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Berkefeld H, Fakler B, Schulte U. Ca2⫹-Activated K⫹ Channels: From Protein Complexes to Function. Physiol
Rev 90: 1437–1459, 2010; doi:10.1152/physrev.00049.2009.—Molecular research on ion channels has demonstrated
that many of these integral membrane proteins associate with partner proteins, often versatile in their function, or
even assemble into stable macromolecular complexes that ensure specificity and proper rate of the channel-mediated
signal transduction. Calcium-activated potassium (KCa) channels that link excitability and intracellular calcium concentration are responsible for a wide variety of cellular processes ranging from regulation of smooth muscle tone to
modulation of neurotransmission and control of neuronal firing pattern. Most of these functions are brought about by
interaction of the channels’ pore-forming subunits with distinct partner proteins. In this review we summarize recent
insights into protein complexes associated with KCa channels as revealed by proteomic research and discuss the results
available on structure and function of these complexes and on the underlying protein-protein interactions. Finally, the
results are related to their significance for the function of KCa channels under cellular conditions.

I. INTRODUCTION
A. Ion Channel-Associated Protein Complexes
There is emerging evidence from functional analyses
and proteomic research that the role of ion channels in
cell physiology is not only determined by the pore-forming ␣-subunits but, as for many other classes of proteins,
strongly depends on their molecular environment. The
latter is formed by proteins that are either directly or
indirectly associated with the ␣-subunits and that may
modulate channel function (216), affect downstream signaling pathways (25, 31, 54), or shape spatio-temporal
concentration gradients of ions or diffusible messengers
(44, 109, 182). These molecular environments are often
referred to as micro- or nanodomains, depending on their
structural dimensions (5, 142), and are thought to reprewww.prv.org

sent a general principle for how membrane protein-based
signaling is organized to guarantee specificity and proper
rate of signal transduction. As a result, ion channels embedded in such entities can display diverse properties and
functions depending on subcellular localization, developmental stage of the cell, and expression of distinct sets of
partner proteins.
Within a given cellular proteome, formation and dynamic modulation of micro- or nanodomains depend on
the affinity, kinetics, and specificity of the underlying
protein-protein interactions. These biochemical parameters may vary over a broad range as a result of short-lived
transitional states of enzymes modifying their protein
substrates (1, 211), promiscuous and low-affinity binding
to protein scaffolds allowing for local enrichment or colocalization of proteins (90), or constitutive and stable
quaternary protein structures (8, 42, 45). This spectrum
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B. Proteomic Analysis of Protein Complexes
Of the methods available for identification of protein
interactions (185), only a few are capable of directly
identifying protein complexes in natural source material.
Biochemical copurification of protein interaction partners
coupled to sensitive mass spectrometric analysis, referred
to as “functional proteomics,” is the current method of
choice (63) and has been implemented in ion channel
research (185).
The success of this strategy critically depends on two
factors. The first is the ability to preserve the integrity of
protein complexes during their isolation from native tissues. Although many soluble complexes can be stably
isolated as shown in systematic studies (61, 77), this is
more challenging for complexes associated with membrane proteins as they require solubilization with detergents that may actually disrupt the underlying proteinprotein interactions. Consequently, stability and integrity
of complexes must be carefully monitored by techniques
such as native PAGE analysis (183) to optimize purification of native protein complexes. The second factor is
specific enrichment of the target protein complex that is
generally done by affinity purification using immobilized
antibodies directed against individual target proteins. Although high specific enrichment can be achieved in a
single step, antibodies often present with individual and
“unpredictable” properties that give rise to common artifacts. These include direct and indirect binding of proteins independent from the target (cross-reactivity), selection biases towards target protein isoforms, modificaPhysiol Rev • VOL

tions or complex subpopulations, or even disruption of
target complexes. Strategies are required to eliminate the
resulting errors: proteins copurified independent of the
target (false positives) can be identified through comparison with purifications from target knockout material using the same antibody; and miss of interaction partners
due to selection biases or complex disruption (false negatives) can be reduced by combining affinity purifications with multiple antibodies targeting different
epitopes. Finally, liquid chromatography-coupled mass
spectrometry (LC-MS/MS) plays an essential role in this
approach as the only technique providing unbiased information on the identity and quantity of the isolated proteins (63). The mentioned techniques and strategies have
proven successful in a number of functional proteomic
studies on ion channel-associated protein complexes (12,
116, 139, 186, 189, 251).
C. Characterization of Ion Channel-Associated
Complexes In Vivo
The proteomic approach outlined above provides information on the composition of protein (super)complexes including identity and amount of their constituents, but it does not (per se) give insights into the stoichiometry and distribution of complexes over the various
subcellular compartments, nor does it provide information on the stability of complexes under cellular conditions or the functional significance of the underlying protein-protein interactions. Such data may be obtained by in
vivo studies using optical and/or electrophysiological
methods on native as well as heterologously reconstituted
protein (super)complexes (11, 12, 109, 182).
These techniques complement the biochemical results in three ways: 1) they can provide independent
evidence for protein assembly into complexes, 2) give
information about the dynamics of protein complexes in
living cells, and 3) can be used to analyze distance relationships between partners. When labeled with suitable
fluorophores, colocalization of proteins in specific cellular compartments can be confirmed. Although this is not
compelling evidence for a biochemical interaction due to
a relatively poor spatial resolution in the range of ⬃200
nm (60), analysis of the covariation between spatial distributions of pairs of fluorescence-labeled proteins has
been used as a measure for interaction probability (110,
219). More defined information on molecular distances
can be obtained by Förster resonance energy transfer
(FRET) that occurs between an excited donor and an
acceptor chromophore [typically distinct fluorescent proteins, mostly green fluorescent protein (GFP) and variants
thereof, fused to complex constituents] if located within
⬃10 nm of each other (223).
Functional effects of partner proteins associated
with ion channels have been studied in electrophysiolog-
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sets the framework for the observed specificity and time
scales of individual signaling events and their dynamic
changes. Constitutively associated proteins are able to
mediate effects very rapidly through allosteric interactions compared with interactions involving diffusion of
protein partners. Thus formation of stable complexes
with auxiliary subunits is typically observed with ion
channels involved in rapid electrical signaling (185).
It should be noted that the term protein complex is
often used in different contexts or for various types of
protein-protein interactions. We prefer a more stringent
definition in that physiological protein complexes are assemblies of proteins 1) with defined (saturable) stoichiometry, 2) kinetic stability that allows their direct observation or isolation, and 3) that are actually present in a
native biological system. Accordingly, constituents of ion
channels not involved in pore formation but affecting
channel function are referred to as auxiliary/accessory
subunits, while larger functional units made up from stable assemblies of distinct (and functionally independent)
complexes are termed supercomplexes (as proposed by
Schägger and Pfeiffer, Ref. 183).

PROTEIN COMPLEXES ASSOCIATED WITH KCa CHANNELS

ical recordings, mostly in patch-clamp configurations that
allow for excellent signal-to-noise ratio and time resolution together with direct manipulations of the underlying
protein-protein interactions or for changes of the channels’ nano-environments. Thus defined Ca2⫹ concentration gradients established around Ca2⫹ sources by mobile
buffers such as EGTA and BAPTA were used to determine
the distances between these sources and Ca2⫹-activated
potassium channels (see below) (50). Similarly, application of agonists/inhibitors of protein activities have revealed the functional relevance of associated partners for
the molecular architecture and the cell physiology of ion
channel complexes (47, 82, 86, 118, 214).
D. Overview on Calcium-Activated Kⴙ Channels
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194, 234). In addition, SKCa channels together with nicotinic acetylcholine receptors reconstitute an unusual inhibitory synapse in auditory outer hair cells, where the
excitatory transmitter acetylcholine drives an inhibitory
K⫹ conductance (64, 149, 246). As aforementioned in a
more general sense, these functions are not operated by the
␣-subunits of KCa channels as stand-alone units, but rather
result from their integration into protein (super)complexes
(17, 38, 107).
This review is intended to align biochemical with
functional evidence for the existence of such KCa channelassociated protein complexes in vertebrates. We will focus on defined BKCa and SKCa channel (super)complexes
that have been thoroughly investigated with respect to
both biochemistry and function as put forward above,
rather than providing a comprehensive list of suggested
interaction partners as done previously (120). Moreover,
we will discuss the molecular dimensions of these complexes, advanced methods for their characterization, and
implications for their role in cell physiology.
II. MOLECULAR PARTNERS OF BKCa
CHANNELS
The BKCa channel core is a tetrameric assembly of
␣-subunits (BK␣), polypeptides of 125–140 kDa encoded
by a single gene (termed Slo or maxiK, nomenclature
according to IUPHAR is KCNMA1) that may be spliced at
several sites (244). Unique among K⫹ channels, BK␣ comprises seven transmembrane domains (S0-S6) placing the
short NH2 terminus extracellularly and the large COOH
terminus, roughly two-thirds of the protein, at the intracellular side of the membrane (Fig. 1A) (129). This intracellular domain contains four hydrophobic segments (S7S10), two regulating conductance of K⫹ (RCK) domains,
and a stretch of aspartate residues that are known as the
“Ca2⫹ bowl” (120). Tertiary folding of these domains reconstitutes a binding site(s) for Ca2⫹ with micromolar
affinities (KD of ⬃10 M) whose occupancy provides one
source of energy for channel opening (7, 123, 184, 206,
243). The other is membrane depolarization that is fed
into the channel gating by movement of the voltage-sensing segment S2– 4 (79, 80, 122, 153). Both stimuli, Ca2⫹
binding and membrane depolarization, converge allosterically on the gating machinery that is experimentally visualized by a shift of the voltage-dependent activation
curve towards hyperpolarized potentials in response to
increasing Ca2⫹ concentrations (34, 104, 179, 209). Under
cellular conditions, BKCa channels are usually operated
by both stimuli in a concerted action, with robust activation in the physiological voltage range requiring [Ca2⫹]i of
ⱖ10 M (37, 105, 127). In rare cases, BKCa channels were
shown to operate at lower [Ca2⫹]i (162, 163) or even in the
absence of intracellular Ca2⫹ (62, 212).
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Ca2⫹-activated potassium (KCa) channels are widely
expressed in neuronal and nonneuronal tissues including
epithelia, smooth muscle, and sensory cells where they
couple membrane potential and intracellular Ca2⫹ concentration ([Ca2⫹]i) (53, 163, 222). Activated upon an
increase in [Ca2⫹]i, KCa channels give rise to an efflux of
K⫹ which via re/hyperpolarization of the membrane potential feeds back onto [Ca2⫹]i by limiting Ca2⫹ influx
either through deactivation of voltage-gated calcium
(Cav) channels or through increased transport activity of
Na⫹/Ca2⫹ exchangers. Accordingly, KCa channels shape
the amplitude and duration of Ca2⫹ transients and thus
affect the downstream signaling pathways that are triggered by changes in [Ca2⫹]i (50).
Based on their biophysical properties, KCa channels
have been classified into two subtypes: one, exhibiting
large unitary conductance and gated by the cooperative
action of membrane depolarization and [Ca2⫹]i, is termed
BKCa, and the other, displaying small conductance and
gated solely by [Ca2⫹]i, is referred to as SKCa (180).
Both types of KCa channels have been implicated in a
variety of physiological processes, which for BKCa range
from regulation of smooth muscle tone (18, 132) and
microbial killing in leukocytes (2) to modulation of hormone and neurotransmitter release (228, 245). In central
neurons, where they exhibit a broad expression pattern
throughout most regions of the brain, BKCa channels contribute to repolarization of action potentials (APs) (197),
mediate the fast phase of afterhyperpolarization following
an AP (70, 103, 236), shape the dendritic Ca2⫹ spikes (66),
and influence the release of neurotransmitters (245). Similarly, the cell physiology of SKCa channels covers a wide
range from controlling uterine contractility (22) and vascular tone (210), modulation of hormone secretion (46,
208, 250), control of cell volume in red blood cells (78,
220), activation of microglia and lymphocytes (52, 85, 91)
to regulation of excitability, firing pattern, and synaptic
signal transduction in central neurons (24, 73, 112, 143,
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FIG. 1. The BK␤ subunits shape the properties of BKCa channels. A: membrane topology of BK␣ and BK␤ as described in the text. Inset:
structure of the NH2-terminal “ball-and-chain” domain of BK␤2 as derived from solution NMR (10). B: K⫹ currents through BKCa channels assembled
either from BK␣ alone or from BK␣ and the indicated BK␤ subunits upon heterologous expression in Xenopus laevis oocytes. Inset: step response
of BK␣-BK␤2 channels on a compressed time scale. C–E: significance of BK␤ subunits for the physiological function of BKCa channels. C: BK␤4
reduces the firing rate of dentate gyrus granule cells by action potential (AP) broadening and prolongation of the fast afterhyperpolarization (fAHP).
[Modified from Brenner et al. (19).] D: BK␤2 promotes tonic firing in chromaffin cells. [Modified from Solaro et al. (193).] E: BK␤1 ensures coupling
of BKCa channels to Ca2⫹ sparks in arterial smooth muscle. [Modified from Brenner et al. (21).]

A. Auxiliary ␤-Subunits of BKCa
1. Biochemistry and structure
Although tetramers of BK␣ are functional, the vast
majority of BKCa channels present in the plasma memPhysiol Rev • VOL

brane of vertebrate cells are associated with auxiliary
␤-subunits (BK␤); in contrast, no BK␤ was identified in
invertebrates (12, 150). At present, four genes coding for
BKCa ␤-subunits (termed KCNMB1– 4) are known, with
BK␤3 giving rise to four distinct isoforms as a result of
alternative splicing (120, 150, 216). BK␤1, the first ␤-sub-
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2. Modulation of channel gating
The impact of the coassembly with ␤-subunits on the
gating of BKCa channels has been extensively reviewed
(150, 181, 216), documenting effects on gating, pharmacology, as well as on trafficking mostly in a ␤-subtypespecific manner. The following effects of BK␤s on the
pore properties gating and permeation may be summarized (Fig. 1B).
A) ACTIVATION/DEACTIVATION. The BK␤ subunits alter the
activation characteristics of BKCa channels by affecting
both the Ca2⫹ and voltage dependence of opening and
closing transitions (Fig. 1B). As the best characterized
example, association with BK␤1 strongly increases the
apparent Ca2⫹ sensitivity of BKCa channels, likely by an
allosteric mechanism that lowers the energy of the open
state (205). As a consequence, channel opening occurs at
more negative potentials and with faster kinetics (7),
whereas deactivation is slowed down. Structurally, this
effect has been attributed to the intracellular domains of
BK␤1 (151) and the S0 helix of the BK␣ subunit (224).
Association with BK␤4 leads to a deceleration of both the
activation and deactivation time courses by a yet unclear
mechanism(s) (71, 229; Fig. 1B).
B) INACTIVATION. BK␤s 2 and 3 both endow BKCa channels with rapid inactivation through a classical “ball-andchain” mechanism where a partially folded NH2-terminal
domain tethered to the first transmembrane segment via a
Physiol Rev • VOL

helical chain domain plugs the open pore from the cytoplasmic side (Fig. 1A) (10, 113). While the BK␤2 subunit
promotes complete inactivation (Fig. 1B), the three splice
variants of BK␤3 (␤3a-c) only mediate an incomplete
channel block (113, 217).
C) PERMEATION. Association with the BK␤ subunits 2
and 3 induces voltage-dependent rectification of the BKCamediated K⫹ currents through a cluster of positively
charged amino acids in the cysteine-rich extracellular
loop connecting the two transmembrane domains that
acts as an additional extracellular gate (20, 28, 241, 249).
3. Effects on channel pharmacology
The scorpion toxins charybdotoxin (ChTX) (133) and
iberiotoxin (IbTX) (58) are peptide blockers of BKCa
channels that bind to the outer vestibule of the pore with
nanomolar affinity. As shown in cross-linking experiments, the toxin binding sites include part of the extracellular loop of the BK␤ subunits (96). Distinct structure
and charge distribution in this region determine the differential effects of the BK␤s on toxin binding (28, 248).
Thus, while coassembly with BK␤4 or BK␤2/3 strongly
reduces ChTX-mediated inhibition of BKCa channels by
1,000- and 30-fold, respectively (59, 130, 240), channels
associated with BK␤1 retain their high sensitivity to this
blocker (74).
In addition to peptide toxins, BK␤s also modify the
effect of several metabolites and small molecule drugs on
BKCa channel activity. However, as the binding sites for
these ligands have not been determined, it remains unclear whether BK␤ subunits actually act as (co)receptors
or induce allosteric changes in BK␣. The effect of unsaturated fatty acids such as arachidonic acid is best understood. They counteract rapid inactivation conferred by
BK␤2 and BK␤3 subunits (203). Furthermore, steroid hormones have been described to increase BKCa channel
activity in a BK␤-subtype-dependent manner, although at
concentrations beyond the levels assumed to occur under
physiological conditions (9, 95, 135, 218).
4. Effects on protein processing/trafficking
As for auxiliary subunits of other ion channels, BK␤
subunits were shown to influence trafficking of BKCa
channels to the plasma membrane, although in a distinct
manner. While most ␤-subunits of ion channels promote
surface expression (43), BK␤2 and BK␤4 actually decrease the number of BKCa channels in the cell membrane
(229, 247); reports on the effects of BK␤1 on trafficking
are conflicting (94, 215).
5. Implications for cell physiology
The BK␤ subunits exhibit quite distinct expression
profiles as revealed by in situ hybridization as well as by
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unit in hand, was identified as a noncovalently attached
constitutive partner of BK␣ in experiments purifying BKCa
channels from smooth muscle membranes following
toxin cross-linking (97). Subsequent database searches
revealed the homologous proteins BK␤2– 4 [␤2 (225, 240),
␤3 (20, 217, 241), and ␤4 (229)] that exhibit sequence
homology of ⬎45% with BK␤1 and all share an overall
topology with two transmembrane segments flanking a
large, glycosylated extracellular loop and short intracellular NH2 and COOH termini (Fig. 1A) (96, 150, 216).
Interaction of BK␣ and BK␤ involves multiple contact
sites: the first transmembrane domain of BK␤ touches S1
and S2 of BK␣, and the extracellular extension of the
second transmembrane domain of BK␤ contacts the S0
segment of BK␣ (115, 237).
Although the rotational symmetry of the BK␣ tetramer suggests association with up to four ␤-subunits, as
originally proposed by Knaus et al. (97), the ␣-␤ stoichiometry is still controversially discussed. In heterologous
systems, titration effects on the ␣/␤ ratio (up to 1/1) were
observed (41, 227), but their relevance for the complex
stoichiometry in native tissue is still unclear (89, 227).
Functional measurements and toxin binding studies suggest that in most tissues the majority of BKCa channels are
intimately associated with at least one of the BK␤ proteins (209, 215, 239).
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filter” that prevents high-frequency firing and spike sharpening as seen in mice with a targeted deletion of this ␤-subunit (Fig. 1C). Removal of this filtering function may be
responsible for increased susceptibility to temporal lobe
seizures observed with the BK␤4 knock-out animals (19).
4) In auditory sensory hair cells of amphibians, birds,
and fish, BKCa channels participate in “electrical ringing,”
a resonance phenomenon fundamental for hearing in
these animals (4, 35, 56, 57, 108, 202). Basically, electrical
ringing is depolarization-repolarization cycles that are
generated by serial and repetitive activation of L-type Cav
channels and BKCa channels (238). The frequency of these
electrical oscillations is determined by the amplitude and
kinetics of the BKCa currents and varies between hair
cells along the axis of the hearing organ as a result of an
expression gradient of the BK␤1 subunit (53, 171, 172).
Thus cells expressing BKCa with minor or no assembly
with this ␤-subunit activate rapidly and enable oscillations at high frequencies, while increasing association
with BK␤1 slows BKCa channel deactivation and increases
Ca2⫹ sensitivity. Both factors promote sustained activity
and suppression of high-frequency oscillations (171).
B. Complexes of BKCa and Cav Channels
In central neurons, the Ca2⫹ ions required for activation of BKCa channels are mainly delivered by Cav channels as blocking these channels effectively inhibited the
respective K⫹ currents (48, 65, 103, 168). In fact, subtypespecific peptide toxins or reagents identified a subset of
the Cav channel family as the major Ca2⫹ sources fueling
BKCa (26). In addition, the robust activation of BKCa currents observed in neurons upon physiological voltage
stimuli necessitated [Ca2⫹]i to be in the range of ⱖ10 M
(12). As such Ca2⫹ concentrations are thought to be restricted to the immediate vicinity of active Ca2⫹ sources
(5, 142), these results implied close colocalization of BKCa
and Cav channels. The molecular mechanism linking both
types of channels has recently been resolved as a direct
channel-channel interaction (12).
1. Biochemistry of BKCa-Cav interaction
First evidence for a biochemical link between BKCa
and Cav channels was obtained by Grunnet and Kaufmann (69) demonstrating coprecipitation of BK␣ and
Cav1.2 and Cav1.3, both encoding distinct ␣-subunits of
L-type channels. A comprehensive proteomic approach
using multiple affinity purifications in combination with
high-resolution quantitative mass spectrometric analysis
identified the set of BKCa-associated Ca2⫹ sources in the
rodent brain. Accordingly, BKCa channels from mouse and
rat brain assembled from BK␣ and BK␤ subunits 2 and 4
were found to be tightly associated with the Cav subtypes
Cav1.2 (L-type channels), Cav2.1 (P/Q-type channels), and
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Northern and Western blot analysis (9, 96, 225). While
BK␤1 predominates in smooth muscle (87), BK␤4 is primarily found in neuronal tissues (9, 20). BK␤s 2 and 3
exhibit a more diverse pattern, with BK␤2 displaying
robust expression in ovary, adrenal gland, brain, and
heart (20, 225) and BK␤3 found in various organs including adrenal gland, pancreas, and heart (9, 217, 240, 241).
In some of these tissues, efforts have been made to
link cell-type specific composition of BKCa channels to
distinct physiological functions.
1) In smooth muscles, BKCa channels are activated
either by Ca2⫹ sparks, Ca2⫹ puffs released from intracellular stores, and/or by L-type Cav channels (21, 147, 160).
In each case, BKCa-mediated hyperpolarization counteracts further Ca2⫹ flux by deactivation of Cav channels and
thus promotes relaxation of the muscle cell (84). Targeted
deletion of the KCNMB1 gene confirmed the specific role
of the BK␤1 protein in vascular and tracheal smooth
muscle (Fig. 1E): the resulting BK␤1-deprived BKCa channels exhibited decreased Ca2⫹ sensitivity, reducing the
coupling between Ca2⫹ sparks and BKCa channel activity
(21, 164, 166, 190). As a consequence, the vasoregulatory
mechanisms were impaired, which led to increased vasoconstriction of cerebral arteries and elevated blood pressure levels (reviewed in Ref. 155).
2) In the adrenal gland, two types of chromaffin cells
have been distinguished based on their distinct BKCa currents (Fig. 1D): one type displaying noninactivating and
rapidly deactivating K⫹ currents as mediated by BKCa
channels assembled from BK␣ only, and another type
with inactivating and slowly deactivating currents as
known for BKCa channels associated with BK␤2 or BK␤3
(150, 240). As a result of these distinct gating properties,
the respective BKCa channels enforce different firing patterns on the chromaffin cells. The slowly deactivating
BK␣-BK␤2/3 channels give rise to a pronounced afterhyperpolarization that relieves voltage-dependent Na⫹ channels from inactivation and promotes repetitive or tonic
firing (150). In contrast, the rapidly deactivating channels
lead to only small afterhyperpolarizations that promote
firing at a more phasic pattern (193).
3) In central nervous system (CNS) neurons, BKCa
channels contribute to repolarization of APs and give rise
to a fast afterhyperpolarization (fAHP) which both impact
on neuronal firing by “spike sharpening” depending on the
properties of the BKCa-mediated K⫹ currents (11, 197). In
hippocampal pyramidal cells, inactivating BKCa channels,
presumably composed of BK␣ and BK␤2, promote frequency-dependent AP broadening along a spike train
(191). This phenomenon results from successive inactivation of BKCa channels during a train of APs when the
frequency of the AP-triggered channel activation exceeds
the rate of recovery from inactivation. In hippocampal
granule cells, the slowed activation kinetics induced by
coassembly with BK␤4 appears to operate as a “low-pass

PROTEIN COMPLEXES ASSOCIATED WITH KCa CHANNELS

2. Functional analysis of synthetic
BKCa-Cav complexes
BKCa-Cav supercomplexes could be readily reconstituted in heterologous systems, such as cultured cells and
Xenopus oocytes, where they assembled upon expression
of the respective ␣- and ␤-subunits as visualized by patchclamp experiments (Fig. 3A) (12). In inside-out patches
with EGTA buffering Ca2⫹ on the cytoplasmic side, the
reconstituted BKCa-Cav complexes displayed a biphasic
current output in response to step depolarizations exceeding the activation threshold of the Cav channel: an

initial inward current carried by Ca2⫹ was followed by an
outward K⫹ current reflecting the Cav channel fueling the
coassembled BKCa channel (Fig. 3, A and B). This functional coupling was insensitive to EGTA even at high
millimolar concentrations, but could be disrupted by
BAPTA, a Ca2⫹ chelator with 100-fold faster binding kinetics (141). In addition, calibration measurements of the
activation kinetics at defined [Ca2⫹]i estimated the effective Ca2⫹ concentration seen by BKCa channels within
BKCa-Cav supercomplexes to values ⱖ10 M (12). Together with the [Ca2⫹]i profiles generated by EGTA and
BAPTA (5, 50), these functional measurements placed
both channels within ⬃10 nm of each other and thus
provided independent support for the structural model
derived from biochemistry and proteomic analyses (Fig.
2).
The resistance of channel-channel coupling to interference with EGTA proved also useful for probing the
specificity of the BKCa-Cav coassembly. While supercomplexes with Cav2.1, Cav2.2, and Cav1.2 were insensitive to
EGTA, Cav2.3 channels failed to activate K⫹ currents
through the coexpressed BKCa channels under these conditions (12). This confirmed the results from the proteomic analyses and demonstrated that formation of
BKCa-Cav supercomplexes is restricted to a subset of the
Cav channel family.
Another interesting feature evolving from the functional recordings with synthetic BKCa-Cav complexes is
the tight kinetic control exerted by the Cav channel on its
BKCa partner channel. Thus current outputs of either
BKCa-Cav2.1 or BKCa-Cav1.2 complexes revealed that the
distinct activation characteristics of the two Cav subtypes
were translated into K⫹ currents with distinct voltage
dependence as well as distinct time courses. More explicitly, BKCa channels activated faster and at more negative

FIG. 2. Structural model of a BKCa-Cav channel supercomplex. Top view (from cytoplasmic side; B) and side view (C) of a space-filling model
of a supercomplex assembled from BKCa (light yellow, green) and 4 Cav channels (red and brown) in a presynaptic bouton (A). The model was
generated with the Maya platform (Autodesk Maya 3D; Ref. 207) using database entries for Kv1.2 (pdb entry 2A79), MthK (1LNQ), RCK domains of
MthK (2AEF), and Cav␤3 (1T3L) together with molecular modeling; scale bar is 10 nm. This model is in very close agreement with the recently
resolved cryo-electron microscopic structure of a BK␣ tetramer (226).
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Cav2.2 (N-type channels) that effectively copurified with
the BKCa channels together with their auxiliary ␤-subunits
Cav␤1–3 (12). Reverse purification of these Cav channel
subtypes, control experiments using brains with targeted
knock-outs, and copurifications from heterologous expression systems (12 and unpublished results) confirmed
the formation of channel-channel supercomplexes of
BKCa and Cav channels. The intimate association of both
channels was found to occur through direct interaction of
their pore-forming ␣-subunits (12) presumably via contacts between parts of their transmembrane domains (unpublished results; Fig. 2).
When gently solubilized from brain membranes, BKCa
channel complexes displayed high molecular masses
ranging from ⬃0.8 kDa, corresponding to the size of hetero-octamers composed of 4 BK␣ and 4 BK␤ subunits, up
to ⬃1.8 MDa (12), a size that would be expected for an
assembly of such hetero-octameric BKCa channels with 4
Cav channels. Figure 2 depicts a structural model generated for such a BKCa-Cav supercomplex on the basis of
crystallographic data and homology modeling (see legend
for details). The pore-to-pore distance in this compact
arrangement is ⬃10 nm.
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voltages when associated with Cav2.1 than with Cav1.2,
directly reflecting the differences in activation characteristics between the two Cav channel subtypes (Fig. 3C).
The respective complexes also differed considerably in
their responses to AP-like voltage stimuli (Fig. 3D). While
Cav2.1 channels delivered significant Ca2⫹ currents even
with short APs, Cav1.2 responded more prominently to
longer-lasting APs. Likewise, BKCa channels were already
activated during short APs when integrated into complexes with Cav2.1 channels, whereas their activation in
complexes with Cav1.2 required a markedly longer AP
duration (Fig. 3D).
Together, the properties of the synthetic BKCa-Cav
complexes revealed that direct coassembly of these channels 1) guarantees reliable and robust activation of BKCa in
the physiological voltage range and even in the presence of
highly active Ca2⫹ buffering systems, and that 2) the complexes readily translate local Ca2⫹ influx into membrane
hyperpolarizations which can be effectively tuned by the
respective Cav subtype.
3. Functional analysis of native BKCa-Cav complexes
The functional properties of heterologously reconstituted BKCa-Cav complexes as reviewed above perfectly
parallel those described for the coupling between both
channel types in native cells: differential effects of the
Physiol Rev • VOL

chelators EGTA and BAPTA on the channel-channel coupling were obtained in hippocampal pyramidal cells (103,
126, 198, 221), dentate gyrus granule cells (19), striatal
cholinergic interneurons (65), frog saccular hair cells
(175, 176), the frog neuromuscular junction (177), and
chromaffin cells (167, 169). The functional variability of
BKCa channel activity generated by coassembly with the
distinct Cav channel partners manifests as tissue-specific
diversification generated by the expression pattern of
these Cav channels. Thus P/Q-type and N-type channels
are predominantly found in the pre- and postsynaptic
compartment of neuronal cells, as demonstrated for cholinergic interneurons, saccular hair cells, or cerebellar
Purkinje cells (48, 65, 101, 175, 176), whereas L-type channels are mostly localized to cell somata and dendrites of
hippocampal pyramidal cells, in frog saccular hair cells or
chromaffin cells (103, 145, 173, 197, 198).
A property not yet analyzed in heterologous coexpressions of BKCa and Cav channels is the efficiency of
complex formation. However, this question has been pursued in a study where Sun and Grinnell compared BKCa
activity triggered by Cav channels and that triggered by
exogenous Ca2⫹ in patches excised from motor nerve
terminals of Xenopus laevis (204). Interestingly, these
authors found an efficiency for complex formation of
close to 80% at the outer membrane of the varicosities,
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FIG. 3. Current output of BKCa-Cav complexes are determined by their Cav subunit(s). A: scheme illustrating assembly of BKCa-Cav complexes
in heterologous expression systems together with profiles for [Ca2⫹]i (spatial gradients in red). B: current output of a BKCa-Cav2.1 complex
heterologously reconstituted in Xenopus oocytes in response to the indicated voltage step. Note that outward K⫹ currents are preceded by a Ca2⫹
inward current (gray trace, recorded with Cav2.1 channels alone). C: current-voltage relation of the K⫹ currents through BKCa channels depends on
the coassembled Cav channel subtype. D: Ca2⫹ current responses of Cav1.2 and Cav2.1 channels (left, top) and K⫹ current response of BKCa-Cav1.2
and BKCa-Cav2.1 complexes (right) recorded upon AP-like stimuli (left, bottom) with half-widths of 1 and 1.8 ms. [From Berkefeld and Fakler (11).]
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while it was almost 100% at the release face of the presynapse. This fits with the observation of different BKCa
complex populations in native gel separations (12) and
suggests that formation of BKCa-Cav supercomplexes may
be intrinsically dynamic or requires yet unidentified factors promoting or restricting their assembly.
4. Implications for cell physiology

Physiol Rev • VOL

the release-triggering Ca2⫹ conductance (156) as is expected for BKCa-Cav complexes with distinct subunit
composition.
C. Further Interactors of BKCa Channels
The stringent criteria put forth in section ID were
barely met by other proteins implicated as candidate interactors of BKCa channels (for a rather extensive list, see
Ref. 120). For some of these proteins, interaction with
BKCa lacks validation in native systems; others may be
more indirectly linked or associate in a rather dynamic
way. One of these proteins, the ␤2-adrenergic receptor
(␤2AR), has been suggested as linker molecule coupling
BKCa channels to Cav1.2 and to protein kinase A (PKA)
and A kinase anchoring protein (AKAP150) (27, 39, 114).
However, ␤2AR is neither required for functional nor for
biochemical coupling of BKCa and Cav1.2 channels as
detailed above (12). Thus the biochemical evidence presented by Liu et al. (114) may point to a different, potentially more dynamic, role of ␤2AR, as also suggested recently (38). Likewise, ␤-adrenergic receptors are known
to trigger relaxation of smooth muscle cells via stimulation of BKCa channel activity through a signaling cascade
involving activation of PKA (100). Whether this well-established mechanism requires direct interaction of BKCa
channels with ␤2AR, PKA/AKAP150 as suggested (55, 114)
remains presently unclear; experiments in intact cells
including colocalization by confocal immunofluorescence
microscopy and topic ␤2AR stimulation of BKCa currents
in cell-attached patches (114) do not provide sufficient
spatial resolution to selectively monitor coupling within
protein complexes.
Another example is association of heme oxygenase 2
(HO-2) with BK␣ suggested to confer oxygen sensitivity to
the channel (231). This complex has been proposed as a
general oxygen sensor transducing moderate decreases in
arterial partial pressure of oxygen into an afferent signal
(93). Although direct interaction of BK␣ and HO-2 has
been demonstrated in recombinant systems (231), existence and function of BKCa-HO-2 complexes in vivo is not
yet clear. Thus hypoxia as well as carbon monoxide, a
product of HO-2, have been shown to modulate native
BKCa channels by different mechanisms that may not require a direct BKCa-HO-2 interaction (29, 93, 102, 119).
Moreover, oxygen sensing was not affected in mice with
targeted deletions of either HO-2 or BK␣ (152, 178).
These examples together with the large number of
proposed but not thoroughly analyzed BKCa complexes
(38, 120) seem to call for a more cautious use of the term
protein complex. In any case, they emphasize the need for
more detailed studies using advanced biochemical and
functional techniques that are suited to properly characterize protein-protein interactions at resolution and stringency as outlined above.
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For cellular physiology, formation of BKCa-Cav complexes provides a straightforward and favorable molecular solution to several problems. First, activation of BKCa
channels becomes virtually independent of the global cellular Ca2⫹ environment (126, 136, 175), but rather requires
very local delivery of micromolar [Ca2⫹]i that should not
affect other Ca2⫹-dependent processes. Second, the spatio-temporal restriction of Ca2⫹ signaling allows for signaling at increased frequencies, at the same time minimizing energy consumption and potentially detrimental effects of increased [Ca2⫹]i (128, 136). Finally, selective
coupling of Cav channels to BKCa is an important mechanism to ensure specificity of Ca2⫹-mediated signaling.
In neurons, BKCa currents are activated during the
repolarization phase of an AP and contribute to its time
course as visualized by either blocking the BKCa or the Cav
subunit of the BKCa-Cav complexes (Fig. 4A). The amplitude and time course of the BKCa currents, and consequently their impact on AP repolarization, strongly depend on the Cav channel subtype coassembled with BKCa,
very similar to what was described above for the synthetic
BKCa-Cav complexes (Fig. 3D). This fine-tuning is believed to underlie tissue-specific functions; for example,
in cerebellar Purkinje cells that display short APs (48,
235) allowing for higher firing rates, BKCa channels were
found to be predominantly fueled by Cav2.1 channels,
while broad APs like in hormone-secreting chromaffin
cells involve both Cav1.2 and Cav2.1 channels (168).
In addition to AP repolarization, the K⫹ current
output of BKCa-Cav complexes in presynaptic terminals
was shown to feed back onto the intracellular Ca2⫹
profile, thus influencing synaptic transmission in two
distinct ways (Fig. 4, B and C). In CA3-CA3 synapses
and frog neuromuscular junctions, the BKCa-mediated
K⫹ currents shortened the period of Ca2⫹ influx and, as
a consequence of this negative feedback, reduced the
release of transmitters and the amplitude of the
postsynaptic potential (Fig. 4B) (68, 170, 177). In contrast, Pattillo et al. (156) reported a positive feedback
of the BKCa-Cav complexes on the synaptic transmission in frog nerve-muscular synapses. According to this
report, the BKCa-mediated re/hyperpolarization increased the driving force for Ca2⫹ influx, thus leading
to increased postsynaptic currents (Fig. 4C). These
differential effects might be explained by the distinct
timing between the BKCa-carried K⫹ conductance and
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III. MOLECULAR PARTNERS OF
SKCa CHANNELS
The pore-forming ␣-subunits of SKCa channels (SK␣)
are encoded by four homologous genes, SK1– 4 (or
KCNN1– 4) (83, 99) that are differentially expressed in
neuronal and nonneuronal tissues (17, 121, 158, 195).
Physiol Rev • VOL

While SK1 and SK2 are predominantly found in CNS neurons (SK2 also in sensory cells, microglia, urinary bladder,
and cardiac myocytes), SK3 is expressed both in neuronal
and glial cells as well as in diverse endothelial and smooth
muscle cells (195). SK4 (also termed intermediate-conductance K⫹ channel, IK1) is restricted to nonneuronal
tissues such as muscle, epithelia, and blood cells (195).
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FIG. 4. Significance of BKCa-Cav
complexes for AP repolarization and synaptic transmission. A: sharpening of APs
by BKCa-Cav complexes visible upon
block of either BKCa channels with iberiotoxin (Ibtx) [left; modified from Shao
et al. (191)] or Cav channels with the
peptide toxin MVIIC (blocker of Cav2.1/
Cav2.2) [right; modified from Goldberg
and Wilson (65)]. B and C: differential
impact of distinct BKCa-Cav complexes
on excitatory synaptic transmission.
B: BKCa channels fueled by L-type Cav
channels reduce amplitude and duration
of EPSPs. [Modified from Grimes et al.
(68).] C: BKCa channels activated by Ntype Cav channels enhance the EPSC amplitude. [Modified from Pattillo et al.
(156).]
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SK2 comes in two variants probably resulting from different promotor usage, SK2-S (49 kDa) and SK2-L (78 kDa)
(199); in addition, there are splice variants of SK1 (192),
SK2 (137) and SK3 (213, 233), and the functional significance of this molecular diversity remains unclear. SK␣,
although sharing the tetrameric six-transmembrane domain architecture of voltage-gated cation channels, lacks
the typical features of voltage-sensing S4 segments (Fig.
5A). Consequently, the gating of SKCa channels is fully
independent of the transmembrane voltage (even at extreme membrane potentials), in contrast to BKCa channels. Instead, opening and closing of SKCa channels is
solely driven by changes in [Ca2⫹]i, with submicromolar
concentrations being sufficient to effectively gate the
channels (76, 99).

Invariance of the channels’ high sensitivity to Ca2⫹ in
different experimental settings and cell types initially
pointed towards a binding site located within the SK␣
protein. Finally, however, calmodulin (CaM) was identified as an exogenous Ca2⫹ sensor that is constitutively
associated with SK␣ (242). SK␣-CaM complexes are
highly stable, form spontaneously in vitro (13), and have
important structural, pharmacological, and functional implications. Although a number of other structurally related Ca2⫹-binding proteins of the EF-hand protein family
are expressed in brain, proteomic studies have underlined
the exclusive role of CaM as the Ca2⫹ sensor of native
SKCa channels (13).
1. Biochemistry and structure
CaM is a small acidic (pI ⬃4.1) protein that is highly
conserved among species and is ubiquitously expressed
in eukaryotic cells. Basically, this cytoplasmic protein
consists of a central region linking the two globular domains formed by the NH2- and COOH-terminal half of the
protein; each of the globular domains contains two EF
hand-type motifs that bind Ca2⫹ with 1–3 M (COOHterminal lobe) and 10 –20 M (NH2-terminal lobe) affinity
in a positive-cooperative manner (134, 146, 159). Upon
Ca2⫹ binding, the globular domains rearrange, bending
the central connecting helix to form a hydrophobic clamp
that interacts with target peptides of numerous effector
proteins [reviewed by Chin and Means (30) and Rhoads
and Friedberg (174)]. Binding of CaM to protein targets
strongly increases its apparent Ca2⫹ affinity to low micromolar concentrations (134, 159). Different from this classical mechanism, the interaction of CaM with SK␣ displays two interesting facets. First, CaM constitutively interacts with SK␣ in the absence of Ca2⫹; the respective
interaction interface is made up from the NH2- and COOHterminal lobes of CaM and the proximal COOH terminus of
Physiol Rev • VOL

SK␣ (so-called CaM binding domain, CaMBD; Fig. 5A; Refs.
92, 111, 188). Second, binding of Ca2⫹ only occurs at the
NH2-terminal EF-hands of CaM, which subsequently induces
conformational changes and interactions with SK␣ that ultimately trigger opening of the channel pore by moving a
gate located close to the intracellular part of the selectivity
filter (23, 106, 242). The intimate association of SK␣ and
CaM exhibits some distinct structural features as revealed
by crystallography (187, 188) and NMR (232). The constitutive binding of CaM predominantly involves an extended
helical stretch in the CaMBD representing a noncanonical
CaM binding motif. Moreover, assembly with the CaMBD
induces an unusual conformation that no longer allows for
binding of Ca2⫹ to the COOH-terminal EF-hands (92, 188,
242). The structural rearrangements of SK␣ leading to opening of the pore have not yet been resolved; a dimer-symmetric transition has been proposed (187, 188), in line with the
observed high positive cooperativity of Ca2⫹-dependent gating (Hill coefficient ⬃4; see also sect. IIIA2).
Interestingly, mutagenesis experiments suggested that
constitutive association with CaM is not an absolute requirement for Ca2⫹-dependent opening of the channel pore, but
necessary for cell surface trafficking of SKCa channels (88,
106). Accordingly, constitutive association with CaM may
represent a mechanism ensuring that SKCa channels in the
plasma membrane are saturated with its Ca2⫹ sensor in a 1:1
stoichiometry and are, therefore, able to respond to changes
in [Ca2⫹]i with high efficiency. Taken together, CaM is an
auxiliary subunit required for proper channel function and
may be regarded as the ␤-subunit of SKCa channels.
2. Modulation of channel gating
The functional properties of SKCa channels observed
in heterologous expression systems largely parallel the
behavior of their native counterparts. All four types of
SKCa channels (when assembled with CaM) display a
steep Ca2⫹ concentration-response relation with Hill coefficients of ⬃4 (⬃2.5 for SK4) and values for half-maximal activation (EC50) of ⬃0.3 M (Fig. 5B) (76, 99, 242).
These values differ significantly from the low micromolar
affinity and low positive cooperativity of most other Ca2⫹CaM triggered processes (134, 159) or the Ca2⫹ binding
properties of free CaM (146, 159), emphasizing the impact
of the SK␣-CaM complexes. Experiments with coexpressed CaM mutants revealed the role of the individual
Ca2⫹ binding sites for channel gating. Point mutations
selectively reducing Ca2⫹ affinity in either of the two
NH2-terminal EF-hands (92) resulted in a reduction of
both the apparent affinity as well as the steepness of the
Ca2⫹ concentration-response relation. Accordingly, the
large Hill coefficients appear to result from cooperative
Ca2⫹ binding to the two NH2-terminal EF-hands of CaM
and a coupled conformational transition involving all four
SK␣ subunits.
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3. Implications for cell physiology
The properties of the SK␣-CaM based Ca2⫹ gating
machinery are fundamental for the role of SKCa channels
in the cellular context, where these channels reconstitute
an interactive feedback between excitability and [Ca2⫹]i.
In fact, this feedback may be distinct in different types of
cell, but essentially falls in between two extremes.

First, SKCa channels may integrate multiple Ca2⫹ signals over time to modulate repetitive electrical activity
and firing pattern. An example for this type of feedback is
the medium phase afterhyperpolarization (mAHP) that
may last from a few tens to a few hundreds of milliseconds (Fig. 5C) (16, 196). This mAHP was observed following depolarizing pulses and APs in several types of central
neurons (81, 117, 235) where it promoted successive slowing of the spike frequency (157, 196). Moreover, this feedback mechanism controls pacemaking (234) and contributes to integration of synaptic input in dendrites (24).
Application of 1-EBIO was found to largely enhance these
SKCa-mediated effects (Fig. 5C) (72, 157), indicating that
the limiting factor for the underlying SKCa channel activity
is the spatial and kinetic extension of [Ca2⫹]i profiles
sufficiently high to open SKCa channels.
The second type of feedback refers to SKCa channels
shaping single Ca2⫹ events, mainly by the slow deactivation kinetics. Thus SKCa channels in postsynaptic compartments provide hyperpolarizing K⫹ currents that limit
the Ca2⫹ influx through NMDA-type glutamate receptors
by promoting their pore-block via Mg2⫹; as a consequence, SKCa channels were found to shape the excitatory
postsynaptic currents (EPSCs) (49, 143) and affect the
induction of synaptic plasticity (73, 112). In auditory hair
cells, SK2 channels driven by Ca2⫹-permeable nicotinic
acetylcholine receptors of the ␣9/␣10 subtype give rise to
an inhibitory postsynaptic current (IPSC) carried by K⫹
(148, 246). The time course of this IPSC is determined by
the gating kinetics of the SKCa channels (Fig. 5D) (148). In
nonneuronal cells, SKCa channels control the Ca2⫹ influx
through Ca2⫹ sources usually gated on a slower time scale
than in neurons. Thus, in smooth muscle cells, SKCa channels regulate contractility by limiting Ca2⫹ influx without
exerting a prominent effect on the shape of the slow APs
promoting the Ca2⫹ influx and activation of the SKCa
channels (75). Another example is offered by the role of
SK4 channels for the activation of T lymphocytes (reviewed in Ref. 154). Stimulation of T-cell receptors initiates Ca2⫹ release from intracellular stores, which subsequently activates Ca2⫹ release-activated Ca2⫹ channels
and SK4 channels; both types of channels remain tonically
active with the SK4-mediated K⫹ current maintaining the
driving force required for sustained Ca2⫹ influx (51).

FIG. 5. Properties of recombinant and native SKCa channels. A: membrane topology of SKCa ␣-subunits as described in the text.
B: Ca2⫹-dependent gating of heterologously expressed SK2 channels recorded in excised inside-out patches upon rapid application of 10 M Ca2⫹
(left and middle). Right: Ca2⫹ concentration-response relation of SK2 channels (242). C: SKCa-mediated currents recorded in hippocampal CA1
neurons in response to a depolarizing pulse (10 mV, 100 ms) under control conditions (middle) and after incubation with 2 mM 1-EBIO (right).
[Adapted from Pedarzani et al. (157).] D: SKCa-mediated IPSCs in auditory outer hair cells (OHCs) of the rat organ of Corti (left). Middle:
spontaneously evoked IPSCs at physiological (top trace) and symmetrical high K⫹ concentrations (bottom trace). Note the biphasic response
observed with physiological K⫹: a brief inward current through nicotinic acetylcholine receptors (InAchR) followed by a K⫹ outward current
mediated by SK2 channels (ISK). Right: overlaid IPSCs measured before (black), after 1 min (blue), and after 3 min (red) of 5 mM BAPTA dialyzed
into the OHC. [Recordings from Oliver et al. (148).]

Physiol Rev • VOL

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

The opening of SKCa channels is the result of a coordinated sequence of events: Ca2⫹ binding to CaM and
subsequent conformational changes within CaM and SK␣
that finally lead to structural rearrangements of the poreoccluding gate domain. The time constants of this activation process are strongly dependent on [Ca2⫹]i, but average to values of ⬃5 ms under saturating conditions (10
M; Fig. 5B). Channel deactivation, the reverse process of
activation initiated upon withdrawal of Ca2⫹, is independent of [Ca2⫹]i and occurs on a considerably slower
time scale with time constants ranging from 15 to 60 ms
(Fig. 5B, see also sect. IIIB2) (76, 157, 242). These gating
properties endow SKCa channels with a “short-term
memory” for [Ca2⫹]i, i.e., they remain active for more
than 100 ms after [Ca2⫹]i has returned to resting levels
and are able to integrate even low-frequency Ca2⫹ signals over time.
The deactivation process of SKCa channels can be
slowed ⬃10-fold by the small synthetic molecule 1-ethyl2-benzimidazolinone (1-EBIO) (40) which at millimolar
concentrations effectively stabilizes the open state of the
channels (157). As a consequence, the dose-response relation is shifted into the lower nanomolar range promoting robust activation of SKCa channels even at resting
levels of [Ca2⫹]i (⬍100 nM) (148, 157). Meanwhile, a
number of different compounds that positively (e.g.,
NS309) (201) or negatively (e.g., NS8593) (200) modulate SKCa channels have been described [reviewed by
Pedarzani and Stocker (158)]. It should be noted that
these compounds specifically act on SK␣-CaM complexes (111, 200, 201); effects on other CaM-dependent
processes have not been described so far. Conversely,
classical CaM antagonists failed to inhibit activation of
SK␣-CaM (242), underlining the importance of protein
complexes as structural determinants for the pharmacology of proteins and as targets for the development of
novel drugs (14).
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together with CaM and SK2/3 NH2 and COOH termini
coassemble into a polyprotein complex (Fig. 6). The resulting compact structure is stabilized through a network
of interactions between distinct domains of individual
subunits, for which electrostatics play a prominent role
(3, 92, 188). More explicitly, CaM, CK2␣, CK2␤, and
PP2AA coassemble both with the CaMBD and the SK2/3
NH2 terminus, thus bridging the intracellular domains of
SKCa channels. The catalytic subunit of protein phosphatase 2A (PP2AC) may interact with the SK COOH terminus
as well as with PP2AA and CK2␣ (Fig. 6) (13, 33). Stable
integration of CK2 into native SK-CaM complexes has
been confirmed by affinity copurification (13). In contrast,
PP2A was not detected in native SKCa channels, indicating
that its association may be regulated or less stable in vivo.
Downloaded from physrev.physiology.org on March 16, 2012

The exquisitely high affinity for Ca2⫹ should relieve
SKCa channels from the requirement of a close interaction
with Ca2⫹ sources, and rather allow for their effective
activation even if located at distances of up to a few
hundred nanometers remote from such a source (50).
However, a number of studies reported defined localization of SKCa channels relative to specific Ca2⫹ sources.
Thus distances of between some 10 and ⬃150 nm have
been derived for SK2 and either L-type Cav channels in
the soma of CA1 pyramidal cells (126), or NMDA receptors in hippocampal CA1 neurons (143), or ␣9/␣10 acetylcholine receptors in auditory outer hair cells where high
concentrations of EGTA were ineffective in preventing
activation of SK2 channels (Fig. 5E) (148). Another hint
for defined localization comes from activation of SKCa
channels by distinct Ca2⫹ sources over others. Thus SKCa
channels appear to be selectively activated by L-type
Cav channels in the somata of CA1 pyramidal cells (126),
by R-type Cav channels in dendritic spines of CA1 and
lateral amygdala pyramidal cells (15, 49), or by T-type Cav
channels and SERCAs in neurons of the thalamic nucleus
reticularis (36). The mechanisms underlying such specificity remain unclear; so far, neither direct nor indirect
association of SKCa channels with Ca2⫹ sources has been
substantiated by biochemistry.
It must be emphasized, however, that activation of
SKCa channels at a given distance from any Ca2⫹ source is
strongly dependent on the conductance properties of the
source. With this respect, Cav channels and the Ca2⫹permeable NMDA and ␣9/␣10 acetylcholine receptors exhibit conductances for Ca2⫹ that are 5- to 10-fold different
from each other (Cav channels, ⬍10 pS; NMDA receptors,
⬎50 pS; ␣9/␣10 receptors, 70 pS) (32, 98, 165, 230). Accordingly, the ionotropic receptors will activate SKCa
channels at larger distances and more effectively than Cav
channels.
B. Complexes of SKCa Channels
1. Biochemistry and structure of SKCa
channel complexes
Heterogeneity observed with the kinetics of SKCamediated currents in various types of neurons together
with strong effects observed with allosteric activators and
inhibitors [reviewed in Pedarzani and Stocker (158)] suggest that the gating machinery may be a target for physiological regulation and prompted efforts to identify associated regulatory proteins. Bildl et al. (13) using a proteomic approach identified subunits of protein kinase
CK2 and protein phosphatase 2A (CK2 catalytic ␣- and
regulatory ␤-subunit, PP2A regulatory subunits PP2AA/
PR65 and PP2AB/PR55) as specific interactors at the
COOH termini of SK2 and SK3 (13). In vitro binding tests
and yeast two-hybrid assays confirmed that these proteins
Physiol Rev • VOL

FIG. 6. Structural model of a SKCa channel complex composed of
SK␣, CaM, CK2, and PP2A. Top view (from cytoplasmic side, A) and side
view (B) of a space-filling model of a SKCa supercomplex assembled
from SK␣ (brown), CaM (red), CK2 (green), and PP2A (blue) generated
as in Fig. 2 using database entries for SKCa/CaM (2PNV, 1KKD, 1G4Y,
1QX7), Kv1.2 (2A79), CK2 (1JWH), and PP2A (2IAE); scale bar is 10 nm.
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2. Functional analysis of synthetic SKCa
channel complexes

3. Implications for cell physiology
Modulation of SKCa channels through phosphorylation of CaM may have different physiological implications, depending on the Ca2⫹ signal. Under conditions of
limiting [Ca2⫹]i, it should decrease the steady-state activity and accelerate the decay of SKCa currents. In addition,
this modification should largely impair the channels’ ability to act as integrators of rapid Ca2⫹ signals due to both
slowing of activation (157) and acceleration of deactivation (13). Under saturating Ca2⫹ conditions, phosphoregulation of the deactivation kinetics should effectively
alter the decay of postsynaptic currents and the duration
of AP-induced afterhyperpolarization.
So far, the physiological significance of these mechanisms has been supported by two examples: catecholamine-mediated sensitization of sensory neurons and efferent inhibition of cochlear hair cells. Nociceptive neurons in the dorsal root ganglion (DRG) are sensitized by
Physiol Rev • VOL

the neurotransmitter noradrenaline (NE; reviewed by Pertovaara, Ref. 161) through a signaling cascade involving
inhibition of SKCa channels (6, 124). As the underlying
molecular mechanism, NE was shown to activate CK2,
which through subsequent phosphorylation of SK␣-bound
CaM reduced the amplitude of AP-triggered SKCa currents
(124). Some key elements of this cascade are depicted in
Figure 7. Functional coupling of single SKCa and Cav
channels in membranes of superior cervical ganglion
(SCG) neurons was largely abolished after application of
NE (Fig. 7C). The underlying CK2-mediated phosphorylation of CaM manifested as a reduced Ca2⫹ affinity of the
SKCa channels, comparable to the phosphorylation-mimicking CaM(T80D) mutation. DRG neurons, which under
control conditions showed effective SK2-mediated spikefrequency adaptation (Fig. 7D, left), fired multiple APs
upon NE-triggered inhibition of SKCa channel activity
(Fig. 7D, right) (124).
SK2-IPSCs in outer hair cells (OHCs) and immature
inner hair cells (IHCs) vary with respect to their decay
time constants from 18 –55 ms, which actually covers the
full range set forth by the CaM(T80D) and CaM(T80A)
mutants (13, 148). Stimulation of CK2 activity induces and
maintains rapid IPSC deactivation kinetics, indicating that
the machinery for modulation of the Ca2⫹ sensitivity is
present in these cells. At present, this regulatory mechanism is implied in suppression of Ca2⫹ APs in immature
IHCs prior to the onset of hearing (67), and in hyperpolarization shunting of OHCs to limit the amplitude of the
receptor potential and the active cochlear amplification
during periods of high sound-pressure levels (125, 138).
IV. CONCLUSIONS AND FUTURE DIRECTIONS
The key function of BKCa and SKCa channels in vertebrates to provide membrane hyperpolarization in response to elevation of [Ca2⫹]i is critically dependent on
their integration into complexes with other proteins. BKCa
channels requiring [Ca2⫹]i in the micromolar range for
reliable activation under physiological conditions form
stable macromolecular complexes with a specific set of
Cav channels (Cav1.2, Cav2.1, and Cav2.2) and a set of
BK␤ proteins that fine-tune the channels’ gating machinery with respect to Ca2⫹ and voltage dependence. SKCa
channels form constitutive complexes with CaM endowing them with a gating apparatus that responds to submicromolar [Ca2⫹]i with high cooperativity; sensitivity and
dynamic range of this apparatus are modulated through
phosphorylation/dephosphorylation of CaM via coassembled CK2 and PP2A. In either case, the stable association with partner proteins is used to optimally adapt the
channels to their distinct and cell type-specific physiological functions.
In this review, we focused on what may be regarded the
“inner core” of KCa channels formed by protein-protein in-

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

Protein kinase CK2 preferentially phosphorylates
serine and threonine residues in the context of acidic
residues and requires clustered positive charges for its
activation (144). CaM, a well-known substrate for CK2 in
its apo form (131, 140), is effectively phosphorylated by
CK2 when offered in complex with the CaMBD that harbors several stretches of basic residues (13). Further
analysis using site-directed mutants finally identified threonine-80 in CaM as the target for CK2-mediated phosphorylation and as a major determinant for gating of SKCa
channels. When dephosphorylated at this residue, as mimicked by an alanine substitution [CaM(T80A)], the SK␣CaM complex exhibited a Ca2⫹ sensitivity in the submicromolar range. Upon phosphorylation [aspartate substitution, CaM(T80D)], however, the Ca2⫹ sensitivity shifted
into the micromolar range, and the steepness of the Ca2⫹
concentration-response relation was markedly reduced
(Fig. 7B); in addition, the CaM(T80) mutants abolished
the effects of CK2 and ATP on channel gating (13). The
reduction in apparent Ca2⫹ affinity resulted from accelerated channel deactivation, likely reflecting increased dissociation rates for Ca2⫹ from their CaM binding site(s).
The respective deactivation time constants exhibited values of ⬃60 and ⬃14 ms for the dephospho and phospho
state of CaM, respectively (13). In the context of the SKCa
channel complex, the phosphorylation status of threonine-80 may either be balanced by the activities of CK2
and PP2A or shifted towards the dephospho or phospho
state by regulation of the respective enzymatic activity.
In summary, the integration of CaM, CK2, and PP2A into
a stable complex provides a potentially rapid and potent
switch for bidirectional modulation of SKCa channel activity.
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7. Ca2⫹ sensitivity of SKCa channels is shifted by CK2-mediated phosphorylation of CaM. A: signaling cascade underlying modulation of
SKCa channels by ␤-adrenergic receptors (␤AR). B: Ca2⫹ concentration-response relation of heterologously expressed SK2 channels assembled with
the indicated phospho-mimicking mutants (left) and of SKCa-mediated currents recorded in SCG neurons before and after stimulation with
norepinephrine (NE) [right; modified from Maingret et al. (124)]. C: activation of SKCa channels by Cav2.3 (top trace, control) is largely suppressed
upon application of NE (bottom trace). D: AP responses to current injections in DRG neurons displaying SKCa-mediated spike-frequency adaptation
(left) that is largely reduced by NE. [Modified from Maingret et al. (124).]
FIG.

teractions with high affinity and limited association/dissociation dynamics. However, there are a number of aspects and
questions regarding these inner cores that may be of a more
Physiol Rev • VOL

general relevance assuming that the principles derived from
KCa-associated complexes also apply to complexes assembled with other membrane proteins (38, 107, 186).
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direct characterization of protein complexes in native
systems. In the light of these recent technical advancements, more exciting discoveries on protein complexes
are expected to come.
ACKNOWLEDGMENTS

We thank B. Rammner (Scimotion, Hamburg, Germany) for
designing the structural models (Figs. 2 and 6).
Address for reprint requests and other correspondence: B.
Fakler, Institut of Physiology, Engesserstr. 4, 79108 Freiburg,
Germany (e-mail: bernd.fakler@physiologie.uni-freiburg.de).
DISCLOSURES

No conflicts of interest, financial or otherwise, are declared
by the authors.

REFERENCES
1. Adams JA, Taylor SS. Energetic limits of phosphotransfer in the
catalytic subunit of cAMP-dependent protein kinase as measured
by viscosity experiments. Biochemistry 31: 8516 – 8522, 1992.
2. Ahluwalia J, Tinker A, Clapp LH, Duchen MR, Abramov AY,
Pope S, Nobles M, Segal AW. The large-conductance Ca2⫹-activated K⫹ channel is essential for innate immunity. Nature 427:
853– 858, 2004.
3. Allen D, Fakler B, Maylie J, Adelman JP. Organization and
regulation of small conductance Ca2⫹-activated K⫹ channel multiprotein complexes. J Neurosci 27: 2369 –2376, 2007.
4. Ashmore JF. Frequency tuning in a frog vestibular organ. Nature
304: 536 –538, 1983.
5. Augustine GJ, Santamaria F, Tanaka K. Local calcium signaling
in neurons. Neuron 40: 331–346, 2003.
6. Bahia PK, Suzuki R, Benton DCH, Jowett AJ, Chen MX,
Trezise DJ, Dickenson AH, Moss GWJ. A functional role for
small-conductance calcium-activated potassium channels in sensory pathways including nociceptive processes. J Neurosci 25:
3489 –3498, 2005.
7. Bao L, Cox DH. Gating and ionic currents reveal how the BKCa
channel’s Ca2⫹ sensitivity is enhanced by its beta1 subunit. J Gen
Physiol 126: 393– 412, 2005.
8. Barrera NP, Edwardson JM. The subunit arrangement and assembly of ionotropic receptors. Trends Neurosci 31: 569 –576, 2008.
9. Behrens R, Nolting A, Reimann F, Schwarz M, Waldschütz R,
Pongs O. hKCNMB3 and hKCNMB4, cloning and characterization
of two members of the large-conductance calcium-activated potassium channel beta subunit family. FEBS Lett 474: 99 –106, 2000.
10. Bentrop D, Beyermann M, Wissmann R, Fakler B. NMR structure of the “ball-and-chain” domain of KCNMB2, the beta 2-subunit
of large conductance Ca2⫹- and voltage-activated potassium channels. J Biol Chem 276: 42116 – 42121, 2001.
11. Berkefeld H, Fakler B. Repolarizing responses of BKCa-Cav complexes are distinctly shaped by their Cav subunits. J Neurosci 28:
8238 – 8245, 2008.
12. Berkefeld H, Sailer CA, Bildl W, Rohde V, Thumfart JO, Eble
S, Klugbauer N, Reisinger E, Bischofberger J, Oliver D, Knaus
HG, Schulte U, Fakler B. BKCa-Cav channel complexes mediate
rapid and localized Ca2⫹-activated K⫹ signaling. Science 314: 615–
620, 2006.
13. Bildl W, Strassmaier T, Thurm H, Andersen J, Eble S, Oliver
D, Knipper M, Mann M, Schulte U, Adelman JP, Fakler B.
Protein kinase CK2 is coassembled with small conductance Ca2⫹activated K⫹ channels and regulates channel gating. Neuron 43:
847– 858, 2004.
14. Blank T, Nijholt I, Kye MJ, Spiess J. Small conductance Ca2⫹activated K⫹ channels as targets of CNS drug development. Curr
Drug Targets CNS Neurol Disorders 3: 161–167, 2004.
15. Bloodgood BL, Sabatini BL. Nonlinear regulation of unitary synaptic signals by CaV(2.3) voltage-sensitive calcium channels located in dendritic spines. Neuron 53: 249 –260, 2007.

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

Although apparently stable at the plasma membrane,
the dynamics and life cycle of KCa-associated complexes
in the cellular environment are largely unresolved. In
particular, the factors driving assembly, subcellular targeting, and biological turnover have not yet been elucidated, and it is unknown whether “stable” protein complexes undergo remodeling (exchange of subunits) in
vivo.
The allosteric (reciprocal) nature of protein-protein
interactions suggests that coassembly may lead to structural and functional changes affecting all partners as evident for the association of SK␣ with CaM and CK2. In this
case, coassembly alters both the Ca2⫹ binding properties
of CaM and the catalytic activity of the kinase.
A hallmark of protein complexes is the multifunctionality of their subunits. Proteins partnering with KCa
influence, at the same time, gating, pharmacology, and
cell surface expression (and potentially other properties
including biological half-life or targeting to specific compartments). Moreover, some of these proteins are known
to also act as subunits of other protein complexes where
they serve related or different functions. This molecular
organization generates a high functional and cell type
specific diversity using a limited set of genes.
Current biochemical methods may miss more transient or low-affinity interaction partners such as kinases
or signaling mediators that may, nevertheless, be functionally important. This would explain some of the observed mismatches between biochemistry and functional
data. It should also be kept in mind that not all biochemical interactions may have direct functional implications
and, conversely, that even tight functional coupling of
proteins does not per se require a direct molecular interaction.
The inner core most likely represents only one layer
of the higher order molecular organization in cells. Thus
BKCa and SKCa channels may interact with other protein
complexes to form supercomplexes or integrate into extended protein networks. Analysis of these structures
represents as yet unmet biochemical challenges in terms
of solubilization, specific isolation, and heterogeneity/
complexity of their composition.
Regarding the significant number of candidate partners proposed for KCa channels, compelling evidence for
integration into complexes has so far only been obtained
for a limited set of proteins. In our view, the definition of
protein complexes as well as the issues listed above
would strongly benefit from more advanced experimental
strategies and technologies. Adequately controlled biochemistry (complex solubilization and purification) coupled to unbiased and quantitative analysis by mass spectrometry can strongly minimize errors and provide additional information on direct versus indirect interactions
and their stability (63, 185). Likewise, novel high-resolution imaging techniques and structural methods will allow

1453

1454

BERKEFELD, FAKLER, AND SCHULTE

Physiol Rev • VOL

37. Cui J, Cox DH, Aldrich RW. Intrinsic voltage dependence and
Ca2⫹ regulation of mslo large conductance Ca-activated K⫹ channels. J Gen Physiol 109: 647– 673, 1997.
38. Dai S, Hall DD, Hell JW. Supramolecular assemblies and localized regulation of voltage-gated ion channels. Physiol Rev 89: 411–
452, 2009.
39. Davare MA, Avdonin V, Hall DD, Peden EM, Burette A, Weinberg RJ, Horne MC, Hoshi T, Hell JW. A beta2 adrenergic
receptor signaling complex assembled with the Ca2⫹ channel
Cav1.2. Science 293: 98 –101, 2001.
40. Devor DC, Singh AK, Frizzell RA, Bridges RJ. Modulation of
Cl⫺ secretion by benzimidazolones. I. Direct activation of a Ca2⫹dependent K⫹ channel. Am J Physiol Lung Cell Mol Physiol 271:
L775–L784, 1996.
41. Ding JP, Li ZW, Lingle CJ. Inactivating BK channels in rat chromaffin cells may arise from heteromultimeric assembly of distinct
inactivation-competent and noninactivating subunits. Biophys J 74:
268 –289, 1998.
42. Dolly JO, Parcej DN. Molecular properties of voltage-gated K⫹
channels. J Bioenerg Biomembr 28: 231–253, 1996.
43. Dolphin AC. Beta subunits of voltage-gated calcium channels. J
Bioenerg Biomembr 35: 599 – 620, 2003.
44. Dolphin AC. G protein modulation of voltage-gated calcium channels. Pharmacol Rev 55: 607– 627, 2003.
45. Doyle DA, Morais Cabral J, Pfuetzner RA, Kuo A, Gulbis JM,
Cohen SL, Chait BT, MacKinnon R. The structure of the potassium channel: molecular basis of K⫹ conduction and selectivity.
Science 280: 69 –77, 1998.
46. Düfer M, Gier B, Wolpers D, Krippeit-Drews P, Ruth P, Drews
G. Enhanced glucose tolerance by SK4 channel inhibition in pancreatic beta-cells. Diabetes 58: 1835–1843, 2009.
47. Dworetzky SI, Boissard CG, Lum-Ragan JT, McKay MC, PostMunson DJ, Trojnacki JT, Chang CP, Gribkoff VK. Phenotypic
alteration of a human BK (hSlo) channel by hSlobeta subunit
coexpression: changes in blocker sensitivity, activation/relaxation
and inactivation kinetics, and protein kinase A modulation. J Neurosci 16: 4543– 4550, 1996.
48. Edgerton JR, Reinhart PH. Distinct contributions of small and
large conductance Ca2⫹-activated K⫹ channels to rat Purkinje neuron function. J Physiol 548: 53– 69, 2003.
49. Faber ESL, Delaney AJ, Sah P. SK channels regulate excitatory
synaptic transmission and plasticity in the lateral amygdala. Nat
Neurosci 8: 635– 641, 2005.
50. Fakler B, Adelman JP. Control of K(Ca) channels by calcium
nano/microdomains. Neuron 59: 873– 881, 2008.
51. Fanger CM, Rauer H, Neben AL, Miller MJ, Wulff H, Rosa JC,
Ganellin CR, Chandy KG, Cahalan MD. Calcium-activated potassium channels sustain calcium signaling in T lymphocytes. Selective blockers and manipulated channel expression levels. J Biol
Chem 276: 12249 –12256, 2001.
52. Fay AJ, Qian X, Jan YN, Jan LY. SK channels mediate NADPH
oxidase-independent reactive oxygen species production and apoptosis in granulocytes. Proc Natl Acad Sci USA 103: 17548 –17553,
2006.
53. Fettiplace R, Fuchs PA. Mechanisms of hair cell tuning. Annu
Rev Physiol 61: 809 – 834, 1999.
54. Franzini-Armstrong C. ER-mitochondria communication. How
privileged? Physiology 22: 261–268, 2007.
55. Fraser ID, Cong M, Kim J, Rollins EN, Daaka Y, Lefkowitz RJ,
Scott JD. Assembly of an A kinase-anchoring protein-beta(2)adrenergic receptor complex facilitates receptor phosphorylation
and signaling. Curr Biol 10: 409 – 412, 2000.
56. Fuchs PA, Evans MG. Voltage oscillations and ionic conductances in hair cells isolated from the alligator cochlea. J Comp
Physiol A Sens Neural Behav Physiol 164: 151–163, 1988.
57. Fuchs PA, Nagai T, Evans MG. Electrical tuning in hair cells
isolated from the chick cochlea. J Neurosci 8: 2460 –2467, 1988.
58. Galvez A, Gimenez-Gallego G, Reuben JP, Roy-Contancin L,
Feigenbaum P, Kaczorowski GJ, Garcia ML. Purification and
characterization of a unique, potent, peptidyl probe for the high
conductance calcium-activated potassium channel from venom of
the scorpion Buthus tamulus. J Biol Chem 265: 11083–11090, 1990.

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

16. Bond CT, Herson PS, Strassmaier T, Hammond R, Stackman
R, Maylie J, Adelman JP. Small conductance Ca2⫹-activated K⫹
channel knock-out mice reveal the identity of calcium-dependent
afterhyperpolarization currents. J Neurosci 24: 5301–5306, 2004.
17. Bond CT, Maylie J, Adelman JP. SK channels in excitability,
pacemaking and synaptic integration. Curr Opin Neurobiol 15:
305–311, 2005.
18. Brayden JE, Nelson MT. Regulation of arterial tone by activation
of calcium-dependent potassium channels. Science 256: 532–535,
1992.
19. Brenner R, Chen QH, Vilaythong A, Toney GM, Noebels JL,
Aldrich RW. BK channel beta4 subunit reduces dentate gyrus
excitability and protects against temporal lobe seizures. Nat Neurosci 8: 1752–1759, 2005.
20. Brenner R, Jegla TJ, Wickenden A, Liu Y, Aldrich RW. Cloning
and functional characterization of novel large conductance calcium-activated potassium channel beta subunits, hKCNMB3 and
hKCNMB4. J Biol Chem 275: 6453– 6461, 2000.
21. Brenner R, Perez GJ, Bonev AD, Eckman DM, Kosek JC,
Wiler SW, Patterson AJ, Nelson MT, Aldrich RW. Vasoregulation by the beta1 subunit of the calcium-activated potassium channel. Nature 407: 870 – 876, 2000.
22. Brown A, Cornwell T, Korniyenko I, Solodushko V, Bond CT,
Adelman JP, Taylor MS. Myometrial expression of small conductance Ca2⫹-activated K⫹ channels depresses phasic uterine contraction. Am J Physiol Cell Physiol 292: C832–C840, 2007.
23. Bruening-Wright A, Lee WS, Adelman JP, Maylie J. Evidence
for a deep pore activation gate in small conductance Ca2⫹-activated K⫹ channels. J Gen Physiol 130: 601– 610, 2007.
24. Cai X, Liang CW, Muralidharan S, Muralidharan S, Kao JPY,
Tang CM, Thompson SM. Unique roles of SK and Kv4.2 potassium channels in dendritic integration. Neuron 44: 351–364, 2004.
25. Casado M, Dieudonne S, Ascher P. Presynaptic N-methyl-Daspartate receptors at the parallel fiber-Purkinje cell synapse. Proc
Natl Acad Sci USA 97: 11593–11597, 2000.
26. Catterall WA, Perez-Reyes E, Snutch TP, Striessnig J. International Union of Pharmacology. XLVIII. Nomenclature and structure-function relationships of voltage-gated calcium channels.
Pharmacol Rev 57: 411– 425, 2005.
27. Chanrachakul B, Pipkin FB, Khan RN. Contribution of coupling
between human myometrial beta2-adrenoreceptor and the BK(Ca)
channel to uterine quiescence. Am J Physiol Cell Physiol 287:
C1747–C1752, 2004.
28. Chen M, Gan G, Wu Y, Wang L, Wu Y, Ding J. Lysine-rich
extracellular rings formed by hbeta2 subunits confer the outward
rectification of BK channels. PLoS ONE 3: e2114, 2008.
29. Cheng Y, Gu XQ, Bednarczyk P, Wiedemann FR, Haddad GG,
Siemen D. Hypoxia increases activity of the BK-channel in the
inner mitochondrial membrane and reduces activity of the permeability transition pore. Cell Physiol Biochem 22: 127–136, 2008.
30. Chin D, Means AR. Calmodulin: a prototypical calcium sensor.
Trends Cell Biol 10: 322–328, 2000.
31. Christopherson KS, Hillier BJ, Lim WA, Bredt DS. PSD-95
assembles a ternary complex with the N-methyl-D-aspartic acid
receptor and a bivalent neuronal NO synthase PDZ domain. J Biol
Chem 274: 27467–27473, 1999.
32. Church PJ, Stanley EF. Single L-type calcium channel conductance with physiological levels of calcium in chick ciliary ganglion
neurons. J Physiol 496: 59 – 68, 1996.
33. Cieslik K, Lee CM, Tang JL, Wu KK. Transcriptional regulation
of endothelial nitric-oxide synthase by an interaction between casein kinase 2 and protein phosphatase 2A. J Biol Chem 274: 34669 –
34675, 1999.
34. Cox DH, Cui J, Aldrich RW. Allosteric gating of a large conductance Ca-activated K⫹ channel. J Gen Physiol 110: 257–281, 1997.
35. Crawford AC, Fettiplace R. An electrical tuning mechanism in
turtle cochlear hair cells. J Physiol 312: 377– 412, 1981.
36. Cueni L, Canepari M, Luján R, Emmenegger Y, Watanabe M,
Bond CT, Franken P, Adelman JP, Lüthi A. T-type Ca2⫹ channels, SK2 channels and SERCAs gate sleep-related oscillations in
thalamic dendrites. Nat Neurosci 11: 683– 692, 2008.

PROTEIN COMPLEXES ASSOCIATED WITH KCa CHANNELS

Physiol Rev • VOL

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

Donaldson I, Schandorff S, Shewnarane J, Vo M, Taggart J,
Goudreault M, Muskat B, Alfarano C, Dewar D, Lin Z, Michalickova K, Willems AR, Sassi H, Nielsen PA, Rasmussen KJ,
Andersen JR, Johansen LE, Hansen LH, Jespersen H, Podtelejnikov A, Nielsen E, Crawford J, Poulsen V, Sorensen BD,
Matthiesen J, Hendrickson RC, Gleeson F, Pawson T, Moran
MF, Durocher D, Mann M, Hogue CW, Figeys D, Tyers M.
Systematic identification of protein complexes in Saccharomyces
cerevisiae by mass spectrometry. Nature 415: 180 –183, 2002.
Hoffman JF, Joiner W, Nehrke K, Potapova O, Foye K, Wickrema A. The hSK4 (KCNN4) isoform is the Ca2⫹-activated K⫹
channel (Gardos channel) in human red blood cells. Proc Natl Acad
Sci USA 100: 7366 –7371, 2003.
Horrigan FT, Aldrich RW. Allosteric voltage gating of potassium
channels. II. Mslo channel gating charge movement in the absence
of Ca2⫹. J Gen Physiol 114: 305–336, 1999.
Horrigan FT, Cui J, Aldrich RW. Allosteric voltage gating of
potassium channels. I. Mslo ionic currents in the absence of Ca2⫹.
J Gen Physiol 114: 277–304, 1999.
Hosseini R, Benton DC, Dunn PM, Jenkinson DH, Moss GW.
SK3 is an important component of K⫹ channels mediating the
afterhyperpolarization in cultured rat SCG neurones. J Physiol 535:
323–334, 2001.
Hougaard C, Eriksen BL, Jorgensen S, Johansen TH, Dyhring
T, Madsen LS, Strobaek D, Christophersen P. Selective positive modulation of the SK3 and SK2 subtypes of small conductance
Ca2⫹-activated K⫹ channels. Br J Pharmacol 151: 655– 665, 2007.
Ishii TM, Maylie J, Adelman JP. Determinants of apamin and
d-tubocurarine block in SK potassium channels. J Biol Chem 272:
23195–23200, 1997.
Jaggar JH, Porter VA, Lederer WJ, Nelson MT. Calcium sparks
in smooth muscle. Am J Physiol Cell Physiol 278: C235–C256, 2000.
Jensen BS, Odum N, Jorgensen NK, Christophersen P, Olesen
SP. Inhibition of T cell proliferation by selective block of Ca2⫹activated K⫹ channels. Proc Natl Acad Sci USA 96: 10917–10921,
1999.
Ji H, Hougaard C, Herrik KF, Strobaek D, Christophersen P,
Shepard PD. Tuning the excitability of midbrain dopamine neurons by modulating the Ca2⫹ sensitivity of SK channels. Eur J
Neurosci 29: 1883–1895, 2009.
Jiang Z, Wallner M, Meera P, Toro L. Human and rodent MaxiK
channel beta-subunit genes: cloning and characterization. Genomics 55: 57– 67, 1999.
Joiner WJ, Khanna R, Schlichter LC, Kaczmarek LK. Calmodulin regulates assembly and trafficking of SK4/IK1 Ca2⫹-activated
K⫹ channels. J Biol Chem 276: 37980 –37985, 2001.
Jones EM, Gray-Keller M, Fettiplace R. The role of Ca2⫹activated K⫹ channel spliced variants in the tonotopic organization
of the turtle cochlea. J Physiol 518: 653– 665, 1999.
Jones LS, Yazzie B, Middaugh CR. Polyanions and the proteome.
Mol Cell Proteomics 3: 746 –769, 2004.
Kaushal V, Koeberle PD, Wang Y, Schlichter LC. The Ca2⫹activated K⫹ channel KCNN4/KCa3.1 contributes to microglia activation and nitric oxide-dependent neurodegeneration. J Neurosci
27: 234 –244, 2007.
Keen JE, Khawaled R, Farrens DL, Neelands T, Rivard A,
Bond CT, Janowsky A, Fakler B, Adelman JP, Maylie J. Domains responsible for constitutive and Ca2⫹-dependent interactions between calmodulin and small conductance Ca2⫹-activated
potassium channels. J Neurosci 19: 8830 – 8838, 1999.
Kemp PJ. Hemeoxygenase-2 as an O2 sensor in K⫹ channel-dependent chemotransduction. Biochem Biophys Res Commun 338:
648 – 652, 2005.
Kim EY, Ridgway LD, Zou S, Chiu YH, Dryer SE. Alternatively
spliced C-terminal domains regulate the surface expression of large
conductance calcium-activated potassium channels. Neuroscience
146: 1652–1661, 2007.
King JT, Lovell PV, Rishniw M, Kotlikoff MI, Zeeman ML,
McCobb DP. Beta2 and beta4 subunits of BK channels confer
differential sensitivity to acute modulation by steroid hormones. J
Neurophysiol 95: 2878 –2888, 2006.
Knaus HG, Folander K, Garcia-Calvo M, Garcia ML, Kaczorowski GJ, Smith M, Swanson R. Primary sequence and immu-

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

59. Gan G, Yi H, Chen M, Sun L, Li W, Wu Y, Ding J. Structural basis
for toxin resistance of beta4-associated calcium-activated potassium (BK) channels. J Biol Chem 283: 24177–24184, 2008.
60. Garini Y, Vermolen BJ, Young IT. From micro to nano: recent
advances in high-resolution microscopy. Curr Opin Biotechnol 16:
3–12, 2005.
61. Gavin AC, Bosche M, Krause R, Grandi P, Marzioch M, Bauer
A, Schultz J, Rick JM, Michon AM, Cruciat CM, Remor M,
Hofert C, Schelder M, Brajenovic M, Ruffner H, Merino A,
Klein K, Hudak M, Dickson D, Rudi T, Gnau V, Bauch
A, Bastuck S, Huhse B, Leutwein C, Heurtier MA, Copley RR,
Edelmann A, Querfurth E, Rybin V, Drewes G, Raida M, Bouwmeester T, Bork P, Seraphin B, Kuster B, Neubauer G,
Superti-Furga G. Functional organization of the yeast proteome
by systematic analysis of protein complexes. Nature 415: 141–147,
2002.
62. Gessner G, Schonherr K, Soom M, Hansel A, Asim M, Baniahmad A, Derst C, Hoshi T, Heinemann SH. BKCa channels
activating at resting potential without calcium in LNCaP prostate
cancer cells. J Membr Biol 208: 229 –240, 2005.
63. Gingras AC, Gstaiger M, Raught B, Aebersold R. Analysis of
protein complexes using mass spectrometry. Nat Rev Mol Cell Biol
8: 645– 654, 2007.
64. Glowatzki E, Fuchs PA. Cholinergic synaptic inhibition of inner
hair cells in the neonatal mammalian cochlea. Science 288: 2366 –
2368, 2000.
65. Goldberg JA, Wilson CJ. Control of spontaneous firing patterns
by the selective coupling of calcium currents to calcium-activated
potassium currents in striatal cholinergic interneurons. J Neurosci
25: 10230 –10238, 2005.
66. Golding NL, Jung HY, Mickus T, Spruston N. Dendritic calcium
spike initiation and repolarization are controlled by distinct potassium channel subtypes in CA1 pyramidal neurons. J Neurosci 19:
8789 – 8798, 1999.
67. Goutman JD, Fuchs PA, Glowatzki E. Facilitating efferent inhibition of inner hair cells in the cochlea of the neonatal rat. J
Physiol 566: 49 –59, 2005.
68. Grimes W, Li W, Chávez A, Diamond J. BK channels modulate
pre- and postsynaptic signaling at reciprocal synapses in retina. Nat
Neurosci 12: 585–592, 2009.
69. Grunnet M, Kaufmann WA. Coassembly of big conductance
Ca2⫹-activated K⫹ channels and L-type voltage-gated Ca2⫹ channels in rat brain. J Biol Chem 279: 36445–36453, 2004.
70. Gu N, Vervaeke K, Storm JF. BK potassium channels facilitate
high-frequency firing and cause early spike frequency adaptation in
rat CA1 hippocampal pyramidal cells. J Physiol 580: 859 – 882, 2007.
71. Ha TS, Heo MS, Park CS. Functional effects of auxiliary beta4subunit on rat large-conductance Ca2⫹-activated K⫹ channel. Biophys J 86: 2871–2882, 2004.
72. Hallworth NE, Wilson CJ, Bevan MD. Apamin-sensitive small
conductance calcium-activated potassium channels, through their
selective coupling to voltage-gated calcium channels, are critical
determinants of the precision, pace, and pattern of action potential
generation in rat subthalamic nucleus neurons in vitro. J Neurosci
23: 7525–7542, 2003.
73. Hammond RS, Bond CT, Strassmaier T, Ngo-Anh TJ, Adelman
JP, Maylie J, Stackman RW. Small-conductance Ca2⫹-activated
K⫹ channel type 2 (SK2) modulates hippocampal learning, memory, and synaptic plasticity. J Neurosci 26: 1844 –1853, 2006.
74. Hanner M, Schmalhofer WA, Munujos P, Knaus HG, Kaczorowski GJ, Garcia ML. The beta subunit of the high-conductance
calcium-activated potassium channel contributes to the high-affinity receptor for charybdotoxin. Proc Natl Acad Sci USA 94: 2853–
2858, 1997.
75. Herrera GM, Nelson MT. Differential regulation of SK and BK
channels by Ca2⫹ signals from Ca2⫹ channels and ryanodine receptors in guinea-pig urinary bladder myocytes. J Physiol 541: 483–
492, 2002.
76. Hirschberg B, Maylie J, Adelman JP, Marrion NV. Gating of
recombinant small-conductance Ca-activated K⫹ channels by calcium. J Gen Physiol 111: 565–581, 1998.
77. Ho Y, Gruhler A, Heilbut A, Bader GD, Moore L, Adams SL,
Millar A, Taylor P, Bennett K, Boutilier K, Yang L, Wolting C,

1455

1456

97.

98.

99.

100.

101.

103.

104.
105.

106.

107.
108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

nological characterization of beta-subunit of high conductance
Ca2⫹-activated K⫹ channel from smooth muscle. J Biol Chem 269:
17274 –17278, 1994.
Knaus HG, Garcia-Calvo M, Kaczorowski GJ, Garcia ML. Subunit composition of the high conductance calcium-activated potassium channel from smooth muscle, a representative of the mSlo
and slowpoke family of potassium channels. J Biol Chem 269:
3921–3924, 1994.
Koh DS, Geiger JR, Jonas P, Sakmann B. Ca2⫹-permeable
AMPA and NMDA receptor channels in basket cells of rat hippocampal dentate gyrus. J Physiol 485: 383– 402, 1995.
Köhler M, Hirschberg B, Bond CT, Kinzie JM, Marrion NV,
Maylie J, Adelman JP. Small-conductance, calcium-activated potassium channels from mammalian brain. Science 273: 1709 –1714,
1996.
Kotlikoff MI, Kamm KE. Molecular mechanisms of beta-adrenergic relaxation of airway smooth muscle. Annu Rev Physiol 58:
115–141, 1996.
Kulik A, Nakadate K, Hagiwara A, Fukazawa Y, Luján R, Saito
H, Suzuki N, Futatsugi A, Mikoshiba K, Frotscher M, Shigemoto R. Immunocytochemical localization of the alpha 1A subunit
of the P/Q-type calcium channel in the rat cerebellum. Eur J
Neurosci 19: 2169 –2178, 2004.
Kumar P. Sensing hypoxia in the carotid body: from stimulus to
response. Essays Biochem 43: 43– 60, 2007.
Lancaster B, Nicoll RA. Properties of two calcium-activated hyperpolarizations in rat hippocampal neurones. J Physiol 389: 187–
203, 1987.
Latorre R, Brauchi S. Large conductance Ca2⫹-activated K⫹ (BK)
channel: activation by Ca2⫹ voltage. Biol Res 39: 385– 401, 2006.
Latorre R, Vergara C, Hidalgo C. Reconstitution in planar lipid
bilayers of a Ca2⫹-dependent K⫹ channel from transverse tubule
membranes isolated from rabbit skeletal muscle. Proc Natl Acad
Sci USA 79: 805– 809, 1982.
Lee WS, Ngo-Anh TJ, Bruening-Wright A, Maylie J, Adelman
JP. Small conductance Ca2⫹-activated K⫹ channels and calmodulin: cell surface expression and gating. J Biol Chem 278: 25940 –
25946, 2003.
Levitan IB. Signaling protein complexes associated with neuronal
ion channels. Nat Neurosci 9: 305–310, 2006.
Lewis RS, Hudspeth AJ. Voltage- and ion-dependent conductances in solitary vertebrate hair cells. Nature 304: 538 –541, 1983.
Li C, Krishnamurthy PC, Penmatsa H, Marrs KL, Wang XQ,
Zaccolo M, Jalink K, Li M, Nelson DJ, Schuetz JD, Naren AP.
Spatiotemporal coupling of cAMP transporter to CFTR chloride
channel function in the gut epithelia. Cell 131: 940 –951, 2007.
Li Q, Lau A, Morris TJ, Guo L, Fordyce CB, Stanley EF. A
syntaxin 1, Galpha(o), and N-type calcium channel complex at a
presynaptic nerve terminal: analysis by quantitative immunocolocalization. J Neurosci 24: 4070 – 4081, 2004.
Li W, Halling DB, Hall AW, Aldrich RW. EF hands at the N-lobe
of calmodulin are required for both SK channel gating and stable
SK-calmodulin interaction. J Gen Physiol 134: 281–293, 2009.
Lin MT, Luján R, Watanabe M, Adelman JP, Maylie J. SK2
channel plasticity contributes to LTP at Schaffer collateral-CA1
synapses. Nat Neurosci 11: 170 –177, 2008.
Lingle CJ, Zeng XH, Ding JP, Xia XM. Inactivation of BK channels mediated by the NH2 terminus of the beta3b auxiliary subunit
involves a two-step mechanism: possible separation of binding and
blockade. J Gen Physiol 117: 583– 606, 2001.
Liu G, Shi J, Yang L, Cao L, Park SM, Cui J, Marx SO.
Assembly of a Ca2⫹-dependent BK channel signaling complex by
binding to beta2 adrenergic receptor. EMBO J 23: 2196 –2205, 2004.
Liu G, Zakharov SI, Yang L, Wu RS, Deng SX, Landry DW,
Karlin A, Marx SO. Locations of the beta1 transmembrane helices
in the BK potassium channel. Proc Natl Acad Sci USA 105: 10727–
10732, 2008.
Liu J, Xia J, Cho KH, Clapham DE, Ren D. CatSperbeta, a novel
transmembrane protein in the CatSper channel complex. J Biol
Chem 282: 18945–18952, 2007.
Liu X, Herbison AE. Small-conductance calcium-activated potassium channels control excitability and firing dynamics in gonadoPhysiol Rev • VOL

118.

119.
120.
121.
122.

123.
124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

tropin-releasing hormone (GnRH) neurons. Endocrinology 149:
3598 –3604, 2008.
Liu Y, Ren G, O’Rourke B, Marban E, Seharaseyon J. Pharmacological comparison of native mitochondrial K(ATP) channels
with molecularly defined surface K(ATP) channels. Mol Pharmacol
59: 225–230, 2001.
Lopez-Barneo J, Ortega-Saenz P, Pardal R, Pascual A, Piruat
JI. Carotid body oxygen sensing. Eur Respir J 32: 1386 –1398, 2008.
Lu R, Alioua A, Kumar Y, Eghbali M, Stefani E, Toro L. MaxiK
channel partners: physiological impact. J Physiol 570: 65–72, 2006.
Lujan R, Maylie J, Adelman JP. New sites of action for GIRK and
SK channels. Nat Rev Neurosci 10: 475– 480, 2009.
Ma Z, Lou XJ, Horrigan FT. Role of charged residues in the
S1–S4 voltage sensor of BK channels. J Gen Physiol 127: 309 –328,
2006.
Magleby KL. Gating mechanism of BK (Slo1) channels: so near,
yet so far. J Gen Physiol 121: 81–96, 2003.
Maingret F, Coste B, Hao J, Giamarchi A, Allen D, Crest M,
Litchfield DW, Adelman JP, Delmas P. Neurotransmitter modulation of small-conductance Ca2⫹-activated K⫹ channels by regulation of Ca2⫹ gating. Neuron 59: 439 – 449, 2008.
Maison SF, Parker LL, Young L, Adelman JP, Zuo J, Liberman
MC. Overexpression of SK2 channels enhances efferent suppression of cochlear responses without enhancing noise resistance. J
Neurophysiol 97: 2930 –2936, 2007.
Marrion NV, Tavalin SJ. Selective activation of Ca2⫹-activated
K⫹ channels by co-localized Ca2⫹ channels in hippocampal neurons. Nature 395: 900 –905, 1998.
Marty A. Ca-dependent K channels with large unitary conductance
in chromaffin cell membranes. Nature 291: 497–500, 1981.
Matveev V, Bertram R, Sherman A. Residual bound Ca2⫹ can
account for the effects of Ca2⫹ buffers on synaptic facilitation. J
Neurophysiol 96: 3389 –3397, 2006.
Meera P, Wallner M, Song M, Toro L. Large conductance voltage- and calcium-dependent K⫹ channel, a distinct member of
voltage-dependent ion channels with seven N-terminal transmembrane segments (S0 –S6), an extracellular N terminus, and an intracellular (S9 –S10) C terminus. Proc Natl Acad Sci USA 94: 14066 –
14071, 1997.
Meera P, Wallner M, Toro L. A neuronal beta subunit (KCNMB4)
makes the large conductance, voltage- and Ca2⫹-activated K⫹ channel resistant to charybdotoxin and iberiotoxin. Proc Natl Acad Sci
USA 97: 5562–5567, 2000.
Meggio F, Boldyreff B, Marin O, Pinna LA, Issinger OG. Role
of the beta subunit of casein kinase-2 on the stability and specificity
of the recombinant reconstituted holoenzyme. Eur J Biochem 204:
293–297, 1992.
Meredith AL, Thorneloe KS, Werner ME, Nelson MT, Aldrich
RW. Overactive bladder and incontinence in the absence of the BK
large conductance Ca2⫹-activated K⫹ channel. J Biol Chem 279:
36746 –36752, 2004.
Miller C, Moczydlowski E, Latorre R, Phillips M. Charybdotoxin, a protein inhibitor of single Ca2⫹-activated K⫹ channels from
mammalian skeletal muscle. Nature 313: 316 –318, 1985.
Mirzoeva S, Weigand S, Lukas TJ, Shuvalova L, Anderson WF,
Watterson DM. Analysis of the functional coupling between calmodulin’s calcium binding and peptide recognition properties. Biochemistry 38: 3936 –3947, 1999.
Morrow JP, Zakharov SI, Liu G, Yang L, Sok AJ, Marx SO.
Defining the BK channel domains required for beta1-subunit modulation. Proc Natl Acad Sci USA 103: 5096 –5101, 2006.
Muller A, Kukley M, Uebachs M, Beck H, Dietrich D. Nanodomains of single Ca2⫹ channels contribute to action potential repolarization in cortical neurons. J Neurosci 27: 483– 495, 2007.
Murthy SRK, Teodorescu G, Nijholt IM, Dolga AM, Grissmer
S, Spiess J, Blank T. Identification and characterization of a
novel, shorter isoform of the small conductance Ca2⫹-activated K⫹
channel SK2. J Neurochem 106: 2312–2321, 2008.
Murthy V, Maison SF, Taranda J, Haque N, Bond CT, Elgoyhen AB, Adelman JP, Liberman MC, Vetter DE. SK2 channels
are required for function and long-term survival of efferent synapses on mammalian outer hair cells. Mol Cell Neurosci 40: 39 – 49,
2009.

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

102.

BERKEFELD, FAKLER, AND SCHULTE

PROTEIN COMPLEXES ASSOCIATED WITH KCa CHANNELS

Physiol Rev • VOL

160.

161.
162.

163.
164.

165.

166.

167.

168.

169.

170.

171.

172.

173.
174.
175.
176.

177.

178.

179.

180.
181.

Ca2⫹ binding and implications for kinase activation. Protein Sci 6:
794 – 807, 1997.
Pérez GJ, Bonev AD, Nelson MT. Micromolar Ca2⫹ from sparks
activates Ca2⫹-sensitive K⫹ channels in rat cerebral artery smooth
muscle. Am J Physiol Cell Physiol 281: C1769 –C1775, 2001.
Pertovaara A. Noradrenergic pain modulation. Prog Neurobiol 80:
53– 83, 2006.
Petersen OH. Stimulus-secretion coupling: cytoplasmic calcium
signals and the control of ion channels in exocrine acinar cells. J
Physiol 448: 1–51, 1992.
Petersen OH, Maruyama Y. Calcium-activated potassium channels and their role in secretion. Nature 307: 693– 696, 1984.
Petkov GV, Bonev AD, Heppner TJ, Brenner R, Aldrich RW,
Nelson MT. Beta1-subunit of the Ca2⫹-activated K⫹ channel regulates contractile activity of mouse urinary bladder smooth muscle.
J Physiol 537: 443– 452, 2001.
Plazas PV, De Rosa MJ, Gomez-Casati ME, Verbitsky M, Weisstaub N, Katz E, Bouzat C, Elgoyhen AB. Key roles of hydrophobic rings of TM2 in gating of the alpha9alpha10 nicotinic cholinergic receptor. Br J Pharmacol 145: 963–974, 2005.
Plüger S, Faulhaber J, Fürstenau M, Löhn M, Waldschütz R,
Gollasch M, Haller H, Luft FC, Ehmke H, Pongs O. Mice with
disrupted BK channel beta1 subunit gene feature abnormal Ca2⫹
spark/STOC coupling and elevated blood pressure. Circ Res 87:
E53– 60, 2000.
Prakriya M, Lingle CJ. Activation of BK channels in rat chromaffin cells requires summation of Ca2⫹ influx from multiple Ca2⫹
channels. J Neurophysiol 84: 1123–1135, 2000.
Prakriya M, Lingle CJ. BK channel activation by brief depolarizations requires Ca2⫹ influx through L- and Q-type Ca2⫹ channels
in rat chromaffin cells. J Neurophysiol 81: 2267–2278, 1999.
Prakriya M, Solaro CR, Lingle CJ. [Ca2⫹]i elevations detected by
BK channels during Ca2⫹ influx and muscarine-mediated release of
Ca2⫹ from intracellular stores in rat chromaffin cells. J Neurosci
16: 4344 – 4359, 1996.
Raffaelli G, Saviane C, Mohajerani MH, Pedarzani P, Cherubini E. BK potassium channels control transmitter release at CA3CA3 synapses in the rat hippocampus. J Physiol 557: 147–157, 2004.
Ramanathan K, Fuchs PA. Modeling hair cell tuning by expression gradients of potassium channel beta subunits. Biophys J 82:
64 –75, 2002.
Ramanathan K, Michael TH, Jiang GJ, Hiel H, Fuchs PA. A
molecular mechanism for electrical tuning of cochlear hair cells.
Science 283: 215–217, 1999.
Reid CA, Bekkers JM, Clements JD. Presynaptic Ca2⫹ channels:
a functional patchwork. Trends Neurosci 26: 683– 687, 2003.
Rhoads AR, Friedberg F. Sequence motifs for calmodulin recognition. FASEB J 11: 331–340, 1997.
Roberts WM. Spatial calcium buffering in saccular hair cells.
Nature 363: 74 –76, 1993.
Roberts WM, Jacobs RA, Hudspeth AJ. Colocalization of ion
channels involved in frequency selectivity and synaptic transmission at presynaptic active zones of hair cells. J Neurosci 10: 3664 –
3684, 1990.
Robitaille R, Garcia ML, Kaczorowski GJ, Charlton MP. Functional colocalization of calcium and calcium-gated potassium channels in control of transmitter release. Neuron 11: 645– 655, 1993.
Roth M, Rupp M, Hofmann S, Mittal M, Fuchs B, Sommer N,
Parajuli N, Quanz K, Schubert D, Dony E, Schermuly RT,
Ghofrani HA, Sausbier U, Rutschmann K, Wilhelm S, Seeger
W, Ruth P, Grimminger F, Sausbier M, Weissmann N. Heme
oxygenase-2 and large-conductance Ca2⫹-activated K⫹ channels:
lung vascular effects of hypoxia. Am J Respir Crit Care Med 180:
353–364, 2009.
Rothberg BS, Magleby KL. Gating kinetics of single large-conductance Ca2⫹-activated K⫹ channels in high Ca2⫹ suggest a twotiered allosteric gating mechanism. J Gen Physiol 114: 93–124,
1999.
Sah P. Ca2⫹-activated K⫹ currents in neurones: types, physiological roles and modulation. Trends Neurosci 19: 150 –154, 1996.
Salkoff L, Butler A, Ferreira G, Santi C, Wei A. High-conductance potassium channels of the SLO family. Nat Rev Neurosci 7:
921–931, 2006.

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

139. Nadal MS, Ozaita A, Amarillo Y, Vega-Saenz de Miera E, Ma Y,
Mo W, Goldberg EM, Misumi Y, Ikehara Y, Neubert TA, Rudy
B. The CD26-related dipeptidyl aminopeptidase-like protein DPPX
is a critical component of neuronal A-type K⫹ channels. Neuron 37:
449 – 461, 2003.
140. Nakajo S, Masuda Y, Nakaya K, Nakamura Y. Determination of
the phosphorylation sites of calmodulin catalyzed by casein kinase
2. J Biochem 104: 946 –951, 1988.
141. Naraghi M, Neher E. Linearized buffered Ca2⫹ diffusion in microdomains and its implications for calculation of [Ca2⫹] at the
mouth of a calcium channel. J Neurosci 17: 6961– 6973, 1997.
142. Neher E. Vesicle pools and Ca2⫹ microdomains: new tools for
understanding their roles in neurotransmitter release. Neuron 20:
389 –399, 1998.
143. Ngo-Anh TJ, Bloodgood BL, Lin M, Sabatini BL, Maylie J,
Adelman JP. SK channels and NMDA receptors form a Ca2⫹mediated feedback loop in dendritic spines. Nat Neurosci 8: 642–
649, 2005.
144. Niefind K, Raaf J, Issinger OG. Protein kinase CK2 in health and
disease: protein kinase CK2: from structures to insights. Cell Mol
Life Sci 66: 1800 –1816, 2009.
145. Obermair GJ, Szabo Z, Bourinet E, Flucher BE. Differential
targeting of the L-type Ca2⫹ channel alpha 1C (CaV1.2) to synaptic
and extrasynaptic compartments in hippocampal neurons. Eur J
Neurosci 19: 2109 –2122, 2004.
146. Ogawa Y, Tanokura M. Calcium binding to calmodulin: effects of
ionic strength, Mg2⫹, pH and temperature. J Biochem 95: 19 –28,
1984.
147. Ohya S, Yamamura H, Muraki K, Watanabe M, Imaizumi Y.
Comparative study of the molecular and functional expression of
L-type Ca2⫹ channels and large-conductance, Ca2⫹-activated K⫹
channels in rabbit aorta and vas deferens smooth muscle. Pflügers
Arch 441: 611– 620, 2001.
148. Oliver D, Klöcker N, Schuck J, Baukrowitz T, Ruppersberg
JP, Fakler B. Gating of Ca2⫹-activated K⫹ channels controls fast
inhibitory synaptic transmission at auditory outer hair cells. Neuron 26: 595– 601, 2000.
149. Oliver D, Taberner AM, Thurm H, Sausbier M, Arntz C, Ruth
P, Fakler B, Liberman MC. The role of BKCa channels in electrical signal encoding in the mammalian auditory periphery. J Neurosci 26: 6181– 6189, 2006.
150. Orio P, Rojas P, Ferreira G, Latorre R. New disguises for an old
channel: MaxiK channel beta-subunits. News Physiol Sci 17: 156 –
161, 2002.
151. Orio P, Torres Y, Rojas P, Carvacho I, Garcia ML, Toro L,
Valverde MA, Latorre R. Structural determinants for functional
coupling between the beta and alpha subunits in the Ca2⫹-activated
K⫹ (BK) channel. J Gen Physiol 127: 191–204, 2006.
152. Ortega-Saenz P, Pascual A, Gomez-Diaz R, Lopez-Barneo J.
Acute oxygen sensing in heme oxygenase-2 null mice. J Gen
Physiol 128: 405– 411, 2006.
153. Pantazis A, Gudzenko V, Savalli N, Sigg D, Olcese R. Operation
of the voltage sensor of a human voltage- and Ca2⫹-activated K⫹
channel. Proc Natl Acad Sci USA 107: 4459 – 4464, 2009.
154. Panyi G. Biophysical and pharmacological aspects of K⫹ channels
in T lymphocytes. Eur Biophys J 34: 515–529, 2005.
155. Patterson AJ, Henrie-Olson J, Brenner R. Vasoregulation at the
molecular level: a role for the beta1 subunit of the calcium-activated potassium (BK) channel. Trends Cardiovasc Med 12: 78 – 82,
2002.
156. Pattillo JM, Yazejian B, DiGregorio DA, Vergara JL, Grinnell
AD, Meriney SD. Contribution of presynaptic calcium-activated
potassium currents to transmitter release regulation in cultured
Xenopus nerve-muscle synapses. Neuroscience 102: 229 –240, 2001.
157. Pedarzani P, Mosbacher J, Rivard A, Cingolani LA, Oliver D,
Stocker M, Adelman JP, Fakler B. Control of electrical activity
in central neurons by modulating the gating of small conductance
Ca2⫹-activated K⫹ channels. J Biol Chem 276: 9762–9769, 2001.
158. Pedarzani P, Stocker M. Molecular and cellular basis of smalland intermediate-conductance, calcium-activated potassium channel function in the brain. Cell Mol Life Sci 65: 3196 –3217, 2008.
159. Peersen OB, Madsen TS, Falke JJ. Intermolecular tuning of
calmodulin by target peptides and proteins: differential effects on

1457

1458

BERKEFELD, FAKLER, AND SCHULTE

Physiol Rev • VOL

203. Sun X, Zhou D, Zhang P, Moczydlowski EG, Haddad GG.
Beta-subunit-dependent modulation of hSlo BK current by arachidonic acid. J Neurophysiol 97: 62– 69, 2007.
204. Sun XP, Yazejian B, Grinnell AD. Electrophysiological properties of BK channels in Xenopus motor nerve terminals. J Physiol
557: 207–228, 2004.
205. Sweet TB, Cox DH. Measuring the influence of the BKCa 1 subunit
on Ca2⫹ binding to the BKCa channel. J Gen Physiol 133: 139 –150,
2009.
206. Sweet TB, Cox DH. Measurements of the BKCa channel’s highaffinity Ca2⫹ binding constants: effects of membrane voltage. J Gen
Physiol 132: 491–505, 2008.
207. Takamori S, Holt M, Stenius K, Lemke EA, Gronborg M,
Riedel D, Urlaub H, Schenck S, Brugger B, Ringler P, Muller
SA, Rammner B, Grater F, Hub JS, De Groot BL, Mieskes G,
Moriyama Y, Klingauf J, Grubmuller H, Heuser J, Wieland F,
Jahn R. Molecular anatomy of a trafficking organelle. Cell 127:
831– 846, 2006.
208. Tamarina NA, Wang Y, Mariotto L, Kuznetsov A, Bond C,
Adelman J, Philipson LH. Small-conductance calcium-activated
K⫹ channels are expressed in pancreatic islets and regulate glucose
responses. Diabetes 52: 2000 –2006, 2003.
209. Tanaka Y, Meera P, Song M, Knaus HG, Toro L. Molecular
constituents of maxi KCa channels in human coronary smooth
muscle: predominant alpha ⫹ beta subunit complexes. J Physiol
502: 545–557, 1997.
210. Taylor MS, Bonev AD, Gross TP, Eckman DM, Brayden JE,
Bond CT, Adelman JP, Nelson MT. Altered expression of smallconductance Ca2⫹-activated K⫹ (SK3) channels modulates arterial
tone and blood pressure. Circ Res 93: 124 –131, 2003.
211. Taylor SS, Kim C, Vigil D, Haste NM, Yang J, Wu J, Anand GS.
Dynamics of signaling by PKA. Biochim Biophys Acta 1754: 25–37,
2005.
212. Thurm H, Fakler B, Oliver D. Ca2⫹-independent activation of
BKCa channels at negative potentials in mammalian inner hair cells.
J Physiol 569: 137–151, 2005.
213. Tomita H, Shakkottai VG, Gutman GA, Sun G, Bunney WE,
Cahalan MD, Chandy KG, Gargus JJ. Novel truncated isoform of
SK3 potassium channel is a potent dominant-negative regulator of
SK currents: implications in schizophrenia. Mol Psychiatry 8: 524 –
535, 2003.
214. Tomita S, Sekiguchi M, Wada K, Nicoll RA, Bredt DS. Stargazin
controls the pharmacology of AMPA receptor potentiators. Proc
Natl Acad Sci USA 103: 10064 –10067, 2006.
215. Toro B, Cox N, Wilson RJ, Garrido-Sanabria E, Stefani E,
Toro L, Zarei MM. KCNMB1 regulates surface expression of a
voltage and Ca2⫹-activated K⫹ channel via endocytic trafficking
signals. Neuroscience 142: 661– 669, 2006.
216. Torres YP, Morera FJ, Carvacho I, Latorre R. A marriage of
convenience: beta-subunits and voltage-dependent K⫹ channels. J
Biol Chem 282: 24485–24489, 2007.
217. Uebele VN, Lagrutta A, Wade T, Figueroa DJ, Liu Y, McKenna
E, Austin CP, Bennett PB, Swanson R. Cloning and functional
expression of two families of beta-subunits of the large conductance calcium-activated K⫹ channel. J Biol Chem 275: 23211–23218,
2000.
218. Valverde MA, Rojas P, Amigo J, Cosmelli D, Orio P, Bahamonde MI, Mann GE, Vergara C, Latorre R. Acute activation of
Maxi-K channels (hSlo) by estradiol binding to the beta subunit.
Science 285: 1929 –1931, 1999.
219. Van Steensel B, van Binnendijk EP, Hornsby CD, van der
Voort HT, Krozowski ZS, de Kloet ER, van Driel R. Partial
colocalization of glucocorticoid and mineralocorticoid receptors in
discrete compartments in nuclei of rat hippocampus neurons. J
Cell Sci 109: 787–792, 1996.
220. Vandorpe DH, Shmukler BE, Jiang L, Lim B, Maylie J, Adelman JP, de Franceschi L, Cappellini MD, Brugnara C, Alper
SL. cDNA cloning and functional characterization of the mouse
Ca2⫹-gated K⫹ channel, mIK1. Roles in regulatory volume decrease
and erythroid differentiation. J Biol Chem 273: 21542–21553, 1998.
221. Velumian AA, Carlen PL. Differential control of three afterhyperpolarizations in rat hippocampal neurones by intracellular
calcium buffering. J Physiol 517: 201–216, 1999.

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

182. Sampieri A, Zepeda A, Asanov A, Vaca L. Visualizing the storeoperated channel complex assembly in real time: identification of
SERCA2 as a new member. Cell Calcium 45: 439 – 446, 2009.
183. Schägger H, Pfeiffer K. Supercomplexes in the respiratory chains
of yeast and mammalian mitochondria. EMBO J 19: 1777–1783,
2000.
184. Schreiber M, Salkoff L. A novel calcium-sensing domain in the
BK channel. Biophys J 73: 1355–1363, 1997.
185. Schulte U. Protein-protein interactions and subunit composition
of ion channels. CNS Neurol Disord Drug Targets 7: 172–186, 2008.
186. Schulte U, Thumfart JO, Klocker N, Sailer CA, Bildl W, Biniossek M, Dehn D, Deller T, Eble S, Abbass K, Wangler T,
Knaus HG, Fakler B. The epilepsy-linked Lgi1 protein assembles
into presynaptic Kv1 channels and inhibits inactivation by Kvbeta1.
Neuron 49: 697–706, 2006.
187. Schumacher MA, Crum M, Miller MC. Crystal structures of
apocalmodulin and an apocalmodulin/SK potassium channel gating
domain complex. Structure 12: 849 – 860, 2004.
188. Schumacher MA, Rivard AF, Bächinger HP, Adelman JP.
Structure of the gating domain of a Ca2⫹-activated K⫹ channel
complexed with Ca2⫹/calmodulin. Nature 410: 1120 –1124, 2001.
189. Schwenk J, Harmel N, Zolles G, Bildl W, Kulik A, Heimrich B,
Chisaka O, Jonas P, Schulte U, Fakler B, Klocker N. Functional proteomics identify cornichon proteins as auxiliary subunits
of AMPA receptors. Science 323: 1313–1319, 2009.
190. Semenov I, Wang B, Herlihy JT, Brenner R. BK channel beta1subunit regulation of calcium handling and constriction in tracheal
smooth muscle. Am J Physiol Lung Cell Mol Physiol 291: L802–
L810, 2006.
191. Shao LR, Halvorsrud R, Borg-Graham L, Storm JF. The role of
BK-type Ca2⫹-dependent K⫹ channels in spike broadening during
repetitive firing in rat hippocampal pyramidal cells. J Physiol 521:
135–146, 1999.
192. Shmukler BE, Bond CT, Wilhelm S, Bruening-Wright A, Maylie J, Adelman JP, Alper SL. Structure and complex transcription
pattern of the mouse SK1 K(Ca) channel gene, KCNN1. Biochim
Biophys Acta 1518: 36 – 46, 2001.
193. Solaro CR, Prakriya M, Ding JP, Lingle CJ. Inactivating and
noninactivating Ca2⫹- and voltage-dependent K⫹ current in rat
adrenal chromaffin cells. J Neurosci 15: 6110 – 6123, 1995.
194. Stackman RW, Hammond RS, Linardatos E, Gerlach A, Maylie
J, Adelman JP, Tzounopoulos T. Small conductance Ca2⫹-activated K⫹ channels modulate synaptic plasticity and memory encoding. J Neurosci 22: 10163–10171, 2002.
195. Stocker M. Ca2⫹-activated K⫹ channels: molecular determinants
and function of the SK family. Nat Rev Neurosci 5: 758 –770, 2004.
196. Stocker M, Krause M, Pedarzani P. An apamin-sensitive Ca2⫹activated K⫹ current in hippocampal pyramidal neurons. Proc Natl
Acad Sci USA 96: 4662– 4667, 1999.
197. Storm JF. Action potential repolarization and a fast after-hyperpolarization in rat hippocampal pyramidal cells. J Physiol 385:
733–759, 1987.
198. Storm JF. Intracellular injection of a Ca2⫹ chelator inhibits spike
repolarization in hippocampal neurons. Brain Res 435: 387–392,
1987.
199. Strassmaier T, Bond CT, Sailer CA, Knaus HG, Maylie J,
Adelman JP. A novel isoform of SK2 assembles with other SK
subunits in mouse brain. J Biol Chem 280: 21231–21236, 2005.
200. Strøbaek D, Hougaard C, Johansen TH, Sørensen US, Nielsen
EØ, Nielsen KS, Taylor RDT, Pedarzani P, Christophersen P.
Inhibitory gating modulation of small conductance Ca2⫹-activated
K⫹ channels by the synthetic compound (R)-N-(benzimidazol-2-yl)1,2,3,4-tetrahydro-1-naphtylamine (NS8593) reduces afterhyperpolarizing current in hippocampal CA1 neurons. Mol Pharmacol 70:
1771–1782, 2006.
201. Strøbaek D, Teuber L, Jørgensen TD, Ahring PK, Kjaer K,
Hansen RS, Olesen SP, Christophersen P, Skaaning-Jensen B.
Activation of human IK and SK Ca2⫹-activated K⫹ channels by
NS309 (6,7-dichloro-1H-indole-2,3-dione 3-oxime). Biochim Biophys Acta 1665: 1–5, 2004.
202. Sugihara I, Furukawa T. Morphological and functional aspects of
two different types of hair cells in the goldfish sacculus. J Neurophysiol 62: 1330 –1343, 1989.

PROTEIN COMPLEXES ASSOCIATED WITH KCa CHANNELS

Physiol Rev • VOL

238. Wu YC, Art JJ, Goodman MB, Fettiplace R. A kinetic description of the calcium-activated potassium channel and its application
to electrical tuning of hair cells. Prog Biophys Mol Biol 63: 131–158,
1995.
239. Wynne PM, Puig SI, Martin GE, Treistman SN. Compartmentalized beta subunit distribution determines characteristics and
ethanol sensitivity of somatic, dendritic, and terminal large-conductance calcium-activated potassium channels in the rat central
nervous system. J Pharmacol Exp Ther 329: 978 –986, 2009.
240. Xia XM, Ding JP, Lingle CJ. Molecular basis for the inactivation
of Ca2⫹- and voltage-dependent BK channels in adrenal chromaffin
cells and rat insulinoma tumor cells. J Neurosci 19: 5255–5264,
1999.
241. Xia XM, Ding JP, Zeng XH, Duan KL, Lingle CJ. Rectification
and rapid activation at low Ca2⫹ of Ca2⫹-activated, voltage-dependent BK currents: consequences of rapid inactivation by a novel
beta subunit. J Neurosci 20: 4890 – 4903, 2000.
242. Xia XM, Fakler B, Rivard A, Wayman G, Johnson-Pais T, Keen
JE, Ishii T, Hirschberg B, Bond CT, Lutsenko S, Maylie J,
Adelman JP. Mechanism of calcium gating in small-conductance
calcium-activated potassium channels. Nature 395: 503–507, 1998.
243. Xia XM, Zeng X, Lingle CJ. Multiple regulatory sites in largeconductance calcium-activated potassium channels. Nature 418:
880 – 884, 2002.
244. Yan J, Olsen JV, Park KS, Li W, Bildl W, Schulte U, Aldrich
RW, Fakler B, Trimmer JS. Profiling the phospho-status of the
BKCa channel alpha subunit in rat brain reveals unexpected patterns and complexity. Mol Cell Proteomics 7: 2188 –2198, 2008.
245. Yazejian B, Sun XP, Grinnell AD. Tracking presynaptic Ca2⫹
dynamics during neurotransmitter release with Ca2⫹-activated K⫹
channels. Nat Neurosci 3: 566 –571, 2000.
246. Yuhas WA, Fuchs PA. Apamin-sensitive, small-conductance, calcium-activated potassium channels mediate cholinergic inhibition
of chick auditory hair cells. J Comp Physiol A Sens Neural Behav
Physiol 185: 455– 462, 1999.
247. Zarei MM, Song M, Wilson RJ, Cox N, Colom LV, Knaus HG,
Stefani E, Toro L. Endocytic trafficking signals in KCNMB2 regulate surface expression of a large conductance voltage and Ca2⫹activated K⫹ channel. Neuroscience 147: 80 – 89, 2007.
248. Zeng XH, Xia XM, Lingle CJ. Redox-sensitive extracellular gates
formed by auxiliary beta subunits of calcium-activated potassium
channels. Nat Struct Biol 10: 448 – 454, 2003.
249. Zeng XH, Ding JP, Xia XM, Lingle CJ. Gating properties conferred on BK channels by the beta3b auxiliary subunit in the
absence of its NH2- and COOH termini. J Gen Physiol 117: 607– 628,
2001.
250. Zhang M, Houamed K, Kupershmidt S, Roden D, Satin LS.
Pharmacological properties and functional role of Kslow current in
mouse pancreatic beta-cells: SK channels contribute to Kslow tail
current and modulate insulin secretion. J Gen Physiol 126: 353–
363, 2005.
251. Zolles G, Wenzel D, Bildl W, Schulte U, Hofmann A, Muller
CS, Thumfart JO, Vlachos A, Deller T, Pfeifer A, Fleischmann
BK, Roeper J, Fakler B, Klocker N. Association with the auxiliary subunit PEX5R/Trip8b controls responsiveness of HCN channels to cAMP and adrenergic stimulation. Neuron 62: 814 – 825,
2009.

90 • OCTOBER 2010 •

www.prv.org

Downloaded from physrev.physiology.org on March 16, 2012

222. Vergara C, Latorre R, Marrion NV, Adelman JP. Calcium-activated potassium channels. Curr Opin Neurobiol 8: 321–329, 1998.
223. Vogel SS, Thaler C, and Koushik SV. Fanciful FRET. Sci STKE
2006: re2, 2006.
224. Wallner M, Meera P, Toro L. Determinant for beta-subunit regulation in high-conductance voltage-activated and Ca2⫹-sensitive
K⫹ channels: an additional transmembrane region at the N terminus. Proc Natl Acad Sci USA 93: 14922–14927, 1996.
225. Wallner M, Meera P, Toro L. Molecular basis of fast inactivation
in voltage and Ca2⫹-activated K⫹ channels: a transmembrane betasubunit homolog. Proc Natl Acad Sci USA 96: 4137– 4142, 1999.
226. Wang L, Sigworth FJ. Structure of the BK potassium channel in
a lipid membrane from electron cryomicroscopy. Nature 461: 292–
295, 2009.
227. Wang YW, Ding JP, Xia XM, Lingle CJ. Consequences of the
stoichiometry of Slo1 alpha and auxiliary beta subunits on functional properties of large-conductance Ca2⫹-activated K⫹ channels.
J Neurosci 22: 1550 –1561, 2002.
228. Waring DW, Turgeon JL. Ca2⫹-activated K⫹ channels in gonadotropin-releasing hormone-stimulated mouse gonadotrophs. Endocrinology 150: 2264 –2272, 2009.
229. Weiger TM, Holmqvist MH, Levitan IB, Clark FT, Sprague S,
Huang WJ, Ge P, Wang C, Lawson D, Jurman ME, Glucksmann
MA, Silos-Santiago I, DiStefano PS, Curtis R. A novel nervous
system beta subunit that downregulates human large conductance
calcium-dependent potassium channels. J Neurosci 20: 3563–3570,
2000.
230. Weisstaub N, Vetter DE, Elgoyhen AB, Katz E. The
alpha9alpha10 nicotinic acetylcholine receptor is permeable to and
is modulated by divalent cations. Hear Res 167: 122–135, 2002.
231. Williams SE, Wootton P, Mason HS, Bould J, Iles DE, Riccardi
D, Peers C, Kemp PJ. Hemoxygenase-2 is an oxygen sensor for a
calcium-sensitive potassium channel. Science 306: 2093–2097, 2004.
232. Wissmann R, Bildl W, Neumann H, Rivard AF, Klöcker N,
Weitz D, Schulte U, Adelman JP, Bentrop D, Fakler B. A
helical region in the C terminus of small-conductance Ca2⫹-activated K⫹ channels controls assembly with apo-calmodulin. J Biol
Chem 277: 4558 – 4564, 2002.
233. Wittekindt OH, Visan V, Tomita H, Imtiaz F, Gargus JJ, Lehmann-Horn F, Grissmer S, Morris-Rosendahl DJ. An apaminand scyllatoxin-insensitive isoform of the human SK3 channel. Mol
Pharmacol 65: 788 – 801, 2004.
234. Wolfart J, Neuhoff H, Franz O, Roeper J. Differential expression of the small-conductance, calcium-activated potassium channel SK3 is critical for pacemaker control in dopaminergic midbrain
neurons. J Neurosci 21: 3443–3456, 2001.
235. Womack MD, Chevez C, Khodakhah K. Calcium-activated potassium channels are selectively coupled to P/Q-type calcium channels in cerebellar Purkinje neurons. J Neurosci 24: 8818 – 8822,
2004.
236. Womack MD, Khodakhah K. Characterization of large conductance Ca2⫹-activated K⫹ channels in cerebellar Purkinje neurons.
Eur J Neurosci 16: 1214 –1222, 2002.
237. Wu RS, Chudasama N, Zakharov SI, Doshi D, Motoike H, Liu
G, Yao Y, Niu X, Deng SX, Landry DW, Karlin A, Marx SO.
Location of the beta 4 transmembrane helices in the BK potassium
channel. J Neurosci 29: 8321– 8328, 2009.

1459

Ca2+-Activated K+ Channels: From Protein
Complexes to Function
Henrike Berkefeld, Bernd Fakler and Uwe Schulte

Physiol Rev 90:1437-1459, 2010. doi:10.1152/physrev.00049.2009
You might find this additional info useful...
This article cites 251 articles, 146 of which can be accessed free at:
http://physrev.physiology.org/content/90/4/1437.full.html#ref-list-1

Role of vascular potassium channels in the regulation of renal hemodynamics
Charlotte Mehlin Sorensen, Thomas Hartig Braunstein, Niels-Henrik Holstein-Rathlou and
Max Salomonsson
Am J Physiol Renal Physiol, March 1, 2012; 302 (5): F505-F518.
[Abstract] [Full Text] [PDF]
Intermediate conductance calcium-activated potassium channels modulate summation of
parallel fiber input in cerebellar Purkinje cells
Jordan D. T. Engbers, Dustin Anderson, Hadhimulya Asmara, Renata Rehak, W. Hamish
Mehaffey, Shahid Hameed, Bruce E. McKay, Mirna Kruskic, Gerald W. Zamponi and Ray W.
Turner
PNAS, February 14, 2012; 109 (7): 2601-2606.
[Abstract] [Full Text] [PDF]
Molecular Mechanism of Pancreatic and Salivary Gland Fluid and HCO3− Secretion
Min Goo Lee, Ehud Ohana, Hyun Woo Park, Dongki Yang and Shmuel Muallem
Physiol Rev, January , 2012; 92 (1): 39-74.
[Abstract] [Full Text] [PDF]
Low resistance, large dimension entrance to the inner cavity of BK channels determined
by changing side-chain volume
Yanyan Geng, Xiaowei Niu and Karl L. Magleby
J Gen Physiol, June , 2011; 137 (6): 533-548.
[Abstract] [Full Text] [PDF]
Updated information and services including high resolution figures, can be found at:
http://physrev.physiology.org/content/90/4/1437.full.html
Additional material and information about Physiological Reviews can be found at:
http://www.the-aps.org/publications/prv

This infomation is current as of March 16, 2012.

Physiological Reviews provides state of the art coverage of timely issues in the physiological and biomedical sciences. It is
published quarterly in January, April, July, and October by the American Physiological Society, 9650 Rockville Pike, Bethesda
MD 20814-3991. Copyright © 2010 by the American Physiological Society. ISSN: 0031-9333, ESSN: 1522-1210. Visit our
website at http://www.the-aps.org/.

Downloaded from physrev.physiology.org on March 16, 2012

This article has been cited by 7 other HighWire hosted articles, the first 5 are:
Potassium excretion through ROMK potassium channel expressed in gill
mitochondrion-rich cells of Mozambique tilapia
Fumiya Furukawa, Soichi Watanabe, Satoshi Kimura and Toyoji Kaneko
Am J Physiol Regul Integr Comp Physiol, March 1, 2012; 302 (5): R568-R576.
[Abstract] [Full Text] [PDF]

