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Chemical analysis of a marine-derived fungus, Chaunopycnis sp. (CMB-MF028), isolated from the inner tissue of a
pulmonate false limpet Siphonaria sp., collected from rock surfaces in the intertidal zone of Moora Park, Shorncliffe,

Queensland, yielded the tetramic acid F-14329 (1) and new analogues, chaunolidines A—C (2—4), together with the new

DOI: 10.1039/x0xx00000x

pyridinone chaunolidone A (5), and pyridoxatin (6). Structures inclusive of absolute configurations were assigned to 1-6 on

www.rsc.org/

the basis of detailed spectroscopic analysis, X-ray crystallography, electronic circular dichroism (ECD), biosynthetic

considerations and chemical interconversion. Chaunolidine C (4) exhibits modest Gram-positive antibacterial activity (ICso

5-10 uM), while chaunolidone A (5) is a selective and potent inhibitor (ICso 0.09 uM) of human non-small cell lung
carcinoma cells (NCI-H460). Tetramic acids 1-4 form metal chelates with Fe(lll), Al(I11), Cu(ll), Mg(Il) and Zn(ll).

Introduction

In recent years, marine-derived fungi isolated from a range of
substrates, including sediments, invertebrates, plants (mangroves)
and algae, have been a prolific source of chemically diverse
secondary metabolites. For example, our own investigations have
yielded the anti-mycobacterial sydowiols' and brevianamides® from
China Sea sediment isolates of Aspergillus sydowii and Aspergillus
versicolor, as well as cyclopentapeptide cotteslosins,® depsipeptide
aspergillicins* and lipodepsipeptide acremolides’ from Australian
beach-sand/estuarine isolates of Aspergillus versicolor, Aspergillus
carneus and an Acremonium sp., respectively. In an effort to broaden
our search, we recently isolated the fungus Chaunopycnis sp. (CMB-
MF028) from inner tissue dissected from a pulmonate false limpet
Siphonaria sp. collected near Moora Park, Shorncliffe, Queensland.
Chemical fractionation of a broth cultivation of CMB-MF028
yielded the polyketide tetramic acid F-14329 (1) and three new
analogues, chaunolidines A—C (2—4), as well as the new pyridinone
chaunolidone A (5), and pyridoxatin (6). This report describes the
production, isolation, characterization and structure elucidation of 1—-
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6, including commentary on their biosynthesis and chemical
interconversion, and spectroscopic and biological properties.

Results and discussion

The EtOAc extract from a broth cultivation of Chaunopycnis sp.
(CMB-MF028) was concentrated in vacuo and the residue subjected
to sequential solvent trituration (hexane, CH,Cl, and MeOH).
Reversed-phase fractionation of the CH,Cl, and MeOH solubles
yielded 1-6 (Figure 1).

HRESI(+)MS analysis of 1 returned a pseudo-molecular ion
indicative of a molecular formula (C,Hy;NOs, Ammu -0.1)
requiring nine double bond equivalents (DBE), with the NMR
(DMSO-d) data (Table 1) revealing resonances for two carbonyls, a
para-disubstituted benzene, and four additional sp* carbons, with the
remaining DBE attributed to a ring system (i.e. a tetramic acid).
Diagnostic 2D NMR correlations (Figure 2) permitted identification
of a polyketide subunit (C-1 to C-12) linked to a B-hydroxylated
tyrosine (C-1' to C-9') via a tetramic acid moiety, with an £ A*
configuration assigned by comparison of experimental and
calculated "*C NMR chemical shifts for C-7 (& 39.9) [Ecac ¢ 37.2;
Zeaie 0c 31.2] and C-10 (&¢ 17.8) [Ecye O 17.6; Zeye O 11.6]. Of
note, the NMR (CDCl;) data for 1 revealed two equilibrating A%
geometric isomers (5:1) (ESI Figure S6 and Table S2), which on
comparison with the *C NMR data for Z and E isomers of the
closely related tenuazonic acid (7)° were attributed to major Z (&
175.7, C-1; &c 194.7 C-1') and minor E (o 169.2, C-1; &201.2, C-
1') isomers of 1 (Figure 3). The E/Z equilibrium of the double bond
between C-2/C-3 in CDCl; is a common characteristic for 3-
acyltetramic acids (e.g. epicoccarine A,” melophlins A and B,
militarinones B and C,” and vermelhotin'®).
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Fig. 1 PKS-NRPS metabolites 1-6 from Chaunopycnis sp. (CMB-MF028)
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Fig. 2 Diagnostic 2D NMR (DMSO-dg) correlations for 1, 4 and 5

Although only attributed a planar structure, the Chaunopycnis sp.
metabolite F-14329, first patented in 2007 for its ability to lower
murine postprandial blood triglyceride levels,'' exhibited near
identical NMR (ESI Table S4) and [o]p data to 1. More recently
described in 2014 as one of a range of polyketides produced by
epigenetic modifier challenged cultures of a Tolypocladium sp.,'* the
absolute and relative configuration for F-14329 (1) remain
undetermined. Given the paucity of data in the primary literature and
the absence of configurational assignments, we elected to
unambiguously establish the absolute configuration of 1, along with
its co-metabolites 2—6 (see below).

0 _OH o T o OH
W Z W %
HN ¥ <= HN OH ~ HN
O \
170 70 HO
a, {1 ™ 7

Fig. 3 NMR (CDCl3) major (2) and minor (£) A*® geometric isomers of 1, and the
structure for tenuazonic acid (7)

NMR (DMSO-dy) data (Table 1) disclosing the major difference as a
deshielding of 11-Hy (A& +0.2). Having discounted A>* geometric
isomerism (see above), we hypothesized that 1 and 2 were
diastereoisomers at C-2'. Consistent with this hypothesis, 1 and 2
were found to equilibrate via base-mediated (triethylamine or
NaOH) C-2' epimerization (ESI Figure S17), a phenomena also
reported for other tetramic acids (e.g. tenuazonic acid,”® harzianic
acid'®). Also supportive of this hypothesis, the staggered Newman
projections about the C-2-C-3' bond in 1 and 2 (Figure 4)
demonstrated that C-2' epimerization induces significant differences
in the relative proximity of 11-Hj and the aromatic moiety.

HO o 1

OH
(2) 2R,3'S

1) 2'S,3'S
Fig. 4 Newman projections about C-2' to C-3' bond for 1 and 2

HRESI(+)MS analysis established chaunolidine A (2)
(C,1Hz7NOs, Ammu +0.2) as an isomer of 1, with analysis of the

2| J. Name., 2012, 00, 1-3

Attempts at preparing Mosher esters to independently confirm
the C-3' absolute configuration proved unsuccessful, as both 1 and 2
undergoing facile dehydration to yield chaunolidine C (4) (see
below). Nevertheless, comparison of the "H NMR chemical shifts
and >J coupling constants (in CDCl3) of 2'-H/3'-H in 1 and 2 with
that of prototenellin D camphanyl ester (8), where the absolute
configuration had been previously determined by X-ray analysis
(2',3'S),"* suggested that 1 possessed a 2'S3'S or 2'Rj3'R
configuration, while 2 was either 2'R,3'S or 2'S,3'R (Figure 5). In our
hands the absolute configurations for 1 (2'S,3'S) and 2 (2'R,3'S) were
determined by comparison of experimental and predicted ECD
(time-dependent density functional theory, B3LYP/6-31g(d)) spectra
for the model compounds 1a,b and 2a,b, respectively (Figures 6 and
7). Although tetramic acids comprising similar functionality to 1 and
in recent years (e.g militarinones,’
prototenellins'® and epicoccarines'®), to the best of our knowledge,

2 have been reported
this is the first occasion where absolute configurations have been

determined without recourse to total synthesis or X-ray analysis of
the synthetic derivatives.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 The experimental ECD (MeOH) spectra for 1 and the calculated spectra for 1a

and 1b

HRESI(+)MS analysis of 3 revealed a molecular formula
(C,1H27NOg, Ammu —0.2) suggestive of a hydroxylated analogue of
1. Comparison of 1D and 2D NMR (DMSO-dy) data for 3 and 1
supported this hypothesis, with the only significant difference being
oxidation of the allylic primary methyl in 1 (C-10, &y 1.59, & 17.8)
to an allylic primary alcohol in 3 (C-10, &y 3.85, & 61.4). These
NMR comparisons, together with comparable Cotton effects [Ayay
(Ag), 235 (-11.4), 288 (—6.4)], suggested that 1 and 3 share a
common 2'S,3'S configuration, and that the structure for
chaunolidine B (3) (less configurations about C-4 and C-6) be
assigned as indicated (Figure 1).

HRESI(—-)MS analysis of 4 returned a molecular formula
(C,1H,35NO,, Ammu —0.1) indicative of a dehydration analogue of 1.
Comparison of the 1D NMR (DMSO-d) data for 4 with 1 confirmed
the loss of resonances for 2-H and 3'-H sp® methines, and the
appearance of resonances for a 3'-H sp® methine (& 6.45) embedded
in a trisubstituted A*¥, while diagnostic 2D NMR correlations
(Figure 2) permitted assignment of the planar structure. A single
crystal X-ray diffraction analysis of 4 (as its methanol solvate)
(Figure 8) permitted unambiguous assignment of the absolute
structure for chaunolidine C (4) as indicated (Figure 1), including
A?3" Z 45 and 6S configurations. With two molecules of 4 (and

This journal is © The Royal Society of Chemistry 20xx
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MeOH) in the asymmetric unit possessing essentially the same
conformation, the absolute configuration of 4 was established from a
statistical analysis of anomalous dispersion effects of 2938 Bijvoet
pairs using the method of Hooft ef al.'” leading to a probability (P2)
of the correct enantiomer being 0.99 (Hooft parameter 0.1(3), v =15
using Student’s z-statistics). As both 1 and 2 experienced acid-
mediated (TFA or HCI) dehydration and conversion to 4 (ESI Figure
S18), 1-2 and 4 were assigned a common 4S,6S configuration,
which on biosynthetic grounds was extended to 3. Thus the
structures with complete configurations for F-14329 (1) and
chaunolidines A—C (2—4) are assigned as indicated in Figure 1.
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Fig. 7 The experimental ECD (MeOH) spectra for 2 and the calculated spectra for 2a
and 2b

Fig. 8 ORTEP* structure generated from the single crystal X-ray diffraction of 4
showing 30% probability ellipsoids

Finally, to establish that 2 and 4 were natural products (not mere
handling artefacts), a neutral pH HPLC-DAD-MS analysis
confirmed both were present in the EtOAc extract of a fresh re-
cultivation of CMB-MF028 (ESI Figure S1).

HRESI(+)MS analysis of 5 returned a molecular formula
(C,1H,5NOy) isomeric with 4, with NMR (DMSO-dg) data (Table 2)
revealing resonances for one carbonyl, a para-substituted benzene,
and four sp* carbons, necessitating a tetracyclic structure. Diagnostic
HMBC and COSY 2D NMR correlations supported this conclusion,
and permitted assembly of the planar structure for 5 (Figure 2), while

J. Name., 2013, 00, 1-3 | 3
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Table 1. NMR (600 MHz, DMSO-dj) data for F-14329 (1) and chaunolidines A-C (2-4)
. 1 2 3 4
o Oy (mult., J (Hz)) dc ou (mult., J (Hz)) dc ou (mult., J (Hz)) dc Oy (mult., J (Hz)) dc
1 - 176.0 - 176.4 - 176.0 - -F
2 - 100.6 - 101.1 - 100.5 - -F
3 - 191.5 - 190.6 - 1915 - 199.28
4 3.49 (m) 33.4 3.63° 332 3.48 (brs) 33.3 3.82 (m) 35.98
5a 1.62 (m)® 39.8P 1.68 (m) 39.8P 1.62 (m) 39.4° 1.75 (m)* 39.8P
5b 1.04 (m) 111 (m)* 1.06 (m) 1.14 (m)®
6 1.24 (m) 30.8 1.29 (m) 30.7 1.28 (m) 30.7 1.36 (m) 30.8
7a 1.86 (m) 39.9° 1.91 (m) 39.9° 1.92 (m) 39.7° 1.94 (m) 39.9°
7b 1.74 (m) 1.77 (m) 1.77 (m) 1.78 (m)*
8 533 (m)* 129.3¢ 5.36 (m)® 129.4 5.48 (m)* 132.1 5.36 (m)° 129.4
9 5.34 (m)* 125.9 5.38 (m)® 125.9 5.47 (m)* 127.9 5.37 (m)° 125.9
10 1.59 (d, 5.2) 17.8 1.62 (d, 5.0) 17.8 3.85 (brs) 61.4 1.60 (d, 4.2) 17.8
11 0.88 (d, 6.3) 18.1 1.08 (d, 6.7)* 18.1 0.88 (d, 6.5) 18.1 1.12 (d, 6.2)° 18.0
12 0.77 (d, 6.3) 19.1 0.80 (d, 6.6) 19.3 0.78 (d, 6.2) 19.1 0.83 (d, 6.6) 19.3
1' - 192.6 - 193.4 - 192.6 - 181.1%
2 4.16 (brs) 68.0 3.95 (brs) 67.8 4.16 (brs) 68.0 - -F
3 4.87 (brd, 3.1) 72.6 4.82 (brs) 71.1 4.87 (brs) 72.6 6.45 (s) 11028
4 - 129.3¢ - 132.1 - 129.3 - 123.9
59" 7.00 (d, 8.5) 1282 7.14 (d, 8.4) 127.3 7.00 (d, 8.2) 128.2 7.52 (d, 8.6) 131.8
68" 6.59 (d, 8.5) 114.1 6.69 (d, 8.4) 114.7 6.59 (d, 8.2) 114.1 6.79 (d, 8.6) 115.8
7 - 156.5 - 156.5 - 156.5 - 158.3
3-OH 5.65 (brs) - 5.41 (brs)® - 5.64 (brs) - - -
7'-OH 9.23 (brs) - 9.26 (s) - 923 (s) - 9.92 (brs) -
-NH 9.14 (br s) = 8.59 (brs) = 9.15 (br s) - - =

A€ Assignments with the same superscript within a column are overlapping signals and can be interchangeable. ® Overlap with residual DMSO or H,0 signals. © Assignments

supported by HSQC and HMBC. * Carbon signals are weak or broad that cannot be seen in *C NMR spectrum

ROESY correlations positioned 3-H, 11-H; and 12-H; on one (@)
face, and 4-H, 8-H and 10-H; on the opposite (f) face of the
cyclohexanyl ring. On biosynthetic grounds we propose that 5
possesses the same configuration about C-4 and C-6 as the co-
metabolites 1-4, permitting assignment of the structure for
chaunolidone A (5) as indicated (Figure 1).

The major Chaunopycnis sp. (CMB-MF028) metabolite was
identified on the basis of detailed spectroscopic analysis as
pyridoxatin (6) (Figure 1). First reported in 1991 as an equilibrating
mixture of atropisomers from the fungus Acremonium sp. (BX86),'s
the absolute configuration of 6 was only assigned in 2014 by X-ray
diffraction analysis of the metal chelate, (pyridoxatin),Cu."

The biosynthesis of tetramic acids and pyridinones has been

d,'®" indicating a common PKS-NRPS origin in

extensively studie
tyrosine
condensations inclusive of reductive cleavage, ring closure and

oxidation, to yield the epimeric tetramic acids 1 and 2. Further

which a substrate undergoes successive thioester

oxidation of the aliphatic side chain in 1 can lead to 3, while
dehydration delivers 4. Oxidative ring expansion links the tetramic
acid and pyridinone scaffolds, with side chain cyclization and
hydroxylation returning 5. It is noteworthy that 6 can be formed by
phenol cleavage after cyclization of the side chain, as recently
documented by stable isotope labelling studies.

Numerous natural products containing the tetramic acid scaffold
isolated from diverse biological sources (e.g. plants, sponges,
bacteria and fungi), display a wide array of biological activities

4| J. Name., 2012, 00, 1-3

including antibacterial,?*?' antifu,ngal,22 antiviral® antitumor,®**
anti-inflammatory® and herbicidal activities,?® as well as metal ion
chelating properties.***” To explore their biological potential we
screened the co-metabolites 1-6 in antibiotic, cytotoxicity and metal
ion chelating assays.

The antibiotic properties of 1-6 were evaluated against Gram-
positive  bacteria  Staphylococcus — aureus (ATCC  25923),
Staphylococcus epidermidis (ATCC 12228) and Bacillus subtilis
(ATCC 6633), Gram-negative bacteria Escherichia coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 27853) and Klebsiella
pneumonia (ATCC 13883), and a fungus Candida albicans (ATCC
90028). Only chaunolidine C (4) exhibited antibacterial activity,
with modest levels of growth inhibition against all three aerobic
Gram-positive bacteria (ICsy 5-10 uM) (ESI Table S11, Figure S19).

The cytotoxic properties of 1-6 were evaluated in growth
inhibition assays against human colorectal adenocarcinoma
(SW620), non-small cell lung carcinoma (NCI-H460) and cervical
carcinoma (KB3-1) cells. While none of the tetramic acids 1-4
exhibited cytotoxic activity, chaunolidone A (5) was a selective and
potent cytotoxin to NCI-H460 cells (ICs, 0.09 uM) (ESI Table S12,
Figure S20). Consistent with literature accounts,?® pyridoxatin (6)
exhibited potent but non-selective cytotoxicity against all three
human cancer cell lines (ICs, 0.3-0.4 uM).

This journal is © The Royal Society of Chemistry 20xx
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Table 2. NMR (600 MHz, DMSO-d;) data for chaunolidone A (5)

Pos. on(mult., J (Hz)) oc
1 - 162.6
2 - 111.6
3 2.62(dd, 10.5,103)  36.1
4 1.72 (m) 443
5 3.38¢ 74.7
6 1.60 (m) 372
Tou 1.16 (m)® 30.6
7B 1.40 (m)*

1.37 (m)* 48.9

3.66 (m) 77.7
10 1.19(d, 6.2)% 18.9
11 1.10 (d, 6.9) 19.5
12 0.93 (d, 6.7) 18.6
I - 162.5
2! 6.99 (s) 130.1
3 - 113.1
4 - 125.1
59" 7.17 (d, 8.5) 129.9
68" 6.72 (d, 8.5) 114.8
7 - 156.2
7-OH  10.93 (brs) -
-NH 9.37 (brs) -

AB Overlapping signals. © Overlap with residual H,O signals.

Although the ecological roles of 1-6 are not known, tetramic acid
(e.g. 1-4) and pyridinone (e.g. 5-6) moieties feature prominently in
many siderophores. Siderophores are crucial to the survival of many
microbes, facilitating the uptake of iron and other trace metals from
the Importantly,
especially significant in the marine environment where metal ion
concentrations typically fall below 10° M.?* To assess the metal
chelation capacity of 1-6 we employed a calcein-Fe(III) complex
(CAFe) assay.

Calcein is a fluorescent chelator with high affinity for Fe(IIl). As
metal coordination with calcein leads to stoichiometric fluorescence
quenching, this effect can be employed to quantify labile iron
concentrations in biological media*® Similarly, a competing
equilibrium between candidate iron chelators, and the complex
calcein-Fe(III) (CAFe), can be used to assess the relative affinity of
putative chelators for Fe(Ill). In our study, analytes 1-6 were
assessed for their ability to bind Fe(Ill), disrupting the CAFe
complex and releasing fluorescent calcein which was quantified
fluorometrically. In the CAFe assay, only pyridoxatin (6) exhibited a
strong affinity for Fe(Ill) with an apparent stability constant
(logK,yp) of 34 assuming the binding stoichiometry of 6 and Fe(III)
is 3:1, and with K, derived from physiological buffer. Although not
directly comparable, this value for 6 is within the same magnitude as
stability constants (logP) determined for other chelators such as
desferrioxamine (logB = 31)*' or deferiprone (logh = 35).2
Notwithstanding the inability of 1-5 to extract Fe(Ill) from CAFe,
treatment of 1-5 with various metal salts in MeOH did permit the
ready HRESI(£)MS detection of Fe(IIl), Al(IIT), Cu(Il), Mg(II) and

surrounding environment. siderophores are

This journal is © The Royal Society of Chemistry 20xx
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Zn(Il) metal complexes of 1-4 (ESI Table S13), suggesting that 1-4
were modest but non-selective metal ion chelators.

Experimental
Fungal strain collection

The fungus Chaunopycnis sp. (CMB-MF028) was isolated from the
inner tissue of a marine pulmonate false limpet Siphonaria sp.
collected in 2012 from rock surfaces in the intertidal zone of Moora
Park, Shorncliffe, Queensland. Freshly collected Siphonaria
specimens were transported to the laboratory at 0 °C in sealed
Falcon tubes (50 mL), after which they were rinsed in sterile
seawater, and their external surfaces were disinfected by submersion
in 70% EtOH/H,O for 30 s. After surface sterilization, the
Siphonaria samples were washed with sterile seawater and subjected
to aseptic dissection. Small pieces of inner tissue were applied to
PYG agar plates (comprising 2% glucose, 1% peptone, 0.5% yeast
extract, 0.02% chloramphenicol and 1.5% agar in 50% artificial
seawater) and the plates sealed with parafilm and incubated for 3—4
weeks. A pure culture of CMB-MF028, obtained by single-colony
serial transfer on agar plates was cryopreserved at —80 °C in 15%
aqueous glycerol.

Analytical cultivation and chemical profiling

Chaunopycnis sp. (CMB-MF028) was cultivated at 200 rpm for 9 d
in a Schott flask (250 mL) containing ISP-2 broth (0.4% glucose,
0.4% yeast extract and 1% malt extract in 80 mL distilled water).
After cultivation, the broth was extracted with EtOAc (60 mL) and
the organic phase concentrated in vacuo to yield a crude extract (9.5
mg). A solution of crude extract prepared in MeOH (5 mg/mL) was
subjected to HPLC-DAD-ESI(£)MS analysis (Zorbax SB-Cg
column, 150 x 4.6 mm column, 5 pm, 1 mL/min gradient elution
from 90% H,O/MeCN to 100% MeCN over 15 min, with constant
0.05% formic acid modifier).

Production, isolation and characterization of 1-6

A seed culture of Chaunopycnis sp. (CMB-MF028) was prepared by
inoculating a Schott flask (250 mL) containing PYG broth (50 mL,
comprising 2% glucose, 1% peptone and 0.5% yeast extract in 50%
artificial seawater) with mycelia from an agar plate cultivation, and
incubating at 200 rpm at 26.5 °C for 3 d. Six 2 L Erlenmeyer flasks
containing ISP-2 broth (500 mL) inoculated with seed culture (5 mL)
were incubated at 200 rpm at 26.5 °C for 9 d, after which the
consolidated broth was extracted with EtOAc (3 x 3 L) and the
combined organic phase was concentrated in vacuo at 40 °C to
afford the crude extract (681.5 mg). The crude extract was then
sequentially triturated to yield hexane (34.8 mg), CH,Cl, (297.0 mg)
and MeOH (215.2 mg) soluble material.

The CH,Cl, solubles were subjected to SPE fractionation
(GracePure Cj;3 Max, 10% stepwise gradient elution from 90%
H,0/MeOH to 100% MeOH) to yield Fractions C1-10. Fractions C6
and C7 were combined (65.3 mg) and subjected to HPLC
fractionation (Zorbax SB-Cg column, 250 x 94 mm, 5 pm, 3
mL/min gradient elution from 45% to 35% H,O/MeCN over 15 min,
with constant 0.01% TFA modifier) to yield F-14329 (1) (tx = 8.83
min; 9.6 mg, 1.41%) and chaunolidine A (2) (g = 9.85 min; 1.3 mg,
0.19%). Fraction C4 (20.4 mg) was subjected to HPLC fractionation

J. Name., 2013, 00, 1-3 | 5
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(Zorbax SB-Cg column, 250 x 9.4 mm, 5 um, 3 mL/min gradient
elution from 70% to 60% H,O/MeCN over 15 min, with constant
0.01% TFA modifier) to yield chaunolidine B (3) (g = 11.07 min;
2.6 mg, 0.38%). Fraction C8 (18.8 mg) was subjected to HPLC
fractionation (Zorbax SB-Cg column, 250 x 9.4 mm, 5 pm, 3
mL/min gradient elution from 25% to 15% H,O/MeCN over 15 min,
with constant 0.01% TFA modifier) to yield chaunolidine C (4) (g =
7.42 min; 4.7 mg, 0.69%).

The MeOH solubles were subjected to SPE fractionation
(GracePure C;3 Max, 10% stepwise gradient elution from 90%
H,0/MeOH to 100% MeOH) to yield Fractions M1-10. Fraction M6
(69.6 mg) was subjected to HPLC fractionation (Zorbax SB-Cg
column, 250 x 9.4 mm, 5 um, 3 mL/min gradient elution from 55%
to 35% H,0O/MeCN over 15 min, with constant 0.01% TFA
modifier) to yield chaunolidone A (5) (tx = 9.17 min; 4.2 mg,
0.62%). Fractions M7 and M8 were combined (72.7 mg) and were
subjected to HPLC fractionation (Zorbax SB-Cg column, 250 x 9.4
mm, 5 pm, 3 mL/min gradient elution from 45% to 30% H,O/MeCN
over 15 min, with constant 0.01% TFA modifier) to yield
pyridoxatin (6) (g = 7.13 min; 22.6 mg, 3.32%).

Note: % yields for compounds 1-6 are calculated as weight-to-
weight estimate against the crude extract.

F-14329 (1). Colourless oil; [a]p?* —216.9 (¢ 0.05, MeOH); UV-
vis (MeCN) Apax (log &) 225 (4.12), 279 (4.20) nm; CD (MeOH)
Amax (A8) 217 (+10.4), 232 (~18.0), 273 (-2.4), 288 (—7.1) nm; NMR
(600 MHz, DMSO-d;) see Table 1 and ESI Table S1; ESI(+)MS m/z
396 [M + Na]’, 356 [M — H,0O + H]", ESI(-)MS m/z 372 [M - H];
HRESI(+)MS m/z 396.1782 [M + Na]" (caled for C,H,,NOsNa",
396.1781).

Chaunolidine A (2). Colourless oil; [o]p?2 +70.4 (¢ 0.05, MeOH);
UV-vis (MeCN) Ay (log &) 225 (4.06), 279 (4.18) nm; CD (MeOH)
Amax (AE) 213 (=3.7), 229 (+6.5), 249 (+1.3), 284 (+3.3) nm; NMR
(600 MHz, DMSO-d;) see Table 1 and ESI Table S5; ESI(+)MS m/z
396 [M + Na]’, 356 [M — H,0O + H]", ESI(-)MS m/z 372 [M - H];
HRESI(+)MS m/z 396.1779 [M + Na]" (caled for C,H,,NOsNa",
396.1781).

Chaunolidine B (3). Colourless oil; [a]p?? —147.7 (¢ 0.05,
MeOH); UV-vis (MeCN) A« (log &) 225 (4.11), 279 (4.16) nm; CD
(MeOH) A (Ag) 208 (+4.9), 218 (+8.3), 235 (-11.4), 272 (+1.5),
288 (—6.4) nm; NMR (600 MHz, DMSO-dg) see Table 1 and ESI
Table S7; ESI(+)MS m/z 372 [M — H,0 + H]", 354 [M - 2H,0 + H]",
ESI(-)MS m/z 388 [M — H] ; HRESI(+)MS m/z 412.1733 [M + Na]"
(calcd for C, H,;NOgNa", 412.1731).

Chaunolidine C (4). Yellow solid; [a]p? —73.3 (¢ 0.05, MeOH);
UV-vis (MeOH) A« (log &) 267 (4.26), 338 (4.47) nm; NMR (600
MHz, DMSO-dy) see Table 1 and ESI Table S8; ESI(+)MS m/z 356
[M + H]", 378 [M + Na]", ESI(-)MS m/z 354 [M — H]; HRESI(-
YMS m/z 354.1712 [M — H] (calcd for C,;H,,NO,, 354.1711).

Chaunolidone A (5). Colourless oil; [a]p?* —81.3 (¢ 0.05,
MeOH); UV-vis (MeCN) A (log &) 212 (4.23), 250 (4.19) nm;
NMR (600 MHz, DMSO-ds) see Table 2 and ESI Table S9;
ESI+H)MS m/z 356 [M + H]", ESI(-)MS m/z 354 [M - HJ];
HRESI(+)MS m/z 378.1676 [M + Na]" (caled for CyH,sNO4Na",
378.1676).
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Pyridoxatin (6). Off-white crystal; [o]p? —34.0 (¢ 0.05, MeOH);
UV-vis (MeCN) A,a (log &) 215 (4.52), 293 (3.91) nm; CD (MeOH)
Amax (A8) 207.5 (—11.6), 285.5 (+1.0) nm; NMR (600 MHz, DMSO-
de) see ESI Table S10; ESI(+)MS m/z 264 [M + H]", 286 [M + Na]",
ESI(-)MS m/z 262 [M — H]"; HRESI(+)MS m/z 286.1414 [M + Na]"
(caled for C;sH, NO;Na', 286.1414).

Base-mediated equilibration of 1 and 2

Samples of 1 (20 pg) and 2 (20 pg) were treated at r.t. for 12 h with
either (i) 50% triethylamine (TEA) in MeOH (50 pL) or (ii) 0.01 M
NaOH in MeOH (50 pL), after which the reaction mixture was
concentrated to dryness under dry N,, and redissolved in MeOH (50
pL) prior to HPLC-DAD-ESI(#)MS analysis (Zorbax SB-Cg
column, 150 x 4.6 mm column, 5 pm, 1 mL/min gradient elution
from 90% H,O/MeCN to 100% MeCN over 15 min, with constant
0.05% formic acid modifier). These analyses (ESI Figure S17)
demonstrate that 1 and 2 undergo base-mediated equilibration.

Acid-mediated dehydration of 1 and 2

Samples of 1 (20 pg) and 2 (20 pg) were treated at r.t. for 12 h with
either (i) 50% trifluoroacetic acid (TFA) in MeOH (50 pL) or (ii)
0.01 M HCI in MeOH (50 pL), after which the reaction mixture was
concentrated to dryness under dry N,, and redissolved in MeOH (50
pL) prior to HPLC-DAD-ESI(#)MS analysis (Zorbax SB-Cg
column, 150 x 4.6 mm column, 5 pm, 1 mL/min gradient elution
from 90% H,0/MeCN to 100% MeCN over 15 min, with constant
0.05% formic acid modifier). These analyses (ESI Figure S18)
demonstrate that 1 and 2 undergo acid-mediated dehydration to yield
4.

ECD calculation of 1 and 2

Given that two methyl groups on the side chain have negligible
contribution to ECD spectra (proved by ECD calculation in pre-
experiment), two pairs of enantiomers (1a and 1b; 2a and 2b) were
used as model compounds of 1 and 2 by replacing the flexible side
chain at C-4 with a methyl group to simplify the calculation.
Conformation analyses of 1a and 2a were performed using the
MMFF94 molecular mechanics force field via the Molecular
(MOE)
Computing Group, Canada). Within the energy of 6 kcal/mol, 1a

Operating Environment software package (Chemical
showed four lowest energy conformers with distribution of 97.31%,
2.48%, 0.17% and 0.04% (ESI Figure S2), and 2a also has four
lowest energy conformers with distribution of 53.93%, 41.08%,
4.37% and 0.62% (ESI Figure S3). These conformers were
subsequently optimized with Gaussian09 software package at the
B3LYP/6-31g(d)
method.
demonstrated that these conformers are all stable in methanol. The

level using density-functional theory (DFT)

Conformation analysis and frequency calculation
40 lowest electronic transitions for each stable conformer were
calculated using time-dependent density functional theory (TDDFT)
method at the B3LYP/6-31g(d) level. ECD spectrum of each
conformer was then simulated using a Gaussian function with a half-
bandwidth of 0.25 eV. The overall calculated ECD spectra of 1a and
2a were generated on the basis of Boltzman weighting of individual

conformers.

This journal is © The Royal Society of Chemistry 20xx
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X-ray crystallographic analysis of 4sMeOH

The single crystal of 4eMeOH was obtained from MeOH by slow
evaporation at r.t. Data were collected at 190 K using an Oxford
Diffraction Gemini CCD diffractometer with Cu Ka radiation and
the crystal was cooled with an Oxford Cryosystems Desktop Cooler.
Data reduction was performed with the CrysAllisPro program
(Oxford Diffraction vers. 171.34.40). The structure was solved by
direct methods with SHELXS86 and refined with SHELX97.** The
thermal ellipsoid diagram was produced with ORTEP3* and all
calculations were performed within the WinGX package.3 3

Crystal data of 4°MeOH C, H,sNO,*CH;0OH, M = 387.46,
triclinic, a = 6.6012(4), b = 8.1654(6), ¢ = 19.831(1) A, V =
1056.7(1) A%, T = 1902) K, space group Pl, Z = 2, 13470
reflections measured, 6294 unique (R;, = 0.0506) which were used
in all calculations. The final R(obs. data) was 0.0658, goodness of fit
1.031. CCDC number 1402566.

Conclusions

In summary, four tetramic acids (1-4) and two pyridinone
derivatives (5-6) were purified and identified from a marine
gastropod mollusc Siphonaria sp. associated fungus Chaunopycnis
sp. (CMB-MF028). Structures inclusive of absolute configurations
were established by detailed spectroscopic analysis, ECD spectra, X-
ray crystallography, chemical and biosynthetic
considerations. Chaunolidine C (4) exhibited modest Gram-positive
antibacterial activity (ICsy 5-10 pM), while chaunolidone A (5)
displayed potent and selective cytotoxicity towards human non-small
cell lung carcinoma cells (ICsy 0.09 uM). F-14329 (1) and
chaunolidines A-C (2-4) are weak and non-selective metal
chelators, while pyridoxatin (6) is a potent and selective siderophore
with a high affinity to Fe(III) (logK,,, = 34).
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