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An iterative polyketide synthase–peptide synthetase hybrid

assembles the HIV-1 integrase inhibitory tetramic acid,

equisetin, in the filamentous fungus Fusarium heterosporum.

Fungal polyketides often possess unique carbon skeletons, but the

biosynthetic genes for the vast majority of these compounds have

yet to be elucidated. We examined the biosynthesis of equisetin,1,2

a polyketide produced by the filamentous fungus F. heterosporum,

because of its bioactivity3,4 and its structural features that relate it

to many other fungal compounds. Related polyketides are toxins,5

biological probes,6 pharmaceutical candidates,7 and marketed

drugs8 (Fig. 1). Equisetin inhibits HIV-1 integrase3 and is also

broadly toxic.4 Key structural features of equisetin include a

polyketide-derived decalin and an amino acid-derived heterocycle

known as a tetramic acid (2,4-pyrrolidinedione). Tetramic acid

metabolites, isolated from fungi, bacteria, and marine sponges, are

being developed for pharmaceutical and industrial use, but prior to

our study no biosynthetic genes had been reported.9 The tetramic

acid moiety is biosynthetically similar not only to other tetramic

acid natural products, but also to a broad array of more distantly

related heterocycles. From our work, we hoped to gain insight into

the relationships between these pathways that would enable

rational engineering of tetramic acids, statins, and chimeric

structures.

Equisetin also bears a close similarity to lovastatin, a fungal

anti-hypercholesteremic agent that is a top-selling drug and the

basis for the synthetic statins (Scheme 1).8 The lovastatin

carbocycle is synthesized by an iterative PKS, the lovastatin

nonaketide synthase (LNKS), and an accessory enoylreductase

(ER), LovC.10 LNKS and LovC interact to produce a partially

reduced polyketide, and LNKS then appears to catalyze a Diels–

Alder cycloaddition. It is still not known how LNKS and LovC

control partial reduction and Diels–Alder activities.

Because of the structural homology between equisetin and

lovastatin, we designed degenerate PCR primers to amplify

LNKS-like polyketide synthase (PKS) sequences from F. hetero-

sporum. Using this method, three PKSs sharing homology with the

lovastatin synthase were identified.

When grown on corn grit agar (CGA), F. heterosporum

produced .2 g L21 of equisetin, whereas the compound was

not synthesized (,10 ng L21) on potato dextrose agar (PDA). To

determine which of the three PKS sequences could be involved in

equisetin biosynthesis, mRNA was extracted from PDA- and

CGA-grown F. heterosporum. Using RT-PCR, a single PKS

sequence, designated pks2, was correlated with equisetin produc-

tion, while the other PKS genes were not expressed in tandem with

equisetin biosynthesis. Thus, pks2 was the most likely candidate

for the equisetin PKS gene.
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Fig. 1 Fungal tetramic acids and structural relatives.

Scheme 1 Diels–Alder route to lovastatin.

Fig. 2 A. eqi cluster. eqiS: dark blue; resistance and regulation: green;

tailoring: red. B. EqiS (top) compared to LNKS (bottom).
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To confirm the role of pks2, we employed a knockout

mutagenesis technique using a pks2 fragment flanking a hygro-

mycin resistance cassette. Out of .50 transformants, one was

identified by PCR and Southern hybridization to be a specific

integrant. The specific integrant, wild-type, and 10 nonspecific

integrants were monitored for equisetin production using a

bioassay (10 ng L21 detection limit) and TLC techniques. While

nonspecific integrants and wild-type synthesized equisetin at wild-

type levels, synthesis was completely abolished in the specific

integrant. The only hypothesis consistent with the data is that pks2

plays a role in equisetin biosynthesis. This hypothesis is further

supported by RT-PCR and the sequence analysis.

From a cosmid library in vector pMOcosX,11 4 pks2-containing

clones were identified. 39140 bp of the eqi cluster were sequenced

(GenBank AY700570), revealing 11 open reading frames (eqi1-10

and eqiS), of which up to eight may be involved in equisetin

biosynthesis (Fig. 2). eqiS is a PKS-nonribosomal peptide

synthetase (NRPS) hybrid that is predicted to synthesize most of

the molecule, while the remaining genes are likely involved in

tailoring, resistance and regulation.

The predicted EqiS is a 3953 amino acid hybrid of an iterative

PKS12 with a modular NRPS13 and shares similarity with enzymes

from fungal genome sequences. The domain order in the EqiS

PKS exactly mimics that of LNKS and related enzymes, and the

NRPS has similar domain order to several synthetases from fungal

genome sequences. All of the domains required for synthesis of the

polyketide chain are present in the PKS portion, including

b-ketoacyl synthase (KS), acyltransferase (AT), dehydratase

(DH), methyltransferase (MT), ketoreductase (KR), and acyl

carrier protein (ACP), as found in LNKS. The C-terminus (y1500

amino acids) of EqiS comprises a complete NRPS module,

containing condensation (C), adenylation (A), thiolation (T), and

reductive (R) domains. A portion of this NRPS resembles LNKS,

which terminates with a C domain and the first several hundred

amino acids of an A domain. In LNKS, the NRPS domains are

inactive, since the catalytic region14 of the A domain has been

deleted, although the C domain may have a role in lactone

formation. The similarity of LNKS and the EqiS N-terminus

suggests that LNKS is a degraded tetramic acid biosynthetic gene

that has undergone a C-terminal deletion event in the course of

pathway evolution. EqiS thus contains all of the domains

necessary to produce the completed polyketide structure covalently

linked, via an amide, to an amino acid (Scheme 2).

The remaining steps, release of the equisetin intermediate and

cyclization to the pyrrolidinone, are likely catalyzed by the

C-terminal R domain. These domains terminate many NRPS

genes, and they are proposed to cleave the covalent protein–small

molecule thioester bonds to release aldehydes,15 which then

undergo a variety of metabolic fates.16 We propose that the R

releases an equisetin intermediate as the C-terminal aldehyde,

which would then spontaneously cyclize in the cytoplasm.

Oxidation would yield the tetramic acid. This represents a great

expansion of the products of R domains.

The eqi cluster also contains a number of genes involved in

resistance, regulation, and oxidation (presumably of the reduced

tetramic acid motif). The sequence of the eqi genes enables us to

predict the biosynthetic pathway to equisetin and related

molecules. For example, aspochalasins6 and pramanicin7 are likely

synthesized by pathways in which the products of EqiS-like

proteins are modified by a Diels–Alder reaction or P450 oxidation,

respectively.

Phylogenetic analysis of EqiS, in addition to previously reported

analyses,17 indicates that fungal PKS–NRPS hybrids, producing

vastly different structures, have diversified by point mutation and

deletion, rather than by module swaps within fungi. This contrasts

strongly with the strategy of bacteria, in which module and

domain swaps and duplications are exploited to generate new

carbon skeletons.18 This model for fungal PKS–NRPS evolution

has important consequences for the interrelationship of additional

fungal biosynthetic pathways. For example, the cyclopiazonic

acids19 are tetramic acids derived from acetoacetate and trypto-

phan (Fig. 1). The model implies that the cyclopiazonic acids

should have PKS and NRPS portions that are more related to

EqiS than to PKSs that make diketides, or to NRPSs that activate

Trp. Cyclopiazonic acid is further modified by addition of

dimethylallylpyrophosphate (DMAPP) to Trp. Interestingly, the

eqi cluster contains a DMAPP–Trp transferase, which we do not

anticipate to be involved in equisetin biosynthesis but that is

homologous to that in the ergot alkaloid pathway.20

While this manuscript was under review, a related pathway was

reported for fusarin C biosynthesis.21
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