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ABSTRACT 

 

      Protein kinase-A (PKA) substrate phosphorylation is facilitated through its co-

localization with its signaling partner by A-kinase anchoring proteins (AKAPs). mAKAP 

(muscle-selective AKAP) localizes PKA and its substrates such as phosphodiesterase-

4D3 (PDE4D3), ryanodine receptor and protein phosphatase (PP2A) to the 

cardiomyocytes sarcoplasmic reticulum and perinuclear space. 

 

    We have recently identified potentially important human mAKAP coding non-

synonymous polymorphisms located within or near key protein binding sites critical to β-

adrenergic receptor signaling. Three mutations (P1400S, S2195F and L717V) were 

cloned and transfected into a mammalian cell line for the purpose of comparing whether 

those substitutions disrupt mAKAP binding to both the PKA or PDE4D3 binding domain 

and understanding their role in altered signaling. Our immunopreciptation study of 

mAKAP-P1400S, a mutation in the mAKAP-PDE4D3 binding site, displayed a 

significant reduction in binding affinity to PDE4D3 after stimulation, with no significant 

change in PKA binding and activity. Conversely, mAKAP-S2195F, a mutation located in 

mAKAP-PP2A binding site and flanking PKA-RII binding domain, showed significant 

increase in both binding affinity to PKA as well as PKA activity. Although, mAKAP-

L717V (a mutation flanking the mAKAP-spectrin repeat domain) exhibited an enhanced 

binding propensity to PKA, it showed similar pattern of PKA activity as the wild-type 

mAKAP. All three mutations have similar total phosphodiesterase enzyme activity. 



  
 

ix 
 

Binding results were quantified using surface plasmon resonance (Biacore-2000). We 

demonstrated specific binding of wild-type mAKAP to PDE4D3.  

 

      Additionally, human mAKAP mutants S2195F and L717V displayed increased 

expression for downstream PKA substrates and hypertrophic markers such as CREB and 

calcineurin. These data suggest that S2195F or L717V-mAKAP may enhance cardiac 

hypertrophy through persistent binding of mAKAP to PKA. Furthermore, these mutants 

increased the phosphorylation of ERK5 compared to the wild-type mAKAP suggesting 

that mAKAP also orchestrates the cross-talk of mitogen activated protein kinase (MAPK) 

signaling pathway with cAMP/PKA signaling pathways. 

 

    Generally, PKA-PDE4D3-mAKAP complexes exemplify how protein kinases and 

phosphodiesterase may contribute in molecular signaling to dynamically normalize 

localized intracellular signaling. Consequently, comparative analysis of the binding 

responses of mutations to mAKAP could provide important information about how these 

mutations modulate signaling.  
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1.   INTRODUCTION AND STATEMENT OF PROBLEM 

 

     Heart failure is a major public health problem and the leading cause of death in the 

United States. Around 5 million patients in the USA have heart failure, and in 2010 an 

estimated 785,000 Americans had a new coronary attack, and about 470,000 had a 

recurrent attack. Furthermore, more than 50% of heart failure patients seek re-admission 

within 6 months after treatment (Lloyd-Jones, Adams et al. 2009).  Heart failure is 

defined as a chronic and complex clinical syndrome that results from any structural or 

functional cardiac disorder that impairs the ability of the heart to efficiently pump blood. 

This inability of the heart to pump blood efficiently is mainly due to insufficient 

contraction (Bers 2002). Coronary artery disease (heart attack) is the major cause of 

ischemic cardiomyopathy (2/3 of patients) with the remainder of heart failure cases being 

caused by nonischemic cardiomyopathy such as hypertension, thyroid disease, valvular 

disease, myocarditis, congenital heart defects, and cardiomyopathies (Hunt, Baker et al. 

2001). 

 

        The cellular and molecular mechanisms of cardiac dysfunction as a result of heart 

failure are multi-factorial and involve a plethora of kinases, phosphatases and other 

signaling molecules (El-Armouche and Eschenhagen 2009). At the receptor level, 

numerous studies have shown that there are alterations of the cardiac β-receptor system 

in failing hearts (Brodde 1993; Brodde and Michel 1999). These alterations include a 

reduction in the β1- adrenergic receptor (AR) subtype by up to 50% through receptor 

desensitization, while the β2-AR remained unchanged (Lohse, Engelhardt et al. 2003; 
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Keys and Koch 2004). Additionally, an upregulation of the inhibitory GTP-binding 

protein (Gαi) occurs early in heart failure as a result of chronic stimulation of β- 

adrenergic receptors (β-ARs)  (Keys and Koch 2004).  At the cellular level, the 

desensitization of the β-ARs leads to significant disruption of the activity of 

downstream signaling molecules such as protein kinase A (PKA) (El-Armouche and 

Eschenhagen 2009). Changes in PKA activity have been shown to paradoxically alter  

its substrate phosphorylation. For example, in heart failure, PKA mediated 

phosphorylation of phospholamban is decreased while PKA phosphorylation of 

ryanodine receptors (RyR2) is increased (Bartel, Stein et al. 1996; Marx, Reiken et al. 

2000; Lohse, Engelhardt et al. 2003). Furthermore, there is an alteration in the 

expression of calcium (Ca2+) regulatory and dependent proteins such as the 

sarcoplasmic reticulum Ca2+-ATPase (SERCA2a), L-type Ca2+ channel, calcineurin and 

Ca2+/calmodulin dependent kinase II (CaMKII) (Ungerer, Bohm et al. 1993; Lohse, 

Engelhardt et al. 2003). On the other hand, upregulation of phosphatase expression 

further disturbs the phosphorylation and subsequent action of major proteins involved 

in regulating cardiac contractility (Carr, Schmidt et al. 2002). Collectively, these changes 

lead to alterations of Ca2+ homeostasis that further decrease cardiac performance (Bers 

2006). In addition to impaired cardiac performance, chronic β-AR stimulation initiates 

the upregulation of the transcription of pro-hypertrophic genes, which leads to gross 

morphological alterations through hypertrophy and remodeling that aggravate the 

diminished condition of the heart (Houser, Piacentino et al. 2000; Port and Bristow 

2001; Nunn, Zou et al. 2010). 
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      Generally, inotropic therapies such as β-AR agonists (e.g. dobutamine) and 

phosphodiesterase (PDE) inhibitors (e.g. milrinone) have proven to be effective in the 

initial stabilization of acute decompensated heart failure. These inotropic therapies 

primarily enhance myocardial contractility by increasing the intracellular levels of 3’-5’-

cyclic adenosine monophosphate (cAMP), which causes an increase in the level of Ca2+ 

through the activation of cAMP-dependent PKA. Although these therapies are initially 

beneficial, their side effects of tachycardia and ventricular arrhythmia often result in 

death (Packer, Carver et al. 1991; Feldman, Bristow et al. 1993; Katz and Lorell 2000; Hunt, 

Baker et al. 2001). Additionally, despite the various available pharmacologic therapies 

discovered within the past two decades, the mortality rate remains high, ~ 50% within 

the first 5 years of diagnosis and ~ 25% within the first year. It has been clearly 

documented regarding the treatment of heart failure that there is a high degree of inter-

individual variability in response to drug treatment. This variability cannot be attributed 

to clinical, demographical or environmental elements (Dorn and Liggett 2009; Johnson 

and Liggett 2011). The genetic contributors in this inter-individual variability to drug 

response remains a challenge in the pharmacogenomics in order to untangle the array of 

genes whose variability lead to changes in drug efficacy and toxicity (Dorn and Liggett 

2009).  Taken together, alternative treatments that can avoid some of the serious side 

effects, as well as considering the inter-individual variability in response to drug treatment 

should be taken into clinical practice. 

 

         G-protein coupled receptors (GPCR) are the most prominent protein target among 

the currently available drugs in the market. In particular, β-blockers are the most common 
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drugs used to target GPCRs. Therefore, β-ARs are the main receptors studied of the 

GPCRs in the cardiovascular field. β-AR stimulation signals through PKA substrate 

phosphorylation to enhance cardiac contractility (Feldman, Bristow et al. 1993). 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 (Packer, Carver et al. 1991; Rubin 1994; Pawson and Scott 1997). In 

particular, mAKAP (muscle selective AKAP, AKAP6, AKAP100) has been shown to 

compartmentalize to the sarcoplasmic reticulum (SR) and perinuclear space of myocytes 

with various enzymes including: PKA regulatory subunit (RIIα), phosphodiesterase 4D3 

(PDE4D3), protein phosphatase 2A (PP2A), and RyR2 (Kapiloff, Jackson et al. 2001). 

Through coordinating spatial-temporal signaling of proteins and enzymes that are 

regulated by second messengers, mAKAP functions as a regulator of substrate 

phosphorylation, leading to changes in Ca2+ availability and myofilament Ca2+ 

sensitivity. Thus, mAKAP genetic variants (i.e. polymorphisms), which may potentially 

modify RIIα (PKA), PDE4D3, PP2A and RyR2 binding and signaling, would be 

expected to mediate an altered inotropic response which may predispose individuals for 

heart failure.  

 

       The goal of this study was to elucidate the structure-function relationship of the 

scaffolding protein mAKAP and its binding partners (PDE4D3 and PKA-RIIα) using 

molecularly defined human mAKAP mutants (P1400S, S2195F, and L717V), which may 
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potentially lead to defective compartmentalization, co-localization, and binding. Given 

the ability of mAKAP to anchor PKA, PDE4D3, PP2A, as well as RyR2, we also 

proposed that mAKAP mutants may serve as regulators for the hypertrophic signaling by 

affecting mAKAP protein partner binding, which may alter perinuclear Ca2+ release and 

the regulation of gene transcription.  

 

           We used human embryonic kidney (HEK293) and Chinese hamster ovary (CHO-K1) 

cell lines as cell culture models to accomplish our aims, and we are in the process of 

establishing a conditional knockout animal model that lacks mAKAP-β isoform, the 

predominant isoform expressed in the heart. 

 

   The clinical therapeutic implications of this study may open a new avenue in both the 

genetic screening as well as drug treatment of cardiac heart failure, by designing a 

peptide inhibitor that disturb the persistent interaction of mAKAP with PKA-RII  or on 

the other hand enhancing the activity of PDE4D3 in individuals with reduced enzyme 

level. Furthermore, this project will extend our biochemical signaling knowledge of 

mAKAP and its different binding partners.  
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2. REVIEW OF LITERATURE: 

    

2.1 Prevalence 

 

      Heart failure is a chronic disease characterized by the inability of the heart to pump 

enough oxygenated blood to meet the body’s demand and maintain its normal 

physiological function. Nearly 5.8 million patients in the USA have heart failure and 

~500,000 new cases of heart failure are diagnosed annually. Additionally, there are an 

estimated 23 million people with heart failure worldwide (McMurray, Petrie et al. 1998). 

Although, the angiotensin-converting enzyme inhibitors and beta blockers are the 

cornerstone drugs in treatment of heart failure, they still couldn’t control the dramatic 

deterioration in patient’s quality of life when patients develop burden heart failure. 

Subsequently, this suggesting that a program of screening and prevention will efficiently 

decrease the public health problem of heart failure.  

 

2.2 Organization of the Cardiac Myocyte 

 

    The heart is a pump-like organ that is responsible for providing oxygenated blood to 

the body’s organ and peripheral tissues. The cardiac muscle is composed of 

interconnected mono-nucleated cells, the cardiac myocytes. A large portion of the cell 

volume is occupied by mitochondria, which synthesize ATP to constantly supply the 

contractile heart muscle with energy. Each myocyte contains a large number of 
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myofibrils, which are separated by Z-discs into sarcomeres. The Z-disc localizes different 

mechanical stretch proteins such as titin cap (T-cap), calsarcin1 and muscle LIM protein 

(MLP) (Mudd and Kass 2008). The force generated by the sarcomere is the ultimate 

determinant of the heart beating capacity. This is controlled through the interaction of 

thin filaments, which is composed of actin, with myosin-containing thick filaments 

(Mudd and Kass 2008). Additionally, the sarcomere contains other proteins such as: 

troponin, myosin-binding protein C and tropomyosin. These proteins and others are 

essential for the modulation of cardiac myocyte contractility. Recent studies show that 

mutations in the gene encoding T-cap that impair the association of T-cap with titin and 

calsarcin 1 protein  result in dilated cardiomyopathy, as do mutations in the gene 

encoding MLP (Mudd and Kass 2008). 

 

2.3 Molecular Mechanism of Contractility 

 

      Excitation-contraction coupling is the process by which the electrical excitation of the 

cardiomycoytes, upon entrance of action potential conducted from the sinoatrial node, is 

translated into a myocyte contraction (Bers 2002). The second messenger Ca2+ is 

considered to be the direct activator of the myofilaments, which ultimately cause cardiac 

contraction. Cardiomyocte mishandling of Ca2+ is the major cause of pathological 

syndromes such as cardiac arrhythmia and heart failure (Pogwizd, Schlotthauer et al. 

2001; Shannon and Bers 2004).  

 

      Excitation-contraction coupling process begins with the depolarization of the cardiac 



8 
 

myocytes. This will activate the sarcolemmal voltage-gated L-type Ca2+ 
channel, 

permitting the influx of extracellular Ca2+ into the cytosol. As the level of cytosolic Ca2+ 

increases, it initiates the release of Ca2+ from the adjacent sarcoplasmic reticulum (SR) by 

opening the Ca2+  induced Ca2+  
release channels (ryanodine receptor) (Bers 2002).  

This SR released Ca2+ 
binds to troponin C (TnC), which results in conformational 

changes of troponin I (TnI). This, in turn, removes tropomyosin from its position 

allowing the formation of force-generating cross-bridging of myosin to actin (Bers 2002; 

Mudd and Kass 2008). The cross-bridging process enables sarcomere shortening and 

muscle contraction. Thus, there are two ways to alter the strength of cardiac contractility:  

by changing the amplitude or duration of the Ca2+ transient or by altering the sensitivity 

of the myofilament to the Ca2+ (Bers 2002). 

 

2.4 Molecular Mechanism of Cardiac Relaxation 

 

      Heart relaxation is also regulated by the level of intracellular Ca2+. In order for 

relaxation to occur, the intracellular Ca2+ level must decline to baseline, allowing for the 

dissociation of Ca2+ from troponin. In cardiac myocytes, there are four pathways to 

decrease the level of intracellular Ca2+: re-sequestration of Ca2+ back into the SR by the 

phospholamban (PLB) regulated SERCA2a calcium
 

uptake protein, efflux of Ca2+ 

through the sarcolemmal sodium/ Ca2+ exchanger (NCX), uptake of Ca2+ into the 

mitochondria via the mitochondria Ca2+ uniporter and efflux of Ca2+  through the 

sarcolemmal Ca2+-ATPase (Bers 2002; Shannon and Bers 2004). 
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2.5 Beta-adrenergic Receptor Signaling Pathway 

 

      Physiological sympathetic stimulation of the heart signals through β-AR stimulation 

to increase the strength of contraction (inotropy), enhance the extent of relaxation 

(lusitropy), and raise the heart rate (chronotropy) (Katz and Lorell 2000; Bers 2002). 

Conventionally, norepinephrine and epinephrine released from the sympathetic nerve 

terminals and the adrenal gland, respectively, bind to β-ARs to activate their partnering 

GTP-binding proteins (G-proteins).  Stimulatory G-proteins (Gs) stimulate the activity 

of adenylyl cyclase (AC, a membrane-bound enzyme converting adenosine triphosphate 

(ATP) to cAMP thereby increasing the production of cAMP.  cAMP  is  the  activator  

of  PKA,  which  is  the  primary  effector  of  β-AR signaling (Bers 2002). 

 

2.5.1   Beta-adrenergic receptors and associated proteins 
 

     GPCRs encompass the largest family of signaling molecules in the genome. 

Concisely, their topology consists of five major structures: an extracellular amino 

terminus, seven transmembrane spanning regions, three extracellular loops, three 

intracellular loops, and a carboxyl-terminus tail. The adrenergic receptors are GPCRs, 

which represent the main component of the sympathetic nervous system, that use 

endogenous epinephrine and norepinephrine as agonist (Rockman, Koch et al. 2002; 

Johnson and Liggett 2011). Nine subtypes of adrenergic receptors have been successfully 

cloned, including three α1, three α2 and three β-adrenergic receptors (Rockman, Koch et 
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al. 2002). There are at least three subtypes of β-ARs that have been identified in the 

heart: β1, β2 and β3. These subtypes differ in their quantities, ligand binding affinity, 

coupling to G-proteins, subcellular locations as well as in the signaling pathways 

activated. In the heart, the total number of β-ARs consists of primarily β1-AR (75-80% 

of the total), which couples to the stimulatory G-protein (Gs)  to positively affect AC 

activity. Less than 30% of the total β-ARs are β2- ARs, which can couple to both 

inhibitory G-proteins (Gi) and Gs (Lohse, Engelhardt et al. 2003). Coupling of the β2-AR 

to Gi causes a decrease in AC activity, activation of phosphatidylinositol 3’-kinase 

(PI3K) and the recruitment of PDE to the plasma membrane (Daaka, Luttrell et al. 1997; 

Perry, Baillie et al. 2002; Zhu, Zeng et al. 2005). Less than 10% of total β-ARs are  β3-ARs 

which mediate negative inotropic effects through a Gi/nitric oxide pathway (Kaumann and 

Molenaar 1997; Lohse, Engelhardt et al. 2003). Furthermore, β1-ARs have been shown to be 

distributed along the plasma membrane while β2-ARs are primarily found in the 

caveolae (Rybin, Xu et al. 2000). Additionally, activation of β1- versus β2-ARs will 

cause different outcomes. Activation of β1-ARs increase the strength of contraction 

(inotropy), raise the heart rate (chronotropy) and enhance the extent of relaxation 

(lusitropy), whereas activation of β2-ARs specifically enhance Ca2+ influx (Katz and 

Lorell 2000; Bers 2002).  

 

    Of additional interest are a group of kinases that phosphorylate most GPCRs 

following activation by agonists. These kinases, called-protein-coupled receptors 

kinases (GRKs), act to quench agonist-promoted signaling. Agonist-bound GPCRs 

activate GRKs which phosphorylate the agonist-occupied β-AR causing recruitment of β-
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arrestin that facilitates clathrin-coated pit endocytosis (Rockman, Koch et al. 2002; 

Johnson and Liggett 2011). This process is known as  homologous desensitization, 

however, there is an heterologous desensitization that is mediated through other kinases 

such as PKA and may happen to both agonist occupied or unoccupied receptor 

(Rockman, Koch et al. 2002). Seven families of GRKs have been identified: GRK1 and 7 

are opsin kinases (present in the rod and cones of eye), GRK2 (also known as β-ARK1), 

GRK3 (also known as β-ARK2) and GRKs 4, 5, and 6. The major GRKs in heart are 

GRK 2, 3 and 5. Upregulation of GRK2 during heart failure was initially considered to be 

an adaptive mechanism for desensitization of the β-AR and to prevent further receptors 

stimulation, however the long term effect causes a deterioration of the heart failure 

condition (Keys and Koch 2004; El-Armouche and Eschenhagen 2009). 

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

a wide substrate specificity (Skalhegg and Tasken 2000). 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 (Figure 1). Three C subunit isoforms (α, β and γ), and 

four R subunit isoforms (RIα/β and RIIα/β) have been characterized. Cα, Cβ, RIα and 

RIIα are the predominant isoforms and are expressed in most tissues (Scott 1991).  

Each regulatory subunit is capable of binding two cAMP molecules. Upon binding 

t o  cAMP, the regulatory s u b units undergo specific conformational changes which 
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activate and release the catalytic subunits. The freed catalytic subunits disperse to 

phosphorylate PKA’s substrates  (Scott 1991). 

 
      PKA substrate phosphorylation is required for many cellular processes including 

metabolism, gene expression and contraction (Walsh and Van Patten 1994). In the 

heart, β-AR signaling activates PKA - RIIα,  which  phosphorylates  many  of  the  

components involved in the excitation-coupling mechanism such as PLB, TnI, L-type 

Ca2+ channel, myosin binding protein C (MyBPC), PDE4D3, cAMP-responsive element 

binding protein (CREB) and the RyR2 to amend their function and/or activity (Solaro, 

Moir et al. 1976; Keely 1977; Yoshida, Takahashi et al. 1992). PKA-dependent 

phosphorylation of these and other related substrates increases the Ca2+
 current, 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 (Dash, Kadambi et 

al. 2001; Bers 2002). 

 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 1: Activation of PKA. Binding of two cAMP molecules to the 
regulatory subunit (R) induces the dissociation of the catalytic subunit (C). 
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2.5.3 Role of PKA in Excitation-Contraction Coupling 
 
 
    Calcium reuptake into the cardiac SR is mainly regulated by the inhibitory effect of 

PLB on SERCA2a. The SERCA2a, a 110 kDa transmembrane protein, is a specialized 

sarcomeric isoform expressed in cardiac myocytes. PKA phosphorylation of PLB 

disinhibits the SERCA2a allowing rapid S R  reuptake of Ca2+ and dissociation of Ca2+  

from myofilaments (Dash, Kadambi et al. 2001).  Furthermore, TnI substrate 

phosphorylation aids  in  the  removal  of  Ca2+  from  the  myofilaments  and  

enhances relaxation (Solaro, Moir et al. 1976). PKA phosphorylation of TnI decreases 

myofilament Ca2+ sensitivity, which leads to a reduction in myocyte force generation. 

However, this reduction in Ca2+ sensitivity can be compensated by enhancing Ca2+ 

entry and release.  Additionally, PKA phosphorylation of L-type Ca2+ channels and 

RyR2 increases the opening prospect of these channels as   well a s    increases   the   

Ca2+    influx through these channels. Additionally, RyR2 phosphorylation may also 

modulate the responsiveness of SR Ca2+   release to the influx of Ca2+   through L-type 

Ca2+ channels (Bers 2002).  

 

     PKA substrate phosphorylation also participates in the termination of signal 

transduction. For example, PKA can cause the activation of PDEs which cause cAMP 

degradation as well  as  phosphatases  which dephosphorylate PKA’s substrates 

(MacKenzie, Baillie et al. 2002; Ahn, McAvoy et al. 2007). Myocardial PDEs activity is 

enhanced 2-3 fold after phosphorylation of the N-terminal serine residue (S54) by PKA 

(Harrison, Reifsnyder et al. 1986; Beltman, Sonnenburg et al. 1993). Generally, PKA 
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participates in modulating cardiac contractility through controlling both initiation and 

termination of β-AR signaling transduction. 

 

2.5.4 Myocardial phosphodiesterases  
 
    The PDE family includes more than 30 different PDEs, with different enzymatic 

characteristics, regulatory properties and pharmacological profiles (Maurice, Palmer et al. 

2003). In cardiac myocytes of various mammalian species, a range of PDE families are 

expressed (PDE1, 2, 3, 4, and 5 families). Both PDE3 and PDE4 families are the major 

cAMP-hydrolyzing PDEs in the heart and they are involved in the regulation of cardiac 

myocyte contraction. In particular, PDE4D isoforms provide more than two thirds of the 

total PDE4 activity in the heart. The PDE cAMP-hydrolyzing activity is conserved in 

compensated hypertrophy, however it is significantly decreased in decompensated heart 

failure animal models (Osadchii 2007).  

 

      Cardiac PDEs are targeted to specific intracellular compartment through different 

scaffolding proteins such as: muscle-selective A-kinase anchoring protein (mAKAP), β-

arrestins and myomegalin (Osadchii 2007). This localization increases the specificity and 

efficiency of cAMP hydrolysis by PDE3 and PDE4 and manages the activity of local 

pools of PKA and hence the extent of PKA-mediated phosphorylation of intracellular 

substrates. For example, PDE4D3 has been found to be localized to mAKAP (which also 

binds to PKA) and is involved in turning off the cAMP signaling pathway (Dodge-Kafka 

and Kapiloff 2006).  Generally, PKA-PDE4D3-mAKAP complexes exemplify how 

protein kinases and phosphodiesterase may contribute in molecular signaling to 

dynamically modulate localized intracellular signaling. 
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2.5.5 A kinase anchoring proteins (AKAPs) 

 

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

cellular functions in the heart including cardiac contractility, ion fluxes, metabolism and 

gene expression in cardiac myocytes. Disturbances in the cAMP-mediated signaling can 

lead to cardiac hypertrophy and heart failure. It has been shown that a general increase in 

cAMP level is not enough for the specific regulation of proteins.  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 A-kinase anchoring proteins (AKAPs) 

that help in the specificity and efficiency of PKA signaling (Manni, Mauban et al. 2008; 

Carnegie, Means et al. 2009).  

  

    As of now, over 70 different AKAPs have been identified in various cell types. AKAPs 

are diverse proteins with common functional duties in that they play a dual role: 1) as a 

scaffolding protein that localizes PKA to a special subcellular compartment, and 2) 

enhances signal transduction through substrate phosphorylation. This co-localization 

mainly functions to decrease the time required for PKA substrate phosphorylation and to 

regulate which substrates are phosphorylated by scaffolding other signaling enzymes 

(Rubin 1994). Through this spatial-temporal signaling of proteins and enzymes that are 

regulated by second messengers, AKAPs regulate substrate phosphorylation that 

facilitates a unique signaling regulation. 



16 
 

 

   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 (Colledge and Scott 1999; Dodge-Kafka, Soughayer et al. 2005; 

Gold, Lygren et al. 2006; Jarnaess, Ruppelt et al. 2008; Christian, Szaszak et al. 2011). 

     

    As mentioned previously, four PKA regulatory subunits have been identified (RIα/β 

and RIIα/β). The majority of type I PKA holoenzyme (RI α and β) is restricted to the 

soluble fraction of the hearts, whereas all PKA-RII is predominantly targeted to specific 

subcellular sites by its interaction with AKAPs (Dell'Acqua and Scott 1997; Colledge and 

Scott 1999; Dodge-Kafka, Langeberg et al. 2006). The PKA-RII subunits bind to AKAPs 

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

micromolar affinity (Colledge and Scott 1999). 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 (Kinderman, Kim 

et al. 2006). 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 
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in PKA/AKAP interaction (Zakhary, Fink et al. 2000). 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 (Colledge and Scott 1999).  

      

     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. 

 

2.5.6 AKAPs in cardiac myocytes 

 

    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 

(Table1). 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, s e v e r a l  AKAPs are known  t o  b e  

involved in modulation of cardiac contraction coupling, both in generating the cardiac 

action potential as well as in Ca2+ handling in the cardiac myocyte (Mauban, O'Donnell 

et al. 2009).  For example, AKAP18α is associated with the alpha subunit of L-type Ca2+ 

channels and mediates PKA phosphorylation of the channel, which causes an enhanced 

channel activity and increased Ca2+ current (Fraser, Tavalin et al. 1998).     AKAP79 can 
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also cause the phosphorylation of L-type Ca2+ channels and it is assumed that AKAP79 

can substitute for AKAP18α  (Gao, Yatani et al. 1997).  

 

    The muscle-selective AKAP (mAKAP, AKAP100) associates with RyR2 channels 

of  the SR as well as the perinuclear endoplasmic reticulum (ER) of cardiac myocyte via 

a spectrin repeat (Yang, Drazba et al. 1998; Marx, Reiken et al. 2000; Kapiloff, 

Jackson et al. 2001), and is involved in modulating the activity of RyR2 channel to 

facilitate Ca2+ induced Ca2+ release (CICR) from the SR for cardiac contraction (Kapiloff, 

Schillace et al. 1999). Additionally, gravin (AKAP250) is one of the AKAPs expressed 

in the heart and is involved in scaffolding and target ing PKA and PKC to β2-AR. 

Targeted localization of PKA by gravin increases the phosphorylation of PKA resulting 

in increased β2-AR desensitization. Conversely, binding of gravin to PKC, decreases the 

availability of gravin for phosphorylation resulting in decreased PKC activity. Gravin 

thus serves as a point of integration for these opposing signaling cascades thought to be 

involved in the β2-AR desensitization leading to cardiac hypertrophy (Shih, Lin et al. 

1999; Fan, Shumay et al. 2001).  

 

      The importance of PKA/AKAP interactions in regulating cardiac function has 

been established by studying Ht31 peptide that competes with AKAPs to associate 

with PKA-RII subunits. The utilization of Ht31 peptide in cardiac myocytes resulted in 

amended phosphorylation of PKA substrates such as TnI and cardiac-MyBPC upon β-

AR activation with the agonist isoproterenol (ISO) (Fink, Zakhary et al. 2001). 

Furthermore, Ht31 disruption of PKA/AKAP interactions resulted in decreased 
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phosphorylation of PLB and the c a r d i a c  RyR2 channel. However, despite these 

changes in PKA substrate phosphorylation, contractility was improved in the presence 

of β-AR stimulation (McConnell, Popovic et al. 2009).  

    

   Additionally, disruption of particular PKA/AKAP interactions has also been shown 

to change β-AR interceded cardiac function. For instance, disruption of AKAP15/18’s 

interaction with PLB causes a decrease in β- AR stimulated phosphorylation of PLB and 

reduced Ca2+ re-uptake. 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, a chronic disorder characterized by prolonged 

repolarization of the action potential, which can lead to arrhythmia and sudden cardiac 

death (Chen, Marquardt et al. 2007).   Therefore, alterations in PKA/AKAP interactions 

can have reflective effects on β-AR signaling and cardiac performance. 
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Name Interaction 
Partners 

Localization 
in the 

myocyte 

Other tissues 

AKAP-Lbc 
(AKAP13) 

PKA, PKC, 
PKD, RhoA 

Actin stress 
fibers 

Kidney 

Gravin (AKAP12) PKA, PKC, 
PP2B, β2-AR, 
GRK2 

Actin    
cytoskeleton 

Epithelial, testis, 
kidney, skeletal 
muscle 

AKAP 15/18α PKA, L-type 
Ca2+ channel, 
β2-AR 

SR/T-tubules Kidney, brain, 
skeletal muscle 

mAKAP 
(AKAP100) 

PKA, PDE4D3, 
RyR2, PP2A, 
Nesprin-1α, 
MEK 

SR,  nuclear 
envelope 

Nuclear envelope 
of skeletal 
muscle and brain 

AKAP79/150 PKA, β2-AR, 
PKC, PP2B, 
GABA (A) 
receptor 

Plasma 
membrane 

Brain, 
postsynaptic 
densities 

Table 1: AKAPs in Cardiac Myocytes. 
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2.5.7 Alterations of AKAPs in heart failure 

 

     Since AKAPs play a significant role in regulating PKA-dependent substrates 

phosphorylation of proteins synchronizing cardiac contractility, altered PKA/AKAP 

anchoring or AKAP expression may be the cause for some cardiac diseases (Ruehr, 

Russell et al. 2004; Hussain, Aronsen et al. 2013). It is reported that the expression of 

mAKAP, SERCA2a  and RyR2 is reduced in mdx hearts, a mouse model of Duchenne 

muscular dystrophy (DMD), leading to aberrant intracellular Ca2+ homeostasis and 

muscle weakness (Rohman, Emoto et al. 2003) . The propensity of PKA to AKAP 

binding may also be changed in heart failure. The PKA-RIIα autophosphorylation 

increases the affinity of PKA-RIIα for AKAP-Lbc, mAKAP or AKAP15/18 by 2, 16, or 

250-fold, respectively, that may support additional localized regulation of PKA-RII 

anchoring.  Zakhary et al. showed that in failing hearts the level of autophosphorylated  

PKA-RIIα is decreased and causes a change in PKA-RIIα affinity for several cardiac 

AKAPs (Zakhary, Fink et al. 2000; Zakhary, Moravec et al. 2000). Additionally, it was 

proposed that AKAP79 participate in preventing cardiac myocyte hypertrophy through its 

inhibiting effect on calcineurin (Taigen, De Windt et al. 2000; Fiedler and Wollert 2004). 

Furthermore, the potential interaction of yotiao (AKAP9) and the KCNQ1 is likely to 

have a significant clinical implication. It has been shown that the yotiao binding domain 

of KCNQ1 is mutated (S1570L) in patients with type1 long- QT syndrome. This suggests 

that the interruption of the sympathetic regulation of action potential duration observed in 
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these patients may, in part, be modulated by the targeting the PKA to this voltage-gated 

potassium channel through yotiao (Chen, Marquardt et al. 2007).  

 

2.5.8 mAKAP (AKAP100, AKAP6) 

 

     The scaffolding protein muscle selective AKAP (mAKAP, AKAP6, AKAP100), is a 

250 kDa PKA-anchoring partner that found to be expressed in the brain and heart. Two 

alternatively spliced forms of mAKAP are expressed: α and β (Michel, Townley et al. 

2005). 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 found to be preferentially expressed in the heart at the SR and the nuclear 

envelope of cardiac myocytes (Michel, Townley et al. 2005). It was first identified after 

expression of the truncated cDNA that encoded a 100-kDa fragment (this is why it was 

first called AKAP100) (McCartney, Little et al. 1995; Kapiloff, Schillace et al. 1999).  

    

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

phosphodiesterase PDE4D3, PP2A, calcineurin, RyR2, ERK5, exchange protein 

activated by cAMP (Epac1) and other substrates of PKA (Figure 2) (Kapiloff, Jackson et 

al. 2001; Langeberg and Scott 2005). 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 mAKAP 

(I2062P) causes a disruption of the helical structure and prevents the association of PKA 
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to the scaffolding protein (Kapiloff, Schillace et al. 1999).  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 

(Dodge, Khouangsathiene et al. 2001; Kritzer, Li et al. 2012). 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 (Carlisle Michel, Dodge et al. 2004).  

 

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

PP2A, which participates in PDE4D3 dephosphorylation (Kapiloff, Jackson et al. 2001; 

Kritzer, Li et al. 2012).  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 associates with RyR2 on the SR of cardiac myocytes (Yang, 

Drazba et al. 1998; Marx, Reiken et al. 2000) as well as the perinuclear ER; via three 

spectrin repeats (Figure 2) (Kapiloff, Jackson et al. 2001; Langeberg and Scott 2005). 

RyR2 regulates muscle contraction, which involves the release of Ca2+ from intracellular 

stores. Altered RyR2 phosphorylation contributes to impaired contractility in heart failure 

(Kritzer, Li et al. 2012). Andrew Marks and colleagues have proposed that RyR2 is 

hyperphosphorylated in the failing myocardium at Ser 2809, causing this RyR2 channel 

to have greater Ca2+ sensitivity, and thus to become functionally “leaky” (Marx, Reiken 
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et al. 2000). Furthermore, it is well established 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 gene factors leading to 

cardiac hypertrophy (Bauman, Michel et al. 2007). Additionally, it has been shown that 

reduced PDE4D3 levels in the RyR2 complex of failing human hearts, as well as 

PDE4D3 inactivation in mice is associated with progressive cardiomyopathy, accelerated 

heart failure, and cardiac arrhythmias (Lehnart, Wehrens et al. 2005). 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 

immunopreciptation 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 (Dodge-Kafka and Kapiloff 2006).  

         

    In cardiomyocytes, mAKAP functions to regulate cAMP, to modulate substrate 

phosphorylation and to dephosphorylate proteins that are involved in cardiac 

contractility. Furthermore, these mAKAP mediated signaling pathways enables it to also 



25 
 

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 (Marx, Reiken et al. 2000; Carlisle Michel, Dodge et al. 2004; 

Kritzer, Li et al. 2012). The goal of this study is to elucidate the structure-function 

relationship of mAKAP scaffolding protein and its binding partners (PDE4D3 and PKA-

RIIα) using molecularly defined mAKAP mutants (P1400S, S2195F, and L717V), which 

may potentially lead to defective compartmentalization, co-localization, and binding 

using an in vitro analysis. Given the ability of mAKAP to anchor PKA, PDE4D3, PP2A, 

as well as RyR2, we propose that mAKAP mutants may alter the hypertrophic signaling 

by affecting mAKAP protein partner binding, Ca2+ release and the regulation of 

downstream gene transcription. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: β-AR signaling pathway, emphasizing the role of 
mAKAP in the PKA activation signaling pathway. This multi-
protein signaling network protein mAKAP interacts with PKA-RIIα 
and coordinated PDE4D3.  
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2.6 The Adrenergic Pathway and Heart Failure  

      
 2.6.1 The β-adrenergic receptors alterations during heart failure 

 
 

     Chronic β-AR signaling occurs in pathophysiological states such as heart failure, 

which is the endpoint for many cardiac diseases. In heart failure, t h e  

p h y s i o l o g i c a l  cardiac function is drastically reduced and the sympathetic nervous 

system tries to compensate for this by increasing the release of endogenous 

neurotransmitters such as epinephrine and norepinephrine (fight and flight response, 

Table 2). This compensatory mechanism is beneficial and effective at the acute level but 

persistent exposure to β-AR stimulation causes variations of PKA-dependent signal 

transduction. The results of these alterations have a detrimental effect on  both cardiac 

function and structure (Lohse, Engelhardt et al. 2003).  

 

     Additionally, several molecular changes occur during heart failure at receptor 

level. Chronic activation of β-ARs leads to their desensitization and subsequent 

internalization. It has been shown in both human heart failure as well  as in animal 

models of heart failure that β1-AR density is significantly reduced and both β1- and 

β2-ARs are uncoupled from Gαs protein, which ultimately reduced cardiac 

contractility (Bristow, Ginsburg et al. 1982; Feldman 1993). Consequently, the ratio of β1:β2-

ARs will alter from 70:30 to become almost 50:50 in heart failure (Wallukat, Podlowski et al. 

2003). Furthermore, the expression level of Gi has been shown to be increased during heart 
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failure, which may participate to the increased coupling of β2-ARs  to Gi (Feldman, Cates et 

al. 1989). Thus, there is loss of functional receptors during heart failure due to the reduction 

in the total β-ARs, which finally leads to a significant reduction in cardiac performance 

(Table-2).  

 

      The increase of β-AR desensitization during pathological cardiac conditions is 

mediated partially by an upregulation of GRK2, which phosphorylates agonist occupied 

receptors (Ungerer, Bohm et al. 1993). Once GRK phosphorylates agonist occupied β1- 

and β2- receptors, this causes the recruitment of cytosolic protein β-arrestin assists with 

receptor downregulation and uncoupling. Receptor downregulation may result from 

decreased receptor synthesis, destabilizing of the receptor mRNA or increased 

degradation.  Indeed, several studies using βARKct, a specific peptide inhibitor 

containing the last 194 amino acids of GRK2, showed that inhibition of GRK2 was 

sufficient to s tabi l ize  and  prevent the characteristic alterations in β-AR  signaling  

in  animal  models  of  heart  failure (Rockman, Chien et al. 1998; Harding, Jones et al. 

2001; Tevaearai, Eckhart et al. 2001). Thus, GRK2 inhibition using the peptide 

inhibitor βARKct may represent a novel target in limiting depressed ventricular 

function. Furthermore, PKA and PKC can also phosphorylate β2-ARs to mediate their 

desensitization, which is termed non-agonist specific or heterologous desensitization 

(Sibley, Strasser et al. 1986; Hausdorff, Lohse et al. 1990). Additionally, chronic 

stimulation of β1-ARs has been associated with an increase in pro-apoptotic signaling 

through mitogen activated protein kinase (p38-MAPK) pathway, which would further 

deteriorate cardiac function, Table-2 (Communal, Singh et al. 1999; Zhu, Zheng et al. 2001; 

Mudd and Kass 2008). 
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NC represents no change; ↑ represents an increase; ↓ represents decrease. 
 

Table 2: The physiological and molecular changes during heart failure. 
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2.6.2 Cardiac hypertrophy and AKAPs 
 
 

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

hypertrophy. Hypertrophy 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 increase in myocardial reperfusion need or upon loss of 

cardiac reperfusion, 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 

m o r p h o l o g i c a l  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 TnI, 

cardiac-MyBPC 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 (Molkentin, Lu et al. 1998; 

Pare, Bauman et al. 2005; Dodge-Kafka and Kapiloff 2006). 
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       Several AKAPs, such as mAKAP and AKAP-Lbc 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 

(Thorburn, Frost et al. 1994; Thorburn, Xu et al. 1997). It has been proposed that AKAP-Lbc 

is involved in the hypertrophic signaling mediated through α1-adrenergic receptors. Scott and 

colleagues demonstrated that gene silencing of AKAP-Lbc, using RNA interferences, 

diminished the hypertrophic response to phenylephrine in neonatal rat cardiomyocytes 

(Carnegie, Soughayer et al. 2008; Mauban, O'Donnell et al. 2009).    

   

    Additionally, other studies have shown that both adrenergic and cytokine induced 

hypertrophy can be reduced by downregulation of mAKAP (Dodge-Kafka, Soughayer et 

al. 2005; Pare, Bauman et al. 2005). 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: 1) 

displacement of the mAKAP from the perinuclear envelope through targeting nesprin-1α, 

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

is necessary for LIF-induced hypertrophy (Dodge-Kafka and Kapiloff 2006). 

Additionally, 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 (Pare, 

Bauman et al. 2005). 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.  
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2.7 Clinical Implications of Pharmacogenomic Approach to Cardiovascular Disease 

 

   Chronic heart failure exemplifies a potential treatment challenge, and although different 

pharmacologic agents are available, mortality remains high. It is well known in the field 

that there is a high degree of variability between individuals in term of response to drug 

treatment. Thus, this variability has directed investigation into the potential role of 

genetics  in affecting individual response to drug treatment. Pharmacogenomic approach 

provides a tool to further understand the influence of genetic variations on drug response 

by correlating the single-nucleotide polymorphisms (variation in a single nucleotide 

within DNA sequence; SNPs) with drug efficacy and toxicity.    

2.7.1   A mechanistic approach for studying pharmacogenomic 

      The mechanistic approach to explore mechanism of action of pharmacogenomic 

effect can be done through candidate gene approach or genome wide association study 

(GWA). GWA approach has so many limitations: very expensive approach, time 

consuming and require large amounts of DNA. On the other hand, candidate gene 

approach is more appropriate, where the downstream signaling factors are well 

established. 

1.  After examining the pathway of interest and identifying the candidate gene in the 

pathway of interest, a set of human genomic DNA from an ethnically diverse 

group can be obtained from Human Variation Panel of Corrille institute. Using 40 

African Americans, 40 European Americans and 40 Asians should provide 95% 
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probability to identify at least one polymorphism with allele frequency of 3% if 

present in one racial group and 1% if present in all three racial groups.  

2. Then all nonsynonymous coding polymorphisms, as well as polymorphisms in 

promoter and untranslated region should be studied in cell culture.  

3. Transgenic animal models can be generated to study the variants of interest in 

specific cells, organ of interest and under specific physiological conditions.  

4. To study the physiological relevance of these variants, human tissue studies can 

be done to examine the expression and signaling pathway if banked tissues are 

available. 

5.  Small human physiological cohort study can be held through short exercise test 

or infusion of agonist or antagonist. At this point the phenotype is established at 

molecular and cellular level and hypothesis-driven clinical trials can be started to 

identify the pharmacogenomic effect or to study the mechanism of action (Dorn 

and Liggett 2009). 

 

2.7.2   The adrenergic receptors polymorphisms 

      Cardiac contractility is regulated primarily by β1-ARs signaling. Thus, β1-ARs 

provide the candidate gene for studying the clinical implications of cardiovascular 

genetic variations. The major β1-AR polymorphism that has been extensively studied is 

Arg 389/ Gly at position essential for coupling to the stimulatory G-protein. It has been 

shown using a cell based study that Arg 389 variant showed a greater degree of agonist 

affinity and Gαs coupling compared to Gly variant (Johnson and Liggett 2011). 

Additionally, ex-vivo physiological studies in transgenic animal model showed that basal 



33 
 

dp/dt (a measure of cardiac contractility) and agonist stimulated dp/dt (using dobutamine 

as β1-agonist) is greater in Arg 389 hearts compared to Gly 389 hearts (Mialet Perez, 

Rathz et al. 2003).  In order to extrapolate these results to human, ex-vivo mechanic study 

were performed on normal and end-failing explanted heart. The measured force 

generation upon agonist stimulation in Arg 389 carrier had a greater basal and agonist-

stimulated force generation compared to Gly 389 heart in normal explanted heart. The 

pattern was the same with end-failing heart except that there was attenuation in the 

difference of force generated as compared to non-failing hearts. Furthermore, Kaplan-

Meyer survival studies showed that Arg389 homozygous carriers had a significantly 

decreased mortality rate with beta-blocker treatment (bucindolol) as compared to those 

receiving placebo. Conversely, Gly389 carriers showed no visible response to bucindolol 

treatment as compared to placebo (Dorn and Liggett 2009). 

     

      Additionally, GRK5 showed four different polymorphisms: Gln41/Leu (present in the 

Ca2+ /calmodulin-binding domain), Arg 304/His, Thr 425/ Met and Pro 542/Ala. The last 

three polymorphisms are rare. Approximately ~40% of African Americans carry an allele 

encoding GRK5-Leu41, and these individuals are genetically protected from adverse 

effects once they developed heart failure (Liggett, Cresci et al. 2008). The genotype–by 

treatment Kaplan-Meyer survival studies showed that Gln41 carriers had a significant 

increase in the survival rate upon beta-blocker treatment. However, Leu41 carriers had no 

additional benefits of adding beta-blockers (the survival rate for Leu41 carrier without 

beta-blockers use is equivalent to the survival rate for Gln41 carrier with beta-blocker 

use). This suggests that GRK5-Leu41 provides a genetic β-blockers (gain of function 



34 
 

mutation), and thus serves as a pharmacological locus by indicating which individuals 

would not benefit from exogenous beta-blockers administration (Liggett, Cresci et al. 

2008; Dorn and Liggett 2009; Johnson and Liggett 2011). 

 

2.7.3   AKAP polymorphisms and human cardiovascular disease 

     A GWA study performed by Kammerer et al., comparing allele frequencies of 6,500 

SNPs located in 5,000 genes between samples of young and elderly healthy individuals 

resulted in the identification of the D-AKAP2 (AKAP10, dual specific AKAP, binds both 

RI and RII PKA) gene encoding a functional variant (I646V), resulting in altered PKA 

binding and compartmentalization. This had an impact on morbidity involving the 

etiology of cardiac dysfunction via shorter depolarization EKG PR intervals (Kammerer, 

Burns-Hamuro et al. 2003). Furthermore, decreased targeting of PKA to AKAPs may be 

responsible for the decreased PKA dependent substrate phosphorylation of TnI, cardiac- 

MyBPC and PLB observed in failing human hearts due to decreased auto-

phosphorylation of the PKA regulatory subunit RIIα, thus resulting in decrease AKAP 

affinity for RIIα (Zakhary, Moravec et al. 1999). Interestingly, when human vascular 

endothelial cells were incubated with C-reactive protein (CRP), a protein that is strongly 

associated with the risk of ischemic heart disease in epidemiological studies, gravin 

(AKAP12), among 11 other genes, was demonstrated to be more than 2-fold increased by 

microarray studies (Wang, Zhu et al. 2005). Also, mAKAP and AKAP-Lbc expression 

was identified to be 1.4-fold increase in failing versus non-failing human hearts as 
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determined by Affymetrix microarray studies (Bond, unpublished data). Thus, AKAP 

gene expression appears to be altered in cardiovascular disease.  

 

    Additionally, studies published from other investigators support the role of mAKAP in 

coordinating critical cardiac signaling, such as: (a) replacement of endogenous mAKAP, 

using RNA interference with a mutant form which does not bind PKA, results in pro-

hypertrophic signaling (Pare, Bauman et al. 2005), (b) abnormal Ca2+ release from the 

SR, via altered phosphorylation of RyR2, contributes to the impaired contractility and 

arrhythmogenesis in heart failure (Shannon, Pogwizd et al. 2003; Ai, Curran et al. 2005; 

Wehrens, Lehnart et al. 2006), (c) reduced PDE4D3 levels in the RyR2 complex of 

failing human hearts, as well as PDE4 inactivation in mice results in progressive 

cardiomyopathy, accelerated heart failure, and cardiac arrhythmias (Lehnart, Wehrens et 

al. 2005), and (d) phosphorylation of the PKA-RIIα, as well as PKA substrates (TnI, 

cardiac-MyBPC and PLB, are decreased in failing human hearts (Zakhary, Moravec et al. 

2000). Based on these pertinent observations and the cardiovascular events associated 

with a functional variant of another AKAP gene (D-AKAP2; AKAP10) resulting in 

altered PKA binding and compartmentalization (Kammerer, Burns-Hamuro et al. 2003), 

we hypothesize that specific human mAKAP coding polymorphisms predispose 

individual to cardiovascular disease, arising from defective mAKAP-dependent 

coordinated signaling and protein targeting.  
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3.  METHODS AND MATERIALS  

 

3.1 Computational Genomic Study  

 

     The dbSNP database (NCBI), University of California Santa Cruz (UCSC) and 

Ensemble Genome Browser were searched to identify known mAKAP polymorphisms. 

The evolutionary and functional importance of each residue of the mAKAP protein was 

estimated by an Evolutionary Trace (ET) analysis (Lichtarge, Bourne et al. 1996), using 

24 homologs with divergences from hominid up to fish. These ET ranks represent the 

fraction of sequence positions with equal or higher evolutionary impact on divergences 

among mAKAP homologs such that smaller values translate to higher impact. Different 

human mAKAP polymorphisms were selected to proceed with our study based on 

different criteria: 1) the impact factor (ET score) for each mutant  2) chemical structure of 

amino acids change 3) the functional position of the mutant in or/ flanking mAKAP 

critical binding domains. Hence, the first group of human mAKAP selected to start our 

study with are: P1400S (mutation in mAKAP-PDE4D3 binding domain; ET score: 68), 

S2195F (a mutation in mAKAP-PP2A binding domain and flanking 3’RII binding site; 

ET score: 40), and L717V-mAKAP (a mutation in area flanking spectrin repeat domain; 

ET score: 31), as summarized in Table 3.  Additionally, homology study was done using 

HomoloGene website (NCBI, http://www.ncbi.nlm.nih.gov/homologene) to assess the 

conservation of these amino acids among different species. 

 

 

http://www.ncbi.nlm.nih.gov/homologene
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3. 2 Cell Culture  
 

    The Human Embryonic Kidney 293 (HEK293) cells were cultured in a 10‐cm cell 

culture dish with low glucose Dulbecco’s modified Eagles medium (DMEM, Invitrogen) 

supplemented with 10%  (v/v) fetal bovine serum and 5% penicillin and streptomycin, 

and were grown at 37 °C in a humidified 5% CO2/ 95% air environment incubator. The 

Chinese hamster ovary cells (CHO-K1, ATCC) were cultured in a 10-cm cell culture dish 

with Kaighn's Modification of Ham's F-12 medium (ATCC) containing 10% (v/v) fetal 

bovine serum and 1% antibiotic, and were grown at 37 °C in a humidified 5% CO2/ 95% 

air environment incubator.   

 

Table 3: List of human mAKAP mutants. 
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3.3   Plasmids, Transfection and Sample Preparation  

 

      To perform our immunopreciptation study, HEK293 cells were transiently co-

transfected with cDNA encoding human PDE4D3-GFP, human RIIα-GFP and Myc-

DDK-tagged human mAKAP (WT; wild type, P1400S, S2195F or L717V-mAKAP) 

(OriGene), present in PCMV6 mammalian expression vector (myc-DDK tagged at c-

terminus; Figure 3) using Lipofectamine 2000 transfecting reagent (Invitrogen). The 

DNA plasmids were purified using Qiagen plasmid purification Maxi-prep kit (Qiagen) 

and the plasmids concentration were measured using Eppendorf NanoDrop 

spectrophotometer (Eppendorf). One day before transfection, 1*105 of HEK293 cells 

were plated in 500µl of DMEM medium without antibiotic. Then transient transfections 

were performed on 85% confluent cells using plasmid DNAs [with 1:3 ratio ; DNA (µg): 

Lipofectamine (µl)]. After 48 hours of transfection, cells were serum starved for 5 hours 

and then stimulated with 10 μM forskolin and 50 μM 3-isobutyl-1-methylxanthine (non-

specific PDE inhibitor; IBMX) or DMSO control for 15 minutes. Cells were placed on 

ice and washed twice with cold PBS (PH 7.4), and then cells were lysed with lysis buffer 

[10 mM Na2PO4, pH 7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1% (v/v) Triton 

X-100, 1 mM benzamidine, and protease inhibitor cocktail (Sigma)], and extracts were 

cleared by centrifugation at 16,000 x g for 10 min.  
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3.4 Expression of Wild‐type or Mutants mAKAP in HEK293 Cells 

       

       HEK293 cells were transiently transfected with cDNA encoding human mAKAP 

(WT; wild type, P1400S, S2195F or L717V-mAKAP) (OrigGene), present in PCMV6 

mammalian expression vector using Lipofectamine 2000 reagent (Invitrogen). The 

transfection and harvesting processes are the same as mentioned before (section 3.3). 

After measuring the protein concentration, 30 µg of protein were loaded into 3-8% Tris- 

acetate gel (Invitrogen) and resolved proteins were transferred to a polyvinylidene 

difluoride (PVDF) membrane (GE Healthcare Biosciences). The membranes were 

Figure 3: The schematic map of the mammalian vector 
pCMV6. This vector is myc-DDK tagged at c-terminus. 
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blocked with 5% nonfat dry milk prepared in TBS (20 mM Tris-HCl (pH 7.6), 137 mM 

NaCl and 0.1% Tween-20) for 1 hr. After that, the blots incubated overnight at 4C0 with 

anti-mAKAP antibody (1:1000, Millipore).  Membrane images of the immunoblots were 

obtained using a Fluorchem 8800 imaging system (Alpha Innotech Corp., San Leandro, 

CA). 

 

3.5 Protein Estimation 

        

     Protein concentrations in the cells lysate were determined using a bicinchoninic acid 

(BCA) protein assay (Thermo Fisher Scientific Inc, IL) containing protein assay reagent 

A and reagent B according to the manufacturer’s instructions. The optical density of the 

samples was measured at a wavelength of 562 nm using Eppendorf NanoDrop 

spectrophotometer. Bovine serum albumin was used as a standard. 

 

3.6   Immunopreciptation  

 

      Equal amounts of protein were immunopreciptated with anti-FLAG M2-affinity gel 

(Sigma). The lysate-beads mixture was incubated overnight at 4C0 under rotary agitation. 

The next day,  resin was centrifuged at 8000 x g for 30 seconds and later washed three 

times with 0.5 ml of TBS (50 mM Tris HCl, 150 mM NaCl, pH 7.4), then bound proteins 

were eluted using 30 µl of  2X SDS-PAGE sample buffer (125 mM Tris-HCl, PH 6.8, 

with 4% SDS, 20% (v/v) glycerol, and 0.004% bromphenol blue) and boiling the mixture 

at 95C0 for 5 minutes to denature the protein and separate it from the beads. After that, 
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the resolved proteins were electrophoretically transferred to PVDF membrane (GE 

Healthcare Biosciences). The membranes were blocked with 5% nonfat dry milk 

prepared in TBS (20 mM Tris-HCl (pH 7.6), 137 mM NaCl and 0.1% Tween-20) for 1 

hr. Each probing involved overnight incubation with primary antibody at 4 C0, washing 

with TBS and reprobing of the membrane with species-matched secondary antibody 

conjugated with horseradish peroxidase (HRP) for 1 hour at room temperature and then 

membrane imaging. Between each probing the membranes were stripped using stripping 

buffer (Thermo Scientific, Rockford, IL). After stripping, the membranes were blocked 

with 5% nonfat dry milk in TBS for 1 hour and reprobed for the next protein. Bound 

proteins were detected with anti-mAKAP (1:1000, Millipore), anti-RIIα (1:100, Santa 

Cruz) and anti-PDE4D3 (1:500, Abcam) antibodies. For the negative control, 1 mL of 

lysis buffer with no protein, untransfected cell lysate and cell lysate containing control 

vector were used. Membrane images of the immunoblots were obtained using a 

Fluorchem 8800 imaging system (Alpha Innotech Corp., San Leandro, CA). For 

densitometry, Alpha Ease FC 4.0 software (Alpha Innotech Corp., San Leandro, CA) was 

used to quantify the intensities of the band. The amount of PDE4D3 and PKA-RIIα 

bound was normalized to the amount of mAKAP immunopreciptated. 

 

3.7  Surface Plasmon Resonance (SPR) 

 

      Surface plasmon resonance (SPR) experiments were performed to directly measure 

and confirm the binding of mAKAP with PDE4D3 using a Biacore 2000. The CM5 

sensor chip (Biacore/GE Healthcare) was primed 3 times with PBS running buffer and 
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washed for 1 minute with 50 mM NaOH at 10 μL/min to precondition the surface. A 

sample of PDE4D3 purified protein (100 μg/mL stock; OriGene) was prepared to 25 

μg/mL in 160 μl of immobilization buffer (10 mM sodium acetate; pH 4.14) and 

immobilized on flow cell 2. A second chip was prepared with both PDE peptide 

(MMHVNNFPFRRHSWICFDVD) on flow cell 2 and a phosphorylated PDE peptide at 

position 13 (MMHVNNFPFRRHS (p) WICFDVD) (GenScript) on flow cell 4. The 

ligand (PDE) immobilization was successfully achieved using the amine coupling kit 

(Biacore/GE Healthcare). The mAKAP and mAKAP mutant (HEK293 transfected cell 

lysate) samples were injected over a range of concentrations. Experiments were run in 

triplicate and as twofold serial dilutions to explore the interactions. The referenced 

response (∆RU) was calculated by subtracting the blank flow cell, 1 or 3, from the signal 

measured from the immobilized flow cell 2 or 4 to remove baseline effects and analyzed 

using Scrubber2 (Version 2.0 Center for Biomolecular Interactions Analysis, University 

of Utah) and Matlab. Cell lysate without mAKAP overexpression or cell lysate 

containing truncated mAKAP (mAKAP lacks PDE4D3 binding domain) were used as a 

negative control. 

 

3.8   Site Directed Mutagenesis 

    

     The truncated mAKAP-DNA that lacks the PDE4D3 binding domain was prepared 

using GENEART site-directed mutagenesis system (Catalog # A13282, Life 

biotechnology, Invitrogen). Two complementary mutagenic oligonucleotide primers with 

centrally located mutations were used: Forward primer 
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CTCTGAAATGTGCTTGCTTAATGCAGTGGATGGGT, Reverse primer 

ACCCATCCACTGCATTAAGCAAGCACATTTCAGAG. The PCR reaction was then 

carried out using Eppendorf thermocycler. After that, the in vitro recombination reaction 

was done using DH5α-T1 competent E.coli to boost the mutagenesis efficiency and 

increase the colony yields. Mutated DNA then purified using Qiagen plasmid purification 

Maxi-prep kit.    

 

3.9   PKA Activity   

 

     PKA activity was determined via a non-radioactive enzyme immunoassay (Enzo 

LifeSciences, Catalog # ADI-EKS-390A) according to the manufacturer’s instructions. 

The PKA kinase activity assay is based on enzyme-linked immune-absorbent assay 

(ELISA) that used a synthetic peptide as the PKA substrate and a polyclonal antibody 

that recognized the phosphorylated form of the substrate. In the assay, the substrate is 

pre-coated onto the wells of a microtiter 96- well plate. The samples to be assayed 

(30µls) were added followed by the addition of ATP to initiate the reaction. After  

the  addition  of  the  polyclonal  antibody  and  the  peroxidase  conjugated  

secondary antibody, the assay was developed with tetramethylbenzidine substrate 

(TMB). The color development is proportional to the PKA phosphotransferase kinase 

activity. Color development was stopped by addition of acidic stop so lu t ion  and the  

absorbance  was  me a s u r e d  a t  4 5 0 n m  u s i n g  m i c r o  p l a t e  r e a d e r . Each 

exper iment  w a s  performed in triplicate. Stimulated (Maximal) PKA activation was 

measured by incubating with 10 µM cAMP (Sigma) for 10 minutes at 37° C. Each 
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experiment was performed in triplicate. Relative PKA activity was normalized to 

milligrams of protein.   

 

3.10   PDE Activity  

 

     PDE activity was measured using cyclic nucleotide phosphodiesterase colometric, 

non-radioactive assay kit (Enzo LifeScience, Catalog # BML-AK800) according to the 

manufacturer’s instructions. The concept of the assay is depending on the cleavage of 

cAMP by a cyclic nucleotide phosphodiesterase. The 5` nucleotide is further cleaved into 

phosphate and the nucleoside by the activity of 5`-nucleotidase enzyme. The released 

phosphate was quantified using BIOMOL GREEN reagent. The samples were first 

desalted by column chromatography to remove excess phosphate and nucleotides and 

tested for effective removal of phosphate/ nucleotides from the extract by adding 1 μl of 

the extract to 100 μl BIOMOL GREEN. Assay performed by the addition of 0.5 mM 3', 

5'-cAMP, 15 μl assay buffer and 10 μl 5'-nucleotidase to the samples and then the plate 

was incubated for 45 minutes at 30° C. The reaction was terminated by the addition of 

100 μl BIOMOL GREEN reagent, and then absorbance was measured at OD 620 nm in a 

microplate-reading spectrophotometer. A standard curve was prepared using different 

dilutions of assay buffer. Then the standard curve data were plotted as OD 620 nm versus 

nmol of 5’-adenosine monophosphate (5’-AMP) (Figure 4). For data analysis, we 

calculated the amount of 5’-AMP produced based on the following equation for best-fit 

line derived from the standard cure: 5’-AMP released= (OD620 - 0.12476)/ 0.256.  Each 

experiment was performed in triplicate.  
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3.11   Generation of Stable CHO-K1 Cell Lines Expressing Wild Type or Mutant 

mAKAP    

     CHO-K1 cells were transfected with 16 μg of purified cDNA of human mAKAP (WT, 

P1400S, S2195F or L717V) and 48 μL of Lipofectamine 2000 (Invitrogen) according to 

the manufacturer’s instructions. Twelve hours later, the medium was replaced with 

Kaighn's Modification of Ham's F-12 medium (ATCC) supplemented with 10% (v/v) 

fetal bovine serum and 1% antibiotic and antimycotics, and were grown at 37 °C in a 

humidified 5% CO2/ 95% air environment incubator.  Approximately 48 hours after 

transfection, the cells were incubated with Geneticin® sulfate (G418, selection antibiotic; 

Figure 4: Standard curve for 5’-AMP. The phosphate-
dependent color reaction was measured by reading OD at 620 
nm in a microplate-reading spectrophotometer. 
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Invitrogen) to generate four separate stable cell lines. G418 interferes with the function of 

80S ribosomes and protein synthesis in eukaryotic cells. When mammalian cells are 

grown in medium containing Geneticin® sulfate reagent, stable colonies expressing 

resistance markers (such as the dominant-acting resistance genes (neor)) can be generated 

in 10 to 14 days. The working concentration for G418 in the selection F12/10% FBS 

medium is 1mg/ml, and the G418 concentration in maintenance medium is 0.25mg/ml. 

The stock concentration of G418 is 50 mg/ml.   

 

3.12   Calcium Signaling Assay of Wild Type and Mutants mAKAP- P1400S, 

S2195F and L717V 

 

      Chinese hamster ovary cells (CHO-K1 cells prior to passage 7) were stably 

transfected with human mAKAP (wild type or mutant) plasmid DNA using 

Lipofectamine 2000 transfecting reagent (Invitrogen). G418 (Invitrogen) was used for 

selection, based on the manufacturer’s instructions. Then transfected cells were cultured 

in 12-well glass bottom plates with F-12K Medium containing 1% antibiotics overnight. 

Plated cells were incubated with Fluo8-AM dye (excitation 490 nm, emission 525 nm), 

dissolved in F-12K medium containing 1% antibiotics supplemented with 2.5 mM 

probenecid acid and 0.2% pluronic F-127 for 15 min. The cells were washed with 

washing buffer three times (F-12K Medium containing 1% antibiotics supplemented with 

2.5 mM probenecid acid and 1% pluronic F-68) (Chillar, Karimi et al. 2011).  After 10 

seconds recording as baseline, each well of the cells were individually stimulated with 10 

µM forskolin and 50 µM of IBMX (3-isobutyl-1-methylxanthine) for Ca2+ signal in a 
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reaction volume of 1 mL washing buffer using the Nikon Ti-S eclipse microscope (40× 

objective) for 1 minute recording.  

 

3.13 Immunofluorescence Staining 

 

      For immunofluorescence, cells were grown on culture slides (BD Falcon, BD 

Biosciences, MA) and allowed to reach confluence, then the cells were transfected with 

PDE4D3-GFP, wild type or mutant mAKAP plasmid DNA using Lipofectamine 2000 

transfecting reagent (Invitrogen). After 48 hours, cells were fixed in 3% 

paraformaldehyde in PBS (PH 7.4) for 15 minutes at room temperature, washed with cold 

PBS and blocked with 1% BSA. For detecting mAKAP, CHO-K1 cells were incubated 

with primary antibodies (anti-mAKAP, Millipore) overnight at 4C0. Then cells were 

washed with 0.1% Tween-20 in PBS and incubated 1 hour with secondary antibody 

conjugated to red Alexa Fluor 568 (Goat-Anti-Rabbit IgG from Molecular Probes (Life 

Technologies), Catalog # A-11011) and then DAPI stain to counterstain the nuclei. 

Images were captured by an inverted Olympus IX70 microscope. Slides incubated 

without the primary or secondary antibody were used as a negative control slides. For 

GFP-tagged plasmids, slides were fixed, permeabilized using 0.25% Triton X-100 in PBS 

and then stained with DAPI before visualization. 
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3.14 Quantitative PCR (qRT-PCR) 

 

     Quantitative RT-PCR (qRT-PCR) was performed both in HEK293 cells transfected 

with wild type or mutant mAKAP, and from male mouse heart tissues (wild type and 

gravin knock out animals) by using the SYBR green detection method. Extraction of total 

RNA was performed using an RNeasy mini kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions and RNA were qualified by a spectrophotometer. 

Recombinant cDNA was synthesized from the extracted RNA (30 ng) using random 

hexamers via the First Strand DNA Synthesis (OriGene). Amplifications were performed 

using SYBR Green (Applied Biosystems, Foster City, CA). PCR core reagents (Applied 

Biosystems, Foster City, CA) and transcript levels were quantified by using an ABI 7900 

Sequence Detection System (Applied Biosystems, Foster City, CA). The mean Ct (cycle 

threshold) value of triplicate reactions was normalized against the mean Ct value of 

housekeeping genes GAPDH or 18SrRNA. Primers were used at 5 µM. The qRT-PCR 

experiment was done to achieve two goals: 1) check whether the point mutations of 

mAKAP will affect its mRNA expression using HEK cell line 2) to examine whether the 

expression of mAKAP is changed in gravin knockout model as compared to AKAP150. 

The primers used in the qRT-PCR experiments are listed in Table 4.   
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Gene Forward primer Reverse primer 

Gravin 5’TGGGCATCCTTCAAAAAGATG 5’ACCTTAAGCTCTTCTTCCTTGT 

Mouse mAKAP 5TGGGGACATAAGTGTGAGCAGT

GGCTCGG 

5'GGTGAGAGTGGAGCTGGAGAG

GAGGTCGCTG 

Human mAKAP 5'TGGATCCCATGGCTACTGAT 5'GGAGCCAGGTCTCAATTTCA 

AKAP150 5’AGGATGGGGCTCTTCCTAAG 5'GGGTCTGGGCTTTTATCTCC 

18s RNA 5’TCAAGAACGAAAGTCGGAGG 5’GGACATCTAAGGGCATCAC 

GAPDH 5’GTCTCCTCTGACTTCAACAGCG 5’ACCACCCTGTTGCTGTAGCCAA 

 

 

3.15   Immunoblot Analysis 

 

      Immunoblot analysis was performed as previously described (section 3.6) using 

antibodies for GAPDH (cell signaling), mAKAP (Millipore), PDE4D3 (Abcam), PKA-

RIIα (Santa Cruz), Myc-DDk (OriGene), phospho-CREB (Millipore), total CREB (cell 

signaling), PP2B (Santa Cruz), PP2A (Millipore) and others (Table 5). Cell lyaste 

samples were resolved by SDS-PAGE gradient (3-8% Tris acetate gel; Invitrogen), and 

then transferred to polyvinylidine difluoride (PVDF) membrane (GE Healthcare 

Biosciences). Blots were then incubated overnight at 4˚C with primary antibodies. The 

Table 4:  List of the qRT-PCR primers. 
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immunoblots were washed three times with TBS containing 0.1% Tween 20 (TBST), and 

then probed with secondary antibodies (Cell Signaling). Blots were developed by an 

enhanced chemiluminescence kit (Pierce). The immunoblots were stripped and re-probed 

with other antibodies when appropriate.  The bands were quantified using the FluorChem 

8800 software. 
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Primary Antibody 

 

Source 

 

Dilution 

 

Catalog # 

 

Company 

PKA-αRII Rabbit 
polyclonal 

1:100 SC-908 Santa Cruz 

mAKAP rabbit 
polyclonal 

1:1000 07-087 Millipore 

AKAP6 Mouse 

polyclonal 

1:1000 NB300-869 Novus 
Biological 

PDE4D3 rabbit 
polyclonal 

1:1000 Ab14614 Abcam 

GAPDH Rabbit 
monoclonal 

1:10000 2118 Cell signaling 

Myc-DDK Mouse 
monoclonal 

1:1000 TA50011 OriGene 

Phospho-CREB rabbit 
polyclonal 

1:1000 06-519 Millipore 

Total CREB Rabbit 
monoclonal 

1:500 9197 Cell signaling 

PP2B 
(Calcineurin) 

rabbit 
polyclonal 

1:200 Sc-9070 Santa Cruz 

Phospho-ERK5 rabbit 
polyclonal 

1:1000 Ab79920 Abcam 

Total-ERK5 Rabbit 1:50 Ab79920 Abcam 

PKA- Catalytic  Rabbit 
monoclonal 

1:10000 Ab76238 Abcam 

PP2A Catalytic Mouse 1:2000 05-545 Millipore 

 

Table 5: List of Antibodies. 
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3.16   Southern Probe Cloning 

    

    Both 3’ and 5’ southern probes were cloned by PCR using TOPO-TA Dual Promoter 

cloning system (Invitrogen, cat# 45-0640) and Taq polymerase (Invitrogen). We used 

the following thermocycler parameters:  

94 C0     1:30 
94 C0     0:20 
51 C0     0:30  
72 C0     0:45 
72 C0     7:00 
 4  C0        ∞ 
 
 
  Using agarose gel electrophoresis, we verified that one PCR product generated for each 

reaction. The PCR product was used to perform TOPO cloning and then the resulting 

clones were transformed into bacterial competent cells and plated on ampicillin 

(100µg/ml) culture plates overnight. After that we proceeded to analyze for positive 

clones by culturing 10 colonies and isolating the plasmid DNA. The positive colonies 

then were verified using both gel electrophoresis after DNA digestion with ECORI 

restriction enzyme (New England Biolabs) and plasmid DNA sequencing (SeqWright).  

The primers used were designed based on primer3 Output website and ordered from 

Integrated DNA Technology (IDT). The 3’ probe forward primer:  5’-

ATGGCAGTTACGGTTTTCTG-3’, 3’ probe reverse primer: 5’- 

GCCCCTGATTCTACATCCTG-3’; 5’ probe forward primer:  5’- 

GCTAAGGATGGAGAAATGGTC-3’, 5’ probe reverse primer: 5’- 

AGCCTGGTGGTGTCTTTTG-3’. 

30 x 
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3.17  Preparation of DNA for Electroporation into Embryonic Stem Cells 

    First, 30 µg of the targeting vector plasmid (purified using Qiagen EndoFree Plasmid 

Maxi kit) was linearized using the unique restriction enzyme NOTI (NewEngland 

Biolabs) and checked for complete linearization by running a small fraction on a mini-

gel. The DNA extracted with phenol: chloroform: isoamyl alcohol (25:24:1) then 

precipitated with two volumes of 100% ethanol and 0.3 volume of 7.5 M ammonium 

acetate, and pellet washed twice with 70% ethanol. The DNA pellet then resuspended in 

0.1X TE (10mM Tris-HCl, pH 8.0, 1mM EDTA, pH 8) at concentration of 1.0 mg/ml. A 

total of 25 µg of linearized DNA is needed for electroporation. 

 

3.18   Statistical Analysis  

 

     Data were processed using Microsoft Excel and GraphPad Prism 5.0, San Diego, 

CA.  Results were represented as mean ± SEM. Comparisons between two groups were 

identified using unpaired 2-tailed Student’s t test. Data were analyzed with one-way 

analysis of variance (ANOVA) followed by Tukey-Kramer’s post hoc multiple 

comparison test to verify the significance of the differences between groups. A value of 

p<0.05 was considered statistically significant. 
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RESULTS 
 

4. The Structure-function Relationship Between mAKAP Scaffolding Protein and its 

Binding Partners (PKA and PDE4D3) 

 

4.1 Genomic Structure of Human mAKAP 

 

   mAKAP shows a remarkable role in the development of cardiac hypertrophy. 

Kapiloff et al. (2005) showed that myocytes expressing mutant mAKAP lacking the PKA 

binding domain have impaired hypertrophic signaling (Pare, Bauman et al. 2005). 

Additionally, a study by Puckelwartz et al. (2010) revealed that a human missense 

mutation R374H, found within the nesprin-1 alpha domain (a protein responsible for 

tethering mAKAP to the nuclear membrane) from a patient with dilated cardiomyopathy, 

required cardiac transplantation (Puckelwartz, Kessler et al. 2010). With the established 

importance of mAKAP in cardiovascular disease, it is now critical to delineate the 

functional significance of known mAKAP SNPs and screen for additional mAKAP 

polymorphisms.  

 

 The dbSNP databases (NCBI), UCSC and Ensemble Genome Browser, were 

searched to identify human mAKAP polymorphisms (Table 6). Figure 5 illustrates the 

genomic structure of the human mAKAP gene (chromosomal location 14q 11.2-14q 13.1 

with a coding sequence of 6960 base pairs and protein sequence of 2319 amino acids; 

NP_004265.3 / Gi 21493045). The schematic illustration of the mAKAP protein 

identifies the different mAKAP binding domains, including spectrin repeats, RyR2, 
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PDE4D3, PKA-RIIα and PP2A. Our search of the dbSNP (NCBI), UCSC and Ensemble 

Genome Browser databases revealed potentially important human mAKAP 

polymorphisms found in exon 4 and exon 13 of the gene. These polymorphisms are 

located within PDE4D3 binding site and the area flanking the PKA-RIIα binding domain. 

After screening numerous non-synonymous polymorphisms, 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 based on their Evolutionary Trace rank (where low 

values mean a greater potential impact) and the mAKAP domain location in which these 

mutations occur (rank of 68, 40 and 31 percent), respectively (Table 6). Additionally, we 

found that all these amino acids are highly conserved among different species, suggesting 

that these residues may serve as potential amino acid residues critical for mAKAP 

function (Figure 6). The homology study was done using HomoloGene website (NCBI, 

http://www.ncbi.nlm.nih.gov/homologene). 

 

     

http://www.ncbi.nlm.nih.gov/homologene
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Figure 6: The homology study for human mAKAP P1400S, S2195F 
and L717V mutants. The amino acid residues (proline 1400, serine 
2195 and leucine 717) are highly conserved among different species. 
Protein Accession number (protein Acc.), the AKAP6 gene and different 
organisms are listed in the lower panel table. 
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4.2 Expression of Wild‐type or mAKAP Mutants in HEK293 Cell Line 

 

        The transfection of HEK293 cell line was first optimized using the transfecting 

reagent Lipofectamine 2000 (Invitrogen). We used the ratio 1:3 (1 µg DNA: 3 µl 

Lipofectamine) to get maximum efficacy and least toxicity of the transfecting reagent. As 

shown in Figure 7, HEK293 cells were successfully transfected with PDE4D3-GFP 

plasmid DNA with the optimized working ratio 1:3, where the green color showed the 

GFP fluorescence and the blue color showed the DAPI staining of the nucleus (Figure 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: HEK293 cell line transfected 
with PDE4D3-GFP tagged plasmid 
DNA. The DNA: Lipofectamine 
transfecting ratio is 1:3. Green: GFP; 
Blue: DAPI for nuclear staining. 
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     Additionally, the mAKAP-L717V, mAKAP-P1400S and mAKAP-S2195F were 

successfully generated and characterized using the HEK293 cell line. Figure-8 shows that 

these three mAKAP mutations protein expression was not significantly different to wild 

type expression, when these mutations were independently expressed in HEK293 cells 

(p=0.834), indicating that the mutations did not affect mAKAP protein expression.  
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Figure 8: Wild type and mAKAP mutants protein expression. Representative 
immunoblot depicting protein expression of wild type-mAKAP (lane1), mAKAP-P1400S 
(lane2), mAKAP -S2195F (lane 3) and mAKAP-L717V (lane 4). No significant effect of 
these point mutations in regard to protein expression was observed; Data expressed are 
the mean ± S.E.M. (performed in three independent experiments). 
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4.3 Differential Binding Characteristic of Mutant mAKAP to PDE4D3 

 

      To determine whether the activation of cAMP altered the propensity of mAKAP for 

PDE4D3 and PKA-RIIα binding, transfected HEK293 cells were treated with forskolin in 

combination with IBMX (non-specific PDE inhibitors) to maximize the cytosolic level of 

cAMP. Co-immunopreciptation assay showed that there is a significant increase in 

PDE4D3 binding response to mAKAP-wild type (WT; mAKAP-Myc-DDk) after cell 

stimulation with forskolin plus IBMX; WT (–): 2.854 ± 1.137 and WT (+): 8.499 ± 

1.706; p=0.033; n=4; where (–) and (+) represent without and with stimulation, 

respectively (Figure 9 A-B). This observation is consistent with Scott and colleagues 

(Carlisle Michel, Dodge et al. 2004) who showed that mAKAP requires anchored PKA to 

interact strongly with PDE4D3 and also showed that mAKAP preferentially binds with 

phosphorylated PDE4D3. Interestingly, we found that the human mAKAP mutation in 

which the substitution of proline at position 1400 by serine (mAKAP-P1400S) eliminated 

this increase in preferential binding; P1400S (–): 3.28 ± 0.845; P1400S (+): 4.01 ± 0.4; 

p=0.478; n=4; where (–) and (+) represent without and with stimulation, respectively; 

(Figure 9 A-B). Conversely, immunopreciptation of the other two mutations, mAKAP-

S2195F and mAKAP-L717V, exhibited a similar PDE4D3 binding response, as observed 

with wild type (Figure 11; n=4). This was expected since these mutations are located in 

regions of the mAKAP protein distant from the PDE4D3 binding site. Untransfected cell 

lysate and control vector were used as negative controls. Additionally, we confirmed 

using western blot data that the protein input was not significantly different between 

transfected groups after performing the transient DNA transfection (Figure 10).  
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Figure 9: Mutant mAKAP-P1400S binding to PDE4D3. Representative figure 
depicting: (A) precipitated myc-DDK tag mAKAP wild type (lanes 2-5), mAKAP-
P1400S (lanes 6-9) with (lanes 4, 5, 8 &9) and without (lanes 2, 3, 6 &7) PDE4D3-GFP. 
The blot also represents the untransfected HEK293 cell lysate as a control (lane 1). Anti-
Flag myc-DDK affinity chromatography columns (Sigma) were used for 
immunopreciptating mAKAP. Imunopreciptate was eluted using 2x SDS sample buffer, 
and then probed with anti-mAKAP (Millipore) and anti-PDE4D3 (Abcam) antibodies. 
(B) The bar graph displays the relative binding based on densometric quantification of 
the immunoblot bands using Alpha Innotech Fluorchem 8000 software. The upper panel 
represents the western blot that probed with anti-PDE4D3, while the lower panel probed 
with anti-mAKAP antibody. Wild type mAKAP (lane 2) showed a significant increase in 
binding propensity to PDE4D3 compared to mAKAP-P1400S (lane 4) upon cell 
stimulation. The amount of PDE4D3 bound to mAKAP were quantified and normalized 
to the amount of mAKAP immunopreciptated. The immunoblots and columns are labeled 
with transfection and stimulation conditions (where – represents no cell stimulation and + 
represents cell stimulation with10 µM forskolin and 50 µM of IBMX (3-isobutyl-1-
methylxanthine)). Data are expressed as the mean ± S.E.M. (performed in four 
independent experiments); where p values lower than 0.05 considered to be statistically 
significant (*).  
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Figure 10: The protein input for immunopreciptation study. Western blots showing a 
successful transfection of HEK293 cells with mAKAP (WT or mutant) alone or with 
PDE4D3. This data confirm that there is no significant difference in the amount of 
protein loaded during the immunopreciptation study. The immunoblots and columns are 
labeled with transfection and stimulation conditions (where – represents no cell 
stimulation and + represents cell stimulation with10 µM forskolin and 50 µM of IBMX). 
Untransfected cell lysate used as negative control.    
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Figure 11: Human mutants mAKAP-S2195F and L717V binding to PDE4D3. The 
figure shows precipitated myc-DDK tag mAKAP wild type (lane 1 & 2), mAKAP-
S2195F (lanes 3 & 4) and mAKAP-L717V (lane 5 & 6), and PDE4D3-GFP that was 
pulled down along with mAKAP using anti-myc-DDK antibody (anti-Flag affinity 
chromatography). Immunopreciptate was probed with anti-mAKAP (Millipore) to detect 
mAKAP (lower panels) and anti-PDE4D3 (Abcam) antibody used to detect PDE4D3 
precipitated (upper panel). The bar graph displays the relative binding based on 
densometric quantification of the immunoblot bands using Alpha Innotech Fluorchem 
8000 software. Both mutants S2195F and L717V showed a significant increase in 
binding propensity to PDE4D3 similar to wild type after cell stimulation with forskolin 
and IBMX.  The amount of PDE4D3 bound to mAKAP were quantified and normalized 
to the amount of mAKAP immunopreciptated. The immunoblots and columns are labeled 
with transfection and stimulation conditions (where – represents no cell stimulation and + 
represents cell stimulation with10 µM forskolin and 50 µM of IBMX). Data are 
expressed as the mean ± S.E.M. (performed in four independent experiments); * p<0.05. 
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      To corroborate these data, we then used surface plasmon resonance (SPR, Biacore 

2000) to achieve a real time measurement of binding propensity of mAKAP to either the 

PDE4D3 protein or the PDE4D3 recognition peptide (the first 20 amino acid residues of 

the N-terminus PDE4D3 protein; MMHVNNFPFRRHSWICFDVD); with the  peptide 

being either in the unphosphorylated or phosphorylated state (Figure 18-A).  

 

      Our data showed that the referenced response (flow cell – blank) of the mAKAP wild 

type protein showed a 13% increase in SPR binding for the phosphorylated PDE4D3 

peptide as compared to the unphosphorylated peptide (Figure 12 A-D). Thus, wild type 

mAKAP preferentially binds to the phosphorylated PDE4D3 peptide.  In contrast, SPR 

results demonstrated that this preference for the phosphorylated state was abrogated with 

the mAKAP-P1400S mutation (Figure 13 and 14), as shown by a 32% drop in SPR 

binding to PDE4D3 peptide relative to mAKAP wild type (Figure15). Additionally, there 

was a significant reduction in binding propensity of mAKAP-P1400S to the 

phosphorylated PDE4D3 peptide as compared to the wild type mAKAP (Figure 14).  The 

mutant mAKAP-P1400S SPR binding referenced response, measured from both the 

unphosphorylated and phosphorylated PDE4D3 peptides, were 192 and 181  Δ RU, 

respectively (Figure 13). This mAKAP-P1400S referenced response was within the 

standard error, thus indicating no preference to the phosphorylated PDE4D3 peptide. 

Figure 15 showed a summary for all SPR binding data obtained using either wild type or 

P1400S mutant mAKAP along with PDE4D3 peptide in phosphorylated or 

unphosphorylated state. 
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     To validate  our results using the PDE4D3 peptide, SPR titrations of mAKAP-

P1400S, mAKAP-S2195F and mAKAP-L717V mutants over a chip immobilized with 

the full-length PDE4D3 protein, also showed that mAKAP-P1400S displayed overall 

lower referenced response (32 ± 3 Δ RU) as compared to the others mAKAP mutations 

(S2195F: 43 ± 1.8 Δ RU and L717V: 44.6 ± 8 Δ RU; Figure 16 and 17 ) . Both the 

untransfected cells as well as the truncated mAKAP that lack the PDE4D3 binding site 

were used as a negative control (Figure 18). Our results therefore suggest the possibility 

of signal modulation in the mAKAP/PKA/PDE complex through changes in PDE binding 

affinities.   
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 Figure 12: Wild type mAKAP SPR binding to PDE4D3 peptide. A representative 
figure showed triplicate SPR response with blank channels in green and (A) wild type 
mAKAP/ PDE unphosphorylated peptide (red) (B) wild type mAKAP /PDE 
phosphorylated peptide (blue). (C) Overlay figure (D) Reference data where the blank is 
subtracted and the statistics generated using t-test. Wild type mAKAP prefer binding to 
phosphorylated PDE4D3 peptide. Experiments performed in triplicate; * p<0.05. 
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A                                                                                B 

 

C                                                                               D 

 
Figure 13: mAKAP-P1400S mutant SPR binding to PDE4D3 peptide. A 
representative figure showed triplicate SPR response with blank channels in green and 
(A) mAKAP-P1400S/ PDE unphosphorylated peptide (magenta) (B) mAKAP-P1400S 
/PDE phosphorylated peptide (black). (C) Overlay figure (D) Reference data where the 
blank is subtracted and the statistics generated using t-test. Mutant P1400S abrogated the 
preferential binding to phosphorylated PDE4D3 peptide. Experiments performed in 
triplicate. 
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Figure 14: Differential response to the phosphorylated PDE4D3 peptide. A 
representative figure showed triplicate SPR response with blank channels in green and 
(A) wild type mAKAP/ PDE phosphorylated peptide (blue) (B) mAKAP-P1400S /PDE 
phosphorylated peptide (black). (C) Overlay figure (D) Reference data where the blank is 
subtracted and the statistics generated using t-test. The wild type mAKAP showed a 
significant increase in binding to phosphorylated PDE peptide as compared to mutant 
P1400S. Experiments performed in triplicate; * p<0.05. 
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Figure 15: Spectron plasmon resonance delta response units of mAKAP binding to 
PDE4D3. (A) Representative figure of the delta response unit in real time (seconds) for 
the analyte wild type (WT) mAKAP and mAKAP-P1400S mutant. Both ligands: 
unphosphorylated and phosphorylated (S13) PDE4D3 peptides were immobilized on the 
chip. (B) Bar graph displays a summary of the mAKAP/PDE4D3-peptide binding for 
both wild type mAKAP and mAKAP-P1400S mutation. The preference for the 
phosphorylated PDE4D3 state is abrogated with the mAKAP-P1400S mutation compared 
to the wild type. 
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A                                                                              B 

C                                                                              D 

 

Figure 16: Real time measurement of mAKAP binding to PDE4D3 protein using 
spectron plasmon resonance. (A) Three trials measure the wild type mAKAP response. 
(B, C, D) mAKAP responses for each mutation P1400S, S2195F and L717V. Each curve 
is the average of 3-trials at each dilution. The binding response of mAKAP-P1400S was 
attenuated as compared to any of the other samples. Wild type and mutant mAKAP 
samples were injected over a range of concentrations. Experiments were run in triplicate 
and as twofold serial dilutions and analyzed using Scrubber2 (Version 2.0 Center for 
Biomolecular Interactions Analysis) and Matlab with a 1:1 Langmuir model. Cell lysate 
was used as a negative control. 
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Figure 17: Summary of the mAKAP/PDE4D3 protein SPR binding. Bar graph 
displays a summary of the mAKAP/PDE4D3-protein binding for mAKAP mutants 
(P1400S, S2195F and L717V) at two different analyte dilutions (1:8 & 1:16) to the 
PDE4D3 purified protein. The binding response of mAKAP-P1400S was attenuated as 
compared to the other samples. Wild type mAKAP and mAKAP mutant samples were 
injected over a range of concentrations. Experiments were run in triplicate and as twofold 
serial dilutions to explore the pattern of the interaction and analyzed using Scrubber2 
(Version 2.0 Center for Biomolecular Interactions Analysis, University of Utah) and 
Matlab with a 1:1 Langmuir model. Cell lysate as well as reference flow cell were used 
as a negative control. 
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Figure 18: (A) Schematic representation for PDE4D3 with the specific N-terminus protein 
sequence. The long isoform PDE4D3 possess both upstream conserved regions (UCR), UCR1 
and UCR2. Figure also shows the truncated mAKAP (∆ mAKAP) that lacks both PDE4D3 and 
PKA binding domains. (B) The mAKAP truncation was confirmed using western blot. The 
sensorgram of cell lysate injection: Equal non-specific interactions were observed in all Flow 
Channels (Fc)’s. No significant differential binding was observed between (C) the blank Fc=3 
and (D) Fc=4 with PDE4D3 immobilized indicating that the cell lysate component did not 
contribute to the referenced response when mAKAP was injected. Same results achieved when 
we used the truncated mAKAP as a negative control. 
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4.4 Mutant mAKAP-S2195F and L717V Increase Binding Propensity to PKA-RIIα  

 

PKA is targeted near its substrates by high affinity binding of the PKA regulatory 

subunit to AKAPs (Carr, Stofko-Hahn et al. 1991; Zakhary, Fink et al. 2000). This 

targeting mediates PKA phosphorylation by increasing the concentration of PKA 

catalytic subunits around its substrates (Zakhary, Fink et al. 2000). mAKAP recruits the 

binding and coordinates the activities of PKA-RIIα to control cardiac contractility upon 

β-AR agonist stimulation (Pare, Bauman et al. 2005). Thus, we tested the hypothesis that 

a mutation in the PKA-RIIα binding site flanking area (mAKAP-S2195F), would affect 

mAKAP binding affinity to PKA-RIIα, and thus be associated with altered PKA-

dependent signaling and substrate phosphorylation. We found that mAKAP-S2195F had 

a significant increase in binding to PKA-RIIα as compared to mAKAP-wild type after 

cell stimulation; WT(–): 0.58 ± 0.13 and WT(+): 1.35 ± 0.3 (Figure 19; lanes 1, 2); 

S2195F(–): 1.44 ± 0.24 and S2195F(+): 4.0 ± 0.9 (Figure 19; lanes 3, 4; p=0.01; n=4; 

where (–) and (+) represents without and with stimulation, respectively). Interestingly, 

when we performed the same study principle for mAKAP-L717V, this mutation similarly 

showed an increase in binding propensity to PKA-RIIα, when probed with the anti-PKA-

RIIα antibody as compared to the stimulated cells with mAKAP-wild type; L717V(–): 

1.29 ± 0.25; L717V(+): 2.5 ± 0.35 (Figure 19, lanes 5, 6; p=0.033). These results suggest 

that both mAKAP-S2195F as well as mAKAP-L717V exhibit an increase in binding to 

PKA-RIIα as compared to WT-mAKAP and mAKAP-P1400S (Figure 20). 
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IP: Flag-myc-DDK 

 

 

 

Figure 19: S2195F and L717V-mAKAP mutants increase binding propensity to 
PKA-RIIα. The figure shows precipitated myc-DDK tag mAKAP wild type (lane 1 & 2), 
mAKAP-S2195F (lanes 3 & 4) and mAKAP-L717V (lane 5 & 6), and RIIα-GFP that was 
pulled down using anti-myc-DDK antibody (anti-Flag affinity chromatography). 
Immunopreciptate was probed with anti-mAKAP (Millipore) to detect mAKAP (lower 
panels) and anti-RIIα (Santa Cruz) antibody used to detect PKA-RIIα precipitated (upper 
panel). The bar graph displays the relative binding based on densometric quantification 
of the immunoblot bands using Alpha Innotech Fluorchem 8000 software. Both mutants 
S2195F and L717V showed a significant increase in binding propensity to PKA-RIIα 
compared to wild type after cell stimulation.  The amount of PKA-RIIα bound to 
mAKAP were quantified and normalized to the amount of mAKAP immunopreciptated. 
The immunoblots and columns are labeled with transfection and stimulation conditions 
(where – represents no cell stimulation and + represents cell stimulation with10 µM 
forskolin and 50 µM of IBMX). Data are expressed as the mean ± S.E.M. (performed in 
four independent experiments); * p<0.05. 
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IP: Flag-myc-DDK 

 

 

 

Figure 20: Human mAKAP-P1400S mutant binding propensity to PKA-RIIα. The 
figure shows precipitated myc-DDK tag mAKAP wild type (lane 1 & 2), mAKAP-
P1400S (lanes 3 & 4), and RIIα-GFP that was pulled down using anti-myc-DDK 
antibody (anti-Flag affinity chromatography). Immunopreciptate was probed with anti-
mAKAP (Millipore) to detect mAKAP (lower panels) and anti-RIIα (Santa Cruz) 
antibody used to detect PKA-RIIα precipitated (upper panel). The bar graph displays the 
relative binding based on densometric quantification of the immunoblot bands using 
Alpha Innotech Fluorchem 8000 software. mAKAP-P1400S mutant showed no 
significant change in binding propensity to PKA-RIIα compared to wild type after cell 
stimulation.  The amount of PKA-RIIα bound to mAKAP were quantified and 
normalized to the amount of mAKAP immunopreciptated. The immunoblots and 
columns are labeled with transfection and stimulation conditions (where – represents no 
cell stimulation and + represents cell stimulation with10 µM forskolin and 50 µM of 
IBMX). Data are expressed as the mean ± S.E.M. (performed in four independent 
experiments); * p<0.05. 
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5.  The Effect of Human mAKAP Mutants on Kinase and Phosphodiesterase 

Activities 

 

5.1 Differential Effect of mAKAP Mutations on PKA Activity 

 

      Based on the changes we observed in binding response of mutant mAKAP to 

PDE4D3 or PKA-RIIα, we examined whether these binding changes were translated into 

alterations in PKA activity. We measured both basal and maximal cAMP stimulated PKA 

activity in HEK293 cells transfected with mAKAP-wild type, mAKAP-P1400S, 

mAKAP-S2195F and mAKAP-L717V. Basal PKA activity (Figure 21-A) was 

significantly increased in mAKAP-S2195F mutant compared to mAKAP-wild type (WT: 

7.40 ± 1.28; P1400S: 7.35 ± 1.27; S2195F: 13.53 ± 0.996; and L717V: 6.962 ± 0.693; 

pmol/mg; p ≤ 0.0011). However, when we co-transfected these cells with PDE4D3-GFP, 

the PKA activity returned back to the wild type levels. Similarly, maximal PKA activity, 

achieved in the presence of 10 µM cAMP, (Figure 21-B), was significantly increased in 

mAKAP-S2195F mutant compared to wild type (WT: 224.5 ± 11.41; P1400S: 195.4 ± 

10.73; S2195F: 309.7 ± 34.18; and L717V: 212.6 ± 10.8; pmol/mg; p ≤ 0.0001). Thus, 

the increase in binding of mAKAP-S2195F to PKA-RIIα resulted in an increase in PKA 

activity, while the other two mutations did not affect the PKA activity. The PKA activity 

measurement is based on the observation that prolonged localization of PKA to mAKAP 

will increase the exposure time of the PKA catalytic subunit to downstream PKA 

substrates to subsequently increase substrates phosphorylation.  
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Figure 21: Basal and stimulated PKA activity in wild-type and mutant mAKAP. 
Basal (A) and maximal (B) PKA activity in wild type and mutant (P1400S, S2195F & 
L717V) mAKAP transfected HEK293 cell lysate in absence or presence of PDE4D3. 
Maximal PKA activity was determined in the presence of 10 µM cAMP. PKA activity 
was normalized to pmol/mg. The mutant S2195F showed a significant increase in PKA 
activity under both basal and stimulated conditions. Data are expressed as the mean ± 
S.E.M. (performed in triplicate, three independent experiments); * p<0.05.  
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    Moreover, we studied whether these human mAKAP mutants (P1400S, S2195F and 

L717V) would also affect the expression level of upstream or downstream molecules in 

mAKAP signaling pathway. Western blot analysis results showed that there was no 

significant difference in the level of expression for both upstream PKA regulatory (RII) 

and catalytic subunits (Figure 22: (A) p ≤ 0.373; n=6 (B) p ≤ 0.398; n=4, respectively). 

Additionally, the expression of downstream PP2A catalytic did not also significantly 

changed compared to wild type (p ≤ 0.524; n=3; Figure 22 C). These data suggest that the 

increase in PKA activity with mAKAP-S2195F mutant is not due to any alteration of 

expression of the regulatory or catalytic subunit of PKA or PP2A proteins. Further 

investigation is needed to determine the cause and the functional significance of the 

increased PKA activity in mAKAP-S2195F mutant. 
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Figure 22: PKA and PP2A protein expression. Western blot analysis of upstream and 
downstream proteins in mAKAP signaling pathway of (A) PKA regulatory subunit (RII) 
(B) PKA catalytic subunit and (C) PP2A catalytic subunit in HEK293 cell lysate 
containing wild type or  mutant mAKAP (P1400S, S2195F, L717V) and PDE4D3 
following stimulation with 10 µM forskolin and 50 µM of IBMX. (D) For each substrate, 
the upper panel shows a Western blot with anti- protein antibody and the lower panel 
shows a Western blot with an antibody to GAPDH. (Lane 1: WT-mAKAP; Lane 2: 
P1400S-mAKAP; Lane 3: S2195F-mAKAP; Lane 4:L717V-mAKAP). The bar graphs 
show the ratio of the protein expression to GAPDH. Data are expressed as the mean ± 
S.E.M. 
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5.2 The Overall Phosphodiesterase (PDE) Activity of Wild-type and mAKAP 

Mutants  

 

    Since PDE is responsible for termination of PKA signaling, we therefore measured 

total PDE activity in HEK293 cells transfected with mAKAP-wild type, mAKAP-

P1400S, mAKAP-S2195F and mAKAP-L717V. As shown in Figure 23, there was no 

significant difference among all different mAKAP mutations compared to wild type 

(p=0.523). The total PDE activity was measured based on the production of adenosine 

monophosphate (product of cAMP degradation) and absorbance at 620 nm. 

Untransfected HEK293 cell lysates were used as a control for PDE activity measurements 

and data were substracted from the basal cells activity and normalized to mg protein. 

These results suggest that the three mAKAP mutations did not have a statistical effect on 

overall PDE enzymatic activity possibly because the activity of other PDE isoforms 

compensates for the influence of incremental changes in PDE4D3 binding.  
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Figure 23: Overall PDE activity measurements in wild-type and mutant mAKAP. 
Phosphodiesetrease (PDE) activity assay in terms of 5`AMP (adenosine monophosphate) 
production measured at 620 nm; showing no significant difference between different 
groups. Data are expressed as the mean ± S.E.M. (performed in triplicate, three 
independent experiments); * p<0.05. 
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6. Mutant mAKAP Facilitates Calcium Release and Pro-hypertrophic Markers 

Induction 

      6.1 Calcium Transient of Wild-type or Mutant mAKAP in CHO-K1 Transfected    

Cell Line  

    Intracellular Ca2+ is a universal second messenger that can serve as a broad-based 

measure of receptors and channels activity. Based on the model of the mAKAP 

signalosome suggested by Kapiloff et al 2007, in which mAKAP multi-protein complex 

integrates cAMP/PKA downstream signaling, agonist stimulation of β-AR will activate 

PKA, which potentiates CICR through RyR2 channel. This Ca2+ release activates 

calcineurin, which will dephosphorylate NFATc transcription factors, resulting in its 

nuclear translocation and enhance hypertrophic gene transcription (Bauman, Michel et al. 

2007). Therefore, we hypothesized that  mAKAP mutant affects PKA activity and 

increases the efficiency and specificity of PKA to potentiate CICR leading to the 

increased activity of calcineurin.  Hypothesis testing was done based on the Ca2+ 

measurement performed by using optimized CHO-K1 cell line prior to its 7th passage 

(Lin, Sadee et al. 1999; Ruehr, Russell et al. 2003; Zhang, Yin et al. 2006; Chillar, 

Karimi et al. 2011). We showed that mAKAP-S2195F significantly increased Ca2+ 

release from internal stores in response to the addition of forskolin in combination with 

IBMX as compared to mAKAP-wild type or untransfected CHO-K1 cells; WT: 377.2 ± 

62.1 and S2195F: 877.5 ± 183; p=0.016, n=4 (Figure 24). In contrast the mAKAP-

P1400S and mAKAP-L717V mutants did not show significant differences in Ca2+ release 

from that observed in wild type (Figure 25).  
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Figure 24: Calcium transient and fluorescence intensity of wild type or S2195F-
mAKAP stably transfected CHO-K1 cells. (A) Fluorescence intensity calcium transient 
of the stable mAKAP- CHO-K1 cells. The stable WT or S2195F- mAKAP CHO cells 
(red squares and black circles respectively) were grown in glass-bottom plates and 
incubated with Fluo8-AM dye, followed by the addition of 10 µM forskolin and 50 µM 
of IBMX, and the calcium signals were evaluated using the Nikon Ti-S eclipse 
microscope and plotted as fluorescence intensity. Also shown is the fluorescence 
intensity of the untransfected CHO-K1 control cells (purple triangles). (B) The bar 
graphs represent the calcium peak fluorescence intensity from stably transfected CHO-
K1 cells with wild type or S2195F-mAKAP following stimulation with 10 µM forskolin 
and 50 µM of IBMX. (C) Two pictures (wild type and S2195F-mAKAP mutant) 
represent the cells response for treatment. (D) Western blot and immunofluorescence data 
showed a successful generation of the CHO-K1 stable cell line expressing mAKAP 
(Right panel represents mAKAP protein; Left panel represents control). Data showed are 
normalized to control (CHO-K1 cells transfected with control plasmid) and expressed as 
the mean ± S.E.M. (performed in triplicate); * p<0.05. 
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Figure 25: Fluorescence intensity of wild type or mutant mAKAP.  Fluorescence 
intensity calcium transient of the stable mAKAP- CHO-K1 cells. The stable WT, P1400S 
or 2195F- mAKAP CHO cells (red squares and black circles and green inverted triangles, 
respectively) were grown in glass-bottom plates and incubated with Fluo8-AM dye, 
followed by the addition of 10 µM forskolin and 50 µM of IBMX, and the calcium 
signals were evaluated using the Nikon Ti-S eclipse microscope and plotted as 
fluorescence intensity. Also shown is the fluorescence intensity of the untransfected 
CHO-K1 control cells (purple triangles). 
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6.2  Mutants mAKAP Mediate Pro-hypertrophic Factors Expression 

 

     Additionally, we investigated the role of these different mAKAP mutations on 

downstream signaling pathways that participate in the hypertrophic response. Western 

blot analysis showed that mAKAP-S2195F and mAKAP-L717V mutants significantly 

increased both the calcineurin expression (p=0.0045; Figure 26-A) as well as the CREB 

phosphorylation (p=0.0001; Figure 26-B).  Our studies are  consistent with the mAKAP 

signalosome model suggested by Kapiloff et al.  2007, in which the mAKAP multi-

protein complex integrates agonist stimulated β-ARs with cAMP activated PKA-

dependent signaling in order to coordinate the potentiating of CICR through the 

sarcoplasmic reticulum’s RyR2 channel. This Ca2+ release then activates calcineurin to 

dephosphorylate NFATc transcription factors, resulting in its nuclear translocation which 

enhances the transcription of hypertrophic genes (Bauman, Michel et al. 2007). These 

results suggest that these two AKAP-S2195F and mAKAP-L717V mutations may 

participate in modulating hypertrophic gene expression compared to wild type mAKAP 

in heart failure model.  

 

     Furthermore, we examined the cross-talk between PKA and MAPK pathway which 

may be helpful in finding a mechanistic explanation for the activation of these 

hypertrophic markers. Since mAKAP orchestrates MAPK pathway through anchoring 

ERK5 (Pare, Bauman et al. 2005; Dodge-Kafka and Kapiloff 2006), we studied the effect 

of mAKAP mutants on ERK5 phosphorylation using western blot analysis. Our results 
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showed that both mAKAP mutants S2195F and L717V significantly increased the 

phosphorylation of ERK5 upon stimulation as compared to wild type and P1400S mutant; 

p=0.0013, n=4 (Figure 27).  
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Figure 26: Downstream PKA substrates signaling in presence of mutant mAKAP. 
Western blot analysis of hypertrophic factors induction and PKA substrate 
phosphorylation of (A) calcineurin (PP2B) and (B) phospho-CREB (cAMP-response 
element binding), respectively,  in HEK293 cell lysate containing wild type or  mutant 
mAKAP (P1400S, S2195F, L717V) and PDE4D3 following stimulation with 10 µM 
forskolin and 50 µM of IBMX. For each substrate, the upper panel shows a Western blot 
with anti- protein antibody and the lower panel shows a Western blot with an antibody to 
GAPDH or total-CREB. (Lane 1: WT-mAKAP; Lane 2: P1400S-mAKAP; Lane 3: 
S2195F-mAKAP; Lane 4:L717V-mAKAP). The bar graphs show the ratio of the protein 
expression to GAPDH or t-CREB. Data are expressed as the mean ± S.E.M.; n=4; * 
p<0.05.
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Figure 27: ERK5 phosphorylation. Western blot analysis of PKA substrate 
phosphorylation of ERK5 in HEK293 cell lysate containing wild type or  mutant 
mAKAP (P1400S, S2195F, L717V) and PDE4D3 following stimulation with 10 µM 
forskolin and 50 µM of IBMX. For each substrate, the upper panel shows a Western blot 
with anti- protein antibody (p-ERK5; Abcam) and the lower panel shows a Western blot 
with an antibody to GAPDH. (Lane 1: WT-mAKAP; Lane 2: P1400S-mAKAP; Lane 3: 
S2195F-mAKAP; Lane 4:L717V-mAKAP). The bar graphs show the ratio of the protein 
expression to GAPDH. Data are expressed as the mean ± S.E.M.; n=4; * p<0.05. 
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7. DISCUSSION 

  

     Heart failure is a major public health problem and the leading cause of death in the 

United States. A common phenotype associated with heart failure is the development of 

cardiac hypertrophy (Zakhary, Moravec et al. 2000; Pare, Bauman et al. 2005). 

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

compensate the increase in workload. There are a number of therapeutic agents available 

for heart failure management; however, there is still a high inter-individual variability in 

response to drug treatment. This variability is not attributed to clinical, demographic or 

environmental reasons suggesting that genetic factors may play a critical role in this 

variability (Rubin 1994; Mialet Perez, Rathz et al. 2003).  

 

      Sympathetic stimulation of β-ARs stimulates AC activity that increases cAMP 

production and activates PKA (Bers 2002). PKA is a heterotetramer consisting of two 

catalytic subunits and two regulatory subunits (Scott 1991). The specificity of PKA 

phosphorylation is conferred in part by binding PKA to AKAPs (Zakhary, Fink et al. 

2000; Wong and Scott 2004; Wehrens, Lehnart et al. 2006). Thus, this PKA/AKAP 

binding recruits PKA to specific intracellular compartments, bringing them in close 

proximity to its protein substrates, and it is essential in mediating β-AR induced increase 

in cardiac contractility upon agonist stimulation (Rubin 1994; Mauban, O'Donnell et al. 

2009).  Most of the current available therapeutic agents target GPCR, especially β-ARs. 

Thus, current research is focusing on targeting downstream signaling of GPCRs and 

designing specific inhibitors to alter these signaling pathways.  For example, disruption 
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of PKA/AKAP interactions by addition of Ht31, a 24-amino acid peptide that competes 

with AKAPs to bind the PKA regulatory subunits, has previously been shown to have a 

positive inotropic effect in the presence of β -AR stimulation (McConnell, Popovic et 

al. 2009).  In Ht31 over-expressed rat cardiomyocytes, baseline contractility remained 

unchanged but treatment with 10nM isoproterenol caused an enhanced contractility 

despite similar magnitudes of change in the intracellular Ca2+ transients in the wild type 

and Ht31 over-expressed rat cardiomyocytes. PKA substrates phosphorylation such as 

cardiac troponin I, phospholamban and RyR2 was also significantly reduced in Ht31 

over-expressed cardiomyocytes (Fink, Zakhary et al. 2001). However, there was greater 

cell shortening in the isoproterenol treated Ht31 cardiomyocytes. Additionally, left 

ventricular ejection fraction and stroke volume were s ign i f i can t ly  increased i n  

Ht31 ove r -expressed h e a r t s  f o l l o wi n g  i s o p r o t e r e n o l  t r e a t m e n t  

( M c C o n n e l l ,  P o p o v i c  e t  a l .  2 0 0 9 ) .  

     

      Another example for small peptide disruptors is βARKct, a peptide inhibitor for the 

GRK2, which competes with the endogenous GRK2-Gβy transmembrane binding 

domain that is essential for GRK2 activation upon agonist binding (Rockman, Chien et 

al. 1998; Harding, Jones et al. 2001). Animal studies have shown that βARKct over-

expression enhances basal and agonist stimulated cardiac function (Keys and Koch 

2004). Additionally, βARKct-overexpressed mouse model has been shown to rescue 

dilated and hypertrophic cardiomyopathy mice model. These beneficial effects of 

overexpressing βARKct can be explained by its ability to prevent further β-ARs 

desensitization, cardiac cell growth and remodeling and maintaining normal β-ARs 



95 
 

signaling (Rockman, Koch et al. 2002; Lohse, Engelhardt et al. 2003). However, the 

paradox of βARKct and β-blockers function in heart failure management is still 

unresolved. Furthermore, the function of βARKct is totally dependent on sequestering 

Gβy, which other pathways also facilitate that such as PI3K and I k/ATP (Rockman, Koch 

et al. 2002). On the other hand, GRK2 is well known that it can desensitize other GPCR 

such as angiotensin II receptors and thus, βARKct may inhibit this pathway and by this 

we ultimately returned back to the vascular effect in treating heart failure. Further 

investigations are required to understand the mechanistic role and beneficial effects of 

those small molecules disruptors since these studies may open a new avenue for cardiac 

disease treatment. 

 

     All AKAPs have amphipathic helix that consists of 14-18 amino acids, which binds to 

the N-terminal docking and dimerization domain of the PKA regulatory subunit dimer 

(Newlon, Roy et al. 2001). This helix contains hydrophobic amino acids that form the 

hydrophobic ridge and which is responsible for the binding of AKAPs with PKA 

regulatory subunit. Generally, AKAPs bind with high affinity to PKA-RIIα subunits (KD 

= 1-5 nM) (Kinderman, Kim et al. 2006). Although most AKAPs bind PKA-RIIα 

subunits, several AKAPs interact specifically with PKA-RI or have dual specific function 

(interact with both RII and RI). D-AKAP1 and D-AKAP2 are examples for AKAPs with 

dual specificity characteristic (Herberg, Maleszka et al. 2000). 
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    AKAPs have the ability to orchestrate multiple signaling pathways by anchoring 

different signaling enzymes such as phosphodiesterases, phosphatases, and other kinases, 

incorporating signals from diverse signaling pathways in one complex. For example, in 

the complex formed by the scaffolding protein gravin (AKAP12, AKAP250) and the β2-

AR, the protein kinases PKA and PKC can phosphorylate the same substrate (Fan, 

Shumay et al. 2001). PKA-mediated phosphorylation of gravin strengthens the interaction 

between gravin and the β2-receptor. However, PKC-mediated phosphorylation of the 

scaffolding protein gravin triggers it to dissociate from the β2-receptor (Tao, Shumay et 

al. 2006). Data from our laboratory using echocardiographic analysis have shown that 

contractility parameters such as left ventricular fractional shortening and cardiac output 

were increased in gravin mutant (gravin-t/t) animals lacking functional protein compared 

to wild type animals both at baseline and following acute isoproterenol administration. 

However, the cAMP production, PKA activity and phosphorylation of phospholamban 

and troponin I was comparable in wild type and gravin-t/t hearts both with and without 

isoproterenol stimulation.1 Additionally, our lab has shown that gravin-t/t chronically 

isoproterenol treated hearts had significantly lower levels of phosphorylated GRK2 and 

β-arrestin than the wild type- isoproterenol treated hearts (unpublished data).2 

  

                                                            
1 Ashley N. Guillory, Xing Yin, Cori S. Wijaya, Andrea C. Diaz Diaz, Abeer Rababa’h, Fatin Atrooz, 
Sakthivel Sadayappan, and Bradley K. McConnell. Gravin mutant mice have enhanced cardiac function, 
increased PDE activity and altered cardiac myosin binding protein C phosphorylation (In preparation 
2013). 
2 Xing Yin, Ashley Guillory, Cori Wijaya, Abeer R’ababah, Quiying Fan and Bradley McConnell. Analysis 
of cardiac function in gravin (AKAP12) mutant mice with chronic beta-adrenergic receptor signaling. (In 
preparation 2013). 
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    Another example is mAKAP (AKAP6, AKAP100), which integrates the cAMP-

dependent signaling with the ERK-dependent signaling pathways by tethering PKA and 

PDE4D3, that anchors ERK5 to the mAKAP complex (Dodge-Kafka, Soughayer et al. 

2005). These complexes often include enzymes for both signal transduction and 

termination, permitting a negative feedback regulation for a given signaling pathway 

(Wong and Scott 2004). The PKA/mAKAP/PDE4D3 complex supports a self-regulatory 

element in a multi-protein signaling system. When cytosolic cAMP level increases, PKA 

associated to mAKAP is activated and phosphorylates and activates downstream 

substrates such as PDE4D3. As the activity of PDE4D3 increases after PKA 

phosphorylation, the cytosolic cAMP level decreases and thus reduces mAKAP-bound 

PKA activity, and PDE4D3 then becomes dephosphorylated (Dodge-Kafka and Kapiloff 

2006). Additionally, PKA phosphorylation of PDE4D3 improves its binding to mAKAP 

(Ruehr, Russell et al. 2003; Carlisle Michel, Dodge et al. 2004). 

    

    Additionally, another important mAKAP partner is RyR2 channels. The contribution 

of RyR2 channels in mAKAP complex is through regulating the Ca2+ release upon 

agonist stimulation. This CICR will cause an increase in cardiac contractility. It has been 

shown that during heart failure disease, the PKA phosphorylation of RyR2 channels at 

Ser-2808 decreases the binding affinity of the calstabin2 (channel-stabilizing subunit), 

resulting in RyR2 hyper-phosphorylation and the channels become functionally leaky 

(Shannon, Pogwizd et al. 2003; Ai, Curran et al. 2005; Wehrens, Lehnart et al. 2006). So, 

based on the above and the following published observations that confirm the potential 
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role of mAKAP in coordinating potential cardiac signaling:  (a) replacement of 

endogenous mAKAP, with a mutant form which does not bind PKA, results in pro-

hypertrophic signaling (Pare, Bauman et al. 2005) (b) reduced PDE4D3 levels in the 

RyR2 complex of failing human hearts, results in progressive cardiomyopathy, 

accelerated heart failure, and cardiac arrhythmias (Lehnart, Wehrens et al. 2005) (c) 

phosphorylation of the PKA-RIIα, as well as PKA substrates (TnI, cardiac-MyBPC and 

PLB), are decreased in failing human hearts (Zakhary, Moravec et al. 2000) (d) the 

cardiovascular events associated with a functional variant of another AKAP gene (D-

AKAP2; AKAP10) resulting in altered PKA binding and compartmentalization 

(Kammerer, Burns-Hamuro et al. 2003), we hypothesize that specific human mAKAP 

coding polymorphisms predispose individual to cardiovascular disease, arising from 

defective mAKAP-dependent coordinated signaling and protein targeting.  

 

    The goal of this study was to investigate the role of different human mAKAP coding 

polymorphisms in PKA and PDE4D3 signaling by investigating the binding propensity of 

mAKAP to its protein partners and subsequent PKA activity. Inhibition of PKA-

dependent activation may be a novel drug target for the treatment of cardiac disease; 

through designing small molecules to disrupt AKAP complex formation and interfere 

with compartmentalized cAMP signaling in cardiac myocytes. 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 

employed.  
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      In order to elucidate the structural-functional significance of human mAKAP 

mutations, which may lead to defective compartmentalization, co-localization and 

binding of PKA-RIIα and PDE4D3, and based on the genomic structure of human 

mAKAP (Figure 5), we characterized different mutations depending on three major 

criteria: (1) their theoretical importance (proximity to impacting key binding protein 

interactions and SNP databases), (2) their computational score (a score ranks amino acids 

in a protein by their functional importance, as defined by our colleague at Baylor College 

of Medicine; Dr. Olivier Lichtarge; Table 6), and (3) the chemical and physical 

characteristic features of the amino acid residues change and their possible impact on the 

protein function. Three different mutations of mAKAP cDNA were successfully 

synthesized (OriGene) with their sequences verified using the services of SeqWright 

(Table 3). We chose these mutations that have the highest impact factor and are present in 

or flanking critical binding sites of PDE4D3, RIIα or spectrin repeats. The selected 

human mAKAP mutations (P1400S: a mutation in the PDE4D3 binding domain; S2195F: 

a mutation in PP2A binding domain and flanking the 3’ PKA-RII site; L717V: a mutation 

in an area flanking spectrin repeat) then examined for the possible conservation of these 

amino acid residues among different species. The homology study performed showed that 

these amino acids (P1400, S2195 and L717) are highly conserved among different species 

such as human, mice, rat etc. (Figure 6), indicating that these amino acids may be critical 

for functional mAKAP components.   
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     After optimizing the transient transfection procedure in HEK293 cells (Figure 7), we 

then moved to detect whether these mutations will affect mAKAP protein expression. 

The human mAKAP protein expression data showed that mAKAP- P1400S, S2195F and 

L717V mutations had no significant difference in protein expression compared to wild 

type (Figure 8). 

   

     To further characterize mAKAP mutants (P1400S, S2195F and L717V) and 

understand the effect of these point mutations on the ability of mAKAP to bind PDE4D3 

or PKA-RII, we utilized the immunopreciptation and SPR techniques to define the 

binding propensity of mAKAP (wild type or mutant) to specific protein partner (PDE4D3 

and PKA-RII).  Our immunopreciptation data shows that mAKAP-P1400S has attenuated 

binding to PDE4D3 (Figure 9). It is located in the PDE4D3 binding domain and its 

predicted evolutionary importance (low-intermediate) is consistent with the observed 

modulatory effect on the binding of mAKAP to PDE4D3. Proline has a distinctive cyclic 

structure (Figure 28-A) that provides conformational rigidity compared to other amino 

acids, but its substitution to a serine (Figure 28-B) results in a relatively small 

perturbation, judging from substitution log-odds (Henikoff and Henikoff 1992) . Some 

loss of rigidity may explain a change in binding affinity of mAKAP to PDE4D3 with 

overall preservation of the other mAKAP functions.  
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 Figure 28: Amino acids structure. (A) Proline amino acid. (B) Serine amino acid. 

 

In order to verify the immunopreciptation binding results, we used surface plasmon 

resonance (Biacore 2000) to achieve a real time quantitative measurement of mAKAP 

specific binding to its partner protein PDE4D3. The surface plasmon resonance 

measurements confirmed specific binding response between PDE4D3 and wild type 

mAKAP as evident in the 40 to 50 delta Response Units measured in lane-2, with lane-1 

subtracted as a reference (Figure 16-A). Only mAKAP-P1400S had a significant 

attenuation of signal during a 1/2 dilution titration as compared to S2195F and L717V 

mutants (Figure 16 B-D). SPR binding data summarized in Figure16-E indicates that 

mAKAP-P1400S has lower relative binding affinity as compared to S2195F and L717V. 

Statistical analysis of the SPR binding data shows separation between P1400S mutant, 

while mutant S2195F and L717V are within each other error bands. Unfortunately, we 

were unable to purify mAKAP protein because of large protein size (250 kDa) and 

therefore we used HEK cell lysate to run the experiment.  
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Moreover, we used PDE4D3 peptide (either phosphorylated or unphosphorylated at 

serine 13 position) as a ligand instead of full length protein to detect the effect of 

phosphorylation on binding mAKAP. As summarized in Figure 15, the mAKAP-P1400S 

eliminates the preferential binding to the phosphorylated PDE4D3 as compared to wild 

type mAKAP. Comparative analysis of the binding responses of mutations to PKA (RIIα) 

will also be performed similarly to quantify the binding kinetic of mAKAP to PKA 

(RIIα), which could provide important information about how these mutations modulate 

signaling. 3  

 

     Additionally, our immunopreciptation data shows that mAKAP-S2195F and L717V 

promotes a significant increase in binding affinity to PKA (RIIα) (Figure 19). 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 which is considered to be the most important 

element in PKA (RIIα) binding to mAKAP. This increase in PKA-RIIα binding affinity 

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

(Figure 24), calcineurin (PP2B) activity and CREB phosphorylation (Figure 26). The 

                                                            
3 Abeer Rababa’h, John W. Craft Jr.,Cori S. Wijaya, Fatin Atrooz, Qiying Fan,  Sonal Singh, Ashley N. 
Guillory, Panagiotis Katsonis, Olivier Lichtarge,and Bradley K. McConnell. Protein Kinase A and 
Phosphodiesterase-4D3 Binding to coding polymorphisms of Cardiac Muscle Anchoring Protein 
(mAKAP). . (In preparation 2013) 
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observed increases in these parameters suggest a possible induction of pro-hypertrophic 

gene expression.  

      

      The increase in PKA activity was solely due to an increase in PKA affinity binding to 

mAKAP-S2195F, and not due to a change in the level of expression of PKA regulatory or 

catalytic subunits (Figure 22 A-B), downstream PP2A catalytic expression (Figure 22-C) 

or the total PDE activity (Figure 23). Basal and maximal PKA activity returned back to 

the normal wild type level after co-transfecting the cells with PDE4D3. This suggests that 

PDE4D3 is still capable of normalizing the enhanced PKA activity that is seen with this 

S2195F mutant mAKAP (Figure 21). However, several studies have shown that heart 

failure patients have a reduced level of PDE4D3 in mAKAP complex (Lehnart, Wehrens 

et al. 2005). Add together, this suggesting that heart failure patients who are F2195 carrier 

may have a problem in a process of normalizing the increased basal and stimulated PKA 

activity, predisposing them into a risk of heart failure overt. Furthermore, persistent PKA 

activity may also lead to prolong exposure of PKA substrates to the catalytic subunit of 

PKA, allowing more and more PKA substrates phosphorylation and become 

hyperphosphorylated (especially in the case of RyR2 phosphorylation). 

Hyperphosphorylation of RyR2 channels are highly associated with the development of 

heart failure (Wehrens, Lehnart et al. 2006). This may enhance CICR that causes an 

increase in Ca2+ release (as shown in Figure 26) in F2195 carrier and further increase 

calcineurin and CREB phosphorylation which ultimately will cause cardiac hypertrophy.  
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    Although leucine is predicted to be an evolutionary important residue, its substitution 

to valine is mostly conservative. As can be seen with mAKAP-L717V mutant (a mutation 

in an area surrounding spectrin repeat), which is not expected to be associated with any 

modulation in term of binding; immunopreciptation data surprisingly have sown that 

mAKAP-L717V increases binding propensity to PKA (RIIα). Additionally, this mutation 

shows an increase in hypertrophic markers without any change in binding to PDE4D3 or 

changes in PKA activity, as compared to wild type mAKAP. This implies that the 

increase in CREB phosphorylation and calcineurin (PP2B) activity is independent of the 

PKA pathway. The mAKAP-L717V mutation is located in a region flanking the spectrin 

repeat domain, which is responsible for mAKAP adherence to the perinuclear membrane. 

The close proximity of the L717V mutation to the nucleus-anchoring region of mAKAP 

provides a future opportunity to study the reason for the observed increases in calcineurin 

expression levels and increases in CREB phosphorylation.  

 

      Additionally, the mAKAP complex also includes elements of the ERK5/MAPK 

signaling pathway, the Ca2+ release channel RyR2 and the phosphatases PP2A in addition 

to calcineurin. Hence, analysis of the mAKAP complex explains how a macromolecular 

complex can act as a nodule in the intracellular signaling system to incorporate multiple 

cAMP signals with those of Ca2+ and MAPK to modulate the hypertrophic actions of 

different hormones (Dodge-Kafka and Kapiloff 2006). Accordingly, we studied the effect 

of these point mutations on the ERK5/MAPK pathway. Both mAKAP-S2195F and 

L717V showed a significant increase in ERK5 phosphorylation after cells stimulation 

(Figure 27) as compared to wild type and P1400S mutation. This suggests that these 
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mutations may also cause hypertrophy through activating ERK5/MAPK pathway. We 

believe that the contribution of ERK5 in F2195 carrier, along with the fact that PDE4D3 

level is reduced in heart failure patients would put patient in a higher risk since ERK5 

causes further termination of already reduced PDE4D3 activity.   

 

    In conclusion, mAKAP-S2195F and mAKAP-L717V mutants display modified 

activity and/or binding propensities to PKA-RIIα while mAKAP-P1400S exhibited 

reduce association with PDE4D3. Based on these mutations, altered mAKAP binding to 

PKA may participate in the development of hypertrophy, which is a common phenotype 

observed in heart failure. Hence, blockade of PKA-dependent activation through 

compounds that can modulate mAKAP complex formation and stability may provide a 

novel drug target for the treatment of pathological hypertrophy associated with heart 

failure. The next step will be to study these mAKAP mutations in animal models of 

hypertrophy, in order to gain greater insight about these mutations in vivo and evaluate 

differences in drug responses. 
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8. SUMMARY AND CONCLUSIONS 

1) Based on the computational study, mAKAP-L717V SNP showed the highest 

functional impact mutant (lowest computational score) among other different 

SNPs tested. 

2) The wild type mAKAP has similar protein expression to mutant mAKAP 

(P1400S, S2195F and L717V). 

3) Wild type mAKAP prefers binding to Phospho-PDE4D3 (Serine 13) compared to 

unphosphorylated PDE. 

4) Human mAKAP-P1400S mutant has lower binding propensity to PDE4D3 as 

compared to wild type mAKAP.  

5) The mAKAP-P1400S eliminate the preferential binding of mAKAP to Phsopho-

PDE4D3 peptide. 

6) The mAKAP-S2195F and L717V mutants have higher binding affinity to PKA 

(RIIα) as compared to wild type and P1400S-mAKAP. 

7) The mAKAP-S2195F increases PKA basal and maximal activities as well as 

calcium release compared to wild type and other mutants. 

8) All three mAKAP mutants (P1400S, S2195F and L717V) have the same total 

phosphodiesterase activity as compared to wild type. 

9) Both mAKAP S2195F & L717V activates calcineurin, CREB and ERK5/MAPK 

signaling pathway upon cells stimulation. 

10) The level of expression of upstream PKA (RIIα), PKA-C and downstream PP2A-

catalytic subunits are the same for all three mutants (P1400S, S2195F and 

L717V). 
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9. FUTURE DIRECTIONS 

 

1. Generation of the conditional β-mAKAP knockout mouse model. 

 

   To further understand the role of human mAKAP mutations and their functional 

importance in cardiomyocytes, we started the process of generation a conditional 

mAKAPβ knockout (KO) animal model using the technique of gene targeting.  On the 

other hand, we have another knockout mouse model (gravin KO) generated in our 

laboratory generated using gene trapping techniques. Therefore, we used the gravin KO 

animal model to examine whether the genetic expression of other AKAPs (AKAP150, 

mAKAP) will be disturbed due to targeting gravin. The real time-qPCR data have shown 

that both mAKAP as well as AKAP150 have the same expression level in both wild type 

and gravin KO mice hearts (Figure 29). The gravin KO model confirmed by more than 

90% reduction of gravin expression in the KO hearts as compared to the wild type 

(Figure 29A). Therefore, targeting gravin gene didn’t affect the gene expression of other 

AKAPs such as mAKAP or AKAP150.  
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Figure 29: AKAPs gene expression in WT and gravin KO mice. qRT-PCR analysis of 
total heart genomic DNA identified the gene expression of (A) Gravin (AKAP12) (B) 
AKAP150 and (C) mAKAP in gravin KO mice versus wild type. Experiments were run 
in triplicate; n=5-8 samples. 
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2. Characterization of new human mAKAP polymorphisms.  
 

      We also started the characterization of different set of human mAKAP 

polymorphisms utilizing the same criteria we previously followed.  We started the 

expression of these different mutants in HEK293 cells. Western blot analysis showed that 

mAKAP-R1500C and D2209H have similar protein expression as wild type mAKAP. 

However, mAKAP-Q1554P showed a significant reduction in protein expression as 

compared to wild type (Figure 30, p<0.0001; n=3). Additionally, the qRT-PCR analysis 

of HEK293 cells transfected with mAKAP-Q1554P mutant showed an absence of mRNA 

level suggesting that HEK293 cells were unable to express this mutant (Figure 31). These 

data suggesting that the substitution of glutamine with proline at position 1554 affects 

mAKAP expression at protein and mRNA level. The proposed mechanism may be 

through the non-sense mediated mRNA decay. Further analysis and experiments are 

required to further understand the mechanism and the downstream functional significance 

of this point mutation.  
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Figure 30: Protein expression. Representative immunoblot depicting protein expression 
of wild type-mAKAP (lane1), mAKAP-R1500C (lane2), mAKAP –Q1554P (lane 3) and 
mAKAP-D2209H (lane 4). Data expressed are the mean ± S.E.M. (performed in three 
independent experiments). 
 

 

 

 

 

 

 

 

 

 
Figure 31: qRT-PCR analysis of cell lysate containing wild type or Q1554P mAKAP 
identified the gene expression of mAKAP. 
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3. Determination of the subcellular co-localization of different mAKAP mutants 

using FRET analysis 

 

4. Study the association of human mAKAP-P1400S, S2195F and L717V human 

SNPs and their association with heart failure development using Taqman SNP 

genotyping. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 
 

 

 

Publications and Abstracts.  
 
Publications:   

1. Rababa’h, A., Craft, Jr., J., Wijaya, C.S., Atrooz, F., Fan, Q., Singh, S., Guillory, 
A.N., Katsonis, P., Lichtarge, O., and McConnell, B.K. Protein Kinase A and 
Phosphodiesterase-4D3 Binding to Coding Polymorphisms of Cardiac Muscle 
Anchoring Protein (mAKAP). Journal of Molecular Biology. (under review; 
manuscript ID# JMB-D-13-00157). 
 

2. *Guillory, A.N., *Yin X., Wijaya, C.S., Diaz Diaz, A.C., Rababa’h, A., Atrooz, F., 
Sadayappan, S., and McConnell, B.K. Gravin Mutant Mice have Enhanced Cardiac 
Function, Increased PDE Activity and Altered Cardiac Myosin Binding Protein C 
Phosphorylation. Basic Research in Cardiology. (under review; manuscript ID# 
BRC-D-13-00090). 

 
3. *Yin, X., *Guillory, A.N., Wijaya, C.S., Fan, Q., Rababa’h, A., and McConnell, 

B.K. Analysis of Cardiac Function in Gravin (AKAP12) Mutant Mice with Chronic 
β-Adrenergic Receptor Signaling. Circulation Research. (in revision; manuscript 
ID# CIRCRESAHA/2012/276949). 

 
4. Guillory, A.N., Wijaya, C.S., Rababa’h, A., Diaz Diaz, A., Yin, X., Sadayappan, S., 

and McConnell, B.K.   β-Adrenergic Receptor Signaling in Gravin (AKAP12) 
Mutant Mice after Chronic Isoproterenol Stimulation. Journal of Biological 
Chemistry. (in revision; manuscript ID# JBC/2012/398032). 

 
5. *Yin, X.,*Fan, Q., Rababa’h, A., Wijaya, C.S., Diaz Diaz, A., and McConnell, B.K. 

Gravin regulates Angiotensin-II Induced Vascular Smooth Muscle Cell Proliferation 
and Migration through Expression of Matrix Metalloproteinase 9 (MMP9) and 
Proliferative Cell Nuclear Antigen (PCNA). Cell Research.  

  
*These authors contributed equally. 
 
 
 
 
 
 
 
 
 
 
 
 



113 
 

 
 

 
Abstracts: 
 
1. Abeer Rababa’h, Cori Wijaya, Sonal Singh, Qiying Fan, Fatin Atrooz and Bradley 

K. McConnell. Structure-Function Relationship and Local Subcellular Signaling 
using Heart Failure Relevant Molecular Defined Muscle Specific mAKAP Mutants. 
Experimental Biology 2013 Meeting (04/20/13 – 04/24/13); Abstract Number: 4227; 
Poster Session Title: GPCR Signaling Scaffolds and Crosstalk; Poster Presentation; 
Boston, MA (April 22, 2012). 
 

2. Abeer Rababa’h, John Craft Jr., Panagiotis Katsonis, Olivier Lichtarge, and 
Bradley K. McConnell. Human Coding Polymorphisms of Cardiac Muscle 
Anchoring Protein (mAKAP) Binding to PKA and Phosphodiesterase (PDE4D3). 
The 1st Annual for Cardiovascular Research Institute Symposium (04/9/2013); 
Poster presentation; BCM, Houston, TX. 

 
3. Abeer Rababa’h, John Craft, Cori Wijaya and Bradley K. McConnell. Human 

Signaling Scaffold Protein (mAKAP) Binding Kinetics to PKA and 
Phosphodiesterase (PDE4D3): Implications for a Possible Role in Heart Failure. 
Abstract#: 12-A-3425-BPS; Biophysical Society 56th Annual Meeting, (02/25/12 – 
02/29/12); Poster Presentation; San Diego, CA (February 28th, 2012). 

 
4. Abeer Rababa’h, John Craft, Ashley Guillory, Cori Wijaya, Sonal Singh, Qiying 

Fan, Andrea Diaz Diaz, Xing Yin and Bradley K. McConnell. Cardiac Scaffold 
Protein Binding Kinetics: A Role for Altered Signaling during Human Heart 
Disease. Experimental Biology 2012 Meeting (04/21/12 – 04/26/12); Poster 
Presentation; San Diego, CA (April 22, 2012). 

 
5. Qiying Fan, Xing Yin, M.D., Abeer Rababa’h, Cori S. Wijaya, Andrea Diaz Diaz, 

and Bradley K. McConnell. Gravin regulates Angiotensin-II Induced Vascular 
Smooth Muscle Cell Proliferation and Migration. ). The 1st Annual for 
Cardiovascular Research Institute Symposium (04/9/2013); Poster presentation; 
BCM, Houston, TX. 

 
6. Minh D. Le, Xing Yin, Abeer Rababa’h, Qiying Y. Fan and Bradley K. McConnell. 

Role of Gravin (AKAP12) in Vascular Smooth Muscle Cells during Atherosclerosis. 
University of Houston Provost’s Undergraduate Research Scholarship (PURS) 
Program; PURS & Thesis Students' Undergraduate 2012 Research Day; Rockwell 
Pavilion, University of Houston (April 13, 2012). 

 
7. Ashley N. Guillory, Cori S. Wijaya, Xing Yin, Andrea Diaz Diaz, Abeer Rababa’h 

and Bradley K. McConnell. Effect of Acute Beta Adrenergic Receptor Stimulation 
on Cardiac Function in Gravin Knockout Mice. Abstract#: 2012-A-312-AHA-
BCVS; American Heart Association (AHA) Basic Cardiovascular Sciences (BCVS): 
Frontiers in Cardiovascular Science and Novel Therapy (07/23/12 – 07/26/12); 
Poster Presentation; New Orleans, LA (July 24th, 2012). 



114 
 

 
8. Xing Yin, Qiying Fan, Abeer Rababa’h and Bradley K. McConnell. 

Characterization of Gravin (AKAP12) Gene Disruption in the Regulation of 
Atherosclerosis. Abstract#: 11-HBPR-A-408-AHA; American Heart Assocation 
(AHA) High Blood Pressure Research (HBPR) 2011 Scientific Sessions: Bridging 
Basic and Translational Hypertension Research in the Americas (09/20/11 – 
09/24/11); Poster Presentation; Orlando, FL (September 21st, 2011). 

 
9. Qiying Fan, Xing Yin, Andrea Diaz Diaz, Abeer Rababa’h and Bradley K. 

McConnell.  Vascular Smooth Muscle Cells Signaling in Gravin (AKAP12) 
Knockout Mice: Role in Atherosclerosis. 21st Annual Keck Center Research 
Conference 2011; Poster Presentation; Texas Medical Center, Houston, TX 
(October 6, 2011). 

 
10. Guillory, AN, Cori S. Wijaya, Abeer Rababa’h, Muhammad Siddiqui, Xing Yin 

and Bradley K. McConnell. Analysis of β-Adrenergic Receptor Signaling in Gravin 
(AKAP12) Knockout Mice after Chronic Isoproterenol Stimulation. 21st Annual 
Keck Center Research Conference 2011; Poster Presentation; Texas Medical 
Center, Houston, TX (October 6, 2011). 

 
11. Ashley N. Guillory, Cori S. Wijaya, Abeer Rababa’h, Andrea Diaz Diaz, Xing Yin, 

Amanda Sirisaengtaksin, Khadijah Bilal, Muhammad Siddiqui and Bradley K. 
McConnell. Restoration of β-Adrenergic Receptor Signaling in Gravin Knockout 
Mice with Failing Hearts. Ninteenth Annual National Heart, Lung, and Blood 
Institute's (NHLBI) Cardiovascular Diversity Research Supplement Awardee 
Session / American Heart Association (AHA) Scientific Sessions 2011 (11/12/11); 
Poster Presentation; Orlando, FL (November 12, 2011). 

 
12. Ashley Guillory, Cori Wijaya, Abeer Rababa'h, Xing Yin & Bradley McConnell. 

Analysis of β-adrenergic receptor signaling in Gravin (AKAP12) knockout mice 
after chronic isoproterenol stimulation. Experimental Biology, April 9 – 13, 2011, 
Washington DC. 

 
13. Ashley N. Guillory, Cori S. Wijaya, Xing Yin, Andrea Diaz Diaz, Abeer Rababa’h 

and Bradley K. McConnell. Effect of Acute Beta Adrenergic Receptor Stimulation 
on Cardiac Function in Gravin Knockout Mice. Abstract#: 2012-A-312-AHA-
BCVS; American Heart Assocation (AHA) Basic Cardiovascular Sciences (BCVS): 
Frontiers in Cardiovascular Science and Novel Therapy (07/23/12 – 07/26/12); 
Poster Presentation; New Orleans, LA 

 
14.  Ashley N. Guillory, Cori S. Wijaya, Abeer Rababa’h, Andrea Diaz Diaz, Xing 

Yin, Amanda Sirisaengtaksin, Khadijah Bilal, Muhammad Siddiqui and Bradley K. 
McConnell. Restoration of β-Adrenergic Receptor Signaling in Gravin Knockout 
Mice with Failing Hearts. American Heart Association (AHA) Scientific Sessions 
2011 (11/12/11 – 11/16/11); Abstract #2011-SS-A-13489-AHA; Poster Presentation 
(Session: Novel Signaling Molecules for Cardiac Hypertrophy: APS.509.02); 
Orlando, FL (November 15, 2011). 

 



115 
 

 

 

 REFERENCES  

 

Ahn, J. H., T. McAvoy, et al. (2007). "Protein kinase A activates protein phosphatase 2A by 
phosphorylation of the B56delta subunit." Proc Natl Acad Sci U S A 104(8): 2979-2984. 

Ai, X., J. W. Curran, et al. (2005). "Ca2+/calmodulin-dependent protein kinase modulates cardiac 
ryanodine receptor phosphorylation and sarcoplasmic reticulum Ca2+ leak in heart 
failure." Circ Res 97(12): 1314-1322. 

Bartel, S., B. Stein, et al. (1996). "Protein phosphorylation in isolated trabeculae from nonfailing 
and failing human hearts." Mol Cell Biochem 157(1-2): 171-179. 

Bauman, A. L., J. J. Michel, et al. (2007). "The mAKAP signalosome and cardiac myocyte 
hypertrophy." IUBMB Life 59(3): 163-169. 

Beltman, J., W. K. Sonnenburg, et al. (1993). "The role of protein phosphorylation in the 
regulation of cyclic nucleotide phosphodiesterases." Mol Cell Biochem 127-128: 239-
253. 

Bers, D. M. (2002). "Cardiac excitation-contraction coupling." Nature 415(6868): 198-205. 
Bers, D. M. (2006). "Altered cardiac myocyte Ca regulation in heart failure." Physiology 

(Bethesda) 21: 380-387. 
Bristow, M. R., R. Ginsburg, et al. (1982). "Decreased catecholamine sensitivity and beta-

adrenergic-receptor density in failing human hearts." N Engl J Med 307(4): 205-211. 
Brodde, O. E. (1993). "Beta-adrenoceptors in cardiac disease." Pharmacol Ther 60(3): 405-430. 
Brodde, O. E. and M. C. Michel (1999). "Adrenergic and muscarinic receptors in the human 

heart." Pharmacol Rev 51(4): 651-690. 
Carlisle Michel, J. J., K. L. Dodge, et al. (2004). "PKA-phosphorylation of PDE4D3 facilitates 

recruitment of the mAKAP signalling complex." Biochem J 381(Pt 3): 587-592. 
Carnegie, G. K., C. K. Means, et al. (2009). "A-kinase anchoring proteins: from protein complexes 

to physiology and disease." IUBMB Life 61(4): 394-406. 
Carnegie, G. K., J. Soughayer, et al. (2008). "AKAP-Lbc mobilizes a cardiac hypertrophy signaling 

pathway." Mol Cell 32(2): 169-179. 
Carr, A. N., A. G. Schmidt, et al. (2002). "Type 1 phosphatase, a negative regulator of cardiac 

function." Mol Cell Biol 22(12): 4124-4135. 
Carr, D. W., R. E. Stofko-Hahn, et al. (1991). "Interaction of the regulatory subunit (RII) of cAMP-

dependent protein kinase with RII-anchoring proteins occurs through an amphipathic 
helix binding motif." J Biol Chem 266(22): 14188-14192. 

Chen, L., M. L. Marquardt, et al. (2007). "Mutation of an A-kinase-anchoring protein causes long-
QT syndrome." Proc Natl Acad Sci U S A 104(52): 20990-20995. 

Chillar, A. J., P. Karimi, et al. (2011). "An agonist sensitive, quick and simple cell-based signaling 
assay for determination of ligands mimicking prostaglandin E2 or E1 activity through 
subtype EP1 receptor: Suitable for high throughput screening." BMC Complement Altern 
Med 11: 11. 

Christian, F., M. Szaszak, et al. (2011). "Small molecule AKAP-protein kinase A (PKA) interaction 
disruptors that activate PKA interfere with compartmentalized cAMP signaling in cardiac 
myocytes." J Biol Chem 286(11): 9079-9096. 



116 
 

Colledge, M. and J. D. Scott (1999). "AKAPs: from structure to function." Trends Cell Biol 9(6): 
216-221. 

Communal, C., K. Singh, et al. (1999). "Opposing effects of beta(1)- and beta(2)-adrenergic 
receptors on cardiac myocyte apoptosis : role of a pertussis toxin-sensitive G protein." 
Circulation 100(22): 2210-2212. 

Daaka, Y., L. M. Luttrell, et al. (1997). "Switching of the coupling of the beta2-adrenergic 
receptor to different G proteins by protein kinase A." Nature 390(6655): 88-91. 

Dash, R., V. Kadambi, et al. (2001). "Interactions between phospholamban and beta-adrenergic 
drive may lead to cardiomyopathy and early mortality." Circulation 103(6): 889-896. 

Dell'Acqua, M. L. and J. D. Scott (1997). "Protein kinase A anchoring." J Biol Chem 272(20): 
12881-12884. 

Dodge-Kafka, K. L. and M. S. Kapiloff (2006). "The mAKAP signaling complex: integration of 
cAMP, calcium, and MAP kinase signaling pathways." Eur J Cell Biol 85(7): 593-602. 

Dodge-Kafka, K. L., L. Langeberg, et al. (2006). "Compartmentation of cyclic nucleotide signaling 
in the heart: the role of A-kinase anchoring proteins." Circ Res 98(8): 993-1001. 

Dodge-Kafka, K. L., J. Soughayer, et al. (2005). "The protein kinase A anchoring protein mAKAP 
coordinates two integrated cAMP effector pathways." Nature 437(7058): 574-578. 

Dodge, K. L., S. Khouangsathiene, et al. (2001). "mAKAP assembles a protein kinase A/PDE4 
phosphodiesterase cAMP signaling module." EMBO J 20(8): 1921-1930. 

Dorn, G. W., 2nd and S. B. Liggett (2009). "Mechanisms of pharmacogenomic effects of genetic 
variation within the cardiac adrenergic network in heart failure." Mol Pharmacol 76(3): 
466-480. 

El-Armouche, A. and T. Eschenhagen (2009). "Beta-adrenergic stimulation and myocardial 
function in the failing heart." Heart Fail Rev 14(4): 225-241. 

Fan, G., E. Shumay, et al. (2001). "The scaffold protein gravin (cAMP-dependent protein kinase-
anchoring protein 250) binds the beta 2-adrenergic receptor via the receptor 
cytoplasmic Arg-329 to Leu-413 domain and provides a mobile scaffold during 
desensitization." J Biol Chem 276(26): 24005-24014. 

Feldman, A. M. (1993). "Modulation of adrenergic receptors and G-transduction proteins in 
failing human ventricular myocardium." Circulation 87(5 Suppl): IV27-34. 

Feldman, A. M., M. R. Bristow, et al. (1993). "Effects of vesnarinone on morbidity and mortality 
in patients with heart failure. Vesnarinone Study Group." N Engl J Med 329(3): 149-155. 

Feldman, A. M., A. E. Cates, et al. (1989). "Altered expression of alpha-subunits of G proteins in 
failing human hearts." J Mol Cell Cardiol 21(4): 359-365. 

Fiedler, B. and K. C. Wollert (2004). "Interference of antihypertrophic molecules and signaling 
pathways with the Ca2+-calcineurin-NFAT cascade in cardiac myocytes." Cardiovasc Res 
63(3): 450-457. 

Fink, M. A., D. R. Zakhary, et al. (2001). "AKAP-mediated targeting of protein kinase a regulates 
contractility in cardiac myocytes." Circ Res 88(3): 291-297. 

Fraser, I. D., S. J. Tavalin, et al. (1998). "A novel lipid-anchored A-kinase Anchoring Protein 
facilitates cAMP-responsive membrane events." EMBO J 17(8): 2261-2272. 

Gao, T., A. Yatani, et al. (1997). "cAMP-dependent regulation of cardiac L-type Ca2+ channels 
requires membrane targeting of PKA and phosphorylation of channel subunits." Neuron 
19(1): 185-196. 

Gold, M. G., B. Lygren, et al. (2006). "Molecular basis of AKAP specificity for PKA regulatory 
subunits." Mol Cell 24(3): 383-395. 



117 
 

Harding, V. B., L. R. Jones, et al. (2001). "Cardiac beta ARK1 inhibition prolongs survival and 
augments beta blocker therapy in a mouse model of severe heart failure." Proc Natl 
Acad Sci U S A 98(10): 5809-5814. 

Harrison, S. A., D. H. Reifsnyder, et al. (1986). "Isolation and characterization of bovine cardiac 
muscle cGMP-inhibited phosphodiesterase: a receptor for new cardiotonic drugs." Mol 
Pharmacol 29(5): 506-514. 

Hausdorff, W. P., M. J. Lohse, et al. (1990). "Two kinases mediate agonist-dependent 
phosphorylation and desensitization of the beta 2-adrenergic receptor." Symp Soc Exp 
Biol 44: 225-240. 

Henikoff, S. and J. G. Henikoff (1992). "Amino acid substitution matrices from protein blocks." 
Proc Natl Acad Sci U S A 89(22): 10915-10919. 

Herberg, F. W., A. Maleszka, et al. (2000). "Analysis of A-kinase anchoring protein (AKAP) 
interaction with protein kinase A (PKA) regulatory subunits: PKA isoform specificity in 
AKAP binding." J Mol Biol 298(2): 329-339. 

Houser, S. R., V. Piacentino, 3rd, et al. (2000). "Abnormalities of calcium cycling in the 
hypertrophied and failing heart." J Mol Cell Cardiol 32(9): 1595-1607. 

Hunt, S. A., D. W. Baker, et al. (2001). "ACC/AHA Guidelines for the Evaluation and Management 
of Chronic Heart Failure in the Adult: Executive Summary A Report of the American 
College of Cardiology/American Heart Association Task Force on Practice Guidelines 
(Committee to Revise the 1995 Guidelines for the Evaluation and Management of Heart 
Failure): Developed in Collaboration With the International Society for Heart and Lung 
Transplantation; Endorsed by the Heart Failure Society of America." Circulation 104(24): 
2996-3007. 

Hussain, R. I., J. M. Aronsen, et al. (2013). "The functional activity of inhibitory G protein (G(i)) is 
not increased in failing heart ventricle." J Mol Cell Cardiol 56: 129-138. 

Jarnaess, E., A. Ruppelt, et al. (2008). "Dual specificity A-kinase anchoring proteins (AKAPs) 
contain an additional binding region that enhances targeting of protein kinase A type I." 
J Biol Chem 283(48): 33708-33718. 

Johnson, J. A. and S. B. Liggett (2011). "Cardiovascular pharmacogenomics of adrenergic 
receptor signaling: clinical implications and future directions." Clin Pharmacol Ther 
89(3): 366-378. 

Kammerer, S., L. L. Burns-Hamuro, et al. (2003). "Amino acid variant in the kinase binding 
domain of dual-specific A kinase-anchoring protein 2: a disease susceptibility 
polymorphism." Proc Natl Acad Sci U S A 100(7): 4066-4071. 

Kapiloff, M. S., N. Jackson, et al. (2001). "mAKAP and the ryanodine receptor are part of a multi-
component signaling complex on the cardiomyocyte nuclear envelope." J Cell Sci 114(Pt 
17): 3167-3176. 

Kapiloff, M. S., R. V. Schillace, et al. (1999). "mAKAP: an A-kinase anchoring protein targeted to 
the nuclear membrane of differentiated myocytes." J Cell Sci 112 ( Pt 16): 2725-2736. 

Katz, A. M. and B. H. Lorell (2000). "Regulation of cardiac contraction and relaxation." Circulation 
102(20 Suppl 4): IV69-74. 

Kaumann, A. J. and P. Molenaar (1997). "Modulation of human cardiac function through 4 beta-
adrenoceptor populations." Naunyn Schmiedebergs Arch Pharmacol 355(6): 667-681. 

Keely, S. L. (1977). "Activation of cAMP-dependent protein kinase without a corresponding 
increase in phosphorylase activity." Res Commun Chem Pathol Pharmacol 18(2): 283-
290. 

Keys, J. R. and W. J. Koch (2004). "The adrenergic pathway and heart failure." Recent Prog Horm 
Res 59: 13-30. 



118 
 

Kinderman, F. S., C. Kim, et al. (2006). "A dynamic mechanism for AKAP binding to RII isoforms of 
cAMP-dependent protein kinase." Mol Cell 24(3): 397-408. 

Kritzer, M. D., J. Li, et al. (2012). "AKAPs: the architectural underpinnings of local cAMP 
signaling." J Mol Cell Cardiol 52(2): 351-358. 

Langeberg, L. K. and J. D. Scott (2005). "A-kinase-anchoring proteins." J Cell Sci 118(Pt 15): 3217-
3220. 

Lehnart, S. E., X. H. Wehrens, et al. (2005). "Phosphodiesterase 4D deficiency in the ryanodine-
receptor complex promotes heart failure and arrhythmias." Cell 123(1): 25-35. 

Lichtarge, O., H. R. Bourne, et al. (1996). "An evolutionary trace method defines binding surfaces 
common to protein families." J Mol Biol 257(2): 342-358. 

Liggett, S. B., S. Cresci, et al. (2008). "A GRK5 polymorphism that inhibits beta-adrenergic 
receptor signaling is protective in heart failure." Nat Med 14(5): 510-517. 

Lin, K., W. Sadee, et al. (1999). "Rapid measurements of intracellular calcium using a 
fluorescence plate reader." Biotechniques 26(2): 318-322, 324-316. 

Lloyd-Jones, D., R. Adams, et al. (2009). "Heart disease and stroke statistics--2009 update: a 
report from the American Heart Association Statistics Committee and Stroke Statistics 
Subcommittee." Circulation 119(3): e21-181. 

Lohse, M. J., S. Engelhardt, et al. (2003). "What is the role of beta-adrenergic signaling in heart 
failure?" Circ Res 93(10): 896-906. 

MacKenzie, S. J., G. S. Baillie, et al. (2002). "Long PDE4 cAMP specific phosphodiesterases are 
activated by protein kinase A-mediated phosphorylation of a single serine residue in 
Upstream Conserved Region 1 (UCR1)." Br J Pharmacol 136(3): 421-433. 

Manni, S., J. H. Mauban, et al. (2008). "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 283(35): 24145-24154. 

Marx, S. O., S. Reiken, et al. (2000). "PKA phosphorylation dissociates FKBP12.6 from the calcium 
release channel (ryanodine receptor): defective regulation in failing hearts." Cell 101(4): 
365-376. 

Mauban, J. R., M. O'Donnell, et al. (2009). "AKAP-scaffolding proteins and regulation of cardiac 
physiology." Physiology (Bethesda) 24: 78-87. 

Maurice, D. H., D. Palmer, et al. (2003). "Cyclic nucleotide phosphodiesterase activity, 
expression, and targeting in cells of the cardiovascular system." Mol Pharmacol 64(3): 
533-546. 

McCartney, S., B. M. Little, et al. (1995). "Cloning and characterization of A-kinase anchor 
protein 100 (AKAP100). A protein that targets A-kinase to the sarcoplasmic reticulum." J 
Biol Chem 270(16): 9327-9333. 

McConnell, B. K., Z. Popovic, et al. (2009). "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 284(3): 1583-1592. 

McMurray, J. J., M. C. Petrie, et al. (1998). "Clinical epidemiology of heart failure: public and 
private health burden." Eur Heart J 19 Suppl P: P9-16. 

Mialet Perez, J., D. A. Rathz, et al. (2003). "Beta 1-adrenergic receptor polymorphisms confer 
differential function and predisposition to heart failure." Nat Med 9(10): 1300-1305. 

Michel, J. J., I. K. Townley, et al. (2005). "Spatial restriction of PDK1 activation cascades by 
anchoring to mAKAPalpha." Mol Cell 20(5): 661-672. 

Molkentin, J. D., J. R. Lu, et al. (1998). "A calcineurin-dependent transcriptional pathway for 
cardiac hypertrophy." Cell 93(2): 215-228. 



119 
 

Mudd, J. O. and D. A. Kass (2008). "Tackling heart failure in the twenty-first century." Nature 
451(7181): 919-928. 

Newlon, M. G., M. Roy, et al. (2001). "A novel mechanism of PKA anchoring revealed by solution 
structures of anchoring complexes." EMBO J 20(7): 1651-1662. 

Nunn, C., M. X. Zou, et al. (2010). "RGS2 inhibits beta-adrenergic receptor-induced 
cardiomyocyte hypertrophy." Cell Signal 22(8): 1231-1239. 

Osadchii, O. E. (2007). "Myocardial phosphodiesterases and regulation of cardiac contractility in 
health and cardiac disease." Cardiovasc Drugs Ther 21(3): 171-194. 

Packer, M., J. R. Carver, et al. (1991). "Effect of oral milrinone on mortality in severe chronic 
heart failure. The PROMISE Study Research Group." N Engl J Med 325(21): 1468-1475. 

Pare, G. C., A. L. Bauman, et al. (2005). "The mAKAP complex participates in the induction of 
cardiac myocyte hypertrophy by adrenergic receptor signaling." J Cell Sci 118(Pt 23): 
5637-5646. 

Pawson, T. and J. D. Scott (1997). "Signaling through scaffold, anchoring, and adaptor proteins." 
Science 278(5346): 2075-2080. 

Perry, S. J., G. S. Baillie, et al. (2002). "Targeting of cyclic AMP degradation to beta 2-adrenergic 
receptors by beta-arrestins." Science 298(5594): 834-836. 

Pogwizd, S. M., K. Schlotthauer, et al. (2001). "Arrhythmogenesis and contractile dysfunction in 
heart failure: Roles of sodium-calcium exchange, inward rectifier potassium current, and 
residual beta-adrenergic responsiveness." Circ Res 88(11): 1159-1167. 

Port, J. D. and M. R. Bristow (2001). "Altered beta-adrenergic receptor gene regulation and 
signaling in chronic heart failure." J Mol Cell Cardiol 33(5): 887-905. 

Puckelwartz, M. J., E. J. Kessler, et al. (2010). "Nesprin-1 mutations in human and murine 
cardiomyopathy." J Mol Cell Cardiol 48(4): 600-608. 

Rockman, H. A., K. R. Chien, et al. (1998). "Expression of a beta-adrenergic receptor kinase 1 
inhibitor prevents the development of myocardial failure in gene-targeted mice." Proc 
Natl Acad Sci U S A 95(12): 7000-7005. 

Rockman, H. A., W. J. Koch, et al. (2002). "Seven-transmembrane-spanning receptors and heart 
function." Nature 415(6868): 206-212. 

Rohman, M. S., N. Emoto, et al. (2003). "Decreased mAKAP, ryanodine receptor, and SERCA2a 
gene expression in mdx hearts." Biochem Biophys Res Commun 310(1): 228-235. 

Rubin, C. S. (1994). "A kinase anchor proteins and the intracellular targeting of signals carried by 
cyclic AMP." Biochim Biophys Acta 1224(3): 467-479. 

Ruehr, M. L., M. A. Russell, et al. (2004). "A-kinase anchoring protein targeting of protein kinase 
A in the heart." J Mol Cell Cardiol 37(3): 653-665. 

Ruehr, M. L., M. A. Russell, et al. (2003). "Targeting of protein kinase A by muscle A kinase-
anchoring protein (mAKAP) regulates phosphorylation and function of the skeletal 
muscle ryanodine receptor." J Biol Chem 278(27): 24831-24836. 

Rybin, V. O., X. Xu, et al. (2000). "Differential targeting of beta -adrenergic receptor subtypes 
and adenylyl cyclase to cardiomyocyte caveolae. A mechanism to functionally regulate 
the cAMP signaling pathway." J Biol Chem 275(52): 41447-41457. 

Scott, J. D. (1991). "Cyclic nucleotide-dependent protein kinases." Pharmacol Ther 50(1): 123-
145. 

Shannon, T. R. and D. M. Bers (2004). "Integrated Ca2+ management in cardiac myocytes." Ann 
N Y Acad Sci 1015: 28-38. 

Shannon, T. R., S. M. Pogwizd, et al. (2003). "Elevated sarcoplasmic reticulum Ca2+ leak in intact 
ventricular myocytes from rabbits in heart failure." Circ Res 93(7): 592-594. 



120 
 

Shih, M., F. Lin, et al. (1999). "Dynamic complexes of beta2-adrenergic receptors with protein 
kinases and phosphatases and the role of gravin." J Biol Chem 274(3): 1588-1595. 

Sibley, D. R., R. H. Strasser, et al. (1986). "Phosphorylation/dephosphorylation of the beta-
adrenergic receptor regulates its functional coupling to adenylate cyclase and 
subcellular distribution." Proc Natl Acad Sci U S A 83(24): 9408-9412. 

Skalhegg, B. S. and K. Tasken (2000). "Specificity in the cAMP/PKA signaling pathway. Differential 
expression,regulation, and subcellular localization of subunits of PKA." Front Biosci 5: 
D678-693. 

Solaro, R. J., A. J. Moir, et al. (1976). "Phosphorylation of troponin I and the inotropic effect of 
adrenaline in the perfused rabbit heart." Nature 262(5569): 615-617. 

Taigen, T., L. J. De Windt, et al. (2000). "Targeted inhibition of calcineurin prevents agonist-
induced cardiomyocyte hypertrophy." Proc Natl Acad Sci U S A 97(3): 1196-1201. 

Tao, J., E. Shumay, et al. (2006). "Regulation of AKAP-membrane interactions by calcium." J Biol 
Chem 281(33): 23932-23944. 

Tevaearai, H. T., A. D. Eckhart, et al. (2001). "Ventricular dysfunction after cardioplegic arrest is 
improved after myocardial gene transfer of a beta-adrenergic receptor kinase inhibitor." 
Circulation 104(17): 2069-2074. 

Thorburn, J., J. A. Frost, et al. (1994). "Mitogen-activated protein kinases mediate changes in 
gene expression, but not cytoskeletal organization associated with cardiac muscle cell 
hypertrophy." J Cell Biol 126(6): 1565-1572. 

Thorburn, J., S. Xu, et al. (1997). "MAP kinase- and Rho-dependent signals interact to regulate 
gene expression but not actin morphology in cardiac muscle cells." EMBO J 16(8): 1888-
1900. 

Ungerer, M., M. Bohm, et al. (1993). "Altered expression of beta-adrenergic receptor kinase and 
beta 1-adrenergic receptors in the failing human heart." Circulation 87(2): 454-463. 

Wallukat, G., S. Podlowski, et al. (2003). "Functional and structural characterization of anti-
beta1-adrenoceptor autoantibodies of spontaneously hypertensive rats." Mol Cell 
Biochem 251(1-2): 67-75. 

Walsh, D. A. and S. M. Van Patten (1994). "Multiple pathway signal transduction by the cAMP-
dependent protein kinase." FASEB J 8(15): 1227-1236. 

Wang, Q., X. Zhu, et al. (2005). "Effect of C-reactive protein on gene expression in vascular 
endothelial cells." Am J Physiol Heart Circ Physiol 288(4): H1539-1545. 

Wehrens, X. H., S. E. Lehnart, et al. (2006). "Ryanodine receptor/calcium release channel PKA 
phosphorylation: a critical mediator of heart failure progression." Proc Natl Acad Sci U S 
A 103(3): 511-518. 

Wong, W. and J. D. Scott (2004). "AKAP signalling complexes: focal points in space and time." 
Nat Rev Mol Cell Biol 5(12): 959-970. 

Yang, J., J. A. Drazba, et al. (1998). "A-kinase anchoring protein 100 (AKAP100) is localized in 
multiple subcellular compartments in the adult rat heart." J Cell Biol 142(2): 511-522. 

Yoshida, A., M. Takahashi, et al. (1992). "Phosphorylation of ryanodine receptors in rat myocytes 
during beta-adrenergic stimulation." J Biochem 111(2): 186-190. 

Zakhary, D. R., M. A. Fink, et al. (2000). "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 275(52): 41389-41395. 

Zakhary, D. R., C. S. Moravec, et al. (2000). "Regulation of PKA binding to AKAPs in the heart: 
alterations in human heart failure." Circulation 101(12): 1459-1464. 



121 
 

Zakhary, D. R., C. S. Moravec, et al. (1999). "Protein kinase A (PKA)-dependent troponin-I 
phosphorylation and PKA regulatory subunits are decreased in human dilated 
cardiomyopathy." Circulation 99(4): 505-510. 

Zhang, X., H. Yin, et al. (2006). "A microfluidic-based system for analysis of single cells based on 
Ca2+ flux." Electrophoresis 27(24): 5093-5100. 

Zhu, W., X. Zeng, et al. (2005). "The enigma of beta2-adrenergic receptor Gi signaling in the 
heart: the good, the bad, and the ugly." Circ Res 97(6): 507-509. 

Zhu, W. Z., M. Zheng, et al. (2001). "Dual modulation of cell survival and cell death by beta(2)-
adrenergic signaling in adult mouse cardiac myocytes." Proc Natl Acad Sci U S A 98(4): 
1607-1612. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



122 
 

 


	Rababah_Dissertation_2013_Final upload
	Rababah_Dissertation2013_Review of literature_final
	The Human Embryonic Kidney 293 (HEK293) cells were cultured in a 10‐cm cell culture dish with low glucose Dulbecco’s modified Eagles medium (DMEM, Invitrogen) supplemented with 10%  (v/v) fetal bovine serum and 5% penicillin and streptomycin, and ...
	CHO-K1 cells were transfected with 16 μg of purified cDNA of human mAKAP (WT, P1400S, S2195F or L717V) and 48 μL of Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Twelve hours later, the medium was replaced with Kai...


