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CONTROLLING PATHWAYS THAT REGULATE 
MUSCLE CONTRACTION IN THE HEART 

0001. The invention disclosed herein was made with 
Government support under grant numbers RO1 HL61503, 
RO1 HL56180, RO1 AI39794, and RO3 TWOO949 from the 
National Institutes of Health, U.S. Department of Health and 
Human Services. Accordingly, the U.S. Government has 
certain rights in this invention. 

BACKGROUND OF THE INVENTION 

0002 Throughout this application, various publications 
are referenced in parentheses by author and year. Full 
citations for these references may be found at the end of the 
Specification immediately preceding the claims. The disclo 
Sures of these publications in their entireties are hereby 
incorporated by reference into this application to more fully 
describe the state of the art to which this invention pertains. 
0003. The contraction of striated muscle is initiated when 
calcium (Caf") is released from tubules within the muscle 
cell known as the Sarcoplasmic reticulum (SR). Calcium 
release channels (ryanodine receptors) on the sarcoplasmic 
reticulum are required for excitation-contraction (EC) cou 
pling. The type 2 ryanodine receptor (RyR2) is found in the 
heart, while the type 1 ryanodine receptor (RyR1) is found 
in Skeletal muscle. The RyR2 receptor is a tetramer com 
prised of four 565,000 dalton RyR2 polypeptides and four 
12,000 dalton FK-506 binding proteins (FKBP12.6). 
FKBP12s are regulatory subunits that stabilize RyR channel 
function (Brillantes et al., 1994) and facilitate coupled 
gating between neighboring RyR channels (Marx et al., 
1998) which are packed into dense arrays in specialized 
regions of the Sarcoplasmic reticulum that release intracel 
lular stores of Ca" triggering muscle contraction. 
0004 RyRs are ligand activated channels, and Ca" is the 
important physiological ligand that activates the channels in 
cardiac muscle during excitation-contraction coupling. The 
Ca"-dependence of RyR channel activity is biphasic such 
that low cytosolic Ca" concentration (uM) activates the 
channels and high Ca" concentration (mM) inactivates the 
channels (BezproZvanny et al., 1991). One FKBP12 mol 
ecule is bound to each RyR subunit. Dissociation of 
FKBP12 significantly alters the biophysical properties of the 
channels resulting in the appearance of Subconductance 
States, and increased open probability (Po) due to an 
increased sensitivity to Ca"-dependent activation (Brillan 
tes et al., 1994; Kaftan et al., 1996). In addition, dissociation 
of FKBP12 from RyR channels inhibits coupled gating of 
RyR channels resulting in channels that gate Stochastically 
rather than as an ensemble (Marx et al., 1998). Coupled 
gating of arrays of RyR channels is thought to be important 
for efficient excitation-contraction coupling that regulates 
muscle contraction (Marx et al., 1998). 
0005 FKBPs are cis-trans peptidyl-prolyl isomerases 
that are widely expressed and Subserve a variety of cellular 
functions (Marks, 1996). FKBP12s are tightly bound to and 
regulate the function of the skeletal (RyR1) (Brillantes et al., 
1994; Jayaraman et al., 1992) and cardiac (RyR2) (Kaftan et 
al., 1996) muscle Cat" release channels, as well as a related 
intracellular Ca" release channel known as the type 1 
inositol 1,4,5-trisphosphate receptor (IP3R1) (Cameron et 
al., 1997), and the type I transforming growth factor B 
(TGFB) receptor (TBRI) (Chen et al., 1997). 
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0006 The present application discloses the following. 
Protein kinase A(PKA) phosphorylation regulates the bind 
ing of FKBP12.6 to the RyR channel both in vitro and in 
vivo. PKA phosphorylation of the cardiac Cat" release 
channel (RyR2) on the sarcoplasmic reticulum dissociates 
the regulatory subunit FKBP12.6 from the RyR2 channel 
resulting in altered channel function manifested as an 
increased open probability, increased sensitivity to Ca"- 
induced activation, and destabilization of the RyR2 channel 
resulting in Subconductance States. RyR2 PKA phosphory 
lation is physiologically regulated in Vivo. RyR2 channels 
from failing hearts were PKA hyperphosphorylated and 
exhibited decreased binding of the FKBP12.6 regulatory 
Subunit resulting in the Same Severe defects in Single channel 
properties observed in in vitro PKA hyperphosphorylated 
RyR2 channels. The RyR2 channel comprises a macromo 
lecular complex that includes the regulatory Subunit 
FKBP12.6, protein kinase A (PKA), the PKA regulatory 
subunit RII, protein phosphatase 2A (PP2A), protein phos 
phatase 1 (PP1), and muscle A kinase anchoring protein 
(mAKAP). Taken together these data demonstrate that local 
regulation of the RyR2 channel via PKA phosphorylation is 
a potent mechanism for modulating Ca" release from the 
cardiac Sarcoplasmic reticulum. Dysregulation of this con 
trol mechanism occurs in failing hearts and can explain the 
observed defects in excitation-contraction coupling that con 
tribute to cardiac dysfunction. Methods for treating heart 
disease are disclosed, as are methods for Screening for 
compounds that alleviate heart disease. 

SUMMARY OF THE INVENTION 

0007. This invention is directed to a method of regulating 
contraction of a Subject's heart by administering to the 
Subject a compound which regulates protein kinase A(PKA) 
phosphorylation of a type 2 ryanodine (RyR2) receptor of 
the subjects heart. 
0008. This invention provides a method of treating a 
Subject's heart failure by administering to the Subject a 
compound which decreases protein kinase A (PKA) phos 
phorylation of a type 2 ryanodine (RyR2) receptor of the 
Subject's heart, thereby alleviating the Subject's heart fail 
ure. This invention also provides a method of treating a 
Subject's heart failure by administering to the Subject a 
compound which decreases dissociation of a FKBP12.6 
binding protein from a type 2 ryanodine (RyR2) receptor of 
the Subject's heart, thereby alleviating the Subjects heart 
failure. This invention in addition provides a method of 
treating a Subject's heart failure by administering to the 
subject a compound which mimics binding of a FKBP12.6 
binding protein to a type 2 ryanodine (RyR2) receptor of the 
Subject's heart, thereby alleviating the Subject's heart fail 
lc. 

0009. This invention provides a method of treating a 
Subject's cardiac arrhythmia by administering to the Subject 
a compound which decreases protein kinase A(PKA) phos 
phorylation of a type 2 ryanodine (RyR2) receptor of the 
Subject's heart, thereby alleviating the Subjects cardiac 
arrhythmia. This invention also provides a method of treat 
ing a Subject's cardiac arrhythmia by administering to the 
Subject a compound which decreases dissociation of a 
FKBP12.6 binding protein from a type 2 ryanodine (RyR2) 
receptor of the Subject's heart, thereby alleviating the Sub 
ject's cardiac arrhythmia. This invention in addition pro 
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vides a method of treating a Subject's cardiac arrhythmia by 
administering to the Subject a compound which mimics 
binding of a FKBP12.6 binding protein to a type 2 ryanodine 
(RyR2) receptor of the subject's heart, thereby alleviating 
the Subject's cardiac arrhythmia. 
0.010 This invention provides a method for identifying a 
chemical compound which specifically binds to a type 2 
ryanodine (RyR2) receptor, which comprises contacting 
cells expressing the RyR2 receptor with the chemical com 
pound under conditions Suitable for binding and detecting 
Specific binding of the chemical compound to the RyR2 
receptor. This invention also provides a method for identi 
fying a chemical compound which specifically binds to a 
type 2 ryanodine (RyR2) receptor, which comprises contact 
ing a fraction containing Sacroplasmic reticulum or endo 
plasmic reticulum from a cell extract of cells expressing the 
RyR2 receptor, with the chemical compound under condi 
tions Suitable for binding and detecting Specific binding of 
the chemical compound to the RyR2 receptor. 
0.011 This invention provides a method involving com 
petitive binding for identifying a chemical compound which 
Specifically binds to a type 2 ryanodine (RyR2) receptor, 
which comprises Separately contacting cells expressing the 
RyR2 receptor, with both the chemical compound and a 
second chemical compound known to bind to the RyR2 
receptor, and with only the Second chemical compound, 
under conditions Suitable for binding of both compounds, 
and detecting Specific binding of the chemical compound to 
the RyR2 receptor, a decrease in binding of the Second 
chemical compound to the RyR2 receptor in the presence of 
the chemical compound indicating that the chemical com 
pound binds to the RyR2 receptor. This invention also 
provides a method involving competitive binding for iden 
tifying a chemical compound which Specifically binds to a 
type 2 ryanodine (RyR2) receptor, which comprises sepa 
rately contacting a fraction containing Sacroplasmic reticu 
lum or endoplasmic reticulum from a cell extract of cells 
expressing the RyR2 receptor, with both the chemical com 
pound and a Second chemical compound known to bind to 
the RyR2 receptor, and with only the second chemical 
compound, under conditions Suitable for binding of both 
compounds, and detecting Specific binding of the chemical 
compound to the RyR2 receptor, a decrease in binding of the 
Second chemical compound to the RyR2 receptor in the 
presence of the chemical compound indicating that the 
chemical compound binds to the RyR2 receptor. 
0012. This invention provides a method of screening a 
plurality of chemical compounds not known to bind to a type 
2 ryanodine (RyR2) receptor to identify a compound which 
Specifically binds to the RyR2 receptor, which comprises: 
0013 (a) contacting cells expressing the RyR2 receptor 
with a compound known to bind specifically to the RyR2 
receptor, 

0014 (b) contacting the cells of step (a) with the plurality 
of compounds not known to bind specifically to the RyR2 
receptor, under conditions permitting binding of compounds 
known to bind to the RyR2 receptor; 
0.015 (c) determining whether the binding of the com 
pound known to bind to the RyR2 receptor is reduced in the 
presence of the plurality of compounds, relative to the 
binding of the compound in the absence of the plurality of 
compounds, and if So 
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0016 (d) separately determining the binding to the RyR2 
receptor of each compound included in the plurality of 
compounds, So as to thereby identify any compound 
included therein which specifically binds to the RyR2 recep 
tor. 

0017. This invention also provides a method of screening 
a plurality of chemical compounds not known to bind to a 
type 2 ryanodine (RyR2) receptor to identify a compound 
which specifically binds to the RyR2 receptor, which com 
pr1SeS: 

0018 (a) contacting a fraction containing Sacroplasmic 
reticulum or endoplasmic reticulum from a cell extract of 
cells expressing the RyR2 receptor with a compound known 
to bind specifically to the RyR2 receptor; 
0019 (b) contacting the fraction of step (a) with the 
plurality of compounds not known to bind Specifically to the 
RyR2 receptor, under conditions permitting binding of com 
pounds known to bind to the RyR2 receptor; 
0020 (c) determining whether the binding of the com 
pound known to bind to the RyR2 receptor is reduced in the 
presence of the plurality of compounds, relative to the 
binding of the compound in the absence of the plurality of 
compounds, and if So 
0021 (d) separately determining the binding to the RyR2 
receptor of each compound included in the plurality of 
compounds, So as to thereby identify any compound 
included therein which specifically binds to the RyR2 recep 
tor. 

0022. This invention provides a method for determining 
whether a chemical compound activates a type 2 ryanodine 
(RyR2) receptor, which comprises contacting cells express 
ing the RyR2 receptor with the chemical compound under 
conditions suitable for activation of the RyR2 receptor and 
measuring RyR2 receptor activation in the presence and in 
the absence of the chemical compound, an increase in RyR2 
receptor activation in the presence of the chemical com 
pound indicating that the chemical compound activates the 
RyR2 receptor. This invention also provides a method for 
determining whether a chemical compound activates a type 
2 ryanodine (RyR2) receptor, which comprises contacting a 
fraction containing Sacroplasmic reticulum or endoplasmic 
reticulum from a cell extract of cells expressing the RyR2 
receptor with the chemical compound under conditions 
Suitable for activation of the RyR2 receptor and measuring 
RyR2 receptor activation in the presence and in the absence 
of the chemical compound, an increase in RyR2 receptor 
activation in the presence of the chemical compound indi 
cating that the chemical compound activates the RyR2 
receptor. 

0023 This invention provides a method of screening a 
plurality of chemical compounds not known to activate a 
type 2 ryanodine (RyR2) receptor to identify a compound 
which activates the RyR2 receptor which comprises: 
0024 (a) contacting cells expressing the RyR2 receptor 
with the plurality of compounds not known to activate the 
RyR2 receptor, under conditions permitting activation of the 
RyR2 receptor; 

0.025 (b) determining whether the activity of the RyR2 
receptor is increased in the presence of one or more of the 
compounds, and if So 
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0026 (c) separately determining whether the activation 
of the RyR2 receptor is increased by any compound included 
in the plurality of compounds, So as to thereby identify each 
compound which activates the RyR2 receptor. 
0027. This invention also provides a method of screening 
a plurality of chemical compounds not known to activate a 
type 2 ryanodine (RyR2) receptor to identify a compound 
which activates the RyR2 receptor which comprises: 
0028 (a) contacting a fraction containing Sacroplasmic 
reticulum or endoplasmic reticulum from a cell extract of 
cells expressing the RyR2 receptor with the plurality of 
compounds not known to activate the RyR2 receptor, under 
conditions permitting activation of the RyR2 receptor; 
0029 (b) determining whether the activity of the RyR2 
receptor is increased in the presence of one or more of the 
compounds, and if So 
0030) (c) separately determining whether the activation 
of the RyR2 receptor is increased by any compound included 
in the plurality of compounds, So as to thereby identify each 
compound which activates the RyR2 receptor. 
0031. This invention provides a method for determining 
whether a chemical compound inhibits activation of a type 
2 ryanodine (RyR2) receptor, which comprises separately 
contacting cells expressing the RyR2 receptor with both the 
chemical compound and a Second chemical compound 
known to activate the RyR2 receptor, and with only the 
Second chemical compound, under conditions Suitable for 
activation of the RyR2 receptor, and measuring RyR2 recep 
tor activation in the presence of only the Second chemical 
compound and in the presence of both the Second chemical 
compound and the chemical compound, a Smaller RyR2 
receptor activation in the presence of both the chemical 
compound and the Second chemical compound than in the 
presence of only the Second chemical compound indicating 
that the chemical compound inhibits activation of the RyR2 
receptor. This invention also provides a method for deter 
mining whether a chemical compound inhibits activation of 
a type 2 ryanodine (RyR2) receptor, which comprises sepa 
rately contacting a fraction containing Sacroplasmic reticu 
lum or endoplasmic reticulum from a cell extract of cells 
expressing the RyR2 receptor with both the chemical com 
pound and a Second chemical compound known to activate 
the RyR2 receptor, and with only the second chemical 
compound, under conditions Suitable for activation of the 
RyR2 receptor, and measuring RyR2 receptor activation in 
the presence of only the Second chemical compound and in 
the presence of both the Second chemical compound and the 
chemical compound, a Smaller RyR2 receptor activation in 
the presence of both the chemical compound and the Second 
chemical compound than in the presence of only the Second 
chemical compound indicating that the chemical compound 
inhibits activation of the RyR2 receptor. 
0.032 This invention provides a method of screening a 
plurality of chemical compounds not known to inhibit the 
activation of a type 2 ryanodine (RyR2) receptor to identify 
a compound which inhibits the activation of the RyR2 
receptor, which comprises: 
0033 (a) contacting cells expressing the RyR2 receptor 
with the plurality of compounds in the presence of a known 
RyR2 receptor activator, under conditions permitting acti 
vation of the RyR2 receptor; 
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0034 (b) determining whether the amount of activation 
of the RyR2 receptor is reduced in the presence of one or 
more of the compounds, relative to the amount of activation 
of the RyR2 receptor in the absence of such one or more 
compounds, and if So 

0035 (c) separately determining whether each such com 
pound inhibits activation of the RyR2 receptor for each 
compound included in the plurality of compounds, So as to 
thereby identify any compound included in Such plurality of 
compounds which inhibits the activation of the RyR2 recep 
tor. 

0036) This invention also provides a method of screening 
a plurality of chemical compounds not known to inhibit the 
activation of a type 2 ryanodine (RyR2) receptor to identify 
a compound which inhibits the activation of the RyR2 
receptor, which comprises: 

0037 (a) contacting a fraction containing Sacroplasmic 
reticulum or endoplasmic reticulum from a cell extract of 
cells expressing the RyR2 receptor with the plurality of 
compounds in the presence of a known RyR2 receptor 
activator, under conditions permitting activation of the 
RyR2 receptor; 

0038 (b) determining whether the amount of activation 
of the RyR2 receptor is reduced in the presence of one or 
more of the compounds, relative to the amount of activation 
of the RyR2 receptor in the absence of such one or more 
compounds, and if So 

0039 (c) separately determining whether each such com 
pound inhibits activation of the RyR2 receptor for each 
compound included in the plurality of compounds, So as to 
thereby identify any compound included in Such plurality of 
compounds which inhibits the activation of the RyR2 recep 
tor. 

0040. This invention provides a chemical compound 
identified by any of the methods described herein. 
0041. This invention provides a method for making a 
composition of matter which comprises identifying a chemi 
cal compound using any of the methods described herein, 
and then Synthesizing the chemical compound or a novel 
Structural and functional analog or homolog thereof. 
0042. This invention provides a pharmaceutical compo 
Sition comprising (a) an amount of a chemical compound 
identified using any of the methods described herein, or a 
novel Structural and functional homolog or analog thereof, 
capable of passing through a cell membrane and effective to 
activate, or inhibit the activation of, a RyR2 receptor and (b) 
a pharmaceutically acceptable carrier capable of passing 
through the cell membrane. 

0043. This invention provides a method for preparing a 
composition which comprises admixing a carrier and a 
pharmaceutically effective amount of a chemical compound 
identified by any of the methods described herein or a novel 
Structural and functional anaolog or homolog thereof. 

0044) This invention provides a method of treating a 
Subject with a heart disease which comprises administering 
to the Subject a therapeutically effective amount of a chemi 
cal compound identified by any of the methods described 
herein. 
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0.045. This invention provides the use of a chemical 
compound identified by any of the methods described herein 
for the preparation of a pharmaceutical composition for 
treating an abnormality, wherein the abnormality is allevi 
ated by activating, or by inhibiting the activation of, a RyR2 
receptor. 

BRIEF DESCRIPTION OF THE FIGURES 

0046 FIG. 1. PKA Phosphorylation of RyR2, a Macro 
molecular Signaling Complex. 
0047 A) RyR2 was phosphorylated by addition of PKA 
(5 units) or 3,5'-cyclic adenosine 5'-monophosphate (cAMP) 
(10 uM); the PKA inhibitor PKIs (500 nM) inhibited the 
phosphorylation. RyR2 was immunoprecipitated and Sub 
jected to in Vitro kinasing reactions, equivalent amounts of 
RyR2 protein were used in each reaction as shown by 
immunoblotting. 

0.048 B) RyR2 channels were isolated using Hryano 
dine by centrifugation on a Sucrose density gradient as 
described by Brillantes et al. (1994). Both Hryanodine 
binding (open Squares) and total protein (filled circles) were 
plotted. Individual RyR2 channels sediment at 30S (arrow), 
and two or more physically attached RyR2 channels Sedi 
ment in higher Sucrose fractions as previously reported for 
RyR1 channels (Marx et al., 1998). 
0049 C). Immunoblotting gradient fractions with specific 
antibodies showed that FKBP12.6, PKA catalytic subunit 
(PKA cat), PKA regulatory subunit (RII), protein phos 
phatase 2A (PP2A), protein phosphatase 1 (PP1), muscle 
A-kinase anchoring protein (mAKAP), but not calcineurin 
(CnA), were detected in all fractions containing RyR2. 
0050 D) RyR2 binding to microcystin-sepharose beads 
was competed using free microcystin-LR. Samples were 
pelleted and analyzed by SDS-PAGE and immunoblotting 
with anti-RyR antibody. 
0051) E) Components of the RyR2 complex (FKBP12.6, 
PKA, RII, PP2A, PP1, and mAKAP) were co-immunopre 
cipitated from cardiac SR (200 ug). The RyR2 complex was 
Sedimented using microcystin-Sepharose, the complex was 
competed off with free microcystin-LR followed by immu 
noprecipitation with anti-RyR antibody (CRyR) and immu 
noblotting. Positive controls (+Cont) were recombinant or 
purified proteins as indicated; negative controls (-Cont.) 
were blocking peptides for each antibody or pre-absorbing 
the antibodies with purified or recombinant proteins. In all 
cases data shown are representative of more than three 
Similar experiments. 
0.052 FIG. 2. RyR2 PKA Phosphorylation During Heart 
Failure. 

0053 A) PKA back-phosphorylation of RyR2 protein 
immunoprecipitated from the indicated tissues are shown in 
the top row; the middle row shows the amount of RyR2 
immunoprecipitated in each reaction; and the bottom row 
shows the amount of PKA co-immunoprecipitated with 
RyR2 from each Sample. Normal, non-failing human heart; 
ICM, end-stage failing human heart with ischemic cardi 
omyopathy; IDCM, end-stage failing human heart with 
idiopathic dilated cardiomyopathy; IDCM(-Dba) samples 
from patients not treated with a B-adrenergic agonist Dba 
(dobutamine); Pre-LVAD, left ventricular sample taken from 
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a human heart with end-stage failure during insertion of a 
left ventricular assist device (LVAD); Post-LVAD, sample 
from the same human heart after LVAD treatment, PKI, 
representative negative control showing that PKA phospho 
rylation was inhibited by PKI. 
0054 B) Quantitation of RyR2 back-phosphorylation 
studies shown in (A). The inset shows PKA hyperphospho 
rylation of RyR2 confirmed by anti-phosphoserine immu 
noblotting: 1) top row, RyR2 immunoblot (top lanes); 2) 
bottom row, anti-phosphoSerine immunoblotting of the same 
Samples. Lane 1, normal non-failing human heart, lane 2, 
failing human (ICM) heart. For each condition a minimum 
of three experiments using tissue from three different hearts 
were performed, error bars represent Standard deviation of 
the mean. 

0.055 C) PP1 and PP2A co-immunoprecipitated with 
RyR2 from normal and failing hearts. Following immuno 
precipitation with anti-RyR antibody, immunoprecipitates 
were size fractionated and immunoblotted with: anti-RyR2 
(top panel), anti-PP1 (middle panel), or anti-PP2A antibod 
ies. Data shown are representative of three Similar experi 
mentS. 

0056 D) The amount of PP1 and PP2A co-immunopre 
cipitating with RyR2 was determined by densitometric 
quantitation of the immunoblots and normalized for the 
amount of RyR2 co-immunoprecipitated. Less PP1 and 
PP2A were associated with RyR2 in all of the heart failure 
Samples. Data shown are representative of three similar 
experiments. 
0057 FIG. 3. Mapping Signaling Complex Binding Sites 
on RyR2. 
0.058 A) The FKBP12.6 binding site in RyR2 was iden 
tified using a yeast two-hybrid interaction Screen. The left 
bar-graph shows B-galactosidase activity for yeast trans 
formed with: 1) FKBP12.6/activation domain fusion protein 
alone; 2) RyR2 (residues 2361-2496)/DNA binding domain 
alone; 3) both together. 
0059 Interaction between FKBP12.6 and an RyR2 frag 
ment (residues 2361-2496, Otsu et al., 1990) activates Gal-4 
transcription resulting in increased B-galactosidase activity. 
The bar-graph shows normalized B-galactosidase activity for 
rapamycin-resistant yeast transformed with FKBP12.6 and 
the RyR2 fragment treated with the indicated concentrations 
of rapamcyin which competes FKBP12.6 off from RyR2. 
The FKBP12/12.6 binding site in RyR2 is defined by iso 
leucine 2427 and proline 2428 (arrow). Shown in the box are 
sequences of FKBP12 binding sites in RyR1 (SEQ ID NO: 
1) (Takeshima, et al., 1989), RyR2 (SEQ ID NO: 2) (Otsu et 
al., 1990), IP3R1 (SEQ ID NO: 3) (Harnicket al., 1995), 
IP3R2 (SEQ ID NO: 4) (Yamamoto-Hino et al., 1994), and 
TBRI (SEQ ID NO: 5) (Franzen et al., 1993). 
0060 B) Glutathione S Transferase (GST)-RyR2 fusion 
proteins bound to Sepharose beads were incubated with 
cardiac SR (200 lug), pelleted, size fractionated by SDS 
PAGE and immunoblotted with the indicated antibodies. 
Lane 1, positive control (recombinant proteins); lane 2, 
Sepharose beads (negative control); lane 3, GST (negative 
control); lane 4, GST-RyR2-1-334 (amino acid residues 
1-334); lane 5, GST-RyR2-513-808; lane 6, GST-RyR2 
1027-1304; lane 7, GST-RyR2-1251-1500; lane 8, GST 
RyR2-1451-1768. 
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0061 C) Immunohistochemistry showing co-localization 
of mAKAP and RyR2 to cardiac SR in normal and failing 
human hearts. Bars: long, 1.5 tim; Short 5 um. 
0062 D) In vitro kinasing reactions using GST-RyR2 
fusion proteins containing the wild type (WT) and mutant 
(S2809A) PKA site. PKA phosphorylation was performed 
with Y-P-ATP followed by size fractionation on SDS 
PAGE and autoradiography. 
0063 FIG. 4. PKA Phosphorylation of RyR2 Inhibits 
FKBP12.6 Binding. 
0064 A) FKBP12.6 was co-immunoprecipitated from 
cardiac SR using an anti-RyR antibody followed by immu 
noblotting with either anti-RyR (top panel) or anti-FKBP 
(bottom panel) antibodies. The indicated immunoprecipi 
tates were phosphorylated with PKA prior to size fraction 
ation by SDS-PAGE. Co-immunoprecipitation of FKBP12.6 
with RyR2 was significantly reduced in the PKA phospho 
rylated samples but not in Ca"-calmodulin kinase 
(CaMKII) or protein kinase C(PKC) phosphorylated RyR2 
samples. RyR2 phosphorylation, as assessed using YP 
ATP, was equivalent for PKA, CamKII and PKC (not 
shown). 
0065 B) Quantitation of the amount of FKBP12.6 co 
immunoprecipitating with RyR2 from the indicated Samples. 
Normal human heart; pre-LVAD, left ventricular sample 
taken from a human heart with end-stage failure during 
insertion of a left ventricular assist device; Post-LVAD, 
sample from the same human heart after LVAD treatment; 
IDCM, end-stage failing human heart with idiopathic dilated 
cardiomyopathy; normal non-failing canine heart, canine 
rapid pacing-induced heart failure model. Inset shows rep 
resentative co-immunoprecipitations of RyR2 and 
FKBP12.6 using an anti-RyR antibody: lane 1, normal 
human heart; lane 2, pre-LVAD; lane 3, post-LVAD; lane 4, 
human IDCM; lane 5, normal canine heart, lane 6, failing 
canine heart. There was significantly less FKBP12.6 co 
immunoprecipitated with RyR2 in each of the failing hearts 
compared to normals. Data shown are representative of three 
or more similar experiments. FKBP12.6 amounts were 
quantified using densitometry of the specific FKBP12.6 
band on a single immunoblot for each experiment. 
0.066 FIG. 5. PKA Phosphorylation Activates RyR2 and 
Induces Subconductance States. 

0067 A) Open probability (P) of a single RyR2 channel 
plotted as a function of time showing the effect of MgATP 
(2 mM) followed by addition of PKA (2 units). 
0068 B) Single channel tracings corresponding to the 
experiment shown in A. Channel openings are in the upward 
direction, the current, amplitude for a fully open channel 
under these conditions (Ba" as current carrier) was ~4 pA. 
Increased P. and multiple Subconductance States are Seen 
after PKA addition. Corresponding amplitude histograms 
are shown, at the right of the tracings for channels before and 
after PKA treatment. The Subconductance states have cur 
rent amplitudes of 1, 2, or 3 p.A, corresponding to 4, 72 and 
% of the full conductance of the channel as previously 
described for channels in the absence of FKBP12 (Brillantes 
et al., 1994; Marx et al., 1998). The bottom tracing shows the 
characteristic modification of the RyR2 channels by ryano 
dine (1 uM) which locks the PKA phosphorylated RyR2 
channel in a one-half conductance State. Recordings were at 
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0 mV potential across the lipid bilayer membrane; the 
dashed lines indicate the closed State of the channels. Data 
shown are representative of 4 experiments using SR 
microSomes containing RyR2 isolated from 2 different dogs 
(2 Separate isolations for each animal). Similar results were 
obtained using RyR2 channels isolated from normal human 
heart. 

0069 FIG. 6. Defective RyR2 Channels and Contractil 
ity in Failing Heart Muscle. 

0070 A) Single channel tracings of RyR2 from: normal 
canine heart (top three tracings); failing canine heart (bottom 
three tracings). Corresponding amplitude histograms are at 
right. The bottom tracing in each Set of three shows the 
characteristic modification of the RyR2 channels by ryano 
dine (1 uM) which locks the channel in a /2 conductance 
state. Recordings were at 0 mV; the dashed lines indicate the 
closed state of the channels. Similar results were obtained 
using RyR2 channels isolated from failing human hearts (see 
text for details). 
0071 B) RyR2 channels from failing canine hearts exhib 
ited increased sensitivity to Ca"-dependent activation com 
pared to channels from normal hearts which were generally 
inactive at s50 nM free Ca" in the cis (cytoplasmic) 
chamber (top tracing). RyR2 channels from failing hearts 
exhibited two types of Cat"-dependent activation at s50 
nM free Ca". Some channels from failing hearts (n=15) 
were active with a low P. (second tracing) at s50 nM free 
Ca"; others (n=4) were extremely active at s50 nM free 
Ca" remaining stably open in a subconductance state (bot 
tom tracing). Similar results were obtained using RyR2 
channels isolated from failing human hearts. 
0072 C) Continuous force tracings from human left 
ventricular trabeculae during exposure to isoproterenol (4 
uM). Normal heart sample showed >3-fold increase in force 
following isoproterenol. Muscles from patients with con 
gestive heart failure (CHF) showed either no response in 
patients receiving B-agonists prior to transplant, or a blunted 
response (~2-fold increase) in patients not receiving f-ago 
nists prior to transplant. Muscle obtained from the apical 
core tissue of an LVAD recipient receiving B-agonist prior to 
Surgery showed almost no response to isoproterenol. How 
ever, muscle obtained from the same patient after 64 days of 
LVAD support shows a >5-fold increase in response to 
isoproterenol (n=3, p<0.01). 
0.073 FIG. 7. Model of the Affects of PKA Phosphory 
lation of RyR2 in the Heart. 
0074. In the non-failing heart (left panel) B-agonists bind 
to receptors (B1 and f2 adrenergic receptors, AR) coupled to 
heterotrimeric G-proteins (Gprot) which in turn activate 
adenylyl cyclase (AC) raising cyclic AMP (cAMP) levels 
and activating PKA. In this model PKA phosphorylation of 
RyR2 induces dissociation of one FKBP12.6 from the 
channel shifting the Ca"-dependence for activation to the 
left, increasing the sensitivity of the RyR2 to activation by 
Ca" influx via the voltage-gated calcium channel in the 
T-tubule (dihydropyridine receptor, DHPR) and increasing 
RyR2 channel open probability. The result is increased SR 
Ca" release and cardiac contractility. The tetrameric RyR2 
channel is part of a macromolecular Signaling complex that 
includes four molecules each of RyR2, FKBP12.6., PKA, 
protein phosphatases PP1 and PP2A, and the anchoring 
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protein mAKAP (the PKA, PP1, PP2A, mAKAP compo 
nents of the macromolecular complex are shown for only 
one of the four RyR2 subunits). Ca" reuptake into the SR 
occurs via the SR Ca"-ATPase (SERCA) and its associated 
regulatory protein phospholamban (PLB). 
0075. In failing hearts (right panel) PKA hyperphospho 
rylation of RyR2 may contribute to the blunted response to 
B-agonists observed in failing heart muscle because the 
channels cannot be further PKA phosphorylated. RyR2 
channels in failing hearts exhibit a shift in the Ca"-depen 
dence for activation Such that they are activated at resting 
levels of cytosolic Ca". 

DETAILED DESCRIPTION OF THE 
INVENTION 

0.076 The following definitions are presented as an aid in 
understanding this invention. 
0.077 As used herein a RyR2 receptor means a type 2 
ryanodine receptor, which is a calcium (Ca") release chan 
nel on the sarcoplasmic reticulum (SR) of the heart. 
0078 FKBP12.6 means a 12,000 dalton FK-506 binding 
protein. FKBP12.6 is bound to and regulates the function of 
the RyR2 receptor channel. 
0079 PKA phosphorylation means a reaction in which a 
phosphate group is Substituted for a hydroxyl group by the 
enzyme protein kinase A (PKA). 
0080 Back-phosphorylation of the RyR2 receptor means 
the in vitro phosphorylation of RyR2 by protein kinase A. 
0.081 Having due regard to the preceding definitions, the 
present invention is directed to a method of regulating 
contraction of a Subject's heart by administering to the 
Subject a compound which regulates protein kinase A(PKA) 
phosphorylation of a type 2 ryanodine (RyR2) receptor of 
the subject's heart. In one embodiment, PKA phosphoryla 
tion of the RyR2 receptor causes dissociation of a FKBP12.6 
binding protein from the RyR2 receptor. 
0082) This invention provides a method of treating a 
Subjects heart failure by administering to the Subject a 
compound which decreases protein kinase A (PKA) phos 
phorylation of a type 2 ryanodine (RyR2) receptor of the 
Subjects heart, thereby alleviating the Subject's heart failure. 
In one embodiment, PKA phosphorylation of the RyR2 
receptor causes dissociation of a FKBP12.6 binding protein 
from the RyR2 receptor. 
0.083. This invention also provides a method of treating a 
Subjects heart failure by administering to the Subject a 
compound which decreases dissociation of a FKBP12.6 
binding protein from a type 2 ryanodine (RyR2) receptor of 
the Subject's heart, thereby alleviating the Subject's heart 
failure. This invention in addition provides a method of 
treating a Subject's heart failure by administering to the 
subject a compound which mimics binding of a FKBP12.6 
binding protein to a type 2 ryanodine (RyR2) receptor of the 
Subjects heart, thereby alleviating the Subject's heart fail 
lc. 

0084. This invention provides a method of treating a 
Subject's cardiac arrhythmia by administering to the Subject 
a compound which decreases protein kinase A(PKA) phos 
phorylation of a type 2 ryanodine (RyR2) receptor of the 
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Subject's heart, thereby alleviating the Subjects cardiac 
arrhythmia. In one embodiment, PKA phosphorylation of 
the RyR2 receptor causes dissociation of a FKBP12.6 bind 
ing protein from the RyR2 receptor. In one embodiment, the 
cardiac arrhythmia is a Ventricular fibrillation. In another 
embodiment, the cardiac arrhythmia is a ventricular tachy 
cardia. 

0085. This invention also provides a method of treating a 
Subject's cardiac arrhythmia by administering to the Subject 
a compound which decreases dissociation of a FKBP12.6 
binding protein from a type 2 ryanodine (RyR2) receptor of 
the Subject's heart, thereby alleviating the Subject's cardiac 
arrhythmia. In one embodiment, the cardiac arrhythmia is a 
ventricular fibrillation. In another embodiment, the cardiac 
arrhythmia is a ventricular tachycardia. This invention in 
addition provides a method of treating a Subject's cardiac 
arrhythmia by administering to the Subject a compound 
which mimics binding of a FKBP12.6 binding protein to a 
type 2 ryanodine (RyR2) receptor of the subject's heart, 
thereby alleviating the Subject's cardiac arrhythmia. In one 
embodiment, the cardiac arrhythmia is a Ventricular fibril 
lation. In another embodiment, the cardiac arrhythmia is a 
Ventricular tachycardia. 

0086) This invention provides a method for identifying a 
chemical compound which specifically binds to a type 2 
ryanodine (RyR2) receptor, which comprises contacting 
cells expressing the RyR2 receptor, or contacting a fraction 
containing Sacroplasmic reticulum or endoplasmic reticulum 
from a cell extract of Said cells, with the chemical compound 
under conditions Suitable for binding and detecting Specific 
binding of the chemical compound to the RyR2 receptor. 

0087. This invention provides a method involving com 
petitive binding for identifying a chemical compound which 
Specifically binds to a type 2 ryanodine (RyR2) receptor, 
which comprises Separately contacting cells expressing the 
RyR2 receptor, or Separately contacting a fraction containing 
Sacroplasmic reticulum or endoplasmic reticulum from a cell 
extract of Said cells, with both the chemical compound and 
a second chemical compound known to bind to the RyR2 
receptor, and with only the Second chemical compound, 
under conditions Suitable for binding of both compounds, 
and detecting Specific binding of the chemical compound to 
the RyR2 receptor, a decrease in binding of the Second 
chemical compound to the RyR2 receptor in the presence of 
the chemical compound indicating that the chemical com 
pound binds to the RyR2 receptor. 

0088. In one embodiment of the methods described 
herein, the chemical compound is not previously known to 
bind to a type 2 ryanodine (RyR2) receptor. 
0089. The invention provides a chemical compound iden 
tified by any of the methods described herein. 
0090 The invention provides a method of screening a 
plurality of chemical compounds not known to bind to a type 
2 ryanodine (RyR2) receptor to identify a compound which 
Specifically binds to the RyR2 receptor, which comprises: 

0091 (a) contacting cells expressing the RyR2 receptor, 
or contacting a fraction containing Sacroplasmic reticulum 
or endoplasmic reticulum from a cell extract of Said cells, 
with a compound known to bind specifically to the RyR2 
receptor, 
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0092 (b) contacting the cells or fraction of step (a) with 
the plurality of compounds not known to bind Specifically to 
the RyR2 receptor, under conditions permitting binding of 
compounds known to bind to the RyR2 receptor; 
0093 (c) determining whether the binding of the com 
pound known to bind to the RyR2 receptor is reduced in the 
presence of the plurality of compounds, relative to the 
binding of the compound in the absence of the plurality of 
compounds, and if So 
0094) (d) separately determining the binding to the RyR2 
receptor of each compound included in the plurality of 
compounds, So as to thereby identify any compound 
included therein which specifically binds to the RyR2 recep 
tor. 

0.095 The invention provides a chemical compound iden 
tified by any of the methods described herein. 
0096. This invention provides a method for determining 
whether a chemical compound activates a type 2 ryanodine 
(RyR2) receptor, which comprises contacting cells express 
ing the RyR2 receptor, or contacting a fraction containing 
Sacroplasmic reticulum or endoplasmic reticulum from a cell 
extract of Said cells, with the chemical compound under 
conditions suitable for activation of the RyR2 receptor and 
measuring RyR2 receptor activation in the presence and in 
the absence of the chemical compound, an increase in RyR2 
receptor activation in the presence of the chemical com 
pound indicating that the chemical compound activates the 
RyR2 receptor. In one embodiment of the method, the 
chemical compound is not previously known to activate a 
type 2 ryanodine (RyR2) receptor. 
0097. The invention provides a chemical compound iden 
tified by any of the methods described herein. 
0098. The invention provides a method of screening a 
plurality of chemical compounds not known to activate a 
type 2 ryanodine (RyR2) receptor to identify a compound 
which activates the RyR2 receptor which comprises: 
0099 (a) contacting cells expressing the RyR2 receptor, 
or contacting a fraction containing Sacroplasmic reticulum 
or endoplasmic reticulum from a cell extract of Said cells, 
with the plurality of compounds not known to activate the 
RyR2 receptor, under conditions permitting activation of the 
RyR2 receptor; 
0100 (b) determining whether the activity of the RyR2 
receptor is increased in the presence of one or more of the 
compounds, and if So 
0101 (c) separately determining whether the activation 
of the RyR2 receptor is increased by any compound included 
in the plurality of compounds, So as to thereby identify each 
compound which activates the RyR2 receptor. 
0102) The invention provides a chemical compound iden 
tified by any of the methods described herein. 
0103) This invention provides a method for determining 
whether a chemical compound inhibits activation of a type 
2 ryanodine (RyR2) receptor, which comprises separately 
contacting cells expressing the RyR2 receptor, or Separately 
contacting a fraction containing Sacroplasmic reticulum or 
endoplasmic reticulum from a cell extract of cells, with both 
the chemical compound and a Second chemical compound 
known to activate the RyR2 receptor, and with only the 
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Second chemical compound, under conditions Suitable for 
activation of the RyR2 receptor, and measuring RyR2 recep 
tor activation in the presence of only the Second chemical 
compound and in the presence of both the Second chemical 
compound and the chemical compound, a Smaller RyR2 
receptor activation in the presence of both the chemical 
compound and the Second chemical compound than in the 
presence of only the Second chemical compound indicating 
that the chemical compound inhibits activation of the RyR2 
receptor. In one embodiment, the chemical compound is not 
previously known to inhibit activation of a type 2 ryanodine 
(RyR2) receptor. 

0104. The invention provides a chemical compound iden 
tified by any of the methods described herein. 

0105. This invention provides a method of screening a 
plurality of chemical compounds not known to inhibit the 
activation of a type 2 ryanodine (RyR2) receptor to identify 
a compound which inhibits the activation of the RyR2 
receptor, which comprises: 

0106 (a) contacting cells expressing the RyR2 receptor, 
or contacting a fraction containing Sacroplasmic reticulum 
or endoplasmic reticulum from a cell extract of Said cells, 
with the plurality of compounds in the presence of a known 
RyR2 receptor activator, under conditions permitting acti 
vation of the RyR2 receptor; 

0107 (b) determining whether the amount of activation 
of the RyR2 receptor is reduced in the presence of one or 
more of the compounds, relative to the amount of activation 
of the RyR2 receptor in the absence of such one or more 
compounds, and if So 

0108 (c) separately determining whether each such com 
pound inhibits activation of the RyR2 receptor for each 
compound included in the plurality of compounds, So as to 
thereby identify any compound included in Such plurality of 
compounds which inhibits the activation of the RyR2 recep 
tor. 

0109 The invention provides a chemical compound iden 
tified by any of the methods described herein. 

0110. In one embodiment of any of the methods 
described herein, the RyR2 receptor is a human RyR2 
receptor. 

0111. In one embodiment of any of the methods described 
herein, the nucleic acid encoding the RyR2 receptor is 
endogenous to the cell. In a different embodiment, the 
nucleic acid encoding the RyR2 receptor is transfected into 
the cell. In a further embodiment, a beta adrenergic receptor 
is co-expressed with the RyR2 receptor. 

0112 In different embodiments of the above methods, the 
cell is a bacterial cell, a yeast cell, an insect cell, an 
amphibian cell or a mammalian cell. In further embodi 
ments, the mammalian cell is a HEK293 cell, a Chinese 
hamster ovary (CHO) cell, a COS-7 cell, a LM(tk-) cell, a 
mouse embroyonic fibroblast NIH-3T3 cell, a mouse Y1 
cell, a 293 human embryonic kidney cell, or a HeLa cell. In 
further embodiments, the insect cell is an Sf9 cell, an Sf21 
cell or a Trichoplusia ni 5B-4 cell. In further embodiments, 
the amphibian cell is a Xenopus oocyte cell or a Xenopus 
melanophore cell. 
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0113. In one embodiment of any of the methods 
described herein, the RyR2 receptor activator is caffeine. In 
one embodiment, activation of the RyR2 receptor is mea 
Sured by measuring protein kinase A phosphorylation of the 
RyR2 receptor. In a further embodiment, protein kinase A 
phosphorylation of the RyR2 receptor is measured by immu 
noprecipitating the RyR2 receptor with an anti-RyR2 anti 
body, back-phosphorylating the RyR2 receptor with protein 
kinase A and Y-P-ATP, and measuring radioactive P 
label transferred to the RyR2 receptor. In another embodi 
ment, protein kinase Alphosphorylation of the RyR2 receptor 
is measured using an antibody that is specific for the 
phosphorylated form of the RyR2 receptor. In a different 
embodiment, RyR2 receptor activation is measured using a 
calcium-Sensitive fluorescent dye. In further embodiments, 
the calcium-sensitive fluorescent dye is Fluo-3 or Fura-2. 

0114. In one embodiment of the above methods, the cells 
expressing the RyR2 receptor are cardiac cells from a 
subject with a failing heart. In different embodiments, the 
Subject is an animal in which heart failure has been induced 
by rapid cardiac pacing or a human. 

0115) In one embodiment of any of the methods 
described herein, the chemical compound mimics binding of 
a FKBP12.6 binding protein to the RyR2 receptor. In one 
embodiment, the chemical compound blockS Stimulation of 
the RyR2 receptor by a catecholamine. 

0116. This invention provides a method for making a 
composition which specifically binds to a RyR2 receptor 
which comprises identifying a chemical compound using 
any one of the methods described herein for identifying a 
chemical compound which specifically binds to a RyR2 
receptor, Synthesizing the chemical compound or a novel 
Structural and functional analog or homolog thereof, and 
admixing the chemical compound with a carrier, for 
example, a pharmaceutically acceptable carrier. The inven 
tion also provides a method for making a composition which 
activates a RyR2 receptor which comprises identifying a 
chemical compound using any one of the methods described 
herein for identifying a chemical compound which activates 
a RyR2 receptor, Synthesizing the chemical compound or a 
novel Structural and functional analog or homolog thereof, 
and admixing the chemical compound with a carrier, for 
example, a pharmaceutically acceptable carrier. In addition, 
the invention provides a method for making a composition 
which inhibits the activation of a RyR2 receptor which 
comprises identifying a chemical compound using any one 
of the methods described herein for identifying a chemical 
compound which inhibits the activation of a RyR2 receptor, 
Synthesizing the chemical compound or a novel Structural 
and functional analog or homolog thereof, and admixing the 
chemical compound with a carrier, for example, a pharma 
ceutically acceptable carrier. 

0117 This invention provides a method for making a 
composition of matter which specifically binds to a RyR2 
receptor which comprises identifying a chemical compound 
using any one of the methods described herein for identi 
fying a chemical compound which specifically binds to a 
RyR2 receptor, and then Synthesizing the chemical com 
pound or a novel Structural and functional analog or 
homolog thereof. The invention provides a method for 
making a composition of matter which activates a RyR2 
receptor which comprises identifying a chemical compound 
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using any one of the methods described herein for identi 
fying a chemical compound which activates a RyR2 recep 
tor, and then Synthesizing the chemical compound or a novel 
Structural and functional analog or homolog thereof. The 
invention provides a method for making a composition of 
matter which inhibits the activation of a RyR2 receptor 
which comprises identifying a chemical compound using 
any one of the methods described herein for identifying a 
chemical compound which inhibits the activation of a RyR2 
receptor, and then Synthesizing the chemical compound or a 
novel Structural and functional analog or homolog thereof. 

0118. This invention provides a pharmaceutical compo 
Sition comprising (a) an amount of a chemical compound 
identified using any one of the methods described herein for 
identifying a compound which activates a RyR2 receptor, or 
a novel Structural and functional homolog or analog thereof, 
capable of passing through a cell membrane and effective to 
activate a RyR2 receptor and (b) a pharmaceutically accept 
able carrier capable of passing through the cell membrane. 
The invention provides a pharmaceutical composition com 
prising (a) an amount of a chemical compound identified 
using any one of the methods described herein for identi 
fying a compound which inhibits the activation of a RyR2 
receptor, or a novel Structural and functional homolog or 
analog thereof, capable of passing through a cell membrane 
and effective to inhibit the activation of a RyR2 receptor and 
(b) a pharmaceutically acceptable carrier capable of passing 
through the cell membrane. 

0119) This invention provides a method for preparing a 
composition which comprises admixing a carrier, for 
example a pharmaceutically acceptable carrier, and a phar 
maceutically effective amount of a chemical compound 
identified by any of the methods described herein, or a novel 
Structural and functional analog or homolog thereof. 

0120) This invention provides a method of treating a 
Subject with a heart disease which comprises administering 
to the Subject a therapeutically effective amount of a chemi 
cal compound identified by any of the methods described 
herein, or a novel Structural and functional analog or 
homolog thereof. In one embodiment, the heart disease is a 
cardiac failure or a cardiac arrhythmia. In a further embodi 
ment, the cardiac arrhythmia is a ventricular fibrillation or a 
Ventricular tachycardia. 

0121 This invention provides the use of a chemical 
compound, identified using any one of the methods 
described herein for identifying a compound which activates 
a RyR2 receptor, for the preparation of a pharmaceutical 
composition for treating an abnormality, wherein the abnor 
mality is alleviated by activating a RyR2 receptor. The 
invention provides the use of a chemical compound, iden 
tified using any one of the methods described herein for 
identifying a compound which inhibits the activation of a 
RyR2 receptor, for the preparation of a pharmaceutical 
composition for treating an abnormality, wherein the abnor 
mality is alleviated by inhibiting the activation of a RyR2 
receptor. In one embodiment, the abnormality is a heart 
disease. In one embodiment, the heart disease is a cardiac 
failure or a cardiac arrhythmia. In a further embodiment, the 
cardiac arrhythmia is a ventricular fibrillation or a Ventricu 
lar tachycardia. 
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0122) This invention provides assays for RyR2 receptor 
channel function which involve measuring protein kinase A 
(PKA) phosphorylation of the RyR2 receptor, the degree of 
association of the FKBP12.6 binding protein with the RyR2 
receptor, the Subconductance State of the RyR2 receptor 
channel, the Ca" sensitivity for activation of the RyR2 
receptor channel, or the open probability (P) of the RyR2 
receptor channel. 

0123. In the subject invention, a “pharmaceutically effec 
tive amount' is any amount of a compound which, when 
administered to a Subject Suffering from a disease against 
which the compound is effective, causes reduction, remis 
Sion, or regression of the disease. Furthermore, as used 
herein, the phrase “pharmaceutically acceptable carrier' 
means any of the Standard pharmaceutically acceptable 
carriers. Examples include, but are not limited to, phosphate 
buffered Saline, physiological Saline, water, and emulsions, 
Such as oil/water emulsions. 

0.124 Approaches to designing and Synthesizing receptor 
Selective compounds are well known and include traditional 
medicinal chemistry and the newer technology of combina 
torial chemistry, both of which are Supported by computer 
assisted molecular modeling. With Such approaches, chem 
ists and pharmacologists use their knowledge of the 
Structures of the targeted receptor Subtype and compounds 
determined to bind and/or activate or inhibit activation of the 
receptor to design and Synthesize Structures that will have 
activity at these receptor Subtypes. 

0.125 Combinatorial chemistry involves automated syn 
thesis of a variety of novel compounds by assembling them 
using different combinations of chemical building blockS. 
The use of combinatorial chemistry greatly accelerates the 
process of generating compounds. The resulting arrays of 
compounds are called libraries and are used to Screen for 
compounds (“lead compounds”) that demonstrate a Suffi 
cient level of activity at receptors of interest. Using combi 
natorial chemistry it is possible to synthesize “focused” 
libraries of compounds anticipated to be highly biased 
toward the receptor target of interest. 

0.126 Once lead compounds are identified, whether 
through the use of combinatorial chemistry or traditional 
medicinal chemistry or otherwise, a variety of homologs and 
analogs are prepared to facilitate an understanding of the 
relationship between chemical Structure and biological or 
functional activity. These Studies define Structure activity 
relationships which are then used to design drugs with 
improved potency, Selectivity and pharmacokinetic proper 
ties. Combinatorial chemistry is also used to rapidly gener 
ate a variety of Structures for lead optimization. Traditional 
medicinal chemistry, which involves the Synthesis of com 
pounds one at a time, is also used for further refinement and 
to generate compounds not accessible by automated tech 
niques. Once Such drugs are defined the production is Scaled 
up using Standard chemical manufacturing methodologies 
utilized throughout the pharmaceutical and chemistry indus 
try. 

0127. This invention will be better understood from the 
Experimental Details which follow. However, one skilled in 
the art will readily appreciate that the Specific methods and 
results discussed are merely illustrative of the invention as 
described more fully in the claims which follow thereafter. 
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EXPERIMENTAL DETAILS 

0128. The following Experimental Details are set forth to 
aid in an understanding of the invention, and are not 
intended, and should not be construed, to limit in any way 
the invention set forth in the claims which follow thereafter. 

MATERIALS AND METHODS 

0.129 Immunoprecipitation and Back-Phosphorylation of 
RyR2. Homogenates and sarcoplasmic reticulum (SR) mem 
branes were prepared from cardiac ventricular tissue as 
described by Kaftan et al. (1996). Cardiac SR (200 ug) or 
homogenates (500 ug) were suspended in 0.5 ml of buffer 
(50 mM Tris-HCl (pH 7.4), 0.9% NaCl, 0.5 mM NaF, 0.5 
mM NaVO, 0.25% Triton X100, and protease inhibitors). 
Samples were incubated overnight at 4 C. with the anti 
bodies indicated below (immunoglobulin G (IgG) alone was 
used as a negative control for immunoprecipitations with 
each antibody, data not shown). Protein A Sepharose beads 
were added to the samples followed by incubation at 4 C. 
for 1 hour with constant mixing. Beads were washed with a 
1x phosphorylation buffer (8 mM MgCl, 10 mM ethylene 
glycol-bis(B-aminoethylether)N.N,N',N'-tetraacetic acid 
(EGTA), and 50 mM Tris/piperazine-N,N'-bis(2-ethane 
sulfonic acid), pH 6.8), resuspended in 10 ul of a 1.5x 
phosphorylation buffer containing either vehicle alone, cata 
lytic subunit of PKA (Sigma, St. Louis, Mo.), or PKA plus 
a PKA inhibitor (PKI, 500 nM, Calbiochem, San Diego, 
Calif.), or cAMP as indicated. Back-phosphorylation of 
immunoprecipitated RyR2 was initiated by addition of PKA 
(5 units) and MgATP (33 uM) and terminated after incuba 
tion for 5 minutes at room temperature by the addition of 5 
ul of stop solution (4% sodium dodecylsulfate (SDS) and 
0.25 M dithiothreitol (DTT)). RyR2 phosphorylation with: 
1) protein kinase C (PKC) (0.05 units, Calbiochem) was 
performed under similar conditions (1.5 mM CaCl was 
added to the phosphorylation buffer); and 2) with Ca"/ 
calmodulin-dependent protein kinase (CaMKII, 0.2 ug, 
Upstate Biotech, Lake Placid, N.Y.); 1.5 mM CaCl and 5 
luM calmodulin were added to the phosphorylation buffer. In 
Some experiments the adenosine triphosphate (ATP) Solu 
tion also contained 10% YP-ATP (NEN Life Sciences, 
Boston, Mass.). Samples were heated to 95 C. and size 
fractionated on 6% SDS-PAGE. The radioactive signal 
corresponding to the RyR2 band was quantified using a 
Molecular DynamicS Phosphorimager and ImageOuant Soft 
ware (Amersham Pharmacia Biotech, Piscataway, N.J.). 
Back-phosphorylation was quantified using a phosphorim 
ager, non-specific phosphorylation (not inhibited by addition 
of the PKA inhibitor) was subtracted and the resulting value 
was divided by the amount of RyR2 protein in each immu 
noprecipitate (determined by immunoblotting and densito 
metry or by Hryanodine binding) and expressed as the 
inverse of the PKA-dependenty-P-ATP signal. Microcys 
tin-sepharose (35 ul, UBI) was used to isolate RyR2 from 
200 lug of cardiac SR by incubating at 4 C. for 1 hour 
followed by washing. Beads were resuspended in 6x SDS 
loading buffer, boiled and the Supernatant was size fraction 
ated on SDS-PAGE. Phosphatases PP1 and PP2A bound to 
the microcystin-Sepharose beads were competed off with 
addition of free microcystin-LR (Calbiochem). 
0130 Stoichiometry of PKA Phosphorylation. Maximum 
PKA-dependent phosphorylation was determined by pre 
treatment of RyR2 with alkaline phosphatase (AP, 1:100 
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enzyme:protein, New England Biolabs) for 20 minutes at 
37 C. to remove bound phosphate. The reaction was ter 
minated by the addition of 5 ul of stop solution. NaF was 
omitted, then added after dephosphorylation to terminate the 
reaction. Samples were back-phosphorylated with PKA as 
described above. To calculate the stoichiometry of PKA 
phosphorylation of RyR2 a phosphorimager was used to 
calibrate signals generated by YP-ATP standards of 
known specific activity (from 2.0x10" to 2.0x10 uCi/uL). 
The molar ratio of P/RyR2 was calculated by dividing the 
'P-phosphorylation by the amount of high affinity H 

ryanodine binding (one high affinity ryanodine binding site 
per RyR2) in each sample of immunoprecipitated RyR2 
protein. 

0131 Immunoblots. Immunoblots were performed as 
described (Moschella and Marks, 1993) using the following 
antibodies: anti-FKBP12 (1:1000), anti-RyR (5029, 1:3000) 
(Jayaraman et al., 1992), anti-PP1 (1:1000), anti-PP2A 
(1:1000), anti-CnA (1:1000), anti-PKA catalytic subunit 
(1:1000, Transduction Labs, Lexington, Ky.), anti-phospho 
Serine (1 lug/ml, Zymed San Francisco, Calif.), anti-mAKAP 
(3 tug/ml, Upstate Biotechnology, Lake Placid, N.Y.), or 
purified VO56 (anti-mAKAP antibody) (Kapiloff et al., 
1999). After washing, membranes were incubated with 
peroxidase conjugated goat anti-rabbit or goat anti-mouse 
IgG antiserum (1:3000, Boehringer-Mannheim) for 60 min 
utes at room temperature, washed x3 with tris buffered 
saline (TBS), 0.1% Tween 20, and developed using 
enhanced chemiluminescence (ECL, Amersham). 
0132 Yeast Two-Hybrid Assay to Identify the FKBP12.6 
Binding Site. Human FKBP12.6 c)NA was subcloned into 
the yeast two hybrid vector pEG202 (OriCiene Technologies, 
Rockville, Md.) to make pEGFKBP12.6 (FKBP12.6 fused 
to the GAL4 DNA binding domain). Human RyR2 cDNA 
fragments Subcloned into the yeast two hybrid vector 
pjG4-5 (OriCiene) were confirmed by sequencing. The yeast 
two hybrid assay for protein-protein interaction was per 
formed using the DuplEX-A yeast system (OriCiene) per 
manufacturer's instructions. p.GFKBP12.6 and paD 
GAL4RyR2/2361-2496 were co-transformed into the rapa 
mycin resistant mutant yeast Strain Y663 (Lorenz- and 
Heitman, 1995), and liquid f-galactosidase assays were 
performed in the absence or presence of rapamycin (0.1, 1.0, 
and 10 uM) which competes with RyR2 for binding to 
FKBP12.6. 

0.133 Site-Directed Mutagenesis, Expression of GST 
RyR2 Fusion Proteins and in Vitro Mapping pCST-RyR2 
constructs were generated using rabbit or human RyR2 
cDNA, and fusion proteins were expressed and purified with 
glutathione Sepharose beads. Site-directed mutagenesis was 
performed using the 5' Prime-3'-Prime Site-directed 
Mutagenesis Kit (Amersham Pharmacia Biotech) as per 
manufacturer's instructions. pGST-RyR2 fusion proteins 
bound to Sepharose beads were incubated with canine car 
diac SR (200 lug), pelleted, washed with modified RIPA 
buffer, size fractionated on SDS-PAGE, and immunoblotted 
with the indicated antibodies. 

0134) Immunohistochemistry. Human cardiac tissue was 
fixed in 10% neutral buffered formalin, and embedded in 
paraffin. Sections (4 uM) were dried overnight at 37 C., 
de-waxed with Xylenes, re-hydrated, incubated with phos 
phate buffered saline (PBS)+0.2% Tween-20 for 5 minutes, 
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then incubated with 5% goat serum in PBS for 1 hour at 
room temperature. Sections were then incubated with either 
pre-immune rabbit serum (IgG) or primary antibody 
mAKAP (VO56), RyR2 (monoclonal, Affinity 
Bioreagents); 1:50 in PBS--3% bovine serum albumin 
(BSA) overnight at 4 C., followed by intensive washing 
with PBS. Sections were then incubated with either FITC or 
rhodamine secondary antibody (1:100; Zymed) in 3% BSA 
PSA for 1 hour at room temperature, washed with PBS and 
stained with Hoescht dye (10 ug/ml) for 5 minutes, followed 
by intensive PBS washing. For double immunostaining, 
Slides were Sequentially stained with two individual primary 
antibodies followed by simultaneous incubation with the 
Secondary antibodies. Immunostained slides were examined 
using a Nikon microScope with 100x objective; images were 
acquired with a SPOT RT camera (Diagnostic Instruments 
Inc) using Adobe Photoshop. 
0.135 Isolation of RyR2 and Single Channel Recordings. 
Cardiac muscle heavy SR was incubated with Hryano 
dine, solubilized with 3-(3-Cholamidopropyl)-dimethylam 
monio-1-propanesulfonate (CHAPS) and centrifuged for 14 
hours on a 10 to 32% linear sucrose gradient at 26,000 rpm, 
2 C. in a Sorvall AH-629 rotor (Brillantes et al., 1994; Marx 
et al., 1998). Single channel recordings were performed as 
described (Brillantes et al., 1994). Single channel properties 
were evaluated using pCLAMP 6.02 software (Axon Instru 
ments). Open probabilities were determined by analyzing 
data at 10 and 30 second intervals over a minimum of 3 
minutes. At the conclusion of each experiment ryanodine 
and/or ruthenium red were applied to confirm the identity of 
channels as ryanodine receptorS. Results are presented as 
meanistandard deviation. The Student's t-test was used for 
Statistical analyses of the dwell time distributions and open 
probabilities. 

0.136 Human Heart Samples and Left Ventricular Assist 
Device (LVAD). The use of human tissues for this study was 
approved by the Institutional Review Board of Columbia 
Presbyterian Medical Center. Normal and failing human 
heart tissues were obtained as previously described from 
patients undergoing cardiac transplant (Go et al., 1995). Left 
ventricular assist devices (Thermo CardioSystems Inc., 
Woburn, Mass.) were implanted in patients as a bridge to 
heart transplantation according to Standard clinical practice 
(Frazier, 1994). 
0137 Muscle Strip Function. Trabeculae (diameters <1 
mm, lengths >3 mm) were obtained from human left ven 
tricular apical core samples obtained at the time of LVAD 
implantation or from hearts explanted at the time of ortho 
topic cardiac transplantation. Trabeculae were placed in a 
Standard muscle bath, attached to a force transducer and 
stimulated at 1 Hz, left to equilibrate for 1 hour prior to study 
at Slack length, then Stretched progressively to the point of 
maximal tension development (L). B-adrenergic response 
was tested by Superfusing the muscle with Krebs-Ringer 
Solution containing isoproterenol (4 uM). 

0138 Canine Heart Failure Model. Canine heart failure 
was induced by rapid cardiac pacing at 210 beats/minute for 
3 weeks followed by an additional week of pacing at 240 
beats/minute as described previously (Wang et al., 1997). 
This rapid cardiac pacing regimen induces Severe heart 
failure as evidenced by an average 40% reduction in left 
ventricular dP/dt (to ~1800 mmHg/second), 20% reduc 



US 2003/0134331 A1 

tions in peak left ventricular and mean aortic pressures (to 
100 and 85 mm Hg, respectively), a 50% increase in resting 
heart rate (to 132 beats/minute), and a rise in end-diastolic 
pressure to greater than 20 mm Hg (Wang et al., 1997). All 
procedures were approved by the Institutional Animal Care 
Committee. 

0139 Methods of Transfecting Cells. Methods of trans 
fecting cells with nucleic acid encoding a ryanodine receptor 
to obtain cells in which the ryanodine receptor is expressed 
are known in the art (See, for example, Brillantes et al., 
1994). In non-muscle cells, the RyR2 receptor is expressed 
on the endoplasmic reticulum. The cells may be additionally 
transfected with nucleic acid encoding a beta adrenergic 
receptor to obtain cells in which both the RyR2 receptor and 
beta adrenergic receptor are expressed. Such transfected 
cells may also be used to test compounds and Screen 
compound libraries to obtain compounds which bind recep 
tors as well as compounds which activate or inhibit activa 
tion of functional responses in Such cells, and therefore are 
likely to do so in vivo. 
0140. A broad variety of host cells can be used to study 
heterologously expressed proteins. These cells include but 
are not limited to mammalian cell lines Such as, for example, 
Cos-7, Chinese hamster ovary (CHO), LM(tk), HEK293; 
insect cell lines such as, for example, Sf9, Sf21; amphibian 
cells Such as Xenopus OOcytes, assorted yeast Strains, 
asSorted bacterial cell Strains, and others. Culture conditions 
for each of these cell types is specific and is known to those 
familiar with the art. 

0141 DNA encoding proteins to be studied can be tran 
Siently expressed in a variety of mammalian, insect, amphib 
ian, yeast, bacterial and other cells lines by Several trans 
fection methods including but not limited to: calcium 
phosphate-mediated, DEAE-deXtran mediated; liposomal 
mediated, Viral-mediated, electroporation-mediated, and 
microinjection delivery. Each of these methods may require 
optimization of assorted experimental parameters depending 
on the DNA, cell line, and the type of assay to be subse 
quently employed. 
0142 Heterologous DNA can be stably incorporated into 
host cells, causing the cell to perpetually express a foreign 
protein. Methods for the delivery of the DNA into the cell 
are similar to those described above for transient expression 
but require the co-transfection of an ancillary gene to confer 
drug resistance on the targeted host cell. The ensuing drug 
resistance can be exploited to Select and maintain cells that 
have taken up the DNA. An assortment of resistance genes 
are available including but not restricted to neomycin, 
kanamycin, and hygromycin. 
0143 Binding Assays. Methods of conducting binding 
assays are well known in the art. Labeled compounds are 
placed in contact with intact cells, or a cell extract contain 
ing Sacroplasmic reticulum or endoplasmic reticulum, 
expressing the RyR2 receptor. Methods of preparing a cell 
extract containing Sacroplasmic reticulum or endoplasmic 
reticulum are know in the art (e.g., Kaftan et al., 1996). If the 
compound is labeled with a radioactive isotope Such as H, 
'C, I, S, PP, P, the bound compound may be detected 
by using liquid Scintillation counting, Scintillation proxim 
ity, or any other method of detection for radioactive isotopes. 
If the compound was labeled with a fluorescent compound, 
the bound labeled compound may be measured by methods 
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Such as, but not restricted to, fluorescence intensity, time 
resolved fluorescence, fluorescence polarization, fluores 
cence transfer, or fluorescence correlation spectroscopy. In 
this manner, compounds that bind to the receptor may be 
identified as they inhibit the binding of the labeled com 
pound to the receptor. 
0144 Assays for Compounds to Treat Heart Disease. 
PKA phosphorylation of RyR2 increases the activity of the 
RyR2 channel resulting in the release of more calcium into 
the cytoplasm of the cell for a given activator of the channel. 
Compounds that block PKA activation of RyR2 would be 
expected to reduce the activation of the RyR2 channel 
resulting in less release of calcium into the cell. Compounds 
that bind to the RyR2 channel at the FKBP12.6 binding site 
but do not come off the channel when the channel is 
phosphorylated by PKA would also be expected to decrease 
the activity of the channel in response to PKA activation or 
other triggers that activate the RyR2 channel. Such com 
pounds would also result in leSS calcium release into the cell. 
0145 One assay for compounds that may be effective in 
treating heart disease involves measuring the release of 
calcium into cells via the RyR2 channel using calcium 
Sensitive fluorescent dyes (e.g. Fluo-3, Fura-2). The assay 
involves loading cells with the fluorescent dye and Stimu 
lating the cells with a RyR2 activator and determining 
whether or not a compound added to the cells reduces the 
calcium-dependent fluorescent signal (Brillantes et al., 
1994; Gillo et al., 1993; Jayaraman et al., 1996). One RyR2 
activator is caffeine which can be added to the cell. When 
calcium is released into the cytoplasm of the cell it is bound 
by the calcium-Sensitive dye which then emits a fluorescent 
Signal. Calcium-dependent fluorescent Signals are monitored 
with a photomultiplier tube and analyzed with appropriate 
Software as described by Brillantes et al., 1994; Gill et al., 
1993; and Jayaraman et al., 1996. This assay can be easily 
automated to Screen large numbers of compounds using 
multiwell dishes. The assay involves expressing recombi 
nant RyR2 channels in a heterlogous expression System Such 
as bacterial, yeast, insect, Sf9, HEK293, CHO, COS-7, 
LM(tk-), mouse embroyonic fibroblast NIH-3T3, 293 
human embryonic kidney, or HeLa cells (Brillantes et al., 
1994). In non-muscle cells, the RyR2 receptor is expressed 
on the endoplasmic reticulum. When the RyR2 channel is 
activated, calcium is released from the endoplasmic reticu 
lum into the cytoplasm of the cell. RyR2 receptors could be 
co-expressed with beta adrenergic receptors. This would 
permit the assessment of compounds on RyR2 receptor 
activation in response to addition of beta adrenergic receptor 
agonists. 

0146) Another assay involves measuring the level of 
protein kinase A phosphorylation of RyR2 which correlates 
with the degree of heart failure and can be used to determine 
the efficacy of compounds designed to block the protein 
kinase A phosphorylation of the RyR2 channel. This assay 
can be used in connection with animal models in which heart 
failure is induced by rapid cardiac pacing. The assay is based 
on the use of antibodies that are specific for the RyR2 
channel protein (anti-RyR2 antibody). For this assay the 
RyR2 channel protein is immunoprecipitated with the anti 
RyR2 antibody and then back-phosphorylated with protein 
kinase A and YP-adenosine triphosphate (ATP). The 
amount of radioactive 'P label that is transferred to the 
RyR2 receptor protein can be measured using a phospho 
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rimager. In another version of the assay, the antibody is 
specific for the phosphorylated form of the RyR2 receptor, 
in which case back-phosphorylation is not necessary. 

0.147. Other assays for RyR2 receptor channel function 
involve measuring the degree of association of the 
FKBP12.6 binding protein with the RyR2 receptor, the 
subconductance state of the RyR2 receptor channel, the Ca" 
sensitivity for activation of the RyR2 receptor channel, or 
the open probability (P) of the RyR2 receptor channel. 

RESULTS 

0148 Protein Kinase A Phosphorylates RyR2. The 565, 
000 dalton RyR2 polypeptide was PKA phosphorylated in in 
vitro kinasing reactions (FIG. 1A). To confirm the identity 
of the PKA phosphorylated high molecular weight protein as 
RyR2 the phosphorylated band was immunoblotted with 
anti-RyR antibody. The specificity of the phosphorylation 
was demonstrated using a PKA inhibitor (FIG. 1A). Addi 
tion of phosphorylation buffer including cAMP without 
exogenous PKA also resulted in phosphorylation of RyR2 
that was inhibited by PKI indicating that endogenous PKA 
was associated with RyR2 (FIG. 1A). The stoichiometry of 
PKA phosphorylation was determined by immunoprecipi 
tating RyR2 from cardiac muscle SR, fully dephosphorylat 
ing the RyR2 protein with alkaline phosphatase, and then 
phosphorylating with PKA and YP-ATP. The stoichiom 
etry of PKA phosphorylation was 3.8+0.1 moles of phos 
phate per mole of channel (each channel comprises four 
RyR2 subunits) or about one mole of phosphate per RyR2 
subunit indicating that each RyR2 protein is PKA phospho 
rylated on a Single amino acid residue. 
0149 RyR2 Macromolecular Complex Includes 
FKBP12.6., PKA, PP1, PP2A and mAKAP. RyR2 was 
isolated by Sucrose density gradient centrifugation using 
Hryanodine (FIG. 1B) as described (Marx et al., 1998). 

Individual tetrameric RyR2 channels sediment as 30S com 
plexes and multiple channels (two or more) sediment as 
denser complexes (Marx et al., 1998). The muscle A kinase 
anchoring protein (mAKAP) that binds PKA and targets it to 
substrates has been localized to cardiac SR (Kapiloff et al., 
1999; Yang et al., 1998). The major protein phosphatases in 
cardiac muscle are protein phosphatase 2A (PP2A), protein 
phosphatase 1 (PP1) (MacDougall et al., 1991), and cal 
cineurin (CniA). Fractions from the Sucrose gradient were 
immunoblotted with either anti-RyR antibody or with anti 
bodies that recognize FKBP12.6, the catalytic subunit of 
PKA, the PKA regulatory subunit (RID), PP2A, PP1, 
mAKAP or Cn A (FIG. 1C) all of which (with the exception 
of CnA) were detected in all fractions containing RyR2. 
These data are consistent with a high molecular weight 
complex comprised of RyR2, FKBP12.6, PKA, RII, PP1, 
PP2A and mAKAP. 

0150. The phosphatase inhibitor microcystin binds to 
PP1 and PP2A. RyR2 was sedimented by binding to micro 
cystin-Sepharose beads, and the Specificity of this interaction 
was demonstrated by competing off RyR2 using free micro 
cystin-LR (FIG. 1D). Co-immunoprecipitations were per 
formed showing that FKBP12.6, PKA, RII, PP2A, PP1 and 
mAKAP all co-immunoprecipitated with RyR2, indicating 
physical association of these proteins and the SR Ca" 
release channel (FIG. 1E). The existence of a macromo 
lecular complex was shown independently by first Sediment 
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ing the complex with microcystin-Sepharose beads followed 
by competing the complex off from the beads with free 
microcystin-LR and then immunoprecipitating each of the 
components of the complex (FIG. 1E, last three lanes). 
Taken together these data show that FKBP12.6, PKA, RII, 
PP1, PP2A and mAKAP comprise a macromolecular com 
plex with RyR2. 

0151 PKA Hyperphosphorylation of RyR2 in Failing 
Heart Muscle. Increased Sympathetic activity is an important 
physiologic response to StreSS resulting in activation of the 
adrenergic Signaling pathway that generates increased 
cAMP levels and activates PKA. In failing hearts (regardless 
of the etiology of the damage to the heart) circulating 
catecholamine levels are markedly increased. Specific PKA 
phosphorylation of RyR2 in normal and failing hearts was 
examined using both back phosphorylation with Y-P-ATP 
and anti-phosphoserine immunoblots (FIGS. 2A and 2B). 
0152 Strikingly, PKA phosphorylation of RyR2 was sig 
nificantly elevated in failing hearts from humans and from 
animal models (dogs with pacing-induced heart failure) 
compared to non-failing hearts (FIGS. 2A and 2B). PKA 
phosphorylation of RyR2 channels from failing hearts was 
increased ~4-fold compared to RyR2 channels from non 
failing hearts. The stoichiometry of PKA back-phosphory 
lation of RyR2 channels isolated from failing hearts was 
0.7+0.3 moles of phosphate transferred per mole of channel 
(n=8) compared to 3.1+0.1 moles of phosphate transferred 
per mole of channels from normal non-failing hearts, (n=6, 
p<0.0001). These data Suggest that in failing hearts approxi 
mately three of the four PKA sites on the tetrameric RyR2 
channel are phosphorylated in Vivo, whereas only one site is 
phosphorylated in vivo on RyR2 isolated from normal 
non-failing hearts. 

0153. This increase in PKA phosphorylation of RyR2 
was not due to an increase in the levels of PKA protein 
associated with RyR2 in failing hearts as determined by 
co-immunoprecipitation of PKA with RyR2 (FIG. 2A). 
PKA back-phosphorylation was performed using immuno 
precipitated RyR2 to ensure that the phosphorylation signal 
which was measured represented specifically RyR2 PKA 
phosphorylation. RyR2 levels are decreased in failing hearts 
(Go et al., 1995). PKA phosphorylation of RyR2 was nor 
malized to the amount of immunoprecipitated RyR2 protein 
to enable valid comparisons of the amount of PKA phos 
phorylation per RyR2 molecule from normal and failing 
hearts (FIGS. 2A and 2B). Moreover, identical results were 
obtained when immunoprecipitated RyR2 was immunoblot 
ted with an anti-phosphoserine antibody (e.g. see FIG. 2B 
inset) confirming that the RyR2 channels from failing hearts 
were PKA hyperphosphorylated compared to channels from 
non-failing hearts. 

0154) Left ventricular assist devices (LVADs) are used as 
a bridge to transplantation when donor hearts are not avail 
able. Studies have shown that the hemodynamic unloading 
of the left ventricle provided by LVADs results in a signifi 
cant improvement in cardiac contractile function when the 
device is implanted in failing hearts (Levin et al., 1995). At 
the time of LVAD insertion a tissue core is removed from the 
patient's left ventricle and this tissue can then be compared 
to tissue from the explanted heart which becomes available 
at the time of transplantation. Thus, the pre-LVAD sample 
comes from failing hearts and the post-LVAD Sample comes 
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from hearts with improved function. PKA phosphorylation 
of RyR2 was significantly increased in pre-LVAD heart 
Samples compared to Samples from non-failing hearts and 
returned to normal levels following LVAD treatment (FIGS. 
2A and 2B). Taken together these data show: 1) PKA 
phosphorylation of RyR2 is regulated physiologically in 
vivo; 2) heart failure is associated with increased PKA 
phosphorylation of RyR2; and 3) the PKA phosphorylation 
of RyR2 returns to normal levels when the cardiac function 
is improved by LVAD insertion. 
0.155. Many patients with end-stage heart failure are 
treated with f-adrenergic agonists (e.g. dobutamine) prior to 
cardiac transplantation, while Some patients are admitted 
directly from home when a donor heart becomes available 
and therefore are not receiving 62 -adrenergic agonists 
which are administered intravenously in the hospital. PKA 
phosphorylation of RyR2 was significantly elevated in the 
hearts from patients not on B-adrenergic agonists compared 
to normals (FIGS. 2A and 2B). PKA phosphorylation of 
RyR2 was significantly further increased in hearts from 
those patients treated with 3-adrenergic agonists prior to 
cardiac transplantation (FIGS. 2A and 2B). These data 
indicate that exogenous administration of B-adrenergicago 
nists to patients with heart failure can further increase the 
PKA phosphorylation of RyR2 in the heart. 

0156 To determine whether the increased PKA phospho 
rylation of RyR2 observed in failing hearts was explained 
solely by an increase in PKA activity or possibly by a 
concomitant decrease in the activity of phosphatases which 
catalyze the removal of phosphate groups, the amounts of 
PP1 and PP2A physically associated with RyR2 in failing 
hearts were compared to those in normal hearts from 
humans and dogs (FIGS. 2C and 2D). There was a signifi 
cant decrease in the levels of PP1 and PP2A that co 
immunoprecipitated with RyR2 from failing hearts (FIGS. 
2C and 2D). The decrease in the amount of PP1 (but not of 
PP2A) associated with RyR2 was restored to normal by 
LVAD treatment (FIGS. 2C and 2D). These data suggest 
that at least in part the PKA hyperphosphorylation of RyR2 
is due to a decrease in phosphatase bound to the RyR2 
channel macromolecular complex. 
O157 Mapping Signaling Complex Binding Sites on 
RyR2. The FKBP12.6 binding site on RyR2 was identified 
using a yeast two-hybrid protein interaction Screen in which 
yeast were transformed with vectors containing either frag 
ments of RyR2 or the full length FKBP12.6 fused to the 
Gal4 activation domain or DNA binding domain. One RyR2 
fragment corresponding to amino acid residues 2361-2496 
(Otsu et al., 1990) resulted in a positive interaction with 
FKBP12.6 as determined by an increase in B-galactosidase 
activity (FIG.3A). Using rapamycin-resistant yeast (Lorenz 
and Heitman, 1995), rapamycin was shown to specifically 
inhibit the interaction between FKBP12.6 and RyR2 (FIG. 
3A) in yeast in a concentration-dependent manner indicating 
that the interaction between FKBP12.6 and RyR2 was 
Specific. This fragment contains the hydrophobic motif 
comprised of isoleucine 2427 and proline 2428 (FIG. 3A) 
that is homologous to the FKBP12 binding site in RyR1, 
IP3R1 (Cameron et al., 1997), and TRI (FIG. 3A). Using 
GST-RyR2 fusion proteins in pull-down assays with cardiac 
SR, binding domains on RyR2 for PP1 (residues 513-808), 
and PP2A (residues 1451-1768) were mapped (FIG. 3B). 
Interestingly, the binding domains for PP1 and PP2A both 
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contain leucine/isoleucine ZipperS. Immunohistochemistry 
showed that mAKAP is present in the cardiac SR, the same 
cellular location as RyR2, and there was no difference in this 
regard between normal and failing human hearts (FIG. 3C). 
Wild type and mutant GST-RyR2 fusion proteins were used 
to determine the site of PKA phosphorylation (serine 2809, 
FIG. 3D). 
0158 PKA Phosphorylation of RyR2 Inhibits FKBP12.6 
Binding. PKA phosphorylation of immunoprecipitated 
RyR2 (there was no PKA phosphorylation of FKBP12.6) 
resulted in a significant decrease (~90+9% reduction, n=8, 
p<0.001) in the amount of FKBP12.6 co-immunoprecipitat 
ing with RyR2 (FIG. 4A). No dissociation of FKBP12.6 
from RyR2 was observed in the following negative controls: 
1) including the PKA inhibitor PKI in the reaction; 2) boiling 
the PKA; 3) omitting ATP. Neither Ca" calmodulin kinase 
(CaMKII) nor protein kinase C (PKC), both of which 
phosphorylate RyR2, caused the dissociation of FKBP12.6 
from RyR2 indicating that the PKA phosphorylation-in 
duced dissociation of FKBP12.6 from RyR2 is a specific 
effect (FIG. 4A). Furthermore, there was a significant 
decrease in the amount of FKBP12.6 that co-immunopre 
cipitated with RyR2 from failing hearts compared to normal 
hearts both in humans (65+11% reduction, n=4, p<0.005) 
and in dogs with pacing-induced heart failure (50+8% 
reduction, n=3, p<0.005) (FIG. 4B). The total amount of 
FKBP12.6 was the same in homogenates from normal and 
failing hearts as determined by immunoblotting (data not 
shown). These data show that PKA phosphorylation of 
RyR2 provides a mechanism for the physiologic and patho 
physiologic regulation of FKBP12.6 binding to RyR2. 
0159) PKA Phosphorylation of RyR2 Increases P. and 
Induces Subconductance States. The dissociation of 
FKBP12/12.6 from RyR1 or RyR2 has previously been 
shown to increase the channel open probability (P.) by 
shifting the Cat"-dependence for activation to the left (Bril 
lantes et al., 1994; Kaftan et al., 1996). A second effect of 
dissociation of FKBP12/12.6 from the channels is to induce 
Subconductance States consistent with a destabilization of 
the tetrameric channel structure (Brillantes et al., 1994). 
PKA phosphorylation of RyR2 in planar lipid bilayers 
resulted in a significant increase in Po from 0.10+0.03 to 
0.35+0.06 (n=4/4, p<0.001, e.g. FIG. 5A). PKA phospho 
rylation of RyR2 also induced Subconductance States (n=4, 
e.g. FIG. 5B) similar to those seen after dissociation of 
FKBP from the RyR channels (Brillantes et al., 1994; Kaftan 
et al., 1996; Marx et al., 1998). PKA phosphorylation of 
RyR2 channels did not alter the mean open time of the full 
conductance State (for control channels T-2.1+0.8 ms vs. 
2.6+0.6 ms following PKA treatment, n=4, p=NS). How 
ever, long lasting Subconductance States (t=502.1-40.8 ms) 
were observed following PKA phosphorylation of RyR2 
channels in the bilayer (FIG. 5B). In addition, the phos 
phatase inhibitor okadaic acid (1 lum) significantly increased 
RyR2 Po from 0.3+0.1 to 0.8+0.1, n=5/6, p<0.001). These 
data Suggest that the mechanism by which PKA phospho 
rylation activates RyR2 channels involves dissociation of 
FKBP12.6 from the channel resulting in increased sensitiv 
ity to Ca"-induced activation. 
0160 Heart Failure and PKA Hyperphosphorylation Pro 
duce the Same RyR2 Defects. Single channel recordings of 
RyR2 channels from human hearts (n=21, 13 channels from 
3 patients with heart failure including 3 channels from 
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pre-LVAD treatment heart Samples, 4 channels from non 
failing hearts, and 4 channels from hearts post-LVAD treat 
ment) and canine hearts (n=27, 14 channels from 2 dogs 
with pacing-induced heart failure, and 13 channels from 
non-failing hearts) revealed that the RyR2 channels from 
failing hearts exhibited the same alterations in Single chan 
nel properties (FIGS. 6A and 6B) as the PKA phosphory 
lated channels (FIG.5B). RyR2 channels from failing hearts 
exhibited an increased P. at low cis (cytosolic) Cat" con 
centration (50 nM, 0.24+0.21 versus 0.002+0.001, n=27 
failing hearts, n=21 non-failing and post-LVAD hearts, 
p<0.0001). At 50 nM cis (cytosolic) Ca"), 70% of the 
RyR2 channels from failing hearts (19/27) exhibited 
increased P (P-0) compared with 9.5% (2/21) channels 
from non-failing hearts. Moreover, there were two types of 
behavior exhibited by RyR2 channels that were active at 50 
nM cis (cytosolic) Ca"). Fifty-six % of RyR2 channels 
from failing hearts exhibited low levels of activity (n=15/27, 
P. -0.03), which is abnormal as channels from non-failing 
hearts are almost always completely inactive at 50 nM cis 
(cytosolic) Cat" (FIG. 6B). Strikingly, 15% of the RyR2 
channels from failing hearts (n=4/27) exhibited a second 
type of behavior that was never observed in channels from 
normal hearts: a long lasting Subconductance State at 50 nM 
cis (cytosolic) Cat with P. as 1.0 (FIG. 6B) similar to 
those observed following PKA phosphorylation of RyR2 
channels in the bilayer (e.g. see FIG. 5B). These subcon 
ductance States had markedly increased open times (t= 
802.1+66.7 ms) compared to the RyR2 channels from non 
failing hearts (t=2.2+0.7 ms) (e.g. see FIG. 6B). RyR2 
channels that are active at 50 nM cis (cytosolic) Ca") 
would be expected to be open throughout the cardiac cycle 
(both in systole and diastole). 
0161 In 52% of RyR2 channels from failing hearts 
subconductance states were observed (n=14/27) that were 
present in less than 5% of channels from normal hearts 
(n=1/21, p<0.001) (e.g. see FIG. 6A). The subconductance 
states are similar to those observed when RyR1 channels are 
expressed without FKBP12 (Brillantes et al., 1994) or when 
FKBP12.6 is dissociated from native RyR2 channels (Kaftan 
et al., 1996) and in PKA phosphorylated channels (FIG. 
5A). As noted above channels from failing hearts also 
exhibited increased PKA phosphorylation (FIGS. 2A and 
2B) and reduced FKBP12.6 binding (FIG. 4B). These data 
Suggest that increased PKA phosphorylation of RyR2 in 
failing hearts results in dissociation of FKBP12.6 which 
causes defects in the Single channel properties characterized 
by Subconductance states and increased P. consistent with 
destabilized channels and altered Ca" sensitivity (Brillantes 
et al., 1994). 
0162 B-Adrenergic Agonist Response Restored by 
LVAD Treatment. Physiologic levels of PKA phosphoryla 
tion of RyR2 would increase SR Ca" release resulting in 
increased cardiac muscle contractility that explains, at least 
in part, the inotropic effects of B-adrenergic agonists. The 
blunting of the B-adrenergic agonist-induced increase in 
cardiac contractility in failing hearts has been attributed to 
the downregulation and desensitization of B-adrenergic 
receptors in failing hearts (Bristow et al., 1992). 
0163 The blunted response to B-adrenergic agonists may 
in part be explained by the fact that in failing heart muscle 
RyR2 channels are already hyperphosphorylated (FIGS. 2A 
and 2B) and further PKA phosphorylation of RyR2 cannot 
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occur. Interventions that decrease PKA phosphorylation of 
RyR2 back towards the levels observed in non-failing hearts 
should restore B-adrenergic agonist induced increases in 
cardiac contractility. To test this hypothesis we used muscle 
Strips isolated from pre- and post-LVAD hearts placed in 
organ baths under conditions Such that isoproterenol-in 
duced contraction could be determined. Compared to normal 
hearts, the pre-LVAD (failing) muscle strips exhibited a 
blunted response to isoproterenol (FIG. 6C) which was 
significantly restored following LVAD treatment. LVAD 
treatment restores PKA phosphorylation of RyR2 to normal 
levels (FIGS. 2A and 2E) and reverses the defect in single 
channel properties of RyR2/Ca" release channels (data not 
shown). These data Suggest that restoration of Sensitivity to 
B-adrenergic agonists observed in the post-LVAD muscle 
may be explained in part by the increased availability of 
these RyR2 channels to be physiologically PKA phospho 
rylated. 

DISCUSSION 

0164. The present application discloses that PKA phos 
phorylation regulates FKBP12.6 binding to RyR2 providing 
a mechanism for modulating the Sacroplasmic reticulum 
Ca" release channel required for excitation-contraction 
coupling. PKA hyperphosphorylation of RyR2 in failing 
hearts resulted in the following abnormal Single channel 
properties: 1) increased Ca" sensitivity for activation; and 
2) elevated channel activity (P.) associated with destabili 
zation of the tetrameric channel complex (manifested as 
Subconductance States including long lasting partially open 
States never observed in channels from non-failing hearts). 
Co-Sedimentation and co-immunoprecipitation Studies were 
used to define an RyR2 channel macromolecular complex 
that includes FKBP12.6, PKA, RII, PP1 and PP2A, and 
mAKAP Suggesting that phosphorylation of the channel is 
locally controlled (FIG. 7). 
0165 FKBP12.6 and FKBP12 are integral components of 
the cardiac muscle RyR2 and skeletal muscle RyR1 SR Ca" 
release channels, respectively (Jayaraman et al., 1992; 
Marks, 1996) and are required for normal channel gating 
(Brillantes et al., 1994; Kaftan et al., 1996; Marx et al., 
1998). Dissociation of FKBP12/12.6 from RyR1 or RyR2 
results in three defects in channel function: 1) Subconduc 
tance States with conductances equal to 4, 72 and % of the 
fully open channel; 2) increased P.; and 3) increased sen 
sitivity to Ca"-dependent activation (Brillantes et al., 1994; 
Kaftan et al., 1996; Marx et al., 1998). The increased P. 
exhibited in channels following removal of FKBP12/12.6 is 
explained by the increased sensitivity to Ca"-dependent 
activation (Brillantes et al., 1994) which represents a shift to 
the left of the ascending portion of the bell-shaped curve 
describing the Ca"-dependence of the RyR channels (Bez 
prozvanny et al., 1991). Increased P. at low cytosolic Ca" 
(e.g. 50 nM Cat"), see FIG. 6B) would result in inappro 
priately active SR Ca" release channels. This would lead to 
depletion of SR Cat" that might impair systolic function of 
the heart (by diminishing the Ca" signal that activates 
muscle contraction). Inappropriate SR Ca" release channel 
activation at low cytosolic Ca" might also contribute to 
early and delayed afterdepolarizations that trigger fatal 
cardiac arrhythmias and cause Sudden cardiac death (Foz 
Zard, 1992). 
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0166 Alterations in RyR2 single channel function 
induced by PKA phosphorylation, correspond to those 
observed when FKBP12.6 is dissociated from the channel 
(FIGS. 5A and 5B). In agreement with our findings it has 
been reported that PKA phosphorylation of RyR2 increases 
the activity of the channel (Hain et al., 1995; Valdivia et al., 
1995). RyR2 channels isolated from failing hearts were PKA 
hyperphosphorylated (FIGS. 2A and 2B) and exhibited the 
same alterations in function observed in in vitro PKA 
phosphorylated channels (FIGS. 6A and 6B). Taken 
together these data show that PKA hyperphosphorylation of 
RyR2 in failing hearts causes a defect in channel function 
due to the dissociation of the regulatory subunit FKBP12.6. 
Treatment of heart failure with a mechanical device (LVAD) 
that improves heart function was associated with a decrease 
in RyR2 PKA phosphorylation to levels observed in normal 
human hearts (FIGS. 2A and 2B). In addition LVAD 
treatment resulted in normalized RyR2 single channel func 
tion (i.e. reduction in Subconductance States, normalization 
of the Ca" sensitivity for activation and decreased P.). 
0167. An additional effect of dissociation of FKBP12 
from RyR1 is to uncouple gating of neighboring channels 
(Marx et al., 1998). We have recently found that FKBP12.6 
is required for coupled gating between RyR2 channels. 
Coupled gating provides a mechanism whereby all of the 
RyR2 channels in a T-tubule/SR junction can be uniformly 
activated resulting in an optimal Ca" signal to trigger 
cardiac muscle contraction. One consequence of uncoupling 
RyR2 channels would be a loss of excitation-contraction 
coupling gain which has been observed experimentally in 
cardiomyopathic hearts (Gomez et al., 1997). 
0168 The present application discloses that muscle A 
kinase anchoring protein (mAKAP), which has been local 
ized to cardiac SR as well as the perinuclear region (McCart 
ney et al., 1995; Yang et al., 1998), co-sediments and 
co-immunoprecipitates with RyR2. mAKAP could bind 
directly to RyR2, similar to yotia which binds directly to the 
NMDA receptor (Westphal et al., 1999), or via an adaptor. 
The PKA regulatory subunit RII binds directly to AKAPS 
(Fraser and Scott, 1999) and anchors the PKA catalytic 
subunit. PP1 and PP2A may interact with RyR2 directly or 
via their own regulatory/targeting proteins possibly by bind 
ing to leucine/isoleucine ZipperS present in RyR2. 

0169 f-adrenergic Signaling cascade components (the 
Stimulatory G-protein Gs and adenylyl cyclase) have been 
localized to the transverse tubular network in rat Ventricular 
myocytes (Laflamme and Becker, 1999). Thus, one impor 
tant consequence of anchoring PKA, RII, PP1 and PP2A to 
the RyR2 complex and localizing upstream components of 
the B-adrenergic Signaling cascade to the T-tubule-SR junc 
tion is that phosphorylation/dephosphorylation of RyR2 can 
be regulated locally at the Site of excitation-contraction 
coupling. 

0170 The stoichiometry of PKA back-phosphorylation 
for the channels from failing hearts was 0.7 (compared to 3.8 
for fully dephosphorylated channels and 3.1 for RyR2 from 
non-failing hearts) indicating that approximately three of the 
four PKA sites on RyR2 were phosphorylated in failing 
hearts compared to one or none on RyR2 from non-failing 
hearts. RyR2 PKA hyperphosphorylation explains the ~60% 
decrease in the amount of FKBP12.6 bound to the RyR2 
channels from failing hearts compared to channels from 
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normal hearts (FIG. 4B). This decrease in FKBP12.6 bind 
ing to RyR2 channels may account for the ~70% of RyR2 
channels from failing hearts that exhibited altered Single 
channel properties similar to those observed when 
FKBP12.6 is competed off from the channel using rapamy 
cin or FK506 (Brillantes et al., 1994; Kaftan et al., 1996; 
Marx et al., 1998). Moreover, 15% of channels from failing 
hearts exhibited the most Severe defect (long lasting Sub 
conductance states with Po as 1 at 50 nM cytosolic Cat"), 
e.g. FIG. 6B) Suggesting that these channels have one or no 
FKBP12.6 bound. 

0171 Heart failure is the leading cause of mortality and 
morbidity in the United States, accounting for ~400,000 
deaths annually with ~50% of these deaths caused by 
disturbances in the cardiac rhythm referred to as Sudden 
cardiac death (SCD). A common feature of human heart 
failure and of many animal models of heart failure is a 
hyperadrenergic State, and elevated levels of circulating 
catecholamines are a marker for increased mortality in heart 
failure patients (Cohn et al., 1984). 
0172 Studies demonstrating down regulation of B-adr 
energic receptors in failing heart muscle and desensitization 
of these receptors attributable to uncoupling from their 
downstream signaling molecules, G-proteins (Bristow et al., 
1982), have led to Some confusion since f-adrenergic block 
erS have proven to be one of the most important treatments 
for heart failure (CIBIS-II, 1999; MERITHF, 1999). Several 
studies have reported that cAMP levels and PKA activity are 
unchanged in failing human hearts (Kirchhefer et al., 1999; 
Regitz-Zagrosek et al., 1994) or that cAMP levels are 
reduced but PKA activity is unchanged (Bohm et al., 1994). 
The use of B-adrenergic blockerS has been Viewed as coun 
terintuitive since the adrenergic System has been thought to 
be down regulated in failing hearts and drugs with negative 
inotropic properties are considered potentially dangerous to 
patients. Therefore, a mechanistic understanding of the 
molecular basis for the therapeutic benefit afforded by 
B-adrenergic blockers in patients with heart failure would be 
an important advance in the approach to this disease. Experi 
ments in progreSS demonstrate that B-adrenergic blockers 
reverse the PKA hyperphosphorylation of RyR2 in dogs with 
heart failure induced by rapid cardiac pacing. 
0173 The present study shows that the sacroplasmic 
reticulum Ca" release channel RyR2 is unexpectedly PKA 
hyperphosphorylated in failing hearts. These data raise for 
the first time the concept that local Signaling may increase 
rather than decrease phosphorylation of PKA substrates in 
cardiomyocytes from failing hearts. 
0.174. One explanation for the surprising finding of PKA 
hyperphosphorylation of RyR2 is that targeting of phos 
phatases to RyR2 may be downregulated in failing hearts. 
Indeed, we found that the levels of PP1 and PP2A associated 
with RyR2 were significantly decreased in failing hearts 
(FIGS. 2C and 2D). Cellular PP1 levels are increased in 
failing hearts (Neumann et al., 1997); thus, the decrease in 
RyR2-associated PP1 must be due to a specific decrease in 
PP1 association with RyR2 that cannot be explained by a 
generalized decrease in PP1 levels in the heart. 
0175) Defects in Ca" regulation that could explain the 
decreased contractility observed in failing hearts, including 
a reduced amplitude and slowed decay of the Ca" transient, 
have been described (Beuckelmann et al., 1992; Morgan et 
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al., 1990). However, the molecular basis for these defects 
has not been elucidated. The release and reuptake of Cat" 
from the Sacroplasmic reticulum controls the force of con 
traction during systole in the heart. SR Ca" release occurs 
via activation of RyR2, and Cat" reuptake occurs via the SR 
Ca"-ATPase which in turn is regulated by phospholamban. 
PKA has multiple Substrates in cardiomyocytes including 
phospholamban, the L-type Ca" channel on the sarcolemma 
and components of the contractile apparatus. It has been 
appreciated for Some time that 3-adrenergic agonists can 
modulate the activity of molecules involved in regulating 
cardiac contractility. Clearly, a disease as complex as heart 
failure involves an interplay between a number of molecules 
and Signaling pathways that contribute to the regulation of 
Ca' homeostasis. One key point distinguishing the present 
study is the identification of a functional defect in a Cat" 
handling molecule that occurs not only in animal models 
(e.g. the paced dog model) but also in human failing hearts 
and is reversed by treatment of the heart failure (e.g. with an 
LVAD) in humans. 
0176) The present application discloses that protein 
kinase A (PKA) phosphorylation of the cardiac rynaodine 
receptor/calcium release channel (RyR2) on serine 2809 
activates the channel by releasing the FK-506 binding 
protein 12.6 (FKBP12.6). In failing hearts (human as well as 
animal models of heart failure) RyR2 is PKA hyperphos 
phorylated resulting in defective channels that have 
decreased amounts of FKBP12.6 bound to them and have 
increased sensitivity to calcium-induced activation. The net 
result of these changes is that the RyR2 channels are 
“leaky'. These “leaky' channels can result in depletion of 
intracellular Stores of calcium Such that there is not enough 
calcium in the Sarcoplasmic reticulum to provide a Strong 
Stimulus for muscle contraction. This results in weak con 
traction of heart muscle. A Second consequence of the 
“leaky' RyR2 channels is that they release calcium during 
the resting phase of the heart cycle known as diastole. This 
release of calcium during diastole can trigger fatal arrhyth 
mias of the heart (e.g., Ventricular tachycardia and Ventricu 
lar fibrillation) that cause Sudden cardiac death. 
0177. The application discloses a novel mechanism for 
modulating RyR2 channel function by physiologically con 
trolling the binding of FKBP12.6 to the channel via PKA 
phosphorylation. Furthermore, the finding of PKA hyper 
phosphorylated channels with defective function in failing 
hearts provides a mechanism for cardiac dysfunction in heart 
failure. The application discloses novel targets for control 
ling heart muscle contraction and for treating heart failure. 
In addition, the application discloses methods for testing 
new therapeutic approaches to heart disease by assaying 
their effects on the RyR2 channel. 
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What is claimed is: 
1. A method of regulating contraction of a Subject's heart 

by administering to the Subject a compound which regulates 
protein kinase A(PKA) phosphorylation of a type 2 ryano 
dine (RyR2) receptor of the subject's heart. 

2. The method of claim 1, wherein PKA phosphorylation 
of the RyR2 receptor causes dissociation of a FKBP12.6 
binding protein from the RyR2 receptor. 

3. A method of treating a subject's heart failure by 
administering to the Subject a compound which decreases 
protein kinase A(PKA) phosphorylation of a type 2 ryano 
dine (RyR2) receptor of the subject's heart, thereby allevi 
ating the Subject's heart failure. 

4. The method of claim 3, wherein PKA phosphorylation 
of the RyR2 receptor causes dissociation of a FKBP12.6 
binding protein from the RyR2 receptor. 

5. A method of treating a subjects heart failure by 
administering to the Subject a compound which decreases 
dissociation of a FKBP12.6 binding protein from a type 2 
ryanodine (RyR2) receptor of the subject's heart, thereby 
alleviating the Subject's heart failure. 

6. A method of treating a subjects heart failure by 
administering to the Subject a compound which mimics 
binding of a FKBP12.6 binding protein to a type 2 ryanodine 
(RyR2) receptor of the subject's heart, thereby alleviating 
the subjects heart failure. 

7. A method of treating a Subject's cardiac arrhythmia by 
administering to the Subject a compound which decreases 
protein kinase A(PKA) phosphorylation of a type 2 ryano 
dine (RyR2) receptor of the subject's heart, thereby allevi 
ating the Subject's cardiac arrhythmia. 

8. The method of claim 7, wherein PKA phosphorylation 
of the RyR2 receptor causes dissociation of a FKBP12.6 
binding protein from the RyR2 receptor. 

9. The method of claim 7, wherein the cardiac arrhythmia 
is a Ventricular fibrillation or a ventricular tachycardia. 

10. A method of treating a subject's cardiac arrhythmia by 
administering to the Subject a compound which decreases 
dissociation of a FKBP12.6 binding protein from a type 2 
ryanodine (RyR2) receptor of the subject's heart, thereby 
alleviating the Subject's cardiac arrhythmia. 

11. The method of claim 10, wherein the cardiac arrhyth 
mia is a ventricular fibrillation or a Ventricular tachycardia. 

12. A method of treating a Subject's cardiac arrhythmia by 
administering to the Subject a compound which mimics 
binding of a FKBP12.6 binding protein to a type 2 ryanodine 
(RyR2) receptor of the subject's heart, thereby alleviating 
the Subject's cardiac arrhythmia. 

13. The method of claim 12, wherein the cardiac arrhyth 
mia is a ventricular fibrillation or a Ventricular tachycardia. 

14. A method for identifying a chemical compound which 
Specifically binds to a type 2 ryanodine (RyR2) receptor, 
which comprises contacting cells expressing the RyR2 
receptor, or contacting a fraction containing Sacroplasmic 
reticulum or endoplasmic reticulum from a cell extract of 
Said cells, with the chemical compound under conditions 
Suitable for binding and detecting Specific binding of the 
chemical compound to the RyR2 receptor. 

15. A method involving competitive binding for identi 
fying a chemical compound which specifically binds to a 
type 2 ryanodine (RyR2) receptor, which comprises sepa 
rately contacting cells expressing the RyR2 receptor, or 
Separately contacting a fraction containing Sacroplasmic 
reticulum or endoplasmic reticulum from a cell extract of 
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Said cells, with both the chemical compound and a Second 
chemical compound known to bind to the RyR2 receptor, 
and with only the Second chemical compound, under con 
ditions Suitable for binding of both compounds, and detect 
ing Specific binding of the chemical compound to the RyR2 
receptor, a decrease in binding of the Second chemical 
compound to the RyR2 receptor in the presence of the 
chemical compound indicating that the chemical compound 
binds to the RyR2 receptor. 

16. The method of claim 14 or 15, wherein the chemical 
compound is not previously known to bind to a type 2 
ryanodine (RyR2) receptor. 

17. A chemical compound identified by the method of 
claim 16. 

18. A method of Screening a plurality of chemical com 
pounds not known to bind to a type 2 ryanodine (RyR2) 
receptor to identify a compound which specifically binds to 
the RyR2 receptor, which comprises: 

(a) contacting cells expressing the RyR2 receptor, or 
contacting a fraction containing Sacroplasmic reticulum 
or endoplasmic reticulum from a cell extract of Said 
cells, with a compound known to bind Specifically to 
the RyR2 receptor; 

(b) contacting the cells or fraction of Step (a) with the 
plurality of compounds not known to bind Specifically 
to the RyR2 receptor, under conditions permitting bind 
ing of compounds known to bind to the RyR2 receptor; 

(c) determining whether the binding of the compound 
known to bind to the RyR2 receptor is reduced in the 
presence of the plurality of compounds, relative to the 
binding of the compound in the absence of the plurality 
of compounds, and if So 

(d) separately determining the binding to the RyR2 recep 
tor of each compound included in the plurality of 
compounds, So as to thereby identify any compound 
included therein which specifically binds to the RyR2 
receptor. 

19. A compound identified by the method of claim 18. 
20. A method for determining whether a chemical com 

pound activates a type 2 ryanodine (RyR2) receptor, which 
comprises contacting cells expressing the RyR2 receptor, or 
contacting a fraction containing Sacroplasmic reticulum or 
endoplasmic reticulum from a cell extract of Said cells, with 
the chemical compound under conditions Suitable for acti 
vation of the RyR2 receptor and measuring RyR2 receptor 
activation in the presence and in the absence of the chemical 
compound, an increase in RyR2 receptor activation in the 
presence of the chemical compound indicating that the 
chemical compound activates the RyR2 receptor. 

21. The method of claim 20, wherein the chemical com 
pound is not previously known to activate a type 2 ryanodine 
(RyR2) receptor. 

22. A chemical compound identified by the method of 
claim 21. 

23. A method of Screening a plurality of chemical com 
pounds not known to activate a type 2 ryanodine (RyR2) 
receptor to identify a compound which activates the RyR2 
receptor which comprises: 

(a) contacting cells expressing the RyR2 receptor, or 
contacting a fraction containing Sacroplasmic reticulum 
or endoplasmic reticulum from a cell extract of Said 
cells, with the plurality of compounds not known to 
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activate the RyR2 receptor, under conditions permitting 
activation of the RyR2 receptor; 

(b) determining whether the activity of the RyR2 receptor 
is increased in the presence of one or more of the 
compounds, and if So 

(c) separately determining whether the activation of the 
RyR2 receptor is increased by any compound included 
in the plurality of compounds, So as to thereby identify 
each compound which activates the RyR2 receptor. 

24. A chemical compound identified by the method of 
claim 23. 

25. A method for determining whether a chemical com 
pound inhibits activation of a type 2 ryanodine (RyR2) 
receptor, which comprises Separately contacting cells 
expressing the RyR2 receptor, or Separately contacting a 
fraction containing Sacroplasmic reticulum or endoplasmic 
reticulum from a cell extract of cells, with both the chemical 
compound and a Second chemical compound known to 
activate the RyR2 receptor, and with only the Second chemi 
cal compound, under conditions Suitable for activation of the 
RyR2 receptor, and measuring RyR2 receptor activation in 
the presence of only the Second chemical compound and in 
the presence of both the Second chemical compound and the 
chemical compound, a Smaller RyR2 receptor activation in 
the presence of both the chemical compound and the Second 
chemical compound than in the presence of only the Second 
chemical compound indicating that the chemical compound 
inhibits activation of the RyR2 receptor. 

26. The method of claim 25, wherein the chemical com 
pound is not previously known to inhibit activation of a type 
2 ryanodine (RyR2) receptor. 

27. A chemical compound identified by the method of 
claim 26. 

28. A method of Screening a plurality of chemical com 
pounds not known to inhibit the activation of a type 2 
ryanodine (RyR2) receptor to identify a compound which 
inhibits the activation of the RyR2 receptor, which com 
prises: 

(a) contacting cells expressing the RyR2 receptor, or 
contacting a fraction containing Sacroplasmic reticulum 
or endoplasmic reticulum from a cell extract of Said 
cells, with the plurality of compounds in the presence 
of a known RyR2 receptor activator, under conditions 
permitting activation of the RyR2 receptor; 

(b) determining whether the amount of activation of the 
RyR2 receptor is reduced in the presence of one or 
more of the compounds, relative to the amount of 
activation of the RyR2 receptor in the absence of Such 
one or more compounds, and if So 

(c) separately determining whether each Such compound 
inhibits activation of the RyR2 receptor for each com 
pound included in the plurality of compounds, So as to 
thereby identify any compound included in Such plu 
rality of compounds which inhibits the activation of the 
RyR2 receptor. 

29. A chemical compound identified by the method of 
claim 28. 

30. The method of any of claim 14, 15, 18, 20, 23, 25, or 
28, wherein the RyR2 receptor is a human RyR2 receptor. 

31. The method of any of claim 14, 15, 18, 20, 23, 25, or 
28, wherein the nucleic acid encoding the RyR2 receptor is 
endogenous to the cell. 
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32. The method of any of claim 14, 15, 18, 20, 23, 25, or 
28, wherein the nucleic acid encoding the RyR2 receptor is 
transfected into the cell. 

33. The method of claim 32, wherein a beta adrenergic 
receptor is co-expressed with the RyR2 receptor. 

34. The method of claim 32, wherein the cell is a bacterial 
cell, a yeast cell, an insect cell, an amphibian cell, a plant cell 
or a mammalian cell. 

35. The method of claim 34, wherein the mammalian cell 
is a HEK293 cell, a Chinese hamster ovary (CHO) cell, a 
COS-7 cell, a LM(tk-) cell, a mouse embroyonic fibroblast 
NIH-3T3 cell, a mouse Y1. cell, a 293 human embryonic 
kidney cell, or a HeLa cell. 

36. The method of claim 34, wherein the insect cell is an 
Sf9 cell, an Sf21 cell or a Trichoplusia ni 5B-4 cell. 

37. The method of claim 34, wherein the amphibian cell 
is a Xenopus oocyte cell or a Xenopus melanophore cell. 

38. The method of any of claim 20, 23, 25, or 28, wherein 
activation of the RyR2 receptor is measured by measuring 
protein kinase A phosphorylation of the RyR2 receptor. 

39. The method of claim 25 or 28, wherein the cells are 
cardiac cells from a Subject with a failing heart. 

40. The method of claim 39, wherein the subject is an 
animal in which heart failure has been induced by rapid 
cardiac pacing or a human. 

41. A method for making a composition of matter which 
Specifically binds to a RyR2 receptor which comprises 
identifying a chemical compound using the method of claim 
14, 15, or 18, and then Synthesizing the chemical compound 
or a novel structural and functional analog or homolog 
thereof. 

42. A method for making a composition of matter which 
activates a RyR2 receptor which comprises identifying a 
chemical compound using the method of claim 20 or 23, and 
then Synthesizing the chemical compound or a novel Struc 
tural and functional analog or homolog thereof. 

43. A method for making a composition of matter which 
inhibits the activation of a RyR2 receptor which comprises 
identifying a chemical compound using the method of claim 
25 or 28, and then Synthesizing the chemical compound or 
a novel Structural and functional analog or homolog thereof. 

44. A pharmaceutical composition comprising (a) an 
amount of a chemical compound identified using the method 
of claim 20 or 23, or a novel structural and functional 
homolog or analog thereof, capable of passing through a cell 
membrane and effective to activate a RyR2 receptor and (b) 
a pharmaceutically acceptable carrier capable of passing 
through the cell membrane. 

45. A pharmaceutical composition comprising (a) an 
amount of a chemical compound identified using the method 
of claim 25 or 28, or a novel structural and functional 
homolog or analog thereof, capable of passing through a cell 
membrane and effective to inhibit the activation of a RyR2 
receptor and (b) a pharmaceutically acceptable carrier 
capable of passing through the cell membrane. 

46. A method for preparing a composition which com 
prises admixing a carrier and a pharmaceutically effective 
amount of a chemical compound identified by the method of 
any of claim 14, 15, 18, 20, 23, 25, or 28, or a novel 
Structural and functional anaolog or homolog thereof. 

47. A method of treating a subject with a heart disease 
which comprises administering to the Subject a therapeuti 
cally effective amount of a chemical compound identified by 
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the method of any of claim 14, 15, 18, 20, 23, 25, or 28, or 
a novel Structural and functional anaolog or homolog 
thereof. 

48. A method of claim 47, wherein the heart disease is a 
cardiac failure or a cardiac arrhythmia. 

49. A method of claim 48, wherein the cardiac arrhythmia 
is a Ventricular fibrillation or a ventricular tachycardia. 

50. Use of a chemical compound identified by the method 
of claim 20 or 23 for the preparation of a pharmaceutical 
composition for treating an abnormality, wherein the abnor 
mality is alleviated by activating a RyR2 receptor. 

51. A use of claim 50, wherein the abnormality is a heart 
disease. 
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52. Use of a chemical compound identified by the method 
of claim 25 or 28 for the preparation of a pharmaceutical 
composition for treating an abnormality, wherein the abnor 
mality is alleviated by inhibiting the activation of a RyR2 
receptor. 

53. A use of claim 52, wherein the abnormality is a heart 
disease. 

54. A use of a claim 53, wherein the heart disease is a 
cardiac failure or a cardiac arrhythmia. 

55. A use of claim 54, wherein the cardiac arrhythmia is 
a ventricular fibrillation or a Ventricular tachycardia. 
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