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A broad substrate specificity for adenosine 5’-diphosphate ribosyl cyclase is demonstrated by cyclisation of ribose- 
and purine-modified nicotinamide adenine dinucleotide analogues to mimics of cyclic adenosine 5’-diphosphate 
ribose, generating a straightforward route for structural modification of this important Ca2+-mobilising nucleotide. 

Cyclic adenosine 5’-diphosphate ribose (cADPR 1, Scheme 1) 
is a novel CaZ+-releasing second messenger candidate, first 
discovered as a Ca2+-mobilising metabolite of P-NAD+ in 1987 
from sea urchin egg microsomes.1 A cyclic structure was 
proposed in 1989.2 It releases intracellular Ca2+ as an 
endogenous regulator of ryanodine-sensitive Ca2+ channels and 
its action is independent of the other well known Ca2+- 
mobilising second messenger myo-inositol 1,4,5 -trisphosphate 
[Ins( 1 ,4,5)P3].3 Its action, now established in a variety of cells? 
is at a similar or lower concentration than Ins(1,4,5)P3 and 
ryanodine receptor activation requires calmodulin in sea urchin 
eggs.5 There is currently intense interest in the role of cADPR 
in cellular Ca2+ homeostasis as a potential second messenger. 
Indeed, cADPR has been proposed to have a role in insulin 
release as a possible second messenger of glucose.6 

cADPR is synthesised from nicotinamide adenine dinucleo- 
tide (NAD+ 2, Scheme 1)  by ADP-ribosyl cyclase,7 which can 
be activated by cyclic 3’,5’-guanosine monophosphate via its 
kinase.8 The net result is a linkage of the C1 position on the 
nicotinamide-bearing ribose with the N1 position of the adenine 
ring to form a cyclic structure. cADPR is degraded to ADP- 
ribose 3 at this N1-glycosyl link by cADPR hydrolase. 
Ambiguity in the structure9 of cADPR has now been removed 
by X-ray crystallography*0 and cADPR has been synthesised by 
the cyclisation of N1 -(5’-phosphoribosy1)ATP cataly sed by 
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Scheme 1 Formation and degradation of cyclic ADP ribose 

NAD+ pyrophosphorylasell and also by a biomimetic route by 
stereoselective cyclisation of P-NAD+. l2  

Structural analogues of cADPR are currently urgently 
required as pharmacological tools for investigations of the 
properties of this topical molecule. Thus, analogues are needed 
to probe structure-activity relationships, provide non-hydroly- 
sable mimics, radio-labelled photoaffinity and fluorescent 
analogues and receptor antagonists. While recent chemical 
advances are notable, yields are low and such routes are unlikely 
to be viable for the preparation of multiple structural analogues. 
We believe the most efficient approach lies in a chemoenzy- 
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Fig. 1 Structures of (a) NAD+ analogues and (b) cyclic ADP-ribose 
analogues 
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matic route involving the cyclisation of analogues of NAD+ 
using ADP-ribosyl cyclase if the enzyme is sufficiently non- 
discriminatory. We demonstrate here the applicability of this 
approach and the loose substrate selectivity of this enzyme by 
the preparation of several cADPR analogues, structurally 
modified either in one of the ribose groups or in the purine ring, 
using ADP-ribosyl cyclase from Aplysia californica. 

NAD+ analogues [Fig. l (a)]  were synthesised by coupling 
suitably modified nucleotides with (3-nicotinamide 5’-mono- 
nucleotide ((3-NMN) using DCC. 13 Five NAD+ analogues were 
prepared by coupling 2’-deoxy-5’-AMP, 3’-deoxy-S’-AMP, 
8-amino-5’-AMP, 8-piperidino-5’-AMP and formycin A 5’- 
monophosphate with (3-NMN to yield the corresponding NAD+ 
analogues 2’-deoxy+-NAD+ 4, 3’-deoxy-(3-NAD+ 5, %amino- 
(3-NAD+ 6, 8-piperidino-NAD+ 7 and (3-NFD+ 8, respectively. 
The resulting analogues were purified by ion-exchange chro- 
matography. 

NAD+ 2 and NAD+ analogues 4-8 were cyclised typically by 
incubating 2 or analogue (1.5 mmol dm-3) in 25 mmol dm-3 
HEPES { 2-[4-(2-hydroxyethyl)piperazin- 1 -yl]ethanesulfonic 
acid] buffer pH 6.8 in (2.5 ml) with 10 pl of crude ADP-ribosyl 
cyclase from Aplysia californical4 at room temp. for ca. 10 min 
to give cADPR 1 and cADPR analogues 9-13, respectively 
[Fig. l(b)]. The conversion was monitored by HPLC and, when 
complete, the product was purified by ion-exchange chromatog- 
raphy using a gradient of triethylammonium bicarbonate buffer. 
While relative conversion rates for analogue formation were not 
assessed with this crude enzyme preparation they were 
generally similar to that for formation of cADPR from NAD+. 
Our results show clearly that a range of structural modifications 
both in the ribose and in the adenine ring are tolerated by ADP- 
ribosyl cyclase. A recent report on the preparation of cyclic 
guanosine diphosphate ribose (cGDPR) lends weight to this 
argument.15 In contrast to cGDPR, however, the majority of our 
structural modifications were well tolerated in ryanodine 
receptor-mediated Ca2+ release and, when tested in Ca2+ release 
studies using sea urchin microsomes, all analogues, apart from 
11 and 12, were active. 8-Amino-cADPR 11 was an antagonist16 
and 8-piperidino-c ADPR 12 was inactive. Full biological 
details will be published elsewhere. We have thus demonstrated 
an efficient chemoenzymatic route to cADPR analogues which 
has considerable advantages over total synthesis. Compounds 
produced by this method will be of use both to explore the 

recognition motifs associated with cADPR-mediated Ca2+ 
release and in the design of compounds to interfere with this 
pathway. These studies are in progress. 

We thank the Medical Research Council for financial 
support, the University of Bath for a Research Bursary (to G. 
A.), Dr S. M. Fortt and Mr G. Cooper for discussions and 
technical assistance and S. Alston for manuscript preparation. 
A. G. is a Wellcome Trust Fellow. B. V. L. P. is a Lister Institute 
Research Professor. 

Received, 15th March 1995; Corn. 5JO1672J 

Footnote 
t Email: B.V.L.Potter@bath.ac.uk 

References 
1 

2 

3 
4 
5 

6 
7 
8 

9 

10 
11 
12 

13 

14 
15 

16 

D. L. Clapper, T. F. Walseth, P. J. Dargie and H. C. Lee, J .  Biol. Chem., 
1987,262,9561. 
H. C. Lee, T. F. Walseth, G. T. Bratt, R. N. Hayes and D. L. Clapper, 
J .  Biol. Chem., 1989, 264, 1608. 
A, Galione, Trends Pharmacol. Sci., 1992, 13, 304. 
A. Galione and A. White, Trends Cell Biol., 1994, 4, 431. 
H. C. Lee, R. Aarhus, R. G. Graeff, M. E. Gurnack and T. F. Walseth, 
Nature, 1994, 370, 307. 
S. Takesawa, Science, 1993, 259, 370. 
H. C. Lee and R. Aarhus, Cell Regul., 1991,2,203. 
A. Galione, A. White, N. Willmott, M. Turner, B. V. L. Potter and S. P. 
Watson, Nature, 1993, 365, 456. 
H. Kim, E. L. Jacobsen and M. K. Jacobson, Biochem. Biophys. Res. 
Commun., 1993,194, 1143. 
H. C. Lee, R. Aarhus and D. Levitt, Nat. Struct. Biol., 1994, 1, 143. 
Q.-M. Gu and C. J. Sih, J .  Am. Chem. Soc., 1994, 116,7481. 
S. Yamada, Q.-M. Gu and C. J. Sih, J.  Am. Chem. SOC., 1994, 116, 
10787. 
N. A. Hughes, G. W. Kenner and A. R. Todd, J .  Chem. Soc., 1957, 
3733. 
H. C. Lee and R. Aarhus, Cell Regul., 1991,2, 203. 
M. Graeff, T. F. Walseth, K. Fryxell, W. D. Branton and H. C. Lee, 
J .  Biol. Chem., 1994, 269, 30260. 
T. F. Walseth and H. C. Lee, Biochem. Biophys. Acta., 1993, 1178 (31, 
235. 




