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ABSTRACT

Phaeosphaeride A, a nitrogen-containing bicyclic compound produced by an endophytic fungus, inhibits signaling by the transcription factor
STAT3.

The signal transducer and activator of transcription (STAT)
3 plays a vital role in regulating cell growth and survival. In
response to growth factor and cytokine stimulation, STAT3
is phosphorylated, dimerizes, and translocates into the
nucleus to up-regulate transcription of a wide spectrum of
genes. In many cancerssincluding breast,1 prostate,2 ova-
rian,3 and skin4sconstitutively activated STAT3 inappro-
priately upregulates genes that promote angiogenesis5 and
prevent apoptosis.6 A constitutively active mutant STAT3
is sufficient to cause cell transformation and tumor forma-
tion.7

The short STAT3 pathway offers few opportunities for
small molecule therapeutic intervention. The natural products

cucurbitacin I (1) and resveratrol (2) both inhibit STAT3
activity by targeting tyrosine kinase activators,8 and the
semisynthetic flavone flavopiridol (3) interferes with STAT3
binding to DNA (Figure 1).9 Flavopiridol is in phase I clinical
cancer trials, but in addition to disrupting STAT3-DNA
binding, flavopiridol also inhibits several growth-promoting
kinases.10 In an effort to identify other small molecule
inhibitors of STAT3, a 10 000-member library consisting
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primarily of natural product extracts was screened for the
ability to disrupt STAT3-DNA binding. Active molecules
were detected by adding test samples to cell lysate containing
activated STAT3 and incubating in oligonucleotide-coated
wells displaying the STAT3-binding sequence. Extracts that
inhibited STAT3-DNA binding were detected by ELISA
using a STAT3-specific primary antibody and a horseradish-
peroxidase-linked secondary antibody.11 This paper reports
the isolation of phaeosphaeride A (4), an inhibitor of STAT3
signaling, and its inactive diastereomer phaeosphaeride B (5).

Endophytic fungi were isolated from plant samples col-
lected in the Archbold Biological Station, a 5000-acre
preserve in Lake Placid, Florida, which is home to an
exceptionally high concentration of endemic and endangered
plant species representing the distinct evolutionary history
of the Florida highlands.12 To identify STAT3 inhibitors,
organic extracts of fungal cultures were added to cell lysate.

Endophyte FA39 showed uniquely potent activity against
STAT3. FA39 was identified by the rDNA sequence13 as
having 97% identity to the ascomycetePhaeosphaeria
aVenaria, the causative agent for a blotch disease of cereals.
In an effort to maximize production of STAT3 inhibitory
activity, FA39 was grown under a variety of conditions.
Interestingly, only the extracts from cultures grown on a
breakfast cereal showed activity against STAT3.14

To purify the STAT3 inhibitory compounds, fungal
material was first extracted exhaustively with methanol, and
the extract was clarified by centrifugation prior to evaporation
in vacuo. Isolation began with solvent partitioning. The

extract was redissolved in 90% aqueous methanol and
defatted with hexanes. The methanolic fraction was then
adjusted to 60% aqueous methanol and partitioned with
dichloromethane. The dichloromethane fraction was sub-
jected to chromatography on silica gel (50:1 dichloromethane/
methanol eluent), followed by reversed-phase HPLC (65%
aqueous acetonitrile eluent) to give pure phaeosphaeride A
(4) (Figure 2).

Phaeosphaeride A (4)16 was obtained as an optically active
([R] 25

D -93.6 (c 2.0, CH2Cl2)) yellow glass. HRESIMS
revealed an [M+ 1]+ ion with exact mass 298.1656,
corresponding to the molecular formula C15H23NO5 + H
(calcd 298.1654), and five degrees of unsaturation. The13C
NMR spectrum of 4 contained 15 carbon resonances,
consistent with the HRMS data. Comparison of the13C NMR
and DEPT spectra of4 revealed five quaternary carbons,
two methine carbons, five methylene carbons, and three
methyl carbons. Attached protons for each carbon were
established by1H-13C HMQC.

Three spin systems were observed in the double quantum-
filtered 1H-1H COSY (dqfCOSY) spectrum of4 in DMSO-
d6 (Figure 3a). One spin system extended from the methyl

protons atδ 0.85 (H-13) through four sets of methylene
protons (δ 1.28, H-12; 1.27, H-11; 1.44, H-10; 1.51 and 1.82,
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Figure 1. Selected inhibitors of STAT3 signaling.

Figure 2. Structures (including relative stereochemistry) of the
phaeosphaerides.15

Figure 3. (a) Spin systems observed in the dqfCOSY spectrum of
phaeosphaeride A (4). (b) Important HMBC correlations for4. (c)
Important NOEs for4.
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H-9) to the methine proton atδ 4.07 (H-8), corresponding
to a straight six-carbon chain. A second spin system consisted
of the two protons of a terminal alkene (δ 4.96 and 4.97,J
) 1.8 Hz, H-14). In the remaining spin system, a proton at
δ 3.86 (H-6) coupled to a proton signal atδ 5.44 (OH-6,J
) 5.3 Hz). The latter signal was not observed in the1H NMR
spectrum taken in CD3OD, indicating an exchangeable
proton.

Correlations seen in the1H-13C HMBC spectrum of4
established the carbon skeleton shown in Figure 3b. Methyl
protons atδ 1.18 (H-15) and an exchangeable proton atδ
4.92 (OH-7) both showed strong correlations to methine
carbons atδ 64.1 (C-6) and 86.2 (C-8) and to the quaternary
carbon atδ 70.8 (C-7), thus establishing the connectivity of
carbons C-6 through C-8 and the methyl and hydroxyl groups
attached to C-7. The methine proton atδ 3.86 (H-6) showed
1H-13C HMBC correlations to carbons atδ 104.7 (C-5),
155.2 (C-4), and 166.5 (C-1), in addition to (redundant)
correlations to carbons C-7 and C-8 (δ 70.8 and 86.2,
respectively). No other proton resonances showed correla-
tions to C-1 (δ166.5). The terminal alkene protons (δ 4.96
and 4.97, H-14) showed strong correlations to the carbon at
δ 155.2 (C-4) and to a carbon atδ 137.0 (C-3). C-3 can
only be located between C-14 and C-4. An observed
correlation from the methine proton H-8 (δ 4.07) to C-4 (δ
155.2) can only be explained if carbons C-4 through C-8
are arranged in a ring. The chemical shifts of C-4 (δ 155.2)
and C-8 (δ86.2) indicate they are connected by oxygen.

Of the five degrees of unsaturation allowed by the
molecular formula, four are accounted for by the ring
(connecting carbons C-4 through C-8), two double bonds
(connecting C-4 to C-5 and C-3 to C-14), and a carbonyl
group at C-1 (δ 166.5). Only a methyl group and one atom
each of nitrogen and oxygen remain from the molecular
formula. The remaining methyl group is very highly deshield-
ed, with a carbon chemical shift ofδ 63.7 and a proton shift
of δ 3.79 (H-16), and hence must be attached to oxygen.
The structure shown as4 is the only structure consistent with
all the NMR data and with the molecular formula determined
by HRMS.

The phase-sensitive NOESY spectrum of4 showed a
strong correlation between the deshielded methyl protons at
δ 3.79 (H-16) and the terminal alkene proton atδ 4.96
(H-14), confirming the placement of this methyl group
(Figure 3c). The NOE data are most consistent with the
relative stereochemistry shown in Figure 3c. An NOE
correlation between methine protons H-6 (δ 3.86) and H-8
(δ 4.07) establishes the pseudodiaxial relationship of these
hydrogens. Strong positive NOE correlations between both
of these hydrogens and methyl protons H-15 (δ 1.18), as
well as between the two OH protons (δ 5.44, OH-6, and
4.92, OH-7), suggest that both hydroxyls and the C-8 alkyl
chain are on the same face.

To confirm the configuration at C-7,p-bromobenzoyl
derivatives of phaeosphaeride A (4) were prepared.17 The
major product was determined by NMR to be the mono-p-
bromobenzoyl derivative of phaeosphaeride A (6). A second,
minor product was demonstrated to be the tri-p-bromoben-
zoyl derivative (7) (Figure 4). Attempts to crystallize6 and

7 were unsuccessful. However, NOE spectra for each
compound in DMSO-d6 provided additional evidence for the
relative stereochemistry shown. NOE correlations between
the methyl H-15 protons (δ 1.20 in 6; 1.21 in7) and both
pseudodiaxial protons H-6 and H-8 (δ 5.78 and 4.31 in6,
respectively; 5.75 and 4.16 in7) were stronger in6 and7
than in 4; presumably, the additional steric bulk provided
by the bromobenzoyl substitutions enforces a more defined
pseudochair conformation in the six-membered ring.

Examination of the1H NMR spectra of the inactive
fractions from FA39 revealed a relative of phaeosphaeride
A that eluted earlier from the silica column (20:1 dichlo-
romethane/methanol eluent). This compound was also puri-
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H-9a), 1.51 (m, 1H, H-9b), 1.44 (m, 2H, H-10), 1.28 (m, 2H, H-12), 1.27
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10), 21.6 (C-12), 17.9 (C-15), 13.7 (C-13);1H NMR (500 MHz, DMSO-
d6, δ) 5.49 (d,J ) 5.9 Hz, 1H, OH-6), 5.03 (d,J ) 2.0 Hz, 1H, H-14a),
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H-6), 1.86 (m, 1H, H-9a), 1.63 (m, 2H, H-10), 1.54 (m, 1H, H-9b), 1.33
(m, 2H, H-12), 1.32 (m, 2H, H-11), 0.90 (m, 3H, H-13), 0.88 (s, 3H, H-15).
Not all signals could be accurately integrated due to overlap.

Figure 4. p-Bromobenzoyl derivatives of phaeosphaeride A.
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fied by reversed-phase HPLC (70% aqueous acetonitrile
eluent) to give pure phaeosphaeride B (5).

Phaeosphaeride B (5)18 was obtained as an optically active
([R]25

D -157.2 (c 2.0, CH2Cl2)) orange glass. HRESIMS
revealed an [M+ 1]+ ion with an exact mass of 298.1660,
which is consistent with a molecular formula of C15H23NO5

+ H (calcd 298.1654), the same molecular formula as
phaeosphaeride A (4).1H and 13C NMR spectra of5 were
nearly identical to those for4. The only significant differ-
ences were the carbon chemical shift at C-8 (δ 80.3 in 5,
compared to 86.2 in4) and the carbon and proton chemical
shifts of the methyl group C-15 (δ 17.9 and 0.88 in5,
respectively; 20.5 and 1.18 in4). The NOESY spectrum of
5 lacked the diaxial correlation between the methine protons
H-6 and H-8, indicating that5 is a diastereomer of4,
differing in the stereochemical configuration at C-8.

The phaeosphaerides are related to several families of
fungal metabolites, most notably the curvupallides, e.g.,
curvupallide A (8) isolated fromCurVularia pallescens,19 and
the lipid-lowering spirostaphylotrichins/triticones, e.g., spiro-
staphylotrichin A/triticone C (9) (Figure 5) isolated inde-

pendently fromStaphylotrichum coccosporum20 and from
Drechslera tritici-repentis.21 These families of compounds
share the unusualo-methyl hydroxamic acid functional group
of the phaeosphaerides. However, the phaeosphaerides have
a previously unreported methyl group at C-15.

Phaeosphaeride A (4) inhibited STAT3 with an IC50 of
0.61 mM in the primary ELISA-based screen. However,
when tested in vivo using STAT3-dependent U266 multiple
myeloma cells, phaeosphaeride A (4) was almost 100-fold

more potent, inhibiting cell growth with an IC50 of 6.7 µM,
suggesting that4 may have another target in cells. An
additional target for4 was also suggested by its low
micromolar activity against the STAT3-independent K562
cell line. Phaeosphaeride A (4) is selective for STAT3 over
other STAT proteins; it has only slight activity against
STAT1 from U937 cells and no activity against STAT5 from
Nb2 cells in the ELISA-based assay (Figure 6). Phaeosphaeride

A (4) was also active against STAT3 from a second
cancer cell line (HepG2). Interestingly, its diastereomer
phaeosphaeride B (5) showed no activity against STAT3.

We have identified two fungal metabolites based on a new
carbon skeleton, one of which is an inhibitor of STAT3
signaling. The phaeosphaerides join the growing number of
pharmaceutically useful natural products from endophytic
fungi.22
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Figure 5. Fungal metabolites related to the phaeosphaerides.

Figure 6. Phaeosphaeride A (4) selectively inhibits STAT3. Data
shown are from ELISA using whole-cell lysates of the indicated
cancer cell lines.
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