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Abstract

Cyclic AMP, generated by adenylyl cyclase (AC), serves as a second messenger in signaling
pathways regulating many aspects of cardiac physiology including contraction rate and action
potential duration, and in the pathophysiology of hypertrophy and heart failure. A kinase-
anchoring proteins (AKAPs) localize the effect of cAMP in space and time by organizing
receptors, adenylyl cyclase, protein kinase A and other components of the cAMP cascade into
multiprotein complexes. In this review we discuss how interaction of AKAPs with distinct AC
isoforms affects cardiovascular physiology.
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3'-5'-cyclic adenosine monophosphate (cAMP) is a small diffusible intracellular second
messenger generated by a family of adenylyl cyclase (AC) enzymes. Catalytic activity of
AC is stimulated in response to activation of Gs protein-coupled receptors (GPCRS) by a
number of hormones and neurotransmitters.® In heart, CAMP activates protein kinase A
(PKA), in addition to cAMP-activated exchange proteins (EPAC), cCAMP-gated channels
(HCN), and a subset of phosphodiesterases (PDESs). In myocytes the most well studied of
these downstream cAMP targets is PKA, whose activation leads to the increase in
phosphorylation of multiple cellular targets, including regulators of contractility.2:3 The
regulation of HCN channels by cAMP in pacemaker cells is important for basal heart rate,*
while EPAC activation can have effects on cardiac calcium handling and hypertrophy.® The
subsequent degradation of cAMP to 5-AMP by cyclic nucleotide PDEs, sets up a finely
tuned temporal balance between cAMP production and breakdown and ultimately controls
cellular responses.

Traditionally, cAMP signaling has been pharmacologically targeted through GPCR
modulators and PDE inhibitors. Abnormal regulation of cAMP contributes to the
progressive deterioration of cardiac function leading to heart failure. The benefits of lowered
cAMP are the basis for the use of B-adrenergic receptor blockers (B-blockers) in treating
congestive heart failure, cardiac arrhythmias, and angina pectoris. However, recently AC has
emerged as a limiting component in GPCR downstream signaling. AC levels may limit
maximgl B-adrenergic receptor (BAR) response and potency in cardiac myocytes or whole
hearts.
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AC Isoforms and Cardiac Function

The AC family comprises nine membrane-bound and one soluble isoforms. All isoforms
except AC8 are expressed in the heart.1:” AC1 is expressed only in sino-atrial mode where it
modulates the I(f) pacemaker current.8 Although ACs 2, 3, 4, 5/6, and 7 are readily detected
in cardiac fibroblasts,® the major isoforms present in myocytes are AC5 and AC6.1911 Much
lower levels of AC2 and AC9 can also be detected in myocytes.1213 The roles for these
latter ACs are unknown. AC5 is dominantly expressed in adult cardiac myocytes,10 while
ACE6 is expressed at higher levels in fetal cardiac myocytes and adult cardiac fibroblasts.
These ACs may exert opposite effects on the heart, since cardiac overexpression of AC6
appears to be protective, 141> whereas disruption of type 5 AC prolongs longevity and
protects against cardiac stress.10:16.17 The deletion of AC5 results in ~40% decreased
isoproterenol- and forskolin-stimulated activity in cardiac membranes and isolated
myocytes.11 Although differences in AC5 deletion strains exist, the decrease in CAMP
results in decreased isoproterenol-stimulated left ventricular (LV) ejection fraction.}1 Effects
of ACS5 deletion are not limited to sympathetic regulation, as loss of AC5 also eliminates
parasympathetic control of cCAMP levels and attenuates baroreflexes.1

Much of the interest in AC inhibitors stems from the protective effects of limiting CAMP in
the heart, particularly in terms of AC5. Chronic activation of CAMP signaling by prolonged
BAR stimulation or the overexpression of BAR, Gsa, or PKA results in cardiac
myopathy.218:19 The use of B-blockers for treatment of congestive heart failure has been
employed to disrupt this pathway. AC5 deletion protects the heart against chronic AR
stimulation and chronic pressure overload by attenuating the decline in cardiac function and
defending against increased apoptosis. This is consistent with the increase in AC5 levels in
mice with pressure overload.2? AC5 disruption is also protective against age-related cardiac
myopathy and gives rise to an increased lifespan as compared to wild type animals.1’” Thus
direct pharmacological inhibitors of AC5 might serve as an alternative to the common BAR
blockade therapy in the treatment of cardiovascular diseases, with the potential added
benefit of preventing age-related heart disease to prolong the human lifespan.10

By contrast, overexpression of AC6 also has cardioprotective effects under numerous stress
settings, 1221 although results for pressure overload models are mixed.1422 Deletion of AC6
reveals unique biological functions not duplicated by AC5.23 Disruption of AC6 reduces
PKA and Akt activity, phospholamban (PLN) phosphorylation, and BAR-stimulated LV
contractile function, in addition to displaying abnormalities in calcium transients.23
Curiously, female AC6 knockout animals show decreased LV hypertrophy in response to
pressure overload, although their male counterparts show significantly elevated mortality
rates.2* A possible correlation between protective effects for AC6 upregulation and AC5
deletion is unknown.

AC Compartmentalization by Lipid Rafts

The differences in phenotypes between AC5 and AC6 deletions suggest that distinct pools of
cAMP must be generated within cardiac myocytes. Although the mechanism for generation
of different cAMP pools is still controversial, the spatial distribution of ACs must be a
significant aspect underlying their physiological functions. Spatial distribution of cAMP
signaling components can be accomplished by either localization to distinct membrane
structures or association with protein scaffolds. Cardiac myocytes and fibroblasts contain
membrane lipid raft domains that have decreased fluidity compared to other portions of the
plasma membrane based upon their high cholesterol and sphingolipid content.2526 A
growing number of proteins involved in GPCR signal transduction are enriched in lipid raft
regions of cardiac membranes, including a subset of GPCRs, G proteins, PKA-RII, PKC,
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ACs, and numerous K* and Ca2* channels.2>27 Cardiac tissue is protected from hypoxia-
reperfusion when preconditioned with opioids or short periods of ischemic conditions.
Disruption of caveolae in adult cardiac myocytes with cholesterol-depleting agents in vitro
eliminates this protection from damage by hypoxiareperfusion.?8 Similar effects have been
observed with intact hearts,2? suggesting that the spatial distribution of signaling
components is an important aspect of cellular functions.

Different AC isoforms localize to distinct membrane compartments. Of the nine isoforms of
the AC family,’ the calcium-sensitive ACs (AC 1, 3, 5, 6, and 8) but not the Ca2*-
insensitive ACs (AC 2, 4, 7, and 9) are localized to lipid raft structures, independent of
caveolin expression. Extraction of cholesterol destroys lipid rafts and disrupts regulation of
AC6 and AC8 by capacitative calcium entry,30 suggesting that these structures are required
for at least regulation by calcium. This may be due in part to the co-localization of the
sodium-hydrogen exchanger type 1 and/or L-type calcium channels (LTCC) in lipid rafts
which can modulate Ca2* sensitivity of ACs.31:32

AKAP Organization of Adenylyl Cyclase/cAMP Signaling

Organization of upstream- and downstream- components of the cAMP cascade by
scaffolding proteins has been recognized for some time.33-35 A kinase-anchoring proteins
(AKAPs) can tether PKA, downstream effectors, and a subset of GPCRs to specific
subcellular compartments. In addition, they often bring together opposing regulatory
molecules such as kinases and phosphatases or PKA and phosphodiesterases to set up
localized temporal regulation of signal transduction pathways. A number of AKAPS have
been identified in heart including mAKAP, Yotiao, AKAP15/18 splice variants, AKAP-Lbc,
AKAP79/150, Gravin, and synemin, to name a few.336 The functional importance for
overall AKAP anchoring of PKA in heart has been demonstrated using the expression of
AKAP-PKA disruptors (Ht31). Disruption of PKA anchoring in cardiac myocytes results in
impaired CAMP regulation of cystic fibrosis transmembrane conductance regulator chloride
channels,3” LTCC,38 and the phosphorylation of a number of PKA targets,3 resulting in
altered cardiac contraction in both myocytes and in heart.3% More recently, a number of
AKAPs have been shown to also anchor ACs, providing a potential mechanism for localized
signaling by individual AC isoforms.4? The roles for unique AKAP-AC complexes in heart
are discussed below (Fig. 1).

AKAP79/150 (AKAPS)

The AKAP79/150 family consists of human AKAP79, mouse AKAP150, and bovine
AKAPT75 and has multiple roles in the heart and vascular system. AKAP79/150 can
associate with AC isoforms 2, 3, 5, 6, 8, and 9 in cell culture systems,#1:42 and specifically
with AC 5 and 6 in heart.*3 This is a direct interaction mediated by the N-termini of AC 5/6
and a polybasic region of AKAP79 (aa 77-153). The interaction with AKAP79/150 inhibits
Gsa-stimulation of a subset of AC isoforms (2, 5 and 6) in isolated plasma membranes. The
formation of an AKAP79/150-AC-PKA complex facilitates preferential phosphorylation of
AC 5/6 by anchored PKA to inhibit AC activity.4! This sets up an important negative feed-
back loop to temporally regulate cAMP production and downstream signaling.

The physiological relevance of AKAP79/150 complexes in the sympathetic response has
been examined in cardiac myocytes isolated from wild type and AKAP150 knockout
animals. Deletion of AKAP150 results in loss of B-adrenergic stimulated calcium transients
and the phosphorylation of substrates involved in calcium handling, reminiscent of AC6
deletion phenotypes.2343 The scaffolding protein AKAP79/150 targets AC5/6, PKA, and
type 2B protein phosphatase (PP2B or calcineurin) to a caveolin 3—associated complex in
ventricular myocytes that also binds a unique subpopulation of Ca,1.2 LTCC. However, in

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2012 October 1.



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

1duasnuey Joyiny vd-HIN

Efendiev and Dessauer Page 4

the AKAP150 knockout heart, the organization of this signaling complex is disrupted and
AC 5/6 no longer associates with caveolin 3 in the transverse tubules. The signaling domain
created by AKAP150 is also essential for the PKA-dependent phosphorylation of ryanodine
receptors and phospholamban. Therefore, one role of AKAP79/150 is to recruit AC5/6 to a
membrane-associated complex of signaling molecules which directs the PKA
phosphorylation of PLN, ryanodine receptor (RyR), and a subpopulation of LTCC.

AKAP79/150 also has PKA-independent scaffolding effects on LTCC in cardiac myocytes
and arterial myocytes. AKAP150 is required for calcium sparking in arterial myocytes,
anchoring PKC to LTCC.** Deletion of AKAP150 results in loss of angiotensin-induced
hypertension. AKAP150 is also involved in the coupled gating of LTCC, which can result in
cardiac arrhythmias in patients with Timothy syndrome.*®

AKAP79/150 complexes may also be important in the cardioprotective effects of the
hormone relaxin but due to scaffolding of a different AC isoform. In cardiovascular disease
models, activation of the relaxin family peptide receptor 1 (RXFP1) in cardiac fibroblasts
results in the inhibition of hypertrophy and fibrosis.*® Sub-picomolar levels of relaxin drive
the assembly of a signalosome complex in HEK293 cells, which includes Gsa, GBy, AC2,
and RXFP1.46 AKAP79/150 binds directly to helix 8 of the relaxin receptor to facilitate
coupling between the receptor and AC2. The generation of cAMP is opposed by PDE4D3
activity anchored to the receptor via p-arrestin. The assembly of this elaborate signalosome
may explain the high sensitivity to relaxin in rat cardiac fibroblasts.

Yotiao (AKAP9)

Yotiao is a plasma membrane-associated protein, a product of the smallest (250 kDa)
splicing variant of AKAP9 gene. Alternative splicing of this gene results in several other
isoforms that localize to the centrosome and the Golgi apparatus. In heart, Yotiao has been
shown to anchor PKA,47 PP1,%8 PDE4D3,49 and slowly activating delayed rectifier K*
current (1Ks) a subunit (KCNQ1).50

In heart, sympathetic nervous system regulation of cardiac action potential duration,
mediated by the BAR receptor, requires assembly of Yotiao with KCNQ1.50 The control of
the sympathetic nervous system over the duration of cardiac action potential requires
PKAmediated phosphorylation of the KCNQ1 subunit of the 1Ks channel with the
consequent increase in 1Ks current, accelerated repolarization and increased heart rate.
KCNQ1 mutations that disrupt this complex cause type 1 long-QT syndrome (LQT1), one of
the potentially lethal heritable arrhythmia syndromes. A single mutation S1570L in Yotiao,
localized to the C-terminal KCNQ1 binding domain, is found in 2% subjects with a
clinically robust phenotype for LQT syndrome.>! The inherited S1570L mutation reduces
the interaction between KCNQ1 and Yotiao, reduces the cAMP-induced phosphorylation of
the channel, eliminates the functional response of the IKs channel to cAMP, and prolongs
the action potential in a computational model of the ventricular cardiac myocytes. Therefore,
Yotiao is responsible for restoration of potential after contractility.

Yotiao interacts and regulates several AC isoforms with unique specificity.>2 Yotiao anchors
AC 1, 2,3 and 9, but surprisingly not with the main cardiac isoforms AC 5/6. Thus in
cardiac myocytes, Yotiao likely forms complexes with either AC2 or AC9. Yotiao/AC2
interaction is mediated by the N-terminus of AC2, which binds directly to amino acids 808—
957 of Yotiao. The association with the Yotiao scaffold inhibits AC 2 and 3. Peptides that
disrupt Yotiao-AC2 interactions reverse the inhibition of AC2 in membranes, but have no
effect on AC activity alone. The mechanism for AC inhibition by Yotiao is unknown;
however we hypothesize that it may result from interaction with regulatory proteins
recruited to the scaffolding protein rather than with Yotiao per se. The IKs response to
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MAKAP

cAMP is also regulated by Yotiao-anchored PDE4D3, but not PDE4D5.49 Based on these
results we suggest that Yotiao/AC/PDE4D3/PP1 complex in heart*0 provides a feedback
loop for tight control 1Ks-dependent heart rate and repolarization.

The cardiac splice variant of muscle AKAP (MAKAPR) is anchored to the nuclear envelope
by the membrane-spanning protein, nesprin, and is also present in the sarcoplasmic
reticulum (SR) of cardiac myocytes.?3-55 In spite of the intracellular localization of
mAKAPB, it associates with AC5 and AC2, but not with AC6.56 This association may be
possible when AC is located on transverse tubules of cardiac myocytes.>” These
invaginations protrude from the plasma membrane, bringing AC in close contact with the
SR and the outer nuclear membrane.>8

The mAKAPp-associated AC activity was completely absent in hearts deleted of AC5,
demonstrating that mAKAPB-ACS is the predominant complex in heart. AC5 directly
interacts with amino acid residues 275-340 of mAKAP, a region that does not overlap with
binding sites for other known mAKAP-associated proteins.>6 Similar to the regulation of
ACs by other AKAPs, mAKAP inhibits AC5 in a PKA-dependent manner, generating
several feed-back forms of regulation within the mAKAP complex.

Many molecules implicated in the regulation of cardiac hypertrophy are anchored by
MAKAP, including protein phosphatases PP2A and PP2B, PDE4D3, hypoxia-inducible
factor 1a, and indirectly EPAC1, and the ERK5 and MEKS5 mitogen-activated protein
kinases.53:59-66 At the SR, mAKARP directly interacts with the RyR2, and facilitates PKA-
mediated phosphorylation of the receptor in response to BAR stimulation to allow for Ca*
release from SR.55:67 Association of AC5 with this complex may help to facilitate localized
cAMP signaling at the Ttubule/SR junction. In addition, AC5 would be negatively regulated
by both anchored PKA and calcium levels generated during excitation-contraction coupling
by L-type Ca2* channels.”

At the nuclear envelope of cardiac myocytes, mMAKAP appears to facilitate hypertrophic
signaling induced by isoproterenol, phenylephrine and the leukemia inhibitor factor.62:66
Expression of a peptide to disruption of mMAKAPB-ACS5 complexes in cultured rat neonatal
ventricular myocytes resulted in an increase in total cellular cAMP levels.>6 Additionally,
disruption of mMAKAPB-ACS gave rise to myocyte hypertrophy with an increase in cell size,
greater myofibrillar organization, and increased protein synthesis. The increased CAMP
levels and subsequent hypertrophy may be due to the loss of multiple feed-back loops
assembled on mAKAP to constrain CAMP levels, including PKA-mediated increases in
PDE4D3 activity, regulation of PDE4D3 activity through EPAC and the MAPK cascade,
and PKA-phosphorylation of AC5 activity to decrease cCAMP generation.

The proposed function of an mMAKAPB-ACS5 complex in cardiac stress responses is
consistent with evidence that knockdown of mMAKAP expression in myocytes blocks
hypertrophic signaling,52:66 and that disruption of the AC5 gene prevents the development of
heart failurel® and protects against age-induced cardiac hypertrophy, apoptosis, and
fibrosis.1’

Conclusions

Cardiac myocytes contain at least four distinct AC-AKAP complexes at various locations
throughout the cell, however, other complexes may also exist. For example, mMAKAP has
been shown to anchor the sodium-calcium exchanger (NCX1).68 A complex containing
MAKAP/NCX1/AC5 could facilitate calcium extrusion from myocytes. Another possibility
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may be AKAP18, which anchors well-documented PKA targets including the L-type Ca2*
channel and phospholamban.

AKAP15/18 (AKAPT7) has four splice variants with molecular weights ranging from 15 to
50 kDa. The smaller o, B and larger & isoforms are expressed in the heart.5%-71 AKAP18a
(AKAP15) has been shown to target PKA to the LTCC. Disruption of PKA anchoring to the
LTCC via AKAP18a significantly inhibits the BAR mediated regulation of the channel.”2.73
Although clearly an AC isoform must be present in the general vicinity of this complex, the
small size of AKAP18a may not be sufficient to allow for direct anchoring of AC.

On the other hand, AKAP185 acts as a scaffold that coordinates PKA phosphorylation of
PLN and the p-adrenergic effect on Ca2* re-uptake by the SR Ca2*-ATPase (SERCA2).7
Although there is no evidence for an interaction between AC and AKAP183, such a
complex could facilitate regulation of Ca2* re-uptake, counter-balancing the effect of Ca*
release from SR by ACS/mAKAP. In this case different AC/AKAP complexes may control
not only cAMP, but also Ca?*, which has a direct physiological relevance to cardiac muscle
contraction and relaxation.

Certainly one challenge for the future will be to determine the effect of AC anchoring on
temporal and spatial regulation of targeted effectors. AC binding sites on AKAPs are not
well conserved and each appears to be unique. For example, an AC5-AKAP79 complex
cannot be disrupted by an AC5-mAKAP disruption peptide.*2 This may be an advantage for
future studies aimed at selectively targeting individual complexes to downstream
physiological processes in heart.
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Figure 1.

AC-AKAP complexes in cardiac myocytes. Abbreviations are: AC, adenylyl cyclase;
AKAP, A kinase-anchoring protein; BAR, p-adrenergic receptor; EPAC, exchange protein
directly activated by cAMP; Gs, stimulatory G protein; KCNQ1, o subunit of delayed
rectifier K* channel; LTCC, L-type calcium channel; PDE4D3, phosphodiesterase; PK,
protein kinase; PLN, phospholamban; PP, protein phosphatase; RyR, ryanodine receptor;
SERCA2, sarcoplasmic reticulum type 2 Ca?*-ATPase.
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