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In 1957 Hagedorn and Tonjes reported the isolation of the first
naturally occurring isonitrile, xanthocillin from the fungus Pen-
icillium notatum.' Since that time isonitriles have been found
in other fungi,” bacteria,* and marine organisms* and more recently
in blue-green algae.* The biosynthetic origin of the isonitrile group
has4{ntrigued chemists for three decades, but the data obtained
to date with fungi, bacteria, and sponges do not present a simple
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Table I. Incorporation Experiments for Hapalindole A

loss of C
amount  total  specific  upon acid
fed incorpn incorpn  hydrolysis
precursor (uCi) (%) (%) of 1to2 (%)
[1“Clcyanide 245 016 1.1 94.8
[2-4C]glycine 45.1 0.33 1.00 99.0
L-[3-14C]serine 27.6 0.34 0.87 97.0
[**C]formate 50.0 0.11 0.26 96.3
L-[methyl-'"C]methionine  27.3 0.05 0.08 97.6
[1,2-"*Clacetate 30.5 0.15 0.57 5.7
DL-[methylene- 49.9 0.13 0.36 0.06
14C]tryptophan
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Figure 1. Proton noise-decoupled '*C NMR spectra of (A) 1 (natural
abundance); (B) 1 obtained from feeding [2-'*C,"*N]glycine to H. fon-
tinalis; (C) 3 (natural abundance); and (D) 3 obtained from hydrolysis
of 1 showing spectrum B.
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picture. Studies on the biosynthesis of xanthocillin have suggested
that L-tyrosine is the primary source of the isonitrile nitrogen,®
but C, donors linked to tetrahydrofolate metabolism (methionine,
formate, C-2 of glycine, and C-3 of serine)’ as well as other C;
donors (e.g., cyanide and carbamoyl phosphate)® are not sources
of the isonitrile carbon. Puar et al.’ have found, however, that
L-[methyl-}3C]methionine labels the isocyano group of the ha-
zimicins in the bacterium Micromonospora echinospora var.
challisensis, and Garson'® has discovered that ['*C]cyanide is
incorporated into the isonitrile carbons of the marine sponge
metabolite diisocyanoadociane. Garson’s result is most interesting,
since sponges frequently possess symbiotic microorganisms and
certain bacteria and blue-green algae generate inorganic cyanide
from amino acids.!! Our interest in the possible role of symbiotic
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blue-green algae in the biosynthesis of sponge metabolites'? has
prompted us to examine isonitrile biosynthesis in the terrestrial
cyanophyte Hapalosiphon fontinalis. We report here our pre-
liminary findings with hapalindole A (1), the major isonitrile in
H. fontinalis.

! RzNC
2 R:zNH,
3 R:=NHCHO

For our biosynthetic experiments, H. fontinalis (strain V-3-1,
ATCC 39694) was cultured in 4.5-L glass vessels containing an
inorganic medium®®® adjusted to pH 7.2. Each culture was in-
cubated at 24 £ 2 °C, continuously illuminated at an incident
intensity of 150 uEinstein m2 s-! with cool-white fluorescent
lighting and aerated at approximately 1 L/min with air (no added
CO,). The alga was harvested by filtration after 18-20 days
(hapalindole A production had ceased), lyophilized, and extracted
with 7:3 ethanol/water (500 mL) for 12 h. Flash chromatography
followed by isocratic HPLC of the extract on C-18 silica gel with
7:3 methanol /water gave 8-15 mg of pure 1.

Each precursor (25-50 pCi, diluted to 10 mg with unlabeled
material) was pulse fed over a 4-day period, 12-14 days after
inoculation. The amount of label in the isonitrile carbon was
determined by degrading 1 to hapalindole A amine (2) by acid
hydrolysis (1 N HCI, 80 °C, 4 h).!* The reaction product was
purified by isocratic HPLC on C-18 silica gel with a 15:85
water /methanol mixture.

The results of the feeding experiments are shown in Table 1.147¢
The incorporation levels are low but significant considering the
high dilution of the precursors by the photosynthetic carbon pool.
The incorporation of [2-'C]glycine, L-[3-!*C]serine, L-[meth-
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yl-**C]lmethionine, and ['*C]formate clearly shows that the iso-
nitrile carbon in hapalindole A originates from a C, donor related
to tetrahydrofolate (THF) metabolism. The high specific in-
corporation of ['*C]cyanide is comparable to the result reported
by Garson.!®

The specific incorporation levels of cyanide and glycine sug-
gested that stable isotope incorporation experiments were feasible.
An attempt to feed 500 mg of K!*CN (99 atom% enriched) in
a pulsed feeding experiment, however, was unsuccessful (toxic).
Analysis of the proton noise-decoupled '*C NMR spectrum of the
labeled 1 (15 mg) resulting from feeding [2-*C,'*N]glycine (500
mg) showed a 100% enhancement of the isonitrile carbon signal
(157.89 ppm). This corresponds to a specific incorporation of
about 1%. In the natural abundance 3C NMR spectrum of 1
(Figure 1A), the signal at 157.89 ppm is split into a broad triplet
(Juscen = 4 Hz).'7 In the 3C NMR spectrum of the labeled 1
(Figure 1B) a relatively sharp doublet (Jic sy ~ 6 Hz)!” at 157.85
ppm is superimposed onto the broad triplet at 157.89 ppm. To
confirm the NMR interpretation, the labeled 1 was converted into
the corresponding formamide 3 (1:1 EtOH/HOAc, room tem-
perature, 3 h). The natural abundance *C NMR spectrum of
3 (Figure 1C) shows sharp signals at 160.18 and 165.31 ppm
(relative intensities 3:1, respectively) for the two conformations
of the formamide group. The labeled 3 shows two 1:2:1 triplets
instead (Figure 1D shows the triplet for the major conformer).
The center peak of each triplet is attributed to the natural
abundance carbon-13, whereas the satellite peaks of each triplet,
which are doublets centered at 160.16 and 165.29 ppm (Jisc sy
= 13 Hz),"” are assigned to carbon-13 that has been incorporated,
along with nitrogen-15, from the [2-'3C,}*N]glycine. The results
indicate clearly that C(2)-N of glycine is incorporated intact into
the isonitrile group, with no significant loss of '*N-label due to
transamination of the glycine prior to isonitrile formation. This
is in contrast to the results obtained for xanthocillin, where the
isonitrile nitrogen stems from tyrosine and the isonitrile carbon
from a yet to be determined carbon source.

Since the radiotracer experiments suggest the involvement of
the tetrahydrofolate (THF) metabolism in the isonitrile biosyn-
thesis, S-formimino-THF could be an intermediate in the pathway
to the isocyanide.!®* The formimino-THF intermediate could also
explain the retention of one methylene proton from glycine in the
biosynthesis of the formamide in tuberin;'® however, no reports
of *N-incorporation experiments with tuberin could be found.
The role of cyanide in the isonitrile biosynthesis remains obscure.
It is possible that cyanide is formed intracellularly by amino acid
oxidation, as has been reported for the blue-green alga Anacystis
nidulans.’® Free cyanide (>1 mg/L) could not be detected in
the culture medium of H. fontinalis. Cyanide could enter THF
metabolism via the formation of serine from glycine as suggested
by Knowles?!' or, more likely, as a substrate for formation of
formimino-THF or a related THF derivative. Studies to evaluate
the intact incorporation of ['*C,'N]cyanide into the isonitrile
group of 1 as well as experiments to evaluate amino acid cata-
bolism to free cyanide are currently in progress.
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