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The Ca”-mobdizing metabolite cychc ADP-rlbose (cADPR) has been shown to release Ca” from ryanodme-sensitive stores m many cells We 

show that this metabohte at a concentration of I7 PM. but not Its precursor ,&NAD’ nor non-cychc ADPR at the same concentration. is active 
in releasmg Ca” from rabbit skeletal muscle sarcoplasmlc reticulum. The release was not sensltlce to Ruthemum red (1 PM) nor to the ryanodine 
receptor-specific scorpion toxin &ct/~otus,-I (10 FM). In planar bllayer smgle channel recordmgs. concentrations up to 50 PM cADPR did not 
Increase the open probablhty of Ruthenium red and toxin-sensltlve Ca” release channels. Thus Ca” release mduced by cADPR m skeletal muscle 

sarcoplssmlc reticulum may not involve opemng of ryanodme receptors 

Cyclic ADP-rlbose. Ryanodine receptor: Ca” release channel 

1. INTRODUCTION 

A well-known Ca7+ mobilizing cascade is initiated by 
the membrane-bound metabolite inositol 1,4,5 tris- 
phosphate (IP,) which, once released from the plasma 
membrane, binds to a receptor and opens a Ca’+ chan- 
nel in intracellular Ca’+ stores [I]. Other Ca”-mobiliz- 
ing agents, including the recently described NAD’ me- 
tabolite cyclic ADP ribose [2-4], mobilize Ca’+ from 
intracellular stores but operate independently of the IP, 
pathway [5.6]. Therefore, it is highly likely that intracel- 
lular Ca’+ channels other than the IP, receptor partici- 
pate in cell Ca” signalling mediated by cADPR. A sep- 
arate class of intracellular Ca” channels, namely ryan- 
odine receptors, has been described in muscle and brain 
cells where they are believed to mediate the ubiquitous 
Ca”-mobilizing mechanism known as Ca”-induced 
Ca7+ release [7]. In skeletal and cardiac muscle, ryan- 
odine receptors are abundant in the junctional sarco- 
plasmic reticulum [8] and release Ca” during excita- 
tion-contraction coupling in response to cell membrane 
depolarization [9]. Ryanodine receptors are activated by 
Ca’+ at physiological concentrations, and are modu- 
lated by a variety of ligands that affect Ca”-induced 
Ca7+ release such as Mg’+, adenine nucleotides and caf- 
feine [IO-141. 

Lee [15] showed that cADPR like caffeine. potenti- 
ated Ca”-induced Ca” release in sea urchin eggs. This 
observation. plus the fact that cADPR-sensitive stores 

*Corresponding author Fax, (I) (608) 262 2327 
E-Mall: BLMLAB@‘VMSZ.MACC WISC EDU 

are also ryanodine-sensitive [5.6]. and results from re- 
cent single channel recordings in cardiac SR [16], sug- 
gested that cADPR may be a naturally occurring en- 
dogenous ligand of the ryanodine receptor [5.16]. We 
tested this possibility in rabbit skeletal SR by perform- 
ing Cal+ release measurements in isolated junctional SR 
vesicles and single channel recordings in planar bilayers. 
While cADPR specifically released SR-stored Ca”, this 
release was not sensitive to ryanodine-receptor block- 
ers. Furthermore, high concentrations of cADPR up to 
50pM failed to increase the open probability of skeletal 
ryanodine receptor channels in planar bilayers. We thus 
suggest that a non-ryanodine receptor release mecha- 
nism may be involved in the action of this novel ligand 
in skeletal muscle. 

2. MATERIALS AND METHODS 

SR was prepared from rabbit bath and leg skeletal muscle [14]. 
Sucrose densIt?-purified membranes sedlmenting between 35% to 40% 
sucrose were used in all experlmenta Fresh membranes or membranes 
that were stored in 0.3 M sucrose. 0.1 M KCI. 5 mM Na-PIPES pH 
6 8 at -80°C for up to tuo Heelis were used m all experiments. 

Planar bilayei formation and recordmg was described previously 
[17] Bllayers \vere composed of equal concentrations of bram 
phoaphatidylethanolamme and phosphatldylserme dlsaolved m de- 

cane at 20 mg/ml. SR (100 ~200 pg) was added to the ~1.5 (cystosohc) 
aolutlon composed of240 mM Cs-methanc\ulfonatr. IO mM CsCl and 
10 mM HEPES titrated with Trls to pH 7 2. The tray.\ (lumenal) 
solution wd> 40 mM C+methanesulfonate. 10 mM CsCI. and IO mM 
HEPES-Trls pH 7 2. The contaminant-fret Ca” of the (‘1.~ chamber 
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was in the range of 1 to 3.6 ,uM and was measured by Ca” electrode. 

Recordings were filtered through a low-pass Bessel (Frequency De- 
vices, Haverhill. MA) at 1 kHz and dtgittzed at 4 kHz. 

2.3. Cd’ release measurements 
Ca” release from SR vesicles was measured usmg the Ca” indtcator 

dye Fura- (Molecular Probes, Eugene, OR) on a Hitacht F-2000 
fluorescence spectrophotometer. Approxtmately 150 pg of SR vestcles 
were actively loaded with Ca” by the addition of 2 mM MgATP in 
a 300 ~1 cuvette containing 100 mM potassium gluconate. 5 mM 
phosphocreatme, 5 fig/ml creatine phosphokinase. 0.5 PM Fura- 
(free acid) and 20 mM HEPES-Tris pH 7.2 at 25°C. The free Ca” used 
for Ca” loading was 0.5 to 2 ,uM and was present in the loading 
solutton as a contaminant. Ca” transtents were quantified as de- 

scribed prevtously using built-in software [IS]. 

2.4. Synthesis of cADPR 
cADPR was synthesized from /3-NAD’ using the enzyme ADP 

ribosyl cyclase (also known as NADase) purified from the ovotestts 

’ 

of Ap!,sru califorma as described by Hellmtch and Strumwasser [19]. 

cADPR was purified as described by Lee et al. [20]. The concentration 
of cADPR m water at pH 6.0 was determmed usmg an extinction 
coeffictent .sZY = 14.300 [?O]. Cyclic ADPR was homogeneous as as- 
sessed by C,, reverse-phase thin-layer chromatography in methanol/ 
water. I:1 (R, = 0.87) and by PEI cellulose thm-layer chromatography 
(R, = 0.73) in a system which was 0 2 M LtCl for 2 mm, 1.0 M LtCl 
for 6 min. followed by 1.6 M LKI. 

3. RESULTS AND DISCUSSION 

Following ATP-dependent sequestration of Cal+ into 
junctional SR vesicles of rabbit skeletal muscle we 
tested the ability of cADPR to release the stored Ca’+ 
(Fig. 1). In preliminary experiments we found that 1 ,BM 
cADPR released approximately 5 nmol of stored Ca”, 
in agreement with measurements in brain and pancreas 

1 
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Frg. 1. cADPR-induced Ca” release from rabbtt Junctional SR measured by fluorescence of the CaL+ mdtcator Fura-2. Vesrcles ( 150 /fug SR protem 
in a 300 ,~l cuvette volume) were acttvely loaded at the begmning of each experiment with the addition of 2 mM MgATP as described m Matertals 
and Methods. (A) cADPR and caffeine elictt rdptd Ca” release. (B) Same as (A) with expanded scale. (C) Non-cychc ADPR falls to ehcit Ca” 
release. (D) B-NAD’ falls to ehctt Ca” release (E) Ruthenium red inhabits Caffeine-Induced but not cADPR-induced Ca” release. (F) Bu~/Io~u.Y,-~ 

toxm mhibits caffeme-induced but not cADPR-induced Ca’+ release. 
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A Control Poz.05 I3 17 wMcADPR Pos.05 

C 34gM cADPR Po..O4 D 51 NMcAIJPR Poz.03 

-: 
I 

ru.*r.ll: i 
170 msec 170 lnrec. 

Fig. 2. cADPR fails to activate ryanodine receptor Ca” release channels mcorporated m lipld bilayers. Single channel traces of a ryanodme receptor 
are shown with openings as upward deflections at a holdmg potential of 0 mV. The average open probability. P,?. durmg 2 90 s of activity m each 
condition is shown before (control, panel A) and after three additions of cADPR to the us solution of the same channel (panels B,C.D). Average 

baseline IS shown as a thin hne under each trace. 

microsomes [5,6]. Unlike in the previous studies how- 
ever, Ca” release induced by 1 yM cADPR did not 
saturate with further increases in concentration. We 
thus decided to use higher concentrations of cADPR to 
improve the signal-to-noise ratio. At a concentration of 
17 PM (Fig. IA,B), cADPR released 25-50 nmol Ca7+ 

which is approximately 10 times larger than the Ca’+ 
released by saturating concentrations of this compound 
in brain or pancreas microsomes (xl PM cADPR) at 
comparable protein concentrations [S,6]. cADPR did 
not interfere with the release induced by caffeine (10 
mM) which typically mobilized 300 to 500 nmol of 
stored Ca2’. The specificity for the cyclic analogue was 
demonstrated in Fig. lC,D in which neither the non- 
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cyclic analogue adenosine 5’-diphosphoribose (ADPR) 
nor the precursor ,8-NAD’, at the same concentration. 
exhibited Cal+ releasing activity. In other experiments 
(not shown) non-cyclic ADPR did not interfere with the 
ability of cADPR to release SR Ca’+. To test if cADPR- 
induced release of Ca’+ occurred by opening of ryan- 
odine receptors, we used the blocker Ruthenium red (1 
pun/I) and Buthotzq-1 (10 PM), a 13 kDa peptide toxin 
blocker purified from the venom of the scorpion 
Buthotus hottentota that is specific for ryanodine recep- 
tors [21]. As shown in Fig. IE,F neither of the two 
ryanodine receptor blocking agents were effective in 
blocking the Ca”+ releasing ability of cADPR. At the 
same time, the responses to caffeine were almost com- 
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c Control POZ.06 D 1 FM Ruthenium Red PO=.006 

Fig. 3. Buthotus,-1 toxin (5 ,uM) and Ruthenium red (10 PM) mhlbit ryanodine receptor Ca” release channels incorporated in lipid bilayers. Single 

channel traces of two separate ryanodine receptors (A.B and C.D) are shown with openings as upward deflectlons at a holding potential of 0 mV. 
The average open probability, P,, during 2 90 s of activity m each condition is shown before (control panel A,C) to the cis solution. Average baseline 

IS mdlcated as a thin lme under each trace. 

pletely eliminated by Ruthenium red and Buthotus,-1 
toxin. Thus it was considered highly unlikely that 
cADPR may have activated ryanodine receptor chan- 
nels under these conditions since caffeine, which is a 
much more potent Ca” releasing agent, clearly could 
not stimulate the blocked channel. 

The lack of effect of cADPR on ryanodine receptor 
channels was further confirmed in Fig. 2 by fusion of 
rabbit junctional SR to a planar bilayer. The identifica- 
tion of this large unit conductance channel as the ryan- 
odine receptor has been documented extensively 
[9,17,21]. In this case, the control channel activity at 
0 mV was elicited by Ca” which is present in the myo- 
plasmic-equivalent cis solution as a contaminant and is 
typically 1 to 3 PM free Ca”. Open probability in the 

control segment and following each of three separate 
additions of cADPR, was monitored for at least 90 s. 
The figure shows representative consecutive traces dur- 
ing 5.4 s following each addition of cADPR to the cis 
solution. The open probability, P,,, for the entire moni- 
toring period (1 90 s) is indicated at the top of each 
panel. There was no activation by cADPR at concentra- 
tions that clearly resulted in a release of stored Ca”, i.e. 
17 ,uM (panel B), nor at higher doses, i.e. 34 (panel C) 
or 51 PM (panel D). The slight decrease in activity 
during the recording period in panel D may have been 
caused by channel rundown. 

Fig. 3 shows that under the recording conditions used 
to test cADPR, ryanodine receptors remained sensitive 
to Ruthenium red and scorpion toxin. In the top left (A) 
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and right (B) panels. Buthotus,-1 toxin at half the con- 
centration used in Fig. 1, inhibited open probability 
3-fold. In the bottom left (C) and right (D) panels. 
Ruthenium red at the same concentration used in Fig. 
1 inhibited activity IO-fold. Thus, the ryanodine recep- 
tor block by scorpion toxin and Ruthenium red was 
totally consisten with the inhibition of the Ca” release 
response elicited by caffeine in Fig. 1. Based on these 
results, it becomes difficult to argue that ryanodine re- 
ceptor channels in planar bilayers become desensitized 
to cADPR while at the same time remain sensitive to 
two other ligands. 

In sea urchin egg microsomes. cADPR potentiates 
the caffeine-induced release of stored Ca” and con- 
versely. caffeine potentiates the cADPR-induced release 
of stored Ca’+ [15]. This observation suggested both 
agents share a common caffeine and cADPR sensitive 
release mechanism [15]. Studies in pancreas and brain 
further suggested that cADPR-sensitive stores are sensi- 
tive to ryanodine but not to IP, [5,6], thus establishing 
the ryanodine receptor as a possible target of cADPR 
[5]. Mezaros et al. [16] conducted single channel record- 
ings of ryanodine receptors in planar bilayers and con- 
cluded that the cardiac but not the skeletal receptor type 
was sensitive to cADPR. Our results are consistent with 
those of Mezaros and collaborators in that we found no 
activation of rabbit skeletal Cal+ release channels by 
this compound even at an extremely high dosage. The 
lack of participation of skeletal ryanodine receptors in 
the response to cADPR in skeletal SR raises the possi- 
bility that a separate Ca7+ release channel type may be 
sensitive to cADPR in this tissue. 

In conclusion, we describe a significant and specific 
release of Ca’+ from rabbit skeletal SR by cADPR oc- 
curring via a non-ryanodine receptor mechanism. This 
is supported by two pharmacological interventions and 
the lack of stimulatory effect of cADPR in single chan- 
nel recordings of skeletal ryanodine receptors. It is im- 
portant to mention however that in some respects. the 
response to cADPR in skeletal SR is different from that 
described in brain, pancreas. and invertebrate eggs 
[5,6,15]. Release in skeletal SR increased with concen- 
tration in the micromolar range of cADPR and unlike 
the release in brain and pancreas [5,6], it did not desen- 
sitize with consecutive additions of cADPR to the same 
vesicle suspension (Fig. 1 B). Furthermore the cADPR- 
induced release in skeletal SR resulted in the mobiliza- 

tion of a much larger amount of stored Ca” than previ- 
ously reported in non-muscle cells. Although not as an 
alternative explanation to our results with skeletal mus- 
cle. it is possible that the ryanodine receptor sensitivity 
to cADPR may indeed be tissue-specific, being high in 
the heart and brain receptors [5,16] but absent in the 
skeletal receptor type. The presence of proteins that 
may confer cADPR sensitivity to the ryanodine recep- 
tor then becomes an intersting possibility to consider, 
specially in the case of the sea urchin egg where the 
skeletal ryanodine receptor type has been described [22]. 
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