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ABSTRACT: The white croaker (Argyrosomus argentatus)
derived Curvularia sp. IFB-Z10 produces curvulamine as a
skeletally unprecedented alkaloid incorporating two unde-
scribed extender units. Curvulamine is more selectively
antibacterial than tinidazole and biosynthetically unique in
the new extenders formed through a decarboxylative
condensation between an oligoketide motif and alanine.

he possibility that humans might eventually win the “war”
against human pathogenic microorganisms becomes more
remote owing to the rapidly developed pathogens’ resistance to
the prescribed antibiotics." Bacterial pathogens such as
Streptococcus sp., Bacteroides sp., and Peptostreptococcus sp. are
emerging (or re-emerging) as growing threats to human health
in many regions of the world.*~* Accordingly, there is an urgent
need for novel reagents to combat infections by these
pathogens. Novel agents with potent bioactivities have recently
been found in microbes that grow in a relatively harsh marine
environment, characterized by high salinity, scarce nutrients,
and high osmotic and hydraulic pressures.” ' Among the
richest sources of these compounds are marine symbionts that
coexist with symptomless fish, sponges, algae, and soft corals;’
this does reflect the fact that genomes of the symbionts have
the ability to undergo rapid and dynamic change, as they
coevolve with their hosts.""">
To local fishers’ observation, white croaker (Argyrosomus
argentatus) is infrequently infected by microbial pathogens that
may readily infect other fishes in the same aquatic habitat, and
it usually remains healthy after feeding on infected or dead
prey. One possible explanation for these observations is that the
gut flora of white croaker includes symbiont(s) that provide
antimicrobial defense, as observed in other competitive marine
species.''* Our previous study reported isolation and
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characterization of antifungal compounds from the fungal
symbiont Myrothecium sp. Z16 that derived from white
croaker.'> Encouraged by the discovery, the endogenous
microbes isolated from white croaker were recultivated, and
the ethyl acetate (EtOAc) extracts derived from the cultures
were analyzed by 'H NMR, LC—MS, and bacterial inhibition
assays. Interestingly, the extract from Curvularia sp. IFB-Z10
displayed potent antibacterial activity because of the fungal
biosynthesis of the novel alkaloid named curvulamine (1),
which are active against Veillonella parvula, Streptococcus sp.,
Bacteroides vulgatus, and Peptostreptococcus sp. with minimum
inhibitory concentrations (MICs) at 0.37 uM.
Chromatographic fractionation of the EtOAc extract derived
from the culture of Curvularia sp. IFB-Z10 gave a
dinitrogenated alkaloid named curvulamine (1). Compound 1
possesses the novel carbon skeleton constructed from 1-(5-
methyl-1H-pyrrol-2-yl)pentane-2,4-dione (4) and 3,5-dimethy-
lindolizin-7(8H)-one (7) through an unexpected combination
of inter- and intramolecular additions (Scheme 1).
Curvulamine (1) has the molecular formula C, H,,N,0,,
which in its Na*-liganded form, corresponds to a peak at m/z
347.1733 in its high-resolution electrospray ionization mass
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Scheme 1. Possible Biosynthetic Pathway to 1: Involvement of Two New Oligoketide Extender Units 4 and 7
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spectrometry (HR-ESI-MS). This compares with calculated m/
z 347.1730 for C,,H,,N,O,Na. A pair of 2,5-disubstituted
pyrrole nuclei was indicated by the doublets at d 6.12 and 5.94
(J = 3.5 Hz) and 6}; 5.93 and 5.91 (J = 3.0 Hz) in the '"H NMR
spectrum of 1 (Table S1, Supporting Information). Two more
doublets at oy 5.72 and 6.45 correspond to a cis-disubstituted
vinyl group (substructure a) with the coupling constant
magnitude (J = 12.0 Hz) suggesting the inclusion of the
double bond in an acyclic chain or a seven-membered (or
larger) ring.'® The assignments in the 'H NMR spectrum of 1
were confirmed by its '"H—'H COSY, which identified two
more coupling sequences: the 1-substituted ethyl and 1,2,3,4-
tetrasubstituted pentyl groups (substructures ¢ and e) and the
2-methylation of two pyrrole moieties (substructures d and f).
The two pyrrolic proton doublets at i 5.94 and 5.93 showed
allylic couplings with two broadened methyl singlets at J; 2.28
and 2.30, respectively. The *C NMR spectrum of 1 also
revealed an oxygenated quaternary carbon (substructure b)
resonating at Oc 89.3, which supports the existence of
substructures in this alkaloid. Compound 1 was further
analyzed by HSQC, ROESY, and HMBC experiments, leading
to the unequivocal assignment of all "H and *C NMR signals.
With the index of hydrogen deficiency of the molecular formula
in mind, the formulated connection of a—f was defined by the
key HMBC correlations, namely H-15 to C-13 and C-17, H-14
to C-§ and C-12, H-5 to C-7, H-4 to C-19, and H-2 to C-4 and
C-9 (Figure 1 and Table S1, Supporting Information). The
ether linkage between C-3 and C-13 was demonstrated by the
HMBC cross-peak from H-3 to C-13. On the basis of the
molecular formula, the presence of a 12-hydroxy group is
postulated, although the 12-methine had unexpected reso-
nances at Jy 2.67 and Jc 70.2. Inspection of the molecular
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Figure 1. Substructures a—f in curvulamine (1) (upper) and its
stereochemical structure (lower).

model pinpointed that H-12 of 1 was oriented toward the
diamagnetic area of the pyrrole ring. This situation was
previously discerned with daeschol A and dalesconols A—C,
whose H-21 signals are upfield shifted significantly, owing to
the positioning of the protons in the diamagnetic area of
benzene rings.”’

The relative stereochemical configuration of all chiral carbons
but C-12 was determined from the ROESY correlations of 1
(Figure 1). Curvulamine (1) crystallizes from methanol as a
monosolvate, C,0H,,N,0,:CH;OH. Room-temperature diffrac-
tion measurements were performed on a Bruker APEX DUO
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diffractometer equipped with Cu radiation up to a 26, of
130°. The structure refined on 1741 out of 1843 I > 20(I)
reflections to an R index of 0.037; 947 Friedel pairs were
merged (Figure 1).

Curvulamine (1) was shown to be antibacterial against
patients-derived pathogens Veillonella parvula, Actinomyces
israelii, Streptococcus sp., Peptostreptococcus sp., and Bacteroides
vulgatus with the minimal inhibition concentrations (MICs) at
0.37 uM. In particular, curvulamine (1) was tested to be more
potent than tinidazole (Table 1), a coassayed antibacterial drug

Table 1. Antibacterial Activity of 1 (MICs in gM)

pathogens curvulamine (1) tinidazole®
Veillonella parvula 0.37 0.49
Actinomyces israelii >10 >10
Streptococcus sp. 0.37 1.01
Bacteroides vulgatus 0.37 2.02
Peptostreptococcus sp. 0.37 2.02

“Positive control.

prescribed in clinic.'”'® Moreover, the antibacterial action of 1
seems more selective than tinidazole, which is also antifungal,19
since the new alkaloid displayed at 10 #M no fungicidal activity
against target fungi Alternaria solani ATCC11078, Botrytis
cinerea ATCC20599, Fusarium coeruleum ATCC20088, F.
graminearum ATCC20329, F. moniliforme ATCC90250,
Phytophthora capsici ATCC 42668, Rhizotonia cerealis
ATCC42606, R. solani ATCC 76090, and Sclerotinia
sclerotiorum ATCC56844. In addition, we have patented the
acetylcholinesterase inhibitory action of curvulamine.”**"

The potency and selectivity of curvulamine (1) in the
antimicrobial action motivated us to extend our curiosity to the
biosynthesis of the unusual curvulamine framework in the
fungus. The structural feature of 1 facilitated our postulation
that it might have been derived from the undescribed extender
units 4 and 7 (Scheme 1).

To clarify whether the extender units originated from
acetate-derived polyketides, Curvularia sp. IFB-Z10 was
regrown separately in the presence of sodium [1-'°C]- and
[2-'3C]-acetates. Fungal cultures were extracted, extracts
fractionated, and the curvulamine products analyzed by “C
NMR. When cultured with addition of [1-"*C]-acetate,
curvulamine (1) displayed enriched "*C signals of C-2, C-4,
C-6, C-8, C-12, C-14, C-16, and C-18 (product 1a; Figure 2);
when cultured with exposure to [2-'*C]J-acetate, compound 1
showed C enrichments at C-1, C-3, C-5, C-7, C-11, C-13, C-
15, and C-17 (product 1b; Figure 2). However, no *C-labeling
was observed at C-9, C-10, C-19 or C-20 in products 1a and 1b
resulting from the [1-3C]- or [2-"*C]-acetate supplemented
cultures, respectively. This suggests that these carbons could be
derived from another as yet unknown precursor.

The reaction mechanism of aminolevulinate synthase from
fungi and animals®*** may be relevant in the incorporation of
the four carbons into curvulamine molecule through the C—C
formation between acyl CoA thioester and a-carbon of amino
acid with concomitant release of carbon dioxide as discerned in
the synthesis of aminolevulinate under the enzymatic
catalysis.”***> By analogy, the four '*C-acetate unlabellable
carbons of curvulamine might derive from alanine. This
hypothesis was tested by culturing Curvularia sp. IFB-Z10 in
the presence of [2,3-"°C]-alanine followed by '*C NMR
analysis of the main curvulamine product 1. As expected, *C
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Figure 2. *C enrichment at specific positions of 1. Curvularia sp. IFB-
Z10 was grown in the presence of [1-*C]- and [2-'*C]-acetates, and
[2,3-"*C]-alanine, respectively, and extracts were analyzed by the '*C
NMR spectra of labeled products 1a, 1b, 1c and nonlabeled product
1d.

was enriched in C-9, C-10, C-19, and C-20 in product lc
(Figure 2). However, a remarkable isotope enrichment was also
observed in other resonance peaks because [2 3-13C]-alanine is
metabolized in fungi into [1,2-'*C]- acetate,” ® which happens to
be the precursor for synthesis of product 1c. This suggests as
well that the alanine metabolism of this fungus is similar or
identical to that of Saccharomyces cerevisiae.”® Furthermore, *C-
labeled product 1c displayed the expected long-range 13C Bc
couplings (Tables S2 and S3, Supporting Information).

D-Cycloserine is an inhibitor of serine palmitoyltransferase
(SPT), a member of a-oxoamine synthase (AOS) that utilizes a
pyridoxal 5’-phosphate (PLP) cofactor in catalyzing the
Claisen-like condensation between an amino acid and an acyl
CoA substrate.”” Curvularia sp. IFB-Z10 was therefore
recultured in the presence of D-cycloserine at 1.0 mM. As
expected, alkaloid 1 disappeared in the D-cycloserine exposed
fermentation (Figure S1, Supporting Information). By analogy,
plumbagin, an inhibitor of 8- amlno -7-oxononanoate synthase
(AONS, another member of AOS),*® was also shown to inhibit
the production of 1 at 0.5 mM. On the basis of these enzyme
inhibition tests, an AOS member is most presumably involved
in the Claisen-like condensation between alanine and the
tetraketide acyl CoA substrate in the fungus (Figure S1,
Supporting Information). According to these data, the
biosynthetic pathway of 1 was postulated in Scheme 1. As
earlier key steps, an oligoketide-CoA (2) was assumed to be
transformable into 3 through its Claisen-type condensation
with alanine.***® Compound 3 might undergo successive
intramolecular additions to generate new extenders 4 and
7.2%3° Reduction of 4 gave § which coupled to 7 to afford 8.
Compound 1 might have produced by further derivation of 8
via presumed intermediates 9—16 (Scheme 1).
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In conclusion, this work describes a novel alkaloid with
potent antibacterial activity from a marine-derived Curvularia
sp. IFB-Z10 and clarifies in particular the involvement of an
oligoketide—alanine hybridization in its biosynthetic pathway
according to the isotope-feeding experiments and enzyme
inhibition tests. The unexpected carbon architecture of
curvulamine is derived uniquely from undescribed extender
units 1-(S-methyl-1H-pyrrol-2-yl)pentane-2,4-dione (4) and
3,5-dimethylindolizin-7(8H)-one (7) (Scheme 1). The work
may add a novel starting molecule for new antibacterial drugs,
which are urgently needed in the global “war” against human
pathogenic bacteria. Meanwhile, the new extender-based
framework opens collectively interesting topics such as the
efficient generation and programed organization of nitro-
genated extender units for novel bioactive alkaloids and
biomimetic syntheses of the skeletally unprecedented com-
pounds that may lead to new biology and biomedicine.
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