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Abstract—Isolation and examination of diterpene hydrocarbons produced by the fungus Phoma betae allowed us to determine the
structures of eight compounds. Analysis by capillary GC with a cyclodextrin derived chiral stationary phase allowed us to
determine the absolute configuration of the diterpenes. The occurrence of aphidicolenes, stemar-13-ene, pimara- and isopimaradi-

enes demonstrates the diversity of diterpenes found in this fungus. © 2001 Elsevier Science Ltd. All rights reserved.

To date a number of natural diterpene hydrocarbons
have been found in plants,! whereas only a few studies
on structure elucidation of diterpene hydrocarbons in
fungi have been reported. Although several fungal
strains producing aphidicolin (1), a specific inhibitor of
DNA polymerase o, are known to yield more than six
diterpene hydrocarbons,?> no study was conducted to
determine their structures and absolute configuration.
During our study on the cloning of the aphidicolan-
16B-ol synthase gene, we found that a phytopathgenic
fungus Phoma betae® produces a number of diterpene
hydrocarbons. In order to clone and to characterize the
corresponding diterpene cyclase genes, we decided to
determine their structures. Herein, we report the diver-
sity of diterpene molecular skeletons produced by P.
betae.

GC-MS analysis of the less polar fraction from the
mycelial extracts of P. betae revealed that a major
product aphidicolan-16B-ol (2)* is accompanied by at
least 11 minor diterpene hydrocarbons (Fig. 1). The
mass spectra of these hydrocarbons showed characteris-
tic fragment peaks such as m/z 272 (M*) and 257
(M*—CH;). Compared with authentic samples® two of
them were identified as aphidicol-15-ene (3) and aphidi-
col-16-ene (4) which was proven to be a precursor of 1
in a minor biosynthetic pathway.* In order to determine
the structures of the remaining hydrocarbons, large
scale fermentation (21 L) was employed. The obtained
mycelial extract was separated on SiO, column flash

Keywords: diterpenes; structural elucidation; fungal metabolites.
* Corresponding authors.

chromatography to afford a hydrocarbon fraction
which was further chromatographed by reversed phase
HPLC to give hydrocarbons 3-10 (ca. 10-460 pg).
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Figure 1. GC chart of P. betae hydrocarbon fraction. RTX-
SMS capillary column (¢ 0.25 mmx30 m, Restek); 150-
280°C, 5°C/min. Numbers on the top of peaks correspond to
compound numbers in the text.
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Scheme 1. The biogenetic pathway of diterpene hydrocarbons produced by P. betae. A and B represent two modes of cyclization

catalyzed by diterpene cyclases.!®

'H NMR data of a relatively abundant constituent 5°
showed four singlet methyl groups and an olefin proton
at 4.96 ppm which is coupled with the allylic methyl
group at 1.62 ppm. These data suggested that this
hydrocarbon is a tetracyclic monoolefin stemar-13-ene®
(Scheme 1). Compound 5 has not been isolated from
natural sources but is proposed to be a biosynthetic
precursor of stemarin.” Optical rotation and all spectral
data of 5 were identical to those of a synthetic reference
material ®

Two abundant compounds 6°> and 7° were isolated in
sufficient amounts for spectroscopic analysis. Optical
rotation and all spectral data revealed that 6 is identical
to (+)-pimara-8,15-diene® (Scheme 1). 'H NMR data of
7 showed four singlet methyl groups, three mutually
coupled olefin signals and an olefinic signal at 5.29
ppm. These data suggested 7 to be a pimaradiene
analog. Extensive NMR analysis including COSY,
HSQC and HMBC allowed us to elucidate the planar
structure of 7 (Fig. 2). The relative stereochemistry of 7
was deduced from coupling constants, NOED and
NOESY experiments, as shown in Fig. 2. Although
8-epimer of 7 was isolated from a plant source,' 7 has
not been reported in literature before.

Based on the occurrence of 6 and 7, the other minor
constituents 8, 9 and 10 were speculated to be members
of the pimaradiene family. Since isolation of sufficient
amounts of diterpenes was impractical, we prepared a
mixture of pimaradienes by acid treatment® of copalol.
Comparison of the authentic pimaradienes with GC—
MS analysis allowed us to identify 8, 9 and 10 as
isopimara-8,15-diene,” pimara-7,15-diene,” pimara-
8(14),15-diene,’ respectively (Scheme 1). The structures
of the pimaradienes 7, 9 and 10 were further confirmed
by acid-catalyzed isomerization!! to more stable 6.

Separations of enantiomeric diterpene hydrocarbons
with capillary GC with chiral stationary phase are
limited due to the fact that only in a few cases are both
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Figure 2. HMBC correlations and relative stereochemistry of
8B-pimara-9(11),15-diene (7).
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Figure 3. Enantiomer separation of diterpene hydrocarbons 6
and 8. (a) (¥)-6+6 from isomerization of 9; (b) (¥)-6; (c)
(£)-6+(+)-6; (d) (x)-8+8 isolated from P. betae; (e) (x)-8; (f)
(£)-8+(+)-8. 25 m fused silica capillary with heptakis(6-O-¢-
butyldimethylsilyl-2,3-di-O-methyl)-B-cyclodextrin  (50% in
OV 1701, w/w) at 150°C.

enantiomers present in a single natural source.!? We
recently developed an efficient synthesis!® of both enan-
tiomers of copalol via optical resolution of synthetic
intermediates. Thus, both racemic and enantiomerically
pure 6 and 8 were prepared by acid treatments® of the
synthetic copalols. Co-injection of the racemate and
(+)-enantiomers of 6 and 8 in chiral GC analysis under
the conditions'* reported allowed us to assign the order
of elution of the enantiomers, as shown in Fig. 3.
Pimaradienes 6 and 8, as prepared by the isomerization
of 7, 9 and 10 were analyzed under the same conditions.
The resultant data indicated that the absolute configu-
ration of the diterpene hydrocarbons was as shown in
Scheme 1. Importantly, all hydrocarbons isolated from
P. betae have 58, 10S configuration.

On the basis of the structures of the hydrocarbons their
general biogenetic pathway can be drawn as shown in
Scheme 1. Type-B cyclization'® of geranylgeranyl
diphosphate (GGDP, 11) provides 9,10-syn-copalyl
diphosphate (syn-CDP, 12)"> which further undergoes
second type-A cyclization!® from either re- or si-face
attack of C-13 olefin and hydride shift from C9 to C8
to afford carbocations 13 and 14. Deprotonation of
either 8-H or 11-H in 14 would provide 6 and 7,
whereas sequential rearrangement of 13 and 14 pro-
vided 5 and 4, respectively. Alternative type-B cycliza-
tion of 11 would afford copalyl diphosphate (CDP, 15)
from which type-A cyclization proceeds to yield various
pimaradiene analogs 6, 8, 9 and 10. Although the
involvement of 12 in the biosynthesis of aphidicolane,
stemodane and stemarane diterpenes'® is proposed

according to the labeling pattern of 1 after incorpora-
tion of doubly labeled acetate® and cell-free conversion
of 12 to oryzalexin S,° isolation of 7 can be regarded as
the first direct evidence of the intermediacy of 12 and
8-epipimarenyl cation 14, which has the correct stereo-
chemistry at C-13 to afford 2, in the biosynthesis of
aphidicolin (1). The co-occurrence of structurally
related aphidicol-16-ene (4) and stemar-13-ene (5) is
especially noteworthy since it has not been reported
before and the stemarane skeleton diterpene has been
found only in plants.

It has been reported that single mono- and sesquiter-
pene cyclases produce multiple products.'® This implies
that a single diterpene cyclase possibly produces several
diterpene hydrocarbons in the second cyclization of 12
or 15. Croteau et al. recently reported that pseudoma-
ture abietadiene synthase produces three major and
three minor diterpene hydrocarbons.!” On the other
hand, five known diterpene synthases and aphidicolan-
16B-ol synthase,'® which we have recently cloned, cata-
lyze predominant formation of a single product. Thus,
it is an interesting question how many enzymes are
involved in the formation of the diterpene hydrocar-
bons found in the mycelial extract of P. betae. This
enzyme—product relationship could be answered by
cloning and expression of the gene encoding diterpene
cyclases. On this point of view, P. betae is an interesting
system for studying the diterpene cyclases.
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