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Curacin A (Figure 1A), a marine cyanobacterial metabolite
isolated from marine cyanobacterium Lyngbya majuscula, is a
mixed-polyketide nonribosomal-peptide natural product with potent
anticancer activities.1 The biosynthetic pathway generates a series
of intermediates with increasing hydrophobicity leading to the final
product.2 Accordingly, several types of decarboxylases have been
identified to catalyze the release of 11 CO2 molecules during curacin
A biosynthesis.3–7 In addition, polar functional groups formed in
the chain elongation intermediates (e.g., keto and hydroxyl groups)
are eliminated by the coupled �-keto reduction/�-hydroxyl dehydra-
tion, HMG polyketide �-branching,4,5 and cyclopropanation5 reac-
tions, with the only remaining hydroxyl group modified as the
methyl ether derivative. Moreover, as a linear polyketide, curacin
A contains an unusual hydrophobic terminal olefin instead of a
typical terminal carboxyl, aldehyde, or alcohol group.8 Annotation
of the pathway revealed an unprecedented chain termination module
in which a putative sulfotransferase (ST) domain is flanked by an
acyl carrier protein (ACP) domain and a thioesterase (TE) domain.2

Notably, queries of the public database have revealed a number of
PKS-derived pathways deposited from genome sequencing projects
that also contain homologous ACP-ST-TE genes, but none of their
products have been identified. These pathways might be readily
assigned to specific metabolites that contain a terminal olefin, such
as kalkitoxin from L. majuscula9 and haliangicin from Haliangium
luteum,10 if a biosynthetic correlation between the terminal olefin
and the ACP-ST-TE module is established.

STs catalyze transfer of a sulfonate group from the donor,
adenosine 3′-phosphate 5′-phosphosulfate (PAPS), to a hydroxyl
or amine group on receptors ranging from proteins to small
molecules.11 They are involved in a broad range of biological
processes, such as detoxification, hormone regulation, drug me-
tabolism, signaling pathways, and others.11 Typically, a polyketide
synthase or nonribosomal peptide synthetase TE catalyzes a chain
termination process by releasing a full-length acyl, peptidyl, or
hybrid chain from the carrier protein phosphopantetheine thiol group
as a free acid, or employs an intramolecular nucleophile (e.g.,
hydroxyl or amine group) to generate a macrolactone or macro-
lactam product.12–14 Based on the predicted full-length intermediate
tethered to the CurM ACP (Figure 1A), a series of reactions
including thioester hydrolysis, decarboxylation, and dehydration are
required to form the terminal olefin moiety. According to the
canonical functions of ST and TE, the CurM ST was predicted to
transfer a sulfonate group to the �-hydroxyl of the full-length

intermediate, and the CurM TE was presumed to release the
intermediate from the ACP as a free acid. However, how these
enzymes are coordinated to render the terminal olefin formation
has remained elusive. Thus, we were motivated to pursue biochemi-
cal studies to elucidate the mechanisms of this novel chain
termination process.

Our bioinformatics analysis and protein solubility tests suggested
that the previously sequenced curM TE region2 might have been
partially replaced with exogenous DNA during construction of the
genomic DNA library of L. majuscula. Thus, we sequenced curM
and additional parts of the 3′ flanking region (GenBank accession
no. GQ412749) of the cur cluster in another cosmid (pLM14), from
the L. majuscula genomic DNA library15 and compared the data
with those from a L. majuscula genome sequencing project
(unpublished data). It revealed that the 3′ end of the deposited cur
gene cluster2 starting from the middle of the curM TE region was
indeed chimeric. The revised gene cluster (Figure 1A) lacks “curN”,
and a complete TE domain is encoded by the 3′ end of curM.2 The
adjacent downstream genes show high homology to tRNA 2-sele-
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Figure 1. Chain termination module of the PKS in curacin A biosynthesis.
(A) Annotation of the 3′ end of the cur gene cluster. ACP, acyl carrier
protein; AT, acyltransferase; ATPase, putative tRNA 2-selenouridine
synthase; Cy, putative adenylate/guanylate cyclase; KR, ketoreductase; KS,
ketosynthase; ST, sulfotransferase; TE, thioesterase. (B) Proposed mech-
anisms with the model substrates for the decarboxylative chain termination
leading to product with a terminal olefin.
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nouridine synthase (ATPase) and adenylate/guanylate cyclase (Cy)
and are not likely involved in curacin biosynthesis. Thus, curM
now appears to mark the 3′-end boundary of the cur gene cluster,
and as described below, the ST-TE didomain catalyzes the chain
termination.

To assess biochemically the ST-TE-mediated chain termination
process, we cloned and overexpressed CurM ACP, ST, and TE as
soluble single-domain constructs (Figure S1A). ST was eluted as a
monomer, and TE as a dimer from an analytical size-exclusion
column (Figure S1B). ACP was overexpressed in the apo form to
generate ACP-linked substrates. A simplified model substrate,
3-hydroxy-5-methoxytetradecanoyl-ACP (1-ACP, Figure 1B), was
designed to mimic the full-length chain intermediate tethered to
CurM ACP (Figure 1A). The ACP-linked substrates were generated
by loading the acyl-CoA substrates to the apo ACP by using the
highly flexible Streptomyces Verticillus Svp phosphopantetheinyl-
transferase.16

With the soluble enzymes and model substrates in hand, we first
sought to test whether the CurM TE exhibits canonical hydrolysis
activity to cleave the thioester bond (Figure 1B). (3S)-1-ACP and
(3R)-1-ACP were prepared as the TE substrates to test its stereo-
selectivity for the �-hydroxyl group. The reactions were analyzed
by reversed-phase HPLC, and the separated ACP fractions were
examined by Fourier transform ion cyclotron resonance mass
spectrometry (FTICR-MS) and infrared multiphoton dissociation
(IRMPD)17 techniques. In addition, the chain-release products were
detected by LC-MS and confirmed by coinjection with authentic
standards. Both of the acyl groups were found to be hydrolyzed
from (3S)-1-ACP and (3R)-1-ACP with low efficiency (Figure 2A
ii, 2B iii, 2C ii and Figure S2A). However, TE-catalyzed hydrolysis
of (3S)-1-ACP was ∼5-fold faster than that with (3R)-1-ACP
(Figure S2A). In addition, steady-state kinetic analysis using the
CoA-linked substrates confirmed that (3S)-1 is slightly preferred
for TE hydrolysis (Figure S2B). However, based on bioinformatic
analysis of PKS ketoreductase (KR) sequences,18 the CurM KR
was predicted to reduce the �-keto to an (R)-�-hydroxyl group in
the full-length chain intermediate (see Materials and Methods in
Supporting Information). The resolution of this paradox is described
below.

Based on the known mechanism of ST enzyme function, CurM
ST was predicted to bind to PAPS and transfer a sulfonate moiety
to the �-hydroxyl group of the intermediate tethered to or released
from CurM ACP (Figure 1B). First, we sought to identify the ST
substrate by testing the sulfonation of 1 and 1-ACP. The sulfonation
of 1 was analyzed by LC-MS, and that of 1-ACP was examined
by HPLC and FTICR-MS. No substrate conversion was observed
for 1 in the presence of ST and PAPS. In contrast, complete
conversion of (3R)-1-ACP was determined by HPLC (Figure 2A
iii), and the product with an 80-Da mass addition was confirmed
to be (3R)-2-ACP by FTICR-MS (Figure 2B ii). Notably, for (3R)-
1-ACP substrate, ST-catalyzed sulfonation was ∼1000-fold faster
than TE hydrolysis. Likewise, the stereoselectivity of ST for the
�-hydroxyl group was determined by comparing the sulfonation
efficiencies of (3S)-1-ACP and (3R)-1-ACP. Under the same
reaction conditions, ST sulfonation with (3R)-1-ACP was ∼2.5-
fold faster than that with (3S)-1-ACP (Figure S3). Thus, CurM ST
stereoselectivity is consistent with the predicted formation of an
(R)-�-hydroxyl group by CurM KR. The catalytic efficiency and
substrate preference of ST and TE revealed in these experiments
provide convincing evidence that ST sulfonation precedes the TE
hydrolysis step.

Next, we sought to examine the TE-catalyzed hydrolysis after
the sulfonation by coupling the two reactions in one pot. When

(3R)-1-ACP was treated with both ST and TE, complete release of
the acyl chain from CurM ACP was observed by HPLC (Figure
2A iv) and confirmed by FTICR-MS (Figure 2B iii) and IRMPD.
We found under the same reaction conditions that the TE-catalyzed
hydrolysis reaction with sulfonated product (3R)-2-ACP was ∼800-
fold faster than that with (3R)-1-ACP. Moreover, TE-catalyzed
hydrolysis of (3R)-2-ACP is ∼120-fold faster than that of (3S)-2-
ACP (Figure S4). These results further corroborated the timing and
stereoselectivity of the ST sulfonation and TE hydrolysis steps.

Finally, we assessed whether a proposed sulfonated intermediate
(3R)-2 (Figure 1B) is released following hydrolysis of (3R)-2-ACP,
or whether formation of 3 (Figure 1B) occurs directly by a
coordinated decarboxylative elimination process. First, the ST-TE

Figure 2. Analysis of ST and TE reactions with (3R)-1-ACP substrate.
(A) HPLC analysis of ST and TE reactions. ∼300 µM (3R)-1-ACP was
added with 2 µM TE, ST, or both and 2 mM PAPS in 50 mM Tris-HCl
buffer (pH 7.0) and incubated at room temperature for 30 min. (B) Partial
FTICR mass spectra (+12 charge state) for the ACP-linked substrate and
products. The HPLC peaks of ACP species were collected for FTICR-MS
analysis, and only one MS spectrum is shown for each ACP species. Both
of the ACP species with and without an N-terminal methionine (indicated
by black diamond) were detected. The ACP species with the 80-Da mass
addition corresponds to the protonated form of (3R)-2-ACP in gas phase.
(C) LC-MS chromatograms (273.2 and 353.1 mass range) showing products
of (3R)-1-ACP treated with TE or both TE and ST. ∼300 µM (3R)-1-ACP
was treated with 2 µM TE or both TE and ST in 50 mM Tris-HCl buffer
(pH 7.0) for 1 h or 5 min, respectively. The enantiomers of (3R)-1 and
(3R)-2 were able to be separated and assigned as cis and trans. (D) GC-
MS chromatograms of ST and TE reactions. ∼300 µM (3R)-1-ACP was
added to 2 µM TE, ST, or both and 2 mM PAPS in 50 mM Tris-HCl buffer
(pH 7.0) and incubated at room temperature for 30 min. The chromatograms
were recorded at 60-420 atomic mass units, and the Y axis is ion abundance.
Y axis scaling of the authentic standard was adjusted for comparison with
the samples. Asterisks denote unidentified species from hexane extracts of
the reaction mixtures.
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coupled reactions with (3R)-1-ACP were analyzed by LC-MS, and
a single product was confirmed to be (3R)-2 by coinjection with
the corresponding authentic standard (Figure 2C iii). Due to the
expected volatility of 3, the contents of the coupled reaction were
extracted with hexane and analyzed by GC-MS. A second product
was thus detected and confirmed to be 3 by coinjection with the
corresponding authentic standard (Figure 2D iv). We found that 2
was relatively stable in the reaction mixture and was not spontane-
ously converted to 3 (Figure 2C iii). To determine which enzyme
catalyzes the decarboxylative elimination of 2, authentic (i.e.,
synthetic) (3R)-2 was separately treated with CurM ST or TE, and
a small amount of 3 was observed only for the TE reaction
(estimated ∼2% conversion in 1 h). Under the same conditions,
the TE reaction with (3R)-2-ACP leading to 3 was more efficient
than that with (3R)-2 (estimated ∼20% conversion in 5 min),
suggesting that the decarboxylative elimination is likely coupled
with hydrolysis in the TE active site. The significant level of (3R)-2
as a product of the TE reaction from model substrate (3R)-1-ACP
suggests that some interactions between the native substrate and
the TE active site might be essential for efficient coupling of the
hydrolysis and decarboxylative elimination reactions.

In summary, the ST-TE-mediated chain termination represents
a remarkable example of metabolic innovation via recombination
and coevolution of multifunctional enzymes in biosynthetic path-
ways. Insertion of a functional ST domain into the CurM PKS chain
termination module has resulted in a unique process for polyketide
chain release. Specifically, these catalytic events transform the
�-hydroxyl of the penultimate chain elongation intermediate into a
�-sulfate, an excellent leaving group that is positioned chemically
to facilitate decarboxylative elimination in the presence of the
terminal carboxylate following TE-mediated hydrolysis of the acyl-
thioester (Scheme 1A). A closely related strategy of terminal olefin
formation occurs in the mevalonate pathway for isoprenoid bio-

synthesis.19 Likewise, a mevalonate-5-diphosphate decarboxylase
(MDD) catalyzes a decarboxylative elimination reaction by first
converting a �-hydroxyl group into a phosphate leaving group
(Scheme 1B). In contrast, introduction of a terminal olefin as the
final step in tautomycetin biosynthesis, a polyketide metabolite
isolated from Streptomyces sp. CK4412, is more likely generated
by the action of a discrete decarboxylase via yet another unique
mechanism.20 Given the substrate tolerance of the ST-TE module,
it likely represents a new useful metabolic engineering tool for
deliberate incorporation of terminal olefins into high value natural
products and other long chain hydrocarbons.
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Scheme 1. Decarboxylative Elimination Mechanisms and Terminal
Olefin Formation in the (A) Curacin A Pathway and (B)
Mevalonate Pathway
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