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The recent sequencing of over 40 fungal genomes showed that
fungi are rich in polyketide synthase (PKS) genes. However, the
polyketide products synthesized by the PKS remain largely
unexplored. The mechanism by which the fungal PKS controls the
structure of the products is not well understood.1 Here, we report
the production of new polyketides in a filamentous fungus,
FusariumVerticillioides, by genetically engineering a PKS gene
and provide evidence for the role of the ketosynthase (KS) domain
in determining fungal polyketide structure.

In bacterial modular PKS, such as 6-deoxyerythronolide B
synthases for erythromycins, the order, number, and domain
composition of the modules dictate the length and reduction level
of the polyketide chain.1,2 Mediated by the hydrolytic function of
the thioesterase (TE) domain, the product is released with a length
depending on the number of elongation cycles. Like bacterial
modular PKS, fungal PKS’s are modular enzymes but typically
contain only a single module (Figure 1).1 Fungal PKS with the
same domain organization can synthesize a carbon chain with very
different sizes in different fungi. Two distinct domain organizations
are found in fungal PKS.3 The aromatic-type PKS’s typically have
an organization of KS-AT-ACP-ACP-CYC, in which CYC is a TE-
like domain that contributes to the chain length determination in
fungal aromatic polyketide biosynthesis.3 In contrast, fungal non-
aromatic-type PKS’s have additional domains, such as DH, ER,
KR, and MT, but do not have a TE domain (Figure 1). It remained
unclear what factors contribute to chain length determination in
fungal nonaromatic polyketides.1,2

We have chosen to study a group of PKS’s synthesizing several
important fungal nonaromatic polyketides, including the cholesterol-
lowering drug lovastatin, the life-threatening mycotoxin fumonisins,
and pathogenesis factor T-toxins. The PKS’s have an almost
identical 7-domain organization but make very different polyketides.
Fum1p encoded byFUM1 is responsible for synthesizing the 18-
carbon backbone of fumonisins inFusariumVerticillioides.4 We
have previously produced aF. Verticillioides mutant by swapping
the KS domain ofFUM1 with that ofPKS1, which is required for
synthesizing T-toxins in another filamentous fungus,Cochliobolus
heterotrophus(Figure 1).5 The mutant produced fumonisins with
a fixed carbon chain length (Figure 2A). The heterologous KS
domain is able to functionally interact with six other domains of
Fum1p to iteratively make the 12,16-dimethyl C18 chain. The C18
intermediate is subsequently released from the PKS by the
decarboxylative condensation with alanine, which is catalyzed by
Fum8p, to produce the C20 chain and the 2-amino group of
fumonisins.6 This seems to suggest that the KS domain did not
contribute to the product size control, and as long as a functional
KS is embedded in Fum1p, fumonisins would be produced in this

fungus. To gain more insights into the biosynthetic mechanism,
we replaced the KS domain ofFUM1 with the KS domain ofLoVF,
which encodes lovastatin diketide synthase (LDKS) responsible for
the 4-carbon side chain of lovastatin inAspergillus terreus.7 Since
T-toxin PKS1 and LDKS synthesize polyketides with very different
chain lengths, we figured that the experiments may reveal new
information on the KS domain’s role in chain length determination.
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Figure 1. The domain organization of PKS for fumonisins (A), T-toxins
(B), and lovastatin side chain (C) and the chemical structure of the
corresponding nonaromatic polyketide products. The PKS modules consist
of â-ketosynthase (KS), acyltransferase (AT), dehydratase (DH), methyl-
transferase (MT), enoylreductase (ER),â-ketoreductase (KR), and acyl
carrier protein (ACP).

Figure 2. (A) F. Verticillioidesstrain carryingFUM1 with the KS domain
of T-toxinsPKS1produced fumonisins. (B)F. Verticillioidesstrain carrying
FUM1 with the KS domain of lovastatinLoVF produced new metabolites,
dihydroisocoumarins. (C) A possible mechanism for the production of the
aromatic dihydroisocoumarins by the domain-swapped PKS for fungal
nonaromatic polyketides.
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Using the two-stage screening approach for homologous recom-
binants inF. Verticillioides,8 we obtained mutants that contained a
chimericFUM1 with a swapped KS domain fromLoVF. Identity
of the mutants was confirmed by PCR, Southern blot (Figure S1),
and DNA sequencing of the replaced KS domain region. The
metabolites produced by the mutants were extracted from cultures
and analyzed by HPLC-ELSD.9 As controls, the wild-typeF.
Verticillioidesproduced fumonisins, and theFUM1-disrupted mutant
produced no fumonisins or new metabolites. The KS-replaced
mutants produced four new compounds with a yield comparable
to that of fumonisins in the wild-type (Figure S2). Subsequent
isolation using preparative HPLC afforded four compounds (1-
4). Compounds3 and 4 were identified as 7-(E)-but-2-enyl-3,4-
dihydro-6,8-dihydroxy-(3R)-(E)-pent-3-enylisochromen-1-one and
7-butyl-3,4-dihydro-6,8-dihydroxy-(3R)-(E)-pent-3-enylisochromen-
1-one, respectively, by comparison of their spectral data (NMR and
HRMS) and specific rotations with those reported in the literature.10

Compounds3 and4 were recently isolated fromGeotrichumsp.,
an endophytic fungus of the plantCrassocephalum crepidioides,
and reported to have antimalarial, antituberculosis, and antifungal
activities.10 Compounds1 and 2, the predominant metabolites in
the mutants, were determined as 6-sulfates of3 and4, respectively,
by NMR and HRTOFMS. Compounds1 and2 are new and have
not been reported in the literature. The convincing evidence for
such a sulfate substitution derived from the significant downfield
shifting11 of H-5 (∆δ -1.82 ppm), C-5, -7 and -8a (∆δ ∼ -4.2,
-6.0, and-4.6 ppm, respectively), and upfield shifting11 of C-6
(∆δ ∼ +6.9 ppm) in the NMR spectra of1 and2 when compared
to those of3 and4 (Table S1). The absolute configuration of the
single stereogenic carbon in1 and2 was also confirmed to be the
same as that in3 and4 by their negative specific rotations.

The production of the above aromatic metabolites inF. Verti-
cillioides with an engineered fungal nonaromatic-type PKS is
unprecedented. We proposed a possible mechanism for the produc-
tion of the aromatic polyketides, which could result from an
intermolecular ring formation between two (C8 and C10) linear
nonaromatic polyketide intermediates (Figure 2C). The “short”
intermediates that are covalently linked to the chimeric Fum1p could
not be released by the “normal” mechanism via Fum8p and, thus,
were “stuck” on the PKS. An aldol condensation and a Claisen
condensation followed by an aromatization will release one of the
stuck chains and form the aromatic ring. The subsequent lacton-
ization will release the second chain and form the lactone
functionality. The final sulfonation step, which is a common
biosynthetic process in nature,12 concludes the production of1 and
2. It has recently been proposed that aldol cyclization and
aromatization of a linear, reduced polyketide chain lead to the
formation of an aromatic polyene, aslaniol, which was heterolo-
gously produced inA. oryzaecarrying a nonaromatic-type PKS
gene (pksF) from Alternaria solani.13

Most fungal PKS’s iteratively catalyze the carbon chain elonga-
tion to produce polyketides with distinct chain lengths. Our data
suggest that the KS domain plays a key role in the control of the
chain length. The studies on plant PKS14 and bacterial aromatic-
type PKS15 have shown that the “volume” of the substrate binding
pocket of plant PKS or that formed between the bacterial KS-CLF
(chain length factor) is the determining factor for the polyketide
chain length. Here, our results show that fungal chimeric PKS with

a different KS domain makes different products. It is tempting to
propose that the substrate binding pocket of the KS domain of PKS1
is large enough to allow the chimeric PKS to synthesize the C18
chain since PKS1 is involved in the synthesis of polyketides (T-
toxins) larger than fumonisins. Thus, T-toxin KS within the context
of Fum1p is able to produce a proper polyketide chain that can be
released by the downstream enzyme Fum8p, which eventually leads
to fumonisin production in the fungus. On the other hand, the
volume of the KS domain of LDKS could be smaller than that of
Fum1p or T-toxin PKS1 since LDKS synthesizes a short carbon
chain (C4) (Figure 1). Thus, the chimeric Fum1p with the KS from
LDKS could only make short chains that cannot be released by
Fum8p. One possible way to release these stuck short chains is
through intermolecular ring formation, leading to the title com-
pounds, as illustrated in Figure 2C. Thus, the final outcome of the
fungal nonaromatic polyketides also depends on the chain release
mechanism. In the case of fumonisins, both the KS domain and
the specific interaction between Fum1p and polyketide chain
releasing enzyme Fum8p may be important for producing products
with distinct structures.
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