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(RyR) #B5-LTw2%,
RyYRIZDFEHSOFT TNV v OHF Ty bkl WEAKRE LT
538 0 NESISHIBEICROHE L, CHRBANC 4 EESHEEz /L, £
DERDFHCa’ " ZBTA T U RT 2R THLEZ LN TV 5, RyR ICITHTE
I~MIEO IBEOY T4 THEALNT WS, ¥4 T LITBEBIC, 947
I VBICERHFET S, « —H. MEMIIT RS SR8, 12 O B3
BLTwaEY Y BATEMBERKE T O5/MIAKGR) BEICRYR 5 1 71
PEE L., & (Foot) E%# T L TWw5, BB T, Rom CIREMKF
PELE Ca?* v 2 USBO L, MBAICHA L7z Ca® 454 4 7 I RyR DCa
PPEBBEED DL, I OC HIEREIC X 0 A O PUE T b o TRAEIL
%#%B % (Excitation-contraction coupling) &IRIFNTWwWB? * ¢ HEAK
FEVELEICa? " F vy 20k % 4 FIRyR i, % wwﬁgrﬂiwfﬁﬁmﬁ-ﬁ
W& 28y Bh B L - REECRREEL Twa T . —F. foMilan s 4 71
RIIRYR Tid, O X ) ZEHENZERIIFEHI LTV RV, Ihp bl
BHA21) v 7 ADPY R—ACADPR) A vt -V —E LT, L d
%7 % 4 7 RyR DCa®* 12X BiEMALEEY 2L~ P LT, Ca“ W% R

HLTWBIED, FAPA &Y LTEY,

IS DRFFEICE L T, CICRIZEESICE D | FHIEEHENI RO 26 5
BRan?, 20BELIP, X 2 #IlPNCa? 8 B2\ T, Berridge I &
HRBADH DY | WM OVTIEALESASERLTWS ', HIKEAN Ca

11



PRI V8= P XY FIZOWTIHERE S AR LY L T P%gﬁﬁj@
eohm s | EF2RyR BBMEZICT, HEL 7O —=V 7 LY,
BNKEECE " F YR WVERYR T A T1IEDH Y T v & kJ:Z:ﬁwl{K%T’ﬁ
(ECHy TV YY) FHAS IV TTICHLLARSATVS 'Y,
—%. cADPRIZI AV ¥ KENDK Y F + 1) — (Hon Cheung Lee)?s, 7=

B DZRESTHF L LT | $7-cADPREFEEZEICOWVT bLee A

RUHLAdDTHB® ' Oxford KED A 1 F 4 (Galione) 5 12 & 1)

CADPRDEH ¥ KR vty Vx—& LTOEMAFBERIC ShS Bk

ZORAGIIHEEA ¥ 2) V3w & DREE TCADPR &+ DA REBEES DEAL

FHHE ZED T0D 720 £/ ADPY R VAL e DR 5. ADP-Y)

K— A(ADPRYGHBER IOV T, BEHOHHEL TWa 7Y, N

B, HAETENBEICE 5%25@?3&‘:@53\@%%%3‘5@&»&20“ o

¥ 72, RyRECADPRIZ DWW TLee DEFIATH 7228, FH 51319874 1ZcADPR

PERINTLR, EBFINTEBALRIOFHEOD T, EEEHSOHMED

hCTHRIEIG7:. SBRMBRICE BcADPREAD Y PO — UE#E 2% 2onT

BB,

5—2 CcADPR
cADPR (2D W T X5 FiiZ, # A K D Nicotinamide adenine dinucleotide
(NAD+) EFDEEMRBEYW THAADPR IZOWTDEHEEEH - T :B\< z
EIXERYH D, NADT, FRIMAHEN L L THADPR, ADPR B L U'% ~
INTEEJ ADP-Y) R )Vftk. R ADP-1) R W k%L Jacobson S 12 L o T
RENZZRL DL 2BRICH B3

ADPR polymer protein- glycoxxdation

protsin glycauon

NAD*—— CADPR —2—u frea ADPR <

protein-ADPR 5-AMP+R-§"-P
E 1 NAD* R#o#MR=

112, ADP-ribosyl cyclase, 2k cADPR hy-
drolase, 3 iz NAD glycohydrolase, 4 it poly
ADPR polymerase, 5 iz poly ADPR glycohy-
drolase, 6 i protein ADPR transferase, 7 it
ADPR hydrolase, 8 iz ADPR pyrophosphatase @
BRERCBEYTT.
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cADPRIZ. W =BRIC¥ Y YU X2 L FF FT&HBNAD " R°NADP % 7EA L
7zBE, IP, LI, HPLCIC X D S b, MlENC " o#Ex £ L5
MEE LTRB SN2 3233 | CADPR (INAD® OB EY th S E
T, NMR R EEFIICL W FOBEIFBRESNZ®Y 2539 | CADPRDAL
FHEIR2ITTRT LI, BRIV R-RADBNDCETTF= VD 1 {LON
PDEHEOSFHNTES LBR{LLTWAEIN B 572 . cADPR IZNAD
LaF 7 IR HINASIKLBH, ADPRED 1 KGFHKRKEW
WET. BT TAEDICART 5, 7 =88 T, cADPRICIXCa® " MBE(EFIAS
%D, NAD' ®ADPRIZIZZ WZ EASEBH & N 7237 o —F . 32 Bk g
BIS ZcADPREEAL TH. Ca’F EHAELZVEIRESATVRSE?Y
4 1T, NG108-151h#%X EHEAAL ICcADPRDTEAIC L BCa* Y o LR %
BELA237 3 | 20#%, BENEEEZ AOH#FMLHEOHER. ()
CADPRIZE #Ca> " 2 L 2%, (2) HAOBEIC L D Ca® " MADEITL
TWwh &, cADPRIICA* D LR ZHME T 2 dhdro72°% 72k,
CADPRUAMIZD . Ca° " O#E#E+* A L 52 E & L T, cyclic ADP-ribose
2'-phosphate. dimeric ADP-riboseX°nicotinic acid adenine dinucleotide phosphate

LERRBENTNE T

Nicotinamide cyclic ADP-ribose
" o
]
Ni/g\f’g_m’ + n\ J HC{ \. )
[ .

f“ i~ ‘{Q‘z . : .
- we:"3% NAD glycohydrolase ' e TR
o '? '&‘:ch‘ - o |? "‘:\‘:c?"
- R o i i
HO O\W h nd g X
" L " H @m o H
NAD* ADP-ribose

[ 2 NAD-, cADPR & ADPRO{ESMEB L FDORMX T v 7 M { EHRE
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LA S A SN RyREZET ATIEIZCADPRZ I L T, RyR DCa * '
BTy AVOROFEEMZESE LAERIZLY), cADPROERAD Y 1 711
RyR DiEHALTH B Z EHHEVL L7243, RyR DEMALICIZ. HBIBED Ca
A LBEEENYY | AVET 2 VS5 FHCADPRICE BARyR 225 DCa T HiE
wmEEmy s (K3) .

—h. BtEH L LB HRyRE BB, REHGIH & L THEDL N SFKS506
KT B EEA S 787 BFKBP12 EFKBP12.6 B ICRAL SN B 2 L d5h o
724, % 4 FIRyR \ZFKBP12 254E& L 7*® | FK506 OVRANIC & Y RyR 2
5FKBPI12 75l L ¢ RyR #SiEMALT 24978

FEREDOBERDN S 4 T RyRICHE X2 5 5, cADPR i(ZFKBP12.6 (ZKd &
35nM THEA L. # 1UIFKS506 D32nM EF&ETH B 2 EpRENE 5 |
FK506 DRMICL D, RyR ¥ 4 FU S5 DCa’ " Ok L b, 72,
FK506 /1%, cADPRICX ¥ A TH I &L ), F—H A MZEH
LTWBEIZENRREINT, TNHEDEEDPSCADPRIZ. RyR ICERERIEHT
LEDTIE%R L, cADPRESY v XV B2 AL THEHTAEZEZLNSE (K3) ,
FKBP12 DH IV F = a2 — ) v DFEEALA . P, RBATIZ. NKumHE D400
—401 & H D leucyl proline TH 5 Z L AREN'Y | 4 FTRyR TIF™*
LRSLVPLDDLV*® T3 Z EdSbho7:*% 3% | Z Dleuncyl proline D
ASFK506 D& L BT 5728, FKBP12 2°FKS06 L #& L. IP, ZBEHK (F
72iERyR) PO EHETAENCA T F Yy ALV ERHCEEZLONRTWAS (K3) .

ST VN
(iay . P12.6 /cADPRBP

RyRil
3 CADPREBUSI VA IBLYT /I B%

membrane
# (RyR)
Z4Z7HRyR (B 2, HrE22Y> (CaM)
& cADPR 2% % »/% 7  (P12.6/cADPRBP) + & Ca2+ : cADPR/FK506
BLTv3, MEA Ca** OMiNE, cADPR $3 1>
it FK506 DFFZET, RyR Ca?* M+ + > 2L 188
<. cADPR % % \> 12 FK506 D& A 1c & 1 P12.6/ CADPFY

CADPRBP iRfh, ¥+ > AVOFER( L EHE
B 5™, Ca

\

Caffeine/;l

Ryanodine Ca2+
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5 —4 ADP-ribosyl cyclase

CADPRIZBEZMICIESO NS, NAD' 2 HEL LT, =aF 7 I FOEHE
Y. TFZVEO LEONE ¥ — I FV ) K— R OREARTVERILT 5%
& 5 ITZ DcADPR 131M7K5# L ADPR & 72 5, ADP-ribosyl cyclase i Z ® 2
DOBEEHETECHBEEOBETH L, BRIITESE & ESE MG I
BEETHILFMONTWAE™ Y | MASEOBHIT, 284K THEEL. X
B P ORFSNTIZART v MEEICNAD A A AT RIEESHER S 1L
7255 0 ) UNEREEHE TH HCD387Y, ABREH 2 FHOI LAHER D
RETY—PLRB &N OTET 40458560 gmpr  CD38id cyclase &
hydrolase® 2 D DEZEEM 2 H . NAD 2 5 E# ADPR% 4 U 5 NAD
glycohydrolase (b HHA&HETWVH21 7Y | CD38 DMIAZZEE L Tw
5EEz OB NEWAIZ, L RFINZ11EDcysteine FZEADH Y . S-S
EABLTHEEZREIODDICEL>TWSE S 2T 119%H L2001 EEOD
cysteine ¥ fiD 7 I/ BRICEH L7z & FCD38 ZEME TI. hydrolase {HHEDS
5L LeyclaselG D582 Z L AR &N,

5—5 HEED 5 DADP-ribosyl cyclase DIEE L F 4 DERSE L 7= FiE
EYTHDHADPREADPREZ EE THANAD O DT H HEE LT, B
EWRKZ O~ M5 74— (HPLC) F—MMiIcEbhTing ! 1719
e A o+ O R B E (BIZIFAGMP-1) 220077 T s X fFbh b,
HPLCEIZ—D D4 TV 5 EET 5 DI Fi{L R i 2 FH T4 0 U L2
MohID, FEOY Y TVOREEIIIKRERERP P 25E, FZ THERAITE
FEir@EB s7u~v 574 — (TLC) LA HELRBL, LY EL
TETRMIC, F)FLry1Ivera—2xHn, B40oBREBEEZHL
7255, cADPREADPRO TG LT BEIITE LR Dol 7272 L, =aF 07 3
FOSEEL., K:Zy /= KBBKETVEZVA (112 :102M) 7
g/ — v EEEE K (2 :1:1) X%/ =)V . KEEE7yE=74 (5
2) T, —HHEBET 5 DTNAD % 5ADPRNDIMEIEN ZHllE T & 72,
SUBFNERVEE, AKy FARE L. SEIES ThHo 7, HAD
BREGEHA,. K. 25/ -V RKEEKETVEZTLNHCONZ 1 1 2!
0.2 MT{ES 4. ADPR. cADPR, NAD OJHICBE L. £EE L L TK=
WV BNAD R F DO FREY (B2 IFADP) OB L T5I L%,
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BLLVAESEONDE I bho?T  TLCIC X 5 5812 BLAT 25 K
HON TV 3 BMLeDFEFOWTIOFELD S B ol &R
Lee 412 & 1), TLCIC X 5cADPREDIEAS, HPLCRCa®* D BAE Tl L
7AE L ZIZEIFEDFERIH 5 L HE S L. TLC IZ & 5 BIE PMRAE S 72484
L% o728, F7:. HFBIZcyclic guanosine diphosphate-ribose 92 B T il
ETAHELERESNTWE Y,

EEEHENEHOR® (20 1) X, 50 mM Tris - HCl (pH 6.5). 100 mM
KCl. 1004 M CaCl,. 24 M NAD* £0.11 x MPHINAD' 24627 o T ORIE
WIING108-15HIFB D RERE S (100K XL v M) #BEFEFE L L T1~20ug MM
2BE, BHAD 2~ 4 5EIZ HICADPR D EARAICHEIN L. LEIZIZFEIC
ET D, HBHVIZADPRND GRIZ L ) WA L 72 — HHJADPRIZ HIE L
721 6 REEMRAICHEM L7z, o T, 2 MONAD i U H#2
MLETZWICLA, BOOBENTRELETETH 5,

5—6 FEEEMEEIZIETET 5 ADP-ribosyl cyclase
ADP-ribosyl cyclase SHIRE BLUESEW FICEFET 5, TA77Y D
&, MBAEOEEZEFERD0% TH LY | &l FES 3 — P2
n‘fﬂﬁ@ ZICHFET %cyclase% HIETE BH, WEEONAD ZHIERFICFHD
AEG7:0, BEIFHETE 2V, BEESIE. & CEGETHITAEEDNAD
+&ému\4ﬁﬁbfwéﬁéth&w$@%®)%Vlb-y—%éﬁ
. MR ERERETOBEESE THETE S, fliE, 2 M ONAD %
AT, M EEHRENGI8-1SHOEEEMELZ o $§2bb,
NG108-15#H & 43 ) ADP-ribosyl cyclaselE (3. #1230 pmol/ %>/ mg 7 ¥
NI BETHo72, FERIZPHIADPR & (ZI2E] LXVAER L7z (296 pmol/ 5/
mg¥ UNNTE) o TOZLIF, FBADAS X arR—varFHTIZBWT
iNAD HScADPRZ A TADPRA, (2121 [ 1DENETEBL TWEI L%
ZLTWh, TOZEE, TLCOF = STV F T 75774 —THMELT:
(_I_4_ )

5—7 CcADPRELOOHEIBHE-FRLORER
CADPROEAFFAEGICEHL T, 4FT2. 30#H»H 5, FlIziE. BERTIZ
TNWI—=ADEN AARBERAIEHLENVILDOTHS (H5) o, Thbb,
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M4 TLCicX 5 NAD' BOHSFOI
A TI9AF9 2 YAFXLVTIC Y- ML 2BMBEZOIEE. T8, 40~80 FORE

&, FAETHRE.
B. [*H]cADPR :[*H]JADPR %2 TLC K THBEE DA — 7 ¥4 75 A, NG108-

15 {HRAEE 4> % PHINADY &4 & 2 R— b L7-RR(53) 2 LicRT.

glucose

NAD* — cADPR —s ADPR

glucose -——= ATP

Cell surface membrane

5 BRI TOCADPREEOMMERT

5=
ThNA-ZIBMATRLIINVI—RA T AH—
F—IVMPAThAERATPHEL SRS, &
@ ATP #3cADPR hydrolase ¥ 1% 3 5 & &,
cADPR REEH34 T,
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TVWIA—APOLTCATA ZVOREEICE N DL 5NBATPO Ak EF A
cCADPRKBEBE TG M % H1H)$ 2 & RcADPRE A EIIEMT 5°Y , b AIC,
RIERFEDFARSIZ, T DCADPRIZE B[Ca” | LR A ¥ ¥ 2l Y DRFH%E
BOBLEERZTHNAE'S 2% Y | Galione 5 i3, #HHIE ? ADP-ribosyl cyclase
EMEANORGMPIZ E ) FET A2 E#RH L7552 | cGMPONOREL I
ZEEOIV IO VEZTTWEDT, SH/AEICE BeyclasefllHl TR
w7 (M6) » MABYOPCREBEMBETIZ. 7EF V) Vi
k3 (BA=IF=y 7 FEELEDR) SEBHBICL B[CT) LR
BB AEIC L B[Ca L LB Y=k, F-, TOTA T FF
—FA% LT, cADPREAZ PR XL I EMFFE SN (H6) ¢, #
DMOMBLTH, 7I=ZAMIEbary bao—Lz#HHSEL LI BTFT—5 —
D ERFAEH 0 | REM RIS Ao T F I TRIETIE. cADPRD
2E A E I A% %ﬁki@ﬁbhﬁ tH Ay T y—L LT, 72
NEWRI LI VERASEOMNE, EVaLb—y—L LTOllE2E L E
ZAONBIZE 72", FZTADPROEA Y F A vy I v —E LTDK
EIZHELT H7201Ci3, HEMNRZZHER, FIzIE, 7 FLF) v ZEKRRL A
AN VEER (mACKR) % LI ) HEASTEb TV A 2 L DI R
22TV 72 BRI OBICELT, —2DEEMERERH LT
KRICENEHBTHE Y

™ 6 ADP-ribosyl cyclase® YV Y B{Lic X 3 o

NO ACh Depol
cADPR & & B i y e"",a"za"”

FAZSYTRAR LS, NOFRRLES cGMP nAChR  VvOCC

T=NBY 7 7 —EEED RIS CGMP M } e

#, G ¥ F—¥REELT 5. £, PC-L2ARAT Gokinase Akinase &~

20, 7 F3Y v (ACh) PROERRL, =3 ’

FyE7FraY rBEE (nAChR) PEREBEAEK “

ik Ca» F+ AN (VOCC) 2 LTWMALLRE NAD* ADP-ribosyi cyclase

Cat* 5, Ay 7 I3—¥E/ L cAMP KN *+—
CERERET 2, COfFF—Yi0Y UBRILES
#17z ADP-ribosyl cyclase 55cADPR D E £ % &
», Mk FERTHpNT) Ca* OERE LT
M+ 3. ALizCa» WA E O, & ¥ 3 Ca*-
ATPase.

Microsome
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5—8 SZ{k— ADP-ribosyl cyclaseD /1 v 71 o &

FESENZHFE Y beyclasedS. ED LI RZFEKICL Y ED L ) IcHIBEES R
TWAPHIAZ LN —DDBREATH o7, F4ld. =\WNGIOS-1588° 7 12
mAChR®® ®m1. m2. m3, mé 74 Fo9~71 rENFNR L ICHEBL
TWBHHBHKRY 2H > TWOT, FREFRDOF T £ 72 & Beyclase IE
WIS BRREZBBT A LICLET,
3. NG108-15#If2idmd 75 4 7% NIEMDmMACKR & L THo TV 545,
COMBBESE 2 ANVNI VT Y(CChYE A Vv F 2 - bT 5 LiEMIZFE
SATEIR S s BEIMLICHIE $ A ml mAChR # KEEH T2 (REHD
m4bFRFL TWEH) HETIZ, CChox5IZE D, 25~ 3 ENEHRELR
WELZ, S6ImEtmd T4 TORERBRICEVIE. m3 745 A4
TOFEFIZEVEEILEEBE Lz, TRIZT7F=L— o7 5—FLHHD
WHY T $ Bm2,/ mék R AR Y 28=ECIZH v 7T Aml,”m3 mAChRs
EV) LREIC OMIlE TR EN /Ay 7 v R EELUL Tz, ml/m3
WX BEHILE M2,/ mall X AEIFIE. GTPIZX ) FRFNERESN-DT,
GTPH &Y VNV EDEENEZz NI, #Z T, IVLIHEE (CTOBL UV
BHEEZ PTX)THLEL M T, CChOMEEA-EIT A, CTxIZ L
DIEHACIZE L L7220 EEZE TH o700 BITPTIZINHIZNE ZH &
S8, PTICEZEOHBEHICORBREIZINS o/ BEEICERA Lo E
ETRICNIZ. DEC ORFRO—FHEAMLBRT. FHIZIEGIL/ Gos 1 7D
G& NI E, EEALICECTX ICRZEDOH LG 7 1 TDG Y 87 BHSHs
ATVREZETHEY (BT) . EBEDGH V7 BHBES L TWE0H
XS BRDFERLRESLETH 5,

ACh

|
mAChR

\
G protein
\
ADP-ribosyl cyclase

Y

NAD+ cADPR
7 NG108-15 %158 # E B P T @ ADP-ribosyl
cyclase DEN

PrFALaY) OBRENARY ) Y BEEKLGS -
V2 BEAMNLT, ADP-ribosyl cyclase ~# v 7
WMLUTOSRFETRT.
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5—9 HMFIAINAD BE DR

B EZFFFE T B ADP-ribosyl cyclasei& % % d 04F & LT, HAECD3S '
79 2BST-1 'Y AR ENT VWS, TS DHFFOIERERAIE. M cHE
LTHH*S 37 | ZoETiE, MEAYEL LTONAD 2 S5MmyE
Y LTOADPRIEL NS EE X 51213, FEELBENEL L, COFE%
MCEZHIF, TAMaZY TRBTRENE XD ZTY | (1) MBS CTER
T ACADPR% Mg/ ToK Bk, FO T FHMIZIEZZ 50, 2) HFTIELHHN
7-cADPRASHIBII~RATT 52>, (3) CD3B 2V LEDTA YV T + —LABET
MRS 4 P2 FOLONFEET LY LEZEZNELLHTH
5

$E-> T, B5EICHFTET 5 ADP-ribosyl cyclase® F RO T —2 6, MlZRE
DIMENZ Z D IEEEA 2 oo, Fh e SARAIICE D IZcADPRE A~ F
Av sy T v —bERDLLIIREEELGZRA VI THAZENDYPDL, 2D
HICBI L TmAChRE &1 v TV T Beyclase PHIFANEEEZE TH 5 PHIBBNEBEZ T
HHDRDLERTAMBEANAD BELHIET A2 LI2L 017072 o ml¥
7% 4 7m AChR% BHT 5 £ X TV ANGI108-1541 2 12CCh % Mt 1285
L. 15, 30, 60. 120 B ICNADTIRE %I L7zo NAD IREIZ15~60514
2 —BH DR % £ U7z NAD ANEMHAL & 1172 ADP-ribosyl cyclasell & 1) |
HBEINZIDEEZLNSE, ZORMEAIZ, RAKR Y- ECEIEHA
TAHETIIVF VK NVERRATTFI—A ) ¥ b= b4, 520 VEEDSRA
LB ERELICPTHZETT , 20T Eh5., cADPRY AT 5720 D
HEEL L TOMBANAD M fEbh b wnw)Z &iz, SBRED Yy TLT5
cyclaseld, MBDTEEME X Vi3, MBAICEEE MM 2 Ho L L2227,

5—10 BbHHIZ

ML DCADPRIBEEDFAE BHEICOW T, BEZEE L ORR b7, £
DAFIIHREEAREANTZEER -G ¥ /37 E — ADP-ribosyl cyclas.e’\c‘:'%?ﬁ
Mzb ), cCADPROEE#I >V FO— LV LTWVEZ ETHBH, Ziid, 4

71) v 7AMPRIP, THISN TV AL REE AL TH2 (H8)™ . T~
DIREIE. cADPRSZBERO TH T Y FAv YT v —& LTEHET S
ETBCEINAFTYTF YV T EIZ LD TOBRENIHN TH 72, F Dk,
Ty MORBOCESEBEESY & MER0T7Z bos ) TRBECEET 3
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B7 FLFH ) v ZEMED, CORBREFAL TS 2 & 258 Lz, K&
TR EE LB IUEETEIER - cADPR 2S5 FHHITEAZ L EROIRLTH
Bo F72cADPRA, Ca ) 7/ VU ZBRPOLDCaBI R = AE U728k, VT /
VEBREEDODDR, LECaF v A NVESHLIERTAILE (W) TR
Wi L7228
Receptqrs

8 NG108-15 G TOBPIMRERES v
SEK—GC 5> s B~OWEHIE, £heh ADP-

G proteins
ribosyl cyclase, KA K Y X—E CR7F= VBV
25-ERED2 77 —BREALON -
ADP-ribosyl  Phospho- Adenyiyl
CADPR, IP,/97 <0 7Y &= (DG) ® cAMP e e G oy
DREEEX 3, l l l
cADPR IP3/DG cAMP
A B
Sympathetic Depolasrization L
nerve ending, of myocyte Excitation
A Na Ca é“g CaNa Ca
. —_ N I LY
BAR I
-
) cADPR NAD ATP cAMP
FKBP PKA
12.8
G e \@ &
Ca Ca R
L

Contraction § Contraction §4 4

K9, XBRMERRICLIHIVEIBI SN ZLEHINAGEMIEAH ZcADPR 8EN — 2l

ATHET 22
=cADPR + CADPR
Ca2+ Orthogvade Signaiing a2+ .
Jip-ees S VACCW) gl
BNAD* cADPR J[} lasma Membrane
’GB‘ Ryﬁ 7ﬂ [}»F‘W
\\f‘f’/ o Caz*/i
Microsome ——
Retrograde Signaiing
Caz“ D Ca2+
caoPa - worn—_ U4 0%
AH\ f Posmva
7 ﬂ E~ Feedback
\fiz: FK506 1\‘ fiz:j/
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Abstract:

Muscarinic acetyicholine receptors (mAChRs) in neuronal tumor cells or
B-adrenergic receptors in cortical astrocytes and ventricular myocytes
utilize the direct signaling pathway to ADP-ribosyl cyciase within cell
membranes to produce cyclic ADP-ribose (cADPR) from B3-NAD®. This
signal cascade is analogous to the previously established transduction
pathways from hormone or neurotransmitter receptors to adenylyl cyclase
and phospholipase Cf via G proteins. Upon receptor stimulation, the newly
formed cADPR may coordinately function to upregulate the release of Ca*
from the type Il ryanodine receptors (orthograde signaling) as well as to
facilitate Ca” influx through voltage-dependent Ca* channels (retrograde
signaling). cADPR interacts with an immunosupressant FK506 at either the
FK506 binding protein FKBP12.6, calcineurin, or ryanodine receptors.
Thus, the receptor-controlled and cADPR-dependent modulation in
neuronal Ca* signaling may induce various responses in soma and
dendrites of neurons and glial cells.

Key Words: NAD*, ryanodine receptors, Ca” signaling, muscarinic
receptors, adrenergic receptors, sympathetic stimulation, glial cells
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Introduction ‘

Increase in intracellular free Ca®* is a signal for various cellular responses. An elevation of cytosolic
Ca®™ concentration ([Ca’*i) results either from Ca™ entry or Ca’* mobilization from the intracellular
Ca’®* stores. In the latter case, inositol 1.4,5-trisphosphate (Ins(1,4.5)P;) opens Ca’* release channels
of Ins(1,4,5)P; receptors (Berridge & Irvine, 1989; Furuichi & Mikoshiba, 1995). The increased
Ca® can induce further release of Ca’ from the second Ca>* pool which is ryanodine and caffeine
sensitive (Endo, 1977). This mechanism is called Ca**-induced Ca’* release (CICR), in which Ca™
release channels of ryanodine receptors are involved even in neurons (Kuba, 1994).

Ryanodine receptors are consisted of homotetrameric peptides whose molecular mass of one subunit
is about 500-560 kDa (Takeshima et al., 1989). Three isoforms of ryanodine receptors are known
(see Serentino, 1995). Type Iis mainly localized in skeletal muscle, and type II in cardiac muscle,
while in the nervous system type II is the main ryanodine receptor, but type I and II are also found

(Furuichi et al., 1994). In skeletal muscle cells, type I receptors are concentrated in sarcoplasmic
reticulum (SR) membrane and forms the “foot" structure (Iino, 1999). Influx of Ca’* through L type
voltage dependent Ca’* channels upon depolarization increases cellular Ca’ (Catterall, 1993),
subsequently this Ca’* activates CICR, which results in muscle contraction (Tanabe et al., 1990).
This sequence is called "excitation-contraction coupling”. To coordinate Ca®* amplification more
efficiently, the physical contact between L-type Ca** channels and the skeletal-muscle isotorms (type
[) ryanodine receptors is estimated (Nakai et al., 1996 and 1998).

On the other hand, no direct protein-protein coupling has been reported between other type of
ryanodine receptors and Ca™ channels. However, in neuronal cells, a link from N- or L-type
voltage-activated Ca™ channels to ryanodine receptors (“an orthograde signal”) (Davies et al., 1996;
Empson & Galione, 1997) and functional coupling from ryanodine receptors to L-type Ca®* channels

(“a retrograde signal”) have been reported (Chavis et al., 1996). The molecular mechanism and
responsible second messengers for such functional interactions are not yet clear.

Very recently, however,'we have demonstrated that cyclic ADP ribose (cADPR) is involved in these
bidirectional coupling between ryanodine receptors and voltage dependent Ca’* channels in
mammalian neuronal cells (Hashii et al., 2000). In order to stress this cADPR-dependent process as
an important signaling in the nervous system, we have attempted to overview the role of cADPR in
neuronal Ca®* signaling from a new view point of receptor-controlled cADPR synthesis by
ADP-ribosyl cyclase.

Cyclic ADP ribose

Before starting description of cADPR, for better understanding, [ show the intracellular whole
feature of NAD" and its metabolites. It is known the starting reactions of NAD" as the substrate,
conversion to cADPR and ADPR as intermediate metabolites, mono- and poly-ADP-ribosylation of
proteins, and the metabolic fate of ADPR. This tigure is modified trom the original figure described
by Jacobson and his group (1993 and 1996). Enzymes involved in each step are listed in the figure
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legend. cADPR is synthesized by ADP-ribosyl cyclase from NAD" and metabolized to ADPR by
cADPR hydrolase in the nervous system (Lee and Aarhus, 1993), including cerebellar granule cells
(De Flora et al., 1996), cortical astrocytes (Pawlikowska et al., -1996; Hotta et al., 2000), and
neuronal tumor cells (Higashida et al., 1997; Morita et al., 1997).

CADPR is first isolated as a substance, which mobilizes Ca’* from the microsome fraction prepared
from sea urchin eggs that has been injected with NAD" (Clapper et al., 1987; Lee et al., 1989).
CADPR is not the same class of inositol 1.4,5-trisphosphate (InsP;) and nicotinic acid adenine
dinucleotide, a metabolite of NADP” by the same ADP-ribosyl cyclase (Wilson and Galione, 1998), in
that CADPR targets ryanodine receptors to release Ca’*, while InsP3 mostly targets InsP, receptors

(Clapper et al., 1987; Takasawa et al., 1993 and 1998; Lee, 1997). The molecular structure of
cADPR was determined by NMR, mass spectroscopy, and X-ray crystallography in 1994 (Lee et al.).

The first carbon in the terminal ribose and the first nitrogen in the adenine are linked in the
B-conformation. Nicotinamide is cleaved out from NAD” and molecular mass of the rest part,
CADPR, is larger by one H,O than ADPR. Hydrolysis of the N1-glycosidic linkage by addition of a
water molecule occurs spontaneously in acidic condition (pH 2) with t1/2 of 24 h or immediately by
CADPR hydrolase. '

cADPR, but not NAD" and ADPR, can release Ca”* from Ca’ pools with whole cell homogenates
of sea urchin eggs (Lee et al., 1989; Galione et al., 1991). In intact sympathetic ganglion neurons,
however, simple infusion of cADPR does not immediately mimic Ca’* rise, but slowly enhances the
Ca™ increase evoked by depolarization (Hua et al., 1994). The authors have previously reported that
cADPR injection into neuroblastoma-derived cells increases intracellular Ca’* concentrations (Ishizaka
et al., 1995; Higashida et al., 1995). But, later, more qareful experiments carried out under the
voltage-clamp condition of neuroblastoma cells revealed that, though cADPR does not trigger Ca™”
release at the resting membrane potential of -60 to -40 mV, it can release Ca>* when cytosolic Ca’
increase is preconditioned by depolarization (Hashii et al., 2000). In this sense, at least in neurons,
cADPR is unlike to directly act as the ‘primary’ agonist for the Ca’* release.

Based on the observation that addition of cADPR to membranes prepared from vetricular myocytes
increases open probability of Ca®* release channels (Meszaros et al., 1993), it is clear that cADPR
targets type II ryanodine receptors (Clementi et al., 1996). Activation of ryanodine receptors requires
a certain level of Ca®* concentrations, suggesting that the primary ligand is Ca®* and cADPR is the
‘secondary’ ligand, as suggested by Sitsapesan et al. (1995). Calmodulin is another factor which
potentates cADPR-induced Ca’* release from ryanodine receptors (Lee et al., 1993; Lee etal., 1994),
suggesting that some accessory proteins can be involved in modulation of the ryanodine receptor
function.

cADPR binding proteins
Originally it is thought that CADPR binds directly to ryanodine receptors to initiate its tunction. On

the other hand there is an accumulating evidence to indicate that cADPR may function through its
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specific binding proteins. FKBP12 or FKBP12.6, the binding proteins for FK506 of an
immunosupressant drug, is copurified during purification of ryanodine receptors from skeletal or
cardiac muscle cells (Jayaraman et al., 1992; Brillantes et al., 1994; Lam et al., 1995; Timerman et
al., 1996). Association of FKBP12 to the cytoplasmic face of skeletal type (type I) ryanodine
receptors blocks channel activity in planar lipid bilayers (Chen et al., 1994). FKBP12 (Ahern et al.,
1997a and 1997b) or FKBP12.6 associated with ryanodine receptors (Xin, et al., 1999) is dissociated
by FK506- or rapamycin-addition to the reaction mixture, which in turn activates ryanodine receptors
(Ahern et al., 1997a and 1997b; Barg et al., 1976; Kaftan et al., 1976).

cADPR binds to FKBP12.6 with the Kd value of about 35 nM, which is the same value as 32 nM
for FK506 nM (Noguchi et al., 1997). Upon FK506 addition, Ca** is released from type II
ryanodine receptors. Pretreatment with FK506 of ryanodine receptors decreases CADPR-induced
Ca®* release, suggesting that cADPR and FK506 interact at the same site on FKBP12.6 (Fig. 4).
Therefore, it is highly possible that cADPR functions on type II ryanodine receptors indirectly through
FKBP12.6 rather than direct binding to ryanodine receptors, at least in some tissue such as pancreatic
islet and cardiac muscle cells. There is no evidence to show on which site CADPR acts in neuron and
glia cells.

It has been shown that FKBP12 and calcineurin bind at the 1400th and 1401st leucyl proline of
InsP3 receptors (Cameron et al., 1997) and at 2458LSLVPLDDLV2468 in type I ryanodine receptors
(Jayaraman et al., 1992). Molecular configuration of leucyl proline resembles that of FK506. In the
presence of FK506, thus, FKBP12 dissociates from ryanodine receptors and tends to bind with
FK506.

The precise mechanism how cADPR potentiates Ca’* release is not completely clear. However,
recently, one possibility has been shown that removal of FKBP12 from ryanodine receptors tends to
delay the inactivation (closure) process (Xiao et al., 1997). This helps ryanodine receptor channels to
keep at the open state for long time, which can contribute to an accelerated increase of cytosolic Ca™.
In sum, two steps of regulation are estimated in Ca’* release from ryanodine receptors: (1) Ca® as the
direct key factor for opening channels. (2) Once opened, channels retains at the "open" state by
cADPR. Such dual regulation of ryanodine receptor Ca®* release channels enables to perform finer
control.

ADP-ribosyl cyclase and CD38

cyclic ADP-ribose is synthesized enzymatically (Rushinko and Lee, 1989). ADP-ribosyl cyclase
catalyzes both synthesis of cADPR from NAD" associated with release of nicotinamide from NAD".
In addition to this bifunctional enzyme action, ADP-ribosyl cyclase directly synthesizes ADPR from
NAD", known as NAD glycohydrolase. NAD glycohydrolase is known to be present in the nervous
system for long time, being its function unclear (Snell et al., 1984). ADP-ribosyl cyclase is localized
at both membrane and cytosolic fractions. In Aplysia, ADP-ribosyl cyclase activity in the cytosole is
only 30% and 70% of the total activity is recovered in the membrane fraction (Lee, 1997). The
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specific activity of ADP-ribosyl cyclase in the membrane fractions prepared from NG108-15
neuroblastoma x glioma cells and rat ventricular muscle cells is 230 and 3700 pmol/min/mg of protein,
using 2 UM [H]NAD" as the substrate (Higashida et al., 1997 and 1999). [’HJADPR was also
formed at the same level, suggesting that one molar of NAD" is converted to one molar of ADPR via
cADPR stoichiometrically in these membranes.

Dimeric ADP-ribosyl cyclase in the soluble fraction has a conserved pocket structure for NAD"
which is the catalytic domain estimated from X-ray analysis of the crystallized enzyme of Aplysia

(Prasad et al., 1996). This enzyme is highly homologous to CD38, the mammalian T cell surface
marker (Howard et al., 1993). CD38 is a type II transmembrane glycoprotein of 46 kDa. CD38 is a
bifunctional enzyme catalyzing both synthesis of cCADPR and hydrolysis of cCADPR (Takasawa et al.,-
1993; Katada et al., xxxx). Both enzyme activities of CD38 are located at the extracellular region of
the amino terminus. It has been shown that 11 cysteine residues conserved between Aplysia's
enzyme and CD38 may function to keep the higher structure by their disulfide bonds. Out of 6
additional cysteines, residue 119 and 201 found in human CD38 but not in the Aplysia's protein, are
involved in the cADPR hydrolase reaction (Tohgo et al., 1994).

Serious questions to be answered are how intracellular NAD" supply to the extracellular catalytic site
of ADP-ribosyl cyclase of CD38 and how cADPR formed outside the cell functions as the intracellular
second messenger. Because NAD" is the abundant intracellular substance at submolar concentrations,
but usually not richly present in the extracellular space. For this contradiction, De Flora and her group
(1998 and 1999) have reported that dimeric CD38 or CD38 internalization can function as a
transporter of CADPR and NAD". Another suggestion is made from the results in transgenic mice of
CD38 (Kato et al., 1995). In CD38-overexpressed islet cells of such mice, ADP-ribosyl cyclase
activity is found at inracellular membrane compartments as well, suggesting that even the
membrane-bound ADP-ribosyl cyclase can form cADPR inside the cells. The last idea is to estimate
an isoform whose topology is different from CD38, in that its catalytic domain locates inside.

Control of cytosolic ADP-ribosyl cyclase

It has been shown that the formation of cADPR is enhanced by nitric oxide (NO) and cyclic GMP in
homogenates of sea urchin eggs (Galione et al., 1993). Since NO and cyclic GMP are formed in
response to hormones and neurotransmitters, it is speculated that the cADPR level could be controlled
by receptors through a long cascade until reaching to the activation of cytosolic ADP-ribosyl cyclase
by cyclic GMP-dependent protein phosphorylation (Clementi et al., 1996; Willmott et al., 1996),
according to the original propose by Bermridge (1993).

Control of membrane bound form of ADP-ribosyl cyclase

The typical pathway in mammalian cells consists of signals from receptors involved in forming
intracellular second messengers, such as cyclic AMP or Ins(1,4,5)P, and diacylgrycerol, being
transduced to effector enzymes of adenylyl cyclase or phospholipase CP via G proteins in the cell
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surface membrane (Gilman, 1984). Therefore, an analogy to this established signaling pathway leads
us to an interesting hypothesis, namely that cCADPR formation is regulated by membrane-bound
ADP-ribosyl cyclase through the direct action of G proteins in the cell membrane.

Stimulation of muscarinic acetylcholine receptors (mAChRs) with acetylcholine or carbamyicholine
(CCh) activates cADPR formation in mAChR-expressing NG108-15 neuroblastoma x glioma hybrid
cells (Higashida et al., 1997). Interestingly, activation of ADP-ribosyl cyclase by CCh was observed
in membranes obtained from NG108-15 cells overexpressing m1 or m3 mAChRs, while inhibition
was mediated by endogenous m4 mAChRs and exogenous m2 mAChRs. These effects were
mimicked by GTP in NG108-15 cells. The CCh-induced activation was inhibited by prior treatment
of cells with cholera toxin, while the inhibition of ADP-ribosyl cyclase was sensitive to pertussis
toxin. Thus, it can be hypothesized from these observations that the signal to ADP-ribosyl cyclase
from mAChRs is mediated via different G proteins (Higashida, 1997).

This signaling seems to be comparable to that from other endogenous receptors expressed in
NG108-15 cells, namely aB2 adrenergic, 8 opioid, B2 bradykinin and P2u ATP receptors, which have
been shown to activate or inhibit adenylyl cyclase or to stimulate phospholipase CB via G proteins
(Noda et al., 1996).

Recently, ADP-ribosyl cyclase activity was measured in membranes of rat heart muscle cells.
Isoproterenol at 1 uM increased ADP-ribosyl cyclase activity by 1.7-fold in ventricular myocytes

(Higashida et al.,, 1999). This increase was inhibited by a [-adrenergic receptor antagonist,
propranolol. The stimulatory effect on the cyclase was mimicked by 10 nM GTP and 10 uM
GTP-y-S, while 10 uM GTP inhibited the cyclase. Cholera toxin pretreatment of rats prevents the
activation of the cyclase by isoproterenol. These results suggest the existence of a signal pathway
from B-adrenergic receptors to ADP-ribosyl cyclase via G protein in the ventricular muscle cell
membrane which is in the same analogy for mAChRs.

Now we can propose a new cascade for how contraction of heart muscle is enhanced after excitation
of sympathetic neurons, integrating the above observation on the previously known pathways. At the
resting state, each beat (action potential) evokes Ca™ flux through the classical pathways of L-type
Ca®* channels increases subcellular Ca’* and thereby activates SR Ca™ release, Ca® sparks, and the

[Ca®* Ji transient, and results in contraction. Upon stimulation of B-adrenergic receptors by
norepinephrine released from sympathetic nerve terminals, cCAMP as well as cADPR formation is
increased. In one branch , cAMP-activates cAMP-dependent protein kinase. Subsequently,
phosphorylated L-type Ca®* channels and Na+ channels (30% of the total content) can increase huge
amount of subcellular Ca®*, and thereby activates SR Ca®" release more, as a well known events
(Hartzell et al, 1991; Xiao et al., 1994; Walsheth et al., 1994; Santana et al., 1998). In another arm,
newly formed cADPR binds directly to ryanodine receptors or to FKBP12.6, which is removed from

ryanodine receptors and delays inactivation from activated channels, and subsequently results in a
larger [Ca®* ]i transient. These changes may contribute significantly to local and global cardiac Ca™
signaling (Lukydrek and Cyke, 1999), which controls the force of contraction. This will be possible
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involvement of increased cADP-ribose synthesis in upregulation of cardiac function by sympathetic
stimulation. To support the role of ADP-ribosyl cyclase in cardiac cells, increases of cytosolic -
cADPR either by application of it through patch pipettes (Lino et al., 1997) or by photolysis of caged
cADPR can mimic the effect of sympathetic excitation, i.e. potentiation of contractility. These etfects
can be antagonized by a cell permeable antagonist for cADPR (Rakovic et al., 1996 and 1999)

Another example of B-adrenergic receptors is found in rat cortical ghial cells. A relatively high rate
of [3H]CADP-ribose production converted from [3H]NAD+ by ADP-ribosyl cyclase (2015 * 554
pmol/min/mg protein) is detected in the crude membrane fraction, which shares about 50% of the total
cyclase activity (Hotta et al., 2000). The formation rate of [3HJADPR from cADP-ribose by
cADP-ribose hydrolase and/or from NAD" by NAD glycohydrolase is low but enriches in the
cytosolic fraction. NAD" in the extracellular medium was metabolized to cADP-ribose by incubating
cultures of intact astrocytes. The presence of Triton X-100 in the medium for permeabilizing cells
also increases cADP-ribose production three times as much. These results suggest that ADP-ribosyl
cyclase is at least partly located in the surface membrane of cortical astrocytes, a half of which has
extracellular action.  Isoproterenol and GTP increased [’HJADPR formation in crude membranes of
cortical astrocytes. the membrane-associated cyclase activity. This isoproterenol-induced stimulation
of the membrane-associated ADP-ribosyl cyclase activity was confirmed by cyclic GDP-ribose
formation fluorometrically. This action was blocked by the prior treatment of cells with cholera toxin,
but not by pertussis toxin. and the remaining half has the intracellular action. These results suggest
that signals of 3-adrenergic stimulation is transduced to membrane-bound ADP-ribosyl cyclase via G
proteins within cell surtace membranes of astrocytes.

In chromaffin cells, stimulation with CCh, excess KCl depolarization and 8-bromo-cyclic AMP
induces activation of ADP-ribosyl cyclase in membranes (Morita et al., 1997). This activation is
dependent on Ca® influx and subsequent protein kinase A activation. Therefore, protein kinase
A-dependent phosphorylation of ADP-ribosyl cyclase may increase its catalytic activity. In this case,
both cytosolic and membrane-bound ADP-ribosyl cyclase could be phosphorylated. This idea is also
thought in cardiac muscle cells, in which phosphorylation of membrane-bound form of ADP-ribosyl
cyclase could be phosphorylated after adrenergic stimulation which is remained to be proved, since it
is the best known cAMP/the protein kinase A signal transduction.

- Cellular localization of ADP-ribosyl cyclase

ADP-ribosyl cyclase activity level in cultured astrocytes is high. One half of the membrane bound
ADP-ribosy! cyclase is localized in the cell surface and the membrane-bound form of cyclase has its
action in the extracellular space. The extracellular localization of the catalytic domain of ADP-ribosyl
cyclase has already been reported that rat cortical astrocytes have extracellular cyclase (Pawlikowska et
al.,, 1996). However, our results differ from those of Pawlikowska et al. (1996), in that
ADP-ribosy! cyclase activity in our results is much higher and is not exclusively extracellular but
intracellular as well. '
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CD38 cell surface antigen possesses ADP-ribosyl cyclase, cADP-ribose hydrolase and NAD
glycohydrolase activities (Howard et al., 1993; Harada et al., 1993; Takasawa et al., 1993; Hoshino
etal., 1997; Umar et al., 1996; Prasad et al., 1996) and is detected in the cortex by immunostaining

(Mizuguchi et al., 1995). It has been shown that the catalytic domain of CD38 is localized in the
extracellular side (Tohgo et al., 1994; De Flora et al., 1996; Lee, 1997). Therefore, one possibility 1s
that, intact cortical astrocytes, CADP-ribose is synthesized in the extracellular space by CD38-like
ADP-ribosyl cyclases, which have extracellular action. Thus, extracellular ADP—ribosyl cyclase may
play a crucial role in neuronal signal transmission at chemical synapses by regulating the
concentrations of NAD®, cADP-ribose and ADPR in the synaptic cleft packed with surrounding
astrocytes (Pawlikowska et al., 1996).

Cellular responses involved in cADPR

It has been shown that catecholamine secretion was sensitive to caffeine and a ryanodine receptor
inhibitor in chromatfin cells (Morita et al., 1997). Further validation is necessary for that upregulation
of cCADPR formation involved in secretion.

Ca®* transients evoked by activation of VACCs are prolonged by caffeine at both distal and proximal
dendrites and soma of neurons (Kano et al., 1995; Korkotian and Segal, 1999). These results
suggest that RyRs may be involved in synaptic Ca™* release signaling through VACCs in normal brain
neurons. If we assume that the mechanism described above in NG108-15 neuronal cells exists in
intact brain neurons, cCADPR may be involved in synaptic Ca®* signaling by enhancing CICR resulting
from activation of L-type VACCs at dendritic synapses. Of course in this case, it is necessary to
determine which transmitter or receptor activates production of cADPR in neurons. A direct evidence
has been shown that cADPR is involved in long-term synaptic depression in hippocampus

(Reyes-Harde et al., 1999). These findings implicate the release of intracellular Ca™ through
ryanodine receptors in the light-induced phase delay of the circadian clock
restricted to the early night (Ding et al., 1998).

Finally, it has been reported that application of cADPR into NG108-15 cells facilitate rundown of
so-called M current, a non-inactivating voltage-dependent potassium current (Bowden et al, 1999;
Higashida et al., 1995). This effect of CADPR is suggested to be not directly correlated with the Ca
mobilization action of cADPR. Thus it is interesting to test whether cADPR modulate potassium
channels via a separate route with a number of molecular targets.
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