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Abstract: We previously developed cyclic ADP—carbocyclic ribose (CADPCR, 2) as a stable mimic of cyclic
ADP—ribose (CADPR, 1), a Ca?"-mobilizing second messenger. A series of the N1-ribose modified cADPcR
analogues, designed as novel stable mimics of cADPR, which were the 2''-deoxy analogue 3, the
3"-deoxy analogue 4, the 3"-deoxy-2"-O-(methoxymethyl) analogue 5, the 3"-O-methyl analogue 6, the
2".3"-dideoxy analogue 7, and the 2",3"-dideoxydidehydro analogue 8, were successfully synthesized
using the key intramolecular condensation reaction with phenylthiophosphate-type substrates. We
investigated the conformations of these analogues and of cADPR and found that steric repulsion between
both the adenine and N9-ribose moieties and between the adenine and N1-ribose moieties was a
determinant of the conformation. The Ca?"-mobilizing effects were evaluated systematically using three
different biological systems, i.e., sea urchin eggs, NG108-15 neuronal cells, and Jurkat T-lymphocytes.
The relative potency of Ca?*-mobilization by these cADPR analogues varies depending on the cell-type
used: e.g., 3"-deoxy-cCADPCR (4) > cADPcR (2) > cADPR (1) in sea urchin eggs; cADPR (1) > cADPcR
(2) ~ 3"-deoxy-cADPCcR (4) in T-cells; and cADPcR (2) > cADPR (1) > 3"-deoxy-cADPcR (4) in neuronal
cells, respectively. These indicated that the target proteins and/or the mechanism of action of cCADPR in
sea urchin eggs, T-cells, and neuronal cells are different. Thus, this study represents an entry to cell-type
selective cADPR analogues, which can be used as biological tools and/or novel drug leads.

Introduction pyrophosphate, in which the two primary hydroxy groups of
Cyclic ADP—ribose (CADPR,1, Figure 1), a naturally the ri'b.oses are Iinkgd py a pyr'oph'osphate ﬂlquer neutralll
occurring metabolite of NAD originally reported by Lee and conditions, CADPR is in a zw%tenqnlc form with a po_smve
co-workers? has been shown to mobilize intracellular?€an charge around the N()C(6)-N ® moiety (K, = 8.3), m_aklng .
various cells, such as sea urchin eggs, pancr@atals, smooth the molecule extremely_ unstable. The charged adenine moiety
muscles, cardiac muscles, T-lymphocytes, and cerebellar ney-2ttached to the anomeric carbon of the N1-ribose can be a very

rons, indicating that it is a general mediator involved irtCa efficient leaving group. Accordingly, CADPR is readily hydro-
sign{;ding?' lyzed at the unstable N1-ribosyl linkage of its adenine moiety

cADPR has the characteristic 18-membered cyclic structure (3) (a) Galione, ASciencel993 259 325-326. (b) Lee, H. C.; Galione, A.;
.. . . Walseth, T. FVitam. Horm. (San Diego)994 48, 199-257. (c) Dousa,
consisting of an adenine, two (N1- and N9-) riboses, and @  T.p.; Chini, E. N.; Beers, K. WAm J. Physol 1996 271, C1007-C1024.
(d) Lee, H. C.Physiol Rev. 1997, 77, 1133-1164. (e) Lee, H. CCell.

Biochem Biophys 1998 28, 1-17. (f) Galione, A.; Cui, Y.; Empson, R.;
lino, S.; Wilson, H.; Terrar, DCell. Biochem Biophys 1998 28, 19—30.

T Hokkaido University.

# Juntendo University School of Medicine. . ;
. ) - (g) Guse, A. H.Cell Signalling1999 11, 309-316. (h) Guse, A. HJ.
. Kanazawa University Graduate School of Medicine. Mol. Med 2000 78, 26-35. (h) Lee, H. CAnnu Rev. Pharmacol Toxicol
University Hospital HamburgEppendorf. 2001, 41, 317-345. (i) Higashida, H.; Hashii, M,; Yokoyama, S.; Hoshi,
JUniversity of Bath. N.; Chen, X. L.; Egorova, A.; Noda, M.; Zhang, J. Bharmacol. Ther
(1) This report constitutes Part 234 of Nucleosides and Nucleotides. For Part 2001 90, 283-296. (j) Cyclic ADP-Ribose and NAADPStructures
233: Murata, S.; Ichikawa, S.; Matsuda, Retrahedronin press. Metabolism and Functionsee, H. C., Ed.; Kluwer Academic: Dordrecht,
(2) Clapper, D. L.; Walseth, T. F.; Dargie, P. J.; Lee, H.JCBiol. Chem The Netherlands, 2002. (k) Guse, A. Burr. Mol. Med 2004 4, 239—
1987, 262, 9561-9568. 248.

8846 m J. AM. CHEM. SOC. 2005, 127, 8846—8855 10.1021/ja050732x CCC: $30.25 © 2005 American Chemical Society



Cell-type Selective cADPR Analogues

ARTICLES

HO NH, HO NH,
) " 6 +
HO\"@-'.NNT/ N Ho\b-w z | N
o I Y NCHal Y
s--l\\‘o N No l\‘ 0 N N
O-p-0 O\, O-F-6 0 o
“y, iy
O\P/O g .;3' OH O\P/o "
4> ° OH g o OH
1 (CADPR) 2 (cADPCR)
R’ NH, NH,
2 + +
\CHz | > \CH [ | @)
,\\‘ o N N ,\\‘o N N
O~'|’£_O— o O~‘|I5—o_ o)
1y, Ty,
O /O / OH O\P/O / OH
O// ~o OH O// o OH
3:R'=H, R®= OH 8

4:R'=0OH,R?=H

5:R' = OMOM, R?=H

6: R' = OH, R = OMe

7:R'=R®=H
Figure 1. cADPR (1), cADPcR @), and the N1-ribose-modified cADPcR
analoguess—8.

to produce ADP-ribose (ADPR), even in neutral aqueous
solution® Under physiological conditions, cADPR is also
hydrolyzed at the N1-ribosyl linkage by cADPR hydrolase to
give the inactive ADPR.

cADPR analogues can be used in investigating the mechanism

of cADPR-mediated Ca signaling pathways. Agonists or

conditions? By this method, cCADPR analogues modified in the
purine ring and the N9-ribose moieties have been prepared from
the corresponding-nicotinamide dinucleotide-type precursérs.
Although evaluation of these analogues has identified biologi-
cally useful analogues, the analogues obtained by these methods
are limited due to the substrate specificity of the ABibosyl
cyclasetoab

In recent years, on the other hand, methods for the chemical
synthesis of CADPR analogues have been extensively studied,
and useful cADPR analogues, which could not be prepared by
the enzymatic and chemoenzymatic methods, have been syn-
thesized%10 In the synthesis of cADPR and its analogues,
construction of the large 18-membered ring structure is the key
step, and we recently developed an efficient method for forming
the 18-membered ring employing phenylthiophosphate-type
substrategd— When these substrates were activated by AgNO
or I, in the presence of molecular sieves in pyridine, the
corresponding 18-membered ring products were obtained in high
yields. Using this method, we accomplished the total synthesis
of cyclic ADP—carbocyclic ribose (CADPcRR),”f designed as
a stable mimic of cADPR, in which the oxygen atom in the
N1-ribose ring of cCADPR is replaced by a methylene group.
We showed (1) that the mimic is actually resistant to both
enzymatic and chemical hydrolysis, since it has a chemically
and biologically stabléN-alkyl linkage instead of the unstable
N1-glycosidic linkage of cADPR, (2) that the mimic has a
conformation similar to that of cADPR, and (3) that the mimic,
like cADPR, effectively mobilizes intracellular €ain sea
urchin eggs’

As other second messengers, cADPR functions generally in
many organ$, and accordingly, cCADPR analogues can be
nonselectively active irrespective of cell-types, which may be

antagonists of CADPR are also expected to be lead structuresjjegjraple in their use as a biological tool or a drug lead. Thus,

for the development of drugs, since cADPR has been shown to

play important physiological roles, such as insulin release from

B-cells® Therefore, the synthesis of cADPR analogues has beeny . ¢

extensively investigateti:'® However, because of the unique
structure and instability of cADPR, chemical synthesis of
cADPR and its analogues has proved to be rather diffféutt.

Consequently cADPR analogues have been synthesized pre-

dominantly by enzymatic and chemoenzymatic methods using
ADP-ribosyl cyclase-catalyzed cyclization under mild neutral

(4) (a) Lee, H. C.; Walseth, T. F.; Bratt, G. T.; Hayes, R. N.; Clapper, D. L.
J. Biol. Chem 1989 264, 1608-1615. (b) Kim, H.; Jacobson, E. L.;
Jacobson, M. KBiochem Biophys Res Commun1993 194, 1143-1147.

(c) Lee, H. C.; Aarhus, R.; Levitt, DNat. Struct Biol. 1994 1, 143-144.

(d) Gu, Q.-M.; Sih, C. JJ. Am Chem Soc 1994 116, 7481-7486.

(e) Wada, T.; Inageda, K.; Aritomo, K.; Tokita, K.; Nishina, H.; Takahashi,
K.; Katada, T.; Sekine, MNucleosides Nucleotidd®995 14, 1301-1341.

(f) Graham, S. M.; Pope, S. QNucleosidesNucleotides Nucleic Acids
2001, 20, 169-183. (g) Graham, S. M.; Macaya, D. J.; Sengupta, R. N.;
Turner, K. B.Org. Lett 2004 6, 232-236.

(5) Lee, H. C.; Aarhus, RBiochim Biophys Acta1993 1164 68—74.

(6) Takasawa, S.; Nata, K.; Yonekura, H.; Okamoto,3diencel993 259,
370-373.

(7) (a) Shuto, S.; Shirato, M.; Sumita, Y.; Ueno, Y.; Matsuda).AOrg. Chem
1998 63, 1986-1994. (b) Shuto, S.; Shirato, M.; Sumita, Y.; Ueno, Y.;
Matsuda, A.Tetrahedron Lett1998 39, 7341-7344. (c) Sumita, Y.;
Shirato, M.; Ueno, Y.; Matsuda, A.; Shuto, Bucleosides, Nucleotides
Nucleic Acids200Q 19, 175-188. (d) Fukuoka, M.; Shuto, S.; Minakawa,
N.; Ueno, Y.; Matsuda, A.Tetrahedron Lett 1999 40, 5361-5364.

(e) Fukuoka, M.; Shuto, S.; Minakawa, N.; Ueno, Y.; MatsudaJ].AOrg.
Chem 200Q 65, 5238-5248. (f) Shuto, S.; Fukuoka, M.; Manikowsky,
M.; Ueno, T.; Nakano, T.; Kuroda, R.; Kuroda, H.; Matsuda,JAAM
Chem Soc 2001, 123 8750-8759. (g) Guse, A. H.; Cakir-Kiefer, C.;
Fukuoka, M.; Shuto, S.; Weber, K.; Matsuda, A.; Mayer, G. W.;
Oppenheimer, N.; Schuber, F.; Potter, B. V. Riochemistry2002 41,
6744-6751. (h) Shuto, S.; Fukuoka, M.; Kudoh, T.; Garnham, C.; Galione,
A.; Potter, B. V. L. Matsuda, AJ. Med Chem 2003 46, 4741-4749.

with a biologically and chemically stable cADPcR with potent
Ca2™-mobilizing activity in hand, we focused our attention on
evelopment of analogues with cell-type selectivity based
on the structure of cADPcR.

(8) (a) Walseth, T. F.; Lee, H. @iochim Biophys Acta1993 1178 235—
242. (b) Lee, H. C.; Aarhus, R.; Walseth, T.$ciencel993 261, 352~
355. (c) Walseth, T. F.; Aarhus, R.; Lerr, J. A.; Lee, H.XCBiol. Chem
1993 268, 26686-26691. (d) Graeff, R. M.; Walseth, T. F.; Fryxell, K.;
Branton, W. D.; Lee, H. CJ. Biol. Chem 1994 269, 30260-30267.
(e) Zhang, F.-J.; Sih, C. Bioorg. Med Chem Lett 1995 5, 1701-1706.
() Zhang, F.-J.; Gu, Q.-M.; Jing, P. C.; Sih, C.Bioorg. Med Chem
Lett 1995 5, 2267-2272. (g) Zhang, F.-J.; Yamada, S.; Gu, Q.-M.; Sih,
C. J.Bioorg. Med Chem Lett 1996 6, 1203-1208. (h) Zhang, F.-J.; Sih,
C. J.TetrahedronLett 1995 36, 9289-9292. (i) Zhang, F.-J.; Sih, C. J.
Bioorg. Med Chem Lett 1996 6, 2311-2316. (j) Ashamu, G. A.; Galione,
A.; Potter, B. V. L.J. Chem Soc, Chem Commun 1995 1359-1356.
(k) Bailey, B. C.; Fortt, S. M.; Summerhill, R. J.; Galione, A.; Potter, B.
V. L. FEBS Lett1996 379 227-230. (I) Bailey, V. C.; Sethi, J. K.; Fortt,
S. M.; Galione, A.; Potter, B. V. LChem Biol. 1997, 4, 51—60. (m) Bailey,
V. C.; Sethi, J. K.; Galione, A.; Potter, B. V. L1. Chem Soc, Chem
Commun1997, 695-696. (n) Sethi, J. K.; Empson, R. M.; Bailey, V. C;
Potter, B. V. L.; Galione, AJ. Biol. Chem 1997, 272, 16358-16363.
(0) Ashamu, G. A.; Sethi, J. K.; Galione, A.; Potter, B. V.Riochemistry
1997 36, 9509-9517. (p) Wagner, G. K.; Black, S.; Guse, A. H., Potter,
B. V. L. Chem Commun2003 1944-1945. (q) Mort, C. J. W.; Migaud,
M. E.; Galione, A.; Potter, B. V. LBioorg. Med Chem 2004 12, 475—
488. (r) Wong, L.; Aarhus, R.; Lee, H. C.; Walseth, THBtochim Biophys
Acta 1999 1472 555-564.

(9) (a) Galeone, A.; Mayol, L.; Oliviero, G.; Piccialli, G.; Varra, Metrahedron
2002 58, 363-368. (b) Galeone, A.; Mayol, L.; Oliviero, G.; Piccialli,
G.; Varra, M.Eur. J. Org. Chem 2002 4234-4238. (c) Huang, L.-J.; Zhao,
Y.-Y.; Yuan, L.; Min J.-M.; Zhang L.-HBioorg. Med Chem Lett 2002
12, 887—890. (d) Huang, L.-J.; Zhao, Y.-Y.; Yuan, L.; Min J.-M.; Zhang
L.-H. J. Med Chem 2002 45, 5340-52.

(10) (a) Zhang, F.-J.; Gu, Q.-M.; Sih, C.Bioorg. Med Chem 1999 7, 653~
664. (b) Shuto, S.; Matsuda, AZurr. Med Chem 2004 11, 827-845.
(c) Guse, A. H.Curr. Med Chem 2004 11, 847—855. (d) Potter, B. V.
L.; Walseth, T. F.Curr. Mol. Med 2004 4, 303—-311.
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The previous studies of enzymatically or chemoenzymatically Scheme

synthesized cADPR analogues have disclosed the structure  © NH © NBoc NHR
‘\7\; b
Y—X

activity relationship (SAR) for the N9-ribose and adenine c HO V=X
moieties?10 at least to some extent. Nevertheless, the SAR of Y—X ¢ ( 12a: R = Boc
the N1-ribose moiety remains virtually unknown, since a( 102 11a,b 13a,b:R=H
N1-ribose-modified analogues are difficult to access by the 10b a series: Y =X = CH=CH
chemoenzymatic and enzymatic rof8dn the enzymatic and b series: Y =X = CH,-CH,

the chemoenzymatic synthesis, preparation of sugar-modified

ref. 11aJ

NAD-type precursors is crucial. Furthermore, even if these NH, NHBoc HO/\Q/NHR

sugar-modified NAD analogues are provided, the cyclase may HO/\Q/ ref. 11aHO/\Q/ _° . L

still not catalyze their desired cyclizatidf®? Therefore, a HO o OH

chemical synthetic method is essential for providing these 15 14 d( 1$fgfaoc

biologically important N1-ribose-modified analogues. T
These results and considerations prompted us to synthesize fJ

the N1-ribose-modified analogues to clarify the SAR and also NHR NHBoc NHBoc
to develop compounds of further biological importance. There- HOA@/ h DMTrO/\O/ g DMTFO/\@/
fore, we designed a series of N1-ribose-modified analogues of

, . OMOM OMOM OH
cADPcR, namely, the '2deoxy analogue3, the 3'-deoxy d( 20:R=Boc 19 18
analogué4, the 3'-deoxy-2'-O-(methoxymethyl) (MOM) ana- 21:R=H
logue5, the 3'-O-methyl (Me) analogu®, the 2',3'-dideoxy aReagents and conditions: (a}HPd—C, MeOH, rt, quant.; (b) Ba©,
analogue7, and the 2,3’'-dideoxydidehydro analogug, the DMAP, MeCN, rt, 88% {13), quant. (1b); (c) NaBH, MeOH, 0°C, 95%

. . . . (129, 97% (@2h); (d) H2O, reflux, quant. 133 b, 17, 21); (e) Red-Al,
structures of which are shown in Figure 1. We describe here CH,Cly, 0 °C, 49%: (f) DMTICI, py, rt, 87%; (g) MOMCLi-PENE,

the synthesis and SAR of these N1-ribose-modified analogues.cH,cl,, rt, 96%; (h) 50% aq. AcOH, 83%.

In this study, the Ca-mobilizing effects of the compounds were

evaluated systematically using three different biological systems, densation could be prepared. Treatmenil ofiith AGQNOs/MS

i.e., sea urchin eggs, Jurkat T-lymphocytes, and NG108-15 3A as a promotéf-f was expected to form the cyclized products

neuronal cells, to determine if the target proteins and/or the |, and subsequent acidic treatment for deprotection would furnish

mechanism of action of CADPR in these three-types of cells the target N1-ribose-modified analogu@ss.

were different. Preparation of the Chiral Carbocyclic Amines. The carbo-

cyclic amine unitsl3ab, 15, and 21 were synthesized from

the optically active bicyclic lactamiOa as summarized in
Synthetic Plan.As described above, we recently developed Scheme 2. Catalytic hydrogenationiffagave the correspond-

an efficient chemical synthetic method for CADPR analogiés,  ing saturated lactamOb. N-Boc protection of10a and 10b

which we'9Mand other grougishave used in the synthesis of a  followed by reductive ring cleavage with NaB#eOH af-

variety of CADPR analogues. Since it was unlikely that the target forded12aand12b. Removal of the Boc group by heatiigab

N1-ribose-modified cADPcR analogu8s-8 would be acces-  in H,O gave the unitd3ab, respectively.

sible by the chemoenzymatic method, we planned to synthesize Preparation of the 2-deoxy urii5 and the 3-deoxy unit7

them by a route based on the total synthetic method, aswas attempted via the 2,3-epoxitiéaccording to the previously

summarized in Scheme 1. reported method? with a slight modification. Following the
The chiral carbocyclic aminel$l , composing the modified  reported reaction conditions for the regioselective reductive

N1-ribose moiety in the targe8-8, could probably be prepared  cleavage at the 3-position 4# with Red-Al using toluene as

from commercially available ®)—(—)-2-azabicyclo[2.2.1]hept-  the reaction solveri2we could not obtain the 3-deoxy product

5-en-3-one 109). From these carbocyclic aminéis and the

Results and Discussion

imi i ivatiae/f _ i (11) (a) Dominguez, B. M.; Cullis, P. Mletrahedron Lett1999 40, 5783~
known imidazole nucleoside derivatig . the 3-phenylthio 5786. (b) Hutchinson, E. J.; Taylor, B. F.; Blackburn, G. Khem
phosphate-type substratés for the key intramolecular con- Commun 1996 2765-2766.
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25: R =Boc

24
d
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aReagents and conditions: (a) (1) 80% aqg. AcOH, rt and (2) TIPRSCI
py, rt, 67%; (b) (1) MOMCI,i-Pr,NEt, CHCly, rt and (2) TBAF, AcOH,
THF, rt, 88%; (c) (1) DMTrCI, py, rt, (2) Mel, NaH, THF, OC, and
(3) 60% aq AcOH, rt, 84%; (d) $D, reflux, quant.

16, probably due to the insolubility df4 in toluene. However,
when CHCI, was used as the solvent in the Red-Al reduction,
the desired.6 was isolated in 49% yield along with the 2-deoxy
regioisomer (14%). Removal of the Boc groupldf gave the
3-deoxy carbocyclic unil7.

The 3-deoxy-20-MOM unit 21 was prepared fromil6.
Dimethoxytrityl (DMTr) protection of the primary hydroxyl of
16, methoxymethylation of the 2-hydroxy, and removal of the
DMTr group followed by removal of the Boc group gagé.

The known carbocyclic aming2, prepared fronilOa by a
literature proceduré&®was converted to the @-Me-2-O-MOM
unit 26 in several reaction steps, as shown in Scheme 3.

Synthesis of the cADPcR AnaloguesThe 2',3"-dideoxy-
type cADPcR analoguesand8 were successfully synthesized
from the carbocyclic amind.3a or 13b and the imidazole
nucleoside9, as shown in Scheme 4.

The 2',3"-dideoxy-N1-carbocyclic ribosyl derivativeé¥ab
were obtained in high yield by the treatment of a mixturé@of
and either amind.3a or amine13b with K,CO; in MeOH at
room temperature. The''Ehydroxy group of27aor 27b was
protected with a monomethoxytrityl (MMTr) group, and the
5'-O-TBS group of the produc28aor 28b was removed with
TBAF to give 29a or 29b. Treatment of29a or 29b with an

isopropylidene groups d33a and 33b with aqueous HCgH
furnished 2,3"-dideoxy-cADPcR 7) and its 2,3"-unsaturated
analogues, respectively.

Using similar routes, we synthesized the other N1-ribose-
modified analogues of cADPcR, namely, tHedeoxy analogue
3, the 3'-deoxy analogud, the 3'-deoxy-2'-O-MOM analogue
5, and the 3-O-Me analogue6 from the corresponding
carbocyclic amined5, 21, or 26 and the imidazole nucleoside
9, as summarized in Scheme 5.

Ca?"-Mobilizing Activity in Sea Urchin Egg Homogenate.
We tested the Ca-mobilizing ability of the newly synthesized
analogues as well as cADPR)(and cADPcR 2) by fluoro-
metrically monitoring C&" with H. pulcherrimussea urchin
egg homogenat®.cADPR released Ca from the homogenate
in a dose-dependent manner, with ansgEGalue of 210 nM,
and cADPcR showed more potent activity @& 79 nM) than
CADPR, where the maximal E&mobilizing activity of
cADPCcR was almost equal to that of CADPR (Figure 2A). These
results are in accordance with previous reports that cCADPCR
acts as a potent activator of the cADPR-induced'Galease
in sea urchin eggs oA. crassispinaor L. pictus’h

The dose-response curves of the N1-ribose-modified ana-
logues are shown in Figures 2A,B. All these compounds
mobilized C&* with the same maximal activity as cADPR and
CADPcR. Deletion of the '2hydroxy group 8) resulted in a
marked reduction of potency (€= 0.61uM). However, to
our surprise, deletion of the''shydroxy group §) greatly
potentiated the Ca-mobilizing ability (EGo = 14 nM), which
was about 15-fold and 6-fold more potent than natural cCADPR
and cADPcR, respectively. These results clearly demonstrate
that the two hydroxy groups play different roles in the ligand
receptor recognition: thé'zhydroxy group enhances the affinity
of cCADPR for the target biomolecule, whereas thehydroxy
group reduces it. It also shows that tHel8/droxy group itself
has no direct effect on the ligand-target biomolecule recognition,
becauser (ECsp = 0.73uM) showed potency similar t8.

We next tested analogues with modifications of the hydroxy
groups (Figure 2B) in our continuing investigation into the
importance of these hydroxy groups. Methylation of the

SS-diphenylphosphorodithioate (PSS)/2,4,6-triisopropylbenzene- 3 -Nydroxy group §) resulted in a greater than 10-fold reduction

sulfonyl chloride (TPSCI)/pyridine systéfgave the 5bis-
(phenylthio)phosphat&0a or 30b, respectively. The '50-
MMTr group of 30a or 30b was removed, and a phosphoryl
group was introduced at the resulting-primary hydroxyl of
3laor 31b by Yoshikawa’'s method with POg(EtO)RPO 13
followed by treatment of the product withsFIO; and EgN4in
the presence oN-methylmaleimide (NMM) in pyridin€e’ to
afford the corresponding’¥phenylthiophosphat82a or 32b,

of potency (EG, = 0.88 uM) compared with cADPcR.
3"-Deoxy-2'-O-MOM-cADPcR 6) was more than 400-fold less
potent (EGy = 5.7 uM) than 3'-deoxy cADPcR. Thus,
replacement of the hydroxy groups with a methyl or a larger
substituent reduced the affinity for the receptor.

Introduction of an unsaturated bond between thead 3
carbons 8) dramatically reduced the €amobilizing activity
(ECsp > 20 uM) compared with7 without the unsaturated bond.

respectively, the substrate of the key intramolecular condensationThese results suggest that the conformation of the ribose moiety

reaction. When a solution &2ain pyridine was added slowly
to a mixture of a large excess of AgN@nd EtN in the
presence of MS 3A in pyridine at room temperat(f&f the
desired cyclization produc®3a was obtained in 84% yield.
Similarly, the other substrate2b was condensed to give the
cyclization producB33bin 81% yield. Finally, removal of the

(12) Sekine, M.; Nishiyama, S.; Kamimura, T.; Osaki, Y.; HataBUll. Chem
Soc Jpn 1985 58, 850-860.

(13) Yoshikawa, M.; Kato, T.; Takenishi. Bull. Chem Soc Jpn 1969 42,
3505-3508.

(14) Hata, T.; Kamimura, T.; Urakami, K.; Kohno, K.; Sekine, M.; Kumagai,
I.; Shinozaki, K.; Miura, K.Chem Lett 1987 117-120.

may be crucial in determining the affinity for the receptor.
Ca?"-Mobilizing Activity in T-cells. The pharmacological

activity of the cADPcR derivatives was analyzed in perme-

abilized and intact human Jurkat T-lymphocyted’ as de-

(15) Shiwa, M.; Murayama, T.; Ogawa, ¥m J. Physiol: Regul Integr. Comp
Physiol 2002 282 R727-R737.

(16) (a) Guse, A. H.; Roth, E.; Emmrich, Biochem J. 1993 291, 447-451.
(b) Guse, A. H.; Berg, I.; da Silva, C. P.; Potter, B. V. L.; Mayr, G. W.
Biol. Chem 1997, 272, 8546-8550. (c) Schwarzmann, N.; Kunerth, S.;
Weber, K.; Mayr, G. W.; Guse, A. Hl. Biol. Chem 2002 277, 50636~
50642.

(17) Guse, A. H.; Berg, |.; da Silva, C. P.; Potter, B. V. L.; Mayr, G. W.
Biol. Chem 1997, 272, 8546-8550.
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(7.8)

scribed previously® Addition of CADPR, used here as a positive
control, immediately released &afrom permeabilized cells
(Figure 3A). Replacement of cADPR by one of the six cCADPcR
analogues resulted in weaker Larelease (Figure 3A,B).
Compoundss, 7, and8 were similar in their efficacy to release
Cat, while 4, 6, and5 only had a small effect on Carelease
(Figure 3B). It is interesting that, the most potent one in the
above sea urchin system, showed only a slight effect in T-cells.
Because of its significant €a-mobilizing activity in perme-

the global signal (Figure 3D; image at 137.9 s). These results
demonstrate that the two hydroxy groups of the N1-ribose
moiety are not essential for the €amobilizing activity of
CADPR in T-cells.

The SAR on the N1-ribose moiety is significantly different
in the two evaluation systems: in sea urchin egg homogenate,
4>2>1>3~7~6>5>8;inT-cells,1 >3~7~8
>4~ 6~5.

Facilitating Effect on Ca?*-Mobilization in Neuronal Cells.

abilized cells and its enhanced hydrophobic nature as comparedrpe effect of compounds on the depolarization-induced cytosolic

to cADPR, 8 was also tested for its ability to induce €a
signaling in intact Jurkat T cells (Figure 3C,D). Addition of
1 mM of 8 (extracellular concentration) to intact cells resulted

C&" elevation in NG108-15 neuronal cells was next investi-
gated. We selectedland8, which were typically active in the
sea urchin egg and the T-cell systems, respectively.

in a somewhat delayed but marked increase in the free cytosolic The membrane of the NG108-15 mouse heuroblastoma x rat

and nuclear Cd concentration ([CH];) as measured by single-
cell C&" imaging (Figure 3C). The variability between indi-
vidual cells both in amplitude and in delay of signal onset
reflects the natural behavior of these T cells; it can also be
observed when a physiological stimulus is used.

One of the underlying mechanisms ofaignaling is the
development of local subcellular pacemaker signals into global
C&" signals. Using confocal Gaimaging at the subcellular
level, we were able to obtain the induction of localized small
C&" signals close to the cell border (Figure 3D; image at
132.6 s; arrow) by extracellular addition &fWith time isolated
neighboring C&" signals merged into larger signals suggesting
recruitment of additional Ca release microdomains (Figure
3D; image at 136.3 s). Finally, individual signals merged into

(18) (a) Kunerth, S.; Mayr, G. W.; Koch-Nolte, F.; Guse, A.Ctll. Signalling
2003 15, 783-792. (b) Kunerth, S.; Langhorst, M. F.; Schwarzmann, N.;
Gu, X.; Huang, L.; Yang, Z.; Zhang, L.; Mills, S. J.; Zhang, L.-H.; Potter,
B. V. L.; Guse, A. H.J. Cell Sci 2004 117, 2141-2149.
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glioma hybrid cells was sealed and disrupted with patch pipets
and voltage-clamped. cADPcR and the two analogliesd 8
did not evoke any apparent changes in{Gaat the resting
membrane potential of around40 mV immediately after
injection, as in the case of CADPRe

We examined the effect &f and the analogues on depolar-
ization-induced [C&]; elevation and found membrane depolar-
ization from —40 to —20 mV in control cells evoked a slight
[Cat]; increase, with an average peak value of 1796%
(n = 5) of the pre-depolarization level. This increase is due to
Ca" influx by opening voltage-activated &achannels (VACCs)
by depolarization and subsequentCeelease by Ca-induced
C&" release (CICR) mechanism (Figure 4A). In cells injected
with 10uM cADPR, the depolarization-induced [&4 increase

(19) (a) Hashii, M.; Minabe, Y.; Higashida HBiochem J. 200Q 345 207—
215. (b) Higashida, H.; Hashii, M.; Yokoyama, S.; Hoshi, N.; Asai, K.;
Kato, T.J. Neurochem2001, 76, 321—-331.
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was amplified, as reported previoudf. The average [CA];
level at the peak point was increased to 2745% ( = 3) of
the control level significantly than that of noninfused cells
(p < 0.01, Figure 4C).

The same protocol was applied to NG108-15 cells injected
with cADPcR and its analogues. Figure 4A shows three typical
traces of the depolarization-induced fCh increases in cells
injected with2, 4, and8 at a concentration of 10M. cADPcR
facilitated depolarization-induced [€3; increases, and the peak
[Ca™)i level was 306+ 17% ( = 5) of the pre-depolarization

The most important finding in the current biological experi-
ments proved to be the difference in sensitivity of these
analogues in the three different assay systems. This may be due
to the utilization of cCADPR in the CICR system and may also
reflect the different properties of the ryanodine receptors (RyRs)
in these cellg°

Conformational Analysis. The three-dimensional structure
of biologically active compounds in aqueous solution is very
important from the viewpoint of the bioactive conformation.
The conformations of and8, which were typically active and

level, which is the strongest of the three compounds and alsoinactive in sea urchin eggs, respectively, were constructed by

more potent than natural cADPR!'-Beoxy-cADPcR and
2"",3"-dideoxydidehydro-cADPcR facilitated depolarization-
induced [C&"]; increases to 238& 11% ( = 7) and 217+
23% (= 3) of the pre-depolarization level, respectively. These

molecular dynamics calculations with a simulated annealing

method based on the NOE constraints of the intramolecular
proton pairs measured inpD .2 The structures of and2 were

also obtained by the same method. The structures obtained by

responses were less effective than that in cADPcR-injected cells.th€ calculations based on their observed NOE in the NOESY

Dose-response relationships were compared between the

N1-ribose-modified analogues, as shown in Figure 4C. cADPcR
significantly potentiated depolarization-induced {Qaincreases

at concentrations ranging from 100 nM to Z®A. In sharp
contrast,4 and 8 had little or no apparent potentiating effects
at concentrations below AM. At the maximum dose tested
(10uM), 3"-deoxy-cADPcR showed a significant increase than
the noninjected level.'23"-Dideoxydidehydro-cADPcR also
showed a slight potentiating effect, though it was insignificant.
Our results in NG108-15 cells indicate that cCADPcR and its

two analogues act as agonists. However, CADPcR is the most

potent ligand in NG 108-15 neuronal cells.

spectra (see Figure S1 in Supporting Information) are shown
in Figure 5. The calculated structures of cCADPR (Figure 5A)
and cADPcR (Figure 5B) were analogous, each adopting a
2'-endoform in the N9-ribose moiety and synform around

the N9-glycosyl linkage, which was in accord with the previ-
ously reported results on the conformation of cADPR.
3"-Deoxy-cADPCcR prefers a similaf-2nddsynconformation

(Figure 5C). However, the calculated structureBassumes a

(20) (a) Noguchi, N.; Takasawa, S.; Nata, K.; Tohgo, A.; Kato, I.; Ikehata, F.;
Yonekura, H.; Okamoto, HJ. Biol. Chem 1997 272 3133-3136.
(b) Wang, Y. X.; Zheng, Y. M.; Mei, Q. B.; Wang, Q. S.; Collier, M. L;
Fleischer, S.; Xin, H. B.; Kotlikoff, M. LAm J. Physiol: Cell. Physiol
2004 286, C538-C546.

(21) Calculations were performed using SYBYL ver. 6.5 software (Tripos. Inc.).
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A the carbocyclic ring and the adenine H-2 would be significantly
o 100 smaller than those in the other three compounds. This may be
T o why 8 prefers a characteristic-8nddhigh-anti conformation.
§ & 80 It is interesting to note that the structure of the N1-ribose moiety
3 $ changes the conformation of the N9-ribose into thergloform
5 2 60 in 8.
:—-’:‘f With regard to the N1-ribose moiety, the previous study
gé 40 suggests that and 2 adopt an similar C1-C2'—-C3'—C4"
& § flat/C6’ (O1")-endoenvelope conformation in aqueous solufibn.
O = 20 Both 4 and 8 might also prefer a C&endo envelope-like
& conformation, since theih: g'a, Ji7 6'b, Ja~ 672, @NdJs" g Values
0 (see Experimental Section) were similar to those of cADPcR.
Therefore, these modification at thé-2nd 3'-postitions might
Analogue (LM) not affect the conformation of the carbocyclic ring so much.
B Discussion. As described above, the N1-ribose-modified
o 100 F analogues have been successfully synthesized, which clearly
B o demonstrates that the strategy of using a phenylthiophosphate-
83 80| type substrate in the key intramolecular condensation reaction
3 3 forming the pyrophosphate linkage is effective for total syntheses
£ 2 60 L of cCADPR-related compounds.
é % The conformations of CADPR and its analogues are important
§,§ 40 L in their interaction with the target biomolecules. We therefore
5B analyzed the conformation of the compounds and showed that
5% 4L steric repulsion between both the adenine and N9-ribose moieties
& and between the adenine and N1-ribose moieties, particularly
0 AR between the adenine H-8 and the N9-ribose'Ha@d also
0.001 0.01 0.1 1 10 100 between the adenine H-2 and the N1-ribose'H-@an be a

Analogue (uM) determinant of the conformation of cADPR and its analogues.
Figure 2. Ca*-mobilizing activity of compounds in sea urchin egg Interestingly, we found that the structural modification of the
homogenate. The €amobilizing activity of each compound was expressed  N1-ribose moiety can change the conformation of the N9-ribose

as a percent change in ratio of fura-2 fluorescence (F340/F380) relative to into the unusual * ; ;
that of 10uM cADPR: (A) dose-dependent activity of CADPR, (filled al Sendoform in 8, presumably due to steric

circles), cADPCR 2, open circles), 2-deoxy-cADPCR §, open triangles), demand.
3"-deoxy-CADPCR 4, open squares), and’ 3'-dideoxy-cADPR T, open We initially evaluated the Ca-mobilizing effect of the newly
dL?LTFf)DHSS): (f|_3”) 30tse-de|peﬂd§né aCfiVig’ gfﬁgiﬂn ﬂg'ﬁs@g 30];'|\|/|ed- synthesized compounds with sea urchin egg homogenate, which
gquargs)’ g’ndl'2e3"-C;’ilgggx‘ilsd)iydehys?ox}(l)ADPRa fiIIeCd diar?qon(gé).lgata would be effective in understanding the SAR, since to date most
are meant to becSEM of three to six experiments. of the cCADPR analogues have been evaluated with this system.
As a result4 was identified as the most potent agonist in this
3'-endoform in the N9-ribose moiety and high-anti form series of compounds. The €amobilizing effect of 3-deoxy-
around the N9-glycosyl linkage, which is demonstrably different cADPCR, which is more potent than that 2fseems to result
from those of the other three compounds (Figure 5D). from its higher binding affinity for the target protein, since both

The'H NMR data measured in4® supported the conforma-  compounds would be similarly stable in the evaluation system.
tion of the N9-ribose moiety obtained by the above calculations. Although proteins involved in the metabolism and function of
The furanose ring of nucleosides generally is in equilibrium 1 constitute potential targets for pharmacological intervention,
between a C2endoand a C3endoform, and their ratio is these proteins are poorly defined. Because of the characteristic
calculated by the equation [GBndq (%) = [Jr2/(Jr2 + Jz.4)] stability and high affinity of 3-deoxy-cADPCcR, it may be an

x 10022 From theJ values summarized in Figure 5, [G&ndd effective tool for the identification of target proteins, especially
for 1, 2, and 4 were 64, 72, 70%, respectively, where [C2  in sea urchin eggs.
endd for 8 was only 19%. While there are considerable similarities in the recognition

It is known that nucleosides prefer a conformation around of cCADPR analogues by proteins of lower and higher eukaryotes,
the glycoside linkage that avoids steric repulsion between thei.e., sea urchin and mammalian cells, it has also been demon-
base and sugar moieties. Therefore, in cADPR and its analoguesstrated that there are some differences in the recognition by the
the most stable conformation is that in which steric repulsion proteins between sea urchin and mammalian cells. For example,
between the adenine moiety and the N9- and N1-ribose moieties,although cADPR 2phosphate mobilizes €& similarly to
particularly between the adenine H-8 and the N9-ribose H-2 cADPR in rat brain microsomé%and T-cell$*?it is inactive
and also between the adenine H-2 and the N1-ribosé&,Hs2 in sea urchin egg¥'® and 2-deoxy-cADPR is active in sea
minimal. Because of the absence of thé-Bpdrogens on the  urchin eggs but not in T-cel®¢ On the other hand, cADPR
tetrahedral 2- and 3'-carbons in8, steric repulsion between analogues having selectivity between mammalian cell types, i.e.,

(22) (a) Altona, C.; Sundaralingam, M. Am Chem Soc 1974 95, 2333~ (23) 3'-Deoxy-cADPcR ¢) was shown to be as stable as cADP&: (no
2344. (b) Hotoda, H.; Murayama, K.; Miyamoto, S.; lwata, Y.; Takahashi, degradation oft and2 was observed after their incubation in 50% human
M.; Kawase, Y.; Tanzawa, K.; Kaneko, Biochemistryl999 38, 9234— serum for 3 days, whereas cADPR) (vas unstable with &, value of
9241, 60 h under the same conditions.
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Figure 3. Effect of compounds on Ca signaling in T cells. (A, B) Cells were permeabilized, and vehicle (buffer) and cADPcR analogues or cADPR
(100 uM) were added as indicated. Combined data (m&a®EM; n > 3) for all analogues tested are displayed in B. Error bars are only partially visible
because the values are smaller than the symbol size. (C, D) Intact Jurkat T cells were loaded with fura 2/AMZdndig€aletermined fluorimetrically

by conventional (C) or confocal (D) €aimaging on the single-cell level. (CY B'-Dideoxydidehydro-cADPcR8) was added as indicated (final concentration,

1 mM), a representative field with five cells displayed. Changes idf[zare shown as pseudocolor images (upper panel) and by quantification of the mean
[Ca2*]i in each single cell (lower panel). Color encoding is as indicated to the right. (D) Characteristic confocal ratiometric pseudocolor imageg of a singl
Jurkat cell and magnifications of a defined subcellular region are shown. Basal phase (before addition of'13tatlid2oxydidehydro-cADPcR [final
concentration]), pacemaker phase, and global phase are indicated. White bar correspomafs o ®tal 25 cells were analyzed.

the compounds selectively active in some mammalian cells of sea urchin eggs. In T cells, CADPR plays important roles in
but inactive in other mammalian cells, have not been reported. the generation of pacemaker&aignalst® On the other hand,
The cell-type-selective cADPR analogues would be useful cCADPR acts as an endogenous mediator for bidirectional
tools to investigate the target biomolecules as well as the coupling between RyRs and VACCs in NG108-15 neuronal
C&"™-mobilizing mechanisms. Development of such cADPR cells; cADPR does not act as a primary ligand to open RyRs,
analogues may be feasible, since the target proteins of cCADPRbut rather it sustainedly amplifies the depolarization-induced
may be different depending on cells, tissues, and/or organs. It[Ca*]; increase via RyRs and also facilitates 2€Canflux

is therefore an important discovery ti#&aand4, while virtually through VACCs!®

inactive in T-cells, were found to be active not only in sea urchin  As described above, this study shows that the relative potency
eggs but also in neuronal cells. One possible explanation for of C&"-mobilization by the cADPR analogues can be changed
such heterogeneity is that the recognition system of cADPR is depending on the cells type: i.e'-Beoxy-cADPcR> cADPcR
different between the cell systems. For example, a 140 kDa > cADPR in sea urchin eggs, CADPRcADPcR~ 3"'-deoxy-
protein was reported to be a candidate for the putative “CADPR- cADPcR in T-cells$?> and cADPcR> cADPR > 3"-deoxy-
receptor” in sea urchin egdswhereas the plausible target was cADPcR in neuronal cells, respectively. These results with the
FKBP12.6 in islet cel¥2and smooth muscle ceR8&b It may N1-ribose-modified analogues confirmed that the target proteins
also be that the target channel or regulatory mechanism4f Ca and/or the mechanism of action of cADPR in sea urchin eggs,
release by cADPR differs according to cell types. Whereas type T-cells, and neuronal cells are actually different, as suggested
2 RyR is shown as the cADPR-gated?Caelease channel in by previous biological studie$:2°

islet cell£°2and smooth muscle ceff8 the release channel is Conclusion. A series of N1-ribose-modified cADPcR ana-
reported to be type 3 RyR in T cell® The heterogeneity might  logues, designed as novel stable mimics of cADPR, were
arise from the different roles of the cADPRECZ" release successfully synthesized using the key intramolecular condensa-
system in cell types through evolution of eukaryotes. CADPR tion reaction with phenylthiophosphate-type substrates. Con-
acts as the second messenger fot'Greaves at the fertilization ~ formational analysis of these analogues suggested that steric
repulsion between both the adenine and N9-ribose moieties and
(24) @ Vu, €. Q.; Lu, P.J; Chen, C. S.; Jacobson, MI#Biol. Chem 1996 the adenine and N1-ribose moieties can be a determinant of

271, 4747-4754. (b) Guse, A. H.; de Silva, C. P.; Weber, K.; Armah, C.
N.; Ashamu, G. A.; Schulze, C.; Potter, B. V. L.; Mayr, G. W.; Hilz, H

Eur. J. Biochem 1997, 245 411-417. (c) Aarhus, R.; Graeff, R. M; (25) In the Jurkat T-cell system, cADPR)(was roughly 3-fold more potent in
Dickey, D. M.; Walseth, T. F.; Lee, H. Q. Biol. Chem 1995 270, 30327 inducing calcium release than cADPcB &t 100uM (see ref 7g), indicating
30333. that 3-deoxy-cADPCR 4) was slightly less effective than cADPcR.
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Figure 4. Effects of compounds on membrane depolarization-evoke#f [Oacreases in patch-clamped NG108-15 cells. (A) Traces shot/ [Gzhanges

in fura 2-loaded cells. At about 100 s before the beginning of each trace, cell membranes were ruptured with pipets filled:Mithf BADPcR ),
3'"-deoxy-cADPCcR 4), or 2',3"-dideoxydidehydro-cADPcR8] or without compound. Then membranes were voltage-clampedt@tmV, followed by
depolarization to-20 mV. (B) The four traces in A were superimposed to compare the responses. (C) The graph shows dose-dependentadtauity of
8in NG108-15 cells. A filled circle indicates activity of cADPR)(at 10umol. Symbols indicate [Ca]; levels at peak after depolarization 20 mV,
represented by the percentage of {daat —40 mV. Each symbol is meant to be tHeSEM of three to seven experiments. Asterisks indicate values
significantly different from a drug-free control value (a filled squar)< 0.05).

(A) cADPR (1) (B) cADPcR (2) (C) 3"-deoxy-cADPcR (4) (D) 2"3"-dideoxydidehydro
N -cADPCR (8) o
o . o 5‘ °
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o
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Figure 5. Calculated structures of cCADPR,(A), cADPcR @, B), 3'-deoxy-cADPcR 4, C), and 2,3"-dideoxydidehydro-cADPRg; D) by molecular
dynamics calculations with a simulated annealing method based on the NOE dafa.in D

the conformation of cADPR and its analogues. Evaluations of assignments described were in agreement with COSY spectra. Thin-
Ca*-mobilizing potencies using three different biological layer chromatography was done on Merck coated platesg0&ilica
systems, i.e., sea urchin eggs, NG108-15 neuronal cells, andoel chromatography was done on Merck silica gel 5715. Reactions were
Jurkat T-lymphocytes showed that the relative potency 8f Ca carrllred”ou.t under an argon atmosphere. o
mobilization by the compounds changes depending on the kind _ 23 '-Dideoxy-2',3"-didehydro-cyclic ADP—Carbocyclic Ribose

of cells used and that the target proteins and/or the mechanismc): A Solution of33a(see Supporting Information, 59 mg, 0.091 mmol)

. . . . In aqueous 60% HC®I (1 mL) was stirred at room temperature for
of action of cCADPR in these various cells may be different. 9.5 h and then evaporated. After coevaporation Wi K2 mL x 3),

Thus, this study can be an entry to developing cell-type selective ¢ reqyting residue was dissolved in TEAB buffer (0.1 M, pH 7.0,
cADPR analogues, which may be useful as biological tools and/ 800uL), and the solution was lyophilized to gi8(59 mg, quant.) as
or drug leads. a triethylammonium salt!H NMR (D;O, 400 MHz,J values were
determined by spin decoupling)8.57 (s, 1H, H-2), 8.34 (s, 1H, H-8),
6.51 (dd, 1H, H-2, Jp.p» = 2.4,Jp 3 = 5.4 Hz), 6.12 (d, 1H, H-1
Chemical shifts are reported in parts per million downfield from Ji> = 1.5 Hz), 6.06 (dd, 1H, H-3 J3 > = 5.4,J3- 4 = 2.7 Hz), 5.51
MesSi (*H), MeCN (°C), or HPO, (3'P). All of the 'H NMR (ddd, 1H, H-1', Jirp = 2.4, Jyvga = 7.8, Jingp = 1.5 Hz), 5.06
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(dd, 1H, H-2, Jp.y = 1.5, Jpx = 4.4 Hz), 4.52 (dd, 1H, H*3J3 >
44,334 = 6.3 Hz), 4.32 (M, 1H, H-23, 4.13 (d, 1H, H-5, Jsasy =
11.2 Hz), 3.93 (m, 2H, H'5 x 2), 3.86 (d, 1H, H-H, Jspsa =
11.2 Hz), 3.25 (m, 1H, H4), 3.20 (g, 6H, BINH—CH, x 3, J =
7.3 Hz), 2.94 (ddd, 1H, H!&, Jorags = 15.2,Jgar = 7.8, Jyras
9.5 Hz), 2.07 (ddd, 1H, H®, Jsnea = 15.2, s = 2.0, Jgny =
1.5 Hz), 1.28 (t, 9H, BNH—CHs x 3, J = 7.3 Hz); 13C NMR (D;O,

29 mg, 41umol) as described for the synthesis &fusing aqueous
80% HCQH instead of aqueous 60% HGE: *H NMR (D0,
400 MHz, J values were determined by spin decoupliniy)9.05
(s, 1H, H-2), 8.39 (s, 1H, H-8), 6.08 (d, 1H, H;1; > = 6.1 Hz), 5.19
(dd, 1H, H-2, J» 1+ = 6.1,Jr 3 = 4.7 Hz), 4.86 (dd, 1H, H-1, Jy» » =
2.9,\]1”,5”(3: 9.3 HZ), 4.64 (dd, 1H, H-'3J3'12' = 4.7,\]3',4' =2.6 HZ),
4.54 (ddd, 1H, H-2, Jp» 1 = 2.9,J2 3a = 5.6, J2' 3b = 5.4 Hz), 4.51

68 MHz) 6 150.37, 147.73, 144.62, 143.54, 141.86, 126.98, 120.15, (m, 1H, H-3a), 4.42 (m, 1H, H-3, 4.20 (dd, 1H, H-3a, Jsasb =
90.80, 83.71, 83.56, 74.26, 69.85, 67.16, 67.09, 65.54, 63.85, 47.05,10.3,J5:a4 = 2.9 Hz), 4.13 (m, 1H, H-B), 4.02 (dd, 1H, H-3b, J5p 54

46.24, 46.10, 32.08, 8.65P NMR (D0, 108 MHz)é —8.94,—10.80,

J=14.3 Hz; HRMS (FAB, positive) calcd for&H22NsO10P, 506.0842

(MH™), found 506.0803; UV (D) Amax = 259 nm.
2"",3"-Dideoxy-cyclic ADP—Carbocyclic Ribose (7).Compound

=10.3,Jspa = 3.9 Hz), 2.93 (ddd, 1H, H-&, Js'aen = 16.6,J5a1"
= 9.3,\]5“51,4' =10.0 HZ), 2.80 (dddddd, 1H, H'-'4J4",3'a = 6.1,\]4",3'43
=7.8,Jdp5a=2.9 50 = 3.9 Ipga= 10.0,dp g1 = 2.2 Hz), 2.50
(dd, 1H, H-68'0, Jgnea = 16.6,Jep4 = 2.2 Hz), 2.17 (ddd, 1H, H:3,

7 (44 mg, quant.) was obtained froB8b (see Supporting Information,
48 mg, 73umol) as described for the synthesis&fH NMR (D0,
400 MHz, J values were determined by spin decoupling)9.04
(s, 1H, H-2), 8.37 (s, 1H, H-8), 6.07 (d, 1H, H;Ty » = 5.4 Hz), 5.17
(dd, 1H, H-2, Jo 1 = 5.4, ), 5 = 4.4 Hz), 4.99 (m, 1H, H-1), 4.63
(dd, 1H, H-3, J3» = 4.4,J3 4 = 2.4 Hz), 4.39 (m, 1H, H-3, 4.36
(m, 1H, H-Ba), 4.12 (m, 2H, H-5 x 2), 3.97 (m, 1H, H-B), 3.19
(q, 6H, EENH—CH, x 3,J = 7.3 Hz), 2.66 (m, 2H, H-6a, H-4"),
2.46 (m, 1H, H-8b), 2.30 (m, 1H, H-2a), 2.15 (m, 1H, H-2b), 1.95
(m, 1H, H-3'a), 1.82 (m, 1H, H-3b), 1.27 (t, 9H, ENH—CHjs x 3,
J= 7.3 Hz);%C NMR (D;0, 68 MHz) ¢ 155.727, 145.987, 142.358,
140.615, 123.221, 90.535, 85.036, 84.874, 73.572, 71.254, 67.337,
65.270, 58.586, 46.403, 39.143, 38.999, 33.644, 31.830, 26.726, 9.566
3P NMR (DO, 108 MHz)6 —8.98 (d,J = 13.4 Hz),—10.23 (d,J =
13.4 Hz); HRMS (FAB, positive) calcd for 6H24Ns010P, 508.0998
(MH™), found 508.1006; UV (kD) Amax 259.

2'"-Deoxy-Cyclic ADP-Carbocyclic Ribose (3).Compound 3
(4.1 mg, quant.) was obtained fro&2 (see Supporting Information,
4.5 mg, 6.8umol) as described for the synthesis®f'H NMR (D,0,
400 MHz,J value was determined by spin decouplingd.07 (s, 1H,
H-2 or H-8), 8.38 (s, 1H, H-2 or H-8), 6.08 (d, 1H, H;1y > =
5.9 Hz), 5.18 (dd, 1H, H2Jz 1 = 5.9,J2 3 = 4.9 Hz), 5.08 (m, 1H,
H-1"), 4.64 (dd, 1H, H-3 J3 > = 4.9,J3.4+ = 3.0 Hz), 4.44 (m, 3H,
H-4', H-5a, H-5'a), 4.17 (m, 3H, H-3, H-5'b, H-5'b), 2.96 (dd, 1H, _
H-6"a, Jyag = 17.2,J5as = 11.2 Hz), 2.49 (ddd, 1H, H!®, Jy 62 J=11.4 Hz),—10.53 (d,J = 11.4 Hz); HRMS (FAB, negative) calcd
=17.2,Jsbx = 8.4, Joma = 3.6 Hz), 2.35 (M, 3H, H4 H-2" x 2); for Ci17H24Ns01,P, 552.0897 [(M-H)~], found 552.0903; UV (KO)
13C NMR (D;0, 125 MHz)d 144.61, 90.75, 85.19, 73.70, 72.08, 71.09, “max 260 nm.
65.23, 64.68, 59.11, 46.16, 40.31, 30.222 NMR (D;O, 202 MHz)
0 —9.18, -10.39,J = 11.4 Hz; HRMS (FAB, positive) calcd for
C16H24N5011P2 524.0948 (MH), found 5240932, uv (IZD) lmax
259 nm.

2"'-O-(Methoxymethyl)-3"-deoxy-cyclic ADP-Carbocyclic Ribose
(5). Compoundb (13 mg, quant.) was obtained fros3 (see Supporting
Information, 13 mg, 18&mol) as described for the synthesis &f
H NMR (D20, 500 MHz)6 9.18 (s, 1H, H-2 or H-8), 8.41 (s, 1H,
H-2 or H-8), 6.08 (d, 1H, H1 J;» = 5.3 Hz), 5.14 (dd, 1H, H-2
Jry = 5.3,Jy3 = 4.8 Hz), 4.98 (m, 1H, H-1), 4.88 (d, 1H, MOM-
CH,, J=7.2 Hz), 4.77 (d, 1H, MOM-CH J = 7.2 Hz), 4.63 (dd, 1H,
H-3', J3» = 4.8,J34 = 2.2 Hz), 4.52 (m, 1H, H-%), 4.43 (m, 2H,
H-4', H-2"), 4.22 (m, 1H, H-8a), 4.13 (m, 1H, H-B), 4.10 (m, 1H,
H-5"b), 3.43 (s, 3H, MOM-CH), 3.20 (g, 6H, EINH—CH, x 3,J =
7.3 Hz), 2.98 (m, 1H, H-&), 2.81 (m, 1H, H-4), 2.50 (m, 1H, H-8b),
2.19 (m, 1H, H-3a), 2.06 (m, 1H, H-3b), 1.28 (t, 9H, ENH—CH;s
x 3,J= 7.3 Hz);®*C NMR (D0, 125 MHz)d 151.45, 147.02, 145.60,
120.51, 97.15, 90.90, 86.02, 85.48, 85.39, 73.84, 71.19, 67.53, 66.34, Supporting Information Available: Experimental procedures
65.30, 56.19, 47.15, 37.25, 37.18, 33.72, 30.72, 8BNMR (D0, for the synthesis of compounds other than the final compounds
202 MHz) 0 —9.48 (s),—10.45 (s); HRMS (FAB, positive) calcd for  3—8, biological evaluations, and calculations and Figure S1
CiHzeNsO12P; 568.1210 (MH), found 568.1212; UV (ED) Amax (PDF). This material is available free of charge via the Internet

260 nm. _ o at http://pubs.acs.org.
3"-Deoxy-cyclic ADP-Carbocyclic Ribose (4). Compound 4

(22 mg, 87%) was obtained frofs3 (see Supporting Information,

Jgragp = 14.2,33:a2 = 5.6, Jzgrae = 6.1 Hz), 1.99 (ddd, 1H, H:3,
J3"b,3”a = 14.2, J3”b,2' = 5.4, J3"by4” = 7.8 HZ); 13C NMR (Dzo,
125 MHz)6 151.86, 146.68, 145.36, 120.66, 90.88, 85.36, 85.27, 78.35,
73.68, 71.16, 67.81, 65.26, 37.53, 37.45, 35.66, 3G'PNMR (DO,
202 MHz)6 —9.44 (d,J = 11.4 Hz),—10.42 (d,J = 11.4 Hz); HRMS
(FAB, positive) calcd for GH24NsO11P> 524.0948 (MH), found
524.0977; UV (HO) Amax 260 nm.
2'"-O-(Methoxymethyl)-3"-O-methyl-cyclic ADP—Carbocyclic
Ribose (6).Compound6 (7.6 mg, 56%) was obtained frosv (see
Supporting Informatin, 12 mg, 18mol) as described for the synthesis
of 7, using aqueous 80% HGH instead of aqueous 60% HGE:
1H NMR (D0, 400 MHz,J value was determined by spin decoupling)
0 9.04 (s, 1H, H-2), 8.31 (s, 1H, H-8), 6.04 (d, 1H, H-11» =
6.3 Hz), 5.14 (dd, 1H, H2J> 1+ = 6.3,J2.3 = 4.9 Hz), 4.98 (ddd, 1H,
H-1", Jy 2 = 3.9, 1 g2 = 10.2,dp761 = 2.9 Hz), 4.63 (dd, 1H, H-3
Jyz = 4.9,J34 = 2.4 Hz), 4.53 (m, 2H, H-2 H-5a), 4.41 (m, 1H,
H-4'), 4.20 (m, 2H, H-5 x 2), 4.14 (m, 1H, H-B), 3.92 (dd, 1H,
H-3", Jg' 2 = 4.4,J3 4+ = 5.9 Hz), 3.43 (s, 3H, Me), 2.99 (ddd, 1H,
H-6"a,Js'aeb = 16.6,J57a1 = 10.2,J57a4 = 11.2 HZ), 2.65 (br s, 1H,
H-4"), 2.37 (ddd, 1H, H-Bb, Jsbea = 16.6,Jgbar = 3.9, Jgrn1r =
2.9 Hz);13C NMR (D0, 125 MHz)6 152.81, 145.02, 144.46, 121.18,
90.89, 85.37, 85.28, 83.19, 76.27, 73.84, 71.18, 65.62, 65.30, 63.55,
57.88, 40.97, 40.90, 28.19'P NMR (DO, 202 MHz)d —9.41 (d,
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