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(c) @Al (b)oll A A H =S S44 2 S22 Holvl o2 A slo] 5182 © R (4 F RLRy &
Ry 710l ol gh niel 3) 9 shgtao |8k Al
[}
A~ NH
Rr—\ | Rj
(@ WA AN B8 SHES B4 9 A2 Asel ot ° R (4 F R, R,, DR A7 A
sho} 2209l SHHES AL WA 2
A~ ~NH
R | Rs
S
(&) W7 (ol A F4H st e BAAR Azl afo] 35k Re (4 % Ry, Ry @ Ry 7] A0 % v} 2

)9 shgrE S g4k B

£ ¥3st

rlr
oF

A

!

4T% 65.

RyR2 % FKBP12.69] 2%& S4A71= FAlE &elstr] 913 i o2 A
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(a) RyR29] 5 ¢S F5at70 A sk A
(b) F1. kAl ] &) stell RyR2E FKBP12.69l| =& A17]= @] %

(c) °FAI7F RyR29F FKBP12.69] 23S S23A171 A5 A4 sk @7

i
bl

S Shals W

sl Fu

4T% 66.

A 6530 9oJ A, RyR2E PKA-¢1 2k} % 7191 v,

AT 67.

A 6689 9o A RyR2E PKA-T}Q1AMSlE 7ol wb,

4T% 68.

A65%ol Ao, RyR2+= LA Aol F-& 3k 2191 .

T3 69.

A 688}l oA, A o] T o]E = v =gl W,

73 70.

A 653} 9loj A, FKB12.6 WA 324 3}

it
)
-0,
o
e

AT 71

A 7080 2oIA, FKB12.6 3252 % x| 8w 719l v,

AT% 72

A 658 9Jo1A, RyR2 2 FKBP12.69] 574 A3 FKBP12.6-A A& Al-&3le] A&E8t A U

T% 73

A728 9oJA, FKBP12.6-A A 7} &-FKBP12.6 &< Wi,
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A65%<] ol of sl Zele AA.

273 75.

RyR2 B! FKBP12.69] A5 4 7= FAlE &lst7] 913 o= A,
(a) FKBP12.69] 35 9< 534 A et= &l
(b) F1. <kAlo] &4 ko] FKBP12.6< RyR20] :=ZA17] &= ©HA|; @

(c) kA7 RyR29F FKBP12.69] 23S S3A171 =45 A4 sk 97

=
=

b

7 5 W

sl L

T% 76.

A7589) oA, FKBP12.62 1A ol H-53l% 7ol v

AT 77.

A 7680l 9lolA, A o] ol E Hi= v =9l W,

T3 78.

A 7580 9oJ A, RyR2¥E PKA-¢12FslE Z1¢1 vk

AT 79.

A 783} 9l oA RyR2E PKA-T}Q1 A4S # ¢l wb,

7% 80.

A 758l 2lo1A, RyR2+

OE

A A sk A .

4T% 81

A 803 el oI, RyR2E 2p= F x| 8lw #2l W,

T3 82.

A 788 9] A, RyR2 2@ FKBP12.69] =74¥ A¢LS RyR2-AEAE A
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T3 83.

A 82l 9ho1A, RyR2=-ZA A7k &-RyR2 &A1 .

004 3¢Y 25472 99 12 B AL =9 A10/809,0895. 9] o]5& HFal=d); AV EF 9o
229772 99 vk AX AL FQ A110/763,498%.2] o] 58 A 3l 7] 53] U2 2003 109 7
A2 ZYHE var A A% E9 A110/680,988%. 2] o] 58 A tslal; 7] 53] U2 2003 69 26442 EUH

v A A& S A110/608,7235 9] o|5& A F3taL; 47| B8 92 20024 11€ 5442 S99 v A7 ASE
=9 A110/288,6065.9] o] 55 A 38taL; A7) £ 98 2000d 59 109A 2 U5 A4 20024 12¢€ 3YA=
ol g =k 53] 46,489, 125 B1&¢l vl A4 A& S A109/568,474%.2] o] 58 A 13tH; o] 52| &L Ho
a2 g
A E o] Aol sk 72
b & NIH B9 H3E PO1 HL 67849-01 3lol] X Aoz it upebA, v A= 2 oA 24 Az
= A=

A<

Az A9 AR BT, LT ALAL A TN TG AY A0 dolglrh. AA L 1T A
50099 JiQlo Al FaS =, ~50% 53 AL ES 11 EF o7 3t} (38 [Levy et al., Long—-term trends in the
incidence of and survival with heart failure. N. Engl.J.Med., 347: 1397-402,2002]).

AR A Q3 EAL Al =5 oot} (3 [Gwathmey et al., Abnormal intracellular calcium handling in
myocardium from patients with end-stage heart failure. Circ.Res., 61: 70-76, 19871). A7}k A3} t}& &2
o gloA, Bfolold =& (ryanodine receptor, RyR)E ¥E3F8}= 2 A XA (sarcoplasmic reticulum, SR) AHe] Z+
FWE SEE IF AEY FFHAY €5 A9 AL (5, $E-FF (excitation—contraction, EC) A&E%)& &9]
a7 gt} % 24 (Ca®h)o] SREF-H 9 A4 2 wE3 o) AR} ARAd A, $5 o] e Bix

A7 &5 A 9] (action potential, AP)7} % 9] 25 583+ A& A&7 (signaling cascade)ol| A 2] ¥

AT 53], ARACA, AL Ca?t = AF] 277 2451 (3§ [Beuckelmann et al., Intracellular calcium
handling in isolated ventricular myocytes from patients with terminal heart failure.Circ., 85: 1046-55, 1992]; &
3 [Gomez et al., Defective excitation—contraction coupling in experimental cardiac hypertrophy and heart
failure. Science, 276: 800-06, 19971), 71 X% 7112 AFEth (¢ [Beuckelmann et al., Intracellular calcium
handling in isolated ventricular myocytes from patients with terminal heart failure. Circ., 85: 1046-55, 19921]).

o
o
it
-z
o,

Q7o) AurAel 549 A% RAMe TR o 49 =5} A
olelah A%, A4 o] 2 o] glolAe] 7 AukAQl )2 w] A Aol T fky RAwo R T

o
1l =
5] 9= ul A A4l sl Fel= SR Ca®* o WA WES o] lor], o AdR Fep
(delayed after—depolarization) ¥+ DADE A]2}gkt} (&% [Fozzard, H. A. , Afterdepolarizations and triggered
activity. Basic Res. Cardiol., 87: 105-13, 1992]; & & [Wit and Rosen, Pathophysiologic mechanisms of cardiac
arrhythmias. Am.Heart. 1., 106: 798-811, 1983]). DAD+= A% 25 @9l 9] A= Foll dojubi= AT A LA 2] 1]

A2 gi-Folth, DADZ o]oj x| &= v 444 SR Ca?" WEol o3 BA4 A% S48 Ay kg e,

DADE #holobiedle] o8] Abtel = Hlo g Fx o] glon, ol RyR27k 479 vl 44Ql Ca®" WE o] ¥ F
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Q39S & Fr QuiE EAE A FsF= Aolt) (3 [Marban et al., Mechanisms of arrhythmogenic delayed
and early afterdepolarizations in ferret ventricular muscle. J. Clin. Invest., 78: 1185- 92, 19861; =31 [Song and

Belardinelli, ATP promotes development of afterdepolarizations and triggered activity in cardiac myocytes. Am.
J. Physiol., 267: H2005-11, 19941]).

Q17ko gloj A 7h LAwbA ol A B wl e Ak A5 (atrial fibrillation, AF)olt}, o= AW 2 Abge] 2 918 1
el dlt} (31 [Chugh et al., Epidemiology and natural history of atrial fibrillation: clinical implications. J. Am. Coll.
Cardio., 37: 371-78,20011]; &% [Falk, R. H., Atrial fibrillation. N. Engl. J. Med., 344: 1067-78, 2001]). &4, <
A Z Qo E Bt AR X2 Ale] Ael Al KB - o 7 9] 2R B3 7)Zto] 2R} LA )
thz AP Qeko] AlgkE e,

A Aol = BE 32 T e 50%+ X7 A Q1 A A o m Abwbsic), o] gk x| A Al g e 53] AR
A A Aoty do] - Aol A A &5 YA Fx glom, o]y g a2 "N B
A} (sudden cardiac death, SCD)"= 3| zIth. X% 2 A4 FA= (3 SCD)-2 724 A% Ao Qe Ao = U4efA

AA 2, 1A BS AG A% S dldel A g e i uh AARE, A B TR s Ae A%

¢

3 kol A EAke] 7bg bl g1glolh,
FHe|Zolwl A thg A A Wil (catecholaminergic polymorphic ventricular tachycardia, CPVT)& %2 o7 A Ako]
S bt A o f4 Hollolth ol 2EH - A WiMlg T 502 st 7] A4 Wie SCD
£ o7 e e AAE Aotk CPVTZE = thdoll A, SA4 &5 B/t 2Ed s e /s vad A
A S kst o] = X7 d 24 A A ko] BA) stol] SCDol o] &t} (I ¥ [Laitinen et al., Mutations of
the cardiac ryanodine receptor (RyR2) gene in familial polymorphic ventricular tachycardia. Circulation, 103:
485-90,2001]; ¥l [Leenhardt et al., Catecholaminergic polymorphic ventricular tachycardia in children: a 7-
year follow—up of 21 patients. Circulation, 91: 1512-19, 1995]; &3 [Priori et al., Clinical and molecular
characterization of patients with catecholaminergic polymorphic ventricular tachycardia. Circulation, 106: 69-74,
2002]1; ¥ [Priori et al., Mutations in the cardiac ryanodine receptor gene (hRyR2) underlie catecholaminergic
polymorphic ventricular tachycardia. Circulation, 103: 196-200,2001]; ¥#3 [Swan et al., Arrhythmic disorder
mapped to chromosome 1q42-g43 causes malignant polymorphic ventricular tachycardia in structurally normal
hearts.J. Am. Coll. Cardiol., 34: 2035-42, 19991).

d

CPVTE &AM A $-74<% A os F2 a9t CPVTZE A& tdE 55 & v A4 FA49WS 2Rt F238t
H R o] M E %] oF=th A A7 H A A A AA o8 CPVTZE e gl A A 1q42-q43 79l
Q17F RyR2 A A} ol A AW o] 7} &l % it} (3 [Laitinen et al., Mutations of the cardiac ryanodine receptor
(RyR2) gene in familial polymorphic ventricular tachycardia. Circulation, 103: 485-90,20011]; & [Priori et al.,
Mutations in the cardiac ryanodine receptor gene (hRyR2) underlie catecholaminergic polymorphic ventricular
tachycardia. Circulation, 103: 196-200,2001]; ¥& [Swan et al., Arrhythmic disorder mapped to chromosome
1942-q43 causes malignant polymorphic ventricular tachycardia in structurally normal hearts. J. Am. Coll.

Cardiol., 34: 2035-42, 19991]).

Al 7HA 8 9] gholobied 84 7F EAEH, o] A E Ca®* B2o|t} RyRI&
™, RyR2+ Aol A % a1, RyR3-S ol 9] &kt} A28 gholobiadd =84 (RyR2)7F 417 F &
[e}

T3 EC AZHol 2R3F T8 Ca®" -E TR0l

RyR2 B2& Al ZY) Ca?t AZAS WEst1, 2808 2§ 55 fats SR 54 9 Wo] 438 wjd A
2 W7 @ (packed) (23 [Marx et al., Coupled gating between individual skeletal muscle Ca?* release channels
(ryanodine receptors). Science, 281: 818-21, 1998]). EC AZ% %<, 994 (phase zero)9] AP A A4 &5 A
¥ wko] &R =0 19 A HF (voltage gated) Ca’t B2 E A AT tho=, 7] B2 B8 Ca?t w0l 9
&, Ca®" -fr=d Ca®* &2 FAE Aol A RyR2E E38to] SREF-E 9] Ca?t WHEo] A/ Z# T} (8 [Fabiato, A.,
Calcium-induced release of calcium from the cardiac sarcoplasmic reticulum. Am. J. Physiol, 245: C1-C14,
1983]; #& [Nabauer et al., Regulation of calcium release is gated by calcium current, not gating charge, in

cardiac myocytes. Science, 244: 800-03, 19891). ©]o] 4] RyR2-vl 7|5, Ca?® —vj 7] ¥ Ca?" WZH & A 8 534
Aelo] gl 54 vl A B sha I
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RyR2+= 4709] 12,0002 ] FK506 A3 @il (FKBP), 721 4 0. 2+= FKBP12.6 (Z2=E}Rl (calstabin)) % 2% 4

E3pslE wd E3bAo|t), FKBPE 98] B3 s = Al~-Ed s HE|I-I 5
Y o] amgtolAlo] | Ty M E 7|59 JEaS 3t} (E3 [Marks, A. R., Cellular functions of immunophilins.
Physiol.Rev., 76: 631-49, 1996]). FKBP12 ©+u¥l a2 =2 gojol -t =& 4|2l RyR1 (F3¥ [Brillantes et al.,
Stabilization of calcium release channel (ryanodine receptor) function by FK506-binding protein. Cell, 77: 513~
23, 1994]; ¥& [Jayaraman et al., FK506 binding protein associated with the calcium release channel (ryanodine
receptor).). Biol.Chem., 267: 9474-77, 1992]); A% g}olol=dd =84 <l RyR2 (3 [Kaftan et al., Effects of
rapamycin on ryanodine receptor/Ca (2+ )- release channels from cardiac muscle. Circ. Res., 78: 990-97, 1996])
s A1 o) w A B 1,4,5-E X2 0| E 484 (IP3RDE FXH #AdH AXU Ca?t-4E B2 (38 [Cameronet al.,
FKBP 12 binds the inositol 1,4, b—trisphosphate receptor at leucine—proline (1400-1401) and anchors
calcineurin to this FK506-like domain. J. Biol.Chem., 272: 27582-88, 1997]); 2 A& & d3 A% 2} = e}
(transforming growth factor B, TGFB) =& (TBRD (& [Chen et al., Mechanism of TGFbeta receptor inhibition
by FKBP12. EMBO J., 16: 3866-76, 1997 D)ol ©katAl Agste] o529 755 24 gth FKBP12.6> RyR2 & =0
Aztst (RyR2 M B Y G 1709 &A1), RyR2-F =2 7]5S St SHA 7] (&8 [Brillantes et al., Stabilization of
calcium release channel (ryanodine receptor) function by FK506-binding protein. Cell, 77: 513-23, 1994]), o] %
3= RyR2 B2 5 Alolo] AZHH 7HH (gating) S £-°)3HA 3t (=& [Marx et al., Coupled gating between
individual skeletal muscle Ca?" release channels (ryanodine receptors). Science, 281: 818-21, 1998]), 1o =&
A A F719 F24]7] Rt o] FR 9 o] & sE WA g

o

RyR2 B2olA o] Eol A8l A9 A4 L T2 02 J4 A4 % BTl A threl WA Feish AEE Aol o
wsteh, whebd), RyR2el A o] F3& Bpahs ol ulube] Shxolxe] A, A% FEu 2 A4 BAAE A8

E o S gl

LA-AzE oAl A A, JTV-519, B+ 4-[3-4-Nd 9 ed-1-)Z 239 0 d |-7-H 5 A]-2,3 4 5-HEZ3| =
2-14-HMFEotA W AdFr (k201 == ICP-Z- 2§ (Calstan) 1000 2% FA|H o] 9J5)S ZF-olL T2 Q&
AAjolth, A A Eo| A Ca?t 52 2A3IE= A Qo %, JTV-519% &gt 7| Yo} 371 414 Ao A Nat A5

3k A 54 (inward-rectifier) K™ A 3t 71y o}l 91 AW Al Foll M A AE-FFA KT AFZ A g}
] d Al & Al 24— 20 A4S (myofibrillar) o3, 9 &)

5 2t Aol WAtk A8 Su A F oS Bl A, JTV-

5195 22382 wglabd @ dEjolART 2 A% HE g8 HolFh A9 dolgE, JTV-5197} 55 nd

oM AZW Ca®" Fi-ale] 55 AP o2R A4 S D/AAFE EpH o2 idrhs AX AlAleta 9

|
il
EN
ol

vl o 7 8_

22 RyR27F AW Al s, A B 9 R A g uls el AR 2 A B X5 9 o
of ol o] LA oleh= Eehy Wl 7] xet) o) 7] Eo] gl vhel o], & W AEL 77| Aolg CPVT &
AWolE ztE EQWMO RyR2 B2 8 VHEIL 11 7|58 ATt BE 79 EdRolAlE &5 s A=d o +&
Ao He (UE 7EA) TEE olojA e 7T A AFS 2t & 2yaE] A+ WA SR ZE FE°] DADE of
718k 7148 FoletE Aol &8 ksl A , EAWo] CPVT B2olA 9 A3 =& o389 X4 A% 1w
S O 5o s AW W] ARdoe] 9l #xpe] Ao o] BRIF FEA BFEAT Kol st wEkA, 2
252 CPVTAl A Y] VTl QLo 2] 7]zto] AF-Fol A o] VTel lojAe] 7123 Fdsirh= 31 wra gl

wE Bk S o8] JTV-519 (k201 == [CP-Z & 100), @ 7|e} 215+8F 1,4-HZE| o} AW F54= RyR2 B2
oMo &S HFAZItHE Aol B /A E o] ot} B agEo] uE Wl vl o] JTV-519 2 #&# F A=
FKBP12.6°] PKA-14Fs} RyR2, 9 &< o] RyR2ol| Ajtete AS 5417154, 7] ¥ o] RyR2v 184 &5
7 9- FKBP12.6°l tiste] #ta® 8l Z-AY, o Z3sHA] et o] e 2182 AH 4 A FA4 (AAA4 =
AL (SCD))S do7|a AR A A 35 75 ol 2 A

o 1 =

)1 A
o
YA Alsoll 71od 8= RyR20 A 9] 55 418kt
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b, A e kel Qloj A, 2t Ao Al RyR2-Z 3 FKBP12.69] -39 HAE Algh BE% s 10}71 oﬂ frast s
9] JTV-519Z thitol A o2 AW Also] YAY I TR g l
A g = WA 8k S AT, o 714, RyR2& AW RyR20] o}, B3k %

o]
7ol Al RyR2-2 % FKBP12.69] 59 #H4AE Al E+= WA ah+= Wl ﬂ]*ﬂﬂ JTV

:

|
(@)]
S
ofo
k1 ==
o
_a

e Ao 8 AN 4 Yol B Ry2- 2% FRBP 12,651 5251 445 Ag o 1
ah71o] fE e F] ITV-5199] F& thgel A A ABL AR E o gt 9

ErhE Bl i, T el Al 14—l E oAl f=Al S gl A RyR2-2§ FKBP12.69] =59 #4
A of FEF For FoFomA thdel A RyR2-2AF FKBP12.69] 9 #Aag Al e UA
o S AlEat, o714, 7] La-dzE oA F2AE 817] (a) WA (h)& o] F-o]x oz e Hegr):

(2] %, Re o}d, &7, &4, ~(CHy), NR'y, Ei= ~(CHy), SR'eI ™, ne 0, 1, 2, = 30] 1], R'& &7 3= A ZF 2

(4 %, R ok, 247, ~(CHy), NR',, EE ~(CHy), SR'©1M, n& 0, 1, 2, TE 30]0, RS &4 EE A1 Z229);

©) (Ojm

(4 %, RS CO(CH,), XR'y, SO4(CH,), XR'y, B SO,NH(CH,) XR',0] ™, X N Ei= Seln], ne 1, 2, EE 301, R'&

A Ee AFRSbeH, me 1 B 2%)

Q,
MeO, : :"'-N'C—X'R
(d) S

(4 %, R ok, 242, ~(CHy), NR'y, ~(CH,) SR'®1™, n& 0, 1, 2, & 30]m, R'S & Ei Al Z2 L7 o]m; X NH

(e) Rz
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(2] &, Ry #ld 312 49 2, 3, 4 =5 91X 9] OR, SR, NR', &%, Bi= Sejfo|=o|n], R &7 o}, Ti= HolH;

1
Ry H, &4, ®i= obddolvf; Ry H, &7, B b 9);

(4 %, Ry ¥d 3e] 49 2, 3,4 T 5 9% H, OR, SR, NR', &7, &=
olm; R, H, &4, ¢Ad, =& obdolm; Ry H, &4, dAAd, = obdolmim2 0, 1, & 2019 n 0 == 19

et
;g
o

[r
2
n:)
)
flo
ue
i)

o
)
EUE
et
rlr

o
)
i

(2 F, Ry wld g o] 2,3, 4, 5 91219 H, OR, SR, NR, &7, & defo|=o|n], RS 47, o}, Ei= of
dolH; Ry= H, &4, O—D}ﬂlé,&% O}E‘EOM Ry2H, &7, ¢7d, B ofdoln]; Ry= H, Eetol=, dAld, 7h2 54
Egdelmime 0, 1, =& 29 %

of f&
2 olzol4l E&ETH wgu}
Q
S R
MeO
1965

(2} &, R2 o4, &A1, &4, -(CHy) NR'y, == -(CHy) SR'°I™, n 0, 1, 2, <= 30|19, R'S &4 E= A E=244

Q
W\
MeO\@\N’ \\—N-R
(b) S/)

¢

(4 %, R ok, 247, ~(CHy) NR',, EE ~(CHy), SR'©1H, n& 0, 1, 2, TE 30]1, R'S &4 i A1 222 9);
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R

./

(©) (G)m

(2} &, R2 CO(CHy) XR'y, SO4(CHy) XR',, 3= SO,NH(CH,) XR',01H, Xi= N B5= Solw, n2 1, 2, == 30|, R'2

A7 = A FEddoy me 1 == 29)

(4 %, RE ok, &7, ~(CHy) NR',, ~(CH,) SR'O|¥, n& 0, 1, 2, ®i= 30|19 R'& &b Hi= A2 270 n]; Xi= NH

(4 %, R, o 2] 4ol 2,3, 4 F= 5 9141 9] OR, SR, NR, &, 4= gefo]=o]n], R 9, o}g, iz Hol
obgloln; Ry H, 9, Ei= ohdq));

591#19] H, OR|, SR, NR', &7, == &glo]=o| R'& &7, o}, = o}l
o|M; R,= H, &4, ¢Ad, E okdolH; Ry H, &2, ¢7d, == okdol™; me 0, 1, == 20/ nd 0 == 1)

(A =, Rl"or Hd 18 49 2, 3,4, B+=5 ¢9x ¢ H, OR, SR, NR', &4, &+ ga}-o] oW, R\ o+l o}, wi= o}

Aolul; Ryt H, 9, b7, His obslol o) Ry H, 943, Y, B ofglolmi Ry H, @efel=, hld, 725
2h EE O, SEE NS Egate dZowme 0, 1, £ 290); %
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F7he] Bl glo ], W e iAol A 4G AW, AR A W/EE 5-fue) A9 B A8 Ex o
W oA, el LA-MEE AR R EAE A g B, AR A B/EE 5 -fue) A9 B
g : & PO Folshs WAS TFHE YU ATAM, 7] La-NEE AR FEAE 3

Q
W\
MGOU\N, \\-_N.R
(b) S/)

©) (Om

(%] &, R CO(CH,) XR'y, SO,(CH,) XR',, E1= SO,NH(CH,) XR', 0] ™, X&= N Ei= So| ™, n& 1, 2, E1= 30|17, R'&
= ]:v_iowﬂo]cq me 1 E= 201)

(4 %, R ok, 242, ~(CHy), NR'y, ~(CH,) SR'®]™, n& 0, 1, 2, & 30]m, RS & Ei Al Z2 L7 o]m; X NH

(e) Rz

(4 &, Ry=¥d o] 49 2, 3, 4 == 5 914 9] OR', SR, NR', &4, Hi= defol o, R\ &7, ofd, H= HolH;

Ry H, €4, B ofgo]m; R, H, o4, Ei= o}2lg));

(f) ©Ohn
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5 $1%¢ H, OR', SR, NR', &7 == %a}OlEOlﬂﬂ R &7, o, B o4l
om; R,= H, &, ¢Ad, = obdol; Ry2 H, &, dAd, = obdolH; me 0, 1, & )

(4 &, Ry=¥ld o] Aol 2, 3, 4, 2= 5 91219 H, OR', SR', NR', &7, = defo] o], R'E &7, o}&, Hi= o}
AolHi Ry= H, &4, €7d, B of-olm; Ry H, &4, &7, = obdolw Ry H, delol =, 47, 7t 54

=
,SEE—E '%}‘—-3::]'6‘]'% EEO]D:]’mT: ,1,5]3%2?:]);3%

FATHE A WP G A, AP DR SRR A3 BAA

w ]
A5 o EHE Pl oMol ol e 14-MzEobAR FEA Y] Folth

il

ETHE g ool glojA], 2 aH e AN s e AN X5 T oo AL85H7] $18 oFAl 9 ﬂo] W o E A, (a)
RyR2E X3l AXE oGBS F531AY A= A (b) o] AIEE F1 oA} HEA 7] = @Al (o) Al A
RyR29] Q48 E S7HAI 71 o2 324 st o] o] 27d MEE =& 7]+ dA 2 (d) °k?<ﬂ7P M E | A RyR2-
A3 FKBP12. 64 FE] PAE AT BEE tMé A5 AAs= @Al 93 S ﬂ*?ﬂﬂ} o AA] Fefoll QlofA],
o] L (e) A7} MM RyR2-ZAH-H AEHA Ao J&S v A =X E AAHsE GAE F712 £dth &
S AT EE AL o] HOoRE FE = QMM, A Als R AN 25 B o ol 9lojA <] o] ofA| ] g o]
=3
TEURE ool glolA], & e Ak Al T AR ] X F s ool AL83H7] 918 oFAle] Bl Wy o R A, (a)
RyR2E Efete TES TS A4sh= &l (b) o] &5 F1 oFA 9} W“A] 715 9 (o) A el A RyR29)]
AxeE S 7= Ao Z IR E s o] 26 FES =E3AIYE @A 2 (d) AV BEIA RyR2-AF
FKBP12.69] =59 Z4E A3 T WA =XE A s G 93 S Al E3ich A AA Fejo 9loj A, o]
WL (e) SFAI7F S E A RyR2-ZAHF-H AEHA Ao &S A =AE Ad4sts 9AE F71= 238}, T8
AT = e o] W o gy = ofAl9f, AW Als E AFHe X5 F o el glojA] ] o] ofAe] & zo|t}
ok o] S=7te] gl shr] el Aol njFo] A Ay s A Aot}
o] ghekst A

% 18 FKBP12.6%/~ AF 6| A JVT-5197} £5-93b4 A1 gl S odbatrli= 218 Hol ), (A) 1A g
FKBP12 67/~ AF, JTV-519% A& ¥ FKBP12.6"/~ A7, 9 JTV-5192 A2 ® FKBP12.67~ A7 2] %29l 1.3
AAE, Al 2 oo A E = ECG St ol 9] #2938 2tol= Ad gtk B) 459 34 (tracing): A
2, 9% A8 2 1.0 mg/keg?] o YUl LG o] &3+ FAbo] A&7 w22 FKBP12.6%/~ A7 ol
= A 23 TR EF W} JTV-519-# 2 FKBP12.67/~ A7 2 AAL; f-4gulo] 235 e 5
2] kgt dhao] 24 JTV-5192 A2 ¥ FKBP12.67/~ A7 ol A 9] % -84 A4 ulw (ventricualr tachycardia,
T TAE o] 1A &k 16.31%2 VIS YERTH 'P'e PoE Lehf |, o] A4 il o] 3 o] A} =
% (sinus rhythm)< UFERJE Aolth (C) zHz JTV-519% A& skA A8 8k% &S FKBP12.67/~ 2 FKBP12.67/~
*Moﬂﬁ, A EAAL (FF), A5A A 9w (> 1039 Auksa, S0, 2 u[ A E5A A e (3-103] 9] vl A A

_"
o
= w2 =, v A2 FKBP12.67/~ AF (n=10) T JTV-519-4 2

2

rr

O
¢

1:1

A AuES, $5)0) 4F8E w45
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FKBP12.67~ A7 (n = 5)°) ¥3}ed, JTV-519% 2] 3 FKBP12.6"/~ A% (n= 9)ol A JTV-519% o]-&3F 2 &l 9]
3 SE-fFUAd Eolgu Y fFibAd Fg o] 3] ittt RS dofof sh=t], o] = JTV-5197} FKBP12.6 &
RyR2e]l A/ 2§ A7 02 FKBP12.67/~ AF oA B4 9 2AAE oulatt}i= 21& A|AFsHE Zlo) ),

% 20 %= FKBP12.6%/~ 413 ol 4] RyR20] U8 FKBP12.69] A w S Z7tA71 024 JTV-5197 %34 o] A%
A EAAL (SCD)E dlstth= A o] mAF o] T} (A-B) A4 ghololid 484 (RyR2)E RyR2-5029 &4 & A&
sto] A AA AT, 742 JTV-5199] F-A] == &4 sloll A, F2] e sloll A, 12]al % o] Fof ok 3
(FKBP12.6%/%) 413, FKBP12.6"/~ A%, 2 FKBP12.67~ A3 o A] RyR2, PKA-214F3} RyR2 (RyR2-pSer2809 a}4)),
2 FKBP12.6¢] A&#3led S yele W83 (A) 2 o) 2212 (B)7F =A o] dot F24] AE) shol =
FKBP12.6%/~ A7l A ~70%2] FKBP12.60] RyR2¢t A5 0] Qlt}. 9% A3 o] Fo 3=, RyR2 5349} 244
FKBP12.69] ko] FKBP12.6"/~ AFA A 402 714 QA0 0= JTV-519% o] &3k M4 o3 +22 4 At
(O RyR2 &Y 25 5 Alg 2 A28 A} o] & 55 = Ao 2 RY gttt JTV-5192 AR A 2] sh
A} AbA A2l shA] 2 FKBP12.67/ A7 falle] 229} JTV-519 AbA A2 o] % 9] FKBP12.67~ A7 fele] 5=
7t A 0] gk RyR2-§ 2] 7155 JTV-519% A2 & &-54171 FKBP12.6™/~ A% ol 4 B33lsl ok 518 2o}
of gt} JTV-519 M 8] ¥ $%5A17) FKBP12.67 A% a9l tlZ A<l v T2 A& oA e] FKBP12.6¢] JTV-
5199 g "ot AS YeEldth, AAE BEadds 22 i == ' B AYGE A (subconductance)' /1S e
Y, o]= FKBP12.6-122 RyR2 525 YellE Aolth #A59 F4& 5.0% 5 el vhd| 959 428 500
msecE YERTH o] = A, Pox /W S5 o|H; Tox H /i Al 7koly; Tex Hi #4f AltolH; cx 913 A
o] B2olt}h, (D) ¥ RyR2 B 29| A /MW ES ZAeh= A v 2 (7] 32). JTV-519& A4 o] ¢
719 2 5% (150 nM)Ol A 28 A1 o] F FKBP12.6"/~ A7 fral o] RyR29] 71 &85 F4 0% 7N,

%= 39 PKA-Q14E8} RyR2 T2 th e FKBP12.69] A9 13t =2] S7fe] o8] JTV-5197F RyR2-52 /¥ & 43
85z o] mAlslo] QT (A, B) 71 SR ¥ (A) 2 A= @4 02 wAA7 RyR2 B2 (B)F A%3 vhsh go] 2519
t} (&3¢ [Kaftan et al., Effects of rapamycin on ryanodine receptor/Ca (2+ )-release channels from cardiac
muscle. Circ. Res., 78:990-97, 1996]). (A) gte]obiedd &4 (RyR2)= 214H3} ¢k5-4] (8 mM MgCl,, 10 mM
EGTA, % 50 mM E&]2/PIPES; pH 6.8) & PKA A3 4|, PKI;_,, ¢ £A & 54 &t Al PKA S A H{5 (40 U;
Sigma Chemical Co., B] = H]F8]F AIQE Fo|A AANo R olAgslgth. MZL 100,000x goll Al 105 FoF Al &
glataL, ol thE ¢hE Al (10 mMe] o] v thE; pH 7)ol A 33] Al H stk Az o2 &7 FKBP12.6 (HF 5%
=250 nM)& ol g 559 JTV-5199] H-2] = A stol] o] A&l H7lskint 6027k lfulold 5 ME&
100,000x goll A 10 &<t A et ojnuhE ehsAlolA 23] AlH et &S 95C= 7FEékal, SDS-PAGES
AL&5te] AV R 335l gith A& vl o] (T3¢ [Jayaraman et al., FK506 binding protein associated with
the calcium release channel (ryanodine receptor). J. Biol. Chem., 267: 9474-77, 19921), &-FKBP12.6 &)
(1:1,000) ¥ &F-RyR2-5029 &4 (1:3,000)5 ©]&3t4] SR vle] A2 (microsome) & W B 2H & 83131t} o
T = JTV-5197F FKBP12.69] (A) PKA-?14Fs} RyR2 (54 A3 100nM ; &2 23 1000 nM) == (B)
RyR2-S2809D <ol B2 - o= A4 PKA-QIAFS RyR2 T 29] - o] A3 7H53kAl b Zlo] mA = o
Atk (C-E) 574 PKA A3l A, PKI;_,, 9 FA4) 3toll A1 9] PKA 148} (C)oll Bl she], PKA <148} o] -] RyR29] 71 &
' 37FDE Yl e 29-52 A7, Gd-F =2 7152 JTV-5199] EA] 3tell FKBP12.63 7] <15t o] A
PKA-S14Fs} RyR20l A A7dstatdinh (B). &2 7182 9%l 2lom, di+] (dash)= ¢Hd Ao < (4 pA)S HHER
o, Ak o' HHE AEHE YERT S 25 459 6x, A9 F4) A1z R 9 ggE (500 msec, sH-9] F+4)
A ZF R A A E | 7] E 2= 0 mVel Ao Aolt}. A7) =4 B % (amplitude histograms) ($-3)ol 2] 3s}lH
PKA-Q1%tsE RyR2oI A 71 €4 2 4B Agd 2 7)ke] yepsk ARt JTV-519 3 FKBP12.65 ©] &3 A 2] o] 59
= el @l (F) AlZA [Ca2 1) A o) A 8e) 4dshe B9, JTV-5199] 4] 5ol PKA-Q14k3}
RyR2E FKBP12.63} &7 9litulo]/d st RyR2 &4 819] Ca?t-9|E4 0] 9-F 0.2 o] Fabi=t], o= n|Qlats} B2
Ca® -2] =43} AL €.

T 4o = JTV-5197F A F-A o] A mdo i A =F5AAS NAAITE Aol BAEY T} (A) JTV-519 & H| 3] &
(N2)E o] &35t 45710 A2 A5, A x5 o] &3l TU-7F oA A olehr| o] Aol g4 s A3}
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Aot A o] k7] 75 Felloll A o] AthA 2l S = JTV-5199 93] AsiE At (B) A & A% 5 7] 5 9]
A e QA T, JTV-519+= Al A A & (post—-myocardial-infarction, post-MD) A& Hol A A A =% 7|5 7o

SHA S 7HA AT

% 59 JTV-5197F A4 FHoll A Z-2~el2 (FKBP12.6)2] RyR20] 9] 3 =5 Z7FAZItHE o] mA o 9t &
7Fe] <] RyR2E F-RyR2 &A1& AF8-3te] W AAIZ T (A). 240 WY EX (A) 2 2] 18 = (B)+= Aol gt
2Ag Foll A RyR2el A Z~ebH12 (FKBP12.6) (B, $-3)9] % 2 Ser2809°14 ¢ RyR2¢] PKA ¢14+3}1¢] <k (B, #
)5 YERTh Ao A, RyR2= PKA oJ3) froabAl #1AkstEH (B, #5), ol & $2 S FAZ5H o Z2El
2 (FKBP12.6)¢] afig]el o] &t (B, 9-5). JTV-519% ©|-&3F g ¢]a FKBP12.69] RyR2¢l| o] A7} #rk o} g},
RyR2¢] PKA-RI4Es) el sttt Ad Slg= v gholl b o] A Qlt}. «P < 0.05, HF o 4F (sham); #P <
0.05, HF+JTV-519 tj HF

6olli= AF-AA JTV-5197F RyR2-5 =2 /| & AGA3tetthi= Aol A H o] dth RyR2 B2& AF 5 (AF) B
H-2 (heart-failure, HF) F 255 g2l S vl 249 -T2 F8 o] 31, 4F 55 7 ()l nlshe], A4
ol A (F4) RyR2-F2 /W &F (Po)e] 8t S7HE = 3ol YeErwth AFd & JTV-5192 45 &<t A
HAAFTFE 5 T2 MY FEY A R T2 AW o] st At ZHzhe] 7o) oA, A F
412 5000 msE YERH, H-¢] 42 200 msE YETH & WS 915 ek Ao, difl= S ] B2
NS YER ™ (4 pA), 'c'= HA® AEHe T2E Yeidt 37 &5 BEXE (95T AFA A Fale RyR2 T2
NA F7HE Po B A BAYE 2 /S YERY LT

O 4 >

x

% 7 FKBP12.6 (Z2Ep12)9] RyR2 F 2] A’}e] F7tel 938l JTV-5197F RyR2 &= 7I#H& A dststth= A o]
A gtk (A) oFA8E RyR2 (RyR2-WT) B 2% 54 PKA A Al PKI;_,, o ¥4 == £4) shell PKA Q14+shA]7]
v, o]ol A XA E FEo] JTV-5199] &4 ol ZelH12 (FKBP12.6)¢} g 91t d o] A ettt RyR2 W B384
Z = 5% RyR2E YetH; Z2en2 M B2 JTV-5197F Z- 2129 PKA-214F3} RyR201 9] F-22 <] (100
nM) = 243 (1000 nM) A2 3He 78l ghohe 31 Yepdth (B) 34 4 -PKA-14Fs} RyR2E EWshe
RyR2-S2809D+ A A1 ¥ 5 %=2] JTV-5199] &A| sfell Z2~EfRI2ef 37 Qo] A3t RyR2 A9 ERS ME +
539 RyR2E Ve, Z2Ep2 W E52 JTV-5197F Z-2~EP122] RyR2-S2809D¢] ¢] H-£4 91 (100 nM) %=
A F (1000 nM) AZFS 7Hs8HA dhohs A2 el (O) [P°S]-8A4 9 Z2e2e] 248 542 JTV-5197F
PKA-2?14E8} RyR2 ¥ RyR2-S2809D £ o] T2l o] Z~ERI2e] A3} 1t e & v -<l4kst RyR2-WTel| vl A 3wt
F FEOR ST 21 EAE AL vk (D-F) 9d-% 2 Al ©jshw, 150 nM [Ca*" ] (DO] B n=11:E<|
A% n=12,F 4% n=13)°A Z2=eI29] AZAF ] 93] PKA-214Es} RyR2-WTE] /¥ &5 (Po)S JTV-519 (1
uM)7F A s Aol el B2 S 95 &3 Aoy, d4 e &43 5] 52 AS YERY (4 pA),
'c'= H R AE ] S 2E YERTE A7) B¢ B R (95)7 PKA-QIAESE RyR2914 F71H Po B A/ B2 E E 2 )
WS YER ) o] = JTV-519 (1 pM) 2 Z~EWI2 (FKBP12.6)& o] &3k A g o] Foj = 2] A erokrt.

rr

= 8oll= A 2o A ¢ RyR2 AthiEAt A7 =A ¥ o] Qlth (A) RyR2+ <42 A (SRIEZHF-H A HAA 7],
PKA & AJEE olt Al R A F0]E (cAMP)Z 14FSIA At PKA AsiA] (PKD9] H7F= 14ks) k&S ¢2h 3]
b8kt (B) RyR2 A EA4F H3A19] 52 AW SR 819 RyR2E FA-AGHAA AT (co-
immunoprecipitate). ¥4 ZE= AW SR (50%2] B A (IP) FYE (input) 2 7F)oldth 94 tixe= YA 3
2 ady FA=2 g 3ddy] = MES Jepdt) (O) Z2-EH12 (FKBP12.6)+= 4% SR &1 ¢] RyR22 5A| -1
AAANZ T SDS-PAGE 2] 8k 778 1353} o] Ao, MES PKIS] EA4 2 F-4 sl PKAZ Q14kslsl 3l th PKA 14t
sk PKId 93 A== Haos 52 A= R Z2epd2 (FKBP12.6)9] 32 & oF718}3lth. + Cont. (CSR) =
A SR; + Cont. (FKBP) = 2123 FKBP; ~Cont. = &94 FE =7} AL -84 &A= =35 = [P

Ir

T 9ol= AW MlE (AF)Cl A ¢ RyR29] PKA-QI4ESI7F A = o] ot (A) H2 5= (& n=6) 2 AW Also] 9l
=71 (AFib;n=6) F#d WX dd (IP) RyR2E PKARE <14F3}Fslth. & -<14k3} (back—phosphorylation) 4 & ol
Ao A, Zhzhe] AZo A WY H A E = RyR2 @A o] oS SA38H7] 913te], RyR2e tl st WA EZH S S Ao F-243}
ATt FAS5o] W) 2 2= G-k AT A A BAXE e fiES WA g o] e giste] =4
H, RyR29] J) A2 PKA 4tet =& vebdth, AF7) 9l 7l &0l ¥]8ke] PKA 14k3817} 130% 5718 S el
Wtk (AF9] 49-n=6; Z2 4 n=6; P=0.001). Z2EW2 (FKBP12.6)E RyR2% SA-HI A AA H ). 54
-HAHA Ao QlojA], o] MERRE WY A= RyR2 A o] ok =A317] 9)8to], RyR2d] 3k Wl
& Aol Gt -5 U a2 e SA-A9A A AP AR EAAE e gtES dg3de

o] Foll st} 24, RyR2E SA-H A A= 222 (FKBP12.6)9] & WEbdith RyR2e] o] Z2EI2

f o

A
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(FKBP12.6)¢] A2 thxol vlsto] AF 7Rl A 72%9) 7 aE YEPRAT (29 A9-n=6; AFY A n=7;
0.0005). (B) AF-H 2] Alg oA A Also] = A frae] QIzF A 24 (A Fib;n=5) 2 A4 A4

frafel A 22 (d3; n=3)& AHE3t 5L s Algl 29 A8S Fasigln. 59 oo a8 Zs -9l
AFA FAAE YERTE AFZF & AR dlZe vlste] PKA 14Es7F 112% 5 718-S YER AT (A Fibe

< n
=5, F9 49-n=3;P=0.002). ¢-F2 U 2 Z= 222 (FKBP12.6) 5A-H9 A 23 A3= el
t}. AF7} 91 = Q17Fe RyR24] ZA¥tE 222 (FKBP12.6)¢] %Fo] 70% A= LS JeEA T (A FibY A% n=5; 0

Z9] 49 n=23;P<0.0000).

= 109 = AFell A 9] RyR2-F 29| 7]59] WA o] mAH ] Qi) (A) -9 4
RyR2 525 EA18tH; 8152 42 AF F 20|t} o] X529 50 A5dh AF A7) =4 #X=7F Atk (B) &
) 2= 2 7 (Cont.) 2 WA AW MlE (A Fib)o] A& Aol oA 71 &E (Po) 2 /W 9= (Fo)2l =%
XS e 5kl 9] A Fib 7 9] 17719 S 29}, 5rkele] gix 7] a9 11719 T25 A3kt = 7l
S B 3y 2712 Bo|x &yth olot= tl2H o2 A Fib /] FEl9 17719 EZ F 15719 B2 (88%)7) &
o) & A Z7 A 35 (AF: 0.3940.07; t)Z: 0.009£0.002; P < 0.001) & 7l¥ W= (AF: 21.9+4.6 s 1; o) =:
1.6+0.6 s 1 P < 0.002)& YER Y.

T 1191 JTV-519% o] &3t Ao 93] AFellA 4742l RyR2 7]5°] 35 o] EAE o] St} (A) (A4 o) ¢k &<t
ot nke} 7o]) 150 nMe] Al E A Ca?t HX oA, 1281 0.25 mMe] Z-~EF2 (FKBP12.6)2] 27 3loll A 2], 74
A Frale] 9 RyR2 B 22 g4l 42 PKA Ql4ksl & F93HA S7Fe /W &8 (Po) E /MH RI=E HoE
t} (% Po = 0.3+£0.2 %, n = 6; PKA: Po= 14.84£3.2 %, n = 7; P < 0.001). 3}53-¢] F2lo| A ¢], 183l =E A 3
(all-point) = EXEo A9 HT} & A7 2o A HolX]+= vlel o], RyR29 PKA 214sl+= Z-~EMI2
(FKBP12.6)7} RyR225-F] a2 = u] #25 = BEA uk (HBAYE A Ag) o2 ojo] Xt} JTV-519 (1.0 mM)+=
PKA-*]2] RyR29} H]al3}o], PKA-314Fs} RyR29] B2 &4 & 3| EA1 521 (Po = 0.84£0.3%; n = 6; P <0.001);
JTV-519+ H3k H]1AS} t & F 2o Al Bojx|&= vpe} o] L B Eo|A] Ml dF A7) F2=E ool Hrt, 45
9 s =42 747 5000 msec 2 200 msecE WERH; #4] AEH = o2 YERN AW kA g T2 S vk
ol &l Jef o)A = v} 2o] 4 pAQ] o2 38 HE = o8 A glon; sl 249 Hd2 1 pAe ¢
Aol BEA NS e (B) Al%3 ZA~E2 (FKBP12.6)& 1,4-MlZElolA| A G54, JTV- 5199 &4 L= 1
Al sholl PKA-14Fs} RyR29} $HA| Aol sttt -2 2ElRI2 A & o] &3 W E 2y o 93, JTV-519%
A z7 Z2~EH2 (FKBP12.6)7F PKA-<14EsE RyR2¢6 A el A& 3183tk o] YERRTh JTV-5192] F-2) &}el
ME Z2ERI2 A2 dojubH] et

120 & Al9F3k 1,4-wlZE obAl A FE=A7F Z2~EpH12 (FKBP12.6)¢] PKA-<14ESF 4174 gfo] o}
[e]

= 4 e 84 (RyR2)9
o] A%5 0.5 nMoll A F=ghth= o] mA H o] ik A4 9d = 2.0 nMé] 24249 gt st o e =
S|

0.5 nM¢] z+7+

T 130 = AHANA 1,4-HFE oA 524, S36 (= 159 A o] 21g)0] 200 nMol| A A1 AW S o ekt

Z0] £AE o] Q). v ref ol = tEhlo] R nhe} o] oFE @& ALY 3HA] ¢S FKBP12.6%/ Al oA o] &
T A T FAW AR B A EAA AT BAE dth 25 i ZdlE A EAAE BAIEH 9o, &
b a3z = A& VIZF A Hof 9lom; 95 g o &= v A &4 VT7F mA o] vt seabs Zh2he] ol A] A}
49 529 F vlESFE Ve

5 149 JTV-5197F Al 5 o] F Rdolq A 5448 /A Itk 3lo] A o Qi

T 159 & 2 fFEAY 7271 =AE o Qo)

b of] 73k AbA 3 A

w2 FvpolA] (PKA) 213k 417 RyR29] AA4kst= "t & (fight) =& =5 (flight)" 599 2.3k Fitolr, A7) <l
23k FolH Eg] A glojA WEEE Ca?t o FS ZFoiA o w2 AF EC-AZY 54 (gain)S F7HA170th (£

[Marks, A. R., Cardiac intracellular calcium release channels: role in heart failure. Circ. Res., 87: 8-11, 2000]).
oleldt Ao A& F2= 2B SHehs agh A B3 AE S S ANUANY 8 E SHATI=
S NS F7hR o]0 A /4 AlF Rk selZolnle] AFA, Bl- % p2-ot= g S8R A
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14, Gag® Bato] of il Abe] FetolAl S B4 AT, obeldE Abol Eefolal = ALY Aol 28 ol H el B
LXATOlE (cAMP)Y 7S 57HA171H, o] & cAMP-9 &4 PKAE &4 3A1 71t} RyR29] PKA Q14 &2 &
A = E o] ZAEI2 (FKBP12.6)9] a2l & T=22] W 253 S7FA171t ol thA] Ca?' -9 &4 874 3t
3k RyR29] W1 7A-S & 72171t} (33 [Hain et al., Phosphorylation modulates the function of the calcium release
channel of sarcoplasmic reticulum from cardiac muscle. J. Biol. Chem., 270: 2074-81, 1995]; & [Valdivia et al.,

|

ro
-
)

Rapid adaptation of cardiac ryanodine receptors: modulation by Mg2+ and phosphorylation. Science, 267: 1997-
2000, 1995]; ¥ [Marx et al., PKA phosphorylation dissociates FKBP12.6 from the calcium release channel
(ryanodine receptor): defective regulation in failing hearts. Cell, 101: 365-76, 2000]).

A A (& 5o, Aol e g 2 AF-He 55 o) vid A wzt 27 A #33 A4= (chronic
hyperadrenergic stimulation)S X33} B8] %% 2 (maladaptive response)S L E# o 7 3t} (£33 [Bristow et
al., Decreased catecholamine sensitivity and beta—adrenergic-receptor density in failing human hearts. N. Engl.
J. Med., 307: 205-11, 1982]). A7l A o] o]2f3t aAt=¢] Aol thet T2 wEf-ol=edd A= % 44
A8 1% (myocardial wall stress)E 7HAA7|H, A4 2l Rl & 7323 A w7t = Al 8k X5 A gl o3 %]
A"t} (3 [Barbone et al., Comparison of right and left ventricular responses to left ventricular assist device
support in patients with severe heart failure: a primary role of mechanical unloading underlying reverse
remodeling. Circulation, 104: 670- 75, 20011]; 3 [Eichhorn and Bristow, Medical therapy can improve the
biological properties of the chronically failing heart. A new era in the treatment of heart failure. Circulation, 94:
2285-96, 1996]). A F- el A, v wlgl-ol =l ddl 2p=-2 Aol A wlEt-ot = dd 8 o A stet AFHm,
ol G-wH Ao AEHE St ol E Ato| FetolAl S S A7 AL TH O ZN M EW cAMPY 25 S7HA
21tk cAMP= cAMP-9|=4 PKAS 24 3tA]1 711, o]:= RyR2¢] #R14tstE el A o= Bra it o] 9 go], vt
A AR e vkl Wk A A A 33k Aej o)™ (31 [Chidsey et al., Augmentation of plasma norepinephrine
response to exercise in patients with congestive heart failure. N. Engl. J. Med., 267: 650, 1962]) ©]= RyR29]
PKA Q14FHsE x3lsto] o] W§e]ehdy Ax=E o]t (& [Marx et al., PKA phosphorylation dissociates
FKBP12.6 from the calcium release channel (ryanodine receptor): defective regulation in failing hearts. Cell,
101: 365-76, 2000]).

RyR2¢] PKA #Q14tsk= A H- Ao A AA| 5 75 R 4ol 7]ojste a9 o= AljkH At (& [Marks et al.,
Progression of heart failure: is protein kinase a hyperphosphorylation of the ryanodine receptor a contributing
factor? Circulation, 105: 272-75,2002]; %3 [Marx et al., PKA phosphorylation dissociatesFKBP12.6 from the
calcium release channel (ryanodine receptor): defective regulation in failing hearts. Cell, 101: 365-76, 2000). ©]
& 73 A B A, AF-Hol A e RyR29] PKA #QIAFSZF A1 o] 2 & wh-e- Al F-Ho] Qle 84 2 58 Bl & &
Fol A AA] WA L5 ATt (3 [Antos et al., Dilated cardiomyopathy and sudden death resulting from
constitutive activation of protein kinase A. Circ. Res., 89: 997-1004, 2001]; &3 [Marx et al., PKA
phosphorylation dissociates FKBP12.6 from the calcium release channel (ryanodine receptor): defective
regulation in failing hearts. Cell, 101: 365-76, 2000]; ¥ [Ono et al., Altered interaction of FKBP12.6 with
ryanodine receptor as a cause of abnormal Ca®® release in heart failure. Cardiovasc. Res., 48: 323-31, 2000]; &
3] [Reiken et al., Beta—adrenergic receptor blockers restore cardiac calcium release channel (ryanodine
receptor) structure and function in heart failure. Circulation, 104: 2843-48, 2001]; +31 [Semsarian et al., The L-
type calcium channel inhibitor diltiazem prevents cardiomyopathy in a mouse model. J. Clin. Invest., 109: 1013~
20, 2002]; &2 [Yano et al., Altered stoichiometry of FKBP12.6 versus ryanodine receptor as a cause of

abnormal Ca2* leak through ryanodine receptor in heart failure. Circulation, 102: 2131-36, 2000]).

A5 Aol A, PKA®] €3 RyR29] #¢14k3b= RyR2 S22 5-E] 9] 24 FKBP12.6 A 49 2] S faato) (
%] [Marx et al., PKA phosphorylation dissociates FKBP12.6 from the calcium release channel (ryanodine
receptor): defective regulation in failing hearts. Cell, 101: 365-76, 2000]). o]+= RyR2 529 A EE g std EAS

T A A WEA 7t 22§ Wshe Calt -9 &4 A4St g v 7R 9% A 8 (Po)e ST (EF
[Brillantes et al., Stabilization of calcium release channel (ryanodine receptor) function by FK506-binding

=

i

protein. Cell, 77: 513-23, 1994]; 3 [Kaftan et al., Effects of rapamycin on ryanodine receptor/Ca2+ -release
channels from cardiac muscle. Circ. Res., 78: 990-97, 1996]); AR AY R~ A & o]ojx &= Er 9 EotAHsl; 2 2
S EC AZHE 9 AR 75 o2 o]ofX = T2 ASHE /MHA Y &4 (&3 [Marx et al., Coupled gating
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between individual skeletal muscle Ca®" release channels (ryanodine receptors). Science, 281: 818-21, 1998])9ll
ola) 5 Th 0|9} Zol, PKA-#<14k5} RyR2+= AFE2] Ca?" o] Aol diste] 5 ¥1zkaln], o= I A& 7l
213tE E2E B3 SR Ca?t FE2A B HolFE Aol

RN A 2Ed 2ol S HIH S S T2 AYRA BEA 2T o] FKBP12.69] g o]ojxitt, ol
7z

Ca?* - =% Ca?" WEo] 3 RyR29] WA o] QoA FZ o= o557 8, o] &= W& x| &= 23813k [Ca®" |l A
HU & 848 z2k= 522 o]ojAt) (3 [Marx et al., PKA phosphorylation dissociates FKBP12.6 from the
calcium release channel (ryanodine receptor): defective regulation in failing hearts. Cell, 101: 365-76, 2000]; &

rg

3 [Yamamoto et al., Abnormal Ca®" release from cardiac sarcoplasmic reticulum in tachycardia-induced heart
failure. Cardiovasc. Res., 44: 146-55, 1999]; ==& [Yano et al., Altered stoichiometry of FKBP12.6 versus
ryanodine receptor as a cause of abnormal Ca2+ leak through ryanodine receptor in heart failure. Circulation,
102: 2131-36, 20001). A1zko] Aol whe}, RyR2E 53 "+&"9] F7h= SR Ca®* aau EE} He FFo o A4
Qo= olojAH, o= A EC A& T3 A7 A 54 &4 7198t} (3 [Marx et al., PKA
phosphorylation dissociates FKBP12.6 from the calcium release channel (ryanodine receptor)- defective
regulation in failing hearts. Cell, 101: 365-76, 2000]).

3] "FZ24"2 RyR2 B2 9] ¥zt Johe Al F7]9] F217]91 A% 0] 9k7] <k SR Ca?' 2 &8 5 ot} o] &= Ad
delayed after—depolarization, DAD) 2.2 FA] ¥ AZA X 9ho] @750 2 ojojx]H, o] &= XA 4A F

—

SR (
AulS Aoy = Ao R FXHo] ) (& [Wehrens et al.,, FKBP12.6 deficiency and defective calcium release

channel (ryanodine receptor) function linked to exercise— induced sudden cardiac death. Cell, 113: 829-40,
20031]).
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454 RyR2 B 20] Fel4tale] o 2r) At wgh-olad

7k 7 3719 ol 9716l A Ee] RyR2 B27 AME /b5 S o
3 AAFSL 9l

2SS A A JTV-5197F MI = Al -7 9] 7 EeoA AFAE odsivh=
JTV-519% A7 o]+ 7]5 ol a2 A 1 = by 7Héi-°4 AA A A 7]
o 2] RyR &%, RyR1°] PKA-#Q1%bst= Qlsle] AR &2 o A B3
At} (4 [Reiken et al., PKA phosphorylation dissociates FKBP12 from the calcium release channel
yanodine receptor) in skeletal muscle: defective regulation in heart failure. J. Cell Biol., 160: 919-28, 2003). ™
A, JTV-5197} 4l -2 o] Sl Shatol A *‘a*?a‘il 7)e = 3 ANAAA A Zlolgt 7 tfE T} o] 9f 2Fo], JTV-519+ 242t
%314 (extremities) R &7 el A &4 & ofol]l 3) o7l = AF-H - 7] 92 9 $F ¢ (shortness of
breath) - o] F+ 7H4 8.3 S4& iléo}ﬂ Ak Algrgh A =4 HEHE Al g

5o rlo X rie
]
)

) OIN
_OL

710l =2l w o] iz wkel o], e Zobld v A vl (CPVT)2 724 o= A4 A4S 2 vl A9
73 Aeloltt. o=, A =AAH(SCD)E o7 E & 91—”: AAHE] FAgEl AEY S A Ad WS O 50w
g}, 2424 (SR) 7ol 91A18k= RyR2 F 2ol A o] Ede]7F CPVTe Ads o] st
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A5 ofH| i/}l 3.5'-H ¥ 27 o]
AR As JSsit

gk ZEAQ #AA 71AS AAs] 918k, B AP AES CPVT-Z25-4 Eddo
RyR2 B2 (o & S0], S2246L, R2474S, N4104K, R4497C)E AF3+4t). 7124 =4 o}oﬂﬁ HHg 24 o] Fut
of glojd FAAQl 7] 5S 2tE B9 Wo] RyR2 B2& ok Eioﬂ H|5}o] PKA ¢l2ks}e) o st &4 sle) B} wl7ks)
o, Z7ld &4 Ol g8) 9 J8E 9 dEHE et 18, PKA-QI4HeE & ¥o] RyR2 B 2% RyR2 529
ek A A9 Mg?t el o] & Aol thate] WS 7, (4] 2o E2E kA slels) FKBP12.691¢) 23 7
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48 G, o9 WAL, &5 5ok, RyR2 £/} PKA-Q14H818 ), Edwo] CPVT B27h 414 7] 9] o|97]
(47 DA A 75 4ol B AKL SR Catt ol Slof fursli $ el Wy As ol SrbAcE se o
BT, A5 QAR 0z a7 AE €910]7] Bie], RyR2oI A o] FE S Hrali e Sulnre] fAd]
oA AP A BAHE apgE 5 9k

A 1 4-AZEolA A A AE &, JTV-5197F FKBP12.6 {3 &kl tiate] o] & gt
g oikgtth= 1S )53kl *‘ 48] = el JTV-5197}F 417 o] ¢H4d SR
o] F ol WA} (8 [Yano et al.,, FKBP12.6-mediated stabilization of calcium-—
release channel (ryanodine receptor) as a novel therapeutic strategy against heart failure. Circulation, 107: 477~
84, 2003]; =3 [Kohno et al., A new cardioprotective agent, JTV519, improves defective channel gating of
ryanodine receptor in heart failure. Am. J. Physiol. Heart Circ. Physiol., 14: 14, 2002]). ¥ Aol A, & ¥z} &5
A B Bdlo] A JTV-5199] &5 B 218 712HS ARSIt o] 59 AAl W A3l A, & AHAEL 13 799
el JTV-519 (4-[3-(4~ ‘HXUJJJ]E]"/] 1-9HEZ2Iod]|-7-WEA-2,3,4,5-HEZ3| =21 4-ZE|o}A T <4F
2k 7E B ekl

2% AW g gk AP S 93kl FKBP12.67/~ @ FKBP12.67 AAE o] dol] 7|48 &% T2 EZo 2a}c)h (&
& [Wehrens et al., FKBP12.6 deficiency and defective calcium release channel (ryanodine receptor) function
linked to exercise—induced sudden cardiac death. Cell, 113: 829-40,20031; %32 [Mohler et al., Ankyrin—-B
mutation causes type 4 long—QT cardiac arrhythmia and sudden cardiac death. Nature, 421: 634-39, 20031]).

FKBP12.6"/~ A7 % 88% (80}2] & 7vla])7}t o] T2 ES Fot A4 vl (VT) T AAl ALA-S el vhd, JTV-
519% Abd 2§ FKBP12.6"/” A7 & o= A © B-A W = 24 A =2ui#] ekoke} (6vke] % onte)) (= 1

L3 FKBP12.6%/~ A7 % 90% (1071e] & 9ute))7h &% F¢t i 95 ol F Apgalglon], iy, JTV—519—iMfﬂ
FKBP12.6"/~ A7 o] = AF = AbgatA] @9ke} (99hE] % 0mta)) (= 10). A A28k FKBP12.6%/~ A3 94+ v

=, JTV-519% A28 FKBP12.6 7/~ A7, JITV-519 Aol = 78k, 100% (5v1e] & 5rle))7t 2EH A T2 E
F 5 VT7E et At (2 10). o1& S ¢8) B, A7) dlo]8 & FKBP12.6°] JTV-5199] -4 o 24
o Fasith= AS AAET

JTV-519¢] g-RA4u E48 2717 E4933517] 9)te], w5 FKBP12.6"/*, FKBP12.6"/7, @ FKBP12.6 7/~
AAE 2 agWE A7) A5 Z2EF A5tk VTE 0.5 mg/kgel o] AT 2 H #li59] 4] o] FKBP12.67/~ A
A 3 71% (70}g] 2 5uka))ol A AZ3F 314 24 (rapid overdrive pacing)oll 28] 525 9|9k, ok & FKBP12.6%/
T AF M= e ek &%t (P < 0.05, n=5). JTV-519 (0.5 mg/kg/h) = A4 A 2% FKBP12.6%/~ A= n| A g

FKBP12.6%/~ Aol wlate] a4 28 b4 VTol tate] frolahA @ wizkakgieh (7vke] % 1vke] of 7vke] 5 50}
2,

2]; P < 0.05). o] ¢} x4 o 9= Abd A2l ® FKBP12.67~ A7 = 67% (6vte] Z 4vle))= 14 28 %
oF VT 7| 2 & Sl o},

cn:(o

VT FKBP12.6"~ A7 % 71% (79+] & 5vte)ol A & 7] vhE o2 fdd 5= 9leh. VIE JTV-519% Abd
A2l ¥ 7ekel o] FKBP12.6%/~ Aol A= A8 #2354 ok o]F %7] vHs T2 EF (S1-S2-S3)& o]&-38, VT
2 100%¢<] w2 FKBP12.6"/~ A7 (70te] % 7ule) el A Al 874554 farabgich JTV-5192 o] &3 2]
FKBP12.6"/~ A7) (7ut8] % 7ute)el A f24 VIE %dél AABAT} ITV-519 3 &= FKBP12.6 7~ A7 ol A VT
£ ol Hak9l=), o] FKBP12.69] JTV-5192] &-F-Aul 2k-go A Q3lvhi= 7/ld S A A5k Aot

ol e, - A5 Ser28099 A o] RyR29] PKA {14Fsl7F RyR2 &2 25 9] FKBP12.69] 3gl & o7l stte A&
A=3AH} (F¢ [Marx et al., PKA phosphorylation dissociates FKBP12.6 from the calcium release channel
(ryanodine receptor): defective regulation in failing hearts. Cell, 101: 365-76, 2000]). ¥ A7) 9loJ A, JTV-519

(0.5 mg/kg/h)E o] &3 A}A 2 g]= FKBP12.6"/~ 2 FKBP12.6 7/~ A7 ol A RyR22] PKA Q14+3} Ao 9 akS 5%
23ttt (2 2). FKBP12.6%/* A7 9} v wsle], FKBP12.67/~ A7 42 RyR2 Batdl= $% o] 3 FKBP12.62 &

& A o AT (P < 0.05). 221}, JTV-5192 0] &3k AbAd 28] % 2o FKBP12.6%/~ A o)A RyR2 A
A} B4 26 o] FKBP12.62] £48 W&t (= 2; #P < 0.05).
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$-=o] A& W FKBP12.6%7/~ A7 &2 RyR2 £29] /|4 85 (Po)L $EA17] FKBP12.6%/* A% o =0 1)

alo] o8k A 2718 (+ /- 1 0.4740.12, n = 11; +/+ : 0.04£0.01, n = 13; P < 0.05). £% 7] FKBP12.6%/~ 4
= JTV-519 (0.5 mg/kg/h) 2 A 2]std, &5 A7 vl g AFA | v|ste] F=9 Port 93 FaH ATt
(0.02£0.01, n = 13) (&= 2). o] g+ #Z-2 RyR2 E3HAo A o] FKBP12.69] ¥2] T7FeF A Ak} (= 2). o] 9f&= =

How $2A7 FKBP12.67~ A7 2] JTV-519 A= ¥e PoZ zH= E2 2 o]o] x| %] ¢kt
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S8 Ao F i A ol 27] SR Cad' +EE BAN %}oq RyR2 %iy} re .ﬁ} +5 7o}
okl Aol Afe] 20 Algelol etz Floleh. olsh o], JTV-519-4 )% £5A12
£ RyR2 5E27} A o] 947] d B9 " &AL
2 H%] S A9 S AALEE Aoly, o] RAuwlo] pHaE ] ekirli= 3} o XS},

JTV-5197} VTS ek 71 4% 3712 2A4517] S1a), & 29 A2 obd RyR2 (RyR2-WT) 25| PKA Q14
s}5 o] 8ot &5 S Al o]t o014, PKA-QI4ESE RyR2 B 253 F=7F 7F8k= JTV-5199] &4
atell FKBP12.6 (250 nM) ¥} §H7A] vl < }omr 100 nM E= 1000 nM JTV-5195} $-7] #joFst® FKBP12.60] PKA-91
/\}ﬁ} RyR20| Adsl= o] $wdTh (& 3). ek JTV-519%= FKBP12.60] Sl o] RyR2 82809D % eso) Ade

=S sk, 7] & el RyR2- SZ809D E25 & PAH-PKA-9141E RyR2 B2 ES &t} (2 3).

l

JTV-5192] 7} 93 PKA-<14F3} RyR2 B 259 th3F FKBP12.69] 3 3}=7} 938t A 571313tk FKBP12.69]
7] FRE Agate bl 2ol dlE] 4 (K= RyR2-WT + PKA + PKI;_», PKA A A 9] 2 9-oll =

148+59.0nMe] aL; RyR2-WT + PKA 2] 79l = 1972+39.9 nMe]™; RyR2 + PKA + JTV-519¢] %ol =
158+56.4nMeol Yt JTV-5198 o] &3 PKA-¢14s B2 5o 1) st PKA-QAS B2 59 2 $-ol&= P <0.050]3, n
=29) (= 3). RyR2-S2809D <o) 525 (7] B2E2 FA4-PKA-2U4Hs RyR2 B 258 HWeh & o]-&3)9]
AR A7 ES 5359l th FKBP12.6 2§l tlgk K = RyR2-S2809D9] 7 9-0]l 2123+£104 nMo] i1; RyR2-
S2809D + JTV-5199] 7 -9-¢] 428439 nMo|$1th RyR29] PKA ¢14tsE= B2 (Po = 0.01+£0.002 (PKA + PKL n =
11 o Po = 0.40£0.02 (PKA; n=12; P < 0.05)& &4 stA Zith PKA-14E8} RyR2-WT & =0l o] FKBP12.6 (250
nM)¢] 7= PoE A A 71 A Eadth, 28y, 1piMe] JTV-519 + FKBP12.62] 3 7}= PKA-H] Q1 4k8} S 2o v A
= 3 (Po = 0.00240.001; n = 13; P < 0.05) 2. & PoE 7 2A| 7 th

o] ZF3| BN, B 5o Ao A= RyR2 A A} £34 25 E o] FKBP12.69] 1242 1,4-wlztjol4 A &
=AQ JTV-519% A ejgro =y 1 w2 grhs o] vl =], 47] RyR2 At &4 234+ FKBP12.6"/~ A%
oA F7He RyR2 71 &+&, A4 i 2 414 %Od*}ﬂ AFxo] it} whehA], E EEAES A FAWS X538
I AR AL 4 71 S50, FREPI2 6 813 RyR2e] Ashis] 271 4ol 2losli 49 ole]
SR ZH45 TE& WA ET A7) RyR2 AEAF H5kA]0] A 2] FKBP12.629] A2 A3 (73 [Marx et al., PKA
phosphorylation dissociates FKBP12.6 from the calcium release channel (ryanodine receptor): defective
regulation in failing hearts. Cell, 101: 365-76, 2000]) ¥ 44 &5-F2dA A4 B9 (& [Wehrens etal.,
FKBP12.6 deficiency and defective calcium release channel (ryanodine receptor) function linked to excercise-
induced sudden cardiac death. Cell, 113: 829-40, 2003])011/‘14 At el EAolm g JTV-5197} A A4 EdAAS
0 7]= RyR2ol| A 9] E2H4 Ag-S X mste Alate 549 WS A Zolet 7| drt.

[e)
=

710l =ef o] QL= uel o], A AlE-S QAR A 71 dRbA Rl FEjo] A FAwol Tk, AA7HA], FFERA Q] B R
gy g M7l g RAH S X EH5A WS- =1ksl ™ (£ [Rensma et al., Length of excitation wave and
susceptibility to reentrant atrial arrhythmias in normal conscious dogs. Circ. Res., 62: 395- 410, 1988]), 7+x %<l
Ry 2 A7) Al g RAES A B8] O, B340 Wuke A Ao A (E8 [Wijtfels et al., atrial
fibrillation begets atrial fibrillation: a study in awake chronically instrumented goats. Circulation, 92: 1954-68,
1995]; &3¢ [Morillo et al., Chronic rapid atrial pacing: structural, functional, and electrophysiological
characteristics of a new model of sustained atrial fibrillation. Circulation, 91: 1588-95, 1995]; i+ ¢l [Elvan et al.,
Pacing-induced chronic atrial fibrillation impairs sinus node function in dogs: electrophysiological remodeling.
Circulation, 94: 2953-60, 1996]; % +% [Gaspo et al., Functional mechanisms underlying tachycardia—-induced
sustained atrial fibrillation in a chronic dog model. Circulation, 96: 4027-35, 19971), @ Az <] 4 (wavelet) I
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O &g XS} ol 2R AR S ofutie A Als o] WA, A B 1o A T o skt = A A gl A Al
FollA A7 ARl Aol A e ol AO=E Ao St (E& [Sun et al., Cellular mechanisms of atrial
contractile dysfunction caused by sustained atrial tachycardia, Circulation, 98: 719-27, 1998]; &3 [ Goette et
al., Electrical remodeling in atrial fibrillation: time course and mechanisms. Circulation, 94: 2968-74, 1996]; &3
[Daoud et al., Effect of verapamil and procainamide on atrial fibrillation-induced electrical remodeling in humans.
Circulation, 96: 1542-50, 1997]; Yu et al., Tachycardia-induced change of atrial refractory period in humans:
rate dependency and effects of antiarrhythmic drugs. Circulation, 97: 2331-37, 1998]; &3 [Leistad et al., Atrial
contractile dysfunction after short—term atrial fibrillation is reduced by verapamil but increased by BAY K8644.
Circulation, 93: 1747-54, 1996]; % #& [Tieleman et al., Verapamil reduces tachycardia-induced electrical

remodeling of the atria. Circulation, 95: 1945-53, 19971).

HAE o] T2 7] %ol 7123 vkt 7] #ko] AR disto] b= o] ght). o & 5o, Aol st A A v
Aol L-8 Ca*" A (g, ) 2 = AFA 93 A7 ()7 Fage] W3 Atk (3 [ Yue et al., lonic
remodeling underlying action potential changes in a canine model of atrial fibrillation. Circ. Res., 81: 512-25,
1997D). I, (o #2H stFEA LS Holx FE A0 2= AFE Fiksts d714 <l gl d® 249 572 AERPS] @5
2 Bo o] wiul: vl A 2A] &4 B RFE Ayl Ao 7H5d ) (31 [ Yue et al., lonic remodeling underlying
action potential changes in a canine model of atrial fibrillation. Circ. Res., 81: 512-25, 19971). A1&3F AuF =&
(rapid atrial pacing)9] 23§ & A9} AF7} &= 1z7He] A2 Aol A, w2t (verapamil)< H 714 2] &
Al S Ak Ao Vet o kA o] Ca®t #Hi-etrt A F8 S A AT} (8 [Daoud etal., Effect of
verapamil and procainamide on atrial fibrillation-induced electrical remodeling in humans. Circulation, 96: 1542-

50, 1997]; 2 &3 [Leistad et al., Atrial contractile dysfunction after short—term atrial fibrillation is reduced by
verapamil but increased by BAY K&644. Circulation, 93: 1747-54, 19961]).

O+

WY 9 AFE Fukahs 37 GRAYel A Bus Fad o ge

A<

T
whd A E U Ca®t Aol A Vo s ATE o] oA @t ey, Al EY Ca®t oA e vt ] B
ol L Frhs A& A ST EA R AF Sol, oA Aol A g 4 4e] 0 Wy
oF ol A, dlE =0 I, R0l sl = ehds] a4 flvks 2ol dSH A (F3 [Ramirez et a
Mathematical analysis of canine atrial action potentials: rate, regional factors, and electrical remodeling. Am. J.

Physiol. Heart Circ. Physiol., 279: H1767-85, 2000]; ¥ 3l [Kneller et al., Remodeling of Ca 2% -handling by
atrial tachycardia: evidence for a role in loss of rate—adaptation. Cardiovasc. Res., 54: 416-26, 2002]). T=3F, A
NA = AZEW Zh Aol A o] v -F i Wshr) gk Wk A5 o) B4 Add] 7]ofske A o2 Yo H,
o2 gk AR 2 AF9] Wlof A Al Aoz AZE Tt ((Z& [Sun et al., Cellular mechanisms of atrial contractile
dysfunction caused by sustained atrial tachycardia. Circulation, 98: 719-27, 1998]; &3 [Kneller et al.,
Remodeling of Ca 2+ -handling by atrial tachycardia: evidence for a role in loss of rate—adaptation. Cardiovasc.
Res., 54: 416-26, 2002]; 2 ¥& [Hara et al., Steady-state and nonsteady-state action potentials in fibrillating
canine atrium: abnormal rate adaptation and its possible mechanisms. Cardiovasc. Res., 42: 455-69, 19991]).

T o] £ & (sarcolemmal ion channel)& AlH

=
=
ol

2

L,

oA AT, E&—F1E AFS] 7| BAZE 0] 4G eolobretl o] EAI o5 Wt B & 91t AP-7] -}
A £ L WAE AP 5AS o] otk o BB, Aol PR o2 4] W AT -CaZt -9 F
A AN A A7 t= AS AAFS (381 [Hara et al., Steady-state and nonsteady-state action potentials in
fibrillating canine atrium: abnormal rate adaptation and its possible mechanisms. Cardiovasc. Res., 42: 455-69,
19991). E3h, A4 Z2&-F = A WS 2= J)o] Aol = Ca?* 3k WF7F AFe] AaFu (3 [Sun et al.,
Cellular mechanisms of atrial contractile dysfunction caused by sustained atrial tachycardia. Circulation, 98:
719-27, 19981]).

RyR2E E3] SREHH Ca?t-H = oyl AR Ca?t Fel g3l Ca®t F= AFIL A7) 7] W&
Ea M

oA o1d 97 Ae Axd L& AARREL, o] 22 ol 4

© 51 ©
= e =
2ad Ca?t B AR E wel® A A (atrial myocyte)©] A @53 Ao} Y om, ol L A v}
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AFE gubsl= AW 423 7]% Aol (atrial contractile dysfunction)dl] 7] gtct= AL vrebW T (28 [Sun et al.,
Cellular mechanisms of atrial contractile dysfunction caused by sustained atrial tachycardia. Circulation, 98:
719-27, 19981]).

welof A H o] Qi ksl o], B B AE] AT E Ag Pl A4 Y A W AFE Sk 4714 % 5
4 grdygdr F23 AT vt AT FAS AT RyR20] 93 SR Ca?" AgA o] W& A4 Ca?t
el B FYYROEA hebdTh RyR2e] 28 ) L zke] A4 2404 2 S48k oM, RyR2E A %A

2 A EAAE B2 AT Db AFE o] AT} (- [Marx et al., PKA phosphorylation dissociates
FKBP12.6 from the calcium release channel (ryanodine receptor): defective regulation in failing hearts. Cell,
101: 365-76, 2000]; 3 [Wehrens et al., FKBP12.6 deficiency and defective calcium release channel
(ryanodine receptor) function linked to exercise-induced sudden cardiac death. Cell, 113: 829-40, 2003]; & £3&
[Reiken et al., Beta-blockers restore calcium release channel function and improve cardiac muscle performance

in human cardiac failure. Circulation, 107: 2459-66, 20031). Ca2* @7} AW FA W A 88 gt} Ao %
ETakaL, o] AR elA A gtoloted A0 24 4 Ve 2 5435 0121 okt 53], 2 I o] dof = AF
o o] o] gt TR o] Aol FX|x|of JA| k).

oA E 52 A A Zel A oF o] Ao MEv-Zda e FEZF ANEA A A EAd T Ae g
Attt & dH e o gk A -A 3 % *“644 A el A= ﬁ RyR27} F8 24 M HEH 0”01 Zr2~EpRI2
(FKBP12.6); E23telolA|Q] PP1 2 PP2A; ¥ PKAS 24 2 Fuf B /YT B84 oz AFdrt= A o] YElyth
ek B e xEe oA PKAYE AR 23X 44 (atrial sarcoplasmlc reticulum)ol 4] RyR2E Eo] & o & QlAI3}A]|
A7) B2 S A LB (KBPI126)2) 0 2l Gk A% YT ool 9 Ha e, o) 5
%7159 248 A RyR29] PKA QLLabol o)) Aol 4 978 A3t fAbE A 0w 245 5 rhs AL A
AFgT) (33 [Brillantes, et al., Stabilization of calcium release channel (ryanodine receptor) function by FK-506
binding protein, Cell, 77: 513-523, 19941]).

i

AT A U S-S, RyR29] PKA #4191 *J-‘l}b 7N AF Aol Al Z2~ElR12 (FKBP12.6)2] a123 A5-= o] Q=
g WEBGTh o] ¢ FAFSHA, I AEE AT A" A AFE 2Ee A3F el o] A Aol A Z2~ENI2
(FKBP12.6)¢] 113} AR5 PKA #14H3LE #H2aodth RyR22] o] 218 nl A A4 <l PKA #<14t38le] 7]54 <l Az}
= A A A o] S Al B o] MEHE 27 (B AEA Cah)oll A9 E7E A EFott. o] e 7%H u A
& Z2~eM12 (FKBP12.6)7F 114 529 54l o]t} (¢ [Brillantes, et al., Stabilization of calcium release channel
(ryanodine receptor) function by FK-506 binding protein, Cell, 77: 513-523, 1994]). AFol| A 2] o] 2|3 v] g A= <l
B2 7% PKA #2128} Al "ol A RyR2Z5-E] 9] Z-2EbW2 (FKBP12.6)9] =210] Ca®" -f & Ca®" o] W3 )k
W7 o] Zote] thate] o] 2kA Q1 A o] 97 Ca?t FE AFS YEE "rEA TR olojxtkE AL §E5)
o] A A+t¢} dx| sttt (3 [Brillantes et al., Stabilization of calcium release channel (ryanodine receptor)
function by FK506-binding protein. Cell, 77: 513-23, 1994 ]; 2 &3] [Kaftan et al., Effects of rapamycin on
ryanodine receptor/Ca®* —release Channels from cardiac muscle. Circ. Res., 78: 990-97, 19961). T3+ Z-~€}W12
(FKBP12.6)°] F-A] sloll A=, F=2e dAS] /iW R #d (AZLZE Me)E7] Hoe s o= A 2 93 )
H= Roz deA 9} (& [Marx et al., Coupled gating between individual skeletal muscle Ca®® release
channels (ryanodine receptors). Science, 281: 818-21, 19981).

fr

ZAE= AFE A8 H o5 x7]) A 7] 9)4= (premature atrial extrasystole)ol] 93] A ZFE th= AL A Alshe (3
[Bennett and Pentecost, The pattern of onset and spontaneous cessation of atrial fibrillation in man. Circulation,
41: 981-88, 19701), 7] 271 AW 719) %S -2 (after-depolarization) & 2 H-E] f#feh= 2 o2 delA 9l
t} (3 [Cranefield, P. F., Action potentials, afterpotentials, and arrhythmias. Circ. Res., 41: 415-23, 1977]). %
7] FAme] A 25 A 7] 9] Sl o sk AFS] Ao] #EE Gl o™ ¥ [Timmermans et al., Immediate
reinitiation of atrial fibrillation following internal atrial defibrillation. J. Cardiovasc. Electrophysiol., 9: 122-28,
1998]; #%1 [Wellens et al., Atrioverter: an implantable device for the treatment of atrial fibrillation. Circulation,
98:1651-56, 1998]), 7] F-Gi&=3 HolA oz A#H o ATt ¢ [Burashnikov and Antzelevitch,
Reinduction of atrial fibrillation immediately after termination of the arrhythmia is mediated by late phase 3 early
afterdepolarization—-induced triggered activity. Circulation, 107: 2355-60, 20031]). 7] 9+=2 &3 AlHle] &
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3 B2 7| 7te] A’ A B3] AFE doZ 7FsAl o] +=d (3 [Wang et al., Regional and functional factors
determining induction and maintenance of atrial fibrillation in dogs. Am. J. Physiol., 271: H148-58, 1996]), o]+
Aol 71 4Q) Bl R ket A3 fAka,

23706l =l o] 9l ups} o], "FE A" PKA-#214k38} RyR2EZHE o] A7 0] 9k7] Ca?t o] A} W& X|AMA] A B
AS do7)7ld T AAY F-2iE = (DAD) L. =2 o] t= T A7 Atk (8 [Wehrens et al.,, FKBP12.6
deficiency and defective calcium release channel (ryanodine receptor) function linked to exercise-induced

sudden cardiac death. Cell, 113: 829-40, 20031). 715 &l RyR2 Z& *8l= &3k A k2o g AFE A &+3)
T 71%S T F de Ao 2 AZtEY, Byl o) BEE vl B2 Ve, Y] BN AR gl ndE
Ao A AR 75 olld ZAaw Aol 7otk A o] 9ol AFE ¢ o ]*Eﬂoﬂ H 23 DAD 995 Zﬂ%"}%ﬁﬁ

# AFe] el 7)ol et 4= girk. AlRA MEel A ARS 2= 17k fref o) *Uﬂw & PKA-7}Q1 48 5] 11 22~ Ebil 2
(FKBP12.6)7} 124 ol AANE A nes] 2w, 71 Fol 4 RyR2 7152 B-54 02 &= AF #Abo] A |
A e Meg A

ot rl.g:

of [‘lf
> o
%0,
i

ol
(03

rlo o

<

RyR2 % % X%EMMH BApEEe] Eo)% A Bt JTV-5199 T8 o2 Q&) JTV-519% A3 A 54 o
S22 $R7FEHAT JTV-5199] A Ad S718ks T8 A Aol o&) Fx=a gom, 47 A% A3

] ‘;.< 2 Aol AA BAMS ¥33tE A0 RyR29 7% Aol 24S 233} (5, PKA #914ks) 2 417)

J| 258 o] Z-~E 12 (FKBP12.6)¢] &24l0] o] 5¢] ¥ elo o

oHn flo rEL
M

Y
ot
of
ko
ot
N
£
gi
1o, =
-l>
zo 7
EI o

] B
'1—1_
28y

JTV-5199] 7] A& o]9] &-3]3d 54 UN0A < A4l Aetas)ell 7ol & ?J?ﬁ AR e O S H 2=
JTV-519% AW Als 9] Ha A 7 BdolM AR 25 Adsts Aoz 9 At (8 [Kumagai et al.,
Antiarrhythmic effects of JTV-519, a novel cardioprotective drug, on atrial flbrillation/ flutter in a canine sterile
pericarditis model. J. Cardiovasc. Electrophysiol., 14: 880-84, 20031). 121}, o]& 8t A F-o| A= JTV-5197} AF 9]
FE L G0 oA GBS T 712 AelakA Rl

oA J5H ko) o], g5 JTV-519 (1 uM)= ﬂﬂlo}o} Al A ol A 341 A Ao 2 HE e
gk PKA-214F8} RyR2ell A %= 9—2 E}le (FKBP12.6)7F Atstthe= 21e A48tk Z2=eil2 (FKBP12.6)2
PKA-S14Fs} RyR2¢}e] A H-= v A 2] S 2o A= e &8kt 7‘*E} 12 (FKBP12. 6)4 7] &= EEA k] A
A5 PKA-#RIGESE T 2ol A B 755 35 A7t whehA, RyR2-% & 7]%5 9] 3|52 Kumagai et al.oll o] al ¥
Zy] vho) o] AF] F&= W A E A= JTV-5199 S HA J&& s 4= v} (31 [Antiarrhythmic effects of
JTV-519, a novel cardioprotective drug, on atrial fibrillation/flutter in a canine sterile pericarditis model. J.
Cardiovasc. Electrophysiol., 14: 880-84, 2003]).

A A B 471 8 Tgol AR, o] o] BaA ele 1YY b5 el ek A2 Ca?t ol Aele 4
3 7ojele Ao e, ® @WAEe) A7, RyR29) PKA w123 frelele A Ey)
~Ca®* -WE B9 o] 71550 AR A W 4o 7o 5 3 R el AZA FA 45T 5 9

)
s
pavs
o
>
>
ol
=
i&

JTV-5195 o] &3 A9rst A& 9 ot W

P

A7)0 =0l g o] 9l mhe) o] B Ul & thato| A RyR2-Z2E FKBP12.69 59 Z4AE Agsl 7 v} W] sl= Wy
S AlFse, Elo A AFRH vlel 2ol "FKBP12.6"# 89+ "FKBP12.6 @ A" 9@ "FKBP12.6 F-AHA" & =55 X
o)

vl g AFehA = g, "d Aol goj= v, vl mwl, ZeE s e fE =, B o] jofo] o
S Eef ok ghrt "FKBP12.6 A" §o]= 7] FKBP12.6 @i d ] 7]5% ¥l A2, FKBP12.6 A& 44<
7HAH 2371 FKBP12.6 @ &3} 60% o782 obvimat M 35/dS 2t ol A B3k ARS8 nfe} o],

"FKBP12.6 A& &A"olgt &0, ¥]= A3} %=7} FKBP12.63%+ v‘rgxla}g HAo A 7]4d A A A v elAk
stE AL v Q14 skE RyR29F Bl d o2 AR HAY Adsle 58 (5, 944 x99 a4 A3t} ofF 2] 23, =&
O % vpehg s A= oF 5ufe] 23hHS HojFE vuld e el =] IA4 S %A 3

il

o], "RyR2":= "RyR2 @ A" (e & &0, A" RyR2 @& £= 414 RyR2 @i 2l) 9

Lk B A AL_-H upe} 7 ©
¥t} "RyR2 F-AFA "= RyR2 ©hild o] 7] 54 Wola| 2, RyR2 A& 42 7FA| 1 RyR2

'RyR2 FAH" E 52
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G 60% o] el ofr| At A E AE S Zeth 2l A AREE vhel o] "RyR2 frAMA"g &0 = RyR29] =4
o+ 0] 2% (isoform)?] RyR1 % RyR3S ¥E3Hsht}. B wh o] RyR2+E v A4k} E| Ay, Q14 E AL (9 & 9], PKAY
gk AAks}), == H1AkstE = 9low (o & Eo, PKAC o g #l4ks)); vuhgh 4 sh A=, RyR2+ 14kshE] At #<l

bt Tl Lol A Egk ARE-E nEe} o] "RyR2 A& &/d"ol e gol= ‘ﬂ] = ]§]r 7} RyR29}= 2ol e A et 29l o
A 7eH BA 27138 A FKBP12.67 Z8] & o2 AR ALY A3tels 58 (2, 94 Uz A 23} oF 249
A}, e gS A s A= o 5uj ] 3D S RojFeE did e JEHE 4 S A A g

AQF

F

A7)0 7)1 E o] = mhel Zo], Ay] A glololiad =84 ¢l RyR2+E 12,000-E=2] FKBP12.6 ©Hild 471} 2
% 565,000-EE°] RyR2 @4 4715 238t ol d B34 o] th FK506 A% @l & (FKBP) 3H ¢35} Al “‘fﬂﬂ
= Aa-Eds Y- 59 o] v E}olA| (isomerase)©] 3, ThFet A3 7]5S 428 3tr}. FKBP12.6 ©hal 22
RyR20l Aad}A AdE o] ¢glom RyR29] 71%5S 43ttt FKBP12.6& RyR2 A E-FY 3 v} 2= A7) RyR2
2o A%stal, RyR2-F 2 7S HA S 7] 7, o] 2-3f= RyR2 &= Atolo] AZHE /NHE &olstA s, A4 +
7] & FA7] TSl 7] T2 o] B SE WA STt wEbA, Zdol A AR nhe} ZFo], "RyR2-Z2 9 FKBP12.6"
olgk g0 RyR2 A=A 9} AH-% o] 9= FKBP12.69] AFA] == RyR2 @ d B G-Ylo] A3ty o] 9l FKBP12.6
Sy B 233l "RyR2-4A 3§ FKBP12.6"0] @ §-0] & Eg FKBP12.6 ©ald #2tof] A= o] gl RyR2 v
A ABHY, i FKBP12.6 A Ao AR5 o] 9= RyR2 AFg Al S aHabe}, whaba], ool A RyR2-2 ¢
FKBP12 69 79 7FA"T foj= thato| A FKBP12.6-23 RyR2 59 7+4, 2 thAto) ] FKBP12.6-RyR2 %3}

Bk o] Wb o) wEw thabel A RyR2-Z2 3% FKBP12.6 359 "7HA4"= ko] A RyR2-Z2 % FKBP12.6 %—94 Az

Ve A, A EE Xi ShE A A g}, o] & AT ITV-5199] Fofd o3| glojo] WA o2 HEFAY W3

Ur, HJ 5 WA, S AU FASHA H RS UH *Pﬂ 71*7} el A Al ks At WA = o] (31714 7] EH H}g} 5,
Joll A ¢] RyR2-23% FKBP12.69] 52 2284 9= 9o JTV-5199] F-A 3ol A& =5 m o) =), tiato A 9]

Rsz A3 FKBP12.69] 72 ti/de] g (—E ), 24 ‘;’ A (ol E 5o MEd e ) A e] RyR2-AF

FKBP12.6 #5& H| 528 tioll A o] & 55 A goh. o]of, ol =4 el A9 RyR2-4A3% FKBP12.69] HA %

o Ztae= tiAte] gl x2 2/ A oA RyR2-ZA g FKBP12.6 =52 40 o8] 242 4= .

t/dell A 9] RyR2-A3% FKBP12.6 52 4ol 7iAjd B4 9 HE W ofyg}, 3Xd Ad7|s (dE 59,
A4 7|, £t 24, A9, dAER 24, FF-ovAE Ve, 2/EE AR AEY 5)RHEH &oldH
AdE = WS v e 4% A g o 71zl o AEE F Uk A& 5o, dW A GgA A E EF HHES
o] &3} wu Az RE v 2 AAE 5 9o, 7] FXE WS AXZREY F& (dF 59, 7] @i S
7H&3IA 7] Al Al o) g ) o] ol Ak A5 XSt o) gk AR Aol FA|, ARnEH T (& 01,
FTLC % HPLO), WA (Aol o3k i x), 5 A4 (e & 50, ol a2z 23, B EejEa 28 Alofel o3¢ 3
A)e EFEHA| T o] ghgH A k=) 3] d o] whE] W GA| Fol] A7GFE (E £, SDS-E g ota el =
A *POHAH A719%)& T = At Uldel A RyR2-Z 3 FKBP12.6 9] 7HA, i o] 9] Al A HW—, x] A/
A A (= 3710l A1 E el wWhE JTV-519 £ U2 1 4-HZzElolAdd FE4)8] Fof o] dd A& =
RyR2- f&FKBPlz 69 &= A7 A BA/EAA Q] Fof o] %] A - Al H el HEH = Hl*??fmiw 7”3 =
At

N

\ d

g o] whHo A, Ol (& 0, tde] ME)ellA RyR2-AF FKBP12.6 752 Hawe, dE 59 tidelA 9
FKBP12.63% RyR29¢] #g] & A afat AL}, 47] tiatell Al FKBP12.63 RyR2¢] A %S Z7kA 1 AL}, = A7) kel A
RyR2-FKBP12.6 535 et stA 7] o 24 At A WA= 4= gt} E oA AFE-¥ bl o] "dlg] & Adlst7]"
g gol= tldell A RyR2 A2 5-E] FKBP12.6 A 2519 &8 49l dlg] = w8 & AbdstAY, A1 7] A, A 3|
kA, xﬂ?‘%}ﬂ% EE UAEE AS 238, 7] giidel Al FKBP12.6 A BfY o2 5E] RyR2 #2t9] &4
g =& e E A AY, AN AY, At AY, Alge A, B BAEE RS z?;%;h:} oA TS AL
g vpe} o], "Zéﬁ%a SN 71 71" gl = A7) tiatel Al FKBP12.63} &) 4 o2 A4 5= ¢14k3ld RyR29] 58
(& 591, &4 iz w4 Agac) of 2019 A3, T o2 nid s Al= of sule] 23S SHAI7IAY, S7HA 7]
A EE 7H*W e AL 38k, A7) Aol A 914ksld RyR29F 2] 4 o2 AR5 += FKBP12.69 58 (d& &
o, &4 ﬂ%ZA w7 Agrct of 2vlo] A%, & U vt s A= k5 43S SAATNAY, SIHAIZIAY E
e AAANT = AL T3

_4

S

FrrA oz Eodg o] ubo At (& 5o, vl Alx)ddl A RyR2-Z23 FKBP12.6 =52 7Ha+, 7] gl
A Q14ksbEl RyR2©] 428 2 7] 71 A, 237] i del A Q1abskEl RyR29] & = He
A (dE o], A (dE 9], PKA), T 7] Ao A Q14kstd RyR29] 71s 2 58 2 H3AY 243 &
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B oabrg o] Wi A RyR2-A g FKBP12.6 =52] A+ tAkol JTV-5195 Fogro 2z ti (5 5o, ti2] Al
E)ol| A AR A WA F A g, o]0 o]i= 7] tlde] A9 JTV-519 Atolo] HES 3183 4= v k20122 % &
A @ JTV-519 (4-[3-(4-wd ) Hgd-1-d)za3]-7 uﬂw] 2,3,4,5-H Eg}s}o 15 -1,4-WZE|o}A| ¥ B3}

E

eIzl n)= 1 4-wFE olA B FEAo] 1, B-o]& B2 o] ZAA ot} AAH LA Ca?t 2L 2435}
7 o], JTV-519+ 7|y o} 3] z19] A2 A Lo Na™ A7 2 ek A7 K' ﬁ%%— x4s3taL, 71yo}

hﬂ ;\ﬂgi_oﬂ/qg ]oq/d 253 K* A F x1 o]]sh:} FK506 % ol a},q.u].o]/\ o H
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= H
A e o] A FAALE dieks Wl oA 9] o] ofAle] e E Al et

Z7bR, Boabg o RyR29F FKBP12.69] A%HS S7A) 7]+ ok S ¢l W o2 A (a) FKBP12 6o FHYS &
= AL 2 () A7 RyR29}

FKBP12.69] A3tS SHAA7I=AE A4t GAE X3t WS Alasoh
SlakstEi T o2 A A FH ) 9lojA, RyR2E PKA-#QIA S EI T}, & 2

A A
=

Feol ¢9lo] A, RyR2¥ PKA-

SetAY A s WA (b) 1 oAl o] &4 o}oﬂ FKBP12.GE RyR29]| i%/\] 7
2 A
1Al ol 21o]A], RyR2+= H| Q1 4kslE o}

&g o] el glolA, FKBP12.62 TAI, o5 £0f, Zd|o|E & vl=o] 14 A7tk RyR2-FKBP12.6 2% 9]
HA 5 golat/ 3171 $lstel, RyR2E (o] & Bol 2PR) WAM (5 H%i)iii A& 4= Aok E3 RyR29%

o

FKBP12.69 2§ 374& RyR2-Z A2 AHg-3to] B4 5= Qlek. o 44 Fefel QlojA, RyR2-A F A1 B-RyR2
o)}, ek B g & o] W o 2 el w) = oA ¢, tjatel A RyR2- A FKBP12.69] 79 242 A& £ W
Ashs W oAl A AR, A A, B SE-fIA g TS A EE dgehs U L ol A &

x|
o] A EAAE o YEheE HJ‘%JOH Ao A 9] o] kAl o] & & A|F gt

v

AL &F7] Al 1200 A E o] Q= wkeh o], A2 BAkgo] w2 AuFe] 2aedS ﬁ o e R A
o] BAMS HF AxE AL8ete] FFEE LR 7899 969 S o]E Ao & FKBP12.6 (o & oFg
FKBP126 EE g3 dud o & 59 GST-FKBP12.6)2 1A A 024 7H'ﬂL 4= 9t} PKA- L&ﬁ}ﬂ A28 o]
ol =84 (RyR2)E FKBP12.6-Z¥H Z#o|E o2 2ds}al, (1 -100 nM)©] JTV-519 A
2 71E 1 4-wlzElobAlal fr A 2k A 30 F<F Aol e = qlrk L ES *ﬂﬂ gto] M Ag RyR2E
A Az, o]} A F-RyR2 @A ¢} 37 (e & Eof, 30% Sb) <lfule] e =1 l £ tHA] Al H sk upm
F-RyR2 A& AAstAL, o]o]A PF-8A] o2 FA= A 5= vk FHolEs 2% 24 Oﬂ Hsto] AE &G =
go|E 572 fEd Qv

O

R
o
o2
ot
off u
el ki ru°1'

‘[? ‘{o{.

%0,

£
ruﬁ ﬂllk E

tlebd o 23, RyR2E P-ATPO] £4) shell PKA-Q1AFsHE &= 9lv}, WA PAK-Q14k8hel RyR2E B3 5= (10-
100 nM)&] JTV-519 A 2 71E} 1, 4-wlZE obA 3l F=A4 & EA] 3ol 30+ &<t FKBP12.6-Z % ¥ 9649 Z# 9]
Egor 29d =t} SOl EE AR sle] v Ag WA (FHY92) 431 RyR2E A ASIL, o]oM &5 Z4
O|E =2 FET 4 9lth PKA-QAHS} RyR2E BdF T o] Ed| €3, o] SAMA 2 f- 24 9] &4 3t 325-3%
A ¥ FKBP12.637F &7 1ol AA A 4= itk

WS o] AA ol A A s, AA s e ols)E £71 918l thebd Aol 871 ool 4= Aol
3 o

2E AW Ao obuof A= oh ek,

Ao 1 - FKBP12.6-23} A3
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ol el 7]s=gk vol o], FKBP12.6-Z23F AF & /3330t (3 [Wehrens et al., FKBP12.6 deficiency and
defective calcium release channel (ryanodine receptor) function linked to exercise—induced sudden cardiac
death. Cell, 113: 829-40, 2003]). FeFstAl+=, Q13F FK506 23 w214 12.6 (FKBP12.6)2] 3 S 2 E &2 1
(orthologue)dl] thar AF Als A-3A] 2L, A4 7 cDNA Z2 B E A}83}o] DBA/llac] gfol B8 8] 255 o] st
Aok 43} ME =, 3.5 kbe] 33} Als DNAZ A27153 PGK-neo PHA R Al gdto 2 & 3 2 47} A H ==
abetsl=dl, 4] A& A FKBP12.69 AA 29 A ES &3t (& [Bennett et al., Identification and
characterization of the murine FK506 binding protein (FKBP) 12.6 gene. Mamm. Genome, 9: 1069-71, 1998]).
5.0-kb9] 5' & 2 1.9-kb9] 3' @H-2 PGK-neo ¥ PGK-TK FHAEE X &35}= &4 HEHQ pINS2 2 S22
o} 99 T2 EFS AL83ko] DBA/lac) Hlol &7 (embryomc stem, ES) Al X & v gatal ER= A AL 24 3}
ES Al32= HA A9 (Southern) 402 ~38d3staL, 57019 %A ES %ﬂi—zri PCR=Z FXA3le] A& x2S &2l
ahgich. 530 71vehE DBA/llac) 7ol vhstel WA 715, A A A4S 2] ° Aoz FAske A4 A

J
o

EAEE 5 AE BAEE Aol #1043 A4aelth 94 FKBP12.67 $2 2 91 4 wulstgon, 4
£o gk 25%9) W2 FKBP12.67~ AFA 2 H91th FKBP12.6 7 AA = +4 58S 2t= 71019

FKBP12.67~ AF & o] &3] a8t R E o] A= A3 - 2 AW -v]X 5= FKBP12.6"/" AHE o2& AHE-319]
t}. at719] W7o thake] Zh® (raised) FKBP12.67/~ *ﬂ%ﬂ% Apelelli= Abe] 7t 213 3= %] & 3trh: DBA/CSTBL6 &
st <=9 DBA, ¥ <=5 C57BL6.

AN 2 - AFA] A EA A=

5 A3

i)

M,
[Ho

FKBP12.6%/* @ FKBP12.6”7~ 43 %= Institutional Animal Care and Use Committee of Columbia University®ll Q?‘SH
FAE 22 EFo| me} §A4 W AT AHAE 2.5%9] o] AZFH S vFHHE AFESte] AT B 5

9] ECG WA 914 54 7152 57 o)A skA] >7d 39 5331t} (Data Sciences International, 7= H] Lﬂ*E‘rT
AQTE & &2A) (38 [Wehrens et al., FKBP12.6 deficiency and defective calcium release channel (ryanodine
receptor) function linked to exercise-induced sudden cardiac death. Cell, 113: 829-40, 2003]). Z~E |2 A g
AoA, AHAE I =28 d7bA] AARR] EF =Y (treadmill) Foll A &5 & sHA shaL, o]o] A A2 & B = F
AaER ) (0.5-2.0 mg/kg) (G- [Wehrens et al., FKBP12.6 deficiency and defective calcium release channel
(ryanodine receptor) function linked to exercise-induced sudden cardiac death. Cell, 113: 829-40, 2003). X3 &
=9 F2 AHsE 47k A A FskaiT.

AALe] 3 - oAl E 9 RyR2-S2809D =AW o] A o] el

ol dell 7] 3k ukel gFo], RyR2 2] PKA 4 -9 ¢] AW o] f2 (RyR2-52809D)< =83tk ((£& [Wehrens et
al., FKBP12.6 deficiency and defective calcium release channel (ryanodine receptor) function linked to
exercise-induced sudden cardiac death. Cell, 113: 829-40, 2003]) HEK293 Ml ¥E&, Ca?t Lo E AN S A}
43519, 20 nge] RyR2 oFAE (WT) = o] Zﬂ«] cDNA, 2 5 ug2] FKBP12.62] cDNAZ FA] EWH=H A Z T},
o] dell 7] ¢ uie} o] RyR2 B 25 X338l &2 X (Ves1cle)§ A z5kth (=& [Wehrens et al.,FKBP12.6
deficiency and defective calcium release channel (ryanodine receptor) function linked to exercise-induced
sudden cardiac death. Cell, 113: 829-40, 2003]).

AAle] 4 - RvR29] PKA 148} 3 FKBP12.69] A%

ol Aol 7]<«3l vle} o] A SR =S 18} T} (F3] [Marx et al., PKA phosphorylation dissociatesFKBP12.6
from the calcium release channel (ryanodine receptor): defective regulation in failing hearts. Cell, 101: 365-76,

2000]; ¥3& [Kaftan et al., Effects of rapamycin on ryarlodinereceptor/(:a2+ -release channels from cardiac
muscle. Circ. Res., 78: 990-97, 1996]). °°S-% 2" FKBP12.6< Promega (W] 3+ ] A A1FE ] & 2 4)) Z5-E 9
TNT™ Quick Coupled Transcription/Translation A] =818 A}-&3}e] A5} [PH]g ool AES o] &3}
RyR29 5 A3l 100 pgol vlo] A2 %S 100 o] 10-mM o] v thE &5 (pH 6.8)° 3] A]7] 31 250~
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nM (2% 55)¢] [PS]-FKBP12.63} §H7] 37°Cell A 608 &t Qluo] A7 a1, o]o] A 500 po] Wl o|m|t}E ¢
A= A48k (quenched). M &4 100,000 goll A 105 & ¢F el ] 8kaL oWtk ks Aol A 33] Al H st 4

Fe [P°S]-FKBP12.69] & A1) oA A1 Ay o2 S43ginh.

Ao 5 - HARE

Ao A 1A 7F F¢F 3 -FKBP12/12.6 (1:1,000), 3-RyR-5029 (1: 3,000) (&3 [Jayaraman et al., FK506 binding
protein associated with the calcium release channel (ryanodine receptor). J. Biol. Chem., 267: 9474-77, 19921),
= 3-X A~ ¥ RyR2-P2809 (1:5,000) (31 [Reiken et al., Beta—blockers restore calcium release channel function
and improve cardiac muscle performance in human heart failure. Circulation, 107: 2459-66, 2003])& o] &3}o] 4+

713k miel o) mpol A2 (50 pg) ol W E2H S s A8t P2809-E Ao d EZ-5o] F-RyR2 T4,
Ser?8%9e] A PKA-214F8LE RyR20] 4+-2-3H=, I E| = CRTRRI-(pS)-QTSQE AH&-3+o] Zymed Laboratories (7] 74
g EolF Al ZA| 25 A 7F T g XS - A 28 E7] Aotk HRP-3FA414¥ 3-E7] 1gG
(1:5,0009] 34 &; Transduction Laboratories, 7= AE 7]F A &A)) ¢} shA| <ol s & 5328 ECL
(Amersham Pharmacia, V= 74 X 5= 3] =7} ER9) o] A S ARE-sho] DA AT &A= 81719 v = Fgh A& 4=
it} 1:4,000 (B-E7] Igi); 2 1:5,000 (3-RyR2-5029 2 &-FKBP12.6).

AN 6 - BB /)%

ol Hel 7] ¥ uke} o], AAF{ (B E= F) AT o] A RyR2 =& AXF RyR29] 9U-% = 7152 0 mVel
A A-F 2 (clamp) 27 3l A -EJEO}O:‘E} (=¥ [Marx et al., PKA phosphorylation dissociates FKBP12.6
from the calcium release channel (ryanodine receptor): defective regulation in failing hearts. Cell, 101: 365-76,
2000]). B2 7] =9 AF&E = A &9 (symmetric solution) E#W 2 (trans) 7-8 8-> HEPES, 250 mmol/L; Ba
(OH),, 53 mmol/L (R% A3, Ba (OH),x= Ca (OH)2E A1 gh); pH 7.35%1 2™ ; A~ (cis) T-8-82 HEPES, 250

mmol/L; E&2-%7], 125 mmol/L; EGTA, 1.0 mmol/L; & CaCl,, 0.5 mmol/L; pH 7.35%1t}. @] YeR =] &= 3t

Tl -3 7] 2L Al A~ %Lﬁow 150-nM9] [Ca®" ] 2 1.0-mM] [Mg?*]9] &4 alol] al3ith. golof=dd (5 mM)
S Al FE o) 71Ete] BE E2 0] A19S g5t T Hlo]E = Fetchan A E 9¢] (Axon Instruments, 7| 722 &
Yol U2 AlE 2ADE AFE3te] A st A7 7| Fo 25 A6 %t 2 E dolH« 4 £ SEE gd g} A
S E7ke] Hot hel BAIEH nlnlef] AE o] FX e AFUE -7 A (unpaired Student's t—test) S ©] &3} T},
p<0.059] #& FAIGA S E o5 A& 1H53F3it).

RyR2 F &l 3k JTV-5199] G35 &= 1-3 2 £ 1 (7)ol etk = 304 55 = vhe} o], dd-F= A+
o o5t 574 PKA A sfiAl, PKl;_,, <C)4 HH oMW ] PKA Q14tste] Hlste], PKA 1443} (D) o] - RyR29] 71 &

ol 7ol et Gd-F = 7|52 JTV-519¢] &4 stoll FKBP12.62 7] <15 o] A gk PKA-<?14Fs} RyR29)
A AAeetdtt (B). 27 24 BXE (%i)oﬂ o]3}H PKA-<14H3} RyRZOM Z7he g4 2 A B AYE 2~ sfo)
YUEb A9 JTV-519 2 FKBP12.6% o] &3 &g o] $ o= 12]8}#] ¥ hth. & 3Fe) = JTV-519¢] &4 3ol PKA-
912+3} RyR2E FKBP12.6RHK &7 Q15w o] A &A RyR2 &A1 8}o] Ca?t -9 & A o] =0 7 o] % 3}e], o] 5 o] n|elAt

8 F29| CaZ -l =43 FARITE Ro] mAlF o] 9]
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(¥ 1]
25 ®, 25 S0, L 2SS OIUIZ2 FA01S2 28 ECG GO/ E
SCL (ms) HR (bpm) PR (ms) QRS (ms) QT (ms) QTc (ms)
JlEH
FKBP12.6" 104+6 586+36 32+1.5 99404 3010 29%06

FKBP12.6" +JTV-519 99%5 608+32 33+0.6 93+ 03 3227 32£19
FKBPI2.6" +JTV-519 1169  527+43 3304 10003 3313 30£11

ZU 2=

FKBP12.6" 80£2 752+18 28%0.7 87+04 30+17 33x16
FKBP12.6™ + ITV-519 90«7 676+49 29+18 96+04 34+20 3609
FKBP12.6" +JTV-519 83%3 729+22 29x2 93+03 30£12 33x09

25 0F TuZe

FKBP12.6" 94 x4 645+28 35+26 93+04 3318 34%19
FKBP12.6" +JTV-519 1024 59221 37426 99%0.6 32x23 3217
FKBP12.6" +JTV-519 103+4  585+20 35+38 11.1+£05 3612 3613

JTV-5192Z X 2|8t FKBP12.6* MF (n=8) L= U= (n=86), L JTV-5192
X 2l8t FKBP12.67 ¥ (n=5)0Ad2 28 ECG HI0IEHS 2. SCL = ®A
(sinus) AFOIZ22 201; HR = Al8tS =%, ms = L2|NZHE; bpm = 22 W ”"t”*
FKBP12.6" = FKBP12.6 OI&A&tA M 3; FKBP12.67 = FKBP12.6 ’éé.* *o"%q

FRENEREE CERE

o] Mol 71%3k ule} o] 25ut2] 9] Sprague-Dawley (300-400 )&= &5 MF=S Sato] 35 4 598 24247
A AAE AAstA T (B3 [Alvarez et al., Late post—-myocardial infarction induces a tetrodotoxin-resistant Na*
current in rat cardiomyocytes. J. Mol. Cell Cardiol., 32: 1169- 79 ZOOO ). rEFE A=, HE 150 me/kge] B8

Aetwl @ 15 mg/kge] FRE2Z 209 EFEZ A AT TFE 7] B2 A 2 7| FEE FA89 0 (3 ml
9] F71/60 2EZ /W), = 4 MFes 9@ Ad il 3 erz F9 A W HAHlo] (left atria appendage)
ofgfjo] 7H e Aol A 7-0 A=A %%LEE HAAZ T A e (Sham operated) AWm=5) sdst A ow A
JagAn, B4 Fu A2e g

A AN 65 3, AFAE AE2S9E ol &sto] 13T JTV-519 =+ 1|3l & (DMSO)E o] 2 7Hs 3 474 74
HE (Alzet P]Y-AF% HZ; Durect Corporation, B =+ %E]E‘/]O]-T FHZEx AADo o&f A&7
(0.5 mg/kg/h). 4734] A& A & Ax59 2D ) 984 S4& 530 th s5S S| YA7]aL, 24 AES

aheiet.

71 71l U;}E”d AL HAsl8) B4 5 (left anterior descending coronary artery)] A o] o3& FHo|A &
LE QAT o] &, 457 oo, A7 7] 5ol FAaH, FA ATFo R Wt AT Ao R o]oj Rt 7} Fho] 251k <l

719] 374 :'1"] s =S Atk A (Wx), AR + AF (JTV-519), 2 X554 &2 AFd (H3S). A%
w3l o3l S == vpek o], JTV-519F o] &3k 457ke] Aol osf A4 o]t & A 5 7]% el 7t o st
AAE AT (2 4). WebA], JTV-519F o] &3 A5+ 518 34 A Fd9 7 Bdo A FoatA A4 715 MAA7]

o AR RS A AT

A A -PKA-¢143} RyR2 £ 22 2kl S o] RyR2-S2809D £ &2 & AFg-&1o], JTV-5197} RyR2 E=o| tf3sh
FKBP12.69] I3 & S7MA7te AS Z2A3sAT (2 5). A A o2+, JTV-519=2 A2l stH FKBP12 6ol =AW
o] £ 7ol Adtal= Aol 7};sﬁx1uq zag,q A ITV-5197F AF-H& WA sh= 7] 45 vYEbdth B3 JTV-519% A

E

25t A5 1] RyR2 2o A] FFEo] WA E A} (= 6). T3 JTV-519% PKA-214H8} RyR2 2 &4 4 -PKA-<l4t
3} RyR2E EHels S Wo] RyR2-S2809D & EFofl &) FKBP12.69] 23S &3 ojF&2 2l uha o7 3] E A F o}
=7).

A 8 - A AlEe] Y] Wl

A=l Hst IeEF

!

_66_



TNEF 10-2007-0041432

ol 7]w=H V=S AHESEe], Aol 24-26 kgl A A FE Aol AR 2E571F o] A&kl (& [Dun et al.,
Chronic atrial fibrillation does not further decrease outward currents. It increases them. Am.J.Physiol. Heart
Circ. Physiol., 285: H1378-84, 2003]). &S Hedg AF o= vl A 7] (17 mg/kg, i.v.), ol 2EF& (1.5-2%)
20,2 U2 ARG SF 2HY A=S $AYE) RGP AR AL A2 AFAA 2, 242
Itrel 2~ 2A7] & Thera 8962 418 47| (Medtronics, T = 1] Lﬂ’“E‘rT vyolZ g2 Aol AAsA T 40%9]
EELHF = (0.1-0.3 mDE 3]~ (HIS) E}%‘Oﬂ FAFsEe] b gk AV AbekS A FH s A4 AR 287]E 60 bpm 2]
WU e o e, £ e EE Aie] A4 of WU fA5isith 3% o] %, AW £ e 600-900 bpme)
ks Ao H40M, 46239 FF FAISHAY, SEo] ¥ AF OAISH &9 TZH sholl >5U%ke] AFZA] A 9
2) be)7k 2 w7kA] fASHA

olo1X FES AEHANY (30 me/k) = vHAA7) 31, AL AW Y 242 SPeha, oA Aol ZA] 34
A7, -80CAIA BetE

b) A=Ak I/\ 3}

e

2

ol A A Al sk= 2l 7tel] tf 8l o] o] E]+= Institutional Review Board of the New York Presbyterian Hospitalell &
P TR EF Sl A A A o] 2] o] 3 Y] AR Mg o] A Alsol e #a o] 5719 Q1zF Ao
%EHE]M‘:}. olelo =, Ho]E = o] Aol A433slA] &2 3719 FF Ao zHEH FHe MEZHEH E3 Qi) o]
A AR AT Ed EEE ARrE ¥ 40 Sdez BESIT

gl
2=

°©
ZHE
=25

ol
E]
of,

_]>~

1]

c) RyR2e] W34 5l o-2l4ks]

ol Ao 7143} vt} o] (& [Marx, et al., PKA Phosphorylation Dissociates FKBP12.6 from the Calcium Release
Channel (Ryanodine Receptor): Defective Regulation in Failing Hearts, Cell, 101: 365-376, 2000]) &4 4 (LA) =
o 2 HE F£1s A = (100 pg)= 0.5 mle] RIPA ¢5A| (50 mMe] E=]2-HCI [pH 7.4], 0.9% NaCl, 0.25% E ]
& 100x, 5 mM NaF, 9 Z =2 olA| A sl A])ell e 7]aL, o]ojA E7] &-RyR2 A <} ﬂ”ﬂ 4CoAA aFZ7F 1574 o]
ATt Gl d A Agt2 2~ v =8 H7FekaL, 4 TolA 1AIRE &< o] dskglet, 1 % v d A B =& 1x 7|yo}
A AZA (50 mM E#]2=-HCI, 50 mM 9] J#H&7-N N'-H]| = [2- ek&E4F], 8 mM MgCl, 2 10 mM EGTA [pH
6.8)% Al 3kaL, oo} A 1.5x 7]vholA] Aol AR EA 2T W8-S PKA (59%]), 100 uM MgATP, 2 [y**P]
ATP (NEN Life Sciences, U= HA® AR A Zslar, o] 5 Ao 85 Fot elfHo]AA7]aL, o]o] A 5 ¢] 6x &
o A=A (4% SDS 2 0.25 M DTDE FAAI A Y. ABES 95T 2 714938, o]o)A 6% SDS-PAGE “dollq A7|H &
2 33}35F3 tF. RyR2 HAFE-& Molecular Dynamics Phosphoimager, 2 Imagequant 22X E 9]¢ (Amersham
Pharmacia Biotech, 7|5 77 A4 %] 5= #| =7} Ep9 o] A E AF&-3to] A =FEssalnh. a4k A9 HdE RyR29] DD (WY E
2y dl FESAER AP R thral, [YP]ATP A9 Jowr 1dssic)

d) JTV-519¢te] Z~E2 (FKBP12.6)°] A%t

RyR2E A4} SREH-E WA R AA 7] 3 (100 pg), A7) 8+ vle} o] 1x 7| vbobA] b4 =2 Al =5kt Wl 1A% RyR2
Z PKA (59¢]) 2 100 uMe] MgATPE o] &3ae] Ao A ¢lakskA] 7] L, J%% W RIPA 5415 o] 83 Al ¥ oz
8i Fo FAANZT 2 F A5 222 (FKBP12.6; 200 nM)S 1,4-slxEokAla F =4, JTV-519 (1 pM)<] &
A B A st A2l A 1aksl RyR29} $HA] <1t o] d ek itt. ¥ %%% RIPA $bEA1 2 A28 5 dwld S 159
SDS PAGE® A7 & 53 3}3} 1, Z-2~EMH12 (FKBP12.6)ol th&le] W B 2 Es9},

e 8] A} v sto] g abgo] 42 A3t sh)ell aoks o] vk

A9 RyR29] =4

Ak RyR2E A7) 7149 e} PKA 214kalstt) (= 8A). BA-HI A A M o2 = 5= e} o], Al RyR29]
PKA ¢14F3}= RyR2 A2 B3kA ol A Z-2~E}R12 (FKBP12.6)2] %5 74 A1 71t (3= 8C). 414 RyR2¢] thale] o]
Aol Bu% v} o] (3 [Marx et al., PKA phosphorylation dissociatesFKBP12.6 from the calcium release
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channel (ryanodine receptor): defective regulation in failing hearts. Cell, 10l' 365-76, 2000]), A1 RyR2 A&
A} B3 A= Z2~ERI2 (FKBP12.6), PKA®] Full A XY, PKA 24 A B§31 (RID, PP2A, PP1, 3 mAKAPE x 33}
St} (%= 8B).

PN

A Algell A efolobratl =& A o] PKA #Q14ks)

A A RyRZA PKA $1%bsh=, gizdl] vlste] &4 A Als (AF)o] = 7 frefe] A 24 ¢4 130% S7Fst
ATh (AFS] 2 n=6°1M, gz ¢ n=6%, P<0.001; = 9A). Z=EHI2 (FKBP12.6)2] RszoM Ao gx
o vlate] A|&A AF7F = 7 el o] A Aol A 72% Al TE (AFS] A9-n="7°]™, 29 F$-n=6,P<
0.0005; &= 9A).

ol o} f-AFSHAl, ]3] M El RyR29] PKA 14bsl=, o &0l tﬂ%}fﬂ
A = Ao A 112% 27}6}31:}(AF4 A¢-n=5 tx 4§ n
RyR2e 9] A3} 70% A3ttt (AF9] 2 - n=5, dx9 ﬁ%

AF-A Ao A vk Ak Aol = QA3 fEe
=3, P=0.002; &= 9B). Z~€E}H12 (FKBP12.6)9]

=3, P<0.0001; = 9B).

A~ gl QlolA, 9% RyR2e) $%& ¥l P RyR29H &-RyR2-5029 HAlshe] &
5}o]

AF 7ol A 325 = RyR2 PKA #14kste] A2 a4 o) =g ZA 3] fl8te], vl o] 215 A8-3to] HwWd 24

o]F oA 0 mVel A d-ZHZ 27 loll A RyR2 T -2 SHAE AT AW RyR2 -T2 5425
ulgle] AF 7 felle) 17709 B2}, 5ubele] vz A fale] 11709 B2 A stk iz A e 52+ &4
71 AE BT Falgiom, vbd, AF J) fale) 17719 B2 F 15719 B2 (88%) = 2l <714 Y &&
(Po: AF: 0.41240.07; th: 0.008+0.002; P < 0.001) 2 7H# ¥ % (Fo; AF: 21.944.6; th%: 1.620.6 s P <
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