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SUMMARY 
 

Intracellular Ca2+ is a central regulator of cardiac contractility. The key event of 

excitation-contraction coupling (E-C coupling) in the heart is calcium-induced calcium 

release (CICR) from the sarcoplasmic reticulum (SR) via SR Ca2+-release channel 

known as ryanodine receptor (RyR2).  

Ca2+-release from the SR is a finely regulated process that involves not only the RyR 

itself, but also a number of accessory proteins interacting with RyR and modulating its 

activity. Among these proteins are FK506-binding proteins (FKBPs): FKBP12 and its 

orthologous isoform FKBP12.6.  

According to the current concept, FKBP12.6 is tightly and selectively bound to cardiac 

RyR, whereas FKBP12 is associated with skeletal muscle RyR isoform (RyR1) solely 

and, consequently, plays a role in RyR regulation only in skeletal muscle. However, 

several studies provide the evidence that FKBP12 can also regulate cardiac RyR. First, 

the expression levels of FKBP12 in the heart are considerably higher compared to 

FKBP12.6. Second, the FKBP12-knockout mouse model showed that FKBP12 

modulates both RyR1 and RyR2. Third, the experiments which demonstrated selective 

association of FKBP12.6 but not FKBP12 with RyR2 were limited to the canine heart 

and it was not known whether this selectivity of interaction holds true for other species. 

Thus, the question whether FKBP12 is also involved in the regulation of cardiac RyR is 

still open.  

Therefore, considering the controversy surrounding the given issue, the purpose of the 

present study was to investigate whether FKBP12 contributes to the regulation of 

cardiac E-C coupling and to examine a potential interaction of FKBP12 with RyR2. 

In heart failure, Ca2+-release from the SR is disturbed. Defective regulation of RyR2 by 

FKBP12.6 is thought to be involved in the pathogenesis of heart failure. With this in 

mind, the second intention behind the present study was to characterize heart failure in 

a rabbit model with respect to FKBP12.6−RyR2 interaction and to investigate whether 

FKBP12.6 and/or FKBP12 may represent new molecular target(s) to improve contractile 

function of failing cardiomyocytes. 

To investigate the effect of FKBP12 on cardiac contractility, FKBP12 was 

overexpressed in isolated rabbit ventricular cardiomyocytes using adenoviral gene 

transfer. Overexpression of the transgene was verified at mRNA and protein levels 

using RT-PCR and immunoblotting, respectively. Contractility of isolated rabbit 

cardiomyocytes was measured by video-edge detection 48 hours after transfection. 
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Cardiomyocytes overexpressing FKBP12 showed a significant increase in fractional 

shortening (by 14%) compared to LacZ-transfected myocytes which served as a control.  

It was hypothesized that a modulation of RyR2 activity by FKBP12 via physical 

association may underlie the effect of FKBP12 overexpression on the contractility of 

rabbit cardiomyocytes. Direct interaction of FKBP12 with cardiac RyR2 isoform was 

revealed by GST fusion protein pulldown assay. Human recombinant GST-FKBP12 

demonstrated specific interaction with rabbit and human RyR2 with a high affinity and in 

a FK506-displaceable manner similar to those observed with GST-FKBP12.6. This 

suggests that RyR2 of these two species is capable of binding to FKBP12 in a 

functionally relevant manner, since FKBP12 overexpression increases contractility. 

To investigate whether FKBP12.6 and/or FKBP12 represent(s) new molecular target(s) 

to improve contractile function, both FKBP isoforms were overexpressed by adenovirus-

mediated gene transfer in myocytes isolated from failing hearts of rabbits with 

tachycardia-induced heart failure. To assess the molecular interaction of FKBP12.6 with 

RyR2 in the rabbit model, co-immunoprecipitation was performed. The amount of 

FKBP12.6 associated with RyR2 was decreased by 40% in failing hearts compared to 

sham controls. The protein levels of RyR2 were significantly downregulated in failing 

rabbit hearts compared to sham controls as was assessed by immunoblotting. 

Phosphorylation status of RyR2 was unchanged in the failing-heart group in comparison 

to sham controls, as determined by anti-phosphoserine immunoblots. Contractility of 

isolated rabbit cardiomyocytes was measured by video-edge detection 24 hours after 

transfection with a multiplicity of viral infection of 100. Overexpression of the transgene 

was verified by immunoblotting. Fractional shortening of cardiomyocytes isolated from 

failing hearts was significantly reduced (by 25%) when compared to sham controls. In 

the failing-heart group, cardiomyocytes overexpressing FKBP12.6 showed a statistically 

significant increase in fractional shortening in comparison with LacZ transfected cells, 

indicating partial restoration (by 44%) of the contractility of failing cardiomyocytes. The 

improvement of contractility in failing cells overexpressing FKBP12.6 correlated with 

retention of exogenous FKBP12.6 on RyR2 as assessed by co-immunoprecipitation. In 

failing cells overexpressing FKBP12, the trend towards improved contractility did not 

reach statistical significance. However, in the sham control group, overexpression of 

both FKBP isoforms significantly increased contractility, similar to the observations 

reported for the overexpression of FKBP12 and FKBP12.6 in non-failing 

cardiomyocytes. 
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These results demonstrate, on one hand, that in rabbit heart, FKBP12.6 is not the only 

isoform which is capable of interaction with RyR2 and modulation of its function. 

Secondly, that FKBP12.6 overexpression in rabbit failing cardiomyocytes restores 

contractile function most probably due to retention of FKBP12.6 on RyR2. 
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1. INTRODUCTION 
 

1.1 Key pathways involved in calcium transport in cardiomyocytes 
The process ensuring contraction and relaxation of the heart is called excitation-

contraction coupling (E-C coupling) and involves a series of events from electrical 

excitation of the myocyte to contraction of the heart (Bers, 2002). Calcium is the central 

regulator of cardiac E-C coupling and plays a crucial role in all stages of this process, 

beginning from the contribution to action potential (the initiating event in cardiac E-C 

coupling) and ending with the activation of the myofilaments (which are the end 

effectors of E-C coupling). Calcium homeostasis during E-C coupling is altered in the 

failing heart; therefore, it is important to have a clear comprehension of how cellular 

calcium levels are regulated during the normal contraction-relaxation cycle. 

Ca2+ RyRRyR
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Ca2+
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Figure 1. Schematic representation of key pathways involved in Ca2+ transport in the 
cardiomyocyte. During the cardiac action potential, Ca2+ enters the cardiomyocyte via Ca2+ 
channels (DHPR) and triggers Ca2+ release from the sarcoplasmic reticulum (SR) via the SR 
Ca2+ release channel (RyR). At the same time, a much smaller amount of Ca2+ enters the cell 
via Na+-Ca2+ exchanger (NCX). Ca2+ is removed from the thin-filament protein troponin C and 
cytosol by the SR Ca2+-ATPase pump (modulated by phospholamban, PLB), sarcolemmal 
Ca2+-ATPase pump, Na+-Ca2+ exchanger and mitochondrial Ca2+ uniporter. 
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Figure 1 shows the key pathways involved in myocyte Ca2+ transport. During the 

cardiac action potential, voltage-operated Ca2+ channels known as dihydropyridine 

receptors (DHPR) are opened and Ca2+ enters the cell via Ca2+ current. This event, in 

turn, triggers the release of a larger amount of Ca2+ from the sarcoplasmic reticulum 

(SR), the intracellular Ca2+ store, via SR Ca2+-release channel (SRCRC). As a 

combined result of Ca2+ influx and release, the free intracellular Ca2+ concentration 

raises, causing Ca2+ binding to myofilament troponin C, which then switches on the 

contractile machinery. For relaxation to occur, intracellular Ca2+ must decline, requiring 

Ca2+ transport out of the cytosol. This occurs via four pathways (Bassani et al., 1992) 

involving SR Ca2+-ATPase, sarcolemmal Na+/Ca2+ exchanger, sarcolemmal Ca2+-

ATPase and mitochondrial Ca2+ uniporter.  

Well-coordinated functioning and interaction of these systems are required for the 

maintenance of calcium homeostasis — the dynamic and, at the same time, delicate 

balance, which allows the heart to function effectively. 

 

1.2 Ca2+-release through SR calcium release channel (ryanodine receptor) as the 
key event of cardiac E-C coupling 
The crucial event in cardiac E-C coupling is Ca2+ release from the SR via SRCRC also 

known as type 2 ryanodine receptor (RyR2), since the plant alkaloid ryanodine, 

originally used to identify the channel protein, is a selective and specific ligand for the 

channel (Meissner, 1986). The process of Ca2+ release from the SR is called Ca2+-

induced Ca2+ release (CICR), since it is triggered by Ca2+, which serves as a 

physiological ligand for the ligand-activated RyR2 channel. Ca2+ activation of the 

SRCRC begins at low cytosolic Ca2+ (submicromolar), reaches a maximum, which is 

characterized by a very high open probability (Po) of the channel, near 100 µM Ca2+, 

and decreases at very high (5-10 mM) Ca2+ (Bers, 2001). 

 

1.2.1 Molecular structure of ryanodine receptors 
Besides the cardiac-specific RyR2 isoform, two other isoforms of RyR exist — RyR1 

and RyR3. RyR1 is expressed predominantly in skeletal muscle, where it was originally 

described (Sorrentino and Volpe, 1993), whereas RyR3 is expressed mainly in the 

brain, where it was first revealed (Sorrentino and Volpe, 1993), and, therefore, they are 

also known as skeletal and brain RyR isoforms, respectively. These three RyR isoforms 

are products of 3 separate genes sharing ~66% homology in amino acid sequence; they 

are the largest ion channel structures identified to date. RyR2 is a homotetramer with 



 6

~565 kDa molecular weight per protomer (Nakai et al., 1990; Otsu et al., 1990) and ~2.3 

million daltons for the whole molecule.  

Electron microscopy of purified and reconstituted RyR1 (Inui et al., 1987b; Lai et al., 

1988) and RyR2 (Inui et al., 1987a) revealed the four-leaf clover structure, which 

previously had been described for the junctional “feet” — SR structural elements that 

span the gap between the SR and transverse invaginations (T-tubules) of the 

plasmalemma at their junctions. On the basis of this quatrefoil appearance and 

comparable size, RyR was identified as the “feet” structures. This location of RyRs is 

undoubtedly important in the process of triggering SR Ca2+ release during E-C coupling, 

since SRCRCs are located closely to the voltage sensors, DHPRs, and such proximity 

permits in the heart tight functional coupling between plasmalemmal DHPR and RyRs in 

the SR, although the mechanistic basis of this interaction is still unknown (Mackrill, 

1999).  

Three-dimensional reconstructions of the RyR based on electron microscopic images 

revealed the structural properties of the channel (Wagenknecht et al., 1989; Samso and 

Wagenknecht, 1998). Binding sites of some proteins interacting with RyR were localized 

on the three-dimensional reconstruction of the RyR (Wagenknecht et al., 1994; 

Wagenknecht et al., 1996; Wagenknecht et al., 1997; Zhang et al., 2003). Based on the 

analysis of the predicted secondary structure, the topology of RyR was proposed. 

Approximately 20% of the channel structure form transmembrane domains, spanning 

the SR membrane. The number of transmembrane domains is disputed and thought to 

range from 4 to 12 (Takeshima et al., 1989; Otsu et al., 1990), however existence of 

M1-M4 is consistent with most data (Bers, 2001). Site-directed mutagenesis studies in a 

RyR motif (located in M3-M4 region and highly conserved for all RyR isoforms) has 

identified it as a pore-forming segment of RyRs (Zhao et al., 1999). The remaining 

~80% of the RyR structure constitute an N-terminal cytoplasmic domain, which, as was 

demonstrated by Marx and colleagues (Marx et al., 2000), represents a major site of 

interaction with accessory proteins of the RyR. These proteins modulate and regulate 

channel function and thereby play an important role in maintenance of calcium 

homeostasis. 

 

1.2.2 The cardiac RyR channel is a regulable macromolecular signalling complex 
On the basis of co-purification and co-immunoprecipitation experiments, Marx et al. 

have shown that RyR2 is a macromolecular signalling complex, within which regulatory 

proteins (including kinases and phosphatases with their adaptor/anchoring proteins) are 
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bound to specific binding sites on the cytoplasmic portion of the channel (Marx et al., 

2000). In addition to RyR-associated regulatory proteins reported by Marx and 

colleagues, there are a number of other proteins which are known to interact with RyR2 

and play a role in regulation of its function (Fig. 2).  
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Figure 2. Model of SR Ca2+-release channel (RyR2) associated with its accessory 
proteins.  

 

In the classification offered by Mackrill (Mackrill, 1999), accessory proteins of the RyR2 

are categorized according to their subcellular localization into (i) SR intralumenal 

modulatory proteins, (ii) SR integral membrane proteins and (iii) cytosolic modulatory 

proteins. Some accessory proteins are worth to be briefly described here to illustrate 

their functions in the fine-tuning of RyR2: 

• Intralumenal Ca2+ storage protein calsequestrin (CS), which is a determinant of 

Ca2+ loading of the SR and hence of the rate of Ca2+ release from there.  

• SR integral membrane proteins triadin and junctin, both of which interact with CS, 

RyR2 and with each other (Zhang et al., 1997), forming a quaternary complex, 

which is involved in the accumulation and release of Ca2+ from the SR. 

• Multiple cytosolic modulatory proteins, such as cAMP-dependent protein kinase 

(PKA), Ca2+-dependent protein kinase (PKC) and calmodulin-dependent protein 

kinase II (CaMKII). Marx et al. have shown that PKA as well as protein 

phosphatase 2A (PP2A) and protein phosphatase 1 (PP1) are co-purified and co-

immunoprecipitated with RyR2, and on the basis of this observation suggested 

that phosphorylation of the channel is locally controlled (Marx et al., 2000). The 
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role of this control in the modulation of SR Ca2+ release will be further discussed 

below. To the same group of cytosolic modulatory proteins belong the FK506-

binding proteins (FKBPs). FKBPs and their role in the regulation of RyR2 will be 

discussed in detail in the next chapters. Sorcin and calmodulin are two Ca2+-

binding proteins directly associated with RyR2. Sorcin is known to inhibit RyR2 

activity (Lokuta et al., 1997), so does calmodulin. (Bers, 2001). It is still unclear 

whether calmodulin exerts direct functional effects on cardiac RyR or whether it 

modifies channel activity via CaMKII pathway (Bers, 2001). 

Thus, Ca2+ channels are integral regulable systems subjected to many regulatory 

influences by means of protein-protein interactions. The purpose of such regulation is to 

provide adaptive variations in the functioning of SRCRCs.  

 

1.3 Regulation of RyR channel by FK506-binding proteins (FKBPs) 
 

1.3.1 Biology of FKBPs 
Among the proteins regulating RyRs activity are proteins of the immunophillin family — 

FKBP12 and its orthologous isoform FKBP12.6. The immunophillin family includes 

proteins of different molecular weights ranging from 12 to 56 kDa (Abraham and 

Wiederrecht, 1996), upon which their numbering is based. All of them are soluble 

receptors for immunosuppressant drugs FK506 (hence their name FK506-binding 

proteins — in short FKBPs) and rapamycin. They possess cis-trans peptidyl-prolyl 

isomerase activity (PPIase activity), which is essential for protein folding during protein 

synthesis. Of all FKBPs only FKBP12 and FKBP12.6 have relevance to 

immunosuppressive effect of FK506 (Bram et al., 1993; Sewell et al., 1994). FK506 

(tacrolimus) is an immunosuppressive macrolide antibiotic used for prevention of organ 

graft rejection (Jain et al., 2000). FK506−FKBP binary complex binds to and inhibits 

calcineurin (CaN), a Ca2+-calmodulin-dependent serine-threonine phosphatase (Liu et 

al., 1991). Inhibition of CaN, in turn, blocks nuclear translocation of the nuclear factor of 

activated T-lymphocytes (NF-AT), controlling the expression of the interleukin-2 gene, 

and subsequent T-cell activation (Flanagan et al., 1991). Although FK506 inhibits 

PPIase activity, this peptidyl-prolyl isomerase inhibition is unrelated to 

immunosuppression (Sewell et al., 1994). FKBP12 is the predominant and ubiquitously 

expressed isoform; its sequence is highly conserved throughout the phylogeny of 

eukaryotes (Siekierka et al., 1990; Schreiber, 1991). FKBP12.6 was initially described 

by Timerman and colleagues in 1994 (Timerman et al., 1994) and human FKBP12.6 
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was cloned and characterized by different groups (Sewell et al., 1994; Arakawa et al., 

1994; Lam et al., 1995). These two FKBP isoforms are coded by distinct genes. 

FKBP12.6 is closely related to FKBP12, has the same number of amino acids and 

differs from the latter in only 18 out of 108 amino acid residues (Sewell et al., 1994). 

FKBP12.6 is expressed in a range of tissues (Arakawa et al., 1994), but is less 

abundant than FKBP12 (Sewell et al., 1994; Lam et al., 1995). In pharmacological 

aspect, both FKBP isoforms are similar: they have equal affinities for FK506 and are 

equipotent mediators of CaN inhibition by FK506 (Lam et al., 1995). 

Besides binding FK506, physiological functions of FKBPs have been defined. One of 

them is the regulation of RyRs (see 1.3.2). In addition, other cellular functions were 

described for FKBP12, such as modulation of inositol 1,4,5-trisphosphate receptor 

(InsP3R), which is closely related to RyR, both belong to the same superfamily of 

intracellular Ca2+ release channels (Cameron et al., 1997). Furthermore, FKBP12 is 

known to inhibit type I receptor of transforming growth factor-β (TGF-β) superfamily 

(Wang et al., 1996). There is evidence that FKBP12.6 is involved in regulation of insulin 

biosynthesis and its secretion from pancreatic islets by modulating intracellular Ca2+ 

levels via cADP-ribose and RyR (Noguchi et al., 1997).  

 

1.3.2 RyRs−FKBPs interaction and its putative physiological functions  
 

Current concept: RyR1−FKBP12/RyR2−FKBP12.6 association 

The first indication of RyR interaction with FKBP12 was documented in the experiment 

of Collins, who, by analyzing the sequence of purified rabbit skeletal muscle RyR, found 

a 15-residue peptide (named KC7), which was identified as the N-terminus of FKBP12 

(Collins, 1991). Next, Jayaraman et al., utilizing co-purification and co-

immunopreciptation techniques, found that FKBP12 and RyR are tightly associated in 

rabbit skeletal muscle SR (Jayaraman et al., 1992). Timerman et al. reported tight 

association of canine cardiac RyR2 with a novel FK506-binding protein (Timerman et 

al., 1994). Blotting the fractions containing canine heart SR and purified canine RyR2 

with an antibody raised against the N-terminus of FKBP12 and not reacting with other 

FKBP isoforms revealed the presence in these fractions of an immunoreactive single 

band readily distinguished from human recombinant FKBP12 due to a slight difference 

in their electrophoretic mobilities, whereas cardiac cytosolic fraction contained only the 

FKBP12 isoform (Timerman et al., 1994). Shortly after this report, Sewell and co-

workers, while screening brain and kidney tissues for the presence and abundance of 
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known FKBP and calcineurin isoforms, identified a novel 12.6-kDa FKBP, named 

FKBP12.6 (Sewell et al., 1994). FKBP12.6, purified and characterized by Sewell, was 

shown to be identical to the protein reported by Timerman (Lam et al., 1995).  

In canine heart, interaction between RyR2 and FKBP12.6 appears to be highly specific. 

Using 35S-labeled recombinants of FKBP12 and FKBP12.6, Timerman et al. performed 

exchange studies (assays for exchange of bound FKBPs for soluble 35S-labeled FKBP 

recombinants), demonstrating that only labeled FKBP12.6 exchanged with endogenous 

FKBP12.6 bound to canine cardiac microsomes. By contrast, both FKBP isoforms 

exchanged with endogenously bound FKBP12 of skeletal muscle SR of the same 

species (Timerman et al., 1996). In addition, to confirm the specificity of 

FKBP12.6−RyR2 interaction, the same group used the approach of RyR2 affinity 

purification, based on the tight association between RyR2 and FKBP12.6, and showed 

that recombinant GST-FKBP12.6 is able to pull down RyR2 from canine SR, in contrast 

to GST-FKBP12 which fails to do so (Timerman et al., 1996). On the basis of these 

experiments, it was concluded that binding of FKBP12.6 by cardiac RyR is selective. To 

assess the amino acid residues of FKBP12.6 that confer its selective association, Xin 

and colleagues applied site-directed mutagenesis to the residues of human FKBP12.6 

that differ from FKBP12 and used canine cardiac SR prelabeled with [35S]FKBP12.6 as 

assay system for binding/exchange with the mutants (Xin et al., 1999). These studies 

revealed that three amino acid residues (Gln31, Asn32 and Phe59) of FKBP12.6 

determine its selective binding to RyR2. Binding specificity may also arise from 

variations in sequence and structure of different RyR isoforms, therefore, a number of 

studies have focused on the structural basis of FKBP-RyR interaction (Cameron et al., 

1997; Marx et al., 2000; Gaburjakova et al., 2001; Bultynck et al., 2001a; Bultynck et al., 

2001b; Fulton et al., 2003; Masumiya et al., 2003). 

Thus, upon co-purification, co-immunoprecipitation and exchange/binding experiments 

is based the current concept that FKBP12.6 is bound to cardiac RyR, whereas FKBP12 

is associated with skeletal muscle RyR isoform solely and, consequently, plays a role in 

RyR regulation only in skeletal muscle.  

 

Putative physiological functions of FKBPs with respect to interaction with RyRs  

Each FKBP isoform interacts with its corresponding RyR isoform in a stoichiometry of 4 

to 1, i.e. four FKBP molecules per RyR tetramer (Timerman et al., 1993; Timerman et 

al., 1995; Timerman et al., 1996). FK506 and rapamycin cause dissociation of FKBPs 

from RyRs and modify RyR1 and RyR2 gating in bilayer studies.  
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Brillantes et al. showed that recombinant RyR1 expressed in insect cells (Sf9), which do 

not express detectable amounts of either RyR1 or FKBP12, exhibited subconductance 

states ― or partial openings ― of different levels. When human recombinant FKBP12 

was co-expressed with RyR in Sf9 or added to RyR incorporated into bilayers, stable 

channels with openings to full conductance state were formed; addition of FK506 or 

rapamycin to either native RyR or RyR co-expressed with FKBP12 induced 

reappearance of subconductance state (Brillantes et al., 1994). This observation 

indicated, for the first time, that FKBP12 may stabilize RyR1. Kaftan et al. reported 

analogous results with regard to RyR2: when rapamycin was added to cardiac SR 

channels comprising RyR2 and FKBP12.6, profound changes were induced in channel 

gating manifested by activation of the channel (increased open probability) and 

appearance of subconductance states (Kaftan et al., 1996).  

Using a dissociation/reconstitution approach, Timerman et al. showed that skeletal 

muscle RyR from SR treated with FK590 (a structural analogue of FK506) had a greater 

sensitivity to activation by Ca2+ than channels from untreated SR (Timerman et al., 

1995), which provoked the appearance of subconductance states and increased open 

probability (not full closure), as reported Brillantes and Kaftan. Altered channel 

properties were restored by rebinding FKBP12 to RyR from stripped skeletal SR 

(Timerman et al., 1995). In the same study, Timerman and colleagues showed that 

PPIase-deficient FKBP-mutants did not alter the Ca2+ flux of SR vesicles when they 

substituted for wild-type FKBP12 on RyR. When these mutants were added to drug-

stripped SR, they restored properties of the channel in a similar manner as wild-type 

FKBP12, providing evidence that modulation of RyR channels by FKBPs is independent 

of PPIase activity. 

Using the same dissociation/reconstitution approach, Timerman et al. demonstrated that 

neither removal nor addition of FKBP12.6 to RyR2 of stripped canine cardiac SR had 

any effect on channel activity (Timerman et al., 1996) and concluded that the 

mechanism of RyR modulation by FKBP might be different in heart and in skeletal 

muscle. Applying the same dissociation/reconstitution approach to lipid bilayers, 

Barg et al. found no effect of FK506 on RyR2 (Barg et al., 1997). In contrast, FK506 

treatment increased the duration of spontaneous or depolarization-evoked Ca2+ 

transients in intact cardiomyocytes and induced long-lasting subconductance states in 

cardiac RyRs incorporated in planar lipid bilayers (Xiao et al., 1997). The discrepancy 

between the results obtained by different groups, utilizing similar in vitro techniques, 
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may originate from the composite character of SR Ca2+ release ― a process that is 

difficult to reconstruct in vitro.  

To investigate the role of FKBP12.6 in cardiac E-C coupling, Prestle et al. used 

adenovirus-mediated gene transfer to overexpress FKBP12.6 in isolated rabbit 

ventricular myocytes, followed by contractility measurements and SR Ca2+-uptake 

measurements in cardiomyocytes overexpressing FKBP12.6. These studies showed 

that overexpression of FKBP12.6 in rabbit cardiomyocytes had three significant effects, 

such as, reduction of RyR2 mediated Ca2+ efflux from SR, higher SR Ca2+ load and, as 

a result, increased amplitude of contractility in single myocytes (Prestle et al., 2001).  

Thus, the working hypothesis regarding the role of FKBPs in RyR modulation is that 

FKBP physically stabilizes the coordinated gating of the 4 RyR subunits within the 

homotetramer so that openings go from the fully closed to the fully open state (Bers, 

2001). Moreover, as demonstrated by Marx et al., FKBP may also be involved in a 

process known as coupled gating — simultaneous opening and closure of two or more 

physically connected RyR channels (Marx et al., 1998). Both cardiac and skeletal RyRs 

are arranged on the SR membrane in closely packed arrays, such that their large 

cytoplasmic domains are physically in contact to one another (Protasi et al., 1998). Due 

to this arrangement, individual channels are capable of coordinated opening-closure 

(coupled gating), providing a mechanism for regulating the Ca2+ signal required for 

E-C-coupling (Marx et al., 1998; Marx et al., 2001a). Marx et al. showed that addition of 

FKBP12/12.6 induced simultaneous gating of 2 or more entire RyR1/RyR2 channels, 

and this effect could be reversed by removal of FKBP with rapamycin, but nevertheless 

physical association between RyRs was preserved (Marx et al., 1998; Marx et al., 

2001a). From this was concluded that FKBP is involved in the functional coupling 

between RyRs but does not influence physical coupling of RyR oligomers. Indeed, Yin 

and Lai showed that lattice formation is an intrinsic property of RyR channels and that 

cytoskeletal elements, cytosolic proteins or membrane insertion are not necessary for 

this phenomenon (Yin and Lai, 2000).  

Cryoelectron microscopy revealed binding of FKBP12 to the cytoplasmic assembly of 

RyR1 channels at sites that are 12 nm from the putative entrance to the transmembrane 

pore. FKBP12 binds along the edge of the square-shaped cytoplasmic assembly near 

the face that interacts in vivo with the transverse tubule of the sarcolemma 

(Wagenknecht et al., 1996; Wagenknecht et al., 1997). FKBP12.6 binding sites have 

also been mapped to a similar region on the three-dimensional structure of RyR2 
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(Zhang et al., 2003). Such location of FKBPs seems to be relevant to observations 

regarding the functional role of FK506-binding proteins in regulation of RyR channels.  

 

FKBP12−RyR2 interaction? 

Most aforesaid in vitro studies support the hypothesis that RyR2 is associated with 

FKBP12.6 rather than FKBP12 and, hence, FKBP12.6 modulates the activity of RyR2 in 

the heart, whereas FKBP12 is not important for the regulation of cardiac E-C coupling. 

However, considerably higher expression levels of FKBP12 than FKBP12.6 in the heart 

of several species (Lam et al., 1995; Shou et al., 1998; Prestle et al., 2001) raise doubts 

as to an exclusive role of FKBP12.6 isoform in the regulation of RyR2. Indeed, some 

studies challenge the current concept, raising questions as to the isoform specificity of 

FKBP interaction with RyR2.  

Data reported by Shou et al. are perhaps the most perplexing and call for a revision of 

the current point of view regarding the RyR2−FKBPs interaction/regulation. This group 

showed that FKBP12-knockout mice had gross developmental abnormalities in the 

heart, such as severe dilated cardiomyopathy and ventricular septal defects, but at the 

same time, there were no gross, histological or electron microscopic abnormalities in 

their skeletal muscle. However, both RyR1 and RyR2 from these mice were reported to 

have altered single channel behavior, such as increased probability of channel openings 

and subconductance states of the channels (Shou et al., 1998). These physiological 

studies using FKBP12-knockout model demonstrate that FKBP12 modulates both 

skeletal and cardiac muscle RyR and that FKBP12.6 can not functionally substitute for 

FKBP12. The absence of skeletal muscle dysfunction reported in this study was 

attributed to different E-C coupling mechanisms in skeletal vs. cardiac muscles.  

Since FKBP12 is phylogenically well conserved, the implication of FKBP12 in regulation 

of cardiac RyR2 and/or E-C coupling might be extrapolated to other vertebrates. As 

already mentioned, the concept that FKBP12.6, but not FKBP12, is tightly associated 

with cardiac SR and RyR2 is based on co-purification, co-immunoprecipitation and 

exchange/binding experiments using canine cardiac material. Indeed, until recently, 

canine cardiac RyR served as prototype for studying the association of RyR2 with FKBP 

(Timerman et al., 1994; Lam et al., 1995; Timerman et al., 1996; Xin et al., 1999), but it 

was not known which of the FKBP isoforms was associated with cardiac SR and RyR in 

other species.  

The first systematic studies of FKBP association with RyR2 from heart microsomes 

enriched in SR from different mammals (human, rabbit, rat, mouse and dog) and other 
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vertebrate classes (chicken, frog, and fish) were carried out by Jeyakumar et al. 

(Jeyakumar et al., 2001). In their study, cardiac microsomes enriched in SR were 

isolated from diverse vertebrates and characterized with respect to their RyR2 content 

and association with FKBP isoforms. The results revealed that SR of seven out of eight 

tested species contained both FKBP12.6 and FKBP12, dog being the exception where 

cardiac SR bound only FKBP12.6. From [35S]FKBP12 and [35S]FKBP12.6 exchange 

isotherms, a stoichiometry of binding sites for both FKBP12 and FKBP12.6 to ryanodine 

receptor was calculated to be approximately 4 per RyR tetramer for different mammals, 

except dog. The affinity of FKBP12 for RyR2 from SR of mammals was on average only 

7-fold weaker (higher Kd) than that of FKBP12.6, unlike to dog, where FKBP12 

binding/exchange with RyR2 was negligible due to an approximately 500-fold weaker 

affinity compared to FKBP12.6 (Timerman et al., 1996). Thus, from these extensive 

studies, Jeyakumar et al. concluded that the association of FKBPs with RyR2 in diverse 

vertebrates is conserved in heart, albeit the affinity for FKBP12.6 is greater than for 

FKBP12.  

Previously, Qi and colleagues reported similar results with regard to RyR1. They 

characterized RyR1 from skeletal muscle microsomes of each of the five classes of 

vertebrates, i.e. mammals (rabbit), birds (chicken), reptiles (turtle), amphibians (frog), 

and fish (salmon and rainbow trout), with respect to its association with FKBP12 isoform 

and its capability of exchange with soluble FKBP12 and FKBP12.6. Exchange 

isotherms of [35S]FKBP12 and [35S]FKBP12.6 with RyR1 from terminal cisternae of 

different animals revealed that both FKBP isoforms bound comparably to RyR1 and the 

stoichiometry of FKBP12 or FKBP12.6 binding sites/RyR tetramer was calculated to be 

approximately 4. These four binding sites could be occupied by either isoform or a 

combination of FKBP isoforms (Qi et al., 1998).  

In order to assess the role of FKBP12.6 in cardiac function, FKBP12.6-knockout mouse 

model was developed by several groups. Xin and colleagues reported that in their 

model, FKBP12.6-knockout mice appeared normal in most respects, but exhibited 

cardiac hypertrophy in males but not in females (Xin et al., 2002). Wehrens and Lehnart 

et al. reported that FKBP12.6-deficient mice showed no structural cardiac abnormalities, 

no echocardiographic abnormalities or arrhythmias at rest, but cardiac ventricular 

arrhythmias followed by sudden cardiac death was provoked by exercising FKBP12.6-

deficient mice (Wehrens et al., 2003). In both FKBP12.6-knockout models, the cardiac 

phenotype was undoubtedly less severe compared to FKBP12-deficient mice, what 

once more underscores the importance of FKBP12 for heart development and function.  
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Thus, in spite of a great number of evidences accumulated, the precise mode of 

interaction and modulation of cardiac RyR by FKBP12.6/FKBP12 remains to be fully 

defined.  

 
1.3.3 Clinical relevance of FKBPs−RyR2 association/regulation 
 
Alteration of FKBP12.6–RyR2 association in heart failure and PKA-dependent 

hyperphosphorylation of RyR2 as a putative mechanism of this alteration 

One more reason why such high emphasis is placed on FKBPs−RyR2 interaction is that 

FKBP effects may be clinically relevant and FK506 treatment can be associated with 

cardiomyopathy (Atkison et al., 1995).  

Marx et al. showed that PKA phosphorylation of immunoprecipitated RyR2 (at no 

phosphorylation of FKBP12.6) resulted in a decrease (~90%) in the amount of 

FKBP12.6 co-immunoprecipitating with RyR2. In the same study they showed that 

RyRs in failing heart of dog and human were hyperphosphorylated specifically by PKA 

and, furthermore, less FKBP12.6 co-immunoprecipitated with RyR2 from failing hearts 

of both species compared to normal hearts (65% and 50% of reduction in humans and 

dogs, respectively) (Marx et al., 2000). Furthermore, single channel recordings of RyR2 

channels from failing human and canine hearts exhibited the same alterations in gating 

properties as in PKA-phosphorylated channels from normal hearts, namely increased Po 

at low cytosolic [Ca2+] and appearance of subconductance states (Marx et al., 2000). 

This group attempted to explain PKA-mediated hyperphosphorylation of RyR2 under the 

assumption that during heart failure, catecholamine levels were markedly increased. 

This would via β-adrenergic signalling pathway generate increased cAMP levels and 

activate PKA. But it was shown previously that in failing heart, β-adrenergic receptors 

(β-AR) are, first, downregulated and, second, uncoupled from their downstream 

signalling molecules, G proteins (Bristow et al., 1992). cAMP levels in failing human 

hearts were reported by different groups to be either unchanged (Regitz-Zagrosek et al., 

1994; Kirchhefer et al., 1999) or reduced (Bohm et al., 1994), while PKA activity in these 

reports was unchanged. To overcome this dilemma and explain PKA 

hyperphosphorylation of RyR2, Marx et al. assessed the amounts of PKA and 

phosphatases (PP1 and PP2A) physically associated with RyR2 in failing hearts. 

Indeed, at unchanged levels of associated PKA, significantly less PP1 and PP2A were 

bound to RyR2. However, it was previously reported that cellular PP1 levels are 

increased in failing hearts (Neumann et al., 1997). Based on these observations, the 
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authors hypothesized that (i) phosphorylation of RyR channel is locally controlled, (ii) 

downregulation of phosphatases targeted to RyR2 results in its hyperphosphorylation by 

PKA, and (iii) phosphorylation of RyR2 by cAMP-dependent protein kinase is a 

physiological pathway regulating FKBP12.6 binding to RyR channel (Marx et al., 2000). 

Marks has proposed that this pathway is involved in E-C coupling regulation aimed at 

specific increase of E-C coupling gain by enhancing the amount of Ca2+ released for a 

given trigger (Marks, 2000; Marks, 2001; Marx and Marks, 2002). But in failing heart this 

pathway becomes maladaptive, leading to pathological consequences like depletion of 

SR Ca2+ stores and aberrant release of Ca2+ during diastole (ibidem).  

Studies of George et al. support the notion that β-AR-induced RyR2 

hyperphosphorylation is associated with disruption of the FKBP12.6−RyR2 complex. 

Using in situ localization measurements and direct measurements of FKBP12.6−RyR2 

protein-protein interaction they found that in a system overexpressing human RyR2, 

FKBP12.6−RyR2 interaction was dramatically disrupted by isoproterenol or forskolin, an 

activator of adenylate cyclase (George et al., 2003).  

In another study by Yano et al., it has been shown that there is abnormal Ca2+ leak from 

the SR of canine failing heart similar to that observed in FK506-treated SR from normal 

hearts (Yano et al., 2000). This abnormal Ca2+ leak correlated with altered stoichiometry 

of FKBP12.6 interaction with RyR2. Using [3H]dihydro-FK506 and [3H]Ryanodine 

binding assays they estimated that the molar ratio of FKBP12.6−RyR2 in SR from 

normal heart was approximately 4 (4 FKBP12.6 for RyR2 tetramer), whereas it was only 

1.6 in failing SR. Parallel assessment of FKBP12.6 expression levels in SR by 

immunoblotting, revealed a significant decrease of FKBP12.6 associated with cardiac 

SR. Subjecting cardiac SR from failing hearts to fluorescence assay, Yano et al. 

concluded that a conformational change in RyR2 occurred as a consequence of 

FKBP12.6 dissociation from the RyR channel.  

This significantly decreased stoichiometry of FKBP12.6−RyR interaction and 

consequent defective regulation of RyR2 leading to abnormal Ca2+ leak from the SR 

(Fig. 3) were suggested to contribute to the pathogenesis of heart failure. 
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Figure 3. Altered interaction of FKBP12.6 with RyR2 in heart failure. In normal heart, 
immunophillin protein FKBP12.6 is tightly associated with RyR2 in a stoichiometry of 4:1 and 
physically stabilizes 4 RyR subunits in one homotetramer so that during diastole the RyR 
channel is fully closed. In heart failure, a partial loss of RyR-bound FKBP12.6 and consequent 
conformational change in RyR2 cause abnormal Ca2+ leak from the SR through RyR channel. 
This increased Ca2+ leak is thought to be relevant to the pathophysiology and progression of 
heart failure. 

 

PKA in regulation of FKBP12.6–RyR2 interaction: alternative point of view 

In the hypothesis proposed by Marks and collegues, hyperphosphorylation of RyR2 by 

PKA in failing heart is a causative factor of FKBP12.6 dissociation from RyR2. However, 

the issue of whether PKA phosphorylation of RyR2 can dissociate FKBP12.6 from RyR2 

is controversial.  

The phosphorylation of RyR2 by PKA occurs at serine-2809 (Marx et al., 2000), which 

was originally identified as a unique phosphorylation site for CaMKII (Witcher et al., 

1991). In several studies, Marx and colleagues showed that FKBP12.6 cannot bind to 

PKA-phosphorylated RyR2 (Marx et al., 2000; Marx et al., 2001b). However, they also 

reported that phosphorylation of RyR2 at serine-2809 by CaMKII did not influence 

FKBP12.6 association with RyR2 (Marx et al., 2000). The same group showed that a 

single mutation of serine-2809 to aspartate (S2809D), which mimics constitutively PKA-

phosphorylated RyR2, abolished FKBP12.6 binding to RyR2 (Wehrens et al., 2003).  

In the opinion of other authors, the idea of PKA-dependent dissociation of FKBP12.6 

from RyR is apparently inconsistent with the observation that only PKA phosphorylation, 

but not phosphorylation by CaMKII, is able to dissociate FKBP12.6 from RyR, despite 
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the fact that both PKA and CaMKII are able to fully phosphorylate serine-2809 

(Rodriguez et al., 2003). Due to such inconsistence, Jiang et al. were the first to raise 

doubts as to whether phosphorylation at serine-2809 is really responsible for FKBP12.6 

dissociation from RyR2. In their experiments, PKA phosphorylation of RyR2 did not 

dissociate FKBP12.6 from canine SR microsomes (Jiang et al., 2002). Furthermore, 

they also failed to reproduce another key observation underlying the scheme proposed 

by Marks et al. In the study of Jiang and colleagues, the phosphorylation level of RyR2 

from canine failing hearts was unchanged compared to normal hearts, and the basal 

activity of RyR channels from failing hearts was not different from that of RyR2 from 

normal hearts (Jiang et al., 2002).  

Li et al. showed that PKA-dependent RyR2 phosphorylation had no effect on Ca2+ 

sparks in cardiomyocytes from phospholamban (PLB)-knockout mice as well as from 

mice expressing only double-mutant PLB lacking in PKA phosphorylation sites. In wild 

type myocytes, on the other hand, cAMP dramatically increased Ca2+ spark frequency 

and amplitude. This group concluded that PKA-dependent effects on SR Ca2+ release 

are attributable to PLB phosphorylation and consequent enhancement of SR Ca2+ load 

(Li et al., 2002).  

Furthermore, studies of Terentyev et al. provide evidence that dephosphorylation rather 

than phosphorylation enhances channel activity of RyR2 (Terentyev et al., 2003). 

Recently, Xiao et al. assessed the effect of PKA phosphorylation on FKBP12.6−RyR2 

interaction (Xiao et al., 2004). They showed that, first, FKBP12.6 was able to bind to 

both serine-2809-phosphorylated and nonphosphorylated RyR2, second, FKBP12.6 

could bind to S2809D mutant thought to mimic constitutive phosphorylation of RyR2, 

and third, complete phosphorylation at serine-2809 by exogenous PKA did not 

dissociate FKBP12.6 from either recombinant or native RyR2.  

Thus, the questions of whether PKA-dependent hyperphosphorylation of RyR2 occurs 

in heart failure, and what, if not the phosphorylation of RyR2 by PKA, is the mechanism 

underlying the physiological regulation of FKBP12.6−RyR2 interaction remain 

unresolved. 

 

Stabilization of cardiac ryanodine receptor via retrieval of its association with FKBP12.6 

as a novel therapeutical approach to treatment of heart failure 

In spite of the controversy regarding the concept of RyR2 hyperphosphorylation in heart 

failure, there is a general agreement that disturbed SR function is the dominant factor 

that causes altered E-C coupling in human heart failure (Hasenfuss and Seidler, 2003). 
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The major characteristic of altered SR function is a decrease of SR Ca2+ content in 

failing heart. This reduction of SR Ca2+ content is attributed to several factors, such as 

altered SR Ca2+ uptake due to diminished expression and activity of SR Ca2+-ATPase, 

unbalanced Ca2+ extrusion due to increased activity and expression of the 

plasmalemmal Na+-Ca2+ exchanger, and increased Ca2+ leak due to abnormal RyR2 

function (Fig. 4).  
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Figure 4. Major molecular alterations contributing to decrease of SR Ca2+ content in 
failing heart. Together with such factors as abnormal density/function of SR Ca2+ uptake 
(realized by SR Ca2+-ATPase pump) and Ca2+ extrusion (reailzed by Na+-Ca2+ exchanger, 
NCX), abnormal Ca2+ leak through RyR2 due to partial loss of FKBP12.6 contributes greatly to 
reduction of SR Ca2+ content. + and – indicate increase and decrease, respectively, in Ca2+ 
fluxes. 

 

Quantitatively, the contribution of Ca2+ leak through RyRs to reduction in SR Ca2+ 

content is not known, but its relevance to the pathophysiology and progression of heart 

failure is obvious. According to Hasenfuss and Seidler (Hasenfuss and Seidler, 2003), 

the unfavorable consequences of abnormal Ca2+ leak are the following: 

1) decreased availability of Ca2+ to be released as a consequence of depletion of 

SR Ca2+ store; 

2) diastolic dysfunction due to activation of contractile proteins during diastole; 

3) triggering of arrhythmias; 

4) altered gene expression and myocardial remodeling; 
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5) increased ATP consumption. 

Considering these, interventions that reduce the leak seem to be an appropriative 

means to rescue, at least in part, the failing phenotype. Recently, Yano et al. reported 

that a new agent, JTV519, reversed the stoichiometry of FKBP12.6−RyR2 interaction to 

the normal level and hence reduced the abnormal Ca2+ leak through the RyR, thereby 

preventing LV remodeling in a canine model of heart failure (Yano et al., 2003).  

Considering the importance of FKBPs in the regulation of SR Ca2+ handling and the 

relevance of this regulatory subunit of RyR macromolecular complex to the abnormal 

RyR2 function in heart failure, stabilization of cardiac RyR channel via retrieval of 

FKBP−RyR association might be a new therapeutical approach to the treatment of heart 

failure. 



 21

1.4 Aim of study 
 

Many studies have provided unambiguous evidence that FKBP12.6 plays an essential 

role in cardiac E-C coupling by modulation of the RyR2 activity. FKBP12.6 was shown 

to be tightly and selectively associated with cardiac RyR, however this notion was 

limited mainly to the canine heart. Considerably higher expression levels of FKBP12 

than FKBP12.6 in the heart raise doubts as to an exclusive role of FKBP12.6 in the 

regulation of RyR2. Several groups raise the question of isoform specificity of FKBPs− 

RyR2 interaction. Thus, the issue whether FKBP12 also contributes to the regulation of 

cardiac RyR or whether only FKBP12.6 plays a role in the regulation of cardiac E-C 

coupling is still open. In addition, defective regulation of RyR2 by FKBP12.6 during 

heart failure is another unresolved question. Considering these uncertainties, the aim of 

this study was: 

1. to investigate whether FKBP12 contributes to the regulation of cardiac RyR/SR 

using adenovirus-mediated gene transfer to overexpress FKBP12 in isolated 

rabbit ventricular cardiomyocytes; 

2. to investigate the interaction of FKBP12 with cardiac RyR and compare it with 

FKBP12.6−RyR2 interaction utilizing co-immunoprecipitation and GST fusion 

protein pulldown techniques; 

3. to assess the functional interaction of FKBP12.6 with RyR2 in a rabbit model of 

heart failure by co-immunoprecipitation; 

4. to investigate, using adenovirus-mediated gene transfer, whether FKBP12.6 

and/or FKBP12 may represent new molecular target(s) to improve contractile 

function of failing cardiomyocytes. 
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2. MATERIALS 
 

2.1 Animals 
Ventricular cardiomyocytes were isolated from female Chinchilla bastard rabbits 

(1.5-2 kg body weight) obtained from Charles River Laboratories (Sulzfeld). Rabbits 

were kept on a 12 hour day-night rhythm with free access to water and food at room 

temperature. The preparation of cardiomyocytes was performed during the first 3 hours 

of the light phase. Rabbits were anesthetized by injection of sodium-thiopental (50 

mg/kg of body weight) into an ear vein. Outlines of this study were designed and carried 

out in accordance with institutional guidelines regarding the care and use of animals. 

 
2.2 Bacterial strains, plasmid and adenovirus constructs 
Bacterial strain 

E. coli BL-21 strain (genotype: F-, ompT, hsdS (rB
-, mB

-), gal) (Stratagene/Heidelberg) 

was used for overexpression of recombinant GST fusion proteins. BL-21 cells are 

deficient for proteases, which makes this strain suitable for preparation of recombinant 

proteins.  

 
Plasmid constructs 

FKBP12-pGEX-6P-3 or FKBP12.6-pGEX-6P-3 constructs were used for overexpression 

and purification of recombinant human FKBP12 and FKBP12.6 GST fusion proteins. 

The pGEX-6P-3 vector, on the basis of which the constructs were created, contains 

gene region for glutathione S-transferase tag providing means for simple one step 

purification and easy detection of the fusion protein. 

The plasmid constructs were generously provided by Dr. W. Chen (University of 

Calgary, Alberta, Canada). 

 
Adenovirus constructs 

For the overexpression experiments the following adenovirus constructs were used: 

− adenoviruses coding for full size human FKBP12 and FKBP12.6 (Ad-FKBP12, Ad-

FKBP12.6); 

− adenovirus coding for β-galactosidase (Ad-LacZ). 

Adenoviruses carrying mentioned above genes were generated in our laboratory.  
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2.3 Oligonucleotides for polymerase chain reaction 
Oligonucleotides of HPLC grade purity for polymerase chain reaction were obtained 

from MWG-Biotech (München): 

 

PCR-primer Gene DNA-fragment 
size, bp 

Forward: 5'-CCAGGTCGCTGTGGATCCACGCCGCCCGTC-3' 
Reverse: 5'-CACATGTCTGGAGGCACCGGATCCCTCCATGGCAGA-3' 

Human FKBP12 459 

Forward: 5'-CCGAGGCTGGGAAGAAGG-3' 
Reverse: 5'-TCACCCCAAAACGAGAACAGA-3' 

Rabbit FKBP12 431 

Forward: 5'-AGCCCACTCCCATCCCCAACA-3' 
Reverse: 5'-GTCAGCGTCCGTCACATTCACCA-3' 

Rabbit 
calsequestrin 353 

Forward: 5'-GGCCGCCCAGAACATCATCC-3' 

Reverse: 5'-CTCTCGCTGGGCCGGTGGTTTG-3' 
Rabbit GAPDH 436 

 

2.4 Antibodies 
Anti-phospho-RyR Ab (RyR2-P2809)  

For the detection of phosphorylated cardiac RyR, rabbit polyclonal antibody raised 

against phosphopeptide sequence of the RyR and affinity purified with this peptide was 

used. This antibody recognizes phosphorylated serine-2809 in RyR2 exclusively and 

does not react with dephosphorylated RyR2. Species reactivity: canine, human, mouse, 

rabbit.  

The antibody was generously provided by Dr. A. Marks (Center for Molecular 

Cardiology, Columbia University, New York, U.S.A.). 

 
Anti-RyR Ab (RyR2-5029)  

For the detection of cardiac RyR, rabbit polyclonal anti-serum was used. Species 

reactivity: canine, human, mouse, rabbit, and rat. 

The antibody was generously provided by Dr. A. Marks (Center for Molecular 

Cardiology, Columbia University, New York, U.S.A.). 

 
Anti-RyR Ab (MA3-916) 

For the detection of cardiac RyR, mouse monoclonal antibody (C3-33 clone) raised 

against canine cardiac ryanodine receptor was used (Affinity Bioreagents). Species 

reactivity: MA3-916 detects RyR2 in canine, chicken, rabbit, and rat. 
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Anti-RyR Ab (MA3-925) 

For immunoprecipitation of cardiac RyR, mouse monoclonal antibody (34C clone) 

raised against partially purified chicken pectoral muscle ryanodine receptor was used 

(Affinity Bioreagents). Species reactivity: MA3-925 detects RyR1 and RyR2 isoforms in 

bovine, canine, mouse, rabbit, rat, and sheep. 

 
Anti-FKBP12 Ab (C-19) 

For the detection of FKBP12 and FKBP12.6 isoforms, affinity purified goat polyclonal 

antibody raised against peptide derived from the C-terminus of human FKBP12 was 

used (Santa Cruz Biotechnology). Species reactivity: C-19 detects FKBP12 and, to a 

lesser extent, FKBP12.6 of human, mouse, rabbit, and rat origin. 

 
Anti-FKBP12 Ab (SA-169) 

For the detection of rabbit FKBP12.6 in co-immunoprecipitation experiments, IgG 

purified from rabbit polyclonal anti-serum was used. Immunization and bleeding were 

performed by Eurogentec (Hestal/Belgium) on demand of our laboratory. Species 

reactivity: SA-169 detects FKBP12.6 and FKBP12 of rabbit and human origin. 

 
Anti-Calsequestrin Ab (PA1-913) 

For the detection of calsequestrin, affinity purified rabbit polyclonal antibody raised 

against purified canine cardiac calsequestrin was used (Affinity Bioreagents). Species 

reactivity: PA1-913 detects cardiac and skeletal muscle calsequestrin from canine, 

human, mouse, rabbit, rat, and sheep tissues. 

 
Anti-GST Ab 

For the detection of GST-tagged fusion proteins, affinity purified goat polyclonal 

antibody was used (Amersham/Freiburg). 

 
Secondary Ab (horse radish peroxidase conjugated): 

sheep anti-mouse whole Ig, Amersham/Freiburg; 

donkey anti-rabbit whole Ig, Amersham/Freiburg; 

rabbit anti-goat affinity-purified IgG, Dako/Copenhagen, Denmark; 

donkey anti-mouse affinity-purified IgG, Affinity Bioreagents. 

 

2.5 Enzymes and nucleotides 
AmpliTaqGoldTM Taq polymerase   Roche/Mannheim 
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Collagenase type CLSII    Biochrom/Berlin 
 
Protease XIV      Sigma/München 
 
Trypsin, Sequencing Grade, Modified  Promega/Mannheim 
 
dNTP master mix     Bioline/Luckenwalde 

 

2.6 Detection, purification and synthesis systems (kits) 
RNeasy Mini Kit, Qiagen/Hilden 
 
SuperScriptTM First-Strand Synthesis System for RT-PCR, Gibco/Karlsruhe 
 
BCA Protein Assay, Pierce/Bonn 
 
SuperSignal® West Pico Chemiluminescent Substrate, Pierce/Bonn 
 
Silver Staining Kit, Protein, Amersham/Freiburg 

 

2.7 Stock solutions 
The stock solutions were prepared using ddH2O; the pH values were adjusted at room 

temperature. 

 

APS 10% 

 For 10 ml Final concentration 

APS 1 g 10% 
 
The solution was dispensed into 100 µl aliquots and stored at −20°C. 

 

EDTA 100 mM  

 For 100 ml Final concentration 

EDTA (disodium salt) 3.723 g 100 mM 
 
pH was adjusted with NaOH to 8.0. The solution was sterile filtered and stored at 4°C. 

 

EGTA 100 mM  

 For 100 ml Final concentration 

EGTA 3.804 g 100 mM 
 
pH was adjusted with NaOH to 8.0. The solution was sterile filtered and stored at 4°C. 
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Glucose 2 M 

 For 100 ml Final concentration 

Glucose 36.4 g 2 M 

The solution was sterile filtered, dispensed into aliquots and stored at −20°C. 

 

Na-HEPES 500 mM 

 For 1 l Final concentration 

Na-HEPES  130.15 g 500 mM 

pH was adjusted with HCl to 7.5. The solution was sterile filtered and stored at 4°C. 

 

Imidazole 500 mM 

 For 1 l Final concentration 

Imidazole 34.4 g 500 mM 

pH was adjusted with HCl to 6.9. The solution was sterile filtered and stored at 4°C. 

 

Magnesium chloride 1 M 

 For 100 ml Final concentration 

MgCl2×6H2O 20.33 g 1 M 

The solution was sterile filtered, dispensed into aliquots and stored at −20°C. 

 

PBS 10X 

 For 1 l Final concentration 

NaCl 81.82 g 1.4 M 

KCl 2 g 27 mM 

Na2HPO4 14.2 g 100 mM 

KH2PO4 2.45 g 18 mM 

pH was adjusted with HCl to 7.3. The solution was sterile filtered and stored at room 

temperature. 

 

Na-PIPES 500 mM 

 For 1 l Final concentration 

Na-PIPES 162.15 g 500 mM 

pH values of different solutions were adjusted with HCl to 7.0 and 7.3. The solutions 

were sterile filtered and stored at 4°C. 

 



 27

K2-PIPES 500 mM 

 For 1 l Final concentration 

K2-PIPES 189.25 g 500 mM 

pH values of different solutions were adjusted with HCl to 6.8, 6.9, and 7.0. The 

solutions were sterile filtered and stored at 4°C. 

 

Potassium chloride 2 M 

 For 1 l Final concentration 

KCl 149.12 g 2 M 

The solution was sterile filtered and stored at room temperature. 

 

SDS 10% 

 For 100 ml Final concentration 

SDS 10 g 10% 

In the case of precipitation of SDS, the solution was warmed until clear. 

 

Sodium chloride 4 M 

 For 1 l Final concentration 

NaCl 233.76 g 4 M 

The solution was sterile filtered and stored at room temperature. 

 

Sodium fluoride 200 mM 

 For 100 ml Final concentration 

NaF 0.84 g 200 mM 

The solution was stored in the dark at 4°C. 

 

Sodium orthovanadate 100 mM 

 For 100 ml Final concentration 

Na3VO4 1.84 g 100 mM 

Titration of the solution with HCl and sequential heating were repeated several times to 

adjust pH to 10.0. The solution was stored in the dark at 4°C. 

 

Sucrose 2 M 

 For 1 l Final concentration 

Sucrose 684.6 g 2 M 
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The solution was dispensed into 20 ml aliquots and stored at −20°C. 

 

Tris base 500 mM 

 For 1 l Final concentration 

Tris base 60.57 g 500 mM 

pH was adjusted with HCl to 7.4. The solution was sterile filtered and stored at 4°C. 

 

Tris-HCl 2 M 

 For 1 l Final concentration 

Tris-HCl 315.2 g 2 M 

pH values of different solutions were adjusted to pH 7.4 and 8.0. The solutions were 

sterile filtered and stored at 4°C. 

 

2.8 Chemicals 
All chemicals used were p. a. quality. 
 
Amersham/Freiburg 

Isopropyl-β-D-thiogalactoside (IPTG) 
 
Biomol/Hamburg 

FK506 
 
BioRad/München 

Coomassie® Brilliant Blue G-250 
 
BMA/Rockland, USA 

SeaKem HE agarose  
 
Invitrogen/Karlsruhe 

PBS Dulbecco’s, ready-load 100 bp DNA standards, 100X L-glutamine 
 
ISN/Eschwege 

Sucrose 
 
Kodak/Paris, France 

Developer 
 
Merck/Darmstadt 

All usual laboratory chemicals, acetic acid glacial, acetonitrile, glucose, ethanol, 

methanol, HPLC grade water, β-propanol, TEMED, trifluoracetic acid 
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Roche/Mannheim 

5-bromo-4-chloro-3-indolyl-[beta]-D-galactopyranosidecrystal (X-Gal), magnesium 

chloride solution, 10X PCR buffer 
 

Roth/Karlsruhe 

Rotiphorese Gel 30 (30% acrylamide stock solution with 0.8% bisacrylamide in 

proportion 37.5:1), glycine 
 

Sigma/München 

All usual laboratory chemicals, adenosine monophosphate (monosodium salt), 

ammonium hydrocarbonate, butanedione monoxime (BDM), DTT, calcium carbonate, 

calcium chloride solution, L-carnitine, creatine, ethidium bromide, formalin (37% solution 

in H2O), glutaraldehyde, glycerol, β-glycerophosphate, HEPES and HEPES sodium salt, 

medium M199, β-mercaptoethanol, penicillin-streptomycin solution (100X), L-α-

phosphatidylcholine from egg yolk, PIPES (monosodium and dipotassium salts), 

Ponceau S (ready to use solution), silver nitrate, sodium fluoride, sodium 

orthovanadate, sodium thiosulphate, taurine 
 

Tetanal photowerk/Germany 

Fixer solution 

 

2.9 Detergents 
CHAPS       Roche/Mannheim 

NP-40        Sigma/München 

SDS         BioRad/München 

Triton X-100        Sigma/ München 

Tween 20        BioRad München 

 

2.10 Proteins, protease inhibitors and protein standards 
Aprotinin       Biomol/Hamburg 

Albumin fraction V, bovine     Sigma/München 

Benzamidine       Sigma/München 

Bromphenol blue, precision plus proteinTM standards BioRadMünchen 

Calpain inhibitor I      Biomol/Hamburg 

Calpain inhibitor II      Biomol/Hamburg 

FK506-binding protein, human    Sigma/München 

Glutathione Sepharose 4B     Amersham/Freiburg 
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Glutathione S-transferase     Sigma/München 

Laminin       Sigma/München 

Leupeptin       Biomol/Hamburg 

Pefabloc SC       Biomol/Hamburg 

Pepstatin A       Biomol/Hamburg 

Protein A-sepharose FF     Amersham/Freiburg 

Protein G-sepharose FF     Amersham/Freiburg 

 

2.11 Other materials 
Culture dishes (35 and 100 mm), serological pipettes (2, 5, 10, 25 ml), transfer pipettes, 

Sarstedt/Germany 

 
Nitrocellulose Transfer Membrane, 0.45 µm, PROTRAN®,  Whatman 3MM paper, 

Schleicher and Schuell/Dassel  

 
GSTrap™ FF prepacked with 1 ml glutathione-sepharose HiTrap™ columns, 

Amersham/Freiburg  

 
Pipette tips, Brand/Wertheim 

 
Polyallomer thin-walled centrifuge tubes (14×89 and 25×89 mm), polycarbonate 

centrifuge tubes (0.5 ml) Beckman/München 

 
Screw lid polycarbonate centrifuge tubes (16×76 mm and 38×102 mm), 

Kontron/Neufahrn 

 
Sorvall® polycarbonate centrifuge bottles (50 ml), Sorvall® centrifuge bottles (250 ml) 

Kendro Laboratory Products/Hanau 

 
Sterile filter pipette tips, Biozym/Oldendorf 

 
Sterile filter, 0.2 µm, Centricon® concentrators (MWCO 30000 and 100000 Da), 

Millipore/Eschborn 

 
Spectra/Por DispoDialyser dialysis bags (MWCO 1000 and 100000 Da), 

Spectrum/Lohmar 

 
Safe-Lock tubes (0.2, 0.5, 1.5 and 2 ml), Eppendorf/Hamburg 
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Vivaspin 20 concentrators (MWCO 100000 Da), Sartorius/Göttingen 

 
X-ray films, Fuji/Düsseldorf 

 

2.12 Instruments 
Automatic pipettes, type Reference®, Eppendorf/Hamburg  
 
Automatic pipettes, type PreCision, Biozym/Oldendorf 
 
Automatic pipettes, type Pipetman, Gilson/Bad Camberg 
 
Centrifuges and rotors: 

Bench-top, high speed and ultracentrifuges 

Eppendorf bench-top centrifuge, type MiniSpin 

5415C 

Eppendorf centrifuge 5810R 

Eppendorf/Hamburg 

Laborcentrifuge 3 K12 Sigma/München 

Megafuge 2.0R Heraeus Instruments/Hanau 

Sorvall® high speed centrifuge, EvolutionRC Kendro/Hanau 

Ultracentrifuge L-70 

Ultracentrifuge TL-100, bench-top model 
Beckman/München 

Rotors for high speed and ultracentrifuges 

Sorvall® SS34, gmax=50228 

Sorvall®SLA1500, gmax=35793 
Kendro/Hanau 

Centricon®TFT45.94, gmax=234800 

Centricon®TFT75, gmax=515000 

(both are compatible with Beckman L-70) 

Kontron Instruments/Neufahrn 

Ti 94, gmax=694000 

TLA-120.1 gmax=627000 

SW27, gmax=141000 

SW41, gmax=288000 

Beckman/München 

 
Easy-Cast™ Electrophoresis system for DNA electrophoresis, model #B1, 

peqlab/Erlangen 
 
Electrophoresis apparatus, type Mini-Protean® II, BioRad/München 
 
Electroblotting apparatus, type Mini Trans-Blot®, BioRad/München 
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Electroporator, model EasyjecT, EquiBio/Needham Heights, USA 
 
End-over-end rotator, Heto Lab Equipment/Denmark 
 
Eppendorf BioPhotometer, Eppendorf/Hamburg 
 
Fraction collector, FRAC-100, Amersham/Freiburg 
 
Gas controlled incubators “Function Line”, Heraeus/Hanau 
 
Gradient former, model J50, Jule, Inc/Milford, USA 
 
Ice machine, Ziegra/Isernhagen 
 
Incubator with shaking for cell culture, model CH-4103, Infors AG/Bottmingen 
 
Magnetic mixer with warming, type M21/1 Framo-Gerätetechnik/Germany 
 
Microcomputer electrophoresis power supply, Consort E425 
 
Microscope Olympus, CK-40, Olympus Optical Co., LTD/Japan 
 
Microwave oven, Siemens/Germany 
 
Multilmage Light Cabinet with built-in ultraviolet emitter and video camera, Alpha 

Innotech Corporation. The instrument is used for documentation of X-ray films and gels 
 
Peristaltic pump P-1, Amersham/Freiburg 
 
pH-Meter 761 Calimatic, Knick/Berlin 
 
Plate reader KC4, BIO-TEK® Instruments, inc./USA 
 
Rocking platform, KMA, Edmund Bühler/Tübingen 
 
Savant Speed Vac® concentrator, ThermoLife Sciences/Egelsbach 
 
Shaker for cell culture, model 3015, GFL/Burgwedel 
 
Sonopuls homogenizer HD2070, Bandelin/Berlin 
 
Sterile bench, class II, Clean Air/Hilden 
 
Sterile bench, 2F 120-II GS, Integra Biosciences/Fernwald 
 
Thermocycler, type Mastercycler® gradient, Eppendorf/Hamburg 
 
Thermomixer 5436, Eppendorf/Hamburg 
 
Thermostat, Heraeus/Hanau 
 
UV/Visible spectrophotometer, Ultrospec 3000, Amersham Biosciences/Freiburg 
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Ultraviolet emitter, 312 nm, Bachofer/Reutlingen 
 
Vortex, Genie 2™, Bender and Hobein AG/Zurich 
 
Video-edge detection system/Crescent Electronics 
 
Waring Commercial® laboratory blender with built-in timer and 1 l glass beaker 

equipped with blades, neoLab/Heidelberg 
 
Water bath 1083, GFL/Burgwedel 
 
X-ray film cassettes 10×18, Siemens/Germany 
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3. METHODS 
 

3.1 Cell biology methods  
 

3.1.1 Isolation of rabbit ventricular myocytes 
The isolation of primary rabbit ventricular cardiomyocytes was performed using 

retrograde Langendorff perfusion followed by enzymatic digestion.  

 

Heart perfusion 

Retrograde perfusion of the heart: after excision of the heart, a canula was inserted into 

the aorta and perfusion started with 500 ml oxygen-gassed Tyrode-calcium solution at a 

flow rate of 30 ml/min until the heart beating stabilized. To disrupt calcium-dependent 

adhesion, 400 ml of Tyrode Ca2+-free solution was run until full stop of the heart. To 

break down components of extracellular matrix, the heart was digested with enzyme 

solution until it started to feel soft (about 15 minutes, depending on the size of the 

heart). Subsequently, stop solution was added to stop collagenase action.  

Before and during perfusion, all solutions used (except for the stop solution) were pre-

gassed with O2 in a perfusor syringe, from which they were directed into the aorta. 

 

Preparation of cardiomyocyte suspension 

After perfusion of the heart, atria and connective tissue were removed and ventricles 

were transferred into a glass beaker filled with flowthrough of the stop solution. Further 

disruption of the tissue was performed mechanically. To obtain a cell suspension, the 

tissue was cut until the solution became cloudy. The suspension was then poured 

through a nylon mesh.  

Non-myocytes and dead myocytes were removed by numerous steps of selective 

sedimentation under gravity (for about 10 minutes) in pre-gassed washing solution. 

Each portion of washing solution used for every subsequent sedimentation-

resuspension cycle contained calcium at a gradually rising concentration, reaching in 

the final washing solution molarity (1 mM) which is close to that in the medium (1.8 mM) 

used for further cell culture. After the last sedimentation step, cardiomyocytes were 

suspended in M199 supplemented with albumin. Typically, the cell suspension had a 

density of about 0.5×106 cells/ml.  
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Media and solutions used for cardiomyocyte isolation and culture 

All media and solutions used for cell preparation and culture were prepared in double 

distilled water, further purified by sterile filtration and stored at 4°C. 

 

10X Tyrode stock solution 

 For 1 l Final concentration 

NaCl 

KCl 

MgSO4×7H2O 

Na2HPO4×12H2O 

HEPES 

ddH2O 

80.06 g 

4.03 g 

2.96 g 

4.3 g 

47.66 g 

to 1 l 

1.37 M 

54 mM 

12 mM 

12 mM 

200 mM 

pH was adjusted with NaOH to 7.54. 

 

1X Tyrode solution with calcium 

 For 1 l Final concentration 

10X Tyrode solution 

1M CaCl2 (Sigma) 

Glucose 

ddH2O 

100 ml 

1 ml 

2.74 g 

to 1 l 

1X 

1 mM 

14.98 mM 

 

1X Tyrode solution without calcium 

 For 2 l Final concentration 

10X Tyrode stock solution 

Glucose 

100X pen/strep solution 

ddH2O 

200 ml 

5.4 g 

20 ml 

to 2 l 

1X 

14.98 mM 

1X 

pH was adjusted with NaOH to 7.54. 

 

Enzyme solution (prepared directly prior to isolation) 

  Final concentration 

1X Tyrode solution without Ca2+ 

Taurine 

DL-Glutamic acid 

DL-Carnitine 

80 ml 

600 mg 

94 mg 

31 mg 

 

60 mM 

8 mM 

2 mM 
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Collagenase 2 (357 U/mg) 

Protease XIV 

1M CaCl2  

103.3 mg 

2.1 mg 

2 µl 

 

 

0.025 mM 

pH was adjusted with NaOH to 7.54. 

 

Stop solution (with 2% albumin) 

  Final concentration 

1X Tyrode solution without calcium 

1M CaCl2  

Albumin fraction V 

BDM 

300 ml 

15 µl 

6 g 

607 mg 

 

0.05 mM 

 

20 mM 

pH was adjusted with NaOH to 7.54; the solution was dispensed into 50 ml aliquots and 

stored at −20°C. 

 

*81 mg of BDM was added to washing solution # 1 
 

M199 media with additives 
 
M199 media (Sigma, #M7528) 

Taurine 

L-Carnitine 

Creatine 

100X pen/strep 

100X L-glutamine 

500 ml 

312.5 mg 

500 mg 

327.5 mg 

5 ml 

5 ml 

 

M199 media with 6% albumin 
 
M199 media with all additives 

Albumin fraction V 

500 ml 

30 g 

 

Washing solution # 1*, 2, 3 # 4 # 5 # 6 # 7 

1X Tyrode solution 40 ml 25 ml 25 ml 25 ml 25 ml 

1M CaCl2  
2 µl 

(0.05 mM) 

3.12 µl 

(0.125 mM)

6.25 µl 

(0.25 mM) 

12.5 µl 

(0.5 mM) 

25 µl 

(1 mM) 
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Antibiotics 

Penicillin-streptomycin solution (100X), containing 10000 units/ml penicillin and 10 

mg/ml streptomycin in 0.9% NaCl, was used at a quantity of 10 ml/l. 

 

3.1.2 Primary culture of adult rabbit ventricular cardiomyocytes 
Preparation of laminin culture dishes: prior to plating the cells, culture dishes were 

coated with laminin to provide better attachment of the cells to the bottom. Dishes of 

different sizes were used depending on the application. 

 For 100 mm dish For 35 mm dish 

M199 

Laminin (1mg/ml) 

3 ml 

30 µl 

170 µl 

1.7 µl 

The dishes were covered with M199/laminin mixture and incubated at 37°C for 1 h 

before use. 

Immediately after isolation, cells were plated on laminin-coated culture dishes. The 

culture of the cardiomyocytes was performed on dishes of different size and at different 

cell numbers depending on the type of application: 

 

Application 
Cell number plated in the 

volume of M199 medium 
Ø of the culture dish 

Cell shortening measurements 

Protein isolation 

RNA isolation 

5×104/1 ml 

5×105/5 ml 

5×105/5 ml 

35 mm 

100 mm 

100 mm 

 

After the attachment phase of 3 hours, the medium was replaced with fresh M199 (2 ml 

per 35 and 10 ml per 100 mm dishes). Depending on the application, the culture time 

was either 24 or 48 hours. The incubation of the cardiomyocytes was performed in 

gas-controlled incubators in water vapor saturated air containing 5% CO2 at 37°C. 

 

3.1.3 Harvesting of cardiomyocytes 
After the desired culture time, 100 mm dishes with cells were taken from the incubator 

and medium was sucked off and 5 ml of PBS (Invitrogen) was added. The cells were 

scraped with a disposable scraper and transferred to 15 ml tubes. After sedimentation 

at 472 gmax for 5 minutes, the supernatants were discarded and pellets were 
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immediately frozen in liquid nitrogen and stored at −80°C until RNA isolation (3.2.1) or 

protein homogenate preparation (3.4.1). 

 

3.2 Molecular biology methods 
 

3.2.1 RNA isolation from rabbit cardiomyocytes 
The isolation of total RNA, used in RT-PCR, was conducted using the RNeasy Mini Kit 

(QIAGEN) in accordance to the RNeasy Mini protocol for isolation of total RNA from 

animal cells.  

5×105 cells were plated on each 100 mm culture dish. After harvesting and freezing the 

cells as described above, the pellets were suspended in 350 µl of RLT buffer with 

freshly added β-mercaptoethanol. The cells were homogenized by vortexing. For further 

efficient homogenization, lysates were pipetted directly onto QIAshredder columns, 

sitting in 2 ml collection tubes, and centrifuged for 2 min at maximum speed of an 

Eppendorf bench-top MiniSpin centrifuge. 1 volume (350 µl) of 70% ethanol was added 

to each homogenized lysate. 700 µl of each sample was applied to an RNeasy mini spin 

column, sitting in a 2 ml collection tube, and centrifuged for 15 seconds at 8000 g. To 

wash the column, 700 µl of RW1 buffer was pipetted onto RNeasy column followed by 

centrifugation for 15 seconds at 8000 g. To continue washing, 500 µl of RPE buffer with 

added ethanol was pipetted onto the RNeasy column with following centrifugation for 15 

seconds at 8000 g. To dry the RNeasy membrane, 500 µl of RPE buffer was applied 

and the columns were centrifuged for 2 minutes at maximum speed of an Eppendorf 

bench-top MiniSpin centrifuge. To elute the RNA, 50 µl of RNase-free water was 

pipetted directly onto the RNeasy membrane and columns were centrifuged for 1 minute 

at 8000 g. After elution, the RNA-containing samples were concentrated in a speed vac 

concentrator at room temperature until the volume of samples was reduced to 10 µl.  

To determine the concentration and purity of the RNA obtained, the extinction at 260 nm 

and 280 nm was measured. The ratio of the OD at 260 nm and at 280 nm served as a 

measure of RNA purity. In a protein-free solution, the ratio OD260/OD280 is 2. Due to 

minor protein contaminations this coefficient is usually somewhat lower. In our 

experiments it was typically higher than 1.8.  

 

Solutions used for RNA isolation 
All solutions used for RNA isolation were provided in the RNeasy Mini Kit (QIAGEN) 

and their composition is not described.  
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RLT buffer 
 
RLT buffer (QIAGEN) 

β-Mercaptoethanol 

1000 µl 

10 µl 

 

RPE buffer  
 
RPE buffer (QIAGEN) 

Ethanol (absolute) 

1 volume 

4 volumes 

 
3.2.2 cDNA synthesis 
For the synthesis of cDNA, a SuperScriptTM first-strand Synthesis System for RT-PCR 

(Life Technology) was used. The protocol for first-strand synthesis using random 

primers was utilized.  

At first, RNA/primer mixture comprised of the following components was prepared: 

0.21 µg of total RNA prepared from rabbit ventricular cardiomyocytes, 2 µl of random 

hexamers (50 ng/µl), and 1 µl of 10 mM dNTP mix were mixed in 10 µl volume adjusted 

with DEPS-treated water. To denature RNA secondary structures, the mixture was 

incubated for 5 minutes at 65°C and chilled on ice for 1 minute. Then 9 µl of a cDNA 

synthesis reaction mixture, comprised of 2 µl of 10X RT buffer, 4 µl of 25 mM MgCl2, 

2 µl of 0.1 M DTT, and 1 µl of ribonuclease inhibitor, was added. The whole reaction 

mixture was incubated for 2 minutes at 25°C. Finally 1 µl of SuperScript II RT was 

added and the mixture was incubated for 10 minutes at 25°C followed by incubation for 

50 minutes at 42°C. Then the mixture was incubated for 15 minutes at 70°C and chilled 

on ice. To degrade all RNA, 1 µl of RNase H was added and the mixture was incubated 

for 20 minutes at 37° C. 

 
RNA/primer mixture 

0.21 µg total RNA 

2 µl random 50 ng/µl hexamers  

1 µl 10 mM dNTP mix 

DEPS-treated water 
 
cDNA synthesis reaction mixture 

2 µl 10X RT buffer 

4 µl 25 mM MgCl2 

2 µl 0.1 M DTT 

1 µl RNaseOUT recombinant ribonuclease inhibitor 
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3.2.3 Polymerase chain reaction (PCR) 
The polymerase chain reaction allows to amplify fragments due to repetitive cycles of 

DNA synthesis (Fig. 5). The reaction uses two specific synthetic oligonucleotides 

(primers), that hybridize to sense and antisense DNA strands of the DNA fragment to be 

amplified, four deoxyribonucleotide triphosphates (dNTP’s) and a heat-stable DNA 

polymerase. Each cycle consists of three reactions that take place under different 

temperatures. First, the double-stranded DNA is converted into its two single strands 

(denaturation at 95°C). They serve as templates for the synthesis of new DNA. After 

heating, the reaction is cooled (45-60°C) to allow the annealing (hybridization) of 

primers to the complementary DNA strands. Starting from the primers, DNA polymerase 

extends both DNA strands at 72°C (DNA synthesis) (Figure 5A). Since the DNA 

molecules synthesized in each cycle can serve as a template in the next cycle, the 

number of target DNA copies approximately doubles every cycle. Already after the third 

cycle double stranded DNA molecules of the size corresponding to the distance 

between two primers are synthesized (Figure 5B). The repeating cycles of heating and 

cooling take place in a thermocycler. 

The PCR reaction was performed with FKBP12-, GAPDH- and calsequestrin-specific 

primers. The PCR lasted for 30 cycles in the case of FKBP12 and 28 cycles in the case 

of GAPDH/calsequestrin duplex under the following conditions: 

 

1. 45 seconds denaturation at 94°C 

2. 45 seconds annealing at 54°C or 57°C for FKBP12 or GAPDH/calsequestrin, 

respectively 

3. 60 seconds at 72°C DNA synthesis 

 

The denaturation step at 95°C before the first cycle was extended for 2 minutes. After 

the last cycle, the synthesis step was prolonged for 7 minutes to finish synthesis of 

incompletely synthesized DNA strands. 

The PCR was performed with the ampliTaqGoldTM Taq DNA polymerase (5 U/µl) 

(Roche). The specific buffers and solutions were received with the polymerase. dNTP 

master mix from Bioline was used. 
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Region of 
DNA to be 
amplified 

DNA primers

First cycle Second cycle Third cycle

Double-stranded
DNA

Denaturation 
(95°C)

Primer annealing
(45-60°C)

+DNA polymerase
+dATP
+dGTP
+dCTP
+dTTP

5´

5´

DNA synthesis
(72°C)

First cycle

Etc.

Step 1Step 1 Step 2Step 2 Step 3Step 3

A

B

Figure 5. Schematic representation of the PCR. (A) After strand separation (step 1), cooling 

of the DNA allows primers to hybridize to complementary sequences in the two DNA strands 

(step 2). In the presence of DNA polymerase and the four dNTPs, DNA is synthesized, starting 

from the two primers (step 3). (B) In the example illustrated, three cycles of reaction produce 

16 DNA chains, 8 of each (boxed in orange) are the same length as and correspond exactly to 

one or the other strand of the original bracketed sequence shown at the far left; the other 

strands contain extra DNA downstream of the original sequence, which is replicated in the first 

few cycles. After several more cycles, essentially all of the DNA strands have this unique 

length. 
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PCR reaction mixture: 

4 µl 10X PCR buffer (500 mM Tris-HCl pH 9.1, 140 mM (NH4)2SO4) 

2 µl MgCl2 (25 mM) 

1 µl 100 mM dNTP mix (25 mM of each dATP, dCTP, dGTP, dTTP) 

2 µl template (cDNA) obtained as described above 

2 µl (8 pmol) forward primer 

2 µl (8 pmol) reverse primer 

0.5 µl Taq polymerase (2.5 units) 

50 µl volume was adjusted with sterile ddH2O 

 
To check the size of the PCR product, an 8 µl aliquot of the PCR reaction was 

electrophoretically analyzed in a 1.5% agarose gel.  

 
Electrophoresis conditions  

For preparation of a 1.5% gel, 1.2 g of agarose was dissolved by heating in 80 ml of 

0.5X TBE buffer. For visualization of the bands, 1.5 µl of ethidium bromide (10 mg/ml) 

was added to the mixture. After mixing, the gel was poured into the prepared gel plate. 

In the mean time of the polymerization, the samples were prepared for loading by 

mixing of 8 µl of DNA probe with 2 µl of 5X loading buffer. 

After polymerization, the gel was placed into an electrophoresis chamber filled with 0.5X 

TBE buffer, the samples were loaded, and the electrophoresis was performed at 80 V. 

 
UV detection of DNA, intercalating ethidium bromide 

Ethidium bromide is a fluorescent dye which contains a planar group that intercalates 

between the stacked bases of the DNA. The fixed position of this group and its close 

proximity to the bases cause dye, bound to DNA, to display an increased fluorescence 

yield compared to that of the dye in free solution. Ultraviolet radiation at 254 nm is 

absorbed by the DNA and transmitted to the dye; radiation at 302 nm and 366 nm is 

absorbed by the bound dye itself. In both cases, the energy is reemitted at 590 nm in 

the red orange region of the visible spectrum. Hence, DNA can be visualized under a 

UV transilluminator. The gel was photographed using a video camera built in the 

Multilmage Light Cabinet.  

 
5X TBE 

 For 1 l Final concentration 

Tris base 27.26 g 225 mM 
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Borate 

EDTA 

ddH2O 

13.99 g 

1.86 g 

to 1 l 

225 mM 

5 mM 

 

0.5X TBE 
 For 1 l 

5X TBE 

ddH2O 

100 ml 

to 1 l 

5X loading buffer 
 For 10 ml Final concentration 

Bromphenol Blue 

Glycerol 

5X TBE 

ddH2O 

20 mg 

5 ml 

1 ml 

to 10 ml 

0.2% 

50% 

0.5X 

The buffer was stored at 4°C. 

 

3.2.4 Adenoviral transfection of isolated rabbit ventricular cardiomyocytes 
For transfection of cardiomyocytes, adenovirus-mediated gene transfer was used. The 

replication of DNA-containing adenoviruses occurs epichromosomally, which makes 

them a system of choice to study gene expression in primary non-replicative cells, 

which the cardiomyocytes are. The recombinant adenoviruses coding for 

β-galactosidase, full size human FKBP12, and FKBP12.6 were generated in our 

laboratory. 

The cells were transfected immediately after preparation directly in the suspension. In 

the transfection experiments, different amounts of cells were plated on the dishes of 

different sizes depending on further purposes: 

 

Application 
Number of cells plated on one 

dish 
Ø of the culture dish 

Cell shortening 

measurements 
5×104/1 ml 35 mm 

Verification of the transgene 

expression on protein level 
5×105/5 ml 100 mm 

Verification of transgene 

expression on RNA level 
5×105/5 ml 100 mm 
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Calculation of virus quantity taken for transfection 

The amount of virus taken for experiments is expressed as a multiplicity of infection 

(MOI), which is the number of active viral particles per cell. MOI of used viruses was 

calculated based on the virus concentration estimated in plaque test assays and 

measured in plaque forming units per ml (pfu/ml). A varying MOI was used in different 

experiments depending on the desired level of transgene overexpression.  

For the calculation of the amount of virus corresponding to the desired MOI, the 

following formula was used: 

  
stock

ct
stock C

aMOIV ×
= , where 

cta  – total amount of cells to be infected with the virus 

stockV  – volume of virus stock to be added 

stockC  – concentration of virus in pfu/µl 

 

Transfection for verification of transgene expression at mRNA and protein levels 

Immediately after isolation, the cell suspension containing 2.5×106 cells was devided 

between 5 tubes (5×105 cells per dish in 5 ml of M199). The amounts of virus 

corresponding to MOI 0, 1, 10, 50 and 100 were taken from the stock solution and 

pipetted directly into the tubes. After mixing, the cells were plated on 100 mm culture 

dishes. After 24 or 48 hours of culture time, the cells were harvested as described 

before (3.1.3) to proceed with RNA isolation (3.2.1) or preparation of protein 

lysates (3.4.1). 

 

Transfection for cell shortening measurements 

Immediately after isolation, the cell suspension, containing 3×105 cells was suspended 

in 6 ml of M199 (5×104 cells per dish in 1 ml of M199). The amount of virus 

corresponding to MOI 100 was taken from the viral stock and pipetted directly into the 

tube. After mixing, the cells were plated on 35 mm culture dishes and cultured for 24 or 

48 hours as described before. 

 

3.2.5 β-Galactosidase reporter gene assay 
The detection of β-galactosidase (β-gal) activity in the cells transfected with LacZ virus 

was performed to estimate the transfection efficiency at different MOI. The 
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β-galactosidase reporter gene assay is based on the enzyme-catalyzed cleavage of 

X-gal ― a specific substrate for β-gal. The X-gal solution appears originally as a yellow 

solution which is able to easily pass a membrane barrier due to its lipophilic properties. 

Once it has entered the cell, β-gal expressed there cleaves the substrate, converting it 

into an insoluble blue dye, which precipitates in the cytoplasm and turns the color of the 

cells into blue. Insolubility of the precipitate makes it unable to leave the cell, leading to 

a highly precise signal without background, which allows detecting the individual cells 

expressing a LacZ transgene.  

For the verification of transfection efficiency, the cells were transfected with adenovirus 

coding for β-galactosidase (LacZ adenovirus) at MOI of 0, 1, 10, 50 and 100, and plated 

on 35 mm culture dishes.  

48 hours post transfection, β-galactosidase reporter gene assay was performed: culture 

media was removed from the dishes and 1 ml of fixation solution was added on each 

dish. After 10 minutes of incubation at 37°C, the fixation solution was removed and cells 

were washed with 2 ml of PBS. Then 1 ml of staining solution was added per each dish. 

The cells were incubated at 37°C until blue staining had developed (about 1.5 hours). 

To stop the reaction, the staining solution was removed and the cells were washed with 

2 ml of PBS. Finally, dishes were analyzed under the light microscope. To estimate the 

transfection efficiency, the ratio between total number of cells and transfected cells per 

field of vision was calculated. 

 
Reagents  

 Concentration 

PBS Dulbecco’s (Invitrogen) 

Glutaraldehyde 

X-Gal (5-Bromo-4-chloro-3-indolyl-[beta]-

D-galactopyranosidecrystal) 

50 mM potassium ferrocyanide 

50 mM potassium ferricianide 

 

50% aqueous solution 

50 mg/ml in methanol 

 

21.25 mg/ml in PBS 

16.5 mg/ml in PBS 

 

Fixation solution 
 
PBS (Invitrogen) 

Glutaraldehyde 

10 ml 

200 µl 

 



 46

Staining solution 
 
PBS 

Potassium ferrocyanide 

Potassium ferricyanide 

X-Gal 

8 ml 

1 ml 

1 ml 

200 µl 

 

3.3 Single cell shortening measurements by video-edge detection 
Single cell shortening of Ad-infected cardiomyocytes was measured 48 hours post 

transfection by a video-edge detection system (Crescent Electronics) using a custom-

made setup (Fig. 6).  

 

Superfusion of electrically stimulated (1Hz) 
myocytes with Krebs-Henseleit solution

Microscope
Myocytes in a 
laminin-coated 
culture dish

Pump

Camera
VideoVideo––Edge Detection SystemEdge Detection System

TVTV--monitormonitor

C
ar

bo
ge

n
C

ar
bo

ge
n

Figure 6. Setup for video-edge detection. For explanations see the text. 

 

For measurements, cardiomyocytes plated on laminin-coated culture dishes were 

placed in a custom-made temperature-controlled chamber on a stage of a Nikon 

inverted microscope. The cells were superfused at 37°C at a flow rate of 2.5-3 ml/min 

with Krebs-Henseleit buffer solution equilibrated with carbogen gas (95% O2 / 5% CO2) 
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and electrically stimulated at 1 Hz by means of platinum electrodes. The image of the 

myocytes was recorded using a Philips CCD camera and displayed on a TV monitor. 

Measured single cell shortening is expressed in percentage of diastolic cell length. Only 

cardiomyocytes that had maintained rod-shaped morphology, had intact cross striation, 

were attached to laminin on culture dish, and had clear sharp edges were examined by 

a video-edge detection system. A minimum of 8 cycles for each cardiomyocyte was 

recorded. On average, 15 cells per group in one set of experiments were examined for 

percentage of cell shortening (fractional shortening, FS). On- and off-line analysis was 

performed with custom designed Labview software (National Instruments). 

 

10X Krebs-Henseleit stock 

 For 1 l Final concentration 

NaCl 

KCl 

MgCl2×6H2O 

Na2SO4 

NaH2PO4×H2O 

ddH2O 

67.80 g 

3.73 g 

2.44 g 

1.7 g 

2.76 g 

to 1 l 

116.1 mM 

5 mM 

1.2 mM 

1.2 mM 

2 mM 

 

1X Krebs-Henseleit solution with additives (prepared freshly) 

 For 1 l Final concentration 

10X stock 

Glucose  

NaHCO3 

1 M CaCl2 (Sigma) 

ddH2O 

100 ml 

1.8 g 

1.7 g 

1.75 µl 

to 1 l 

1X 

10 mM 

20 mM 

1.75 mM 

 

3.4. Protein chemistry and immunochemistry methods 
 

3.4.1 Total protein homogenate preparation 
 

Protein lysate preparation from rabbit ventricular cardiomyocytes 

All steps were performed at 4°C to prevent proteolytic degradation of the proteins. The 

cells, harvested and pelleted as described (3.1.3), were homogenized in 400 µl of lysis 

buffer first by pipetting and then by freezing-thawing in liquid nitrogen. For better 
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solubilization of the proteins, the samples were kept on ice for 20 minutes with 

occasional vortexing. Obtained primary lysates were passed 5 times through a 23 G 

injection canula connected to a syringe and finally sonicated 3 times with 10 bursts on 

each occasion using a Sonopuls homogenizer HD2070 set at 25% of power. To pellet 

the nuclei and particular matter, crude homogenates were centrifuged for 5 minutes at 

10000 g (4°C). The protein concentration of supernatants was determined by the BCA 

method using the kit from Pierce (Pierce Chemical Co). Aliquots of the prepared lysates 

were denatured in sample buffer containing 2% β-mercaptoethanol by boiling at 95°C 

for 5 minutes and 20-60 µg of total protein was subjected to SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE). The remaining lysates were frozen and kept at −80°C 

until use.  

 

Lysis buffer 

 For 250 ml Final concentration 

2 M Tris-HCl, pH 7.4 

100 mM EDTA 

100 mM EGTA 

4 M NaCl 

500 mM β-glycerophosphate 

NP-40 

ddH2O 

2.5 ml 

7.5 ml 

1.25 ml 

16.625 ml 

10 ml 

2.5 ml 

to 250 ml 

20 mM 

3 mM 

0.5 mM 

250 mM 

20 mM 

1% 

Prior to use the following protease inhibitors were added: 

 For 10 ml  Final concentration 

100 mM pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

1 M benzamidine 

12.5 mM calpain inhibitor I 

12.5 mM calpain inhibitor II 

20 µl 

1 µl 

1 µl 

7 µl 

10 µl 

0.8 µl 

0.8 µl 

0.2 mM 

100 nM 

1 µM 

1 µM 

1 mM 

1 µM 

1 µM 

 

5X sample buffer 

 For 20 ml Final concentration 

Tris-HCl 

SDS 

0.79 g 

2 g 

250 mM 

10% 
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Glycerol 10 ml 50% 

The components were dissolved in ddH2O (up to 18 ml), pH was adjusted with HCl to 

6.8 and finally the following components were added: 

 For 20 ml Final concentration 

Bromphenol Blue 

β-Mercaptoethanol 

5 mg 

2 ml 

250 µg/ml 

10% 

The solution was aliquoted and stored at −20°C. Protein samples were mixed with 

sample buffer in the proportion of 4:1, respectively. 

 

Protease inhibitors stocks 

  Stock concentration 

Pefabloc SC 

Aprotinin 

Leupeptin 

Pepstatin A 

Benzamidine 

Calpain inhibitor I 

Calpain inhibitor II 

48 mg/2 ml H2O 

3.3 mg/0.5 ml H2O 

2.5 mg/0.5 ml H2O 

2 mg/2 ml methanol 

350 mg/2 ml H2O 

2.5 mg/0.5 ml ethanol 

2.5 mg/0.5 ml ethanol 

100 mM 

1 mM 

10 mM 

1.4 mM 

1 M 

12.5 mM 

12.5 mM 

Protease inhibitors stocks were dispenced into small aliquots and stored at −20°C. 

 

Product information  

Aprotinin: inhibits serine proteases such as kallikrein, trypsin, trypsinogen, 

chymotrypsin, plasmin, bacterial fibrinolysin.  

Benzamidine: inhibits reversibly trypsin-like enzymes and serine proteases. 

Furthermore, it is a strong competitive inhibitor of trypsin, thrombin and plasmin. 

Benzamidine is sensitive to oxidation and for the most part interchangeable with 

pepstatin A. 

Leupeptin: inhibits serine and thiol proteases such as trypsin, plasmin, proteinase K, 

kallikrein, papain, thrombin and cathepsin A and B. Not affected by leupeptin are α-, β-, 

γ- and δ-chymotrypsin, pepsin, cathepsin D, elastase, rennin and thermolysin.  

Pefabloc: irreversibly inhibits a broad range of serine proteases such as trypsin, 

chymotrypsin, thrombin and plasma kallikrein. Stability is affected both by pH and 

temperature. At alkaline pH a half-life is reduced. 
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Pepstatin A: inhibits aspartate proteases such as pepsin, rennin, cathepsin D, bovine 

chemosin and many microbial acid proteases. It does not inhibit thiol proteases, neutral 

proteases or serine proteases.  

 

3.4.2 Preparation of CHAPS-solubilized cardiac membrane fraction (CSMF) 
Heart ventricles of two rabbits (8 g) were immersed in homogenization buffer, 

comprised of 0.29 M sucrose, 10 mM imidazole, pH 6.9, trimmed of fat and connective 

tissue and minced with scissors to pieces as small as possible. Minced tissue was 

homogenized in 7 volumes of homogenization buffer using sequentially a Potter-

Elvehjem grinder with loosely and tightly fitted Teflon pestle. The Teflon pestle was 

driven mechanically at approximately 800 rpm and 3-5 passes with a pestle of bigger 

clearance were followed by 7-10 passes with a pestle of smaller clearance. The 

homogenate was filtered through 4 layers of cloth and centrifuged at 4°C for 15 minutes 

at 7500 gmax using a Sorvall® SS34 rotor. The supernatant was recentrifuged at 4°C for 

30 minutes at 45000 gmax using a Kontron TFT 75.13 rotor. The supernatant was 

removed by aspiration and the pellet was resuspended in a small volume (700 µl) of 

buffer for resuspension containing 1 M NaCl, 0.15 mM CaCl2, 0.1 mM EDTA, 

25 mM Tris, pH 7.4.  

The protein concentration of the obtained membrane preparation was determined by the 

BCA method and the procedure was immediately continued to solubilization. The 

cardiac membrane fraction (700 µl with a protein concentration of 7.3 mg/ml) was 

suspended in 644 µl of buffer for solubilization supplemented with protease inhibitors. 

Solubilization was initiated by adding 336 µl of CHAPS-phosphatidylcholine mixture. 

The final protein concentration was about 3 mg/ml, which is required for efficient 

solubilization; the final concentrations of phospholipids and CHAPS were 5 mg/ml and 

2%, respectively. Membrane proteins were solubilized for 2 h at 4°C using end-over-end 

rotation mode. Afterwards, the non-solubilized material was sedimented at 4°C for 30 

minutes at 83000 gmax in a Kontron TFT 75.13 rotor. The supernatant contained the 

CSMF with a protein concentration of typically 3 mg/ml as determined with BCA 

method. This was used as a starting material for co-immunoprecipitation experiments. 

 

Buffer for homogenization 

 For 60 ml Final concentration 

500 mM imidazole, pH 6.9 

2 M sucrose 

1.2 ml 

8.7 ml 

10 mM 

0.29 M 
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ddH2O to 60 ml  

pH of the buffer was controlled on the day of use and if necessary adjusted with HCl to 

6.9; just prior to use the following protease inhibitors were added: 

 For 60 ml Final concentration 

100 mM pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

1 M benzamidine 

120 µl 

6 µl 

6 µl 

42 µl 

60 µl 

0.2 mM 

100 nM 

1 µM 

1 µM 

1 mM 

 

Buffer for resuspension 

 For 5 ml Final concentration 

500 mM Tris base, pH 7.4 

2 M NaCl 

1 M CaCl2 

50 mM EGTA 

ddH2O 

250 µl 

2.5 ml  

0.75 µl 

10 µl 

to 5 ml 

25 mM 

1 M 

0.15 mM 

0.1 mM 

pH of the buffer was controlled on the day of use and if necessary adjusted with HCl to 

7.4; just prior to use the following inhibitors were added: 

 For 5 ml Final concentration 

100 mM pefabloc SC 

10 mM leupeptin 

10 µl 

0.5 µl 

0.2 mM 

1 µM 

 

Buffer for solubilization (prepared on the day of use) 

  Final concentration 

500 mM Tris base, pH 7.4 

4 M NaCl 

1 M CaCl2 

50 mM EGTA 

ddH2O 

84 µl 

420 µl 

0.25 µl 

3.36 µl 

to 644 µl 

65 mM 

2.6 M 

0.388 mM 

0.26 mM 

Prior to use the following inhibitors were added: 
 
100 mM pefabloc SC 

10 mM leupeptin 

3.36 µl 

0.17 µl 

0.522 mM 

2.6 µM 

 



 52

CHAPS stock 

 For 100 ml Final concentration 

CHAPS 

ddH2O 

10 g 

to 100 ml 

10% 

The solution was stored at room temperature. 

 

CHAPS-phosphatidylcholine mixture (prepared on the day of use) 

  Final concentration 

Phosphatidylcholine 

10% CHAPS 

25 mg 

to 1 ml 

25 mg/ml 

Sonicate until clear.  

 

3.4.3 Isolation of ryanodine receptor from rabbit skeletal muscle and human heart 
Skeletal muscle and cardiac ryanodine receptors (RyR1 and RyR2, respectively) were 

obtained from rabbit skeletal muscle and human heart by sucrose density gradient 

centrifugation, which is based on a method described by Lai et al. (Lai et al., 1988; Lai 

et al., 1989). As depicted in Figure 7, this technique is a multi-step procedure, 

containing several differential and sucrose density gradient centrifugation steps, 

consisting of 2 major parts. In the first stage, heavy sarcoplasmic reticulum (HSR) 

membranes are isolated, since most RyRs are located here. In the second stage, RyR 

is solubilized from HSR and RyR-enriched fractions are prepared.  

 

Isolation of heavy SR membranes from rabbit skeletal muscle/human heart 

A female rabbit was sacrificed by intravenous injection of thiopental. Red and white 

muscles from hind legs and back were dissected from large blood vessels, nerves and 

fascia, frozen in liquid nitrogen and stored at −80°C for several weeks until use. For 

experiments with human tissue, free from extensive fibrosis left ventricle of an explanted 

heart from a patient with idiopathic dilated cardiomyopathy (IDCMP), undergoing 

cardiac transplantation, was trimmed of fat, connective tissue and vessels and sliced 

into 10 mm cubes. The trimming was performed on a glass tray seatting on crushed ice. 

Afterwards, trimmed tissue was frozen in liquid nitrogen and stored at −80°C for several 

months until use.  

All subsequent operations of the procedure were performed at 4°C. All centrifugation 

times indicated in the protocol included acceleration but not deceleration times. 
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Enriched RyR fractions

Solubilized HSR

Heavy SR

Crude SR microsomes

Membrane/cytosol

Linear gradient of 10-28% sucrose
(127000g / 18 h) 

Whole homogenate

Homogenization 

Low-speed organelle fractionating
(3700g / 30 min)

Microsomal pellet

High-speed centrifugation (II)
(70000g / 30 min)

Linear gradient of 15-45% sucrose
(100000g / 20 h)

Solubilization of heavy SR

Desalting, concentrating, use 

High-speed centrifugation (I)
(35000g / 30 min)

 

Figure 7. Scheme of isolation of RyR channel. For explanations see the text. 
 

100 g of rabbit skeletal muscle or human cardiac tissue were homogenized in 700 ml of 

buffer 1, comprised of 0.1 M NaCl, 0.5 mM EGTA, 10 mM Na-HEPES, pH 7.5, using a 

Waring blender homogenizer at maximum speed 4 times for 25 seconds each time. The 

homogenate was centrifuged in centrifuge bottles (Sorvall®) for 30 minutes at 3700 gmax 

in a Sorvall® SA1500 rotor. The supernatant was filtered through the synthetic cotton. 

The filtrate (450 ml) was devided between 6 polycarbonate screw lid tubes (Centricon®) 

and centrifuged for 30 minutes at 35000 gmax in a Kontron TFT45.94 rotor. The 

supernatants from this centrifugation were removed by aspiration, the soft pink pellets 

were resuspended for salt washing in a small amount (2 ml per pellet) of buffer 2, 

containing 0.6 M KCl, 0.25 M sucrose, 100 µM EGTA, 90 µM CaCl2, 10 mM K-PIPES, 
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pH 7.0. All pellets were combined, the volume adjusted to 60 ml with buffer 2 and 

material was homogenized by hand homogenization (6 strokes) in a Potter-Elvehjem 

tissue grinder with a tightly fitted Teflon pestle. Afterwards, the suspension was 

transferred into a glass beaker, adjusted to 250 ml with buffer 2 and left on ice in the 

cold room for 90 minutes. After incubation on ice, the solution was centrifuged in 4 full 

screw lid tubes for 30 minutes at 70000 gmax in a Kontron TFT45.94 rotor. Meanwhile, 

four 32-ml linear gradients with respect to 15-45% (w/v) sucrose were prepared. The 

gradient solution included 0.1 M NaCl, 100 µM EGTA, 90 µM CaCl2, 0.1 mM pefabloc, 

10 mM K-PIPES, pH 6.9. After removal of the supernatant by aspiration, 2 ml of buffer 

3, containing 0.1 M NaCl, 0.3 M sucrose, 10 mM K-PIPES, pH 6.8, was added to each 

pellet, referred to as crude SR. All pellets were combined, adjusted to 16 ml and 

homogenized by hand homogenization (3 strokes) in a Potter-Elvehjem tissue grinder 

with a tightly fitted Teflon pestle. 4 ml of this suspension were layered over the prepared 

32-ml sucrose gradient. The gradients (4 per isolation) were centrifuged for 20 h at 

100000 gmax in a Beckman SW 27 rotor. 1 ml-size fractions were collected from the 

bottom using a custom-made apparatus connected to a peristaltic pump P-1 (Pharmacia 

Fine Chemicals) and fractions collector FRAC-100 (Pharmacia Fine Chemicals); the 

rate of fraction collection was 1 ml/min. 5 µl aliquots from every other fraction were 

subjected to SDS-PAGE on 7.5% gels prior to silver staining. Heavy SR fractions 

containing the peak amount of RyR (9 ml per 36 ml gradient) were pooled, diluted with 2 

volumes of buffer 3, containing 0.1 M NaCl, 0.3 M sucrose, 10 mM K-PIPES, pH 6.8, 

and sedimented for 1 hour at 100000 gmax in a Kontron TFT45.94 rotor. The pellets 

were resuspended in buffer 3 (the volume should be small enough to produce a 

concentration higher than 10 mg/ml). The protein concentration was estimated by the 

BCA method using kit from Pierce and the procedure was immediately continued to 

ryanodine receptor preparation. 

 

Solutions used for isolation of heavy SR membranes from rabbit skeletal muscle/human 

heart 

All solutions used for heavy SR and RyR preparation were prepared in double distilled 

water; the pH values of solutions used in the isolation procedure are presented as the 

values at 25°C prior to cooling; protease inhibitors were added freshly just prior to use. 
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Buffer 1 
 For 1 l Final concentration 

5 M NaCl 

100 mM EGTA 

500 mM Na-HEPES, pH 7.5 

ddH2O 

20 ml 

5 ml 

20 ml 

to 1 l 

0.1 M 

0.5 mM 

10 mM 

 

pH of the buffer was controlled on the day of use and if necessary adjusted with HCl to 

7.5; just prior to use the following inhibitors were added: 

 For 1 l Final concentration 

100 mM pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

1 M benzamidine 

12.5 mM calpain inhibitor I 

12.5 mM calpain inhibitor II 

2 ml 

100 µl 

100 µl 

700 µl 

1 ml 

80 µl 

80 µl 

0.2 mM 

100 nM 

1 µM 

1 µM 

1 mM 

1 µM 

1 µM 

 

Buffer 2 

 For 350 ml Final concentration 

2 M KCl 

Sucrose 

100 mM EGTA 

1M CaCl2 

500 mM K2-PIPES, pH 7.0 

ddH2O 

105.11 ml 

30 g 

350 µl 

31.5 µl 

7 ml 

to 350 ml 

0.6 M 

0.25 M 

100 µM 

90 µM 

10 mM 

pH of the buffer was controlled on the day of use and if necessary adjusted with HCl to 

7.0; just prior to use the following inhibitors were added: 

 For 350 ml Final concentration 

100 mM pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

1 M benzamidine 

12.5 mM calpain inhibitor I 

12.5 mM calpain inhibitor II 

700 µl 

35 µl 

35 µl 

24.5 µl 

350 µl 

28 µl 

28 µl 

0.2 mM 

100 nM 

1 µM 

1 µM 

1 mM 

1 µM 

1 µM 
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Buffer 3 

 For 25 ml Final concentration 

5 M NaCl 

Sucrose 

500 mM K2-PIPES, pH 6.8 

ddH2O 

500 µl 

2.57 g 

500 µl 

to 25 ml 

0.1 M NaCl 

0.3 M 

10 mM 

pH of the buffer was controlled on the day of use and if necessary adjusted with HCl to 

6.9; just prior to use 0.1 mM pefabloc SC was added. 

 

Buffer 4 

 For 200 ml Final concentration 

5 M NaCl 

500 mM K2-PIPES, pH 6.9 

100 mM EGTA 

1 M CaCl2 

ddH2O 

4 ml 

4 ml 

200 µl 

18 µl 

to 200 ml 

0.1 M 

10 mM 

100 µM 

90 µM 

pH of the buffer was controlled on the day of use and if necessary adjusted with HCl to 

6.9; just prior to use 0.1 mM pefabloc SC was added. 

 

Sucrose gradient 
 
15% (w/v) sucrose 

 For 100 ml Final concentration 

Sucrose 

Buffer 4 

15 g 

to 100 ml 

15% 

 

45% (w/v) sucrose 

 For 100 ml Final concentration 

Sucrose 

Buffer 4 

45 g 

to 100 ml 

45% 

 

Solubilization of ryanodine receptor and preparation of RyR-enriched fractions  

It was found that among detergents used for solubilization of RyR channels, 3-[(3-

cholamidopropyl)dimethylammonio]-1-propane sulphonate (CHAPS) provides maximal 

solubilization of RyR in combination with maximal retention of ryanodine binding activity 

(Lai et al., 1989; Lindsay and Williams, 1991). Therefore, CHAPS was selected as a 
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detergent for solubilization of the RyR. Phospholipids are essential to maintain the 

function of the ryanodine receptor in the solubilized state. In this stage, it is crucial to 

minimize the time of preparation to the solubilization procedure. Therefore all solutions 

used need to be prepared in advance but on the day of use.  

Heavy SR membrane vesicles were suspended in 8 ml of the solubilization solution (for 

the composition see over). The final protein concentration in the solubilization mixture 

should be 3 mg/ml. The volume of added microsomes should not exceed 4 ml. After 

vigorous vortexing for 5 seconds, the solubilization mixture was kept on ice for 1 hour 

followed by 30 minutes at room temperature. Meanwhile, 9.5 ml gradients of 10-28% 

sucrose were prepared. At the end of this period, unsolubilized material was 

sedimented for 30 minutes at 83000 gmax in a Beckman Ti90 rotor. To separate RyR 

from other solubilized membrane components, 1.5 ml of solubilized material was placed 

at the top of each of six 10-28% (w/v) linear sucrose gradients (for the composition see 

over). The gradients were sedimented for 18 hours at 127000 gmax in an SW41Ti 

Beckman rotor. 1 ml-size fractions were collected by upward displacement using a 

custom-made apparatus designed to introduce 65% sucrose to the bottom of the 

centrifuge tube to lift the gradient upwards into a collection device, which allows the 

gradient to be harvested from the top.  

To identify RyR-containing fractions in the gradient, 10 µl aliquots from each fraction 

were subjected to SDS-PAGE on 7.5% gels prior to silver staining. RyR-enriched 

fractions were localized at the same position (21-23% sucrose) in all gradients and 

comprised 2 ml per 11-ml gradient. RyR-enriched fractions were combined, dialyzed 

overnight using Spectra/Por® Cellulose Ester dialysis bag (Spectrum, MWCO 100000 

Da) against 5000 volumes of buffer containing 10 mM HEPES, pH 7.4 and 150 mM 

NaCl. The concentration of RyR was determined by densitometry of the high molecular 

weight band with an apparent molecular weight of 563000 Da (ryanodine receptor 

protomer) versus bovine serum albumin; it comprised 70 µg/ml for rabbit skeletal 

muscle RyR and 40 µg/ml for human cardiac RyR. If necessary, material was 

concentrated by ultrafiltration using a Vivaspin 20 concentrator with MWCO 100000 Da 

(Sartorius/Göttingen). On each occasion material was aliquoted, frozen in liquid nitrogen 

and stored at −80°C. 
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Solutions used  
 
Buffer stock without AMP 
 For 500 ml Final concentration 

4 M NaCl 

100 mM EGTA 

1 M CaCl2 

500 mM Na-PIPES, pH 7.3 

ddH2O 

250 ml 

1 ml 

150 µl 

40 ml 

to 500 ml 

2 M 

200 µM 

300 µM 

40 mM 

pH of the stock solution was controlled and if necessary adjusted with HCl to7.3; stock 

solution was stored at 4°C. 

 
250 mM AMP 

 For 10 ml Final concentration 

Na-AMP 

ddH2O 

0.868 g 

to 10 ml 

250 mM 

pH was adjusted with NaOH to 7.3 and stock solution was stored at 4°C. 

 
Lipid stock 

 For 10 ml Final concentration 

5 M NaCl 

500 mM Na-PIPES, pH 7.0 

100 mM EGTA 

ddH2O 

1.79 ml 

400 µl 

10 µl 

to 10 ml 

0.9 M 

20 mM 

100 µM 

pH of the stock solution was controlled and if necessary adjusted with HCl to 7.0; stock 

solution was stored at 4°C. 

 
CHAPS stock 

 For 100 ml Final concentration 

CHAPS 

ddH2O 

10 g 

to 100 ml 

10% 

The solution was stored at room temperature. 

 
DTT stock 

 For 3 ml Final concentration 

DTT 

ddH2O 

46.3 mg 

to 3 ml 

0.1 M 



 59

Buffer stock with AMP (prepared on the day of use) 
 
Buffer stock without AMP 

250 mM AMP 

48 ml 

2 ml 

 

Phosphatidylcholine mixture (prepared on the day of use) 
 
Phosphatidylcholine (Sigma) 

10% CHAPS 

Lipid stock 

100 mM pefabloc SC 

100 mM DTT 

1 g 

9 ml 

1 ml 

10 µl 

10 µl 

The mixture was cooled on ice and homogenized using glass homogenizer with tightly 

fitted glass pestle.  

 

Solubilization solution (prepared on the day of use) 
 
Buffer stock with AMP 

10% CHAPS 

PC mixture 

6 ml 

1.28 ml 

0.6 ml 

Prior to use, DTT and the following inhibitors were added: 
 
0.1 M DTT 

0.1 M pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

12.5 mM calpain inhibitor I 

12.5 mM calpain inhibitor II 

120 µl 

12 µl 

2 µl 

2 µl 

8 µl 

12 µl 

12 µl 

 

Solubilization mixture (for 6 gradients) 
 
Solubilization solution 

HSR 

ddH2O 

8 ml 

≤ 4 ml 

to 12 ml (if HSR is added in 

volume less than 4 ml) 
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3.4.4 Co-immunoprecipitation 
 

Preparation of cardiac homogenates  

Left ventricular tissue (100 mg) from failing and sham-operated animals was thawed 

and homogenized in 1 volume (100 µl) of buffer for homogenization comprised of 

200 mM NaCl, 20 mM NaF, 1 mM Na3VO4, 1 mM DTT and 50 mM Tris-HCl, pH 7.4. A 

steel pestle tightly fitted to the Eppendorf tube containing the tissue was mechanically 

driven at approximately 800 rpm. The homogenates were centrifuged for 10 minutes at 

3000 g (4°C). Supernatants were transferred to new tubes and pellets were reextracted 

3 times in initial volume of buffer used for homogenization followed by centrifugation as 

described. Supernatants from all centrifugation steps were combined and protein 

concentration was determined by the BCA method using the kit from Pierce. 

 

Coupling antigen to antibody 

Cardiac homogenates (1 mg of protein in each sample) were suspended in dilution 

medium containing 0.9% NaCl, 0.25% Triton X-100, 1 mM NaF, 1 mM Na3VO4 and 

50 mM Tris-HCl, pH 7.4 to bring the volume of each sample up to 500 µl. The samples 

were kept on ice for 20 minutes with occasional vortexing. CSMF, prepared as 

described in 3.4.2, was diluted in one volume of PBS to reduce the concentration of salt 

and detergent; one sample of CSMF contained 1 mg of total protein in a final volume of 

600 µl. 8 µg of mouse monoclonal anti-ryanodine receptor (RyR) antibody (34C clone, 

ABR) was added to the samples containing cardiac homogenates. To the samples 

containing CSMF, 10 µg of anti-RyR antibody (C3-33 clone, ABR) and 20 µg of goat 

polyclonal anti-FKBP12 antibody (Santa Cruz) was added. Samples were incubated for 

4 h at 4°C using an end-over-end rotator set at low speed. Mouse monoclonal anti-

SERCA2a antibody added to one sample at quantity of 4 µg served as control antibody. 

One sample was incubated with protein G-sepharose beads only. Additionally, to verify 

the specificity of interaction, one sample was incubated with FK506 prior to addition of 

the antibody.  

 

Precipitation of immune complexes 

Protein G-sepharose Fast Flow was prepared as follows: per each ml of bed volume, 

1.33 ml of 75% slurry in 20% ethanol is needed; based on this ratio, a sufficient amount 

of 75% slurry was transferred to a 15 ml tube and the matrix was sedimented by 

centrifugation at 500 gmax for 5 minutes. The supernatant was carefully aspirated with a 
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pipette. Next, protein G-sepharose was washed with 10 bed volumes of dilution medium 

per 1.33 ml of the original slurry and sedimented as described above. The supernatant 

was discarded and for each 1.33 ml of the original slurry of protein G-sepharose 1 ml of 

dilution media was added. This procedure produced 50% slurry. 100 µl of this slurry was 

added to each tube with formed antigen-antibody complexes. The mixture was gently 

mixed for 4 hours at 4°C using an end-over-end rotator set at low speed. After the end 

of the incubation time, the matrix was sedimented by centrifugation for 30 seconds at 

maximum speed of an Eppendorf benchtop MiniSpin centrifuge. The supernatants were 

discarded with a 29 G canula connected to a syringe and the pellets were washed 

3 times with 500 µl of 50 mM Tris-HCl, pH 7.4. The tubes were inverted carefully 5 times 

to mix. After each washing step, the immunoprecipitates were recovered by 

centrifugation as described.  

 

Dissociation and analysis 

The final pellets were suspended in 60 µl of 2X sampler buffer, heated to 95°C for 

5 minutes and centrifuged for 2 minutes at maximum speed. The supernatants were 

carefully transferred to a new Eppendorf tube and analyzed by immunoblotting.  

 

Buffer for homogenization with protease inhibitors (prepared just prior to use) 
 
 For 5 ml Final concentration 

2 M Tris-HCl, pH 7.4 

4 M NaCl 

200 mM NaF 

100 mM Na3VO4 

100 mM DTT 

100 mM pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

1 M benzamidine 

12.5 mM calpain inhibitor I 

12.5 mM calpain inhibitor II 

ddH2O 

125 µl 

250 µl 

500 µl 

50 µl 

50 µl 

10 µl 

0.5 µl 

0.5 µl 

3.5 µl 

5 µl 

0.4 µl 

0.4 µl 

to 5 ml 

50 mM 

200 mM 

20 mM 

1 mM 

1 mM 

0.2 mM 

100 nM 

1 µM 

1 µM 

1 mM 

1 µM 

1 µM 
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Dilution medium (prepared just prior to use) 

  Final concentration 

Modified RIPA buffer 

200 mM NaF 

100 mM Na3VO4 

100 mM pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

1 M benzamidine 

12.5 mM calpain inhibitor I 

12.5 mM calpain inhibitor II 

5 ml 

25 µl 

50 µl 

10 µl 

0.5 µl 

0.5 µl 

3.5 µl 

5 µl 

0.4 µl 

0.4 µl 

 

1 mM 

1 mM 

0.2 mM 

100 nM 

1 µM 

1 µM 

1 mM 

1 µM 

1 µM 

 
Modified RIPA buffer 

 For 50 ml Final concentration 

2 M Tris-HCl, pH 7.4 

4 M NaCl 

Triton X-100 

ddH2O 

1.25 ml 

1.93 ml 

125 µl 

to 50 ml 

50 mM 

154 mM 

0.25% 

 
5X sample buffer 

 For 20 ml Final concentration 

Tris-HCl 

SDS 

Glycerol 

0.79 g 

2 g 

10 ml 

250 mM 

10 % 

50 % 

The components were dissolved in ddH2O (up to 18 ml), pH was adjusted with HCl to 

6.8 and finally the following components were added: 

 For 20 ml Final concentration 

Bromphenol Blue 

β-Mercaptoethanol 

5 mg 

2 ml 

250 µg/ml 

10 % 

Solution was aliquoted and stored at −20°C. 

 

2X sample buffer 

 For 20 ml Final concentration 

Tris-HCl 0.32 g 100 mM 
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SDS 

Glycerol 

0.8 g 

4 ml 

4% 

20% 

The components were dissolved in ddH2O (up to 19.2 ml), pH was adjusted with HCl to 

6.8 and finally the following components were added: 

 For 20 ml Final concentration 

Bromphenol Blue 

β-Mercaptoethanol 

2 mg 

0.8 ml 

100 µg/ml 

4 % 

Solution was aliquoted and stored at −20°C. 

 

3.4.5 Immunoblotting 
Samples for loading were prepared by mixing of either protein lysates or other protein 

preparations, obtained as described in the previous chapters, with sample buffer and 

heating for 5 minutes at 95°C. 

 

Casting of SDS-polyacrylamide gel 

For all applications described, a Tris/glycine SDS polyacrylamide gel (SDS-PAAG) 

system was used according to the method of Laemmli (Laemmli, 1970). For hand 

casting of the gels for vertical electrophoresis, a Mini-PROTEANTM II Electrophoresis 

Cell (BioRad) was used. Solutions for the separating gels of the desired percentage and 

for the 4% stacking gel were prepared as described below. The casting of the gels was 

performed according to manufacturer’s instructions. Precast 4-20% linear gradient 

Tris/glycine SDS-PAAGs (BioRad) compatible with this system were used alternatively.  

 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretic transfer 

The samples were loaded onto the bottom of the wells. Electrophoresis was run at a 

constant current of 25 mA per gel. Electrophoretic transfer was carried out essentially 

as described by Towbin (Towbin et al., 1979). Prior to stopping the gel running, fiber 

pads, filter paper and nitrocellulose transfer membrane (0.45 µM pore size) were 

soaked in transfer buffer. After electrophoresis, the gel was removed out of the plates 

and immersed in transfer buffer. For electrophoretic transfer of proteins from the gel to a 

membrane, a Mini-Trans-Blot® Cell (BioRad), compatible with the described system for 

electrophoresis, was utilized. The transblot sandwich was assembled according to the 

manufacturer’s instructions from BioRad in the following order starting from the anode 

side: sponge, 2 sheets of filter paper, nitrocellulose membrane, gel, 2 sheets of filter 

paper, sponge. The assembled transblot sandwich was inserted into the transblot cell 
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filled with transfer buffer. An ice-cooling unit was set behind the cathode side of 

transblot cell. For most of the proteins, the transfer ran for 2 hours at 500 mA with one 

change of the ice-cooling unit after the first hour. For high molecular weigh proteins 

(e.g., ryanodine receptor), the transfer was extended to 3 hours.  

 

Immunovisualization  

After transfer, the membrane was incubated on a rocking platform with blocking solution 

overnight at 4°C (or alternatively, for 60 minutes at room temperature). Next, the 

membrane was incubated with primary antibody diluted in antibody dilution buffer for 

1 hour at room temperature. After washing (six times five minutes each), the membrane 

was incubated with HRP-conjugated secondary antibody diluted in antibody dilution 

buffer for 1 hour at room temperature. Afterwards the membrane was washed as 

before. For the chemiluminescent detection, SuperSignal® West Pico Chemiluminescent 

Substrate (Pierce) was used. Substrate working solution was prepared by mixing of 

equal volumes of two substrate components. The membrane was incubated with 

substrate working solution for 5 minutes at room temperature, laid between sheets of 

transparent plastic protector and exposed to X-ray film, which was developed 

afterwards according to manufacturer’s instructions.  

 

Separating gel 

 

10% gel 12.5% gel 15% gel 
Components 

10 ml 15 ml 10 ml 15 ml 10 ml 15 ml 

Rotiphorese 
Gel 30 3.33 ml 5 ml 4.17 ml 6.25 ml 5 ml 7.5 ml 

4X Tris/SDS, 
pH 8.8 2.5 ml 3.75 ml 2.5 ml 3.75 ml 2.5 ml 3.75 ml 

ddH2O 4.16 ml 6.25 ml 3.33 ml 5 ml 2.5 ml 3.75 ml 

10% APS 33 µl 50 µl 33 µl 50 µl 33 µl 50 µl 

TEMED 7 µl 10 µl 7 µl 10 µl 7 µl 10 µl 
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4% stacking gel 
 
Component Amount 

Rotiphorese Gel 30 0.67 ml 

4X Tris/SDS, pH 6.8 1.25 ml 

ddH2O 3.08 ml 

10% APS 30 µl 

TEMED 10 µl 

 

4X Tris/SDS, pH 6.8 

For 100 ml 

Tris base 

SDS 

ddH2O 

6.05 g 

0.4 g 

to 100 ml 

pH was adjusted with 37% HCl to 6.8; the solution was stored at room temperature. 

 

4X Tris/SDS, pH 8.8  

 For 250 ml 

Tris base 

SDS 

ddH2O 

45.5 g 

1 g 

to 250 ml 

pH was adjusted with 37% HCl to 6.8; the solution was stored at room temperature. 

 

5X SDS-PAGE running buffer 

 For 2 l 

Tris base 

SDS 

ddH2O 

30.2 g 

144 g 

to 2 l 

pH was adjusted with 37% HCl to 8.3; the solution was stored at room temperature. 

 
1X SDS-PAGE running buffer 

 For 2 l 

5X stock 

ddH2O 

400 ml 

to 2 l 

 



 66

5X transfer buffer 
 For 2 l 

Tris base 

Glycine 

ddH2O 

39.4 g 

144 g 

to 2 l 

pH was adjusted with 37% HCl to 8.3; the solution was stored at room temperature. 

 
1X SDS-PAGE transfer buffer 

 For 2 l Final concentration 

5X stock 

100% methanol 

10% SDS 

ddH2O 

400 ml 

400 ml 

2 ml 

to 2 l 

1X 

20% 

0.01% 

 
10X washing buffer 

 For 2 l 

Tris base 

NaCl 

ddH2O 

48.4 g 

58.48 g 

to 2 l 

pH was adjusted with HCl to 7.4; the solution was stored at room temperature. 

 
1X washing buffer 

 For 5 l Final concentration 

10X stock 

Tween 20 

ddH2O 

500 ml 

5 ml 

to 5 l 

1X 

0.1% 

 
Blocking reagent 
 For 50 ml Final concentration 

Nonfat dry milk 

1X washing buffer 

2.5 g 

to 50 ml 

5% 

 

The solution should be prepared freshly and can be stored at 4°C for 1-2 days. 

 
Antibody incubation buffer 

 For 50 ml Final concentration 

5% nonfat milk 

1X washing buffer 

5 ml 

to 50 ml 

0.5% 
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Primary antibodies were used in the following dilutions: 

Antibody Used dilution 

Anti-phospho-RyR Ab (RyR2-P2809) 

Anti-RyR Ab (RyR2-5029) 

Anti-RyR Ab (MA3-916) 

Anti-RyR Ab (MA3-925) 

Anti-FKBP12 Ab (C-19) 

Anti-FKBP12 Ab (SA-169) 

Anti-Calsequestrin Ab (PA1-913) 

Anti-GST Ab 

1:10000 

1:10000 

1:500 

1:2500 

1:1000 

1:500 

1:5000 

1:100000 

 
Secondary HRP-conjugeted antibodies were used in the following dilutions: 

Antibody Used dilution 

Sheep anti-mouse whole Ig 

Donkey anti-rabbit whole Ig 

Rabbit anti-goat affinity-purified IgG 

Donkey anti-mouse affinity-purified IgG 

1:10000 

1:10000 

1:20000 

1:500 

 

3.4.6 Isolation of IgG using protein A-sepharose 4B 
 

To purify IgG (SA-169) from rabbit polyclonal anti-serum raised against peptide sequen-

ce of the FKBP12.6, affinity chromatography using protein A-sepharose was utilized. 

 

Preparing the medium, packing protein A-sepharose and equilibration 

Protein A-sepharose Fast Flow was prepared as follows: per each ml of bed volume 

1.33 ml of 75% slurry in 20% ethanol is needed; based on this ratio, 3.325 ml of 75% 

slurry was transferred to 50 ml tube and the matrix was sedimented by centrifugation at 

500 gmax for 5 minutes. The supernatant was carefully aspirated with a pipette. Next, 

protein A-sepharose was washed with 10 bed volumes of binding buffer, containing 

0.15 M NaCl and 10 mM NaH2PO4xH2O, pH 7.4, per 1.33 ml of the original slurry, and 

sedimented as described above. The supernatant was discarded and for each 1.33 ml 

of the original slurry of protein G-sepharose 1 ml of dilution media was added. This 

procedure produced 50% slurry. The prepared 50% slurry was poured in one 

continuous motion into the disposable column with bottom and top porous discs (IBA, 

Gottingen); the column was subsequently equilibrated with 10 volumes of binding buffer.  
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Binding IgG to protein A-sepharose Fast Flow 

Rabbit immune serum (2 ml) was centrifuged for 2 minutes at 12000 g to remove 

aggregates and diluted with one volume of binding buffer. The material was loaded on 

the column and ran driven by gravity. The flowthrough was collected and loaded onto 

the column repeatedly. When the entire volume of liquid had entered the gel, the 

column was closed with a bottom cap and kept at room temperature for 1 hour. 

 
Washing and elution 

The column was washed from nonspecifically bound material with 10 bed volumes of 

washing buffer, comprised of 0.15 mM NaCl and 0.1 M NaH2PO4xH2O, pH 7.4. 2 ml 

fractions were collected and protein concentration was controlled spectrophotometrically 

by calculating from the OD280. IgG was eluted from the column with 5 bed volumes of 

elution buffer, containing 0.15 mM NaCl and 0.1 M glycine, pH 2.8. 0.5 ml fractions were 

collected and the eluent was immediately neutralized with 1 M Tris, pH 8.0 (40 µl per 

0.5 ml fraction). The protein concentration in the elution fractions was monitored as 

OD280; IgG eluted from the column as a single sharp peak in 2.5 ml volume. For protein 

concentrating and replacement of elution buffer by binding buffer, these peak fractions 

were combined and concentrated using a Centricon® concentrator 2 with MWCO 

30000 Da (Millipore). The procedure yielded 1 ml of purified IgG with a protein 

concentration of 6.56 mg/ml, as determined spectrophotometrically (for IgG at 280 nm 

wave length 1 OD=0.75 mg/ml). Purified IgG was diluted with binding buffer to adjust 

the concentration to 1 mg/ml and was then aliquoted and stored at −20°C.  

 
Binding buffer 

 For 200 ml Final concentration 

NaCl 

NaH2PO4xH2O 

ddH2O 

1.75 g 

0.28 g 

to 200 ml 

0.15 M 

10 mM 

pH was adjusted to 7.4. 

 
Washing buffer 

 For 200 ml Final concentration 

NaCl 

NaH2PO4xH2O 

ddH2O 

1.75 g 

2.76 g 

to 200 ml 

0.15 M 

0.1 M 

pH was adjusted to 7.4. 
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Elution buffer 

 For 200 ml Final concentration 

NaCl 

Glycine 

ddH2O 

1.75 g 

1.5 g 

to 200 ml 

0.15 M 

0.1 M 

pH was adjusted to 2.8. 

 
Neutralizing buffer 

 For 100 ml Final concentration 

Tris-HCl 

ddH2O 

15.76 g 

to 100 ml 

1 M 

pH was adjusted to 8.0. 

 
3.4.7 Visualization of proteins with silver staining and Coomassie Blue staining 
 
Silver staining 

The proteins were electrophoretically separated on SDS-PAAG of appropriate 

percentage and vizualized with silver staining using a protocol described by Blum (Blum 

et al., 1987). After completion of electrophoresis, the gel was placed in a glass tray, 

used only for silver staining, and incubated on a rocking platform with solutions 

sequentially used in the indicated order (Table 1). Per mini slab gel (8.3×10.2 cm), 130 

ml of each of the solutions indicated in the Table 1 are needed. All solutions were 

prepared immediately before use.  

 
Stock solutions 
 
10% Na2SO4 

 For 10 ml 

Na2SO4 

ddH2O 

1 g 

to 10 ml 

The solution can be stored in the dark at 4°C for 1 month. 

1 M AgNO3 

 For 10 ml 

AgNO3 

ddH2O 

1.7 g 

to 10 ml 

The solution can be stored in the dark at 4°C for 1 month. 
 
37% Formalin (ready to use solution) 
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Table 1. Procedure of silver staining 

Solutions 

Step 
Components 

Final 

concentration 

Incubation time 

Fixation 

methanol 

100% acetic acid 

ddH2O 

65 ml 

15.6 ml 

to 130 ml 

50% 

12% 
From 1 h to 

overnight 

Washing 
ethanol 

ddH2O 

65 ml 

to 130 ml 

50% 

 
2x20 minutes 

Washing 
ethanol 

ddH2O 

39 ml 

to 130 ml 

30% 

 
20 minutes 

Sensitizing 
10% Na2S2O3 

ddH2O 

260 µl 

to 130 ml 

0.02% 

 

exactly 60 

seconds 

Washing ddH2O   3x20 seconds 

Silver reaction 

1 M AgNO3 

37% formalin 

ddH2O 

1.56 ml 

91 µl 

to 130 ml 

12 mM 

0.026% 

 

20 minutes 

Washing ddH2O   3x20 seconds 

Developing 

Na2CO3 

37% formalin 

10% Na2S2O3 

ddH2O 
Stir vigorously to dissolve 

sodium carbonate 

15 g 

125 µl 

10 µl 

to 250 ml 

6% 

0.0185% 

16 µM 

 

1 to 10 minutes 
(staining development 

should be monitored 

closely) 

Stopping 

methanol 

100% acetic acid 

ddH2O 

65 ml 

15.6 ml  

to 130 ml 

50% 

12% 

 

20 minutes 

Storage 100% acetic acid 6.5 ml 5%  

 
Alternatively, proteins were stained with Silver Staining Kit (Amersham) according to 

manufacturer’s instructions. 

 
Coomassie Blue staining 

The proteins were electrophoretically separated on the SDS-PAAG of appropriate 

percentage and vizualized with Coomassie Blue staining. The gel was immersed in a 
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sufficient amount of staining solution and agitated on a rocking platform for 2 hours at 

RT, followed by destaining with destaining solution until the signal/background reached 

a satisfactory ratio.  

Staining solution 

 For 1 l Final concentration 

Coomassie® Brilliant Blue G250

100% acetic acid 

β-Propanol 

ddH2O 

5 g 

100 ml 

250 ml 

to 1 l 

0.5% 

10% 

25% 

 
Destaining solution 
 For 1 l Final concentration 

100% acetic acid 

β-Propanol 

ddH2O 

100 ml 

250 ml 

to 1 l 

10% 

25% 

 
3.4.8 Preparation of proteins for MALDI-TOF mass spectrometry 
After visualization of the proteins with Coomassie Blue staining, the bands containing 

the proteins of interest were cut out for identification of these proteins using MALDI-TOF 

mass spectrometry.  

 
3.4.8.1 In-gel digest of proteins stained with Coomassie 
For the description of the procedure see Table 2. All solutions used for the procedure 

were, unless mentioned, prepared on the day of use. 

 
Stock solutions 
 
100 mM NH4HCO3 

 For 10 ml 

NH4HCO3 

HPLC H2O 

79 mg 

to 10 ml 

 
50 mM NH4HCO3 

 For 10 ml 

NH4HCO3 

HPLC H2O 

39.503 mg 

to 10 ml 

 
100% acetonitrile (AcN) (ready to use solution) 
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Trypsin stock 

  Final concentration 

Trypsin 

1 mM (12%) HCl 

20 µg 

200 µl 

0.1 µg/µl 

The stock solution was dispensed into 5 µl aliquots and stored at –20°C. 

 

Working solutions 
 
25 mM NH4HCO3 

 For 10 ml 

50 mM NH4HCO3 

HPLC H2O 

5 ml 

5 ml 

 

50% AcN/25 mM NH4HCO3 

 For 1 ml 

50 mM NH4HCO3 

100% AcN 

500 µl 

500 µl 

 

Trypsin-digestion buffer 

 Total volume 120 µl 

100 mM NH4HCO3 50 µl 

100 mM CaCl2 5 µl 

HPLC H2O 53 µl 

0.1 µg/µl trypsin 12 µl 

 
Table 2. Procedure of in-gel digest of proteins stained with Coomassie Blue 

Solutions 

Step µl per gel 

strip 
Reagent 

Incubation time/conditions of 

incubation 

Washing 100 µl HPLC H2O 
37°C, 30 minutes; discard the 

supernatant afterward 

Washing 100 µl 
25 mM 

NH4HCO3 

37°C, 30 minutes; discard the 

supernatant afterward 

Washing 100 µl 
50% AcN/25mM 

NH4HCO3 

37°C, 2×30 minutes; discard the 

supernatant afterward 
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Washing 100 µl 100% AcN 
37°C, 10 minutes; discard the 

supernatant afterward 

Drying   5 minutes, room temperature 

Trypsin 

digestion 
25 µl 

trypsin 

digestion buffer 

upon adding trypsin digestion buffer, 

keep samples on ice for 15 minutes; 

proceed with 18 hours incubation at 

37°C 

 

3.4.8.2 Extraction of peptides from the gel after trypsin digestion 
Working solutions 
 
1% trifluoracetic acid (TFA) 
 For 10 ml 

100% TFA  

HPLC H2O 

100 µl 

to 10 ml 

 
0.1% TFA 
 For 10 ml 

1% TFA  

HPLC H2O 

1 ml 

to 10 ml 
 
Procedure 
After the trypsin digestion was completed, the tubes with the samples were shortly 

centrifuged in an Eppendorf bench-top MiniSpin centrifuge and the supernatants 

transferred to new tubes. 50 µl of 1% TFA was added to each sample and the mixture 

was incubated for 30 minutes at 37°C for peptide extraction. To make the latter more 

efficient, the samples were sonicated for 10 minutes at room temperature. After short 

centrifugation, the supernatants were recovered and pooled with the first supernatant of 

the corresponding sample. The samples were lyophilized in a speed vac concentrator 

(for 1 hour and 15 minutes). The obtained lyophilisates were reconstituted in 10 µl of 

0.1% TFA and sonicated at room temperature for 5 minutes. Prepared samples were 

then subjected to ZipTip purification. 

 

3.4.8.3 ZipTip purification 
Working solutions 
 
50% AcN 
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 For 1 ml 

100% AcN  

HPLC H2O 

500 µl 

500 µl 

 
1% TFA 
 For 1 ml 

100% TFA  

HPLC H2O 

10 µl 

to 1 ml 

 
0.1% TFA 
 For 1 ml 

1% TFA  

HPLC H2O 

100 µl 

to 1 ml 

 

0.1% TFA/50% AcN 

 For 1 ml 

1% TFA  

100% AcN 

HPLC H2O 

100 µl 

500 µl 

to 1 ml 

 

Prepare Eppendorf tubes of indicated size filled with the following solutions: 

Solutions Number (n) and size of tubes 

(n of tubes corresponds to 

number of the samples) 
Amount per tube Reagents 

1×1.5 ml 1 ml 50% AcN 

1×1.5 ml 1 ml 0.1% TFA 

n×0.5 ml 100 µl 0.1% TFA 

n×0.2 ml 10 µl 0.1% TFA/50% AcN 

 

Procedure 
ZipTip purification of peptides extracted from the gel utilizes ZipTip® pipette tips 

(Millipore) containing C18 reverse-phase medium for desalting and concentrating 

peptides.  

Using the pipettor set at 10 µl, the ZipTip pipette tip was first equilibrated by aspirating 

and dispensing 10 µl of 50% AcN, followed by equilibration with 10 µl of 0.1% TFA. The 

aspiration-dispensing cycle was repeated 7 times on each occasion. After equilibration 
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of the chromatography medium, the peptides were bound to the bed by aspirating and 

dispensing sample 20 times. For washing, 10 µl of 0.1% TFA were aspirated and 

dispensed 7 times. To elute the sample, 10 µl of 0.1% TFA/50% AcN were carefully 

aspirated and dispensed through the ZipTip pipette tip 5 times without introducing air 

into the sample.  

After this procedure, purified samples were concentrated in a speed vac concentrator 

for 5 minutes down to 3 µl. An aliquot was spotted onto a MALDI-TOF MS target.  

 

3.5 GST fusion protein pulldown assay 
 

3.5.1 Transformation of bacteria, growth and induction 
Escherichia coli BL-21 were transformed with human FKBP12-pGEX-6P-3 or 

FKBP12.6-pGEX-6P-3 constructs, coding for corresponding GST fusion proteins. For 

the transfection, 50 µl aliquots of BL-21 were thawed and DNA was added to the cells. 

Afterwards, this mixture was transferred into a pre-chilled electroporation cuvette. The 

cuvette was placed in the electroporator and pulse was applied. Immediately after 

transfection, SOC medium was added to the cells; the cells in SOC medium were 

transferred into sterile tubes and incubated at 180 rpm for 30 minutes at 37°C. After 

incubation, the mixture was centrifuged in an Eppendorf bench-top MiniSpin centrifuge 

at 6000 rpm for 2 minutes. The supernatant was transferred into a new tube and the 

pellet was resuspended in 200 µl of the obtained supernatant. 200 µl from this 

suspension was used for plating the cells on agar dish, containing ampicillin.  

After overnight growth at 37°C, single colonies were obtained, two of which were picked 

and inoculated into 3 ml of LB medium, containing ampicillin (100 µg/ml), for further 

overnight pregrowth at 37°C under continuous shaking at 180 rpm. 1 ml of the obtained 

bacterial suspension was mixed with an equal volume of sterile glycerol and stored at 

−80°C as a stock. The remaining 2 ml were used to inoculate 200 ml of ampicillin-

containing LB medium. The cells were growing at 37°C to mid-log phase (OD600−0.6-

1.0) with continuous shaking of the suspension at 140 rpm. To provide sufficient 

aeration, culturing was carried out in one-liter flasks. The first OD measurement was 

performed after 1 hour of incubation, using ampicillin-containing LB medium as a blank 

reference. Typically, after 3 and a half hours the OD600 reaches the desired value (0.7). 

Afterwards, the expression of the recombinant protein was induced by adding isopropyl-

β-D-thiogalactoside (IPTG) to a final concentration of 1 mM. Prior to induction the 

temperature was decreased to 30°C to prevent the formation of inclusion bodies. The 
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cells were allowed to grow for an additional 4 hours at 30°C. After every hour, 1 ml 

aliquots were harvested in order to estimate the time sufficient for effective 

overexpression of the recombinant protein. After 4 hours, the suspension was 

transferred to 250 ml plastic bottles (Sorvall®) and cells were harvested by 

centrifugation at 6000 rpm in a Sorvall® SLA-1500 rotor. The supernatant was discarded 

and the pellet was frozen and kept at −20°C until purification of the overexpressed 

fusion protein. Pellets harvested after every hour of expression time were resuspended 

in 100 µl of 5X sample buffer and 20 µl aliquots were analyzed by SDS-PAGE followed 

by Coomassie Blue staining.  

 
Media and solutions used for E. coli transformation and cultivation 
 
SOC medium 
 
0.5% yeast extract 

2% bacto-trypton 

10 mM NaCl 

2.5 mM KCl 

10 mM MgSO4 

10 mM MgCl2 

20 mM glucose 

 
Luria Bertani (LB) medium  

 For 1 l 

Bacto-trypton 10 g 

Yeast extract 5 g 

NaCl 5 g 

ddH2O to 1l  

pH was adjusted with NaOH to 7.3, the medium was sterilized by autoclaving and 

stored at 4°C. 

 
LB-ampicillin agar dishes 
 
Bactoagar was added to the LB medium to a final concentration of 1.5%, followed by 

autoclaving. Afterwards, the medium was let cool down to 55°C and ampicillin was 

added to a final concentration of 100 µg/ml. This medium was poured into 10 cm sterile 

Petri-dishes in a sterile bench and left undisturbed for about 30 minutes to solidify. 

LB-agar dishes were stored in the dark at 4°C. 
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Ampicillin stock solution 
 
Ampicillin 100 mg/ml 

The powder was dissolved in sterile ddH2O; pH was adjusted with HCl to 7.0; 500 µl 

aliquots were stored at −20°C. 

 

IPTG stock 

  Final concentration 

IPTG 500 mg 100 mM 

Sterile ddH2O 20 ml  

IPTG dissolved in sterile H2O was dispensed into 1 ml aliquots and stored at -20°C. 

 

3.5.2 Purification of fusion proteins 
 

Preparation of cell extract 

The pellets from 200 ml culture (see 3.5.1) of the bacterial cells containing 

overexpressed fusion protein were resuspended in 10 ml of ice-cold PBS, pH 7.4 

followed by sonication. The cells were sonicated on ice in short bursts lasting for 1 

second. 10×10 bursts were sufficient to disrupt the cells without destroying protein 

functionality. For effective solubilization of the recombinant proteins, Triton X-100 at a 

final concentration of 1% was added to the cell suspension followed by gentle agitation 

of the mixture at room temperature for 30 minutes using an end-over-end rotator. The 

crude extract was centrifuged at 10000 g for 5 minutes at 4°C. The supernatant was 

used for subsequent purification of the fusion protein. Aliquots from each stage of the 

cell extract preparation were analyzed by SDS-PAGE followed by Coomassie staining. 

 

Purification of GST-tagged fusion proteins using Glutathione Sepharose Fast Flow 

One step purification of the GST-tagged fusion proteins is based on the affine 

interaction between glutathione S-transferase tag of the recombinant protein and 

glutathione coupled to the sepharose, and consists of binding the fusion protein to the 

glutathione-sepharose, washing the matrix to remove nonspecifically bound proteins, 

and elution of the recombinant protein in a buffer containing 10 mM reduced 

glutathione. For the purification described here, GSTrap columns operated with a 

syringe (Amersham Biosciences) were utilized.  
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Column of 1 ml volume was connected to a syringe according to manufacturer’s 

instructions and equilibrated with 5 ml of PBS, pH 7.4 at a flow rate of 2 ml/min. Sample, 

prepared as above and filtered through a 0.45 µm filter just before use, was applied to 

the column at a flow rate of 1 ml/min. Next, the column was washed with 10 ml PBS at a 

flow rate of 2 ml/min to wash away nonspecifically bound material. 1 ml fractions were 

collected and 20 µl aliquots from each fraction were picked for SDS-PAGE. The 

recombinant protein was eluted from the column with 10 ml of elution buffer (10 mM 

glutathione in 50 mM Tris-HCl, pH 8.0) passed through the column at a flow rate of 1 

ml/min. 1 ml elution fractions were collected and 20 µl aliquots were analyzed by SDS-

PAGE followed by Coomassie staining. Typically, recombinant protein was eluted as a 

sharp peak consisting of fractions number 2-4 and this elution profile was identical for all 

performed preparations. Finally, the column was washed with 20 ml PBS until no 

material appeared in the effluent and stored under PBS at 4°C until next use. Three 

fractions containing the peak of the recombinant protein were pooled and dialyzed twice 

against 5 l of PBS each time with a change after 4 hours using Spectra/Por® Cellulose 

Ester dialysis beg (Spectrum, MWCO 1000 Da). The concentration of the purified 

recombinant GST fusion protein was estimated using a BCA kit (Pierce Chemical Co) 

and the protein yield per one preparation typically averaged 1 ml with a concentration of 

6-7 mg/ml. The protein was aliquoted and stored at −80°C. 

 
Lysis buffer 
 For 100 ml Final concentration 

10X PBS 10 ml 1X 

Triton X-100 1 ml 1% 

ddH2O to 100 ml  

 
Elution buffer 
  Final concentration 

Reduced glutathione 

50 mM Tris-HCl, pH 8.0 

0.154 g 

50 ml 

10 mM 

 

The solution was dispensed into aliquots and stored at –20°C. Freezing-thawing cycles 

should be avoided. 

 
1X PBS 
 For 10 l 

10X PBS 

ddH2O 

1 l 

to 10 l 
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3.5.3 GST fusion protein pulldown assay 
The GST fusion protein pulldown technique for the detection of protein-protein 

interactions uses the affinity of GST for glutathione-coupled beads to purify interacting 

proteins from a solution of non-interacting proteins. The principal scheme of a GST 

pulldown applicable to study of FKBP–RyR interaction is depicted in Figure 8. The GST 

fusion probe protein is expressed and purified as described before. In parallel the 

sample containing the target protein is prepared. The latter can be cell/tissue crude 

lysate or a fraction enriched with a protein of interest. The GST fusion protein probe and 

the sample containing the target protein are mixed in the presence of 

glutathione-sepharose beads and incubated to allow protein association to occur. The 

GST fusion probe protein and any associated molecules are collected by centrifugation 

and the complexes are washed. Finally the complexes are eluted from the beads with 

excess free glutathione. The proteins are resolved by SDS-PAGE and processed for 

further analysis by immunoblotting or protein staining.  

The procedure described here is an adaptation of the GST-FKBP12 affinity 

chromatography previously described by Xin et al. (Xin et al., 1995). 

GSTGST FK12FK12//12.612.6

RyR1/2RyR1/2

+
FK12.6/12FK12.6/12 GSTGST

•
•
•FKBPFKBP

FKBP  FKBP  

••
Exchange Exchange 
reactionreaction

FK12.6/12FK12.6/12 GSTGST
Elution with excess  Elution with excess  

free glutathionefree glutathione

+

RyR1/2RyR1/2

RyR1/2RyR1/2

••
RyR1/2RyR1/2

FK12.6/12FK12.6/12 GST   GST   
•••

Exogenous FKBPExogenous FKBP

Immobilization on Immobilization on 
glutathioneglutathione--sepharosesepharose

SepharoseSepharose

+
GlutathioneGlutathione

+

Figure 8. Scheme of GST pulldown assay designed for precipitation of ryanodine 
receptor based on its specific association with GST−FKBPs. For explanations see the text.
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Preparation of cell lysates and cardiac homogenates 

Isolated rabbit ventricular myocytes (1 million cells per probe) were suspended by 

pipetting in 500 µl of modified RIPA buffer containing 50 mM Tris-HCl, pH 7.4, 0.9% 

NaCl, 0.25% Triton X-100 and supplemented with 1 mM NaF, 1 mM Na3VO4 and 

protease inhibitors. After keeping the samples for 30 minutes on ice with occasional 

vortexing, they were passed 5 times through a 21 G injection canula connected to a 

syringe.  

Cardiac homogenates from canine hearts and from human hearts explanted from 

patients with IDCMP, undergoing cardiac transplantation, were prepared as follows: 

tissue (up to 1 gram), free from fibrosis and trimmed of fat, connective tissue and 

vessels, was homogenized in 1 volume of homogenization buffer, comprised of 50 mM 

Tris-HCl, pH 7.4, 200 mM NaCl, 20 mM NaF, 1 mM Na3VO4, 1 mM DTT and 

supplemented with protease inhibitors, using mechanically driven Potter-Elvehjem 

tissue grinder with a tightly fitted Teflon pestle. The tissue was processed until a 

homogenous consistence was reached. The prepared homogenates were suspended in 

5X modified RIPA buffer, mixing 4 volumes of homogenate with 1 volume of the 5X 

modified RIPA buffer. The mixture was solubilized on ice for 30 minutes with occasional 

vortexing. 

The prepared cell lysates and tissue homogenates were centrifuged at 3000 g for 

10 minutes at 4°C. The supernatants were used for GST pulldown assay. 

 

Probing of samples containing the target protein and detection of the interacting 

proteins 

Typically one set of the pulldown experiment consisted of the samples incubated with 

probe protein (GST-FKBP12.6 or GST-FKBP12) and several negative controls including 

incubation with GST and glutathione-sepharose beads only to exclude nonspecific 

binding of the target protein (RyR2) to GST moiety of the recombinant protein or to the 

glutathione-sepharose beads, respectively. In each case, an equal amount of the 

sample containing the target protein was used in the reaction. To all tubes, containing 

500 µl of the suspension with target protein, 50 µl of reconstituted in PBS 50% 

glutathione-sepharose was added; probe protein (either GST-FKBP12.6 or GST-

FKBP12) was added at amount of 30 µg. Another two samples were incubated with 

30 µg of the recombinant GST protein (GST negative control) or with 

glutathione-sepharose beads only (sepharose beads control). During incubation for 

5 hours at 4°C, complexes between the probe and target proteins were formed and 
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caught by glutathione-sepharose. Formed complexes were recovered by centrifugation 

for 2 minutes using an Eppendorf bench-top MiniSpin centrifuge set at maximum speed 

and washed 3 times with 250 µl of ice-cold lysis buffer. Between washings, the 

complexes were recovered by centrifugation for 1 minute at maximum speed of an 

Eppendorf centrifuge. Finally GST fusion protein and any proteins bound to it were 

eluted in 75 µl of elution buffer (10 mM reduced glutathione in 50 mM Tris-HCl, pH 8.0) 

for 15 minutes at room temperature. For one preparation, 60 µM FK506, which 

specifically prevents the interaction between ryanodine receptor and FK506-binding 

proteins, was used to elute RyR2. This sample served as an additional control to 

confirm the specificity of interaction. Ethanol, the solvent for FK506, was applied in 

parallel to another identical sample. To recover the eluents, tubes were centrifuged for 2 

minutes at maximum speed of an Eppendorf centrifuge and supernatants containing 

GST fusion protein and target proteins bound to it, were transferred to new tubes. 

Aliquots from the eluates as well as from the intermediate fractions were analyzed by 

SDS-PAGE followed by silver staining and immunoblotting. 

 

Modified RIPA buffer 

 For 50 ml Final concentration 

2 M Tris-HCl, pH 7.4 1.25 ml 50 mM 

4 M NaCl 1.93 ml 154 mM 

Triton X-100 

ddH2O 

125 µl 

to 50 ml 

0.25% 

 

Modified RIPA buffer with additives (prepared just prior to use) 

  Final concentration 

Modified RIPA buffer 5 ml  

200 mM NaF 25 µl 1 mM 

100 mM Na3VO4 50 µl 1 mM 

100 mM pefabloc SC 10 µl 0.2 mM 

1 mM aprotinin 0.5 µl 100 nM 

10 mM leupeptin 0.5 µl 1 µM 

1.4 mM pepstatin A 3.5 µl 1 µM 

1 M benzamidine 5 µl 1 mM 

12.5 mM calpain inhibitor I 0.4 µl 1 µM 

12.5 mM calpain inhibitor II 0.4 µl 1 µM 
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Homogenization buffer with additives (for tissue processing; prepared just prior to use) 

 For 5 ml Final concentration 

2 M Tris-HCl, pH 7.4 

4 M NaCl 

200 mM NaF 

100 mM Na3VO4 

100 mM DTT 

100 mM pefabloc SC 

1 mM aprotinin 

10 mM leupeptin 

1.4 mM pepstatin A 

1 M benzamidine 

12.5 mM calpain inhibitor I 

12.5 mM calpain inhibitor II 

ddH2O 

125 ml 

250 ml 

500 µl 

50 µl 

50 µl 

10 µl 

0.5 µl 

0.5 µl 

3.5 µl 

5 µl 

0.4 µl 

0.4 µl 

to 5 ml 

50 mM 

200 mM 

20 mM 

1 mM 

1 mM 

0.2 mM 

100 nM 

1 µM 

1 µM 

1 mM 

1 µM 

1 µM 

 

Elution buffer 

  Final concentration 

Reduced glutathione 

50 mM Tris-HCl, pH 8.0 

0.154 g 

50 ml 

10 mM 

 

The solution was dispensed into 500 µl aliquots and stored at −20°C. Freezing-thawing 

cycles should be avoided. 

 

3.6 Safety measures 
All operations with genetically modified organisms and plasmid DNA were performed in 

accordance to the ‘‘Gentechnikgesetz’’ of 1990 and to the rules prescribed by the 

‘‘Gentechnik-Sicherheitsverordnung’’ of 1990. Materials contaminated with bacterial 

cells were desinfected with Mucocit® (Merz/Frankfurt) and autoclaved.  

All operations with adenoviruses were performed in level S2 and S1 laboratories in 

accordance to the GenTSV. Materials contaminated with adenoviruses were 

desinfected with Desomedan® (Desomed/Freiburg) and autoclaved. 

Ethidium bromide and silver nitrate, chemicals deleterious for the environment, when 

used in the course of the work, were carefully managed and disposed properly in 

accordance with institutional guidelines. 
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3.7 Statistical analysis 
Results of contractility measurements are presented as mean±sem. Myocyte-shortening 

data obtained from normal cardiomyocytes were analyzed by Student’s t-test for paired 

values. Myocyte-shortening data obtained from cardiomyocytes isolated from rabbit 

failing hearts and hearts of sham-operated rabbits were analyzed by Student’s t-test for 

unpaired values. P<0.05 was accepted as statistically significant. 

Immunoreactive protein bands were evaluated densitometrically using a Multilmage 

Light System (Alpha Innotech Corporation). To compare total levels of RyR2 in sham 

and failing rabbit hearts, the amounts of RyR2 in respective samples were determined 

by densitometric quantification of the immunoblots and normalized for the amount of 

calsequestrin. Each individual value represents the mean of two independent 

determinations. Data were analyzed by Student’s t-test for unpaired values and 

presented as mean±sem. P<0.05 was accepted as statistically significant. 

To assess levels of FKBP12.6 associated with RyR2 in sham and failing rabbit hearts, 

the amounts of FKBP12.6 co-immunoprecipitating with RyR2 in respective samples 

were determined densitometrically and normalized for the amount of RyR2 

immunoprecipitated. Data were analyzed by Student’s t-test for unpaired values and 

presented as mean±sd. P<0.05 was accepted as statistically significant. 
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4. Results 
 
4.1 Verification of virus transfection efficiency and transgene expression levels 
To clarify the physiological role of FKBP12, adenovirus-mediated gene transfer was 

used to overexpress FKBP12 in isolated rabbit ventricular cardiomyocytes. Prior to 

physiological measurements of the overexpression effect, experiments on verification of 

virus transfection efficiency and transgene expression were performed.  

 

4.1.1 Verification of virus transfection efficiency in β-galactosidase reporter gene 
assay 
Efficiency of adenoviral gene transfer in isolated rabbit ventricular myocytes was initially 

verified in a β-galactosidase reporter gene assay (Fig. 9). Cardiomyocytes, isolated 

from rabbit heart, were infected with the LacZ virus, coding for β-galactosidase, at a 

multiplicity of infection (MOI) of 1, 10, 50 and 100. β-Galactosidase assay performed 48 

hours post transfection revealed an increase in the ratio of stained to unstained cells 

with increasing amounts of virus, reaching 95% at a MOI of 10 (Table 3). 

A

CB

 
Figure 9. β-Galactosidase reporter gene assay performed 48 hours post transfection. 
Nontransfected control (A), β-galactosidase activity in cells transfected with Ad-LacZ at MOI 
10 (B) and MOI 100 (C). For a more precise determination of transfection efficiency see 
Table 3.  
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4.1.2 Validation of transgene expression at 
mRNA and protein levels 
For overexpression of FKBP12, an adenovirus 

(Ad) coding for full length human FKBP12 was 

used. Cells were transfected at different MOI, 

cultured for 48 hours and harvested for total 

RNA isolation and preparation of total protein 

lysates. RT-PCR with primers specific for human 

FKBP12 revealed an increase in transgene 

mRNA levels in a dose-dependent manner 

(Fig. 10A, upper panel). Duplex calsequestrin (CS) – glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) RT-PCR was used to control for equal loading (Fig. 10A, 

lower panel). RT-PCR with primers specific for rabbit FKBP12 showed no changes of 

endogenous FKBP12 (Fig. 10A, middle panel). 
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Figure 10. Verification of transgene (FKBP12) expression at mRNA and protein levels. 
(A) RT-PCR analysis of Ad-FKBP12 infected myocytes. Cells were infected at the indicated 
MOI and harvested 48 hours post transfection. The size of DNA markers is indicated in the left 
margin. + denotes positive control with FKBP12 plasmid DNA as template. Duplex RT-PCR 
(bottom panel) with GAPDH and CS specific primers using the same samples indicates equal 
cDNA load in each PCR. (B) Western blot analysis of Ad-FKBP12 infected myocytes with anti-
FKBP12 antibody. Cells were infected with indicated MOI and harvested 48 hours after 
transfection. Western blot analysis with anti-calsequestrin antibody (bottom panel) using the 
same probes indicates equal protein load in each well.  

Table 3. Numerical expression of 
results obtained in β-gal reporter 
gene assay. 
 

MOI Efficiency of 
transfection (%) 

0,1 7,69 

1 42,86 

10 95,24 

100 100 
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Immunoblotting with C-19 antibody (Santa Cruz) confirmed overexpression of FKBP12 

at the protein level (Fig. 10B, upper panel). CS served as control of equal loading 

(Fig. 10B, lower panel). For subsequent physiological measurements, cells were 

infected with Ad-FKBP12 and Ad-LacZ (the latter serving as control virus) at an MOI of 

100.  

Thus, high efficiency of transfection and isoform specific transient overexpression were 

achieved. To ensure effective overexpression of the transgene, the cells, for further 

physiological measurements, were transfected at MOI of 100, which, as shown in 

Figure 10, provides abundant but not excessive production of the exogenous FKBP12. 

 

4.2 Contractility measurements of rabbit cardiomyocytes transfected with 
Ad-FKBP12 
Single cell shortening of Ad-FKBP12 and Ad-LacZ infected cardiomyocytes was 

measured 48 hours after adenoviral transfection by video-edge-detection system as 

described in Methods (3.3). The cells selected for data analysis had clear striation, rod-

shaped form (as depicted in Figure 11A) and stable diastolic length.  
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Figure 11. (A) Image of an isolated rabbit ventricular cardiomyocyte. In the course of 
single cell shortening measurements, the image of rabbit ventricular cardiomyocytes was 
recorded using a CCD camera and displayed on a TV monitor. The cell depicted and selected 
for data analysis met morphological requirements such as clear striation and rod-shaped form. 
(B) Representative tracing of shortening experiments with transfected cardiomyocytes. 
The graph shows the time-course of cell length during one systole-diastole cycle.  
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Figure 12 summarizes the results of contractility measurements 48 hours post 

transfection. Cardiomyocytes overexpressing FKBP12 showed a statistically significant 

increase in fractional shortening (by 14%) compared to LacZ-transfected myocytes, 

which served as control (2.4±0.3% vs. 2.1±0.2%, respectively, n=12 isolations (each 

~10-15 cells), p<0.05) (Fig. 12). The significant effect of FKBP12 overexpression on 

contractility provides physiological evidence of the role of FKBP12 in the modulation of 

cardiac excitation-contraction coupling.  
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Fig. 12. Statistical analysis of cell shortening in Ad-LacZ and Ad-FKBP12 infected 
myocytes measured 48 hours post transfection. Cell shortening, expressed in percentage 
of diastolic cell length, was 14% higher in Ad-FKBP12 infected cells compared to cells infected 
with Ad-LacZ (2.4±0.3% vs. 2.1±0.2%, respectively, *p<0.05). Values are means ± sem of 12 
independent experiments. Each experiment is based on a different isolation of 
cardiomyocytes. The mean obtained for one experiment, averages assessments of 10-15 
cells. Data were analyzed by Student’s t-test for paired values. 

 

4.3 Interaction studies  
Contractility measurements provide physiological evidence that FKBP12 may play a role 

in cardiac E-C coupling as seen before with FKBP12.6. Interaction studies, using such 

strategies as co-immunoprecipitation and GST fusion protein pulldown assay, were 

conducted to provide insight into the molecular mechanisms underlying this effect. 

Despite previous evidence suggesting a lack of FKBP12 binding to cardiac RyR, we 

hypothesized that FKBP12 binding to RyR2 does occur, basing on physiological 

experiments described in 4.2. 
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4.3.1 FKB12.6 but not FKBP12 co-immunoprecipitates with rabbit cardiac 
ryanodine receptor 
To examine whether only FKBP12.6 or both FKBP isoforms associate with RyR2, 

co-immunoprecipitation technique was utilized.  

As a starting material for co-immunoprecipitation, CHAPS-solubilized cardiac 

membrane fraction (CSMF) was used. This preparation is optimal for this type of 

analysis, since the CSMF is relatively easy to obtain and it is enriched with proteins of 

sarcoplasmic reticulum, including ryanodine receptor.  

 

Figure 13. Association of FKBP12.6 with RyR2 in rabbit CHAPS-solubilized cardiac 
membrane fraction and rabbit cardiomyocytes. A and B – The CHAPS-solubilized 
membrane fraction from rabbit heart was subjected to immunoprecipitation with anti-RyR or 
anti-FKBP Ab, the immunoprecipitates were electrophoretically separated on 5% (A) and 15% 
(B) SDS-PAAG; detection of RyR or FKBP bands was conducted by Western blot analysis 
with anti-RyR or anti-FKBP Ab. C – Protein lysates obtained from rabbit cardiomyocytes were 
subjected to immunoprecipitation with anti-RyR Ab, the immunoprecipitates were 
electrophoretically separated on 4-20% linear gradient SDS-PAAG followed by detection with 
anti-FKBP Ab. Recombinant FKBP12 and FKBP12.6 display evident difference in their 
electrophoretic mobilities (C-two last lanes and D), confirming that the resolution capacities of 
the used 15% (B and D) and 4-20% linear gradient (C) SDS-PAAGs are high enough to 
separate different isoforms of FKBP. 

 

RyR2 was immunoprecipitated from CHAPS-solubilized cardiac membrane fraction 

(Fig. 13A, lane 1) using a mouse monoclonal anti-RyR antibody (34C clone, Affinity 

Bioreagents) and its presence in the immunoprecipitate was examined by Western blot 

analysis using another mouse monoclonal anti-RyR antibody (C3-33 clone, Affinity 
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Bioreagents). Different antibodies were used for immunoprecipitation and 

immunovisualization of RyR2 to increase the reliability of specific detection of RyR.  

To examine the presence of FKBP isoforms (both or one of them), the same 

immunoprecipitate was blotted with anti-FKBP12 antibody (SA-169), which cross-reacts 

with rabbit FKBP12.6. SA-169 was used rather than the commercially available 

anti-FKBP12 antibody C-19 because SA-169 appeared to be more sensitive to rabbit 

antigen. Although this antibody does not discriminate between FKBP12 and FKBP12.6 

isoforms, it is still possible to distinguish the two FKBPs on the basis of their 

electrophoretic mobilities, since FKBP12.6 migrates somewhat slower than FKBP12 

(Fig. 13D). After blotting the same immunoprecipitate with SA-169 antibody, only one 

band appears (Fig. 13B, lane 1). Its electrophoretic mobility is distinctly different from 

that of recombinant FKBP12 (Fig.13B, lane 5), which was loaded to ensure that the 

resolution capacity of the gel is high enough to separate the FKBP isoforms. Next to the 

immunoprecipitates, 12 ng of both recombinant FKBP isoforms ran next to each other, 

displaying an evident difference in their electrophoretic mobilities and confirming that 

the two co-immunoprecipitated proteins are FKBP12.6 (Fig. 13C, lanes 1-2). To confirm 

the specificity of interaction between RyR and FKBP, several negative controls were 

included: treatment of CHAPS solubilized cardiac membrane fraction with FK506 prior 

to immunoprecipitation completely abolished RyR2−FKBP12.6 interaction (Fig. 13B, 

lane 2); incubation of samples with antibody against SERCA2a, which is known neither 

to be associated with RyR nor with FKBP12, did not lead to precipitation of FKBP12.6 

(Fig. 13B, lane 3); incubation of samples with protein G-sepharose beads alone also did 

not lead to precipitation of FKBP12.6 (Fig. 13B, lane 4).  

Reciprocal co-immunoprecipitation using anti-FKBP antibody (C-19) revealed the 

presence of RyR in the immunoprecipitate (Fig. 13A, lane 2). 

Thus, in rabbit, RyR2 co-immunoprecipitates with the FKBP12.6 isoform solely, which is 

consistent with the previous data obtained for dog, human and rat. However, in view of 

the physiological evidence of a possible alteration of RyR by FKBP12, we did not reject 

the hypothesis that FKBP12 may also be associated with RyR2, but concluded from the 

co-immunoprecipitation data, that when FKBP12 does interact with RyR, the manner of 

this interaction is different from that of FKBP12.6. It can be of a lower affinity compared 

to FKBP12.6−RyR2 interaction or the interaction can be transient, which would explain 

the reason why FKBP12 was not detected by co-immunoprecipitation. Therefore, a 

second technique, GST fusion protein pulldown assay, was utilized. 
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4.3.2 GST fusion protein pulldown assay 
In order to investigate the interaction between FKBP isoforms and cardiac RyR, GST 

pulldown assay was implemented, the principle of which is described in Methods 

(3.5.3). In co-immunoprecipitation, the native associations between proteins should be 

preserved during the solubilization procedure, which does not always work. In contrast, 

in GST pulldown assay, a probe protein fused to GST is incubated with the sample 

containing the potential binding partner after solubilization. This feature of the GST 

pulldown assay makes it more advantageous for our purpose compared to 

co-immunoprecipitation. 
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Figure 14. Fractionation of skeletal muscle SR on a 15-45% linear sucrose gradient. 
(A) To show the protein profile of fractionated crude SR, 5 µl aliquots from every other fraction 
were electrophoretically separated on 7.5% SDS-PAAG followed by silver staining. Heavy SR 
enriched with ryanodine receptor was recovered at approximately 32-42% sucrose 
(fractions 3-15) (B).  

 

To confirm a supposed interaction by GST fusion protein pulldown assay, the target 

protein (RyR2) must be present in sufficient quantities to allow the interaction to be 

visualized with the chosen method of detection. Therefore, for the first pulldown trials, it 



 91

was decided to use RyR-enriched fractions as a source of RyR to ensure the 

abundance of the analyzed target protein. In the experiment, both FKBP isoforms were 

probed for their interactions with RyR2. To verify the binding properties of FKBP12, its 

interaction with RyR1 was examined, since this interaction does not raise any doubts, 

similar to that between FKBP12.6 and RyR2. Therefore both RyR1 and RyR2 were 

isolated. Rabbit skeletal muscle served as the source of RyR1. Since ryanodine 

receptor preparation necessitates considerable amount of starting material (100 g for 

the preparation described here), RyR2 was isolated from human heart. 

 

4.3.2.1 Isolation and identification of RyR1 and RyR2 
RyR1 and RyR2 were isolated by sucrose density gradient centrifugation. Figure 14 

represents one of the crucial steps of the procedure: fractionation of crude SR by 

sucrose density linear gradient centrifugation, in the course of which heavy SR enriched 

with ryanodine receptor was recovered. Obtained heavy SR vesicles were solubilized 

with CHAPS and subjected to a second sucrose density gradient centrifugation, which 

yielded RyR-enriched fractions of reasonable purity (Fig. 15A, B). In the given example 

of RyR preparation (Fig. 15B), the isolated RyR1 revealed to be present as two bands 

(Fig. 15B, lanes 6-7); the lower one represents a proteolytic breakdown product, which, 

as was reported in literature, is frequently obtained during isolation procedure.  
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Figure 15. Fractionation of cardiac (A) and skeletal muscle (B) CHAPS-solubilized heavy 
SR on a 10-28% linear sucrose gradient. 10 µl aliquots from collected fractions were 
electrophoretically separated on 7.5% SDS-PAAG followed by silver staining. The major high 
molecular weight bands, appearing in fractions 7-9 (A) and 6-7 (B) are RyR2 (←) and RyR1 (*), 
respectively.  

 
Since the procedure of RyR isolation has not been utilized before in our laboratory, it 

was suggested to confirm that the obtained high molecular weight proteins are really 

RyR1 and RyR2 using MALDI-TOF mass spectrometry. Both proteins were identified as 

rabbit skeletal muscle RyR1 (Fig. 16) and human cardiac RyR2 (Fig. 17). 
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Protein View 
 
Match to: gi|134134; Score: 157 
Ryanodine receptor 1 (Skeletal muscle-type ryanodine receptor) Oryctolagus 
cuniculus 
 
Nominal mass (Mr): 564892; Calculated pI value: 5.16 
 
Number of mass values matched: 25 
Sequence Coverage: 4% 
 

Matched peptides shown in Bold Red 
 
Figure 16. Extract from Mascot Search Results. The high molecular weight band obtained in 
the course of RyR1 isolation was subjected to in-gel trypsin digestion followed by MALDI-TOF 
mass spectrometry. Analyzed protein showed a perfect match with rabbit RyR1: matched 
peptides shown in Bold Red are distributed evenly over the entire sequence of this huge protein 
of more than 5000 amino acids per protomer. 
 

   1 MGDGGEGEDE VQFLRTDDEV VLQCSATVLK EQLKLCLAAE GFGNRLCFLE
  51 PTSNAQNVPP DLAICCFTLE QSLSVRALQE MLANTVEAGV ESSQGGGHRT 
 101 LLYGHAILLR HAHSRMYLSC LTTSRSMTDK LAFDVGLQED ATGEACWWTM 
 151 HPASKQRSEG EKVRVGDDLI LVSVSSERYL HLSTASGELQ VDASFMQTLW 
 201 NMNPICSCCE EGYVTGGHVL RLFHGHMDEC LTISAADSDD QRRLVYYEGG 
 251 AVCTHARSLW RLEPLRISWS GSHLRWGQPL RIRHVTTGRY LALTEDQGLV 
 301 VVDACKAHTK ATSFCFRVSK EKLDTAPKRD VEGMGPPEIK YGESLCFVQH 
 351 VASGLWLTYA APDPKALRLG VLKKKAILHQ EGHMDDALFL TRCQQEESQA 
 401 ARMIHSTAGL YNQFIKGLDS FSGKPRGSGP PAGPALPIEA VILSLQDLIG 
 451 YFEPPSEELQ HEEKQSKLRS LRNRQSLFQE EGMLSLVLNC IDRLNVYTTA 
 501 AHFAEYAGEE AAESWKEIVN LLYELLASLI RGNRANCALF STNLDWVVSK 
 551 LDRLEASSGI LEVLYCVLIE SPEVLNIIQE NHIKSIISLL DKHGRNHKVL 
 601 DVLCSLCVCN GVAVRSNQDL ITENLLPGRE LLLQTNLINY VTSIRPNIFV 
 651 GRAEGSTQYG KWYFEVMVDE VVPFLTAQAT HLRVGWALTE GYSPYPGGGE 
 701 GWGGNGVGDD LYSYGFDGLH LWTGHVARPV TSPGQHLLAP EDVVSCCLDL 
 751 SVPSISFRIN GCPVQGVFEA FNLDGLFFPV VSFSAGVKVR FLLGGRHGEF 
 801 KFLPPPGYAP CHEAVLPRER LRLEPIKEYR REGPRGPHLV GPSRCLSHTD 
 851 FVPCPVDTVQ IVLPPHLERI REKLAENIHE LWALTRIEQG WTYGPVRDDN 
 901 KRLHPCLVNF HSLPEPERNY NLQMSGETLK TLLALGCHVG MADEKAEDNL 
 951 KKTKLPKTYM MSNGYKPAPL DLSHVRLTPA QTTLVDRLAE NGHNVWARDR 
1001 VAQGWSYSAV QDIPARRNPR LVPYRLLDEA TKRSNRDSLC QAVRTLLGYG 
1051 YNIEPPDQEP SQVENQSRWD RVRIFRAEKS YTVQSGRWYF EFEAVTTGEM 
1101 RVGWARPELR PDVELGADEL AYVFNGHRGQ RWHLGSEPFG RPWQSGDVVG 
1151 CMIDLTENTI IFTLNGEVLM SDSGSETAFR EIEIGDGFLP VCSLGPGQVG 
1201 HLNLGQDVSS LRFFAICGLQ EGFEPFAINM QRPVTTWFSK SLPQFEPVPP 
1251 EHPHYEVARM DGTVDTPPCL RLAHRTWGSQ NSLVEMLFLR LSLPVQFHQH 
1301 FRCTAGATPL APPGLQPPAE DEARAAEPDP DYENLRRSAG GWGEAEGGKE 
1351 GTAKEGTPGG TPQPGVEAQP VRAENEKDAT TEKNKKRGFL FKAKKAAMMT 
1401 QPPATPALPR LPHDVVPADN RDDPEIILNT TTYYYSVRVF AGQEPSCVWV 
1451 GWVTPDYHQH DMNFDLSKVR AVTVTMGDEQ GNVHSSLKCS NCYMVWGGDF 
1501 VSPGQQGRIS HTDLVIGCLV DLATGLMTFT ANGKESNTFF QVEPNTKLFP 
1551 AVFVLPTHQN VIQFELGKQK NIMPLSAAMF LSERKNPAPQ CPPRLEVQML 
1601 MPVSWSRMPN HFLQVETRRA GERLGWAVQC QDPLTMMALH IPEENRCMDI 
1651 LELSERLDLQ RFHSHTLRLY RAVCALGNNR VAHALCSHVD QAQLLHALED 
1701 AHLPGPLRAG YYDLLISIHL ESACRSRRSM LSEYIVPLTP ETRAITLFPP 
1751 GRKGGNARRH GLPGVGVTTS LRPPHHFSPP CFVAALPAAG VAEAPARLSP 
1801 AIPLEALRDK ALRMLGEAVR DGGQHARDPV GGSVEFQFVP VLKLVSTLLV 
1851 MGIFGDEDVK QILKMIEPEV FTEEEEEEEE EEEEEEEEEE DEEEKEEDEE 
1901 EEEKEDAEKE EEEAPEGEKE DLEEGLLQMK LPESVKLQMC NLLEYFCDQE 
1951 LQHRVESLAA FAERYVDKLQ ANQRSRYALL MRAFTMSAAE TARRTREFRS 
2001 PPQEQINMLL HFKDEADEED CPLPEDIRQD LQDFHQDLLA HCGIQLEGEE 
2051 EEPEEETSLS SRLRSLLETV RLVKKKEEKP EEELPAEEKK PQSLQELVSH 
2101 MVVRWAQEDY VQSPELVRAM FSLLHRQYDG LGELLRALPR AYTISPSSVE 
2151 DTMSLLECLG QIRSLLIVQM GPQEENLMIQ SIGNIMNNKV FYQHPNLMRA 
2201 LGMHETVMEV MVNVLGGGET KEIRFPKMVT SCCRFLCYFC RISRQNQRSM 
2251 FDHLSYLLEN SGIGLGMQGS TPLDVAAASV IDNNELALAL QEQDLEKVVS 
2301 YLAGCGLQSC PMLLAKGYPD IGWNPCGGER YLDFLRFAVF VNGESVEENA 
2351 NVVVRLLIRK PECFGPALRG EGGSGLLAAI EEAIRISEDP ARDGPGVRRD 
2401 RRREHFGEEP PEENRVHLGH AIMSFYAALI DLLGRCAPEM HLIQAGKGEA 
2451 LRIRAILRSL VPLDDLVGII SLPLQIPTLG KDGALVQPKM SASFVPDHKA 
2501 SMVLFLDRVY GIENQDFLLH VLDVGFLPDM RAAASLDTAT FSTTEMALAL 

 

2551 NRYLCLAVLP LITKCAPLFA GTEHRAIMVD SMLHTVYRLS RGRSLTKAQR
2601 DVIEDCLMAL CRYIRPSMLQ HLLRRLVFDV PILNEFAKMP LKLLTNHYER 
2651 CWKYYCLPTG WANFGVTSEE ELHLTRKLFW GIFDSLAHKK YDQELYRMAM 
2701 PCLCAIAGAL PPDYVDASYS SKAEKKATVD AEGNFDPRPV ETLNVIIPEK 
2751 LDSFINKFAE YTHEKWAFDK IQNNWSYGEN VDEELKTHPM LRPYKTFSEK 
2801 DKEIYRWPIK ESLKAMIAWE WTIEKAREGE EERTEKKKTR KISQTAQTYD 
2851 PREGYNPQPP DLSGVTLSRE LQAMAEQLAE NYHNTWGRKK KQELEAKGGG 
2901 THPLLVPYDT LTAKEKARDR EKAQELLKFL QMNGYAVTRG LKDMELDTSS 
2951 IEKRFAFGFL QQLLRWMDIS QEFIAHLEAV VSSGRVEKSP HEQEIKFFAK 
3001 ILLPLINQYF TNHCLYFLST PAKVLGSGGH ASNKEKEMIT SLFCKLAALV 
3051 RHRVSLFGTD APAVVNCLHI LARSLDARTV MKSGPEIVKA GLRSFFESAS 
3101 EDIEKMVENL RLGKVSQART QVKGVGQNLT YTTVALLPVL TTLFQHIAQH 
3151 QFGDDVILDD VQVSCYRTLC SIYSLGTTKN TYVEKLRPAL GECLARLAAA 
3201 MPVAFLEPQL NEYNACSVYT TKSPRERAIL GLPNSVEEMC PDIPVLDRLM 
3251 ADIGGLAESG ARYTEMPHVI EITLPMLCSY LPRWWERGPE APPPALPAGA 
3301 PPPCTAVTSD HLNSLLGNIL RIIVNNLGID EATWMKRLAV FAQPIVSRAR 
3351 PELLHSHFIP TIGRLRKRAG KVVAEEEQLR LEAKAEAEEG ELLVRDEFSV 
3401 LCRDLYALYP LLIRYVDNNR AHWLTEPNAN AEELFRMVGE IFIYWSKSHN 
3451 FKREEQNFVV QNEINNMSFL TADSKSKMAK AGDAQSGGSD QERTKKKRRG 
3501 DRYSVQTSLI VATLKKMLPI GLNMCAPTDQ DLIMLAKTRY ALKDTDEEVR 
3551 EFLQNNLHLQ GKVEGSPSLR WQMALYRGLP GREEDADDPE KIVRRVQEVS 
3601 AVLYHLEQTE HPYKSKKAVW HKLLSKQRRR AVVACFRMTP LYNLPTHRAC 
3651 NMFLESYKAA WILTEDHSFE DRMIDDLSKA GEQEEEEEEV EEKKPDPLHQ 
3701 LVLHFSRTAL TEKSKLDEDY LYMAYADIMA KSCHLEEGGE NGEAEEEEVE 
3751 VSFEEKEMEK QRLLYQQSRL HTRGAAEMVL QMISACKGET GAMVSSTLKL 
3801 GISILNGGNA EVQQKMLDYL KDKKEVGFFQ SIQALMQTCS VLDLNAFERQ 
3851 NKAEGLGMVN EDGTVINRQN GEKVMADDEF TQDLFRFLQL LCEGHNNDFQ 
3901 NYLRTQTGNT TTINIIICTV DYLLRLQESI SDFYWYYSGK DVIEEQGKRN 
3951 FSKAMSVAKQ VFNSLTEYIQ GPCTGNQQSL AHSRLWDAVV GFLHVFAHMM 
4001 MKLAQDSSQI ELLKELLDLQ KDMVVMLLSL LEGNVVNGMI ARQMVDMLVE 
4051 SSSNVEMILK FFDMFLKLKD IVGSEAFQDY VTDPRGLISK KDFQKAMDSQ 
4101 KQFTGPEIQF LLSCSEADEN EMINFEEFAN RFQEPARDIG FNVAVLLTNL 
4151 SEHVPHDPRL RNFLELAESI LEYFRPYLGR IEIMGASRRI ERIYFEISET 
4201 NRAQWEMPQV KESKRQFIFD VVNEGGEAEK MELFVSFCED TIFEMQIAAQ 
4251 ISEPEGEPEA DEDEGMGEAA AEGAEEGAAG AEGAAGTVAA GATARLAAAA 
4301 ARALRGLSYR SLRRRVRRLR RLTAREAATA LAALLWAVVA RAGAAGAGAA 
4351 AGALRLLWGS LFGGGLVEGA KKVTVTELLA GMPDPTSDEV HGEQPAGPGG 
4401 DADGAGEGEG EGDAAEGDGD EEVAGHEAGP GGAEGVVAVA DGGPFRPEGA 
4451 GGLGDMGDTT PAEPPTPEGS PILKRKLGVD GEEEELVPEP EPEPEPEPEK 
4501 ADEENGEKEE VPEAPPEPPK KAPPSPPAKK EEAGGAGMEF WGELEVQRVK 
4551 FLNYLSRNFY TLRFLALFLA FAINFILLFY KVSDSPPGED DMEGSAAGDL 
4601 AGAGSGGGSG WGSGAGEEAE GDEDENMVYY FLEESTGYME PALWCLSLLH 
4651 TLVAFLCIIG YNCLKVPLVI FKREKELARK LEFDGLYITE QPGDDDVKGQ 
4701 WDRLVLNTPS FPSNYWDKFV KRKVLDKHGD IFGRERIAEL LGMDLASLEI 
4751 TAHNERKPDP PPGLLTWLMS IDVKYQIWKF GVIFTDNSFL YLGWYMVMSL 
4801 LGHYNNFFFA AHLLDIAMGV KTLRTILSSV THNGKQLVMT VGLLAVVVYL 
4851 YTVVAFNFFR KFYNKSEDED EPDMKCDDMM TCYLFHMYVG VRAGGGIGDE 
4901 IEDPAGDEYE LYRVVFDITF FFFVIVILLA IIQGLIIDAF GELRDQQEQV 
4951 KEDMETKCFI CGIGSDYFDT TPHGFETHTL EEHNLANYMF FLMYLINKDE 
5001 TEHTGQESYV WKMYQERCWD FFPAGDCFRK QYEDQLS 
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Protein View 
 
Match to: gi|4506757; Score: 181 
ryanodine receptor 2 [Homo sapiens] 
 
 
Nominal mass (Mr): 569269; Calculated pI value: 5.74 
 
Number of mass values matched: 35 
Sequence Coverage: 6% 
 

Matched peptides shown in Bold Red 
 
Figure 17. Extract from Mascot Search Results. The high molecular weight band obtained in 
the course of RyR2 isolation was subjected to in-gel trypsin digestion followed by MALDI-TOF 
mass spectrometry. Analyzed protein showed a perfect match with human RyR2: matched 
peptides shown in Bold Red are distributed evenly over the entire sequence of this huge protein 
of around 5000 amino acids per protomer. 
 

 

   1 MADGGEGEDE IQFLRTDDEV VLQCTATIHK EQQKLCLAAE GFGNRLCFLE
  51 STSNSKNVPP DLSICTFVLE QSLSVRALQE MLANTVEKSE GQVDVEKWKF 
 101 MMKTAQGGGH RTLLYGHAIL LRHSYSGMYL CCLSTSRSST DKLAFDVGLQ 
 151 EDTTGEACWW TIHPASKQRS EGEKVRVGDD LILVSVSSER YLHLSYGNGS 
 201 LHVDAAFQQT LWSVAPISSG SEAAQGYLIG GDVLRLLHGH MDECLTVPSG 
 251 EHGEEQRRTV HYEGGAVSVH ARSLWRLETL RVAWSGSHIR WGQPFRLRHV 
 301 TTGKYLSLME DKNLLLMDKE KADVKSTAFT FRSSKEKLDV GVRKEVDGMG 
 351 TSEIKYGDSV CYIQHVDTGL WLTYQSVDVK SVRMGSIQRK AIMHHEGHMD 
 401 DGISLSRSQH EESRTARVIR STVFLFNRFI RGLDALSKKA KASTVDLPIE 
 451 SVSLSLQDLI GYFHPPDEHL EHEDKQNRLR ALKNRQNLFQ EEGMINLVLE 
 501 CIDRLHVYSS AAHFADVAGR EAGESWKSIL NSLYELLAAL IRGNRKNCAQ 
 551 FSGSLDWLIS RLERLEASSG ILEVLHCVLV ESPEALNIIK EGHIKSIISL 
 601 LDKHGRNHKV LDVLCSLCVC HGVAVRSNQH LICDNLLPGR DLLLQTRLVN 
 651 HVSSMRPNIF LGVSEGSAQY KKWYYELMVD HTEPFVTAEA THLRVGWAST 
 701 EGYSPYPGGG EEWGGNGVGD DLFSYGFDGL HLWSGCIART VSSPNQHLLR 
 751 TDDVISCCLD LSAPSISFRI NGQPVQGMFE NFNIDGLFFP VVSFSAGIKV 
 801 RFLLGGRHGE FKFLPPPGYA PCYEAVLPKE KLKVEHSREY KQERTYTRDL 
 851 LGPTVSLTQA AFTPIPVDTS QIVLPPHLER IREKLAENIH ELWVMNKIEL 
 901 GWQYGPVRDD NKRQHPCLVE FSKLPEQERN YNLQMSLETL KTLLALGCHV 
 951 GISDEHAEDK VKKMKLPKNY QLTSGYKPAP MDLSFIKLTP SQEAMVDKLA 
1001 ENAHNVWARD RIRQGWTYGI QQDVKNRRNP RLVPYTPLDD RTKKSNKDSL 
1051 REAVRTLLGY GYNLEAPDQD HAARAEVCSG TGERFRIFRA EKTYAVKAGR 
1101 WYFEFETVTA GDMRVGWSRP GCQPDQELGS DERAFAFDGF KAQRWHQGNE 
1151 HYGRSWQAGD VVGCMVDMNE HTMMFTLNGE ILLDDSGSEL AFKDFDVGDG 
1201 FIPVCSLGVA QVGRMNFGKD VSTLKYFTIC GLQEGYEPFA VNTNRDITMW 
1251 LSKRLPQFLQ VPSNHEHIEV TRIDGTIDSS PCLKVTQKSF GSQNSNTDIM 
1301 FYRLSMPIEC AEVFSKTVAG GLPGAGLFGP KNDLEDYDAD SDFEVLMKTA 
1351 HGHLVPDRVD KDKEATKPEF NNHKDYAQEK PSRLKQRFLL RRTKPDYSTS 
1401 HSARLTEDVL ADDRDDYDFL MQTSTYYYSV RIFPGQEPAN VWVGWITSDF 
1451 HQYDTGFDLD RVRTVTVTLG DEKGKVHESI KRSNCYMVCA GESMSPGQGR 
1501 NNNGLEIGCV VDAASGLLTF IANGKELSTY YQVEPSTKLF PAVFAQATSP 
1551 NVFQFELGRI KNVMPLSAGL FKSEHKNPVP QCPPRLHVQF LSHVLWSRMP 
1601 NQFLKVDVSR ISERQGWLVQ CLDPLQFMSL HIPEENRSVD ILELTEQEEL 
1651 LKFHYHTLRL YSAVCALGNH RVAHALCSHV DEPQLLYAIE NKYMPGLLRA 
1701 GYYDLLIDIH LSSYATARLM MNNEYIVPMT EETKSITLFP DENKKHGLPG 
1751 IGLSTSLRPR MQFSSPSFVS ISNECYQYSP EFPLDILKSK TIQMLTEAVK 
1801 EGSLHARDPV GGTTEFLFVP LIKLFYTLLI MGIFHNEDLK HILQLIEPSV 
1851 FKEAATPEEE SDTLEKELSV DDAKLQGAGE EEAKGGKRPK EGLLQMKLPE 
1901 PVKLQMCLLL QYLCDCQVRH RIEAIVAFSD DFVAKLQDNQ RFRYNEVMQA 
1951 LNMSAALTAR KTKEFRSPPQ EQINMLLNFK DDKSECPCPE EIRDQLLDFH 
2001 EDLMTHCGIE LDEDGSLDGN SDLTIRGRLL SLVEKVTYLK KKQAEKPVES 
2051 DSKKSSTLQQ LISETMVRWA QESVIEDPEL VRAMFVLLHR QYDGIGGLVR 
2101 ALPKTYTING VSVEDTINLL ASLGQIRSLL SVRMGKEEEK LMIRGLGDIM 
2151 NNKVFYQHPN LMRALGMHET VMEVMVNVLG GGESKEITFP KMVANCCRFL 
2201 CYFCRISRQN QKAMFDHLSY LLENSSVGLA SPAMRGSTPL DVAAASVMDN 
2251 NELALALREP DLEKVVRYLA GCGLQSCQML VSKGYPDIGW NPVEGERYLD 
2301 FLRFAVFCNG ESVEENANVV VRLLIRRPEC FGPALRGEGG NGLLAAMEEA 
2351 IKIAEDPSRD GPSPNSGSSK TLDTEEEEDD TIHMGNAIMT FYSALIDLLG 
2401 RCAPEMHLIH AGKGEAIRIR SILRSLIPLG DLVGVISIAF QMPTIAKDGN 
2451 VVEPDMSAGF CPDHKAAMVL FLDRVYGIEV QDFLLHLLEV GFLPDLRAAA 
 

 

2501 SLDTAALSAT DMALALNRYL CTAVLPLLTR CAPLFAGTEH HASLIDSLLH
2551 TVYRLSKGCS LTKAQRDSIE VCLLSICGQL RPSMMQHLLR RLVFDVPLLN 
2601 EHAKMPLKLL TNHYERCWKY YCLPGGWGNF GAASEEELHL SRKLFWGIFD 
2651 ALSQKKYEQE LFKLALPCLS AVAGALPPDY MESNYVSMME KQSSMDSEGN 
2701 FNPQPVDTSN ITIPEKLEYF INKYAEHSHD KWSMDKLANG WIYGEIYSDS 
2751 SKVQPLMKPY KLLSEKEKEI YRWPIKESLK TMLARTMRTE RTREGDSMAL 
2801 YNRTRRISQT SQVSVDAAHG YSPRAIDMSN VTLSRDLHAM AEMMAENYHN 
2851 IWAKKKKMEL ESKGGGNHPL LVPYDTLTAK EKAKDREKAQ DILKFLQING 
2901 YAVSRGFKDL ELDTPSIEKR FAYSFLQQLI RYVDEAHQYI LEFDGGSRGK 
2951 GEHFPYEQEI KFFAKVVLPL IDQYFKNHRL YFLSAASRPL CSGGHASNKE 
3001 KEMVTSLFCK LGVLVRHRIS LFGNDATSIV NCLHILGQTL DARTVMKTGL 
3051 ESVKSALRAF LDNAAEDLEK TMENLKQGQF THTRNQPKGV TQIINYTTVA 
3101 LLPMLSSLFE HIGQHQFGED LILEDVQVSC YRILTSLYAL GTSKSIYVER 
3151 QRSALGECLA AFAGAFPVAF LETHLDKHNI YSIYNTKSSR ERAALSLPTN 
3201 VEDVCPNIPS LEKLMEEIVE LAESGIRYTQ MPHVMEVILP MLCSYMSRWW 
3251 EHGPENNPER AEMCCTALNS EHMNTLLGNI LKIIYNNLGI DEGAWMKRLA 
3301 VFSQPIINKV KPQLLKTHFL PLMEKLKKKA ATVVSEEDHL KAEARGDMSE 
3351 AELLILDEFT TLARDLYAFY PLLIRFVDYN RAKWLKEPNP EAEELFRMVA 
3401 EVFIYWSKSH NFKREEQNFV VQNEINNMSF LITDTKSKMS KAAVSDQERK 
3451 KMKRKGDRYS MQTSLIVAAL KRLLPIGLNI CAPGDQELIA LAKNRFSLKD 
3501 TEDEVRDIIR SNIHLQGKLE DPAIRWQMAL YKDLPNRTDD TSDPEKTVER 
3551 VLDIANVLFH LEQKSKRVGR RHYCLVEHPQ RSKKAVWHKL LSKQRKRAVV 
3601 ACFRMAPLYN LPRHRAVNLF LQGYEKSWIE TEEHYFEDKL IEDLAKPGAE 
3651 PPEEDEGTKR VDPLHQLILL FSRTALTEKC KLEEDFLYMA YADIMAKSCH 
3701 DEEDDDGEEE VKSFEEKEME KQKLLYQQAR LHDRGAAEMV LQTISASKGE 
3751 TGPMVAATLK LGIAILNGGN STVQQKMLDY LKEKKDVGFF QSLAGLMQSC 
3801 SVLDLNAFER QNKAEGLGMV TEEGSGEKVL QDDEFTCDLF RFLQLLCEGH 
3851 NSDFQNYLRT QTGNNTTVNI IISTVDYLLR VQESISDFYW YYSGKDVIDE 
3901 QGQRNFSKAI QVAKQVFNTL TEYIQGPCTG NQQSLAHSRL WDAVVGFLHV 
3951 FAHMQMKLSQ DSSQIELLKE LMDLQKDMVV MLLSMLEGNV VNGTIGKQMV 
4001 DMLVESSNNV EMILKFFDMF LKLKDLTSSD TFKEYDPDGK GVISKRDFHK 
4051 AMESHKHYTQ SETEFLLSCA ETDENETLDY EEFVKRFHEP AKDIGFNVAV 
4101 LLTNLSEHMP NDTRLQTFLE LAESVLNYFQ PFLGRIEIMG SAKRIERVYF 
4151 EISESSRTQW EKPQVKESKR QFIFDVVNEG GEKEKMELFV NFCEDTIFEM 
4201 QLAAQISESD LNERSANKEE SEKERPEEQG PRMAFFSILT VRSALFALRY 
4251 NILTLMRMLS LKSLKKQMKK VKKMTVKDMV TAFFSSYWSI FMTLLHFVAS 
4301 VFRGFFRIIC SLLLGGSLVE GAKKIKVAEL LANMPDPTQD EVRGDGEEGE 
4351 RKPLEAALPS EDLTDLKELT EESDLLSDIF GLDLKREGGQ YKLIPHNPNA 
4401 GLSDLMSNPV PMPEVQEKFQ EQKAKEEEKE EKEETKSEPE KAEGEDGEKE 
4451 EKAKEDKGKQ KLRQLHTHRY GEPEVPESAF WKKIIAYQQK LLNYFARNFY 
4501 NMRMLALFVA FAINFILLFY KVSTSSVVEG KELPTRSSSE NAKVTSLDSS 
4551 SHRIIAVHYV LEESSGYMEP TLRILAILHT VISFFCIIGY YCLKVPLVIF 
4601 KREKEVARKL EFDGLYITEQ PSEDDIKGQW DRLVINTQSF PNNYWDKFVK 
4651 RKVMDKYGEF YGRDRISELL GMDKAALDFS DAREKKKPKK DSSLSAVLNS 
4701 IDVKYQMWKL GVVFTDNSFL YLAWYMTMSV LGHYNNFFFA AHLLDIAMGF 
4751 KTLRTILSSV THNGKQLVLT VGLLAVVVYL YTVVAFNFFR KFYNKSEDGD 
4801 TPDMKCDDML TCYMFHMYVG VRAGGGIGDE IEDPAGDEYE IYRIIFDITF 
4851 FFFVIVILLA IIQGLIIDAF GELRDQQEQV KEDMETKCFI CGIGNDYFDT 
4901 VPHGFETHTL QEHNLANYLF FLMYLINKDE TEHTGQESYV WKMYQERCWE 
4951 FFPAGDCFRK QYEDQLN 
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4.3.2.2 Expression and purification of GST-FKBP12 and GST-FKBP12.6 fusion 
proteins 
The recombinant GST fusion proteins, necessary components of GST pulldown assay, 

were expressed and purified as described in Methods (3.5.2). Figure 18A shows the 

time course of GST-FKBP12 and GST-FKBP12.6 overexpression in transfected BL-21 

E coli. Figures 18B, C show the purification of GST-FKBP12. The procedure gives a 

pure product with high yield, averaging 6-7 mg of the protein per preparation. One 

should note that the molecular weight of GST fusion proteins is shifted up to 38 kDa due 

to the 26 kDa glutathione S-transferase tag, but even tagged FKBP12 and FKBP12.6 

display an evident difference in their electrophoretic mobilities just as the native 

isoforms (Fig. 19A, B). 
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Figure 18. Coomassie Blue-stained 7.5% gels depicting different stages of GST fusion 
proteins expression and purification. 20 µl aliquots from different fractions obtained in the 
course of the procedure were analyzed. (A) Bacterial growth and induction: GST-FKBPs are 
expressed in time dependent manner in BL-21 E.coli. (B) Derived fractions obtained in the 
course of bacterial lysate preparation and loading of the latter one onto glutathione-sepharose 
GSTrap 1 ml column. (C) Elution profile of GST-FKBP12, which elutes from the column as a 
very sharp peak (fractions 2-4). The arrow indicates position of GST-FKBP12. 
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Figure 19. Coomassie Blue-stained gel (A) and Western blot (B) showing different 
electrophoretic mobilities of GST-FKBP12 and GST-FKBP12.6 recombinant proteins. 2 
µg and 100 ng of each were subjected to SDS-PAGE on 10% gels, followed by Coomassie 
staining (A) and Western blot with anti-GST antibody (B), respectively. 

 
 
4.3.2.3 Probing of isolated human cardiac RyR2 and rabbit skeletal muscle RyR1 
and detection of FKBP−RyR interaction 
For a start, isolated RyR2 and RyR1 were probed with GST-FKBP12.6 and 

GST-FKBP12. RyR2 was precipitated based on its specific association with FKBP12.6 

and RyR1 was precipitated based on its specific association with FKBP12 (Fig. 20A, B). 

The retained RyR2 and RyR1 were specifically bound to GST-FKBP proteins since the 

interaction of RyR1-FKBP12 and RyR2-FKBP12.6 was completely disrupted upon 

addition of FK506 (60 µM). This data supports the earlier observation that RyR1 and 

FKBP12 as well as RyR2 and FKBP12.6 can tightly associate with each other. Next, the 

reciprocal experiment was performed, where GST-FKBP12 was incubated with RyR2 

and GST-FKBP12.6 with RyR1, revealing that GST-FKBP12 is able to pull down cardiac 

RyR as well as GST-FKBP12.6 being able to pull down skeletal muscle RyR 

(Fig. 21A, B). 

 

 



 96

kDa

250 –
150 –

75 –
50 –
37 –

20 –
25 –

75 –

50 –

Fl
ow

th
ro

ug
h

W
as

hi
ng

 1

El
ut

io
n 

1

W
as

hi
ng

 3
 

+F
K5

06
 (E

1)
+F

K5
06

 (E
2)

+F
K5

06
 (E

3)

W
as

hi
ng

 2

250 –
150 –

100 –

kDa

100 –

El
ut

io
n 

2
El

ut
io

n 
3

Fl
ow

th
ro

ug
h

W
as

hi
ng

 1

El
ut

io
n 

1

W
as

hi
ng

 3
 

+F
K5

06
 (E

1)

El
ut

io
n 

2
El

ut
io

n 
3

W
as

hi
ng

 2

+ +

*

A B

**

←

Figure 20. Affinity precipitation of RyR2 (A) and RyR1 (B) based on their specific 
associations with FKBP12.6 and FKBP12, respectively. Isolated RyR2 and RyR1 were 
incubated with GST-FKBP12.6 and GST-FKBP12, respectively, and formed complexes were 
immobilized on glutathione-sepharose 4B. The retained proteins were eluted with 10 mM 
reduced glutathione and subjected to SDS-PAGE (on 7.5% gel for RyR2 and 4-20% linear 
gradient gel for RyR1), followed by silver staining. Aliquots from different fractions were 
analyzed: flowthrough – supernatant fraction obtained after adsorption of RyR−GST-FKBP 
complex by glutathione-sepharose 4B; washing 1-3 – fractions containing proteins which were 
nonspecifically bound to the matrix; elution 1-3 – fractions containing proteins specifically 
bound to the immobilized GST-FKBPs; FK506 control – fractions containing proteins bound to 
immobilized GST-FKBPs in the presence of 60 µM FK506. The symbols in the right margin of 
the images are as follows: asterisk indicates RyR2, double asterisk – RyR1 and arrow – GST-
FKBP12. 
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Figure 21. Affinity precipitation of RyR2 (A) and RyR1 (B) based on their specific 
associations with FKBP12 and FKBP12.6, respectively. Isolated RyR2 and RyR1 were 
incubated with GST-FKBP12 and GST-FKBP12.6, respectively, and formed complexes were 
immobilized on glutathione-sepharose 4B. The retained proteins were eluted with 10 mM 
reduced glutathione and subjected to SDS-PAGE on 7.5% gels, followed by silver staining. 
Aliquots from different fractions were analyzed: flowthrough – supernatant fraction obtained 
after adsorption of RyR−GST-FKBP complex by glutathione-sepharose 4B; washing 1-3 –
 fractions containing proteins nonspecifically bound to the matrix; elution 1-3 – fractions 
containing proteins specifically bound to immobilized GST-FKBPs; FK506 control – fractions 
containing proteins bound to immobilized GST-FKBPs in the presence of 60 µM FK506. The 
symbols in the right margine of images are as follows: asterisk indicates RyR2, arrow – RyR1. 
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4.3.2.4 Probing of samples containing rabbit cardiac RyR, detection of interacting 
proteins and identification of RyR 
Once optimal conditions of the pulldown assay, at which binding between the target 

protein (isolated human RyR2) and ligand (both FKBP isoforms) occurs, were 

established, the same protocol was applied to rabbit cardiac material utilizing a more 

straightforward approach to prepare the target protein, the source of which in this case 

were solubilized proteins of whole homogenate, prepared as described in Methods 

(3.5.3). 

The membrane proteins, including Ca2+-release channels were gently solubilized and 

samples were incubated with either GST-FKBP12.6 or GST-FKBP12. The formed 

complexes, immobilized on glutathione-sepharose, were washed and then eluted with 

glutathione in a single elution step, since in previous experiments it was established that 

the major portion of the fusion protein and virtually all bound RyR appear in the first 

elution fraction. Since the total protein pool in the given preparation is considerably 

larger than in the RyR-enriched fractions used previously, it was important to control for 

the possibility of nonspecific aggregation and to ensure the specificity of the association 

between the probe protein (FKBP12.6 or FKBP12) and its putative partner (RyR2). For 

this reason, several negative controls were included. It is, e.g., important to exclude 

unspecific binding between the putative target protein and GST, therefore, the samples 

containing target protein were incubated with pure GST at a concentration equivalent to 

that in the fusion protein. Likewise, incubation with matrix alone was implemented to 

exclude the possibility of nonspecific adhesion of RyR to glutathione-sepharose. 

Figure 22 shows the extraction of rabbit RyR2 using GST-FKBP12 and GST-FKBP12.6 

immobilized on glutathione-sepharose 4B. RyR2 shown in lanes 3 and 4 (Fig. 22 A) was 

precipitated on the basis of its association with GST-FKBP12 taken at amounts of 30 µg 

and 100 µg, respectively. RyR2 shown in lane 5 was precipitated using GST-FKBP12.6 

(30 µg). Remarkably, both ligands were able to pull down the target protein (RyR2) with 

similar efficiencies. A 3-fold excess of ligand did not pull down more RyR2, suggesting 

that the amount of the ligand used in the experiment was saturating. The retained RyR2 

was specifically bound to GST-FKBP12, since GST alone did not bind any RyR2 

(Fig. 22A, lane 6), nor did matrix alone bind any RyR2 (Fig. 22A, lane 7). From one of 

the precipitates, formed upon interaction with GST-FKBP12, RyR2 was eluted with 60 

µM FK506 (instead of 10 mM glutathione) as a specific competitor. This sample served 

as an additional control to validate the specificity of interaction. Ethanol, the solvent of 

FK506, was applied to another identical sample. Elution with FK506 caused the release 
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of RyR2 from the formed precipitate (Fig. 22A, lane 8), in contrast to treatment with 

vehicle alone, confirming the specificity of the interaction. Blotting the same precipitates 

with anti-RyR antibody revealed that the level of RyR retention is sufficiently high, since 

no signal was detected in the flowthrough fraction, indicating that the developed system 

works efficiently and is suitable to purify the ryanodine receptor from small amounts of 

starting material. 
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Figure 22. Affinity purification of RyR2 from rabbit cardiomyocyte homogenate using 
GST-FKBP12 and GST-FKBP12.6. Electrophoresis was carried out on 4-20% linear gradient 
(A and C) and 10% (B) SDS-PAAGs and RyR was detected by silver staining (A) or by 
Western blot analysis using anti-RyR antibody (C). Lane 1, the supernatant after adsorption of  
RyR−GST-FKBP12 complex by glutathione-sepharose 4B; lane 2, the supernatant after 
washing RyR−GST-FKBP12 complex immobilized on glutathione-sepharose; lanes 3-4, RyR2 
bound to immobilized GST-FKBP12; lane 5, RyR2 bound to immobilized GST-FKBP12.6; 
lanes 6 and 7, fractions bound to immobilized GST and glutathione-sepharose, respectively; 
lanes 8 and 9, fractions eluted from the matrix using 60 µM FK506 and vehicle alone, 
respectively. (B) 10% SDS-PAAG stained with Coomassie Blue, demonstrating different 
electrophoretic mobilities of GST-FKBP12 and GST-FKBP12.6. Data shown are representative 
of more than three similar experiments performed using cellular material from different rabbit 
hearts. 

 

The approach described here was applied to human crude homogenate to pull down 

RyR2 and to validate the preliminary data regarding its interaction with FKBP isoforms. 

As shown in Figure 23 (lane 3), GST-FKBP12 displayed specific, FK506 displaceable 
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interaction with RyR2 with an efficiency similar to that of GST-FKBP12.6 (Fig. 23, 

lane 4).  
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Figure 23. Affinity purification of RyR2 from human cardiac homogenate using 
GST-FKBP12 and GST-FKBP12.6. Electrophoresis was carried out on 4-20% linear gradient 
(A and C) and 10% (B) SDS-PAAGs and RyR was detected by silver staining (A) or by 
Western blot analysis using anti-RyR antibody (C). Lane 1, the supernatant after adsorption of 
RyR−GST-FKBP12 complex by glutathione-sepharose 4B; lane 2, the supernatant after 
washing RyR−GST-FKBP12 complex immobilized on glutathione-sepharose; lanes 3 and 4, 
RyR2 bound to immobilized GST-FKBP12 and RyR2 bound to immobilized GST-FKBP12.6, 
respectively; lanes 5 and 6, fractions bound to immobilized GST and glutathione-sepharose, 
respectively; lanes 7 and 8, fractions eluted from the matrix using 60 µM FK506 and vehicle 
alone, respectively. (B) 10% SDS-PAAG stained with Coomassie Blue, demonstrating different 
electrophoretic mobilities of GST-FKBP12 and GST-FKBP12.6. Data shown are representative 
of three similar experiments.  

 

To exclude the possibility of detecting RyR1 instead of RyR2 when GST-FKBP12 is 

used as the ligand, the high molecular weight proteins from each species recognized by 

anti-RyR antibody and precipitated either with GST-FKBP12 or with GST-FKBP12.6 

were subjected to MALDI-TOF mass spectrometry. Both were identified as cardiac 

isoform of ryanodine receptor (Fig. 24-27). 

Thus, these studies provide clear evidence that both rabbit and human RyR2 are 

capable of binding to FKBP12. 
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Figure 24. Protein identification by MALDI-TOF mass spectrometry. From the trypsin 
digestion profile, depicted as MALDI-MS spectrum (upper panel), high molecular weight 
protein extracted from the rabbit cardiac homogenate on the basis of its association with 
GST-FKBP12 (see inset depicting Coomassie Blue-stained gel, upper panel) was identified as 
cardiac isoform of RyR (see extract from Mascot Search Results, bottom panel).  
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Mascot Search Results
Database : MSDB 20031106 (1268261 sequences; 402980146 residues)
Top Score : 94 for A37113, ryanodine receptor, cardiac muscle - rabbit

Probability Based Mowse Score
Score is -10*Log(P), where P is the probability that the observed match is a random event.
Protein scores greater than 74 are significant (p<0.05)

Concise Protein Summary Report
A37113 Mass: 564712 Total score: 94 Peptides matched: 131
ryanodine receptor, cardiac muscle - rabbit 

Q29621 Mass: 564724 Total score: 90 Peptides matched: 130
Cardiac RYANODINE receptor.- Oryctolagus cuniculus (Rabbit). 
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Figure 25. Protein identification by MALDI-TOF mass spectrometry. From the trypsin 
digestion profile, depicted as MALDI-MS spectrum (upper panel), high molecular weight 
protein extracted from the rabbit cardiac homogenate on the basis of its association with 
GST-FKBP12.6 (see inset depicting Coomassie Blue-stained gel, upper panel) was identified 
as cardiac isoform of RyR (see extract from Mascot Search Results, bottom panel). 
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Figure 26. Protein identification by MALDI-TOF mass spectrometry. From the trypsin 
digestion profile, depicted as MALDI-MS spectrum (upper panel), high molecular weight 
protein extracted from the human cardiac homogenate on the basis of its association with 
GST-FKBP12 (see inset depicting Coomassie Blue-stained gel, upper panel) was identified as 
cardiac isoform of RyR (see extract from Mascot Search Results, bottom panel). 
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Mascot Search Results
Database : MSDB 20031106 (1268261 sequences; 402980146 residues)
Top Score : 176 for S72269

Probability Based Mowse Score
Score is -10*Log(P), where P is the probability that the observed match is a random event.
Protein scores greater than 74 are significant (p<0.05). 

Concise Protein Summary Report
S72269 Mass: 564137 Total score: 176 Peptides matched: 99
ryanodine receptor isoform 2, cardiac muscle - human 
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Figure 27. Protein identification by MALDI-TOF mass spectrometry. From the trypsin 
digestion profile, depicted as MALDI-MS spectrum (upper panel), high molecular weight 
protein extracted from the human cardiac homogenate on the basis of its association with 
GST-FKBP12.6 (see inset depicting Coomassie Blue-stained gel, upper panel) was identified 
as cardiac isoform of RyR (see extract from Mascot Search Results, bottom panel). 
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4.3.2.5 Canine RyR2 interacts with FKBP12.6 isoform exclusively 
To check whether dog really represents an exception where RyR2 interacts with 

FKBP12.6 only, and not with both FKBP isoforms, GST pulldown assay was applied to 

canine cardiac homogenate.  

As shown in Figure 28A, GST-FKBP12.6 (lane 6) was able to pull down canine RyR2 in 

contrast to GST-FKBP12 (lane 3), whereas rabbit RyR2, probed in parallel, interacted 

with both GST-FKBP12 (lane 8) and GST-FKBP12.6 (lane 9). Analysis of the same 

precipitates by Western blot revealed that all canine RyR2 subjected to interaction with 

GST-FKBP12 remained unadsorbed, since it was completely recovered in the 

flowthrough fraction (Fig. 28C, lane 1). In contrast, GST-FKBP12.6 provided efficient 

extraction of RyR2 from the crude homogenate (Fig. 28C, lane 4 and 6).  

To ensure that the complete absence of RyR2 in the eluate containing GST-FKBP12 is 

not due to insufficient elution, the elution step was repeated twice. Figure 28D 

demonstrates that none of the three eluates contains any detectable trace of RyR2 

when GST-FKBP12 was used as a ligand (Fig. 28D, lanes 1-3). 

Thus, it has been shown that unlike in other species, canine RyR2 interacts with 

FKBP12.6 exclusively. In addition, canine cardiac material may serve as negative 

control to make reliable conclusion from FKBP−RyR interaction studies. 
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Figure 28. Affinity purification of RyR2 from canine cardiac homogenate based upon its 
specific association with FKBP12.6. Electrophoresis was carried out on 4-20% linear 
gradient (A and C) and 10% (B) SDS-PAAGs and RyR was detected by silver staining (A) or 
by Western blot analysis using anti-RyR antibody (C). Lanes 1 and 4, the supernatant after 
adsorption of RyR−GST-FKBP12 and RyR−GST-FKBP12.6 complexes by glutathione-
sepharose 4B, respectively; lanes 2 and 5, the supernatant after washing RyR−FKBP12 and 
RyR−FKBP12.6 complexes immobilized on glutathione-sepharose, respectively; lanes 3 and 
6, fractions bound to immobilized GST-FKBP12 and GST-FKBP12.6, respectively; lane 7, 
fraction bound to immobilized GST; lanes 8 and 9, affinity purification of RyR2 from rabbit 
cardiomyocyte homogenates using GST-FKBP12 and GST-FKBP12.6, respectively. 
(B) 10% SDS-PAAG stained with Coomassie Blue, demonstrating difference in electrophoretic 
mobilities of GST-FKBP12 and GST-FKBP12.6. (D) Silver-stained 4-20% linear gradient SDS-
PAAG demonstrating elution profile of canine cardiac RyR2. Fractions 1-3 and 4-7, glutathione 
eluates from affinity chromatography using GST-FKBP12 and GST-FKBP12.6, respectively; 
fractions 8 and 9, affinity purification of RyR2 from rabbit cardiomyocyte homogenates using 
GST-FKBP12 and GST-FKBP12.6, respectively. 
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4.4 Overexpression of FKBP12.6 and FKBP12 in cardiomyocytes isolated from 
rabbit failing hearts 
To investigate whether FKBP12.6 and/or FKBP12 may represent new molecular 

target(s) to improve contractile function in heart failure, FKBP12.6 and FKBP12 were 

overexpressed by adenovirus-mediated gene transfer in cardiomyocytes isolated from 

rabbit failing hearts. Heart failure in rabbits was generated according to a technique 

established in our laboratory. In this animal model, heart failure was induced by 4-5 

weeks of rapid ventricular pacing at a rate of 400 beats/minute with an externally 

programmable pacemaker. Sham-operated animals, in which a pacemaker was 

implanted but remained switched off, served as control. Development of heart failure 

was assessed by echocardiography at baseline, 2, 3 and 4 weeks. When the 

echocardiographic measurements in rabbit failing hearts had shown clear signs of heart 

failure including ventricular dilatation, decrease in heart fractional shortening, abdominal 

ascites, the failing-heart and sham-operated animals were sacrificed and tissue or 

cellular material were used for further experiments. 

 

4.4.1 Characterization of rabbit model of heart failure with respect to 
RyR2−FKBP12.6 association  
Recently, it has been shown that abnormal Ca2+ leak through Ca2+-release channels in 

human and canine heart failure is caused by partial loss of RyR-bound FKBP12.6 and a 

consequent conformational change in RyR. To assess the functional interaction of 

FKBP12.6 with RyR2 in rabbit failing heart, co-immunoprecipitation was performed. 

First, the protein level of RyR2 in rabbit failing myocardium was examined by 

immunoblotting using a polyclonal anti-RyR antibody. This revealed a significant 

reduction (54%) of RyR2 protein level in failing myocardium when compared to sham-

operated animals (Fig. 29A, B). A set of trial co-immunoprecipitation experiments was 

carried out in order to establish conditions at which equal amounts of RyR2 were 

precipitated by mouse-monoclonal anti-RyR antibody (34C clone, Affinity Bioreagents) 

from cardiac homogenates prepared from failing and sham myocardium. This facilitated 

further densitometrical quantification of FKBP12.6 co-immunoprecipitating with RyR2. 

For size-fractionation of formed complexes, 4-20% linear gradient gel was used since its 

resolution capacity is high enough to resolve well both RyR2 (560 kDa) and FKBP12.6 

(12 kDa), despite huge difference in their electrophoretic mobilities. The use of this 

system allowed to normalize the densitometrically determined amount of 

co-immunoprecipitating FKBP12.6 for the amount of RyR2 precipitated. For 
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visualization of RyR2 and FKBP12.6, rabbit polyclonal anti-RyR antibody and rabbit 

polyclonal anti-FKBP12 antibody (SA-169), respectively, were used. Indeed less 

FKBP12.6 co-immunoprecipitated with RyR2 in failing hearts compared to hearts from 

sham-operated animals (40% reduction, p<0.05) (Fig. 30A, B), indicating that the 

interaction of RyR2 with its accessory protein FKBP12.6 is altered in the rabbit model of 

heart failure used for the present study. 
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Figure 29. (A) Protein levels of RyR2 in rabbit failing myocardium and in myocardium 
from sham-operated rabbits. The myocardial homogenates were subjected to SDS-PAGE 
on 4-20% linear gradient gel and blotted with anti-RyR rabbit polyclonal antibody (upper 
panel). Western blot analysis with anti-CS antibody (bottom panel) using the same probes 
indicates equal protein load in each well. RyR2 and CS are indicated in the right margin. (B) 
Statistical comparison of RyR2 levels in myocardium from sham-operated and 
failing-heart rabbits. RyR2 protein levels normalized per calsequestrin were significantly 
reduced (by 54%, *p<0.05) in failing myocardium (n=4) compared to sham-operated animals 
(n=3). Each individual value, given as relative amount of RyR, represents the mean of two 
independent determinations. Data are presented as mean ± sem; comparison between sham 
and failing  myocardium was performed by Student’s t-test for unpaired values.  
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Figure 30. (A) Representative co-immunoprecipitation of RyR2 and FKBP12.6 from 
cardiac homogenates prepared from hearts of sham-operated and failing-heart rabbits. 
RyR2-FKBP12.6 complexes were immunoprecipitated and blotted with anti-RyR (upper panel), 
anti-FKBP12 (middle panel) and anti-phospho-RyR2 (S2809) (bottom panel) antibodies. 
(B) Quantification of FKBP12.6 associated with RyR2 in sham and failing hearts. There 
was significantly less FKBP12.6 (by 40%, *p<0.05) co-immunoprecipitated with RyR2 from 
each of the failing hearts (n=4) compared to sham controls (n=4). The amount of FKBP12.6 
was determined densitometrically and normalized for the amount of RyR2 precipitated. Data 
were analyzed by Student’s t-test for unpaired values; error bars represent standard deviation 
of the mean. 
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4.4.2 Overexpression of FKBP12 and FKBP12.6 in cardiomyocytes isolated from 
rabbit failing hearts 
In order to assess the effect of overexpression, cardiomyocytes, isolated from rabbit 

failing hearts and subsequently infected with adenovirus, were cultured for only 24 

hours, in contrast to non-failing cells which were maintained in culture for 48 hours prior 

to contractility measurements. This reduction of culture time was a compromise 

between time needed for transgene overexpression and cell quality, which becomes 

progressively impared during prolonged period of culturing up to 48 hours. For that 

reason, prior to contractility measurements, transgene expression at the protein level 24 

hours post transfection was examined by immunoblotting. The cells were transfected 

with Ad-FKBP12 and Ad-FKBP12.6, both at MOI of 1, 10 50 and 100. Immunoblotting 

revealed a specific dose-dependent increase of exogenous FKBP12 and FKBP12.6 

proteins (Fig. 31A, B).  
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Figure 31. Western blot analysis of Ad-FKBP12.6 (A) and Ad-FKBP12 (B) infected 
myocytes isolated from rabbit failing heart. Cells were infected at the indicated MOI and 
were harvested 24 hours post transfection. Western blot analysis was performed with anti-
FKBP12 antibody to verify expression of exogenous FKBP12.6 (A, upper panel) and FKBP12 
(B, upper panel); immunoblotting with anti-CS antibody (bottom panels) using the same 
probes indicates equal protein load in each well.  

 

As determined densitometrically, MOI 100 caused considerable but not excessive 

increase (up to 3 fold) in FKBP12.6 and FKBP12 productions. Therefore, for following 

physiological measurements, the cells were transfected at MOI of 100.  
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4.4.3 Contractility measurements of Ad-FKBP12 and Ad-FKBP12.6 transfected 
cardiomyocytes isolated from rabbit failing hearts and hearts of sham-operated 
rabbits 
The contractility of isolated rabbit cardiomyocytes was measured by video-edge 

detection 24 hours post transfection. Contractility measurement experiments were 

designed as follows: two groups of cells were isolated (rabbit failing hearts vs. hearts of 

sham-operated rabbits); adenoviral infection with an MOI of 100 was performed within 

each group to produce three populations of adenovirus transfected cardiomyocytes (i) 

overexpressing FKBP12 (Ad-FKBP12), (ii) FKBP12.6 (Ad-FKBP12.6) and (iii) 

expressing β-galactosidase as control (Ad-LacZ). 

To get an idea to what extent contractile function of the heart is depressed during heart 

failure, values of fractional shortening of Ad-LacZ-transfected cardiomyocytes of both 

groups were compared (Fig. 32). As shown in Figure 32, fractional shortening of failing 

cardiomyocytes was significantly reduced (by 25%) compared to cardiomyocytes 

isolated from hearts of sham-operated rabbits (1.77±0.1%, n=84, vs. 2.35±0.1%, n=101, 

respectively; p<0.001).  
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Figure 32. Statistical analysis of fractional shortening of cardiomyocytes isolated from 
rabbit failing hearts and hearts of sham-operated rabbits. Measurements were performed 
24 hours post transfection. When compared to cardiomyocytes isolated from sham-operated 
animals, cell shortening of failing cardiomyocytes was reduced by 25% (2.35±0.1%, n=101 vs. 
1.77±0.1%, n=84, respectively, *p<0.001). Mean ± sem values average the fractional 
shortening of the cells (n), comprising one population. Value of fractional shortening obtained 
for each cell is the average of 8 beatings. Data were analyzed by Student’s t-test for unpaired 
values. 

 

To investigate whether FKBP12 and/or FKBP12.6 may restore, at least in part, the 

impaired contractile function of failing cardiomyocytes, FKBP12 and FKBP12.6 were 
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overexpressed by adenovirus-mediated gene transfer in rabbit myocytes isolated from 

failing hearts. In the failing-heart group, cardiomyocytes overexpressing FKBP12.6 

showed a statistically significant increase in fractional shortening in comparison with 

LacZ transfected cells (1.96±0.1%, n=102 vs. 1.77±0.1%, n=84, respectively; p<0.05) 

(Fig. 33), indicating a partial restoration of contractile function. In the FKBP12-

overexpressing group, the trend towards improved contractility did not reach statistical 

significance (1.90±0.1%, n=87 vs. 1.77±0.1% of LacZ control, n=84, p=0.2) (Fig. 33).  
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Figure 33. Statistical analysis of fractional shortening of rabbit failing cardiomyocytes 
overexpressing FKBP12 and FKBP12.6. Measurements were performed 24 hours post 
transfection. Cell shortening expressed in percentage of diastolic cell length was higher in Ad-
FKBP12.6 infected cells compared to cells infected with Ad-LacZ (control) (1.96±0.1%, n=102 
vs. 1.77±0.1%, n=84, respectively, *p<0.05) as well as in Ad-FKBP12 infected cells when 
compared to LacZ control, (1.90±0.1%, n=87% versus 1.77±0.1%, n=84), however in the latter 
case, the difference did not reach statistical significance (p=0.2). Mean ± sem values average 
the fraction shortening of the cells (n), comprising one population. Cells obtained in the course 
of 7 individual isolations from failing hearts were subjected to contractility measurements. The 
value of fractional shortening obtained for each cell is the average of 8 beatings. Data were 
analyzed by Student’s t-test for unpaired values. 

 

In the sham group, a significant increase in contractility of cardiomyocytes 

overexpressing FKBP12.6 was observed (2.64±0.1%, n=109 vs. 2.35±0.1% of LacZ 

control, n=101, respectively) (Fig.34). A similar increase was measured in cells 

overexpressing FKBP12 (2.62±0.1%, n=108 vs. 2.35±0.1% of LacZ control n=101, 

p<0.05) (Fig. 34). Results obtained in the sham group are consistent with the positive 

inotropic effect observed for both FKBP12.6 (data previously reported in our group by 

Prestle et al.) and FKBP12 (data reported in the present study) in non-failing 
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cardiomyocytes. The similarity of the inotropic effects achieved with FKBP12 and 

FKBP12.6 overexpression in this part of the present study further underlines the 

equivalence of FKBP12 and FKBP12.6 as regulators of cardiac RyR in rabbit 

myocardium. 
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Figure 34. Statistical analysis of fractional shortening of cardiomyocytes, isolated from 
hearts of sham-operated rabbits, overexpressing FKBP12 and FKBP12.6. Measurements 
were performed 24 hours post transfection. Cell shortening was 12% higher in both FKBP12.6 
(2.64±0.1%, n=109 vs. 2.35±0.1% of LacZ control, n=101, *p<0.05) and FKBP12 (2.62±0.1%, 
n=108 vs. 2.35±0.1% of LacZ control n=101, *p<0.05) overexpressing cardiomyocytes. Mean 
± sem values average the fraction shortening of the cells, comprising one population. Cells 
obtained in the course of 8 individual isolations from hearts of sham-operated animals were 
subjected to contractility measurements. The value of fractional shortening obtained for each 
cell is the average of 8 beatings. Data were analyzed by Student’s t-test for unpaired values. 

 

4.4.4 Retrieval of FKBP12.6−RyR2 association upon overexpression 
To investigate whether overexpression of FKBP12.6 really leads to retrieval of 

FKBP12.6−RyR2 interaction, the levels of FKBP12.6 associated with RyR2 after 

overexpression were assessed by co-immunoprecipitation. First, it was confirmed that 

less FKBP12.6 was associated with RyR2 in cardiomyocytes isolated from failing hearts 

compared to sham controls (Fig. 35A, top and middle). In another experiment, 

cardiomyocytes isolated from failing hearts were transfected with Ad-FKBP12.6 at 

different MOI (0, 10 and 100) and cultured for 24 hours. Equal amounts of cell 

homogenates (500 µg protein), prepared from failing cardiomyocytes (non-transfected 

and transfected) and cardiomyocytes of sham-operated rabbits, were subjected to 

immunoprecipitation with anti-RyR antibody. At equal amounts of RyR2 precipitated in 
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each sample, less FKBP12.6 was associated with RyR2 in non-transfected failing cells 

compared to sham control, whereas in transfected failing cells, significant and dose-

dependent retention of FKBP12.6 on RyR2 was observed (Fig. 35B). Interestingly, after 

FKBP12.6 overexpression, the association of FKBP12.6 with RyR2 not only reached but 

even exceeded the control level. 
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Figure 35. (A) Representative co-immunoprecipitation of RyR2 and FKBP12.6. Cell 
lysates used for co-immunoprecipitation were prepared from cardiomyocytes isolated from 
hearts of sham-operated and failing-heart rabbits. The RyR2−FKBP12.6 complexes were 
immunoprecipitated and blotted with anti-RyR (upper panel), anti-FKBP12 (middle panel) and 
anti-phospho-RyR2 (S2809) (bottom panel) antibodies. (B) Co-immunoprecipitation of RyR2 
and FKBP12.6 demonstrating retention of FKBP12.6 on RyR2 in failing cardiomyocytes 
after transfection with Ad-FKBP12.6. Cardiomyocytes isolated from rabbit failing heart were 
transfected with Ad-FKBP12.6 taken at MOI of 10 and 100 and cultured for 24 hours. In 
immunoprecipitates obtained from transfected failing cells, the level of FKBP12.6 associated 
with RyR2 was considerably higher compared to non-transfected failing cells and exceeded 
the amount of FKBP12.6 co-immunoprecipitating with RyR2 in cardiomyocytes of sham-
operated animals.   
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From the given observations, it was assumed that overexpression of exogenous 

FKBP12.6 leads to retention of FKBP12.6 associated with RyR2, and, as a 

physiological consequence, increase of contractility occurs. The fact that the level of 

FKBP12.6 associated with RyR2 in failing cells upon overexpression exceeds the 

amount of FKBP12.6 associated with RyR2 under normal conditions implies the 

availability of free FKBP-binding sites on the RyR2 tetramer in normal heart. Free sites 

become occupied by exogenous FKBP12.6 during FKBP12.6 overexpression. 

 

4.5 Phosphorylation status of RyR2 in rabbit failing heart  
Recently, it has been reported that specific phosphorylation of RyR2 by PKA is 

significantly elevated in failing human and canine hearts. Moreover, it has been shown 

that phosphorylation of RyR2 by PKA in vitro dissociates FKBP12.6 from RyR2 and 

FK506-binding protein cannot rebind to PKA-hyperphosphorylated ryanodine receptor. 

The results, elucidated in 4.4.3 and 4.4.4, constitute certain discrepancy with these 

observations. The very fact that excess exogenous FKBP12.6 could bind RyR2 under 

experimental conditions used in our study indicates that the role of RyR2 

hyperphosphorylation in the regulation of FKBP12.6−RyR2 association might be 

overestimated, on one hand and on the other, raises doubts as to the 

hyperphosphorylation of RyR2 itself during heart failure. As a whole, phosphorylation of 

ryanodine receptor and its regulation via phosphorylation in heart failure is currently an 

unresolved issue. Therefore, an attempt to investigate the phosphorylation status of 

RyR2 in our rabbit model of heart failure was undertaken. 

To examine the phosphorylation status of RyR2 in rabbit failing hearts, immunoblotting 

with anti-RyR2 antibody specific for phosphorylated serine 2809, the site 

phosphorylated by PKA, was performed. The use of this antibody, which was 

characterized and shown to recognize phosphorylated RyR2 only, made possible the 

direct assessment of phosphorylation levels of RyR2 in heart failure. Considering a 

general decrease of RyR2 levels in failing hearts (Fig. 29), precise estimation of its 

phosphorylation status using whole cardiac homogenates is difficult. To make the 

comparison of RyR2 phosphorylation in failing and sham hearts valid, 

immunoprecipitates of RyR2, obtained in the experiments described in 4.4.1 and 4.4.4, 

were blotted with both anti-RyR general and anti-RyR phosphospecific antibodies. As 

depicted in Figure 30A, at equal amounts of RyR2 in each sample (upper panel), there 

were no changes observed in the phosphorylation level of RyR2 (Fig. 30A, bottom 

panel) in failing hearts in comparison with hearts from control sham-operated animals. 
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Similar results were obtained when blotting RyR immunoprecipitates from rabbit sham 

and failing cardiomyocytes (Fig. 35A, bottom panel). 

From these results, it was concluded that in rabbit failing heart, RyR2 is not 

hyperphosphorylated, and if so, then loss of FKBP12.6 associated with RyR2 is 

independent of the phosphorylation status of RyR channel. 
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5. DISCUSSION 
 

5.1 FKBP12 is relevant to the regulation of cardiac E-C coupling: physiological 
evidence 
FK506-binding protein is a soluble receptor for the immunosuppressant drug FK506. 

One of the cellular, FK506-independent, functions of FKBP12 and its orthologous 

isoform FKBP12.6 is coordination of the SR Ca2+-release channel.  

According to the current concept based on co-purification and co-immunoprecipitation 

experiments, FKBP12.6 is tightly bound to cardiac isoform of the ryanodine receptor 

(RyR2) (Timerman et al., 1994; Lam et al., 1995), whereas FKBP12 associates with the 

skeletal muscle RyR isoform (RyR1) (Jayaraman et al., 1992; Timerman et al., 1993).  

It was observed that FKBP12 is not only present in heart tissue but is much more 

abundant than FKBP12.6 (Timerman et al., 1994; Lam et al., 1995). In in vitro 

experiments, Timerman et al. showed that only FKBP12.6 exchanges with 

endogenously bound FKBP12.6 or rebinds to FKBP-stripped cardiac SR, whereas both 

FKBP isoforms bind to FKBP-stripped skeletal muscle SR and exchange with 

endogenously bound FKBP12 (Timerman et al., 1996). Xin et al. showed that the 

selectivity of FKBP12.6 binding to RyR2 is determined by 3 out of 18 amino acid 

residues which differ between FKBP12.6 and FKBP12 (Xin et al., 1999).  

These early observations underlie the concept of isoform-specific regulation of RyRs by 

FKBPs, according to which, FKBP12.6 associates with and regulates cardiac RyR, 

whereas FKBP12 is associated with skeletal muscle RyR solely and, consequently, 

plays a role in RyR regulation only in skeletal muscle.  

Certainly, the role of FKBP12.6 in the regulation of cardiac SR Ca2+ release is 

incontestable. However, it may well be that FKBP12 also plays an important role in 

cardiac E-C coupling, and there are several arguments as well as experimental data to 

prove that this assumption is not groundless. The fact that the levels of FKBP12 

expressed in the heart are considerably higher than those of FKBP12.6 raises the 

question whether, despite possibly lower affinity, FKBP12 may contribute to the 

regulation of cardiac RyR. Another point is that in all above mentioned experiments, 

which demonstrated tight and selective association of FKBP12.6 but not FKBP12 with 

RyR2, canine heart was used as a prototype for studying the association of RyR2 with 

FKBPs. However, it was not known whether this selectivity of interaction also holds true 

for other species. This question was addressed by Jeyakumar et al., who demonstrated 

that cardiac SR in seven out of eight tested species (including representatives of five 
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classes of vertebrates) contains both FKBP12 and FKBP12.6, and RyR2 from all these 

animals is capable of binding/exchanging with both FKBP12 and FKBP12.6, the only 

exception being dog (Jeyakumar et al., 2001). Other convincing evidence comes from 

the physiological studies of Shou et al., who by using FKBP12-knockout mice, showed 

that FKBP12 modulates calcium release in both skeletal and cardiac RyR (Shou et al., 

1998). Since FKBP12 is highly conserved throughout eukaryotic phylogeny (Siekierka et 

al., 1990; Schreiber, 1991), it is logical to suggest that mouse is not the exclusive 

species where FKBP12 plays a major role in the heart. This assumption is consistent 

with findings of Jeyakumar and colleagues, demonstrating that the association of FKBP 

isoforms with RyR2 from SR of different vertebrates is conserved. 

To investigate the role of FKBP12 in cardiac E-C coupling, adenovirus-mediated gene 

transfer was used in the present study to overexpress FKBP12 in isolated rabbit 

ventricular myocytes. This approach, previously used in our laboratory to overexpress 

FKBP12.6 in rabbit cardiomyocytes (Prestle et al., 2000; Prestle et al., 2001), has 

several advantages over previous experiments using an excess of immunosuppressive 

drugs (FK506 or rapamycin). When using these drugs for experiments with 

cardiomyocytes, their concentrations should be taken into consideration, because most 

of the drug will be buffered by cytosolic FKBP12. This phenomenon may underlie the 

controversy in literature concerning the effect of immunosuppressant drugs on intact 

ventricular myocytes (McCall et al., 1996; Xiao et al., 1997; duBell et al., 1997). In 

addition, when using FK506/rapamycin, it is not possible to discriminate between the 

effects of the two FKBP isoforms.  

Adenoviral vectors are chosen for gene delivery into adult cardiomyocytes in primary 

culture. It is important that adenovirus infection itself does not affect the contractility of 

cardiomyocytes (Rust et al., 1998). A recombinant adenovirus that carries the human 

FKBP12 cDNA under the control of the CMV promoter was generated in our laboratory. 

An adenovirus carrying the lacZ gene, coding for β-galactosidase, served as a control 

virus.  

Prior to physiological measurements, it was important to ensure that transfection and 

production of the transgene product are efficient. Highly efficient transfection was 

validated by β-galactosidase reporter gene assay (Fig. 9), and specific FKBP12 

overexpression was confirmed by RT-PCR as well as Western blot assay (Fig. 10A, B). 

MOI of 100 was chosen for the physiological measurements, since at this multiplicity of 

infection, abundant production of transgene was achieved at 100% transfection 
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efficiency. Achievement of a 100% transfection efficiency is an important factor to 

guarantee that every cell selected for contractility mearurements is transfected.  

Using adenovirus-mediated gene transfer, it was shown that overexpression of FKBP12 

in isolated rabbit cardiomyocytes increases the contractility of cardiomyocytes by 14% 

(Fig. 12). A similar positive inotropic effect of FKBP12.6 overexpression was reported 

previously by Prestle et al. (Prestle et al., 2001). It can be speculated that the positive 

inotropic effect of FKBP12 overexpression might be the result of more coordinated 

function of RyR2 and/or improved spatial coordination of neighboring channels 

promoted by FKBP12. The question how the overexpression of FKBP12 alters the 

activity of RyR2, considering that all FKBP-binding sites are occupied, may arise. 

Indeed, Timerman et al. estimated that on canine RyR2, only ~17% of the total 

FKBP12.6-binding sites were unoccupied. If this were also the case in rabbit 

cardiomyocytes, that would mean that very few RyR2 are left for interaction with 

additional exogenous FKBP12. But, in rabbit cardiomyocytes FKBP12.6 is hardly 

expressed (Prestle et al., 2001), and therefore the stoichiometry of its interaction with 

RyR2 is, perhaps, by far, less than a ratio of 4:1, estimated from the in vitro binding 

studies (Timerman et al., 1996). Under these conditions, it may well be possible that 

FKBP12 compensates the low endogenous levels of FKBP12.6 and the overexpression 

of FKBP12 enhances this compensatory effect.  

Timerman et al. showed that in skeletal muscle, the FKBP−RyR complex is in 

equilibrium with the cytosolic pool of FKBP12 (Timerman et al., 1995). Putative 

exchange of cytosolic FKBP12 with RyR2-bound FKBP12 is also likely to occur in the 

heart, where FKBP12 is more abundant than FKBP12.6. One can speculate that 

overexpression of FKBP12 results in modulation of RyR2 by changing the number of 

occupied FKBP-binding sites on RyR channels, which would be of relevance for the 

regulation of E-C coupling.  

 

5.2 FKBP12 is relevant to the regulation of cardiac E-C coupling: molecular 
biology evidence 
On the basis of the contractility data, it was hypothesized that the possible mechanism 

underlying the effect of FKBP12 overexpression is FKBP12−RyR2 interaction. 

Jeyakumar and colleagues, using the functional methodological approach, provided 

evidence that RyR2 from cardiac microsomes from representatives of five vertebrate 

classes (dog being the exception) is capable of exchange/binding to both FKBP 
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isoforms. However, this observation was not validated, so far, with direct techniques 

used for protein-protein interaction studies. 

In our attempts to define the mode of FKBP12/FKBP12.6−RyR2 interaction, more direct 

techniques such as co-immunoprecipitation and GST fusion protein pulldown assay 

were applied. 

The co-immunoprecipitation data of the present study revealed that RyR2 can be co-

immunoprecipitated with anti-FKBP12 antibody (Fig. 13A, lane 2). Although 

anti-FKBP12 antibody does not discriminate between the two FKBP isoforms, due to 

high homology of FKBP12 and FKBP12.6, these two isoforms are readily distinguished 

from one another due to difference in their electrophoretic mobilities. In spite of identical 

number of amino acid residues, the calculated molecular weight of FKBP12.6 is 127 Da 

less than that of FKBP12, yet FKBP12.6 migrates apparently slower. As proposed by 

Sewell et al., a possible reason for such electrophoretic peculiarity is post-translational 

modification of FKBP12.6 (presumably phosphorylation of a serine residue either at 

position 39 or 40) (Sewell et al., 1994).  

To ascertain whether both FKBP isoforms or only one of them (if so, then, which one) 

contributes to the co-immunoprecipitation of RyR2 with anti-FKBP12 antibody, co-

immunoprecipitation with anti-RyR antibody was performed. This reciprocal experiment 

revealed that only one FKBP isoform, namely FKBP12.6, co-immunoprecipitates with 

RyR2 (Fig. 13B, C). Since FKBP12 and FKBP12.6 differ only slightly with respect to 

their electrophoretic mobilities, to ensure that the appearance of only one protein band, 

co-immunoprecipitated with RyR2, is not the result of insufficient protein separation, 

both FKBP recombinant isoforms were loaded side by side (or co-loaded in one well) to 

control the resolution capacity of the system used (Fig. 13C, lanes 3-4, D). Lower 

sensitivity of anti-FKBP antibody to FKBP12 compared to FKBP12.6 also does not 

seem to be the reason why only FKBP12.6 is observed in the precipitates, since both 

recombinant FKBP isoforms are recognized equally (Fig. 13C) and this antibody was 

used for detection of endogenous rabbit FKBP12 in numerous other cases (not shown 

here). This outcome was not surprising, for similar results were obtained for human 

(Marx et al., 2000; Reiken et al., 2003) and rat (Bandyopadhyay et al., 2000) utilizing 

co-immunoprecipitation approach. In view of observations of Jeyakumar et al., it is 

appropriate to expect co-immunoprecipitation of both FKBP isoforms with cardiac RyR 

in both human and rat. Thus, considering this analogy and the physiological evidence 

provided by the present study, it was supposed that the lack of co-immunoprecipitation 

of FKBP12 with cardiac RyR2 does not mean the absence of association, which 
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prompted us to further investigate the association between FKBP12/12.6 and cardiac 

RyR utilizing GST fusion protein pulldown assay. 

The pulldown assay data showed that in rabbit, GST-FKBP12 demonstrated specific 

interaction with RyR2 with high affinity and in a FK506 displaceable manner (Fig. 22). 

Similarly, both GST-FKBPs exhibited comparable interaction with human cardiac RyR 

(Fig. 23). In the case of human material, two native preparations were used for the 

interaction studies: a solubilized purified preparation (isolated RyR2) and a crude 

cardiac homogenate. Notably, both preparations displayed similar behavior with respect 

to the interaction of RyR2 with FKBP isoforms (Fig. 20A, Fig. 21A, Fig. 23). RyR1 

isolated from rabbit skeletal muscle was used to control the binding properties of 

FKBP12 (Fig. 20B). In addition, this experiment was extended to probe the interaction of 

RyR1 with FKBP12.6. Under the given conditions, RyR1 was capable of binding to both 

FKBP12 and FKBP12.6, similar to the observations of Timerman et al. (Timerman et al., 

1996), whereas the FKBP12−RyR2 interaction, reported here, is shown for the first 

time.  

A number of procedures have been developed to purify skeletal and cardiac ryanodine 

receptor, including sequential column chromatography using heparin-agarose, 

hydroxyapatite and gel permeation chromatography (Inui et al., 1987a; Inui et al., 

1987b), sucrose gradient centrifugation (Lai et al., 1988; Lindsay and Williams, 1991) 

and spermine agarose chromatography (Shoshan-Barmatz and Zarka, 1992). All these 

laborious techniques are feasible but they necessitate a considerable amount of starting 

material. GST-FKBP affinity chromatography is an alternative approach to purify RyR 

channels from limited amounts of biological material, for example from the heart of small 

animals or from cultured cells. In GST pulldown experiments reported here, raw lysates 

from rabbit cardiomyocytes and cardiac homogenates prepared from small amounts (up 

to 1 g) of human heart were used as a source of RyR2. Figures 22 and 23 demonstrate 

that in terms of purity of the obtained RyR2, this approach is absolutely no less effective 

than conventional sucrose gradient purification, which also was utilized in the present 

study to isolate RyR (Fig. 15).  

In immunoblot analysis that followed GST pulldown, an anti-RyR antibody which does 

not discriminate between the two RyR isoforms was used. Therefore, there is a risk of 

detecting RyR1 when using GST-FKBP12 as a ligand. Basing on the current concept, 

according to which, cardiac tissue is lacking significant amounts of RyR1, this risk is 

rather small. However, the possibility of trace expression of RyR1 in the heart is not 

groundless in view of recent data demonstrating the co-expression of three different 
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RyR isoforms in both healthy and failing human heart (Munch et al., 2000; Munch et al., 

2001). In addition, possible contaminations of starting material with RyR1-containing 

cells/tissue (for example fibroblasts or smooth muscle cells) may raise some concern. 

MALDI-TOF mass spectrometry was performed to rule this out. In the case of both 

rabbit and human, the high molecular weigh proteins precipitated with GST-FKBP12 

matched perfect with the cardiac isoform of the ryanodine receptor (Fig. 24-27).  

Another concern of the GST pulldown assay is its specificity and reliability. To validate 

the specificity of the assay described here, canine RyR2 was used as a negative 

control, since it was expected not to interact with FKBP12. On the other hand, probing 

interaction of canine RyR2 with both FKBP12 and FKBP12.6 in comparison with other 

species (rabbit and human) provide a good opportunity to verify the notion of Jeyakumar 

and colleagues, which was not validated so far with any of the direct techniques used 

for protein–protein interaction studies. Indeed, when subjected to the GST pulldown 

assay, canine RyR2 was able to interact with GST-FKBP12.6, but not with GST-

FKBP12 (Fig. 28). This result supplements the data reported by Jeyakumar et al., 

thereby confirming that dog is really an exception in that canine RyR2 interacts with 

FKBP12.6 exclusively. This observation explains why the role of FKBP12 in the 

regulation of cardiac E-C coupling was not in the focus of investigations for a while. In 

addition, use of canine cardiac RyR2 as a reliable control enabled us to validate newly 

acquired observations regarding FKBPs–RyR2 interaction in rabbit and human heart. 

The question what makes dog different from other species still remains. To answer it, 

one should look for structural differences between canine RyR2 and RyR2 of other 

species.  

The main question which arises from the present interaction studies is why only 

FKBP12.6 isoform co-immunoprecipitates with RyR2, whereas, as was unambiguously 

shown here, both GST-FKBPs are able to pull down RyR2 with equal efficiencies. 

Several explanations are possible. One, in the solubilized native preparation used for 

co-immunoprecipitation, an interaction of FKBP12 with RyR2 might be lost in the course 

of the experiment, whereas in GST pulldown assay, the interaction is allowed to occur 

after solubilization. This explanation would imply less affinity of FKBP12−RyR2 

interaction. The GST pulldown assay used in the present study was not intended for 

quantitative assessment of the interactions, therefore one of the future directions of 

FKBPs–RyR2 interaction studies might be the establishment of quantitative GST 

pulldown assay in order to gain deeper insight into the quantitative aspect of this 
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interaction. An alternative explanation would be that the FKBP12−RyR2 interaction 

might be transient and therefore cannot be detected by co-immunoprecipitation.  

 

5.3 Levels of FKBP12.6 associated with RyR2 in rabbit model of heart failure 
RyR2 is proposed to be one of the central players in the contractile dysfunction of heart 

failure. One of the reasons for this consideration is the tight association of RyR2 with 

FKBP12.6, disruption of which produces unstable channels with subconductance states 

and increased open probability (Kaftan et al., 1996; Xiao et al., 1997). Similar alterations 

in RyR channel properties were observed in heart failure (Marx et al., 2000). Another 

group found abnormal Ca2+ leak in SR vesicles isolated from failing heart (Yano et al., 

2000). Both groups showed that the stoichiometry of FKBP12.6 per RyR2 is significantly 

decreased in failing myocardium of human (Marx et al., 2000) and dog (Yano et al., 

2000; Marx et al., 2000). Abnormal function of RyRs as a result of defective regulation 

by FKBP12.6 has been implicated in the pathogenesis of heart failure. However, some 

uncertainties in this regard have been mentioned in literature. Thus, in the study of 

Jiang et al., the effects of rapamycin on single Ca2+-release channels and [3H]ryanodine 

binding were the same for control and failing RyR2, indicating that FKBP12.6 remains 

associated with RyR2 to a similar extent in both groups (Jiang et al., 2002).  

In the present study, a pacing-induced rabbit heart failure model was used. To specify 

whether FKBP12.6−RyR2 interaction is altered during heart failure, a functional 

association of FKBP12.6 with RyR2 in failing myocardium was assessed by co-

immunoprecipitation. A 40% reduction in the amount of FKBP12.6 associated with 

RyR2 from failing hearts compared to RyR2 from hearts of sham-operated animals was 

revealed (Fig. 30A upper and middle panels, B). This observation is consistent with data 

obtained using failing hearts from humans (Marx et al., 2000) and dogs with pacing-

induced heart failure (Yano et al., 2000; Marx et al., 2000), and demonstrates the 

presence of a similar mechanism of cardiac dysfunction for these three species at the 

level of RyR2−FKBP12.6 interaction. Regarding the discrepancy with the results of 

Jiang et al., a possible explanation may be the utilization of principally different 

methodological approaches. The use of a straightforward procedure such as co-

immunoprecipitation to determine protein association seems to be more advantageous 

over the functional approach used by Jiang and colleagues. 

The most intriguing question remains to be the mechanism underlying the regulation of 

FKBP12.6−RyR2 association. According to Marks and co-workers, the regulation is 

realized by phosphorylation of RyR2 by PKA at serine-2809 and overstimulation of this 
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process in heart failure strips the RyR2 of FKBP12.6 (Marks, 2000; Marks, 2001). This 

theory is based on the observations reported by Marx et al.: first, in vitro PKA 

phosphorylation of RyR2 dissociates FKBP12.6 from RyR2, resulting in altered channel 

properties; second, PKA-hyperphosphorylated RyR2 channels in failing hearts are 

depleted of FKBP12.6 and exhibit defects in single-channel properties similar to those 

observed in RyR2 channels hyperphosphorylated by PKA in vitro (Marx et al., 2000). A 

basic aspect of this theory, namely the PKA-dependent dissociation of FKBP12.6 from 

RyR2, was questioned by other groups which showed that PKA phosphorylation of 

RyR2 does not dissociate FKBP12.6 from the channel (Jiang et al., 2002; Xiao et al., 

2004). Moreover, in the studies by Jiang and co-workers, the phosphorylation status of 

RyR2 from failing canine hearts was indistinguishable from that of RyR2 from normal 

hearts (Jiang et al., 2002). 

In the present study, the phosphorylation levels of RyR2 immunoprecipitated from rabbit 

failing myocardium were examined using a phospho-serine-2809-specific anti-RyR2 

antibody, provided by the group of Marks. This antibody has been reported to recognize 

only the phosphorylated form of RyR2 in several species including rabbit (A. Marks, 

personal communication). We found no increase in the phosphorylation status of RyR2 

from failing hearts when compared to RyR2 from hearts of sham-operated rabbits (Fig. 

30A, bottom panel, Fig. 35A, bottom panel).  

To assess the phosphorylation status of RyR2, Jiang and colleagues used RyR 

channels embedded with SR microsomes, while Marx and co-workers used solubilized 

and immunoprecipitated RyRs. According to Jiang et al., the use of different RyR 

preparations might be a potential source of discrepancy concerning the phosphorylation 

status of RyR2 in failing heart. It is possible that immunoprecipitation concentrates 

phosphatases or kinases and favors nonphysiological reactions, which would not occur 

in more intact preparation (Jiang et al., 2002). Even though the experimental conditions 

employed in the present study were close to those of Marks and coworkers (Marx et al., 

2000; Reiken et al., 2001; Reiken et al., 2003), still, the phosphorylation status of RyR2 

in failing rabbit hearts was found not to be different from that in the hearts of sham 

controls. Of course, one can argue that the loss of hyperphosphorylation might occur 

during the experimental procedure. First, this should be prevented, at least in part, by 

introducing phosphatase inhibitors during immunoprecipitation procedure. Second, 

when dephosphorylation happens, being potentially promoted by the experimental 

conditions, it should equally affect the phosphorylation status of RyR2 in both failing and 

control hearts. The storage conditions of the tissue and time factor also do not seem to 
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be of concern, since similar results were obtained when fresh cellular material from 

hearts of failing and sham-operated animals was subjected to immunoprecipitation 

(Fig. 35A). Also, if dephosphorylation of RyR2 at the PKA site really occurred for one or 

the other reason, it would be reasonable to expect reassociation of FKBP12.6 with 

dephosphorylated RyR2.  

Considering the aforementioned, a partial loss of FKBP12.6 from RyR2 in heart failure 

is evident; however, in our experiments, it does not correlate with hyperphosphorylation 

of RyR2 in failing rabbit heart, suggesting that another mechanism, rather than PKA 

phosphorylation, may underlie the physiological regulation of FKBP12.6−RyR2 

interaction.  

 

5.4 Restoration of contractile function of failing cardiomyocytes by 
overexpression of FKBP12 and FKBP12.6 
A prominent characteristic of several animal models of heart failure and human failing 

myocardium is a decreased contractility of individual cardiomyocytes (Beuckelmann et 

al., 1992; Gomez et al., 1997; Dipla et al., 1999; O'Rourke et al., 1999; Pieske et al., 

1999). Several molecular alterations are thought to be relevant to abnormal 

Ca2+ cycling, thereby contributing to depressed cardiac performance in heart failure 

(Hasenfuss, 1998; Houser et al., 2000). Defective FKBP12.6−RyR2 interaction, which 

causes depletion of SR Ca2+ store, contributes, at least in part, to the reduced 

contractility of cardiomyocytes in failing heart.  

In the present study, it was investigated whether overexpression of exogenous 

FK506-binding proteins would improve contractility of rabbit failing cardiomyocytes. In 

the rabbit model used for the present study, the contractility of failing cardiomyocytes 

was decreased by 25%, when compared to sham control (Fig. 32). In the failing-heart 

group, the amplitude of single cell shortening was increased in FKBP12.6 

overexpressing cells (by 11%) in comparison with that of LacZ control (Fig. 33); 

FKBP12 overexpressing cells exhibited a trend towards improvement in contractility 

(Fig. 33). This study provides the first indication that FKBP12.6 overexpression restores, 

in part, contractile function of rabbit failing cardiomyocytes.  

In the sham group, overexpression of both FKBP12.6 and FKBP12 caused a significant 

increase in cardiomyocyte contractility (by 12%) when compared to LacZ control 

(Fig. 34), this is consistent with the positive inotropic effect of both FKBP12.6 (Prestle et 

al., 2001) and FKBP12 (observed in the present study) in non-failing rabbit 

cardiomyocytes. In the current study, the increase in fractional shortening observed 
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after overexpression of FKBPs in cardiomyocytes isolated from sham-operated animals 

was somewhat smaller than that found in non-failing cells (21% and 14% for FKBP12.6 

and FKBP12 overexpression, respectively) (Prestle et al., 2001; this study). This can be 

explained by lesser extent of transgene expression 24 hours post transfection. Similarly, 

in the report by Prestle et al., at a lower level of FKBP12.6 overexpression 24 hours 

post transfection, fractional shortening measured was only 15% higher in FKBP12.6 

overexpressing cells as compared to LacZ control (Prestle et al., 2001).  

The present study provides evidence that FKBP12 is relevant to the regulation of 

cardiac E-C coupling and is able to interact with RyR2 (see 4.2 and 4.3.2). The interplay 

between the two FKBP isoforms in the heart, specifically in the failing heart, is of 

interest. One can speculate that in the heart, where FKBP12.6 expression levels are 

low, FKBP12 could compensate for these low levels of FKBP12.6 and in the failing 

heart this compensation appears to be more significant. Under such circumstances, the 

sensitivity of overexpression approach is not high enough to reveal the functional 

consequences, which would explain why in our experiments, the trend towards 

improved contractility in failing cells overexpressing FKBP12 did not reach statistical 

significance.  

FKBP12.6 overexpression restored 44% of the contractile function. Heart failure is a 

complex disorder and changes in the expression levels or activity of a multitude of 

important Ca2+-regulatory molecules contribute to depressed cardiac performance 

(Houser et al., 2000). Among the most crucial factors are abnormal density/function of 

Ca2+ uptake (realized by SR Ca2+-ATPase) and extrusion (realized by Na+-Ca2+ 

exchanger) (Dipla et al., 1999; Pieske et al., 1999; Hobai and O'Rourke, 2000); 

downregulation of RyR2 expression [(Cory et al., 1993; Go et al., 1995); present study 

(Fig. 29)]; decrease of RyR2 activity (O'Brien et al., 1994) and its abnormal regulation 

(Yano et al., 2000; Marx et al., 2000). Considering this complexity, one can not expect 

complete compensation of the impaired contractility by modifying only one of the players 

important for the maintenance of calcium homeostasis.  

In the present experiments, the improvement of contractility in failing cardiomyocytes 

overexpressing FKBP12.6 was most likely attributed to increased binding of FKBP12.6 

to RyR2 upon overexpression, since considerably more FKBP12.6 was co-

immunoprecipitated with RyR2 in transfected failing cardiomyocytes, in comparison with 

non-transfected failing cells (Fig. 35B). Moreover, the levels of exogenous FKBP12.6 

associated with RyR2 exceeded the intrinsic levels of FKBP12.6 bound to RyR 

channels (Fig. 35B). This observation implies the availability of unsaturated FKBP12.6-
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binding sites on RyR2 in normal myocardium and suggests that overexpression is a 

justified approach to improve a function.  

To elucidate whether FKBP overexpression really attenuates the abnormal calcium 

leak, leading consequently to improved contractile performance, analysis of 

Ca2+-transients and measurement of the SR Ca2+ content are planned. 

The interpretation of the overexpression data addresses again the issue of 

PKA-dependent regulation of FKBP12.6−RyR2 association. Besides the observations 

that in failing heart RyR2 is hyperphosphorylated and PKA dissociates FKBP12.6 from 

RyR2, the group of Marks has shown in several studies that FKBP12.6 cannot bind to 

serine-2809-phosphorylated RyR2 or aspartate mutant (S2809D) of RyR2, which is 

thought to mimic phosphorylated RyR2 (Marx et al., 2000; Marx et al., 2001b; Wehrens 

et al., 2003). However, under our experimental conditions, we did observe reassociation 

of exogenous FKBP12.6 with RyR2, which might mean that either the extent of PKA 

phosphorylation of RyR2 is low or completely absent (the latter is consistent with the 

RyR2 phosphorylation data of the present study), enabling some excess FKBP12.6 to 

reassociate with RyR2, or PKA phosphorylation of RyR2 does not influence (even if it is 

present) FKBP12.6−RyR2 interaction. The observation of Xiao and co-workers, who 

showed that PKA phosphorylation of RyR2 at serine-2809 does not disrupt 

FKBP12.6−RyR2 interaction and that the S2809D mutant of RyR2 does not lose the 

ability to interact with FKBP12.6 (Xiao et al., 2004), supports the idea that PKA does not 

affect FKBP12.6–RyR2 interaction.  

Considering the divergence of opinions with regard to regulation of RyR2−FKBP12.6 

interaction, additional investigations are needed to gain a clearer insight of the 

mechanisms underlying the regulation of this interaction. 

In conclusion, the important novel finding of this study, using a rabbit model of heart 

failure, is that overexpression of exogenous FKBP12.6 in failing cardiomyocytes 

restores, in part, their contractile function most probably due to retrieval of 

FKBP12.6−RyR2 association upon overexpression. This suggests that FKBP12.6 may 

represent a new molecular target for improvement of cardiac contractile performance in 

heart failure.  

 

5.5 Conclusions and future directions 
The present study has demonstrated that FKBP12 has significant effect on the 

contractility of rabbit cardiomyocytes. Interaction studies revealed that rabbit and human 

RyR2 interact with both FKBP12.6 and FKBP12, in contrast to canine RyR2 which is 
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capable of interaction with FKBP12.6 exclusively. Taken together, this suggests, firstly, 

that in rabbit heart, FKBP12 is important to Ca2+ cycling and contractility. Secondly, that 

in both rabbit and human heart, FKBP12.6 is not the only isoform that interacts with 

RyR2.  

The study in rabbit model of heart failure demonstrated that FKBP12.6–RyR2 binding is 

considerably reduced in rabbit failing heart. Furthermore, contractility of cardiomyocytes 

isolated from failing hearts is significantly decreased. Overexpression of exogenous 

FKBP12.6 in failing cardiomyocytes restores, in part, their contractile function as a 

consequence of increased association between FKBP12.6 and RyR2. These data 

indicate that rebinding of FKBP12.6 to RyR2 may represent a new therapeutical 

approach to the treatment of heart failure. 

The present work provides the basis for further investigations of the role of FKBP12 in 

the regulation of E-C coupling in the heart. To more fully define the functional relevance 

of FKBP to cardiac Ca2+ homeostasis, targeting of FKBP12 mRNA in rabbit 

cardiomyocytes by RNAi technique is planned. Selectivity of the RyR2 association with 

FKBP12.6 seems to be limited to the canine heart and attributed to the structural 

differences between canine cardiac RyR and cardiac RyR of other species. To clarify 

this finally, pinpointing the amino acid residues of canine RyR2 that determine its 

selective interaction with FKBP12.6 and that make it unable to interact with FKBP12 

might be performed.  

With regard to the study in rabbit heart failure model, it is planned to look into the 

mechanistic aspect of the positive inotropic effect of FKBP12.6 overexpression on 

contractility of failing cardiomyocytes. Therefore, analysis of Ca2+-transients and 

measurements of the SR Ca2+ content are intended. 
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