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Abstract

A novel meroterpenoid, azamerone, was isolated from the saline culture of a new marine-derived
bacterium related to the genus Streptomyces. Azamerone is composed of an unprecedented
chloropyranophthalazinone core with a 3-chloro-6-hydroxy-2,2,6-trimethylcyclohexylmethyl side
chain. The structure was rigorously determined by NMR spectroscopy and X-ray crystallography.
A possible biosynthetic origin of this unusual ring system is proposed.

For several years, our laboratory has been interested in culturing actinomycetes from marine
sediment samples with the goals of developing their potential as a source of new marine-derived
pharmaceuticals1 and understanding their biological diversity in the oceans.2 In 2002, we
cultured several actinomycete strains, designated MAR4, which appear to represent a new
species within the genus Streptomyces.3 Our initial chemical explorations of the secondary
metabolites produced by strains belonging to this group indicate that they produce
predominantly meroterpenes, which are highly unusual for actinomycetes.4,5 A more recent
investigation of one MAR4 strain in particular, our strain CNQ766, led to the identification of
two new polyketides6 and an unusual meroterpenoid phthalazinone, azamerone (1).7 It is the
isolation and structure elucidation of this latter compound we now wish to report. This
represents the first example of this unique phthalazinone ring system as a natural product.8
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Strain CNQ766 was cultured and the extract fractionated as previously described.6 Seven mg
of pure azamerone (1, tR = 45 min) was obtained from the actinofuranone-containing fraction
by RP-HPLC eluting with 55% CH3CN in water. The colorless crystals, which were obtained
from a mixture of EtOH and DCM, had a molecular composition of C25H32Cl2N2O5 based on
the HRESITOF-MS data (obsd [M+H]+ at m/z 511.1762). The isotope ratio (5:3) between the
[M+H]+ and [M+H+2]+ pseudo-molecular ion peaks in the ESI mass spectrum clearly indicated
that 1 contained two chlorine atoms.9 These data also indicated azamerone contained 10 double
bond equivalents, which based on the carbon chemical shifts were initially attributed to two
carbonyls, two C=C double bonds, two C=N double bonds and 4 rings. The IR spectrum was
consistent with the presence of hydroxyl (3372 cm−1) and carbonyl functional groups (1720
cm−1) supporting some of the preliminary assignments that were made from analysis of the
carbon NMR data.

Several substructures were assigned by analyses of the 1H, 13C, 1H-1H COSY, HMBC, and
HMQC NMR spectral data recorded in CD3OD (Table S1 in supporting information).
Substructure A was elucidated starting from the tertiary methyl proton singlets (H-17 and H-18)
that showed HMBC correlations to one another, to C-8 and to C-9. The proton signal attached
to this latter carbon C-9 (δH 4.33, dd) showed a COSY correlation to the diastereotopic
methylene proton signals H2-10, which in turn showed HMBC correlations to a carbonyl (C-12)
and two olefinic quaternary carbons C-6 and C-11. The chemical shifts of these three carbons,
along with the characteristic proton and carbon chemical shifts of C-9 (δH 4.33/δC 59.3),9
established this partial structure as a chlorinated dihydropyran ring (A).

Substructure B was constructed starting from the methyl proton (H-10′) that showed HMBC
correlations to C-2′ (δC 42.6), C-3′ (δC 72.4), and C-4′ (δC 51.3). This fragment was expanded
by a series of COSY correlations between the proton attached to this latter carbon (C-4′) to
H-5′ and from H-5′ to H-6′. Finally, HMBC correlations from H-6′ to the methyl groups C-8′
(δC 16.4) and C-9′ (δC 29.2) and from the proton signals of these gem-methyl groups back to
the methine carbon C-2′ established this as a substituted cyclohexane ring. Since the 1H
and 13C NMR data of this unit were very similar to those of a 3-chloro-6-hydroxy-2,2,6-
trimethylcyclohexyl-methyl moiety we previously reported in the literature5a the hydroxyl and
chloro functional groups were attached to C-3′ and C-6′, respectively.

Substructures A and B were then connected based on an HMBC correlation from the methylene
proton signal (H-1b′ δH 1.95) to the olefinic carbon C-6 at δC 172.8. This methylene proton
signal (H-1b′) also showed HMBC correlations to oxygenated quaternary (C-5; δC 71.6) and
olefinic carbon signals (C-4; δC 146.5). These signals in turn showed HMBC correlations from
H-3, a proton whose chemical shift was characteristic of a heteroaromatic proton signal,9 which
gave substructure C (Figure 1).
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Only two other connectivities could be gleaned from the spectral data. First, the remaining
methyl proton signal (H-16) at δH 2.60 showed HMBC correlations to a carbonyl carbon (C-15)
and to the quaternary carbon C-14 suggestive of the acetyl substructure D. Finally, based on
chemical shift considerations, the remaining hydroxyl group, mandated by the molecular
formula, was attached to C-59 leaving two possible structures for azamerone, E and F (Figure
1). A comparison of 13C NMR data for simple substituted isoquinoline analogues of E10 and
F11 strongly suggest E as the correct structure (δC13 124.5 in 1 and δC13 121.8 and δC13 145.4
in the ring analogues of E and F, respectively.)12

In the end, because the proposed structure was so unusual, 1 was crystalized from a mixture
of EtOH-DCM (200 mL - 3 drop). This provided orthorhombic crystals for X-ray analysis the
result of which confirmed the assigned structure of 1 (Figure 2) and assigned a relative
configuration consistent with the observed NOE correlations (See supporting information).
The absolute configuration could be assigned as depicted on the basis of the diffraction
anisotropy of the chlorine atom thus clearly defining azamerone as a 5S,9R,2′S,3′S,6′S-
terpenoid-dichloro-acetyl-phthalazinone. The most structurally intriguing part of this
compound is the phthalazinone ring system, which has never been described before in a natural
product. Synthetic compounds, which are truncated versions of the core of 1, have been
prepared to explore their biological activity and use as dienophiles.8 As such, heterocyclic
quinones containing this phthalazine-5-8-quinone core, are well-known as DNA intercalating
agents that act as topoisomerase inhibitors.13 Compound 1 displays weak in vitro cytotoxicity
against mouse splenocyte populations of T-cells and macrophages with an IC50 value of 40
μM, though it is not clear whether this activity is due to inhibition of a topoisomerase.

The meroterpenoid structure of azamerone is also of interest because actinomycetes are not
traditionally known to produce terpenoids.14 Surprisingly, this appears to be a hallmark of
MAR 4 strains3,4 as two other classes of meroterpenoids have been isolated from these
organisms.5 In the case of one of these classes of compounds, neomarinone (2),5b feeding
studies have established that the monoterpene side chain originated from the nonmevalonate
pathway.15 The other class of compounds are prenylated naphthoquinones such as 3,9a,16 and
while no biosynthetic studies on this class have been carried out using MAR 4 strains, feeding
studies in Steptomyces aeriouvifer have established that the quinone core of a compound, which
is structural related to 3, is acetate-derived while the monoterpene unit arises, in that case, via
the mevalonate pathway.17 In the case of 1, it is not clear which pathway gives rise to the
terpene units.
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The structure of 1 also raises some intriguing questions regarding the biosynthesis of the
pyranophthalazinone ring system and in particular how the N-N bond is incorporated into the
carbon backbone.18 Feeding studies on the antifungal antibiotic pyridazomycin (4) have
established that the nitrogen atoms of the pyridazine ring are derived from two different amino
acids.19 Likewise the carbon backbone and two nitrogen atoms in the well-known cyclic
piperazic acid units are glutamine derived.20 While this is possible in the case of azamerone,
which would mean 1 is an amalgamation of terpene, amino acid and polyketide biosynthetic
pathways, it seems unlikely given the results of the acetate feeding studies previously described
with S. aeriouvifer. An alternative intriguing proposal arises after considering the relationship
of 1 to other merotepenoids isolated from MAR4 and other Streptomyces strains. Numerous
naphthoquinones, such as 3, are produced by strain CNQ766 along with 1, and known members
of this structural class include the diazanaphthoquinone 5.21 Could 1 be formed by an oxidative
rearrangement of a aryldiazonium such as 7? Figure 3 outlines a biosynthetic scheme involving
compound 7, 11-descholoro-5,22 which potentially could be derived from the corresponding
amino-derivative analogous to kinamycin biosynthesis.23 Initial oxidative cleavage of the
aromatic ring of 8 between C-5/15 followed by cyclization and decarboxylation would form
the methyl ketone 10. The exact timing of this decarboxylation is unknown since mechanisms
involving decarboxylation before and after24 cyclization are plausible. A subsequent 1,2 alkyl
shift of the 3-chloro-6-hydroxy-2,2,6-trimethylcyclohexylmethyl side chain would afford 1.
This intriguing biosynthetic origin of 1 is currently under investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Partial structures and possible structures of azamerone
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Figure 2.
ORTEP Representation of 1
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Figure 3.
Hypothetical Biosynthesis of Azamerone
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