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ABSTRACT

Sterostreins A�E (1, 2, 3a/3b, 4, and 5), five novel terpenoids, were isolated from cultures of the mushroom fungus Stereum ostrea BCC 22955.
Sterostrein A (1) exhibited antimalarial activity (IC50 2.3 μg/mL) and cytotoxicity (IC50 5.3�38 μg/mL).

Mushroom fungi belonging to the genus Stereum have
been the source of bioactive compounds; in particular,
sesquiterpenes are one of the most common con-
stituents of fruiting bodies or cell cultures. Examples
include hirsutanes,1�3 sterpuranes,4 cadinanes,5,6 and
stereumanes.7 As part of our research program on the
utilization of fungal sources in Thailand, we investigated
secondarymetabolites of Stereum ostrea BCC 22955 as the
1H NMR spectrum of an extract from a culture of this
fungus showedunique resonancepatterns.Therehas beena
few reports of chemical studies on this species; isolation of a
drimane-type sesquiterpene (methoxylaricinolic acid),8

β-lactones (ostalactonesAandB),9 and L-pipecolic acid and

trans-5-hydroxy-L-pipecolic acid.10 Scale-up fermentation of
strainBCC22955andchemical studies resulted in the isolation
of three dimeric sesquiterpenes, sterostreinsA (1), B (2) andC
(3a/3b), and two illudalanes, sterostreins D (4) and E (5).

Stereum ostrea BCC 2295511 was fermented in 20� 1 L
Erlenmeyer flasks containing 250mLofmalt extract broth
(MEB) at 25 �C for 130 days under static conditions. The
cultures were filtered to separate culture broth (filtrate)
and mycelia (residue). The EtOAc extract from culture
broth (2.25 g) was subjected to column chromatography
on silica gel (MeOH/CH2Cl2) and the fractions were
purified by preparative HPLC using a reversed phase
column (MeCN/H2O) to furnish 4 (19.2 mg) and 5 (29.0
mg). The mycelial extract (283 mg) was also fractionated
by column chromatography on silica gel and preparative
HPLC to obtain 1 (1.9 mg), 2 (3.0 mg), 3a/3b (2.1 mg), and
5 (2.0 mg).
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(12) Sterostrein A (1): colorless gum; [R]27D �163 (c 0.10, MeOH);
UV (MeOH) λmax (log ε) 209 (4.10), 283 (4.16) nm; IR (neat) νmax 3344,
1659, 1651, 1622 cm�1; 1HNMR (500MHz, CDCl3) and

13CNMR (125
MHz, CDCl3) data, see Table 1; HRESI-MS m/z 455.2194 [M þ Na]þ

(calcd for C28H32O4Na, 455.2193).
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Sterostrein A (1) was isolated as a colorless gum.12 The
molecular formula was determined by HRESI-MS as
C28H32O4. The

1H and 13CNMR,DEPT135, andHMQC
data for 1 supported the presence of eight sp2 quaternary
carbons, six sp2 methine carbones, four sp3 quaternary
carbons, three methines, two methines, two methylenes,
and six methyl groups (Table 1). The planar structure was
elucidated by interpretation of COSY and HMBC data.
Thus, HMBC correlations from geminal dimethyl groups
(H3-10 and H3-11) to an olefinic methine (C-1), C-2, and
C-3, and the correlations from the olefinic proton H-1 to
C-2, C-3, C-4, and C-9 revealed the five-membered ring.
The tricyclic linkages were established by the HMBC
correlations: fromH-1 and H-15 to the doubly conjugated
ketone carbonyl (C-8, δC 184.7), fromH-4 andH-13 to the
tertiary alcohol carbon (C-5, δC 73.9), and from H3-12 to
C-4 and C-6. The bicyclic unit was also deduced from the
HMBC correlations: from the geminal dimethyl group
(H3-10

0 and H3-11
0) to C-10, C-20, and C-30, from H-10 to

C-20, C-30, C-40, C-80, and C-90, from H3-12
0 to C-40, C-50,

and C-60, and from H-70 to C-50, C-60, and C-90. The
connection of the two units at C-130�C-60 was also accom-
plished by the key HMBC correlations from H-15 and
H-140 to C-60 and from H-70 to C-130 (Figure 1). The
relative configurations at C-4/C-5 and C-40/C-50 were
addressed on the basis of NOESY correlations
(Figure 1). The NOESY correlation of HR-3/H-4 was
relatively much weaker than that of Hβ-3/H-4, while an
intense cross-peak of HR-3/H3-12 was observed. Similar
NOESY correlations for the bicyclic unit indicated the
anti-relation of H-40 and CH3-12

0. NOESY correlations
fromH3-12

0 to H-15 andH-140 and fromH-70 toH-15 and

H-140 suggested that the rotation of the C-130�C-60 axis
was not restricted in CDCl3.
The molecular formula of sterostrein B (2) was estab-

lished by HRESIMS as C28H36O4.
13 Detailed analysis of

the NMR spectroscopic data (1H, 13C, DEPT135, COSY,
HMQC, and HMBC) revealed that it was a tetrahydro
derivativeof 1. The cis ring junctionof the tricyclic unitwas
addressed by the NOESY correlations. Thus, intense
NOESY correlation of H-4 and H-9 was observed, and
both these protons exhibited cross-peaks to H3-11. The
relative configuration of the bicyclic unit (C-90, C-40, and
C-50 positions) proved to be the same sense as the tricyclic
unit on the basis of the similar NOESY correlations.
Sterostrein Cwas isolated as an inseparablemixture of a

pair of isomers 3a/3b.14 The 1H and 13C NMR spectra
showed two sets of resonances of dimeric sesquiterpene
similar to 1 in a ratio of ca. 2:1. The significant differences
of theNMRdatawere thepresenceof ahemiacetal carbon,
3a (δC 101.1, δH 6.64) and 3b (δC 101.4, δH 6.50), and the
absence of H-13. The location of the hemiacetal function-
ality was supported by the NOESY correlation fromH-14
to H-140 both for 3a and 3b and the downfield shift of C-5
(3a δC 83.9; 3b δC 84.9) when compared with 1 (δC 73.9).
IntenseNOESYcorrelations ofHR-3/H3-12were observed
for both 3a and 3b, which indicated that these isomers
possess the same relative configuration of C-4/C-5. Since
the significant 1H and 13CNMR chemical shift differences
between 3a and 3b were found around the hemiacetal
moiety (Table 1), they were assigned as C-14 emimers,
which could interconvert. The NOESY correlation from
H-14 to H3-12 was observed for 3a but not for 3b. These
data indicated that 3a should be the 14β�OH isomer.
Sterostrein D (4) was assigned the molecular formula of

C15H20O4 by HRESI-MS.15 The illudalane skeleton was

Figure 1. Selected HMBC and NOESY correlations for 1.

(13) Sterostrein B (2): pale yellow gum; [R]27D�90 (c 0.135, MeOH);
UV (MeOH) λmax (log ε) 206 (4.27), 248 (4.23) nm; IR (neat) νmax 3343,
1668, 1620 cm�1; 1HNMR(500MHz,CDCl3) and

13CNMR(125MHz,
CDCl3) data, see Table 1; HRESI-MS m/z 459.2508 [M þ Na]þ (calcd
for C28H36O4Na, 459.2506).

(14) Sterostrein C (3): pale yellow powder; [R]27D �139 (c 0.115,
MeOH); UV (MeOH) λmax (log ε) 209 sh (4.24), 283 (4.22) nm; IR (neat)
νmax 3343, 1660, 1621 cm

�1; 1HNMR(500MHz,CDCl3) and
13CNMR

(125 MHz, CDCl3) data, see Table 1; HRESI-MS m/z 461.2323
[M þ H]þ (calcd for C29H33O5, 461.2320).

(15) SterostreinD (4): colorless gum; [R]28D�41 (c 0.10,MeOH);UV
(MeOH) λmax (log ε) 207 (4.10), 264 sh (3.35) nm; IR (neat) νmax 3342,
2955, 1763, 1687, 756 cm�1; 1HNMR (400MHz, CDCl3) and

13CNMR
(100 MHz, CDCl3) data, see Supporting Information; HRESI-MS m/z
287.1256 [M þ Na]þ (calcd for C15H20O4Na, 287.1254).
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established by interpretation of the 1D and 2D NMR
spectroscopic data. The presence of a furan ring attached
with a hydroxymethyl group was deduced on the basis of
the HMBC correlations from an sp2 methine at δH 7.85
(H-15) to the aromatic quaternary carbons C-6, C-7, and
C-13, and from H2-14 to C-6 and C-13. The relative con-
figuration was deduced from the NOESY data. Intense
cross-peak between H-4 and H-9 and a weak correlation
from H-4 to Hβ-1 revealed the cis ring junction.
Sterostrein E (5)16 was identified as the C-9 epimer of 4.

The NOESY correlations H-4/Hβ-1, H-9/HR-3, and H-9/
H3-12 established the trans ring junction and relative
configuration of the C-9, C-4, and C-5 positions. In an
initial effort to determine the absolute configurations
of 4 and 5, we prepared their 14-O-p-bromobenzoate

derivatives (p-bromobenzoyl chloride, pyridine, rt), where-
in we observed the epimerization of 5 at C-9 to give a
mixture of isomeric acylated products. This result further
confirmed that 4 and 5 possess the same relative config-
uration of C-4/C-5.
The absolute configuration of the key illudalane mono-

mer 4 was determined by application of the modified
Mosher’s method.17 LiAlH4 reduction (THF, 0 �C) of
sterostrein D (4) gave the 8β-hydroxy derivative 6 as the
major reaction product, which was transformed to a
p-bromobenzoate 7. The configuration atC-8was addressed
on the basis of the NOESY correlations for both 6 and 7.
Intense NOESY correlation from H-8 to HR-1 indicated
the R-orientation of H-8. The cross-peak fromH-8 to H-9
was relatively much weaker, and the correlation between
H-8 and Hβ-1 was not observed. (S)- and (R)-MTPA ester
derivatives, 8a and 8b, were synthesized by reactions of 7

Table 1. NMR Data of Sterostreins A (1), B (2), and C (3a/3b) in CDCl3

1 2 3a/3b (ca. 2:1)

no. δC δH, mult. (J in Hz) δC δH, mult. (J in Hz) δC δH, mult. (J in Hz)

1 151.3 6.81, d (2.6) 45.2 R 1.48, dd (13.2, 7.5) 152.9e /152.8e 6.87, d (2.5)/6.87, d (2.5)

β 1.93, ddd (13.2, 9.3, 1.3)

2 45.59a 39.2 46.3 f /46.2f

3 39.7 R 1.97, dd (13.2, 8.3) 44.1 R 0.94, t (12.4) 39.4/39.4 R 1.98, m/1.99, m

β 2.19, dd (13.2, 8.1) β 1.61, m β 2.09, m/2.04, m

4 54.5 3.56, dt (2.6, 8.1) 50.4 2.94, m 54.9/54.1 3.56, dt (2.6, 8.1)/3.51, dt (2.5, 8.2)

5 73.9 70.9 83.9/84.9

6 152.6 145.4 152.8/153.1

7 132.1 132.6 129.1/129.0

8 184.7 201.9 184.1/184.0

9 137.4 47.9 3.35, q (8.6) 137.9h/138.2h

10 28.5b 1.27, s 29.4 0.91, s 28.3/28.3 1.28,j s/1.27,j s

11 27.6c 1.17, s 28.4 1.04, s 27.2 g/27.1g 1.12, s/1.12, s

12 25.9 1.32, s 25.9 1.69, s 22.3/24.6 1.38, s/1.56, s

13 124.4 7.82, d (8.1) 124.8 7.49, d (8.0) 138.3h/138.2h

14 101.1/101.4 6.64, m/6.50, br d (4.2)

14-OH 3.32, m/3.49, br d (4.2)

15 127.6 8.10, d (1.8) 126.9 7.94, d (1.8) 126.8/126.6 7.92,k br s/7.90,k br s

10 148.9 6.62, d (2.6) 42.6 R 2.21, dd (13.6, 1.7) 149.1/149.1 6.63, d (2.4)/6.63, d (2.4)

β 1.68, dd (13.6, 8.6)

20 45.56a 37.4 45.6/45.6

30 39.4 R 1.88, dd (13.2, 8.4) 44.4 R 1.22, t (12.9) 39.5i/39.4i R 1.89, dd (13.2, 8.5)/ 1.89, dd (13.2, 8.5)

β 2.02, dd (13.2, 8.3) β 1.58, m β 2.02, m/2.02, m

40 54.9 3.67, dt (2.6, 8.3) 53.2 2.69, dt (12.9, 6.5) 55.0/54.8 3.70, dt (2.4, 8.1)/ 3.68, dt (2.4, 8.1)

50 75.1 71.2 75.1

60 167.2 158.3 167.0/167.0

70 129.1 6.06, s 127.9 5.86, s 129.6/129.6 6.04, s/6.02, s

80 185.9 201.0 185.7/185.6

90 137.1 47.4 2.97, m 137.0/137.0

100 28.6b 1.25, s 31.40d 0.99, s 28.3/28.3 1.28,j s/1.27,j s

110 27.7c 1.16, s 31.37d 1.05, s 27.6/27.6 1.18, s/1.18, s

120 24.0 1.42. s 26.8 1.18, s 24.1/24.0 1.42,l s/1.40,l s

130 136.2 138.8 138.6/139.1

140 134.1 7.71, dd (8.1, 1.8) 132.3 7.66, dd (8.0, 1.8) 128.4/128.1 7.70, br s/7.67, br s

a�iThe assignment of carbons can be interchanged. j�lThe assignment of protons can be interchanged.

(16) Sterostrein E (5): colorless gum; [R]27D�22 (c 0.10,MeOH); UV
(MeOH) λmax (log ε) 207 (4.21), 269 (3.43) nm; IR (neat) νmax 3343, 2953,
1761, 1690, 755 cm�1; 1H NMR (400MHz, CDCl3) and

13C NMR (100
MHz, CDCl3) data, see Supporting Information; HRESI-MS m/z
287.1259 [M þ Na]þ (calcd for C15H20O4Na, 287.1254).

(17) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H. J. Am.
Chem. Soc. 1991, 113, 4092–4096.
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with (�)-(R)-MTPA-Cl and (þ)-(S)-MTPA-Cl, respec-
tively. The Δδ-values indicated the 8S-configuration
(Figure 2).

A plausible biogenetic pathway for the dimeric com-
pounds 1 and 3a/3b is proposed in Scheme 1. Illudalane 9
(a dehydro analogue of 4/5)18 may be converted to a
norilludalane 10,18 which could undergo Diels�Alder
reaction with 9 to give a cycloadduct 11. Subsequent
dehydrative aromatization and oxidation of the C-15
primary alcohol of 12 to aldehyde will give sterostrein C
(3a/3b). Sterostrein A (1) may be produced by further
oxidation to carboxylic acid and decarboxylation.
Although sesquiterpenes are one of the most common

constituents of Basidiomycete (mushroom fungi), illuda-
lanes are relatively rare.19 Sterostreins D (4) and E (5) are
novel furan-containing illudalanes. Chemical skeleton of
the dimeric compounds 1, 2 and 3a/3b is hitherto
unknown.20 Agrocybone, a bis-sesquiterpene recently iso-
lated fromabaidiomyceteAgrocybe salicacola, is proposed
as a plausible Diels�Alder adduct of an illudane

(dienophile) and an illudalane (diene),21 although its
structure totally differs from 1, 2, and 3a/3b.
As a part of our search for novel drug leads from Thai

fungal sources, compounds 1, 4, and 5 were subjected to
our biological assay protocols. Compounds 2 and 3a/3b

were not tested due to the sample shortage. Sterostrein A
(1) exhibited cytotoxicity against cancer cell lines (KB,
MCF-7, and NCI-H187) and nonmalignant Vero cells
with IC50 values of 38, 7.2, 5.3, and 12 μg/mL, respectively.
This compound also displayed activity against themalarial
parasitePlasmodium falciparumK1with an IC50 2.3μg/mL,
while it was inactive against Mycobacterium tuberculosis
H37Ra at a concentration of 50 μg/mL.Monomeric illuda-
lanes 4 and 5 were inactive in these assays except that 4
showed weak cytotoxicity to KB cells (IC50 26 μg/mL).
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Figure 2. Δδ-Values (δS � δR) of the Mosher esters 8a and 8b.

Scheme 1. Plausible Biogenetic Pathway for 1 and 3a/3b

(18) Compounds 9 and 10 have not been previously reported. In our
further study on this fungus (BCC 22955), we isolated 9 and a hydrated
analogue of 10 (possessing a 2-hydroxyethyl group instead of the C-130/
C-140 vinyl group) from a new fermentation batch.
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