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Abstract: The Beta-adrenergic receptors (β-ARs) stimulation enhances contractility 

through protein kinase-A (PKA) substrate phosphorylation. This PKA signaling is 

conferred in part by PKA binding to A-kinase anchoring proteins (AKAPs). AKAPs 

coordinate multi-protein signaling networks that are targeted to specific intracellular 

locations, resulting in the localization of enzyme activity and transmitting intracellular 

actions of neurotransmitters and hormones to its target substrates. In particular, mAKAP 

(muscle-selective AKAP) has been shown to be present on the nuclear envelope of 

cardiomyocytes with various proteins including: PKA-regulatory subunit (RIIα), 

phosphodiesterase-4D3, protein phosphatase-2A, and ryanodine receptor (RyR2). 

Therefore, through the coordination of spatial-temporal signaling of proteins and enzymes, 

mAKAP controls cyclic-adenosine monophosphate (cAMP) levels very tightly and 
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functions as a regulator of PKA-mediated substrate phosphorylation leading to changes in 

calcium availability and myofilament calcium sensitivity. The goal of this review is to 

elucidate the critical compartmentalization role of mAKAP in mediating PKA signaling 

and regulating cardiomyocyte hypertrophy by acting as a scaffolding protein. Based on our 

literature search and studying the structure–function relationship between AKAP 

scaffolding protein and its binding partners, we propose possible explanations for the 

mechanism by which mAKAP promotes cardiac hypertrophy. 

Keywords: hypertrophy; protein kinase A (PKA); A kinase anchoring protein  

(AKAP); contractility 

 

1. Introduction 

The cAMP-dependent protein kinase A (PKA) is a threonine/serine kinase that has wide substrate 

specificity [1,2]. Similar to other threonine/serine kinases, PKA catalyzes the transfer of the  

γ-phosphate of ATP to threonine or serine residues, which are embedded in R-R-Ø-S motif (where Ø 

represents hydrophobic residues). The kinase is a heterotetramer consisting of two catalytic (C) and 

two regulatory (R) subunits. Each regulatory subunit is capable of binding two cAMP molecules. 

Once they bind to cAMP, specific conformational changes occur in the regulatory subunits, which lead 

to the activation and release of catalytic subunits. The freed catalytic subunits then disperse to 

phosphorylate PKA’s substrates [3]. 

The PKA substrate phosphorylation is required for many cellular processes including metabolism, 

gene expression and contraction [4]. In the heart, β-AR signaling activates PKA- RIIα, which 

phosphorylates many of the components involved in the excitation-coupling mechanism such as 

phospholamban (PLB), cardiac troponin I (cTnI), L-type calcium channel, cardiac myosin binding 

protein C (cMyBPC), phosphodiesterase 4D3 (PDE4D3), cAMP-responsive element binding protein 

(CREB) and the ryanodine receptor (RyR2) to amend their function and/or activity [5–7].  

PKA-dependent phosphorylation of these and other related substrates increases the Ca2+ current, 

sarcoplasmic reticulum (SR) Ca2+ uptake and release, SR Ca2+ content, and the dissociation of 

Ca2+ from the myofilaments to facilitate the contraction and relaxation of the heart [8,9]. 

To facilitate PKA mediated signaling pathways, PKA is localized to distinct intracellular 

compartments by A-kinase anchoring proteins (AKAPs) that help in the specificity and efficiency of 

PKA signaling [10,11]. The role of PKA compartmentalization to specific intracellular compartments 

raised a critical role of AKAPs in complex networking performance through coordinating spatial-temporal 

signaling of proteins and enzymes that are regulated by cAMP second messenger. 

2. A Kinase Anchoring Proteins (AKAPs) 

The β-AR mediated activation of PKA by cAMP is the primary modulator for several cellular 

functions in the heart. These include cardiac contractility, ion fluxes, metabolism and even gene 

expression. Disturbances in the cAMP-mediated signaling can lead to cardiac hypertrophy and heart 
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failure. It has been shown that a general increase in cAMP level is not enough for the specific 

regulation of proteins [12]. For instance, co-localization of PKA into a close proximity to its substrates 

is required to ensure spatial-temporal regulation of cAMP/PKA dependent substrates phosphorylation. 

PKA is localized to discrete intracellular compartments by AKAPs that help in increasing the 

specificity and efficiency of PKA signaling [10,11]. 

At present, over 70 different AKAPs have been identified in various cell types. AKAPs are diverse 

proteins that play a common dual role: (1) they behave as a scaffolding protein, to localize PKA to  

a special subcellular compartment; and (2) they enhance signal transduction through substrate 

phosphorylation. This co-localization decreases the time required for PKA substrate phosphorylation 

and also regulates which substrates are phosphorylated by scaffolding other signaling enzymes [13].  

Via this spatial-temporal signaling of proteins and enzymes, regulated by second messenger system, 

AKAPs control substrate phosphorylation facilitating a unique signal regulation. Although AKAPs 

show no obvious sequence homology, all AKAPs share three major properties: (1) PKA anchoring 

domain, a conserved amphipathic helix of 14–18 amino acids, that interacts with the N-terminal 

dimerization and docking (D/D) hydrophobic groove of the PKA-regulatory subunits; (2) unique 

targeting domain positioning the AKAP complex in close proximity to its substrates and (3) binding 

sites for other signaling molecules [14–18]. 

Four PKA regulatory subunits have been identified (RIα/β and RIIα/β). The majority of type I PKA 

holoenzyme (RI α and β) is preferentially present in the cytosol [19], whereas all PKA-RII is 

predominantly targeted to specific subcellular sites by its interaction with AKAPs [14,20,21]. The  

PKA-RII subunits bind to AKAPs with nanomolar affinity, and by contrast, PKA-RI subunits bind to 

AKAPs with only micromolar affinity [14]. Most AKAPs bind to the PKA-RII subunits but some 

AKAPs still have dual specificity and bind RI subunits as well. The crystal structure of the PKA-RIIα 

D/D domain interacting with D-AKAP2 provides insight into how RIIα tethers a wide range of AKAPs 

with high affinity [22]. The first 30 amino acids residue of PKA-RII are necessary for AKAP binding 

as well as for dimerization of PKA-RII. Although, the RII dimerization is required for AKAP binding, 

both dimerization and binding AKAPs have separable regions. Additionally, autophosphorylation of 

the PKA-RII subunits result in an increase in the PKA/AKAP interaction [23]. Generally, The 

PKA/AKAP complex formation is a result of different protein and lipid interactions that occur through 

the unique targeting domains located within each AKAP [14]. 

Finally, AKAPs possess the ability to coordinate multiple signaling pathways by binding to 

different phosphatases and/or PDEs, which terminate the PKA signaling. AKAPs can also facilitate the 

integration of PKA signaling with other signaling pathways by containing signaling proteins of 

different pathways in their scaffold. Hence, AKAPs form a framework complex that synchronizes 

multi-protein signaling. 

2.1. AKAPs in Cardiomyocytes 

More than 14 different AKAPs have been shown to be expressed in both rodent and human heart 

tissue including: gravin (AKAP12), AKAP 15/18, mAKAP and yotiao. Each of these AKAPs 

localizes PKA to a different subcellular compartment, permitting a higher degree of selectivity and 

specificity of phosphorylation for different downstream PKA substrates. Furthermore, several AKAPs 
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are known to be involved in modulation of cardiac contraction coupling. They help in generating  

the cardiac action potential and Ca2+ handling in cardio myocytes [24]. For example, AKAP18α is 

associated with the alpha subunit of L-type Ca2+ channel (Ca(V)1.2) and mediates PKA phosphorylation 

of the channel and reported to enhance channel activity as well as increased Ca2+ current [25]. Of note,  

the splice variants of AKAP15/18 are now referred to as AKAP7 short and long isoforms [26], where the 

smaller AKAP7 isoforms (α and β) are expected to behave similarly and the longer AKAP7 isoforms 

(γ and δ) are expected to behave similarly [27]. Although it has been suggested that the short and  

long AKAP7 isoforms localize PKA complexes with Ca(V)1.2 and PLB, respectively, a recent report  

by Jones et al. [27] has found that AKAP7 is not required for regulation of Ca2+ handling in 

cardiomyocytes in response to adrenergic stimulation. However, AKAP79 can also cause the 

phosphorylation of L-type Ca2+ channels and it is assumed that AKAP79 can substitute for AKAP7 

(AKAP18α) [28]. 

Previous reports show that the muscle-selective AKAP (mAKAP, AKAP100, AKAP6) associates 

with RyR2 channels of the SR [29,30], and is involved in modulating the activity of RyR2 channel to 

facilitate Ca2+ induced Ca2+ release (CICR) from the SR for cardiac contraction. Recent data argue and 

confirm that mAKAP is primarily present on the nuclear envelope of cardiomyocytes. This specific 

binding is conferred via integral nuclear membrane protein, nesprin1α to which mAKAP is tethered by 

spectrin repeats [2,31–33]. mAKAP is also shown to be present at the Z-disc of cardiomyocytes and 

plays crucial role in intracellular transport of myopodin [34]. Gravin or AKAP250 which is expressed 

in the heart is involved in scaffolding and targeting PKA and PKC to β2-AR and is involved in the 

modulation of the desensitization and resensitization cycle of β2-ARs. We have shown that disruption 

of gravin’s scaffolding increases baseline contractility as well as augments contractility in response to 

acute β-AR stimulation [35]. 

The importance of PKA–AKAP interaction in regulating cardiac function has been established 

by studying t h e  Ht31 peptide. This molecule competes with AKAPs to associate with PKA-RII 

subunits. The utilization of Ht31 peptide in cardio myocytes results in the amended phosphorylation  

of PKA substrates including cTnI and cMyBPC upon β-AR activation with the agonist isoproterenol 

(ISO) [36]. Furthermore, Ht31 disruption of PKA/AKAP interactions resulted in decreased 

phosphorylation of PLB and the cardiac RyR2 channel. However, despite these changes in PKA 

substrate phosphorylation, contractility was improved in the presence of β-AR stimulation [37]. 

Additionally, disruption of particular PKA–AKAP interactions has also been shown to change β-AR 

interceded cardiac function. Another example for the importance of PKA/AKAP anchoring in regulating 

cardiac function is the disruption of yotiao’s interaction with KCNQ1, a voltage-gated potassium 

channel, w h i c h  has been shown to be associated with the development of Long-QT syndrome. This 

syndrome is a chronic disorder characterized by prolonged repolarization of the action potential, 
which can lead to arrhythmia and sudden cardiac death [38]. Data from our laboratory have shown 

that mutations or SNPs in mAKAP can lead to significant alterations in the binding properties of 

mAKAP with its binding partners. We have identified some of these SNPs in our laboratory and have 

studied the changes these mutations can have in the binding affinities of mAKAP. One such SNP, 

mAKAP-S2195F, a mutation located in mAKAP-PP2A binding site, showed significant increase in 

both binding propensity to PKA as well as PKA-activity [39]. Hence, alterations in PKA/AKAP 

interactions can have reflective effects on β-AR signaling and cardiac performance. 
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2.2. Muscle Selective AKAPs (mAKAP, AKAP100, AKAP6) 

The scaffolding protein muscle selective AKAP (mAKAP) is a 250 kDa PKA-anchoring partner 

that has been found to be expressed in the brain and heart. Two alternatively spliced forms of mAKAP 

are expressed: α and β [40]. The longer form mAKAPα is preferentially expressed in the brain. 

However, mAKAPβ, which is the shorter form of the scaffolding protein that lacks the first 244 amino 

acids, was found to be preferentially expressed in the heart at the nuclear envelope of cardiomyocytes [40]. 

It was first identified after expression of the truncated cDNA that encoded a 100-kDa fragment (this is 

why it was first called AKAP100) [32,41]. 

The mAKAP complex in the cardio myocytes contains PKA, the cAMP-specific phosphodiesterase 

PDE4D3, PP2A, calcineurin, RyR2, ERK5, exchange protein activated by cAMP (Epac1) and other 

substrates of PKA [2,42]. Hence, AKAPs form a framework complex that synchronizes multi-protein 

signaling. Amino acids 2055–2072 of the mAKAP scaffolding protein are responsible for binding  

PKA-RIIα subunit and contain an important amphipathic α-helix. It has been also shown that a single 

amino acid change in this amphipathic region of (I2062P) causes a disruption of the helical structure 

and prevents the association of PKA to the scaffolding protein [32]. Additionally, mAKAP acts as a  

multi-signaling network protein by recruiting and coordinating PDE4D3 and compiling a negative 

feedback loop by assembling PDE4D3 and PKA at the perinuclear membrane [43,44]. PKA 

phosphorylation of PDE4D3 at Serine 13 increases the affinity of PDE4D3 for mAKAP, enhancing its 

recruitment and allowing for rapid signal termination through PKA phosphorylation of PDE4D3 at Ser 54; 

mAKAP binds to the N-terminus residues of PDE4D3, and PDE4D3 binds to the central residues  

1286–1831 of mAKAP [45]. 

Besides calcineurin, adenylyl cyclase V (ACV) and Epac1, mAKAP can also bind PP2A, which 

upon being phosphorylated by PKA participates in PDE4D3 dephosphorylation [2,43]. This pattern 

provides all the required machinery for cAMP synthesis, function and degradation, which may cause 

local variation in cAMP and pulsation of localized PKA activity. 

Furthermore, mAKAP is also an important scaffold for the Ca2+-mediated signaling near the 

perinuclear region. It is well established that RyR2 regulates muscle contraction via the release of Ca2+ 

from intracellular stores and governs cardiac excitation-contraction coupling. By scaffolding PKA near 

RyR2, mAKAP is able to facilitate phosphorylation of subset of RyR2 present on nuclear envelope. 

However, these subsets of mAKAP-bound RyR2 at the perinuclear region may not significantly alter 

cardiac contractility. A paper by Wu and Bers [46] explains that SR and nuclear envelope is interlinked 

to form a Ca2+ store that can maintain high luminal Ca2+. Also, PKA-mediated phosphorylation of 

RyR2 and its contribution in EC-coupling is highly controversial [47,48]. Hence, in light of these 

reports, we believe that mAKAP has little or no role in regulating EC-coupling of cardiomyocytes. 

On the other hand, mAKAP plays a critical role in mediating excitation-transcription coupling via 

perinuclear Ca2+ signal transduction. It is reported that mAKAP is important for adrenergic mediated 

hypertrophy through the calcineurin-NFATc (nuclear factor of activated T-cells) pathway that is 

activated by the increase of Ca2+ release from RyR2. This will lead to calcineurin activation, which 

causes NFATc dephosphorylation and translocation into the nucleus, promoting the activity of several 

pro-hypertrophic genes leading to cardiac hypertrophy [49]. Additionally, it has been shown that 

reduced PDE4D3 levels in the RyR2 complex of failing human hearts, as well as PDE4D3 inactivation 
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in mice is associated with progressive cardiomyopathy, accelerated heart failure, and cardiac 

arrhythmias [50]. However, the complete molecular mechanisms that explain the correlation between 

mAKAP multi-protein signaling complex and heart diseases remain unclear. 

The anchoring protein mAKAP also orchestrates cross talk between the cAMP and mitogen 

activated protein kinase (MAPK) signaling pathways through scaffolding various proteins regulating 

these two pathways. It has been shown, using immunoprecipitation studies, that mAKAP is able to 

bind ERK5, which phosphorylates PDE4D3 at serine 579 causing a reduction of PDE activity. Thus, 

mAKAP organizes the bidirectional regulation of both PKA (the stimulator) and ERK5 (the inhibitor) 

of PDE activity [21]. 

In cardio myocytes, mAKAP functions to regulate cAMP, to modulate substrate phosphorylation 

and to dephosphorylate proteins that are involved in cardiac function. Recently, there has been 

increasing evidence that shows that nuclear Ca2+ pool signals differently than cytoplasmic Ca2+ pool. 

Nuclear Ca2+ regulates expression of hypertrophic genes whereas cytoplasmic Ca2+ is essential  

for cardiac contractility [51]. Positioned at nuclear envelope, mAKAP-mediated signaling  

pathways also function as a gatekeeper for transcription factors. Considering the many crucial roles  

of mAKAP, aberrant PKA-mAKAP or PDE4D3-mAKAP anchoring may be the cause for some heart 

diseases [30,43,45]. 

3. Cardiac mAKAP and Hypertrophy Signaling 

The common phenotype associated with heart failure is the development of cardiac hypertrophy. 

Hypertrophy is defined as physiological increase in heart size in order to compensate the increase in 

the work load. The heart is considered to be a highly adaptable organ that, upon either overt persistent 

increase in cardiac work burden or upon loss of proper cardiac blood supply, is able to compensate by 

increasing sympathetic nervous system (SNS) stimulation and activation of adrenergic receptors in 

order to increase cardiac output. In the acute setting, these adaptive mechanisms may save the heart, 

however chronic stimulation of the heart along with limited capacity reserve will cause extensive 

morphological changes and exacerbate cardiac dysfunction. 

The persistent activation of kinases and phosphatases such as PKA, PKC, and calcineurin (PP2B) 

as a result of chronic β-AR stimulation leads to the activation of pro-hypertrophic genes. The 

activation of these genes triggers cardiac remodeling, which is characterized by changes in the cellular 

structure as well as in the size and shape of the heart. For instance, decreased PKA-dependent 

phosphorylation of cTnI, cMyBPC and PLB in heart failure has been linked to increase ventricular 

remodeling. Calcineurin dephosphorylates the transcription factor NFATc causing its translocation 
into the nucleus. Once in the nucleus, NFATc causes the transcription of genes involved in cardiac 

remodeling and hypertrophy [21,52,53]. 

mAKAP along with various other AKAPs have been associated with the induction of hypertrophy 

as they are involved in mediating signaling that initiates hypertrophic gene expression mainly through 

activation of the MAPK pathway [54,55]. For instance, some studies have shown that both adrenergic 

and cytokine induced hypertrophy can be reduced by downregulation of mAKAP [15,53]. Activation 

of the cytokine gp130 receptors using leukemia inhibitory factor (LIF) triggers hypertrophy via the 

ERK5 signaling pathway. The LIF-induced myocytes hypertrophy has been shown to be inhibited by:  
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(1) displacement of the mAKAP from the perinuclear envelope through targeting nesprin-1α; and  

(2) gene silencing of mAKAP using siRNA. These data suggest that mAKAP expression is necessary 

for LIF-induced hypertrophy [21]. Additionally, a study done by Puckelwartz et al., 2010 [56]  

revealed that a human missense mutation R374H, found within the mAKAP nesprin-1 alpha domain  

(a protein responsible for tethering mAKAP to the nuclear membrane) from a patient with dilated 

cardiomyopathy, required cardiac transplantation. 

The scaffolding protein mAKAP is required for adrenergic agonist-induced cardiac hypertrophy 

through activation of the calcineurin/NFATc pathway. Hence, mAKAP should bind PKA for 

activation of myocyte hypertrophy through adrenergic agonist pathway [53]. Besides, mAKAP binds 

to phospholipase Cε (PLCε) which utilizes phosphatidylinositol 4-phosphate (PI4P) from Golgi 

apparatus near nuclear envelope to produce diacylglycerol (DAG). mAKAP bound protein kinase Cε 

(PKCε) in turn activates protein kinase D (PKD) to regulate hypertrophic signaling [57]. More 

recently, Kapiloff’s group have created cardiac-specific mAKAPβ knock out (KO) mice by conditional 

deletion of exon 9 [33]. In this paper, they added two new binding partners of mAKAP, PKD1 and 

HDAC4. In pressure-overload model of hypertrophy induced by transverse aortic constriction (TAC), 

mAKAPβ KO mice had improved cardiac status as compared to their WT littermates. Decreased 

phosphorylation of PKD1 and HDAC4, suppression of NFATc and MEF2 mediated expression of  

pro-hypertrophic genes were correlated with better cardiac health in mAKAPβ KO mice [33]. 

For the purpose of studying the human mAKAP structure–function relationship along with  

its physiological consequences in changing downstream signaling, in vitro pull-down assays, PKA  

and PDE activities, Ca2+ signaling and surface plasmon resonance experiments were studied by 

McConnell’s group [39]. After screening numerous non-synonymous polymorphisms available in  

the dbSNP databases (NCBI), University of California Santa Cruz (UCSC) and Ensemble Genome 

Browser, three different mutations of the human mAKAP protein, (1) P1400S (mutation in the 

PDE4D3 binding site); (2) S2195F (mutation in the PP2A binding site and also flanking the  

3'-PKA-RIIα) and (3) L717V (mutation surrounding the spectrin repeat domain which anchors 

mAKAP to the perinuclear membrane) were chosen by McConnell’s team based on their Evolutionary 

Trace rank (where low values mean a greater potential impact) and the mAKAP domain location in 

which these mutations occur [39]. The immunoprecipitation results showed that mAKAP-S2195F 

(mutation in the PP2A binding site and also flanking the 3'-PKA-RIIα) mutant promotes a significant 

increase in binding affinity to PKA-RIIα. This serine is predicted to have a strong evolutionary 

importance and its replacement by a large and hydrophobic phenylalanine is likely to impact function. 

Indeed, this substitution increases mAKAP binding to PKA-RIIα, possibly due to increase in the 

number of hydrophobic amino acids in the hydrophobic ridge. This increase in PKA-RIIα binding 

affinity causes a significant increase in PKA activity, which explains the increase in Ca2+ release, 

calcineurin (PP2B) activity and CREB phosphorylation. The observed increases in these parameters 

suggest a possible induction of pro-hypertrophic gene expression. On the other hand, the other two 

mutations studied (mAKAP-P1400S and mAKAP-L717V) showed no significant difference from wild 

type in PKA activity although they showed a deviated binding propensity to PDE4D3 from wild type [39]. 

Collectively, these data suggest a model in which mAKAP acts as a main organizer of cAMP, Ca2+ and 

MAPK signaling and works to regulate cardiac hypertrophy, and thus with the established importance 
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of mAKAP in cardiac hypertrophy, it is now critical to delineate the functional significance of known 

mAKAP SNPs and screen for additional mAKAP polymorphisms. 

4. Conclusions 

In conclusion, the role of protein kinases compartmentalization is critical in mediating the kinase 

signaling pathway and explains different disease pathologies’ development in the absence of these 

AKAPs. In particular, mAKAP network disruption provides an important role in cardiac hypertrophy 

signaling, and this may open a new avenue for more profound genetic screening and development of 

specific peptide inhibitors targeting drugs. 

Acknowledgments 

This work was supported by a National Heart, Lung, and Blood Institute (NHLBI) of the National 

Institutes of Health (NIH) Grant [HL085487] (Bradley K. McConnell). 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Skalhegg, B.S.; Tasken, K. Specificity in the cAMP/PKA signaling pathway. Differential 

expression, regulation, and subcellular localization of subunits of PKA. Front. Biosci. 2000, 5, 

D678–D693. 

2. Kapiloff, M.S.; Jackson, N.; Airhart, N. mAKAP and the ryanodine receptor are part of a  

multi-component signaling complex on the cardiomyocyte nuclear envelope. J. Cell Sci. 2001, 

114, 3167–3176. 

3. Scott, J.D. Cyclic nucleotide-dependent protein kinases. Pharmacol. Ther. 1991, 50, 123–145. 

4. Walsh, D.A.; van Patten, S.M. Multiple pathway signal transduction by the cAMP-dependent 

protein kinase. FASEB J. 1994, 8, 1227–1236. 

5. Keely, S.L. Activation of cAMP-dependent protein kinase without a corresponding increase in 

phosphorylase activity. Res. Commun. Chem. Pathol. Pharmacol. 1977, 18, 283–290. 

6. Solaro, R.J.; Moir, A.J.; Perry, S.V. Phosphorylation of troponin I and the inotropic effect of 

adrenaline in the perfused rabbit heart. Nature 1976, 262, 615–617. 

7. Yoshida, A.; Takahashi, M.; Imagawa, T.; Shigekawa, M.; Takisawa, H.; Nakamura, T. 

Phosphorylation of ryanodine receptors in rat myocytes during beta-adrenergic stimulation.  

J. Biochem. 1992, 111, 186–190. 

8. Dash, R.; Kadambi, V.; Schmidt, A.G.; Tepe, N.M.; Biniakiewicz, D.; Gerst, M.J.; Canning, A.M.; 

Abraham, W.T.; Hoit, B.D.; Liggett, S.B.; et al. Interactions between phospholamban and  

beta-adrenergic drive may lead to cardiomyopathy and early mortality. Circulation 2001, 103, 

889–896. 

9. Bers, D.M. Cardiac excitation-contraction coupling. Nature 2002, 415, 198–205. 



Int. J. Mol. Sci. 2015, 16 226 
 

 

10. Carnegie, G.K.; Means, C.K.; Scott, J.D. A-kinase anchoring proteins: from protein complexes to 

physiology and disease. IUBMB Life 2009, 61, 394–406. 

11. Manni, S.; Mauban, J.H.; Ward, C.W.; Bond, M. Phosphorylation of the cAMP-dependent protein 

kinase (PKA) regulatory subunit modulates PKA-AKAP interaction, substrate phosphorylation, 

and calcium signaling in cardiac cells. J. Biol. Chem. 2008, 283, 24145–24154. 

12.  Bers, D.M.; Ziolo, M.T. When is cAMP not cAMP? Effects of compartmentalization. Circ. Res. 

2001, 89, 373–375. 

13. Rubin, C.S. A kinase anchor proteins and the intracellular targeting of signals carried by cyclic 

AMP. Biochim. Biophys. Acta 1994, 1224, 467–479. 

14. Colledge, M.; Scott, J.D. AKAPs: From structure to function. Trends Cell. Biol. 1999, 9, 216–221. 

15. Dodge-Kafka, K.L.; Soughayer, J.; Pare, G.C.; Carlisle Michel, J.J.; Langeberg, L.K.; Kapiloff, M.S.; 

Scott, J.D. The protein kinase A anchoring protein mAKAP coordinates two integrated cAMP 

effector pathways. Nature 2005, 437, 574-578. 

16. Christian, F.; Szaszak, M.; Friedl, S.; Drewianka, S.; Lorenz, D.; Goncalves, A.; Furkert, J.; 

Vargas, C.; Schmieder, P.; Gotz, F.; et al. Small molecule AKAP-protein kinase A (PKA) 

interaction disruptors that activate PKA interfere with compartmentalized cAMP signaling in 

cardiac myocytes. J. Biol. Chem. 2011, 286, 9079–9096. 

17. Jarnaess, E.; Ruppelt, A.; Stokka, A.J.; Lygren, B.; Scott, J.D.; Tasken, K. Dual specificity  

A-kinase anchoring proteins (AKAPs) contain an additional binding region that enhances 

targeting of protein kinase A type I. J. Biol. Chem. 2008, 283, 33708–33718. 

18. Gold, M.G.; Lygren, B.; Dokurno, P.; Hoshi, N.; McConnachie, G.; Tasken, K.; Carlson, C.R.; 

Scott, J.D.; Barford, D. Molecular basis of AKAP specificity for PKA regulatory subunits.  

Mol. Cell 2006, 24, 383–395. 

19. Di Benedetto, G.; Zoccarato, A.; Lissandron, V.; Terrin, A.; Li, X.; Houslay, M.D.; Baillie, G.S.; 

Zaccolo, M. Protein kinase A type I and type II define distinct intracellular signaling compartments. 

Circ. Res. 2008, 103, 836–844. 

20. Dell’Acqua, M.L.; Scott, J.D. Protein kinase A anchoring. J. Biol. Chem. 1997, 272, 12881–12884. 

21. Dodge-Kafka, K.L.; Langeberg, L.; Scott, J.D. Compartmentation of cyclic nucleotide signaling in 

the heart: The role of A-kinase anchoring proteins. Circ. Res. 2006, 98, 993–1001. 

22. Kinderman, F.S.; Kim, C.; von Daake, S.; Ma, Y.; Pham, B.Q.; Spraggon, G.; Xuong, N.H.; 

Jennings, P.A.; Taylor, S.S. A dynamic mechanism for AKAP binding to RII isoforms of  

cAMP-dependent protein kinase. Mol. Cell 2006, 24, 397–408. 

23. Zakhary, D.R.; Fink, M.A.; Ruehr, M.L.; Bond, M. Selectivity and regulation of A-kinase 

anchoring proteins in the heart. The role of autophosphorylation of the type II regulatory subunit 

of cAMP-dependent protein kinase. J. Biol. Chem. 2000, 275, 41389–41395. 

24. Mauban, J.R.; O’Donnell, M.; Warrier, S.; Manni, S.; Bond, M. AKAP-scaffolding proteins and 

regulation of cardiac physiology. Physiology 2009, 24, 78–87. 

25. Fraser, I.D.; Tavalin, S.J.; Lester, L.B.; Langeberg, L.K.; Westphal, A.M.; Dean, R.A.; Marrion, N.V.; 

Scott, J.D. A novel lipid-anchored A-kinase Anchoring Protein facilitates cAMP-responsive 

membrane events. EMBO J. 1998, 17, 2261–2272. 



Int. J. Mol. Sci. 2015, 16 227 
 

 

26. Johnson, K.R.; Nicodemus-Johnson, J.; Carnegie, G.K.; Danziger, R.S. Molecular evolution of  

A-kinase anchoring protein (AKAP)-7: Implications in comparative PKA compartmentalization. 

BMC Evol. Biol. 2012, 12, doi:10.1186/1471-2148-12-125. 

27. Jones, B.W.; Brunet, S.; Gilbert, M.L.; Nichols, C.B.; Su, T.; Westenbroek, R.E.; Scott, J.D.; 

Catterall, W.A.; McKnight, G.S. Cardiomyocytes from AKAP7 knockout mice respond normally 

to adrenergic stimulation. Proc. Natl. Acad. Sci. USA 2012, 109, 17099–17104. 

28. Gao, T.; Yatani, A.; dell’Acqua, M.L.; Sako, H.; Green, S.A.; Dascal, N.; Scott, J.D.; Hosey, M.M. 

cAMP-dependent regulation of cardiac L-type Ca2+ channels requires membrane targeting of PKA 

and phosphorylation of channel subunits. Neuron 1997, 19, 185–196. 

29. Yang, J.; Drazba, J.A.; Ferguson, D.G.; Bond, M. A-kinase anchoring protein 100 (AKAP100) is 

localized in multiple subcellular compartments in the adult rat heart. J. Cell Biol. 1998, 142,  

511–522. 

30. Marx, S.O.; Reiken, S.; Hisamatsu, Y.; Jayaraman, T.; Burkhoff, D.; Rosemblit, N.; Marks, A.R. 

PKA phosphorylation dissociates FKBP12.6 from the calcium release channel (ryanodine 

receptor): Defective regulation in failing hearts. Cell 2000, 101, 365–376. 

31. Pare, G.C.; Easlick, J.L.; Mislow, J.M.; McNally, E.M.; Kapiloff, M.S. Nesprin-1α contributes to 

the targeting of mAKAP to the cardiac myocyte nuclear envelope. Exp. Cell Res. 2005, 303,  

388–399. 

32. Kapiloff, M.S.; Schillace, R.V.; Westphal, A.M.; Scott, J.D. mAKAP: An A-kinase anchoring 

protein targeted to the nuclear membrane of differentiated myocytes. J. Cell Sci. 1999, 112,  

2725–2736. 

33. Kritzer, M.D.; Li, J.; Passariello, C.L.; Gayanilo, M.; Thakur, H.; Dayan, J.; Dodge-Kafka, K.; 

Kapiloff, M.S. The scaffold protein muscle A-kinase anchoring protein beta orchestrates cardiac 

myocyte hypertrophic signaling required for the development of heart failure. Circ. Heart Fail. 

2014, 7, 663–672. 

34. Faul, C.; Dhume, A.; Schecter, A.D.; Mundel, P. Protein kinase A, Ca2+/calmodulin-dependent 

kinase II, and calcineurin regulate the intracellular trafficking of myopodin between the Z-disc 

and the nucleus of cardiac myocytes. Mol. Cell Biol. 2007, 27, 8215–8227. 

35. Guillory, A.N.; Yin, X.; Wijaya, C.S.; Diaz Diaz, A.C.; Rababa’h, A.; Singh, S.; Atrooz, F.; 

Sadayappan, S.; McConnell, B.K. Enhanced cardiac function in gravin mutant mice involves 

alterations in the beta-adrenergic receptor signaling cascade. PLoS One 2013, 8, e74784. 

36. Fink, M.A.; Zakhary, D.R.; Mackey, J.A.; Desnoyer, R.W.; Apperson-Hansen, C.; Damron, D.S.; 

Bond. M. AKAP-mediated targeting of protein kinase a regulates contractility in cardiac 

myocytes. Circ. Res. 2001, 88, 291–297. 

37. McConnell, B.K.; Popovic, Z.; Mal, N.; Lee, K.; Bautista, J.; Forudi, F.; Schwartzman, R.; Jin, J.P.; 

Penn, M.; Bond, M. Disruption of protein kinase A interaction with A-kinase-anchoring proteins 

in the heart in vivo: Effects on cardiac contractility, protein kinase A phosphorylation, and 

troponin I proteolysis. J. Biol. Chem. 2009, 284, 1583–1592. 

38. Chen, L.; Marquardt, M.L.; Tester, D.J.; Sampson, K.J.; Ackerman, M.J.; Kass, R.S. Mutation of 

an A-kinase-anchoring protein causes long-QT syndrome. Proc. Natl. Acad. Sci. USA 2007, 104, 

20990–20995. 



Int. J. Mol. Sci. 2015, 16 228 
 

 

39. Rababa’h, A.; Craft, J.W., Jr.; Wijaya, C.S.; Atrooz, F.; Fan, Q.; Singh, S.; Guillory, A.N.; 

Katsonis, P.; Lichtarge, O.; McConnell, B.K. Protein kinase A and phosphodiesterase-4D3 

binding to coding polymorphisms of cardiac muscle anchoring protein (mAKAP). J. Mol. Biol. 

2013, 425, 3277–3288. 

40. Michel, J.J.; Townley, I.K.; Dodge-Kafka, K.L.; Zhang, F.; Kapiloff, M.S.; Scott, J.D. Spatial 

restriction of PDK1 activation cascades by anchoring to mAKAPα. Mol. Cell 2005, 20, 661–672. 

41. McCartney, S.; Little, B.M.; Langeberg, L.K.; Scott, J.D. Cloning and characterization of  

A-kinase anchor protein 100 (AKAP100). A protein that targets A-kinase to the sarcoplasmic 

reticulum. J. Biol. Chem. 1995, 270, 9327–9333. 

42. Langeberg, L.K.; Scott, J.D. A-kinase-anchoring proteins. J. Cell Sci. 2005, 118, 3217–3220. 

43. Kritzer, M.D.; Li, J.; Dodge-Kafka, K.; Kapiloff, M.S. AKAPs: The architectural underpinnings 

of local cAMP signaling. J. Mol. Cell Cardiol. 2012, 52, 351–358. 

44. Dodge, K.L.; Khouangsathiene, S.; Kapiloff, M.S.; Mouton, R.; Hill, E.V.; Houslay, M.D.; 

Langeberg, L.K.; Scott, J.D. mAKAP assembles a protein kinase A/PDE4 phosphodiesterase 

cAMP signaling module. EMBO J. 2001, 20, 1921–1930. 

45. Carlisle Michel, J.J.; Dodge, K.L.; Wong, W.; Mayer, N.C.; Langeberg, L.K.; Scott, J.D.  

PKA-phosphorylation of PDE4D3 facilitates recruitment of the mAKAP signalling complex. 

Biochem. J. 2004, 381, 587–592. 

46. Wu, X.; Bers, D.M. Sarcoplasmic reticulum and nuclear envelope are one highly interconnected 

Ca2+ store throughout cardiac myocyte. Circ. Res. 2006, 99, 283–291. 

47. Houser, S.R. Role of RyR2 phosphorylation in heart failure and arrhythmias: Protein kinase  

A-mediated hyperphosphorylation of the ryanodine receptor at serine 2808 does not alter cardiac 

contractility or cause heart failure and arrhythmias. Circ. Res. 2014, 114, 1320–1327. 

48. Dobrev, D.; Wehrens, X.H. Role of RyR2 phosphorylation in heart failure and arrhythmias: 

Controversies around ryanodine receptor phosphorylation in cardiac disease. Circ. Res. 2014, 114, 

1311–1319. 

49. Bauman, A.L.; Michel, J.J.; Henson, E.; Dodge-Kafka, K.L.; Kapiloff, M.S. The mAKAP 

signalosome and cardiac myocyte hypertrophy. IUBMB Life 2007, 59, 163–169. 

50. Lehnart, S.E.; Wehrens, X.H.; Reiken, S.; Warrier, S.; Belevych, A.E.; Harvey, R.D.; Richter, W.; 

Jin, S.L.; Conti, M.; Marks, A.R. Phosphodiesterase 4D deficiency in the ryanodine-receptor 

complex promotes heart failure and arrhythmias. Cell 2005, 123, 25–35. 

51. Ibarra, C.; Vicencio, J.M.; Estrada, M.; Lin, Y.; Rocco, P.; Rebellato, P.; Munoz, J.P.;  

Garcia-Prieto, J.; Quest, A.F.; Chiong, M.; et al. Local control of nuclear calcium signaling in 

cardiac myocytes by perinuclear microdomains of sarcolemmal insulin-like growth factor 1 

receptors. Circ. Res. 2013, 112, 236–245. 

52. Molkentin, J.D.; Lu, J.R.; Antos, C.L.; Markham, B.; Richardson, J.; Robbins, J.; Grant, S.R.; 

Olson, E.N. A calcineurin-dependent transcriptional pathway for cardiac hypertrophy. Cell 1998, 

93, 215–228. 

53. Pare, G.C.; Bauman, A.L.; McHenry, M.; Michel, J.J.; Dodge-Kafka, K.L.; Kapiloff, M.S.  

The mAKAP complex participates in the induction of cardiac myocyte hypertrophy by adrenergic 

receptor signaling. J. Cell Sci. 2005, 118, 5637–5646. 



Int. J. Mol. Sci. 2015, 16 229 
 

 

54. Thorburn, J.; Frost, J.A.; Thorburn, A. Mitogen-activated protein kinases mediate changes in gene 

expression, but not cytoskeletal organization associated with cardiac muscle cell hypertrophy.  

J. Cell Biol. 1994, 126, 1565–1572. 

55. Thorburn, J.; Xu, S.; Thorburn, A. MAP kinase- and Rho-dependent signals interact to regulate 

gene expression but not actin morphology in cardiac muscle cells. EMBO J. 1997, 16, 1888–1900. 

56. Puckelwartz, M.J.; Kessler, E.J.; Kim, G.; Dewitt, M.M.; Zhang, Y.; Earley, J.U.; Depreux, F.F.; 

Holaska, J.; Mewborn, S.K.; Pytel, P.; et al. Nesprin-1 mutations in human and murine 

cardiomyopathy. J. Mol. Cell Cardiol. 2010, 48, 600–608. 

57. Zhang, L.; Malik, S.; Pang, J.; Wang, H.; Park, K.M.; Yule, D.I.; Blaxall, B.C.; Smrcka, A.V. 

Phospholipase Cepsilon hydrolyzes perinuclear phosphatidylinositol 4-phosphate to regulate 

cardiac hypertrophy. Cell 2013, 153, 216–227. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


