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Iterative fungal polyketide synthases (PKSs) use a unique set of
biochemical rules in the synthesis of complex polyketitEEhese
rules dictate polyketide starter unit selectfarhain length contraf,
and post-PKS processifign contrast to the bacterial PKSs, the
biosynthetic mechanisms of fungal PKSs are not well understood
and their potential for combinatorial biosynthesis has not yet been
realized® This is largely due to difficulties associated with
manipulating these megasynthases in their native or related fungal
hosts and with obtaining intact enzymes for biochemical analysis.
In this work, we demonstrate the enzymatic synthesis of novel
polyketides using a fungal PKS that was expressed fEsoherichia
coli and reconstituted in vitro. These results set the stage for detailed

characterization and protein engineering of the megasynthase and

offer opportunities toward the enzymatic synthesis of new com-
pounds.

PKS4 from Gibberella fujikuroiis an unreduced nonaketide
synthasg involved in the biosynthesis of the anticancer fungal
polyketide bikaverif(1, Figure 1). The domain architecture (Figure
1A) of the megasynthase is typical for PKSs in this family, which
includes the linear arrangement of starter unit acyltransferase
(SAT)3 ketosynthase (KS), malonyl-CoA:acyl carrier protein (ACP)
transacylase (MAT), product template (FTACP, and thioesterase/
Claisen cyclase (TE/CLC) domaihdNe used splice by overlap
extension PCR to amplify the uninterruptpbis4 gene from the
gDNA of G. fujikuroi. The gene (6.1 kB) was inserted into the

expression vector pSMa76, and protein expression was performed

usingE. coli strain BL21(DE3) at 16C. Soluble PKS4 (219 kDa)
was purified using nickel-NTA affinity chromatography to near
homogeneity (Figure S1, Supporting Information) with a final yield
of ~8 mg/L. The purified enzyme can be strongly labeled with
[2-1“C]malonyl-CoA, indicating that the MAT domain is active.
The ACP domain was verified to be in the holo form (Figure S2),
likely phosphopantethienylated by tke coli holo-ACP synthase.

We then assayed whether the purified PKS4 ¢M) enzyme
can turnover a polyketide compound in vitro using malonyl-CoA
(2 mM). LC-MS analysis of the organic extract revealed the
presence of a predominant compound SMA76a (Figure 1CG=RT
30.8 min). SMA76a has a parent ion peak fMH]~ at m/z 323,
which is in agreement with the mass of a nonaketide that has been
subjected to two dehydration reactions. The molecular weight of
SMAT76a corresponds to that 8f(Scheme 1), the unoxidized and
unmethylated precursor df. PKS4 synthesized SMA76a with a
turnover of 0.1 per min, which is within the kinetic range of
bacterial type Il minimal PKSs, such as those from actinorhodin
and tetracenomycin pathwals.
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Figure 1. (A) PKS4 megasynthase and its domains. (B) Bikavet)rafd

its polyketide backbone folding pattern as determined from acetate feéding.
(C) Polyketide products synthesized by PKS4 M) using malonyl-CoA

(2 mM). The LC chromatogram (280 nm) shows PKS4 produced predomi-
nantly a compound with R 30.86 min. The compound was verified to
be SMA76a ).
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To confirm the identity of SMA76a is indee?] we scaled up
the in vitro PKS4 reaction, using the malonyl-CoA synthase MatB
from Rhizobium trifoliito generate the malonyl-CoA molecules in
situ (Supporting Information? The yield of SMA76a from the in
vitro reaction was approximately 1 mg/10 mL. SMA76a was
purified with a single reverse-phase HPLC step and was character-
ized by extensive NMR spectroscopyd NMR revealed five
aromatic proton signals and one methyl sigidgl s = 2.72 ppm).
Eighteen carbon signals were observed* NMR, including the
characteristic ketoned¢—1; = 183 ppm). All of the NMR signals
and correlations are consistent with the structur@.of

The robust synthesis d using PKS4 demonstrates that the
megasynthase purified fror. coli is functional, and its entire
repertoire of catalytic activities can be reconstituted. PKS4 was
able to maintain near complete chain length control during
polyketide elongation. The nonaketide prodRetas the dominant
polyketide produced in this assay. Using authentic samples and LC-

10.1021/ja074865p CCC: $37.00 © 2007 American Chemical Society
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MS ion extraction, we detected the presence of truncated compound
in the reaction mixture, such as the triketide 4-hydroxy-6-methyl-
2-pyrone (TAL) and the pentaketide 1,3,6,8-tetrahydroxynaphtha-
lene (THN). However, these compounds were only present in trace
amounts €1%) and were not characterized further. In addition,
PKS4 alone maintained precise control of cyclization regioselec-
tivity. We did not detect any nonaketides that contain alternative
cyclization patterns. A proposed pglirketo processing pathway

is shown in Scheme 1. Cyclization of the first ring is facilitated by
the aldol condensation reaction between C-2 and C-7, which
requires synthesis of the full length polyketide chain. This is
followed by TE/CLC-catalyzed Claisen-like condensation between
C-10 and C-1 to generate the bicyclic THN scaffdlditack of
C-13 carbonyl by the nucleophilic C-9 phenol forms the tricyclic

naphthopyrone. These three steps are identical to those (:atalyze(gn

by Aspergillus nidulansvA synthase during YWAL synthest$.
Finally, intramolecular C-12/C-17 cyclization and dehydration
affords 2.

Equipped with the reconstituted enzyme, we probed the starter
unit specificity of PKS4 by incubating PKS4 and J&]malonyl-
CoA with various alkylacyl-CoAs and assaying for the synthesis
of new products by radio-TLC. PKS4 did not utilize any of the
short chain acyl-CoAs (C2C6) as the starter unit. The lack of
recognition by PKS4 toward acetyl-CoA is consistent with that of
Colletotrichum lagenariunPKS1, which uses malonyl-CoA as the
starter unif® Surprisingly, PKS4 produced an entirely different set
of polyketide products when octanoyl-CoA (C8) was included in
the reaction mixture. HPLC analysis of the reaction extract showed
the presence of two new major compounds with nearly identical
UV absorption spectra. The level Bfwvas decreased 10-fold when
compared to that from the reaction without octanoyl-CoA. LC-MS
indicated the molecular weights of the two compounds eluting at
30.4 min (SMA76b,3) and 33 min (SMA76c4) were 318 and
276, respectively. Addition of octano$HNAC and other long chain
alkylacyl-CoAs (C10, C12) to PKS4 and malonyl-CoA did not yield
new products.

To examine how chain length control and polyketide cyclization
may be affected by the octanoyl starter unit, a scaled-up reaction
containing octanoyl-CoA (1 mM) was performe8.and 4 were
purified by HPLC, and their structures were determined by NMR
spectroscopy (Scheme 2, Supporting Information). Bd#nd 4
are benzopyrones primed with the octanoyl starter unit. The major
compound3 (0.6 mg/10 mL) was derived from a hexaketide
backbone that contained 18 carbons, the same length as tRat of
This is reminiscent of the bacterial type Il minimal PKS, where

increasing the starter unit size led to a corresponding decrease in

the number of chain-extension cycles to maintain the length of the
polyketide backbon# Hence, the overall size of the polyketide
product and the number of iterative condensations are likely
controlled by the cavity volume of the PKS4 KS active site.
Interestingly, synthesis of pentaketidg0.3 mg/10 mL) suggests
chain length control was incomplete when the octanoyl starter unit
was incorporated into the polyketide backbone, possibly due to the
flexibility of the long alkyl chain in the KS active site.

The synthesis 08 demonstrates that modification in polyketide
backbone composition derails certain programmed cyclization steps
shown in Scheme 1. While PKS4 was able to maintain the C-2/
C-7 connectivity to afford the first aromatic ring, it was unable to
perform the expected C-10/C-1 Claisen-like condensation to
synthesize the naphthalene-containing compobinthstead, the
benzopyrone-containing compouBdvas synthesized through the
likely spontaneous O-9/C-1 esterification. The benzopyrone moiety
was previously observed in citreoisocoumarin, which was synthe-
sized by the wA synthase with an inactivated TE/CLC doniain.

sTherefore, synthesis & may be similarly due to the inability of

the PKS4 TE/CLC domain to catalyze regioselective cyclization
of the second ring in the presence of the octanoyl starter. This
suggests that the hexaketide portion (€€:11) in3 is insufficient
for recognition by the TE/CLC domain and additional pghketo
units may be required for anchoring the polyketide in the TE/CLC
active site. Alternatively, the octanoyl starter unit may interfere
with binding of the nascent polyketide in the TE/CLC active site,
leading to spontaneous benzopyrone formation.

PKS4 preferentially selected octanoyl-CoA over malonyl-CoA
as the starter unit and synthesized predominahtyd4 in vitro.
This was surprising, considering PKS4 is normally primed with
malonyl-CoA and synthesizezin G. fujikuroi, which is further
odified into the metabolite bikaverin. Hence, there exists a
previously unknown mechanism by which PKS4 can be specifically
primed by an octanoyl starter unit. The octanoyl unit can be selected
through transthioesterification either by the SAT-like domain at
the N-terminus of PKS4 or directly by the KS. Interestingly, the
well-conserved SAT active site sequer@¥CXG,3 in which the
cysteine is the site of starter unit attachment, is absent from the
PKS4 SAT domain. Therefore, the PKS4 SAT domain may be
inactive, and the octanoyl starter unit is instead directly captured
by the KS domain to prime polyketide synthesis.
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