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Summary: The cyclase of Aplysia californica catalyzed an alternative mode of cyclization of

nicotinamide guanine dinucleotide (NGD) and nicotinamide hypoxanthine dimucleotide (NHD)

to form cyclic-GDP-ribose (¢cGDPR) and cyclic-HDP-ribose (¢cHDPR) respectively. In these

cyclic nucleotides, the newly formed glycosyl bonds are attached onto the N-7 nitrogen of the

purine rings instead of the N-1 nitrogen as in cyclic ADP-ribose (¢ADPR).

Cyclic ADP-ribose(cADPR), an endogenous metabolite of B-NAD, is a potent mediator of calcium
mobilization in many mammalian and invertebrate tissues.! Several recent studies suggest that cADPR may
play a role as a second messenger, analogous to inositol phosphate (1P3)2 in CaZ" signaling by interacting with
a different intracellular Ca®™ channel, possibly the ryanodine re:ceptor.3
The structure of cADPR was established as 1 and has now been confirmed by chemical synthesis4 and

X-ray crystallographic analysis.5

The enzyme that catalyzes the conversion of B-NAD into cADPR is widely distributed among mammalian and
invertebrate tissues.® A uniquely rich source of cyclase activity is found in the ovotestis of Aplysia californica.
This cyclase has been purified. and is suited for synthetic applications because it contains virtually no NADase
and little cADPR hydrolase activities.” In examining the substrate specificity of the Aplysia cyclase. we
discovered that this enzyme is capable of catalyzing an alternative mode of cyclization. Herein, we describe the
enzymatic cyclization of nicotinamide guanine dinucleotide (NGD) and nicotinamide hypoxanthine dinucleotide
(NHD) into cyclic-GDP-ribose(cGDPR) and cyelic-HDP-ribose (cHDPR) respectively. In these cyclic
nucleotides. the newly formed glycosyl bonds are attached onto the N-7 nitrogen of the purine rings instead of

the N-1 mitrogen of the adenine nucleus asin 1.
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In a representative experiment, NGD (4 mg, 5.8 pmol) was incubated with 5 units of the 4plysia cyclase
(Sigma, s.p. 10 units/mg) in 4 ml of 0.01M phosphate buffer, pH 7.0 at 23°C for 5 h. The enzyme protein was
removed by ultrafiltration and the filtrate was concentrated under reduced pressure and then subjected to HPLC
on a Waters Nova-Pak C18 column (100 X 8 mm i.d. 4 um). The column was eluted isocratically with 3 mM
TFA at a flow rate of 0.8 mL/min. Fractions containing cGDPR (retention time 4.0 min) were combined and
concentrated to yield 2.9 mg of cGDPR (90%) as a white solid. TH NMR (300 MHz, D,0, pH 3.5) 64.00-4.11
(2H, m), 4.19-4.54 (8H, m), 5.96 (1H, d, ] =3.0 Hz, H1’ or H1"), 6.19 (1H, bs, H1’ or H1"), 8.86 (1H, s, H 8);
I3C NMR: 8 156.7,155.5, 151.1,133.6, 108.2, 93.8, 90.8, 84.7, 84.2, 76.8, 76.4, 69.8, 68.5, 65.5, 64.9; UV A
max (PH 1 or 7) 280 nm (& 8,000) and 257 nm (e 13.000). FAB MS m/e 558 (M+H)*.

By analogy to the transformation of NAD into 1,1¢ we surmised that a cyclic nucleotide is similarly
generated via the formation of a new glycosyl bond. This supposition is supported by its 'H NMR spectrum
showing the presence of the singlet at 6 8.86, corresponding to the H-8 proton of the guanine ring, and the FAB
mass spectrum exhibited a (M+1) jon at m/e 558. There are four potential sites that the anomeric carbon of the
ribose could conceivably attach to the guanine ring: N-1, N-3, N-7 or O-6. Although Lee and coworkers®
recently proposed that the structure of ¢cGDPR is similar to cADPR except with guanine replacing adenine, no

experimental data was furnished to support this structural assignment. Hence. a series of NMR techniques (‘H,
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13¢C, H-H COSY and HMBC) were employed to deduce its chemical identity.

The 2D HMBC spectrum of cGDPR showed that the H1' and H1” protons (8 5.96 and/or 6.19) showed
intense cross peaks due to their respective three-bond couplings with C8 at & 133.6. Also, H8 the only aromatic
proton exhibited three-bond couplings with C1* and C1” (6 94.3 and/or 91.9). These data confirm that the
newly formed glycosyl bond is attached onto the N-7 position of the guanine ring and not the N-1 position. The
main 'H-13C connectivities for cGDPR are summarized in Table 1, from which the skeletal structure of cGDPR
was unambiguously assigned.

Table 1. 'H-'3C connectivities for cGDPR established by HMBC spectrum

. 1Py H1’ or HI
(@) 151.1
CSs 108.2
C8 133.6 HC HCNC HCNC
Cl'orCl” 938 HCNC HC
Cl"orCl’ 90.8 HCNC HC

Using the same reaction conditions, NHD was transformed by the Aplysia cyclase into cHDPR in 81%
yield. "H NMR (300 MHZ, D50, pH 3.5): 64.00-4.13 (2H, m), 4.29 (4H, bs), 4.39-4.59 (4H, m), 6.16 (1H, d,
J=3.0 Hz, HI' or H1), 6.36 (1H., s, H1" or H1"), 8.30 (1H, s, H2), 9.24 (1H, s, H8); 13C NMR: & 154.7, 151.5,
148.0,135.9,115.0,94.3.91.9,85.0.84.2,77.1, 76.7. 69.6. 68.4. 65.2,64.7. UV A ... (pH 7.0) 253 nm (e
1,000). FAB MS m/e 543 (M+H)™.

The proton-decoupled 13C spectrum of cHDPR exhibited signals for C6 (8 154.7). C5 (8 115.0), C4
(6 148.0), C2 and C8 (6 151.5 and 135.9) and signals for ribosy] carbons in the region of & 60-100. These
assignments are further confirmed by its HMBC spectrum. Both C2 and C8 showed one bond couplings with
the protons attached to them. The distinction of C2 and (8 was made because H8 is coupled to C5 and H2 is
coupled to C6. The long-range couplings also allowed the assignment of the C4 signal since it is the only
carbon with detectable coupling to both H2 and H8. Having assigned all the purine ring protons and carbons,
the location of the new glycosyvl bond could be clearly defined. The three-bond couplings between H8 and C1’
and C1” and between C8 and H1’ and H1” clearly show that the newly formed glycosyl linkage is attached onto
the N-7 position of the hypoxanthine ring.

It is interesting to note that these novel cyclic nucleotides are structurally identical to the products
obtained by the non-enzymatic cyclization of NHD and NGD reported by Yamada and coworkers.* Since

9

alkylation of adenosine with methylating agents atforded 1-methyladenosine.” it is not surprising that both

enzymatic and nonenzymatic cyclization occurred with the N-1 nitrogen of the adenine ring to give cADPR, 1,
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as the only cyclized product. In the case of guanine and hypoxanthine, it is the N-7 position of these bases that
is the most nucleophilic site towards alkylation.9 Hence, it is reasonable to expect that the putative
oxocarbenium ion intermediates are intercepted by the N-7 nitrogen of their respective heterocyclic bases to
generate novel cyclic nucleotides.

In conclusion, we have shown that the Aplysia cyclase catalyzed the conversion of NGD and NHD into
the novel cyclic nucleotides, cGDPR and cHDPR respectively. The newly formed glycosyl linkages are
attached onto the N-7 position of the purine rings and not to the N-1 position of the guanine ring as was
proposed‘8 This alternative mode of cyclization provides one with more flexibility for chemoenzymatic
synthesis of novel analogs of cADPR. While both cGDPR and cHDPR are much less active than cADPR in
inducing calcium release in the rat microsomal system,10 their novel ring structures are more stable than
cADPR towards heat and enzymatic (NADase) hydrolysis. Moreover, their unique fluorescent properties

provide investigators with a useful tool for monitoring the cyclase reaction in crude homogenates.
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