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Isotopically labelled intermediates in a proposed biosynthesis
of the naphthoate fragment of azinomycin B have been made
and successfully incorporated by the azinomycin producing
organism.

The antitumour antibiotics azinomycin A (1) and B (2) are
structurally unique natural products containing the strained
1-azabicyclo[3.1.0]hexane ring system.1 Azinomycin B (née carzi-
nophilin) is produced by two different organisms namely
Streptomyces sahachiroi2 and S. griseofuscus.3 These natural
products possess potent in vitro cytotoxic activity, significant in
vivo antitumour activity and appear to act by disruption of cellular
DNA replication by interstrand cross-link (ISC) formation.1 The
epoxide and aziridine are known to be responsible for the cross-
linking process which occurs via N7 of purine bases two base pairs
apart on the complementary DNA strands.4

Despite considerable interest in the chemical synthesis1,5 and
mode of action4,6 of the azinomycins, very little is known about
their biosynthetic origin. Indeed, the first biosynthetic studies
were reported by two of us earlier this year.7 Incorporation of
13C-labelled acetate revealed that the naphthoate fragment of
azinomycin B is of polyketide origin. It was proposed that
condensation of one molecule of acetyl-CoA with five of malonyl-
CoA leads to linear polyketide 3, catalysed by a polyketide synthase
(PKS). Further reduction, cyclisation and aromatisation of linear
polyketide 3 by the PKS leads to carboxylic acid 4, which would be
hydroxylated, methylated and incorporated into the complete
azinomycin B skeleton (Scheme 1). Herein, we disclose evidence in
support of this proposal using a series of isotopically labelled
substrates.

To demonstrate the involvement of intermediates 4–6 in the
biosynthesis of the azinomycins, trideuterated analogues 4a, 5a and
6a were prepared for feeding studies. Carboxylic acid 4a was made
in four steps from naphthoic ester 78 (Scheme 2). The synthetic
sequence involved conversion of the alcohol into the corresponding
triflate followed by its reductive removal using triethylsilane under
palladium catalysis according to the method of Kotsuki.9 Sub-
sequent ester hydrolysis and exhaustive deuteration of the C-5
methyl group by heating with sodium hydride in d6-DMSO10

provided 4a in 43% overall yield. Carboxylic acids 5a and 6a were
made from the known naphthalenes 6 and 88 using the same
exhaustive deuteration reaction as the key step. In the synthesis
of 5a, concomitant demethylation of the C-3 methyl ether was
achieved by using an excess of base. The extent of deuteration at
the C-5 methyl group in carboxylic acids 4a–6a was estimated to be
¢90%D by 1H NMR spectroscopy.}

The sodium salts of carboxylic acids 4a, 5a and 6a were
separately fed to S. sahachiroi at a final concentration of 0.1 mM
and were incorporated into azinomycin B at levels of 48%, 60% and
83% respectively,, as measured by electrospray mass spectrometry
(Fig. 1). Analysis of labelled azinomycin B by 2H NMR confirmed
that deuterium incorporation occurred specifically at the C-5’
methyl group. The high levels of incorporation in each case, and the
increasing efficiency of incorporation with increasing substitution,
suggest that all three precursors are true biosynthetic intermediates,
and that the naphthoate fragment is fully substituted before
attachment to the rest of the molecule.** We tested this further

{ Electronic supplementary information (ESI) available: 1H and 2H NMR
spectra and MS data for 4a, 4b, 5a, 6a, 6b and azinomycin B from feeding
experiments. See http://www.rsc.org/suppdata/cc/b4/b410592c/
{ Current address: Department of Chemistry, University of Warwick
Coventry, CV4 7AL.
§ Current address: School of Biological and Chemical Sciences, Birkbeck
College London, Malet Street, London, WC1E 7HX.

Scheme 1 Proposed pathway to the naphthoate fragment a) condensation
by a polyketide synthase; b) ketone reduction, aldol cyclisation, aromatisa-
tion; c) hydroxylation, possibly by cytochrome P450; d) methylation using
S-adenosylmethionine.

Scheme 2 Reagents and conditions: (i) Tf2O, Et3N, CH2Cl2, 71%; (ii) cat.
Pd(dppf)Cl2, Et3SiH, DMF, 60 uC, 80%; (iii) LiOH, MeOH, H2O, 95%;
(iv) NaH (3 eq.), (CD3)2SO, 140 uC, 8 h, 80%; (v) NaH (5.3 eq.), (CD3)2SO,
140 uC, 16 h, 39%; (vi) NaH (1.3 eq.), (CD3)2SO, 140 uC, 16 h, (vii) LiOH,
MeOH, H2O, 36% over 2 steps.
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using competition experiments. If 6 is not a true biosynthetic
intermediate and is incorporated due to some flexibility in the
biosynthetic enzymes, then its incorporation would be expected to
be reduced by an equivalent concentration of the true substrate 4 or
5. If it is a real intermediate, then it would be expected that
incorporation of earlier intermediates would be reduced by an
equivalent concentration of 6. Precursor 6b labelled at the
O-methyl group with deuterium was prepared from ester 7 in
two steps [(i) NaH, CD3I, DMF; (ii) LiOH, MeOH, H2O, 95%
over 2 steps]. This material was co-fed at 0.1 mM with an
approximately equal concentration of either 4a or 5a. Relative
incorporation levels were compared by measurement of the CD3

peak intensities in the 2H NMR spectrum of the produced
azinomycin B (Fig. 2). The relative incorporations of deuterium
(normalised to the relative amounts of each precursor) at the C-5’
methyl and C-3’ O-methyl signals were 35 : 65 and 36 : 64 after
co-feeding of 6b with 4a and 5a respectively. These data are
consistent with the idea that the naphthoate 6 is fully assembled
prior to attachment to the rest of the azinomycin skeleton.

In addition, the mechanism of oxidation of 4 to 5 was
investigated by feeding of labelled precursor 4b. This material
was made in a similar way to 4a using Et3SiD for reduction of the
triflate (the step involving deuteration of the C-5’ methyl group
being omitted). After feeding 4b (0.1 mM), incorporation of the
substrate into azinomycin B was observed by ESMS at 60%,
comparable to that seen with 4a. 1H and 2H NMR revealed that
azinomycin B was labelled with deuterium specifically at C-4’.
These data can be interpreted in terms of the ‘NIH shift’
mechanism for aromatic ring hydroxylation,11 also observed in
the biosynthesis of the fungal polyketide aflatoxin.12

To conclude, our studies using deuterium labelled derivatives of
4, 5 and 6 provide strong support for the pathway proposed in
Scheme 1, in which 6 is a pivotal biosynthetic intermediate. Studies
are now in progress in our laboratory on the genetics and
enzymology of azinomycin biosynthesis.
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Fig. 1 Electrospray mass spectra of azinomycin B isolated after feeding
(a) 4a; (b) 5a and (c) 6a. Unlabelled azinomycin B has MH1 ~ 624.43.

Fig. 2 2H NMR spectra of azinomycin B produced by competitive feeding
of (a) 6b : 4a (8 : 9 ratio) and (b) 6b : 5a (4 : 3 ratio). The C-5’ methyl group
is at 2.68 ppm, the C-3’ O-methyl group is at 3.96 ppm.

} Interestingly, a small amount of additional deuterium incorporation
(¡30%D) at the C-2 and C-4 positions of 4a–6a was also observed. This
could be quantified using a combination of 1H and 2H NMR spectroscopy
along with ES-MS. The levels of additional incorporation were most
pronounced in 5a (see supporting information{). This extra labelling was
taken into account when interpreting the feeding results.
, Labelling by 4a, 5a, and 6a was reproducible, but absolute incorporation
levels were variable. To allow comparison of relative incorporation levels,
these data were obtained from experiments conducted at the same time,
using the same batch of production medium and using the same starter
culture of S. sahachiroi.
** We cannot discount that the different levels of incorporation reflect
differences in cell permeability or diversion into other metabolic pathways.
Conclusive proof for this hypothesis must await mechanistic studies on
purified enzymes.
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