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The biosynthetic gene cluster of brassicicene C was identified in Alternaria brassicicola strain ATCC 96836
from genome database search. In vivo and in vitro study clearly revealed the function of Orf8 and Orf6 as
a fusicoccadiene synthase and methyltransferase, respectively. The understanding toward the biosyn-
thetic pathway promises construction of this type of diterpene compounds with genetic engineering.

© 2008 Elsevier Ltd. All rights reserved.

Fusicoccin (FC) A2 (1) and J*>* are diterpene glycosides produced
by the plant-pathogenic fungus Phomopsis amygdali (Fig. 1). FC and
structurally related cotylenins (CN),>~7 e.g., cotylenin A (2) (Fig. 1),
isolated from Cladosporium sp. 501-7W, display a phytohormone-
like activity via the activation of the plasma membrane H*-ATPase.?
Crystallographic analysis of the ternary complex of a plant 14-3-3
protein, FC, and a phosphopeptide derived from the C-terminus of
H*-ATPase reveals that FC stabilizes the interaction between 14-3-
3 protein and H'-ATPase by forming ternary complex resulting in
the continuous activation of H*-ATPase.® Since 14-3-3 proteins are
highly conserved in eukaryotes, FC/CNs are anticipated to act to ani-
mal cells. Actually, recent studies also show that CN induces the dif-
ferentiation of human myeloid leukemia cells'®'> and acts
synergistically with IFN-o to induce apoptosis in a wide array of can-
cer cells.’>' These biological activities of FC/CNs show that FC/CN
analogs are attractive tool to investigate the physiological roles of
14-3-3 proteins in intracellular signal transductions. Since complete
understanding of the FC/CN biosynthesis facilitates biological and
biochemical production of novel FC/CN analogs, the characterization
and functional analysis of biosynthetic gene cluster of FC/CN and
structurally related compounds are of great importance.

Biosynthetic study of FC has been investigated in detail from the
analysis of biosynthetic intermediates and feeding experiments
with labeled compounds. Concerning the characteristic 5-8-5 fused
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ring system of FC, fusicocca 2,10(14)-diene was determined to be
the first tricyclic hydrocarbon metabolite in FC biosynthesis.!®
Feeding experiments with [19-2H,]-fusicocca 2,10(14)-diene
clearly showed that oxidation of fusicocca 2,10(14)-diene results
in the fusicocca 2,10(14)-dien-8p-ol.'® Furthermore, based on the
chemical structures and feeding experiments of FC H, FC ], isolated
from P. amygdali, '=*'7 the biosynthetic pathway of FC A is sug-
gested to be that as shown in Figure 2A.

More recently, we identified fusicoccadiene synthase (PaFS)
from P. amygdali, which is a unique chimeric enzyme possessing
both a geranylgeranyl diphosphate (GGDP) synthase domain and
a diterpene cyclase domain (Fig. 2B).'® In addition, it was also re-
vealed that a part of genes (dioxygenase, cytochrome P450, short-
chain dehydrogenase/reductase, mannosidase), probably involved in
the FC biosynthesis, were clustered near the PaFS (Fig. 2B).'® How-
ever, the other genes, responsible for the biosynthesis of FC such as
glycosyltransferase, acetyltransferase, prenyltransferase etc. were
not identified around PaFS (data not shown). This indicates that
FC biosynthetic genes are located in at least two loci, and it makes
difficult to study the whole biosynthetic pathway of FC. Concerning
CN biosynthetic gene cluster, on the other hand, lost of prolifera-
tion activity of Cladosporium sp. 501-7W, a CN producer, misses
an opportunity to obtain its biosynthetic gene cluster. To clarify
the whole biosynthetic machinery of FC/CN type compounds at
the enzymatic level, therefore, screening of additional gene sources
related to FC/CN biosynthesis are essential.

In order to obtain additional gene sources, genome databases
were searched with PaFS, a characteristic gene possessing both a
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Figure 1. Structure of fusicoccin A (1), cotylenin A (2), and brassicicene C (3).

GGDP synthase domain and a terpene cyclase domain, as a query.
As a result, one gene, orf8, was identified in A. brassicicola ATCC
96836, partial genome sequences of which were released.'® Full-
length cDNA of orf8 encodes 697 aa residue (47% identity to the
PaFS) with DDXXE and DDXXD motifs, both of which are important
for the coordination of divalent metal cation,?° in the N-terminus
and C-terminus region, respectively. Taking these facts together,
the orf8 gene product would perhaps catalyze the formation of
fusicoccadiene from GGDP. In addition, based on the BLAST
search,?! it was thought that five cytochrome P450 genes (orfl,
orf2, orf5, orfZ, and orf11), one short-chain dehydrogenase/reduc-
tase (SDR) gene (orf3), one acetyltransferase gene (orf4), one meth-
yltransferase gene (orf6), one dioxygenase gene (orf9), and one
hypothetical gene (orf10) are located near orf8 (Fig. 3A). Especially,
orf5 and orf9 show significant homology to the P450 gene (47%
identity over 94 amino acids) and to the dioxygenase gene (61%
identity over 160 amino acids) of P. amygdali. These results
strongly suggest that A. brassicicola ATCC 96836 has the potential
to produce an FC/CN-like metabolite.

To investigate metabolites produced by A. brassicicola ATCC
96836, the strain was cultured at 25 °C for 7 days in 2 L Sakaguchi
flasks each containing 400 mL medium of 0.5% of yeast extract,
5.0% of saccharose, 0.5% of KH,PO4, 0.1% of MgS04-7H,0, and then

the supernatant (13.2 L) was extracted with ethyl acetate. The ob-
tained crude extract was purified by silica gel column chromatog-
raphy to afford a metabolite (2.9 mg). The molecular formula was
established as C,;H3,04 on the basis of HRTOF-MS data. The 'H
NMR spectrum was similar to that of the brassicicene C (3), iso-
lated from A. brassicicola strain UAMH 7474.%223 From H-H COSY,
HSQC, and HMBC experiments, the planar structure of the isolated
compound, which completely corresponds to that of brassicicene C,
was determined (Fig. 3B).

These data allowed us to determine the metabolite isolated
from A. brassicicola ATCC 96836 as brassicicene C. By searching
genome database of A. brassicicola ATCC 96836, the strain perhaps
has no paralogs orf8, and the orfl to orfl1 would participate in
brassicicene C biosynthesis. Then, we propose a model for the bio-
synthetic pathway of brassicicene C (Fig. 3B). In the first step, the
Orf8, which shows significant identity toward PaFS, catalyzes the
formation of fusicoccadiene from isopentenyl diphosphate and
dimethylallyl diphosphate, and then P450 or dioxygenase catalyzes
oxidation at the C-8 position. Although the next step is unclear, one
possible biosynthetic pathway is as follows; oxidation at C-16 po-
sition to aldehyde catalyzed by P450 or dioxygenase, followed by
isomerization of the double bond and reduction of aldehyde to
alcohol catalyzed by SDR to produce a diol compound. The next
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Figure 2. (A) Proposed biosynthetic pathway of FC A and FC ]. (B) Putative biosynthetic gene cluster of FC A.
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Figure 3. (A) Biosynthetic gene cluster, (B) Proposed biosynthetic pathway of brassicicene C.

step would be a turning point between FC biosynthesis and bras-
sicicene C biosynthesis. In the case of FC biosynthesis, oxidation
at the C-9 position followed by glycosylation produces FC H. In
contrast, in brassicicene C biosynthesis, oxidation at the C-3 posi-
tion catalyzed by P450 or dioxygenase may produce a triol com-

pound. Finally, methylation of the hydroxy group at position 16
(methyltransferase; Orf6) followed by oxidation at the C-13 posi-
tion (P450 or dioxygenase) to ketone and an alkyl shift of the
methyl group (P450) to produce brassicicene C. Although the prob-
able acetyltransferase gene (orf4) was included in the gene cluster,
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Figure 4. GC profiles of the analytical samples prepared from (A) E. coli M15/pQE30, (B) E. coli M15/pQE30-orf8. (C) MS spectrum of the reaction product.
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Figure 5. HPLC profiles of the enzyme reaction products with FC H aglycon 4 and SAM using cell-free extracts from (A) E. coli M15/pQE30, and (B) E. coli M15/pQE30-orf6.

no acetylation reactions are necessary for brassicicene C biosyn-
thesis. However, the fact that brassicicene E,?? which is a structur-
ally related compound having an acetoxy group at position 12, was
previously isolated from another strain of A. brassicicola suggests
that the ATCC 96836 strain might also produce a small amount
of brassicicene E. As described, all of the gene products are provi-
sionally assigned to each of the reactions in brassicicene C
biosynthesis.

To confirm that the gene cluster identified in A. brassicicola
ATCC 96836 would indeed be responsible for brassicicene C bio-
synthesis, functional analyses of orf8 and orf6 gene products
were carried out. At first, orf8,%* a putative fusicoccadiene syn-
thase gene, was amplified from first-strand cDNA, prepared from
total-RNA of A. brassicicola ATCC 96836. The subcloned PCR frag-
ment was ligated into an expression vector, pQE30, by which
E. coli M15 was transformed.?> In our previous study, we showed
that E. coli harboring the plasmid with PaFS produce fusicoccadi-
ene,'® therefore, after extraction of the metabolites from E. coli
cells harboring orf8, the extract was partially purified by silica
gel column chromatography to analyze the fusicoccadiene for-
mation by GC-MS. As a result, one new peak, the retention time
and MS fragment patterns of which completely correspond to
those of the authentic fusicoccadiene, was detected (Fig. 4).
The result clearly showed that Orf8 catalyzes GGDP formation
using isopentenyl diphosphate and dimethylallyl diphosphate,
followed by fusicoccadiene formation from generated GGDP in
a similar manner to that of PaFS.

Then, orf6,%* a putative methyltransferase, was also cloned into
an expression vector, pQE30, by which E. coli M15 was trans-
formed.?® SDS-PAGE analysis of the transformant lysates clearly
showed that Orf6 was obtained as a soluble protein. As described
above, Orf6 perhaps participates in methylation of the hydroxy
group at C-16 position of the C-3, C-8 and C-16 hydroxylated triol
intermediate. However, because we do not have this substrate in
hand, its substrate analog, an aglycon part of FC H (FC H aglycon)
(4), which is a C-8, C-9 and C-16 hydroxylated compound, was
used as a substrate for the Orf6 reaction. An enzyme assay was per-
formed with cell lysate and FC H aglycon, together with S-adenosyl
L-methionine as a cofactor. HPLC analysis showed a new peak from
the enzyme reaction products, the retention time of which com-
pletely corresponded to the authentic 16-methylated compound
(5) (Fig. 5). On the other hand, no peak was detected at all from
the enzyme reaction mixtures of the control experiment (Fig. 5).
This result clearly showed that Orf6 catalyzes a methyltransfer
reaction towards a hydroxy group at position 16 utilizing S-aden-
osyl L-methionine. Considering that 4 is a substrate analog for
Orf6, the low yield of the methylated product 5 is readily under-
stood. Although we also tried to purify recombinant Orf6 for fur-
ther analysis, purification of Orf6 was unsuccessful due to the
instability of Orf6. The results described above strongly suggest
that the gene cluster is involved in brassicicene C biosynthesis.

In summary, we successfully identified brassicicene C biosyn-
thetic gene cluster in A. brassicicola ATCC 96836, and determined
the function of two enzymes, Orf8 and Orf6 as a fusicoccadiene
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synthase and methyltransferase, respectively. Because complete
understanding of this biosynthetic pathway promises (chemo-
Jenzymatic synthesis of various analogs of these type of com-
pounds, functional analysis of the other enzymes are in progress.
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The coding sequences of orf6 and orf8 from A. brassicicola ATCC 96836 was
deposited at GeneBank under Accession No. AB465603 and AB465604,
respectively.

The orf8 gene was amplified by PCR from previously prepared first-strand
cDNA with primers, 5'-GGGGGATCCAAATACCAATTTTCCATCATTGTGGA-3' and
5'-ACGCGTCGACTCAAAGCTTGAGCATCATTAGCATC-3'. The subcloned PCR
product was ligated into the pQE30 (QIAGEN) to give pQE30-orf8. The
PQE30-orf8 was transformed into E. coli M15 for overexpression. In vivo
analysis of fusicoccadiene was performed according to Ref. 18.

The orf6 gene was amplified by PCR from previously prepared first-strand
cDNA with primers, 5-GGGGGATCCGCAGTCCAAGAGACAGACCTGGACAA-3’
and 5'-ACGCGTCGACTTATGCATTCTGTGCCGCAGGCTTA-3'. The subcloned PCR
product was ligated into the pQE30 (QIAGEN) to give pQE30-orf6. The pQE30-
orf6 was transformed into E. coli M15 for overexpression. The reaction mixture
(20 mM of MOPS (pH 6.9), 10% of glycerol, 0.5 mM of FC H aglycon, 1 mM of S-
adenosyl .-methionin) with cell-free extract, prepared from E. coli cells having
PQE30-orf6, was incubated in 30 °C. After 20 h, the reaction was terminated by
addition of ethyl acetate, and the mixture was extracted with ethyl acetate. The
combined organic layer was concentrated, and the residue was dissolved in
30 pL of methanol. The sample was analyzed by HPLC.
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