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with the intracellular GTP-binding proteins (G proteins) across cell membranes and trigger various cellular
responses by regulating the activity of several enzymes as well as ion channels. Many specific populations of
ion channels are directly controlled by G proteins; however, indirect modulation of some channels by G
protein-dependent phosphorylation events and lipid metabolism is also observed. G protein-mediated diverse
modifications affect the ion channel activities and spatio-temporally regulate membrane potentials as well as
of intracellular Ca®>* concentrations in both excitatory and non-excitatory cells. This article is part of a Special
Issue entitled: Reciprocal influences between cell cytoskeleton and membrane channels, receptors and trans-

porters. Guest Editor: Jean Claude Hervé.
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1. Introduction

Ion channels are pore-forming proteins integrated in the cell
membranes of all cells. The channels allow the movement of specific
populations of ions across cell membranes, based on the electrochemical
ion gradients between the inside and outside of the cell. Thus, the activity
of channels is closely linked to the membrane potential, and extra- and
intracellular ion concentrations. The pore of the channel proteins gates
to restrict the permeation of ions and the gate of the pore is controlled
by various stimuli. The ion channels consist of structurally and
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functionally distinct domains (Fig. 1): the transmembrane domain,
which determines the selective permeation of ions by activation
gate, and the regulatory domain, which transduces information
from various stimuli and regulates the gate. Thus, the coupling of
transmembrane and regulatory domains is crucial for the regula-
tion of channel activity. Broadly, the ion channels are classified as
voltage- and ligand-gated channels. The voltage-gated channels possess
a membrane-integrated domain as a regulatory domain which senses
the difference in the electrical potential across the membrane, while
the ligand-gated channels possess a hydrophilic extra-membrane
domain at the outside of the membrane, the domain of which directly
associates with physical entities such as small chemicals and regulatory
proteins.

The extracellular ligands regulate the ion channel activity by various
mechanisms; at least 2 distinct mechanisms have been reported. The
first mechanism is observed in ionotropic neurotransmitter receptors,
where the ligands associate with the ligand-binding domain located at
the extracellular side. Upon specific ligand binding, a conformational
shift to the open active state occurs. This response is fast, occurs within
milliseconds, and is short-lived (<0.1 s). The second mechanism under-
lies the functioning of metabotropic receptors having hepta-helical
domains: the G protein-coupled receptors (GPCRs). In this case, the li-
gand binding stimulates G protein signaling, and consequently modu-
lates the channel activity. This response is relatively slow, occurring
within a second, but is long-lived and can last from minutes to hours.

G proteins are anchored to the inner leaflet of the cell membranes by
covalently attached fatty acid chains [1-3]. This characteristic feature of
G-proteins allows them to signal and modulate the channel activity
from the cytoplasmic side. The direct or indirect action of G-proteins
on the ligand-binding domain of channel proteins shifts their confor-
mational equilibrium. This in turn facilitates the structural transition
of the allosterically coupled transmembrane domain, regulating the
activation gate of the channels.

2. Overview of G proteins, their coupled receptors, and regulators of
G protein signaling

The GPCRs constitute the largest family of membrane-embedded
proteins encoded by the mammalian genome [4,5]. The GPCRs possess
an extracellular N-terminus and an intracellular C-terminus (Fig. 2). G
proteins constitute 3 major subunits G, GB, and Gy [1,3]. Ga binds a
guanine nucleotide and hydrolyzes GTP to GDP. Under physiological
conditions, the G and G associate tightly to form a dimer (GRy) by
a coiled-coil interaction. Go has been classified into four groups (Gos,
Gay, Gag and Gayz) based on sequence similarity, coupling effectors,
and sensitivity to bacterial ADP-ribosylating exotoxins [1-3]. Although
the location of the ligand-binding site varies among the GPCRs, they
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may show similar conformational changes such as the rearrangement
of transmembrane helices, the generation of a crevice at the intracellular
surface of the receptor, and the accommodation of the C-terminus of Got
at the cytoplasmic interface, to accomplish G protein activation (Fig. 2)
[2,6]. However, the presence of multiple points of contact between the
GPCR, and Ga as well as GBy has been proposed to determine the speci-
ficity of the GPCR-G protein interaction [7].

The Ga exists in an inactive GDP-bound state (Ga-GDP), which
exhibits a high affinity for GB+y [1,3]. Ligand binding to GPCRs forces
the release of GDP from Ga, and Ga is now allowed to GTP binding.
GTP-bound G (Go-GTP) has a lower affinity towards GBy, and eventu-
ally dissociates from Gf3+y. Thus, the independent components of G pro-
teins (Go-GTP and GPy) further transduce signals to their downstream
effectors. G protein signaling is terminated by the hydrolysis of the
bound GTP to GDP, followed by the association of resultant Go.-GDP
with GRy. If the GPCR is still bound to the agonist, the cyclic reaction
is restarted by dissociation of the bound GDP from the Ga subunit.

The regulator of G protein signaling (RGS) protein was initially iden-
tified as a negative modulator of the G protein signaling in the nema-
tode Caenorhabditis elegans [8]. This finding led to the identification of
a gene family consisting of more than 30 members, which share a con-
served 120 amino-acid stretch called RGS domain [8-10]. The RGS do-
main binds to Gas in a subtype-specific manner and accelerates their
intrinsic GTP hydrolysis [11]. The N- and C-termini of the RGS proteins
are variable in sequence and occasionally possess protein-binding motifs
[9,10,12,13]. Furthermore, several RGS proteins contain palmitoylation
site(s), and the introduction of a mutation at this site resulted in the
mistargeting of cholesterol-rich membrane lipid rafts [14] and changes
in RGS activity [15-18]. These structural features enable the RGS proteins
to function as spatio-temporal regulators of G protein signaling. Their
effects on ion channels will be discussed in more detail later on in this
review.

3. The indirect action of G proteins on ion channels

One of the best-understood G protein-mediated modulations of ion
channel activity involves sympathetic stimulation in the heart (Fig. 2).
Noradrenaline released from the nerve termini activates G, by binding
to the R;-adrenergic receptor (3;AR) and augments adenylyl cyclase
(AC) activity, which converts ATP to cyclic AMP (cAMP) [19]. cAMP di-
rectly associates with and activates the pore-forming cyclic nucleotide-
gated non-selective cation channel subunit, resulting in increase in the
pacemaker current in cardiac nodal cells [20]. Therefore, the activation
of these channels shortens the interval of action potentials, leading to
an increased heartbeat. On the other hand, in cardiac myocytes, cAMP
binds to the regulatory subunits of cAMP-dependent protein kinase
(PKA) and activates its catalytic subunit. PKA phosphorylates cardiac
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Fig. 1. Schematic representation of ligand-induced conformational changes in the regulation of ligand-gated ion channels. The ligand-gated ion channels consist of 2 distinct domains: the
transmembrane domain and extra-membrane domain. Each domain may exist in at least 2 physiologically distinct conformations supporting the inactive (closed) and active (open) states
of the channels. The ligand binding to the domain located at the outside of membranes shifts the conformational equilibrium toward the open state. The shift influences the conformational
equilibrium of the allosterically coupled transmembrane domain, leading to the opening of the channel.
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Fig. 2. Modulation of membrane channel activity by G protein-mediated signaling pathways. Extracellular ligands (diamond) associate with G protein-coupled hepta-helical receptor
(GPCR) and activate G proteins. Dissociated GTP-bound Gow and Gy subunits regulate the activity of intracellular downstream effectors. The changes in the concentrations of metabolites
and functional state of the effectors diversely modulate the channel activity. On the other hand, some of the ion channels are under the direct control of either Go or GB3y. Abbreviations:
AC = adenylyl cyclase, cAMP = cyclic AMP, PKA = protein kinase A, PLC = phospholipase C, DAG = diacylglycerol, PKC = protein kinase C, IP; = inositol 1,4,5-trisphosphate,

IPsR = IP5 receptor.

L-type Ca®™ channels and further enhances the current amplitude
[21-24]. This pathway can contribute to the regulation of excitation—
contraction coupling [25,26]. Furthermore, the 3;AR/Gs/AC/PKA path-
way shortens the duration of the action potential and decreases the re-
fractory period [27]. This phenomenon is based on the PKA-dependent
phosphorylation of the pore-forming subunit (KCNQ1) of the Ik (slowly
activating delayed rectifier K™ current), leading to the augmentation of
the Iys density [28,29]. In addition, the increased Ca®* influx through
phosphorylated L-type Ca?> ™ channels accelerates the Ca? "-dependent
inhibition of the channel, contributing to earlier repolarization [30,31].

Since the ion channel is embedded within the cell membranes,
lipids are intrinsically involved in the regulation of channel activity.
Phosphatidylinositol-4, 5-bisphosphate (PIP,) is an essential phospho-
lipid involved in the maintenance of channel activity [32]. The level of
PIP, in the membranes is maintained by a balance between hydrolytic
activity of phospholipase C (PLC) and the synthesis by PI kinase [33].
The PLC is a downstream target of Gq-coupled GPCR. An example of
this type of regulation is the M-current in neurons such as superior cer-
vical sympathetic ganglion neurons [33], dopaminergic neurons [34],
and pyramidal tract neurons [35]. The current is robustly suppressed
by acetylcholine (ACh) via m;- and ms-muscarinic receptors, leading
to an increase in the firing rate of neurons [36]. Since pore-forming
KCNQ subunits of the M-current require the direct association of PIP,
for their activity, the depletion of PIP, pool by the GPCR-stimulation
strongly shuts down the M-current [37-39]. Further, PIP, involves the
regulation of various ion channels such as the inward rectifier K*
(Kir) channels [40-42], the background two-pore domain K* (K2P)
channels [43], and the transient receptor potential (TRP) channels
[44-47].

PLC activation leads to the cleavage of PIP, into inositol 1, 4, 5-
trisphosphate (IP3) [48] and diacylglycerol (DAG) [50]. The former
triggers the release of Ca?* from intracellular pools and the latter
activates protein kinase C (PKC) [51]. An increase in intracellular
Ca?™ activates the Ca?*-dependent K [52,53], and Cl~ channels
[54,55], and modulates the voltage-dependent Ca?™* channels
[56,57]. PKC activation leads to increased phosphorylation of down-
stream target channels. Interestingly, the PKC-mediated phosphory-
lation inhibits the activity of the canonical TRP (TRPC) channel
subfamily, while DAG directly activates this family of channel

proteins [58]. In smooth muscles, ACh stimulation activates TRPC
channels (TRPC1, TRPC3, TRPC4, TRPC5 and TRPC6) by removal of in-
hibitory action of PIP, [59,60] and the direct association of G proteins
as discussed below. Therefore, Gq4-coupled signaling regulates this
vasoactive receptor-operated Ca?* entry diversely [61-64].

The cAMP cascade is also important for the regulation of subcellular
localization of ion channels. G protein-gated Kir channels in thyrotroph
cells of the anterior pituitary lobe localize on the membranes of intracel-
lular dense core vesicles, which contain thyrotropin [65]. But the chan-
nels are recruited to the plasma membrane upon stimulation by
thyrotropin-releasing hormone and stimulated by extracellular dopa-
mine and somatostatin [65]. The aquaporin water channel, AQP2 is pre-
dominantly present in intracellular vesicles of collecting duct cells in the
kidney, but vasopressin enhances the trafficking of AQP2 to the apical
membrane via vasopressin V4 receptor-Gs,—AC-PKA pathway [66,67].

The studies on the phosphorylation-dependent modulation of vari-
ous ion channels raise the question about how the signaling specifically
propagates to the targets. The key mechanism underlying this modula-
tion is the localization of signaling molecules by scaffolding proteins,
such as A-kinase anchoring proteins (AKAPs) [68]. In cardiac myocytes,
Yotiao/AKAP9 recruits the PKA, protein phosphatase 1 and type 9 AC,
and binds to the cytoplasmic domain of KCNQ1 [28,69,70]. The forma-
tion of protein complex is essential for the regulation of Iy by the sym-
pathetic nerve. Furthermore, the binding of AKAP79/150 to KCNQ2
facilitates receptor-dependent suppression of M-current [71,72]. In
smooth muscle, large-conductance voltage- and Ca®"-activated K"
channels have been shown to assemble with 3,-adrenergic receptor,
AKAP79/150, PKA, and 1-type Ca®>™ channels [73,74]. The AKAPs are
not the only group of proteins involved in clustering of G protein signal-
ing molecules. The signaling molecules themselves have been reported
to preferentially localize within close proximity to the plasma mem-
brane. Thus, diverse G protein-mediated signal pathways modulate
ion channel activity at multiple levels.

4. Direct interaction of G protein with ion channels
Thus far, we have discussed diverse G protein signal pathways that

indirectly modulate the activity of membrane channels. However, it is
well known that the direct interaction of G proteins also plays an
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essential role in the physiological regulation of the ion channels. In
neurons, various inhibitory neurotransmitters such as dopamine,
noradrenarine, serotonin, and neuropeptide Y attenuate the activity of
the voltage-dependent P/Q-type and N-type Ca?™ channels at the pre-
synaptic nerve termini [75-80]. Reconstitution experiments using het-
erologous expression systems have revealed that GRvy interacts with a
pore-forming o subunit of Ca?™* channels in a membrane-delimited
pathway [81-83]. Likewise, intracellular inhibition of pathway compo-
nents was accounted for by slowing the activation kinetics, and shifting
the voltage-dependency of activation gating in the positive direction
[76,84,85]. It has been proposed that GBy associates with the o subunit
of the channels through its N-terminus [86-89], the I-II linker [90,91],
and the C-terminus [92,93]. However, the contribution of these regions
for the association with GRy is debatable and depends on whether they
are positioned at the direct binding site or play auxiliary roles such as
supporting the formation of the binding pocket and the transmission
of the GPy-evoked conformational changes within the channel. The
cytoplasmic {3 subunit of Ca? ™ channels has been recognized to be im-
portant for GBy-dependent modulation [94-101]. However, the precise
mechanism of the ternary interaction has yet to be investigated [102].

TRP channels are a family of cation channels under the control of
multimodal stimuli [44-47], and G-protein signaling take part in their
regulation in vivo. In the dark, the photoreceptor cells release glutamate,
which binds to mGIuR6 and attenuates the activity of a non-selective
cation channel TRPM1 via G, protein [103-105]. GP3 is crucial for this
signaling [106], and Gy has been proposed to mediate the mGIuR6-
dependent closure of TRPM1 [107]. The TRPM1-deficient mice lack a b-
wave in the electroretinogram [104], and mutations of this channel pro-
tein in humans lead to night blindness [108-110].

It is evident that the ‘leak’ two-pore domain K* (K2P) channels con-
tribute to the maintenance of the resting membrane potential in various
types of excitable and non-excitable cells [111-113]. The activity of
these K2P channels is regulated by diversified stimuli. PIP, is one of in-
tracellular molecules important for the activation of K2P channels such
as TASK1, TASK3, TREK1 and TRAAK [43]. Recently, Woo et al. found that
protease-activated GPCR stimulation evokes the fast and slow release of
glutamate from astrocytes [114]. They presented that astroglial K2P
channel TREK1 is the molecular entity mediating fast response, and
the direct association of free GBy with its N-terminus triggers the acti-
vation of the channel.

Glycine-activated ion channels regulate the excitability of the mam-
malian brain stem and spinal cord. Both GPCR stimulation and applica-
tion of purified Gy enhance the glycine receptor activity by increasing
its probability of the channel being open (P,) [115]. As mentioned pre-
viously, TPPC channels are regulated by Gg-signaling pathways and by
Gay itself [116]. Therefore, various types of ion channels have been
reported to be under the direct control of G proteins. In the following
sections, we will discuss in detail about G protein-gated Kir channels
as an extensive example for direct modulation of ion channels by G
proteins.

5. Direct G protein interaction with Kir channels

5.1. Historical background of G protein-dependent regulation of Kir
channels

In the heart, ACh released from vagal nerve termini reduces the
heart rate and slows the atrioventricular conduction [117,118]. ACh
hyperpolarizes the membrane potential by increasing K efflux (Ixacn)
[119-121]. The manner of K+ conduction in Igacy, is unique constituting
alarge inward K™ current regarding membrane potential (V,,) negative
relative to the equilibrium potential of K* (Ex), and a less outward cur-
rent at V,,;s positive relative to Ex [121,122]. Based on this characteristic
conduction property, the channels encoding Ixacn, have been classified
as members of a family called “inward rectifier” K* (Kir) channels.
The Ixacn activation by my-muscarinic receptor is mediated by pertussis

toxin-sensitive G proteins [123-126]. G protein-gated Kir channels are
also responsible for the formation of slow inhibitory postsynaptic
potentials in the central nervous system [127,128]. A variety of Gj,-
coupled GPCRs have been reported to regulate the Kir channel activity
[129,130].

5.2. Subunit composition of G protein-gated Kir channels

G protein-gated Kir channels (Kir3.1-Kir3.4) belong to the Kir
channel family [127,129,131]. A growing number of microbial ge-
nome sequences indicate that prokaryotes occasionally possess genes
encoding Kir channels [132]. Four individual subunits within the same
subgroup of Kir channels assemble to form homo- or heteromeric units
[129,130,133,134]. Ixacn comprises of Kir3.1 and Kir3.4 [135,136]. Mean-
while, the neuronal G protein-gated Kir channels are either homomeric
assemblies of Kir3.2 [137,138] or heteromeric assemblies of Kir3.1,
Kir3.2, and Kir3.3 [137-144]. These observations were confirmed by the
lack of Kir-related physiological responses in mice following disrup-
tion of Kir channel genes [145-150].

5.3. Kir channel structure

The Kir channels consist of 4 subunits; each subunit contributes to
the formation of the transmembrane domain and cytoplasmic domain
(Fig. 3A) [151,152]. Each domain of the Kir channel exhibits a 4-fold
symmetry axis where an ion conduction pathway is located, and the
N- and C-termini exposed to the cytoplasm, assemble to form the cyto-
plasmic domain. The cytoplasmic termini sandwich the transmembrane
domain, which possesses 2 short o helixes (an amphiphilic slide helix
and a pore helix that points to the ion conduction pathway), and 2
membrane-spanning M1 and M2 helixes [153]. The M2 helix forms a
hydrophobic barrier and forces a constraint on a continuous water-
filled pore for regulating ion diffusion; this structural element, there-
fore, functions as an activation gate [152,154,155]. Except for the slide
helix, the proposed arrangement of these structural elements in the
transmembrane domain of Kir channels is similar to that observed in
other K* channels such as the bacterial pH-gated KcsA channel [156],
bacterial Ca®*-activated MthK channel [154,157], bacterial voltage-
gated KvAP channels [ 158], mammalian voltage-gated Shaker K* chan-
nel [159,160], and mammalian K2P channels [161] as well as the bacte-
rial voltage-gated Na™ channel [ 162], mammalian ionotropic glutamate
receptor [163], and bacterial non-selective cation NaK channel [164-166].
Furthermore, the substitution of the transmembrane domain of Shaker
and Kir2.1 with KcsA yields chimeric K* channels that are functionally
similar to the original ones [167]. Therefore, the structural rearrangement
in the transmembrane domain of K™ channels is thought to be similar
between ligand- and voltage-gated K™ channels, and the conformational
transition of the transmembrane domain is the target of the cytoplasmic
domain of Kir channels [168].

The cytoplasmic domain comprises 3 B sheets and has an
immunoglobulin-like fold (Fig. 3A) [151,152]. The cytoplasmic N-
terminus forms a 3 sheet with the C-terminus, and connects to
the slide helix of the transmembrane domain (Fig. 3B). Thus, the
subunit interface comprises both the N- and C-termini. At the center
of the subunit assembly, there is an ion-conduction pathway that can
extend across the length of the transmembrane domain. The amino
acids in the internal surface of the cytoplasmic pore can affect the in-
ward rectification property [151,169,170]. Therefore, the cytoplasmic
pore permits the traversing of inorganic ions such as K* and Mg?™*
[171,172], organic molecules such as polyamines [169,170,173], and
pore blockers [174-176].

5.4. Functional states underlying Kir channel activity

The opening and closing of the conduction pathway is directly
coupled to the activity of the Kir channel [177-180]. The macroscopic
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Fig. 3. Structural features of G protein-gated Kir channels. (A) Molecular architecture of G protein-gated Kir channels. The ion conduction pathway is present at the center of a tetrameric
subunit assembly. The side view of Kir3.2 crystal structure (PDB ID: 3SYO) is arranged with a cartoon of the channel [222]. The channel consists of the transmembrane and cytoplasmic
domains. Structural elements crucial for the channel function are also shown. (B) Distribution of amino acids important for the channel activation. The side view at the interface between 2
domains is shown for the Kir3.2 amino acids (His69, Leu273, Leu344, and Gly347) that may be crucial for GB3y-dependent activation (spheres). The amino acids (GIn197, Lys199, Lys200,
Arg201, Arg230, Asn231, Arg240, and Arg324) of Kir3.2, which correspond to the residues crucial for PIP,-dependent activation in other Kir channels, are shown by dots. A dashed line

indicates a missing loop between the 2 domains.

current amplitude generated by Kir channels can be defined by the
number of channels in the patch membrane, the P, and the single-
channel conductance (y). The y of either a native or recombinant G
protein-gated Kir channel is dependent on the difference between V,,,
and Ej, and is independent of receptor stimulation [181-185]. An in-
crease in the P, of the channels often correlates with the increase in cur-
rent amplitude caused by GP+y. The histogram of the single-channel
conductance of Kir channels exhibits a single Gaussian distribution,
strongly suggesting that Kir channels have a single open-pore configu-
ration [186,187]. Furthermore, the histogram of the single-channel
dwell time in the open state can be fit by a single exponential curve, im-
plying that the channel has a single open state. On the other hand, the
histogram of single-channel dwell time in the closed state reveals that
there are at least 2 non-conductive states. Therefore, it seems likely
that the activity of Kir channels can be functionally defined by the equi-
libriums between a single open conformation and multiple closed
conformations.

However, analyses of G protein-gated Kir channels from cells isolat-
ed by enzymatic digestion of tissues suggested that they exhibit burst-
ing behavior upon GR+y association, and their activation is based on a
shift between different gating modes, which are characterized by the

frequency of channel opening and mean open time of the channel
[182,184,185,188]. Furthermore, the channels have at least 2 open
states, and Gp7y binding prolongs its mean open time duration, which
is inversely coupled to the duration of the subsequent closed intervals
[183]. Since the opening of the channel pores is dependent on PIP,
[189-192], the difference in the channel kinetics could be accounted
for by the variation in the plasma membrane PIP, content. Although
the channels exist in different modes, they share the same single chan-
nel conductance. Therefore, the correlation observed between the con-
ductive open conformation and the open state of the channels, which is
predicted by single channel kinetic analysis, remains elusive.

5.5. GBy: a physiological activator of G protein-gated Kir channels

Perfusion of the intracellular side of the inside-out patch membranes
with non-hydrolysable GTP analogs and purified GRy resulted in the ac-
tivation of the native Ixach [193-198]. When Kir3.1 is exogenously
expressed in Xenopus oocytes, the reconstituted channel is activated ei-
ther by the stimulation of co-expressed m,R [199] or the co-expression
of GPy [200]. Co-expression of GB3y-binding protein [200] or introduc-
tion of Gy mutations disrupted the GB-y-mediated channel activation
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[201,202], validating that Gfvy mediates GPCR-dependent channel
activation.

GPy is predominantly anchored to the cell membranes by post-
translational isoprenylation at the C-terminus of the G~y subunit [1-3].
Many studies had focused on the association of Gy with the cytoplas-
mic domain of G protein-gated Kir channels. Initially, the cytoplasmic C-
terminus of Kir3.1 or both the N- and C-termini of Kir3.x (Kir3.1-Kir3.4)
were found to associate directly with GRvy [203-205]. The residues of
Kir3.x subunits that are required for its association with GBy have
been identified [206-208], and include His69, Leu273, Leu344, and
Gly347 in Kir3.2; His69 is located at the N-terminus, Leu344 and
Gly347 are positioned on a loop between the BL and M strands, and
Leu273 is in the protein core (Fig. 3B). Yokogawa et al. performed nucle-
ar magnetic resonance analysis and reported that the residues that asso-
ciate with GPy span the molecular surface of 2 neighboring subunits in
the tetrameric assembly of the cytoplasmic domain of Kir3.1 [209]. They
also show that the residues displaced upon the association of Gy are
distributed not only around the GPy-binding site, but also at the subunit
interface and a membrane-facing loop between the BH and I strands
(G loop). Based on the crystal structure of Kir3.2 and GBy complex,
these residues are confirmed to be involved in the GRvy recognition
[40,191,210]. These findings suggest that GBv binding causes substan-
tial changes in the conformation of the cytoplasmic domain, leading to
the channel opening.

5.6. Phosphoinositide: a lipid essential for Kir channel activation

GPy is a physiological activator of G protein-gated Kir channels, but
requires other factors to activate these channels. All Kir channels require
the binding of PIP; for their activation [32,192,211,212], and therefore,
the lipid is also a prerequisite for the opening of G protein-gated Kir chan-
nels [40,191,210]. The GBy association may play a role in strengthening
the channel-PIP, interactions [32,189,191,192,210,213,214]. Differences
in the turnover rate of PIP,, the membrane properties conferred by lateral
diffusion of PIP,, and the association of signaling components with the
lipid rafts may determine the variation in the PIP,-sensitivity of G
protein-gated Kir channels across cell types [215-218]. Many residues
are involved in PIP, binding, and these are distributed throughout the
tertiary structure of the channel (Fig. 3B) [219]. The interface between
the transmembrane domain and cytoplasmic domain, namely the core
region, can be divided into 3 regions: the N terminus [192], a cationic
amino acid cluster proximal to the M2 helix [189,192,211,212,220,221],
and a loop between the 3C and D strands (CD loop) [42,213]. Crystallo-
graphic analyses of Kir3.2 indicate that PIP; lies adjacent to the M2 helix
and interacts with a cluster of positively charged residues at the linker
region between the transmembrane domain and cytoplasmic domain
[222]. A subset of inherited mutations in Kir channels located at the linker
lowers the Kir channel sensitivity to PIP, binding and has been implicated
in malfunctioning of various tissues [192]. Intriguingly, this mode of bind-
ing is observed when the channel is not only in a closed state [222,223],
but also in an open state [222]. Therefore, the role of PIP, in the regulation
of the activation gate at the transmembrane domain and the mechanism
by which the lipids drive the channel to an open state remain unclear.

5.7. Gae and RGS proteins: roles in regulation of channel function and the
clustering of signaling molecules

It becomes apparent that Ga of the PTX-sensitive G protein also
modulate the G protein-gated Kir channels [224-227]. Ga affects the
basal activity and the activation kinetics of the channel. The mode of
binding and the modulation of the gating kinetics are dependent on
the individual Gass [225,228]. G interacts with the channel with a
lower affinity than Gy and exhibits non-competitive binding kinetics
when compared to GBy. On the other hand, it has been proposed that
the heterotrimeric G proteins couple with the channels prior to GPCR-
mediated activation and the subsequent rearrangement of subunits

and their binding modes lead to the activation of channel proteins
[229]. The exact stereochemistry of the association of Ga—GPy complex
with the channel and the mechanism by which the nucleotide-bound
states of Ga affects the mode of binding has yet to be understood
[227,228,230]. However, the pre-coupled assembly of G protein subunits
with the channel suggests that the cytoplasmic domain of G protein-
gated Kir channels functions as a scaffolding module to determine
the timing of G protein signaling.

The heterologous expression of RGS proteins with GPCR and G
protein-gated Kir channels using Xenopus oocytes or mammalian cell
lines resulted in the reconstitution of rapid turn-on and turn-off re-
sponses during GPCR stimulation [49,231-233]. RGS proteins also
modulate the voltage-dependent ‘relaxation’ of the inward current
of the Ixach [234]. These effects of the RGS proteins are mediated by
the RGS domains conserved among the family members [235]. The
acceleration of the turn-on response of the Ixacy by the RGS proteins
suggested their close proximity within the cell. To understand the
geometrical arrangement of these signaling components, fluorescent
proteins were tagged to 2 of the components simultaneously and
Forster resonance energy transfer (FRET) was measured to estimate
their distance in cells expressing these proteins exogenously. These
studies reported detectable FRET signals between these proteins
[236-246], suggesting that GPCRs, G proteins and RGS proteins as
well as G protein-gated Kir channels are present in close proximity.
Pacemaker cells isolated from the sinoatrial nodes of transgenic
mice lacking either RGS4 [247] or RGS6 [248] exhibited enhanced
sensitivity to a carbachol-mediated reduction of spontaneous action
potential firing. These mice increased negative chronotropic responses to
carbachol. Thus, the RGS proteins physiologically regulate parasym-
pathetic activation in the heart. Furthermore, y-aminobutyric acid
(GABA)-induced K* currents in the hippocampal CA1 neurons of
RGS7-null mice are characteristically similar to those of the channels
reconstituted in the absence of RGS proteins [245]. It was also reported
that a delay in the activation and deactivation kinetics of metabotropic
GABA receptor agonist-evoked inward K™ currents was observed in the
cerebellar granule cells of RGS6-null mice [249]. This indicates that the
RGS proteins play a critical role in controlling G protein-mediated ion
channel activity in vivo. In addition, these reports suggest that not
only the ion channels, but also GPCRs act as scaffold signaling molecules
for the integration, specificity, and fine-modulation of G protein-
mediated signaling.

5.8. Structural elements responsible for gating

At present, various structural analyses of Kir channels suggest
several macroscopic conformational changes of the cytoplasmic
domain: a rigid-body movement against the transmembrane domain
[223,229,250-253,254], a reorientation of subunits between the latched
and unlatched states [252], and an expansion of the inner diameter of
the cytoplasmic pore [255-261]. The first rigid-body movement could
be separated into 2 different conformational changes: the change in dis-
tance between domains [223,250,251] and the rotation (clockwise and
counterclockwise) [223,252,253,254]. The most recent crystal structure
of the complex of mouse Kir3.2 and GBy indicates that Gy binds at the
interfaces between 2 subunits [254]. The complex showed that the cy-
toplasmic domain is rotated about 4° anticlockwise relative to the trans-
membrane domain. Although the inner helices are partially splayed, the
bundle-crossing region is still closed in the structure, and therefore, the
authors suggest that the conformation of the complex that associates
with Kir3.2 in the pre-open state and the unique binding causes the
rotation of the cytoplasmic domain. This rotational motion may trigger
the expansion of inner diameter of the cytoplasmic pore [255-261].
Since the pore in the closed state binds cations in the valency-
dependent manner [257], a reduction in potential is required for K*
diffusion through the pore.
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In ligand-gated ion channels such as ionotropic glutamate re-
ceptors [163,262] and Ca%*-activated K™ channels [157,263,264],
a ligand-induced conformational change at the ligand-binding do-
main is thought to mechanically force the opening of the activation
gates in their transmembrane domains. At the top of the cytoplas-
mic pore, the G loop interacts with the transmembrane domain
[222,253]. The loop is expected to mediate a tension in the cyto-
plasmic domain that drives the M2 helix of the transmembrane
domain [209,253,261]. However, the G loop is positioned different-
ly in various crystal structures [151,250,251,265,266], implying
that the loop is structurally flexible. This feature permits the loop
to occupy the top of the cytoplasmic pore in some crystal struc-
tures [250,251]. Therefore, the G loop is currently speculated to
act as a cytoplasmic gate [222,250,251]. A change in the conforma-
tion of the G loop would be linked to the movement of the adjacent
CD loop, which enables the G loop to shift its position greatly in crystal
structures [151,222,251,267]. The constraint on the movement of the
CD loop prevents the activation of the channel [268,269]. Furthermore,
the binding of PIP, is simulated, leading to the stabilization of the CD
loop and the alteration in position of the G loop [270]. As mentioned
above, many residues in the cytoplasmic domain contribute to either
PIP,-dependent conformational changes or PIP, recognition. Experi-
mental evidence along these lines implies that various structural ele-
ments in the cytoplasmic domain are displaced during the transition
between open and closed states. Therefore, although the G loop is a can-
didate to mediate allosteric coupling between two domains, it is unclear
how the channel transit from the closed to open state through multiple
conformational steps to control the Kir channel activity.

6. Conclusion

The activity of ion channels is extensively regulated by G protein-
mediated signaling. The intracellular surface of ion channels facilitates
the direct interaction with G proteins and an indirect modulation by G
protein-coupled signaling pathways. The G protein-dependent condi-
tioning influences the conformational transition of the channels be-
tween the closed resting state and the open active state. This clearly
suggests that the ion channel significantly changes its conformation at
the intracellular ligand-binding domain or the cytoplasm-facing regions
during opening and closing of the gate. Recent crystallographic analyses
have convincingly clarified the configuration of the channel as the ma-
chinery for selective ion permeation. However, the study of static crystal
structures has limited utility in elucidating various aspects of the struc-
ture-function relationship. Therefore, compared to what is known
about G protein signaling based on physiological and biochemical anal-
yses, the structural insights into G protein-mediated signaling and
regulation of channels remain largely unclear. A comparison of large
numbers of crystal structures or the improvement of specific methods
for obtaining structural information on G proteins and channel proteins,
or development of procedures that would not depend on crystallo-
graphic analyses might help address the questions on the structure-
function relationships of these protein complexes.

Acknowledgements

We thank Rika Okuie for secretarial assistance and Chizuru Tsuzuki
for technical assistance. Al was supported by a Grant-in-Aid for Scientif-
ic Research (€23590301), and YK was supported by a Grant-in-Aid for
Scientific Research on Innovative Areas (22136002) from the Ministry
of Education, Culture, Sports, Science and Technology of Japan.

References

[1] AG. Gilman, G proteins: transducers of receptor-generated signals, Annu. Rev.
Biochem. 56 (1987) 615-649.

[2] S.R. Sprang, G protein mechanisms: insights from structural analysis, Annu. Rev.
Biochem. 66 (1997) 639-678.

[3] W.M. Oldham, H.E. Hamm, Heterotrimeric G protein activation by G-protein-
coupled receptors, Nat. Rev. Mol. Cell Biol. 9 (2008) 60-71.

[4] T.K. Bjarnadottir, D.E. Gloriam, S.H. Hellstrand, H. Kristiansson, R. Fredriksson, H.B.

Schioth, Comprehensive repertoire and phylogenetic analysis of the G protein-

coupled receptors in human and mouse, Genomics 88 (2006) 263-273.

J.E. Freedman, F.F. Weight, Single K* channels activated by D, dopamine receptors

in acutely dissociated neurons from rat corpus striatum, Proc. Natl. Acad. Sci. US.A.

85 (1988) 3618-3622.

P. Scheerer, ].H. Park, P.W. Hildebrand, Y.J. Kim, N. Krauss, HW. Choe, K.P. Hofmann,

O.P. Ernst, Crystal structure of opsin in its G-protein-interacting conformation,

Nature 455 (2008) 497-502.

S.G. Rasmussen, B.T. DeVree, Y. Zou, A.C. Kruse, K.Y. Chung, T.S. Kobilka, F.S. Thian,

P.S. Chae, E. Pardon, D. Calinski, ].M. Mathiesen, S.T. Shah, J.A. Lyons, M. Caffrey, S.H.

Gellman, J. Steyaert, G. Skiniotis, W.I. Weis, RK. Sunahara, B.K. Kobilka, Crystal

structure of the beta2 adrenergic receptor-Gs protein complex, Nature 477 (2011)

549-555.

M.R. Koelle, HR. Horvitz, EGL-10 regulates G protein signaling in the C. elegans

nervous system and shares a conserved domain with many mammalian proteins,

Cell 84 (1996) 115-125.

S. Hollinger, J.R. Hepler, Cellular regulation of RGS proteins: modulators and inte-

grators of G protein signaling, Pharmacol. Rev. 54 (2002) 527-559.

[10] E.M. Ross, T.M. Wilkie, GTPase-activating proteins for heterotrimeric G proteins:
regulators of G protein signaling (RGS) and RGS-like proteins, Annu. Rev. Biochem.
69 (2000) 795-827.

[11] D.M. Berman, T.M. Wilkie, A.G. Gilman, GAIP and RGS4 are GTPase-activating
proteins for the G; subfamily of G protein o subunits, Cell 86 (1996) 445-452.

[12] AJ. Kimple, D.E. Bosch, P.M. Giguére, D.P. Siderovski, Regulators of G-protein
signaling and their Goe substrates: promises and challenges in their use as drug
discovery targets, Pharmacol. Rev. 63 (2011) 728-749.

[13] E.L.Riddle, RA. Schwartzman, M. Bond, P.A. Insel, Multi-tasking RGS proteins in the
heart: the next therapeutic target? Circ. Res. 96 (2005) 401-411.

[14] A.Hiol, P.C. Davey, ].L. Osterhout, A.A. Waheed, E.R. Fischer, CK. Chen, G. Milligan,
K.M. Druey, T.L. Jones, Palmitoylation regulates regulators of G-protein signaling
(RGS) 16 function. I. Mutation of amino-terminal cysteine residues on RGS16 pre-
vents its targeting to lipid rafts and palmitoylation of an internal cysteine residue, J.
Biol. Chem. 278 (2003) 19301-19308.

[15] LS. Bernstein, A.A. Grillo, S.S. Loranger, M.E. Linder, RGS4 binds to membranes
through an amphipathic a-helix, J. Biol. Chem. 275 (2000) 18520-18526.

[16] S.P. Srinivasa, L.S. Bernstein, KJ. Blumer, M.E. Linder, Plasma membrane localiza-
tion is required for RGS4 function in Saccharomyces cerevisiae, Proc. Natl. Acad.
Sci. US.A. 95 (1998) 5584-5589.

[17] Y. Tu, S. Popov, C. Slaughter, E.M. Ross, Palmitoylation of a conserved cysteine in
the regulator of G protein signaling (RGS) domain modulates the GTPase-activating
activity of RGS4 and RGS10, J. Biol. Chem. 274 (1999) 38260-38267.

[18] Y. Tu, J. Woodson, E.M. Ross, Binding of regulator of G protein signaling (RGS)
proteins to phospholipid bilayers. Contribution of location and/or orientation to
Gtpase-activating protein activity, . Biol. Chem. 276 (2001) 20160-20166.

[19] M.R. Bristow, R.E. Hershberger, ].D. Port, E.M. Gilbert, A. Sandoval, R. Rasmussen,
AE. Cates, AM. Feldman, Beta-adrenergic pathways in nonfailing and failing
human ventricular myocardium, Circulation 82 (1990) 112-125.

[20] H.Irisawa, H.F. Brown, W. Giles, Cardiac pacemaking in the sinoatrial node, Physiol.
Rev. 73 (1993) 197-227.

[21] W. Osterrieder, Q.F. Yang, W. Trautwein, The time course of the muscarinic re-
sponse to ionophoretic acetylcholine application to the S-A node of the rabbit
heart, Pflugers Arch. 389 (1981) 283-291.

[22] J.W.Hell, C.T. Yokoyama, S.T. Wong, C. Warner, T.P. Snutch, W.A. Catterall, Differen-
tial phosphorylation of two size forms of the neuronal class C L-type calcium chan-
nel alpha 1 subunit, J. Biol. Chem. 268 (1993) 19451-19457.

[23] H. Reuter, H. Scholz, A study of the ion selectivity and the kinetic properties of the
calcium dependent slow inward current in mammalian cardiac muscle, ]. Physiol.
264 (1977) 17-47.

[24] N. Sperelakis, ].A. Schneider, A metabolic control mechanism for calcium ion influx
that may protect the ventricular myocardial cell, Am. J. Cardiol. 37 (1976)
1079-1085.

[25] T.J. Kamp,].W. Hell, Regulation of cardiac L-type calcium channels by protein kinase
A and protein kinase C, Circ. Res. 87 (2000) 1095-1102.

[26] T.F. McDonald, S. Pelzer, W. Trautwein, D.J. Pelzer, Regulation and modulation of
calcium channels in cardiac, skeletal, and smooth muscle cells, Physiol. Rev. 74
(1994) 365-507.

[27] M.C. Sanguinetti, N.K. Jurkiewicz, A. Scott, P.K. Siegl, Isoproterenol antagonizes
prolongation of refractory period by the class Ill antiarrhythmic agent E-4031 in
guinea pig myocytes. Mechanism of action, Circ. Res. 68 (1991) 77-84.

[28] S.0. Mar, J. Kurokawa, S. Reiken, H. Motoike, . D'Armiento, A.R. Marks, R.S. Kass,
Requirement of a macromolecular signaling complex for beta adrenergic
receptor modulation of the KCNQ1-KCNE1 potassium channel, Science 295 (2002)
496-499.

[29] K.B. Walsh, R.S. Kass, Regulation of a heart potassium channel by protein kinase A
and C, Science 242 (1988) 67-69.

[30] RS. Kass, M.C. Sanguinetti, Inactivation of calcium channel current in the calf car-
diac Purkinje fiber. Evidence for voltage- and calcium-mediated mechanisms, ].
Gen. Physiol. 84 (1984) 705-726.

[31] KS. Lee, E. Marban, RW. Tsien, Inactivation of calcium channels in mammalian
heart cells: joint dependence on membrane potential and intracellular calcium,
J. Physiol. 364 (1985) 395-411.

5

6

[7

8

[9


http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0010
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0010
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0015
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0015
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0020
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0020
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0020
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0040
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0040
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0040
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0045
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0045
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0050
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0050
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0050
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0055
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0055
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0055
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0060
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0060
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0060
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0065
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0065
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0075
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0075
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0085
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0085
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0085
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0090
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0090
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0090
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0095
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0095
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0095
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0100
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0100
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0105
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0105
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0105
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0130
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0130
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0130
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0145
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0145
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0150
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0150
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0150
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0155
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0155
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0155

528
(32]
(33]
[34]

(35]

(36]
(37]
(38]
(39]
[40]
[41]
[42]
[43]
[44]
[45]
(46]
[47]
(48]

[49]

[50]

[51]
[52]
(53]
[54]
[55]
[56]
[57]

(58]

[59]

(60]

(61]

[62]

(63]

[64

(65]

(66]
[67]
(68]

[69]

A. Inanobe, Y. Kurachi / Biochimica et Biophysica Acta 1838 (2014) 521-531

D.W. Hilgemann, S. Feng, C. Nasuhoglu, The complex and intriguing lives of PIP,
with ion channels and transporters, Sci. STKE 2001 (2001) re19.

D.A. Brown, M currents, lon Channels 1 (1988) 55-94.

H.H. Hansen, O. Waroux, V. Seutin, TJ. Jentsch, S. Aznar, ].D. Mikkelsen, Kv7 channels:
interaction with dopaminergic and serotonergic neurotransmission in the CNS,
J. Physiol. 586 (2008) 1823-1832.

G. Vigneswaran, R. Philipp, RN. Lemon, A. Kraskov, M; corticospinal mirror
neurons and their role in movement suppression during action observation, Curr.
Biol. 23 (2013) 236-243.

D.A. Brown, P.R. Adams, Muscarinic suppression of a novel voltage-sensitive K™
current in a vertebrate neurone, Nature 283 (1980) 673-676.

D.A. Brown, G.M. Passmore, Neural KCNQ (Kv7) channels, Br. J. Pharmacol. 156
(2009) 1185-1195.

TJ. Jentsch, Neuronal KCNQ potassium channels: physiology and role in disease,
Nat. Rev. Neurosci. 1 (2000) 21-30.

J. Robbins, KCNQ potassium channels: physiology, pathophysiology, and pharma-
cology, Pharmacol. Ther. 90 (2001) 1-19.

D.W. Hilgemann, R. Ball, Regulation of cardiac Na*, Ca?>* exchange and KATP
potassium channels by PIP2, Science 273 (1996) 956-959.

S.L. Shyng, C.G. Nichols, Membrane phospholipid control of nucleotide sensitivity
of Karp channels, Science 282 (1998) 1138-1141.

H. Zhang, C. He, X. Yan, T. Mirshahi, D.E. Logothetis, Activation of inwardly rectifying
K* channels by distinct PtdIns(4,5)P, interactions, Nat. Cell Biol. 1 (1999) 183-188.

C.M. Lopes, T. Rohacs, G. Czirjak, T. Balla, P. Enyedi, D.E. Logothetis, PIP, hydrolysis
underlies agonist-induced inhibition and regulates voltage gating of two-pore
domain K* channels, J. Physiol. 564 (2005) 117-129.

D.E. Clapham, TRP channels as cellular sensors, Nature 426 (2003) 517-524.

C. Montell, L. Birnbaumer, V. Flockerzi, The TRP channels, a remarkably functional
family, Cell 108 (2002) 595-598.

N. Takahashi, D. Kozai, Y. Mori, TRP channels: sensors and transducers of
gasotransmitter signals, Front. Physiol. 3 (2012) 324.

T. Voets, K. Talavera, G. Owsianik, B. Nilius, Sensing with TRP channels, Nat. Chem.
Biol. 1 (2005) 85-92.

K. Mikoshiba, M. Hattori, IP; receptor-operated calcium entry, Sci. STKE 2000
(2000) pel.

0. Saitoh, Y. Kubo, M. Odagiri, M. Ichikawa, K. Yamagata, T. Sekine, RGS7 and RGS8
differentially accelerate G protein-mediated modulation of K* currents, ]. Biol.
Chem. 274 (1999) 9899-9904.

S.B. Dillon, M.W. Verghese, R. Snyderman, Signal transduction in cells following
binding of chemoattractants to membrane receptors, Virchows Arch. B Cell Pathol.
Incl. Mol. Pathol. 55 (1988) 65-80.

K.P. Huang, The mechanism of protein kinase C activation, Trends Neurosci. 12
(1989) 425-432.

O.H. Petersen, Y. Maruyama, Calcium-activated potassium channels and their role
in secretion, Nature 307 (1984) 693-696.

C. Vergara, R. Latorre, N.V. Marrion, J.P. Adelman, Calcium-activated potassium
channels, Curr. Opin. Neurobiol. 8 (1998) 321-329.

S. Frings, D. Reuter, SJ. Kleene, Neuronal Ca?*-activated CI~ channels — homing in
on an elusive channel species, Prog. Neurobiol. 60 (2000) 247-289.

F. Huang, X. Wong, L. Jan, International Union of Basic and Clinical Pharmacology.
LXXXV: calcium-activated chloride channels, Pharmacol. Rev. 64 (2012) 1-15.

C. Christel, A. Lee, Ca®> "-dependent modulation of voltage-gated Ca®>* channels,
Biochim. Biophys. Acta 1820 (2012) 1243-1252.

I. Findlay, Physiological modulation of inactivation in L-type Ca?* channels: one
switch, J. Physiol. 554 (2004) 275-283.

S.N. Saleh, A.P. Albert, C.M. Peppiatt, W.A. Large, Angiotensin Il activates two cation
conductances with distinct TRPC1 and TRPC6 channel properties in rabbit mesen-
teric artery myocytes, J. Physiol. 577 (2006) 479-495.

R. Inoue, G. Isenberg, Acetylcholine activates nonselective cation channels in guin-
ea pig ileum through a G protein, Am. J. Physiol. 258 (1990) C1173-C1178.

AV. Zholos, AAA. Zholos, T.B. Bolton, G-protein-gated TRP-like cationic channel
activated by muscarinic receptors: effect of potential on single-channel gating,
J. Gen. Physiol. 123 (2004) 581-598.

J.C. Gonzalez-Cobos, M. Trebak, TRPC channels in smooth muscle cells, Front.
Biosci. (Landmark Ed.) 15 (2010) 1023-1039.

M. Trebak, L. Lemonnier, J.T. Smyth, G. Vazquez, JW. Putney ]Jr., Phospholipase
C-coupled receptors and activation of TRPC channels, Handb. Exp. Pharmacol.
(2007) 593-614.

G. Vazquez, BJ. Wedel, O. Aziz, M. Trebak, ].W. Putney Jr., The mammalian TRPC
cation channels, Biochim. Biophys. Acta 1742 (2004) 21-36.

J. Soboloff, M. Spassova, T. Hewavitharana, L.P. He, P. Luncsford, W. Xu, K.
Venkatachalam, D. van Rossum, R.L. Patterson, D.L. Gill, TRPC channels: integrators
of multiple cellular signals, Handb. Exp. Pharmacol. (2007) 575-591.

K. Morishige, A. Inanobe, Y. Yoshimoto, H. Kurachi, Y. Murata, Y. Tokunaga, T.
Maeda, Y. Maruyama, Y. Kurachi, Secretagogue-induced exocytosis recruits G
protein-gated K™ channels to plasma membrane in endocrine cells, ]. Biol. Chem.
274 (1999) 7969-7974.

H.K. Caldwell, HJ. Lee, A.H. Macbeth, W.S. Young III, Vasopressin: behavioral roles
of an “original” neuropeptide, Prog. Neurobiol. 84 (2008) 1-24.

Al Dibas, AJ. Mia, T. Yorio, Aquaporins (water channels): role in vasopressin-
activated water transport, Proc. Soc. Exp. Biol. Med. 219 (1998) 183-199.

W. Wong, ].D. Scott, AKAP signalling complexes: focal points in space and time,
Nat. Rev. Mol. Cell Biol. 5 (2004) 959-970.

Y. Li, L. Chen, R.S. Kass, C.W. Dessauer, The A-kinase anchoring protein Yotiao
facilitates complex formation between adenylyl cyclase type 9 and the Ik
potassium channel in heart, J. Biol. Chem. 287 (2012) 29815-29824.

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]
[78]
[79]
[80]
[81]
[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

JW. Lin, M. Wyszynski, R. Madhavan, R. Sealock, J.U. Kim, M. Sheng, Yotiao, a novel
protein of neuromuscular junction and brain that interacts with specific splice
variants of NMDA receptor subunit NR1, J. Neurosci. 18 (1998) 2017-2027.

M. Bal, J. Zhang, C.C. Hernandez, O. Zaika, M.S. Shapiro, Ca?*/calmodulin disrupts
AKAP79/150 interactions with KCNQ (M-Type) Kt channels, ]. Neurosci. 30
(2010) 2311-2323.

N. Hoshi, J.S. Zhang, M. Omaki, T. Takeuchi, S. Yokoyama, N. Wanaverbecq, LK.
Langeberg, Y. Yoneda, ].D. Scott, D.A. Brown, H. Higashida, AKAP150 signaling com-
plex promotes suppression of the M-current by muscarinic agonists, Nat. Neurosci.
6 (2003) 564-571.

M.A. Davare, V. Avdonin, D.D. Hall, EM. Peden, A. Burette, RJ. Weinberg, M.C.
Horne, T. Hoshi, ].W. Hell, A 32 adrenergic receptor signaling complex assembled
with the Ca?* channel Cav1.2, Science 293 (2001) 98-101.

G. Liu, J. Shi, L. Yang, L. Cao, SM. Park, J. Cui, S.O. Marx, Assembly of a
Ca®*-dependent BK channel signaling complex by binding to 32 adrenergic receptor,
EMBO J. 23 (2004) 2196-2205.

P. Forscher, G.S. Oxford, D. Schulz, Noradrenaline modulates calcium channels in
avian dorsal root ganglion cells through tight receptor-channel coupling, J. Physiol.
379 (1986) 131-144.

B.P. Bean, Neurotransmitter inhibition of neuronal calcium currents by changes in
channel voltage dependence, Nature 340 (1989) 153-156.

S.R. Ikeda, Prostaglandin modulation of Ca?* channels in rat sympathetic neurones
is mediated by guanine nucleotide binding proteins, J. Physiol. 458 (1992) 339-359.
B. Hille, G protein-coupled mechanisms and nervous signaling, Neuron 9 (1992)
187-195.

AC. Dolphin, Voltage-dependent calcium channels and their modulation by neuro-
transmitters and G proteins, Exp. Physiol. 80 (1995) 1-36.

D.B. Wheeler, A. Randall, RW. Tsien, Roles of N-type and Q-type Ca®>* channels in
supporting hippocampal synaptic transmission, Science 264 (1994) 107-111.

S. Herlitze, D.E. Garcia, K. Mackie, B. Hille, T. Scheuer, W.A. Catterall, Modulation of
Ca®™ channels by G-protein beta gamma subunits, Nature 380 (1996) 258-262.
S.R. Ikeda, Voltage-dependent modulation of N-type calcium channels by G-protein
beta gamma subunits, Nature 380 (1996) 255-258.

M.D. Mark, S. Wittemann, S. Herlitze, G protein modulation of recombinant
P/Q-type calcium channels by regulators of G protein signalling proteins, J. Physiol.
528 (Pt 1) (2000) 65-77.

H. Kasai, T. Aosaki, Modulation of Ca-channel current by an adenosine analog
mediated by a GTP-binding protein in chick sensory neurons, Pflugers Arch. 414
(1989) 145-149.

D. Lipscombe, S. Kongsamut, R.W. Tsien, Alpha-adrenergic inhibition of sympathet-
ic neurotransmitter release mediated by modulation of N-type calcium-channel
gating, Nature 340 (1989) 639-642.

C. Canti, KM. Page, G.J. Stephens, A.C. Dolphin, Identification of residues in the N
terminus of o critical for inhibition of the voltage-dependent calcium channel
by GB, J. Neurosci. 19 (1999) 6855-6864.

K.M. Page, C. Canti, G.J. Stephens, N.S. Berrow, A.C. Dolphin, Identification of
the amino terminus of neuronal Ca®>* channel o; subunits o;g and oug as
an essential determinant of G-protein modulation, ]. Neurosci. 18 (1998)
4815-4824.

AA. Simen, RJ. Miller, Structural features determining differential receptor regula-
tion of neuronal Ca channels, ]. Neurosci. 18 (1998) 3689-3698.

G.J. Stephens, C. Canti, KM. Page, A.C. Dolphin, Role of domain I of neuronal Ca®*
channel alphal subunits in G protein modulation, ]J. Physiol. 509 (Pt 1) (1998)
163-169.

M. De Waard, H. Liu, D. Walker, V.E. Scott, C.A. Gurnett, K.P. Campbell, Direct bind-
ing of G-protein betagamma complex to voltage-dependent calcium channels,
Nature 385 (1997) 446-450.

G.W. Zamponi, E. Bourinet, D. Nelson, J. Nargeot, T.P. Snutch, Crosstalk between G
proteins and protein kinase C mediated by the calcium channel a1 subunit, Nature
385 (1997) 442-446.

F. Liu, Q. Wan, Z.B. Pristupa, X.M. Yu, Y.T. Wang, H.B. Niznik, Direct protein-protein
coupling enables cross-talk between dopamine D5 and <y-aminobutyric acid A
receptors, Nature 403 (2000) 274-280.

N. Qin, D. Platano, R. Olcese, E. Stefani, L. Birnbaumer, Direct interaction of Gy
with a C-terminal Gfy-binding domain of the Ca?* channel o; subunit is respon-
sible for channel inhibition by G protein-coupled receptors, Proc. Natl. Acad. Sci.
US.A. 94 (1997) 8866-8871.

E. Bourinet, TW. Soong, A. Stea, T.P. Snutch, Determinants of the G protein-
dependent opioid modulation of neuronal calcium channels, Proc. Natl. Acad. Sci.
U.S.A. 93 (1996) 1486-1491.

J.P. Roche, V. Anantharam, S.N. Treistman, Abolition of G protein inhibition of c;s
and oyp calcium channels by co-expression of the (33 subunit, FEBS Lett. 371
(1995) 43-46.

V. Campbell, N.S. Berrow, E.M. Fitzgerald, K. Brickley, A.C. Dolphin, Inhibition of the
interaction of G protein G, with calcium channels by the calcium channel
B-subunit in rat neurones, J. Physiol. 485 (Pt 2) (1995) 365-372.

C. Canti, Y. Bogdanov, A.C. Dolphin, Interaction between G proteins and accessory
subunits in the regulation of 1B calcium channels in Xenopus oocytes, J. Physiol.
527 (Pt 3) (2000) 419-432.

Z.P. Feng, M.I. Arnot, CJ. Doering, G.W. Zamponi, Calcium channel 3 subunits
differentially regulate the inhibition of N-type channels by individual G3 isoforms,
J. Biol. Chem. 276 (2001) 45051-45058.

A. Hummer, O. Delzeith, S.R. Gomez, R.L. Moreno, M.D. Mark, S. Herlitze, Competitive
and synergistic interactions of G protein >, and Ca?>* channel 3, subunits with Ca,2.1
channels, revealed by mammalian two-hybrid and fluorescence resonance energy
transfer measurements, J. Biol. Chem. 278 (2003) 49386-49400.


http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0160
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0160
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0165
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0180
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0180
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0185
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0185
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0190
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0190
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0195
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0195
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0205
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0205
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0205
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0210
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0210
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0210
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0210
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0220
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0225
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0225
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0230
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0230
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0235
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0235
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0240
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0240
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0240
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0245
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0245
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0245
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0245
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0250
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0250
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0250
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0255
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0255
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0260
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0260
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0265
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0265
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0275
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0275
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0290
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0290
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0290
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0295
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0295
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0300
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0300
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0300
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0305
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0305
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0315
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0315
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0320
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0320
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0320
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0330
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0330
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0335
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0335
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0340
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0340
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0345
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0345
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0345
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0350
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0350
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0350
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0360
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0360
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0360
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0360
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0365
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0365
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0365
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0365
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0365
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0370
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0370
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0370
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0370
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0370
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0375
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0375
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0375
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0380
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0380
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0385
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0385
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0385
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0385
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0390
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0390
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0395
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0395
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0400
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0400
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0400
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0400
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0405
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0405
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0405
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0405
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0410
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0410
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0415
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0415
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0415
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0420
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0420
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0420
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0425
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0425
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0425
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0430
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0430
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0430
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0430
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0435
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0440
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0440
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0445
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0445
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0445
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0445
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0450
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0450
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0450
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0455
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0455
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0455
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0460
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0460
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0460
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0465
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0465
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0465
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0465
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0465
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0465
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0465
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0470
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0470
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0470
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0475
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0475
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0475
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0475
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0475
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0480
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0480
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0480
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0480
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0485
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0485
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0485
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0490
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0490
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0490
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0495

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]
[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

A. Inanobe, Y. Kurachi / Biochimica et Biophysica Acta 1838 (2014) 521-531

A. Meir, D.C. Bell, GJ. Stephens, K.M. Page, A.C. Dolphin, Calcium channel 3 subunit
promotes voltage-dependent modulation of o5 by GPv, Biophys. J. 79 (2000)
731-746.

G. Sandoz, I. Lopez-Gonzalez, D. Grunwald, D. Bichet, X. Altafaj, N. Weiss, M. Ronjat,
A. Dupuis, M. De Waard, Ca,f3-subunit displacement is a key step to induce the
reluctant state of P/Q calcium channels by direct G protein regulation, Proc. Natl.
Acad. Sci. US.A. 101 (2004) 6267-6272.

H.W. Tedford, G.W. Zamponi, Direct G protein modulation of Ca,2 calcium
channels, Pharmacol. Rev. 58 (2006) 837-862.

C. Koike, T. Obara, Y. Uriu, T. Numata, R. Sanuki, K. Miyata, T. Koyasu, S. Ueno, K.
Funabiki, A. Tani, H. Ueda, M. Kondo, Y. Mori, M. Tachibana, T. Furukawa, TRPM1
is a component of the retinal ON bipolar cell transduction channel in the
mGIuR6 cascade, Proc. Natl. Acad. Sci. US.A. 107 (2010) 332-337.

CW. Morgans, J. Zhang, B.G. Jeffrey, S.M. Nelson, N.S. Burke, R.M. Duvoisin, R.L.
Brown, TRPM1 is required for the depolarizing light response in retinal
ON-bipolar cells, Proc. Natl. Acad. Sci. US.A. 106 (2009) 19174-19178.

Y. Xu, A. Dhingra, M.E. Fina, C. Koike, T. Furukawa, N. Vardi, mGIuR6 deletion
renders the TRPM1 channel in retina inactive, J. Neurophysiol. 107 (2011)
948-957.

A. Dhingra, H. Ramakrishnan, A. Neinstein, M.E. Fina, Y. Xu, ]. Li, D.C. Chung, A.
Lyubarsky, N. Vardi, GB3 is required for normal light ON responses and synaptic
maintenance, J. Neurosci. 32 (2012) 11343-11355.

Y. Shen, M.A. Rampino, R.C. Carroll, S. Nawy, G-protein-mediated inhibition of the
Trp channel TRPM1 requires the Gy dimer, Proc. Natl. Acad. Sci. U.S.A. 109 (2012)
8752-8757.

I. Audo, S. Kohl, B.P. Leroy, F.L. Munier, X. Guillonneau, S. Mohand-Said, K.
Bujakowska, E.F. Nandrot, B. Lorenz, M. Preising, U. Kellner, A.B. Renner, A. Bernd,
A. Antonio, V. Moskova-Doumanova, M.E. Lancelot, C.M. Poloschek, I. Drumare, S.
Defoort-Dhellemmes, B. Wissinger, T. Leveillard, C.P. Hamel, D.F. Schorderet, E.
De Baere, W. Berger, S.G. Jacobson, E. Zrenner, J.A. Sahel, S.S. Bhattacharya, C.
Zeitz, TRPM1 is mutated in patients with autosomal-recessive complete congenital
stationary night blindness, Am. J. Hum. Genet. 85 (2009) 720-729.

Z. Li, P.I. Sergouniotis, M. Michaelides, D.S. Mackay, G.A. Wright, S. Devery, A.T.
Moore, G.E. Holder, A.G. Robson, A.R. Webster, Recessive mutations of the gene
TRPM1 abrogate ON bipolar cell function and cause complete congenital stationary
night blindness in humans, Am. J. Hum. Genet. 85 (2009) 711-719.

M.M. van Genderen, M.M. Bijveld, Y.B. Claassen, RJ. Florijn, J.N. Pearring, F.M.
Meire, M.A. McCall, F.C. Riemslag, R.G. Gregg, A.A. Bergen, M. Kamermans,
Mutations in TRPM1 are a common cause of complete congenital stationary
night blindness, Am. J. Hum. Genet. 85 (2009) 730-736.

D. Kim, Physiology and pharmacology of two-pore domain potassium channels,
Curr. Pharm. Des. 11 (2005) 2717-2736.

F. Lesage, M. Lazdunski, Molecular and functional properties of two-pore-domain
potassium channels, Am. J. Physiol. Renal Physiol. 279 (2000) F793-F801.

D.P. Lotshaw, Biophysical, pharmacological, and functional characteristics of cloned
and native mammalian two-pore domain K* channels, Cell Biochem. Biophys. 47
(2007) 209-256.

D.H. Woo, KS. Han, J.W. Shim, B.E. Yoon, E. Kim, ].Y. Bae, SJ. Oh, EM. Hwang, A.D.
Marmorstein, Y.C. Bae, J.Y. Park, CJ. Lee, TREK-1 and Best1 channels mediate fast and
slow glutamate release in astrocytes upon GPCR activation, Cell 151 (2012) 25-40.
G.E. Yevenes, RW. Peoples, ].C. Tapia, J. Parodi, X. Soto, J. Olate, L.G. Aguayo, Mod-
ulation of glycine-activated ion channel function by G-protein vy subunits, Nat.
Neurosci. 6 (2003) 819-824.

J.P. Jeon, C. Hong, EJ. Park, J.H. Jeon, N.H. Cho, L.G. Kim, H. Choe, S. Muallem, H.J.
Kim, I. So, Selective Goy; subunits as novel direct activators of transient receptor
potential canonical (TRPC)4 and TRPC5 channels, ]. Biol. Chem. 287 (2012)
17029-17039.

0. Loewi, Uber humorale Ubertragbarkeit der Herznervenwirkung, Pflugers Arch.
189 (1921) 239-242.

0. Loewi, E. Navratil, Uber humorale Ubertragbarkeit der Herznervenwirkung.
VI. Der Angriffspunkt des Atropins, Pflugers Arch. 214 (1926) 678-688.

J. Del Castillo, B. Katz, Production of membrane potential changes in the frog's heart
by inhibitory nerve impulses, Nature 175 (1955) 1035.

O.F. Hutter, W. Trautwein, Vagal and sympathetic effects on the pacemaker fibers
in the sinus venosus of the heart, J. Gen. Physiol. 39 (1956) 715-733.

W. Trautwein, ]. Dudel, Mechanism of membrane effect of acetylcholine on myo-
cardial fibers, Pflugers Arch. 266 (1958) 324-334.

A. Noma, W. Trautwein, Relaxation of the ACh-induced potassium current in the
rabbit sinoatrial node cell, Pflugers Arch. 377 (1978) 193-200.

G.E. Breitwieser, G. Szabo, Uncoupling of cardiac muscarinic and B-adrenergic
receptors from ion channels by a guanine nucleotide analogue, Nature 317
(1985) 538-540.

PJ. Pfaffinger, JM. Martin, D.D. Hunter, N.M. Nathanson, B. Hille, GTP-binding
proteins couple cardiac muscarinic receptors to a K channel, Nature 317 (1985)
536-538.

Y. Kurachi, T. Nakajima, T. Sugimoto, Acetylcholine activation of K* channels in
cell-free membrane of atrial cells, Am. J. Physiol. 251 (1986) H681-H684.

Y. Kurachi, T. Nakajima, T. Sugimoto, On the mechanism of activation of muscarinic
K* channels by adenosine in isolated atrial cells: involvement of GTP-binding
proteins, Pflugers Arch. 407 (1986) 264-274.

H. Hibino, A. Inanobe, K. Furutani, S. Murakami, I. Findlay, Y. Kurachi, Inwardly
rectifying potassium channels: their structure, function, and physiological roles,
Physiol. Rev. 90 (2010) 291-366.

C. Luscher, P.A. Slesinger, Emerging roles for G protein-gated inwardly rectifying
potassium (GIRK) channels in health and disease, Nat. Rev. Neurosci. 11 (2010)
301-315.

[129]
[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

529

M. Yamada, A. Inanobe, Y. Kurachi, G protein regulation of potassium ion channels,
Pharmacol. Rev. 50 (1998) 723-760.

D. Bichet, FA. Haass, LY. Jan, Merging functional studies with structures of
inward-rectifier K™ channels, Nat. Rev. Neurosci. 4 (2003) 957-967.

Y. Kubo, J.P. Adelman, D.E. Clapham, L.Y. Jan, A. Karschin, Y. Kurachi, M. Lazdunski,
C.G. Nichols, S. Seino, C.A. Vandenberg, International Union of Pharmacology. LIV.
Nomenclature and molecular relationships of inwardly rectifying potassium chan-
nels, Pharmacol. Rev. 57 (2005) 509-526.

S.R. Durell, HR. Guy, A family of putative Kir potassium channels in prokaryotes,
BMC Evol. Biol. 1 (2001) 14.

A. Inanobe, H. Ito, M. Ito, Y. Hosoya, Y. Kurachi, Immunological and physical char-
acterization of the brain G protein-gated muscarinic potassium channel, Biochem.
Biophys. Res. Commun. 217 (1995) 1238-1244.

KF. Raab-Graham, C.A. Vandenberg, Tetrameric subunit structure of the native
brain inwardly rectifying potassium channel Kir 2.2, J. Biol. Chem. 273 (1998)
19699-19707.

G. Krapivinsky, E.A. Gordon, K. Wickman, B. Velimirovic, L. Krapivinsky, D.E.
Clapham, The G-protein-gated atrial K* channel Ixacy, is a heteromultimer of two
inwardly rectifying K*-channel proteins, Nature 374 (1995) 135-141.

S. Corey, G. Krapivinsky, L. Krapivinsky, D.E. Clapham, Number and stoichiometry
of subunits in the native atrial G-protein-gated K* channel, Iacy, J. Biol. Chem.
273 (1998) 5271-5278.

Y.J. Liao, Y.N. Jan, LY. Jan, Heteromultimerization of G-protein-gated inwardly rec-
tifying K* channel proteins GIRK1 and GIRK2 and their altered expression in
weaver brain, J. Neurosci. 16 (1996) 7137-7150.

A. Inanobe, Y. Yoshimoto, Y. Horio, K.I. Morishige, H. Hibino, S. Matsumoto, Y.
Tokunaga, T. Maeda, Y. Hata, Y. Takai, Y. Kurachi, Characterization of G-protein-
gated K channels composed of Kir3.2 subunits in dopaminergic neurons of the
substantia nigra, J. Neurosci. 19 (1999) 1006-1017.

F. Lesage, E. Guillemare, M. Fink, F. Duprat, C. Heurteaux, M. Fosset, G. Romey, .
Barhanin, M. Lazdunski, Molecular properties of neuronal G-protein-activated in-
wardly rectifying K* channels, J. Biol. Chem. 270 (1995) 28660-28667.

P. Kofuji, N. Davidson, H.A. Lester, Evidence that neuronal G-protein-gated
inwardly rectifying K* channels are activated by Gpy subunits and function
as heteromultimers, Proc. Natl. Acad. Sci. U.S.A. 92 (1995) 6542-6546.

C. Karschin, E. Dissmann, W. Stuhmer, A. Karschin, IRK(1-3) and GIRK(1-4)
inwardly rectifying K™ channel mRNAs are differentially expressed in the adult
rat brain, J. Neurosci. 16 (1996) 3559-3570.

B.M. Velimirovic, E.A. Gordon, N.F. Lim, B. Navarro, D.E. Clapham, The K™ channel
inward rectifier subunits form a channel similar to neuronal G protein-gated K*
channel, FEBS Lett. 379 (1996) 31-37.

T.M. Jelacic, M.E. Kennedy, K. Wickman, D.E. Clapham, Functional and biochemical
evidence for G-protein-gated inwardly rectifying K™ (GIRK) channels composed of
GIRK2 and GIRK3, J. Biol. Chem. 275 (2000) 36211-36216.

L. Koyrakh, R. Lujan, J. Colon, C. Karschin, Y. Kurachi, A. Karschin, K. Wickman,
Molecular and cellular diversity of neuronal G-protein-gated potassium channels,
J. Neurosci. 25 (2005) 11468-11478.

S. Signorini, Y.J. Liao, S.A. Duncan, L.Y. Jan, M. Stoffel, Normal cerebellar
development but susceptibility to seizures in mice lacking G protein-
coupled, inwardly rectifying K* channel GIRK2, Proc. Natl. Acad. Sci. U.S.A.
94 (1997) 923-927.

P.A. Slesinger, M. Stoffel, Y.N. Jan, L.Y. Jan, Defective gamma-aminobutyric acid type
B receptor-activated inwardly rectifying K* currents in cerebellar granule cells
isolated from weaver and Girk2 null mutant mice, Proc. Natl. Acad. Sci. US.A. 94
(1997) 12210-12217.

K. Wickman, J. Nemec, SJ. Gendler, D.E. Clapham, Abnormal heart rate regulation
in GIRK4 knockout mice, Neuron 20 (1998) 103-114.

M. Torrecilla, C.L. Marker, S.C. Cintora, M. Stoffel, J.T. Williams, K. Wickman,
G-protein-gated potassium channels containing Kir3.2 and Kir3.3 subunits medi-
ate the acute inhibitory effects of opioids on locus ceruleus neurons, ]. Neurosci.
22 (2002) 4328-4334.

M. Pravetoni, K. Wickman, Behavioral characterization of mice lacking GIRK/Kir3
channel subunits, Genes Brain Behav. 7 (2008) 523-531.

L.B. Kozell, N.A. Walter, L.C. Milner, K. Wickman, KJ. Buck, Mapping a barbiturate
withdrawal locus to a 0.44 Mb interval and analysis of a novel null mutant identify
arole for Kenj9 (GIRK3) in withdrawal from pentobarbital, zolpidem, and ethanol,
J. Neurosci. 29 (2009) 11662-11673.

M. Nishida, R. MacKinnon, Structural basis of inward rectification: cytoplasmic
pore of the G protein-gated inward rectifier GIRK1 at 1.8 A resolution, Cell 111
(2002) 957-965.

A.Kuo, .M. Gulbis, ].F. Antcliff, T. Rahman, E.D. Lowe, ]. Zimmer, ]. Cuthbertson, F.M.
Ashcroft, T. Ezaki, D.A. Doyle, Crystal structure of the potassium channel KirBac1.1
in the closed state, Science 300 (2003) 1922-1926.

R. MacKinnon, Potassium channels, FEBS Lett. 555 (2003) 62-65.

Y. Jiang, A. Lee, ]. Chen, M. Cadene, B.T. Chait, R. MacKinnon, The open pore confor-
mation of potassium channels, Nature 417 (2002) 523-526.

L.G. Cuello, V. Jogini, D.M. Cortes, E. Perozo, Structural mechanism of C-type inacti-
vation in K* channels, Nature 466 (2010) 203-208.

D.A. Doyle, J. Morais Cabral, R.A. Pfuetzner, A. Kuo, J.M. Gulbis, S.L. Cohen, B.T. Chait,
R. MacKinnon, The structure of the potassium channel: molecular basis of K™
conduction and selectivity, Science 280 (1998) 69-77.

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

Y.Jiang, A. Lee, J. Chen, V. Ruta, M. Cadene, B.T. Chait, R. MacKinnon, X-ray structure
of a voltage-dependent K™ channel, Nature 423 (2003) 33-41.


http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0500
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0500
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0500
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0500
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0505
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0505
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0505
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0505
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0505
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0510
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0510
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0510
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0515
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0515
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0515
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0515
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0520
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0520
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0520
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0525
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0525
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0525
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0530
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0530
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0530
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0535
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0535
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0535
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0540
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0540
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0540
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0540
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0540
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0540
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0540
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0545
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0545
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0545
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0545
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0550
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0550
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0550
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0550
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0555
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0555
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0560
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0560
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0565
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0565
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0565
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0565
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0570
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0570
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0570
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0575
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0575
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0575
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0580
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0580
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0580
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0580
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0580
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0585
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0585
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0590
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0590
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0595
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0595
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0600
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0600
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1345
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1345
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0605
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0605
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0610
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0610
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0610
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0615
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0615
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0615
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0620
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0620
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0620
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0625
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0625
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0625
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0625
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0630
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0630
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0630
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0635
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0635
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0635
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0640
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0640
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0645
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0645
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0645
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0650
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0650
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0650
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0650
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0655
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0655
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0660
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0660
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0660
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0665
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0665
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0665
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0670
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0670
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0670
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0670
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0670
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0670
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0675
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0675
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0675
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0675
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0675
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0680
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0680
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0680
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0680
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0685
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0685
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0685
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0685
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0685
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0690
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0690
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0690
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0690
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0695
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0695
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0695
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0695
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0700
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0700
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0700
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0700
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0705
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0705
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0705
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0705
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0710
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0710
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0710
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0710
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0715
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0715
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0715
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0720
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0720
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0720
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0720
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0720
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0725
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0725
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0725
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0725
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0725
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0730
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0730
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0735
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0735
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0735
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0735
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0740
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0740
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0745
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0745
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0745
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0745
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0750
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0750
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0750
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1350
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1350
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1350
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0755
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0760
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0760
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0765
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0765
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0765
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0770
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0770
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0770
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0775
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0775
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0775
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0780
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0780
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0780

530

[159]

[160]

[161]

[162]
[163]
[164]
[165]
[166]
[167]

[168]

[169]

[170]

[171]
[172]

[173]

[174]

[175]

[176]

[177]
[178]
[179]
[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]
[190]
[191]

[192]

[193]

A. Inanobe, Y. Kurachi / Biochimica et Biophysica Acta 1838 (2014) 521-531

S.B. Long, E.B. Campbell, R. Mackinnon, Crystal structure of a mammalian
voltage-dependent Shaker family K* channel, Science 309 (2005) 897-903.

S.B. Long, X. Tao, E.B. Campbell, R. MacKinnon, Atomic structure of a voltage-
dependent K* channel in a lipid membrane-like environment, Nature 450
(2007) 376-382.

S.G. Brohawn, ]. del Marmol, R. MacKinnon, Crystal structure of the human K2P
TRAAK, a lipid- and mechano-sensitive K™ ion channel, Science 335 (2012)
436-441.

J. Payandeh, T. Scheuer, N. Zheng, W.A. Catterall, The crystal structure of a
voltage-gated sodium channel, Nature 475 (2012) 353-358.

Al Sobolevsky, M.P. Rosconi, E. Gouaux, X-ray structure, symmetry and mecha-
nism of an AMPA-subtype glutamate receptor, Nature 462 (2009) 745-756.

N. Shi, S. Ye, A. Alam, L. Chen, Y. Jiang, Atomic structure of a Na'- and
K" -conducting channel, Nature 440 (2006) 570-574.

A. Alam, Y. Jiang, High-resolution structure of the open NaK channel, Nat. Struct.
Mol. Biol. 16 (2009) 30-34.

A. Alam, Y. Jiang, Structural analysis of ion selectivity in the NaK channel, Nat.
Struct. Mol. Biol. 16 (2009) 35-41.

Z. Lu, AM. Klem, Y. Ramu, lon conduction pore is conserved among potassium
channels, Nature 413 (2001) 809-813.

T. Jin, L. Peng, T. Mirshahi, T. Rohacs, KW. Chan, R. Sanchez, D.E. Logothetis, The 3y
subunits of G proteins gate a K™ channel by pivoted bending of a transmembrane
segment, Mol. Cell 10 (2002) 469-481.

J. Yang, Y.N. Jan, L.Y. Jan, Control of rectification and permeation by residues in two
distinct domains in an inward rectifier K* channel, Neuron 14 (1995) 1047-1054.
Y. Kubo, Y. Murata, Control of rectification and permeation by two distinct sites
after the second transmembrane region in Kir2.1 K* channel, ]. Physiol. 531
(2001) 645-660.

Z. Lu, R. MacKinnon, Electrostatic tuning of Mg?* affinity in an inward-rectifier K™
channel, Nature 371 (1994) 243-246.

H. Matsuda, A. Saigusa, H. Irisawa, Ohmic conductance through the inwardly recti-
fying K channel and blocking by internal Mg?*, Nature 325 (1987) 156-159.
AN. Lopatin, E.N. Makhina, C.G. Nichols, Potassium channel block by cytoplasmic
polyamines as the mechanism of intrinsic rectification, Nature 372 (1994)
366-369.

K. Furutani, Y. Ohno, A. Inanobe, H. Hibino, Y. Kurachi, Mutational and in silico
analyses for antidepressant block of astroglial inward-rectifier Kir4.1 channel,
Mol. Pharmacol. 75 (2009) 1287-1295.

Y. Ohno, H. Hibino, C. Lossin, A. Inanobe, Y. Kurachi, Inhibition of astroglial Kir4.1
channels by selective serotonin reuptake inhibitors, Brain Res. 1178 (2007) 44-51.
S. Su, Y. Ohno, C. Lossin, H. Hibino, A. Inanobe, Y. Kurachi, Inhibition of astroglial
inwardly rectifying Kir4.1 channels by a tricyclic antidepressant, nortriptyline,
J. Pharmacol. Exp. Ther. 320 (2007) 573-580.

E. Neher, B. Sakmann, Single-channel currents recorded from membrane of dener-
vated frog muscle fibres, Nature 260 (1976) 799-802.

FJ. Sigworth, E. Neher, Single Na™ channel currents observed in cultured rat
muscle cells, Nature 287 (1980) 447-449.

EJ. Sigworth, S.M. Sine, Data transformations for improved display and fitting of
single-channel dwell time histograms, Biophys. J. 52 (1987) 1047-1054.

D. Colquhoun, A.G. Hawkes, A note on correlations in single ion channel records,
Proc. R. Soc. Lond. B Biol. Sci. 230 (1987) 15-52.

Y. Hosoya, M. Yamada, H. Ito, Y. Kurachi, A functional model for G protein activa-
tion of the muscarinic K™ channel in guinea pig atrial myocytes. Spectral analysis
of the effect of GTP on single-channel kinetics, J. Gen. Physiol. 108 (1996) 485-495.
T.T. Ivanova-Nikolova, E.N. Nikolov, C. Hansen, ].D. Robishaw, Muscarinic K* chan-
nel in the heart. Modal regulation by G protein {3y subunits, J. Gen. Physiol. 112
(1998) 199-210.

J- Nemec, K. Wickman, D.E. Clapham, GBy binding increases the open time of Iyacn:
kinetic evidence for multiple GR binding sites, Biophys. J. 76 (1999) 246-252.

J. Bard, M.T. Kunkel, E.G. Peralta, Single channel studies of inward rectifier potassi-
um channel regulation by muscarinic acetylcholine receptors, J. Gen. Physiol. 116
(2000) 645-652.

D. Yakubovich, V. Pastushenko, A. Bitler, CW. Dessauer, N. Dascal, Slow modal
gating of single G protein-activated K channels expressed in Xenopus oocytes,
J. Physiol. 524 (Pt 3) (2000) 737-755.

B. Sakmann, A. Noma, W. Trautwein, Acetylcholine activation of single muscarinic
K™ channels in isolated pacemaker cells of the mammalian heart, Nature 303
(1983) 250-253.

JJ. Grigg, T. Kozasa, Y. Nakajima, S. Nakajima, Single-channel properties of a
G-protein-coupled inward rectifier potassium channel in brain neurons,
J. Neurophysiol. 75 (1996) 318-328.

T.T. Ivanova-Nikolova, G.E. Breitwieser, Effector contributions to Gf>y-mediated
signaling as revealed by muscarinic potassium channel gating, J. Gen. Physiol.
109 (1997) 245-253.

C.L. Huang, S. Feng, D.W. Hilgemann, Direct activation of inward rectifier potassi-
um channels by PIP, and its stabilization by Gf3y, Nature 391 (1998) 803-806.

D. Kim, Modulation of acetylcholine-activated K* channel function in rat atrial
cells by phosphorylation, J. Physiol. 437 (1991) 133-155.

D.E. Logothetis, T. Jin, D. Lupyan, A. Rosenhouse-Dantsker, Phosphoinositide-mediated
gating of inwardly rectifying K* channels, Pflugers Arch. 455 (2007) 83-95.

C.M. Lopes, H. Zhang, T. Rohacs, T. Jin, J. Yang, D.E. Logothetis, Alterations in con-
served Kir channel-PIP, interactions underlie channelopathies, Neuron 34 (2002)
933-944.

D.E. Logothetis, Y. Kurachi, ]. Galper, E.J. Neer, D.E. Clapham, The {37y subunits of
GTP-binding proteins activate the muscarinic K* channel in heart, Nature 325
(1987) 321-326.

[194]

[195]

[196]

[197]

[198]

[199]

1200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

Y. Kurachi, H. Ito, T. Sugimoto, T. Katada, M. Ui, Activation of atrial muscarinic K™
channels by low concentrations of 3+ subunits of rat brain G protein, Pflugers
Arch. 413 (1989) 325-327.

H. Ito, T. Sugimoto, I. Kobayashi, K. Takahashi, T. Katada, M. Ui, Y. Kurachi, On the
mechanism of basal and agonist-induced activation of the G protein-gated musca-
rinic K* channel in atrial myocytes of guinea pig heart, J. Gen. Physiol. 98 (1991)
517-533.

H. Ito, R.T. Tung, T. Sugimoto, I. Kobayashi, K. Takahashi, T. Katada, M. Ui, Y. Kurachi,
On the mechanism of G protein >y subunit activation of the muscarinic K™ chan-
nel in guinea pig atrial cell membrane. Comparison with the ATP-sensitive K™
channel, . Gen. Physiol. 99 (1992) 961-983.

M. Yamada, A. Jahangir, Y. Hosoya, A. Inanobe, T. Katada, Y. Kurachi, G¢* and brain
Gy activate muscarinic K™ channel through the same mechanism, J. Biol. Chem.
268 (1993) 24551-24554.

M. Yamada, Y.K. Ho, RH. Lee, K. Kontanill, K. Takahashill, T. Katadall, Y. Kurachi,
Muscarinic K* channels are activated by By subunits and inhibited by the
GDP-bound form of a subunit of transducin, Biochem. Biophys. Res. Commun.
200 (1994) 1484-1490.

Y. Kubo, E. Reuveny, P.A. Slesinger, Y.N. Jan, LY. Jan, Primary structure and func-
tional expression of a rat G-protein-coupled muscarinic potassium channel, Nature
364 (1993) 802-806.

E. Reuveny, P.A. Slesinger, J. Inglese, ].M. Morales, J.A. Iniguez-Lluhi, R]. Lefkowitz,
H.R. Bourne, Y.N. Jan, LY. Jan, Activation of the cloned muscarinic potassium
channel by G protein 3y subunits, Nature 370 (1994) 143-146.

C.E. Ford, N.P. Skiba, H. Bae, Y. Daaka, E. Reuveny, LR. Shekter, R. Rosal, G. Weng,
CS. Yang, R. Iyengar, RJ. Miller, LY. Jan, RJ. Lefkowitz, HE. Hamm, Molecular
basis for interactions of G protein 37y subunits with effectors, Science 280 (1998)
1271-1274.

T. Mirshahi, V. Mittal, H. Zhang, M.E. Linder, D.E. Logothetis, Distinct sites on G
protein 3y subunits regulate different effector functions, J. Biol. Chem. 277
(2002) 36345-36350.

A.Inanobe, K.I. Morishige, N. Takahashi, H. Ito, M. Yamada, T. Takumi, H. Nishina, K.
Takahashi, Y. Kanaho, T. Katada, et al., G directly binds to the carboxyl terminus
of the G protein-gated muscarinic K™ channel, GIRK1, Biochem. Biophys. Res.
Commun. 212 (1995) 1022-1028.

CL. Huang, P.A. Slesinger, PJ. Casey, Y.N. Jan, LY. Jan, Evidence that direct binding
of Gy to the GIRK1 G protein-gated inwardly rectifying K channel is important
for channel activation, Neuron 15 (1995) 1133-1143.

C.L. Huang, Y.N. Jan, LY. Jan, Binding of the G protein >y subunit to multiple
regions of G protein-gated inward-rectifying K* channels, FEBS Lett. 405 (1997)
291-298.

P.A. Slesinger, E. Reuveny, Y.N. Jan, J.Y. Jan, Identification of structural elements
involved in G protein gating of the GIRK1 potassium channel, Neuron 15 (1995)
1145-1156.

C. He, X. Yan, H. Zhang, T. Mirshahi, T. Jin, A. Huang, D.E. Logothetis, Identification
of critical residues controlling G protein-gated inwardly rectifying K* channel
activity through interactions with the Ry subunits of G proteins, J. Biol. Chem.
277 (2002) 6088-6096.

M. Finley, C. Arrabit, C. Fowler, KF. Suen, P.A. Slesinger, PL-3M loop in the
C-terminal domain of G protein-activated inwardly rectifying K* channels is
important for Gg subunit activation, J. Physiol. 555 (2004) 643-657.

M. Yokogawa, M. Osawa, K. Takeuchi, Y. Mase, I. Shimada, NMR analyses of the
GPy binding and conformational rearrangements of the cytoplasmic pore of G
protein-activated inwardly rectifying potassium channel 1 (GIRK1), J. Biol. Chem.
286 (2011) 2215-2223.

D.E. Logothetis, D. Lupyan, A. Rosenhouse-Dantsker, Diverse Kir modulators act in
close proximity to residues implicated in phosphoinositide binding, J. Physiol. 582
(2007) 953-965.

S.L. Shyng, C.A. Cukras, J. Harwood, C.G. Nichols, Structural determinants of
PIP, regulation of inward rectifier Karp channels, J. Gen. Physiol. 116 (2000)
599-608.

M. Soom, R. Schonherr, Y. Kubo, C. Kirsch, R. Klinger, S.H. Heinemann, Multiple PIP,
binding sites in Kir2.1 inwardly rectifying potassium channels, FEBS Lett. 490
(2001) 49-53.

X.Du, H. Zhang, C. Lopes, T. Mirshahi, T. Rohacs, D.E. Logothetis, Characteris-
tic interactions with phosphatidylinositol 4,5-bisphosphate determine regu-
lation of Kir channels by diverse modulators, J. Biol. Chem. 279 (2004)
37271-37281.

D.W. Hilgemann, Local PIP, signals: when, where, and how? Pflugers Arch. 455
(2007) 55-67.

M. Bunemann, M.M. Hosey, Novel signalling events mediated by muscarinic recep-
tor subtypes, Life Sci. 68 (2001) 2525-2533.

H. Cho, Y.A. Kim, J.Y. Yoon, D. Lee, J.H. Kim, S.H. Lee, W.K. Ho, Low mobility of phos-
phatidylinositol 4,5-bisphosphate underlies receptor specificity of Gg-mediated
ion channel regulation in atrial myocytes, Proc. Natl. Acad. Sci. U.S.A. 102 (2005)
15241-15246.

H. Cho, D. Lee, S.H. Lee, W.K. Ho, Receptor-induced depletion of phosphatidylinositol
4,5-bisphosphate inhibits inwardly rectifying K™ channels in a receptor-specific
manner, Proc. Natl. Acad. Sci. U.S.A. 102 (2005) 4643-4648.

S. Cui, W.K. Ho, S.T. Kim, H. Cho, Agonist-induced localization of Gg-coupled recep-
tors and G protein-gated inwardly rectifying K™ (GIRK) channels to caveolae
determines receptor specificity of phosphatidylinositol 4,5-bisphosphate signaling,
J. Biol. Chem. 285 (2010) 41732-41739.

T. Jin, J.L. Sui, A. Rosenhouse-Dantsker, K.W. Chan, L.Y. Jan, D.E. Logothetis,
Stoichiometry of Kir channels with phosphatidylinositol bisphosphate, Channels
(Austin) 2 (2008) 19-33.


http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0785
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0785
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0785
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0790
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0790
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0790
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0790
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0795
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0795
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0795
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0795
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0800
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0800
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0805
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0805
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0810
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0810
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0810
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0810
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0815
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0815
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0820
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0820
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0825
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0825
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0830
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0830
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0830
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0830
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0835
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0835
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0835
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0840
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0840
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0840
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0840
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0845
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0845
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0845
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0845
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0850
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0850
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0850
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0850
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0855
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0855
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0855
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0860
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0860
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0860
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0865
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0865
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0870
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0870
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0870
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0875
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0875
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0880
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0880
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0880
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0885
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0885
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0890
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0890
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0895
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0895
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0895
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0895
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0900
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0900
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0900
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0900
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0905
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0905
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0905
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0910
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0910
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0910
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0915
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0915
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0915
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0915
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0920
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0920
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0920
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0920
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0925
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0925
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0925
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0930
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0930
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0930
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0935
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0935
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0935
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0940
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0940
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0940
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0945
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0945
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0945
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0950
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0950
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0950
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0950
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0955
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0955
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0955
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0955
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0960
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0960
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0960
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0965
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0965
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0965
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0965
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0965
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0970
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0970
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0970
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0970
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0970
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0975
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0975
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0975
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0975
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0975
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0980
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0980
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0980
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0980
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0980
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0985
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0985
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0985
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0990
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0990
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0990
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0995
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0995
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0995
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf0995
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1000
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1000
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1000
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1005
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1010
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1010
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1010
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1010
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1010
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1015
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1015
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1015
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1015
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1020
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1020
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1020
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1025
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1030
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1035
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1040
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1040
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1040
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1045
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1045
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1045
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1045
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1045
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1050
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1050
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1050
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1055
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1055
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1055
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1055
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1060
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1060
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1060
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1065
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1065
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1070
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1075
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1075
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1075
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1075
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1080
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1085
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1085
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1085

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

A. Inanobe, Y. Kurachi / Biochimica et Biophysica Acta 1838 (2014) 521-531

Z. Fan, J.C. Makielski, Anionic phospholipids activate ATP-sensitive potassium
channels, J. Biol. Chem. 272 (1997) 5388-5395.

T. Rohacs, C.M. Lopes, T. Jin, P.P. Ramdya, Z. Molnar, D.E. Logothetis, Specificity of
activation by phosphoinositides determines lipid regulation of Kir channels, Proc.
Natl. Acad. Sci. US.A. 100 (2003) 745-750.

M.R. Whorton, R. MacKinnon, Crystal structure of the mammalian GIRK2 K* chan-
nel and gating regulation by G proteins, PIP,, and sodium, Cell 147 (2011) 199-208.
X. Tao, J.L. Avalos, J. Chen, R. MacKinnon, Crystal structure of the eukaryotic strong
inward-rectifier K* channel Kir2.2 at 3.1 A resolution, Science 326 (2009)
1668-1674.

S. Peleg, D. Varon, T. Ivanina, C.W. Dessauer, N. Dascal, Goy; controls the gating of
the G protein-activated K* channel, GIRK, Neuron 33 (2002) 87-99.

T. Ivanina, D. Varon, S. Peleg, I. Rishal, Y. Porozov, CW. Dessauer, T. Keren-Raifman,
N. Dascal, Goy; and Goys differentially interact with, and regulate, the G
protein-activated K channel, J. Biol. Chem. 279 (2004) 17260-17268.

S. Berlin, T. Keren-Raifman, R. Castel, M. Rubinstein, C.W. Dessauer, T. Ivanina, N.
Dascal, Goy; and Gy jointly regulate the conformations of a GRvy effector, the neu-
ronal G protein-activated K™ channel (GIRK), J. Biol. Chem. 285 (2010) 6179-6185.
S. Berlin, V.A. Tsemakhovich, R. Castel, T. Ivanina, C.W. Dessauer, T. Keren-Raifman,
N. Dascal, Two distinct aspects of coupling between Go; protein and G
protein-activated K* channel (GIRK) revealed by fluorescently labeled
Gayz protein subunits, J. Biol. Chem. 286 (2011) 33223-33235.

S.M. Clancy, C.E. Fowler, M. Finley, KF. Suen, C. Arrabit, F. Berton, T. Kosaza, P.
Casey, P.A. Slesinger, Pertussis-toxin-sensitive Gov subunits selectively bind to
C-terminal domain of neuronal GIRK channels: evidence for a heterotrimeric
G-protein-channel complex, Mol. Cell. Neurosci. 28 (2005) 375-389.

I. Riven, E. Kalmanzon, L. Segev, E. Reuveny, Conformational rearrangements
associated with the gating of the G protein-coupled potassium channel revealed
by FRET microscopy, Neuron 38 (2003) 225-235.

Y. Mase, M. Yokogawa, M. Osawa, I. Shimada, Structural basis for modulation of
gating property of G protein-gated inwardly rectifying potassium ion channel
(GIRK) by i/o-family G protein o subunit (Ga,), J. Biol. Chem. 287 (2012)
19537-19549.

C.A. Doupnik, N. Davidson, H.A. Lester, P. Kofuji, RGS proteins reconstitute the rapid
gating kinetics of gbetagamma-activated inwardly rectifying K* channels, Proc.
Natl. Acad. Sci. US.A. 94 (1997) 10461-10466.

S. Herlitze, J.P. Ruppersberg, M.D. Mark, New roles for RGS2, 5 and 8 on the
ratio-dependent modulation of recombinant GIRK channels expressed in Xenopus
oocytes, J. Physiol. 517 (Pt 2) (1999) 341-352.

0. Saitoh, Y. Kubo, Y. Miyatani, T. Asano, H. Nakata, RGS8 accelerates G-protein-
mediated modulation of K™ currents, Nature 390 (1997) 525-529.

S. Fujita, A. Inanobe, M. Chachin, Y. Aizawa, Y. Kurachi, A regulator of G protein sig-
nalling (RGS) protein confers agonist-dependent relaxation gating to a G
protein-gated K™ channel, J. Physiol. 526 (Pt 2) (2000) 341-347.

A. Inanobe, S. Fujita, Y. Makino, K. Matsushita, M. Ishii, M. Chachin, Y. Kurachi,
Interaction between the RGS domain of RGS4 with G protein o subunits mediates
the voltage-dependent relaxation of the G protein-gated potassium channel,
J. Physiol. 535 (2001) 133-143.

KL Lan, H. Zhong, M. Nanamori, RR. Neubig, Rapid kinetics of regulator of
G-protein signaling (RGS)-mediated Galphai and Galphao deactivation. Galpha
specificity of RGS4 AND RGS7, J. Biol. Chem. 275 (2000) 33497-33503.

Q. Zhang, M.A. Pacheco, C.A. Doupnik, Gating properties of GIRK channels activated
by Ga,- and Goy-coupled muscarinic m2 receptors in Xenopus oocytes: the role of
receptor precoupling in RGS modulation, J. Physiol. 545 (2002) 355-373.

N. Lavine, N. Ethier, J.N. Oak, L. Pei, F. Liu, P. Trieu, R.V. Rebois, M. Bouvier, T.E.
Hebert, H.H. Van Tol, G protein-coupled receptors form stable complexes with in-
wardly rectifying potassium channels and adenylyl cyclase, J. Biol. Chem. 277
(2002) 46010-46019.

C. Gales, R.V. Rebois, M. Hogue, P. Trieu, A. Breit, T.E. Hebert, M. Bouvier, Real-time
monitoring of receptor and G-protein interactions in living cells, Nat. Methods 2
(2005) 177-184.

P. Hein, M. Frank, C. Hoffmann, M.J. Lohse, M. Bunemann, Dynamics of receptor/G
protein coupling in living cells, EMBO ]. 24 (2005) 4106-4114.

M. Nobles, A. Benians, A. Tinker, Heterotrimeric G proteins precouple with G
protein-coupled receptors in living cells, Proc. Natl. Acad. Sci. US.A. 102 (2005)
18706-18711.

C. Jaen, CA. Doupnik, RGS3 and RGS4 differentially associate with G protein-
coupled receptor-Kir3 channel signaling complexes revealing two modes of RGS
modulation. Precoupling and collision coupling, ]. Biol. Chem. 281 (2006)
34549-34560.

G. Labouebe, M. Lomazzi, H.G. Cruz, C. Creton, R. Lujan, M. Li, Y. Yanagawa, K.
Obata, M. Watanabe, K. Wickman, S.B. Boyer, P.A. Slesinger, C. Luscher, RGS2
modulates coupling between GABAg receptors and GIRK channels in dopamine
neurons of the ventral tegmental area, Nat. Neurosci. 10 (2007) 1559-1568.

C.E. Fowler, P. Aryal, K.F. Suen, P.A. Slesinger, Evidence for association of GABAg
receptors with Kir3 channels and regulators of G protein signalling (RGS4) proteins,
J. Physiol. 580 (2007) 51-65.

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

531

K. Xie, KL. Allen, S. Kourrich, J. Colon-Saez, MJ. Thomas, K. Wickman, KA.
Martemyanov, GR5 recruits R7 RGS proteins to GIRK channels to regulate the
timing of neuronal inhibitory signaling, Nat. Neurosci. 13 (2010) 661-663.

H. Zhou, M. Chisari, KM. Raehal, K.M. Kaltenbronn, L.M. Bohn, S.J. Mennerick, KJ.
Blumer, GIRK channel modulation by assembly with allosterically regulated RGS
proteins, Proc. Natl. Acad. Sci. US.A. 109 (2012) 19977-19982.

C. Cifelli, RA. Rose, H. Zhang, ]. Voigtlaender-Bolz, S.S. Bolz, P.H. Backx, S.P.
Heximer, RGS4 regulates parasympathetic signaling and heart rate control in the
sinoatrial node, Circ. Res. 103 (2008) 527-535.

J. Yang, J. Huang, B. Maity, Z. Gao, R.A. Lorca, H. Gudmundsson, J. Li, A. Stewart, P.D.
Swaminathan, S.R. Ibeawuchi, A. Shepherd, CK. Chen, W. Kutschke, P.J. Mohler,
D.P. Mohapatra, M.E. Anderson, R.A. Fisher, RGS6, a modulator of parasympathetic
activation in heart, Circ. Res. 107 (2010) 1345-1349.

B. Maity, A. Stewart, ]. Yang, L. Loo, D. Sheff, AJ. Shepherd, D.P. Mohapatra, R.A.
Fisher, Regulator of G protein signaling 6 (RGS6) protein ensures coordination of
motor movement by modulating GABAg receptor signaling, J. Biol. Chem. 287
(2012) 4972-4981.

M. Nishida, M. Cadene, B.T. Chait, R. MacKinnon, Crystal structure of a
Kir3.1-prokaryotic Kir channel chimera, EMBO ]. 26 (2007) 4005-4015.

S. Pegan, C. Arrabit, W. Zhou, W. Kwiatkowski, A. Collins, P.A. Slesinger, S. Choe,
Cytoplasmic domain structures of Kir2.1 and Kir3.1 show sites for modulating
gating and rectification, Nat. Neurosci. 8 (2005) 279-287.

0.B. Clarke, A.T. Caputo, A.P. Hill, J.I. Vandenberg, BJ. Smith, ].M. Gulbis, Domain
reorientation and rotation of an intracellular assembly regulate conduction in Kir
potassium channels, Cell 141 (2010) 1018-1029.

V.N. Bavro, R. De Zorzi, M.R. Schmidt, J.R. Muniz, L. Zubcevic, M.S. Sansom, C.
Venien-Bryan, SJ. Tucker, Structure of a KirBac potassium channel with an open
bundle crossing indicates a mechanism of channel gating, Nat. Struct. Mol. Biol.
19 (2012) 158-163.

M.R. Whorton, R. MacKinnon, X-ray structure of the mammalian GIRK2-Bvy
G-protein complex, Nature 498 (2013) 190-197.

A. Kuo, C. Domene, L.N. Johnson, D.A. Doyle, C. Venien-Bryan, Two different confor-
mational states of the KirBac3.1 potassium channel revealed by electron crystallog-
raphy, Structure 13 (2005) 1463-1472.

S. Jaroslawski, B. Zadek, F. Ashcroft, C. Venien-Bryan, S. Scheuring, Direct visualiza-
tion of KirBac3.1 potassium channel gating by atomic force microscopy, J. Mol. Biol.
374 (2007) 500-505.

A. Inanobe, A. Nakagawa, Y. Kurachi, Interactions of cations with the cytoplasmic
pores of inward rectifier K™ channels in the closed state, J. Biol. Chem. 286
(2011) 41801-41811.

Y. Fujiwara, Y. Kubo, Functional roles of charged amino acid residues on the wall of
the cytoplasmic pore of Kir2.1, J. Gen. Physiol. 127 (2006) 401-419.

[259] ].L. Robertson, L.G. Palmer, B. Roux, Long-pore electrostatics in inward-rectifier po-

tassium channels, J. Gen. Physiol. 132 (2008) 613-632.

[260] ].L. Robertson, L.G. Palmer, B. Roux, Multi-ion distributions in the cytoplasmic do-

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

main of inward rectifier potassium channels, Biophys. J. 103 (2012) 434-443.

S. Wang, SJ. Lee, S. Heyman, D. Enkvetchakul, C.G. Nichols, Structural
rearrangements underlying ligand-gating in Kir channels, Nat. Commun. 3
(2012) 617.

N. Armstrong, E. Gouaux, Mechanisms for activation and antagonism of an
AMPA-sensitive glutamate receptor: crystal structures of the GluR2 ligand binding
core, Neuron 28 (2000) 165-181.

S.Ye, Y. Li, L. Chen, Y. Jiang, Crystal structures of a ligand-free MthK gating ring: in-
sights into the ligand gating mechanism of K channels, Cell 126 (2006)
1161-1173.

P. Yuan, M.D. Leonetti, Y. Hsiung, R. MacKinnon, Open structure of the Ca>* gating
ring in the high-conductance Ca®*-activated K™ channel, Nature 481 (2012)
94-97.

S. Pegan, C. Arrabit, P.A. Slesinger, S. Choe, Andersen's syndrome mutation effects
on the structure and assembly of the cytoplasmic domains of Kir2.1, Biochemistry
45 (2006) 8599-8606.

A. Inanobe, T. Matsuura, A. Nakagawa, Y. Kurachi, Structural diversity in the cyto-
plasmic region of G protein-gated inward rectifier K* channels, Channels (Austin)
1 (2007) 39-45.

HL An, S.Q. Lu, JW. Li, X.Y. Meng, Y. Zhan, M. Cui, M. Long, H.L. Zhang, D.E.
Logothetis, The cytosolic GH loop regulates the phosphatidylinositol 4,5-
bisphosphate-induced gating kinetics of Kir2 channels, ]. Biol. Chem. 287
(2012) 42278-42287.

A. Inanobe, A. Nakagawa, T. Matsuura, Y. Kurachi, A structural determinant for the
control of PIP, sensitivity in G protein-gated inward rectifier K* channels, ]. Biol.
Chem. 285 (2010) 38517-38523.

A. Inanobe, T. Matsuura, A. Nakagawa, Y. Kurachi, Inverse agonist-like action of
cadmium on G-protein-gated inward-rectifier K* channels, Biochem. Biophys.
Res. Commun. 407 (2011) 366-371.

X.Y. Meng, H.X. Zhang, D.E. Logothetis, M. Cui, The molecular mechanism by which
PIP, opens the intracellular G-loop gate of a Kir3.1 channel, Biophys. J. 102 (2012)
2049-2059.


http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1090
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1090
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1095
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1095
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1095
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1100
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1100
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1100
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1100
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1355
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1105
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1105
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1105
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1105
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1110
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1115
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1120
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1125
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1130
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1130
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1130
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1135
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1140
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1145
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1145
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1145
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1150
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1150
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1150
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1155
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1155
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1155
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1155
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1160
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1160
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1160
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1160
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1165
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1165
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1165
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1170
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1175
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1180
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1180
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1180
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1185
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1185
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1190
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1190
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1190
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1195
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1195
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1195
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1195
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1200
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1205
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1205
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1205
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1210
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1210
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1210
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1215
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1220
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1220
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1220
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1225
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1225
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1225
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1225
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1230
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1230
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1230
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1230
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1230
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1235
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1235
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1240
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1240
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1240
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1245
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1245
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1245
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1250
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1250
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1250
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1250
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1260
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1260
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1265
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1265
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1265
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1270
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1275
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1275
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1275
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1275
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1280
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1285
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1290
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1290
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1295
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1295
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1295
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1300
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1300
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1300
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1305
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1305
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1305
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1305
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1310
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1315
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1315
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1315
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1320
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1320
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1320
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1320
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1325
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1330
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1330
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1330
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1330
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1330
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1335
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1335
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1335
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1335
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1340
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1340
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1340
http://refhub.elsevier.com/S0005-2736(13)00297-6/rf1340

	Membrane channels as integrators of G-�protein-�mediated signaling
	1. Introduction
	2. Overview of G proteins, their coupled receptors, and regulators of G protein signaling
	3. The indirect action of G proteins on ion channels
	4. Direct interaction of G protein with ion channels
	5. Direct G protein interaction with Kir channels
	5.1. Historical background of G protein-dependent regulation of Kir channels
	5.2. Subunit composition of G protein-gated Kir channels
	5.3. Kir channel structure
	5.4. Functional states underlying Kir channel activity
	5.5. Gβγ: a physiological activator of G protein-gated Kir channels
	5.6. Phosphoinositide: a lipid essential for Kir channel activation
	5.7. Gα and RGS proteins: roles in regulation of channel function and the clustering of signaling molecules
	5.8. Structural elements responsible for gating

	6. Conclusion
	Acknowledgements
	References


