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the formation of the pyruvate adduct of TDP and the substitution
process in which a proton replaces CO, 1% generate HETDP should
be stereospecific!” as is the case for the E1 subunit of pyruvate
dehydrogenase.®!* The stereochemistry of these processes in
enzymic and nonenzymic systems is the subject of ongoing studies.
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We have previously reported data®* suggesting that a 4-
aminoanthranilic acid (1), p-erythrose-4-phosphate (2), and 8-
methyltryptophan® (3) are the key precursors in biosynthesis of
the anticancer antibiotic streptonigrin (4). As shown in Scheme
I, these can be combined in sequences that lead either to a 7-
aminoquinoline-2-carboxylic acid § (pathway A) or to a §-car-
boline 6 (pathway B) as the pivotal intermediate. We now report
that pathway A is operative with 4-aminoanthranilic acid (1a)
and 7-aminoquinoline-2-carboxylic acid (5a) as intermediates and
that all three A-ring oxygenations occur at a later stage.

A fermentation in the presence of 80, gas had yielded strep-
tonigrin, labeled—among other positions—at C-5 and C-6 but
not at C-8, suggesting that the C-8 oxygen was retained from a
prearomatic precursor and that the hydroxylated compounds 1b
and 5b were likely intermediates.® However, we recognized that
because C-8 is the carbonyl of a vinylogous ester, an oxygen atom
may have been introduced by a metabolic oxidation but subse-
quently lost by exchange,”? either with the fermentation medium
or during extractive workup. Indeed, when samples of authentic
streptonigrin were stirred overnight in solutions of THF/H,'#O
at pH 5.0 and at pH 10.5 and then reisolated and analyzed by
13C NMR, it was found that 'O had been incorporated to the
extent of 15% and 30%, respectively, exclusively at C-8. Thus,
neither the exact origin of the C-8 oxygen nor the oxidation level
of the putative aromatic precursor(s) were certain at this point.

{4-1°’N]4-Aminoanthranilic acid (1¢) was then synthesized in
three steps (22% overall yield)® utilizing H*NO; (99% enriched).!
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A sample of the sodium salt of 1c in 0.05 M pH 8.5 phosphate
buffer was added under sterile conditions to shaken fermentations!!
of Streptomyces flocculus. Pulse feedings of 61.1 mg/15 mL,
20.8 mg/10 mL, 20.4 mg/10 mL, and 20.2 mg/10 mL were
divided among the flasks (3 X 500 mL) at 24, 36, 48, and 60 h,
respectively. At the termination of the fermentation, standard
workup afforded 27.6 mg of pure 4a. The >N NMR spectrum
of 4a'? exhibited a single resonance at 73.6 ppm'? that is attrib-
utable to the C-7 amine nitrogen of 4.° Although the specific
enrichment could not be calculated because of NOE due to proton
decoupling, no resonance was detectable for the unenriched C-5
amine nitrogen.!*

[4-2H]7-Aminoquinoline-2-carboxylic acid (5¢c) was next syn-
thesized from the quinoline 7'% as shown in Scheme II. Reductive
removal of chloride from 8 with deuterium gas afforded the labeled
ester 9, and mild hydrolysis gave the amino acid 5c¢ in 25% overall
yield.

The sodium salt of 5¢ was fed by dividing pulses of 47.0, 44.5,
38.2, and 42.4 mg, each in 15 mL of buffer, among three 500-mL
cultures at 28, 38, 48, and 58 h after inoculation, respectively.
Standard workup afforded 20.6 mg of pure 4b which was analyzed
by ’H NMR.!¢ A singlet at 5 8.23!7 was observed corresponding
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to a deuterium label at C-4. By comparison with the natural
abundance deuterium signal for solvent Me,SO (also employed
as internal chemical shift reference), incorporation was determined
to be 1.4%.

On the basis of these data it appears that streptonigrin is
biosynthesized via pathway A with R = H (Scheme I), and unless
there is a metabolic grid, it is unlikely that 1b is also an inter-
mediate. The evidence suggests that compound 1a represents a
new metabolite of the shikimate pathway,'® while the involvement
of 5a reveals a fundamentally new biosynthetic pathway to the
quinoline ring system.?’ This may be viewed (Scheme III) as
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analogous to the biosynthesis of tryptophan from anthranilic acid
and ribose diphosphate.?!

In order to further probe this remarkable pathway, testing of
1b, 7-amino-8-hydroxyquinoline-2-carboxylic acid (5b), and 7-
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amino-5-hydroxyquinoline-2-carboxylic acid as potential later
intermediates is currently under investigation.
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Bimolecular nucleophilic aromatic substitution by anions in
polar hydroxylic solvents is generally written as rate-limiting
formation of a Meisenheimer, or o, complex,'? but r-complexes’
are also postulated reaction intermediates.*

Unexpectedly, reported rate constants for formation of Meis-
enheimer complexes from OH™ and a nitroarene or quinazoline

(1) (a) Bunnett, J. F. Q. Rev., Chem. Soc. 1958, 12, 1. (b) Buncel, E.;
Norris, A. R.; Russell, K. F. 7bid. 1968, 22, 123.

(2) Strauss, M. J. Chem. Rev. 1970, 70, 667. Terrier, F. Ibid. 1982, 82,
78,

(3) (a) Miller, R. E.; Wynne-Jones, W.F. K. J. Chem. Soc. 1959, 23717.
(b) Allen, C. R; Brook, A. J.; Caldin, E. F. Ibid. 1961, 2171 and references
cited therein.

(4) Tamaru, K.; Ichikawa, M. Catalysis by Electron Donor-Acceptor
Complexes; Wiley: New York, 1975; p 53.

© 1987 American Chemical Society



