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Latorre R, Castillo K, Carrasquel-Ursulaez W, Sepulveda RV, Gonzalez-Nilo F,
Gonzalez C, Alvarez 0. Molecular Determinants of BK Channel Functional Diversity
and Functioning. Physiol Rev 97: 39-87, 2017. Published November 2, 2016;
doi:10.1152/physrev.00001.2016.—Large-conductance Ca®*- and voltage-activated
K™ (BK) channels play many physiological roles ranging from the maintenance of smooth
muscle tone to hearing and neurosecretion. BK channels are tetramers in which the pore-forming «
subunit is coded by a single gene (Slowpoke, KCNMA 1). In this review, we first highlight the physiological
importance of this ubiquitous channel, emphasizing the role that BK channels play in different chan-
nelopathies. We next discuss the modular nature of BK channel-forming protein, in which the different
modules (the voltage sensor and the Ca®* binding sites) communicate with the pore gates allosterically.
In this regard, we review in detail the allosteric models proposed to explain channel activation and how
the models are related to channel structure. Considering their extremely large conductance and unique
selectivity to K™, we also offer an account of how these two apparently paradoxical characteristics can
be understood consistently in unison, and what we have learned about the conduction system and the
activation gates using ions, blockers, and toxins. Attention is paid here to the molecular nature of the
voltage sensor and the Ca®* binding sites that are located in a gating ring of known crystal structure
and constituted by four COOH termini. Despite the fact that BK channels are coded by a single gene,
diversity is obtained by means of alternative splicing and maodulatory 8 and y subunits. \We finish this
review by describing how the association of the « subunit with 8 or with y subunits can change the BK
channel phenotype and pharmacology.

l. INTRODUCTION 39 early 1980s (166) allowed the characterization of the elec-
Il BK CHANNEL PHYSIOLOGY AND... a1 trical activity of single channels activated by voltage and
L. ALLOSTERIC MODEL FOR BK... a6 internal Ca®™, observations that were reported the same
Iv. INFERENCES ABOUT THE... 51 year by Marty in chromaffin cells (288) and Pallota et al.
V. MOLECULAR DETERMINANTS OF... 57 (342) in cultured muscle cells (see also Ref. 19). Almost at
VI. IMOLECULAR DETERMINANTS OF... 61 the same time, these channels were incorporated into lipid
Vil. BK CHANNELS ALTERNATIVE... 62 bilayers from a muscle membrane preparation enriched in t
Viil. MODULATORY g SUBUNITS 66 tubules, and they were found to have almost identical prop-
IX.  MODULATORY y SUBUNITS 70 erties as those described in cells (245). Dubbed BK (for big
X. BK CHANNEL OPENERS 73 K™) (35) or Maxi K* (242), these channels proved to have
Xl. CONCLUSIONS 74

unsuspected characteristics compared with other K* chan-
nels, such as an extremely large single-channel conductance
(~250 pS in symmetrical 100 mM K ™) and an exquisite K™
selectivity (34, 111, 496). Similar to other K* channels, BK

I. INTRODUCTION

Evidence of Ca®"-activated conductance in cells was ini-
tially reported in Helix and Aplysia in the 1970s (300, 301).
Ca®™ injections into neurons and an increase in intracellular
Ca?* induced by metabolic poisoning promoted an increase
in the K™ conductance, and Meech (299) in a seminal re-
view proposed that this Ca®*-activated conductance was
the link between cell metabolism and cell electrical activity.
The improvements on the patch-clamp technique in the

0031-9333/17 Copyright © 2017 the American Physiological Society

channels were blocked by internal and external tetraethyl-
ammonium (TEA) and Ba?™" (34, 329, 330, 451-454, 496) .
These ions, as well as scorpion toxins [charibdotoxin and
iberiotoxin (58, 143, 144, 277, 278, 307, 310)] were fun-
damental in unveiling the BK channel’s gross architecture,
which proved to contain a large internal vestibule and a
rather shallow external mouth connected by a narrow se-
lectivity filter. The lack of state-dependent blockage by
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large quaternary ammonium (QA) ions has been more re-
cently deemed to be a strong indication that the activation
gate is not internal to the selectivity filter as it is for voltage-
dependent K™ (Kv) channels, but rather it is the selectivity
filter itself (252, 426, 430, 469).

Cloning the BK channel from Drosophila (1, 13) with the
help of the Slowpoke mutant, which is a mutant deficient in
a Ca?*-activated conductance (113), showed that the BK
channel-forming protein, a subunit, has a topology very
similar to that of Kv channels (FIGURE 1A). Showing that the
BK channel is conserved through the evolutionary ladder, a
gene encoding a BK channel was also isolated from brain

and skeletal muscle of mouse (mSlo1), becoming clear that
all the variants of mSlol ¢cDNAs were the product of a
single gene [Slowpoke, KCNMA1 (56)]. The hydrophobic-
ity profile of the BK channel protein showed six transmem-
brane domains with a conserved positively charged S4
transmembrane segment, a well-defined pore domain con-
taining the signature sequence TVGYGD typical of K*
channels, and a very large COOH terminus. However, fur-
ther analysis of the protein hydrophobicity pattern showed
the presence of an extra transmembrane domain, SO (455),
leaving the NH, terminus of the protein pointing towards
the external side. As in Kv channels, the a subunit forms
tetrameric BK channels (362, 398, 461). It is at present clear

Pore
Domain

FIGURE 1. The modular nature of BK channel. A: topology of the BK channel predicted by hydrophilicity
profiles. Alpha helices are represented as rectangles, SO to S4 form the voltage sensor domain. The turret (T)
is the loop joining S5 with the pore helix (P). SF is the selectivity filter. SF and S6 form the internal entryway.
NH, terminal is extracellular, and COOH terminal is cytosolic. Intracellular domain consists of a pair of RCK
domains. B: full homotetrameric BK channel tertiary structure is composed of a transmembrane and a
cytosolic region. The transmembrane region comprised the pore domain (yellow) and the voltage sensors
(orange). The large cytosolic region contains the calcium sensors, which is composed of two regulators of
potassium conductance domains, RCK1 and RCK2 (violet and green, respectively). C: structure (top view) of
the transmembrane region. The pore was modeled using the multiple sequence alignment done by Carvacho
et al. (61) [with the MthK crystallographic structure (355) (PDB ID: 4HYO]]. The S1-S4 sequence was aligned
against Shaker chimera Kv1.2/Kv2.1 crystallographic structure (266) (PDB ID: 2RSR) based on a multiple
sequence alignment made by Lu et al. (271). The SO segment was built as an alpha helix using secondary
structure. D: structure (top view) of the Ca®*-bound gating ring with the RCK1 in violet and the RCK2 in green.
The coordinates were obtained from the crystal structure (PDB code: 3UBN) and rendered using the Visual
Molecular Dynamics, version 1.9.2 (200). E: a modular model for BK channel proposed that each domain
correspond to a specific structural domain and they interact with one another.
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that the SO-S4 domain forms a well-defined voltage sensor
and that the COOH terminus creates a tetrameric gating
ring containing two high-affinity Ca®* binding sites (32, 69,
241, 389, 508).

Very early on, it was realized that the BK channel gating
kinetics was very complex (280, 281, 313). However, the
pioneering studies by Magleby’s group (279, 293, 297,
298, 371, 372) and those of the group of Aldrich (71,
185, 187) paved the way for the two-tiered allosteric
model of Horrigan and Aldrich (186). In this type of
mechanism, it is assumed that there are several modules
that can undergo independent rearrangements between
two or more different equilibrium conformations. These
modules can communicate their conformational states to
other modules affecting their equilibria, in similar ways
as described for allosteric enzymes (315). Usually there
are correspondences between structure and function in
the sense that the parts of the channels that undergo
different equilibria are contained in different structures
(see FIGURE 1). In the case of BK channels, these modules
have been identified through a diversity of approaches,
and some of the interactions between them have been
revealed (243). Thus, by taking advantage of the tetra-
meric structure of BK channels, the model considers the
existence of four modular voltage sensors and four Ca**
binding sites. Activation of these sensors can indepen-
dently lead to channel opening, and communication be-
tween the sensors and the pore, as well as between sen-
sors, would be allosteric (186). In other words, increas-
ing voltage or Ca" binding can activate the pore gate by
decreasing the free energy of the closed-open transition.
This allosteric model has been extremely successful in
accounting for the experimental data obtained under the
most different experimental conditions. Allosteric mod-
els are reviewed in section III and used throughout the
review as a theoretical framework to explain the variety
of BK biophysical characteristics originating in posttran-
scriptional and posttranslational processing, as well as
association with accessory subunits.

The physiological importance of this channel was on solid
grounds when its ubiquitous distribution in several differ-
ent types of cells and tissues was confirmed (244, 292).
Most importantly, the pore forming « subunit in smooth
muscle was observed to be accompanied by an auxiliary
subunit, namely, the 81 subunit (135, 227, 339). The capa-
bility of B1 to increase the apparent Ca*" sensitivity of the
channel proved to be crucial in the control of the smooth
muscle tone. Later with the discovery of other three 8 sub-
units (B2-P4), the diversity and physiological role of BK
channels increased greatly (188, 339, 439, 474). BK chan-
nels are now known to be involved in repetitive firing (117),
neurotransmitter release (195, 363), hormone secretion, K*
secretion in the kidney (183), and hearing (311). BK chan-
nels also play important roles in ethanol tolerance (103),

nociception (419), and the regulation of circadian rhythm
(66, 120, 305, 316, 468). The discovery of the vy subunit
(y1—y4) made BK channels important to cells in which the
internal Ca®™ is not subject to large changes. BK channels
formed by « and y1 subunits have a large open probability
even at the cell resting potential and at physiological intra-
cellular Ca®* concentrations (485, 511). Thus, despite the
fact that « subunit is the product of a single gene (Slowpoke
in Drosophila), a large channel diversity has been attained
not only by the presence of auxiliary subunits, but also by
alternative splicing (128) and metabolic regulation (408).
Since BK channels are activated by cytoplasmic Ca** and
depolarizing voltages, they are the perfect damping ma-
chine of excitatory processes such as muscle contraction or
neurosecretion.

In this review, we first summarize the physiological impor-
tance of BK channels in different cells and tissues empha-
sizing that the malfunctioning of BK channels is responsible
for several diseases. Central to its physiological importance
is its allosteric activation by both Ca>" and voltage, best
explained by allosteric gating models. Because of this, we
thought appropriate to give next a detailed description of
how these models can be used to analyze channel gating
since they reflect the modular nature of the BK channel-
forming protein. Moreover, allosteric models have been the
basis to explain the effects on channel gating of mutations
and auxiliary subunits. In what follows, we have mostly
covered what is currently known regarding the structure of
the BK channel and its relation to its function as an alloste-
ric protein, focusing on the individual characteristics of
each protein module and the communication mechanisms
among themselves. In addition, we reviewed how alterna-
tive splicing and accessory subunits can increase channel
diversity and modify BK channel phenotypes.

II. BK CHANNEL PHYSIOLOGY AND
RELATED CHANNELOPATHIES

BK channel expression is ubiquitous. As can be inferred
from this assertion, BK malfunctioning or abnormal expres-
sion gives rise to several pathophysiological conditions
where auxiliary proteins can also have a role. Indeed, BK
channel dysfunctions generate alterations in different tis-
sues and organs as will be described in the following para-
graphs.

A. Smooth Muscle

Expressed mainly in smooth muscle, BK « subunit associ-
ated with the 81 subunit proved to be crucial in maintaining
smooth muscle arterial tone. The degree of muscle tension is
crucial for the regulation of blood pressure. In vascular
smooth muscle cells, Ca*"-dependent relaxation is due to
the transient release of Ca>" from the sarcoplasmic reticu-
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lum (Ca”>" sparks) which activates BK channels (FIGURE 2)
(49, 353). These Ca** sparks are produced in the boundar-
ies of BK channels formed by a complex of a and B81 sub-
units, [(a+B1)BK; for the interested reader, B subunits are
discussed in sect. VIII], where the concentration of the divalent
cation can reach micromolar concentrations (348). The spon-
taneous transient outward K™ currents (STOCs) (37) medi-
ated by BK channels and induced by the Ca** sparks disap-
pear in 31 knockout mice, leading to hypertension. It is worth
mentioning here that acidosis dilates brain parenchymal arte-
rioles (PAs). This is due to a conversion of the Ca?" waves
observed at normal physiological pH (7.4) in PAs of smooth
muscle cells, to mainly Ca** sparks at more acidic pHs. These
Ca*" sparks lead to the activation of BK channels with the
consequent vasodilation of cerebral PAs (88).

Patients with primary hypertension present an increase in
heart weight, showing a reduction of B1 levels in vascular
smooth muscle cells. This is linked to decreases in STOCs
(493). On the other hand, a 81 gain of function mutant
(E65K) has been associated with low prevalence of moder-
ate and severe diastolic hypertension (122, 219, 394).

Repolarization

BK channels provide a negative feedback to urinary smooth
muscle contraction, limiting contraction amplitude and du-
ration, and urinary bladder spontaneous and nerve-evoked
contractions, which are enhanced in smooth muscle cells
lacking BK channels (174, 304). Accordingly, BK channel
dysfunction is implicated in some forms of urinary bladder
pathologies leading to urinary incontinency, such as over-
active bladder (OAB) and detrusor overactivity (350). OAB
is among the top 10 most prevalent chronic human health
conditions that increases with age (73, 350). This is consis-
tent with findings that aging reduces BK channel density in
the cell membrane of coronary and corporal smooth muscle
cells (90, 350, 436).

BK channels are highly expressed in airway smooth muscle
(ASM; Ref. 148). Interferon-y-mediated reduction of BK
channel activity in airway epithelial cells leads to mucocili-
ary dysfunction (285). Goldklang et al. (148) demonstrated
that systemic administration of the BK channel agonist rot-
tlerin reduced methacholine-induced airway hyperreactiv-
ity (AHR) in ovalbumin- and house dust mite-sensitized
mice. These findings suggest that rottlerin, with both anti-
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FIGURE 2. A model for the role of BK channel in vascular smooth muscle cells. Under conditions supporting
vasoconstriction, global Ca®" increase through voltage-activated calcium channels (Ca,) and calcium-induced
calcium release mechanism through inositol trisphosphate receptor (IPzR), promoting cell contraction. VWhen
vasodilatation is favored, local calcium-induced calcium release mechanism through ryanodine receptor (RyR)
leads the (a+B1)BK channel activation, which hyperpolarizes the membrane, inhibiting Ca, channels.
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inflammatory and ASM relaxation properties, may benefit
asthma treatment.

B. Kidney

BK channels are expressed in the intercalated cells (IC) of
the cortical collecting duct (CCD) and in the connecting
tubule (CNT) where they play an important role in K*
secretion (reviewed in Refs. 183, 467). (a +1)BK channels
are expressed in the apical membrane of mouse CNT prin-
cipal cells (PCs) and in the initial collecting ducts. (a +
B4)BK channels can be found in intercalated cells (FIGURE
3). The hypertension observed in the B1 knockout mice is
exacerbated by a high-K™ diet due to a defective K* han-
dling by the kidney and to aldosteronism (157). (o« +84)BK
channels in intercalated cells are activated in an external
Ca?*-dependent fashion by a shear stress induced by high
tubule fluid flow (262). This BK channel activation is absent
in B4 knockout mice (182). The loss of intracellular K*
mediated by the activation of these channels produces a
decrease in cell volume that in turn increases the luminal
diameter with the consequent reduction in resistance to

flow (184). On the basis of the finding that the transient
receptor potential vanilloid 4 (TRPV4) forms a complex
with BK channels in smooth muscle (108) and is present in
ICs, Holtzclaw et al. (184) advanced the hypothesis that
shear stress activates Ca>"-permeable TRPV4. It has been

reported that Ca?* permeating through TRPV4 channels is
responsible for BK channel activation in ICs (see FIGURE 3).
Alternatively, primary cilia in PCs have been proposed as
the flow sensor, and the bending of these cilia is thought to
activate the Ca®" influx through TRPV4 channels, which
produce a Ca?*-induced Ca®* release from intracellular
stores (31, 263). In turn, the Ca®*-dependent activation of
MAPK promotes the release of PGE, from the PCs, which
activates BK channels in ICs (60). It has also been proposed
that shear stress produces a connexin channel-mediated
ATP efflux from the ICs and a K" extrusion via (a +84)BK

channels with the concomitant decrease in cellular volume
and increase in tubular flow (181).

Hypertension of 81~/ mice is linked to deficient K* secre-
tion, aldosteronism, and an enhanced fluid retention (157,
158). End-stage renal disease (ESRD) is one of the multiple
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FIGURE 3. BK channel plays a key role in renal K* flux within the nephron. BK channels in the apical
membrane of epithelial cells of the cortical collecting duct (CCD) are activated by tubule fluid flow-induced shear
stress Ca®* entry (possible through TRPV4 channel) and cell swelling. In basal conditions, ROMK is thought to
be the primary responsible for K* secretion. Under increased K" secretion demanded by higher flow, high
aldosterone, or others, it is proposed that both ROMK and BK play a role. The physiological role of BK in the
proximal cells (PC) or intercalated cells (IC) in the distal nephron is defined by the B subunit coexpressed with

initial collecting tubule; CCD, cortical collecting duct.

the channel. Arrows illustrate places with higher K* flux in the nephron. PCT, proximal convoluted tubule; ICT,
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consequences of sustained hypertension. The colon potas-
sium secretion capacity increases in end-stage renal disease,
to the extent that it makes a substantial contribution to K™
homeostasis (289). Apart from the indirect effect of BK
channels in ESRD, due to the previously explained influence
in blood pressure, an increased expression of apical BK
channels in the intestinal epithelium is in part responsible of
the enhanced colonic K* secretion in ESRD (289).

C. The Nervous System

Localized mainly in axons and synaptic terminals (442), BK
channels have been implicated in neurotransmitter release
(156, 495). Additionally, and in central neurons, they con-
tribute to repolarization of action potentials (AP) (222,
396, 420) and mediate the fast phase of AP afterhyperpo-
larization (161, 239, 470). In some neurons, such as Pur-
kinje, vestibular, and cerebral Golgi cells, inhibiting BK
channels speeds AP firing accompanied by a reduction in
afterhyperpolarization (199, 328, 470). On the other hand,
in hippocampal CA1 pyramidal, GABAergic and intracar-
diac autonomic neurons, inhibiting BK channels has the
effect of deaccelerating firing rate (146, 161, 349). Re-
cently, Kimm et al. (222) have shown that in dopaminergic
neurons of the substantia nigra pars compacta (SNc) inhi-
bition of BK channel leads to a pronounced AP broadening,
a more negative afterhyperpolarization, and an increase in
firing rate. The results clearly indicate that the increase in
AP duration is due to an enhancement of the slowly deac-
tivating K, current, which is short circuited when the fast-
activating BK channels are present. Thus we should keep in
mind when analyzing the functional role of the BK channel
that this needs to be defined in the context of the other
conductances in the cell.

In the central nervous system, BK channels colocalize with
voltage-dependent Ca?" channels (Ca,) (30, 159). It has
been argued that this colocalization is essential to raise the
local concentration of Ca®™ to levels at which the channel
open probability (P,) reaches reasonable values at mem-
brane voltages in the —50 to 0 mV range (29). Assuming an
apparent dissociation constant for Ca?" of 10 uM and a
Hill coefficient of 3, a 10 uM internal Ca”>" concentration
would be required to reach a P, = 0.5 at 0 mV. In fact, BK
channels from rat brain tissue were found to be associated
with L-, P/Q-, and N-type Ca, channels (30). Moreover,
Berkefeld and Fakler (27), by coexpressing BK and N-type
of Ca, channels and using and experimental paradigm
meant to mimic the physiological conditions, showed that
BK channels operate as ligand-activated channels gated by
intracellular Ca>" (27). P/Q- and L-type of Ca, channels
have different activation characteristics, and these differ-
ences, when BK-Ca, complexes are present, are translated
into BK K™ currents with different kinetics and voltage
dependence (28). P/Q- and N-type of Ca, channels are
mainly found in pre- and postsynaptic compartments in
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cerebral Purkinje cells as well as cholinergic interneurons,
whereas L-type Ca, channels are found in cell soma and
dendrites of hippocampal pyramidal neurons. It is then ex-
pected that BK channels will show a functional variability,
generated by the coassembly of BK with different Ca, chan-
nel partners in different types of neurons (29). Quantifica-
tion of the distribution of P/Q-type of Ca, channels and BK
channels in rat cerebellar Purkinje cells using electron mi-
croscopy showed that clusters of P/Q channels in the pro-
toplasmic face of soma and primary dendrites colocalize
with BK channels, with the nearest neighbor distance of
~40 nm (204).

Although neuronal BK channels can be formed by the «
subunit alone giving rise to iberiotoxin-sensitive, marten-
toxin-insensitive fast-activated channels, the contribution
of BK channels to AP repolarization and to the firing rate is
greatly determined by the BK channel’s composition (458).
For example, the B4 subunit (see sect. VIII for details) is
highly expressed in the brain, where it provides BK channels
with their slow gating characteristics, low IbTx sensitivity,
and reduced contribution to action potential repolarization
(47, 80, 286, 303, 466) (FIGURE 4). In particular, (o +
B4)BK channels are expressed in trigeminal ganglia that
project primary terminal afferents into the trigeminal cau-
dal nucleus (TCN). In TCN, (« +B84)BK channels modulate
glutamate release. Excitatory neurotransmitters and calci-
tonin gene-related peptides (CGRP) released from TCN
synaptosomes are inhibited by BK channel activation and
stimulated by BK channel blockers such as iberiotoxin
(IbTX) (379, 478). Since CGRP has been involved in the
transmission of pain, it has been proposed that BK channels
may represent a potential target for drug therapy for mi-
graines and orofacial pain (379, 478). In the hippocampus
dentate gyrus, deletion of the B4 subunit transforms slow-
gated BK channels into fast-gated BK channels, indicating
that this subunit limits the contribution of the BK channel
to repolarization after action potential (47). Thus B4 pro-
tects cells against hyperexcitability in the dentate gyrus
which, when uncontrolled, can lead to temporal lobe sei-
zures. The failure of IbTX to increase spontaneous electrical
activity, to bind to rat striatal membranes, or to modulate
the acetylcholine release in rat striatal slices (127, 381)
made the role of BK channels in the regulation of neu-
rotransmitter release uncertain. However, recalling that 84
is highly expressed in the brain, (@« + B4)BK channels
proved to be resistant to IbTX action. The low sensitivity of
a + B4 channels to IbTX is mainly due to a decrease in the
toxin association rate constant by ~1,000-fold, explaining
the low sensitivity to the toxin of some BK channels present
in the nervous system (303) (see sect. VIII).

BK channels in the nervous system can be seen as an “emer-
gency break” which prevents transmitter-related hyperex-
citability and concomitant cell toxicity (25). Genetic varia-
tions in BK channels have been recently implicated in men-
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tal retardation, autism, and schizophrenia, which all come
along with severe cognitive impairments (445). Patients suf-
fering from a variety of neurological diseases often develop
neurogenic detrusor over activity (NDO) (194). NDO is
associated with decreased detrusor smooth muscle (DSM,
the smooth muscle found in the wall of the urinary bladder)
BK channel expression and function leading to increased
DSM excitability and contractility (193).

Current density

BK « subunit knockout mice have impaired motor coordi-
nation and exhibit ataxia (382), a result that has been con-
firmed in transgenic mice lacking BK channels exclusively in
the Purkinje cells of the cerebellum (83). In fact, Dell’Orco
et al. (92) have shown in a mouse model of ataxia type 1
that the neuronal atrophy is a consequence of a reduction in
BK channel expression and subthreshold-activated K™
channels that brings about neuron depolarization and the
subsequent cell loss. BK channel deficiency does not impair
working memory in mice, but showed significantly slower
training, so it appears that BK channels play a crucial role in
learning but not in memory storage or recollection (445).

The expression of BK « subunit mRNA in the suprachias-
matic nuclei (SCN), the master pacemaker that drives the
circadian control of physiology and behavior in mammals,
is regulated in a diurnal manner. BK transcripts increase
during the night, and concomitantly the average spontane-
ous firing frequency (SFF) of SCN neurons drops during the
night (154, 343). The molecular nature of the channel in-
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volved in the regulation of the SFF was unveiled with the
help of KCNMA1-deficient mice (305). Meredith et al.
(305) confirm that BK channels were upregulated at night,
and they also found that circadian amplitude of locomotor
activity in the KCNMA1 ™/~ mice decreased and that the
SFF increased during subjective night compared with wild-
type animals. As we will describe in detail in the section on
B subunits, the 82 subunit imparts an N-type inactivation to
BK channels. Whitt et al. (468) have recently showed that
inactivating BK currents predominate during the day. This
inactivation decreases during the night, leading to larger BK
currents. This diurnal variation of BK currents is abolished
in B2 knockout mice, showing that the BK inactivation
process is used as a switch to set the circadian variations in
SCN excitability. These data suggest that BK modulators
could influence the endogenous rhythm structure, and per-
haps be useful in patients with circadian and sleep dysfunc-
tions.

Both BK loss-of-function and gain-of-function have been
linked to epilepsy. It can be assumed that loss of BK channel
activity to be the underlying cause of hyperactivity and
epilepsy (25). In temporal lobe epilepsy (TLE) patients, a
downregulation of BK channels was observed (322), but on
the other hand, human idiopathic generalized epilepsy is
directly associated to a D434G gain-of-function mutation
in the BK « subunit, which increases Ca*" sensitivity and
mean open time of the channel (106). It has been suggested
that by increasing the open probability of the BK channel at
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constant voltage, the D434G mutation allows for a more
rapid repolarization of the action potential, enabling faster
removal of inactivation of Na™ channels and in turn in-
creasing brain excitability. The D434G mutation deserves
further analysis, since it shows how this channelopathy
helped elucidate the coupling mechanism between Ca®*
binding and BK pore opening [see sect. VB (491)]. In hu-
mans, a truncation mutation in KCNMB3, the gene coding
for the B3 subunit, has been described to confer susceptibil-
ity to common idiopathic generalized epilepsy forms (247,
269, 427). More recently, it was found that the activity of
BK channels is suppressed in Alzheimer’s disease model
mice, but cognitive recovery can be achieved by chronic
activation of BK channels (460).

D. Cochlea

In the cochlea of birds, reptiles, and amphibians, the tono-
topic map is defined by the interplay between BK and volt-
age-dependent Ca>" channels contained in sensory hair
cells (125). Although the proposal that the different tuning
frequency is determined by BK splice variants with different
Ca®™ sensitivities received support from different laborato-
ries (e.g., Refs. 327, 370), this hypothesis has been shown to
be untenable. Splicing of transcripts encoding BK channels
in birds appears to be only a minor determinant of the
electrical tuning of cochlear hair cells. Ramanathan et al.
(364) advanced the hypothesis that since B subunits are
preferentially expressed by low-frequency hair cells, the ad-
equate distribution of aBK, (a« +B1)BK and (a +84)BK
channels along the cochlea could determine the electrical
tuning of hair cells. The evidence indicates that the differ-
ence in BK gating kinetics is given by the differential expres-
sion of the B1 subunit, which is profusely expressed to-
wards the low-frequency apex of the cochlea (311).

Although its role in less well understood, BK channels are
also expressed in the inner hair cells (IHCs) and outer hair
cells of mammals and transcripts for the «, 81, and B4
subunits have been identified in these cells (42, 240, 410).
Using a and B1/84 subunit knockout mice, Pyott et al. (358)
were able to show that BK channels are not required for
normal hearing in mammals but that a knockout mouse
showed an increased resistance to noise-induced hearing
loss. Nonetheless, more recently and using targeted deletion
of BK channels in inner and outer hair cells of mice, Kurt
etal. (235) have shown that BK channels in IHCs play a role
in defining the temporal fine structure and the dynamic
range of auditory information.

lll. ALLOSTERIC MODEL FOR BK
CHANNEL ACTIVATION BY VOLTAGE
AND INTRACELLULAR Ca®*

BK channels are constituted by a voltage sensor domain, a
pore domain, and an intracellular COOH terminus domain
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containing calcium binding sites (see FIGURE 1). Their ac-
tivity (i.e., the opening that allows the passage of K* ions) is
pivotal for the homeostasis and electrical balance of excit-
able and nonexcitable cells. Models based on allostery have
been developed in efforts to understand how the different
modules communicate among each other to control BK
channel gating. Coupling between different BK channel
modules provides the basis for the transduction of physico-
chemical stimuli into changes in membrane potential, and
hence define the channel’s functional properties. It is there-
fore necessary to have a conceptual framework to analyze
channel gating and the kinetics models used to date. The
best model that reflects the allosteric nature of BK channel
activation is the Horrigan and Aldrich (HA model) (186).
The HA model has also been crucial in understanding the
effects of auxiliary subunits, mutations, and modulators.
We provide a detailed description of this model below.

A. Gating Kinetics in BK Channels Is
Complex

Despite considering several open and closed states, early
kinetic models differed regarding the nature of BK channel
voltage dependence. Thus Moczydlowski and Latorre
(314), based on their analysis of single-channel data, pro-
posed that voltage dependence resides in the movement of
Ca?" from the internal milieu to binding sites located inside
the electric field of the membrane. On the other hand,
Methfessel and Boheim (306) attributed the voltage depen-
dence to a charged gate. Other laboratories proposed sepa-
rate activation steps consisting of Ca** binding and voltage
sensing (33, 68, 98, 302, 341, 405, 465). Moreover, there
were previous suggestions of the existence of a calcium-
independent component in the activation of the channel
(19, 341). Therefore, an intrinsic voltage-dependent mech-
anism was postulated (126, 302, 341, 471). The existence
of this mechanism is evident for BK at Ca** concentrations
below 100 nM (71, 77, 302, 417). An important observa-
tion regarding the number of kinetic states and how they
were connected was the inverse correlation between open
and closed dwell times (293, 302). On average, long open
dwell times were found adjacent to short closed dwell times,
and long closed dwell times occurred adjacent to short open
dwell times (293). These observations exclude kinetic
schemes, where only one pathway from closed to open
states is proposed to explain channel gating. This kind of
linear model predicts no correlation between open and
closed dwell times. Hence, the observed correlation is con-
sistent with models where two or more closed states make
direct contact with two or more open states (293). Based on
these considerations, McManus and Magleby (293) pro-
posed a general kinetic scheme to account for calcium acti-
vation and the open and closed dwell times as illustrated in
Scheme 1.
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(Scheme I

This model reproduces the observed dwell-time correla-
tions if C; is the longest-lived shut time and O, the shortest
living open state, where closed times get shorter from left to
right and open times grow longer from left to right. Calcium
drives the equilibrium toward the right to account for the
calcium activation of the channel according to Scheme I.

Meera et al. (302) demonstrated that BK channel activation
becomes calcium independent and purely voltage gated at
calcium concentrations lower than 100 nM. This finding
indicates that at least one of the leftmost close to open
transitions in Scheme I can occur in the absence of calcium,
and must be voltage dependent. Cui et al. (77) reported
additional evidence of the existence of a voltage-dependent
transition that is independent of calcium. They demon-
strated that the position of the half-activation voltage fails
to be a function of the logarithm of calcium concentration,
as required for systems where all the voltage dependence
resides on a voltage-dependent calcium binding constant
(471). Furthermore, depolarization can activate maximally
BK channels in the absence of calcium (77). Based on these
observations, Cui et al. (77) proposed a model where the
vertical transitions, observed in Scheme I, are voltage de-
pendent, and the horizontal ones are calcium binding reac-
tions. Activation and deactivation kinetics reveal that the
channel has two main states: open and closed. Analysis of
macroscopic currents show that both activation and deac-
tivation kinetics display single exponential time courses,
indicating that the vertical transitions are slow compared
with the horizontal transitions, and that the latter appear to
be in equilibrium with the opening reaction (77). This is
correct to a first approximation since a closer inspection of
the activation kinetics reveals that there is a delay in the
onset of the activation current (77, 417).

B. Two-Tiered Allosteric Model

As we will discuss in detail in section V, when describing the
gating ring and Ca®* binding sites, the existence and char-
acterization of Ca** binding sites contained in the COOH-
terminal region clearly demonstrate that calcium and volt-
age sensors are located in separate domains of the protein
(FIGURE 1, A-D). This is the basic concept of Monod-Wy-
man-Changeux (MWC) allosteric mechanisms (315). Cox
et al. (71) proposed a successful voltage-dependent MWC
model to explain the main steady-state and kinetic charac-
teristics of the macroscopic currents of BK channels. This
model considers that BK channels are tetramers of « sub-
units in which each subunit has a single calcium-binding site
and a single voltage-sensing element (FIGURE 1A4). A single
Ca®" binding site per subunit is consistent with the esti-

mated Hill number (larger than 2) which is necessary to fit
the Ca®" activation curve and the tetrameric nature of the
BK channel structure (19, 280, 281, 296, 398). A single
voltage-sensing element per subunit is justified since the
structure of transmembrane domains $S1-S4 of the a sub-
unit is similar to that of the voltage sensor domain (VSD) of
K, channels (1, 13, 56, 290, 444). Each subunit with one
calcium-binding site and one voltage-sensing element has
four different possible states: 1) Ca** bound, 2) voltage
activated, 3) Ca®** bound and voltage activated, and 4)
neither Ca®* bound nor voltage activated. Considering all
the possible states and their connections, the working ki-
netic model contains 256 states. A kinetic model with such
a large number of states would be unpractical, and the
model had to be simplified to be tractable. The number of
different states was reduced if a fourfold symmetry was
assumed in analogy to K, channels (172,275, 276). A four-
fold symmetric tetramer with all the voltage sensors inactive
could reside in six bound states: Ca>" bound to adjacent
subunits or Ca>" bound to diagonally opposed subunits. If
the two forms with two Ca®" were taken to be equivalent,
then the number of states would decrease to five. Since the
macroscopic activation and deactivation kinetics are mono-
exponential, the channel seems to have only two main
states: closed and open (77). This observation implies that
the voltage-dependent closed-to-open transition proceeds
in one step. In other words, the four voltage sensors activate
simultaneously in a highly orchestrated fashion. With these
simplifications, Cox et al. (71) reduced the number of states
to 10: 5§ with all voltage sensors at resting state and 5 with
the four voltage sensors activated. The resulting kinetic
scheme (Scheme II) is a voltage-dependent version of the
MWC allosteric mechanism (315). Vertical close-to-open
transitions in this scheme are voltage dependent and imply
the concerted activations of the four voltage sensors.

C =2 CCa =2CCa, = C-Cay == CCa,

010 e

0 =0-Ca T=20-Ca, = O-Ca; = 0-Ca,

Additionally, Stefani et al. (417) demonstrated that voltage
sensor activation and channel opening occur at different
time courses. Replacing K™ with Cs™ led to the observation
of gating currents and ionic currents on the same patch
because cesium conductance is only 1/400 of the K" con-
ductance. Gating currents precede, in time, the activation of
ionic currents, an observation incompatible with Scheme II
which requires that voltage sensor activation and channel
opening occur simultaneously. Furthermore, a detailed
study of BK single channel kinetics in the absence of Ca**
showed the presence of multiple open and closed states
(425), again a result incompatible with a MWC mechanism
with a central voltage-dependent concerted step conceived
by Scheme II. Accordingly, Horrigan et al. (187) studied the
kinetics of activation of BK channels and found additional
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characteristics incompatible with Scheme II. They found
that activation of ionic currents according to Scheme II
must follow an exponential time course. However, the ex-
perimental results revealed that it proceeds along an expo-
nential time course but after a short delay. In addition, the
voltage-dependent activation time constant evidenced that
there is more than one limiting step in channel gating. The
slope of the logarithm of the time constant versus voltage
relationship is characterized by a charge displacement of
0.41 e, for voltages ranging from —30 to +140 mV. But this
decreases when reaching a limiting slope consistent with a
charge movement of 0.14 ¢, for voltages ranging from —20
mV down to —500 mV. A similar behavior was reported for
the logarithm of the open channel probability versus volt-
age relationship where the associated charge displacement
is 2 e, for voltages from 0 to +100 mV, but falls to a
limiting slope with a charge movement of of only 0.4 ¢,
(187). These results were explained with a gating scheme
where the voltage-dependent close-to-open transitions are
allosterically modulated by the activation of four indepen-
dent voltage sensors. The charge associated with the limit-
ing slope corresponds to the intrinsic voltage dependency of
the closed-to-open transition. Scheme III, shown below, is
consistent with the steady-state observations for BK open
channel probability in the absence of calcium (185, 187).

47 32 23] 1/4/
Cie—Cie— e Cie— C
0e—L1e—Lre— L3e— L

I Al Al -

—_—rn —> —> —
Oy 4—01 —0,—= 03 — 0,
41D 3/2JD 2/3JD 1/4iD0

(Scheme III)

In this scheme, C, to C, represent the closed states with 0, 1,
2, 3, and 4 active voltage sensors, while O, to O, indicate 0,
1, 2, 3, and 4 open state transitions. ] is the voltage-depen-
dence equilibrium constant for the resting (R) to active (A)
transition of each voltage sensor, defined as the A/R prob-
ability ratio for the closed unbound channel. L is the equi-
librium constant for the closed to open transition with no
active voltage sensor defined as the O,/C, probability ratio.
The allosteric factor D accounts for the allosteric interac-
tion between the voltage sensors and the channel gate.

Calcium binding can open BK channels even with all volt-
age sensors inactive. Scheme IV describes the calcium-de-
pendent gating system at extreme negative voltages when
no voltage sensors are active, assuming one calcium-bind-
ing site at each subunit.

4K 3/2K 2/3K 1/4K
C — Ceca 4_’ CCaA.‘_CCa, 4_’ CCa1

EEEE

(0] <—OCa — OCazq_ oCagq_Oca:
4KC 3/2KC 2/3KC 1/4KC

(Scheme IV)
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In this scheme, C to CCa, represent the closed states with 0,
1,2, 3, and 4 calcium binding sites, and O to OCa, illustrate
open states with 0, 1, 2, 3, and 4 Ca*"-bound sites. K is the
equilibrium constant for the unbound to calcium-bound
transition for each calcium-binding site defined as the
bound/unbound probability ratio for each calcium-binding
site for the closed channel with all voltage sensors at rest. K
depends on calcium concentration, [Ca**], and the Ca**
dissociation constant, K,, K = [Ca®*]/K},. The allosteric
factor C accounts for the allosteric interaction between the
calcium-binding site and the channel gate.

At saturating [Ca®"], calcium occupies the four calcium-
binding sites, as described in Scheme V, for the calcium-
saturated condition. In Scheme V, the allosteric factor E is
included to account for the interaction between the voltage
sensors and the calcium binding sites.

4JE 3/2JE 2/3JE 1/4 JE
COCa‘(_ CICa. ., CZCa‘ — C3Ca4 «— Ly

eH c«ﬂ e“ c«H w['

—_— —_ —_ —_
Ogca «——0;ca, «— 0,ca, < Ogca, «—0,
. 4 JDE 3/2 JDE 2/3JDE 1/4 JDE

(Scheme V)

Schemes III, IV, and V are extreme cases of a general dual
allosteric model where the channel gate, four voltage sen-
sors, and four Ca** binding sites interact through allosteric
factors. Three equilibrium constants L, ], and K and three
allosteric factors C, D, and E determine the open channel
probability, as shown in the following equation

Py

L(1 + KC + JD + JKCDE)*

L(1+KC + JD + JKCDE)* + (1 + K + J + JKE)*
(D)

A family of P, vs. membrane potential (V) at different
[Ca®*] is shown in FIGURE 5, A AND B, calculated by using
Equation 1 and the parameters reported by Horrigan and
Aldrich (186). The parameters in Equation 1 could be de-
termined with a global curve fit to a family of P, vs. V
relationships measured at different calcium concentrations,
as those shown in FIGURE 5A. However, it is recommend-
able to choose experimental conditions that allow for the
selection of only one or a few parameters. Since interactions
between the different parameters are expected, this strategy
would help to better constrain their values.

C. Experimental Approaches to Determine
Gating Parameters of the Allosteric
Model for BK Channel Gating

The following paragraphs describe procedures to determine
these parameters in independent experiments.
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FIGURE 5. This figure illustrates a procedure to determine the BK equilibrium parameters of the Horrigan
and Aldrich (186) allosteric model. The plots were drawn using Equation 1 and the Horrigan and Aldrich
parameters: Lp=9.8 Xx 1075, 2z, =0.3, V(J) = 150 mV, z,=0.58, K, =11 uM, C=8,D =25, E=2.4.
A: a family of open channel probability (P,) as a function of voltage showing the displacement to the left for
increasing Ca®* concentrations. B: P, vs. V data plotted on a semi-logarithmic scale to display the effect of
voltage and Ca®* at very negative voltages where P, is very low. Data to construct these plots can be collected
from membranes with a large number of channels, N, and measuring the time-averaged number of open
channels, NP,, at negative voltages. The slope of the dashed line drawn over the P,(V) curve at O Ca®* is
proportional to the charge z, and the extrapolation to V= Ois L (linear transformation of Equation 2). The total
vertical displacement of the curves from O to 1 mM Ca®" is a measure of the allosteric parameter C. Inset
shows P, measured at —300 mV as a function of Ca®" concentration. From this curve the calcium dissociation
constant (Kp) can be calculated (Eq. 3). C: normalized @ vs. V curve for closed channels (G/3,,.J, in the
absence of calcium. From this curve, the parameters J; and z, are obtained (Eq. 6). The P, vs. Vin the absence
of calcium is determined by L, Jg, Zz,, and the allosteric factor D, which can be found using curve fitting
procedure (Eq. 4). D: semi-logarithmic plat of 3/3,,,, at O Ca®* (black line) and saturating Ca®* concentration
(red line). The parameter E determines the vertical displacement of the O Vintercept of the curves (Egs. 7 and
8) and the left shift on the linear plot shown in the inset.

BK channels do open, albeit with a very low P_ even when
the voltage sensors are at rest, ] = 0, and in the absence of
calcium, K = 0. In this condition, Equation 1 simplifies to
P, = L. Data obtained under this extreme condition are
collected by counting the number of open channels, NP, at
large negative potentials in membranes with a known num-
ber of channels, N. As illustrated in FIGURE 5B, L is an
exponential function of voltage with the following form
2 FV
L =Ly ®T 2)

In Equation 2, L, is the equilibrium constant for V = 0 and
z; is the charge displacement associated with the closed to
open transition. The value of these two parameters can be
determined from the slope and the vertical axis intercepts of

the semilogarithmic plot of P, vs. voltage drawn for very
negative voltages (FIGURE 5B). Values reported for these
parameters are L, = 9.8 X 10 ®and z; = 0.3 (186), where
L = 4.8 X 10~ ° at a cell resting potential of —60 mV.

Allosteric factor C can be determined at very large negative
potentials, where the voltage sensors are at rest, ] = 0, by
comparing the open probability in the absence and in the
presence of an excess of calcium. In the former case P, = L
and as well as the latter case, for very large values of K,
Equation 1 simplifies to P, = LC*. The method to deter-
mine allosteric parameter C is shown in FIGURE 5B. Horri-
gan and Aldrich (186) reported a value for C = 7.4, which
indicates that the BK channel open probability in the pres-
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ence of saturating calcium concentrations is 3,000 times
larger than in the absence of calcium.

For intermediate calcium concentrations and | = 0, Equa-
tion 1 reduces to

P L(1+KC)*
" L(1+KC)*+(1+K)*

(3)

We illustrate in the inset of FIGURE 5B how the equilibrium
constant, K, and the binding constant K5, K = [Ca®*|/K,
can be determined from the P, vs. V curve as indicated by
Equation 3 using the already determined C value. Horrigan
and Aldrich (186) reported a K, = 9.3 uM for Ca®*. There
is evidence that there are at least two calcium-binding sites
per monomer with different dissociation constants (18,
279,401, 482). Equation 3 describes the experimental data
up to 73 uM Ca**, but fails to explain the results obtained
at higher calcium concentrations (312, 423).

The voltage sensor equilibrium constant J and the allosteric
factor D can be determined by measuring P, as a function of
voltage in the absence of calcium, where K = 0. For this
condition, Equation 1 simplifies to Equation 4

b L(1 + JD)*
O L1 +JD)* + (1 +J)*

4)

The following expression defines | as a function of voltage

ZJFV
J = Joe RT b)

Here ], is the equilibrium constant for V = 0, and z; is the
charge displacement associated with the resting to active
voltage sensor transition. Values reported for these param-
etersare J, = 3.1 X 10 % and z; = 0.55. The estimated value
that best adjusts this, so that allosteric factor D can fit the P,
vs. V data, is 25. According to Scheme III, the equilibrium
constant for the closed-to-open channel, when all four volt-
age sensors are activated, is 25* (4 X 10°) times larger than
when all voltage sensors are at rest. At 300 mV, when all the
voltage sensors are active, L = 3.6 X 107% LD* = 1.4 X
102, and P, ~1.0. Therefore, voltage can fully opens the BK
channels even in the absence of calcium.

Gating currents (I,) were observed by replacing potassium

with cesium ions (417). I, and cesium currents can be sep-
arated because I, develop with orders of magnitude faster
than ionic currents, where the latter present a delay and are
1/3,000 of the potassium currents (417). I, determination
provides a direct measure of the voltage sensor equilibrium
constant. In the absence of calcium, the ON component of
I, displays a single exponential decay. However, in the pres-
ence of calcium, a second exponential with a longer time
constant appears, revealing the allosteric interaction of the

pore gate with the voltage sensors (186).

a0

J can be determined from the gating charge displaced on a
membrane depolarization step. This is legitimate, since the
ON I, vanishes before the ionic current starts to develop,
i.e., when channels are still closed (67, 186, 418). The frac-
tion of the total charge displaced, O,,/O,,, ynax- 1S @ Measure
of the probability to find the voltage sensor in its activate
state. Therefore, O,,/O,,.max can be written as a Boltz-

mann function

Qmn 1
Qon,max 1+ J71

(6)

A plot for this function is shown in FIGURE 5¢C (left curve).
The parameters ], and z; defining | can be determined
using a nonlinear curve fitting procedure. The red line
(curve at right) in FIGURE 5C is a plot of P, vs. voltage in
the absence of calcium, drawn by using Equations 4 and
5, where the only unknown parameter is D, which can be
determined from this plot.

Comparing the I, of the fast component of ON I, in the
absence and presence of calcium, makes it possible to
evaluate allosteric factor E, which describes the interac-
tion between the voltage sensors and the calcium binding
sites with the pore gate closed since the fast I, ends before
the channels begin to open. Boltzmann functions are ad-
equate descriptions of the charge-voltage curves, where
the effect of calcium shifts the half voltage, V), to the left,
at which point the half of the maximum charge mobilizes
(see the inset of FIGURE 5D). The left shift of V,, implies E
>1. This AV, is only =20 mV. A more accurate estima-
tion of the AV, produces a left shift of =33 mV (186),
obtained from admittance measurements (123) of I,.
This AV, implies an allosteric factor E = 2.1, meaning a
weak interaction between voltage sensors and calcium
binding sites. However, stronger interaction between the
voltage sensor and Ca”>" binding site have also been re-
ported (E = 10-24; Refs. 59, 385).

The last parameter to be determined is E, the allosteric
parameter connecting the voltage sensors and the cal-
cium binding sites. Calcium binding is expected to shift
the O,,/O max Vs. V curve to the left, as shown in the
inset of FIGURE 5D. The equilibrium of the resting-to-
active transition with calcium bound is the product JE.
For V =0, the O,,/O,,,..max ratio is a small value (1/],),
and the following approximations of Equation 6 are le-
gitimate

Qon
) > =J, (7)
on,max (Ca<<Kd)
Qon _ EJO (8)

Qon,max (Ca>Ky)

Allosteric factor E can be determined from the O,,/O,,,. ,.x
ratio measured under saturating calcium and no calcium
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conditions, as illustrated from the vertical displacement of
the logarithmic plot in FIGURE 5D.

ON and OFF I, mobilize the same amount of charge for short
(=1 ms) depolarizing pulses. For longer depolarizing pulses,
the charge collected by the integration of OFF I, grows follow-
ing a double exponential time course. The fast time constant
corresponds to the decay time of ON . The charge of the slow
component reveals a charge mobilization during the depolar-
izing pulse, which is too slow to be a measurable I, (185). The
slow time constant is 100 times longer than the fast one and is
comparable with the time constant of the ionic current activa-
tion, suggesting that this slow charge movement is limited
by channel opening (185). This slow charge corresponds
to the charge displaced in the closed-to-open transition,
plus the charge displaced between open states. This situ-
ation is illustrated in Scheme III. Starting at a holding
potential such as C is the only populated state, where a
depolarization will shift the distribution of the closed
states with C, being the most populated state, because
the equilibrium constant J is a function of voltage. The
charge associated with the transition from C, to C, is the
fast component of the gating charge. Now, the C, to O,
transition occurs, and the equilibrium of the open states
is shifted to Oy, as the equilibrium constant J is multi-
plied by allosteric factor D. The OFF charge movement
is, therefore, limited by the open-to-closed transition giv-
ing origin to the slow component of the OFF charge as a
function of the depolarizing pulse duration. Actually, the
time constant of the slow I, component is similar to the
time constants of the potassium current activation. How-
ever, in the presence of auxiliary subunits such as g1, 82,
and B4, the slow component develops in advance of and
faster than ionic current activation, suggesting that BK
channel opening proceeds in two steps (67). This obser-
vation indicates that Schemes III to V should include an
additional tier of closed states. This type of three-tiered
schemes was also suggested (279) as an explanation for
the short-lived flicker observed in open channels (372,
397). Contreras et al. (67) worked out the complete
three-tiered model and used it to explain the effects of 3
subunits on BK channel kinetics and equilibrium.

IV. INFERENCES ABOUT THE NATURE OF
THE CONDUCTION SYSTEM AND
GATES

A. Selectivity and Conduction

The BK channel is the most selective K* channel found to
date and the one with the largest conductance (~250 pS
in symmetrical 100 mM KCI), hence the name of BK or
Maxi K. Na™ is essentially impermeable, and the single-
channel conductance ratio gy/gn, is ~300 (34, 112,417,
496). The calculated relative permeability sequence using
the Goldman-Hodgkin-Katz equation is TIT:K™:Rb*:
NH; = 1.2:1:0.7:0.11 (34), and agrees well with that
obtained by using bionic potentials (112). On the other
hand, the conductance sequence is K*:T1":NH;:Rb™ =
1:0.41:0.18:0.07 (112).

Since BK channels were first characterized, it was surprising
to be confronting an ion channel with such exquisite selec-
tivity and, paradoxically, with such a huge conductance
compared with other K* channels (242). We still do not
have a full answer regarding how this high conductance is
generated, but we have some hints, most of them are from
studies focused on the internal vestibule. The neutralization
residue D292N located directly outside the selectivity filter
reduces around 40% of the single-channel conductance,
which can be explained by a reduction of the surface charge
density (170, 171). Comparing the primary sequence of the
pore regions of BK and K, channels, it is evident that BK
channels, unlike K, channels, hold two glutamate residues
that give rise to two negatively charged rings with a total of
eight negative charges at the entrance of the internal BK
channel vestibule (FIGURE 6). Neutralization of these two
glutamates causes a decrease in channel conductance to half
the value obtained with the wild-type (WT) BK from ~300
to 150 pS in symmetrical 150 K™ (46, 331). Maximal con-
ductance of the WT and the double mutant channel are,
however, identical. This indicates that the negative charges
increase K* concentration in the vestibule through long
range electrostatic interactions. The finding that these neg-
ative charges contribute to single-channel BK conductance

FIGURE 6. Eight negatively charged glutamate residues
are located at the inner entrance of BK channel (E386 and
E389). A: secondary structure of two subunits of the pore
domain are shown, extracellular side. B: the pore domain
viewed from the intracellular side. Atomic coordinates were
taken from the BK channel homology model (61). Gluta-
mate atoms are shown as spheres using this color code:
N = blue, C = white, O = red. lllustrations were prepared
using The PyMOL Molecular Graphics System, version
1.7.4, Schrodinger, LLC.
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was further corroborated by replacing E321 and E324 by
cysteines and exposing them to negative and positive thiol
reagents. Internal addition of maleimide proprionic acid, a
negative thiol reagent, increases channel conductance,
whereas ethyl methanethiosulfonate, a positive thiol re-
agent, decreases it (139).

To calculate the electrostatic potential along the internal
cavity, Carvacho et al. (61) built a molecular model of the
BK channel pore and solved the Poisson-Boltzmann
equation. The calculated electrostatic profile agrees with
the electrostatic potentials obtained using TEA and Ba®*
blockade, and amounts to —22 mV at the internal chan-
nel entrance. This potential is enough to raise K con-
centration at the channel entrance by about twofold.

On the other hand, the structure of the MthK channel
revealed that the internal entrance in this channel is much
wider than in K, channels by ~10 A (209, 267). The
accessibility experiments of Zhou et al. (516) strongly
suggest that the radius of the internal entrance of BK
channels is even larger than that of MthK. Thus, in BK
channels, as in MthK channels, most of the electric field
drops in the selectivity filter (61, 94, 209). The size of the
internal cavity can be an important factor in determining
channel conductance, and this can, at least in part, ex-
plain the large difference in single-channel conductance
between K, and BK despite the high degree of conserva-
tion of the selectivity filter (FIGURE 7). In fact, reducing
the diffusion coefficient of K*, decreasing the effective
volume of the BK inner cavity by using sucrose or de-
creasing the size of the inner BK vestibule by increasing
the side chain of the amino acids in positions 321/324 has
been observed to reduce channel conductance (44, 139).
The estimates indicate that in Shaker K*channels (~12
pS in symmetrical 100 mM K™), most of the electrical
resistance resides in the inner cavity, whilst only 7% of
the electrical resistance lies in the internal cavity of BK
channels (44, 94, 139).

Slol 337 LTYWECVYLLMVTM{TVGYGD
Slo3 261 ISYFESIYLVMATTYTVGFGD
Shaker 343 TSIPESFWWAVVTMYTVGYGD
Kvl.2 359 PSIPDAFWWAVVSMYTVGYGD]
Kv2.1 362 KSIPASFWWATITMRTVGYGD
EAG 448 SVYISSLYFTMTSLYSVGEFGN
Kvl.4 509 QSIPDAFWWAVVTMYTVGYGD]
KcsA 60 ITYPRALWWSVETAYTVGYGD
MthK 44 ESWTVSLYWTEVTIATVGYGD

A ey

B. Blockade

H*, Na*, Cs", and Ba?"* block BK channels by interacting
with the channel conduction pathway (45, 64, 309,452,497).
These cations have been fundamental in determining the
multi-ion pore nature of the selectivity filter of BK channels.
The internal block of the BK channel by Na*can be relieved by
external K. External K does not affect the entry rate of Na ™,
but only increases the exit rate of Na™ from the channel, indi-

cating that both monovalent ions can coexist simultaneously
inside the selectivity filter of BK (497).

If the ion blockade is described by a simple first-order pro-
cess of the type

Site + B ¢ Site-B (Scheme VI)

where B is the blocking ion interacting with a site located in
the electric field then, the voltage-dependent equilibrium
constant, K(V), that describes the reaction depicted in
SCHEME VI, is given by the equation (472)

2d3FV
K(V) = K(0)e RT 9)

where K(0) is the equilibrium constant at zero applied
voltage, z is the ion valence, and & is the distance traveled
by the ion in the electric field (strictly “an electrical dis-
tance”). The product 28V is the electric potential differ-
ence between the binding site and the bulk solution from
where the blocker is added. For monovalent ions, z&
cannot attain a value larger than 1. Deviations from
Equation 9 (where 8 >1) would indicate that the conduc-
tion system of the channel can be simultaneously occu-
pied by more than one ion. In other words, we would be
in the presence of a channel that behaves as a multi-ion
pore (179).

External Cs* promotes a voltage-dependent blockage of BK
channels with a z8 that can reach values of 1.3 at 10 mM Cs

380

YAKTTLGRLFMVFFILGGLAMFASYVPEIIELI---GN 393
VAKTSLGRTFIMFFTLGSLILFANYIPEMVELF---AN 317
APVTVGGKIVGSLCAIAGVLTISLPVPVIVSNFSYFYH 402
VPTTIGGKIVGSLCAIAGVLTIALPVPVIVSNENYFYH 418
YPKTLLGKIVGGLCCIAGVLVIALPIPIIVNNFSEFYK 421
APSTDIEKIFAVAIMMIGSLLYATIFGNVTTIFQQMYA 507
KPITVGGKIVGSLCAIAGVLTIALPVPVIVSNENYFYH 568
YPVTLWGRLVAVVVMVAGITSFGLVTAALATW---FVG 116
SPSTPLGMYFTVTLIVLGIGTFAVAVERLLEF---LIN 100

FIGURE 7. Alignment of potassium channels selectivity filter. The primary sequence of seven human and two
prokaryote potassium channels are aligned from residues surrounding the pore: Slo1 or BK (hKCNMA1,
B7ZMF5), Slo3 (hKCNU1, ABMYUZ2), Shaker-related (hKCNA7, B2RU13), Kv1.2 (hKCNA2, P163889), K,2.1
(hKCNB1, @14721), EAG (hKCNH1, 095259), K,1.4 (hKCNA4, P22459), KcsA (POA334, from Streptomy-
ces lividans), and MthK (027564 from Methanothermobacter thermautotrophicus). Primary structures were
aligned using CLUSTAL O (1.2.1) multiple sequence alignment. Selectivity filter is enclosed in the black box. The
phenylalanine residue 380 in BK (Slo1) channel is highlighted in green.
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(64, 497). It should be highlighted that the current-voltage
relationship shows an upturn at negative voltages, which is
large enough to indicate that Cs* blockage is relieved by the
influx of K ions. In other words, Cs™ is forced to permeate
through the BK channel pushed by the incoming K™ ions. In
a two-site vacancy diffusion model, the 26 >1 originates
from the fraction of the electric field where K and Cs™
travel before reaching their respective binding sites. If the
two sites are very near, it can reach a maximum value of ~2
(zd for both ions is ~1). It is also possible that if enough
kinetic energy is supplied to the K* ions entering the chan-
nel, K can knock off the blocking ion from the BK channel
(10, 64, 180). In this case z6 can reach values larger than 2,
and a knock-off model offers the best explanation for the
characteristics of Cs™ ions that block BK channel (64).

Internal as well as external Ba**is able to block BK chan-
nels (517), although with very different affinities. While
millimolar amounts of external Ba**are required to block
BK channels, micromolar internal Ba®* suffices to induce
appreciable blockade (452). The experiments using Ba>" as
a blocking ion have been extremely useful in defining the
degree of ion occupancy of BK channel selectivity filters. In
particular, Neyton and Miller (330) made the observation
that the exit of Ba*"towards the external side is slowed by
increasing external K™ concentration. This observation is
most economically explained by assuming the existence of a
K* binding site located external to Ba**, which once occu-
pied is able to hinder the exit of the blocking ion (a “lock-in
site”). In other words, the selectivity filter of BK channels is
able to contain Ba** and K" simultaneously. Since this
lock-in site is in equilibrium with the external K* when the
channel is blocked by Ba*™, it is possible to determine the
dissociation constant (Kp) for K* at the lock-in site. Ver-
gara et al. (451) measured a K, of ~3 uM by buffering
external K™ using a crown ether that binds K with high
affinity. This implies that K™ binds to BK channels very
tightly. As C-type inactivation is viewed as a collapse of the
selectivity filter in the absence of permeant ions, this tight
K™ binding to the sites contained in the selectivity filter has
been suggested to be the cause of the lack of C-type inacti-
vation (e.g., Ref. 268) in BK channels. In fact, when the
external K™ concentration is reduced below the contami-
nant external K™ concentration (~4 uM), BK channels en-
ter a quiescent state reminiscent of C-type inactivation
(451).

C. TEA and Analogs

Both external and internal TEAs block BK channels, al-
though with different affinities (34, 453, 454, 496). The
dissociation constant of the external TEA site is ~0.2 mM
with a 26 = 0.1, whereas internal TEA blocks BK channels
with a K, of ~30 mM and a z8 of 0.3. High affinity of
external TEA is given by the presence of a tyrosine residue
located at the external entrance of the BK pore and near the
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selectivity filter Tyr-309 in mBK (398). The external TEA
site is selective for TEA and appears to discriminate be-
tween the different TEA analogs by size. Modifications of
the ethyl side chain, either by increasing or decreasing its
size, promote reductions in binding strength. On the other
hand, the potency of the different TEA analogs in blocking
BK channels from the internal side is determined by their
hydrophobicity, as in K, channels. Blocking potency is in-
creased as the compound is made more hydrophobic (454).
These results gave the idea that the basic architecture of BK
channels is similar to that of K, channels, i.e., wide and
large internal vestibules and a rather shallow external
mouth with a well-defined TEA binding site (FIGURE 8).

D. Where Is the Activation Gate?

1. State-independent quaternary ammonium ions
block in BK channels

Blocking ions can also provide strong hints regarding the
location of the activation gate in BK channels. The pioneer-
ing work by Armstrong (9, 10) using quaternary ammo-
nium (QA) ions was the first to shed light on the gross

FIGURE 8. TEA binding site, modeled after Crouzy et al. (75).
External TEA blocks K* channel binding to the entrance of the selec-
tivity filker surrounded by a ring of four tyrosine residues. The figure
also shows the tyrosine in position 380. This residue plays an im-
portant role in gating and conduction (58). Atomic coordinates of
the protein atoms were taken from the BK channel homology model
(61). TEA was coupled to BK channel by means docking simulations.
The software used was Autodock Vina (443). Afterwards, a short
molecular dynamics simulation was performed using AutolMD plugin
from VMD 1.9.2 (200) and NAMD 2.9 software (NAMD was devel-
oped by the Theoretical and Computational Biophysics Group in the
Beckman Institute for Advanced Science and Technology at the
University of lllinois at Urbana-Champaign, see Ref. 352). TEA pa-
rameters were assigned according Paramchem results (449). TEA,
tyrosine, and phenylalanine atoms are shown as spheres using this
color code: N = blue, C = white, and O = red. lllustrations were
prepared using The PyMOL Molecular Graphics System, version
1.7.4, Schrodinger, LLC.
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architecture of K, channels by proposing the existence of an
internal gate and a large internal vestibule able to accom-
modate bulky and hydrophobic QA ions. This basic topol-
ogy of K, channels proposed by Armstrong was confirmed
by the structural data, which showed that the activation
gate in K channels is in the bundle crossing constituted by
the S6 transmembrane segments (105, 266, 267). There-
fore, in K, channels QA ions that are added internally can
only reach their binding site when channels are open; hence,
they are open-channel blockers.

The blockade of BK channels by QA ions was further stud-
ied by Aldrich’s group (253, 469) that found the following:
1) binding or unbinding of large QA ions in BK channels is
much faster than in K, channels; 2) deactivation of BK
channels is not modified by the presence of QA ions; and 3)
by using a very large hydrophobic QA, N-(4-[benzoyl|be-
nyl)-N,N,N-tributylammonium bromide (bbTBA), they
showed that BK channels can close unimpeded by the pres-
ence of bbTBA and that there is no evidence of bbTPA
trapping after BK channel closing. Taken together, these
results suggest that unlike K, channels, QA blockage is
state-independent, the internal vestibule of BK channels
is larger than that of K, channels, and the activation gate is
located beyond the QA binding site, possibly at the selec-
tivity filter. However, a further characterization of the
bbTBA blockage suggested that to reach the binding site,
bbTBA requires partial BK activation since fully closed
channels cannot be blocked (426). Notably, although tet-
rabutylammonium (TBA) and the Shaker “ball” peptide
(BP) exhibit open-channel blockage of BK channels in the
presence of K*, replacing Rb* with K" induces a state-
independent blockage by these two compounds (430). This
effect is specific to BK because in Shaker K™ channels the
state dependency of the blockade by TBA and BP is inde-
pendent from the permeant ion. As stated by Thompson
and Begenisich (430), these results represent a positive test
for selectivity filter gating. However, they do not discard the
possibility of an enlargement of the intracellular entrance
upon gating in the presence of K ions.

It should be noted here that Ba>* was also used to deter-
mine the location of the activation gate in K channels (12).
These experiments demonstrate that Ba?" can reach its
binding site when added externally, independent of the con-
formational channel state. However, Ba** added internally
can only block open channels. These results confirmed the
conclusions reached by using QA ions regarding the exis-
tence of an internally located activation gate. In BK chan-
nels, on the other hand, and in agreement with the hypoth-
esis that the selectivity filter is or is part of the activation
gate, Ba®" is unable to block closed channels when added
internally or externally. Ba®>" can be trapped inside BK
channels by closing them during a blocking period with a
large negative voltage pulse. The trapped divalent cation

o4

cannot be dissociated from its binding site until after the
channel opens (308, 309).

2. Shaker ball peptide

Single-channel studies showed that Shaker ball peptides
(BP) and mutational homologs are able to interact with BK
internal vestibules (437, 438). Similar to the blockage in-
duced by these polypeptides of the Shaker K™ channel
(320), blocking potency increased either by making the BP
NH, terminus more hydrophobic or by adding more posi-
tively charged residues to the BP COOH terminus. Also,
increasing the peptide association rate constant (ky) and
hydrophobicity, augmented the mean blocking time with
no effect on kg (437). These results revealed the presence
of negative charges in or near the peptide binding site and of
a peptide-interacting hydrophobic surface in the internal
BK vestibule. Li and Aldrich (252) found that a peptide
containing two positive charges (more than the ball peptide)
can induce a slow blockage in addition to increasing bind-
ing potency. The blockade produced by this peptide,
dubbed enhanced ball peptide (EBP), is state dependent and
consistent with an open-channel blocking mechanism. Fur-
thermore, EBP slowed the deactivation kinetics, a result
suggestive of peptide trapping. Taking into account the re-
sults obtained by using QA ions, these observations are
consistent with a conformational rearrangement that en-
larges the intracellular entrance of the channel upon open-
ing. Thus, although the passage of the small K™ ion is hin-
dered at the level of the selectivity filter, the pore-lining S6
helices undergo some conformational changes related to
channel gating. There is no doubt, however, as indicated by
state-dependent methanethiosulfonate ethyltrimethylam-
monium (MTSET), that the BK channel inner pore is much
larger than that of other K* channels with known crystal
structure (516).

E. Toxins

Scorpion toxins have played an important role in the devel-
opment of our detailed knowledge of BK channels. In par-
ticular, charybdotoxin (ChTX) was fundamental in the iso-
lation, purification, and identification of BK channels in
different tissues (137). Isolated from the venom of the scor-
pion Leiurus quinquestratus, ChTX was the first peptide
toxin found to block BK channels (310). ChTX is a 37-
amino acid peptide containing 6 cysteine residues responsi-
ble for stabilizing the toxin tertiary structure and several
positively charged residues, providing the peptide with a net
charge of +35 (FIGURE 9). BK channel sensitivity to ChTX
greatly decreases (~30-fold) when the a subunit is coex-
pressed with B2 or B3 subunits (456, 480; see sect. VIII).
ChTX, however, turned out to be a rather unspecific toxin,
being able to inhibit other K* channels including K¢, 1,
voltage-dependent K* channels, K, ,, K ; ;and K, 4 (216)
as well as some small-conductance SK, channels (173).
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A
IbTX SV
ChTX Q
-T1I
AgTXZ Gvep H- Q
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FIGURE 9. A: alignment of primary structure of scorpion toxins targeting the BK channel. The primary
sequence of iberiotoxin (IbTx; Uniprot code P24663), charybdotoxin (ChTx; P13487), noxiustoxin (NTXx;
P0O8815), and agitoxin (AgTx2; P46111) are shown. Residues with conserved identity are highlighted in color
boxes. The asterisk marks the lysine residue which penetrates into the selectivity filter and blocks the channel.
Multiple sequence alignment was done using CLUSTAL O (1.2.1). B-E: toxin structures. The lysine residue
involved in binding to BK selectivity filter is shown as sticks. The highly conserved disulfide bonds are showed
in thin sticks. B: charybdotoxin [red; PDB ID code 2CRD (38]]. C: agitoxin [green; PDB ID code 1AGT (231)].
D: iberiotoxin (blue; homology model). E: noxiustoxin [white; PDB ID code 1SXM (89])]. F: superimposition of the
structure of the four toxins reveals a conserved secondary structure. The iberiotoxin homology model was
constructed under MODELLER Sv7 (378) using as reference the ChTx structure (2ASH), the alignment
proposed by Johnson and Sugg 1992 (211). lllustrations were drawn using Visual Molecular Dynamics,

version 1.9.2 (200).

Unlike ChTX, iberiotoxin (IbTX) obtained from the venom
of the African scorpion Buthus tamulus inhibits BK channel
selectively with great potency: K, ~1.2 nM (58, 131, 143,
217). IbTX has a 68% sequence identity with ChTX and
the same number of residues, but possesses five acidic amino
acids and one less basic residue compared with ChTX (FIG-
URE 9A4). Another member of the ChTX toxin family is
slotoxin, which has a Kj; of ~1.5 nM (136) and is obtained
from the Mexican scorpion Centruroides noxious, exhibit-
ing a 54 and 75% identity with ChTX and IbTX, respec-
tively. Slotoxin reversibly blocks aBK channels and irre-
versibly blocks (a + 81)BK channels, whilst weakly block-
ing (a + B4)BK channels (136). Additionally, martentoxin
(MarTX), a 37-amino acid peptide purified from the venom
of the Chinese scorpion Buthus martensii, shares a 39 and
45% identity with ChTX and IbTX, respectively. Remark-
ably, MarTX specifically blocks (a + 4)BK channels with
almost no effect on aBK channels, with a K, of ~100 nM
(400, 429). Unlike ChTX or IbTX whose effects are insen-
sitive to [Ca®*],, MarTX inhibits BK channels at low
[Ca®*]; but enhances BK channel activity at high [Ca*"];
(208, 400). On the other hand, (a + B1)BK channels are
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activated by MarTX, with a dose-response curve with a K,
of ~500 nM (428). A toxin isolated from the venom of the
Chinese scorpion Buthus martensii, BmP o, is also able to
specifically block BK channels albeit with less potency, ex-
hibiting a K, of ~27 nM (494). In contrast to the other
peptide toxins, BmP,, was defined as a long-chain toxin,
since it is composed of 85 amino acid residues and in addi-
tion may be posttranslationally modified.

1. Toxin mode of action and structural
considerations

Early on it was recognized that ChTX binds to the BK
channel with 1) 1:1 channel:toxin stoichiometry, 2) long-
range electrostatic interactions involved in toxin binding, 3)
voltage-dependent binding reactions, and 4) toxin binding
to the closed and open conformation of the channel (7).
Regarding the voltage dependence of ChTX block, MacK-
innon and Miller (277) showed that this is actually pro-
duced by a destabilization of the toxin:channel complex
mediated by the flow of K™ ions entering the conduction
system from the intracellular side since the voltage depen-
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FIGURE 10. Schematic representation of charybdotoxin (PDB ID
code 2CRD) secondary structure (red) docked to the selectivity filter
(orange sticks) of BK with a stoichiometry of 1:1. Secondary struc-
ture of BK is represented as cylinders. Atoms of Lys27, the main
residue implied in the BK channel blockade, are represented as
spheres using the following color code: N = blue, O = red, C = cyan.
See FIGURE 8 legend for details on docking and drawing.

dence of the blockage disappears if internal K* is replaced
with Na™. These observations are consistent with the hy-
pothesis that ChTX acts by binding to and occluding the BK
pore. Mutagenesis of ChTX showed that neutralization of
ChTX Lys-27, which is an amino acid residue conserved in
all members of the ChTX-toxin family, greatly decreases
potency and makes the toxin block insensitive to voltage
(347). From these experiments, it became clear that the
positive charge of Lys-27 is interacting with a K" binding
site located in the selectivity filter of the channel (FIGURE
10). Studies with other toxins (e.g., agitoxin2, AgTX2)
showed that the mechanism by which this positively
charged residue binds to the channel selectivity filter is com-
mon to all toxins of this type, applying to other K* channels
as well (177, 365). Actually, the NMR structures of AgTX2,
ChTX, IbTX, and noxiustoxins have been determined, show-
ing that the peptide is held together by three or four disulfide
bonds exhibiting nearly superimposable structures (FIGURE
9F) (39, 89, 211, 231). The extracellular vestibule of the
Shaker K* channel was mapped by using double-mutant cy-
cles between the channel and ChTX and AgTX2 (177, 323).
These toxins were used as molecular calipers to determine
distances of particular residues in the channel from the pore
axis, as well as to define the channel-toxin surface of interac-
tion. Four structural motifs involved in toxin binding were
identified in Shaker K™ channels: 1) the turret (F425, K427
residues), 2) the pore helix (D431 amino acid), 3) the selectiv-
ity filter (Y445, D447 residues), and 4) the loop connecting the
selectivity filter with S6 (M448, T449, and V451 residues), as
illustrated in FIGURE 1A. The question regarding the prefer-
ence of certain toxins, such as IbTX preference for BK chan-
nels over K, channels, was addressed by Giangiacomo et al.
(143), who found novel IbTX binding sites in the BK turret.
The BK turret contains five amino acids more than its coun-
terpart in K, channels (61, 143). More recently, Banerjee et al.
(15) determined the crystal structure of the complex K, 5/
K, ; chimera-ChTX complex and found, as predicted from
biophysical experiments, that Lys-27 projects its side chain
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into the pore, leaving the amino group near the top of the first
K™ binding site (see FIGURE 10). Notably, this site appears
empty in the channel-toxin complex. The absence of K™ in S1
is hypothesized to be due to electrostatic repulsion between the
amino group and the incoming K* and hydrogen bonding
formation between the four carbonyl oxygens of the selectivity
filter and the Lys-27 amino group (15). These four carbonyl
groups would otherwise coordinate K™ in S1.

2. Paxilline

Paxilline, panitrem, and lolitrem B are fungal indole alka-
loids able to inhibit BK channels at low nanomolar concen-
trations (203, 228) in a highly specific manner (cf. Refs.
115, 396). Paxilline stimulates the binding of ChTX, sug-
gesting that the inhibitor acts at a site different from that of
ChTX (228). Applied internally, paxilline blocks BK chan-
nels with a K, of 1.9 nM and a Hill coefficient of ~1.
Sanchez and McManus (380) reported that increasing in-
ternal Ca®" concentration decreases paxilline potency, sug-
gesting that the toxin binds preferentially to the closed state,
and proposed an allosteric interaction between the divalent
cation and paxilline. In a recent study, Zhou and Lingle
(514) showed convincingly that paxilline inhibition can be
fully reversed by increasing the open probability of the
channel (P,). Paxilline binds tightly to closed channels with
a Kp of ~10 nM, and the K, increases to ~10 uM at P,
near its maximum value. Interpretations of these results in
terms of the HA allosteric model suggest that paxilline al-
losterically modifies the BK channel closed-open equilib-
rium by stabilizing the closed configuration of the BK
channel (decreasing L; see Scheme III). Both the large QA
ion bbTBA and high concentrations of sucrose that oc-
cupy the inner vestibule hinder the access of paxilline to
its binding site, suggesting that this lipophilic molecule
reaches its blocking position from the internal solution.
Therefore, this alkaloid differs from the mode of action
of, for example, lipophilic local anesthetics in that it can
reach its site from the lipid moiety (178, 393). Paxilline,
however, does not impede the entrance of MTS reagents
like MTSET (514). A partial occlusion of the internal
entrance of the channel is consistent with this result and
with the fact that Sanchez and McManus (380) found a
decrease in the single-channel conductance, in the pres-
ence of paxilline.

Considering the finding that the pH-activated Slo3 channel
is insensitive to paxilline, Zhou et al. (515) by making chi-
meras of Slol and Slo3, found that paxilline binding re-
quires the S6 transmembrane segment of the BK channel.
Point mutations performed in S6 identified the mSlo1 G311
residue as essential to maintaining high-affinity inhibition
by paxilline. These results strongly suggest that paxilline
binds to a position located within the BK channel’s internal
vestibule.
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FIGURE 11. Ca2?" binding sites in the gating ring of BK channels. A: side view of two subunits forming the
gating ring, RCK1 in violet and RCK2 in green. B: ribbon representation of RCK domains of one subunit, with
the residues participating in the three calcium binding sites represented as sticks; the yellow sphere depicts
the calcium ion. The high-affinity binding site in RCK1 (blue oval), the high-affinity binding site in the RCK2 or
“calcium bow!” (red oval), and the low-affinity calcium and magnesium binding site (orange oval) are shown. C:
closer view of RCK1 domain, rotated 90 degrees around y-axis from position in B. High-affinity calcium binding
site residues (D362, D367, M513, and E535) and the low-affinity calcium and magnesium binding site
residues (E399 and E374) are shown as sticks and enclosed in ovals as in B. D: calcium bowl on the RCK2
domain. The four residues that coordinate Ca®™" in the crystal structure of BK gating ring are shown as sticks,
while Ca®" is represented by the yellow sphere. E: crystal structure of the BK channel gating ring in the closed,
Ca®*-free, conformation (PDB code: 3NAF), showing the position of lysine 343 and the distance between alpha
carbons of K343 residues of diagonally opposite subunits. F: crystal structure of the BK channel gating ring in
the open, Ca®"-bound, conformation (PDB code: 3UBN). As in E, the position of K343 residues and the
distance between them in diagonally opposite subunits is shown. K343 is located at the NH, terminus of the
RCK1 and connects with the COOH terminus of S6. The distance between K343 residues of two opposite
subunits increases 13 A when the gating ring binds calcium and is believed that it propagates inducing
rearrangements in the SB6 segments, resulting in channel opening. Atomic coordinates used in A, B, C, D, and
F were read from PDB code 3UBN, and atomic coordinates used in E were read from PDB code 3NAF.
Structures were drawn using the Visual Molecular Dynamics, version 1.9.2 (200).

V. MOLECULAR DETERMINANTS OF Ca2" of five aspartic acid residues dubbed the calcium bowl (389).

GATING

As stated before, BK channels can be activated by cal-
cium, which binds to two putative sites in each subunit in
the COOH-terminal domains. Two regulators of K" con-
ductance elements in this segment harbor the calcium
binding sites and form the gating ring as described below.

A. RCK Domains Form a Gating Ring: Two
High-Affinity Ca®* Binding Sites

In BK channels, the COOH terminus of each subunit is com-
posed of two nonidentical regulators of K* conductance
(RCK1 and RCK2), as shown in FIGURE 11, A and B (210,
477,498, 499). The first identified “high-affinity” Ca** bind-
ing site is contained in RCK2 and consists of a 28-amino acid
domain (from T883 to Q910 in mBK) that comprises a string
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Mutations of these aspartate residues produced BK channels
with a decreased Ca®" sensitivity. However, the neutralization
mutants [called +-shifted mutants since they rightward shift
the G(V) curves| and the wild-type channel have the same
sensitivity to Cd>™ (389). Bian et al. (32) found that the chan-
nel still conserved some Ca*" sensitivity even when the five
aspartic acid residues in the calcium bowl were neutralized by
asparagine residues (mutant DSNS5). These results are a clear
indication of the presence of a second Ca?™ binding site with a
different affinity to Ca®*. Additionally, binding of radioactive
Ca*" showed a reduction of only 56% in the DSNS mutant
protein, when assayed on 280 amino acid fusion proteins of
the COOH terminus of the Drosophila BK channel, contain-
ing the Ca®" bowl (32; see also Ref. 43).

To these findings, we must add those obtained using Slo1-
Slo3 chimeras where the tails, defined as the region com-
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posed by segments S9-S10, between these two channels are
exchanged (391). We note here that the Slo3 channel is
activated by protons and lacks a Ca** bowl (390, 391).
Although the Slo1-Slo3 tail channel is activated by Ca**
concentrations >300 uM, the G(V) curve of these chi-
meric channels is leftward shifted by ~60 mV in the
nominal absence of Ca?* compared with the wild-type
BK. This observation not only suggests the existence of a
second Ca®" binding site, but also indicates that the Slo1
tail, in the absence of Ca®", increases the energy neces-
sary to open the BK channel. From a physiological point
of view, this would have the advantage of reducing the
BK channel open probability when the cell is at rest (low
internal Ca”>" and negative membrane potential). A mod-
ulation BK channel gating by the tail (COOH terminal)
was confirmed by Moss and Magleby (319), who found
that replacing the Slo1 tail with the Slo3 tail increased the
open probability in the absence of Ca*" and reduced BK
channel Ca®* sensitivity.

A more detailed study in which all the aspartates contained
in the stretch comprised between mBK amino acids D895
and D903 were mutated to alanine, confirmed the existence
of high-affinity sites that were not associated with the pres-
ence of the Ca®" bowl (18). Moreover, Bao et al. (18) found
that mutating the mBK residue methionine 513 to isoleu-
cine, together with deleting most of the Ca** bowl (A898—
903), resulted in a low Ca*™ sensitivity channel (18). M513
is located at the end of S7 segment, being part of the RCK1
domain (FIGURE 11C). Analyses of the data obtained with
the deleted Ca** bowl and the M5131 mutant using the HA
allosteric model indicate that each “site” contributes
equally to channel opening (sect. ITI, Scheme IV). In other
words, each one is responsible for half of the channel’s
Ca®" sensitivity (18). Another BK channel mutant that
markedly reduced mBK channel Ca®* sensitivity is the dou-
ble mutant D362A/D367A. These two aspartate residues
are located in the RCK1 domain (FIGURE 11C) while the
mutant D362A/D367A-DSNS is only activated by Ca** at
concentrations >10"> M (482). It should be noted that not
all the aspartate residues in the Ca?" bowl when neutralized
decrease the affinity to the same extent. When the experi-
ments are performed in an M513I background, point mu-
tations D898A and D900A suffice to obliterate high-affinity
BK channel Ca?" sensitivity (FIGURE 11D). In addition,
these two residues are essential for radioactive Ca*" bind-
ing to a fusion protein that contains the Ca>" bowl (17).
These results led Bao et al. (17) to propose a structural
model for the Ca** bowl in which these two aspartate res-
idues are directly involved in complexing Ca**. Remark-
ably, as we will see below, this hypothetical model was
confirmed when the structure of the gating ring in the pres-
ence of Ca>" was solved (499).

Selectivity of the BK channel Ca®* binding sites to diva-
lent cations was characterized by Oberhauser et al. (334),

o8

who found that Cd>*, Sr**, Mn?*, and Fe?" are able to
regulate BK channels in the absence of Ca®*. These ob-
servations, together with the finding by Salkoff’s group
showing that Cd** can activate wild-type BK as well as
Ca”* bowl mutants (389), were assessed again by Zeng et
al. (508) taking advantage of the features of the D5SN35
mutant as well as the D362A/D367A mutant. Based on
the two high-affinity Ca®*-binding sites hypothesis, the
D362A/D367A mutant (FIGURE 11C€) should be insensi-
tive to Cd**. In agreement with this proposition, Zeng et
al. (508) found that the D362A/D367A mutant can only
be activated by Ca®* and Sr** and that the DSNS mutant
is activated by Ca**, Cd**, and Sr**. To this, we must
add the more recent finding that Ba** is able to activate
BK channels by selectively binding to the Ca** bowl,
suggesting that in this binding site only divalent cations
of the largest radii can satisfy the interactions required to
stabilize the active conformation (517).

Thus the finding that these two sites have a different
selectivity to divalent cations gave strong support to the
view that BK channels contain two different high-affinity
Ca?" sites. However, we should note here that the mo-
lecular nature of the RCK1 high-affinity Ca?* binding
site is still far from clear, because further mutagenesis
studies indicated that mutation ES35A in mBK reduces
Ca”" sensitivity as much as D367A, which casts doubts
on the importance of the M513 residue as a possible
Ca”* coordinator (510). The proposal is that mutation
MS5131 reduces Ca®™" sensitivity by modifying the struc-
ture of the Ca®* binding site in the RCK1 domain. Fur-
thermore, the divalent cation selectivity of this site was
also revisited with the findings that, although mutations
D367A and ES35A (FIGURE 11C) almost eliminate Ca®*
sensitivity, they do not abolish Cd** binding, and al-
though D362A reduces Ca*" only slightly, it greatly re-
duces Cd** sensitivity (510). These observations suggest
that the Ca?" and Cd** binding sites in RCK1 are differ-
ent even though they share some residues.

A careful characterization of the BK channel gating ki-
netics showed that at [Ca®"] <10 uM, the Ca*" bowl
accelerates channel activation, whereas at higher [Ca®*],
the high-affinity Ca®* binding site contained in RCK1
modifies both activation and deactivation (508). We un-
derstand these results in terms of the allosteric model
(Scheme IV) in which the open-closed transition is a first-
order reaction and where allosteric Ca** binding con-
trols the forward and backward rate constants. Noting
that these assumptions imply that the affinity of the Ca®*
sites must increase as the channel opens, the modulation
of the activation and deactivation kinetics by different
Ca’™ sites should indicate that the Ca** bowl undergoes
a change in Ca®™ affinity faster that the RCK1 site when
the channel opens (69). However, if the opening reaction
occurs in two steps as proposed by Contreras et al. (67),
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it is possible that the two different Ca®* binding sites are
modulating different conformational changes during BK
channel activation.

Sweet and Cox (423) determined the calcium bowl and
RCK1 dissociation constants from measurements of the
open channel probability at various Ca®" concentrations
ranging from 10~ % to 1073 M at fixed negative potentials
(—80 mV), where the voltage sensors are mostly at rest.
They observed that the experimental data were not de-
scribed well by the HA allosteric model (186), using a single
calcium dissociation constant for the closed channel, K,
and a dissociation constant CKp, for the open channel,
where C is an allosteric factor (see Eq. 3). Instead, they
demonstrate that experimental results are best described by
using two different dissociation constants for the closed
channel, which is consistent with the presence of two dif-
ferent high-affinity calcium binding constants (423). The
dissociation constant used in this curve fitting procedure
were 3.7 and 51 uM Ca?™ for the closed channel and 0.7
and 21 uM Ca?" for the open channel. These dissocia-
tion constants are in the same order of magnitude as the
values reported using patch-clamp fluorometry or tryp-
tophan fluorescence intensity decay of the isolated gating
ring (207, 312). Using mutations that disabled the high-
affinity calcium binding sites one at a time, Sweet and
Cox (423) measured the calcium bowl and the RCK1
dissociation constants in separate experiments. They
constructed a double mutant (E399N/D367A) to elimi-
nate the RCK1 binding site and multiple mutations
D897N/D898N/D899IN/DI0ON/DI01IN (D5SNS) as well
as D898A/D900A (D2A2) to disable the calcium bowl.
The calcium bowl has a higher affinity: K;, values are 3.1
and 0.88 uM Ca?* for closed and open states, respec-
tively. For the mutation DSNS of the RCK1, the reported
dissociation constants are 26.8 and 5.6 uM Ca’" for the
closed and open channel, respectively. For the D2N2
mutation of the RCK1, these dissociation constants were
23.2and 4.9 uM Ca’* (423). In addition, these research-
ers reported a negative cooperative interaction between
the RCK1 and calcium bowl binding sites (423). Nega-
tive cooperativity between Ca®* sensors contained in
RCK1 and RCK2 was also inferred from the fit to the
G(V) and fluorescence-voltage curves by using an alloste-
ric model that includes two Ca** binding sites per sub-
unit (385). These last results contrast with those of Qian
et al. (361), who found that there is positive cooperativ-
ity between Ca”" sensors by using BK channels that con-
tained two RCK1 sites and two Ca>* bowl sites either in
the same subunit or in different subunits. The reasons for
the differences between these two set of results are not
clear, but Sweet and Cox (423) have argued that the Ca®*
binding constants reported by Qian et al. (361) are in-
compatible with their Ca>" dose-response curves taken
at —80 and 0 mV.

Physiol Rev . VOL 97 . JANUARY 2017 . www.prv.org

B. Low-Affinity Ca®* Binding Sites

Although a tendency has been observed of the half voltage
(V) of the G(V) curve to move toward saturation over the
70-100 uwM Ca** range, it has also been observed that as
internal Ca®" increases to millimolar concentrations the
G(V) curves are again leftward shifted, which is suggestive
of a low-affinity Ca?" binding site. This shift is also pro-
duced by Mg?™. In fact, millimolar concentrations of Mg**
can shift V, towards more negative voltages in the absence
of Ca®* by decelerating the rate of deactivation (399, 512).
Thus these results indicate the presence of a rather unselec-
tive low-affinity Ca®" binding site. Slo1-Slo3 tail chimera
studies provided evidence that this low-affinity Ca** bind-
ing site is located in the BK channel core (401). Recalling
that the Slo3 channel lacks a Ca** bowl and is not activated
by Mg>*, coexpression of the Slo1 core with the Slo3 tail
produced channels with the same sensitivity to Mg>™" as the
wild-type Slo1, suggesting that the low-affinity site resides
in the BK channel core. Additionally, site-directed mutagen-
esis performed in the RCK1 domain showed that mBK mu-
tants, E374A and E399A (FIGURE 11C), completely abol-
ished Mg®"-dependent activation at 110 uM Ca”" without
changes in the BK channel Ca?*-dependent activation (401,
482). These two amino acid residues reside at the NH,
terminus of the RCK1 domain. Confirming the existence of
an unselective divalent cation binding site, Zeng et al. (508)
showed that the E399A mutant not only abolishes the
Mg?* sensitivity of the site, but also the sensitivity to Mn?™,
Co**, and Ni**. In fact, besides Ca?>" and Mg**, Sr*™,
Cd**, Mn?", Co?*, and Ni*" are able to activate BK chan-
nels by binding to the low-affinity divalent cation site (508).
We note that under physiological conditions this low affin-
ity site would normally be occupied by Mg>™.

C. Mg®*-Dependent Activation of BK
Channel and the Voltage Sensor

Unexpectedly, the mutation R213Q, known to decrease the
voltage sensitivity of BK (274; see sect. VI), also eliminates
Mg?*-dependent activation without affecting Ca*" sensi-
tivity (196). Two observations are consistent with electro-
static interaction: 1) the leftward shift of the G(V) curves
induced by Mg?* in the absence of Ca*" is decreased by
increasing ionic strength; and 2) replacing Q397, a residue
that lies close to the Mg®* binding site, by a positively
charged residue K or R mimics the Mg** effect. These re-
sults strongly suggested that, upon binding, Mg®" interacts
electrostatically with R213 and that the Mg? ™ site is located
in the neighborhood of S4 segment (488). On the other
hand, I, measurements show that the presence of 10 mM
Mg?* does not affect the charge movement between closed
states ([y.5.q). However, the amplitude of I, pr decreases
as the depolarizing voltage pulse duration increases. The
most parsimonious explanation of these findings is that

Mg?* interacts preferentially with open channels, hindering
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voltage sensor deactivation, and thus facilitating channel
opening (488). This observation also provides an explana-
tion as to how Mg”" is able to modify BK channel macro-
scopic current deactivation without affecting channel acti-
vation. However, Chen et al. (82), by using single-channel
recordings, arrived at the conclusion that Mg** can also
bind to closed channels, as long as some of the voltage
sensors are in their active configuration (82). These results
are in apparent contradiction with the I, measurements, but
Chen et al. (82) have argued that the effect of Mg** would
not be manifested in I,.,.q since Mg>™ action requires
voltage sensor activation.

Further mutagenesis experiments revealed that the Mg**
binding site is located at the interface between the voltage
sensor domain of one subunit, and the RCK1 of an adjacent
subunit (489). In addition to the two negatively charged
residues in mBK, E374, and E399, Yang et al. (489) found
that D99 positioned in the cytosolic long loop connecting
SO with S1 segments, as well as N172 in the S2-S3 loop of
a neighboring subunit, also participate in Mg*" binding.
Additional functional studies showed that there is an inter-
action between D99 in the VSD and E374 in RCK1 with the
N172 residue spatially close to E399 (492).

D. Coupling Between Ca®* Sensors and
Channel Opening

The structural and fluorescence data clearly indicate that
Ca”* binding alters the conformation of the gating ring
(142, 207, 312, 385, 477, 498-501). The results to date
appear to indicate that allosteric coupling between the gat-
ing ring and the pore gate is mainly mediated by the linker
connecting these two domains. Thus the COOH-terminal
domain is connected to the S6 through a linker (C-linker).
Niu et al. (333) found that at 0 Ca*", shortening of the
C-linker increases channel activity. In fact, as expected from
a C-linker acting as a passive spring, the energy difference
between closed and open states increases linearly with
linker length. Additionally, increasing linker length de-
creases Ca®" sensitivity of the channel.

We recall here that the gain-of-function mutation D434G
associated with the human syndrome of generalized epi-
lepsy and paroxysmal dyskinesia increases BK channel ac-
tivity. The D434 residue is part of a 76-amino acid residue
NH2 terminus that includes the secondary structures
BA-aC (AC region) of RCK1. Molecular modeling indi-
cates that the mutation reduces the flexibility of this region
(491). This is evidence that the NH, terminus of the RCK1
domain that includes the C-linker mediates allosteric cou-
pling. A reduction in flexibility of the AC region will con-
sequently increase in the spring constant, which should
have the same result as a decrease in the C-linker length.

60

According to Yuan et al. (498), upon Ca** binding there is
a 10 A expansion of the structure formed by the four RCK1
domains. Larger rearrangements of the gating ring have
been proposed using patch-clamp fluorometry. In this case,
the modeling of the FRET results suggests that a 30° rota-
tion of each RCK1-RCK2 module brings the fluorophores
together by 40 A and moves the C-linker outwards by 5 A
(312). To these data we must add the experiments done
with the isolated gating ring by the group of Olcese (207),
indicating that Ca>" promotes conformational changes,
which are greatly reduced if the negatively charged residues
of the Ca®** bowl are neutralized. Notably, upon Ca**
binding there is a reversible reduction in the hydrodynamic
radius of the gating ring, a change consistent with the find-
ings by Miranda et al. (312) indicating that the fluorescent
probes at position 667 of the gating ring come closer to-
gether by 40 A. Independent of the actual conformational
change of the gating ring induced upon Ca** binding, its
expansion will apply a mechanical force that will pull the
C-linker to open the pore gate.

Until recently, different groups have tried and failed to ex-
press constructs of BK without the gating ring. In particular,
a previous analysis showed that a construct truncated three
residues after the S6 was unable to reach the plasma mem-
brane or tetramerize (387). Other constructs, such as one
containing the tetramerization domain (362), were able to
form tetramers but not functional channels (387). The use-
fulness of a functional construct lacking the gating ring is
evident since it should allow to study the properties of the
structures responsible for the voltage dependence and con-
duction without the allosteric complications introduced by
the presence of the gating ring.

BK channels formed only by subunits composed of S0-S6-
tetramerization domain can give origin to functional BK
channels when the last 74 residues or the motif (11 residues)
for efficient processing and surface expression of the Kv1.4
are added to the COOH terminus of this “minimal” subunit
(52). Channels in which the gating ring is replaced with 74
or 11 amino acid residues of the Kv1.4 channel are blocked
by TEA and IbTx, and the activation kinetics is slowed
down when coexpressed with the 81 subunit but are insen-
sitive to Ca®* and Mg”™". These results indicate that diva-
lent cation binding is an exclusive property of the gating
ring, but block and B1 subunit effects are defined by the
pore domain and the voltage sensor. The lack of the gating
ring induces a rightward shift of the G(V), which has been
interpreted as arising from a passive tension to S6 through
the RCK1-56 linker (see above and Ref. 333).

E. Coupling Between Ca®* and Voltage
Sensors

Using voltage-clamp fluorometry, Savalli et al. (385) were
able to show that a sudden increase in internal Ca®* con-
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centration leftward shifted both G(V) and fluorescence-
voltage curves. This is a clear indication of coupling be-
tween Ca®* and voltage sensors. Notably, this coupling was
lost when the Ca®* binding site in RCK2 was eliminated
but not in the case of the D362A/D367A mutant that oblit-
erated the RCK1 Ca®" binding site. Besides demonstrating
that the two high-affinity Ca®* binding sites are not func-
tionally equivalent, these experiments suggest a strong cou-
pling between the RCK1 Ca®* binding site and the voltage
sensor. Binding of Ca®™ to this site strongly stabilized the
active configuration of the VSD (the allosteric factor that
accounts for the coupling between RCK1 Ca** sensors and
voltage sensors, E1 is 10, see scheme V). The allosteric
coupling between RCK2 Ca?* sensors and voltage sensors
is weaker (E2 = 2.3). These differences in coupling strength
between the two Ca>" sensors and the voltage sensor can be
accounted for by the physical nearness between RCK1 and
the VSD as they both contribute to Mg>" coordination (see
above). Strong coupling between the Ca** and voltage sen-
sors has also been reported by measuring BK gating currents
in the absence and at saturating Ca*" concentrations (E =
24, see Egs. 7 and 8; Ref. 59).

VI. MOLECULAR DETERMINANTS OF
VOLTAGE GATING

A. The Voltage Sensor Defined

As discussed in section III, depolarizing voltages are able to
activate the BK channel in the absence of Ca®*. This was the
first demonstration that the BK channel structure contained
an intrinsic voltage sensor (302, 341). Essentially, BK chan-
nels, at sufficiently high voltages, can be maximally acti-
vated by voltage in the absence of internal Ca** or the
gating ring (52, 72, 77).

On the other hand, the measured number of gating charges
per channel obtained using the maximum gating charge (Q)
displaced during depolarization over the number of chan-
nels (N) (O/N method) was ~4 (417). This was much less
than the number obtained for the voltage-dependent Shaker
K™ channel, which is ~12 e, (2, 388, 395). Although BK
lacks some important voltage-sensing residues present in
Shaker including one in S4, this difference appears to be
insufficient to explain the contrast in gating charge move-
ment between these channels. BK has an S4 segment con-
taining three arginine residues that match positively
charged residues in the S4 of the Shaker. Moreover, there is
no difference between the pattern of arginines in the S4 of
BK channels compared with the S4 of the K,2.1 channel,
which has the same number of gating charges as the Shaker
channel (205) (FIGURE 12A). Charged residue neutraliza-
tion or charged reversal strategies showed that potential
voltage-sensing residues in mBK are R213 in $4, D153 and
R167inS2,and D186 in S3 (95, 274) (FIGURE 12, BAND C).
Thus, in agreement with accessibility experiments indicat-

A 588 2
N N N ~

mSlo1: WLGLRFLRALRL-IQFSEILQFLNIL :227

dSlo1: WIGLRFLRALRL-MTVPDILQFLNVL :242

Kv2.1: VQIFRIMRILRILKL-ARHSTGLQSL :316

Shaker: LRVIRLVRVFRIFKL-SRHSKGLQIL :385

FIGURE 12. The voltage sensor of the BK channel. A: alignment of
the S4 transmembrane segment of mouse BK channel, Drosophila
BK channel, Kv2.1, and Shaker. The numbers indicate the charged
residues in mouse BK channel. B: top view of the transmembrane
region of BK channel SO, 51, S2, S3, and S4 are in blue, red, green,
violet, and orange, respectively; the linkers and pore of the same
subunit are in dark gray; and the rest of the channel is in light gray.
C: the voltage sensing residues are located in the S2, S3, and 54
transmembrane segments. The positions were determined by Cas-
tillo et al. (B2).

ing that R210 is modified only from the external solution
and that R213 is modified only from the internal solution
(196), in BK channels only one charge from the S4, R213,
contributes to the gating charge. Considering that, in con-
trast to K, channels, only ~50% of the total gating charge
is contained in the S4 domain, Pantazis et al. (344) coined
the term “decentralized” distribution of voltage-sensing
residues. Therefore, the large difference in gating changes
between BK and K, channels may lie in structural differ-
ences in their voltage sensors. We recall here that BK chan-
nels have an additional transmembrane segment (SO),
which has been proposed to modulate the equilibrium be-
tween resting and active conformations of the voltage sen-
sors (the parameter | in the allosteric model; Ref. 230; see
Egs. 1 and 5). Thus, as we show below, the voltage sensor
domain (VSD) in the BK channel can be structurally defined
as the module comprised by transmembrane segments SO to
S4. In the lack of a crystal structure of the BK channel, the
position of the SO is uncertain; however, using the lan-
thanide resonance energy transfer technique (202), we (62)
have been able to construct a spatial map of the extracellu-
lar face of the BK channel. In this map (FIGURE 12B), SO lies
between S1 and S2 (cf. Ref. 258).

B. Operation of the Voltage Sensor Viewed
Using Fluorescence

Voltage-clamp fluorometry approaches (78, 134, 282) re-
vealed that BK channels undergo voltage-dependent con-
formational changes in the S3-S4 region of the R207Q
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mutant (384). As expected from fluorescence changes asso-
ciated with changes in the voltage sensor equilibrium, fluo-
rescence-voltage, F(V), curves overlapped with gating
charge-voltage relationships, Q(V), and both were leftward
shifted compared with the conductance-voltage curve. One
interesting observation was made by Savalli et al. (384) who
used the fluorescent probe PyMPO covalently linked to cys-
teine-202 to show that voltage-dependent fluorescent
change is only observed in the presence of a tryptophan in
position 203. This result indicates that the fluorescence of
PyMPO is quenched by W203, most probably in the same
subunit. This tryptophan-induced quenching, mediated by
photoinduced electron transfer, has been used to detect con-
formational changes in proteins as well as a caliper to mea-
sure distance in macromolecules (101, 102, 283, 284).

By placing the fluorescent probe tetramethylrhodamine ma-
leimide (TMRM) in the NH,-terminal of the S2 segment,
and neutralizing the gating charge R213 in $4, or by placing
TMRM in the NH, terminus of S4, and neutralizing the
gating charge D153 in S2, it is possible to demonstrate that
the conformational changes that occurred during gating by
these two transmembrane segments are not independent
(344). The large decrease in slope of the F(V) curves (indic-
ative of an impairment of the voltage dependence) of one
segment when charge neutralization is performed in the
other clearly establishes interactions between the S2 and S4
segments during VSD perturbation. There is no unique
mechanistic interpretation of these results since either a
mechanical coupling or a focusing of the electric field can
equally well explain the results. In the former case, acti-
vation of one segment pushes the other, and in the latter,
activation of one segment distorts the electric field caus-
ing the appearance of an aqueous crevice. The Olcese’s
group (345) also provided evidence that the residue
W203, located at the extracellular end of S4, is able to
quench the fluorescence of TMRM positioned at the NH,
terminal of SO only at hyperpolarized voltages. This re-
sult provides evidence that W203 in S4 moves away from
SO during BK channel activation. Using a similar strat-
egy, Pantazis and Olcese (346) demonstrated that, during
activation, S4 also moves away from S1 and S2, and S2
moves closer to S1.

C. Coupling of Voltage Sensor and Gate

How the voltage-driven conformational changes of the
VSD couple to the opening the pore is still unclear, but it
appears that the transmembrane segment S6 plays an im-
portant role in communicating the VSD with the activation
gate. It is known that mutations in the S6 greatly modify BK
channel gating. Mutations on the human BK F380 residue
(256) (see FIGURES 7 AND 8) or on its corresponding residue
in murine BK-F315 (457), have profound effects on gating
and unitary conductance. Mutation F380I in human BK
reduced the conductance to ~100 pS and made the mean
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open times much shorter than wild-type values. Similarly,
F380Y also reduced the single-channel conductance but re-
quired less Ca** to activate the channel, compared with the
wild-type BK (256, 457). Replacing murine L312 or F315
in S6 corresponding to L377 and F380 in the human BK,
respectively, with hydrophilic amino acids of a smaller side
chain stabilizes the open state. On the basis of these results,
Wu et al. (476) suggested that L312 interacts with F315 of
a different subunit in the closed state. Accordingly, opening
the pore implies breaking this interaction, and disruption of
this interaction would stabilize the open state. In agreement
with this hypothesis, substitution of L312 with polar, neg-
atively or positively charged residues produced perma-
nently open channels (84). This constitutive channel activ-
ity is not restricted to position 312 since the amino acid
substitution of A313 or A316 with polar or charged amino
acids also produced permanently open channels. However,
Carrasquel-Ursulaez et al. (59) found that the mutation of
F380 (see FIGURES 7 AND 8) by a small hydrophobic amino
acid (A, I, or L) greatly hindered opening without apprecia-
bly affecting the workings of the voltage sensor. The use of
the HA allosteric model indicated that these results are best
explained by assuming that this mutation 1) considerably
weakens coupling between the voltage sensor and the cal-
cium binding site as well as between the voltage sensor and
the channel gate (allosteric factors E and D), and 2) in-
creases the free energy difference between closed and open
states by 19 kJ/mol. In terms of the allosteric model, this
energy increase implies a decrease in the equilibrium con-
stant that defines the closed to open transition (L,) by
~1,700 times. Note then that in contrast to what is pro-
posed by Wu et al. (476), the disruption of the interaction
between F380 and L377 by introducing small hydrophobic
amino acids can stabilize the closed state. These results are
in agreement with those of Zhou et al. (516), who found
that mutating L312 and F315 to cysteine produced a large
rightward shift of the G(V) curves, implying a stabilization
of the closed state. Moreover, a close inspection of the in-
teraction between the corresponding residue pair in KscA
(IT00-F103) in the closed and open states in crystal struc-
tures revealed that the interaction between these residues is
present in both channel structures (76, 105).

Vil. BK CHANNELS ALTERNATIVE
SPLICING

BK ¢cDNA is the result of splicing 27 constitutive exons in
vertebrates, most of which have conserved sequences
across the species (128, 271). The SO transmembrane
segment is encoded by exon 1 and the voltage sensor and
pore domain, that is, transmembrane segments S1-S6 are
generated from exons 2 to 9. The COOH terminus of the
BK channel is encoded by exons 9-27, including the
RCK1 domain (exons 9-12), S7-S8 segments (exons 14—
16), the RCK2 domain and calcium bowl (exons 21-24),
as well as the S10 segment (exons 24-25) (FIGURE 13A).
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FIGURE 13. Schematic illustration of BK channel exons and sites of splicing variants. A: odd (red) and even
(pink) exons are represented. The segments of the channel encoded by the different exons are indicated below.
The length of each exon is proportional to its size. The diagram also shows the relative positions of the alpha
helix segments, SO-S10, with respect to the 28 exons which codify for each of them. The approximate location
on the primary structure of the pore region, RCK domains, and calcium bow! are indicated. Light blue asterisks
show regions in which alternative splicing occurs. B: schematic representation of BK channel topology showing
the sites of variable splicing (light-blue arrowheads). BK channels are alternately spliced at six main sites in the
COOH terminus. C2 site is subjected to extensive alternation in splicing in different tissues generating among
others ZERO and STREX variants. DEC variants are found at site CB. (See also Refs. 99, 128, 271, 311, 402.)

There are highly variable alternative splice regions in BK
channels: the first lies at the NH, terminus before the
starting site of exon 1, a second site is before RCK1
(between exons 9-11), another exists between exons 17
and 19, one is close to RCK2 (between exons 20-21),
another is before the calcium bowl (between exons 23—
24), and the last is at the COOH terminus immediately
after exon 27 (128, 271). As can be envisioned, the exis-
tence of alternative splicing and splice variants in sites
subjected to many regulatory inputs for channel activity,
such as RCK domains in COOH terminus, can generate
channels with different biophysical features.

A. Overview of the Splicing Variants

BK channel splicing variants are observed across species;
although variants are not necessary of the same type
between them, the sites where they occur are conserved
(FIGURE 13). Unfortunately, there is no consensus about a
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nomenclature used for the sites of splicing, which in ad-
dition to the number of splicing variants discovered
makes it difficult to visualize as part of a common phe-
nomenon. As an example, in Drosophila BK cDNA exons
17 and 23 are absent (128). In these insects, two alterna-
tive splicing sites located at the COOH terminus of BK
channels were identified: the so-called site A locates be-
tween exons 18 and 19 and the site B between exons 19
and 20 (13, 128). Three additional alternative splicing
sites between residues 327 and 797 in Drosophila BK
channels have been identified, exhibiting significant dif-
ferences in the mean open time when expressed in Xeno-
pus oocytes (1). On the other hand, a large number of BK
channel splice variants have been detected in mouse BK
transcripts (56). By aligning the mouse and Drosophila
BK sequences, the splice site equivalents for A and B of
Drosophila and several alternative starting sequences be-
fore exon 1 at the NH, terminus were also identified in
mice (56).
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Four sites of alternative splicing in the COOH-terminal
domain were also found in the human brain BK transcripts,
where nine isoforms of BK channels named hbr1 to hbr9
were identified (444). The alternative splicing site 1 is lo-
cated between exons 16 and 17, site 2 aligns with site A of
Drosophila and mice, splicing site 3 aligns with site B of
Drosophila and mice, and site 4 for alternative splicing
resides between exons 23 and 24. A fifth alternative splicing
site near the COOH terminus of BK channels in humans
was identified in pancreatic islet cells and was named site 5
(124, 375).

In mouse slo1 cDNA, splicing gave rise to nine different vari-
ants, showing high variability at the COOH-terminal end
(56). Five alternative splicing sites in mouse BK mRNA were
identified in adrenal medulla (483). An alternative splicing site
near the NH, terminus of the protein between SO and S1 was
identified and called N1 (505). Interestingly, a 33-residue in-
sertion at this site produces dominant-negative subunits and
retains the channel in intracellular compartments. The splice
sites located in the COOH terminus were named C1-Cé
(402).

B. Physiological Relevance of BK mRNA
Splicing

The biological and evolutionary significance of alternative
splicing of BK channel transcripts was previously reviewed
by Fodor and Aldrich (128). They examined the genes en-
coding for BK channel in C. elegans, Drosophila, chicken,
mouse, rat, turtle, and human and concluded that constitu-
tive exons underlying splicing are conserved. The alterna-
tively spliced sequences, however, are not retained across
the animal species, although the alternative splicing sites,
related to functional domains of the protein, remain con-
centrated at identical locations (FIGURE 13; Ref. 128).

Alternative splicing of the gene slo1, together with meta-
bolic modulation and auxiliary subunits, leads to the ex-
pression of BK channels with a wide variety of phenotypes
(104, 147,212,232, 327, 370). Indeed, alternative splicing
within the mammalian BK channel generates different BK
channel isoforms (1, 56, 81, 165, 213-215, 238, 327, 370,
444,463,483, 505) because this process modifies the char-
acteristics of BK channels, and hence their roles in a number
of physiological processes, such as auditory tuning (370),
neuronal excitability (444), secretion (483), and others. As
it was stated before, most BK channel mRNA splicing oc-
curs by sequence insertion at more than 10 sites within
the intracellular COOH-terminal domain of the tran-
script (357, 402). This event can profoundly modify the
functional properties of the protein, such as Ca** and
voltage sensitivity (212, 402), phosphorylation suscepti-
bility (433), membrane expression modulation (3, 5),
intracellular trafficking, lipidation, arachidonic acid
modulation (403, 435, 504), and signaling pathways
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(392, 432, 433). Alternative splicing is also critical in
localizing the channel in the plasma membrane or in
intracellular organelles (407, 503), thus controlling the
presence of the channel in the plasma membrane accord-
ing to physiological demands (407, 503).

C. Relevant BK Channel Splicing Variants
Found in Vertebrates

Although there are at least six splicing sites in the COOH
terminus of BK channel, those found in site C2, located
within the linker between RCK domains, are the most stud-
ied. They can generate at least five isoforms (81) which are
briefly described below, and illustrated in FIGURE 13.

1. BK ZERO

The ZERO variant of the BK channel results from splicing
exons 19-23 in site C2, leaving out exons 21 and 22 (81).
This splice variant is expressed in the brain, kidneys, thy-
mus, stomach, muscle, small intestine, testis, adrenal gland,
uterus, prostate, pituitary, breasts, and embryonic tissues.
The ZERO variant constitutes almost 90% of total BK
mRNA levels in the adult brain (81) and is activated by PKA
in excised inside-out patches and in the presence of intra-
cellular cAMP. The activity of this channel is eliminated
in the presence of a specific PKA inhibitor or in the ab-
sence of ATP (81). Additionally, in the presence of the B4
subunit and at low [Ca?"], ZERO BK channel activity is
reduced and activation slowed down. At high [Ca**],
however, B4 shifts V, towards negative potentials and
deaccelerates the deactivation time constant (21, 48,351,
459). Interestingly, the B4 auxiliary subunit also makes
this BK channel isoform sensitive to cAMP-dependent
phosphorylation (351).

2. BK e21 (STREX]

The €21 exon (also known as STREX) is the most widely
studied BK channel splice variant. This variant arises from
an insert of 58 amino acids in splice site C2 (FIGURE 13)
resulting from the inclusion of exon 21 between exons 19
and 23 (81). Its name derives from its splicing regulation by
stress-axis hormones (483) that change the capability of the
channel to respond to calcium, oxidation, and phosphory-
lation (114, 351). The e21 (STREX) insert is highly con-
served across vertebrates, suggesting common functional
roles (232, 270). STREX is predominantly expressed in en-
docrine tissues such as the adrenal gland, pituitary, pros-
tate, breast, and vascular tissues (81, 351, 357), butitis also
expressed in the brain, kidneys, stomach, muscle, intestines,
lungs, and testis. During central nervous system develop-
ment, BK splicing switches from the STREX phenotype to
the ZERO phenotype. The inclusion of €21 (STREX) results
in a large leftward shift in the conductance voltage curve
witha V,at 1 uM Ca®* of 11.2 + 5.4 mV, compared with
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ZERO which shows a V), of 71.2 = 6.8 mV when expressed
in HEK 293T cells (81). STREX channels show consider-
able slower deactivation kinetics compared with ZERO.
Supporting the latter, the presence of STREX increases ap-
parent Ca®* sensitivity of BK channels in rat adrenal chro-
maffin cells and PC12 cells compared with channels with-
out STREX exon (167, 375). Unlike ZERO, the STREX
variant shows inhibition by PKA, but like ZERO, the effect
of cAMP is eliminated in the presence of a PKA inhibitor or
in the absence of ATP (81). In addition, B84 slows down the
deactivation time in STREX at low calcium concentrations
and makes it sensitive to dephosphorylation (351). The B4
subunit makes STREX BK channels significantly more sen-
sitive to dephosphorylation, in agreement with the inhibi-
tion of STREX BK channels by PKA activation (433).

3. BK e22

The €22 variant, also known as hbrS5, is the result of a
29-amino acid insert at site C2, resulting from the inclusion
of exon 22 between exons 19 and 23 (81, 99, 377). The e22
splice variant mRNA is expressed at high levels at embry-
onic stages in the mouse (81), but it is also found in different
adult tissues, such as breasts, prostate, uterus, skin, small
intestine, muscle, liver, and spleen (42, 56, 81, 291). This
BK isoform displays increased Ca?" and voltage sensitivity
compared with ZERO (81). In spite of this, the response to
PKA phosphorylation is similar to that of ZERO channels
(432, 433). Compared with ZERO, both €22 and STREX
have significantly slower deactivation kinetics (81).

4. BK Ae23

The splice variant Ae23 results from splicing exons 19 to
24, skipping exon 23, and introducing a stop codon on
exon 24 (81). The truncated protein Ae23 is deficient in
trafficking to the cell surface and acts as a dominant nega-
tive inhibitor of cell surface expression of other splice vari-
ants. The intracellular permanence of the Ae23 splice vari-
ant has been attributed to the lack of endoplasmic reticulum
exit signals present in full-length BK channels (236), al-
though it seems that Ae23 can assemble as tetramers (81). In
humans, insertion of an alternatively spliced exon at site N1
also generates dominant negative BK channels with defec-
tive trafficking to the cell surface (503). In tissues with low
total levels of BK channel mRNA expression, the predomi-
nant splice BK variant mRNA is Ae23 (81), suggesting that
plasma membrane channel expression is suppressed in
those tissues. This variant is expressed in the mouse myo-
metrium, where total BK channel protein expression in-
creases towards the end of pregnancy. The BK channel-
induced K™ current, however, decreases concomitantly
with a decreased cell surface location, and an increased
endoplasmic reticulum localization (22, 109).
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5. BK hbr

The human brain BK variant, hbr, arises from alternative
splicing at several sites that can be occupied by inserts of 0
or more amino acid residues (444). For site 1, located be-
tween exons 16 and 17, there are three variants with 0, 4,
and 40 residue insertions. For site 2, located between exons
18 and 19, there are four different inserts that are 0, 3, 29,
and 32 residues long. For site 3, located at the end of exon
19, two variants with 0 and 5 residues can be found. For site
C4, located between exons 23 and 24, there are two vari-
ants with 0 and 27 amino acid residue insertions (128, 444).
There are 48 possible isoforms generated by all the combi-
nations of alternative splicing. However, only nine isoforms
were found by Tseng-Crank et al. (444) and named hbr1-
hbr9. The hbr5 variant is the most Ca”"-sensitive splice
variant and has four positively charged amino acids inserted
in site C1, which is thought to affect the interaction with
Ca”*-binding sites conferring high Ca®* sensitivity.

6. gBK

The gBK is a splice variant frequently expressed in glioma
cells. It contains a unique 34-amino acid exon at splicing
site C2 (FIGURE 13) and is 97 % identical to hbr5 (264). gBK
possesses all the pharmacological and biophysical proper-
ties of the native BK currents identified in glioma cells (50,
367), and when comparing gBK to hbr5, the former shows
enhanced Ca®" sensitivity (264), maintaining the unitary
conductance of the channel (264). The V,, of glioma BK
channel activation at 2.1 uM internal Ca®" is —14 mV.
This is far more negative than the V) of BK channels in
human smooth and skeletal muscles (201, 248), human
macrophages (132), and hbr3 (444), which all require free
Ca®* concentrations of 10 uM to obtain negative V,, values
in the G/V curve (366). Even compared with its nearest
relative, the hbr5 variant, glioma BK channels have an un-
usually high Ca®™ sensitivity (366), which implies that gBK
becomes active at resting potential and at low Ca”>" concen-
trations. This capability correlates with the Ca®*-depen-
dent process driving tumorigenesis in glioma and other
types of cancer (51, 229, 415).

7. mitoBK

In adult cardiomiocytes, BK channels are found expressed
in mitochondria but not in the plasma membrane (reviewed
in Ref. 14). The mitochondrial BK channel is encoded by
the KCNMAT1 gene, similar to the plasma membrane BK,
and was identified as mitoBK (406). The mitoBK was first
found to be related to cardioprotection from global isch-
emia and reperfusion injury (484). To generate mitoBK
channels, KCNMAT is spliced to generate the DEC isoform
(named because of its last three amino acids) (406). The
DEC splice variant results in an insertion of 50 amino acids
at the COOH-terminal end, which is required for mito-
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chondrial targeting and the prevention of BK channel ex-
pression in the plasma membrane (406). The ability of the
DEC exon to target mitoBK of mitochondria could vary
depending on the cell type or associations with other sub-
units. In fact, the expression in CHO cells of a mitoBK
variant cloned from hair cells showed prominent expression
in mitochondria, but also at the cell periphery (218). In
contrast, expression of a DEC variant in COS cells is con-
fined to the endoplasmic reticulum (273). In the mouse
cochlea, the DEC variant can be found at high levels after
birth, decreasing according to hearing maturation (376).
Thus the DEC sequence may not be the only factor defining
the targeting of BK DEC to mitochondria, and cell-specific
mechanisms could play a role. The mitoBK channel has
been found to be expressed in the inner mitochondrial mem-
brane of a large variety of different adult cells (20, 86, 87,
118, 119, 163, 335, 404, 409, 484). This splice variant
exhibits different voltage and calcium sensitivity, compared
with plasma membrane BK channels in glioma cells, reach-
ing an NP, of ~0.6 at —40 mV in the presence of 400 uM
Ca®" (162). It has been reported that the cardioprotective
effect of ischemic preconditioning could be related to a
mitoBK-mediated decrease of reactive oxygen species
(ROS) production, because the production of ROS after
anoxia is higher in the KCNMA1 KO animal (414).

In addition, BK is expressed in the nuclear envelopment of
hippocampal neurons, linking neuronal activities, nuclear
Ca®" signaling, dendritic arborization, and gene expression
(249). Although it was not confirmed to be a novel splice

variant, the nuclear BK channel exhibits similar voltage and
Ca®" dependence, as well as single-channel conductance
and pharmacological properties to plasma membrane BK
channels. Animals deficient in BK expression confirmed the
importance of nuclear BK channel activity in regulating
gene expression (249).

Vill. MODULATORY p SUBUNITS

B Subunits generate BK channel diversity by modifying BK
gating and pharmacology. In addition to alternative splic-
ing, BK channel activity and modulation are profoundly
affected by the presence of auxiliary proteins such as 3
subunits. Until now, four auxiliary B subunits, encoded by
four different genes, have been cloned and characterized.
These two-spanning membrane proteins exhibit the same
predicted structure with two transmembrane segments,
linked by an extracellular loop with COOH and NH, ter-
mini facing the intracellular side of the membrane (FIGURE
14). All of them contribute to generating BK channel diver-
sity by modifying gating properties and pharmacological
features.

B1 Subunit

The B1 subunit coded by the gene Kcnmbl (the first BK
subunit cloned) was discovered by isolating and reconsti-
tuting BK channels from tracheal or aortic smooth muscle
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FIGURE 14. Topology of auxiliary 8 subunits. A: alignment of the primary structure of four known modulatory
B subunits, highlighting the main domains of their predicted structure, intracellular COOH and NH, termini,
transmembrane domains (TM1 and TM2), and the extracellular loop. Conserved amino acids are highlighted
in light blue boxes. B: topological model shared by all 8 subunits: NH, and COOH terminus facing intracellular
side, two transmembrane domains linked by an extensive extracellular loop. At the NH, terminus, g2 and B3
subunit contain additional amino acids that constitute the particle of inactivation.
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(135,226,227). They identified a highly glycosylated poly-
peptide with a molecular weight of 31 kDa that coimmu-
noprecipitated with the BKa subunit. This proved to be a
membrane protein containing two transmembrane seg-
ments connected by a long external loop, leaving NH, and
COOH termini pointing to the cytoplasmic side [afterward
named B1 encoded by the kcnmb1 gene (226)]. The second-
ary structure is shared by all BK 8 subunits (FIGURE 14B;
reviewed in Refs. 188, 339, 439, 440). Heterologous ex-
pression of @ and B1 subunits in Xenopus oocytes showed
that the B1 subunit was able to increase the apparent Ca**
sensitivity dramatically and conferred a new pharmacolog-
ical profile to the BK channel (295). It was also noticed that
differences in Ca®* sensitivity between oBK and (a +
B1)BK channels started appearing at concentrations >300
nM of internal Ca®", and at lower Ca®>* concentrations the
channel becomes Ca®™" insensitive without modifications of its
voltage dependence (302). However, at [Ca>"] <300 nM, the
G(V) curves of (a + B1)BK channels are consistently right-
ward shifted compared with aBK by ~50 mV (338). 81 also
slows down both activation and deactivation kinetics (48,
107). BK channels formed by « and 81 subunits become sen-
sitive to dehydrosoyasaponin, which is an active component of
an herb known to be a potent agonist of BK channels (295).
Coexpression of bovine 81 with the « subunit increases ChTx
potency by ~50-fold, and in the case of hB1 (human) the toxin
dissociation rate constant is greatly slowed down without
much change in the dissociation constant (107, 168, 303).
Binding of other toxins is also altered by the presence of B1.
For example, in (o + B1)BK channels the binding of slotoxin,
which is a toxin isolated from the venom of Centruroides
noxious, becomes irreversible (136). Altogether, these obser-
vations make it clear that this modulatory subunit generates
channel diversity by dramatically modifying channel gating
and channel pharmacology.

The binding of several other compounds of physiological or
pharmacological importance also requires the presence of the
B1 subunit (439). Steroids such as 17B-estradiol, tamoxifen,
and lithocholic acid are compounds able to activate (a +
B1)BK but not aBK channels (54, 55, 91, 96, 97, 447). In
particular, since 17B-estradiol acutely restores impaired coro-
nary flow in postmenopausal women (145), it is tempting to
suggest that the targets of this hormone are the (« + 81)BK
channels that are profusely expressed in arterial smooth mus-
cles.

In addition, B1 modulates alcohol sensitivity by decreasing
the capacity of ethanol to activate BK channels (53, 103, 121,
439). Phosphatidylinositol 4,5-bisphosphate (PIP,) is a special
case because it can behave as an inhibitor when BK channels
are formed by the « subunit alone and as an agonist in the
presence of the 81 subunit (434). The mechanism(s) that me-
diate this and other cases of pharmacological modulation in-
duced by the 81 subunit will be discussed when describing the
structural determinants responsible for 81 modulation in the

BK channel. As discussed below, binding of some of these
compounds is in some cases not specific to the 81 subunit, and
its effects are also seen in the presence of other 8 subunits.

B. 2 Subunit

In chromaffin cells of the adrenal gland in pancreatic B-cell
lines and in hippocampal neurons, it is possible to observe
inactivating BK currents (175, 176,254,412). In particular,
in culture rat chromaffin cells, inactivating (BK;) and non-
inactivating BK currents were detected, and repetitive firing
was greatly enhanced in cells expressing BK; (413). Inacti-
vation on BK; channels is conferred by the B2 subunit en-
coded by the kcnmb2 gene, and arises from its NH,-termi-
nal since deletion of the first 19 or 33 amino acid residues of
this subunit completely eliminate inactivation (456, 480).
More recently, the electrical properties of chromaffin cells
have been characterized in wild-type and B2 knockout ad-
renal medullary slices. As expected from previous findings
in chromaffin cells, B2 deficiency eliminates inactivation
and decreases the rate of action potential firing (287). As in
the case of Shaker K* channels (192) and sodium channels
(11), the inactivation process is removed by trypsin appli-
cation to the internal side of the membrane, strongly sug-
gesting the presence of an inactivating particle or gate (100,
412). Further demonstration of this inactivation mecha-
nism comes from experiments in which 81 was transformed
into an inactivating subunit by fusing the first 19 residues of
B2 to its NH, terminal (456). It is remarkable to observe
that inactivation is completely eliminated when the first
three hydrophobic amino acids (FIW) from the NH,, termi-
nal are deleted, suggesting hydrophobic interactions with
residues in the wall of the channel’s internal vestibule (479).
In addition, the observations that short, 16-amino acid res-
idue NH,-terminal peptides are able to induce inactivation
and that inactivation cannot be removed by trypsin when
channels are inactivated suggest that the inactivating pep-
tides reach the inactivating site through side portals, just
like in K, channels (513). The structure of the isolated NH,
terminal (first 34 amino acids) of the B2 subunit was deter-
mined by using nuclear magnetic resonance. The peptide
consists of a flexible NH, terminal (first 18 residues), the
“ball” and an a-helical domain that connects the inactivat-

ing gate to TM1 (23).

Like B1, B2 also increases the apparent Ca** sensitivity of
the BK channel and slows down gating kinetics (48, 456,
480). B2 also reduces sensitivity to toxins, and in the case of
ChTx B2 increases the dissociation constant by about 10-
fold (480). It has also been found that in (a + B2)BK chan-
nels, arachidonic acid promotes a pronounced potentiation
in the current and a slowdown in inactivation, apparently
by directly interacting with the 82 inactivation gate (422).
Interestingly, the steroid hormone dehydroepiandrosterone
(DHEA, a stress-related adrenal androgen), but not 178-
estradiol, is able to activate the (o + B2)BK channel (223).
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C. B3 Subunit

Alternative splicing of the gene coding for the B3 subunit
(encoded by the kcnmb3 gene) generates four distinct B3
(B3 a-d) isoforms (21, 48, 446, 481). Although these sub-
units do not produce appreciable modifications in the BK
channel Ca*” sensitivity, three of them (B83a, 83b, and B3c)
are able to induce a rapid, albeit incomplete, inactivation
process. Like B2, B3b inactivation is mediated by the NH,
terminal, and in channels formed by a + B3b lacking the
NH, terminal, the instantaneous current-voltage relation-
ships show a marked outward rectification (481, 507). This
instantaneous rectification is due to the particular structure
of the B3 external loop since reduction of its disulfide
bridges with dithiothreitol irreversibly abolishes rectifica-
tion (509). The data suggest that the inactivation process in
(a + B3b)BK channels proceeds through a mechanism that
involves a pre-inactivated open state (152, 255). Moreover,
binding to the channel is stereospecific, since inactivating
peptides composed of L-form amino acids, but not polypep-
tides composed entirely of D-amino acids, are able to bind
to the pre-inactivated open state (152). It is important to
note here that the inactivation process appears to be species
dependent, because the mouse B3b does not promote BK
current inactivation (506). At the single-channel level, (a +
B3b)BK channels show very brief openings that cannot fully
be resolved by conventional techniques (481).

D. B4 Subunit

Highly expressed in the brain, 4 encoded by the kcnmb4
gene slows down the activation and deactivation kinetics of
the BK channel (21, 48, 466). (a + 4)BK channels show a
complex Ca*™ sensitivity. Indeed, at low internal Ca** con-
centrations (<7 uM), channels are less sensitive to Ca*™"
than aBK channels, but at higher [Ca?"],, (a + 84)BK chan-
nel activity is enhanced (48, 164, 459). It is important to
note here that all the experiments reported above were con-
ducted in the presence of symmetrical K*. When the exter-
nal K" is replaced by Na™, B4 induces a leftward shift of the
G(V) relationship at all Ca** concentrations (206).

The B4 subunit makes the BK channel resistant to ChTx
and IbTx by dramatically decreasing the toxin association
rate constants (303). However, IbTx and ChTx blockade is
essentially irreversible once the toxins bind. The B4 domain
responsible for toxin insensitivity is the external loop as
swapping loops between B4 and B1 increases both the
ChTx association and dissociation rate constants. Electro-
static interactions between positively charged residues con-
tained in the B4 loop and negative residues in the large BK
turret have been proposed to help the formation of a “hel-
met” that hinders the toxin entrance to the channel’s exter-
nal vestibule (133). Thus the toxin insensitivity showed by
the slow-gated type of BK channels present in neurons (368)
is conferred by the B4 subunit.
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Heteromeric (o + B4)BK channels, as is the case of (o +
B1)BK channels, are activated by 17B-estradiol and by PIP,
(21, 434). On the other hand, as the presence of B1 deter-
mines an inhibitory effect of ethanol on BK channels (53),
B4 potentiates the response to ethanol (121, 441). The con-
sequence of these observations is that the acute tolerance to
ethanol of BK channels is induced in the absence of the 34
subunits (286). Apparently, the high sensitivity to ethanol
of (a + B4)BK channels is the result of a strong 84-depen-
dent modulation of the effect of kinases, such as PKA and
CaMKII, and phosphatases on (« + B4)BK channels (450).
Martin et al. (286) pointed out that 84 is crucial in the
control of alcohol tolerance from the molecular to the be-
havioral levels, which is why it could be involved in indi-
vidual differences in alcohol abuse and may represent a
therapeutic target for alcoholism.

E. Structural Determinants of Functional
Coupling Between « and 8 Subunits

Cox and Aldrich (70) and Nimigean and Magleby (332)
were the first to provide strong evidence that the 81 sub-
unit-dependent increase in apparent Ca’>" sensitivity was
not due to an increase in the true affinity of the BK channel
for Ca®*. Nimigean and Magleby (332) showed that the 1
subunit was able to increase burst duration even in the
absence of Ca?". Cox and Aldrich (70), on the other hand,
found that although a small change in (a + 81)BK Ca**
affinity was necessary to explain the results, the main effects
of the B1 subunit are on channel voltage sensitivity (see also
Ref. 338). This was directly confirmed by comparing the
gating charge versus voltage [O(V)] curves obtained in aBK
and in (a + B1)BK channels, which showed that 81 induces
a 70-mV shift to the left along the voltage axis of the curve
(FIGURE 15). This stabilizes the voltage sensor both when
the channel is open and when it is closed (16, 67). In addi-
tion, B2 is also able to stabilize the voltage sensor in the
active configuration, albeit to a lesser extent (67, 383, 384).
In agreement with results demonstrating a lack of B3 effects
on the BK channel’s apparent Ca** sensitivity, I o measure-
ments showed that the characteristics of the O(V) curve of
(a + B3)BK channels (FIGURE 15) are very similar to those
of aBK channels (67). Although a fitting of the macroscopic
current data to the HA allosteric model suggested the sta-
bilization of the voltage sensor in its active configuration
mediated by the 4 subunit (459), I, measurements showed
that B4 changes the slope of the Q(V) curve without
changes in the position of the curve in the voltage axis
(FIGURE 15). In fact, the Q(V) curve for (e + B4)BK is
rightward shifted by 17 mV with respect to aBK. This slope
modification amounts to a decrease in the number of appar-
ent gating charges per voltage sensor from 0.63 e, to 0.48
e,, and this decrease is enough to explain the complex BK
channel Ca”” sensitivity when « subunits are coexpressed
with 84 subunits (67).
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FIGURE 15. BK channel g subunits differentially modulate the voltage sensor domain of the channel. Gating
currents (/) recordings elicited by 1-ms pulse duration to increasing voltages from —30 to 350 mV in
increments of 10 mV are showed for BKa/B1 (orange), BKa/B2 (light-blue), BKa/B3 (pink), and BKa/ B4
(green). The cartoon illustrates the activation of the voltage sensor domain (VSD) by 1 and p2 subunits
(upper), and the null effect on VSD equilibrium of g3 and g4 (lower). The central plot shows the charge vs.
voltage relationship for BKa alone and coexpressed by 1-p4 subunits as indicated.

Furthermore, Bao and Cox (16) found that to fully account
for the effects of B1 on apparent Ca®™ sensitivity, it was also
necessary to consider a decrease in the true Ca®* affinity of
the closed channel. The Ca** dissociation constant (K ) of
the closed (@ + B1)BK channel was found to increase
~30% compared with that of the (a)BK channel. Although
this change in K seems to be rather small, it actually pro-
duces a large leftward shift in the conductance-voltage
[G(V)] curve. This is due to the fact that the equilibrium
constant between open and closed states depends on the
eighth power of the K /K, ratio, where K, is the Ca**
dissociation constant of the open state (16). In the HA al-
losteric model (186), the K/K, ratio is equal to the allo-
steric factor C that couples the binding of Ca** to the pore
opening (see sect. III). A more detailed study considered
mutagenesis to produce successive eliminations of the high
Ca?" selectivity sites contained in RCK1 (D367A; Ref. 482)
and RCK2 [the calcium bowl (D898A/D900A); Ref. 17]. In
the presence of the Ca®* sites contained only in RCK1, the
B1 subunit promotes a decrease in the Ca** dissociation
constant of the open channels. When the RCK1 Ca”™ sites
are disrupted, B1 induces an increase of the Ca** dissocia-
tion constant of the closed channels (424). These results

indicate that Ca" binding at either site has a larger impact
on channel opening when the 81 subunit is present.

Regarding the effects of B1 on Ca®” sensitivity, there are
still some issues that remain to be solved. First, neutraliza-
tion of the charges involved in BK voltage sensing eliminates
the effect of the 81 subunit even at saturating Ca** concen-
trations. This suggests that this subunit affects channel gat-
ing by mainly modifying voltage sensor conformation
(490). To make these results consistent with those of Sweet
and Cox (424), it is necessary to assume a high degree of
coupling between voltage and Ca** sensors. In this regard,
the situation is also confusing. Sweet and Cox (424) argue
that there is no evidence for a large degree of coupling
between both sensors since although the binding of Ca** to
the RCK1 Ca?* binding site is voltage dependent, binding
of Ca?™ to the calcium bowl is not. On the other hand, the
degree of coupling between voltage sensor activation and
Ca?" binding (allosteric factor E; discussed in sect. III on
kinetic models) is also under debate since the values vary
between 2 (small coupling) to 20 (large coupling) (cf. Refs.
59, 186). Second, Qian and co-workers (359, 360) found
that the presence of 81 increased burst duration in BK chan-
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nels containing a mutation in the Ca>" bowl (D965N) that
disrupted Ca®" binding to this site. They also found that
despite the fact that it was possible to recover the full effect
of B1 in BK channels formed by coexpressing the Slo1 core
and tail, the modulatory effect of B1 was lost in channels
formed by coexpressing the Slo1 core and Slo3 tail. Third,
the B1 modulatory effect can still be observed in a triple
mutant, in which Ca®" sensitivity of the channel has been
eliminated by introducing mutations in the Ca** bowl and
in the RCK1 high-affinity Ca?" binding site (359). These
results indicate that the Ca" binding sites are not necessary
for B1 to promote an increase in apparent Ca>”" sensitivity
through a lengthening of the burst duration and an increase
in P,. However, due to structural reasons, it is possible that
the Slo1 tail, even with a nonfunctional Ca** bowl, is a
requirement for proper 81 BK modulation. These results
are in clear disagreement with those of Sweet and Cox (424)
who were unable to find a restoration effect of Ca®* sensing
by B1 in a mutant that had both high-affinity Ca** binding
sites obliterated. The reasons for this disagreement are at
present unknown.

The stoichiometry of @ and 8 subunits is in general assumed
to be 1:1, but the expression of these two subunits in
oocytes suggests that functional BK channels can arise with
less than four B subunits (462). The leftward shift produced
by increasing the 82:a ratio is incremental, and in this case
the number of B2 subunits per channel also modifies steady-
state inactivation and recovery from inactivation. This last
result indicates that the process of inactivation mediated by
the B2 subunit is different from the inactivation process that
takes place in K, channels where it has been shown that the
rate of recovery from inactivation is independent of the
number of inactivation gates (276). Moreover, disulfide
cross-linking indicates that all B subunits are located in
between VSDs (S0-S4) and that their transmembrane (TM)
segments interact with two adjacent VSDs. TM1 is located
in the vicinity of S1 and S2, whereas TM2 is near SO of the
contiguous VSDs (258, 259, 473). Although these studies
are a good indication of the proximity between transmem-
brane segments, they do not provide a clue about how
strong the interactions between TMs are. Morera et al.
(317) showed that there is a direct physical interaction be-
tween TM1 of B2 and S1 of the a subunit by using the
TOXCAT assay, a method used to detect the degree of
transmembrane helix association (374). On the other hand,
no binding of TM2, the external loop, or the COOH termi-
nal of B2 to any of the transmembrane segments of the «
subunit was found. In this particular case, it is clear that
there is noncovalent binding between TM1 and S1, but
despite the nearness between TM2 and SO, there is no
strong interaction between these two protein structures.
Although at present there is no evidence whether the other
B subunits show the same interactions with the « subunit as
the B2 subunit does, it is tempting to suggest that given that
all B subunits are located in the same position with respect
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to the a subunit, 81, 83, and B4 are enabled to interact with
the « subunit in the same manner.

Functional coupling between the « and 81 subunits requires
the SO transmembrane segment and the external NH, ter-
minal of the BK channel, since exchanges of these two seg-
ments between the Drosophila (dBK) and the human BK
renders the latter insensitive to the presence of B1 (455).
The reverse chimera, the dBK channel containing the SO
transmembrane segment and the external NH, terminal of
the hBK is fully modulated by B1. Functional coupling
between B1 and the a subunit is also dramatically modified
when the B1 cytoplasmic regions are deleted. In this case,
although the differences in the V), at low Ca®" concentra-
tions (<1 uM) between the two subunits are maintained,
the increase in apparent Ca®" sensitivity promoted by the
1 subunit at high Ca** concentrations is utterly lost (457).
By exchanging different domains between the 1 and B2
subunits, Orio et al. (340) found that all that is required to
recover the phenotype imparted to the BK channel by the
parent subunit is the B subunit intracellular NH, and
COOH terminals. In other words, a 82 subunit containing
the intracellular regions of the 81 subunit gives rise to chan-
nels with a (a +B1)BK phenotype. More recently, by mea-
suring I, induced by channels formed by «, and chimeras
between the 81 and B3 or B1 and B2 subunits, it has been
possible to conclude that the structural determinants in the
modulation of the BK voltage sensor induced by the g1
subunits are in the NH, terminal. The residues responsible
for this effect are two lysines (K3 and K4) contained in this
B1 subunit intracellular region (63). However, amino acid
residues in the 81 subunit, which reside in regions of the 81
subunit external loop when mutated to alanine, promote
appreciable changes in BK channel gating, suggesting that
this B1 structure may also interact with the external aspect
of the voltage sensor (160).

IX. MODULATORY y SUBUNITS

More recently described y subunits also have deep effects on
BK channel diversity and activity by modulating the voltage
and calcium sensitivity of the « subunit. Four auxiliary y
subunits have been found to be encoded by four different
genes (FIGURE 16A4). These have one transmembrane seg-
ment with a huge extracellular domain formed by leucine-
rich repeats (FIGURE 16B) and a cytoplasmic-facing shorter
domain.

The presence and function of BK channels in nonexcitable
cells was not well understood since these channels need a
raise in internal [Ca®"] to be activated. The discovery of y
subunits, which displace to the left the BK activation curve,
provided a plausible answer to the questions regarding the
molecular basis of function of BK channels in nonexcitable
cells (487).

Physiol Rev . VOL 97 . JANUARY 2017 . www.prv.org

Downloaded from journals.physiol ogy.org/journal/physrev (200.027.181.010) on October 17, 2022.



THE ALLOSTERIC VOLTAGE- AND Ca®*-ACTIVATED BK CHANNEL

i
A | LRRNT LRR1
LRRC26 (y1) 1: LLLLLLL VWAQVSATASPSGSLGAPD 43: CPEVCTCVPGGLASC 58: SALSLPAVPPGLSLRLRALLLDHN
LRRC52 (y2) 1: MSLA SK 26: CPNNCLCQA-QEVIC 40: TGKQLTEYPLDIPLNTRRLFLNEN
LRRC55 (v3)  1: MGSLQHCCCLLPKMGDTWAQL LISLLLAAGLMHS DAGTS 51: CPVLCTCRN-QVVDC 65: SSQRLFSVPPDLPMDTRNLSLAHN
LRRC38 (y4) 1: MRPRAPACAAAALGLCSLLLLLAPGHA-------========= 28: CPAGCACTDPHTVDC 43: RDRGLPSVPDPFPLDVRKLLVAGN
LRR2 LRR3 LRR5 LRR6

82: RVRALPPGAFAGAGALQRLDLREN 106: GLHSVHVRAFWGLGALQLLDLSAN 130: QLEALAPGTFAPLRALRNLSLAGN 154: -RLARLEPAALGALPLLRSLSLODN 178: ELAALAPGLLGRLPALDALHLRGN
64: RITSLPAMHLGLLSDLVYLDCQONN  88: RIREVMDYTFIGVFKLIYLDLSSN 112: NLTSISPFTFSVLSNLVQLNIANN 136: PHLLSLHKFTFANTTSLRYLDLRNT 161: GLQTLDSAALYHLTTLETLFLSGN
89: RITAVPPGYLTCYMELQVLDLHNN 113: SLMELPRGLFLHAKRLAHLDLSYN 137: NFSHVPADMFQEAHGLVHIDLSHN 161: PWLRRVHPQAFQGLMQLRDLDLSYG 186: GLAFLSLEALEGLPGLVTLQIGGN
67: RIQRIPEDFFIFYGDLVYLDFRNN  91: SLRSLEEGTFSGSAKLVFLDLSYN 115: QLEALAPGTFAPLRALRNLSLAGN 139: -NLVGVHEDAFETLESLQVLELNDN 163: NLRSLSVAALAALPALRSLRLDGN

LRRCT [

|

185: PWKCNCSFLDFAIFLIVFHMDPS-DDLNATCVEPTELTGWPITRVGNPLRYMCITHLDHKD 245: YIFLLLIGFCI: CAVLY 274: |QNTRH DEL
210: PWVCGCTMEPLLKWLRNRIQRCTADSQLAECRGPPEVEGAPLFSLTEESFKACHLTLTLDD 271: YLFIAFVGFVVSIASVATNFLLGITANCC 300: [H-RW--SKASEEEEI

IFQTQTSSVQEFPQLT

202: PWGCGCALRPLCAWLRRHPLPAS-EAETVLCVWPGRLTLSPLTAFSDAAFSHCAQPLALRD 262: LAVVYTLGPASFLVSLASCLALGSGLTAC 291:Emnppnmmpnmmpmpcspmm

187: PWLCDCDFAHLFSWIQENASKLPKGLDEIQCSLPMESRRISLRELSEASFSECRFSLSLTD 248: LCITIFSGVAVSIAATISSFFLATVVQCL 277: |Q-RCAPNKDAEDEDEDKDD
+ Cluster

Cc

Normalized Conductance
o
W

0 100 200 300
Membrane potential (mV)

FIGURE 16. Structure of the accessory y subunits. A: alignment of the primary structure of four known
modulatory y subunits. The main structures are highlighted using color rectangles on top of the primary
structures. The predicted cleavage site is indicated with an arrow. B: general topological structure shared by
all y subunits: after cleavage, the protein contains only one transmembrane segment and the NH, terminal and
the LRRC domains are facing the extracellular side. LRRC domain homology model was built using the crystal
structure of the LRR domain of hagdfish variable lymphocyte receptor BSS (PDB ID: 206S) (221) using the
Visual Molecular Dynamics, version 1.9.2 (200). C: simulated normalized conductance-voltage curves from
different y subunits. Half-voltage activation and apparent activation charge were obtained from Yan and Aldrich

(485).

These subunits are part of a group of leucine-rich repeat
(LRR)-containing membrane proteins of around 35 kDa.
They are dubbed y1 (LRRC26), y2 (LRRCS52), v3
(LRRCS55), and y4 (LRRC38) and have been enumerated
according to their capability to promote a leftward shift of
the BK channel conductance-voltage curve (FIGURE 16C;
Ref. 485). y Subunits are structurally unrelated to the pre-
viously known B subunits both in protein sequence and
secondary structure, representing a new type of BK auxil-
iary subunit. The amino acid similarity between vy subunits
is 30-40%. The predicted structure for the y subunits con-
sists of a single-span membrane protein with extracellular
localization of its large NH,-terminal LRR domain, a single
transmembrane domain, and a short intracellular COOH
terminus (485) (FIGURE 16B). The NH,-terminal region of
the immature protein contains a signal peptide that is absent
in the mature protein and that is required for the transloca-
tion of the LRR domain to the extracellular side of the
plasma membrane (79). The LRR domain of the y subunit
consists of six LRR motifs, of 24-25 residues long, contain-
ing a consensus sequence LxxLxLxxN (where x represents

any amino acid) flanked by two cysteine-rich regions, called
LRRNT and LRRCT, capping the NH, and COOH termi-

nals of the LRR domain, respectively (FIGURE 16, A AND B)
(485). The LRR domain is the region with higher similarity
between the four y subunits, while the non-LRR regions are
more divergent.

A. ¥1 Subunit (LRRC26)

The y1 subunit was the first gamma subunit to be discov-
ered (486), and it is the most extensively characterized.
Initially, LRRC26 was proposed as a cancer marker pro-
tein, because it is highly expressed in breast, prostate, colon,
and pancreatic cancer tissue and cell lines. In normal human
tissues, it is highly expressed in the prostate and salivary
glands and very weakly in the colon, pancreas, and intestine
(110). Recently, LRRC26 was found to be expressed in
arterial smooth muscle (116). Because LRRC26 colocalizes
with intermediate filaments and cytokeratins, it received the
alternative name cytokeratin-associated protein in cancer

(CAPC) (110).

Previous studies indicated the presence of an unusual BK
phenotype in human lymph node carcinoma of the prostate
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(LNCaP) cell lines, in the human breast cancer line T47D
(141), and in rat and mouse auditory inner hair cells (431).
Unlike conventional BK channels, these channels are acti-
vated at physiological membrane potentials in the absence
of free cytosolic Ca*>* (141). Yan and Aldrich (486) found
that the molecular determinant of this unusual BK pheno-
type in LNCaP cells was the presence of LRRC26. Since it is
an auxiliary subunit of the BK channel, LRRC26 was
named y1 to differentiate it from the previously known
subunits (486).

The most remarkable functional effect of y1 is a large neg-
ative shift in the voltage dependence of BK channel activa-
tion (~140 mV), consistent with the observed acceleration
of the activation kinetics and the slow kinetic of deactiva-
tion. In the presence of y1, the Ca** sensitivity of BK chan-
nels does not change (486). This effect can be explained in
the context of the HA model for BK channel (see sect. III;
Ref. 186) by a 20-fold increase in the allosteric factor D that
couples voltage sensor activation with the pore opening
(486). This mode of action of y1 is different from the effects
of B subunits, which modulate both voltage and Ca”>" sen-
sitivities (16, 63, 67, 459).

The presence of y1 can selectively alter the pharmacology of
the BK channel. BK channels in mouse parotid acinar cells
(which expressed y1) are almost insensitive to mallotoxin
(6), which is a potent BK activator in human smooth muscle
cells (502). However, y1 produces smaller changes in BK
sensitivity to NS-1619, an activator of the class of the ben-
zimidazalones (421) in parotid acinar cells (6) and in LN-
CaP cells (141). Charibdotoxin, iberiotoxin, paxilline, and
penitrem A are slighltly less potent inhibitors of BK in LN-
CaP cells (141) compared with BK without y1 (107, 228,
257,303, 421). Knocking down y1 expression in rat arte-
rial myocytes reduces the vasoconstriction induced by ibe-
riotoxin and the vasodilation induced by NS1619 (116).
Unlike the effects of B1 (190) and B4 (189), which make BK
channel sensitive to long-chain omega-3 polyunsaturated
fatty acids, LRRC26 diminishes the activating effect of do-
cosahexaenoic acid (DHA) (189).

B. y2 Subunit (LRRC52)

LRRCS52 is mainly expressed in testis and skeletal muscle
(485). This protein is a BK accessory subunit, albeit with
less efficacy than y1 (485). Coexpression of BK with y2
causes a leftward shift of the half-activation voltage. This
shift, although significant, is smaller than the shift caused by
v1 (~101 vs. ~140 mV) (FIGURE 16C) (485). The effect of
v2 is maximal in the absence of cytosolic Ca*", suggesting
that this accessory subunit can modify the apparent calcium
sensitivity. However, further research is necessary to deter-
mine the precise effect of y2 on BK channel gating in terms
of the HA allosteric model (186).
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C. y3 Subunit (LRRC55)

LRRCS5S is mainly expressed in brain (485). This protein
was described as a BK Slo1 accessory subunit, although
with weaker effect than y1 and y2 on channel activity
(485). In the absence of cytosolic Ca*", this accessory sub-
unit causes a leftward shift of the half-activation voltage of
BK channels of 51 mV, versus ~140 and ~101 mV shifts
produced by y1 and 2, respectively (485). Like 2, the
effect of y3 is maximal in the absence of cytosolic Ca**
(485). Little is known about the participation of y3 in phys-
iological process or diseases. A synonymous mutation of
LRRCS55 was found to be involved in stress fracture predis-
position in humans (129).

D. y4 Subunit (LRRC38)

LRRC38 is mainly expressed in adrenal gland, thymus, and
skeletal muscle (485). In the absence of cytosolic Ca*™, y4
subunit causes a 19-mV leftward shift of the half-activation
voltage of the BK channel opening (485). y4, as well as y2
and v3, changes the shape of the apparent charge of the
G-V Boltzmann curve, suggesting some effects on the cal-
cium sensitivity (485). The physiological role of y4 is un-
known at present.

E. Structural Determinants of Functional
Coupling Between « and y Subunits

As mentioned above, although the four known vy subunits
promote a leftward shift of the BK activation curve, they
have very different efficacies. By swapping structural ele-
ments between 7y subunits, Li et al. (250) found that the
critical structural elements determining the y subunits ef-
fects on BK « subunit activity are located in the transmem-
brane segment of vy and are adjacent to an intracellular
cluster of positive charged amino acids. Furthermore, the
replacement of the second TM segment of the unrelated 1
by those structural elements produced chimera that fully
retained y1l modulatory function on the BK channel. Chi-
meric constructs demonstrated moderated effects of the ex-
tracellular leucine-rich repeat domain as well as the rest of
the intracellular COOH terminal on BK channel modula-
tion (251).

The stoichiometry of @ and vy subunits is unknown. Inter-
estingly, an all-or-none effect of the vy subunit on BK chan-
nels has been observed when it is expressed in different a:y1
ratios (150). This result suggests that a single y subunit is
sufficient to produce the full regulatory effect on BK. This
finding is different from the additive effects of association of
the BK « subunit with one to four B auxiliary subunits
(462). More recently, Gonzalez-Perez et al. (150, 151)
found that 82 and <1 subunit can coassemble simultane-
ously in the same BK channel, and since they are able to
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modulate channel function independently, they provide BK
channels with unique gating properties. Given the features
that these two subunits provide to BK channels, the pres-
ence of channels formed by a, 82, and y1 subunits in any
given tissue would generate active channels at resting po-
tentials, influencing cell excitability balance. Whether or
not these two subunits are functionally expressed in the
same cell type is still unknown, but the RNAs encoding for
B2 and vy1 subunits have been shown to be present in testis
and chromaffin cells (287, 487).

The role of K* channels in cell growth of many cancer cells
has been demonstrated (234), and an upregulated expres-
sion of BK channels has been positively correlated with
prostate, bone, and glioma tumors (36, 57, 464). Taking
into account that cancer cells are not usually electrically
excitable, and that vy subunits are strongly expressed in
several cancer cell types, it is possible that yy subunit expres-
sion could be determining the activation of BK channels in
these particular contexts.

X. BK CHANNEL OPENERS

Several BK channel openers, either from endogenous, nat-
ural, or synthetic origin, have been described in different
studies, ranging from biophysics to physiology. Moreover,
they have therapeutic potential in a large number of human
pathophysiological conditions.

A. Endogenous Openers

Unsaturated cis free fatty acids (such as arachidonic, palmi-
toleic, oleic, linoleic, linolenic, eicosapenanoic, and eicosa-
tetraynoic acids) have been found to increase BK channel
activity, whereas saturated or #rans isomers had no effects
(93). Arachidonic acid was found to regulate vascular tone.
Similarly, other fatty acids such as omega-3 docosa-
hexaenoic acid (DHA) at nanomolar concentrations in-
crease BK channel activity (190) in the presence of 81 or g4
(189). DHA decreases blood pressure in anesthetized wild-
type, but not in BK-deficient mice (190). Interestingly,
Hoshi et al. (191) found that the only point mutation able to
dramatically reduce the DHA effect was one in the S6 trans-
membrane segment, namely, Y318S. The Drosophila BK
has a serine in the equivalent position of S6 and is insensi-
tive to DHA.

BK channels are modulated by 17B-estradiol when coex-
pressed with B1 subunits (447). The presence of B2 makes
BK sensitive to corticosterone (142), and BK channels co-
expressed with B4 are potentiated by dehydroepiandros-
terone, an adrenal androgen (223).

BK channels can also be activated by the endogenous anti-
microbial peptide B-defensin 2, which was found to in-
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crease the open probability of the BK channel coexpressed
with the accessory subunit 81, being dependent on two
amino acids in the B1 loop. This peptide, relevant in the
innate immune system, has been found to be downregulated
in serum from patients with hypertension. Notably, the ad-
ministration of B-defensin 2 in monkeys significantly re-
duces blood pressure (261).

B. Synthetic Openers

Available commercial drugs, such as the therapeutic agent
tamoxifen, used as a complement for cancer therapy, show
BK channel activation only in the presence of B1 (65, 96).
Additionally, tamoxifen stimulates proliferation of MCF-7
cells (a breast cancer cell line) which shows high levels of BK
expression (65). Similarly, other drugs such as zonisamide
(an antiepileptic drug) (198), chlorzoxazone (a muscle re-
laxant) (265), and cilostazol (a phosphodiesterase III inhib-
itor) display BK channel activating characteristics (475),
although their mechanisms are unknown.

Various companies have developed synthetic BK channel
activators, such as the benzimidazolone derivatives NS004
(337) and NS1619 (336). The latter has been amply used to
study functional effects on BK channels, and it is a potential
therapeutic agent in pulmonary hypertension (369, 448),
erectile dysfunction (149, 224, 416), bladder instability
(237,411), shock-induced vascular hyperactivity (197), mi-
graines (272), inflammatory pain (4), and cytoprotection
(138,484). A recent report on another BK channel activator
(Cym04) found that its activating effects, as well as those of
NS1619, are dependent on the S6-RCK linker. However, it
is not known whether the compound binds to the linker or
if this part of the protein is required for conformational
changes following drug binding to the channel (140).

The benzimidazolone derivative NS11021 is an improve-
ment on NS1619. Being more specific and potent, it has
received attention in efforts to improve the performance of
BK channels in models of diseases associated with decreased
activity of these channels (24, 142). NS11021 is able to
reduce infarct sizes and improve cardiac performance after
ischemia (8, 26, 40). In smooth muscle dysfunction,
NS11021 enhances erectile responses in rats mainly
through its BK activating effects (233), and induces an ac-
centuated relaxation in human penile arteries (224), just
like the phosphodiesterase type 5 inhibitor sildenafil, sold as
Viagra. NS11021 also decreases the excitability and con-
tractility of urinary bladder smooth muscle, which is an
effect eliminated by IbTx (246). On the other hand, in the
nervous system, NS11021 has been useful to establish a role
for BK channels in migraines (260, 478).

A series of anthraquinone analogs, called the GoSlo-SR
family of activators, are able to left shift the voltage depen-
dence of BK activation by more than 100 mV in bladder
smooth muscle cells (373).
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The dye bis-(1,3-dibutylbarbituric acid)trimethine oxonol
[DiBAC(4)(3)], which is a voltage sensitive opener, has ac-
tivating effects only when B1 and B4 subunits are present
(318). It is important to note that at saturating concentra-
tions this compound induces a 300-mV left shift in the
voltage-dependent activation curve, without depending on
the presence of 8 subunits or calcium (386).

Other compounds lose their capability to increase activity
on BK channels when coexpressed with 8 subunits as is the
case of N-arylbenzamide derivatives (225). NS19504, iden-
tified in a drug screening (326), activates endogenous BK
channels in native smooth muscle cells and reduces sponta-
neous contractions in bladder strips in an IbTX-sensitive
manner.

C. Natural Openers

In addition to synthetic compounds, natural BK channel
activators are found in herbs, roots, fungi, and leaves and
have been used in popular medicine to treat asthma and
smooth muscle disorders (324), as is the case of dihy-
drosoyasaponin (155). Other natural compounds such as
DHS-I strongly increase the open probability of BK chan-
nels in smooth muscles when applied to the intracellular
side in the presence of the 1 subunit (294, 295).

D. BK Openers Used in Clinical Trials

Pharmaceutical companies have produced BK channel acti-
vators (e.g., BMS204352), which have shown neuroprotec-
tive effects in animal models (85) and have been introduced
to phase III clinical trials for the treatment of acute ischemic
stroke, but without success. A related compound,
BMS223131, has been found to relax smooth muscle (41)
and has been studied clinically for overactive bladder, but
has not been developed.

Small molecules such as thioureas, tetrahydroquinolines,
compound 36 (153), compound Z (354), terpenes, and ben-
zofuroindoles are also able to activate BK channels. They
have been intended mostly for the treatment of urinary
incontinence, overactive bladder, erectile dysfunction, and
stroke. Some of them entered into phase II clinical trials
(325).

Unoprostone isopropyl (unoprostone), an approved prosta-
noid and synthetic docosanoid BK channel activator, has
been used for the treatment of open-angle glaucoma and
ocular hypertension (169). It also decelerates decreases in
central retinal sensitivity in patients with retinitis pigmen-
tosa in a phase II clinical study (220). Andolast, another BK
channel opener, is being used for the treatment of asthma
and is currently in phase III clinical trials (321).

Sildenafil has proven to be effective in patients with class II
and III pulmonary arterial hypertension (130, 474). In ad-

74

dition, the anthelmintic compound emodepside has been
suggested to inhibit neuronal and muscle activity by in-
creasing the opening of BK channels, which was corrobo-
rated by rescue experiments (74).

BK channel openers have been shown to have possible ther-
apeutic potential in conditions characterized by hyperexcit-
ability and smooth muscle dysfunction. Translating preclin-
ical findings to the clinic may be hampered by many factors
as broad as the effects of targeting the channel, mainly
because BK is ubiquitously expressed and it suffers many
pre- and posttranslational modifications. To this must be
added that BK channel performance changes upon coex-
pression with auxiliary subunits. These changes lead to an
increase in BK channel molecular diversity and modulation
by endogenous or exogenous compounds, which hampers
the development of specific drugs.

XI. CONCLUSIONS

In recent years, remarkable advances in our understanding
of the molecular aspects of gating, conduction, and the
physiological roles played by BK channels in a variety of
different cellular processes have been seen. The dual allo-
steric mechanism proposed for BK channel gating clearly
explains the most salient futures of channel behavior, in
particular, the fact that the channel can open in the absence
of sensor activation. Voltage-sensor activation and/or Ca**
binding coupled to pore opening in a nonobligatory fashion
decreasing the free energy necessary activate the pore gate.
Although we lack a crystal structure of the transmembrane
domain of the BK channel, its similarity to K channels and
the known structure of the gating ring allow us to say with
certainty where the voltage sensor and the Ca** binding
sites are located. These structures are in charge of transduc-
ing electrical and chemical free energy into mechanical en-
ergy, leading to the pore opening. However, there are many
open questions about the molecular nature of the structures
that couple these energies to the channel activation gate.
Once this is known, we will be able to give a physical mean-
ing to the allosteric factors present in the allosteric model.

At present there is little doubt that the gate that hinders the
passage of K™ ions through the channel is located near or in
the selectivity filter. This is further supported by the findings
that indicate that in the Ca*"-activated K* channel from
bacteria, MthK, Ca®*-dependent gating occurs at the selec-
tivity filter (355, 356). What is worth noticing is that in
MthK channel gating is also accompanied by a reduction in
the size of the internal vestibule upon closing, apparently
due to a movement of the intracellular helices. Some of the
experiments described in this review suggest that BK chan-
nel closing also involves a reduction in size of the internal
channel entryway formed by the S6 transmembrane seg-
ments.
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By having gating charges distributed in the S2, S3, and S4
transmembrane segments, the voltage sensor of BK chan-
nels has been considered as a “descentralized” voltage sen-
sor compared with the VSD of K, channels, where most of
the gating charges are concentrated in S4. Voltage-clamp
fluorometry experiments indicate that during activation S2
interacts with S4 since, neutralization in one segment mod-
ifies the effective valence on the other. Electrical field focus-
ing or mechanical coupling can account for these observa-
tions. The SO segment appears also to be part of the VSD in
BK channels as this structure also undergoes voltage-depen-
dent changes similar to S2 and S4. The evidence indicates
that the S6 segment is an important player in the coupling
between the VSD and the pore gate. However, the molecu-
lar details of this process are still lacking.

The crystal structure of the BK gating ring gave a clear
picture of one of the high-affinity Ca** binding sites, the
Ca®* bowl, and identified the important residues involved
in divalent cation binding. However, the structure of the
second high-affinity Ca** binding site is still a mystery. The
evidence we have so far indicates that the coupling between
the Ca®" sensors and the activation gate is mediated by the
S6-RCK1 linker. Expansion of the gating ring is thought to
pull the linker, initiating the opening of the pore. The Mg**
binding site has attracted special attention because of its
particular location at the interface between the VSD and the
COOH-terminal domain (CTD). Mg**, through long-
range electrostatic interactions, modifies the workings of
the voltage sensor, enhancing voltage sensor-activation gate
coupling. It remains to be determined to what extent the
VSD/CTD interface is involved in pore opening.

The physiological versatility of the BK channel is greatly
increased by alternative splicing and its association with 3
and vy subunits. Alternative splicing gives rise to many dif-
ferent BK phenotypes, and it also appears that certain BK
splice variants have as a target not the plasma membrane
but organelles, as it occurs in the case of the mitochondrial
BK channel. 8 Subunits, on the other hand, allow BK chan-
nels to be important players in the normal as well as the
pathological function of smooth muscle and the nervous
system and in determining their pharmacological profile.
The more recently discovered y subunits have revealed new
roles for this ubiquitous channel, allowing it to open with-
out much Ca®" at negative voltages. Splicing, modulatory
subunit interactions, and metabolic regulation allow BK
channels to be involved in a wide array of physiological
functions.
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