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Abstract

Intracellular calcium transients generated by activation of voltage-gated calcium (Cay) channels
generate local signals, which initiate physiological processes such as secretion, synaptic
transmission, and excitation-contraction coupling. Regulation of calcium entry through Cay
channels is crucial for control of these physiological processes. In this article, | review
experimental results that have emerged over several years showing that cardiac Cay/1.2 channels
form a local signaling complex, in which their proteolytically processed distal C-terminal domain,
an A-Kinase Anchoring Protein, and cyclic AMP-dependent protein kinase (PKA) interact directly
with the transmembrane core of the ion channel through the proximal C-terminal domain. This
signaling complex is the substrate for B-adrenergic up-regulation of the Cay/1.2 channel in the
heart during the fight-or-flight response. Protein phosphorylation of two sites at the interface
between the distal and proximal C-terminal domains contributes importantly to control of basal
Cay1.2 channel activity, and phosphorylation of Ser1700 by PKA at that interface up-regulates
Cay/1.2 activity in response to B-adrenergic signaling. Thus, the intracellular C-terminal domain of
Cay1.2 channels serves as a signaling platform, mediating beat-to-beat physiological regulation of
channel activity and up-regulation by -adrenergic signaling in the fight-or-flight response.

INTRODUCTION

Ca?* channels in many different cell types activate upon membrane depolarization and
mediate Ca2* influx in response to action potentials and sub-threshold depolarizing signals.
Ca?* entering the cell through voltage-gated Ca2* (Cay) channels serves as the second
messenger of electrical signaling, initiating many different cellular events. In cardiac and
smooth muscle cells, activation of Ca2* channels initiates contraction directly by increasing
cytosolic Ca%* concentration and indirectly by activating calcium-dependent calcium release
by ryanodine-sensitive Ca2* release channels in the sarcoplasmic reticulum [1-4]. In skeletal
muscle cells, voltage-gated Ca?* channels in the transverse tubule membranes interact
physically with ryanodine-sensitive Ca2* release channels in the sarcoplasmic reticulum and
activate them to initiate rapid contraction [5, 6]. The same Ca?* channels in the transverse
tubules also mediate a slow Ca2* conductance that increases cytosolic concentration and
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thereby regulates the force of contraction in response to high-frequency trains of nerve
impulses [5]. Ca2* entering the cytosol via voltage-gated Ca2* channels regulates enzyme
activity, gene expression, and other biochemical processes [7].

Pioneering electrophysiological studies by Professor Harald Reuter first revealed the Ca2*
current in cardiac myocytes dissected from mammalian heart [8]. The limitations of voltage
clamp equipment at the time made these studies difficult. Nevertheless, the general
characteristics of voltage dependence, calcium selectivity, and kinetics of activation and
inactivation of the cardiac Ca2* current observed in these early studies have become
hallmarks for CaZ* channels studied over more than four decades [9-14]. Since those first
recordings of Ca2* currents in cardiac myocytes [1], it has become apparent that there are
multiple types of Ca?* currents as defined by physiological and pharmacological criteria
[15-17]. In cardiac, smooth, and skeletal muscle, the major Ca%* currents are distinguished
by high voltage of activation, large single channel conductance, slow voltage-dependent
inactivation, marked up-regulation by cAMP-dependent protein phosphorylation pathways,
and specific inhibition by Ca2* antagonist drugs including dihydropyridines,
phenylalkylamines, and benzothiazepines [1, 15]. These Ca2* currents have been designated
L-type, as they have slow voltage-dependent inactivation and therefore are long-lasting
when Ba?* is the current carrier and there is no Ca2*-dependent inactivation [15].

The L-type calcium current in cardiac myocytes is the molecular target for PKA regulation
of contraction in the fight-or-flight response, as shown in early work by Tsien, Greengard,
and Reuter [18-20]. Activation of B-adrenergic receptors increases L-type Ca2* currents
through PKA-mediated phosphorylation of the Ca, 1.2 channel protein and/or associated
proteins [18, 20-25]. The size of the L-type calcium current is tightly controlled by
activation of PKA phosphorylation and dephosphorylation by phosphoprotein phosphatases
[25, 26]. This dynamic regulation underlies the control of cardiac contractility on a beat-to-
beat basis in the heart.

Modulation of ion channels is a dynamic process that is precisely controlled in space and
time [27, 28]. 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 [29]. In this article, | describe work on the
signaling complexes formed by the skeletal and cardiac muscle calcium channels (Cay1.1
and Cay/1.2) that initiate excitation-contraction coupling. In each case, signaling proteins
and anchoring proteins that regulate these channels bind to specific sites on their
intracellular C-terminal domains, and these protein-protein interactions are required for
normal signal transduction in muscle cells. In the fight-or-flight response, a conserved
physiological response of vertebrates to stress, fear, and exercise, both of these Ca2* channel
signaling complexes respond to local activation of CAMP signaling pathways and up-
regulate calcium channel activity, leading to increased contractile force.
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CALCIUM CHANNEL SIGNALING COMPLEXES IN SKELETAL AND
CARDIAC MUSCLE
The Fight-or-Flight Response in Skeletal and Cardiac Muscle

To meet changing hemodynamic demands placed upon the heart, excitation-contraction
coupling in cardiac myocytes is constantly modulated by multiple signaling pathways. The
most important regulator of cardiac function on a beat-to-beat basis is the autonomic
nervous system. Release of catecholamines from sympathetic nerve endings and the adrenal
medulla stimulates p-adrenergic receptors in cardiac myocytes [3, 4, 30]. Stimulation of the
[-adrenergic signaling pathway increases the chronotropic (heart rate), inotropic (strength of
contraction during systole), and lusitropic (rate and extent of relaxation during diastole)
states of the heart. At the cellular level, stimulation of -adrenergic receptors activates PKA
signaling pathways resulting in the phosphorylation of a number of target proteins, including
voltage-gated calcium channels [31].

The force of contraction of skeletal muscle is also increased in the fight-or-flight response
[32, 33]. Forceful contractions of skeletal muscle require tetanic bursts of action potentials
generated in the motor nerve [34-36]. During p-adrenergic stimulation, the slowly activated
calcium current in skeletal muscle is increased and this calcium entry is required for the
increase in contractile force by treatment with adrenaline [37]. It is likely that the slowly
activated calcium entry through voltage-gated calcium channels increases calcium in the
cytosol, the sarcoplasmic reticulum calcium AT-Pase pumps that extra calcium into the
sarcoplasmic reticulum and increases the calcium stores, and in subsequent contractions, the
amount of calcium in the sarcoplasmic reticulum is greater and more calcium is released to
activate actomyosin, resulting in an increase in contractile force.

A cAMP/PKA Signaling Complex formed by Skeletal Muscle Calcium Channels

Skeletal muscle Cay1.1 channels have been the primary experimental model for biochemical
studies of calcium channels (Fig. 1A [38-40]). They are composed of a large pore-forming
al subunit, a disulfide-linked glycoprotein complex of a2 and & subunits, an intra-cellular 8
subunit, and a transmembrane, glycosylated y subunit. Both the pore-forming a4 subunit and
the auxiliary B subunit are phosphorylated by PKA [39-42]. The al subunit is truncated by
proteolytic processing of the C-terminal domain [43, 44], and the primary sites of in vitro
PKA phosphorylation are located in the distal C-terminus beyond the point of proteolytic
cleavage [45, 46], suggesting that the distal C-terminal domain is not degraded but rather
remains attached to the Cay1.1 channel and regulates it. Using mass spectrometric analysis
of purified Cay1.1 channels, we found that the C-terminal domain of Cay/1.1 channels is
proteolytically processed at a specific site, Alal664 [47]. The distal C-terminal domain
truncated at Alal664 binds to the proximal C-terminal domain in a specific complex [47],
placing the anchored PKA and its primary sites of phosphorylation close to the proximal C-
terminal domain and the remainder of the Cay/1.1 channel.

Voltage-dependent potentiation of Ca,1.1 channels on the 50-msec time scale requires PKA
phosphorylation [48] and PKA anchoring via an AKAP [49, 50], suggesting close
association of PKA and Ca2* channels. We found that a novel, plasma-membrane-targeted
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AKAP (AKAP15) is associated with Ca,1.1 channels and may mediate their regulation by
PKA [51, 52]. This AKAP is also known as AKAP18 [53]. AKAP15 binds to the distal C-
terminal domain of Ca, 1.1 channels via a novel modified leucine-zipper interaction in the C-
terminal domain near the primary sites of PKA phosphorylation [54]. 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 [54]. These results define a signaling
complex of the transmembrane core of the Ca2* channel, its proteolytically processed distal
C-terminal domain, AKAP, and PKA that regulates skeletal muscle Ca2* channels.

In order to identify the sites of PKA phosphorylation that may be involved in the fight-or-
flight response in vivo, we used mass spectrometry to analyze the peptides in the intra-
cellular domains of skeletal muscle Cay1.1 channels and identify their sites of in vivo
phosphorylation [55]. This exhaustive analysis revealed two previously unidentified sites of
in vivo phosphorylation, Ser1575 and Thr1579, which are strategically located at the
interface between the distal C-terminal domain and the proximal C-terminal domain [55].
Ser1575 is in a classic consensus sequence for PKA phosphorylation, whereas Thr1579 is in
a sequence compatible with phosphorylation by casein kinase Il [55]. Using a
phosphospecific antibody against Ser1575, we found that phosphorylation of this site in vivo
is substantially increased by stimulation of rabbits by injection of the beta-adrenergic
agonist isoproterenol and reduced by injection of beta-adrenergic antagonist propranolol
[55]. These results strongly implicate phosphorylation of Ser1575 in regulation of the
contractile force of skeletal muscle in response to stress, fear, and exercise.

A cAMP/PKA Signaling Complex Formed by Cardiac Ca2* Channels

In cardiac myocytes, Ca2* influx through Cay1.2 channels contributes to the plateau phase
of the cardiac action potential and is responsible for initiating excitation-contraction
coupling. Ca, 1.2 channels are modulated by the f-adrenergic receptor/cAMP signaling
pathway [4, 30]. As for skeletal muscle Cay1.1 channels, both the pore-forming a4 and
auxiliary  subunits of Ca,1.2 channels are substrates for phosphorylation by PKA [56-59].
PKA phosphorylates the purified aq subunit in vitro on a single site containing Ser1928 in
the C-terminal domain [57, 60]. Activation of f-adrenergic receptors increases L-type Ca2*
currents through PKA-mediated phosphorylation of the Ca,1.2 channel protein and/or
associated proteins [18, 20-22]. As for skeletal muscle Ca,1.1 channels, PKA regulation of
Cay1.2 channels in dissociated cardiac myocytes is rapid and increases the level of current
by 2- to 3-fold (Fig. 2A). This up-regulation of Cay/1.2 channel activity in dissociated
ventricular myocytes requires an AKAP bound to the AKAP binding site in the distal C-
terminal domain, because it is blocked by specific peptides derived from that site (Fig. 2B
[61]). Intracellular dialysis of ‘kinase-anchoring inhibitor peptides’, which competitively
inhibit PKA-AKAP interactions, also effectively inhibit PKA-dependent increases of Ca2*
channel activity in cardiac myocytes [61]. These results suggest that a Ca2* channel
signaling complex containing an AKAP and PKA bound to the distal C-terminal domain is
formed in cardiac muscle, as in skeletal muscle. Remarkably, even though there is a high
concentration of PKA in the cardiac myocytes, only PKA specifically anchored to Cay1.2
channels can effectively regulate channel activity.
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AKAPs that mediate PKA regulation of Cay1.2 channels

AKAP-15 is a prime candidate for the anchoring protein that targets PKA to Ca,1.2
channels in cardiac muscle [61]. A combination of biochemical, site-directed mutagenesis,
and electrophysiological studies identified a conserved leucine-zipper motif in the distal C-
terminus of the pore-forming a subunit of Ca, 1.2 channels, which is required for the
targeting of PKA and functional regulation by PKA signaling (Fig. 2 [61]). Mutation of this
motif prevents PKA anchoring, and disruption of this interaction with competing peptides
prevents B-AR- and PKA-dependent regulation of L-type calcium currents in ventricular
myocytes [61]. Thus, PKA anchored directly to the Ca,1.2 channel by AKAP15, or a related
AKAP acting via a modified leucine-zipper interaction, is required for regulation of Cay/1.2
channels in cardiac myocytes by the autonomic nervous system. Remarkably, block of
kinase anchoring is as effective as block of kinase activity in preventing Ca,1.2 channel
regulation. Thus, this work provides evidence that PKA targeting to ion channels via leucine
zipper interactions is absolutely required for regulation of Ca,1.2 channels in intact
myocytes.

Although studies of AKAP15 first focused attention on anchoring of PKA via an AKAP to
the modified leucine motif on Cay1.2 channels, deletion of AKAP15 in mice does not
prevent up-regulation of Cay/1.2 channels by -adrenergic stimulation at a saturating
concentration (1 uM) of isoproterenol [62]. Mouse AKAP150 (designated AKAP79 in
humans) also binds at the modified leucine zipper site on Cay/1.2 channels [63, 64].
However, deletion of AKAP150 alone or both AKAP15 and AKAP150 in mice is not
sufficient to prevent up-regulation of Cay,1.2 channels in response to maximal stimulation
with isoproterenol [62]. These results indicate that AKAP15 is not unique in its ability to up-
regulate Cay/1.2 channels and imply that an unidentified AKAP also is involved in this
process. Further studies will be required to determine the full range of AKAPs that are able
to support up-regulation of Cay/1.2 channels in vitro and reveal which AKAPs are essential
for that process in vivo.

CALCIUM CHANNEL REGULATION BY AN AUTOINHIBITORY SIGNALING
COMPLEX

An autoinhibitory signaling complex formed by cardiac Cay1.2 channels

Although the distal C-terminal domain of Cay/1.2 channels is proteolytically processed [57],
binding of AKAP and PKA to this domain is required for regulation of these channels in
intact cardiomyocytes [61]. These results imply that the distal C-terminal domain remains
associated with the proteolytically processed cardiac Cay/1.2 channel, and this is supported
by evidence that the distal C-terminus can bind to the truncated Cay/1.2 channel in vitro [65,
66]. Moreover, formation of this complex dramatically inhibits Cay/1.2 channel function
[67]. Deletion of the distal C-terminal near the site of proteolytic processing increases
calcium channel activity (Fig. 3, square and filled circle [67, 68]). However, noncovalent
association of the cleaved distal C-terminal reduces channel activity more than 10-fold, to a
level much below that of channels with an intact C-terminus (Fig. 3, open circle [67]). These
effects are caused primarily by reduction of the coupling of voltage sensing to channel
opening, with an additional increase in channel activity from a shift of the voltage
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dependence of activation to more negative membrane potentials [67]. Thus, proteolytic
processing produces an autoinhibited Cay/1.2 channel complex containing noncovalently
bound distal C-terminus with AKAP15 and PKA associated through a modified leucine
zipper interaction. This autoinhibited complex may be the primary substrate for regulation of
cardiac calcium channels by the f-adrenergic receptor/PKA pathway in vivo [67].

Reconstitution of PKA regulation of Cay1.2 channels in transfected nonmuscle cells

In order to test the significance of the autoinhibitory signaling complex of Cay/1.2 channels
in PKA regulation, we developed methods to build this signaling complex in nonmuscle
cells. The tsA-201 cell line of human embryonic kidney cells expresses the transfected aq
subunit of Cay/1.2 channels in full-length form, without proteolytic truncation [67].
Therefore, in the absence of this proteolytic processing reaction, the a4 subunit can be
expressed as full-length, truncated, or truncated plus distal forms by expressing cDNAs
encoding the full-length or truncated forms of the a4 subunit, without or with a separate
cDNA encoding the distal C-terminus [69, 70]. Analysis of the PKA regulation of these
three forms of Cay,1.2 channels was very revealing [70]. The full-length form of the a4
subunit was not regulated by activation of PKA signaling with forskolin [70], as had already
been observed by many investigators (eg., [71]). The truncated form of the a4 subunit had
substantially increased activity but also was not regulated by PKA [70]. However, the
autoinhibitory complex of truncated a4 subunit plus the distal C-terminal domain was up-
regulated by PKA phosphorylation when it was co-expressed with a carefully titrated
amount of AKAP15 [70]. Expression of Cay1.2A1800 alone gave large Ba2* currents (Fig.
4A, black), which were strongly reduced by co-expression of the distal C-terminus (Fig. 4A,
blue). Addition of forskolin had no effect on this autoinhibited complex (Fig. 4A, red).
However, if AKAP15 was also co-expressed, substantial up-regulation of Cay/1.2 channel
activity was observed (Fig. 4A, green). Careful titration of AKAP15 expression was
required to prevent the dominant-negative effect of the AKAP due to sequestering PKA
away from the Cay/1.2 channels when AKAP15 was expressed in excess. The peak Cay1.2
channel activity in this reconstituted signaling complex was increased approximately 2- to
2.5-fold compared to basal activity in unstimulated tsA-201 cells (Fig. 4; [70]). This level of
regulation is comparable to that in dissociated cardiac myocytes from rodent hearts.

The basal activity of Cay/1.2 channels in tsA-201 cells is regulated by protein
phosphorylation [70], as it is in cardiac myocytes [72]. Inhibition of protein phosphorylation
with a broad-spectrum kinase inhibitor (RO 31-8220; [72]) reduced Cay/1.2 channel activity
to 50% of the level of basal activity of untreated cells, giving a full dynamic range of 3.6- to
4-fold for regulation of Cay1.2 channel activity by protein phosphorylation [70]. Overall,
these results showed that both an autoinhibitory signaling complex of truncated a subunit
plus distal C-terminal domain and a carefully titrated amount of AKAP were required for
effective regulation by PKA and explained why it had been so difficult to observe consistent
regulation of Cay/1.2 channels transfected under other conditions.

Differential regulation by AKAPs

Because multiple AKAPs can support PKA regulation of Cay/1.2 channels, it is of interest to
compare their regulatory properties under controlled conditions in vitro. As a first step in
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that direction, we studied regulation of Cay/1.2 channels in transfected human embryonic
kidney cells by AKAP15 and AKAP79 (designated AKAP79 in human; AKAP150 in
mouse) [73]. Surprisingly, AKAP79 is not effective in supporting up-regulation of Cay1.2
channels in transfected cells following activation of adenylyl cyclase by forskolin under
conditions where AKAP15 is effective [73]. AKAP79 binds several signaling proteins,
including protein kinase C and the calcium-regulated phosphatase calcineurin [64]. We
found that mutation of AKAP79 to prevent binding of calcineurin, as described previously
[64], allowed it to support up-regulation of Cay/1.2 channel activity via activation of
adenylyl cyclase with forskolin [73]. These results establish a new paradigm for AKAP
regulation in which multiple AKAPs bind to a common site on a regulatory target and bring
different signaling proteins into the complex to alter its regulation. It will be of great interest
to determine whether the AKAPs associated with Cay/1.2 channels at the modified leucine-
zipper interaction site change with development, physiological regulation, or
pathophysiological events.

SITES OF REGULATION OF Cay1.2 CHANNELS BY PROTEIN
PHOSPHORYLATION

Sites of regulation of Cay1.2 channels in transfected nonmuscle cells

Successful reconstitution of the Cay/1.2 signaling complex in nonmuscle cells allowed direct
testing of potential sites of regulation by protein phosphorylation. The in vivo
phosphorylation sites we discovered by mass spectrometry in skeletal muscle Cay/1.1
channels, Ser1575 and Thr1579, are conserved in Cay/1.2 channels as Ser1700 and Thr1704
[55, 70]. Moreover, Ser1700 is phosphorylated in cardiac myocytes in vivo in response to -
adrenergic regulation [31]. Mutation of these sites to Ala completely prevented regulation of
Cay1.2 channels by PKA in transfected human embryonic kidney cells (Fig. 4B [70]).
Mutation of Ser1700 and Thr1704 individually reduced Cay/1.2 channel activity (Fig. 4B,
black and green), whereas mutation of both sites nearly completely prevented up-regulation
by PKA phosphorylation (Fig. 4B, yellow [70]). These results indicate that interplay
between phosphorylation of Thr1704 by casein kinase Il and Ser1700 by PKA controls both
basal and stimulated levels of Cay/1.2 channel activity in transfected nonmuscle cells.

Requirement for the distal C-terminus for regulation of Cay1.2 channels in vivo

A critical test of the functional role of the distal C-terminal in regulation of Cay/1.2 channels
invivo is deletion of distal C-terminus from the Cay/1.2 protein. By introducing a STOP
codon at the point of proteolytic truncation of Cay/1.2 in the mouse, we created a channel
whose regulation by the distal C-terminal was completely prevented [74]. The resulting
ADCT mice were surprisingly seriously impaired. All mice died perinatally from severe
cardiac hypertrophy and heart failure [74]. Isolation of cardiomyocytes at P18 and
maintenance in cell culture allowed studies of Cay/1.2 channel channel regulation. We found
that the level of Cay/1.2 current was much reduced and p-adrenergic up-regulation of Cay1.2
channel activity was completely lost in myocytes from ADCT mice. The reduction of basal
Cay1.2 current was caused by failure of expression or premature degradation, because the
gating charge associated with Cay,1.2 channel activation was reduced comparably to the
Cay1.2 current [74]. Deletion of a smaller portion of the distal C-terminal also resulted in
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neonatal heart failure [75]. These dramatic phenotypes indicate that regulation of Cay/1.2
channels by the distal C-terminal domain is required for normal cardiac development and
function in vivo.

Requirement of Ser1700 and Thr1704 for basal and p-adrenergic regulation of Cay1.2
channels in vivo

Contrasting

The striking effects of deletion of the distal C-terminal pointed to phosphorylation of
Ser1700 and Thr1704 as crucial elements in cardiovascular homeostasis and regulation in
vivo. To test this hypothesis directly, we mutated Ser1700 to Ala alone or together with
Thr1704 in separate mouse lines. Ser1700Ala (SA) mice [77] and Ser1700Ala/Thr1704Ala
(STAA) mice (Fig. 5A [76]) have reduced basal Cay1.2 channel activity (Fig. 5A, open
symbols) and severely reduced B-adrenergic-stimulated Cay/1.2 channel activity (Fig. 5A,
closed symbols [76, 77]), as predicted from our studies in transfected non-muscle cells. The
concentration dependence of increase in Cay/1.2 channel activity by activation of -
adrenergic receptors with isoproterenol is shifted five-fold to higher concentrations by the
Ser1700Ala/Thr1704Ala double mutation but not by the single Ser1700Ala mutation (Fig.
5B [77]). These results suggest that phosphorylation of Thr1704 by casein kinase 11
increases the sensitivity of regulation by phosphorylation of Ser1700 by PKA. This
reduction in basal Cay/1.2 channel activity and B-adrenergic up-regulation in these mutant
mice leads to reduced p-adrenergic stimulation of cardiac myocyte contraction, though the
reduction in cellular contractility is smaller than the reduction in Cay/1.2 channel current,
suggesting that there is a greater reserve for contractility or that compensatory mechanisms
have been engaged. Both SA mice and STAA mice have substantially reduced maximal
exercise capacity in a treadmill test in which they are forced to run up an incline to escape a
foot shock, a test of the fight-or-flight response in vivo [76, 77]. Moreover, SA and STAA
mice have substantial cardiac hypertrophy by young adulthood [76, 77], and both mouse
lines suffer severe heart failure and premature deaths beginning after 200 days of age
(unpublished results). The functional deficit of STAA mice is greater at the cellular level
(Fig. 5B), and these mice begin to die prematurely approximately 50 days before the SA
mutant mice.

views of regulation of Cay1.2 channels

The molecular mechanism and sites of regulation of Cay,1.2 channels in vivo have been
investigated in other experimental preparations using pharmacologically tagged Cay/1.2
channels that are insensitive to regulation by dihydropyridines (DHPs) [78, 79]. When such
DHP-insensitive Cay/1.2 channels are virally expressed in cardiac myocytes, and
endogenous Cay1.2 channels are blocked by treatment with a DHP, normal -adrenergic
regulation is observed for virally expressed full-length Cay,1.2 channels, which likely are
proteolytically processed in the infected myocytes. Cay/1.2 channels with the mutation
Ser1928Ala and Cay/1.2 channels co-expressed with Cay/3 subunits having mutations in
proposed phosphorylation sites also have normal B-adrenergic regulation [79]. In contrast,
no regulation is observed for Cay1.2 channels truncated to remove the distal C-terminus
[79]. All of these results are consistent with our experimental findings in transfected
nonmuscle cells and in mutant mouse lines presented above. In contrast, in a different
experimental system in which wild-type and mutant Cay/1.2 channels are expressed from a
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transgene controlled by a Tet-on promoter system, a similar ratio of stimulation of Cay/1.2
current by Iso was observed for wild-type Cay1.2 and mutants with Ser1700 and Thr1704
mutated to Ala [78]. Two key experimental differences may contribute to these apparent
differences in results. First, the stoichiometry of components of the autoinhibitory signaling
complex of Cay/1.2 channels is crucial [70, 73], but it is not known whether correct
stoichiometry of components is obtained for Cay,1.2 channels expressed from transgenes.
Second, in the Tet-on system, the basal level of Cay/1.2 current is not known, so the
stimulation ratio is calculated against a denominator whose real absolute value is unknown
and may vary among conditions [78]. Indeed, it is clear from our studies of SA and STAA
mice that these mutations substantially reduce basal Cay/1.2 current, thereby reducing the
denominator in the stimulation ratio of Iso/basal. In this situation, it is not valid to use the
classical stimulation ratio as a metric of f-adrenergic stimulation because the denominator is
not fixed and is reduced by the mutations. For example, in an extreme case, a mutation that
only reduces basal Cay/1.2 current would increase the stimulation ratio and appear to
increase B-adrenergic regulation. Further experiments in which the stoichiometry of the
Cay1.2 signaling complex can be established and both the basal Cav1.2 channel activity and
the stimulated Cay/1.2 channel activity can be measured accurately will be needed to
critically assess the differences between the results with this Tet-on expression system and
those presented here with mutant mouse lines.

MOLECULAR MECHANISM OF REGULATION OF CA,1 CHANNELS IN
CARDIAC HOMEOSTASIS AND IN THE FIGHT-OR-FLIGHT RESPONSE

Our results point to a complex, local mode of regulation of the Cay/1.1 and Cay/1.2 channels
(Fig. 1B). First, as part of the in vivo processing and assembly of these channel proteins in
skeletal and cardiac muscle, the C-terminal domains are proteolytically cleaved at analogous
positions near their center, Ala1664 or Ala1800 respectively, and the distal C-terminus
remains attached to the transmembrane core of the channel through interaction with the
proximal C-terminal domain [43, 44, 47, 57]. This interaction has a potent autoinhibitory
influence on the activity of the Cay/1.2 channel [69]. The point of regulatory interaction
involves two bundles of alpha helices, which bind to each other in part through two Arg
residues (Argl1696, Argl697) in the proximal C-terminal domain forming ion pairs with a
set of three negatively charged Glu residues (Glu2103, Glu2104, and Glu2106) on one face
of an alpha helix in the distal C-terminal domain (Fig. 6 [69]). Neutralization of the Arg
residues by mutation to GIn reduces the inhibitory interaction, whereas neutralizing both
Arg residues and Glu residues prevents autoinhibitory regulation completely [69].
Exhaustive proteomic analysis revealed two sites of in-vivo phosphorylation in Cay/1.1
channels (Ser1575 and Thr1579), and Ser1575 is phosphorylated by PKA in Cay/1.1
channels in rabbit skeletal muscle in vivo during B-adrenergic stimulation [55]. These sites
are conserved as Ser1700 and Thr1704 in Cay1.2 channels. Ser1700 is located in a PKA
phosphorylation site containing Arg1696 and Arg1697 as part of its consensus sequence
(Fig. 6B; [55, 70]).

An A-Kinase Anchoring Protein interacts with a site in the distal C-terminal domain of
Cay1.1 and Cay/1.2 channels, and binding of an AKAP there is required for PKA regulation
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of both channel types [43, 44, 51-54, 57, 61]. Regulation of Cay/1.2 channels at
physiological levels can be reconstituted in nonmuscle cells by co-expression of carefully
controlled amounts of truncated Cay,1.2A1800, the distal C-terminal domain, the Cay/$ and
Caya28 subunits, and AKAP15 [70]. In this reconstituted system, phosphorylation of
Ser1700 and Thr1704 regulates basal channel activity, whereas phosphorylation of Ser1700
is responsible for up-regulation of channel activity by p-adrenergic/PKA phosphorylation
[70].

The key role of this regulatory system in vivo is illustrated by our studies of mutant mice.
Deletion of the distal C-terminus in vivo causes reduced channel expression, loss of
regulation by pB-adrenergic/PKA signaling, and perinatal heart failure [74]. Mutation of both
Ser1700 and Thrl1704 to Ala or mutation of only Ser1700 to Ala reduces basal channel
activity, without substantial reduction in channel expression, and leads to impaired
contractility, reduced exercise capacity in a fight-or-flight task, and cardiac hypertrophy [76,
77]. The double mutation has greater effect at low levels of $-adrenergic stimulation,
suggesting that phosphorylation of Thr1704 enhances the effectiveness of phosphorylation
of Ser1700 in relieving autoinhibition and increasing channel activity.

This complex molecular model now accounts for most of the $-adrenergic stimulation of
Cay1.2 channel activity, and our studies in mutant mice show that this mechanism is also
required for regulation of the basal level of Cay/1.2 channel activity and for normal cardiac
homeostasis. However, this story remains incomplete. Future experiments should be focused
on identification of additional PKA phosphorylation sites that may be required for the
remaining regulation of Cay/1.2 channels in STAA mice using mass spectrometry and other
incisive methods and on analysis of the functional significance of those sites in vitroin
reconstituted nonmuscle cells and in vivo in mutant mice. Looking back, one can see that
discovery of the cardiac calcium current by Harald Reuter has led eventually to molecular
understanding of this important cell signaling protein and its essential role in 3-adrenergic
and homeostatic regulation of the heart. In the future, it is likely that this research direction
will provide new insights into heart failure and other aspects of cardiovascular disease.
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Fig. 1. The Cay/1 calcium channel signaling complex
A. Subunit structure of the Cay/1.1 channel from skeletal muscle transverse tubules. The

pore-forming al subunit is illustrated in the center of the complex with interacting B, a.28,
and y subunits. Modified from [27, 40, 80]. B. A transmembrane folding diagram illustrating
the subunits of Cay/1.2 channels. The C-terminal domain of the cardiac calcium Cay/1.2
channels is shown in expanded presentation to illustrate the regulatory interactions clearly.
ABD, AKAP15 binding domain; DCRD, distal C-terminal regulatory domain; PCRD,
proximal C-terminal regulatory domain; scissors, site of proteolytic processing. An EF-hand
motif involved in regulation of Mg2* and an 1Q-like motif involved in calcium-dependent
inactivation are also illustrated.
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Fig. 2. Disruption of the AKAP15-leucine zipper interaction inhibits B-adrenergic receptor
regulation of Cay1.2 channelsin rat ventricular myocytes

(A), Left panel, representative currents elicited by 300-ms test pulses to 0 mV before (closed
symbols) and after (open symbols) 5 min exposure to Iso (1 uM). Right panel, mean (+ sem)
current-voltage relationships before (closed symbols) and after (open symbols) 5 min
exposure to isoproterenol in the absence of peptide dialysis. (B), the effect of intracellular
dialysis with AKAP15, 7 (38-54) (100 pM; n = 14, black triangles) on the response of I, to
isoproterenol as compared to control (circles and gray). Modified from [61].
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Fig. 3. Interaction of the cleaved distal C-terminuswith truncated Cay1.2 channelsand
autoinhibition of channel activity

(A) Representative Ba2* currents elicited by 20-ms test pulses from —80 to +20 mV recorded
through full-length Cay/1.2 (closed squares), Cay/1.2 A1821 (closed circles), and
Cay1.2A1821 plus distalygpo-2171 (open circles) channels. (B) Mean (+ sem) current-voltage
relationships of full-length Cay/1.2 (closed squares), Cay/1.2A1821 (closed circles), and
Cay1.2A1821 plus distalygp2-2171 (open circles) channels. Peak currents at +10 mV were:
-3.73 £ 0.29 nA/pC (n=10) for full-length; —10.75 + 1.07 nA/pC for Cay1.2A1821, n = 11,
p<0.001; and —0.55 + 0.08 nA/pC, n=24 for Cay/1.2A1821 plus distal;g2.2171. Modified
from [67].
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Fig. 4. Regulation of Cay1.2 channel activity by optimal expression of cDNA encoding Cay/1.2

channd subunitsand AKAP15

(A) Representative Ba2* currents (Top) and current-voltage relationships (Bottom) of
Cay1.2 channels expressed in tsA-201 cells by co-transfection of the indicated cDNAs
encoding Cay/1.2A1800, distal C-terminus (DCT), AKAP15, and 5 uM Forskolin (FSK). (B)
Representative BaZ* currents (Top) and current-voltage relationships (Bottom) of Cay1.2
channels expressed in tsA-201 cells by co-transfection of the indicated cDNAs encoding
Cay1.2A1800, distal C-terminus (DCT), AKAP15, and 5 uM Forskolin (FSK) with wild-
type Cay1.2A1800 and mutants S1700A, T1704A, and S1700A/T1704A. Mean+SEM,;

significance determined by ANOVA.
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Fig. 5. Reduced basal Ca?* current and impaired responseto B-adrenergic activation in adult

cardiomyocytes

(A) lcq was recorded under basal conditions and 5 min after application of 10 nM Iso in WT
and STAA cardiomyocytes. Basal current was stable for two min before addition of Iso. (B)
Baseline subtracted Iso-induced increment in I, density plotted against 1so concentration.
*** n<0.001, WT vs. SA. *, p<0.05 SA vs STAA. Modified from [76, 77].
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Fig. 6. The docking model of the proximal and distal C-terminal domainsin the Cay1.2 channel
signaling complex

(A) Shown in ribbon representation with their a-helical regions colored. Side chains of
R1696 and R1697 in the PCRD are shown in stick representation with nitrogen atoms in
blue. Side chains of E2103, E2104, and E2106 in the DCRD are shown in stick
representation with oxygen atoms in red. (B) Rotated view of the model in panel A showing
the side chain of S1700 in stick representation with the oxygen atom in red.
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