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Filamentous fungi produce numerous polyketide metabolites.’
Many of the metabolites have important biological activities and
fascinating molecular architectures. Fungal polyketides are syn-
thesized by iterative polyketide synthases (PKSs), which can be
divided into three groups, nonreducing PKS (NR-PKSs), partially
reducing PKS (PR-PKSs), and highly reducing PKS (HR-PKSs).'
Among them, HR-PKSs are the least understood group. HR-PKSs
synthesize economically important metabolites such as mycotoxin
fumonisins and anticholesterol lovastatin.? The domain architecture
of fungal HR-PKSs typically consists of KS-AT-DH-MT-ER-KR-
ACP, which does not contain a TE/CLC (thioesterase/Claisen-like
cyclase), as seen in other types of PKSs."* It has been unclear
how the HR-PKS offloads the linear polyketide chain. Here, we
report a pyridoxal 5'-phosphate (PLP)-dependent mechanism for
the chain release in the biosynthesis of fumonisins in F. verticil-
lioides. The results show that a 2-oxoamine synthase encoded by
FUMS is responsible for offloading and elongating the carbon chain
and introducing an amino group into the fumonisin backbone
(Figure 1).

Previous labeling experiments had shown that 18 carbons
(C3—20) of the 20-carbon backbone of fumonisins are derived from
acetate, and 2 carbons (C1—2), as well as the C-2 amino, are derived
from alanine.* The two methyl groups at C-12 and C-16 are derived
from methionine.> The hydroxyls at C-5, C-10, C-14, and C-15 of
FB, (1) are derived from molecular oxygen.® Therefore, the initially
synthesized carbon chain is a highly reduced polyketide. In the
fumonisin biosynthetic gene cluster, FUM was predicted to encode
a seven-domain PKS (Fumlp, 2507 residues), whereas FUMS was
predicted to encode a protein (Fum8p, 839 residues) that is
homologous to L-serine palmitoyltransferase (SPT), which is a
member of the 2-oxoamine synthase family.” 2-Oxoamine synthases
are a small family of enzymes involved in several very important
primary biosynthetic pathways, including SPT in ceramide-sphin-
golipid biosynthesis, 5-aminolevulinate synthase (ALAS) in heme
biosynthesis, and 8-amino-7-oxononanoate synthase (AONS) in
biotin biosynthesis.® The enzymes use PLP as a cofactor to catalyze
the decarboxylative condensation between an amino acid and an
acyl-CoA. To test if fumonisin biosynthesis has adopted a mech-
anism used by the primary metabolisms, we first expressed the ACP
domain of FUMI in E. coli and obtained the pure protein for in
vitro assays (Figure S1). An acyl chain was then loaded to the ACP
from various acyl-CoA’s using a “promiscuous” 4'-phosphopan-
tetheinyl transferase (PPTase), Svp.” Lauroyl-, myristoyl-, palmi-
toyl-, stearoyl-, and arachidoyl-CoA were used in the studies. The
success of the acyl-S-phosphopantetheinylation of the ACP was
confirmed by measuring the mass change of the protein using
MALDI-TOF and/or the detection of the predicted acyl-S-panteth-
einyl ions from the phosphopantetheine ejection assay using ESI
Q-TOF.'° As shown in Table-S1 and -S2, the ACP could be loaded
with an acyl chain with a length of C12 to 20.
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Figure 1. (A) Chemical structure of fumonisin B1, 3-keto products of
Fum8p, and related sphingoids. (B) GC analysis of reactions with mi-
crosomes from yeast cells with vector alone (B-1) and from yeast cells
with pYES2/FUMS (B-2). (C) MS of the two new peaks appearing in B-2.

To test if FUMS is responsible for offloading the acyl chain, we
transferred the full length cDNA of FUMS into pYES2/NT C to
express in yeast INVScl, after having exhausted various E. coli
expression systems (see Supporting Information). Microsomes were
prepared from yeast cells carrying the vector alone and from cells
carrying pYES2/FUMS, according to the methods developed for
other 2-oxoamine synthases.'” When C18-S-ACP was incubated
with the microsomes from pYES2/FUMS yeast, two new peaks
(retention time 16.5 and 16.7 min) were detected by GC—MS,
which were not present in the reaction containing microsomes from
pYES?2 alone (Figure 1B). Furthermore, these two peaks were not
observed if the reactions omitted PLP, C18-CoA, ACP, L-alanine,
or the microsomes. The peak at 16.7 min has a [M+1]" of 312.30
(Figure 1C), which is consistent with the predicted mass (311.32)
for the decarboxylative condensation product (2) between alanine
and C18-CoA. The peak at 16.5 min has a [M+1]" of 310.26
(Figure 1C), which is coincident with the predicted mass (309.30)
for the further dehydrogenated product (3) (Figure 1A). Yeast
microsomes are known to contain enzymes for sphingolipid
biosynthesis, including SPT that synthesizes sphinganine (4) from
L-serine and C16-CoA and a dehydrogenase that converts sphin-
ganine (4) to sphingosine (5).% It is plausible that the direct product
(2) of Fum8p was further oxidized to 3 by this dehydrogenase.
The results show that Fum8p is able to catalyze the PLP-dependent
release of the C18 chain from the C18-S-ACP, with a concurrent
incorporation of two carbons and one amino group from alanine
into the acyl chain. It is noteworthy that the 3-keto group of 2 and
3 was not further reduced by sphinganine 3-ketoreductase in yeast.'?
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This is likely due to the difference in stereospecificity of the
ketoreductases. Sphingolipids have a 3R hydroxyl, whereas fumo-
nisins have a 3S hydroxyl (Figure 1A).

To obtain more evidence for the relation of compounds 2 and 3,
we followed a 60-min time course for their production (Figure S2A).
Both compounds showed a nearly linear increase in the first 5 min
of reaction. Compound 2 gradually decreased after 5 min, while
compound 3 increased gradually. Interestingly, the total amounts
of the two compounds remained nearly constant after 5 min of
reaction. Together with the GC—MS data, the results support that
compound 3 is a further oxidized product of compound 2.

Although acyl chains with C12 to C20 in length could be loaded
to the ACP, C18-S-ACP is the preferred substrate for Fum8p (Figure
S2B). The product that resulted from alanine and C16 condensation
showed a similar level (~41 uM) of production in the first 5 min
but quickly dropped to a much lower level (~10 uM), probably
due to the fact the C16 product is closest to the 3-keto intermediate
in the sphingolipid pathway and could be quickly metabolized to
other sphingoids by the microsomal enzymes.® A low level (~10
uM) of the product expected from alanine and C14 was observed,
but no clear product was observed from alanine and C12 or C20.
The results are consistent with the proposed biosynthetic mechanism
for fumonisins, where a C18 chain is incorporated into the carbon
backbone.? The biochemical data are also in agreement with our
previous studies using genetic approaches.'? In KS-domain replace-
ment experiments, we switched the fumonisin KS domain with the
KS for synthesizing the C41-long chain of T-toxins in Cochliobolus
heterotrophus and the KS for making the 4-carbon side chain of
lovastatin in Aspergillus terreus. The results implied that the
polyketide chain-releasing enzyme plays an important role in the
formation of a distinct product. In PKS functional complementation
experiments, we transformed a FUM deletion mutant with the PKS
gene (ALTI) for AAL-toxin biosynthesis in Alternaria alternata.
Both fumonisins and AAL-toxins belong to sphinganine-analogue
toxins, due to their structural similarity to sphingoids, and they differ
mainly in the lengths of their carbon backbones, with fumonisins
being from a C18 and alanine while AAL-toxins are from a C16
and glycine.? However, the ALTI-transformed mutant produced
fumonisins, showing that Altlp is able to synthesize a C18 chain,
in spite of the fact that it only synthesizes the C16-derived AAL-
toxins in its native host. Since only the products with a specific
chain length are produced in these fungi, the results support that
the substrate specificity of the chain-releasing enzyme is the key
factor for producing a distinct group of fungal polyketides. Now,
our in vitro data further confirm that C18 is the preferred substrate
among the acyl chains tested, although C18 itself is not the native
substrate for fumonisins (12,16-dimethyl C18 is expected to be the
native substrate).”

Fungal HR-PKSs do not contain a TE domain that is found in
bacterial PKSs for offloading reduced polyketides or a CLC domain
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Figure 2. PLP-dependent polyketide chain release in the biosynthesis of
fumonisins. Note that Fum8p is predicted to contain a small membrane
associated domain, the catalytic domain (Lcb2, long-chain base subunit 2),
and the regulatory domain (Lcbl) that are naturally fused in the same
protein.”

that is found in fungal NR-PKSs for offloading fungal aromatic
polyketides.'* TE uses the well-characterized catalytic triad to
release a polyketide chain, typically using a nitrogen or an oxygen
nucleophile to attack the carbonyl of an acyl-S-ACP. Fungal PR-
PKSs that synthesize cyclic compounds like 6-methylsalicylic acid
do not contain a TE/CLC, and the products are released via an
intramolecular cyclization." However, fumonisins contain a highly
reduced, acyclic polyketide chain, and thus the intramolecular
cyclization mechanism can not be applied. In this study, our data
show that fumonisins use a new mechanism to release the polyketide
chain (Figure 2). This mechanism is fundamentally different from
the existing mechanisms. First, it uses a PLP cofactor, rather than
the common catalytic triad found in thioesterases/cyclases, to
facilitate the polyketide chain termination and release. Second, it
uses a carbon nucleophile, rather than an oxygen or nitrogen
nucleophile found in other polyketide biosyntheses, to attack the
terminal carbonyl of acyl-S-PKSs to release the polyketide chain.
The consequence of this mechanism is not only the release of the
chain but also the formation of a new carbon—carbon bond, the
elongation of the carbon chain, and the introduction of new
functional groups. Finally, the substrate specificity of the PLP-
dependent enzyme is important in controlling the polyketide chain
length in the final products. These could represent an unprecedented
method for generating new structurally diverse polyketides.
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