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Introduction

Fusaria comprise a large group of filamentous fungi which
produce a diverse range of natural products, including many
known to be mycotoxins, e.g. trichothecins, fumonosins, zeara-
lenone and enniatins.”* In addition, many are phytotoxic. As
part of our ongoing series of projects to study biologically
active and biosynthetically unusual metabolites in fungi, e.g.
fusarins, squalestatins, tropolones, maleidrides, strobilurins
and cryptosporioptides,” we decided to investigate the pro-
duction of toxins from these economically damaging organ-
isms. Fusarium sacchari is widely reported as a devastating
pathogen of sugar cane, typically reducing the sugar content
by up to 65% and causing plant death in some cases.
Infection of sugar cane by Fusarium spp., known as Pokkah
boeng disease, is considered a major problem to commercial
sugar cane -cultivation in many countries such as the
Philippines, Mexico, India and Brazil.”

With the aim of better understanding the toxin-producing
potential of this important fungal pathogen, cultures of
Fusarium sacchari were subjected to chemical extraction and
HPLC analysis. This led to the identification of a novel metab-
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group of mycotoxins including fusarochromanone previously isolated from various Fusaria spp. Despite
their assumed polyketide biogenesis, incorporation studies with *C-labelled acetate, glycerol and trypto-
phans show that fusarochromene is unexpectedly derived via oxidative cleavage of the aromatic amino
acid tryptophan. A putative biosynthetic gene cluster has been identified.

olite named fusarochromene and the subsequent elucidation
of its unexpected biosynthetic origins.

Results and discussion

A strain which was initially believed to be Colletotrichum falca-
tum, but reclassified as Fusarium sacchari,® obtained from the
first Fungal Culture Bank, University of The Punjab, Lahore,
Pakistan, was grown on Czapek Dox (CD), Complete (CM), and
mannitol yeast extract (MY) media. Extracts from all three
media showed the presence of two major compounds. The
first (typically 10 mg L") showed NMR signals characteristic
of an n-butyl group and a 1,3,5-substituted aromatic ring. Its
molecular weight, 179 Da was consistent with one nitrogen,
and it was readily identified as the common metabolite fusaric
acid (5-butylpyridine-2-carboxylic acid).””®

The second compound (typically 30 mg L") has a mole-
cular formula C;,H,,N,0, (HRMS [M + Na]" 341.1484). The 'H
NMR spectrum (Fig. S11) showed the presence of three singlet
methyl groups, two pairs of diastereotopic methylenes, both
adjacent to the same stereogenic methine centre, two cis-
coupled olefinic protons, two ortho-coupled aromatic hydro-
gens and four exchangeable hydrogens. The *C NMR spec-
trum showed sixteen chemical environments, including one
ketone (199.6 ppm), one other ester/amide carbonyl
(170.6 ppm), six aromatic, two olefinic, and three aliphatic
carbons (1°, 2° and 3°) all attached to heteroatoms, a further
methylene and three methyl carbons.

HSQC and HMBC spectra gave correlations (Fig. 1) which
were consistent with structure 1. An alternative structure in
which the nitrogen and oxygen functionalities on the aromatic
ring are reversed was also consistent with these correlations
(Fig. S27). The structures were distinguished by rerunning the
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Fig. 1 Key COSY, HMBC and nOe correlations in fusarochromene 1.

spectra in de-DMSO which gave a much sharper signal
(7.45 ppm) for the NH, protons than in CDCl;. This allowed
nOe enhancements to be observed (Fig. S31) only when the
olefinic hydrogen (H-4, 6.80 ppm) was irradiated. Irradiation
of the aromatic hydrogens (6.05 and 7.40 ppm) gave only
mutual nOes. This confirmed structure 1, which we have
called fusarochromene. Fusarochromene 1 could now be seen
to be similar to the known fusarachromanone (3)° and several
related compounds (4-10)"°""* isolated from various Fusaria,
but mainly Fusarium equiseti (Fig. 2).

Fusarochromanone was originally described as a mycotoxin
causing tibial dyschondroplasia (TD) in chickens,"® but has
since been shown to have a wide range of other potent biologi-
cal activities including inhibition of angiogenesis, prevention
of cell reproduction and apoptosis in many cancer cells includ-
ing glioblastomas and melanomas."**° It has been proposed
to be an important new lead compound for the treatment of
cancer." Interestingly, fusarochromene shares many structural
features with the amide containing chromene 11 isolated from
the higher plant Amyris plumieri,"” described as a chemo-pre-
ventive anticancer agent via inhibition of cytochrome P450
CYP1, which catalyzes critical conversions to the ultimate
carcinogen.

Fusaraochromanone 3, based on an unpublished X-ray crys-
tallographic study,"* was reported to have the R stereo-
chemistry. Fusarochromene 1 is optically active, [a]p, —22 (c
0.0014, CHCI;). To investigate the absolute configuration, we
studied a number of variations of the Mosher’s method using
fusarochromene 1 itself and derivatives based on serine and
aspartate as suitable models for the secondary amine side
chain, but these gave contradictory results. Fusarochromene 1
failed all attempts at crystallization, but the p-bromobenzoate
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Fig. 2 Fusraochromene and related structures.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Fig. 3 X-ray crystal structure of (R)-p-bromobenzoyl-fusarochromene
2.

derivative 2 was crystalline, and after very slow evaporation,
suitable crystals were obtained and the X-ray structure shown
in Fig. 3 was determined. This confirmed the R stereo-
chemistry. The Flack parameter measured as
—0.005 giving a 99.9% certainty in the stereochemical assign-
ment. As no optical rotations are reported for fusarochroma-

was

none, no facile stereochemical correlation with fusarochro-
mene can be made.

Initial retro-biosynthetic analysis, in particular the alternat-
ing oxidation pattern of the side chain and aromatic ring, and
the prenyl group suggested a meroterpenoid (mixed polyke-
tide-terpenoid) origin.'® However, incorporation of [1,2-'°C,]
acetate resulted in labelling of only the prenyl and N-acetyl
groups (Scheme 1a, Fig. S47) with no label at all in either the
aromatic ring or side chain carbons. While labelling of the
chromene ring is consistent with a terpenoid origin, a polyke-
tide synthase cannot be involved. Further retro-biosynthetic
analysis, after removing the prenyl, phenol and N-acetyl moi-
eties gives the simplified skeleton (15) shown in Scheme 1,
and bond dissection adjacent to the ketone gives anthranilic
acid 12 and an amino acid, either serine or aspartic acid 13,
possibly as its reduced equivalent, aspartinol. Incorporation of
[U-*C¢]glucose and analysis of fragments showing contiguous
labelling has proved a useful method of detecting cryptic bio-
synthetic precursors.'® Following the known pathways® of syn-
thesis of anthranilate and aspartate from glucose, the labelling
pattern in fusarochromene should be as shown in Scheme 1b
(i). In particular, the aromatic ring would contain three contig-
uous labelled carbons, a single isolated labelled carbon with
the remaining two carbons forming a triad with the side chain
ketone. The remaining three carbons in the side chain would
also be mutually coupled.

Accordingly, cultures of F. sacchari were supplemented with
[U-"*C¢]glucose, but this resulted in very poor titres and iso-
lation of insufficient fusarochromene 1 for informative NMR
spectra to be obtained. [U-'*C;]glycerol has been used as an
alternative to uniformly labelled glucose,’ and control experi-
ments showed that addition of unlabeled glycerol had no detri-
mental effect on metabolite production. The actual labelling
pattern obtained on feeding [U-'*C;]glycerol is shown in
Scheme 1b(ii) and Fig. S5,f and agreed with that predicted
apart from two crucial positions. No incorporation of *C label
was observed at either of the side chain C11 or aromatic ring
C5 positions. While the lack of label at C5 could be accounted
for by dilution of the label by the large quantity of sugars with
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Scheme 1 Labelling patterns in fusarochromene from (a) [1,2-°C,]
acetate, (b) [U-*Clglycerol, and (c) [1-*3C]- and [2-*Cltryptophans.

3C levels during the pentose phosphate
pathway,® the lack of a coupled carbon at C11 was not consist-
ent with the proposed pathway. An alternative would be that,
coupled with decarboxylation of anthranilate, aspartate pro-
vided all four side chain carbons. An intact C; unit would still
be expected at C12-C14 but C11 would show a single isotopic
enrichment. feeding [4-"’Claspartate to
F. sacchari, no label was incorporated at C11 of the isolated
fusrarochromene.

natural abundance

However, on

View Article Online
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Thus, further revision of the possible pathway was required.
In 1969, Yoshida and Katagiri demonstrated that **C-labelled
tryptophan was efficiently incorporated into the quinoxaline
(QXC) chromophore of triostin,*! a cyclodepsipetide antibiotic
produced by Streptomyces s-2-210L. It was subsequently
shown®? that QXC biosynthesis involves degradation of trypto-
phan 14 to intermediates such as f-hydroxy-kynurenine
(Scheme 2a), which are similar to the core structure of fusaro-
chromene 1. A key step is the cleavage of the C2-C3 bond of
tryptophan by tryptophan 2,3-dioxygenase (TDO).>* A labelling
pattern, based on the expected labelling of tryptophan from
[U-"*Cs]glycerol,>**® is summarized in Scheme 1c. This is now
consistent with that observed. To confirm the involvement of
tryptophan, both [1-'°C]- and [2-"*C]tryptophans were syn-
thesised from [1-"*C]- and [2-"*C]glycine respectively via modi-
fications of literature methods (ESI and Scheme S1t) and fed
to cultures of F. sacchari. Both were specifically incorporated in
very high enrichment levels into C14 (25 fold) and C13 (100
fold) respectively of fusarochromene (Fig. S6 and S77).
Interestingly, the same approach of using [U-"*CJglucose was
used to identify tryptophan as a precursor to the quinolacta-
cins, quinolone metabolites (see Fig. 4 below) of Penicillium
sp. EPF-6.%°

With this result to hand, we searched the publicly available

F. equiseti genome for a potential biosynthetic gene cluster
(BGC) encoding homologues of known tryptophan dioxygenase
(TDO) and dimethylallyl diphosphate (prenyl) transferase
(DMAT) enzymes. This immediately revealed a gene cluster
(Scheme 2b, Tables 1 and S17) encoding 10 predicted proteins
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Scheme 2

(a) Proposed pathway to fusarochromene via 6-hydroxytryptophan 18 and 4-hydroxykynurenine 19. (b) A putative fusarochromanone

biosynthetic gene cluster (BGC) identified in the genome of Fusarium equiseti. Predicted gene functions are shown in Table 1. Red: NRPS-like

enzyme. Orange: Putative regulator. Yellow: Catalytic enzyme.
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Fig. 4 Fungal metabolites biosynthesised via tryptophan cleavage; qui-
nolactacins A 23 and nanagelenin 24.

Table 1 Predicted functions for genes in the putative fusarochroma-
none BGC

Homologue
Gene Putative function (accession number)®
fscA  NRPS-like oxidoreductase ApmA*®
(AOATW6BTS53)
fscB Putative transcription factor AurF*” (AOAOMA4LAF6)
fscC NRPS-like Tryptophan epimerase IvoA**?? (C8V7P4.1)
fscD  Tryptophan 2,3-dioxygenase IDO’® (P47125)
fsScE  P450 (tryptophan 6-hydroxylase) IvoC?® (C8V7P3)
f5cF P450 Apf7*° (SODPM1)
fscG  DMATS-type prenyltransferase XptA"® (Q5AY46)
fscH  Kynurenine formamidase-like KFA*® (Q04066)
hydrolase
fscI  Oxidoreductase TIC32"*! (A2RVMO)
fsg  Aromatic peroxidase/chloroperoxidase DotB** (M2XZY2.1)

“See Table S17 for further details.

of significance. One of these, FscD, has significant homology
with indoleamine 2,3-dioxygenases and so is almost certainly a
TDO. FscG similarly shows high homology to DMATS.
Associated with these are FscE with homology to IvoC, a
N-acetyltryptophan 6-hydroxylase,” and FscH homologous to
kynurenine formidase which deformylates N-formyl-kynure-
nine to kynurenine.”® The biosynthesis of fusarochromene
would require the epimerization of ri-tryptophan 16 to
p-tryptophan 17 and consistent with that is the presence of
FscC. FscC, has significant homology to IvoA, an NRPS-like
enzyme recently described as a tryptophan
N-acetyltransferase,” but subsequently shown to be an
tryptophan epimerase® with no transferase activity. It con-
tains 4 domains: A, PCP, E and C*. Thus adenylation (A) and
transfer to peptidyl carrier protein (PCP) for epimerization (E)
and release (C*) converts 1- to p-tryptophan. FscA is another
NRPS-like enzyme which contains A, PCP and C-terminal thio-
ester reductase (R) domains, an architecture characteristic of
other fungal carboxylate reductases.>"*>

Taken with the other activities encoded by the fsc cluster,
the pathway shown in Scheme 2a can thus be proposed.
Epimerization of r-trytophan 16 to p-tryptophan 17 which is
then hydroxylated to give the known 6-hydroxytryptophan 18.*?
This undergoes cleavage of the pyrrole ring, deformylation to
4-hydroxykyrunenine 19 and reduction of the carboxyl to
primary alcohol 20. That hydroxylation occurs as a first step, is
suggested by the failure of either 1- or p-kynurenine labelled
with *H or *C to be incorporated.** Prenylation to 21 and
chromene ring formation, the latter catalysed by the oxido-

This journal is © The Royal Society of Chemistry 2021
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reductase Fscl, would give desacetyl-fusarochromene 22. The
biosynthesis of the fusarochromanone group can be rational-
ised via the same pathway. Epoxidation (FscF) of the chromene
double bond and rearrangement would convert the chromene
to the chroman-4-one system. The presence of a tryptophan
epimerase would suggest that fusarochromanone 3 also has
the R stereochemistry. Elimination of the side chain secondary
amine function followed by reduction of the resulting double
bond explains the formation of, e.g. compounds 7 and 9. No
specific acetyltransferases have been found near the fsc BGC,
but  multiple predicted proteins containing the
N-acetyltransferase super family domain were located in the
genome. One such, located on scaffold 7, has some homology
(29.3% protein identity) with Ypa3 which is an
N-acetyltransferase from yeast which specifically acetylates
p-amino acids, but has very relaxed substrate specificity
(Fig. S971).%?

A number of actinomycetes are known to produce metab-
olites by tryptophan cleavage, e.g. triostin®' (vide supra), anti-
mycin,” sibiromycin®*** and quinomycin.*® The quinolacta-
cins (e.g. quinolactacin A 23), whose biosynthetic gene cluster
has been identified recently,"” were the only fungal metab-
olites known to be produced via the cleavage of tryptophan
until the recently reported nanagelenin 24 from Aspergillus
nanagensis.*® The biosynthetic pathways of the quinolactacins,
nanagelenins and now fusarochromene, share the requirement
for IDO-catalysed oxidative cleavage but are otherwise quite
diverse, as demonstrated by the general lack of homology in
their respective gene clusters (see ESI; Fig. S10-S157). Features
that are unique to the fusarochromene pathway include epi-
merisation to give p-tryptophan and the presence of a pathway
specific kynurenine formamidase in the putative fusarochro-
mene BGC, which is absent from both the nan and qul
clusters.

Conclusions

These results indicate a new biosynthetic pathway which
rationalises the formation of an important group of fungal
toxins via cleavage of the pyrrole ring of tryptophan, a relatively
rare occurrence among fungal secondary metabolites. Indeed,
this is the first case of such a pathway involving a p-amino
acid. Knowledge of fusarochromene biosynthesis allowed
identification of a putative biosynthetic gene cluster (BGC),
involving two modified NRPS components and a series of co-
ordinated redox and allylation steps. Identification of the
likely BGC responsible for these toxins will facilitate efforts to
analyse or disrupt toxin production in pathogenic strains.
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