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Abstract: Carbocylic coformycin (4) is a potent herbicide whose primary mode of action involves inhibition
of adenosine 5'-monophosphate deaminase (AMPDA) following phosphorylation of the 5'-hydroxyl group in
vivo. The search for more stable and accessible structures led to the synthesis of carbocyclic nebularine (8) and
deaminoformycin (10). The latter compound is a good herbicide and its corresponding 5'-monophosphate 14 is
a strong inhibitor of plant AMPDA (IC, 100 nM). © 1999 Elsevier Science Ltd. All rights reserved.
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Adenosine 5'-monophosphate (AMP) deaminase (AMPDA, EC 3.5.4.6) catalyses the hydrolytic deamination
of AMP (1) to inosine 5'-monophosphate (3) via the tetrahedral intermediate 2 (Scheme 1).! The enzyme plays
a key role in maintaining the relative concentrations of the adenylate nucleotides AMP, ADP and ATP in vivo.
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This relationship, which is quantitatively expressed as the adenylate energy charge, is of great importance in
the regulation of almost every aspect of metabolism.”> Perturbation of the intracellular ATP pool in plants
through inhibition of AMPDA has recently been shown to result in a strong herbicidal effect.’ This
communication describes the results of some of our efforts to exploit this new herbicidal mode of action
through the design and synthesis of'novel inhibitors of AMPDA.*

Carbocyclic coformycin (4) is a naturally occurring nucleoside which exhibits strong herbicidal activity.® It
has recently been shown that the primary herbicidal mode of action of compound 4 is due to inhibition of
AMPDA following phosphorylation of the 5'-hydroxyl group.® Our initial attempts to find new inhibitors of
AMPDA concentrated on the synthesis of analogues of carbocyclic coformycin (4).° However, this molecule
is synthetically difficult to work with (due to the instability of the diazepine ring) and even close analogues
were significantly less active. For these reasons we began to search for more stable and accessible structures
and our attention was drawn to nebularine 5'-monophosphate (5) which is reported to be a good inhibitor of
AMPDA (K; 6.5puM, rabbit muscle enzyme).” It is believed that compound 5 binds to AMPDA as the covalent
hydrate 6 which is a mimic of the tetrahedral reaction intermediate 2 (or the transition states leading to or from
it).' Nebularine itself is not herbicidal, possibly due to a rapid enzymatic cleavage of the labile glycosyl bond.®
Thus, in an effort to improve in vivo stability we identified the carbocyclic analogue 8 and the C-nucleoside 10
as potential new herbicides (Scheme 2). Compound 8 is closely related to aristeromycin (7) and compound 10
to formycin A (9), both of which were known to be enzymatically phosphorylated to give 5'-monophosphates
which were efficiently deaminated by AMPDA.*'® These observations provided experimental support for our
proposal that compounds 8 and 10 would be phosphorylated in vivo and would be able to undergo covalent
hydration at the AMPDA active site to give the required inhibitory species 12 and 13, respectively.

The synthesis of the target nucleosides 8 and 10 was achieved in three steps starting from the natural products
aristeromycin (7) and formycin A (9) by adapting the procedure used by Nair and Chamberlain in their
synthesis of nebularine (Scheme 2).""*? This route furnished carbocyclic nebularine (8) and deaminoformycin
(10) in an overall yield of 61% and 42%, respectively. Compound 10 was also prepared in four steps and in
38% overall yield from formycin B (11) via a similar route to that previously described by Townsend and
coworkers (Scheme 2). ' 1?
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Reagents: (a) 12 eq. Ac,0, Py, 0°C, 1h then r.t., 5 h. Evaporate repeatedly from EtOH; (b) 7 eq. n-BuONO,
THF, 50°C, 24 h; (c) NH, in EtOH (sat.), r.t., 4 days; (d) 0.2 M soln. in POCl,, A, 0.5 h; (e) H, (I atm.), Pd/C,
2.5 eq MgO, EtOAc, 4 days.

Subsequent biological testing indicated that carbocyclic nebularine (8) was essentially inactive whereas
deaminoformycin (10) exhibited strong herbicidal properties. As expected neither of these nucleosides
inhibited AMPDA and 5'-monoph6§phorylation of compound 8 also gave only a poor inhibitor. However,
deaminoformycin 5'-monophosphate (14), obtained after phosphorylation of compound 10, was an
encouragingly potent inhibitor of AMPDA (IC,, 70nM, rabbit muscle enzyme; IC,, 100nM, pea enzyme),"
which bound approximately two orders of magnitude more strongly than the isomeric inhibitor 5 (K| 6.5 uM,
rabbit muscle enzyme).” This result is consistent with inhibition of AMPDA being responsible for the



1988 8. D. Lindell et al. / Bioorg. Med. Chem. Lett. 9 (1999) 1985-1990

herbicidal activity of deaminoformycin (10) following 5'-monophosphorylation in vive to give the nucleotide
14. Additional evidence for this mode of action was provided by the results of transpiration feeding studies
conducted with excised pea seedlings. In the presence of compound 10 a rapid and dramatic increase in ATP
levels was observed (Table 1). A similar increase in ATP levels was previously observed in analogous feeding
studies conducted with carbocyclic coformycin (4).> Mammalian erythrocytes deficient in AMPDA have also
been reported to exhibit increased cellular ATP concentrations.” Increased AMP concentrations were not
observed, presumably because any excess AMP was rapidly converted to ATP as the cell sought to stabilize
its intracellular adenylate energy charge.’

Table 1

Results of Transpiration Feeding Studies Conducted with Deaminoformycin (10).

ATP (nmol/g frozen weight)
4 hours 24 hours
Treated 450 693
423 693
Control 253 213
267 226

Method: 14-day-old pea seedlings were transpiration fed with either 100pM compound 10 in aqueous solution or water as control. At the times shown, the
seedlings were rapidly frozen in liquid nitrogen and extracted in 0.4 M HCIO . ATP was determined using a luciferase based assay. Each data point
4

represents an individual seedling. For full description of method see reference 3.
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The active sites of AMPDA and the closely related enzyme, adenosine deaminase (ADA), appear to be highly
conserved.' Formycin A (9) is a substrate for ADA and is believed to bind and react in the less stable N8-H
tautomeric form 9a.'® Based on the analogy between AMPDA and ADA, it seems reasonable to propose that
deaminoformycin 5'-monophosphate (14) may also bind in the N8-H tautomeric form 14a to AMPDA.
Calculations of the heat of formation differences between the N8-H and N7-H tautomers of 14 and their
corresponding hydrates using MOPAC" indicate that the N8-H tautomer 14a forms a considerably more
stable covalent hydrate than the N7-H tautomer 14 or than nebularine 5'-monophosphate (5)."® This may
explain why deaminoformycin 5'-monophosphate (14) binds to AMPDA more strongly than the isomeric
compound 5 and should enable the rational design of more potent AMPDA inhibitors in the future.”
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In conclusion, carbocyclic nebularine (8) and deaminoformycin (10) have been synthesized as potential
herbicides. The latter compound exhibits good herbicidal activity which we propose is due to inhibition of
AMPDA by the covalent hydrate of the corresponding 5'-monophosphate 14 (IC,, 100nM, pea enzyme).
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