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Microorganisms are known to be rich sources of biologically
active natural products that contain unique structures. The fungi of
the genera Aspergillus and Penicillium are known to produce
prenylated indole alkaloids, which are derived from tryptophan,
proline, and one or two isoprene units consisting of diverse ring
systems. Among them, the brevianamides," paraherquamides,?
stephacidins,® and avrainvillamide* possess a characteristic
bicyclo[2.2.2]diazaoctane ring, and have become enticing targets
for synthetic studies. Recently, we reported the structurally related
metabolites, notoamides A—D (1—4),% isolated from a marine-
derived fungus, identified as an Aspergillus sp. along with the
known alkaloids sclerotiamide,® deoxybrevianamide E, and stepha-
cidin A (5) (Figure 1). It is noteworthy that the marine-derived
Aspergillus sp., which we have investigated, exhibits an extensive
cometabolite profile representative of the structurally diverse ring
systems of this family of prenylated indole alkaloids. The metabolite
profile of this organism hinted at a possible biosynthetic pathway
for these alkaloids, and we postulated the structure of a key,
advanced intermediate 6 for the notoamides (herein named notoa-
mide E) (Figure 1).” Although we tried to isolate 6, it was not found
in the extract of our Aspergillus sp., which was cultured for 20
days. We have since embarked on a detailed biosynthetic investiga-
tion of notoamide biosynthesis employing our marine-derived
Aspergillus sp. by first interrogating this organism for the production
of 6 and second through feeding experiments with synthetic, doubly
13C-labeled 6.

The absence of the putative precursor 6 in the 20-day-old culture
indicated that 6 might be a short-lived precursor. We then attempted
to detect the presence of 6 over shorter time courses by HPLC and
NMR, deploying an authentic, synthetic reference sample. The
fungus was cultured on agar medium, and the metabolite profile
was analyzed daily by HPLC. To confirm the presence of 6, we
examined the NMR spectra of fractions with retention times
corresponding to that of the synthetic sample. The spectra (Figure
2) revealed that 6 existed only in the culture incubated for 5 days
and disappeared the next day. These results clearly indicated that
6 was produced by the fungus in the early phase of growth and
was presumably rapidly converted to other downstream metabolites.
To confirm the structure, we cultured the fungus on agar medium
in 175 plates and succeeded in the isolation of 6 (0.63 mg) and the
assignment of the NMR data (Supporting Information, Table S1).
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Figure 1. Structures of compounds 1—6 isolated from the culture of
Aspergillus sp. Compounds 7—10 were metabolites isolated only from the
feeding experiment with '*C-labeled 6. In 8 and 9, the stereochemistry of
the diol moieties has not yet been assigned relative to that of the
dioxopiperazine moieties.

Subsequently, we carried out precursor feeding and incorporation
experiments with synthetic, doubly '*C-labeled 6.

First, the fungus was cultured in the normal nutrient-rich medium
for a week. Then, the cells were successively cultured in trace
element solution with the labeled precursor. After 17 days, the
culture was extracted with n-BuOH and the extract containing the
notoamides was purified with ODS HPLC to afford notoamides C
(3) and D (4) and 3-epi-notoamide C (7)’® as well as three new
metabolites that we have named notoamides E2—E4 (8—10) (Figure
1), which were all enriched with '*C at the C-12 and C-17 positions.
However, contrary to our expectation, compounds containing a
bicyclo[2.2.2]diazaoctane ring such as notoamides A (1) and B (2)
or stephacidin A (5) were not detected at all, although they are
typically the major metabolites produced from this organism. This
result strongly suggests that metabolites consisting of the
bicyclo[2.2.2]diazaoctane ring system, including 1, 2, and 5, are
not biosynthesized via 6 as originally proposed.” The structures of
the new alkaloids 8 —10 were elucidated by analyses of their NMR
and mass spectra (see Supporting Information). The structure of
10 is quite novel in the family of prenylated indole alkaloids, and
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two possible biosynthetic pathways to 10 via 6 are shown in Scheme
1. One of the possible pathways is via a peroxide species (14),
which would arise by proton-assisted nucleophilic attack of the
indole 3-position on molecular oxygen to give 14. Another pathway
would arise from 6 by singlet oxygen reaction at the indole 2,3-
position to form dioxetane intermediate 11 followed by fragmenta-
tion to the corresponding kynurenine derivative 12.* Then, cycliza-
tion of 12 would afford the eight-membered ring derivative 13
followed by dehydration would yield 10.

Scheme 1. Possible Biosynthetic Pathways to 10 via 6
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In conclusion, we have isolated notoamide E (6), which was
previously postulated to be a putative biosynthetic precursor of the
notoamides, from cultures of our marine-derived Aspergillus sp.
Interestingly, 6 appeared only in the early phase of fungal growth
and immediately disappeared. We have demonstrated through
precursor feeding and incorporation experiments with '*C-labeled
6 in the minimal medium, that this substance was incorporated into
notoamides C (3) and D (4) and 3-epi-notoamide C (7) along with
three new minor alkaloids, notoamides E2—E4 (8—10). Although
7 was not isolated from the culture in the normal medium, the yield
of 7 in the feeding experiment was more than that of 3. Surprisingly,
compounds containing a bridged bicyclo[2.2.2]diazaoctane core,
such as notoamides A (1) and B (2) and stephacidin A (5), were
not isolated from this feeding experiment. On the other hand, the
incorporation of [*H]deoxybrevianamide E into brevianamides A
and B was carried out in Penicillium brevicompactum,” which
clearly showed that the bicyclo[2.2.2]diazaoctane ring was con-
structed from the reverse prenyl group and the diketopiperazine
ring in this organism. Recently, it was revealed that the closely
related organism Aspergillus versicolor NRRL 35600 produces the
opposite enantiomers of 2 and 5.'® Therefore, the construction of
the bicyclo[2.2.2]diazaoctane ring system in our marine-derived
Aspergillus sp. is an interesting enigma, and the search for the
progenitor for 1, 2, and 5 is under active investigation. The alkaloids
8—10 were not isolated from the culture of Aspergillus sp. in the
normal nutrient-rich medium. This result suggests that the presence
of excess 6 in the growth medium alters the metabolite profile of
this marine-derived fungus. Finally, notoamide E4 (10) constitutes
a new type of alkaloid within this family, and the biogenesis of
this structure is an interesting subject of current investigation.
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Figure 2. NMR spectra (acetone-ds) of fractions of which the retention
time corresponded to 6. Synthetic compound (a) and the fractions prepared
from the culture incubated for 4 (b), 5 (c), and 6 (d) days. The red arrows
show the signals for 6.
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