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ABSTRACT: An endophytic fungus Paraphaeosphaeria ne-
glecta FT462 isolated from the Hawaiian-plant Lycopodiella
cernua (L.) Pic. Serm produced one unusual compound (1,
paraphaeosphaeride A) with the 4-pyranone—y-lactam—1,4-
thiazine moiety, along with two new compounds (2 and 3,

paraphaeosphaerides B and C, respectively) and the known
compound (4). Compounds 1—3 were characterized by NMR and MS spectroscopic analysis. The absolute configuration of the
3-position of compound 1 was determined as S by electronic circular dichroism (ECD) calculations. Compound 3 also showed

STATS3 inhibition at 10 M.

Endophytic fungi are rich producers of biologically active
secondary metabolites.' During our ongoing search for
new and bioactive compounds from about 2000 fungal strains
collected in Hawaii, about 5000 fungal samples were screened
against STAT3,” cisplatin-sensitive A2780 (A2780S, cisplatin-
sensitive human ovarian cancer cell line), and cisplatin-resistant
A2780 (A2780cisR, with constitutively activated STAT3). The
results showed that semipure fractions produced by a fungus
Paraphaeosphaeria neglecta FT462 were active against STAT3,
A2780cisR, and A2780S at 20 ug/mL. Our previous
investigation of the metabolites from FT462 enabled us to
isolate a novel &-lactone-isochromanone compound.® The
continuous bioassay guided isolation of this strain led to the
isolation of three novel metabolites with a transducer and

activator of transcription 3 (STAT3) inhibition activity.
Compound 1% was isolated as a yellowish oil. Its molecular
formula was suggested to be C,;H,NO¢S, according to its HR-
ESIMS at m/z 368.1168 (calcd for C;,H,;NOS, 368.1168),
with 8 degrees of unsaturation. The IR spectrum showed the
existence of hydroxyl (3419 cm™) and carbonyl (1706 cm™)
groups. The detailed analysis of '"H and '*C NMR spectra
(Table 1) demonstrated the presence of two methyl signals, five
methylenes with one (6y 3.34/3.56, 6: 29.8) supposedly
connected to an S atom,” three methines (one olefinic, one
oxygenated, and one nitrogenated), and seven quarternary
carbons (three olefinic, three carbonyls). 'H—'H COSY
established an aliphatic spin system C-8—C-13 as shown in
Figure 1, which was also verified by the corresponding HMBC
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correlations. Meanwhile, the observed HMBC correlations
from the singlet methyl at 6y 1.22 to an oxygenated methine
(C-8, 8¢ 90.1), a quaternary carbon (C-7, ¢ 74.0), and an a,f-
unsaturated ketone group at 5 192.6 (C-6) implied that the
methyl group (C-15) should be located at C-7, which was also
connected to a hydroxyl group. The ketone group was then
assigned at C-6.

Literature research suggested that the moiety of C-6—C-13
was very similar to that of the STAT?3 inhibitor phaeosphaeride
A (4),° which was totally synthesized to determine the absolute
configuration.” The comprehensive comparison of the NMR
data of compounds 1 and 4 implied that both of them should
have similar rings A and B (Figure 1) except the hydroxyl group
at C-6 in 4 was oxidized into a ketone in 1. Instead of the
terminal double bond in phaeosphaeride A, one nitrogenated
methine at §¢ 52.2, one methylene (6 3.34/3.56; ¢ 29.8)
supposedly connected to a sulfur, three more carbons including
one double bond (6 115.1/126.8), and one carbonyl group
were observed in the molecule of 1. The HMBC (Figure 2)
cross-peaks from the CH,-14 to C-3 and C-4 and from H-3 to
C-1 and C-4 implied that the terminal double bond in 4 was
hydrogenated in 1. Meanwhile, the obvious HMBC correlations
from the olefinic proton H-1’ (8 6.92) to a quaternary olefinic
carbon C-2' (6c 126.8), C-3' (6c 170.6), and the sulfur
connected methylene (C-14) implied that the newly present
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Table 1. NMR Spectroscopic Data for 1 in MeOH-d,

1

no. Sy, J (Hz)® 52
1 164.8
3 5.12 (brs) 522
4 173.5
S 102.5
6 192.6
7 74.0
8 445 (dd, 10.1, 2.4) 90.1
9 1.89 (m) 287
10a 1.50 (m) 267
10b 1.72 (m)

11 1.39 (m) 326
2 138 (m) 235
13 0.93 (t, 6.0) 14.3
l4a 3.34 (br d, 18.0) 29.8
14b 3.56 (br d, 18.0)

15 122 (s) 185
i 692 (s) 115.1
2 126.8
3 170.6

“Spectra recorded at 500 MHz. “Spectra recorded at 125 MHz. Data
based on 'H, *C, HSQC, and HMBC experiments.

Figure 2. '"H—'H dqfCOSY (Bolds) and selected HMBC (Arrows)
correlations of compounds 1 and 2.

moiety with three carbons must be an a,f-disubstituted acrylic
acid, which was connected to the sulfur atom at C-1'. Since the
compound has 8 degrees of unsaturation, one more ring C was
proposed to be present with the connection between the
nitrogen atom and C-2’, which was also verified by the HMBC
correlations from H-3 to C-2'. Hence, the planar structure of
compound 1 containing an uncommon 2H-1,4-thiazine ring
was determined as shown.

The NMR chemical shifts of positions 7—15 of 1 were very
similar to those of 4, and H,-9 of 1 showed a strong ROESY
correlation to H;-15, indicating that 1 should have the same
stereochemistry as compound 4 at the 7- and 8-positions. A
comparison of experimental CD and calculated ECD spectra
has been employed to assign the absolute configuration of C-3
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in compound 1. Both 3S and 3R configurations of
compound 1 were submitted for the conformational search
by using the OPLS_2005 force field in MacroModel'* with an
energy window of 130 kJ/mol, yielding 139 and 149
conformers, respectively. Fifty-three conformers of 3S config-
uration within an energy cutoff of 20 kJ/mol were included for
geometric optimization, followed by harmonic vibrational
frequency analysis at the B3LYP/6-311++G** level in the
gas phase. Thirteen conformers (specifically 351, 2, 3, 4, S, 7, 8,
9, 11, 12, 13, 18, and 38, Figure S1) were found to respectively
occupy 41.1%, 9.2%, 7.8%, 6.7%, 7.1%, 7.5%, 1.7%, 1.6%, 1.8%,
1.5%, 1.9%, 1.5%, and 6.7%, counting 96.1% for total (Table
S1). Hydrogen bonds (C7)O—H:--O(C6) and (C3’)O—H:
O(C1) were found in all of the above predominant conformers,
among which the structural difference is the free rotation of the
side chain about bonds C-8—C-9, C-9—C-10, C-10—C-11, and
C-11—C-12, respectively (Figure S1). The calculated ECDs of
individual conformers of compound 1 at the B3LYP-SCREF-
(COSMO)/6-311++G**//B3LYP/6-311++G** level in meth-
anol were found very similar (Figure 3), indicating that the free
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Figure 3. Experimental CD and calculated ECDs of 3S and 3R
configurations of compound 1 (blue, experimental CD in methanol;
green, calculated ECD of 3R configuration; red and others, weighted
ECD and calculated ECD of individual conformers of 3S
configuration).

rotation of the side chain does not significantly change the
ECD spectrum of the 3S configuration of compound 1. Thus,
for the 3R configuration, only the first conformer found in the
conformational search was submitted for geometric optimiza-
tion, harmonic vibrational frequency computation, and ECD
calculation at the above levels. The weighted ECD of the 3S
configuration of compound 1 coincides with those of its
individual conformers very well and well matches the
experimentally recorded CD spectrum, whereas that of the
3R configuration is opposite in most wavelength regions,
specifically at about 210—241 and 286—400 nm (Figure 3).
Unambiguously, the absolute configuration at C-3 position was
assigned as S. Computations at the quantum mechanics levels
were performed using the Gaussian 09."

Compound 2'* was isolated as a yellowish oil that gave an
[M + H]* ion in the HRESIMS at m/z 252.1239, appropriate
for the molecular formula C;;H;gNO, (calcd 252.1236). The
comprehensive analysis of the NMR data (Table 2) implied
that the structure 2 was similar to that of 4. However, the
terminal olefin, the methoxy group, and the oxygenated
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Table 2. NMR Spectroscopic Data for Compounds 2 and 3
in MeOH-d,

2 3

no Sy J (Hz)® 5 Sy ] (Hz)® 58
1 171.7° 169.2
3 7.04 (s) 1312 140.7
4 171.7° 157.2
S 104.5 105.4
6 193.1 4.10 (br s) 66.9
7 73.7 72.8
8 422 (dd, 102. 2.1) 89.0 412 (br d, 12.0) 87.9
9a 1.86 (m) 29.1 1.65 (m) 292
9b 1.78 (m) 1.90 (m)

10a 168 (m) 26.8 142 (m) 27.8
10b 1.46 (m) 1.56 (m)

11 138 (m) 326 134 (m) 326
12 1.37 (m) 238 1.34 (m) 236
13 0.93 (t, 6.0) 144 091 (4 60) 143
14a 5.04 (br s) 92.5
14b 4.89 (br s)

15 1.19 (s) 189 129 (s) 197

“Spectra recorded at 500 MHz. “Spectra recorded at 125 MHz. Data
based on 'H, *C, HSQC, and HMBC experiments. “Overlapped.

methine at §c 64.1 in 4 were absent in compound 2. The
observation of one ketone group at §c 193.1 and the HMBC
correlations from the protons of the singlet methyl (C-15) to
the ketone implied that the hydroxyl at C-6 in 4 was oxidized
into a ketone in 2. HMBC correlations from the new aromatic
proton at oy 7.04 to C-1 and C-5 proved the presence of a
novel y-lactam ring. Compound 2 was determined tentatively to
have the same configuration as 1 based on the similarity of their
NMR data and the same sign of their optical rotations.

Compound 3" was also isolated as a yellowish oil. The
HRESIMS showed the quasi-molecular ion peak at m/z
290.1367 (caled for C,H, NO,Na, 290.1368) implying the
molecular formula C,,H,;NO,, one CH,O less than that of 4.
The 'H and *C NMR data (Table 2) of 3 and 4 were very
similar except that the methoxy group at N-2 in 4 was absent in
3, which is also consistent with the observation from the HR-
ESIMS. The absolute configuration of compound 3 was
determined to be the same as that for 4.

A biosynthetic origin of compound 1 was proposed as shown
in Scheme 1. The precursor of the side chain at the 14-position
in compound 1 could be cysteine, which is converted to
mercaptolactate readily in microorganisms.'® Nucleophilic
addition of the mercaptolactate thiol to C-14 of compound 3
generates the intermediate 1/, and 1’ is oxidized to the another
intermediate 1”. It is also plausible that 1” is generated from
mercaptopyruvate and compound 3. The nitrogen atom of 1”
undergoes intramolecular nucleophilic addition to the ketone of
the mercaptopyruvate moiety, leading to the formation of yet
another intermediate 1”. Dehydration of 1” yields the final
product 1 (Scheme 1a). We tried to identify intermediates 1'—
1”7, but were unsuccessful. However, the intermediate (8,
Scheme 1b) generated from mercaptolactate and compound 4
was reported in SciFinder, although no reference was cited.

The treatment of MDA-MB-231 breast cancer cells with the
new compounds 1—3 were conducted at 10 uM. The results
showed that 3 inhibited intracellular phospho-Tyrosine STAT3
(pY70SSTAT3) (Figure 4), suggesting the potential inhibition
of aberrant STAT3 activity in the tumor cells. Compound 3
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Scheme 1. Proposed Biosynthetic Pathways for Compounds
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Figure 4. MDA-MB-231 treated with 10 M of compound 3.

was also tested as active against A2780 and A2780cisR
(cisplatin-resistant A2780) with an ICq, of 15.0 and 52.4 uM,
respectively, indicating that 3 may have another target in the
cancer cells.

There are a few publications about 4-pyranone—y-lactams or
related compounds such as cordylactam from Cordyceps sp.,"”
pyranonigrins from Aspergillus niger,'® curvupallides from
Curvularia pallescens,"® and phaeosphaerides from Phaeosphae-
ria avenaria,’ but the tricyclic 4-pyranone—y-lactam—1,4-
thiazine moiety as shown in paraphaeosphaeride A (1) has
not been reported in natural products before. The discovery of
paraphaeosphaeride A (1) might provide a new target for
synthetic chemists, and its uncommon structure skeleton is also
worthy of further biosynthetic investigation.
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Experimental procedures and spectroscopic data for all new
compounds. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
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