?* displays a Po of 0.5
at +41 mV (half activation potential, Vi, = 41 mV) (note that
in both cases, experiments were performed in the on-mitoplast
mode and Ca’" was changed in the bath solution; thus, the

TABLE 1 | mitoBK¢, biophysical properties in mammals.

Cell type/Organ/Method Conductance, [Kt], mM

Pipette/bath or cis/trans

Vi, or Open probability (Po)
[Ca%*], uM

Ca2*, ECs References

Human glioma cell line (LN229) 295 pS 150 K+/150 K+

(on-mitoplast)

AL 8.7 Ca?t, Vy, = —383 £19mV;
At1Ca?t, Vy, =41 £28mV

6.9uM at —20mV Siemen et al., 1999

Guinea-pig ventricular myocytes 307 pS 150 K*t/150 Kt At 0.512 Ca2t, Po ~ 0.9 from —60 to N/A Xu et al., 2002
(on-mitoplast) +60 mVv*
Rat ventricular myocytes 270 pS 140 Kt/140 K+ At 0.5 Ca2t, Po = 0.0087 at +40mV N/A Ohya et al., 2005
(inside-out mitoplast)
Human glioma cell line (LN229 276 pS 150 KT/150 Kt At 200 Ca?+, Vi, ~ —42mV* N/A Gu et al., 2007
and LN405) (on-mitoplast)
Rat astrocytes (on-mitoplast) 295-296 pS 150 Kt/150 K+ At 200 Ca?™, Vy, ~ —50mV~ N/A Cheng et al., 2008, 2011
Human endothelial cell line 270 pS 150/150 K+ At 100 Ca?+, Vi, ~ +20mv* N/A Bednarczyk et al., 2013b
(EA.hy926) (on-mitoplast)
Rat whole brain Lipid bilayers 265 pS 50 K+/450 K+ At 0 Ca2*, Po = 0.50 at +70mV N/A Skalska et al., 2009
At 300 Ca2t, Po = 0.77 at +70mV
Rat whole brain Lipid bilayers 211 pS 200 K*+/50 K+ At “contaminant” Ca2*, Po = 0.9 & 0.01 N/A Fahanik-Babaei et al., 2011a
at +40mV, V1/2 =11+1mV
Rat whole brain Lipid bilayers 565 pS 200 K*/50 K+ At 100 Ca?+, Po = 0.9 + 0.05 at —40 to N/A Fahanik-Babaei et al., 2011b

+40mV. At 0 Ca2t, Po = 0.8 at +20mV
and Po = 0.07 at —40mV

* Estimated from published figure. On-mitoplast is also called mitoplast-attached configuration of the patch clamp technique. Abbreviations: Vy,, half activation potential or potential
where an open probability of 0.5 is achieved; ECsg, concentration of half maximal effect; N/A, not available.

Frontiers in Physiology | www.frontiersin.org

March 2015 | Volume 6 | Article 104 | 107


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

Balderas et al.

mitoBKCa composition and function

exact Ca2t concentration in the matrix side is unknown). This
variability is not exclusive of mitoBKc, as different isoforms are
also detected at the plasma membrane even within the same cell
type. For example, BKc, channels from coronary smooth mus-
cle can display a predominant Vi, of —98 mV but also —66mV,
—38mV, —16mV and 21 mV (at 18 WM Ca?T) (Tanaka et al.,
1997) that could be explained by o + B1 channels with differ-
ent B1 subunit stoichiometry; while skeletal muscle BK¢, single
channels can have four-fold differences in Ko 5 for Ca?* with an
average of 14 &7 uM at +30 mV (McManus and Magleby, 1991).

Obviously, a detailed biophysical and molecular characteri-
zation of mitoBKc,is needed for each cell type to be able to
understand the basis of their function.

Orientation of mitoBKc,; Is the Ca2t
Sensor Facing the Mitochondrial Matrix?

Siemen et al. (1999) showed in on-mitoplast patches that increas-
ing Ca?* in the bath increased channel Po; the ECsy for Ca?"
measured at +60mV was ~0.9 uM. The usage of a Ca’*
ionophore was dispensable, and thus, it was assumed that the nor-
mal Ca?t import mitochondrial mechanisms were sufficient to
increase matrix Ca®™ in the vicinity of mitoBKc, Ca*tsensor. In
addition, mitoBK¢, was blocked by ChTx (the toxin binds plasma
membrane BKc, at the extracellular pore vestibule) applied to
the patch pipette. ChTx displayed an ECs5p of ~1.5nM and a
Hill coefhicient of 1.2 consistent with the sensitivity reported for
plasma membrane BK¢, channels formed by o or a + B1 sub-
units (Meera et al., 2000). These results supported the idea that
mitoBK¢c, ChTx receptor (in the pore vestibule) is facing the
mitochondrial intermembrane space and thus, the Ca®t sen-
sor (located in the opposite side of BKc, protein) is facing the
mitochondrial matrix.

Few years later Xu et al. (2002) investigated the presence
of mitoBKc, in ventricular mitoplasts from guinea pig also
using on-mitoplast patches and isotonic 150 mM KCI. Ventric-
ular myocytes contained mitochondria rich in mitoBK¢, whose
conductance (~300 pS) was similar to that observed in the glioma
cells (295 pS) (Table 1). Ventricular mitoBK¢, activity was com-
pletely abolished by 200 nM ChTx applied to the patch pipette
and the ensemble average patch currents augmented by increas-
ing bath Ca2* from 0.5 to 40 M. In this case, the usage of a Ca?™
ionophore was also dispensable. Assuming that matrix Ca®* was
in equilibrium with the bath solution (aided by native Ca®"
import mechanisms), the results further supported the picture of
mitoBK¢, with its ChTx receptor facing the intermitochondrial
space and thus, its Ca>* sensor facing the matrix side.

Other studies have supported the orientation of mitoBK¢, as
being the pore vestibule facing the mitochondrial intermembrane
space and the Ca?* sensor in the matrix. Direct evidence using
mitoplasts: (1) In the human glioma cell line LN-229, on-
mitoplast patches showed an increased channel Po with matrix
depolarization and exposing the external side of the mitoplast
membrane to ChTx (using the whole-mitoplast or outside-
out configurations and applying ChTx to the bath) reduced
mitoBKc, activity (Gu et al.,, 2007, 2014); (2) In rat astrocyte

mitoplasts, IbTx added to the pipette in the on-mitoplast con-
figuration reduced mitoBKc, activity (Cheng et al., 2008),
while depolarization of the inner side of the mitoplast (matrix
side) promoted increased channel activity (Cheng et al., 2011).
Indirect evidence using intact rat brain mitochondria: Ca**-
induced depolarization was prevented by IbTx (50 nM) and ChTx
(200 nM) (Skalska et al., 2009). Because the outer mitochondrial
membrane is permeable to proteins up to 5 kDa and IbTx as well
as ChTx are ~4.2kDa, both toxins are expected to traverse the
outer membrane and reach the channel pore facing the inter-
membrane space; this arrangement would place the C-terminus
facing the matrix.

The evidence supporting an opposite orientation, i.e., a
C-terminus facing the intermembrane space is less clear. Recent
recordings in inside-out mitoplast patches from a human astro-
cytoma cell line (U-87 MG) show a mitoBKc, channel that was
activated by hyperpolarization of the matrix side (positive poten-
tials applied to the pipette interior) and blocked by IbTx also
applied to the matrix side (bath solution) (Bednarczyk et al.,
2013a). Assuming that this channel is encoded by the Kcnmal
gene (encoding plasma membrane BKc,) (see below Singh et al.,
2013), the above results would imply a pore vestibule facing the
matrix and a C-terminus facing the intermembrane space. How-
ever, decreasing matrix Ca?" decreased channel activity making
the authors suggest that both IbTx and Ca?* binding sites were
probably facing the mitochondrial matrix. This hypothesis would
support the existence of a mitoBKc, channel unrelated to the
plasma membrane BKc,, where the pore vestibule and the Ca>*
sensor are facing opposite sides of the plasma membrane (see
Figure 1). It is evident that further studies on the orientation
of mitoBK, channel at the inner mitochondrial membrane are
needed.

mitoBK¢c,; Molecular Origin

mitoBKc, molecular origin has been recently defined as the
Kcnmal gene, which also encodes plasma membrane BKc,
(Singh et al., 2013). Utilizing an exon-scanning RT-PCR strat-
egy of the mouse Kcnmal gene and ventriculocyte mRNAs (these
cardiac cells were an excellent system for this quest since they are
characterized by their lack of BK¢, channel activity at the plasma
membrane) Singh et al., found transcript expression of 3 alterna-
tively spliced exons, STREX, SV27 (27 amino acid insert) and the
C-terminal 50 amino acid “DEC” exon. Notoriously, the amount
of DEC exon transcripts equaled that of the total BK¢, predict-
ing a mitoBKc, tetrameric structure constituted by two subunits
of BK¢, variant containing DEC insert. Indeed, expression of
BKc, constructs containing the DEC exon was sufficient for BKc,
targeting to mitochondria in adult ventriculocytes. Mass spec-
trometry analysis and functional data using BKc, knockout mice
further confirmed mitoBKc, as being encoded by the Kcnmal
gene.

Interestingly, the ability of DEC exon for targeting mitoBKc,
to mitochondria may vary depending on the cell type and/or
its association with other subunits. In fact, expression in CHO
cells of a BKc,-DEC variant (containing additional alternatively
spliced exons including SV27) cloned from hair cells showed
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prominent expression in Mitotracker labeled mitochondria but
also at the cell periphery (Kathiresan et al., 2009). In contrast,
expression of a DEC variant in COS-cells yielded signals con-
fined to the endoplasmic reticulum (Ma et al., 2007). Thus, the
DEC sequence may not be the only factor defining the targeting
of BKc,-DEC to mitochondria in all cell types but cell-specific
mechanisms may exist that facilitate its mitochondrial delivery.

mitoBK¢, and Regulatory Subunits

BKc, regulatory B subunits are expressed in mitochondria from
heart, skeletal muscle, endothelial cells and brain as discussed
below. Whether BK¢, y subunits exist in mitochondria is still
unknown.

In the heart, B1 subunit was found in mitoplasts isolated from
rat ventricular myocytes and a two hybrid system showed its
direct interaction with cytochrome ¢ oxidase subunit I (Ohya
et al., 2005). These results demonstrated the localization of B1
in the mitochondrial inner membrane and associated with a
component of the respiratory chain. Furthermore, functional
experiments showed that in rat ventricular mitoplasts mitoBKc,
activity was enhanced by stimulation with 30 WM estradiol in the
presence of 500 nM Ca?t (Ohya et al., 2005). Under these con-
ditions, estradiol is known to activate plasma membrane BKc,
channels in complex with B1 subunits (Valverde et al., 1999).
Interestingly, in mitoplasts of astrocytes the stimulatory effect
of 30 uM B-estradiol on mitoBKc, was transient resulting in a
final inhibition of channel activity that was resilient to a second
p-estradiol stimulus and was only partially restored by increas-
ing Ca?" in the matrix side of inside-out patches (Thiede et al.,
2012).

In cultured pulmonary artery smooth muscle, $1 subunit was
found to play a role in 11,12-epoxyeicosatrienoic acid induced
depolarization of mitochondrial membrane potential as this
effect was abrogated in the B1~/~ animal (Loot et al., 2012).

In a human endothelial cell line, B2 was detected in lysates of
mitochondria and mitoplasts. However, this subunit seems not
to be forming complex with mitoBKc, in this cell line because
the reported channel activity (Bednarczyk et al, 2013b) does
not show classical time-dependent inactivation conferred by 2
(Wallner et al., 1999; Benzinger et al., 2006).

In rat soleus muscle, B4 is visualized both at the plasma
membrane and in mitochondria using immunocytochemistry;
and by immunoblotting as a protein of ~26kDa using purified
mitochondria (Skalska et al., 2008).

In the brain, p4 subunit is clearly localized to mitochondria
of the gigantocellular reticular nucleus and in mitochondria of
the pons. Because f4 could not be proteolyzed in intact mito-
chondria but only after detergent solubilization, it was speculated
that it must be internal to the outer mitochondrial membrane.
Western blot analysis of brain homogenates and mitochondrial
fractions further confirmed the presence of f4 in mitochondria.
Interestingly, $2 was also found in brain mitochondrial fractions
but not B1 nor B3 subunits (Piwonska et al., 2008). f4 has also
been observed in mitochondria of rat hippocampal neurons by
immunochemistry and as a protein of ~26kDa in mitochon-
drial lysates of whole brain (Skalska et al., 2009). Thus, it is

possible that $4 forms part of the mitoBK¢, complex at the inner
mitochondrial membrane of various types of neurons.

B4 subunit expression in the glia appears to be disease depen-
dent as it was not found expressed in glia of adult normal brain
(Piwonska et al., 2008) but it has been detected in mitochondria
of a human gliobastoma cell line (U-87 MG) where it comigrates
with cytochrome c oxidase subunit I (Bednarczyk et al., 2013a).
Yet, the functional impact that 84 may have on mitoBKc, activity
in glioma cells and in neurons needs to be established.

From the above studies it appears that mitochondrial f sub-
units show tissue specificity, a characteristic of their plasma
membrane counterparts. However, more studies are needed to
assess this hypothesis or to establish their functional role in
mitochondria. Gene silencing models could be ideal for this task.

mitoBK¢c,; Channel and Protection from
Ischemic Insult

mitoBKc,channel was first related to cardiac protection from
global ischemia and reperfusion injury by Xu et al. (2002) using
a BKc, opener, NS1619 (10-30 uM). The drug used to precon-
dition the heart prior ischemia and reperfusion, improved left
ventricular developed pressure and decreased infarct size. Both
effects were abolished with 1 wM Paxilline, an inhibitor of BKc,.
Several factors support the notion that NS1619 was opening BKc,
located in mitochondria: (a) the fact that NS1619 could not be
targeting plasma membrane BKc,, as adult cardiomyocytes are
known for their lack of sarcolemmal BKc, expression/activity
(Singh et al., 2013; Schmitt et al., 2014); (b) mitochondrial K+
uptake was accelerated by NS1619 and decelerated by blocking
BKc, with 100 nM IbTx; and (c) the protective effect of precon-
ditioning the heart with NS1619 on reperfusion was not related
to relaxation of the vasculature, where BK¢, channel is abundant.
Since then, other groups have confirmed and expanded these
results (Table 2).

Stowe et al. (2006) confirmed an improved left ventricu-
lar developed pressure by 3 uM NS1619 preconditioning and
measured mitochondrial Ca** and ROS production. In situ
recording of these parameters during the ischemia/reperfusion
protocol (in the left ventricle of the isolated, perfused heart)
demonstrated that both parameters decreased by NS1619 pre-
conditioning both during the ischemia period and ~10 min after
reperfusion started.

The cardioprotective effect of BK¢, activation, in improv-
ing left ventricular developed pressure and reducing infarct size,
has also been observed with BKc, opener NS11021 (1-3 M)
(Bentzen et al., 2009) and naringenin (4 wM) (Testai et al,
2013). Importantly, NS11021 is also effective when hearts or iso-
lated cells are treated postischemia or postmetabolic inhibition
and during reperfusion or re-energization, respectively (Bentzen
et al., 2009; Borchert et al., 2013). These findings make BKc, an
excellent target to improve cardiac function after an ischemic
event as it occurs during heart infarct.

Interestingly, the protective effect of NS1619 may not be medi-
ated by mitoBKc, in all systems like in primary rat cortical
neurons. In this type of neurons, preconditioning with NS1619
(150 wM) caused mitochondrial depolarization (consistent with
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TABLE 2 | BK¢, channel agonists and cardioprotection.

Model Treatment Baseline/Reperfusion Baseline/Reperfusion % Infarct References
(LVDP; mmHg) (CF; mL/min) size

Guinea pig Control 104 £9/34 +£ 6 43+ 6/18+2 ~50 Xu et al., 2002
NS1619 (30 uM) 108 4+ 3/56 + 5 35+5/19+2 ~20
NS-+Paxilline 103 &+ 14/33 £ 10 48 +£3/21£5 ~b5
Paxilline (1 M) 113+ 4/33+5 51 +£4/16 £1 ~60

Guinea pig Control ND ND ~55 Stowe et al., 2006
NS1619 (3 M) ~25
NS1619 (3 uM) + Paxilline (1 M) ~50
Paxilline (1 wM) ~55

Infant rabbit Control 51+2 4 +1 14 +5 Shi et al., 2007
NS1619 (10 uM) 65+ 4 5+1 10+5
Paxilline (1 1LM) 55 + 10 541 13+£3
Paxilline (pretreatment) 5634 +9

Rat Control ~110/30 +£ 3.3 ND 44.6+2 Bentzen et al., 2009
Ischemic preconditioning ~120/~65 79 +1.7
NS11021 (1 M) ~110/60.3 + 7.2 20.6 £+ 4.5
NS11021 (3uM) ~110/60.3 + 7.2 11.4+2
NS 11021 (3 uM) + Paxilline (3 pM) ~110/~30 33.6+56
NS11021 Postconditioning ~110/~50 19.8 £ 3.3

Mouse Control ~120/~60 ND ~50 Singh et al., 2013
NS1619 (10 M) ~120/~120 ~15

Positive effects are highlighted in bold. Experiments used the isolated heart preparation. LVDR, Left Ventricular Developed Pressure; CF, Coronary flow; ND, not determined.

K* influx) but this depolarization was not prevented by 5min
preincubation with 20 wM Paxilline (Gaspar et al., 2009). An
alternative explanation to this negative result could be that Pax-
illine needs longer time to diffuse through the plasma membrane
and reach mitoBKc, at the mitochondrial inner membrane.

Although BKc, channel activity is indeed inhibited by
Paxilline (Zhou and Lingle, 2014), its exclusive use as pharma-
cological indicator of BKc, functional role in mitochondria or
elsewhere needs to be taken with caution. This assertion is under-
scored by recent studies, where isoflurane preconditioning pro-
tected the heart from ischemic insult, showing that Paxilline
(1 wM) abolished the anesthetic cardioprotective effect equally
well in wild type and Kcnmal=/~ mice (Wojtovich et al., 2011,
2013).

It is also important to highlight that the specific action
of NS1619 on BKc, channel activation has been questioned
(Szewczyk et al., 2010). Concentrations of NS1619 above 10 uM
inhibited SERCA with a consequent Ca?* overload in sarcoplas-
mic reticulum and posterior cytosolic contamination (Wrzosek,
2014). Other authors also reported non-specific effects of NS1619
at concentrations >10 uM such as inhibition of mitochondrial
respiratory chain (~15-30% inhibition at 10 pM) (Kicinska
and Szewczyk, 2004; Cancherini et al., 2007), and HT/K* leak
with 50-100 uM of the drug (Aldakkak et al., 2010). There-
fore, the use of low concentrations of NS1919 (i.e., <10 uM)

in conjunction with the use of genetically modified models is
desirable.

Conclusive evidence for the role of BK¢, in cardioprotec-
tion has come from studies using BKc, knockout mouse mod-
els (Kenmal=/~) whose hearts are not protected from ischemic
injury by NS1619 (5-10 uM) or NS11021 (500 nM) (Singh et al.,
2013; Wojtovich et al.,, 2013), or by ischemic preconditioning
(Soltysinska et al., 2014) as revealed by measurements of heart
function and infarct size in isolated perfused hearts. Mitochon-
drial BK¢, of cardiomyocytes (Singh et al., 2013; Soltysinska
et al., 2014) as well as BK¢, expressed in cardiac neurons (Woj-
tovich et al., 2013) contribute to the cardioprotective effects.
A role of BKc, expressed in cardiac neurons is supported by
the fact that an inhibitor of neural transmission prevents pro-
tection by NS1619 (Wojtovich et al.,, 2013). Supporting a role
for mitoBK¢c, are measurements in isolated mitochondria at
10 min of reperfusion showing improved Ca”* retention capac-
ity with NS1619 preconditioning a property that was absent in
the knockout animal (Singh et al., 2013). In addition, a model
of anoxia/reoxygenation of isolated mitochondria (mimicking
the isolated heart ischemia/reperfusion model) showed that the
cardioprotective effect of preconditioning could be related to a
mitoBK¢,-mediated decrease of ROS production, as the produc-
tion of ROS postanoxia was higher in the KO animal (Soltysinska
etal, 2014).
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mitoBK¢c,; and ROS Production

The knockout animal studies described above point to mitoBKc,
expression and ROS reduction as mitochondrial mechanisms
playing a role in heart protection by ischemic preconditioning.
The role of mitoBK, activation in the regulation of ROS produc-
tion has also been examined in heart mitochondria under basal
conditions and has been found to depend on the ROS produc-
ing conditions. In succinate energized mitochondria, where ROS
production at site I is enhanced by reversed electron flow, puta-
tive stimulation of mitoBK¢, channel with 30 uM NS1619 pro-
duced a profound reduction of H,O, production rate. Further,
this decrease was partially overcome by pretreatment with 5 M
Paxilline (Heinen et al., 2007a). In contrast, when reverse elec-
tron flow was blocked by rotenone (i.e., succinate + rotenone),
NS1619 increased H,O, production rate and this effect was abol-
ished by Paxilline (Heinen et al., 2007b). A decrease in ROS
production by stimulating ROS production at complex I of the
respiratory chain was also observed in brain mitochondria where
activating mitoBKc, channel either with 10 uM CGS7184 or
3 uM NS1619 reduced H,O; production mediated by malate-
glutamate or succinate. The CGS7184-mediated decrease in ROS
production was abolished by 50 nM IbTx supporting the involve-
ment of mitoBK¢, (Kulawiak et al., 2008). Experiments using
the knockout models should provide definite proof of mitoBKc,
role in the maintenance of normal levels of ROS to impede cell
damage.

mitoBK¢c, Channel and Mitochondrial
Transition Pore (mPTP)

Under stress conditions, opening of mPTP allows the passage
of small molecules with osmotic consequences for the cell like
swelling and rupture of the mitochondrial outer membrane that
permits liberation of apoptotic factors including cytochrome ¢
causing cell death. The key elements responsible to keep mPTP
closed are the mitochondrial Ca?* content and ROS levels. Inter-
estingly, mitoBKc, activity has been related to both ROS produc-
tion as described above and to the regulation of mitochondrial
Ca®*t content. Direct measurement of Ca?t retention capacity
(CRC) of cardiac mitochondria revealed that the protective effect
of NS1619 preconditioning (increased CRC) was absent in the
BKc, KO animal (Singh et al., 2013). These results imply that
opening of BK¢, to certain extent can protect mitochondria from
uncontrolled mPTP opening. In line with this view, the proapop-
totic protein Bax (Bcl-2 associated protein X) directly inhibits
mitoBKc, activity in astrocyte mitoplasts but does not by itself
produce mPTP electrical activity; and thus, Bax has been pro-
posed to produce mPTP opening via inhibition of mitoBKc,
(Cheng et al.,, 2011). In fact, inhibition of mitoBK¢, with IbTx
reduces the amount of Ca?* necessary to depolarize brain mito-
chondria (a measure of increased mPTP activity) (Cheng et al,,
2008) and increases cytochrome c release (from GL261 glioma
mitochondria), a landmark of mPTP opening and apoptosis
(Cheng et al., 2011).

From the above studies, it is evident that there is a
physiological coupling between mitoBKc, and mPTP. Recent

evidence indicates that mPTP is formed by dimers of the ATP-
synthase (Giorgio et al., 2013). It would be interesting to test the
hypothesis of a physical interaction between mitoBKc, and the
ATP-synthase. The functional coupling of mitoBK¢, with other
components of the respiratory chain has been highlighted by the
fact that mitoBKc, activity is affected by substrates of the respi-
ratory chain in human astrocytoma U-87 MG cells (Bednarczyk
etal., 2013a). The precise mechanisms of this coupling remain to
be elucidated.

Proposed Mechanisms of mitoBK¢,
Channel Regulation of Common
Pathological Conditions

In mitochondria isolated from brain of diabetic rats, a K+ chan-
nel of 46 pS conductance that is inhibited by IbTx, a specific
blocker of BKc,, has been identified. This channel is voltage
dependent with an effective valence of ~4.7 in contrast to ~2.6
of mitoBKc, from healthy brain (Noursadeghi et al., 2014). At
present, it is difficult to ascribe a specific mechanism to this
molecular switch. One possibility is that a subconductance of
mitoBKc, becomes much more stable under diabetic conditions
inasmuch a ~50 pS subconductance state of mitoBK¢, has been
reported in cardiac mitoplasts (Xu et al., 2002).

Cancerous tumor cells are highly resistant to hypoxia suggest-
ing the presence of a mechanism(s) that prevents their death.
mitoBKc, channels are expressed in cancerous cell lines (Siemen
etal., 1999) and could participate in such mechanism as they are
activated by hypoxia in mitoplasts derived from human glioma
LN-229 cells and astrocytes (Gu et al., 2007, 2014; Cheng et al,,
2008). Notably, hypoxia also reduces mPTP electrical activity in
mitoplasts of liver mitochondria and delays mPTP opening in
intact liver mitochondria as measured by Ca?*-induced mem-
brane depolarization (Cheng et al., 2008). How would mitoBK¢,
sense oxygen levels during hypoxia? It is possible that chronic
hypoxia-induced heme oxygenase-1 binds to the mitochondrial
channel much like heme oxygenase-2 does with plasma mem-
brane BK¢, (Williams et al., 2004) promoting CO production and
activation of mitoBKcj,.

Supporting the view that mitoBKc, may regulate mitochon-
drial function as a redox sensor is the fact that its electrical activity
can be inhibited by 300 nM hemin, a byproduct of hemoglobin
(Augustynek et al., 2014) with oxidative properties that increases
drastically (~10 mM) during hemolysis like the one that occurs
during hemorraghic stroke.

Concluding Remarks and Perspectives

As a general conclusion, we can state that BKc, channel is present
in the inner mitochondrial membrane of various cell types and
in different species. The discovery that mitoBK¢, is encoded by
the same gene as the plasma membrane BK¢, (Kcnmal) is just
the beginning in our understanding of the molecular composi-
tion of mitoBKc, isoforms in different tissues that seem to dis-
play a spectrum of biophysical characteristics just like the plasma
membrane channel. A detailed biophysical characterization in
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native mitochondria and in genetically engineered organelles
should help in correlating distinct properties with molecular
composition.

An immediate specific question to resolve is, for example,
the orientation of mitoBKc, in the inner mitochondrial mem-
brane. Experiments in inside-out patches where matrix and
intermembrane spaces can have defined Ca?t concentrations
should solve this problem. Moreover, they will allow defin-
ing with certainty V;,, and Ca?t ECsq values for mitoBKc,
in each cell type. At present, most of the experiments have
been done in the on-mitoplast configuration and this infor-
mation is lacking. Other points to address are: whether the
BKc, Y subunit is present in mitochondria and if it forms part of
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