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Abstract

Membrane depolarization and intracellular Ca2* transients generated by activation of voltage-
gated Na* and Ca2* channels are local signals, which initiate physiological processes such as
action potential conduction, synaptic transmission, and excitation-contraction coupling. Targeting
of effector proteins and regulatory proteins to ion channels is an important mechanism to ensure
speed, specificity, and precise regulation of signaling events in response to local stimuli. This
article reviews experimental results showing that Na* and Ca* channels form local signaling
complexes, in which effector proteins, anchoring proteins, and regulatory proteins interact directly
with ion channels. The intracellular domains of these channels serve as signaling platforms,
mediating their participation in intracellular signaling processes. These protein-protein interactions
are important for regulation of cellular plasticity through modulation of Na* channel function in
brain neurons, for short-term synaptic plasticity through modulation of presynaptic Cay2
channels, and for the fight-or-flight response through regulation of postsynaptic Cay/1 channels in
skeletal and cardiac muscle. These localized signaling complexes are essential for normal function
and regulation of electrical excitability, synaptic transmission, and excitation-contraction
coupling.

Introduction

The electrical signals produced by ion channels and the resulting Ca2* entry that initiates
intracellular responses are local signaling events. Modulation of ion channels is a dynamic
process that is precisely controlled in space and time [1, 2]. Targeting and localization of
signaling enzymes to discrete subcellular compartments or substrates is an important
regulatory mechanism ensuring specificity of signaling events in response to local stimuli
[3]. This article describes signaling complexes formed by three representative ion channels:
brain Na* channels (Nay/1.2) that initiate and conduct action potentials, presynaptic Ca*
channels (Cay2.1) that conduct P/Q-type Ca2* currents and initiate synaptic transmission,
and muscle Ca2* channels (Cay1.1 and Cay/1.2) that initiate excitation-contraction coupling.
In each case, signaling proteins and anchoring proteins that regulate these channels or are
effectors in downstream signaling pathways bind to specific sites on their intracellular
domains, and these protein-protein interactions are required for normal signal transduction
in nerve and muscle cells.
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Experimental Approaches for Analysis of lon Channel Signaling Complexes

Biochemical, proteomic, and functional approaches have been combined in the analysis of
ion channel signaling complexes. The biochemical approach usually begins with purification
of an ion channel and identification of associated subunits and other interacting proteins.
The initial signaling complexes of voltage-gated sodium and calcium channels were defined
in this way as described below. Proteomic methods offer a broader view of ion channel
signaling complexes by defining all of their interacting proteins. Both yeast two-hybrid
screening methods and identification of ion channel associated proteins by mass
spectrometry have been successfully employed in analysis of ion channel signaling
complexes. The power of mass spectrometry as a method for detection of associated proteins
in ion channel signaling complexes is increasing at a rapid pace and promises to provide the
most in-depth view of such macromolecular complexes. However, identification of
interacting proteins is not sufficient to define a signaling complex. Demonstration of close
co-localization in native cells and co-immunoprecipitation from transfected cells helps to
solidify the case for significant protein interactions. Moreover, demonstration of a functional
outcome of association of ion channel signaling complexes in transfected cells, native cells,
and native tissues is an essential element in defining their physiological significance. Co-
expression and functional analysis by electrophysiology is the most common approach to
demonstrate functional interactions, but this approach suffers from possible artifacts of over-
expression and use of heterologous cells with their own signal transduction pathways.
Peptide inhibitors of protein interactions can be powerful tools to demonstrate the
significance of ion channel signaling complexes in native cells. Finally, mouse genetics
offers the opportunity to analyze the functional significance of ion channel signaling
complexes in vivo by disrupting specific protein interactions with mutations. Information
from all of these diverse approaches has been integrated in the studies of the three ion
channel signaling complexes used as examples here.

A Signaling Complex of Brain Na* Channels Mediates Cellular Plasticity

Neuromodulation of electrical excitability is a fundamental mechanism in many aspects of
learning, memory, and physiological regulation. Voltage-gated Na* channels are responsible
for the initiation and propagation of action potentials [4]. Their regulation by
neurotransmitters and second messengers provides an important form of cellular plasticity,
which controls the excitability of central neurons in response to the sum of their synaptic
inputs, sets the threshold for excitability, and modulates the frequency and form of action
potential generation [2].

Na* channel proteins in mammalian brain consist of an a subunit of approximately 260 kDa
in association with auxiliary subunits of 33 to 36 kDa--B1-p4 [1, 5, 6]. The a subunits
consist of four homologous domains (I — V), which each contains six transmembrane
segments (S1 — S6) and a membrane-reentrant loop between S5 and S6 (Fig. 1A). The S4
segments in each domain serve as the voltage sensors, the S5 and S6 segments and the
reentrant loop between them form the lining of the pore, and the short intracellular loop
between domains 111 and IV forms the inactivation gate. Expression of a subunits alone is
sufficient for formation of functional Na* channels, but B subunits must be co-expressed to
give the correct kinetics and voltage dependence of Na* channel activation and inactivation.

Biochemical studies of purified brain Na* channels showed surprisingly that the a subunit is
an exceptionally good substrate for phosphorylation by PKA [7] and is rapidly
phosphorylated on multiple sites following activation of PKA in synaptosomes by cAMP
derivatives [8]. Measurements of neurotoxin-activated Na* influx in synaptosomes showed
that cAMP-dependent phosphorylation is correlated with a reduction of 26% in neurotoxin-
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activated Na* conductance [9]. Na* channels are rapidly phosphorylated by PKA in intact
brain neurons in cell culture [10] on up to five sites [11, 12], including serine residues 573,
610, 623, and 687 (Fig. 1A [8]). Activation of PKA modulates the function of the Nay/1.2
channel expressed in Xenopus oocytes [13] and mammalian cells [14, 15]. Peak Na* current
is reduced 25 to 40% without change in the kinetics or voltage dependence of activation or
inactivation. PK A-mediated reduction in peak Na* current at typical resting membrane
potentials of -70 mV to -80 mV is primarily mediated by phosphorylation at serine 573 in
L1 [15, 16]. PKA-dependent modulation of Nay/1.2 channels is voltage-dependent in the
range of —110 to —70 mV and is synergistic with phosphorylation by protein kinase C [17,
18]. Systematic mutagenesis of the three additional PKA phosphorylation sites in L.
revealed the requirement for PKA phosphorylation at serine 687 for voltage-dependent
modulation. A double mutation at positions 573 and 687 (SS573/687AA) eliminated
modulation at both the permissive and non-permissive membrane potentials [19]. Thus,
maximal modulation of Nay/1.2 channels by PKA requires phosphorylation at serine
residues 573, 576 and 687 and concurrent depolarization. This type of convergent regulation
provides a novel mechanism by which information from multiple signaling pathways may
be integrated depending upon the state of the cell and its prior history of electrical activity.

Similar modulation of Na* channels by direct activation of PKA was observed in primary
cultures of embryonic rat brain neurons [14]. Na* channel activity was decreased 25 to 40%
by activation of PKA, as shown by a decrease in the ensemble average current in excised
membrane patches following application of the catalytic subunit of PKA and ATP. The
decrease in peak current resulted from an increase in null sweeps during which no Na*
channel opened after depolarization. Activation of D1-like dopamine receptors, which
couple to the activation of adenylyl cyclase, decreases Na* current via activation of PKA in
acutely isolated hippocampal pyramidal neurons without altering the voltage-dependence or
kinetics of activation or fast inactivation [15]. The biophysical mechanism of modulation by
dopamine or serotonin acting via the PKA pathway is enhancement of the intrinsic slow
inactivation process of Na* channels, which is known to modulate the threshold and firing
pattern of brain neurons [20, 21]. This modulation is blocked by mutations of conserved
asparagine residues in the S6 segments that selectively impair slow inactivation [21].

Specificity and speed of signaling of kinase signaling are often achieved targeting of protein
kinases to specific substrates via protein-protein interactions [3]. PKA is localized by
protein—protein interactions between the regulatory (R) subunit dimer and A-kinase
anchoring proteins (AKAPs) [22, 23], a family of functionally related proteins defined by
their ability to bind R subunits of PKA and target PKA to specific compartments or
substrates. AKAPs contain an amphipathic helix that inserts into a hydrophobic pocket in
the R subunit dimer [24, 25]. Consistent with this theme, modulation of the Na* channel by
D1-like dopamine receptors in hippocampal neurons requires targeted localization of PKA
near the channel via an A-Kinase Anchoring Protein (AKAP15) (Fig. 1A) [26, 27], which
we characterized initially in studies of Ca?* channel modulation (see below). This novel 81-
amino acid AKAP has an amino terminal lipid anchor for membrane targeting, an
amphipathic helix for PKA binding, and a site for interaction with Na* channels. PKA,
AKAP-15, and the Na* channel therefore form a signaling complex that controls channel
activity. The site of binding of AKAP15 on the Na* channel is located at the beginning of
the large intracellular loop connecting domains I and 11 (L;.;;), which also contains the sites
of PKA phosphorylation and regulation (Fig. 1; [19, 27]). This signaling complex places the
bound PKA precisely at its target sites.

Nay1.2 channels are also modulated by a tyrosine kinase signaling complex (Fig. 1B; [28,
29]). Brain-derived neurotrophic factor (BDNF) activates its receptor TrkB, which in turn
phosphorylates and activates Fyn kinase specifically bound to an SH3 binding motif in L,
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of Nay/1.2 channels. Activated Fyn tyrosine residues in L. and Ly.;v (Fig. 1B), which
reduces sodium channel activity by accelerating inactivation and shifting its voltage
dependence to more negative membrane potentials. These effects are reversed by receptor
tyrosine kinase p (RPTP), which is also bound to Nay/1.2 channels through interactions
with both a and B subunits (Fig. 1B; [30]). Additional members of this tyrosine kinase
signaling complex include the cell adhesion molecules neurofascin [31] and contactin
[32-34], the extracellular matrix protein tenascin [35-37], and the intracellular scaffolding
protein ankyrin [38]. These interactions are important for localization of sodium channels in
the cell surface membrane and for cell-cell interactions between neurons.

A Presynaptic Ca?* Channel Signaling Complex Mediates Short-term
Synaptic Plasticity

Presynaptic Cay/2 channels conduct P/Q-, N-, and R-type Ca?* currents, which initiate
synaptic transmission. The efficiency of neurotransmitter release depends on the third or
fourth power of entering Ca2*. This steep dependence of neurotransmission on Ca2* entry
makes the presynaptic Ca2* channel an unusually sensitive target of regulation. Cay2.1
channels conducting P/Q-type Ca?* currents are the predominant pathway for Ca2* entry
initiating fast release of classical neurotransmitters like glutamate, acetylcholine, and GABA
in the brain. They are controlled by protein interactions with their intracellular domains,
which serve as a platform for Ca2*-dependent signal transduction.

Interaction with SNARE proteins increases the efficiency of transmitter release

Ca?* entry through voltage-gated Ca2* channels initiates exocytosis by triggering the fusion
of secretory vesicle membranes with the plasma membrane through actions on the SNARE
protein complex of syntaxin, SNAP-25, and VAMP/synaptobrevin (reviewed in [39, 40]).
The function of the SNARE complex is regulated by the synaptic vesicle Ca2*-binding
protein synaptotagmin. Presynaptic Cay/2.1 and Cay/2.2 channels interact directly with the
SNARE proteins through a specific synaptic protein interaction (synprint) site in the large
intracellular loop connecting domains Il and 111 [41, 42]. This interaction is regulated by
Ca?* and protein phosphorylation [43-45]. Synaptotagmin also binds to the synprint site of
Cay2 channels [46-48]. Injection of peptide inhibitors of these interactions into presynaptic
neurons inhibits synaptic transmission at synapses of sympathetic neurons and at the
neuromuscular junction, consistent with the conclusion that binding to SNARE proteins is
required to position docked synaptic vesicles near Ca2* channels for effective fast
exocytosis [49, 50]. These results define a second functional activity of the presynaptic Ca2*
channel—targeting docked synaptic vesicles to a source of Ca2* for effective transmitter
release.

Feedback regulation by SNARE proteins

SNARE proteins also have retrograde regulatory effects on Ca2* channel function. Co-
expression of syntaxin or SNAP-25 with Cay2.1 or Cay,2.2 channels reduces the level of
channel expression and inhibits Ca* channel activity by shifting the voltage dependence of
steady-state inactivation toward more negative membrane potentials [51, 52]. Co-expression
of synaptotagmin to mimic the effect of docking a synaptic vesicle nearby relieves the
inhibition of channel [48, 53, 54]. This regulatory mechanism would focus Ca2* entry on
Ca?* channels that have a nearby docked synaptic vesicle and therefore are poised for
effective exocytosis. These opposing effects of interactions with SNARE proteins to
enhance docking of synaptic vesicles and to regulate Cay,2 channel activity confer biphasic
regulation of synaptic transmission on neuromuscular synapses in vivo [55].

Neurosci Lett. Author manuscript; available in PMC 2012 September 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

G protein modulation

N-type and P/Q-type Ca2* currents are regulated through G protein-coupled pathways
[56-58]. One major pathway is voltage-dependent and membrane-delimited, the inhibition of
Ca?* channel activity is caused by a positive shift in voltage dependence and a slowing of
activation [59], and these effects are relieved by strong depolarization resulting in
facilitation of CaZ* currents [59, 60]. Synaptic transmission is inhibited by neurotransmitters
through this mechanism, and voltage-dependent facilitation of synaptic transmission is
observed when depolarization relieves G protein inhibition [61]. GB+y subunits are
responsible for this form of modulation of Ca2* channels [62, 63]. Possible sites of G
protein By subunit interaction with Ca2* channels have been investigated extensively, and
multiple points of interaction have been identified including the intracellular loop between
domains I and I1 (L,.j;) [64-67] and the N-terminal and C-terminal domains [68-73]. The
inhibition of N-type and P/Q-type Ca2* currents in dissociated neurons through binding of
Gy subunits can be reversed by several neurotransmitters acting through protein kinase C
[74, 75]. This mechanism of reversal involves phosphorylation of sites in L;_y, just
downstream of a principal site of interaction of By subunits with the Ca2* channel [65]
(Figure 2). Thus, this intracellular loop of the Ca2* channel integrates G protein, protein
kinase C, and voltage signals in regulating Ca2* channel activity.

CaZ?*-dependent regulation of Ca,2.1 channels

Ca?*-dependent facilitation and inactivation of presynaptic Ca* channels was observed in
patch clamp recordings of presynaptic nerve terminals in the rat pituitary [76] and the calyx
of Held synapse in the rat brainstem [77]. During tetanic stimulation, Ca,2.1 currents
undergo an initial Ca2*-dependent facilitation followed by progressive inactivation [78, 79].
Simultaneous recording of excitatory postsynaptic responses showed that Ca2* -dependent
facilitation and inactivation of Ca,2.1 channels lead to synaptic enhancement and
depression, respectively [77-79].

Ca?*-dependent facilitation and inactivation are also observed for cloned and expressed
Ca,2.1 channels expressed in mammalian cells [80, 81], suggesting an important role for
direct, Ca2*-dependent regulation of Ca,2.1 channels in activity-dependent synaptic
plasticity. The C-terminal domain of Cay,/2.1 channels contains a bipartite calmodulin-
binding site, consisting of a modified 1Q-like domain beginning with the sequence IM and a
novel calmodulin binding domain (CBD) [80, 82]. CaM binding to the CBD is Ca%*-
dependent and both Ca?*-dependent facilitation and inactivation are blocked by co-
expression of a CaM inhibitor peptide [80]. The slow intracellular Ca?* buffer EGTA (10
mM) inhibits CaZ*-dependent inactivation but not Ca?* -dependent facilitation, suggesting
that facilitation has greater Ca2* sensitivity due to faster binding or higher affinity binding
of local Ca2* [81]. The 1Q-like motif is required for facilitation, while the CBD is required
for rapid CaZ*-dependent inactivation [82]. The two lobes of calmodulin are differentially
involved in these two processes. Mutations of the two EF-hands in the C-terminal lobe
prevent facilitation, whereas mutation of the EF-hands in the N-terminal lobe prevents
inactivation [82-84]. FRET studies indicate that apo-calmodulin can bind to Ca,2.1 channels
in intact cells and binding is enhanced by Ca2* binding to calmodulin [84]. Altogether, these
results support a model in which the two lobes of CaM interact differentially with the
modified 1Q domain and the CBD in order to effect bi-directional regulation, with the C-
terminal lobe primarily controlling facilitation through interactions with the 1Q-like domain
and the N-terminal lobe primarily controlling inactivation through interactions with the
CBD.
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Differential modulation by CaM and neuronal Ca2*-sensor proteins

CaM is the most well-characterized member of a superfamily of CaZ*-sensor (CaS) proteins,
whose members typically have neuron-specific localization and amino acid substitutions that
prevent Ca2* binding to one or more of their four EF-hand motifs [85]. Ca$S proteins confer
Ca?*-dependent and Ca2*-independent regulation of Cay2.1 channels that differs
significantly from modulation by CaM. CaBP1 binds to the CBD of a42.1 in a Ca2* -
independent manner [86]. This Ca2*-independent binding of CaBP1 causes strong
enhancement of the rate of inactivation, positive shift in the voltage-dependence of
activation, and loss of Ca%*-dependent facilitation of Ca,2.1 channels [86]. These effects of
CaBP1 are absent in channels lacking the CBD, consistent with the hypothesis that CaBP1
displaces CaM from this site [86]. The differences in modulation of Cay2.1 channels by
CaBP1 and CaM may result from the structural differences between the two Ca2* binding
proteins, which include an inactivated EF-hand Ca2* binding site, an extended N-terminal
domain with a lipid anchor, and an extended central helix connecting the two lobes of
CaBP1 [85]. Myristoylation of CaBP1 is required for its distinctive regulatory properties
[87]. Moreover, the distinctive features of regulation by CaBP1 can be transferred in a
chimera containing the N-terminal domain and the second, inactive EF-hand motif (Few et
al., Soc. Neurosci. Abst, 2008). These results begin to elucidate the molecular logic for
differential regulation of Cay2.1 channels by CaS proteins. Since it co-immunoprecipitates
and co-localizes with Ca,2.1 channels in the brain [86], CaBP1 may contribute to the
diversity of regulation of these channels in the nervous system.

Visinin-like protein 2 (VILIP-2) is a neuronal CaS protein that is distantly related to CaBP-1
[85]. Consistent with these substantial structural differences, VILIP-2 has opposite effects
on Cay/2.1 channels from CaBP-1 [88]. Co-expression of VILIP-2 causes slowed
inactivation and enhanced facilitation, but its binding and effects are Ca?*-independent like
CaBP-1. Differential expression of CaBP1, VILIP-2, and other CaS proteins at synapses
would lead to differential modulation of Ca2* currents and therefore of synaptic
transmission in response to trains of action potentials.

Ca?*/CaM-dependent protein kinase Il in the presynaptic CaZ* channel signaling complex

Ca?*/CaM-dependent protein kinase Il (CaMKI1) is one of the most important Ca2*
receptors in neurons. In order for it to receive the Ca2* signal in presynaptic terminals, it
must be located in close proximity to the presynaptic Ca2* channel. Endogenous CaMKI|
co-immunoprecipitates with Cay2.1 channels from transfected cells [89]. Moreover,
inhibition of endogenous CaMKII with the specific organic CaMKII inhibitor KN-93 or the
endogenous brain CaMKII inhibitor protein CaMKIIN accelerates inactivation and shifts the
voltage dependence of inactivation to more negative membrane potentials, resulting in a
substantial reduction in Ca2* channel activity. These results imply that CaMKII activity
slows inactivation and positively shifts its voltage dependence, substantially increasing Ca2*
channel activity. Surprisingly, these effects are caused by binding of CaMKI| to a site in the
C-terminal domain of Cay/2.1 channels and do not require kinase catalytic activity [89].
These results indicate that CaMKI1 binds to the C-terminal domain of presynaptic Ca2*
channels and enhances their activity by slowing inactivation and positively shifting the
voltage dependence of inactivation. CaMKII bound to Cay/2.1 channels is well-positioned to
respond to entering Ca2* and phosphorylate neighboring proteins, including the Cay/2.1
channel itself.

Short-term synaptic plasticity mediated by regulation of Cay2.1 channels by CaS proteins

The strong regulation of presynaptic Ca2* channels by CaS proteins suggests that this
process may play a role in short-term synaptic facilitation and rapid synaptic depression. To
test this idea, wild-type Cay/2.1 channels and mutants in the 1Q-like domain and CBD were
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expressed by injection of cDNA in presynaptic sympathetic ganglion neurons in culture,
endogenous N-type Ca?* currents were blocked by w-contoxin GVIA, and synaptic
transmission mediated by the transfected Ca2* channels was measured with sharp
microelectrodes [90]. Transfected Cay/2.1 channels mediated synaptic transmission with
typical short-term facilitation during the first several action potentials followed by rapid
depression [90]. Mutation of the 1Q-like domain of the transfected channels substantially
reduced facilitation, whereas mutation of the CBD substantially slowed depression [90].
These results show that modulation of Cay,2.1 channels by binding of CaM to the 1Q-like
domain and the CBD contributes substantially to short-term facilitation and rapid depression
of synaptic transmission in this synaptic preparation [91].

Short-term synaptic plasticity differs substantially among different types of synapses, but
CaM is universally expressed. Therefore, it is possible that neuron-specific expression of
CasS proteins overrides modulation by CaM and exerts differential regulation of synaptic
plasticity. As expected from their effects on transfected Cay,2.1 channels in non-neuronal
cells, over-expression of CaBP1 in sympathetic neurons inhibited synaptic facilitation and
enhanced synaptic depression, whereas over-expression of VILIP-2 enhanced facilitation
and slowed depression (Leal, Mochida, Scheuer, and Catterall, Soc. Neurosci. Abst, 2010).
Therefore, these two CaS proteins can mediate biphasic regulation of synaptic transmission
by Cay2.1 channels, controlling both the form and direction of short-term synaptic plasticity
in synapses in which they are expressed. Similarly, the closely related CaS protein Neuronal
Calcium Sensor-1 (NCS-1, called frequenin in Drosophila) enhances synaptic transmission
at the Calyx of Held and in cultured hippocampal neurons by increasing presynaptic Ca2*
currents [92, 93]. Differential expression of CaS proteins may be a widespread mechanism
of modulation of short-term synaptic plasticity in different classes of synapses.

Proteomic analysis of the presynaptic Ca2* channel signaling complex

Although the results of protein interaction and functional studies reviewed above indicate
that presynaptic Ca2* channels form an extensive signaling complex, they reveal only the tip
of the iceberg of this huge protein structure. Detailed analyses of the components of the
presynaptic Ca2* channel complex using proteomic methods have revealed many additional
proteins, including cytoskeletal proteins, extracellular matrix proteins, adaptors and
trafficking proteins, G protein-coupled receptors, and additional signaling proteins [94, 95].
The most extensive analysis, using mouse Ca2* channel knockouts as negative controls,
reveals more than 100 specifically associated proteins [94]. Thus, the presynaptic Ca2*
channel proteome is a large universe indeed.

Muscle Cayl Channel Signaling Complexes Regulate Excitation-
Contraction Coupling in the Fight-or-Flight Response

Skeletal muscle Cay1 channels

Skeletal muscle Ca,1.1 channels have been the primary experimental model for biochemical
studies of Ca2* channels [96-98]. Both the pore-forming a subunit and the auxiliary g
subunit are phosphorylated by PKA [98-100]. The a.1 subunit is truncated by proteolytic
processing of the C-terminal domain [101, 102], and the primary sites of PKA
phosphorylation are located in the distal C-terminus beyond the point of proteolytic cleavage
[103, 104] Voltage-dependent potentiation of Ca,1.1 channels on the 50-msec time scale
requires both PKA phosphorylation [105] and PKA anchoring via an AKAP [106, 107],
suggesting close association of PKA and Ca2* channels. A novel, plasma-membrane-
targeted AKAP (AKAP15) is associated with Ca,1.1 channels and may mediate their
regulation by PKA [108, 109]. This AKAP is also known as AKAP18 [110]. AKAP15 binds
to the C-terminal domain of Ca, 1.1 channels via a novel modified leucine-zipper in the C-
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terminal domain near the primary sites of PKA phosphorylation [111]. Block of this
interaction by competing peptides prevents PKA regulation of Ca2* currents in intact
skeletal myoblasts, indicating that direct interaction with the Ca, 1.1 channel is required for
effective regulation in situ in skeletal muscle cells [111].

Cardiac Ca2* channels

Release of catecholamines from the adrenal medulla and the autonomic nervous system
stimulates B-adrenergic receptors, adenylyl cyclase, cAMP, and PKA to induce
chronotropic, inotropic, and lusitropic regulation of heart rate, contractility, and relaxation,
respectively. In cardiac myocytes, Ca2* influx through Ca,1.2 channels contributes to the
plateau phase of the cardiac action potential and is responsible for initiating excitation-
contraction coupling. Cay1.2 channels are modulated by the B-adrenergic receptor/cCAMP
signaling pathway [112, 113]. As for skeletal muscle Cay1.1 channels, both the pore-
forming a1 and auxiliary p subunits of Ca,1.2 channels are substrates for phosphorylation
by PKA [114-117]. PKA phosphorylates the a1 subunit prominently on serine 1928 in the
distal C-terminal domain [115, 118]. Activation of B-adrenergic receptors increases L-type
Ca?* currents through PKA-mediated phosphorylation of the Ca, 1.2 channel protein and/or
associated proteins [119-122]. As for skeletal muscle Cay1.1 channels, PKA regulation of
Cay1.2 channels in cardiac myocytes is rapid and requires the anchoring of PKA through
direct association with an AKAP [123, 124]. These results suggest that a Ca2* channel
signaling complex containing an AKAP and PKA is formed in cardiac muscle, as in skeletal
muscle.

AKAP-15 has been identified as the anchoring protein that targets PKA to Ca,1.2 channels
in cardiac muscle via a conserved leucine-zipper motif in the distal C-terminus of the pore-
forming a4 subunit ([124]; Fig. 3). Mutation of this motif prevents PKA anchoring, and
disruption of this interaction with competing peptides prevents p-adrenergic and PKA-
dependent regulation of L-type Ca2* currents in ventricular myocytes [124]. Thus, PKA
anchored directly to the Ca, 1.2 channel by AKAP15 via a leucine-zipper interaction is
required for regulation of Ca2* channels in cardiac myocytes by the autonomic nervous
system.

An autoinhibitory signaling complex of Cay1.1 and Cay1.2 channels

The distal C-terminal domains of skeletal muscle and cardiac Ca* channels are
proteolytically processed in vivo [101, 102, 115, 125] at a specific site, Alal664 in Cay1.1
channels, which is conserved at position 1700 in Cay1.2 channels [125]. Nevertheless, the
most prominent PKA phosphorylation sites of both proteins are located beyond the site of
proteolytic truncation [103, 104, 115], and interaction of AKAP15 and PKA with the distal
C-terminal domain through a leucine zipper motif is required for regulation of cardiac Ca?*
channels in intact myocytes [124]. These results imply that the distal C-terminal domain
remains associated with the proteolytically processed cardiac Cay/1.2 channel [126, 127].
The distal C-terminal domain of both Cay1.1 and Cay1.2 channels bind to the proximal C-
terminal domain in a specific complex [125, 128]. Moreover, formation of this complex
dramatically inhibits cardiac Ca2* channel function [128]. Deletion of the distal C-terminal
near the site of proteolytic processing increases Ca2* channel activity [128, 129]; however,
noncovalent association of the cleaved distal C-terminal reduces channel activity more than
several fold, to a level much below that of Ca2* channels with an intact C-terminus [128].
These effects are caused primarily by reduction of the coupling of voltage sensing to
channel opening [128]. Thus, proteolytic processing produces an autoinhibited Ca2* channel
complex containing noncovalently bound distal C-terminus with AKAP15 and PKA
associated through a modified leucine zipper interaction. This autoinhibited complex is
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primary substrate for regulation of cardiac Ca* channels by the B-adrenergic receptor/PKA
pathway in vivo [128].

Reconstitution of regulation of Cay1.2 channels in the fight-or-flight response

The definitive test of our understanding of Ca2* channel regulation in the fight-or-flight
response is reconstitution of that regulation in a non-muscle cell from well-defined
molecular components. Reconstitution of regulation of Cay,1.2 channels in nonmuscle cells
has been difficult to achieve, perhaps because their a1 subunits are not proteolytically
processed in heterologous cells [130]. Formation of a stoichiometric complex of truncated
Cay1.2 channels, their distal C-terminal domain, and AKAP15 by controlled expression of
each component as a separate protein successfully restores physiologically normal
regulation of Cay/1.2 channels by the PKA signaling pathway [131]. Parallel experiments
with full-length a1 subunits do not yield substantial channel regulation. These results
provide direct evidence that the autoinhibited signaling complex of truncated Ca2* channel
a1 subunits, their noncovalently associated distal C-terminal domain, and AKAP15 is the
physiological PKA substrate for regulation of Ca2* channels in the fight-or flight response
in vivo.

The Effector Checkpoint Hypothesis for Ca?* Channel Regulation

Three well-defined examples of Ca2* channel regulation suggest the effector-checkpoint
hypothesis for Ca?* channel regulation [89]. Skeletal muscle Cay/1.1 channels in transverse
tubules interact directly with the ryanodine-sensitive Ca2* release channels in the
sarcoplasmic reticulum, which serve as their effectors in excitation-contraction coupling
[132]. Deletion of the gene for the ryanodine-sensitive Ca2* release channel dramatically
reduces the activity of the Cay1.1 channels [133]. Thus, effector interaction enhances Ca2*
channel activity in this case. SNARE proteins that are involved in docking and exocytosis of
neurotransmitter vesicles are the effectors of the Ca2* signal conducted by presynaptic Ca2*
channels. Moreover, the SNARE proteins regulate Cay/2.1 and Cay2.2 channels in a
biphasic manner [134-137]. The plasma membrane SNARE proteins syntaxin and SNAP-25
inhibit Ca2* channel activity by shifting the voltage dependence of inactivation to more
negative membrane potentials, but formation of a complete SNARE complex with
synaptobrevin and synaptotagmin relieves the inhibition and enhances Ca2* channel
activation. Evidently, formation of a complete SNARE complex, which serves as the
effector of the Ca2* signal in synaptic transmission, increases both Cay2.1 and Cay2.2
channel activity. Finally, an effector of the Ca2* signal, CaMKII, up-regulates the activity of
presynaptic Cay2.1 channels when bound. This regulation increases the activity of those
Cay2.1 channels whose Ca2* signal would be utilized physiologically by CaMKII. In all
three of these examples, the regulation is organized to enhance Ca2* entry through channels
that have appropriate effectors bound in place. Thus, this mechanism serves as an ‘effector-
checkpoint’ to ensure the functional fitness of individual CaZ* channel molecules for signal
transduction to bound effector proteins like ryanodine receptors, SNARE proteins, and
CaMKII before they are allowed to open with high efficiency. This regulatory process
serves to focus Ca2* entry on those Ca?* channels that are poised to use the Ca2* signal
most effectively and thereby limits unproductive Ca2* entry that might be deleterious.

Perspective

The idea that ion channels are multi-protein complexes stems from early biochemical studies
showing that they are multi-subunit proteins and now is amplified by the extensive evidence
for signaling complexes that are nucleated by ion channels. The work reviewed here shows
that voltage-gated Na* and Ca2* channels form specific signaling complexes that are
essential for their physiological functions and for their regulation. Electrical signals
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nerated by Na* and Ca2* channels are inherently local. Similarly, the Ca2* transients
nerated by activation of Ca2* channels by electrical signals are also local, forming Ca2*

microdomains of molecular dimensions. Evidently, these local signaling events require
locally bound effector proteins and regulatory proteins for effective signal transduction.
Understanding receptor signaling to and through ion channels will require determination of
the structure of ion channel signaling complexes and the functional significance of each
member of these complexes.
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Figure1. A Na* channe signaling complex with PKA

A. The brain Nay/1.2 channel is illustrated as a transmembrane folding diagram with a, p1,
and B2 subunits and a PKA signaling complex. Transmembrane alpha helical segments are
illustrated as cylinders. The gating charges of the S4 segments are denoted by +. The amino
acid residues that form the selectivity filter are denoted by circles with -, +, or blank inside.
Phosphorylation sites are indicated by P. The inactivation particle in the inactivation gate is
indicated by h in a circle. Open circles indicate the regions that form the inactivation gate
receptor. The extracellular domains of the § subunits are shown as immunoglobulin-like
domains. The interaction of PKA and AKAP15 with an amphipathic alpha helix in
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beginning of the intracellular loop connecting domains | and Il is shown. B. A similar
diagram of the Nay/1.2 channel with the tyrosine phosphorylation signaling complex.
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Figure 2. A presynaptic Ca?* channd signaling complex

A. The subunits of calcium channels. B. Transmembrane folding diagrams of the calcium
channel subunits. C. The presynaptic Ca* channel signaling complex. Sites of interaction of
SNARE proteins (the synprint site), GBy subunits, protein kinase C (PKC), calmodulin and
neuronal CaZ* binding proteins (CBD), and Ca2*/calmodulin-dependent protein kinase 11 are
illustrated.
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Figure 3. Thecardiac Ca?* channd signaling complex

The Cay/1.2 channel is illustrated as a transmembrane folding diagram. Proteolytic
processing of the distal C-terminal domain is indicated. ABD, AKAP15 binding domain;
DCRD, distal C-terminal regulatory domain; PCRD, proximal C-terminal regulatory
domain; scissors, site of proteolytic processing.
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