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ABSTRACT:

Xylarenones C�E (2�4), three new eremophilane sesquiterpenes, have been isolated from solid substrate cultures of a Camarops-
like endophytic fungus isolated from Alibertia macrophylla. The structures were elucidated by analysis of spectroscopic data.
Compounds were evaluated in subtilisin and pepsin protease assays, and compound 2 showed potent inhibitory activity against both
proteases.

Both laboratory and field studies have demonstrated that wild
plant species require fungal endophytes for stress tolerance

and survival.1 Therefore, each of the nearly 300 000 species of
terrestrial plants on Earth may host one or more fungal
endophytes.2 Some endophyte�plant associations reportedly
confer benefits to host plants, including tolerance to herbivory,
heat, salinity, diseases, and drought.1 Moreover, the production
of bioactive secondarymetabolites by fungal endophytes could in
some cases enhance a plants ability to avoid microbial infections,
overpredation, and space competition by other invasive plant
species.3 Thus, the study of fungal endophytes is currently
considered a reasonable approach to the discovery of novel,
bioactive natural products.3,4

Proteases are important enzymatic targets because these
proteins control the formation of functional peptides that
participate in physiological processes.5 As part of our ongoing
search for new protease inhibitors from endophytic fungi of the
Cerrado and of the Atlantic Rain Forest of Brazil, four fungal
strains were isolated from Alibertia macrophylla (Rubiaceae).6

One strain (AM-02) yielded a crude extract with protease
inhibitory activity and was chosen for chemical, biological, and
taxonomic investigations. Herein we report the isolation of four
eremophilane sesquiterpenes, three of which are new, and all of

them displayed inhibitory activity toward pepsin. Compound 2
also inhibited subtilisin.

’RESULTS AND DISCUSSION

The sesquiterpene xylarenone A (1) was identified by com-
parison of its IR,MS, 1HNMR, and 13CNMRdata with literature
values for the same compound previously isolated from Xylaria
sp. NCY2. ([R]20D = þ144.1, c 4.614, CHCl3).

7

Xylarenone C (2) was isolated as an optically active, colorless
oil ([R]28D þ14). Analysis by HRESIMS indicated a [Mþ Na]þ

ion at m/z 455.2773, corresponding to the formula C26H40NaO5.
The IR spectrum of 2 showed a broad band at 3442 cm�1 (νO�H),
as well as bands assigned to ester (1730 cm�1) andR,β-unsaturated
carbonyl (1679 cm�1) functionalities. Analysis of 13C (BBD and
DEPT 135) NMR spectra indicated the presence of six methyl,
seven methylene, seven methine, and six nonprotonated carbons,
two of which were assigned to carbonyl groups, at δ 195.2 (R,β-
unsaturated ketone) and δ 175.0 (ester). The 1H NMR spectrum
of 2 showed the presence of a deshielded oxymethine proton at
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δ 5.41, assigned to H-1 by analysis of 1H�1H COSY and HMBC
spectra, as well as by comparison with data obtained for xylarenone
A (1).6 The remaining 1H and 13C NMR signals assigned to the
sesquiterpene moiety of 2 were practically identical to those of 1
(Table 1). The presence of a 2,4,6-trimethyloctanoic acid residue
attached to the sesquiterpene skeleton was indicated by the
presence of three methyl groups observed as doublets at δ 1.08,
0.77, and 0.75, along with a fourth methyl group as a triplet at

δ 0.77. These methyl groups were interconnected via methine and
methylene groups, the first of which at δ 2.50 (CH-20, δC 37.9)
attached to the saturated ester carbonyl (HMBC). A detailed
analysis of 1H�1H COSY and HMBC spectra allowed us to assign
the 1H and 13C chemical shifts to the sequentially connected
methine and methylenes units and to attach each methyl group to
the corresponding methine or methylene unit residue. The attach-
ment position of the 2,4,6-trimethyloctanoic acid residue to the

Figure 1. Structures of compounds 1�4 isolated from the Camarops-like endophyte. AM-02.

Table 1. 1H NMR Data for Xylarenones C�E, 2�4 (CDCl3, 500 MHz)

2 3 4

position δH (mult., J in Hz) δH (mult., J in Hz) δH (mult., J in Hz)

1 5.41 t (3.0) 5.49 dd (2.0, 2.0) 5.50 dd (2.0, 2.0)

2 1.94 m 1.56 m 1.50 m

3 1.86 m; 1.42 m 1.68 m 1.70 m

4 1.88 m 1.88 m 1.87 m

5

6 3.32 s 3.33 s 3.32 s

7

8

9 5.95 s 6.0 s 6.0 s

10

11

12 5.25 s; 5.33 dd (1.5, 1.0) 5.24 s; 5.31 dd (1.5, 1.0) 5.29 s; 5.23 s

13 4.12 d (13.5); 4.27 d (13.5) 4.14 d (13.0); 4.28 d (13.0) 4.14 d (13.0); 4.28 d (13.0)

14 1.23 s 1.23 s 1.23 s

15 1.06 d (7.0) 1.08 d (7.0) 1.08 d (6.5)

10

20 2.50 m

30 1.63 m 1.35 dd (14.0, 8.0); 1.60 dd (14.0, 4.0) 1.30 m; 1.38 m

40 1.39 m 1.55 m 1.62 m

50 1.29 m 0.83 m; 1.38 m 0.82 m; 0.84 m

60 1.19 m 1.23 m 1.46 m

70 1.35 m 1.28 m 3.52, dq (5.5, 6.5)

80 0.77 t (6.5) 0.78 t (7.5) 1.03 d (6.5)

90 0.75 d (6.5) 0.75 d (6.5) 0.76 d (7.0)

100 0.77 d (6.5) 0.88 d (6.5) 0.94 d (6.5)

110 1.08 d (7.0) 3.44 d (11.0); 3.60 d (11.0) 3.62 d (11.0); 3.46 d (11.0)
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sesquiterpene moiety of 2 was defined on the basis of HMBC
correlations between H-1 and C-10, and between H-9 and C-1, and
also by comparison of the CH-1 and CH2-13 chemical shift values
of compounds 1 and 2, which indicated a significant change at CH-
1, but not at CH2-13. The relative configuration of the sesquiter-
penemoiety of 2was established by comparisonwith data recorded
for 1, as well as by analysis of 1D-NOESY NMR spectra. Dipolar
couplings were observed between H-1 at δ 5.41 and H-9 (δ 5.95)
and between H-6 at δ 3.32 and Me-15 (δ 1.06) and Me-14
(δ 1.23). The (1R*, 4S*, 5R*, 6R*, 7R*) relative stereochemistry is
in agreement with the structure of 1 and with other fungal
eremophilane sesquiterpenes.9�11 The configurations at C-20,
C-40, and C-60 of the octanoate ester unit were not established.
Other fungal eremophilane-type sesquiterpenes are known that
also possess a branched unsaturated fatty acid unit chain attached at
either C-1 or C-3.8,9 Compound 2 is a new eremophilane-type
sesquiterpene with a branched fatty acid attached to the C-1
position, for which we propose the name xylarenone C.

Xylarenone D (3) was also isolated as an optically active,
colorless oil ([R]28D þ41). HRESIMS analysis of the quasi-
molecular [MþNa]þ ion atm/z 487.2666 indicated the formula
C26H40NaO7, with two additional oxygen atoms relative to
compound 2. Comparison of the 1H and 13C NMR spectra of
3 and 2 indicated that the only difference is that 3 has two
additional OH groups, attached to C-20 and C-110. The methy-
lene H2-110 showed HMBC correlations to C-10 and C-20, and
the methylene H2-30 showed HMBC correlations to C-20, C-40,
C-100, and C-110. Analysis of the remaining signals and correla-
tions in the 1H, 13C, 1H�1H COSY, HMBC, and NOEdiff
spectra confirmed that 3, named xylarenone D, had the same
overall structure as 2, with additional hydroxyl groups placed at
C-20 and C-110.

The optically active oil xylarenone E (4, [R]28D þ14)
displayed a quasi-molecular ion [M � H]� at m/z 479.2647,
corresponding to the formula C26H39O8. Analysis of the

1H and
13C NMR spectra indicated that 4 and 3 were closely related,
except for the presence of a carbinolic carbon resonating at δC
71.7 connected to the H-70 oxymethine group at δ 3.52 (dq, 5.5,
6.5 Hz). 4 was thus established as the 70-hydroxyl derivative of 3
and named xylarenone E.

Eremophilane sesquiterpenes are well-known secondary me-
tabolites of both fungi and higher plants, and members of this
class display phytotoxic,12 mycotoxic,12 phytohormonic,12 carci-
nostatic,8 antifouling,8 plant growth regulatory,8 enzyme
inhibitory,13 antibacterial,14 and cytotoxic activities.14

The protease inhibitory activity of compounds 1�4 was eval-
uated in vitro using the enzymes subtilisin and pepsin.15 Compound
2 showed potent inhibitory activity in the pepsin (IC50 = 0.288μM)
and subtilisin (IC50 = 0.462 μM) protease assays. Compound 1
also significantly inhibited pepsin activity (IC50 = 2.43 μM).
Substances 1, 3, and 4 did not display inhibitory activity on subtilisin
(<10%) at any of the four concentrations tested (1.00, 0.1, 0.01,
and 0.001 μM); therefore IC50 values could not be determined.
These results suggest a negative correlation between protease
inhibitory activity and hydroxyl groups on the aliphatic side chain
of compounds 3 and 4.

Data derived from sequencing and BLAST analysis of the 28S
rDNA showed that isolate AM-02 had 95% sequence identity
with several species within the genus Camarops (Ascomycota:
Boliniales, Boliniaceae). Ecologically, Camarops spp. are consid-
ered wood-inhabiting fungi and are found in both temperate and
tropical regions.16�18 Cultures of AM-02 form abundant white

aerial mycelium with the reverse side of the colony becoming
orange-brown with age. Camarops spp. are characterized by
stromatic ascomata with brown ascospores.

However, after cultivation in malt-extract agar, potato-
dextrose agar, and oatmeal agar, isolate AM-02 failed to produce
ascomata and ascospores. Moreover, microscopic examination
revealed thin-walled hyphae, but no asexual reproductive
structures.

Overall, data derived from molecular and phylogenetic ana-
lyses suggest that strain AM-02 is related to Camarops species
and likely represents a new taxon. The production of new
sesquiterpenes by this isolate supports this hypothesis.

The present report describes the new xylarenone sesquiter-
penes 2�4, which are xylarenones bearing polypropionate (or
poly-AdoMet)-derived acids attached at C-1. These compounds
are closely related to berkleasmins very recently isolated from the
saprobic fungus Berkleasmium nigroapicale BCC 8220.19 These
unusual esters indicate that the Camarops-like endophyte AM-02
produces an esterification enzyme for the biosynthesis of xylar-
enone esters that is different from that of Xylaria sp. NCY2,7 but
similar to that of B. nigroapicale BCC 8220.20

’EXPERIMENTAL SECTION

General Experimental Procedures. 1H NMR (500 MHz), 13C
NMR (126 MHz), HMBC, HMQC, and COSY experiments were
recorded on a Varian DRX-500 spectrometer, using the residual non-
deuterated signal as internal standard. Mass spectra were measured on a
Q-TOF Micromass spectrometer, using the ESI mode and MeOH�
H2O (1:1) as solvent (cone voltage 25 V). IR spectra were obtained
using a Perkin-Elmer FTIR-1600 series spectrometer, using KBr pellets.
Optical rotations were measured using a Perkin-Elmer polarimeter with
a sodium lamp operating at 28 �C, with sample cell volume of 1 mL
(MeOH). TLC analyses were performed using Merck silica gel 60 (230
mesh) and precoated silica gel 60 PF254. Spots on TLC plates were
visualized under UV light and by spraying with anisaldehyde�H2SO4

reagent followed by heating at 120 �C. Preparative HPLC was per-
formed on a Varian Prep-Star 400 system using a Phenomenex C18 (250
mm � 21.2 mm) preparative column. Analytical HPLC was performed
on a Varian Pro Star 230 using a Phenomenex C18 column (250 mm�
4.6 mm). Column chromatography (CC) was performed over reversed-
phase silica gel 230�400 mesh (Merck). Fluorescence bioassay data
were collected with a SynergyTMHTMultidetection microplate reader
(Bio-Tek Instruments, Inc., Winooski, VT, USA), with 360 nm excita-
tion and 460 nm emission filters, and analyzed using KC4 software (Bio-
Tek Instruments) and Microsoft Windows XP. IC50 values were
calculated using GraphPad Prism 4 software with nonlinear regression
fit analysis.
Plant Material. Authenticated Alibertia macrophylla K. Schum.

(Rubiaceae) was collected in Estac-~ao Ecol�ogica Experimental de
Mogi-Guac-u, Fazenda Campininha, Mogi-Guac-u, S~ao Paulo, Brazil, in
November 2003. Identification ofA. macrophyllawas secured byDr. Inês
Cordeiro (Institute of Botany, S~ao Paulo, Brazil), and a voucher speci-
men was deposited at the Herbarium of the Institute of Botany of S~ao
Paulo, Brazil (voucher no. SP 370915).
Fungus Isolation and Identification. The endophytic fungus

AM-02 was isolated from adult and healthy leaves of A. macrophylla that
were selected and subjected to surface sterilization. Leaves were first
washed with water and soap, then immersed in a 1% aqueous sodium
hypochlorite solution for 5 min and in 70% aqueous EtOH for 1 min.
A second washing with H2O and soap was performed, and finally the
leaves were immersed in sterile H2O for 10 min. Sterilized leaves were
cut into 2 � 2 cm pieces and deposited on a Petri dish containing PDA
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(potato-dextrose agar) and anthramicine sulfate (50 μg/mL) with
approximately 3 to 4 pieces on each dish.21 The pure fungal strain was
obtained after serial transfers on PDA andwas deposited as AM-02 at the
NuBBE fungi collection in Araraquara, Brazil (stored in sterile water at
25 �C).21

The endophytic fungus AM-02 was classified on the basis of a polyphasic
approach (morphological, molecular, and phylogenetic analyses). The 28S
rDNA (D1/D2 region) was amplified and sequenced.22 The set of primers
used for 28S rDNAamplificationwereNL-1 (50- GCATATCAATAAGCG-
GAGGAAAAG-30) and NL-4 m (50-GGTCCGTGTTTCAAGACG-30)
and for sequencing were NL-1 (50- GCATATCAATAAGCGGAGGA-
AAAG-30), NL-2m (50-CTTGTGCGCTATCGGTCTC-30), NL-3m (50-
GAGACCGATAGCGCACAAG-30), andNL-4m(50-GGTCCGTGTTT-
CAAGACG-30).

Partial 28S rDNA sequences obtained from the endophytic fungus
were assembled using the Phred/phrap/Consed software. Identifica-
tion was performed by comparing the contiguous rDNA sequences
obtained with rDNA sequence data from reference strains available in
the public CBS Fungal Biodiversity Centre database (http://www.cbs.
knaw.nl/fungi/BioloMICSSequences.aspx) and GenBank (http://
www.ncbi.nlm.nih.gov) by using the BLASTn routine. The sequences
were aligned using the CLUSTAL X program23 and analyzed with
MEGA software version 4.0.24 The evolutionary distances were
derived from the sequence-pair dissimilarities, calculated as implemen-
ted in MEGA using the DNA substitution model.25 The phylogenetic
reconstruction was done using the neighbor-joining (NJ) algorithm,26

with bootstrap values calculated from 1000 replicate runs using the
routines included in MEGA software. The nucleotide sequence
determined was deposited in the GenBank database under the acces-
sion number GQ475287. A phylogenetic tree of AM-02 is provided in
the Supporting Information.

Morphological investigation was carried out in light of results
obtained by the molecular analysis. Cultures grown on malt-extract
agar, potato-dextrose agar, and oatmeal agar for 25 days at 28 �C were
observed under a stereomicroscope (Leica MZ6, Wetzlar, Germany) in
order to study the colony characteristics. In addition, details of the
micromorphology were observed under a light microscope (Leica DM
LS, Wetzlar, Germany) using wet mounts stained with cotton blue.
Fungal Growth. Extraction and Isolation. The endophytic

fungus strain AM-02 was cultivated in nine 500 mL Erlenmeyer flasks,
each containing 90 g of corn and 75 mL of H2O. The medium was
autoclaved four times (in four consecutive days) at 121 �C for 40 min.
After medium sterilization, the medium was inoculated with the
endophyte and incubated stationary at 25 �C for 21 days. At the end
of the incubation period, the cultures were combined, ground, and
extracted with MeOH (6 � 250 mL). The solvent was evaporated, to
give a crude MeOH extract (5.2 g). The MeOH extract was dissolved in
MeCN and defatted with hexane by liquid partitioning. The MeCN
fraction was evaporated to give 0.860 g.

The crudeMeCN extract was fractionated by C18 RPCC eluted with a
H2O�MeOH gradient (20�100% MeOH), affording 10 fractions
(A�J). Fraction F (55.5 mg) was submitted to a preparative HPLC
separation using H2O�MeOH (75:25 v/v, 10 mL min, λmax = 366 nm)
as eluent. The new eremophilane sesquiterpene 4 was obtained (5.9 mg,
tR = 50 min). Fraction G (360 mg) was submitted to C18 RPCC using a
gradient of H2O in MeOH, to yield 11 subfractions (GA�GK).
Subfraction GD (7.0 mg) was isolated as crystals and was identified as
compound 1. Fraction H (205mg) was submitted to silica gel CC eluted
with a gradient of EtOAc in hexane, to give 14 subfractions (HA�HN).
Subfraction HA (7.4 mg) was identified as compound 2. Subfractions
HD�HH were submitted to a second silica gel CC with a stepwise
gradient of EtOAc in hexane, then a gradient ofMeOH in EtOAc. Eleven
fractions were obtained. Subfraction HD-HH-14-20 (65 mg) was
purified by silica gel CC with a gradient of MeOH in CHCl3 and yielded

10 subfractions. Subfraction HD-HH-14-20-33 was identified as com-
pound 3 (3.0 mg).
Protease Inhibitory Activity. Pepsin from porcine gastric mu-

cosa, recombinant type VIII subtilisin Carlsberg, Arg-Glu-(EDANS)-
Ser-Gln-Asn-Tyr-Pro-Ile-Val-Gln-Lys-(DALBCYL)-Arg fluorogenic
substrate, and DMSO spectrophometric grade (Sigma-Aldrich, S~ao
Paulo, Brazil) were used. Compounds (1.0, 0.1, 0.01, and 0.001
μg/mL) were preincubated with subtilisin (37 nM) or pepsin
(1.7 nM) for 1 h and then transferred to a black opaque microplate,
and the substrate EDANS-DABCYL (2 μM) was injected. The final
assay volume was 100 μL. Measurements were collected for 1 h at 1 min
intervals. The mean of triplicates was calculated, and the IC50 values
were estimated using the final fluorescence intensity. The value obtained
in the standard assay (enzyme, buffer, and substrate) was used as a
reference sample containing zero concentration of inhibitor. Com-
pounds were dissolved in DMSO, and samples tested were diluted in
the respective buffer of each enzyme, i.e., 0.1 M sodium phosphate (pH
7.5) for subtilisin and 0.1 M sodium acetate (pH 4.4) for pepsin. Since
benzopyran derivatives are known to be classical inhibitors of aspartic
and serinic protease, the coumarins warfarin and dicoumarol were used
as inhibitory standards.5

Xylarenone C (2): colorless oil; [R]28Dþ14 (c 0.18 inMeOH);UV
λmax (MeOH)/nm 235; IR (KBr) νmax/cm

�1 3442 (OH), 1730 (CO),
1679 (CO); 1H NMR in Table 1; 13C NMR in Table 2; HRESIMS m/z
[M þ Na]þ 455.2773 (calculated for C26H40NaO5, 455.2773).
Xylarenone D (3): colorless oil; [R]28Dþ41 (c 0.1 in MeOH); UV

λmax (MeOH)/nm 234; IR (KBr) νmax/cm
�1 3450 (OH), 1733 (CO),

Table 2. 13C NMR Data for Xylarenones C�E (2�4)
(CDCl3, 125 MHz)

2 3 4

position δC (mult.) δC (mult.) δC (mult.)

1 74.0, CH 76.6, CH 76.5, CH

2 31.0, CH2 31.0, CH2 31.0, CH2

3 25.0, CH2 25.0, CH2 25.0, CH2

4 37.2, CH 37.1, CH 37.2, CH

5 40.9, C 40.8, C 40.9, C

6 69.1, CH 69.1, CH 69.2, CH

7 63.2, C 63.1, C 63.7, C

8 195.2, CdO 194.4, CdO 194.4, CdO

9 125.7, CH 126.4, CH 126.4, CH

10 157.8, C 156.4, C 156.4, C

11 142.6, C 142.3, C 142.6, C

12 116.4, CH2 116.1, CH2 115.9, CH2

13 63.7, CH2 63.7, CH2 63.7, CH2

14 18.6, CH3 18.3, CH3 18.4, CH3

15 15.7, CH3 15.7, CH3 15.8, CH3

10 175.0, CdO 174.6, CdO 174.0, CdO

20 37.9, CH 79.0, C 79.0, C

30 41.5, CH2 41.8, CH2 42.0, CH2

40 28.3, CH 26.7, CH 27.5, CH

50 44.8, CH2 45.8, CH2 41.3, CH2

60 31.4, CH 31.5, CH 37.5, CH

70 29.0, CH2 28.7, CH2 71.7, CH

80 11.1, CH3 11.1, CH3 19.3, CH3

90 19.6, CH3 18.3, CH3 15.7, CH3

100 19.6, CH3 21.6, CH3 22.0, CH3

110 18.1, CH3 68.3, CH2 68.3, CH2



1357 dx.doi.org/10.1021/np1005983 |J. Nat. Prod. 2011, 74, 1353–1357

Journal of Natural Products ARTICLE

1676 (CO); 1H NMR in Table 1; 13C NMR in Table 2; HRESIMS m/z
[M þ Na]þ 487.2666 (calculated for C26H40NaO7, 487.2671).
Xylarenone E (4): colorless oil; [R]28Dþ14 (c 0.11 inMeOH); UV

λmax (MeOH)/nm 234; IR (KBr) νmax/cm
�1 3448 (OH), 1730 (CO),

1674 (CO); 1H NMR in Table 1; 13C NMR in Table 2; HRESIMS m/z
[M � H]� 479.2647 (calculated for C26H39O8, 479.2645).
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Table 3. Inhibitory Activity of Compounds 1�5 (IC50 in μM)

compound subtilisin pepsin

1 nda 2.43

2 0.462 0.288

3 nd 115

4 nd 127.2

5 nd nd

Warfarin 24.59 0.00832

dicoumarol 1.30 4.57
a nd: not determined.


