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Summary 
 

In the heart, the excitation-contraction coupling (ECC) pathway links excitation at the plasma 

membrane to contraction of the cardiomyocytes. The L-type Ca2+ channel (LTCC) and 

phosphodiesterase 3A (PDE3A) play important roles in this pathway by facilitating Ca2+ influx into the 

cytosol and hydrolysis of cAMP at subcellular compartments e.g. the sarcoplasmic reticulum (SR) and 

in the cytosol.  

Regulation of the LTCC opening is modulated by proteins found in its local environment, amongst them 

the catalytic subunit of PKA (PKA-CS). However, how PKA-CS is tethered to the channel is unclear. 

Recently, it was found that the GTP-binding protein Rad is associated with the LTCC and is blocking the 

pore-forming a1c subunit in the basal state (Liu et al., 2020). PKA phosphorylation of Rad in response 

to b-adrenergic stimulation leads to its dissociation from the channel complex, releasing the inhibitory 

effect.  

In the first part of this work, a novel interaction of PKA-CS with the C terminus of the a1c subunit is 

described. This interaction was mapped to two regulatory regions of a1c, the distal and the proximal 

regulatory domain (DCRD and PCRD). Mutating the DCRD and PCRD regions affected the interaction 

with PKA-CS in vitro but not in a cellular environment, pointing towards a complex regulatory 

mechanism involving several proteins or an alternative recruitment process. The two regions did not 

affect the enzymatic activity of PKA-CS. 

The LTCC and isoform 1 of PDE3A were found in a complex in HEK293 cells, however no further 

functional link could be found. In the second part of this thesis, effects of mutations in PDE3A were 

characterized. These mutations cause hypertension with brachydactyly type E (HTNB). Affected 

individuals experience progressive hypertension and have characteristic shorter metacarpals. If 

untreated, patients die before the age of 50. Surprisingly, their hearts do not show hypertension-

induced cardiac damage. This points to a cardioprotective effect of PDE3A mutations. HiPSC-CMs 

expressing T445N or R862C PDE3A HTNB-causing substitutions were established and differentiated to 

cardiac myocytes as a model system to study Ca2+ cycling. The mutant cells showed lower PDE3A and 

the LTCC a1c subunit protein levels and a longer Ca2+ dwell time in the cytosol compared to the wild-

type (WT) cells. This might be an adaptive mechanism to improve contractility of the cells that 

contributes to the cardioprotective effect of the mutations.   
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Zusammenfassung  
 

Der Erregungskontraktionsweg (ECC) im Herz verknüpft die Erregung an der Plasmamembran mit der 

Kontraktion der Kardiomyozyten. Der L-Typ Ca2+ Kanal (LTCC) und Phosphodiesterase 3A (PDE3A) 

spielen eine entscheidende Rolle, indem sie den Ca2+ Einstrom in das Zytoplasma und die Hydrolyse 

von cAMP in subzellulären Kompartimenten, z.B. dem sarkoplasmatischen Retikulum (SR) oder im 

Zytoplasma ermöglichen.  

Das Öffnen des LTCCs wird durch Proteine in seiner Umgebung reguliert, unter anderem der 

katalytischen Untereinheit von PKA (PKA-CS). Allerdings ist es unbekannt, wie PKA-CS an den Kanal 

bindet. Das GTP-bindende Protein Rad ist mit dem LTCC assoziiert und blockiert die Kanal-formende 

Untereinheit a1c im basalen Zustand (Liu et al., 2020). Phosphorylierung von Rad durch PKA initiiert 

dessen Dissoziation vom Komplex und hebt den inhibierenden Einfluss auf.  

Im ersten Teil dieser Arbeit ist die direkte Interaktion von PKA-CS mit dem C Terminus der a1c 

beschrieben. Diese Interaktion umfasst zwei regulatorische Regionen der a1c, nämlich die distalen und 

proximalen regulatorischen Domänen (DCRD und PCRD). Mutationen in den DCRD- und PCRD- 

Regionen vermindern die Interaktion nicht, was darauf hindeutet, dass die regulatorischen 

Mechanismen deutlich komplexer sind und mehrere Proteine involviert sind oder ein alternativer 

Rekrutierungsprozess vorliegt. Die Regionen beeinflussen die enzymatische Aktivität der PKA-CS nicht.  

Der LTCC und Isoform 1 der PDE3A befinden sich in HEK293 Zellen in einem Komplex, allerdings konnte 

kein funktioneller Link gefunden werden. Im zweiten Teil dieser Arbeit werden Mutationen in PDE3A 

charakterisiert. Diese Mutationen lösen Hypertonie mit Brachydaktylie vom Typ E (HTNB) aus. 

Betroffene Individuen haben fortschreitenden Bluthochdruck und verkürzte Mittelhandknochen. 

Ohne Behandlung sterben die Patienten bevor sie 50 Jahre alt werden. Trotzdem sind ihre Herzen nicht 

durch den Bluthochdruck geschädigt. Dies deutet auf einen herzschützenden Effekt der PDE3A 

Mutationen hin. HiPSC-CMs mit HTNB-auslösenden T445N und R862C PDE3A 

Aminosäuresubstitutionen werden zu Kardiomyozyten differenziert und als Modellsystem zur 

Untersuchung des Ca2+-Signalweges genutzt. Die mutierten Zellen weisen ein geringeres Protein Level 

an PDE3A und der a1c Untereinheit auf sowie eine längere Verweilzeit des Ca2+ im Zytoplasma, im 

Vergleich zu den Wild-Typ (WT) Zellen. Dies könnte einen adaptiven Mechanismus darstellen, der die 

Kontraktilität der Zellen verbessert und Teil des herzschützenden Effektes der Mutationen sein.  

 

 

 



Introduction 

 3 

Preamble  
 

This thesis consists of two parts. In the first part, the interaction between the L-type Ca2+ channel 

subunit α1c with PKA catalytic subunit was studied. This project was conducted in close collaboration 

with the laboratory of Prof. Nathan Dascal (Tel Aviv University, Tel Aviv, Israel) who’s team members 

conducted functional experiments, including electrophysiology measurements in Xenopus oocytes. 

This thesis describes my experimental contribution.  

In the second part, the molecular mechanisms underlying the potential cardioprotective effect of 

PDE3A mutations were studied. This project was accepted for publication as: Ercu M, Mücke MB, 

Pallien T, Lajos M et al. “Mutant phosphodiesterase 3A protects from hypertension-induced cardiac 

damage”, Circulation. Text and figures shown in this thesis might be similar to the manuscript. This 

project was conducted in close collaboration with Michael B. Mücke from the laboratory of Prof. 

Norbert Hübner (MDC Berlin, Germany). Experimental parts carried out by collaboration partners are 

highlighted in the corresponding text and figure legends.  
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1 Introduction  
 

Parts of the introduction, including text and figures, were adapted from Pallien et al. (Pallien & 

Klussmann, 2020) and might show some similarities.  

 

1.1 Excitation-contraction coupling (ECC) in the heart  

 

The excitation-contraction coupling (ECC) acts as a linker of electric excitation that starts at the 

sarcolemma to contraction of the cardiac myocyte (Eisner et al., 2017). The ECC pathway in the heart 

is initiated by membrane depolarization from a resting membrane potential of – 90 mV to a positive 

voltage level (+ 10 mV) leading to Ca2+ influx through the Cav1.2 L-type Ca2+ channel (LTCC) into the 

cytosol (Faber et al., 2007; Pinnell et al., 2007). In the cytosol, the free Ca2+ concentration increases 

about 10-fold from a resting concentration of 100 nM to 1 µM (Cruz-Garcia et al., 2021; Marks, 2013). 

This initiates the Ca2+-induced Ca2+ release (CICR) from type 2 ryanodine receptors (RyR2) located in 

the membrane of the sarcoplasmic reticulum (SR). The combination of Ca2+ influx through the LTCC 

and Ca2+ efflux from the SR increases the Ca2+ concentration further. This results in the release of 

troponin C (TnC) from the contractile filaments, initiating myosin and actin filament sliding, shortening 

of the cell and contraction. The force of each contraction directly correlates with the amount of Ca2+ 

in the cytosol (Eisner et al., 2017). The Ca2+-dependent inactivation (CDI) of the LTCC and Ca2+ removal 

from the cytosol into the SR by the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a) 

mediates the relaxation process (Figure 1) (W. Catterall, 2015; Moccia et al., 2019; Pallien & 

Klussmann, 2020). For relaxation, Ca2+ is also transported into the extracellular space by means of 

sodium- Ca2+ exchangers (NCX) (Eisner et al., 2017). 

SERCA2a is inhibited by binding of phospholamban (PLN), which is released upon phosphorylation by 

protein kinase A (PKA) and calmodulin-dependent protein kinase δ (CaMKIIδ) (Moccia et al., 2019; 

Bazmi & Escobar, 2018; W. Catterall, 2015; Kumari et al., 2018; C. R. Carlson et al., 2022).  

The ECC pathway is modulated by the catecholamines (epinephrine and norepinephrine) released 

from the sympathetic nervous system, which bind to b-adrenergic receptors (b-AR) located on the 

surface of cardiomyocytes. The activation of these receptors initiates exchange of GDP for GTP on the 

a subunits of the G protein (Ga) and dissociation of heterotrimeric G-proteins (Wang et al., 2018). The 

a subunits of the stimulatory G protein (Gas) activate adenylyl cyclases (AC), which catalyzes the 

synthesis of 3’-5’-cyclic adenosine monophosphate (cAMP) from adenosine triphosphate (ATP). The 

Gas subunit hydrolyzes GTP leading to reassociation with the dimeric Gbg which terminates the G-

protein activation (Wang et al., 2018). 
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Figure 1: Scheme of the b-adrenergic signaling in cardiomyocytes. Upon stimulation of b-adrenergic receptors (b-AR), a-

subunits of the stimulatory G-protein (Gas) dissociate from Gbg subunits and activate adenylyl cyclase (AC) at the sarcolemma. 

Adenylyl cyclases convert ATP to cAMP which activates protein kinase A (PKA). PKA phosphorylates phospholamban (PLN), 

ryanodine receptor 2 (RyR2) and Ras associated with diabetes (Rad) at the L-type Ca2+ channel (LTCC). Influx of Ca2+ into the 

cytosol via the a1c subunit of the LTCC and RyR2 leads to troponin (Tn) dissociation from the myofilaments, initiating sliding 

of actin and myosin and thus contraction. Relaxation is induced by phosphorylated PLN dissociating from 

sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA2) releasing its inhibitory effect. Local cAMP levels are regulated by 

phosphodiesterases (PDEs) which hydrolyze cAMP. The figure is adapted from Pallien & Klussmann, 2020.  

 

cAMP is a second messenger involved in the regulation of cardiac contraction. PKA is an enzyme 

consisting of two regulatory subunits (PKA-RS) which dimerize and form holoenzymes with two 

catalytic subunits (PKA-CS) (Leroy et al., 2018). PKA is the major effector of cAMP (Bhogal et al., 2018; 

Leroy et al., 2018). cAMP binds PKA-RS resulting in the dissociation of the catalytic subunits, PKA-CS. 

PKA phosphorylates several proteins in the ECC pathway including PLN, RyR2 and Ras associated with 

diabetes (Rad). Rad interacts with the LTCC and thereby inhibits it (section 1.2.2.3)(Papa et al., 2022). 

The phosphorylation of PLN, RyR2 and Rad causes increased Ca2+ entry through the LTCC, increased 

release by the SR and re-uptake into the SR by SERCA2. This augments inotropy, which is the contractile 

force of the myocardium and lusitropy, the cardiac relaxation process (Abrol et al., 2015; Hasenfuss & 

Teerlink, 2011; Papa et al., 2022). The cAMP level is regulated by a balanced cAMP synthesis at the AC 

and cAMP hydrolysis by phosphodiesterases (PDEs). The predominant PDE of the human heart is 

PDE3A and this protein was shown to interact with SERCA2, A-kinase anchoring protein 18 (AKAP18) 

and PLN to regulate local cAMP levels at the SR (Ahmad et al., 2015).  
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1.2 The L-type Ca2+ channel (LTCC) 

1.2.1 LTCC channel structure and isoforms 

 

The L-type Ca2+ channel is the transmembrane Ca2+-specific ion channel that opens in response to 

membrane depolarization and is augmented by activation of the b-adrenergic signaling pathway 

(Dolphin, 2018; Roybal et al., 2020; Weiss et al., 2013).  

The Cav1 family is classified based on the structure of the a1 subunit and consists of four members 

that are expressed in different tissues (W. Catterall, 2000; W. Catterall, 2011; Feng et al., 2018). The 

Cav1.1 channel is involved in skeletal muscle cell contraction, whereas Cav1.2 and Cav1.3 are found in 

cardiac cells, adrenal chromaffin cells and neuronal tissue (Bourinet et al., 2004; Feng et al., 2018). In 

the heart, Cav1.2 is the predominant isoform, expression of Cav1.3 is lower and not uniform (Bourinet 

et al., 2004). The fourth member of the family, Cav1.4, is expressed in the retina and involved in vision 

(Baumann et al., 2004; Pallien & Klussmann, 2020).  

Structurally, the cardiac Cav1.2 consists of three subunits: the pore-forming a1c subunit (240 kDa), the 

regulatory, intracellular b subunit (68 kDa) and the extracellular a2s subunit (170 kDa), the latter two 

being involved in anchoring and trafficking to the membrane (W. Catterall, 2011; Hofmann et al., 1994, 

2014; Katz et al., 2021). The a1c subunit consists of four transmembrane, homologous domains (I-IV), 

which form the Ca2+- selective pore and cytosolic N and C termini (Figure 2). Each one of the four 

domains consists of six transmembrane helices (S1-S6) which are joined to each other by cytoplasmic 

linkers. The voltage-sensing domain is formed by helices S1-S4. The S4 helix is the voltage sensor that 

confers conformational changes in the pore-forming domain leading to channel opening upon to 

changes in membrane potential (Feng et al., 2018; Kumari et al., 2018; Tuluc et al., 2016).  
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Figure 2: Model of the a1 subunit of the cardiac L-type Ca2+ channel. The b-subunit (b) binds to the a-interaction domain 

(AID) and is associated with Rad in the basal state. The proteolytic cleavage site and main phosphorylation sites in the C 

terminus are shown. Calmodulin (CaM) binding involves the preIQ and IQ domains. The EF-hand motif acts as the Ca2+ sensor 

(Feng et al., 2018). The a2s subunit is involved in membrane anchoring and trafficking. ABD – AKAP binding domain. The 

numbering is according to the rabbit a1c amino acid sequence (Uniprot #P15381). The figure is adapted from Pallien & 

Klussmann, 2020. 

 

1.2.2 LTCC channel regulation  

1.2.2.1 PKA-mediated LTCC regulation  

 

PKA is one of the key proteins of the b-adrenergic pathway and an important regulator of the LTCC 

channel. It is recruited and linked to its substrate proteins by scaffolding proteins termed A-kinase 

anchoring proteins (AKAPs) (Colledge & Scott, 1999; Dema et al., 2015; Gray et al., 1998; Skroblin et 

al., 2010; Yu et al., 2018). The cardiac Cav1.2 a1c interacts with AKAP15 (alternative names: AKAP18, 

AKAP7) and AKAP150 via a modified leucine-zipper in the distal C-terminal domain (AKAP binding 

domain, ABD) (W. Catterall, 2011; Hulme et al., 2003; Oliveria et al., 2007; Skroblin et al., 2010).  

The AKAP-mediated recruitment of PKA to the Cav1.2 complex was intensively studied but the results 

are inconsistent. Blocking PKA-AKAP interactions using peptide inhibitors such as Ht31 or using a 

mouse model in which AKAP15 interaction with Cav1.2 a1c was ablated resulted in insensitivity to 

cAMP stimulation and cardiac hypertrophy (Deák & Klussmann, 2016; Fu et al., 2011; Hulme et al., 

2003; Hundsrucker et al., 2006; Redden & Dodge-Kafka, 2011; Yu et al., 2018; Zhu et al., 2019). 
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Using a mouse model with all AKAP15 isoforms deleted, Jones et al. (Jones et al., 2012) analyzed if the 

Ca2+ current (ICa,L), the intracellular Ca2+ concentration or the re-uptake into the SR was affected in 

isolated cardiomyocytes. They found that the cells reacted as expected to b-adrenergic stimulation 

and that phosphorylation of Cav1.2 was not changed (Jones et al., 2012).  

Yu et al. identified the AKAP Cypher/Zasp, which is localized to the z-lines (Yu et al., 2018). This AKAP 

co-immunoprecipitated with Cav1.2 a1c in HEK293 cells (Lin et al., 2013; Yu et al., 2018).  Deletion of 

Cypher/Zasp in mice caused increased Cav1.2 a1c, PKA-CS and calcineurin protein levels and decreased 

basal ICa,L (Yu et al., 2018). 

When blocking PKA-AKAP interactions with Ht31, Oz et al. (Oz et al., 2017) could not show any impact 

on the cAMP-mediated ICa,L increase in Xenopus oocytes, thereby confirming the finding of Jones et al. 

(Jones et al., 2012). In a cell-free system, the regulation of human Cav1.2 was also independent of 

AKAPs, as the Cav1.2 ICa,L was normally upregulated upon administration of the AKAP-PKA inhibitors 

Ht31 and FMP-API-1 (Christian et al., 2011; Cserne Szappanos et al., 2017). Based on these findings, 

AKAPs are either not involved in channel regulation or the essential AKAP/s has/have not yet been 

found.  

For many years, phosphorylation of the Cav1.2 a1c at the S1700, T1704 and S1928 residues of the a1c 

subunit (numbering according to the rabbit a1c sequence, Uniprot #P15381) was assumed to be the 

major mechanism of PKA-mediated regulation of ICa,L (W. Catterall, 2015; Fu et al., 2013, 2014; Fuller 

et al., 2010; Hofmann et al., 2014; Hulme et al., 2003, 2006; Kumari et al., 2018; Pallien & Klussmann, 

2020). In addition, PKA phosphorylation at S1574, S1626 and S1699 modulated the binding of 

calmodulin (CaM) at the C terminus of a1c attenuating the CDI leading to enhanced channel currents 

(Lei et al., 2018).  

However, none of these sites was shown to be required for the regulation of the Cav1.2 in cardiac 

myocytes (Kumari et al., 2018; Pallien & Klussmann, 2020). Substitution of S1928 with an alanine 

neither attenuated the b-adrenergic receptor-mediated response in adult guinea pig myocytes nor did 

it affect the basal ICa,L in mouse cardiomyocytes (Ganesan et al., 2006; Lemke et al., 2008). The S1928 

is required for the PKA-mediated regulation of Cav1.2 in smooth muscle cells and neurons (Nystoriak 

et al., 2017; Qian et al., 2017). Substitutions in the S1700 and T1704 residues did not affect ICa,L 

stimulation in adult mouse cardiomyocytes (Brandmayr et al., 2012; Katchman et al., 2017; Oz et al., 

2017; L. Yang et al., 2013).  

Since there is this controversy over the importance of PKA phosphorylation sites for Cav1.2 regulation 

and activity, Katchman et al, replaced all threonine and serine residues in consensus PKA 

phosphorylation sites (PKA consensus motif: RRXS/TY) with alanine residues and analyzed the b-

adrenergic pathway in mouse cardiomyocytes (Katchman et al., 2017). They did not find differences in 
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the activation of the wild-type (WT) and mutant Cav1.2 channels or the current increase conferred by 

b-adrenergic stimulation with isoproterenol. 

In conclusion, the b-adrenergic regulation of Cav1.2 is not dependent on the phosphorylation of any of 

the previously identified residues and potential PKA phosphorylation sites which are conserved in 

rabbit, human, guinea pig, mouse and rat are not involved. Thus, the major regulatory mechanism may 

not be dependent on phosphorylation (Pallien & Klussmann, 2020).  

 

1.2.2.2 Proteolytic cleavage of the a1c C terminus  

 

Another mechanism playing a role in the regulation was the proteolytic cleavage of the C terminus of 

the a1c subunit. About 80% of the cardiac Cav1.2 a1c is proteolytically cleaved, resulting in a 240 kDa 

(full-length) or a truncated 210 kDa protein (Fu et al., 2011; Hulme et al., 2003, 2006; Kumari et al., 

2018). Derived from the molecular weight of the truncated channel fragment and proteomics 

experiments with Cav1.1 channels, the cleavage site was predicted to be located at around Ala-1800 

(Hulme et al., 2005; Katchman et al., 2017; L. Yang et al., 2013). When co-expressing the truncated 

channel with its cleaved dCT (35 kDa) in non-muscle cells, the dCT fragment remained non-covalently 

bound to the channel, acting as an auto-inhibitor (Brandmayr et al., 2012; Hulme et al., 2003, 2006; 

Katz et al., 2021; Kumari et al., 2018).  

Studying the role of the proteolytic cleavage, Oz et al. (Oz et al., 2017) found that the cleavage at 

residue 1800 increased the PKA-mediated effects on Cav1.2. Although the truncation of the C terminus 

was essential, the existence of dCT as a separate protein was not, underpinning that the potential 

phospho-site S1928 is not involved in PKA-mediated regulation of Cav1.2 (Oz et al., 2017).  

To study the importance of the proteolytic cleavage, Katchman et al. disrupted the 1769DTESP1772 motif 

that functions as a substrate recognition site for calpain-like proteases. In addition, they substituted 

the 1794NANINNANN1802 motif in the C terminus, which spans the suggested cleavage site (Katchman et 

al., 2017; Rechsteiner, 1990). They found that both motifs were essential for the proteolytic cleavage 

but ablation of these sites did not affect the contraction of field-stimulated cardiac myocytes or the b-

adrenergic regulation pathway upon isoproterenol stimulation (Katchman et al., 2017).  
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1.2.2.3 The role of the b-subunit 

 

The a1c subunit of Cav1.2 migrates to the sarcolemma, which is mediated by the interaction with the 

b-subunit, the b2 isoform in the heart (Ahern & Satin, 2019; Arikkath & Campbell, 2003; Bichet et al., 

2000; Buraei & Yang, 2010; Chien et al., 1995; Dolphin, 2003; Foell et al., 2004; Perez-Reyes et al., 

1992; L. Yang et al., 2019).  

In mice, b-subunit knockout by deletion of the Cacnb2 gene resulted in a reduced Ca2+ current (< 29%) 

but did not impair cardiac function. Short hairpin RNA (shRNA)-mediated b2-subunit knockdown in 

adult rat cardiac myocytes significantly altered the Ca2+ current (Cingolani et al., 2007; Meissner et al., 

2011).  

Similar to the a1c subunit, the b-subunit was initially assumed to be regulated by PKA phosphorylation 

and the phosphorylation sites on the b-subunit are residues S459, S478 and S479. Substitutions of 

S459, S478 and S479 with alanines did not perturb the b-adrenergic regulation (Brandmayr et al., 2012; 

Oz et al., 2017). Mutating all 37 serine and threonine residues of the b-subunit that represent PKA 

phosphorylation sites did not affect the isoproterenol- or forskolin-induced stimulation of the ICa,L in 

transgenic mice (Liu et al., 2020; L. Yang et al., 2019). To fully reconstitute the involvement of PKA 

phosphorylation in channel regulation, transgenic mice have been generated expressing b- and a1c-

subunits with mutated PKA phosphorylation sites and these mice have unaffected b-adrenergic 

stimulation (Liu et al., 2020).  

The functional role of a direct b-a1c subunit interaction was studied with transgenic mice harboring 

alanine substitutions in the a-interaction domain (AID) of the a1c subunit (Y467, W470, I1417)(L. Yang 

et al., 2019). Those were proposed to form the interaction site between the two subunits  (Bichet et 

al., 2000; Fang & Colecraft, 2011; Waithe et al., 2011; L. Yang et al., 2019). Using this model system, 

the authors did not find a requirement for b-subunit binding to induce a1c subunit trafficking, whereas 

the b-subunit was mandatory for the transduction of the b-adrenergic signals (Brandmayr et al., 2012; 

Miriyala et al., 2008; L. Yang et al., 2019).  

Recently, the function of the b-subunit for the regulation of channel opening was unraveled by the 

group of Steven Marx (Liu et al., 2020; Papa et al., 2021). They used quantitative proteomics in mouse 

hearts to track hundreds of proteins expressed in the proximity of the Cav1.2 channel. They found the 

Ca2+ - channel inhibitor Rad associated with the b-subunit and this interaction is released upon PKA 

phosphorylation of Rad (Liu et al., 2020) (Figure 3). Further, direct binding of the b-subunit to the AID 

induced the transition to a high opening channel gating mode which is even further stabilized upon 

Rad dissociation (Papa et al., 2022). Knock-out of Rad in mice cardiomyocytes (cRadKo) resulted in 

increased LTCC activity, elevated intrinsic and sleep phase heart rates (Levitan et al., 2021). Thus, 
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targeting the LTCC-Rad interaction could be a novel therapeutic approach for the treatment of 

symptomatic bradycardia and other cardiovascular diseases (Levitan et al., 2021).   

Using the approach of proximity biotinylation combined with quantitative proteomics in adult rat 

cardiomyocytes, Cruz-Garcia et al. identified proteins within nanometer proximity to the b2-subunit 

(Cruz-Garcia et al., 2021). They found the b2-subunit and RyR2 in a complex. This interaction was 

mediated by the Src-homology 3 (SH3) domain of b2. Functionally, the interaction upregulated the CICR 

at high pacing frequencies, but not at low beating rates (Cruz-Garcia et al., 2021).  

 

Figure 3: Rad signaling at the LTCC. In the basal state, the small GTPase Rad binds to the α1c subunit via the β-subunit (β2). 

Upon stimulation with a β-adrenergic (β-AR) agonist, protein kinase A (PKA) phosphorylates Rad and Rad dissociates from 

the α1c subunit, resulting in Ca2+ influx. The figure was adapted from Liu et al. (Liu et al., 2020). 
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1.2.2.4 Autoregulatory mechanisms involving N and C termini of a1c 

 

The direct interaction of the N and C terminus of Cav1.2 affects channel gating and inactivation (Dick 

et al., 2008; Guggenheimer et al., 2016; Ivanina et al., 2000). A model for this interaction was proposed 

by Guggenheimer and colleagues (Guggenheimer et al., 2016). In this model, apo-CaM (= Ca2+ free 

CaM) interacts with the IQ and preIQ domains (Figure 2) of the proximal C terminus of the a1c subunit 

under low Ca2+ levels. Upon depolarization, the level of Ca2+ in the channel vicinity increased, resulting 

in conformational changes in the CaM Ca2+ sensor. This remodeling of CaM led to rearrangements in 

the NT-CT complex and promoted channel inactivation as part of the CDI (Guggenheimer et al., 2016).  

In addition to the NT-CT interaction, the proximal and distal parts of the a1c C terminus directly 

interact and this interaction is inhibited by CaM (Lyu et al., 2017). In the CaM-bound state, the distal 

and proximal parts do not interact and the opening probability of the channel is increased. The 

mechanism requires the interaction between the proximal and distal C-terminal regulatory domains 

(PCRD and DCRD (Hulme et al., 2006)) favoring downstream complexing. At low Ca2+ levels and CaM 

not being bound, the end of the distal C-terminal tail and the IQ and preIQ motifs in the proximal C 

terminus are interacting. The resulting conformational change reduces the open probability of the 

channel (Lyu et al., 2017). A dynamic model was suggested, in which the distal C terminus competes 

with CaM for binding at IQ and pre-IQ motifs, reducing open probability and the proximal part 

interaction with the distal part, blocks the inhibitory effect of the distal C terminus, enhancing channel 

opening (Lyu et al., 2017) 

 

1.2.2.5 The role of channel clustering  

 

The amount of Ca2+ influx into cardiac myocytes is directly influenced by the amount of LTCC channels 

clustering within sarcolemma invaginations, the so-called transverse tubules (t-tubules) where they 

are closely located to RyRs at the SR membrane (Bhargava et al., 2013; Bhogal et al., 2018; Kumari et 

al., 2018). To analyze these LTCC channel clusters, the group of Gorilek and colleagues developed a 

method called “super-resolution scanning patch-clamp”, which combines scanning ion conductance 

microscopy (SCIM) with patch-clamp (Bhargava et al., 2013; Kumari et al., 2018). They found that the 

channels within these clusters are connected via their C termini in a Ca2+/CaM-dependent manner and 

that their opening and closing is synchronized (Dixon et al., 2015; Ito et al., 2019). In response to 

membrane depolarization, the individual channels within a cluster are activated resulting in a local 

increase in the Ca2+ concentration. The Ca2+ binds to CaM bound to the preIQ motif, which leads to 

physical interaction and activation of neighboring channels, increasing the Ca2+ concentration even 
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further. Individual channel inactivation by Ca2+-dependent inactivation (CDI) induces a local Ca2+ 

decrease and channel uncoupling, terminating the Ca2+ influx (Dixon et al., 2015).  

By using a combination of fluorescence resonance energy transfer (FRET) and SCIM, it was found that 

t-tubules accommodate compartmentalized cAMP signaling in response to stimulation of the b-

adrenergic pathway (Bhogal et al., 2018; O. et al., 2010). The above-mentioned model of channel 

clustering was expanded by Ito et al. (Ito et al., 2019) who found altered LTCC clustering in response 

to b-adrenoceptor agonist (isoproterenol) stimulation. The isoproterenol administration improved 

channel clustering at the t-tubules forming super-clusters which promoted the functional interactions. 

In SCIM experiments, PKA dependency of the LTCC was shown via the inhibition of PKA and the 

resultant effects on clustering behavior (Ito et al., 2019).  

Because of the specific location of the LTCCs and other Ca2+ handling proteins in the t-tubules, the CICR 

process is finely regulated by the precise positioning of these proteins (Dibb et al., 2021). LTCCs reside 

within caveolae and are recruited by microtubules which are controlled by bridging integrator (BIN1) 

(Hong et al., 2010). Anchoring of LTCC is achieved by junctophilin 2 (JPH2) (Gross et al., 2021) and 

caveolin-3, which is an important component of t-tubules, and was shown to recruit PKA to the LTCC 

complex. Recruitment of PKA mediates phosphorylation of Rad, releasing its inhibitory function on the 

LTCC, increasing the ICa,L (Dibb et al., 2021; Kamp & Hell, 2000; Liu et al., 2020).  

 

1.3 Phosphodiesterase structure and function  

 

cAMP-hydrolyzing phosphodiesterases (PDEs) are major regulators of cAMP signaling. They hydrolyze 

cAMP and/or cGMP (Movsesian et al., 2018; Preedy, 2020). Eleven families of PDEs were described in 

mammals (PDE1-PDE11) and were classified based on their structure, substrate specificity, kinetic 

activity and regulatory mechanisms (Ercu & Klussmann, 2018; Maurice et al., 2014; Movsesian et al., 

2018). PDE1-3, 10 and 11 are dual-specific. They hydrolyze both cAMP and cGMP; PDE4, PDE7 and 

PDE8 are cAMP-specific and PDE5, PDE6 and PDE9 hydrolyze cGMP (Movsesian et al., 2018).   

The different PDE families share structural characteristics, i) the conserved catalytic domain, ii) the 

regulatory domain, N-terminal from the catalytic domain and iii) a region between the catalytic domain 

and the C terminus, that can be prenylated (PDE6) or phosphorylated by mitogen-activated protein 

kinase (MAPK) (PDE4) (Anant et al., 1992; Azevedo et al., 2014; Baillie et al., 2000; Conti & Beavo, 2007; 

Keravis & Lugnier, 2010). The active site of phosphodiesterases is formed by helix junctions and is 

highly conserved (Azevedo et al., 2014; Ke & Wang, 2007). Multiple PDE isoforms are expressed in 

almost all cells at different levels, with PDE1C, PDE2A, PDE3A, PDE4A and PDE7A being highly 
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expressed in the human heart (Azevedo et al., 2014; Bender & Beavo, 2006; Conti & Beavo, 2007; 

Francis et al., 2011). Of these, PDE3 and PDE4 are the predominant families degrading cAMP, with 

PDE3A prevailing in the human and PDE4 in rodent heart (Leroy et al., 2008, 2018; Mika et al., 2013; 

Richter et al., 2011).  

The two isoforms of the PDE3 family are expressed in cardiomyocytes and although they are dual-

specific enzymes, the turnover rates for cAMP hydrolysis are higher than for cGMP (Boyes & Loten, 

1988; Degerman et al., 1997; Grant & Colman, 1984; Movsesian et al., 2018). Enzymes of the PDE3 

family are derived from two genes, PDE3A and PDE3B. PDE3A encodes three isoforms that are a result 

of alternative transcription start and translation initiation sites, yielding two mRNAs (Meacci et al., 

1992; Miki et al., 1996; Wechsler et al., 2002). The three isoforms differ only in their N-terminal region 

(Figure 5). PDE3A1 is the largest isoform (MW = 136 kDa), translated from the first mRNA and the 

protein contains two hydrophobic regions at the N-terminus (NHR) that allow the interaction with 

cellular membranes (Ercu & Klussmann, 2018; Kenan et al., 2000; Shakur et al., 2000). PDE3A2 (MW = 

118 kDa) is translated from the second mRNA, lacks the first hydrophobic region of PDE3A1 and is 

localized in the cytosol or the plasma membrane (Ercu & Klussmann, 2018; Movsesian et al., 2018). 

The smallest isoform, PDE3A3 (MW = 94 kDa) lacks the hydrophobic regions of PDE3A1 and PDE3A2 

and is therefore cytosolic.  

One isoform of PDE3B has been described (MW = 124 kDa) and its catalytic domain shares 80% 

sequence identity with that of PDE3A (Degerman et al., 1997; Miki et al., 1996). Both, PDE3A and 

PDE3B, show differences in their subcellular localization and PDE3A is more abundant (Reinhardt et 

al., 1995). PDE3A1 and PDE3A2 localize to the SR forming a complex with SERCA2, AKAP18, PLN and 

CamKII (Ahmad et al., 2015; C. R. Carlson et al., 2022) PDE3A is recruited into a complex with SERCA2 

upon phosphorylation and regulates cAMP levels at the SR. This affects the phosphorylation status of 

PLN meaning PDE3A plays an important role in the Ca2+ re-uptake into the SR and the relaxation 

process (Ercu & Klussmann, 2018) (Figure 4).  

PDE3B is located at the t-tubules, areas of the plasma membrane that are rich in caveolin-3. PDE3B is 

more involved in regulation of metabolism whereas PDE3A regulates cardiac contractility (Movsesian 

et al., 2018). In the mouse heart, PDE3A knock-out results in alteration of cardiac contractility, with 

enhanced cardiac contractility and relaxation in isolated murine hearts due to increased Ca2+ re-uptake 

into the SR (Beca et al., 2013). In contrast, PDE3B knock-out protects the myocardium from ischemic 

damage by enrichment of antiapoptotic Bcl-2 and mitochondrial enrichment of cardioprotective 

proteins (Chung et al., 2015). 
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Figure 4: PDE3A is involved in regulation of cAMP levels at the SR. In the resting cardiac myocyte, sarcoplasmic/endoplasmic 

reticulum Ca2+ ATPase (SERCA2) is inhibited by binding of phospholamban (PLN). Upon b-AR stimulation (e.g.,with 

isoproterenol), protein kinase A (PKA) and calmodulin-dependent protein kinase II (CamKII) phosphorylate PLN, resulting in 

its dissociation from the complex and Ca2+ uptake into the SR. Phosphorylation of PDE3A incorporates it into the complex. 

PKA inactivation and thus termination of PLN phosphorylation is mediated by PDE3A through hydrolysis of cAMP.  

 

1.3.1 Hypertension with brachydactyly type E (HTNB)  

 

Hypertension with brachydactyly type E (HTNB) is an autosomal-dominant disease, caused by 

mutations in the PDE3A gene and was first described in a Turkish family (Bilginturan et al., 1973; 

Schuster et al., 1996; Toka et al., 2015). To date, ten PDE3A mutations were found in eleven unrelated 

families (Boda et al., 2016; Ercu et al., 2020; X. Li et al., 2020; Maass et al., 2015; Renkema et al., 2018; 

Toka et al., 2015). The disease is characterized by salt-resistant, progressive hypertension, blood vessel 

hyperplasia and leads to death by stroke before the age of 50, if left untreated (Bähring et al., 2008; 

McEniery et al., 2010; Schuster et al., 1996; Toka et al., 2015). The patients are 10-15 cm shorter than 

unaffected family members with no difference in the body mass index (BMI) and have characteristically 

shortened metacarpals (Schuster et al., 1996). Despite the life-long hypertension, the patients do not 

develop abnormal cardiac function or morphology (Schuster et al., 1996; Toka et al., 2015), for example 

their left ventricular mass and cardiac output are unaffected. They show no change of parameters 

associated with aortic stiffness (distensibility of the ascending aorta, aortic pulse wave velocity) and 

display normal platelet function (Toka et al., 2015). Blood vessel hyperplasia was associated with an 

increased VSMC proliferation rate (Ercu et al., 2020; Maass et al., 2015). Further, the patients do not 

differ from healthy individuals in terms of sodium handling or components of the renin-angiotensin-

aldosterone pathway (Ercu et al., 2020; Schuster et al., 1996).  
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1.3.2 HTNB and PDE3A 

 

HTNB-causing mutations were found to be localized in a 15 bp “hot-spot” region in the DNA encoding 

the N-terminal region of the PDE3A protein, affecting amino acid residues T445-G449 (Ercu et al., 2020; 

Maass et al., 2015; van den Born et al., 2016) (Figure 5). Since the PDE3A3 isoform has a shorter N-

terminal region, starting at amino acid 484, it is not affected by the “hot-spot” mutations.  

 

 

 

Figure 5: Scheme of the PDE3A isoforms and location of HTNB-causing amino acid substitutions. The three different 

isoforms of PDE3A are shown. The mutational hotspot region and a novel substitution affecting the catalytic domain are 

depicted. Amino acid numbering according to the human PDE3A protein sequence (Uniprot ID #Q14432).  

 

Mechanistically, Maass et al. showed that cAMP levels in HeLa cells overexpressing the mutant PDE3A 

proteins are significantly reduced compared to the WT PDE3A, with cGMP levels being unaffected 

(Maass et al., 2015). Studying PDE3A enzyme kinetics based on the Michaelis-Menten model revealed 

a decreased KM of the mutant (T445N substitution) compared to the WT PDE3A1 and PDE3A2 (KM 

PDE3A1 - WT = 322.4 nM, KM PDE3A1 – T445N = 292.2 nM; KM PDE3A2 - WT = 111.4 nM, KM PDE3A2 – 

T445N = 103.9 nM) (Maass et al., 2015). This means the mutant has a higher affinity to its substrate. 

In line, more than 100 times higher concentrations of the PDE3A inhibitor milrinone were required to 

inhibit the T445N mutant protein (IC50 PDE3A1 – WT = 0.000112 µM, IC50 PDE3A1 – T445N = 0.234 µM, 

IC50 PDE3A2 – WT = 0.0034 µM, IC50 PDE3A2 – T445N = 1.242 µM) whereas the IC50 values for cGMP-

mediated inhibition were unchanged (IC50 PDE3A1 – WT = 5.2 µM, IC50 PDE3A1 – T445N = 4.8 µM) 

(Maass et al., 2015). PDE3A hydrolytic activity is associated with S428 and S438 phosphorylation by 

PKA or protein kinase C (PKC) (Hunter et al., 2009; Maass et al., 2015; M. Rubio et al., 2005; Wechsler 

et al., 2002). Phosphorylation of these two residues in the T445N mutant was increased in transfected 



Introduction 

 17 

Hela cells and patient derived VSMCs. This phosphorylation was associated with increased cAMP 

hydrolytic activity of the mutants (Maass et al., 2015). 

Ercu et al. established a rat model harboring a 9-bp deletion within the hotspot region of PDE3A (D3aa), 

resembling a human deletion (T445del). This rat showed the characteristic HTNB phenotype with 

increased blood pressure but no cardiac damage (Ercu et al., 2020). Western blot experiments revealed 

expression of the two isoforms of PDE3A, PDE3A1 and PDE3A2, in the heart. However, this expression 

was downregulated in the PDE3A-D3aa rats. In line with the previous study of Maass et al., 

phosphorylation of S428 was increased in the mutants leading to an increased interaction with the 

adaptor protein 14-3-3q (Ercu et al., 2020).  

The media to lumen ratio of second-order mesenteric arteries was increased in the PDE3A-D3aa rat 

model compared to the wildtype animals and they had lower cAMP levels in their vessels (Ercu et al., 

2020). In accordance with the characteristic blood vessel hyperplasia seen in HTNB-patients, the 

proliferation rate of VSMCs from the mutant rats was increased compared to the wildtype (Ercu et al., 

2020).  

Using Hela cells transfected with PDE3A-encoding plasmids or patient-derived vascular smooth muscle 

cells (VSMCs) endogenously expressing the T445N substitution, it was shown that the mutations 

increased mitotic rates (Maass et al., 2015).  

FRET measurements in HEK293 cells using a cytosolic cAMP sensor and transiently expressing PDE3A2-

T445N, PDE3A2-G449V or PDE3A2-D3aa showed lower cAMP levels in the cells expressing mutant 

PDE3A2 compared to the WT. This is consistent with the increased PDE3A hydrolytic activity shown 

previously (Ercu et al., 2020; Maass et al., 2015).  

 

1.3.3 PDE3A protein-protein interactions and non-enzymatic functions  

 

In addition to the previously mentioned association of PDE3A in a complex with SERCA2, other protein-

protein interactions (PPIs) were identified using proteomics approaches. Using PDE inhibitors such as 

3-isobutyl-1-methylxantine (IBMX), cilostamide and papaverine as a bait combined with mass 

spectrometry, Corradini et al. found PDE3A associated with the phosphatase PP2A complex, consisting 

of , PPP2R1A scaffold subunit, PPP2CB catalytic subunit and PPP2R2A regulatory subunit (Corradini et 

al., 2015). Further, they found 14-3-3 bound to this complex. 14-3-3 interacts with PDE3A in its 

phosphorylated state and this is released upon dephosphorylation (Corradini et al., 2015; Meek et al., 

2004; Pozuelo Rubio et al., 2005; M. P. Rubio et al., 2004; Vandeput et al., 2013). 14-3-3 is a scaffolding 

protein that is highly conserved and expressed in all eukaryotic cells. Through binding of 
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phosphorylated serines of a multitude of proteins, e.g. kinases, phosphatases and transmembrane 

receptors, they are involved in a variety of signaling pathways (Ercu et al., 2020; Muslin et al., 1996; X. 

Yang et al., 2006).  

In cardiomyocytes, PDE3A is found in a multiprotein complex associated with PI3Kg (Ghigo et al., 2012; 

Movsesian et al., 2018). How PDE3A is associated with the complex still needs to be resolved. The loss 

of the PI3Kg scaffolding function leads to increases in the cAMP level und hyperphosphorylation of PLN 

and the LTCC (Ghigo et al., 2012; Marcantoni et al., 2006; Movsesian et al., 2018). Malfunctions of this 

complex are associated with contractile dysfunction, ventricular arrythmias and heart failure 10/11/22 

9:44:00 AM.  

In the past years, PDE3A was shown to have functions other than cAMP and cGMP hydrolysis and these 

functions are termed “non-canonical” and are predominantly associated with apoptotic pathways (Yan 

et al., 2022). The protein SLFN12 interacts with PDE3A and this interaction is induced by cytotoxic 

PDE3A modulators (e.g. velcrins) and is sufficient to cause cell death (Yan et al., 2022). The modulators 

occupy the catalytic domain of PDE3A, but do not inhibit cAMP hydrolysis most likely because of their 

lower affinity to the catalytic site compared to cAMP (Yan et al., 2022).  

 

1.3.3.1 PDE3A and the L-type Ca2+ channel  

 

PDEs control local cAMP levels and proteins in their vicinity. They are associated with the LTCC and are 

involved in the regulation of Ca2+ influx through the channel. PDE2 inhibited the ICa,L in frog ventricular, 

human atrial and rat neonatal cardiomyocytes and antagonized the b-adrenergic regulation 

(Fischmeister et al., 2006; Fischmeister & Hartzell, 1987; Mongillo et al., 2006; Vandecasteele et al., 

2001).  

In mice, the PDE4B and PDE4D isoforms are components of the LTCC complex and are thus involved in 

the b-adrenergic signaling pathway (Leroy et al., 2011, 2018).  

To date, no direct interaction of PDE3A and the LTCC was shown, but several studies point to a role for 

PDE3A. Inhibition of PDE3 or PDE4 in mouse sinoatrial node cells (SANCs) increased the Ca2+ current 

by around 60% and 72%, respectively. The same observation was also made in rabbit SANCs upon 

PDE3, but not PDE4, inhibition (Hua et al., 2012; Vinogradova, Kobrinsky, et al., 2018; Vinogradova, 

Sirenko, et al., 2018). The simultaneous inhibition of both, PDE3 and PDE4, in rabbit SANCs increased 

the ICa,L by 100%, arguing for a synergistic effect of the two enzymes (Vinogradova, Kobrinsky, et al., 

2018; Vinogradova, Sirenko, et al., 2018).  
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1.3.4 Compartmentalization of cardiac cAMP signaling and its implications for therapy  

 

To ensure a high specificity in cellular responses to certain stimuli and with cAMP being an ubiquitous 

second messenger, its signaling pathways occur in cAMP micro- or nanodomains that are restrained to 

specific intracellular compartments and encompass different effector proteins (such as phosphatases, 

kinases and channels) and modulators (such as PDEs and AC) (Chao et al., 2019; Colombe & Pidoux, 

2021; Fischmeister et al., 2006). The organization of these nanodomains is often mediated by AKAPs 

that anchor and target the effector and modulator proteins to the subcellular compartments (Colombe 

& Pidoux, 2021; Pidoux & Taskén, 2010). In these compartments, AKAPs tether PKA to their specific 

substrates and the activation of PKA subsets is achieved by increasing cAMP upon a certain stimulus 

(Chao et al., 2019; Wong & Scott, 2004). This enables rapid and selective PKA-mediated 

phosphorylation (Gorshkov et al., 2017; Surdo et al., 2017; Zaccolo & Pozzan, 2002). Further, these 

nanodomains contain ACs, which produce cAMP, PDEs for cAMP hydrolysis and phosphatases (PPs), 

which dephosphorylate the PKA substrates. Examples for these nanodomains include the AKAP9, 

AC2/9, potassium channel subunit KCNQ1 and phosphatase PP1 complex at the sarcolemma involved 

in the regulation of cAMP-mediated K+ currents (Piggott et al., 2008) or a complex composed of 

mAKAP, RyR2 and PDE4D3 localized at the nucleus. The last complex regulates RyR phosphorylation 

and other signaling pathways (Chao et al., 2019; Passariello et al., 2015).  

With the development of fluorescence resonance energy transfer (FRET)-based cAMP sensors and 

targeting of them to subcellular domains, novel insight into local cAMP levels and changes were 

provided. One of the first classes of these channels contain a cAMP sensor made of the protein Epac 

or only its cyclic nucleotide binding domain (CNBD) flanked by YFP and CFP (DiPilato et al., 2004; 

Nikolaev et al., 2004; Ponsioen et al., 2004). Upon cAMP binding this sensor changes its conformation 

and the FRET signal is decreased. A more novel sensor named “cAMP universal tag for imaging 

experiments” (CUTie) is made of the CNBD B of the PKA-RIIb protein again flanked by YFP and CFP. In 

this sensor the YFP is inserted within an intra-domain loop allowing the fusion of targeting proteins to 

the free N terminus (Chao et al., 2019).  

In cardiac diseases, cAMP nanodomains are deregulated and are thus an attractive target for 

therapeutics. One of the effectors in cAMP nanodomains would be PKA and inhibition of PKA with PKI 

in transgenic mice prevented b-AR stimulation induced cardiac hypertrophy, fibrosis and deregulation 

of cardiac function (Colombe & Pidoux, 2021; X. Zhang et al., 2013). Further, selective PKA inhibition 

was associated with an increased cardioprotective potential compared to b-blocker therapy after MI 

(X. Zhang et al., 2013).  
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In mice, overexpression of AC6 reduced mortality, decreased cardiac remodeling, retained cardiac 

functions and had a positive effect on contraction post-MI (Colombe & Pidoux, 2021; T. Takahashi et 

al., 2006). Although the exact mechanisms remained unknown, the authors associated the improved 

contraction with higher PLN phosphorylation increasing the SR Ca2+ load (T. Takahashi et al., 2006).  

Potential therapeutic approaches include the disruption of PPIs in subcellular signaling complexes 

using for example peptides or small molecules (Calejo & Taskén, 2015; Colombe & Pidoux, 2021). 

Peptides that disrupt PKA-AKAP interactions were designed and tested for their efficacy in the heart 

(Calejo & Taskén, 2015). For high specificity, the anchoring domain between AKAPs and substrates of 

PKA should be targeted since the AKAP-PKA interaction domain is structurally similar among different 

complexes. One example for a PPI-disruptor is a peptide targeting the AKAP18/PLN interaction at the 

SR which caused alterations in Ca2+ re-uptake (Lygren et al., 2007). Further, a peptide disrupting 

mAKAP/calcineurin (CaN) decreased the hypertrophy of cardiomyocytes and a similar effect was 

observed by using an AKAP-Lbc/p38 disruptor peptide in a transverse aortic constriction (TAC) mouse 

model (J. Li et al., 2013; Pérez López et al., 2013). In the heart, a complex of Hsp20, PKA, AKAP-Lbc and 

PDE4D5 was described and confers cardioprotective functions via the Hsp20 (Blair & Baillie, 2019; 

Edwards et al., 2011, 2012). Hsp20 is inactivated in the presence of PDE4D5. A 25-mer cell permeable 

peptide (bs906) was developed to disrupt the interaction of PDE4D5 and Hsp20 (Blair & Baillie, 2019; 

Sin et al., 2011). Displacement of PDE4D5 resulted in attenuated ANP expression, cardiac hypertrophy, 

fibrosis and improved left-ventricle function in a mouse model of heart failure (Blair & Baillie, 2019; 

Martin et al., 2014).  

 

1.3.5 PDE3 inhibitors and disruption of PDE3A subcellular localization   

 

Pharmacological inhibition of PDE3, for example with milrinone or cilostazol, is associated with 

increased myocardial contractility (Anderson, 1991; Baim et al., 1983; Benotti et al., 1978; Jaski et al., 

1985; Maskin et al., 1983; Monrad et al., 1984; Movsesian et al., 2018; Sinoway et al., 1983). In PDE3A 

or PDE3B knock-out mice the inotropic effects were only mediated by PDE3A inhibition, since PLN 

phosphorylation and thus SERCA2 activity, Ca2+ cycling and the contractility are upregulated only in 

PDE3A-/- mice (Beca et al., 2013; M. Movsesian et al., 2018).  

Making use of a combination of molecular modeling and site-directed mutagenesis, Zhang et al. 

identified the key residues involved in the binding of cilostazol or milrinone inhibitors to PDE3 (W. 

Zhang et al., 2002). They have shown that the specificity of the different inhibitors was conferred by 

binding to different amino acid residues in the active site (Atienza et al., 1999; W. Zhang et al., 2002). 

In the rabbit heart, milrinone alone had a similar effect on cAMP levels as a combination of PDE4 and 
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PDE3 inhibition with rolipram and cilostazol, suggesting that milrinone was also affecting PDE4 at 

higher doses (> 10 µM) (Shakur et al., 2002). Since PDE4 activity was lower in the failing human heart, 

the PDE4 effect of milrinone was less relevant (Shakur et al., 2002).   

In contrast to short-term administration, chronic treatment with PDE3 inhibitors is associated with 

increased mortality (19% per year) (Amsallem et al., 2005; Cohn et al., 1998; DiBianco et al., 1989; 

Movsesian et al., 2011, 2018b; Narahara, 1991; Packer et al., 1991, 1993; Uretsky et al., 1990). One 

potential explanation could be the pro-hypertrophic effects of PDE3A inhibitors inducing pathological 

changes in the myocardium which increases the risk for arrythmias (Movsesian et al., 2018). In primary 

mouse cardiomyocytes chronic exposure to PDE3 inhibitors causes an upregulation of inducible cAMP 

early repressor (ICER). ICER reduces PDE3A protein levels by blocking its transcription and promotes 

apoptosis through Bcl-2 downregulation (Bork et al., 2021; Ding, Abe, Wei, Xu, et al., 2005, 2005).  

As an alternative to PDE3 inhibitors, elevating cGMP levels using guanylate cyclase activators (e.g. 

riociguat) improved the situation of individuals affected by pulmonary hypertension (Ghofrani et al., 

2013) and had a cardioprotective effect in a mouse model of ischemia/reperfusion (I/R) injury (Bork et 

al., 2021; Frankenreiter et al., 2017, 2018; Lukowski et al., 2021). Toka et al. observed that in HeLa cells 

transiently transfected with PDE3A wildtype or mutant constructs, elevated cGMP levels induced by 

the guanylyl cyclase stimulator BAY41-8543 reduced the increased cAMP hydrolytic activity of the 

mutants compared to that of the wildtype protein (Toka et al., 2015).  

Using a mouse model with heterozygous or homozygous Pde3a deletion, Bork et al. studied how the 

PDE3A protein levels induced a cGMP-dependent cardioprotective effect or apoptosis via the cAMP 

pathway (Bork et al., 2021). They found a dose-dependent effect of PDE3A levels, with a moderate 

decrease of the PDE3A level (30 – 50%) leading to increased cGMP levels and protection against 

hypoxia/reperfusion (H/R)-induced death, whereas knock-out of PDE3A decreased the survival rates 

of the cells. Thus, the use of low dosage PDE3A inhibitors could be an attractive treatment option. In 

line, the use of low-doses of the PDE3 inhibitor enoximone improved the exercise capacity in patients 

with chronic heart failure (Bork et al., 2021; Lowes et al., 2000).  

An alternative to pharmacological treatment would be to target PDE3A at subcellular sites. Since 

PDE3A isoforms are localized at different cellular compartments, targeting each isoform individually 

would affect only local cAMP levels and thus impact different cellular pathways (e.g. PDE3A1 that is 

membrane associated) (Movsesian et al., 2018). Targeting PDE3A isoforms by disruption of their PPIs 

might confer beneficial effects, for example by increasing intracellular Ca2+ concentration and thus 

contractility by replacing PDE3A from the complex at the SR (Figure 4) (Movsesian et al., 2018).  
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2 Aims  
 

The aim of this thesis was to provide insights into novel aspects of the ECC, focusing on the LTCC and 

PDE3A.  

In the first part, together with the group of Prof. Dr. Nathan Dascal (Tel Aviv, Israel) the aim was to 

elucidate how PKA catalytic subunit (PKA-CS) is recruited to the LTCC complex. The recruitment was 

independent of AKAPs and PKA regulatory subunit (RS). Direct binding of PKA-CS to the C terminus of 

the a1c subunit of the LTCC could be an alternative mechanism. For this project, biochemical methods 

were combined with experiments in a HEK293 cell model and the interaction sites were mapped using 

peptide spotting. To determine whether the interaction would influence the enzyme’s catalytic 

activity, enzymatic assays were conducted. 

A potential interaction between PDE3A and the LTCC was studied, to find out if PDE3A hydrolyzes 

cAMP at the LTCC, thus regulating PKA-CS activity and LTCC opening probability. 

In the second part of the thesis, the aim was to contribute to elucidating the molecular mechanisms 

underlying the potential cardioprotective effect of PDE3A mutations. Human induced pluripotent stem 

cell-derived cardiomyocytes (hiPSC-CMs) served as the cellular model system. The hiPSC-CMs 

expressed PDE3A proteins harboring the HTNB-causing amino acid substitutions. To unravel the 

influence of mutant PDE3A enzyme on the ECC pathway and Ca2+ signaling, Ca2+ imaging in hiPSC-CMs 

was conducted and the expression of several proteins studied, amongst them the a1c subunit of the 

LTCC. 

One of the complexes PDE3A is associated with is a multiprotein complex with SERCA2 at the SR. PDE3A 

wildtype and mutant constructs were expressed in HEK293 cells together with SERCA2 and the binding 

of these two proteins was studied, to find out if this interaction was affected by the PDE3A mutations. 
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3 Material and Methods  
3.1 Material  

3.1.1 Equipment  

 
Table 1: Equipment and devices. 

Description Instrument Supplier  

Agarose gel detection system Azure c200 Gel Imaging 
Workstation 

Azure Biosystems, Inc. (Dublin, 
CA, US) 

Agarose gel electrophoresis 
system 

PerfectBlueTM gel system, 
Mini L 

Peqlab Biotechnologie GmbH 
(Erlangen, DE)  

Analytical balance Secura®225D-1S SBA 52 Sartorius AG (Göttingen, DE) 

Bacterial shaker Multitron standard  Infors AG (Bottmingen, CH) 

Centrifuge Avanti®J-E Centrifuge 

 

Centrifuge 5427 R 

Universal 320 R 

 

Large Scale Centrifuge 

Beckman Coulter GmbH 
(Krefeld, DE) 

Eppendorf AG (Hamburg, DE) 

Andreas Hettich GmbH & Co. KG 
(Tuttlingen, DE) 

Beckman Coulter GmbH 
(Krefeld, DE) 

Cell counter CountessTM II automated cell 
counter 

Thermo Fisher Scientific 
(Waltham, MA, US) 

Chromatography System GE Akta Explorer 

Unicorn® software 

 

GE AKTA Frac-950  

Amersham Pharamcia Biotech, 
GE Healthcare (Amersham, UK)  

 

Amersham Pharamcia Biotech, 
GE Healthcare (Amersham, UK) 

CO2 incubator CB210 

MCO-18AIC 

Binder GmbH (Tuttlingen, DE) 

Sanyo Denki K.K. (Moriguchi, JP) 

Flow cytometry MACS Quant VYB Miltenyi Biotech GmbH 
(Bergisch-Gladbach, DE) 

Freezing container  NalgeneTM Freezing Container 
5100-0001 

Thermo Fisher Scientific 
(Waltham, MA, US) 

Magnetic stirrer IKA®RCT standard IKA®-Werke GmbH & Co. KG 
(Staufen, DE) 
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Microscope Axioskope 

 

LSM610 

Opera Phenix High-content 
screening system 

Carl Zeiss Microscopy GmbH 
(Jena, DE) 

Carl Zeiss Microscopy GmbH 
(Jena, DE) 

Perkin Elmer (Hamburg, DE) 

Microfluidizer M-110L Microfluidizer Microfluidics (Westwood, US) 

Microwave Micromat Duo AEG (Nürnberg, DE) 

Myocyte Analysis System  CytoCypher MultiCell High 
Throughput System   

Ionoptix (Amsterdam, NL)  

Pacer Stimulator C Type 224 

 

MyoPacer MYP100 stimulator  

Hugo Sachs Elektronik – Harvard 
Apparatus (March, DE) 

Ionoptix (Amsterdam, NL) 

Peptide spotter  AutoSpot-Robot ASS 222 
peptide spotter 

Intavis Bioanalytical Instruments 
AG (Köln, DE) 

pH meter  pH-Meter 766 Calimatic Knick Elektronische Messgeräte 
GmbH & Co. KG (Berlin, DE) 

Photometer Specord 205 

Eppendorf BioPhotometer 
Plus 

Analytic Jena (Jena, DE) 

Eppendorf SE (Hamburg, DE)  

Pipettes Eppendorf Research pipettes 

Eppendorf Xplorer pipette 

Pipetboy acu 

Eppendorf AG (Hamburg, DE) 

Eppendorf AG (Hamburg, DE) 

Integra Biosciences GmbH 
(Fernwald, DE) 

Plate reader EnSpire® Plate Reader Perkin Elmer (Waltham, MA, US) 

SDS-PAGE Mini-Protean® 
Electrophoresis Cell  

Bio-Rad Laboratories GmbH 
(Feldkirchen, DE) 

Shaker GFL 3017 Orbital Shaker 

 

IKA® MS 3 basic 

 

PTR-35 Vertical Mini Rotator 

 

RS-TR05 Tube Roller  

GFL Gesellschaft für 
Labortechnik GmbH (Burgwedel, 
DE) 

IKA®-Werke GmbH & Co. KG 
(Staufen, DE) 

Grant Instruments (Cambrigde, 
UK) 

Phoenix Instrument GmbH 
(Garbsen, DE) 
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3.1.2 Disposables  

 
Table 2: Disposable material. 

Sonicator  Sonoplus HD 2070 Bandelin electronic GmbH & Co. 
KG (Berlin, DE)  

Spectrophotometer NanoDrop®ND-1000 
Spectrophotometer 

Peqlab Biotechnologie GmbH 
(Erlangen, DE) 

Safety cabinet Thermo ScientificTM Safe 2020 Thermo Fisher Scientific 
(Waltham, MA, US) 

Thermal cycler TRIO Thermal Cycler 

ViiATM 7 Real-time PCR 
System 

Analytic Jena GmbH (Jena, DE) 

Thermo Fisher Scientific 
(Waltham, MA, US) 

Thermal mixer Thermomixer comfort Eppendorf AG (Hamburg, DE) 

Ultrasound homogenizer Sonoplus HD 2070 Bandelin electronic GmbH & Co. 
KG (Berlin, DE) 

Vacuum pump KNF Laboport® N 86 KT.18 KNF Neuberger GmbH (Freiburg, 
DE) 

Water bath GFL 1092 GFL Gesellschaft für 
Labortechnik GmbH (Burgwedel, 
DE) 

Western blot detection Odyssey® FC Li-Cor Biosciences (Lincoln, NE, 
US)  

Western blot module Mini Trans-Blot® Cell Bio-Rad Laboratories GmbH 
(Feldkirchen, DE) 

Description  Article  Supplier  

Blotting paper  Roti®-PVDF membrane, 0.45 µm Carl Roth GmbH & Co. KG (Karlsruhe, 
DE) 

Cell culture flask  Cell culture flask T75 Sarstedt AG % Co. KG (Nümbrecht, DE) 

Cell culture dishes 60 mm cell culture dish  

35 mm glass bottom dishes  

35 mm glass bottom dishes 

TPP (Trasadingen, CH) 

IBIDI (Gräfelfing, DE) 

Mattek (Ashlands, US)  

Cell counting slides CountessTM cell counting slides Thermo Fisher Scientific (Waltham, 
MA, US) 
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Columns  PierceTM Centrifuge columns Thermo Fisher Scientific (Waltham, 
MA, US) 

Cryovials Cryovials 2 mL  Carl Roth GmbH & Co. KG (Karlsruhe, 
DE) 

FACS tubes BD FACS tubes BD Bioscience (Franklin Lakes, US) 

Falcon tubes Falcon Tubes 15 and 50 mL Corning (Corning, NY, US) 

Multiwell plates Microplate, 96-well, PS, F-bottom, 
clear 

TopSeal®-A: 384- well Microplate 

 

6 well plate 

Greiner Bio-One (Kremsmünster, DE) 

 

Perkin Elmer (Waltham, MA, US) 

 

Greiner Bio-One (Kremsmünster, DE) 

Parafilm Parafilm®M sealing film  Sigma Aldrich (St. Louis, US) 

Pipettes  Serological pipettes 5 mL, 10 mL , 25 
mL, 50 mL  

Sarstedt AG & Co. KG (Nümbrecht, DE) 

Reaction tubes 

 

Dolphin tubes, 1.5 mL  

 

PCR tubes, 0.2 mL 

 

Reaction tubes, 1.5 and 2 mL 

Carl Roth GmbH % Co. KG (Karlsruhe, 
DE) 

Biozym Scientific GmbH (Hessisch 
Oldendorf, DE) 

 

Sarstedt AG & Co. KG (Nümbrecht, DE) 

Spatula TPP cell spatula TPP Techno Plastic Products AG 
(Trasadingen, CH) 

Syringes and 
needles  

100 Sterican® needle (Gr. 18) 

 

Omnifix®F-syringe, 1 mL 

B. Braun Melsungen AG (Melsungen, 
DE) 

B.Braun Melsungen AG (Melsungen, 
DE) 

Tips Filter tips Starlab International GmbH 
(Hamburg, DE) 
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3.1.3 Kits  

 
Table 3: Commercial kits. 

 

3.1.4 Software  

 
Table 4: Software. 

Kit Description Supplier (Art. no. #)  

Agilent Quick Change 
SDM XL 

Site-directed mutagenesis  Agilent Technologies (Santa Clara, US), 
#200523 

Direct-zol RNA 
Microprep Kit 

RNA purification Zymo Research (Freiburg, DE), #R2062 

FoxP3 Staining buffer 
set 

Cell permeabilization kit  Miltenyi Biotec GmbH (Auburn, US), 
#130-093-142 

NucleoSpin®Extract II kit   DNA purification from agarose 
gels 

Macherey-Nagel (Düren, DE),  

#740609.50 

NucleoSpin® Plasmid 
QuickPure   

Mini DNA purification  Macherey-Nagel (Düren, DE),  

#740615.50 

NucleoSpin®Plasmid 
Midi/Maxi   

Midi DNA preparation Macherey-Nagel (Düren, DE),  

#740410.50 

PierceTMBCA protein 
assay kit  

Protein purification  Thermo Fisher Scientific (Bonn, DE), 
#23225 

Q5®Site-directed 
mutagenesis Kit  

Site-directed mutagenesis  New England Biolabs (Ipswich, US), 
#E0554S 

qScript®cDNA synthesis 
Kit 

cDNA synthesis  Quanta Biosciences (Beverly, US),  

#95047-025 

Software  Description Supplier/ URL 

Affinity Designer   Graphics & Design Serif Labs (Nottingham, UK) 

CalTrack  Ca2+ transient analysis  https://github.com/ToepferLab/CalTrack 

CytoSolver Desktop  Ca2+ transient analysis Ionoptix (Amsterdam, NL) 

FlowJo V. 10.8.0 Flow cytometry analysis  www.flowjo.com 
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3.1.5 Antibodies  

 
Table 5: Primary antibodies used for western blotting, Flow cytometry and immunofluorescence. 

GraphPad Prism 8   Graphs and statistical analysis GraphPad Software, Inc. (San Diego, US)  

Image J 1.53a   Image processing Wayne Rasband, National institutes of health 
(US)  

IonWizard  Ca2+ transient recording Ionoptix (Amsterdam, NL) 

Microsoft Excel 2019 Spreadsheet  Microsoft Corporation (Redmond, US)  

Microsoft 
PowerPoint 2019 

Presentation Microsoft Corporation (Redmond, US) 

Microsoft Word 2019  Word processing Microsoft Corporation (Redmond, US) 

SnapGene Viewer Plasmid analysis GSL Biotech LLC (Chicago, US)  

ViiATM 7 V.7 qPCR software  Thermo Fisher Scientific (Waltham, US)  

Zotero 6.0.5 Reference manager https://www.zotero.org/download/ 

   

Antibody Application Species Supplier (Art. no. #) 

AKAP150 WB Rabbit Santa Cruz Biotechnology, #sc-
10765 

Cav1.2 WB, IP Mouse Alomone Labs, #ACC-003 

Cav1.2  WB Mouse Thermo Fisher Scientific, #MA5-
27717 

CamKII WB Rabbit Thermo Fisher Scientific, #PA5-
22168 

GAPDH   WB Rabbit Cell Signaling Technology, #2118 

GFP-Tag WB, IP Mouse Thermo Fisher Scientific, #MA5-
15256 

Hsp60   WB Rabbit Cell Signaling Technology, #4870 

Hsp90   WB Mouse Enzo Life Science, #SPA-830 

MLC2v Flow cytometry Human Miltenyi Biotec GmbH, #130-106-
184 

Myc-Tag WB Mouse Cell Signaling Technology, #2276 
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Table 6: Secondary antibodies used for western blotting and immunofluorescence. 

 

 

 

 

 

 

MyBPC3 WB Mouse Santa Cruz Biotechnology, #sc-
137180 

PDE3A WB, IP, IF Rabbit Bethyl Laboratories, A302-740A 

PKA-Ca WB  Mouse BD Bioscience #610980 

pSer/Thr PKA 
substrate 

WB Rabbit Cell Signaling Technology, #9621 

PKA RIIa WB Mouse BD Bioscience, #612243 

PLN WB Mouse Thermo Fisher Scientific, #MA3-922 

pPLN (S16) WB Rabbit Sigmal Aldrich, #07-052 

REA control 
antibody (I)-APC 

Flow cytometry  Human  Miltenyi Biotec GmbH, #130-120-
709 

REA control 
antibody (I)-FITC 

Flow cytometry  Human  Miltenyi Biotec GmbH, #130-120-
354 

TNNT2-FITC Flow cytometry Human  Miltenyi Biotec GmbH, #130-119-
575 

Troponin I WB Rabbit  Cell Signaling Technology, #4002 

pTpn I (S23/24) WB Rabbit  Cell Signaling Technology, #4004 

SERCA2 WB Mouse Thermo Fisher Scientific, #MA3-919 

Antibody Application Species Supplier (Art. no. #) 

Peroxidase (POD)-anti-
mouse IgG 

WB Donkey Jackson ImmunoResearch 
Laboratories, #705-035-151 

POD-anti-rabbit IgG  WB Donkey Jackson ImmunoResearch 
Laboratories, #705-035-152 



Material 

 30 

3.1.6 Buffers and chemicals  

 
Table 7: Composition of buffers and solutions. 

Buffer Application Composition 

Blocking buffer WB 5 % bovine serum albumine (BSA) or 5 
% skim milk in 1 x TBS-T 

Ca2+ Imaging buffer Ca2+ Imaging  135 mM NaCl, 4 mM KCl, 10 mM Hepes, 
5 mM Glucose, 1.8 mM CaCl2, 1 mM 
MgCl2, pH 7.3 

Cook Assay buffer  PKA activity assay 100 mM MOPS, 10 mM MgCl2, 1 mM 
phosphoenolpyruvate (PEP), 1 mM 
ATP, 15 U/mL Lactate dehydrogenase 
(LDH), 8.4 U/mL Pyruvatekinase, 0.2 
mM nicotinamidadenindinucleotide 
(NADH), 5 mM b-mercaptoethanol (b-
ME), pH 7 

Coomassie de-stain solution Coomassie 40 % acetic acid, 10 % ethanol  

Coomassie staining solution  Coomasssie 0.025 % Coomassie brilliant blue, 10 % 
acetic acid  

FACS buffer  Flow Cytometry 0.5 % BSA, 2 mM EDTA, DPBS 

Lämmli sample buffer (3x) WB 40 % glycerol, 8 % SDS, 0.4 
bromophenol blue, 312.5 mM Tris-HCl, 
200 mM DTT, pH 6.8 

Lysogeny broth (LB) medium Bacteria culture  10 g/L peptone, 5 g/L yeast extract, 5 
g/L NaCl, pH 7.5 

LB agar medium  Bacteria culture  10 g/L peptone, 5 g/L yeast extract, 5 
g/L NaCl, 15 g/L agar  

Phosphate-buffered saline 
(PBS) 

Cell lysis 137 mM NaCl, 2.7 mM KCL, 1.5 mM 
KH2PO4, 8.1 mM Na2HPO4, pH 7.4  

PKA Kinase buffer  PKA activity assay 40 mM Tris-HCl, 20 mM MgCl2, 0.1 
mg/mL BSA, 50 µM DTT 

PKA storage buffer  Protein purification  20 mM MOPS, 150 mM NaCl, 0.1 
mg/mL BSA, 1.5 mM b-ME, pH 7 

SDS-PAGE running buffer WB 25 mM Tris-HCl, 192 mM glycine, 0.1 % 
SDS 

Separating gel buffer WB  625 mM Tris-HCl, pH 6.8  
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Table 8: Media, chemicals and fluorescent dyes. 

Standard lysis buffer (SLB) Cell lysis  10 mM K2HPO4, 150 mM NaCl, 5 mM 
EDTA, 5 mM EGTA, 0.5 % Triton-X-100, 
pH 7.4, 0.2 % sodium deoxycholate  

Stacking gel buffer WB 750 mM Tris-HCl, pH 8.8 

TALON Buffer A Protein purification  30 mM Hepes, 500 mM NaCl, 10 mM 
Imidazole, 1 mM Benzamidine, pH 8.0  

TALON Buffer B Protein purification  30 mM Hepes, 500 mM NaCl, 300 mM 
Imidazole, 1 mM Benzamidine, pH 8.0  

Tank blot transfer buffer WB  20 mM Tris, 150 mM glycine, 10 % 
methanol, 0.02 % SDS 

TBS + Tween (TBS-T) WB 1 x TBS, 0.05 % Tween-20 

Tris-acetate-EDTA (TAE) buffer Agarose gels  40 mM Tris, 1 mM EDTA, 1.14 % (v/v) 
glacial acetic acid  

Tris-buffered saline (TBS) WB 10 mM Tris-HCl, pH 7.4, 150 mM NaCl  

Substance  Application Supplier (Art. no. #) 

30 % Acrylamide/Bis solution SDS-PAGE Bio-Rad Laboratories GmbH 
(München, DE), #1610156  

6 x DNA loading buffer blue Agarose gels New England BioLabs (Ipswich, 
US), #B7025S 

Anti-FLAG®M2 Magnetic beads  IP Sigma-Aldrich, (St.Louis, US), 
#M8823 

B-27TM supplement, 50 x Cell culture Thermo Fisher Scientific (Bonn, 
DE), #17504044 

B-27TM Minus Insulin, 50 x  Cell culture  Thermo Fisher Scientific (Bonn, 
DE), #A18956-01B27 

Bovine Serum Albumin (BSA)  WB SERVA Electrophoresis GmbH 
(Heidelberg, DE), #11926.04 

CHIR-99021 Cell culture  SelleckChem (München, DE), 
#S2924 

Cilostamide  Cell treatment  Sigma-Aldrich (St.Louis, US), 
#C7971 
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Coomassie PlusTM Protein Assay 
Reagent  

Bradford Assay Thermo Fisher Scientific (Bonn, 
DE), #1856210 

Cultrex UltiMatrix RGF Cell culture R&D Systems (Minneapolis, US), 
#BME-001-01 

DMEM, GlutaMAXTM Cell culture Life Technologies GmbH 
(Darmstadt, DE), #21885108 

DPBS (10 x) Cell culture Life Technologies GmbH 
(Darmstadt, DE), #14200067 

DRAQ5TM  FRET Thermo Fisher Scientific (Bonn, 
DE), #62251 

Essential 8 (E8) medium  Cell culture  Thermo Fisher Scientific (Bonn, 
DE), #A15171-01 

Fetal calf serum (FCS) Cell culture Biochrom AG (Berlin, DE), #S0613 

Fibronectin, human plasma   Cell culture  Sigma-Aldrich (St. Louis, US), 
#F0895 

Fluo-8®-AM Ca2+ Imaging AAT Bioquest (Sunnydale, US), 
#1345980-40-6 

Forskolin Cell treatment Biaffin GmbH & Co KG Life 
Sciences Institute (Kassel, DE), 
#PKE-FORS-050 

Fura-2/AM Ca2+ Imaging Life Technologies (California, US), 
#F1221 

GeltrexTM Cell culture  Thermo Fisher Scientific (Bonn, 
DE), #A1413302 

HyperLadderTM 1kbp Agarose gels  BioLine GmbH (Luckenwalde, DE), 
#BIO33053 

IBMX Cell treatment  Santa Cruz Biotechnology (Dallas, 
US), #28822-58-4 

ImmobilonTM Western 
Chemiluminescent HRP substrate 

WB Merck Millipore (Schwalbach, DE), 
#WBKLS0500 

Immu-MountTM IF Thermo Fisher Scientific (Bonn, 
DE), # 99-904-12 

(+)-Isoproterenol hydrochloride Cell treatment Sigma-Aldrich (St. Louis, US), 
#I5627 

Isopropyl-b-D-thiogalactopyranosid 
(IPTG) 

Protein 
purification 

Carl Roth GmbH & Co. KG 
(Karlsruhe, DE), #2316.4 
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IWR-1-endo Cell culture  SelleckChem (München, DE), 
#S7086 

KnockOutTM serum replacement Cell culture  Thermo Fisher Scientific (Bonn, 
DE), #10828028 

LipofectamineTM 2000 Transfection Thermo Fisher Scientific (Bonn, 
DE) #11669-019 

LipofectamineTM 3000 Transfection Thermo Fisher Scientific (Bonn, 
DE), #L3000-008 

LipofectamineTM Stem Transfection  Thermo Fisher Scientific (Bonn, 
DE), #15793407 

Corning® Matrigel®  Cell culture Corning, Inc. (New York, US), 
#CLS354234-1EA 

Milrinone  Cell treatment Sigma-Aldrich (St. Louis, US), 
#M4659 

OptiMEM Transfection Life Technologies GmbH 
(Darmstadt, DE), #31985 

Penicillin/Streptomycin (P/S) Cell culture Merck Millipore (Schwalbach, DE), 
#A2213 

Pluronic®F-127 Cell culture  AAT Bioquest (Sunnydale, US), 
#ABD-20050 

Precision Plus Protein Standard Dual 
color 

SDS-PAGE Bio-Rad Laboratories GmbH 
(München, DE), #1610374 

Protein-A-sepharose IP Sigma-Aldrich (St.Louis, US), 
#P3391 

RedSafeTM  Agarose gels Intron Biotechnology (Seongnam, 
KR), #21141 

RevitaCellTM Supplement, 100 x Cell culture  Thermo Fisher Scientific (Bonn, 
DE), #A2644501 

GibcoTM RPMI-1640 Cell culture  Thermo Fisher Scientific (Bonn, 
DE), #11875-093 

RPMI-1640 w/o glucose Cell culture  Thermo Fisher Scientific (Bonn, 
DE), #11879-020 

RPMI-1640, no phenol red  FRET Thermo Fisher Scientific (Bonn, 
DE), #11835030 

Skim milk powder WB Fluka Analytical/Sigma 
(Taufkirchen, DE), #70166 
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3.1.7 Beads   
 

Table 9: Beads used for protein purification, pull-down and immunoprecipitation. 

 

3.1.8 Plasmids  

 

Plasmid maps for non-commercial plasmids can be found in the appendix.  

 
Table 10: DNA plasmids. 

TRIzolTM Reagent  RNA isolation  Thermo Fisher Scientific (Bonn, 
DE), #15596026 

Trypsin-EDTA 10 x  Cell culture Biochrom AG (Berlin, DE), #L2153 

TrypLE Select 10 x  Cell culture  Thermo Fisher Scientific (Bonn, 
DE) #A1217701 

VioBility 405/452 dye  Cell culture  Miltenyi Biotec GmbH (Bergisch-
Gladbach, DE), #130-120-354 

Y-27632 Rock Inhibitor  Cell culture  SelleckChem (München, DE), 
#S1049 

Name Application  Supplier (Art. no. #) 

Glutathione 
SepharoseTM 4B 

Pull down  Cytiva (Marlborough, US), #17-0756-01 

Ni-NTA Agarose Pull down, protein purification Qiagen (Düsseldorf, DE), #30250 

Talon® Metal Affinity 
Resin  

Protein purification Takara Biotech (Kusatsu, JPN), #635503 

Name  Vector Resistance  Supplier (Art. no. #)  

CFP-rCav1.2 CFP-N1 Kanamycin Prof. Dr. Mark DelAcqua (University of 
Colorado, US) 

CFP-rCav1.2-DCRD 
EE/AA 

CFP-N1  Kanamycin custom-made  

CFP-rCav1.2-PCRD 
RR/KK 

CFP-N1  Kanamycin custom-made   
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3.1.9 Oligonucleotides   

Oligonucleotides were produced by BioTeZ Berlin-Buch GmbH (Berlin, DE) in 10 nmol scale. Primers 

were dissolved in ddH2O according to the manufacturer guidelines to get 50 µM stocks. If not otherwise 

stated, the working concentrations for the primers were 5 µM.  

 

 

 

CFP-rCav1.2-PCRD 
AAAA/ DCRD AA 

CFP-N1  Kanamycin custom-made   

CFP-rCav1.2-PCRD 
AAAAKK  

CFP-N1  Kanamycin custom-made   

CFP-rCav1.2-PCRD 
KK/ DCRD AA  

CFP-N1  Kanamycin custom-made   

Cerulean-N1 Cerulean-N1  Kanamycin Addgene, (Cambridge, US), #54742 

DCRD-Cerulean Cerulean-N1 Kanamycin selfmade 

His-DCRD-Myc  petDUET1 Ampicillin Prof. Dr. Nathan Dascal (Tel Aviv 
University, ISR)  

His-SUMO-PCRD  petDUET1 Ampicillin Prof. Dr. Nathan Dascal (Tel Aviv 
University, ISR) 

PCRD-Cerulean  Cerulean-N1 Kanamycin custom-made 

PDE3A1-D3aa-HA pcDNA3.1 Ampicillin generated by Dr. Carolin Schächterle  

PDE3A1-R862C-HA pcDNA3.1 Ampicillin generated by Dr. Carolin Schächterle 

PDE3A1-T445N-HA pcDNA3.1 Ampicillin generated by Dr. Carolin Schächterle 

PDE3A1-WT-HA pcDNA3.1 Ampicillin generated by Dr. Carolin Schächterle 

PLN-epac pcDNA3 Ampicillin Prof. Dr. Viacheslav Nikolaev 
(Universitätsklinikum Hamburg, DE) 

PKA-Venus Venus-N1 Kanamycin custom-made 

pET15b PKA-Ca pET15b Ampicillin Prof. Dr. Friedrich Herberg (Universität 
Kassel, DE) 

SERCA2-WT-Flag pcDNA3.1 Ampicillin generated by Dr. Carolin Schächterle 
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Table 11: DNA oligonucleotides used for sequencing, PCR, qPCR and cloning. 

*designed by Dr. Carolin Schächterle  

Name  Application DNA sequence 5’-3’  

ACTC1_Fwd qPCR  GACCTTCAATGTCCCTGCCA* 

ACTC1_Rev qPCR ACCATCCCCAGAGTCCAGAA* 

Cav1.2_CFP Sequencing AGCTCAAGCTTCGAATTCTGC 

Cav1.2_1 Sequencing CAACCTGGAACGAGTGGAAT 

Cav1.2_2 Sequencing AGAAGCAGCAGCTGGAAGAG 

Cav1.2_3 Sequencing CGACAATTTCCCGCAGTC 

Cav1.2_4 Sequencing CCTGCACAAGGGCTCTTTCT 

Cav1.2_5 Sequencing ATGTTCGTCCTCATCCTGCT 

Cav1.2_6 Sequencing  CCCACCATCTGGATGAATTT 

Cav1.2_7 Sequencing  CAGCAGCTACTCGTCCACC 

Cav1.2_8 Sequencing  CCAGGGGAGACAGTTCCAT 

Cav1.2_segment_fwd Sub-cloning AATGAAGCTTCCTTCCTGATCATCAATCTCT 

Cav1.2_segment_rev Sub-cloning CATTCTCGAGGCTGTTCCGGTTAACTCCAGG 

CMV-F Sequencing CGCAAATGGGCGGTAGGCGTG 

DCRD_foward Sub-cloning AATGGCTAGCATGAGACAGTTCCATGGCAGCGCCAG 

DCRD_reverse Sub-cloning  TGCTTACTCGAGTTAGCTCTGCCGGGCGCC 

DCRD_AA_fwd SDM GCGATCTGACCATAGCGGCGATGGAGAACGCGGC 

DCRD_AA_rev SDM GCCGCGTTCTCCATCGCCGCTATGGTCAGATCGC 

DuetDOWN1 Sequencing GATTATGCGGCCGTGTACAA 

EXFP_rev PCR, Sequencing GTCTTGTAGTTGCCGTCGTC 

GAPDH_Fwd qPCR AGCCACATCGCTCAGACAC* 

GAPDH_Rev qPCR GCCCAATACGACCAAATCC* 

hPKA-fwd Sub-cloning AATGGCTAGCATGGGCAACGCCGCCGCCGCCAA 

hPKA-rev Sub-cloning CATTAAGCTTAAACTCAGAAAACTCCTTGCCAC 
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MYBP3_fwd qPCR CCTTCATGCCTATCGGTCCC 

MYBPC3_rev qPCR GTACTCCACGCTGTAGCCAT 

MYH7_Fwd qPCR CGCCATCATGCACTTTGGAAA* 

MYH7_Rev qPCR CCCATGAGGTAGGCAGACTTG* 

NPPA_Fwd qPCR GTCAGACCAGAGCTAATCCCA* 

NPPA_Rev qPCR GCTTCTTCATTCGGCTCACTG* 

NPPB_Fwd qPCR TTCAGCCTCGGACTTGGAAAC* 

NPPB_Rev qPCR AGGGATGTCTGCTCCACCT* 

PCRD_forward Sub-cloning  TAAGCAGCTAGCATGGGCAAGCCCTCCCAGAGGA 

PCRD_reverse Sub-cloning TGCTTACTCGAGTTAGGTCTGGGGGAAGGCGCT 

PCRD_AAAA_fwd SDM ACTCTGCACGACATCGCGGCTGCGGCCCGACGGGCC
ATCTCC 

PCRD_AAAA_rev SDM GGAGATGGCCCGTCGGGCCGCAGCCGCGATGTCGTG
CAGAGT 

PCRD_KK_fwd SDM GACATCGGGCCTGAGATCAAAAAGGCCATCTCCGGA
GACCT 

PCRD_KK_rev SDM AGGTCTCCGGAGATGGCCTTTTTGATCTCAGGCCCGA
TGTC   

PCRD_AAAAKK_fwd  SDM GACATCGCGGCTGCGGCCAAAAAGGCCATCTCCGGA
GACCT 

PCRD_AAAAKK_rev  SDM AGGTCTCCGGAGATGGCCTTTTTGGCCGCAGCCGCGA
TGTC   

PDE3A catalytic domain 
Fwd 

Sequencing ATCCCTGCCTTGGAGTTGATG* 

PDE3A end Fw Sequencing  AGTCGCACTCTTCAGAACAGA* 

PDE3A exon 4 Fw Sequencing CTCCTGGCAGACCCTTCTCTT*  

PDE3A start Fw Sequencing  CAAGGGAATCCTGCTGATGAG* 

pET upstream  Sequencing  ATGCGTCCGGCGTAGA 

SERCA2_254 Sequencing  AGATGAATTTGGGGAACAGC* 

SERCA2_596 Sequencing  AGACCAATCTGACCTTCGTTGG* 
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3.1.10 Enzymes and Cloning reagents  

 
Table 12: Enzymes, PCR and qPCR reagents. 

SERCA2_907 Sequencing  GAAATGTGTAACGCCCTCAACA* 

T7 Promoter  Sequencing  TAATACGACTCACTATAGG 

T7 Terminator  Sequencing  GCTAGTTATTGCTCAGCGG 

qPCR_LTCC_Fwd qPCR AGCTGCCTGTTCAAAATCGC 

qPCR_LTCC_Rev qPCR GGGATCACTAAAGTAACCCTTGG 

qPCR_PDE3A_Fwd qPCR ATTCCAGGCCTCTCAACTGT* 

qPCR_PDE3A_Rev qPCR CATACAGCGCCATCAACTCC* 

qPCR_SERCA2_Fwd qPCR CTGCAACTCAGTCATTAAACAGC 

qPCR_SERCA2_Rev qPCR CACCTTCAGGAGCACCCTTC 

qPCR_TpnI_Fwd qPCR CGTGTGGACAAGGTGGATGAAG 

qPCR_TpnI_Rev qPCR GCCGCTTAAACTTGCCTCGAAG 

XL39 Sequencing  TAGGACAAGGCTGGTGG 

Reagent Concentration Supplier (Art. no. #) 

Bcl I 10,000 U/mL New England Biolabs (Ipswich, US), #R0160S 

CutSmart Buffer  10 x  New England Biolabs (Ipswich, US), #B7204S 

dNTP mix  5 mM  Roboklon GmbH (Berlin, DE), #E2800-04 

Dpn I 20.000 U/mL New England Biolabs (Ipswich, US), #R0176S 

Hind III 20.000 U/mL New England Biolabs (Ipswich, US), #R0104S 

Hpa I 5.000 U/mL New England Biolabs (Ipswich, US), #R0105S 

Nhe I-HF® 20.000 U/mL New England Biolabs (Ipswich, US), #R3131S 

Taq DNA Polymerase 400 units New England Biolabs (Ipswich, US), 
#M0267S 

T4 ligase  400.000 U/mL New England Biolabs (Ipswich, US), #R0176S 

T4 ligase reaction buffer 10 x  New England Biolabs (Ipswich, US), #R0176S 
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3.1.11 Bacterial strains   

 
Table 13: Bacterial strains used for molecular cloning and protein purification. 

 

3.1.12 Eukaryotic cell lines    

 
Table 14: Eukaryotic cell lines. 

3.1.13 Peptides 

 
Table 15: Peptides. 

 

 

 

 

 

 

PowerSYBRTMGreen Master Mix  2 x Thermo Fisher Scientific (Waltham, US), 
#4367659 

Xho I 20.000 U/mL New England Biolabs (Ipswich, US), #R0176S 

Strain Genotype Supplier (Art. no. #) 

E.Coli DH5-a fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 
Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 

New England Biolabs 
(Ipswich, US), #C2987H 

RosettaTM2(DE3) 
SinglesTM   

F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE2 
(CamR) 

Sigma-Aldrich (St. Louis, 
US), #71400 

Cell line  Description  Culture medium Supplier (Art. no. #) 

HEK293 Human embryonic 
kidney cell line 

DMEM-GlutaMAXTM, 10 % FCS, 
1 % P/S 

Deutsche Sammlung von 
Mikroorganismen und 
Zellkulturen GmbH (DSMZ, 
Braunschweig, DE) #ACC305 

Name  Sequence  Supplier (Art. no. #) 

Kemptide  LRRASLG-NH2 #BS590 
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3.1.14 Proteins  

 
Table 16: Recombinant proteins. 

 

 

Name  Species  Size (kDa) Concentration Supplier (Art. no. #) 

PKA-Ca  Bovine 40  Promega Corporation, 
#V5161 

PKA-Ca Human  40 30 U/mg  Prof. Dr. Fitz Herberg 
(Kassel, DE) 

PKA- RIα Human  43  130 mg/mL  Prof. Dr. Fitz Herberg 
(Kassel, DE) 

GST-PKA-RIIβ 
Fraction A7 

Human 43  Dr. Ryan Walker Gray 
(Klussmann lab) 

His-DCRC-Myc    Rabbit  11.5 0.5-1.4 mg/mL Prof. Dr. Nathan Dascal (Tel 
Aviv)  

His-DCRD-Myc 
Fraction C1 

Rabbit  11.5  1.4 mg/mL  custom-made 

His-SUMO-PCRD Rabbit  18  0.1-0.5 mg/mL  custom-made 
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3.2 Methods 

3.2.1 Peptide spot array  

 

In collaboration with Dr. Kerstin Zühlke (Klussmann lab), mouse PKA-CSa (Genbank #NM_008854) was 

spot-synthesized as 25-mer peptides on a membrane using an AutoSpot Robot ASS 222 device (Intavis 

Bioanalytical Instruments, Cologne, Germany) and the membrane was incubated with 0.1 µM 

recombinant His-DCRD-Myc or His-SUMO-PCRD at 4°C overnight in 50 mM Tris pH 7.4, 5 mM MgCl2. 

Binding of DCRD or PCRD to PKA-CS was analyzed using anti-His Tag antibody (PCRD) or anti-Myc Tag 

(DCRD).  

 

3.2.2 Generation of mammalian expression plasmids  

 

For overexpression of DCRD and PCRD in HEK293 cells, both DNA segments were cloned from pET-

DUET1 vector into Cerulean-N1 using the restriction enzymes Nhe I-HF and Xho I (both 20 U) in 1 x 

CutSmart buffer (NEB). DCRD and PCRD inserts were amplified from pET-DUET1 vector and Nhe I and 

Xho I restriction sites inserted using primers with a non-homologous overhang (DCRD_forward, 

DCRD_reverse, PCRD_forward and PCRD_reverse) (Table 11).  

For expression of PKA-CS, Nhe I-HF and Hind III restriction sites were added to the human PKA-CS 

sequence via PCR. The amplified sequence was inserted into Venus-N1 vector using the Nhe I and Hind 

III restriction enzymes (both 20 U).  

The cut DNA sequence was ligated with T4 DNA ligase (400,000 cohesive end U/mL) and transformed 

into chemically competent E.Coli DH5a by heat shock. The plasmid DNA was isolated from bacteria 

using the NuceloBondÒ Xtra Midi Kit (Macherey-Nagel) according to the manufacturer protocol. The 

correct orientation of the insert was verified by Sanger sequencing (LGC Genomics, Berlin, Germany).  

 

3.2.3 Cell culture and transfection  

 

The cell line HEK293 was grown in DMEM-GlutaMAXTM (Thermo Fisher Scientific, Waltham, USA) 

supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin (100 U/mL) and 

maintained at 37°C in 5% CO2 atmosphere.  

For transfection with DCRD-Cerulean, PCRD-Cerulean and PKA-CSa-Venus, HEK293 cells were seeded 

in 60 mm cell culture dishes at a density of 1.5*106 cells in 5 mL DMEM without antibiotics. After 24 h, 
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HEK293 cells were transfected with 2 µg plasmid DNA using polyethylenimine (PEI) cationic polymer. 

Immunoprecipitation experiments were conducted 48 h after transfection. 

For transfection with CFP-rCav1.2 and PKA-CSa-Venus, the cells were seeded in 60 mm dishes aiming 

for 50% confluence on day 1. After 24h, HEK293 cells were transfected with 2.2 µg DNA using 

equimolar ratios of CFP-rCav1.2 a1c and PKA-CSa-Venus constructs and Lipofectamine 2000 reagent. 

After 24 h, cells were lysed and used for immunoprecipitation as described in section 3.2.4.  

 

3.2.4 Cell lysis, immunoprecipitation and Western blotting  

 

Transfected HEK293 cells were washed with ice-cold PBS and lysed in 500 µL standard lysis buffer (SLB) 

supplemented with protease and phosphatase inhibitors (0.5 mM Benzamidine, 0.5 mM 

phenylmethansulfonyl fluoride, 3.2 µg/mL trypsin-inhibitor, 2 µg/mL aprotinin, 50 mM NaF, 0,1 mM 

Na3VO4,). For removal of cell debris, the suspension was centrifuged at 14,000 rpm for 15 min at 4°C 

and protein concentration of the supernatant was determined using Bradford assay. For the input 

sample, 30 µg of total protein was diluted in 3 x Lämmli sample buffer (40% glycerol, 8% SDS, 0.4 

bromophenol blue, 312.5 mM Tris-HCl, 200 mM DTT, pH 6.8) and stored at -20°C.  

For immunoprecipitation of YFP-tagged PKA-CS protein from HEK293 cells, 1 mg of protein was 

incubated with 50 µL Protein A-conjugated Sepharose beads (Sigma) and 2 µg of the appropriate 

antibody (anti-PKA-CSa, BD Bioscience) for 2 h at RT. The beads were washed three times in lysis 

buffer, proteins eluted using 3 x Lämmli sample buffer and analyzed by Western blotting.  

For immunoprecipitation of CFP-rCav1.2 a1c, 1 mg of total protein was incubated with 1 µg anti-Cav1.2 

a1c antibody (ACC-003, Alomone labs) and rotated at 4°C overnight. The next day, the beads were 

washed three times with 500 µL SLB and proteins eluted with 30 µL 3 x Lämmli sample buffer.  

For Western blotting, input and eluted proteins were denatured for 10 min at 95°C and separated by 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Transfer of the proteins onto a polyvinylidene 

fluoride (PVDF) membrane was conducted using the wet tank blot method at 100 V for 90 min. Blocking 

of nonspecific protein binding was performed in either 3% BSA, 5% BSA or 5% milk in TBS (10 mM Tris-

HCl pH 7.4, 150 mM NaCl) for 1 h at RT. The following primary antibodies were used: mouse anti-PKA-

CSα (1:1000) and mouse anti-GFP Tag (1:1000). Membranes were incubated with the primary antibody 

diluted in blocking solution for either 2 h at RT or overnight at 4°C. Afterwards, membranes were 

washed three times in TBS-T (TBS + 0.05% Tween-20) and incubated with mouse specific horseradish 

peroxidase (POD)-coupled antibody (1:5000) for 1 h at RT. For detection, membranes were again 

washed for three times in TBS-T, incubated with Immobilon Western chemiluminescent HRP substrate 
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(Thermo Fisher Scientific) and detected at an Odyssey Fc Imaging System (LI-COR Biotechnology, 

Lincoln, USA).  

 

3.2.5 Recombinant protein purification of channel fragments  

 

pDu-8His-SUMO-Tev-PCRD and pDu-8His-Tev-DCRD-Myc vectors for the expression of His-SUMO-

PCRD and His-DCRD-Myc were kindly provided by the laboratory of Prof. Dr. Nathan Dascal (Tel Aviv, 

Israel).  

Plasmid DNA was transformed into chemically competent RosettaTM (DE3) bacteria using heat shock 

method. The transformed bacteria were inoculated in LB medium and grown overnight in a shaking 

incubator at 37°C, 220 rpm. The next day, a glycerol stock was prepared for each construct, by diluting 

the liquid culture 1:1 with 100 % glycerol. Glycerol stocks were stored at -80°C until usage.  

For recombinant protein purification, 50 µL of the glycerol stock was spread on an agar plate containing 

ampicillin (100 µg/mL). Plates were incubated overnight at 37°C, 5% CO2 and bacteria detached from 

the plates the next day, using 10 mL LB medium per plate. Bacteria suspensions were inoculated in 800 

mL LB-medium containing 100 µg/mL ampicillin. Cultures were incubated at 37°C, 220 rpm until they 

reached an OD600 of 0.6-0.8. Cultures were inoculated with 0.375 mM isopropyl b-D-1-

thiogalactopyranoside (IPTG) and incubated overnight at 16°C, 220 rpm. The next day, bacteria 

cultures were centrifuged at 4,500 x g for 10 min at 4°C and bacteria pellet resuspended in 35 mL Talon 

A buffer (with protease inhibitor, Thermo Scientific). The pellet was homogenized with a Sonicator (30 

sec at 20 kHz) and disrupted using microfluidizer. The sample was centrifuged at 25,000 x g for 35 min 

at 4°C and the supernatant added to a TALON Metal affinity resin (Takara Bio Europe). The supernatant 

and beads were incubated on a rolling device for 3 h at 4°C, followed by centrifugation of the beads at 

1,000 x g for 15 min at 4°C, washing for 3 times with Talon A buffer and application of the bead 

suspension to PierceTM centrifuge columns (Thermo Scientific). The proteins were eluted with Talon B 

buffer and the columns incubated on a rolling device for 30 min at 4°C. The sample was eluted from 

the column and applied to the AKTA FPLC device (Amersham Bioscience). The fractions containing the 

desired protein were collected and snap frozen in liquid nitrogen. Proteins were stored at -80°C. 

 

3.2.6 Coomassie staining and BCA assay 

 

To analyze protein integrity and estimate the protein concentration for each purification, the protein 

suspension was diluted 1:5 in H2O and 5 µL 3 x Lämmli buffer added. Samples were denatured for 10 
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min at 90°C before loading. Proteins were separated on a 15% SDS-PAGE gel and stained for 1 h with 

Coomassie reagent. To remove the staining solution, the gel was incubated for 3 h with de-stain 

solution, slowly rotating.  

To determine the protein concentration, the PierceTM BCA protein assay kit was used according to the 

manufacturer instructions (Thermo Fisher).  

 

3.2.7 Pull down  

 

To analyze if His-DCRD-Myc or His-SUMO-PCRD interfere with PKA-RIIb binding to PKA-CSa, 2 µg of 

GST-PKA-RIIb was pulled down with 25 µL of gluthadione-beads in pull down buffer (20 mM HEPES pH 

7.5, 200 mM NaCl, 1 mM Benzamidine, 1 mM EDTA, 2 mM DTT, 0.05% Tween-20) for 2 h at RT in the 

presence of 1 µg PKA-CSa and various concentrations of DCRD or PCRD. After 2 h, the beads were 

washed two times with pull down buffer and spun down at 1000 x g for 1 min. For elution, 30 µL of 3 

x Lämmli buffer was added to the beads and incubated for 10 min at 95°C. Samples were run on an 

SDS-PAGE for protein separation and stained using Coomassie solution.  

 

3.2.8 Cook Assay  

 

In this assay, the human PKA-CSa activity in the presence of the two channel fragments was derived 

from a three-step reaction as described previously (Cook et al., 1982). This enzymatic assay is based 

on a reaction chain where ADP accumulates during kemptide (sequence: LRRASLG) phosphorylation 

and is used by Pyruvate kinase to transform phosphoenolpyruvate into pyruvate and ATP. In a third 

reaction, the pyruvate is used to transform pyruvate + NADH + H+ into lactate + NAD+. The decrease of 

NADH + H+ is measured at 340 nm and can directly be correlated to PKA-CS activity (Cook et al., 1982). 

The assay buffer contained 100 mM MOPS pH 7, 10 mM MgCl2, 1 mM phosphoenolpyruvate, 1 mM 

ATP, 2.5 mM β-Mercaptoethanol, 113 U/mL lactate dehydrogenase, 63 U/mL pyruvate kinase, 0.1 

mg/mL BSA and NADH. For the measurement, 1 µM or 10 µM of His-DCRD-Myc or His-SUMO-PCRD 

were added to 100 µL assay mix. 30 nM of human PKA-CSa was added, and the reaction started by 

addition of 260 µM kemptide. NADH depletion was measured using spectrophotometer (Specord 205, 

Analytic Jena) at a wavelength of 340 nm for a time period of 30 sec. The slope of each measurement 

was calculated in the WinAspect software and the values exported to Prism V for statistical analysis.  

 



Methods 

 45 

3.2.9 ADP-Glo Assay 

 

The ADP-GloTM Assay (Promega, Germany) is a luminescence-based kinase assay in which the amount 

of produced ADP is proportional to the luminescence signal. The ADP is a product of the PKA-mediated 

phosphorylation reaction, in which one phosphor from ATP is used. Here, 20 nM bovine PKA-CS was 

incubated with kemptide as substrate in PKA kinase buffer (40 mM Tris-HCl, pH 7.4, 20 mM MgCl2, 0.1 

mg/mL BSA, 50 µM DTT). 10 µM of His-DCRD-Myc or His-SUMO-PCRD were added to the reaction mix. 

To inhibit kinase activity, 30 µM of H89 were added. Samples were diluted in PKA kinase buffer and 

reactions set up in a 384 well plate. Kinase reaction was conducted for 5 min at RT. The reaction was 

stopped by addition of 5 µL ADP Glo reagent and the plate incubated for 40 min at RT. 10 µL of kinase 

detection reagent was added and the plate incubated for 30 min at RT. The luminescence was recorded 

using a Tecan plate reader with an integration time of 0.5 sec.  

 

3.2.10 Molecular cloning  

3.2.10.1 Site-directed mutagenesis  

 

As a template, rabbit Cav1.2 a1c in pcDNA3 was used. Because of the size of the template vector 

(~12,000 bp), in a first approach the part of the vector covering the DCRD and PCRD sites was cut out 

using Hind III and Xho I (20 units each) restriction sites and ligated into pCMV6-Entry vector using T4 

DNA ligase (New England Biolabs).  

For site-directed mutagenesis the Agilent Quick Change II XL Kit (Agilent Technologies) was used 

according to the manufacturer’s instructions (Table 18, 19).  

Primer pairs DCRD_AA_fwd, DCRD_AA_rev, PCRD_AAAA_fwd, PCRD_AAAA_rev, PCRD_KK_fwd, 

PDRD_KK_rev and PCRD_AAAAKK_fwd, PDRD_AAAAKK_rev (Table 11) were used to introduce the 

different point mutations. The PCR product was then Dpn I digested and transformed into DH5a 

competent cells. The next day, single colonies were picked from the plate and analyzed via Colony PCR 

(Table 19, 20).  

 

Table 17: Quick Change II XL reaction mix. 

Reagent Stock Concentration Final concentration/volume 

Reaction buffer 10 x 1 x 

DNA template - 10 ng  
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Table 18: Thermo cycler parameters. 

 

 

Table 19: Colony PCR reaction mix. 

 

 

Forward primer  5 µM 125 ng  

Reverse primer  5 µM 125 ng  

dNTP mix -  1 µL 

Quick Solution Reagent -  3 µL 

H2O - Up to 50 µL final  

Segment Cycles Temperature Time  

1 1 95 °C 1 minute 

2 

  

18 

 

95 °C 50 seconds 

60 °C  50 seconds 

68 °C 1 min/kb of plasmid length  

3 1 68 °C 7 minutes 

Reagent Stock Concentration Final concentration/volume 

Reaction buffer 10 x 1 x 

DNA template - In 10 µL H2O  

Forward primer  5 µM 200 nM  

Reverse primer  5 µM 200 nM   

dNTP mix 5 mM 200 µM 

Taq DNA Polymerase -  0.625 units  

H2O - Up to 25 µL final  
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Table 20: Thermo cycler parameters for Colony PCR. 

 

10 µL of the PCR product was run on a 1% agarose gel at 120 V for 1 h. Bacteria containing the desired 

plasmid construct were grown in LB medium overnight and the DNA isolated the next day using 

NucleoSpin Plasmid Mini Kit according to the manufacturer instructions (Macherey-Nagel). Successful 

mutation of the target site was confirmed by Sanger sequencing (LGC Genomics, Berlin). In the last 

step, mutated regions were put back into the original construct using Bcl I and Hpa I (20 units each) 

restriction sites. After restriction digest, samples were run on a 1% agarose gel at 100 V for 1 h and 

DNA purified from the gel using NucleoSpin gel and PCR clean-up kit as described in the manufacturer’s 

protocol (Macherey-Nagel). The digested DNA sequence was added to the digested vector backbone 

and ligated using T4 DNA ligase (New England Biolabs). Correct insertion of the mutated sequence was 

confirmed by sequencing using primers listed in table 11 (LGC Genomics, Berlin).  

 

3.2.10.2 Sub-cloning into CFP-rCav1.2 vector   

 

To express rCav1.2 a1c in HEK293 cells, the mutated DCRD and PCRD segments in pCMV6-Entry, 

created as described in section 3.2.10.1, were sub-cloned into CFP-rCav1.2 a1c vector (kindly provided 

by Prof. Dr. Mark DelAcqua, Colorado, US). For this approach, mutated segments were cut from 

pCMV6-constructs using Bcl I and Hpa I (20 units each) restriction sites. The mutated segments were 

separated from the vector backbone on a 1% DNA agarose gel, purified from the gel and ligated into 

CFP-rCav1.2 a1c using T4 DNA ligase (New England Biolabs) and transformed into DH5a. Clones were 

analyzed the next day using Colony PCR with CMV-F and pBABE3’ primers. Positive clones were 

inoculated in LB medium, the DNA isolated the next day and confirmed via sequencing (LGC Genomics).   

 

Segment Cycles Temperature Time  

1 1 95 °C 30 seconds 

2 

  

18 

 

95 °C 20 seconds 

60 °C  30 seconds 

68 °C 1 min/kb of plasmid length  

3 1 68 °C 5 minutes 
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3.2.11 Analysis of the potential interaction between the LTCC and PDE3A 

 

To study the interaction of PDE3A and the LTCC a1c subunit, PDE3A1- and PDE3A2-HA constructs were 

overexpressed with the LTCC a1c subunit and AKAP150 in HEK293 cells as described in section 3.2.3. 

After 24 h, the cells were lysed as described in section 3.2.4. PDE3A1- or PDE3A2-HA constructs were 

precipitated from the HEK293 cells using anti-HA magnetic beads and the potential co-

immunoprecipitation (Co-IP) of the LTCC a1c subunit and AKAP150 studied performing Western blot 

method. For detection the following antibodies were used: anti-Cav1.2 (Alomone labs, 1:1000), anti-

PDE3A (1:1000), anti-AKAP150 (1:1000), anti-GAPDH (1:1000) and anti-PKA-CS (1:1000).  

For the overlay experiments, the C terminus of the a1c subunit was spotted on a membrane as 

described in section 3.2.1. PDE3A1-Flag was transiently expressed in HEK293 cells and isolated from 

the cells after 24 h using anti-Flag magnetic beads (this experiment was carried out by Dr. Ryan Walker-

Gray, Klussmann lab). The protein was eluted from the magnetic beads via competitive binding of Flag 

peptide (200 µg/mL) for 15 min at RT. The protein concentration was determined using Bradford 

protein assay. For the detection of PDE3A, the membrane was stained with anti-PDE3A (1:1000) 

antibody.  

 

3.2.12 hiPSC culture and differentiation to cardiomyocytes   

 

hiPSCs were mutated and characterized by Michael Mücke (Hübner lab, MDC) using TALEN’s and 

CRISPR/Cas9 approach to express T445N or R862C substitutions. Single clones were analyzed for 

successful insertion of the mutation using Sanger sequencing. Since the R862C substitutions is less 

penetrant in humans but also in our animal model (Ercu et al., 2022, accepted for publication) the 

homozygous mutation was introduced into the iPSCs (Figure S1).  

For differentiation, hiPSCs were seeded at 1:12 ratio on Matrigel-coated (1:100) 6-well plates on day  

-3 and cultured in Essential (E8) medium under normoxia conditions (37°C, 5 % CO2). The medium was 

changed every day. The iPSCs were differentiated to cardiac myocytes using a protocol comprising 

Wnt-pathway activation and inhibition with small molecules. The activation of the Wnt-signaling 

pathway (with CHIR-99021) induced stem cell differentiation into the endo- and mesodermal state 

(Hödar et al., 2010; Laco et al., 2018; McCubrey et al., 2014). To induce cardiac differentiation via 

inhibition of the Wnt-pathway the small molecule, IWR-1-endo, was added to the cell culture medium 

(Lian et al., 2013). Enrichment for cardiac myocytes was achieved by metabolic selection using culture 

medium without glucose. The cardiomyocytes in contrast to non-differentiated cells were able to 

survive under glucose depletion 
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As soon as hiPSCs reached 90-95 % confluence, differentiation was initiated by replacing the medium 

with cardiac priming medium (RPMI-1640, B-27 minus Insulin (1 x), 10 µM CHIR). On day one, 4 mL of 

basal medium (RPMI-1640, B-27 minus insulin (1 x)) was added to each well. On day three, the medium 

was replaced with 4 mL cardiac induction medium (RPMI-1640, B27 minus Insulin (1 x), 5 µM IWR-1) 

and on day 5, without removing the previous medium, 4 mL basal medium was added. On day 7, the 

medium was replaced with 2 mL cardiac maintenance medium (RPMI-1640, B27 (1 x)). In between 

days 9 and 11, cardiomyocytes were metabolically selected using cardiac selection medium (RPMI-

1630 without glucose, B27 (1 x)), on day 11 medium was replaced by cardiac maintenance medium. 

On day 15, cells were replated on Matrigel-coated (1:60) 6-well plates at a density of 1.5*106 cells/well 

(Figure 6, differentiation scheme). 

  

 

Figure 6: hiPSC to cardiomyocyte differentiation scheme. CHIR-99021 was used at 10 µM concentration and IWR-1 at 5 µM.  

 

3.2.13 Flow cytometry 

 

hiPSC-CMs were dissociated on day 45 using 10 x TrypLE reagent for 12 min. The viability of the cells 

was determined by staining the cells with VioBility 405/452 (Miltenyi Biotech) dye for 20 min at RT, 

followed by fixation using the FoxP3 Kit (Miltenyi Biotech) and cardiac marker proteins stained with 

anti-TNNT2-FITC (1:10) (Miltenyi Biontech) and anti-MLC2v-APC (1:10) (Miltenyi Biontech) according 

to the manufacturer’s instructions. For the isotype control, cells were stained with REA-APC antibody 

(1:50) and REA-FITC antibody (1:50). Cells were analyzed on a MACSQuant VYB (Miltenyi Biontech) 

device and data analyzed using FlowJo V.10 software. The gating strategy that is based on the isotype 

control sample is shown in Figure S3.  

 

3.2.14 Ca2+ Imaging using Fluo-8  

 

On day 45, cells were seeded on fibronectin-coated glass bottom dishes (35 mm, IBIDI) at a density of 

60,000 cells/dish and medium was changed every second day for another 7-10 days. On the day of the 



Methods 

 50 

experiment, cells were loaded with 2 µM Fluo-8-AM Ca2+ binding dye in the presence of 0.01% Pluronic 

F-127 acid for 10 min at 37°C, 5% CO2. Cells were washed two times with imaging buffer and kept at 

37°C, 5% CO2 for 20 min to recover. To synchronize the contraction of the cells for imaging, the cells 

were paced at 10 V, 0.5 Hz with a 2 ms biphasic pulse at RT using Stimulator C pacer. The 

measurements were conducted on a Zeiss NLO with the following microscope settings: 40 x objective, 

laser = 488 nm, pinhole = open. Images were acquired in line scan mode with 20,000 lines and 1.92 ms 

per line. For the treatment with 0.2% DMSO, 1 µM isoproterenol, 20 µM cilostamide or the 

combination of both, the imaging buffer was replaced with 1 mL fresh buffer containing the compound 

and the dish incubated for 10 min at RT before conducting another round of line-scan measurements. 

The data analysis was conducted by Michael Mücke converting the lsm-images to a Matlab format 

used as an input for CalTrack (Psaras et al., 2021) (Figure 7). The derived Ca2+ transient parameters are 

summarized in table 21.  

 

 

Figure 7: Flow chart depicting the major steps of the Ca2+ imaging data analysis. The line-scan images were converted to a 

Matlab format and this used as an input to run the CalTrack analysis pipeline. The resulting data sets were further filtered 

and plotted in Prism. Each step except for the plotting of the data was done by Michael Mücke (Hübner lab, MDC Berlin).  
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Table 21: Ca2+ transient parameters derived for hiPSC-CMs with CalTrack. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.15 Ca2+ Imaging using Fura-2 dye  

 

On day 45, cells were seeded on fibronectin-coated glass bottom dishes (35 mm, MatTek) at a density 

of 60,000 cells/dish and medium changed every second day for 7-10 days. The Ca2+ measurement with 

the Ionoptix device was performed by Dr. Rene Jüttner (Gotthardt lab, MDC Berlin). On the day of the 

experiment, cells were loaded with 1 µM Fura-2-AM Ca2+ binding dye for 30 min at 37 °C. The cells 

were washed with Ca2+ imaging buffer. After 30 min of recovery, the cardiomyocytes were field 

stimulated with a supra-threshold voltage of 10 V at a frequency of 20 Hz (bipolar pulse, 5ms) for 10 s 

using a pair of platinum wires on opposite sides of the chamber. Ca2+ transients were recorded at 250 

Hz using IonWizard data acquisition software and the transients calculated by CytoSolver Desktop. The 

transients were analyzed by Michael Mücke (Hübner lab, MDC Berlin) using the CalTrack algorithm.  

 

Parameter Unit Description 

CD ms Duration of the Ca2+ transient  

CD90  ms Time Ca2+ is above 90 % of the signal   

CD50  ms Time Ca2+ is above 50 % of the signal   

CD10  ms Time Ca2+ is above 10 % of the signal   

Ton  ms  Time at which Ca2+ is maximal  

Ton90  ms  Time to 90 % contraction (from T0) 

Ton50   ms  Time to 50 % contraction (from T0) 

Ton10   ms  Time to 10 % contraction (from T0) 

Toff ms Time from peak to Tend 

Toff90 ms Time to 90 % relaxation from peak  

Toff50 ms Time to 50 % relaxation from peak  

Toff10 ms Time to 10 % relaxation from peak  

T0 ms  intersection between signal (before peak) and baseline 

Tend ms intersection between signal (after peak) and baseline 
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3.2.16 hiPSC-CMs RNA isolation, cDNA synthesis and qPCR  

 

To induce hypertrophy in hiPSC-CMs, the cells were seeded in 12-well plates on day 45 of 

differentiation and left to recover for 5-7 days. At day 50-52, cells were treated with endothelin-1 (ET-

1) for 72 h, with the medium being changed every 24 h containing fresh ET-1. For cell lysis, each well 

was washed with PBS (-/-), 300 µL Trizol reagent was added and cell membranes destroyed using 

syringes. For RNA isolation, the Directzol RNA Microprep Kit (Zymo Research) was used and RNA eluted 

in 15 µL water. RNA quality and integrity was analyzed on a BioAnalyzer (Figure S2) and the RNA 

concentration determined using NanoDrop.  

For cDNA synthesis, 500 ng RNA was transcribed using qScript cDNA synthesis kit according to the 

manufacturer’s instructions (Quantabio, USA). 14 ng cDNA have been used for the qPCR reaction mix 

using Power SYBRTM Green PCR master mix (Thermo Fisher Scientific) (Table 22) and the primers listed 

in Table 11. The plate was centrifuged at 1,200 x g for 5 min and the measurement conducted in a 

ViiA7 qPCR device with the following settings: 40 cycles, 95°C/15 sec and 1 min of 60°C. Relative gene 

expression levels were calculated using DDCt method. In the first step the relative expression of the 

target gene to the housekeeping gene (here: GAPDH) was calculated (DCt). Next, the values of the 

treated cells were corrected for the values of control cells (DDCt = treated – untreated). In the last step 

the 2-DDCt value was calculated and plotted.  

 

Table 22: qPCR reaction mix per well  

 

 

3.2.17 Protein and gene expression in hiPSC-CMs 

 

hiPSC-CMs at day 45 were sedimented by centrifugation at 300 x g for 3 min and cell pellets lysed in 

300 µL standard lysis buffer (SLB) containing protease and phosphatase inhibitors as described in 

section 3.2.4. Cells were passed through a syringe and spun down at 14,000 rpm for 15 min at 4°C. The 

supernatant was transferred into a new tube and protein concentration determined using Bradford 

Reagent Stock Concentration Final concentration/volume 

SYBRGreen Master Mix - 10 µL 

cDNA template 25 ng/µL 14 ng  

Forward primer  5 µM 350 µM  

Reverse primer  5 µM 350 µM  
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assay. Before loading on an SDS-gel, 3 x Lämmli buffer was added and samples were denatured at 95°C 

for 10 min. 40 µg of whole protein lysate was run on a 10% polyacrylamide gel and transferred on PVDF 

membranes using Tank blot method at 110 V for 140 minutes. Blocking was performed in either 5% 

BSA or 5% milk in TBS for 1 h at RT. Membranes were incubated with the following primary antibodies 

in blocking solution overnight at 4°C: anti-Cav1.2 (Thermo Scientific, 1:250), anti-PDE3A (1:1000), anti-

PKA-CS (1:1000), anti-PLN (1:1000), anti-Tpn I (1:1000), anti-Hsp60 (1:1000), anti-SERCA2 (1:500), anti-

MyBPC3 (1:100), anti-pTpn I (1:1000), anti-pPLN (1:500) and anti-CamKII (1:1000). The next day the 

membranes were washed 3 times with TBS-T and incubated with secondary antibody (1:5000) for 1 h 

at RT. For detection of similar sized proteins, the membranes were stripped in RestoreTM PLUS western 

blot stripping buffer (Thermo Scientific) for 5 min at RT.  

To analyze the expression of the CACNA1C, ATP2A2, MYBPC3, TNNI3 and PDE3A genes, the RNA was 

isolated as described above (section 3.2.16). RNA was transcribed using the qScript cDNA synthesis kit 

and qPCR reaction mix set-up using Power SYBRTM Green PCR master mix. The used primer pairs are 

listed in Table 11. To calculate the gene expression levels of the mutants compared to the WT, in the 

first step the relative expression of the target gene to the housekeeping gene (here: GAPDH) was 

calculated (DCt). Next, the gene expression values for the mutants were corrected for the average 

value of the WT (DDCt = mutant – mean WT; for WT: DDCt = WT – mean WT). In the last step the 2-DDCt 

value was calculated and plotted as ratio of gene expression in comparison to the WT.  

 

3.2.18 Transfection of hiPSC-CMs and fluorescence resonance energy transfer (FRET)  

 

To analyze local cAMP signaling, an Epac-based cAMP-binding FRET sensor that is targeted to the SR 

was kindly provided by Viacheslav Nikolaev (Universitätsklinikum Hamburg-Eppendorf (UKE), 

Hamburg, DE).  

For FRET measurement, the cells were dissociated on Day 45 using 10 x TrypLE for 12 min at 37°C, 5 % 

CO2 and seeded at a density of 60,000 cells/well in a CellCarrier 96-well microplate (Perkin Elmer). 

After 5-7 days, the cells were transfected with 150 ng plasmid DNA and 0.75 µL LipoStem reagent 

(Thermo Fisher) in 25 µL OptiMEM. After 48 h, cells were washed with PBS and nuclei stained using 5 

µM Drq5 dye (Thermo Scientifc). Cells were incubated for 30 min at RT and FRET signal measured using 

Opera Phenix High-content screening system (Perkin Elmer). For treatment with DMSO, 1 µM 

isoproterenol, 20 µM forskolin, 20 µM milrinone, 100 µM IBMX and the combination of agonist and 

inhibitor, medium was removed and 100 µL fresh medium with either compound added to the 

corresponding wells. The plate was incubated for 30 min at 37°C with the inhibitors (milrinone and 

IBMX) and 5 min for agonist and control (DMSO, forskolin, isoproterenol). For the analysis, cells were 
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selected based on their nuclei and cytoplasm staining using CellProfiler. The FRET efficacy was 

calculated using a custom-made R-pipeline (Janani Gayathri Nadar, FMP Berlin). The results were 

plotted using Prism software.  

 

3.2.19 Co-IP SERCA2-Flag and PDE3A1-HA constructs  

 

This experiment was conducted in collaboration with Dr. Maria Ercu (Klussmann lab, MDC Berlin).  

HEK293 cells were cultured as described earlier. 24 h before transfection, cells were seeded on 10 cm 

cell culture dishes. On day 1, cells were transfected with 6 µg DNA per construct and 12 µL 

Lipofectamine 2000. The following constructs were used: SERCA2-Flag, PDE3A1-WT-HA, PDE3A1-∆3-

HA, PDE3A1-T445N-HA and PDE3A1-R862C-HA. The cells were lysed 24 h after transfection in 800 µL 

SLB and cell debris removed by centrifugation at 14,000 rpm for 15 min at 4°C. SERCA2 was 

precipitated using anti-Flag magnetic beads and co-precipitation of the PDE3A1 constructs as well as 

SERCA2 expression was analyzed using Western blotting with the following antibodies: anti-SERCA2 

(1:1000), anti-PDE3A (1:1000) and anti-Hsp60 (1:1000).  

 

3.2.20 Statistical analysis 

 

Statistical analyses were performed in GraphPad Prism Version 8 (GraphPad, La Jolla, Ca, US). 

Nonparametric, One-way ANOVA (Kruskal Wallis test) with post hoc Dunn´s test was applied. 

Significant differences were denoted as *p £ 0.05, ** p £ 0.01, *** p £ 0.001 and **** p £ 0.0001. If 

not otherwise indicated the mean ± standard deviation (SD) was plotted.  
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4 Results  
4.1 Identification of a direct interaction of PKA-CS with the LTCC a1c subunit  

4.1.1 PKA-CS binds a1c at the C terminus  

 

The Rad protein was recently shown to be one of the major regulators of LTCC open probability and 

Rad is a substrate for PKA-mediated phosphorylation. PKA phosphorylated Rad increases the open 

probability of the LTCC. However, how PKA-CS is recruited is still unknown.  

As the C terminus of a1c is cytoplasmatic, this part might act as a potential docking site for PKA-CS. In 

an initial experiment conducted by members of the Dascal lab, recombinant PKA-CS protein was 

incubated with spot-synthesized Cav1.2 a1c C terminus. Three major interaction sites with PKA-CS 

were found, with two of them representing the regulatory regions, PCRD and DCRD (Figure S4). To 

verify this result, PKA-CS peptides were overlaid with recombinant His-DCRC-Myc or His-SUMO-PCRD 

proteins (kindly provided by Prof. Dr. Nathan Dascal). This experiment revealed two interaction sites 

of DCRD with PKA-CS and two interaction sites with PCRD, with one site being shared between the two 

proteins (Figure 8B, C). The binding sites on PKA-CS span functional regions associated with the 

catalytic assembly of the C-spine and overlap with PKA regulatory subunit (PKA-RS) and substrate 

binding sites (Figure 8C, E). The involved residues are highly conserved in human and mice (Figure 8D).  

As the potential PCRD binding site on PKA-CS partially overlaps with binding sites of the PKA-RS, His-

DCRD-Myc and His-SUMO-PCRD were purified from RosettaTM bacteria to determine if binding of PKA-

RS to the CS was altered in the presence of DCRD or PCRD channel fragments. For this, recombinant 

GST-PKA-RIIβ was pulled down with glutathione-beads and the binding of His-PKA-CSα was analyzed 

in the presence of the channel fragments. GST-PKA-RIIβ was purified by Dr. Ryan Walker-Gray 

(Klussman lab). His-PKA-CSα was kindly provided by the laboratory of Prof. Dr. Friedrich Herberg 

(Universität Kassel, Germany). No effect of either His-DCRC-Myc or His-SUMO-PCRD on the interaction 

of CS with RS of PKA could be detected (34 ± 0.144% for 12.5 μM DCRD, 29 ± 0.18% for 12.5 μM PCRD 

compared to 28 ± 6% for buffer only) (Figure 9). As a control, the PKA complex was dissociated with 

100 μM cAMP and PKA-CS was no longer detectable on the Coomassie gel. To preclude non-specific 

binding effects, 30 μg BSA was added to the reaction mixture, and this had no effect on the interaction 

between the two subunits (Figure 9B).  
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Figure 8: Mapping the interaction sites of PCRD and DCRD with PKA-CS. A) An array of 25-mer overlapping peptides of mouse 

PKA-CS spotted on a membrane was overlaid with purified His-DCRD-Myc or His-SUMO-PCRD to reveal common and unique 

binding sites on PKA-CS. The binding regions and the corresponding amino acid sequences are shown. B) An array of 25-mer 

peptides with a 10 amino acid sequence offset of PKA-CS was overlaid with His-DCRD-Myc. C) His-DCRD-Myc and His-SUMO-

PCRD binding sites on PKA-CS are shown together with structural features of the enzyme (modified from McClendon et al., 

2014). Yellow = DCRD and PCRD binding site, blue = PCRD binding site. D) Alignment of human and mouse PKA-CS protein 

sequences shows conservation of the residues involved in DCRD and PCRD binding. E) Shown is the PKA-CS crystal structure 
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with DCRD and PCRD binding sites highlighted (magenta and turquoise), catalytic loop (blue) and linker strand (green). Protein 

data bank (PDB) code: 4WB5.   

 

Figure 9: His-DCRD-Myc or His-SUMO-PCRD do not affect the PKA CS-RS interaction. A) Representative Coomassie gel of the 

pull-down experiment. 150 nM GST-PKA-RIIβ protein was pulled-down using glutathione agarose beads. 125 nM PKA-CS was 

used per reaction. The indicated concentrations of DCRD and PCRD were added. B) Semiquantitative analysis of PKA-CS 

binding to the RS. The graph shows the mean ± SD of two independent experiments.  

 

To analyze the interaction of PKA-CS with the two channel fragments in a cellular model, DCRD and 

PCRD were transiently expressed in HEK293 cells. Both were tagged with Cerulean and anti-GFP 

antibody used for detection in Western blots. The PKA-CS protein was precipitated from the cells using 

anti-PKA-CS antibody. Figure 10 shows that both, DCRD-Cerulean and PCRD-Cerulean co-

immunoprecipitated (Co-IP) with PKA-CS and this interaction was neither affected by treatment with 

the cAMP elevating agent forskolin (Fsk, 30 μM) nor the DMSO control treatment (DCRD DMSO: 1.1 ± 

0.3, DCRD forskolin 1.2 ± 0.4 to DCRD untreated 1.4 ± 0.8; PCRD DMSO 0.75 ± 0.2, PCRD forskolin 0.77 

± 0.1 to PCRD untreated 0.95 ± 0.44) (Figure 10B). 
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Figure 10: DCRD- and PCRD-Cerulean are found in a complex with PKA-CS in HEK293 cells. A) DCRD-Cerulean, PCRD-Cerulean 

and PKA-CS-YFP were overexpressed at equimolar ratios in HEK293 cells. After 48 h, cells were either left untreated or treated 

with the indicated agent and PKA-CS immunoprecipitated from protein lysates using anti-PKA-CS antibody. Representative 

Western blot image. B) Quantitative analysis of the ratio of DCRD-Cerulean and PCRD-Cerulean signal to PKA-CS in the IP 

samples. The graph shows the mean ± SD of two independent experiments.  

 

4.1.2 DCRD and PCRD mutations do not affect the interaction with PKA-CS 

 

Based on the overlay results shown in Figure 8, different mutations causing amino acid substitutions 

were inserted into the CACNA1C DNA sequence and the interaction of the mutant proteins with PKA-

CS analyzed. To express and detect the α1c subunit in HEK293 cells, the protein coding DNA sequence 

was fused with an N-terminal CFP-tag and cells transfected with this construct. The mutations in 

CACNA1C caused amino acid substitutions to alanines (DCRD EE/AA, PCRD GPEI/AAAA) and 

substitution of two arginines to lysines in the PCRD sequence (PCRD RR/KK, PCRD GPEIRR/AAAAKK). 

These substitutions reduced the binding of PKA-CS to PCRD/DCRD (data not shown, Dascal lab). Here, 

no differences were detected regarding the pull down of PKA-CS with α1c constructs (Figure 11).  

This implies that in a cellular environment the recruitment of PKA-CS is more complex, potentially 

involving other proteins as well.  
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Figure 11: Mutations in DCRD and PCRD do not affect the interaction with PKA-CS. A) CFP- α1c wildtype (WT) or mutants 

were overexpressed in HEK293 cells together with PKA-CS-Venus. The image shows a representative blot of four independent 

experiments. B) Semiquantitative analysis of the co-immunoprecipitation of PKA-CS with the CFP-α1c constructs. The mean 

values ± SD are shown. For statistical analysis, Kruskal-Wallis non-parametric test was used with post-hoc Dunn’s test. No 

significant differences were detected. 

 

4.1.3 The DCRD or PCRD channel fragments do not affect PKA-CS catalytic activity  

 

The main function of PKA-CS is the phosphorylation of substrate proteins in its close vicinity. 

Interaction of PKA-CS with the C terminus of the α1c might allow phosphorylation of target proteins 

at the channel complex. Since the channel fragments themselves are not phosphorylated by PKA-CS 

(see section 1.2.2.1), it was hypothesized that they might affect the catalytic activity of the enzyme 

through conformational mechanisms. Based on the structural model of McClendon et al. the amino 

acids mediating the interaction are involved in catalytic functions by assembly of the C-spine 

(sequence: HLRR) and stabilization of an active conformation of the activation loop (sequence: GKVRF) 

(McClendon et al., 2014). HEK293 cells were transfected with varying amounts of DCRD- and PCRD-

Cerulean plasmids and the amount of phosphorylated PKA substrate proteins was analyzed by Western 

blot using anti-phosphorylated PKA substrate (anti-pPKA substrate) antibody (Figure 12A). The cells 

were treated with 1 μM forskolin to dissociate the PKA holoenzyme and to release PKA-CS. Even at the 

highest concentration of plasmid DNA (1 μg), the pPKA substrate signal was only moderately increased 

by 16% for DCRD and 28% for PCRD. For a more sensitive detection, the Cook Assay was employed in 

a second in vitro approach. This experiment was conducted in the laboratory of Prof. Dr. Friedrich 

Herberg. The Herberg lab kindly provided two different recombinant PKA-CS proteins (His-PKA-CSα 

and untagged PKA-CSα). No effect of the channel proteins on the catalytic activity of PKA-CS was 

detected (ratio to PKA-CS only control: 1 µM DCRD = 0.99 ± 0.04, 10 µM DCRD = 1.1 ± 0.05, 1 µM PCRD 

= 0.97 ± 0.03, 10 µM PCRD = 1.02 ± 0.04) (Figure 12B). To investigate if the channel fragments 
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interfered with PKA-CS/PKA-RS or PKA-CS/PKI interaction, the measurements were repeated in the 

presence of these two proteins/peptides (Figure 12B, lower part). As expected, PKA-RIα and PKI both 

inhibited PKA-CS (60% for PKA-RIα and 74% for PKI). Addition of DCRD did not ablate the inhibitory 

effect of the two proteins/peptides, though PCRD increased the activity of PKA-CS in the presence of 

PKI by around 40%. Further, no additive effect of PCRD and DCRD in the same reaction mix was 

detected (Figure 12B). In a final experimental approach, the ADP-GloTM Kinase Assay (Promega, 

Germany) was conducted using recombinant proteins and the kemptide substrate peptide. 10 μM of 

His-DCRD-Myc or His-SUMO-PCRD were added to the reaction mix and 30 μM H89 was included as a 

control, to confirm that the inhibitor decreased the measured luminescence signal. Addition of neither 

DCRD nor PCRD significantly affected the PKA activity in this assay format and they also did not 

interfere with the H89 binding to PKA (Figure 12C). Since both in vitro assays used kemptide as a 

substrate, both experiments were plotted together in one final graph (Figure 12D) and this showed 

only a slight decrease in the PKA activity compared to the control sample with PKA-CS and kemptide 

only (1.6 ± 0.1% decrease for 10 μM DCRD, 4.8 ± 0.09% decrease for 10 μM PCRD).   
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Figure 12: DCRD and PCRD fragments do not affect PKA-CS catalytic activity A) Varying amounts of DCRD- and PCRD-

Cerulean plasmids were expressed in HEK293 cells and the amount of phosphorylated PKA substrate protein detected using 

anti-pPKA substrate antibody. The empty vector control (Mock) shows, that the Forskolin stimulation worked and induced 

phosphorylation of PKA substrates. The graph shows the mean of the pPKA substrate signal ± SD to the Mock control sample 

(n=6). B) In the Cook assay, 40 nM of human PKA-CS was incubated with the indicated concentrations of His-DCRD-Myc or 

His-SUMO-PCRD with 250 nM kemptide. The upper graph shows the ratio to the PKA-CS and kemptide only control 

measurements ± SD (n=4). For the lower graph, 30 nM PKA-RIα or 30 nM PKI were added in the presence and absence of the 

channel fragments (10 µM) (n = 6 independent measurements, n = 4 for DCRD/PCRD combination). C) 10 µM of His-DCRD-

Myc, His-SUMO-PCRD or 30 µM H89 were incubated with 20 nM bovine PKA-CS and the resulting luminescence signal 

measured. The graph shows the ratio to the control sample (PKA-CS + kemptide) ± SD (n=4). D) Cumulative graph of the Cook 

Assay (B) and ADP Glo Assay (C). For statistics, Kruskal-Wallis test with Dunn’s correction was applied. *p £ 0.05, ** p £ 0.01, 

*** p £ 0.001. 
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4.2 PDE3A1 but not PDE3A2 interacts with the a1c subunit of the LTCC  

 

Another potential interaction partner and thus regulator of the LTCC complex could be PDE3A. It would 

control local cAMP levels and thus PKA-CS activity and Rad phosphorylation in the vicinity of LTCC.  

To study a potential interaction between the a1c subunit and PDE3A, PDE3A1 and PDE3A2 isoforms 

were transiently expressed in HEK293 cells together with the a1c subunit. Since in future experiments 

this interaction will be analyzed in context of the HTNB-causing PDE3A mutations, the PDE3A3 isoform 

was not included here, as it lacks the N-terminal mutational hotspot region.  

Both isoforms were successfully precipitated from the cell lysate and detected in a Western blot. The 

PDE3A1 isoform but not PDE3A2 co-precipitated the LTCC a1c subunit (Figure 13A). This complex 

formation was independent of AKAP150, since PDE3A1 also pulled down the a1c subunit in the 

absence of AKAP150. AKAP150 was included as it interacts with the Cav1.2 a1c and could thus anchor 

various proteins to the channel (W. Catterall, 2011; Hulme et al., 2003; Oliveria et al., 2007).  

PDE3A1 was then overlaid on peptides derived from the a1c subunit C terminus. Antibody binding was 

detected at two spots of the membrane, indicating that this region at the end of the C terminus could 

act as the binding site (Figure 13B).  

 

Figure 13: PDE3A1 but not PDE3A2 co-immunoprecipitates with the LTCC a1c subunit, PKA-CS and AKAP150. A) PDE3A1-

HA or PDE3A2-HA, the a1c subunit and AKAP150 were co-expressed in HEK293 cells and precipitated using anti-HA magnetic 

beads. AKAP150 and PKA-CS were detected upon stripping of the membrane with RestoreTM stripping buffer. The supernatant 
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which contains the unbound proteins is shown as well. The empty vector control does not show unspecific binding of a1c 

(upper right blot). Shown are representative blots of n=2 experiments. B) PDE3A1-Flag was overlaid on spotted a1c C 

terminus. The box shows a potential interaction site with the corresponding amino acid sequence of the a1c C terminus. The 

negative control is shown as well. The membrane is a representative of n=2 experiments. C) Western blotting confirms the 

presence of PDE3A1-HA in the elution fractions. These ones were used for the overlay experiment. 

 

4.3 HTNB-causing PDE3A mutations affect the Ca2+ signaling in cardiomyocytes  

4.3.1 hiPSC-CMs with PDE3A mutations show differences in protein expression   

 

Amino acid substitutions localized in the N-terminal region of PDE3A cause hypertension in the 

affected individuals, but the patients are protected from cardiac damage. The mutant PDE3A enzyme 

is hyperactive and aberrantly phosphorylated potentially causing changes in the interaction with other 

proteins (see section 1.4.1). The underlying molecular mechanism protecting the heart from damage 

is unclear. Here, hiPSC-CMs were used as a model system to study these mechanisms.  

Human iPSCs were obtained from the Max-Delbrück-Center Stem Cell Core facility (Cell line: BIHi-049-

A). The HTNB causing amino acid substitutions, T445N and R862C, were introduced by Michael Mücke 

using TALENs and CRISPR/Cas 9 methods (Richardson et al., 2016; Yusa, 2013), respectively. The hiPSCs 

were differentiated to cardiomyocytes as described in section 3.2.12. At day 45 of differentiation, the 

WT and mutant cells were analyzed for the expression of cardiac troponin T (TNNT2) and myosin light 

chain 2 ventricular-type (MLC2v) using a flow cytometry approach.  

The WT and mutant cells showed similarly high expression of TNNT2 at day 45 (TNNT2+ (WT) = 99 ± 

0.53%, TNNT2+ (T445N) = 98 ± 2.8%, TNNT2+ (R862C) = 99.7 ± 0.3%, Figure S5A). The expression of 

MLC2v protein was lower as the TNNT2 expression, which could be explained by the immature 

phenotype of the differentiated cells. The expression of MLC2v (MLC2v+) for the WT was 15.1 ± 5.9%, 

for T445N MLC2v+ = 15.9 ± 6% and for R862C MLC2v+ = 11.3 ± 6.8% (Figure S5B). The relative amount 

of double positive cells (TNNT+, MLC2v+) was not significantly different between the three genotypes 

(TNNT2+, MLC2v+ (WT) = 13.7 ± 2.5%, TNNT2+, MLC2v+ (T445N) = 14.3 ± 1.5%, TNNT2+, MLC2v+ (R862C) 

= 10.5 ± 4.3%) (Figure 14D). In summary, all genotypes expressed cardiac marker proteins to a similar 

extent and did not show PDE3A mutation-induced differences in TNNT2 and MLC2v expression.  
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Figure 14: hiPSC-CMs express cardiac troponin T (TNNT2) and myosin light chain 2v (MLC2v). Depicted are representative 

flow cytometry images showing the expression of TNNT2 and MLC2v for the WT (A) and mutant cell lines (B, C) at day 45. The 

inlet in the left panel shows the IgG control sample. D) The graph depicts the percentage of positive cells for both, TNNT2+ 

and MLC2v+ for 4 (WT) and 3 differentiation experiments (T445N, R862C). Using Kruskal-Wallis non-parametric test with 

Dunn’s multiple testing correction did not show any significant differences.  

 

The expression of proteins involved in the Ca2+ signaling pathway was analyzed. The Western blot 

experiment revealed no significant differences in the expression of PKA-CS, PLN and SERCA2 (Figure 

15B). The expression of PDE3A1, but not PDE3A2, was significantly downregulated in the R862C 

mutant (PDE3A1 = 0.26 ± 0.253) and in the T445N mutant (PDE3A1 = 0.25 ± 0.23) compared to the WT 

(PDE3A1 = 0.83 ± 0.3). Further, the expression of the LTCC a1c subunit was significantly lower in both 

mutants compared to the WT (WT = 0.993 ± 0.22, T445N = 0.56 ± 0.23, R862C = 0.47 ± 0.22). For the 

T445N, but not the R862C mutant, the myosin binding protein C3 (MyBPC3) was significantly 
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downregulated (MyBPC3 = 0.725 ± 0.7 to 1.5 ± 0.4 for WT). In the basal state, the phosphorylation of 

Troponin I was decreased (T445N = 0.63 ± 0.38, WT = 1.95 ± 1.3). For PKA-mediated phosphorylation 

of Serine 16 of PLN (pPLN), a trend toward lower signal intensity in the mutants compared to the WT 

was observed.  

 

 

Figure 15: Mutant hiPSC-CMs show decreased expression of PDE3A, a1c, pTpn I and MyBPC3. A) Shown are representative 

Western blots. The corresponding protein sizes in kDa are depicted on the left. Representative loading controls (Hsp60) are 

shown as well. B) The graphs highlight the mean ± SD for 8 individual samples per genotype. The ratio of the protein signal 

intensity normalized to the corresponding loading control is plotted. For the pPLN and pTpn I quantifications, the membrane 

signals were normalized to the corresponding loading control and to the amount of PLN or Tpn I signal. Statistical analysis 

was carried out using Kruskal-Wallis Test and post-hoc Dunn’s test. *p £ 0.05, ** p £ 0.01.  

 

To elucidate if the differences seen in protein levels were a result of a decreased mRNA level, cDNA 

expression was studied. For this, the expression of genes encoding the LTCC a1c (CACNA1C), SERCA2 

(ATP2A2), MyBPC3 (MYBPC3), Troponin I (TNNI3) and PDE3A (PDE3A) was compared between the 

three different genotypes. There were no significant differences between the WT and the mutant cells 

detectable (Figure 16).  
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Figure 16: The mRNA expression is not affected in the mutant cells. For quantification, the fold change normalized to the 

mean value of the WT samples was calculated. Shown is the expression of CACNA1C (A), MyBPC3 (B), PDE3A (C), ATP2A2 (D) 

and TNNI3 (E). The graphs show the mean ± SD of two independent experiments with altogether four samples. 

 

4.4 The NPPB gene expression is higher in the T445N mutant than in the WT upon 
endothelin stimulation 

 

One characteristic hallmark of cardiac damage is the increase in left ventricular mass, caused by cellular 

hypertrophy. The hiPSC-CMs were treated for 48 h with 10 nM endothelin-1 (ET-1). As expected, in the 

WT the ET-1 treatment induced a more than 5-fold increase in the NPPA and NPPB expression.  

ET-1 is a commonly used substance to cause cardiac hypertrophy and induces increased cell size and 

expression of hypertrophic genes in different in vitro models (Aggarwal et al., 2014; C. Carlson et al., 

2013; Deisl et al., 2019; Földes et al., 2011; Johansson et al., 2020; Ovchinnikova et al., 2018; A. Tanaka 

et al., 2014). Johansson et al. detected an increase in NPPA, NPPB and ACTA1 genes already after 24 h 

of treatment with ET-1 (Johansson et al., 2020).   

The treatment with ET-1 resulted in a 6-8-fold increase in the expression of NPPA and NPPB genes also 

for the mutant cells, but only moderately affected the expression of MYH7 and ACTC genes (Figure 17). 

ET-1 induced expression of NPPA to a similar extent in all three genotypes (fold change WT = 6.8 ± 1.4, 

T445N = 7.1 ± 1.4 and R862C = 6.2 ± 2.7). The expression of NPPB was almost doubled in the T445N 

mutant compared to the WT and R862C (fold change WT = 7.7 ± 1.6, T445N = 12.7 ± 3.8, R862C = 6.6 

± 1.7) (Figure 17).  

In addition to ET-1, the cells were also treated with isoproterenol. Either the concentration of 

isoproterenol or the duration of the treatment was not sufficient to induce an upregulation of the 

hypertrophy associated genes in any of the genotypes (Figure S6).   
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Figure 17: The expression of the NPPA and NPPB genes is increased in WT and mutants. hiPSC-CMs were treated with 10 

nM endothelin-1 for 48 h and the expression of hypertrophy marker genes analyzed using qPCR approach. The graph shows 

the mean ± SD fold change (2-DDCt method) of two independent experiments.  

 

4.5 Mutant hiPSC-CMs have longer Ca2+ transients 

 

PDE3A is found in a complex with SERCA2, AKAP18, PKA, CamKIId, PLN and involved in controlling Ca2+ 

re-uptake into the SR by regulating local cAMP levels. PDE3A mutations affecting the N-terminal 

region, like the T445N mutation, lead to increased cAMP affinity and thus enzymatic activity (Ercu et 

al., 2020; Maass et al., 2015). For this reason, the hiPSC-CM model was used to analyze if the mutations 

in PDE3A affect the Ca2+ re-uptake into the SR. The Ca2+ binding dye Fluo-8-AM was used and the Ca2+ 

transients visualized using fluorescence microscopy and line-scan mode. To synchronize the 

contraction of the individual cells, they were paced at 0.5 Hz, 10 V using a biphasic cycle.   

In the first experiment, the Ca2+ transients were analyzed in imaging buffer only. Because a non-

ratiometric dye was used which might be affected by photobleaching effects, the absolute Ca2+ 

concentration could not be determined.  
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Figure 18: hiPSC-CMs with PDE3A mutations have longer Ca2+ transients. A) Schematic representation of a Ca2+ transient 

with the calculated parameters indicated. B) The T445N mutant has longer Ca2+ transient duration (CD) and longer transients 

at 50% and 90% above the baseline signal (CD50 and CD90, respectively) compared to the WT. The Ca2+ re-uptake to 50% of 

the signal is slower (Toff50). The R862C mutant has slower Ca2+ accumulation (Ton) and longer transients at 90% above the 

baseline signal (CD90). The graphs show the mean ± SD of 260 cells for WT, 192 cells for T445N and 141 cells for R862C. 

Statistical test: Kruskal-Wallis test with Dunn’s correction. *p £ 0.05, ** p £ 0.01, ****p £ 0.0001. 
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The T445N mutant cells had significantly longer Ca2+ transient duration at 50% amplitude (CD50) 

compared to the WT and R862C (WT = 857 ± 106 ms, T445N = 896 ± 109 ms, R862C = 879 ± 113 ms) 

and this effect was also seen for the R862C mutant at 90% of the signal above baseline (CD90) (WT = 

351 ± 62 ms, T445N = 379 ± 67 ms, R862C = 372 ± 63 ms) (Figure 18). For the time to the maximal Ca2+ 

concentration (Ton) for both mutants this range was longer compared to the WT (WT = 419 ± 99 ms, 

T445N = 436 ± 103 ms, R862C = 437 ± 106). This effect could not be seen when the time to 90%, 50% 

or 10% of signal was analyzed (Ton90, 50, 10) (Figure S7A). For the time from peak to the end of the 

transient (Toff), the mutants did not differ significantly from the WT cells. If analyzing only the part of 

the transient from peak to 50% of the declining transient (Toff50) the T445N mutant was significantly 

slower than the WT (WT = 484 ± 75 ms, T445N = 508 ± 77 ms, R862C = 493 ± 74 ms). This effect was 

no longer seen for the two other Toff parameters (Toff10 and Toff90) (Figure S7A).  

The Ca2+ signaling was further analyzed in the presence of the b-adrenergic receptor agonist, 

isoproterenol (Iso, 1 µM), the PDE3-specific inhibitor cilostamide (Cilo, 20 µM) or both reagents 

together. Since both compounds were dissolved in DMSO, as a control the cells were treated with 0.2% 

DMSO dissolved in Imaging buffer. As shown in Figure 19, the hiPSC-CMs were sensitive to DMSO 

(here: 0.2% DMSO), because the differences in the Ca2+ transients mentioned before were no longer 

seen in the presence of DMSO.  

The stimulations with Iso or Cilo had different effects on the two mutants (Figure 19). For the duration 

of the Ca2+ transient, the T445N mutant had a significantly longer transient than the WT upon 

stimulation with Iso and the combination of Iso and Cilo, whereas the R862C mutant did not differ 

from the WT (Iso condition: WT = 1582 ± 184 ms, T445N = 1662 ± 117 ms, R862C = 1581 ± 226 ms, Iso 

+ Cilo condition: WT = 1574 ± 171 ms, T445N = 1650 ± 115 ms, R862C = 1593 ± 183 ms). This trend also 

persisted for the Ca2+ duration at 50% and 90% above baseline (CD50 and CD90). For the CD50 values, 

the R862C mutant had significantly longer transient durations compared to the WT upon Iso + Cilo 

treatment (WT = 692 ± 98 ms, T445N = 764 ± 103 ms, R862C = 722 ± 117 ms) and this trend was 

observed for the CD90 value as well.  

The combination of Iso + Cilo had a significantly different effect on the mutants, with both reaching 

the maximum Ca2+ concentration (Ton) later than the WT (WT = 313 ± 106 ms, T445N = 351 ± 120 ns, 

R862C = 353 ± 116 ms). No difference in any of the conditions was seen for the time to 50% and 90% 

amplitude (Ton50, Ton90) (Figure S7B).  
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Figure 19: hiPSC-CMs with PDE3A mutations show differences in Ca2+ transient duration upon stimulation with 

isoproterenol, cilostamide or the combination of both. Cells were treated with DMSO (0.2%) as solvent and 1 µM 

isoproterenol, 20 µM cilostamide or both for 10 min at room temperature. The treatments induced differences between 

wildtype (WT) and mutant cells (T445N, R862C) for the different parameters. The graphs show the mean ± SD for WT = 149 

cells for DMSO, 113 cells for Iso, 151 cells for Cilo, 145 cells for Cilo + Iso, T445N = 133 cells for DMSO, 136 cells for Iso, 139 

cells for Cilo, 117 cells for Cilo + Iso and R862C = 162 cells for DMSO, 129 cells for Iso, 146 cells for Cilo, 119 cells for Cilo + Iso. 

For statistics, a Kruskal-Wallis test with Dunn’s multiple testing correction was applied. *p £ 0.05, ** p £ 0.01, ***p £ 0.001, 

****p £ 0.0001. 
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For the time from peak to 50% of the transient (Toff50) both the T445N and the R862C showed 

significant differences upon Cilo stimulation. The inhibition of PDE3 resulted in slower Ca2+ re-uptake 

in the T445N mutant but faster uptake in the R862C mutant compared to the WT (WT = 477 ± 85 ms, 

T445N = 511 ± 84 ms, R862C = 450 ± 72 ms). Further, the T445N mutant had slower re-uptake also 

upon Iso and Iso + Cilo treatment, whereas the R862C did not differ from the WT (Iso condition: WT = 

423 ± 77 ms, T445N = 461 ± 79 ms, R862C = 420 ± 63 ms, Iso + Cilo condition: WT = 411 ± 68 ms, T445N 

= 446 ± 75 ms, R862C = 405 ± 70 ms). This pattern persisted also for the decline to 10% and 90% of the 

amplitude (Toff10, Toff90) (Figure S7B).  

Generally, the two mutants responded different from each other to the treatments, the R862C mutant 

behaved more like the wildtype than like the T445N mutant.  

 

4.6 Analysis of the Ca2+ amplitude in the WT and mutant cells using Fura-2 

 

Since photobleaching effects cannot be precluded using Fluo-8 non-ratiometric Ca2+ dye, together with 

Rene Jüttner (Gotthardt lab, MDC Berlin), Ca2+ imaging experiments were conducted using Fura-2 

ratiometric dye and Ionoptix device.  

In contrast to the initial measurements, these experiments were performed at 37°C and the pacing 

frequency was adjusted to 2 Hz. Since no Ca2+ standard curve was measured, the absolute Ca2+ 

concentration in the cytosol could not be determined.  

Due to the low number of experiments (n=2) no statistical test was conducted for the Fura-2 

measurements. However, in the basal state, the T445N mutant had a trend towards a higher baseline 

signal (F0) (WT = 0.92 ± 0.14, T445N = 0.99 ± 0.14, R862C = 0.88 ± 0.16), measured as the ratio of 

excitation at 340 and 380 nm (Ca2+ bound to Ca2+ unbound signal of Fura-2 Ca2+-binding dye) (Figure 

20). Further, the T445N mutant showed a trend towards a higher Ca2+ amplitude (Fmax) compared to 

the WT and R862C mutant (WT = 0.37 ± 0.17, T445N = 0.422 ± 0.13, R862C = 0.28 ± 0.17). For the 

duration of the Ca2+ transient at 50% amplitude (CD50), both mutants had a trend towards longer 

duration compared to the WT (WT = 191 ± 15.5 ms, T445N = 205 ± 35 ms, R862C = 218 ± 26 ms), which 

is in the line with the previous experiment.  

To analyze the effect of b-adrenergic stimulation or PDE3 inhibition on the Ca2+ amplitude and 

transients, cells were treated with 0.02% DMSO as control, 1 µM Iso, 20 µM milrinone (Mil) and the 

combination of Iso and milrinone. Other than in the previous experiment (Figure 19), PDE3 was 

inhibited with milrinone, as this compound is soluble at higher concentrations in DMSO (here: 200 

mM) to minimize the DMSO effects. Upon stimulation with Iso, the T445N mutant had a slight increase 
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in the Ca2+ amplitude, whereas the WT showed a slight decrease compared to the DMSO control (WT 

(DMSO) = 0.44 ± 0.16, WT (Iso) = 0.39 ± 0.11, T445N (DMSO) = 0.38 ± 0.11, T445N (Iso) = 0.47 ± 0.12). 

The amplitude of the R862C remained unchanged (R862C (DMSO) = 0.37 ± 0.1, R862C (Iso) = 0.38 ± 

0.1). When PDE3 was inhibited with 20 µM Mil, both mutants had smaller amplitudes compared to the 

WT (WT (Mil) = 0.55 ± 0.15, T445N (Mil) = 0.36 ± 0.12, R862C (Mil) = 0.25 ± 0.1). Again, there was an 

effect of DMSO, since both mutants had lower Ca2+ amplitudes in the DMSO condition (Figure 21).  

For the baseline signal, Mil had a slight effect on the WT and R862C, but none of the other stimulations 

caused a change in the signal intensity compared to the control measurement.  

 

 

Figure 20: Trends in Ca2+ duration and amplitude for measurements with Fura-2 in mutant and WT cells. In the basal state, 

the T445N mutant has a trend towards higher Ca2+ amplitude (Fmax – F0) but also a higher baseline (F0). The ratio of 

maximum amplitude to the baseline seems to be lower in both mutants. The Ca2+ transient duration at 50% amplitude is 

longer in both mutants compared to the WT. The graphs show the mean ± SD for WT = 98 cells, T445N = 113 cells, R862C = 

109 cells of two independent experiments. 

 

In line with the effects on baseline and amplitude, only the PDE3-inhibitor Mil slightly affected the 

ratio of Fmax to F0 in both mutants compared to the WT (WT (Mil) = 1.44 ± 0.11, T445N (Mil) = 1.28 ± 

0.08, R862C (Mil) = 1.2 ± 0.05) (Figure 21). The CD50 was longer in the T445N mutant upon Mil 

administration and only slightly increased upon Iso administration and the combination of Iso and Mil 
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(WT (Mil) = 188.3 ± 15.9 ms, T445N (Mil) = 206 ± 19.8 ms, R862C (Mil) = 183 ± 20.7 ms, WT (Iso + Mil) 

= 173 ± 14.2 ms, T445N (Iso + Mil) = 192 ± 18.8 ms, R862C (Iso + Mil) = 203 ± 14.6 ms).  

 
Figure 21: Effects of DMSO, isoproterenol and milrinone on Ca2+ amplitude, the ratio F0/Fmax and the duration of the 

transient. Upon milrinone (Mil) administration both mutants show a decrease in the Ca2+ amplitude and a decrease in the 

ratio Fmax/F0. The baseline is slightly affected in the T445N mutant in the Mil condition. The transient duration at 50% 

amplitude (CD50) is increased in the T445N mutant upon PDE3 inhibition. The graphs show the mean ± SD for WT (DMSO) = 

65 cells, T445N (DMSO) = 90 cells, R862C (DMSO) = 61 cells, WT (isoproterenol, Iso) = 95 cells, T445N (Iso) = 89 cells, R862C 

(Iso) = 63 cells, WT (Mil) = 39 cells, T445N (Mil) = 64 cells, R862C (Mil) = 78 cells, WT (Iso + Mil) = 37 cells, T445N (Iso + Mil) = 

70 cells, R862C (Iso + Mil) = 62 cells. The measurements (n=2) were conducted in collaboration with Dr. Rene Jüttner (MDC 

Berlin).  

 

4.7 An approach to study local cAMP levels in cells expressing HTNB-causing PDE3A 
mutations 

 

Local cAMP levels were analyzed using a compartment-specific cAMP FRET sensor. The senor was 

fused to PLN to study the cAMP level at the SR. More specifically, it consists of an Epac-based cAMP 

binding domain flanked by a YFP and CFP fluorophore pair. In a low cAMP environment, the sensor is 

in a closed conformation, resulting in a high FRET signal. Upon elevation of the cAMP level, cAMP binds 

and induces an opening of the sensor, resulting in decrease of the FRET signal (Figure 22A).  
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The sensor was expressed in the WT and PDE3A-mutant hiPSC-CMs. The cAMP level at the SR was 

measured in the basal state and upon treatment with cAMP elevating agents (1 µM isoproterenol or 

20 µM forskolin), PDE3 inhibitor (20 µM milrinone) or PDE1 – 5 inhibition (100 µM IBMX).  

In the basal state, there was no difference in the FRET signals of the mutants compared to the WT (WT 

= 2.8 ± 0.5, T445N = 2.5 ± 0.5, R862C = 2.7 ± 0.5) (Figure 22B). Unfortunately, the administration of 

IBMX or the combination of Iso and IBMX did not affect the FRET signal relative to the DMSO control 

(0.1% DMSO) (Figure 22C). This indicates that either the sensor sensitivity was not ideal or that the 

cells did not respond to the treatments in this experimental set-up.  

 

Figure 22: hiPSC-CMs do not respond to cAMP elevating agents. A) The cAMP FRET sensor consists of a YFP-CFP fluorophore 

pair and Epac as the cAMP binding domain. CFP is excited at 436 nm and emits at 480 nm which excites YFP in low cAMP 

environments. Upon cAMP elevation, the sensor changes its conformation, resulting in a lower signal. The sensor is fused to 

PLN to be targeted to the SR. B) In the basal state, the T445N and R862C mutants do not differ from the WT in cAMP levels 

at the SR. The graph shows the mean ± SD of WT = 3 experiments (3,096 cells), T445N = 2 experiments (1,019 cells), R862C = 

5 experiments (4,054 cells). C) Upon PDE inhibition with 100 µM IBMX or stimulation with 1 µM Iso + 100 µM IBMX, no change 

in the FRET signal compared to the DMSO control (0.1%) was detected. The graph shows the mean ± SD for WT = 2 

experiments, T445N = 2 experiments and R862C = 3 experiments. The measurements were performed in collaboration with 

Dr. Katina Lazarow and the analysis pipeline written by Janani Gayathri Nadar (both FMP Berlin).  
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4.8 Mutations in PDE3A decrease the interaction with SERCA2 in a HEK293 model  

 

The Ca2+ re-uptake into the SR is regulated by the proteins of the complex comprising of SERCA2, PLN, 

PDE3A, CamKIId and AKAP18. The slower Ca2+ uptake that was detected in the T445N mutant (Figures 

18 + 19) could be associated with lower local cAMP and thus activity of PKA-CS. A reduced cAMP level 

could be a result of either increased PDE3A enzymatic activity as shown in previous work or decreased 

abundance in the multiprotein complex with SERCA2. Thus, SERCA2 and PDE3A1 WT and mutants were 

transiently expressed in HEK293 cells and their interaction studied using Co-IP.  

The three constructs harboring PDE3A mutations interacted less with SERCA2 compared to the WT 

(Figure 23B). The ratio of PDE3A1-WT being associated with SERCA2 was 3.75 ± 1.95. The binding of 

PDE3A1-∆3aa was more than half times lower, 1.41 ± 0.52. The binding of the PDE3A1-T445N and 

PDE3A1-R862C mutants was reduced to a similar level with a PDE3A1/SERCA2 ratio of 1.077 ± 0.37 

and 1.045 ± 0.15, respectively.  

 

 

Figure 23: Effects of PDE3A mutations on the interaction of SERCA2 with PDE3A. A) Representative Western blot confirming 

SERCA2-Flag and PDE3A1-HA expression. As a loading control, GAPDH was used. B) The amount of PDE3A1 co-

immunoprecipitated with SERCA2 is plotted. Shown is the mean ± SEM of four independent experiments. This experiment 

was conducted in collaboration with Dr. Maria Ercu, Klussmann lab.  
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5 Discussion  
5.1 PKA-CS interacts with DCRD and PCRD at the LTCC a1c subunit  

5.1.1 The complex formation involves common interaction sites of all three proteins   

 

In this thesis, PKA-CS was found to be directly associated with the C terminus of the LTCC a1c subunit 

in in vitro assays and in a HEK293 cell model.  

The PKA-CS interaction sites on the a1c subunit encompass the DCRD and PCRD regulatory regions, 

that interact with each other and inhibit the channel a1c subunit (Hulme et al., 2006; Lyu et al., 2017). 

Structurally, the interaction of DCRD with PCRD is mediated via electrostatic interactions of positively 

charged residues in PCRD (R1696 and R1697) with negatively charged amino acids in DCRD (E2103, 

E2106 and D2111) (Hulme et al., 2006). These amino acid residues are localized in a-helical structures 

and exposed to the cytoplasm, making them an accessible docking site for other proteins. Thus, amino 

acid substitutions to polar, neutral charged residues in PCRD and DCRD disrupt the electrostatic 

interactions and prevent the formation of the inhibitory complex (Hulme et al., 2006). Recently, the 

interaction was shown to be modulated by CaM in a Ca2+-dependent manner. CaM binding to the IQ 

and pre-IQ motifs is prevented by the presence of the region containing DCRD (Lyu et al., 2017). The 

deduced model required DCRD interaction with PCRD as the initial step. The resulting conformational 

change leads to CaM-competitive domain (CCD) binding to IQ and pre-IQ, preventing CaM binding 

which leads to decreased channel activity. In this model, the phosphorylation of S1700 in PCRD by PKA 

was suggested to release the interaction, but since this site is not involved in channel regulation, an 

alternative mechanism would be plausible (Lyu et al., 2017).  

The main residues of DCRD and PCRD involved in the interaction with PKA-CS, match with the ones 

that are required for DCRD and PCRD complex formation. Both, DCRD and PCRD, interact with the 
131SHLRR135 sequence in PKA-CS which lies in a-helical structures at the surface of the protein (section 

4.1.1, Figure 8A, B, E). The binding sequence consists of positively charged amino acids with the ability 

to form salt bridges with negatively charged residues, as, for example, the two glutamic acid residues 

E2103 and E2104 in DCRD. The binding site of PCRD comprises the sequence 246QIYEKIVSGK256, which 

contains E249 with a negative charge and K250, K256 residues being positively charged. Thus, some of 

the residues might be involved in salt-bridges with the PCRD residues, or the polar residues form 

hydrogen bonds to facilitate the interaction. The Y247 residue in PKA-CS involved in PCRD binding was 

shown to form hydrogen bonds with the Y205 residue of the regulatory subunit of PKA (PKA-RI) (C. Kim 

et al., 2007). Another example of how PKA-CS is structurally complexed with another protein is the 

interaction of PKA-CS with PLN. PLN is phosphorylated by PKA-CS and thus interacts with the kinase 

via its PKA-CS consensus sequence (13RRAST17). The R14 residue interacts with E203, Y204 and E230 in 
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the large lobe of PKA-CS while the R13 interacts with S51 and the hydroxyl group of Y330 (J. Kim et al., 

2015).  

 

5.1.2 Potential regulatory mechanisms at the LTCC complex  

 

Amino acid substitutions of the key residues in DCRD and PCRD involved in the interaction were 

expected to either diminish or prevent the association with PKA-CS. To study this in a cellular context, 

alanine and lysine substitutions in DCRD and PCRD were introduced into the a1c subunit. Constructs 

harboring DCRD EE/AA, PCRD GPEI/AAAA, PCRD RR/KK, PCRD GPEIRR/AAAAKK or DCRD EE/AA in 

combination with PCRD RR/KK substitutions were overexpressed in HEK293 cells and the co-

precipitation of PKA-CS analyzed.  

In this thesis, there was no decrease in the interaction of PKA-CS with the different DCRD and PCRD 

mutant constructs detectable using Western blot method (section 4.1.3, Figure 11). Due to 

conformational changes or folding mechanisms in the whole a1c subunit upon introduction of the 

substitutions, alternative binding sites might be involved and mediate the PKA-CS-a1c complex 

formation. Another explanation would be, that in a cellular context there is another protein acting as 

a linker to scaffold the PKA-CS and LTCC a1c subunit and this linker is not affected by the mutations in 

DCRD or PCRD.  

Even though the exact mechanism of how PKA-CS is recruited and bound to the LTCC still remains part 

of further research, the potential target protein at the LTCC would be Rad. Rad was identified as the 

crucial regulator of the LTCC complex and a1c opening mechanism (Liu et al., 2020). Rad binding to 

the complex is regulated by PKA-mediated phosphorylation. Rad can bind both the a1c and b subunit 

of the LTCC. Phosphorylation of Rad by PKA reduced the interaction with the b- subunit (Papa et al., 

2022; T. Yang et al., 2012). The complex of Rad and b-subunit interacts with the a1c at the I – II loop 

and dissociation of Rad leads to stabilization of a high opening gating mode, mediated by stable a1c 

and b subunit complex formation (Papa et al., 2022).  

Two separate regulatory mechanisms at the LTCC were identified in a Xenopus oocyte model, Rad-

dependent and Rad-independent effects (Figure 24) (Katz et al., 2021). The “Rad-independent” 

mechanism was referred to as a 20 – 30% increase in channel currents (IBA) upon cAMP injection and 

this effect is not dependent on b-subunit or Rad expression. Further, the Rad-independent regulation 

involved the truncated a1c C-terminal segment and the presence of an inhibitory module at the a1c 

N terminus (Katz et al., 2021). The larger increase in IBA requires expression of Rad and is termed the 

“Rad-dependent” effect (Katz et al., 2021).  
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Figure 24: Rad-dependent and independent mechanisms at the LTCC. Two potentially independent or complementary 

pathways for the Rad regulation at the LTCC were described (Katz et al., 2021). The Rad-dependent mechanism requires the 

b2-subunit and Rad. For the Rad-independent effect, the N terminus and truncated C terminus of the a1c are required. If the 

clipped distal C terminus (dCT) is involved is still not fully understood. Both models require activation of PKA by increased 

cAMP levels.  

 

In addition to the mechanism of Rad regulation, the role of the a1c proteolytic cleavage and NT-CT 

interaction was studied. Deletion of the N-terminal region of the truncated a1c (a1cD20D1821) 

abrogated the PKA-dependent regulation but had no effect on Rad-dependent regulatory mechanisms. 

Titration of Rad-expressing mRNA with a truncated Cav1.2 a1c D1821 or full-length Cav1.2 a1c both 

showed Rad-dependent decrease in the current (IBA) and current increase upon stimulation with the 

cAMP-elevating agent forskolin, meaning the Rad-dependent effects do not require the presence of a 

cleaved C-terminal segment (Katz et al., 2021).  

In the frame of a whole b1-AR pathway reconstitution in Xenopus oocytes it was found that Iso 

increased IBA in the presence of Rad and this effect was blocked upon administration of the PKI peptide, 

that inhibits PKA (Katz et al., 2021). Interestingly, Iso did not have any effect in the absence of Rad and 

the effect of the agonist was higher for truncated a1c D1821 compared to the full-length channel 

(147% to 87%) (Katz et al., 2021).  

Combining the observations of this thesis with the study of Katz et al., the full reconstitution of the 

PKA-CS interaction with the LTCC might be difficult, because there are two regulatory mechanisms 

involved. The presence of Rad and the truncation of the a1c subunit might be required to further 
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analyze the interaction of PKA-CS and the a1c. Also, since in the HEK293 only the a1c and PKA-CS were 

overexpressed without any other proteins from the b-AR signaling pathway, the required signal for the 

recruitment of PKA-CS might be lacking in the HEK293 cell model.  

 

5.1.3 DCRD and PCRD do not affect the PKA-CS catalytic activity  

 

Proteins that interact with PKA-CS and anchor the protein to various subcellular sites include PKA-RS, 

the small GTPase Rab13, Caveolin-1 or PDE7A1. These proteins affect the PKA-CS enzymatic activity. 

Caveolin-1 is associated with PKA-CS through a scaffolding domain at its C terminus and the binding 

decreases PKA-CS enzymatic activity, explaining PKA-CS hyperactivity in Caveolin-1 KO mice (Cohen et 

al., 2004; Razani & Lisanti, 2001; Søberg & Skålhegg, 2018). The PDE7A1 isoform interacts with PKA-CS 

via its N terminus that contains two PKA pseudo substrate sequences and inhibits the kinase activity 

in vitro (Han et al., 2006; Søberg & Skålhegg, 2018).  

In cardiomyocytes, PKA-CS is associated with ryanodine receptors and this interaction mediates the 

phosphorylation of RyR2 but also affects the catalytic activity of PKA-CS (Haji-Ghassemi et al., 2019). 

Similar to the LTCC, PKA-CS recruitment to the RyR2 was initially described as being AKAP-dependent 

and to require the interaction with leucine zipper motifs (Haji-Ghassemi et al., 2019; Marx et al., 2001). 

However, quantitative measurements are not available and cryogenic electron microscopy (cryo-EM) 

of RyR2 did not show the existence of leucine zippers, challenging this hypothesis (Haji-Ghassemi et 

al., 2019). The interaction that was shown by Haji-Ghassemi et al. comprises the entire periphery of 

the large lobe (= C-lobe) of PKA-CS, and some of the residues (S130, L132, R133, R256, S259) were also 

involved in PKA-CS interaction with DRCD and PCRD (Haji-Ghassemi et al., 2019). As these residues are 

highly conserved among the 150 homologous cAMP-dependent kinase families, this interaction could 

provide a unique mechanism of PKA-CS-substrate and interaction partner binding.  

Phosphomimic of the S2813 residue in RyR2 (S2813D) induced a new alpha helix which resulted in 

increased affinity and higher catalytic activity of the PKA-CS (Haji-Ghassemi et al., 2019). Since the 

DCRD and PCRD interaction sites on PKA-CS are located in the C-lobe, which is associated with catalytic 

activity, the effect of DCRD and PCRD on the enzyme function was studied. The presence of DCRD or 

PCRD did not affect the catalytic activity in different enzymatic assays (see section 4.1.2, Figure 12). 

This might be explained by (i) a low binding affinity of DCRD and PCRD to PKA-CS and instability of the 

complex, (ii) a missing linker protein that is further stabilizing the interaction or (iii) that the only 

function of the interaction is recruitment of PKA-CS. Further experiments are needed to clarify the 

functional role of the PKA-CS and a1c interaction.  
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5.1.4 PDE3A1 as a potential regulator at the LTCC complex  

 

With PKA-CS being required for Rad-dependent regulation of the LTCC, local control of cAMP levels by 

PDEs could represent another regulatory mechanism.  

In the work presented here, the PDE3A1 but not PDE3A2 isoform was shown to form a complex with 

the a1c subunit and this complex formation was independent of AKAP150 (section 4.1.4, Figure 13). 

The overlay of PDE3A1 on peptides derived from the C terminus of the a1c only revealed one potential 

interaction site, spanning the 2019PLLQRSHSPASFRR2033. The sequence is located upstream of the DCRD 

region in the C terminus of the a1c which is cytosolic, making it an accessible docking site for 

interaction partners. It would be interesting to find out if the HTNB-causing mutations in PDE3A might 

affect the interaction with the LTCC a1c and to confirm the interaction with endogenously expressed 

proteins.  

Several PDEs, including various PDE4 isoforms, PDE3A and PDE1C were shown to be closely located to 

the LTCC a1c (Liu et al., 2020; Muller et al., 2021). 

In mouse cardiomyocytes, PDE4D and PDE4B are tethered to the LTCC and knock-out models of these 

two proteins are associated with longer Ca2+ transients, cell contraction and spontaneous Ca2+ release 

events (Leroy et al., 2011). PDE4D is associated with the a1c subunit but is not involved in channel 

regulation under basal conditions, since Pde4d knock-out did not affect the channel current or the b-

AR mediated regulation. In addition, the PDE4B isoform was shown to also Co-IP with the a1c and 

Pde4b-/- mice have aberrations in b-AR mediated current regulation, Ca2+ transients and contraction, 

exhibiting altered relaxation and Ca2+ transient decay (Leroy et al., 2011). Since PDE4B is targeted to 

the LTCC, the phosphorylation levels of RyR2 and PLN were unaffected in the knock-out mouse model 

(Leroy et al., 2011).  

PDE1C, which is predominantly expressed in the hearts of larger animals, is associated with a1c 

conductance and but inhibition of PDE1C neither affect PLN, Tn I or MyBP-C phosphorylation, nor the 

SR Ca2+ load (Muller et al., 2021). Interestingly, the inhibition of both, PDE1 and PDE3 enhanced the 

LTCC Ca2+ current, while only PDE3 inhibition also augmented the SR Ca2+ release (Muller et al., 2021).  

 

5.2 PDE3A mutations induce aberrant Ca2+ cycling in cardiomyocytes  

5.2.1 The R862C and T445N substitutions affect ECC protein expression in hiPSC-CMs  

 

In this thesis, hiPSC-CMs harboring HTNB-causing T445N and R862C amino acid substitutions were 

used as a model system to study Ca2+ cycling and local cAMP levels. The amino acid substitutions were 
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localized at the N terminus and the catalytic domain of PDE3A. The N-terminal sequence is not present 

in PDE3A3, thus the T445N substitution affects only PDE3A1 and PDE3A2. Both substitutions cause 

HTNB and are associated with a potential cardioprotective effect, since affected individuals do not 

show cardiac damage (Ercu et al., 2020; Maass et al., 2015; Toka et al., 2015).  

The hiPSC-CMs differing in their PDE3A proteins (WT, T445N, R862C) express cardiac Troponin T and 

ventricular MLC2 to a similar extent at day 45 of differentiation (section 4.3.1, Figure 14), ruling out an 

effect of the substitutions on cardiac differentiation efficiency. However, the expression of PDE3A1 

and PDE3A2 isoforms was downregulated in both mutants compared to the WT, though PDE3A1 to a 

larger extent. This is in line with previous observations made in a HTNB rat model, where the protein 

expression of both isoforms was reduced in the hearts of the animals (Ercu et al., 2020). In the hiPSC-

CMs model used in this thesis, PDE3A gene expression was reduced in the R862C mutant and slightly 

affected in the T445N cells, though not to a significantly different level from the WT.  

Since PDE3A with HTNB-causing substitutions is hyperactive, a potential mechanism would be a 

feedback loop in which PDE3A mRNA and protein expression are downregulated to compensate for 

the hyperactivity. However, how this is achieved on the molecular basis still needs to be resolved.  

The splicing and degradation of PDE transcripts was reported to be regulated by the p54nrb/NONO 

nuclear protein and splicing factor proline and glutamine rich (SFPQ) (Chung et al., 2015; Lu & Sewer, 

2015). SFPQ depletion resulted in decreased PDE3A mRNA expression levels in RNA-seq and RT-qPCR 

experiments. SFPQ binds to the PDE3A promoter and the binding process is regulated by serum 

concentration, although the specific serum factors have not been identified, yet (Rhee et al., 2017). In 

the human failing heart, PDE3A expression is downregulated while inducible cAMP early repressor 

(ICER) expression is upregulated (Ding, Abe, Wei, Huang, et al., 2005; Omori & Kotera, 2007). This 

results in activation of the cAMP/PKA pathway which further contributes to ICER expression causing 

cardiomyocyte apoptosis. This represents an autoregulatory mechanism which is called the PDE3A-

ICER feedback loop (Ding, Abe, Wei, Xu, et al., 2005; Omori & Kotera, 2007).  

In addition to PDE3A, the abundance of certain other proteins involved in the ECC pathway was also 

decreased in the T445N mutant (section 4.3.2, Figure 15), including the a1c subunit of the LTCC in both 

mutants, MyBPC3, and phosphorylated Tpn I. In a mouse model with hypertension, the global level of 

LTCC channels and thus the ICa was reduced (30 – 40% less protein). This was compensated by local, 

hyperactive LTCCs mediating larger Ca2+ uptake but reduced sensitivity of Ca2+-activated K+ (BK) 

channels causing vascular dysfunction (Tajada et al., 2013). Electrophysiological measurements would 

be needed to study the LTCC activity in the hiPSC-CMs model. 

Cardiac myosin binding protein C (MyBPC3) is one of the key elements of the sarcomere-binding 

myosin filaments, myosin heads and actin filaments, which represent the contractile unit in 
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cardiomyocytes (Helms et al., 2020; Previs et al., 2012, 2015). Phosphorylation of MyBPC is associated 

with decreased myosin interactions, increased ATPase activity and actin interactions promoting cross 

bridging (Kensler et al., 2011; Toepfer et al., 2019). The loss of MyBPC protein in cardiomyocytes leads 

to hypercontractility and slows down the relaxation process (Fraysse et al., 2012; Harris et al., 2002; 

Pohlmann et al., 2007; Toepfer et al., 2019; van Dijk et al., 2018). 

Cardiac Troponin I (Tpn I) is involved in the regulation of sarcomere contraction and relaxation. It acts 

as an inhibitor within the troponin complex and resides on actin filaments to maintain tropomyosin at 

the actin. This blocks myosin-specific sites on the thin filament and prevents force development 

(Wijnker et al., 2014). Upon Ca2+ binding to troponin C (Tpn C), the complex undergoes a 

conformational change resulting in Tpn I release from the actin filaments enabling actin-myosin 

interaction (Lehman & Craig, 2008; Wijnker et al., 2014). Tpn I is phosphorylated by PKA at residues 

S23/24 and this reduces the sensitivity of myofilaments to Ca2+ and increases the speed of relaxation 

(Takimoto et al., 2004; Wijnker et al., 2014). Dephosphorylation is achieved by protein phosphatases 

PP1 and PP2A (Deshmukh et al., 2007; Jideama et al., 2006; Wijnker et al., 2011, 2014). Decreased 

phosphorylation of Tpn I is associated with heart failure, (van der Velden, 2011) and increased 

myofilament Ca2+ sensitivity impairing the relaxation process (Vandervelden et al., 2003; Wijnker et 

al., 2011). Further, the reduced Tpn I phosphorylation is also detectable in patients with hypertrophic 

cardiomyopathy (HCM) or in post-mortem hearts with a mild hypertrophic phenotype (Messer et al., 

2009; van Dijk et al., 2009, 2012; Wijnker et al., 2014; J. Zhang et al., 2011).  

Since none of the ECC proteins was significantly downregulated on the mRNA level in the hiPSC-CMs 

model, the lower protein expression would be the result of regulatory mechanisms on the protein level 

such as the ubiquitin-proteasome system. The downregulation of Tpn I phosphorylation could either 

be associated with decreased PKA catalytic activity, potentially due to low cAMP levels, or increased 

activity of phosphatases. However, the exact molecular mechanisms for the lower protein expression 

levels still need to be resolved.  

 

5.2.2 NPPB and NPPA hypertrophy marker genes and their role in cardiac hypertrophy   

 

Sustained increase in the blood pressure resulted in cardiac hypertrophy as the heart adopts to the 

high pressure (Bernardo et al., 2010; Linzbach, 1976; Modesti et al., 2000; Oldfield et al., 2020; Weeks 

& McMullen, 2011). Since cardiomyocytes are unable to divide (or only very limited), the increase in 

the muscle is the result of an increased growth of the individual cardiomyocytes (Bergmann et al., 

2009; Oldfield et al., 2020; Steinhauser & Lee, 2011). Physiological hypertrophy defines an adaptation 

of the heart to growth of the body, increased exercise or pregnancy and is associated with 10-20% 
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increase in heart weight to body weight ratio (Hill & Olson, 2008; Maillet et al., 2013; Oldfield et al., 

2020; Shimizu & Minamino, 2016; Weeks & McMullen, 2011). Pathological hypertrophy is often 

associated with cardiovascular diseases and results in cardiac dysfunction and heart failure (Oldfield 

et al., 2020; Shimizu & Minamino, 2016; Tham et al., 2015; Weeks & McMullen, 2011).   

The family of natriuretic peptides (NPs) consists of three members, the atrial natriuretic peptide (ANP), 

brain natriuretic peptide (BNP) and C-type natriuretic peptide (CNP) (Forte et al., 2019; Levin & 

Samson, 1998). ANP is mainly synthesized in the atria of the heart, whereas BNP is synthesized in the 

ventricles. Both peptides are secreted in response to stretching of the myocardial walls in pressure 

overload and regulate the water-salt balance and the volume of the body fluid (Forte et al., 2019; 

Rubattu et al., 2008, 2019; Volpe et al., 2014). Their secretion is induced by endothelin-1 or b-

adrenoceptor activation (Forte et al., 2019; Thibault et al., 1999). Circulating NPs are used as diagnostic 

and prognostic markers in heart failure, MI or stroke (Daniels, 2010; Paget et al., 2011; Rubattu et al., 

2019; Sabatine et al., 2012; Seronde et al., 2013; Volpe et al., 2014).  

In this thesis, upon endothelin-1 stimulation the expression of NPPA and NPPB increased by around 7-

fold for the WT and R862C mutant (section 4.4, Figure 17). For the T445N mutant, the fold increase of 

NPPB expression was 13, indicating that the cells respond stronger to the stimulant. The expression of 

MYH7 and ACTC was not increased upon treatment, indicating that there were no cellular remodeling 

processes in either WT or mutants. In a rat model with hypertension, the expression of NPPA and NPPB 

is positively correlated with ventricular hypertrophy (Cerrudo et al., 2021).  

Despite the use of ANP and BNP as diagnostic markers, their overexpression confer a protection from 

hypertension (Kerkelä et al., 2015; Newton-Cheh et al., 2009). They reduce cardiac pre- and afterload 

in response to stress and confer anti-inflammatory and anti-fibrotic effects (Cerrudo et al., 2021; 

Goetze et al., 2020; Nakagawa et al., 2019). This could indicate that the increased NPPB expression in 

the T445N mutant could represent a cardioprotective effect. However, some more replications of the 

experiment would be needed to confirm the pattern described in this thesis. Since the protective 

effects are mediated by the secreted peptides, their cellular level would need to be analyzed. Further, 

the qPCR experiment in this thesis could be complemented with IF staining and analysis of the hiPSC-

CM size to draw a conclusion on whether the cells show a hypertrophic phenotype or not.  

 

5.2.3 The cardioprotective effect of PDE3A mutations could be associated with adaptations 
of the Ca2+ signaling  

 

Adaptations in the Ca2+ signaling pathway might be beneficial in an initial phase of the ECC, but chronic 

changes are often associated with heart failure (Fearnley et al., 2011; Roderick et al., 2007). These 
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changes could be caused by increased SERCA2 activity, either due to an increased protein expression, 

decreased PLN expression or elevated PLN phosphorylation (Fearnley et al., 2011). The opposite 

situation, with decreased SERCA2 activity due to changes in PLN expression or phosphorylation slowing 

down the relaxation process is also critical (Fearnley et al., 2011; Roderick et al., 2007).  

The T445N substitution causes increased PDE3A enzymatic activity and alterations in the PDE3A 

phosphorylation pattern, which might lead to changes in localization and protein-protein interactions 

(Ercu et al., 2020; Maass et al., 2015). In the hiPSC-CMs, these effects together with the observed 

changes in ECC protein expression, would be expected to cause changes in the Ca2+ transients.  

The experiments in hiPSC-CMs using the Ca2+ binding dye Fluo-8 showed that in the basal state the 

Ca2+ transient duration and re-uptake into the SR was longer/slower in the T445N cells (section 4.5, 

Figure 18). This could be explained by either local hyperactivity of PDE3A or with the reduced 

phosphorylation of Tpn I and MyBPC3 protein level. Since both proteins are more involved in the 

contraction mechanism, it would be assumed that there is an effect on the sarcomere shortening 

hence cardiomyocyte contraction. It would be of interest to follow this up with high resolution 

immunofluorescence analysis. The R862C mutant only showed a significant difference in the Ca2+ 

accumulation process and the duration of the transient at 90% amplitude. This mutant did not exhibit 

significant downregulation of MyBPC3 and pTpn I which might explain why the relaxation process is 

less affected.  

Upon treatment with Iso, the differences between WT and the T445N mutant or T445N compared to 

the R862C mutant were getting more distinct. The T445N mutant had significantly longer Ca2+ transient 

duration and slower re-uptake compared to the WT cells. The R862C mutant behaved more like the 

WT, being significantly different from the T445N in terms of transient duration and re-uptake. Upon 

inhibition of PDE3 with the specific inhibitor Cilo, the differences between T445N and WT were getting 

smaller, indicating that differences in the enzymatic activity might account for the Ca2+ transient 

aberrations. For the R862C mutant, inhibiting PDE3 resulted in a significantly faster Ca2+ re-uptake 

compared to the T445N and WT at 50% amplitude. Given the overall lower protein level compared to 

the WT, the inhibition had increased relative cAMP to a higher level than the WT. To clarify the 

molecular mechanisms underlying the Ca2+ imaging results, cAMP FRET measurements at subcellular 

sites would be needed to measure local cAMP levels. 

When combining Iso with Cilo, the Ca2+ re-uptake and transient duration at 50% amplitude were slower 

for all three different genotypes. Further, this condition elucidated even more prominent differences 

between the mutants and WT.  

The measurements using the Fura-2 Ca2+- binding dye and alternative measurement set-up partially 

confirmed the results of the initial experiment (section 4.6, Figures 20, 21). Both mutants had a longer 
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Ca2+ transient duration at 50% compared to the WT. For the T445N mutant, the Ca2+ amplitude was 

higher than the one of the R862C and WT in the basal state. However, for the distance of the baseline 

to maximum amplitude, the mutants were not different from the WT. Only upon Mil stimulation the 

mutants showed a trend towards lower F0 – Fmax signal, in line with the reduced Ca2+ amplitude. PDE3 

inhibition would increase cAMP levels, leading to an increase in Ca2+ influx from the extracellular space 

and SR. PDE3A hyperactivity and reduced accessibility to the inhibitor would be an explanation for the 

reduced Ca2+ amplitude compared to the WT. Further, the reduced a1c protein level could have led to 

decreased Ca2+ influx which would have also caused lower Ca2+ amplitudes. Overall, the results of the 

experiment with the Fura-2 should be interpreted with caution, since the n-number for the WT and 

T445N mutant is only two and the inter-batch variability of the hiPSC-CMs can be quite high. However, 

given that the experiments suggest a clear trend and corroborate previous observation with Fluo-8, a 

future aim would be to perform additional experiments allowing statistical analysis to be conducted.  

 

5.2.4 Reduced interaction of mutant PDE3A with SERCA2 and the potential effect on the Ca2+ 
transients  

 

PDE3A is recruited to a multiprotein complex at the SR upon PKA phosphorylation of S292 and S293 

residues (Ahmad et al., 2015; Ercu et al., 2020). Thus, changes in the phosphorylation of these two 

residues might be associated with increased or reduced interaction with this complex, which would 

affect local cAMP levels.  

In this thesis, PDE3A1 constructs harboring T445N, R862C and D3 substitutions/deletions were 

overexpressed in HEK293 cells together with SERCA2 (section 4.8, Figure 23). The interaction of the 

different constructs with SERCA2 was analyzed using Co-IP approach. The three different mutations in 

PDE3A reduced the interaction with SERCA2 compared to the WT construct. With less PDE3A being 

associated with SERCA2, the cAMP level would be high and thus phosphorylated PLN dissociated from 

the complex. The Ca2+ imaging experiments showed a slower Ca2+ re-uptake into the SR, pointing 

towards less phosphorylation of PLN, inhibiting SERCA2. This finding contradicts the reduced 

interaction of PDE3A mutants with SERCA. A potential explanation would be that mutant PDE3A, which 

is hyperactive, is less present at the SR but the cAMP is still at a very low level, since the remaining 

PDE3A proteins have increased cAMP hydrolytic activity.   

 

 

 



Discussion 

 86 

5.2.5 Advantages and disadvantages of the hiPSC-CMs model  

 

IPSC-derived cardiomyocytes are an attractive model to study patient-specific mutations causing 

certain cardiovascular diseases and for drug screening assays. However, their immature phenotypic 

and functional status remains a common problem of this cell model. In addition, hiPSC-CMs display a 

high variability and this is in accordance with the results shown in this thesis (Kane et al., 2015).  

HPSCs were first induced from human fibroblasts in 2007 by the group of Shinya Yamanaka, and have 

the advantages of being derived from humans, easily accessible, and can be maintained in culture for 

several months (K. Takahashi et al., 2007; Tani & Tohyama, 2022). HiPSC-CMs resemble prenatal cells 

in terms of structure, expression of genes, energy, the density of ion channels and Ca2+ kinetics (Tani 

& Tohyama, 2022).  

In several studies, the Ca2+ signaling pathway in hiPSC-CMs was compared to adult cardiomyocytes. 

The hiPSC-CMs show quantitative differences to the adult cardiomyocytes, which should be considered 

when interpreting Ca2+ data from hiPSC-CMs (X. Zhang & Morad, 2020). Phenotypically, hiPSC-CMs 

differ from adult cardiomyocytes in terms of their cellular shape, disorganization of z-lines and 

sarcomeres (Gherghiceanu et al., 2011; Hwang et al., 2015; Rao et al., 2013), lack of t-tubules (S. Li et 

al., 2013; Lundy et al., 2013; Parikh et al., 2017) and their spontaneous beating behavior in culture 

(Kane et al., 2015; X. Zhang & Morad, 2020; X.-H. Zhang et al., 2015). Generally, the rise and decay 

time of Ca2+ transients as well as fractional Ca2+ is lower in hiPSC-CMs (J. J. Kim et al., 2015; Lee et al., 

2011; X.-H. Zhang et al., 2013). The expression of the major Ca2+ signaling proteins, including RyR2, 

SERCA2, PLN, Junctin (Jun) or calsequestrin (CSQ2) is maintained in hiPSC-CMs and this is in line with 

the results of this thesis (Fong et al., 2016; Germanguz et al., 2011; Hwang et al., 2015; Itzhaki et al., 

2011; C. B. Jung et al., 2012; X. Zhang & Morad, 2020).  

In response to b-AR agonists, hiPSC-CMs display positive chronotropic and inotropic effects similar to 

the response seen in adult or neonatal CMs (Germanguz et al., 2011; Ivashchenko et al., 2013; Kane et 

al., 2015; T. Tanaka et al., 2009; Yokoo et al., 2009; X. Zhang & Morad, 2020; Zwi et al., 2009). The 

expression of b-AR is maturation-dependent, with b2-AR being the predominant isoform in cells 

younger than 30 days and b1-AR being higher expressed in cell cultures aged 30 – 60 days (G. Jung et 

al., 2016). PKA signaling works more efficiently in older cultures (G. Jung et al., 2016; X. Zhang & Morad, 

2020). 

Methods to improve the maturity of hiPSC-CMs include prolonged culture time, alteration of cellular 

energy sources (mainly with the medium), electrical stimulation, peroxisome proliferator-activated 

receptors (PPARs) and complex cultures such as human engineered heart tissue (EHT) (Chan et al., 

2013, p. 20; Feyen et al., 2020; Hu et al., 2018; J. J. Kim et al., 2015; Kroll et al., 2017; Murphy et al., 
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2021; Tani & Tohyama, 2022; X. Yang et al., 2019). Feyen et al. used a medium containing 

physiologically relevant levels of glucose and Ca2+ supplemented with albumin-bound fatty acids 

(AlbuMAX), creatine, L-carnitine and taurine which supports fatty acid oxidation (FAO). A 3 – to 5 – 

weeks administration of this medium improved the maturity of electrophysiological, structural, SR and 

mechanical properties of the hiPSC-CM suggesting a potential linkage between metabolism and 

maturation pathways (Feyen et al., 2020).  

An alternative method to improve the morphological maturity of hiPSC-CMs is the use of three-

dimensional (3D) cardiac models which are generated by a combination of relevant sensors and 

external mechanical or electrical stimulation (Tani & Tohyama, 2022). Superior to standard 2D cell 

culture models, the 3D models can be used to study physiological hypertrophy, which is widely 

prevalent and cause of heart diseases (Tani & Tohyama, 2022). The first 3D cardiac model was 

developed by Zimmermann et al. They generally consist of hydrogels combined with cardiomyocytes 

cast in a mold with two elastomeric pillars (Tani & Tohyama, 2022; Zimmermann et al., 2002). 

Nowadays, a variety of 3D cardiac tissue models are available, including scaffold-free microtissues such 

as cardiac spheroid microtissue (CMT) or spheroids on a micro-needle array and scaffold-based 

microtissues including EHT, engineered heart muscle (EHM) or cardiac biowire (Arai et al., 2020; 

Garzoni et al., 2009; Hansen et al., 2010; Tani & Tohyama, 2022; Tiburcy et al., 2017; Zhao et al., 2019).  

Despite all the improvements that have been made in the recent years, the issue of immaturity is still 

not solved. Therefore, hiPSC-CM models should ideally be complemented with animal models or cell 

lines (Tani & Tohyama, 2022). Although not included as part of this thesis, this was also the case for 

these hiPSC-CMs harboring the PDE3A mutation, which were complemented by rat models that were 

previously established in the laboratory of Enno Klussmann (Ercu et al., 2020). Both, the T445N and 

R862C rat models, resemble the human phenotype and, upon catecholamine administration, do not 

exceed the cardiac hypertrophy level of the WT (Ercu et al., 2020, Ercu et al., 2022, accepted). This 

points towards a cardioprotective effect of the PDE3A mutations also in the rat models. In 

complementation to this thesis, Ca2+ imaging in isolated primary rat cardiomyocytes harboring the 

HTNB-causing mutations could be done.
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6 Conclusions and outlook  
 

In this thesis, different biochemical and cell models were used to analyze two of the key proteins in 

the ECC, the LTCC and PDE3A. The LTCC α1c was shown to interact with PKA-CS and the interaction 

sites were mapped revealing involvement of the DCRD and PCRD regions of the LTCC. The DCRD and 

PCRD proteins did not affect the catalytic activity of PKA-CS, implying that this interaction mediates 

the recruitment of PKA-CS rather than regulating its activity. Rad is a feasible target for PKA-CS at the 

LTCC. It would be interesting to see if DCRD and PCRD recruit PKA-CS to the LTCC to mediate the Rad 

phosphorylation and channel activation. For this, local signaling and mechanisms at the LTCC complex 

need to be studied  

However, the experimental approaches, cell models and the time frame of this thesis were not 

sufficient to resolve the underlying molecular mechanisms of this interaction and to clarify its 

functionality.  

Alternative model systems could involve hiPSC-CMs or animal models with different mutations in the 

interaction sites. Those models could be used to analyze the interaction with endogenously expressed 

proteins. To specifically discriminate functions of the transgenic, mutant LTCC from the endogenous 

WT channel, a dihydropyridine (DHP) – resistant channel could be used (Liu et al., 2020; L. Yang et al., 

2013). Using this approach, the functionality of the transgenic channel could be analyzed upon 

application of a LTCC antagonist, such as nisoldipine. To define if the amino acid substitutions in DCRD 

or PCRD affect the channel opening, electrophysiological experiments could be conducted. Further, 

the Ca2+ influx through the LTCC could be analyzed with Ca2+ binding dyes such as Fura-2. Upon 

inhibition of ryanodine with a specific antagonist, the amount of Ca2+ influx by the LTCC can be 

measured.  

Single-molecule tracking (SMT) techniques would be an elegant tool to study the kinetics of PKA-CS in 

the cell and identify how and upon which signal PKA-CS is recruited to the LTCC. For a SMT experiment, 

PKA-CS needs to be fluorescently labelled. Then, the protein is imaged with a high signal – to – noise 

ratio at an appropriate resolution to measure the kinetics. The different localizations of the protein 

are combined to model trajectories (Boka et al., 2021). The labeling of PKA-CS could be achieved by 

either fusing it to a fluorophore or tagging with a peptide which binds small molecule fluorophores 

(Boka et al., 2021). However, this approach requires sufficient fluorescence intensity, protein 

expression and specialized microscopy equipment. 

PDE3 is the predominant PDE family in human cardiomyocytes and mutations in PDE3A cause HTNB. 

Surprisingly the associated hypertension does not cause cardiac damage. In the ECC pathway, PDE3A 

is localized to a complex at the SR and is involved in the relaxation process. HTNB-causing PDE3A 
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mutations cause alterations in the expression of ECC proteins, the Ca2+ transient duration and the 

relaxation process (Figure 25). These alterations might affect the cytosolic Ca2+ concentration and 

contractility of the cells.  

 

 

Figure 25: Alterations in the PDE3A mutant cells in comparison to the WT. The hiPSC-CMs harboring mutations in PDE3A 

have decreased protein expression of the L-type Ca2+channel (LTCC) and phosphodiesterase 3A (PDE3A). The T445N mutant 

has reduced expression of Myosin binding protein C (MyBPC3) and less phosphorylation of Troponin I (Tpn I). For both 

mutants the Ca2+ transient duration is increased, with the T445N mutant showing slower relaxation. The legend shows the 

corresponding shapes for each protein. Downward arrow indicates downregulation, upwards shows increased duration and 

the other arrows indicates that there is no change. N – nucleus, SR – sarcoplasmic reticulum.  

 

The preliminary data shown in this thesis, would need to be complemented with more measurements 

with the Fura-2 Ca2+ dye, ideally combined with a Ca2+ standard curve to determine the absolute Ca2+ 

concentration in the cytosol of mutant and WT cells. The concentration could then be analyzed in 

context of the decreased LTCC α1c protein level and alterations in the Ca2+ transient in T445N and 

R862C. Due to the variable shape and immaturity of the hiPSC-CMs, the change in sarcomere length 

which correlates with contractility could not be measured with the Ionoptix system. To measure the 

contractile behavior of the hiPSC-CMs, the cells could be grown as an engineered heart tissue, as 

described in the previous section, which is arranged between micropillars and a force-sensing probe. 

In this experimental set-up the force of contraction generated by the tissues is directly correlated to 

the movement of the micropillars which is sensed by the probe (Dostanic et al., 2020). 

The mutant PDE3A protein is hyperactive in in vitro enzymatic assays and a HEK293 model (Ercu et al., 

2020; Maass et al., 2015), but measurements in a more physiological environment are still missing. 

Here, a SR-targeted cAMP FRET sensor was used to analyze cAMP levels at this subcellular 

compartment. Upon treatment with the PDE inhibitor IBMX or AC – activating agent forskolin, the 



Conclusions and outlook 

 90 

cAMP level would increase resulting in a change in the FRET signal. In the hiPSC-CM model, the 

stimulation with IBMX and the combination of Iso + IBMX did not change the FRET signal, implying that 

either the sensitivity of the cAMP sensor or the change in the local cAMP level was too low to be 

detected with the microscopy system used. To solve this problem, sensors with a brighter fluorophore 

pair, such as turquoise and venus might be used or the resolution of the microscopes improved. 

Further, the cells could be transfected with sensors targeted to other subcellular sites (cytosol, 

sarcolemma, contractile filaments) and the FRET signal at these compartments upon cAMP elevation 

studied. This would provide information if either the cAMP change at the SR was indeed too low to be 

detectable or if the sensor itself was causing the problem.  

The initial experiment in HEK293 cells, analyzing the SERCA2 interaction with PDE3A1 should be 

complemented with endogenous proteins either precipitated from the hiPSC-CMs or isolated rat 

cardiomyocytes. This would then allow to combine the Ca2+ imaging results with the PDE3A1 

abundance at the SR and could clarify the molecular mechanisms in a more physiologically relevant 

environment. 
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9 Appendix 
9.1 Supplemental Methods  

 
 
Figure S 1: DNA and protein sequences of hiPSCs harboring T445N and R862C substitutions. The chromatograms show the 

results of the Sanger sequencing for the two different variants. The box highlights the mutation in the DNA sequence. The 

different colored boxes show the amino acid substitutions. Since the heterozygous mutation does not cause a penetrant 

phenotype in our animal models and also shows a less severe phenotype in humans, the homozygous mutation was inserted 

into the hiPSCs.   
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Figure S 2: BioAnalyzer results of the RNA samples used for qPCR experiments. Sample 1-6 correspond to samples used to 

analyze the expression of hypertrophy marker genes (NPPA, NPPB, ACTC, MYH7). The sample identity is indicated in the 

legend. 
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Figure S 3: Gating strategy to quantify TNNT2 and MLC2v expression in hiPSC-CMs. The cell population was selected in the 

cell suspension. This gate was used to select single cells using side scatter (SSC) and forward scatter (FSC) measurements. 

Living cells were gated using VioBlue dye. From the living cells the TNNT2+, MLC2v+ and double positive (pink inlet) cells were 

selected using isotype control sample (not shown). 
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9.2 Supplemental Results  

 

 
 

Figure S 4: PKA-CS binds at DCRD and PCRD in the a1c C terminus. Peptide array of LTCC a1c C terminus overlaid with His-

PKA-CS. The interactions were detected using anti-PKA-CS antibody. Interactions are detected at three sites, with two of them 

corresponding to proximal C-terminal regulatory domain (PCRD, 1672-1731) and distal C-terminal regulatory domain (DCRD, 

2072-2126). This experiment was done by Dr. Shimrit Oz (Dascal lab, Tel Aviv, Israel).  
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Figure S 5: Troponin T (TNNT2) and ventricular Myosin light chain 2 (MLC2v) expression in hiPSC-CMs at day 45. The cells 

were stained at day 45 of differentiation and the expression of both markers quantified using flow cytometry. The graphs 

show the percentage ± SD of TNNT+ and MLC2v+ cells from 4 (WT) and three differentiation rounds (T445N, R862C). 
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Figure S 6: Treatment with isoproterenol only induced moderate increase in the expression of hypertrophy marker genes. 

Compared to the treatment with endothelin-1 (Figure 14), treatment with 1 µM isoproterenol for 48 h only induced moderate 

upregulation of NPPA, NPPB, MYH7 and ACTC genes. The graph shows the fold change for two independent experiments. 

Mean ± SD is plotted.  
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Figure S 7: Mutant hiPSC-CMs have alterations in Ca2+ transient start and end time (T0 and Tend) 
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9.3 Plasmid maps  

9.3.1 DCRD-Cerulean  

 
 

Figure S 8: Plasmid map for the DCRD-Cerulean construct. The DCRD sequence (highlighted in gray) was cloned into Cerulean-

N1 plasmid (Addgene #54742). The main features and restriction sites are shown.  
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9.3.2 PCRD-Cerulean  

 

 
 
Figure S 9: Plasmid map for the PCRD-Cerulean construct. The PCRD sequence (highlighted in gray) was cloned into Cerulean-

N1 plasmid (Addgene #54742). The main features and restriction sites are shown.  
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9.3.3 PKA-CS-Venus  

 

 
 

Figure S 10: Plasmid map for the human PKA-CS-Venus construct. The human PKA-CS sequence (highlighted in dark blue) 

was cloned into mVenus-N1 plasmid (Addgene #27793). The main features and restriction sites are shown.  
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9.3.4 CFP-ra1c Cav1.2  

 
 
Figure S 11: Plasmid map for the CFP- ra1c Cav1.2 construct. The rabbit a1c Cav1.2 sequence (highlighted in dark gray) was 

cloned into pECFP-C1 plasmid. The main features and restriction sites are shown. 

 

 

 

 

 

 

 

 

 
  


