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Regulation of ion channels by cAMP-dependent protein kinase

and A-kinase anchoring proteins

Peter C Gray*, John D Scott and William A Catterallt

Subcellular targeting of the cAMP-dependent protein kinase is
achieved, in part, through association with A-kinase anchoring
proteins (AKAPs). Recent evidence suggests that specific
AKAPs direct the kinase to submembrane sites to facilitate
phosphorylation and modulation of a variety of ion channels.

A new membrane-anchored AKAP targets cAMP-dependent
protein kinase to calcium channels and enhances their
regulation in multiple cell types.
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Abbreviations

AKAP  A-kinase anchoring protein

AMPA  c-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
C catalytic subunit

Kca calcium-activated potassium channel

PKA cAMP-dependent protein kinase

PKI heat stable protein inhibitor of cAMP-dependent protein kinase
R regulatory subunit

RI type | regulatory subunit

Rl type Il regulatory subunit

RGS  regulator of G protein signaling

Introduction

Multiple regulatory mechanisms ensure that signals trans-
duced by the second messenger cAMP are precisely
directed to specific sites inside the cell. Accumula-
tion of cAMP at these sites permits the activation of
cAMP-dependent protein kinase (PKA), which, in turn,
controls cellular events by the phosphorylation of substrate
proteins. Although the mechanisms of PKA activation
are well understood, it is now clear that additional
regulatory mechanisms are in place to control where the
kinase becomes activated. This is particularly important in
the central nervous system, where PKA phosphorylation
has been implicated in the control of such diverse
physiological processes as modulation of ion channels,
transcription of neuronal genes, and long-term potenti-
ation of synaptic transmission—a molecular model for
learning and memory [1]. Therefore, selective activation of
compartmentalized pools of PKA has emerged as an impor-
tant mechanism to ensure that particular PKA substrates
become rapidly and selectively phosphorylated in response
to individual extracellular stimuli. At the molecular level,

compartmentalization of PKA is maintained by A-kinase
anchoring proteins (AKAPs) [2]. The AKAPs represent
a family of functionally related proteins that bind the
regulatory subunits of the kinase and serve as adapter
proteins that maintain the PKA holoenzyme at specific
subcellular locations. Although AKAP interactions with
RII regulatory subunits of PKA have been extensively
characterized, less is known about how AKAPs influence
cAMP-responsive events or the functional consequences
of PKA anchoring iz vivoe.

The purpose of this review is to briefly discuss our
current understanding of the protein-protein interactions
that govern PKA anchoring and to focus on recent studies
that suggest that an important function of the AKAPs is to
direct PKA to submembrane sites where it is available to
phosphorylate and modulate the activity of ion channels.

Overlapping modes of PKA regulation

The PKA holoenzyme is a heterotetramer consisting of a
regulatory (R) subunit dimer that maintains two catalytic
(C) subunits in a dormant state [3,4]. The binding of
cAMP to tandem sites in ecach R subunit alleviates
autoinhibitory contacts in the holoenzyme and releases
both C subunits. The active kinase is then free to
phosphorylate substrates on serine or threonine residues
that are presented in a consensus sequence context of
Arg—Arg-X-Ser/Thr (where ‘X’ is any amino acid). Given
the frequency of these sites in cellular proteins it is
not surprising that overlapping regulatory processes are
in place to restrict the action of the kinase. Cellular
cAMP levels are fixed by a balance of adenylyl cyclase
and phosphodiesterase activities, and signal-terminating
mechanisms such as desensitization of adenylyl cyclase
or localized activation of phosphodiesterases guarantee
further reduction of the compartmentalized second mes-
senger pools. Also, the R subunits are expressed in
excess over C subunits favoring rapid reformation of the
holoenzyme when cAMP levels return to the basal state
and the ubiquitous heat-stable inhibitor PKI may well
serve as a fail safe device that sequesters free C subunit
and mediates export of the kinase from the nucleus. Other
levels of regulation include the differential sensitivity of
R subunit isoforms (RI and RII) to ¢cAMP, which may
partially explain the different subcellular locations of the
type I and type Il holoenzymes inside cells.

Properties of AKAPs

Subcellular fractionation studies first reported the differ-
ential compartmentalization of the type I and type II
PKA holoenzymes whereas later reports identified the
association of RII with the neuronal cytoskeleton and
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microtubules. The first RII-binding proteins were iden-
tified as proteins that co-purified with RII after affin-
ity chromatography on cAMP-Sepharose, including the

P = T} hala_acannt A ~rarain MAD? and A
miCrotuouie-associatca protein MAr4 anGg a component

of the postsynaptic densities called AKAP79/150. Since
then, numerous anchoring proteins have been identified
or cloned by techniques that exploit the ability of
AKAPs to bind RII when denatured and immobilized
to nitrocellulose [2,5]. The assimilated information from
these studies is presented in a model (Figure 1) that
highlights the essential features of AKAPs. Each anchoring
protein contains two classes of binding sites: a conserved
‘anchoring motif’, which binds the R subunit of PKA,
and ‘targeting domains’, which direct the subcellular
localization of the PKA/AKAP complex through association
with structural proteins, membranes or cellular organelles.

Figure 1
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motif

Targeting domain
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Structural and functional domains of AKAPs. Each anchoring protein
contains a conserved anchoring motif responsible for high affinity
interaction with the R subunit and a unique targeting domain that
tethers the PKA/AKAP complex to subcellular structures.

Anchoring motifs

Mapping experiments have established the determinants
on RII required for interaction with AKAPs. Dimerization
is a prerequisite for AKAP binding; however, distinct
localization and dimerization determinants are contained
within the first 45 residues of each RII protomer. These
findings have been extended by the NMR structure of the
RIle 1-45 dimer [6]. Both RII protomers form an antipar-
allel four-helix bundle with the principal AKAP-binding
determinants located within an o helix between residues
8-14, while a second helix between residues 28 and 42
maintains the dimerization contact. Structural analysis of
an RII/AKAP peptide complex suggests that numerous

sidechains within the AKAP binding region of RII contact
the anchoring protein and may explain the high affinity of
RII/AKAP interactions [6].

Although there is little sequence similarity between RII-
binding regions on AKAPs, mutagenesis studies initially
performed on the human thyroid anchoring protein Ht31
have demonstrated a requirement for intact secondary
structure within the anchoring site. These findings were
consolidated by the synthesis of peptides encompassing
a predicted helical region in Ht31 that bind RII with
nanomolar affinity [7,8]. The nanomolar affinity of these
interactions has important consequences for the analysis
of the intracellular localization of PKA as these reagents
can be used to disrupt the intracellular location of PKA
inside cells. Recently, dual function anchoring proteins,
called dAKAPs, have been identified that also bind the
type I regulatory subunit (RI) [9°,10°]. Binding involves
a common anchoring site, although the affinity of the
RI/AKAP interaction is approximately 1000-fold lower
than that for RII [9°,10°,11]. Nevertheless, studies of RIloa
knockout mice indicate that type I PKA anchoring may
be important for the regulation of calcium channels under
conditions where the intracellular concentration of RII is
limiting [11].

Targeting domains

The targeting domain is an essential feature of each
AKAP as it confers specificity by tethering the anchored
PKA complex to particular organelles. Although subcel-
lular fractionation and immunochemical techniques have
identified AKAPs localized to a variety of subcellular
structures and organelles, only a few AKAP targeting
sequences have been well characterized. Mitochondrial
targeting of dAKAP-1 or its murine homolog sAKAP84
is mediated by an amino-terminal sequence motif [9°].
Dendritic targeting of AKAP75 or its human homolog
AKAP79 involves two or more noncontiguous stretches of
basic residues that bind acidic phospholipids to provide
electrostatic interactions with the plasma membrane
(Figure 2; [12,13°]). Myristoylation and dual palmitoylation
signals facilitate the constitutive membrane attachment
of the low molecular weight kinase anchoring protein
AKAP15 (Figure 2; [14%,15°]), also called AKAP18 [16°],
to the plasma membrane. Knowledge of these targeting
sequences now allows the development of reagents that
can redirect PKA to specific subcellular compartments.

AKAPs and glutamate receptors

The first indication of effects of AKAPs on ion channels
came from studies of synaptic transmission between
cultured hippocampal neurons mediated by glutamate
acting at fast AMPA/kainate-type glutamate receptors
{17}. Phosphorylation by PKA is required to maintain
the function of the AMPA/kainate type of glutamate
receptors in hippocampal neurons [18,19]. A peptide
containing the RlII-binding domain of the human thyroid
AKAP, He31 [8], disrupted PKA-mediated effects on the
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Figure 2
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Association of PKA and ion channels through the membrane
anchoring of AKAPs. (@) The skeletal muscle calcium channel is
illustrated as a complex of a1, 2§, P, and ¥ subunits. a2 and §
subunits are linked by a disulfide bond. AKAP15 is anchored to

the cell membrane by myristoyl and palmitoyl anchors and binds
PKA through an amphipathic helix that interacts with the subunit
interface of the RIl regulatory subunit dimer. Close localization of
PKA to the calcium channel enhances phosphorylation (P) of its a1
and P subunits. (b) The AMPA/kainate-type glutamate receptor is
illustrated as a transmembrane ion channel. AKAP79 is anchored to
the membrane via binding to acidic phospholipids and binds PKA
through an amphipathic helix that interacts with the subunit interface
of the RIl regulatory subunit dimer. Close localization of PKA to the
glutamate receptor enhances its phosphorylation (P).

basal glutamate receptor activity in these neurons. In
whole-cell recordings, 88% of kainate-induced currents
through glutamate receptors were retained after 25 min

of intracellular dialysis with control medium containing
ATP in the recording pipette. Inhibition of PKA with
the peptide inhibitor PKI(5-24) increased run down of
the kainate-induced current so that only 62% of the
current was retained. Similarly, the anchoring inhibitor
peptide Ht31 increased run down so that only 65% of
the kainate-induced current remained at 25min. Thus,
phosphorylation by anchored PKA was responsible for
retention of 23% of the glutamate receptor activity under
the conditions of whole-cell voltage clamp, implicating
AKAPs in the maintenance of glutamate receptor activity.
AKAP79 [7] is the primary candidate for this effect on
glutamate receptors as it is localized in the postsynaptic
densities of hippocampal synapses (Figure 2; [13°]).

AKAP15 and skeletal muscle L-type calcium
channels

In skeletal muscle transverse tubules, L-type calcium
channels mediate increases in intracellular calcium through
two distinct mechanisms [20]. A fast mechanism involving
the direct coupling of the L-type calcium channel
to ryanodine-sensitive calcium release channels in the
sarcoplasmic reticulum is thought to provide the calcium
required for contraction, whereas a slower mechanism
in which calcium enters directly through the L-type
calcium channel plays an important role in replenishing
intracellular calcium stores and controlling contractile
force. Skeletal muscle L-type calcium channels mediate
slowly activated, long-lasting calcium currents that are
stimulated by PKA following the application of B-adren-
ergic agonists [21,22]. Calcium channel activity is also
increased in response to single long depolarizing pulses or
brief high-frequency depolarizing stimuli that mimic trains
of action potentials [23,24]. This stimulation-dependent
enhancement of calcium currents requires PKA acuviety
[23], leading to the hypothesis that voltage-activated,
state-dependent phosphorylation rapidly regulates calcium
channel activity.

Voltage-dependent potentiation of skeletal muscle calcium
channels by PKA occurs within 50ms and increases
calcium currents approximately 20-fold at threshold test
potentials [23]. In view of this rapid response time,
it scemed that likely that PKA is concentrated near
the channel. Consistent with this idea, the anchoring
inhibitor peptide Ht31 essentially completely inhibits
the PKA-dependent potentiation of calcium channels in
skeletal muscle cells [25], indicating that anchored PKA
is required for a 20-fold increase in calcium current, Sur-
prisingly, similar results are obtained for skeletal muscle
calcium channels expressed in a heterologous cell line [26],
suggesting that AKAPs present in nonexcitable cells can
also anchor PKA near expressed calcium channels. These
results indicate that an AKAP-mediated association of PKA
with the skeletal muscle calcium channel is required for
rapid voltage-dependent potentiation.

Biochemical studies showed that AKAP15, a 15kDa
PKA-binding protein, co-purifies and co-immunoprecipi-
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tates with the skeletal muscle calcium channel complex
[14¢,15¢°], and this is the only AKAP detected in membrane
fractions containing skeletal muscle calcium channels
[15°]. This AKAP is an 81-residue protein containing
an amphipathic helix that binds PKA and targets it
to calcium channels by membrane association through
amino-terminal myristoyl and palmitoyl lipid anchors
(Figure 2; [15°]). AKAPI15 is co-localized with PKA
and calcium channels in the triad junctions of skeletal
muscle [15°]. Inhibition of AKAP15 with a competing
peptide completely blocks PKA-dependent potentiation
[15°], supporting an essential role for this novel AKAP
in mediating the PKA anchoring required for potentiation
of skeletal muscle calcium channels and regulation of
contractile force (Figure 2).

AKAPs and cardiac L-type calcium channels
Like skeletal muscle calcium channels, the activity of
cardiac L-type calcium channels is enhanced by PKA.
Increases of three- to tenfold in peak calcium currents
are observed in dissociated cardiac myocytes during
stimulation of PB-adrenergic receptors or treatment with
PKA activators [27], and further increases in calcium
current can be induced by voltage-dependent potentiation
[28,29]. The anchoring inhibitor peptide Ht31 inhibits
the PKA-dependent regulation of the calcium channel
in acutely dissociated cardiac myocytes, indicating that
this regulation requires an AKAP [30°]. Co-transfection
of AKAP79 or AKAP15/18 with calcium channels can
increase the PKA regulation of calcium currents by 18% to
38% in heterologous cells [16°,30°]. Because AKAP15/18
is expressed in heart and AKAP79 is not, AKAP15/18 is
a strong candidate for anchoring the endogenous PKA
involved in calcium channel regulation in cardiac myocytes
[16°], as it is in skeletal muscle myocytes [14°,15°]
(Figure 2).

AKAPs and calcium-activated potassium
channels

AKAP-mediated PKA targeting has also been implicated
in the regulation of smooth muscle calcium-activated
potassium (Kg,) channels [31]. K¢, channel currents
recorded from inside-out patches pulled from tracheal
myocytes were augmented approximately threefold in
response to ATP by an endogenous kinase activity. This
kinase was blocked by the PKA inhibitor peptide PKI,
implicating PKA as the endogenous kinase. The anchoring
inhibitor peptide Ht31 blocked the stimulation caused
by added ATP whereas the mutant proline-substituted
peptide Ht31-P had no effect. These results are consistent
with those observed for glutamate receptors and calcium
channels and provide an additional example of ion channel
regulation by anchored PKA.

Conclusions and perspectives

The anchoring of PKA near ion channels through in-
teractions with AKAPs is an emerging theme in ion
channel regulation. The targeting of PKA through AKAP

protein domains that bind to acidic phospholipids or
through lipid anchors that are inserted in the plasma
membrane enhances ion channel regulation by increasing
the proximity of enzyme and substrate. The results
to date show that PKA anchored through interaction
with AKAPs is required to prevent run down of the
activity of glutamate receptors in synapses, to allow
rapid potentiation of skeletal muscle calcium channels by
PKA and depolarization, and to support PKA-dependent
up-regulation of cardiac calcium channel acuvity. For the
three systems studied to date, large (up to 20-fold) effects
of AKAP anchoring are observed for the potentiation of
skeletal muscle calcium channel activity on the millisec-
ond timescale [15%,25,26], whereas smaller (18%-38%)
increases in the activity of glutamate receptors and cardiac
calcium channels have been observed as a result of slower
phosphorylation processes {16°,17,30°]. This comparison
suggests the hypothesis that PKA anchoring via AKAPs
is most important for rapid regulatory processes on the
millisecond timescale where diffusion of free kinase to
its substrate would be prohibitively slow and variable,
but that significant effects are also observed for slower
regulatory processes on the second and minute timescale
where local organization of the kinase and its substrate
by AKAPs allows optimum regulation. Studies of further
examples of AKAP-dependent regulation of ion channels
will reveal whether this relationship holds for a wider range
of experimental systems.

Acknowledgements

Research from WA Catterall’s laboratory is supported by National Institutes
of Health (NIH) research grant P-01 HL.44948 (to WA Catrerall), a research
grant from the Muscular Dystrophy Association (to WA Catterall), and
predoctoral fellowships from NIH training grant T32-GM07750, and from
the Pharmaceutical Manufacturers Association (to PC Gray). JD Scott is
funded by NIH grant GM48321.

References and recommended reading

Papers of particular interest, published within the annual period of review,
have been highlighted as:

o of special interest
ee of outstanding interest

1. Brandon EP, Idzerda RL, McKnight GS: PKA isoforms, neural
pathways, and behavior: making the connection. Curr Opin
Neurobiol 1997, 7:397-403.

2. Rubin CS: A kinase anchor proteins and the intracellular
targeting of signals carried by cAMP. Biochim Biophys Acta
1994, 1224:467-469.

3. Krebs EG, Beavo JA: Regulation of enzymes by
phosphorylation-dephosphorylation. Annu Rev Biochem 1979,
48:923-959.

4, Taylor SS: cAMP-dependent protein kinase. Model for an
enzyme family. J Biol Chem 1989, 264:8443-8446.

5. Dell'Acqua ML, Scott JD: Protein kinase A anchoring. J Bio/
Chem 1997, 272:12881-12884.

6. Newlon MG, Roy M, Hausken ZE, Scott JD, Jennings PA: The A-
kinase anchoring domain of Type Ilta cAMP-dependent protein
kinase is highly helical. J Bio/ Chem 1997, 272:23637-23644.

7 Carr DW, Stofko-Hahn RE, Fraser ID, Bishop SM, Acott TS,
Brennan RG, Scott JD: Interaction of the regulatory subunit
(RI) of cAMP-dependent protein kinase with Rll-anchoring



334 Signalling mechanisms

proteins occurs through an amphipathic helix binding motif.
J Biol Chem 1991, 266:14188-14192.

8. Carr DW, Hausken ZE, Fraser IDC, Stofko-Hahn RE, Scott JD:
Association of the type || cAMP-dependent protein kinase
with a human thyroid Rll-anchoring protein, cloning and
characterization of the Ril-binding domain. J Bio/ Chem 1992,
267:13376-13382.

9. Huang LJ, Durick K, Weiner JA, Chun J, Taylor SS: Identification

. of a novel dual specificity protein kinase A anchoring protein,
D-AKAP1. J Biol Chem 1997, 272:8057-8064.

This paper describes a new AKAP with dual specificity for both Ri and Rl

subunits of PKA. The ability of both Rl and Rl to bind to anchoring proteins

expands the possible role of AKAPs in cAMP-mediated signal transduction.

10. Huang LJ, Durick K, Weiner JA, Chun J, Taylor SS: D-AKAP2, a

. novel protein kinase A anchoring protein with a putative RGS
domain. Proc Nat/ Acad Sci USA 1997, 94:11184-11189.

This paper shows that a new dual specificity AKAP has a regulator of

G-protein-signaling (RGS) motif. DAKAP-2 can therefore potentially mediate

interactions between cAMP-mediated signaling pathways and G proteins.

11. Burton KA, Johnson BD, Hausken ZE, Westenbroek RE,
Idzerda RL, Scheuer T, Scott JD, Catterall WA, McKnight GS:
Type li regulatory subunits are not required for the anchoring-
dependent modulation of Ca2+ channel activity by cAMP-
dependent protein kinase. Proc Nat/ Acad Sci USA 1997,
94:11067-11072.

12, Li Y, Ndubuka C, Rubin CS: A kinase anchor protein 75 targets
regulatory (RIl) subunits of cAMP-dependent protein kinase I
to the cortical actin cytoskeleton in non-neuronal cells. J Bio/
Chem 1996, 271:16862-16869.

13. Dell'Acqua ML, Faux MC, Thorburn J, Thorburn A, Scott JD:

. Membrane targeting sequences on AKAP79 bind
phosphatidylinositol-4,5-bisphosphate. EMBO J 1998, 17:2246-
2260.

This paper shows that AKAP79 can bind to phosphatidylinositol-4,5-bispho-

sphate, a lipid signaling molecule whose concentration in cell membranes is

regulated by signal transduction processes. These resuits raise the possibil-

ity that localization of PKA can be regulated by signal transduction pathways

that produce phosphatidylinositol-derived signaling molecules.

14.  Gray PC, Tibbs VC, Catterall WA, Murphy BJ: Identification of
. a 15-kDa cAMP-dependent protein kinase-anchoring protein
associated with skeletal muscle L-type calcium channels.
J Biol Chem 1997, 272:6297-6302.
This paper identifies AKAP-15, an A-kinase anchoring protein associated
with calcium channels. This is the first example of an AKAP that is physically
associated with an ion channel substrate.

15. Gray PC, Johnson BJ, Westenbroek RE, Hays LG, Yates JR,

. Scheuer T, Catterall WA, Murphy BJ: Primary structure and
function of an A kinase anchoring protein associated with
calcium channels. Neuron 1998, in press.

This paper reports the primary structure of AKAP-15 and shows that it is

targeted to the membrane by dual myristoyl and palmitoy! lipid anchors, as-

sociates with skeletal muscle calcium channels, and anchors PKA required
for rapid voltage-dependent potentiation of skeletal muscle calcium channel
activity.

16. Fraser IDC, Tavalin SJ, Lester LB, Langeberg LK, Westphal AM,

. Den RA, Marrion NV, Scott JD: A novel lipid-anchored A-kinase
anchoring protein facilitates cAMP-responsive membrane
events. EMBO J 1998, 17:2261-2272.

This paper reports the primary structure of AKAP-18, which is identical to

that of AKAP-15 [14°,15%]. It is targeted to the membrane by dual myris-

toyl and palmitoyl anchors and can enhance regulation of cardiac calcium
channels and stimulation of insulin release by PKA.

17. Rosenmund C, Carr DW, Bergeson SE, Nilaver G, Scott JD,
Westbrook GL: Anchoring of protein kinase A is required
for modulation of AMPA/kainate receptors on hippocampal
neurons. Nature 1994, 368:853-856.

18. Wang LY, Salter MW, MacDonald JF: Regulation of kainate
receptors by cAMP-dependent protein kinase and
phosphatases. Science 1991, 253:1132-1135.

19. Greengard P, Jen J, Nairn AC, Stevens CF: Enhancement of the
glutamate response by cAMP-dependent protein kinase in
hippocampal neurons. Science 1991, 253:1135-1138.

20. Catterall WA: Excitation-contraction coupling in vertebrate
skeletal muscle: a tale of two calcium channels. Cel/ 1991,
64:871-874.

21. Arreola J, Calvo J, Garcia MC, Sanchez JA: Modulation of
calcium channels of twitch skeletal muscle fibres of the frog
by adrenaline and cyclic adenosine monophosphate. J Physiol
(Lond) 1987, 393:307-330.

22. Schmid A, Renaud JF, Lazdunski M: Short term and long
term effects of beta-adrenergic effectors and cyclic AMP on
nitrendipine-sensitive voltage-dependent Ca2+ channels of
skeletal muscle. J Bio/ Chem 1985, 260:13041-13046.

23. Sculptoreanu A, Scheuer T, Catterall WA: Voltage-dependent
potentiation of L-type Ca2+ channels due to phosphorylation
by cAMP-dependent protein kinase. Nature 1993, 364:240-243,

24, Fleig A, Penner R: Excessive repolarization-dependent calcium
currents induced by strong depolarizations in rat skeletal
myoballs. J Physiol (Lond) 1995, 489:41-53.

25. Johnson BD, Scheuer T, Catterall WA: Voltage-dependent
potentiation of L-type Ca2+ channels in skeletal muscle cells
requires anchored cAMP-dependent protein kinase. Proc Nat/
Acad Sci USA 1994, 91:11492-11496,

26. Johnson BD, Brousal JP, Peterson BZ, Gallombardo PA,
Hockerman GH, Lai Y, Scheuer T, Catterall WA: Modulation
of the cloned skeletal muscle L-type calcium channe! by
anchored cAMP-dependent protein kinase. J Neurosci 1997,
17:1243-1255.

27 Pelzer D, Peizer S, McDonald TF: Properties and regulation
of calcium channels in muscle cells. Rev Physiol Biochem
Pharmacol 1990, 114:108-207.

28, Sculptoreanu A, Rotman E, Takahashi M, Scheuer T, Catterall WA:
Voltage-dependent potentiation of the activity of cardiac L-type
calcium channel alpha 1 subunits due to phosphorylation by
cAMP-dependent protein kinase. Proc Nat/ Acad Sci USA 1993,
90:10135-10139.

29. Bourinet E, Charnet P, Tomlinson WJ, Stea A, Snutch TP,
Nargoet J: Voltage-dependent facilitation of a neuronal o,¢
L-type calcium channel. EMBO J 1994, 13:5032-5039.

30. Gao T, Yatani A, Dell'Acqua ML, Sako H, Green SA, Dascal N,

. Scott JD, Hosey MM: cAMP-dependent regulation of cardiac
L-type Ca2+ channels requires membrane targeting of PKA
and phosphorylation of channel subunits. Neuron 1997, 19:185-
196.

This paper shows that regulation of cardiac calcium channels by PKA re-

quires the activity of an AKAP and that over-expression of an AKAP can

enhance regulation of cardiac calcium channels in transfected cells.

31, Wang ZW, Kotlikoff Mi: Activation of K¢, channels in airway
smooth muscle cells by endogenous protein kinase A. Am
J Physiol 1996, 271:L.100-L105.



