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ABSTRACT: To elucidate the general biosynthetic pathway of fungal
dimeric anhydrides, a gene cluster for the biosynthesis of the antihy-
percholesterolemic agent phomoidride was identified by heterologous
expression of candidate genes encoding the highly reducing polyketide
synthase, alkylcitrate synthase (ACS), and alkylcitrate dehydratase
(ACDH). An in vitro analysis of ACS and ACDH revealed that they give
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Figure 1. Representative fungal anhydrides.

range of fungi and lichens." Among these, particularly unique
members are dimeric anhydrldes including phomoidride (2)
and glauconic acid (3) (Figure 1). Dimeric anhydrides usually
possess a n1ne -membered ring, which are often called
“nonadride”,’ and also include the 8-membered ring dimer
zopfielin® and the linear dimer cordyanhydride A (4).°
Phomoidrides are potent inhibitors of Ras farnesyltransferase
and squalene synthase.” Their biological activities and
fascinating molecular framework consisting of a bicyclo[4.3.1]-
deca-1,6-diene core with bridgehead olefin and maleic
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anhydride moieties have stimulated a number of synthetic
studies that have included four total syntheses.’

Biosynthetic pathways of fungal dimeric anhydrides such as 3
and rubratoxin (S) have been studied via feeding experiments
with isotopically labeled precursors.7’8 After isolation of 2,
Sulikowski and co-workers studied phomoidride biosynthesis
using a similar approach.” Additionally, biomimetic dimeriza-
tions of putative anhydride monomers or their tethered forms
were studied by the Sutherland” as well as Baldwin and
Sulikowski groups.'” Based on the successful formation of
nonadride core-containing isoglaucanic acid with alternative
cyclization products, Baldwin supported stepw15e anionic
condensations'® rather than [6 + 4]cycloaddition.”” However,
to date, no genetic or biochemical studies have been performed.

Recently, we have successfully elucidated the biosynthetic
pathways of various fungal metabolites such as terpenes,'’
indole diterpenes,'” and polyketides'® with a heterologous
expression system in Aspergillus oryzae. We applied this highly
reliable expression system to solve unknown biosynthetic
mechanisms of dimeric anhydrides. Herein, we report the
identification of gene clusters for the biosynthesis of 2 and
related metabolites and functional analysis of monomer
biosynthetic genes and propose a unified model of fungal
dimeric anhydride biosynthesis.

Feeding experiments with isotopically labeled simple
precursors such as acetate and succinate showed that the
monomer backbones of these metabolites were constructed of
fatty acyl chains and a C4-diacid, which was most likely
oxaloacetate.”® Studies on the identification of monomer units
in dimeric anhydrides will be described later. Based on the
phomoidride structure and biochemical studies on alkyl citrate
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formation,"* we speculated that fatty acid synthase (FAS) or
highly reducing iterative polyketide synthase (HR-PKS) would
provide the corresponding fatty acyl chain and that the citrate
synthase homologue is a key enzyme for backbone con-
struction.

To identify the phomoidride biosynthetic gene cluster, a
genomic analysis of the unidentified fungus ATCC 74256 was
performed. Using gene cluster searching tools (local Blast
searches and the 2ndFind program'®), we found more than 10
clusters containing HR-PKS genes. Among them, we identified
a single cluster (phi) that possessed homologous genes to those
of fungal methylcitrate dehydratase (phil, identity 58.7%) and
methylcitrate synthase'® (phiJ, identity 17.3%) adjacent to the
gene phiA encoding HR-PKS (Figure 2, Table S1). Domain

unidentified fungus (phi cluster)

phiA BC D EFGH I JKLMNO
PKS ACDH ACS
Talaromyces stipitatus (tst cluster)
tstA 0 BCD J I NM L
PKS ACS ACDH

Figure 2. Two putative gene clusters for fungal anhydrides 2 and its
related metabolite.

specifically expressed under conditions that allowed the fungus
to produce 2 (Figures S1 and S2). To examine the putative
functions of the phiAl] genes, they were introduced to A. oryzae
NSARI with plasmids pTAex3-phiA and pUSA2-phiJl. The
resultant transformant AO-phiAIJ produced the new metabolite
6 having a characteristic UV absorption (4., 312 nm) for

maleic anhydride conjugated with olefin (Figure 3, Figure
$3).%
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Figure 3. HPLC analytical data. (A) Metabolites produced by
transformants AO-tstAJI, (B) AO-phiAJl, and (C) A. oryzae NSAR1
(wild type). (D) Reaction products of 1-decenoyl-CoA and oxalacetate
with recombinant Tst] and Tstl; (E) without enzymes.

analysis of HR-PKS phiA showed that it possesses typical f-
ketoacylsynthase (KS), acyl transferase (AT), dehydratase
(DH), C-methyl transferase (MT), enoylreductase (ER),
ketoreductase (KR), and acyl carrier protein (ACP) domains
consistent with those required for the monomer biosynthesis of
2, except for the MT domain. Involvement of a nonmethylated
polyketide intermediate in the biosynthesis of 2 suggests that
the MT domain in PhiA may be inactive similar to the MT
domains of Pksl (T-toxin), MlcA (compactin), and SorbA
(sorbicillol)."”

This putative biosynthetic gene cluster tentatively consisted
of 15 genes, of which three of them are likely MFS transporters
(phiDL) and transcription factor (phiO) as shown in Figure 2
and Table S1. In this cluster, we could not detect any genes
encoding hydrolytic enzymes for hydrolysis of ACP-bound
polyketide chains or acyl-CoA ligase for the generation of
citrate synthase substrates. Thus, the PKS product acyl-ACP is
most likely the substrate of PhiJ. Based on these data, we
speculated that three phiAI] genes are responsible for
monomeric anhydride biosynthesis. Direct conversion of the
ACP bound polyketide chain is known for several iterative PKS
products.'® The amino acid sequence of putative alkylcitrate
synthase (ACS) phiJ differed significantly from standard citrate
synthases and methylcitrate synthases involving propionic acid
metabolism. Thus, by using the phiJ gene as a query sequence,
homologous gene clusters were found in the database (Figure
S4). Among them, one cluster (tst) in Talaromyces stipitatus has
phiAl] homologues tstAI], which showed significant similarity
(55—65%) to phiAl] (Figure 2, Table S1), and thus we also
examined their heterologous expression although there has
been no report of isolation of dimeric anhydrides from this
fungus.

A previous report showed that the production of 2 was
induced under low pH conditions.'"” Therefore, we initially
examined the expression of proposed phi genes under both
nonproducing and producing conditions. We confirmed that
the three genes [iterative type-I PKS phiA and ACS phiJ] were
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Although we could not obtain a sufficient amount of 6 for
structure determination from AO-phiAl], the corresponding
transformant AO-tstAl] prepared in a similar manner gave the
same product (Figure 3). Its molecular formula C,H,,;0; was
determined by HR-MS (m/z 249.1484 [MH]*), and the “C
NMR spectrum supported the presence of the maleic anhydride
moiety (2 X C=0: 166.4, 164.7 ppm; C=C: 135.0, 137.3
ppm). Extensive NMR data analysis enabled us to determine its
structure as shown in Scheme 1A. The structure of 6 possessed
a C10 side chain with a propenyl group which is characteristic
for putative biosynthetic intermediates 8 and 9. Therefore, the
product is proposed to be derived by decarboxylation of the
putative monomer intermediate 9, which is constructed by

Scheme 1. Proposed Anhydride Monomer Biosynthesis: (A)
Heterologous Expressions of phiAIJ/tstAl] in A. oryzae; (B)
in Vitro Analysis of Tst]/Tstl
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coupling of the Cl2-fatty acyl-ACP 7 and oxalacetic acid
(Scheme 1A).

To obtain further evidence of the actual enzymatic reaction
product, we overexpressed both tst] and tstI in E. coli. Large-
scale incubation of substrate mimic 2-decenoyl-CoA (10) and
oxalacetate with the recombinant Tst] and Tstl gave a new
product (Figure 3, D, E). Subsequent HR-MS data (C,,H;,0s,
m/z 267.1261 [MH]") suggested that the enzymatic reaction
product is 4-octyl-cis aconitic anhydride 11. NMR analysis
enabled us to confirm the structure of 11 (Scheme IB).
Together VVIth the availability of anhydride related to 11 by
synthesis,”" the reasonable stability of 11 from the Tst]/Tstl
reaction supports the involvement of the adventitious
decarboxylase for the production of 6 in the host A. oryzae.
Although homo-A and dihydro analogs of A such as 1 are found
in various fungl, A has rarely been isolated as an intact form
(Figure 4).**To our knowledge, however, the decarboxylated

homo-A

Figure 4. Various anhydride monomer units A—B isolated from fungi
and putaitive unit C.

form B of the corresponding anhydride A is isolated as in the
case of producers of zopfiellin."”® This suggests that fungi
including producers of dimeric anhydrides have an adventitious
decarboxylase specific for monomer anhydride A.

Our in vivo and in vitro analyses of PhlAI_]/ TstAlJ indicated
that dialkylmaleic anhydrides A and homo-A®" are constructed
by ACS-catalyzed condensation of keto diacids (oxalacetate or
a-ketoglutarate) and fatty acyl-ACPs (varying chain lengths of
C6—C12), which are supplied by HR-PKS (Scheme 1A). In
this condensation, deprotonation occurs at the y-position and
the C—C formation takes place at the a-position.”> Co-isolation
of cis-aconitic anhydride 1 and hexylitaconic acid in the
fermentation of Aspregillus niger $-10.22”" suggests that similar
decarboxylation and specific protonation of A results in the
formation of B and its isomer fulgenic anhydride C* (Scheme
S1). Involvement of B and C in nonadride biosynthesis was

proposed by Sutherland.* Sulikowski noted decarboxylative
condensation but did not specify its timing.'> Now, we update
the original Sutherland biogenesis incorporating Sulikowski’s
findings’>"> with our work described herein (Scheme 2).

In the unified biogenetic model (A + A, A + B, A + C), only
enolate derived from A acts as a nucleophile while four units
A—C and homo-A act as electrophiles in dimerization (Scheme
2, Scheme S2). In the dimerizations (9-membered ring
formation) from these units, decarboxylation of A (CS5-unit)
results in an enolate, which undergoes initial Micheal addition
with electrophiles (A—C and homo-A, C4-unit), and then the
second intramolecular Micheal addition produces various
nonadrides. All feeding experiments in previous studies were
based on the consideration of a single monomer [A in 2; B in
glauconic acid (3) and rubratoxin (5)], which may have caused
discrepancies in prior experimental results. Applying our unified
model to the feeding studies, we can reasonably explain these
discrepancies. A previous study on the biosynthesis of 2 with a
specifically *H-labeled monomer A showed incorporation of “H
at two positions, indicating that this dimerization requires two
A units.” However, this dimerization mode (A + A) cannot
apply to that of structurally related 3. In this case (A+B),
monomer B acts as an electrophile and this proposal is well
correlated with an efﬁc1ent incorporation of *H-labeled B into
3.° Failure to incorporate *C-labeled B in the biosynthesis of §
is also explained by the involvement of the mode (A + C), thus
indicating that B is not a precursor.”

Using the same set of monomers A and C, two alternatlve
couplings yield 1,5- dralkyladduct byssochlamic acid®* and 1,2-
dialkyladduct heveadride,” respectively (Scheme S2). Fur-
thermore, this model can apply for the formation of linear
oligomeric adducts cordyanhydrides.” In this oligomerization,
the enolate from A attacks electrophile homo-A at the C6'-
position of the side chain to yield the linear coupling product 4,
which may accept another monomer A to give a trimer
(Scheme S2).

In our unified model, the enolate, which is susceptible to
water, is essential for the dimerization. This suggests that a
dimerization enzyme for the homocoupling (A + A) should
catalyze both enolate formation and sequential Micheal
additions in the same active site. This type of dimerization
has been reported for the biosynthesis of ditryptophenaline.*®

Scheme 2. Unified Model of Fungal Dimeric Anhydride Biosynthesis
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On the other hand, substrates B and C”" for heterocoupling (A
+ B or A + C) can be obtained by decarboxylation catalyzed by
an individual enzyme. Thus, two enzymes may be involved in
the heterocoupling. To elucidate the most intriguing
dimerization step, inactivation or heterologous expression of
genes found in the phi/tst gene clusters are required.

In conclusion, we have identified biosynthetic gene clusters
for phomoidride and the related metabolite. Heterologous
expression of three phiAlJ/tstAI] genes gave the decarboxylated
monomer 6. Involvement of a type-A monomer was confirmed
by in vitro reactions of unsaturated acyl-CoA and oxalacetate
with TstJ and Tstl to yield 11. Elucidation of type-A monomer
biosynthesis allowed us to propose a unified biogenesis of
dimeric anhydrides. Currently, we are working on an intriguing
dimerization reaction with several candidate genes found in
several biosynthetic gene clusters for putative dimeric
anhydrides.
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