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ABSTRACT: Zearalenone, a fungal macrocyclic polyketide,
is a member of the resorcylic acid lactone family. Herein,
we characterize in vitro the thioesterase from PKS13 in
zearalenone biosynthesis (Zea TE). The excised Zea TE
catalyzes macrocyclization of a linear thioester-activated
model of zearalenone. Zea TE also catalyzes the cross
coupling of a benzoyl thioester with alcohols and amines.
Kinetic characterization of the cross coupling is consistent
with a ping-pong bi-bi mechanism, confirming an acyl—
enzyme intermediate. Finally, the substrate specificity of
the Zea TE indicates the TE may help control iterative
cycling on PKS13 by rapidly offloading the final resorcy-
late-containing product.

Resorcylic acid lactones (RALs)' make up a large family of
polyketide macrolactones with diverse biological activity (/).
They include the estrogen receptor agonist zearalenone 5 and the
HSP90 inhibitor, radicicol (2, 3). The carbon framework of 5 is
generated in the fungus Gibberella zeae by the actions of two
iterative polyketide synthases (PKS) (Figure 1). PKS4 produces a
highly reduced hexaketide intermediate 1, which is transferred to
the megasynthase PKS13. PKS13 functions iteratively, adding
three unreduced ketide units to generate 2, and, subsequently,
catalyzes aromatization to produce 3 (4, 5). The thioesterase (TE)
domain of PKSI13 is then postulated to generate the macrolac-
tone 4, releasing the macrocycle. FAD-dependent oxidation then
gives 5 (4). In this study, we show that the TE of PKS13 (Zea TE)
is responsible for macrocyclization of 3 and can catalyze rapid
cross coupling to generate esters and amides. Characterization of
the in vitro substrate specificity of the Zea TE suggests that the
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TE acts as a gatekeeper in vivo, ensuring cleavage of the growing
polyketide from the synthase only after aromatization of
the unreduced intermediate 2. This model represents a new
mechanism for controlling iterative processing in polyketide
biosynthesis.

The fungal Zea TE is unique in both primary sequence and
function. Alignment (SI) shows it to be substantially different
(220% identical) from the well-characterized macrocyclizing
bacterial PKS TEs (6—10) and the fungal TEs responsible for
Claisen-like condensation activity (11, 12). The proposed macro-
cyclization catalyzed by Zea TE has been shown to be chemically
challenging under Corey-Nicolaou and Yamaguchi condi-
tions (/3). Furthermore, in vivo data suggest the Zea TE may
be able to catalyze highly useful cross coupling with alcohol
nucleophiles (9).

To demonstrate unambiguously that the Zea TE is responsible
for macrocyclization of 4, we synthesized a model macrocycliza-
tion precursor and evaluated the ability of the excised Zea TE to
catalyze macrocyclization. N-Acetylcysteamine (NAC) thioester
6 and macrocyclic product 7 were synthesized following a short
sequence (SI). Excised Zea TE was expressed in Escherichia coli
and purified to homogeneity by affinity chromatography (SI).
Incubation of Zea TE with 6 led exclusively and rapidly to the
formation of 7 as determined by HPLC (Figure 2) and 'H NMR
analysis (SI). To kinetically characterize Zea TE activity, release
of NAC was monitored using Ellman’s reagent and quantified
spectrophotometrically. Kinetic analysis indicates that the TE
catalyzes macrocyclization of 6 with a specificity constant (kca/
Ky) of (2.92 + 0.16) x 10° M~ s™". Because of the limited
solubility of 6, k., and Ky could not be independently deter-
mined. This specificity constant is 10—100-fold greater than those
reported for macrocyclization by the TE from the pikromicin
biosynthetic pathway (/4, 15) and 1000-fold greater than those
seen for the TEs from epothilone (Epo TE) and 6-deoxyerythro-
nolide biosynthesis (10, 15). Unlike Epo TE (0) and TEs from
nonribosomal peptide synthetase pathways (/6), the Zea TE does
not catalyze detectable levels of hydrolysis to the linear carboxylic
acid, making it an excellent potential tool for synthetic transfor-
mations involving macrolide macrocyclizations.

To confirm that the observed macrocyclization reaction is
catalytic, the putative active site nucleophile S163 and the
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FiGure 1: Biosynthesis of zearalenone, an archetypical RAL.
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FIGURE 2: Zea TE catalyzes macrocyclization of 14-member rings.
(A) HPLC analysis of authentic standards. (B) HPLC analysis of a
30 min incubation of 15 uM Zea TE with 5 mM 6 in 50 mM
phosphate buffer at pH 7.4 and 23 °C. Negative controls lacking
Zea TE showed no detectable macrocyclization activity.

putative catalytic base H332 were mutated and the mutants were
kinetically characterized. The S163A and H332A mutants were
generated by site-directed mutagenesis, expressed, and purified
to homogeneity by affinity chromatography (SI). Neither the
S163A mutant nor the H332A mutant exhibited detectable
catalytic activity, indicating S163 and H332 play key roles in
catalysis.

In vivo characterization of PKS13 had shown that ethanol and
butanol could be coupled to acyl chains, produced by PKSI13 to
generate esters (5). To determine if Zea TE was responsible for
this cross coupling activity, we investigated the consumption of 9
by Zea TE in the presence of exogenous nucleophiles. The Zea TE
was incubated with 9 and varying concentrations of butanol.
Liquid chromatography—mass spectroscopy (LC—MS) analysis
of the reaction mixtures showed conversion exclusively to butyl
benzoate without formation of benzoic acid even when stoichio-
metric butanol was present. Kinetic analysis performed at vary-
ing butanol concentrations showed Michaelis—Menten behavior,
and parallel Lineweaver—Burk plots were obtained (SI). These
results are consistent with a ping-pong bi-bi mechanism, fully
supporting the postulated acyl—enzyme intermediate in the
reaction mechanism.

A number of additional alcohol- and amine-based nucleo-
philes cross coupled with 9 to generate the corresponding
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Table 1: Relative Velocities for Zea TE-Mediated Cross Coupling with
Exogenous Nucleophiles”

nucleophile Vrel nucleophile Vrel
butanol 1.00 2-propanol 0.38
benzyl alcohol 0.84 allylamine 0.38
aniline 0.58 glycerol 0.34
ethanol 0.50 water 0.20

“For 0.1 uM Zea TE with 1 mM 9 and 6 mM nucleophile (except for
water at 55 M) at pH 7.4 and 23 °C. Negative controls lacking Zea TE
showed no reactivity.
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FiGuRrE 3: HPLC analysis of Zea TE-catalyzed cross coupling reac-
tions. (A) Products and standards. (B) Cross coupling reaction with
aniline. (C) Cross coupling reaction with butanol. Enzymatic reaction
mixtures were incubated for 3 h with 5 uM Zea TE, 10 mM 9, and
20 mM analine or butanol in 50 mM phosphate buffer at pH 7.4 and
23 °C. Negative controls lacking Zea TE showed no detectable cross
coupling products.

benzoates and benzamides (Table 1 and Figure 3). Primary
and secondary alcohols cross coupled with 9, as did allyl amine
and aniline. Tertiary alcohol (tert-butanol) and amino acids
(glycine and methyl glycinate) were not cross coupled to 9.
In the absence of any exogenous nucleophile, the Zea TE
used water to effect hydrolysis of 9, generating benzoic acid.
In general, o/f-hydrolases such as esterases, lipases, and
proteases catalyze cross coupling (transesterification) without
hydrolysis when the exogenous nucleophile is provided at a
high concentration or water is excluded from the solvent
system (/7). The ability of the Zea TE to catalyze cross coupling
in aqueous buffer with a low concentration of an exogen-
ous nucleophile is thus particularly advantageous and comple-
mentary to existing o/f-hydrolases. Characterized aroyltrans-
ferases, which can catalyze cross coupling in aqueous buffer,
require CoA thioesters as substrates (/8—20), limiting their
utility for in vitro chemistry. The use of the easy-to-prepare
NAC thioesters by the Zea TE makes this an attractive
enzyme for chemoenzymatic synthesis of commodity and fine
chemicals.

Kinetic characterization of Zea TE with thioester substrates
that model the intermediates in 2 and 3 (Figure 1) shows the
enzyme to be highly specific for aromatic thioesters. 9, a model of
the resorcylate intermediate 3, was consumed very rapidly in the
presence of 6 mM butanol, with an apparent specificity constant
(kea/Knp) of (122 £ 1.6) x 10° M 's 7! (keye = 9.8 £0.65 ', and
Ky = 0.80 £0.09 mM). In the absence of butanol (and any other
exogenous nucleophile, such as glycerol), Zea TE catalyzed the
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hydrolysis of 9 to benzoic acid with a comparable specificity
constant [key /Ky = (160 £ 1.7) x 10° M7 s7! (ke = 118 +
0.03s', and Kyy = 78 + 8 uM)]. This specificity constant is
approximately 10000 times of that seen for thioester hydrolysis
by bacterial PKS TEs (6, 7, 21—24). The NAC thioester of
3-ketopentanoate was originally selected as a representative
model of intermediate 2. However, the rapid rate of background
hydrolysis precluded accurate kinetic characterization of the
enzymatic reaction from this substrate. The NAC thioester of
a-methyl-f-ketopentanoate was thus used as a surrogate of the
poly-S-keto intermediate 2. The pentanoate underwent hydro-
lysis to generate the corresponding carboxylic acid with a 100-
fold lower specificity constant [k¢, /Ky = (0.088 £ 0.023) x 10°
M7 s (ke = 0.39 £ 005", and Ky = 4.4 + 1.0 mM)],
and the rate was not dependent on butanol concentration.
The similarity of the o-methyl-f-ketopentanoate NAC thioester
to the intermediate in 2 suggests that the Zea TE may not be
able to process the growing polyketide until C2—C7 cyclization
and the subsequent aromatization have occurred. The Zea
TE may thus act as a gatekeeper ensuring rapid release of the
aromatized intermediate during biosynthesis of 5. Kinetic
characterization of the substrate specificity of the Zea TE with
more nativelike substrates is needed to rigorously test the
hypothesis.

This gatekeeper activity may play a role in controlling iterative
cycling on PKS13. Evidence supports iterative cycling in fungal
PKSs (25), type II PKSs (26, 27), and chalcone synthases (28) as
being controlled by the overall chain length of the growing
polyketide product. Iterative processing of the polyketide inter-
mediate by the synthase is terminated when the growing polyke-
tide fills the cavity available in the synthase. PKS13 has been
shown not to use this well-characterized mechanism for control-
ling iterative cycling (5). Instead, the gatekeeper activity of the
Zea TE (which is triggered by aromatization of the growing
polyketide) may play a role in ensuring correct termination
of iterative cycling and cleavage of the polyketide from
PKS13. Recently, PLP-mediated offloading of a highly reduced
polyketide has been shown to play a role in controlling iterative
cycling of a fungal PKS (29, 30). In conjunction with our results
on the Zea TE, we propose that substrate selectivity in the
offloading step may control iterative cycling in some iterative
PKS systems.

In summary, we have characterized the first macrolactone
forming fungal PKS TE in vitro. In addition to macrocyclization,
the Zea TE catalyzes cross coupling to form esters and
amides. We have also shown that the substrate specificity
of the Zea TE suggests that it may play a role as a gatekeeper
in the biosynthesis of zearalenone, ensuring that only appro-
priately functionalized intermediates can be released from the
synthase. This may be a general mechanism seen in RAL
biosynthesis.

Wang et al.
SUPPORTING INFORMATION AVAILABLE

Experimental details, including synthesis of substrates and
standards, and all kinetic data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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