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The epothilones, a family of macrolactone natural products
produced by the myxobacterial species Sorangium cellulosum,1 are
of current clinical interest as antitumor agents. Like Taxol, this
family of compounds stabilizes the polymerized state of microtubules, thereby halting cell cycle progression.2 Inspection of the
structure of the epothilones, such as epothilone D 1, suggests a
hybrid polyketide/nonribosomal peptide biosynthetic origin, and the
recent sequencing of the epothilone biosynthetic gene cluster has
validated this proposal.3 Nine polyketide synthase (EpoA, EpoCEpoF) and one nonribosomal peptide synthetase (EpoB) modules
are distributed over six protein subunits. EpoA, the polyketide
synthase (PKS) loading module, is proposed to load and decarboxylate malonyl-CoA to generate the acetyl-S-EpoA species, where
S represents the thioester bond between the substrate and the
posttranslationally attached phosphopantetheinyl arm of the carrier
protein domain. EpoB catalyzes condensation of this acetyl with
cysteinyl-S-EpoB to form the N-acetylcysteinyl-S-EpoB covalent
intermediate. N-acetylcysteinyl-S-EpoB is then cyclized to form the
methythiazolinyl-S-EpoB species that is oxidized to generate
methythiazolyl-S-EpoB (Figure 1).4 The remaining seven PKS
modules (EpoC-F) extend the polyketide chain until synthesis is
terminated by cyclization of the linear chain to the 16-membered
macrolactone. Structure-activity studies have demonstrated that a
thiazole or other aromatic moiety is absolutely required for
antitumor activity.5 Here we have examined unnatural substrates
with EpoA and EpoB to investigate the enzymatic construction of
alternate heterocyclic structures and the subsequent elongation of
these products by EpoC.

Careful analysis of fermentation broths from epothilone-producing myxobacterial cultures reveals several minor products, among
them the equally active oxazole-containing epothilone D analogue
2.6 The production of 2 presumably reflects some substrate
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Figure 1. Covalent intermediates resulting from acetyl transfer from EpoA
to EpoB, cyclodehydration, oxidation, and transfer to EpoC are shown.
EpoD-F catalyze further polyketide chain elongation and cyclorelease of
product.

permissivity of EpoB, and we have validated this expectation in
vitro with purified EpoB and EpoC and the ACP domain from
EpoA.4,7 As previously reported, the reversible formation of L-serylAMP in the EpoB adenylation domain is supported by [32P]-PPiATP radioactive exchange at a rate of 11.0 min-1 as compared to
a rate of 54.9 min-1 that is enabled by the native substrate cysteine.4
When the covalent modification of EpoB with radiolabeled amino
acid was monitored, 48% of the [3H]-L-seryl-S-EpoB species was
detected as compared to 79% formation of the [14C]-L-cysteine-SEpoB species (data not shown). Incubation of acetyl-S-EpoA-ACP
with [3H]-L-seryl-S-EpoB produced a covalent EpoB derivative that,
after alkaline hydrolysis from the phosphopantetheine arm and
radio-HPLC analysis, yielded the radiolabeled methyloxazole
carboxylic acid 3, as evidenced by co-injection with authentic
standard and mass spectrometry8 (for K+ salt, 165.28 observed,
165.19 expected). Including EpoC, methylmalonyl-CoA, and
NADPH in such incubations provided a covalent acyl-S-EpoC
intermediate that, after hydrolysis and HPLC analysis, was shown
to be the methyloxazolyl-methylacrylic acid 4 (Figure 2A), the
oxazole analogue of the normal thiazolyl methylacrylate 5. Thus
EpoB can activate the alternative amino acid L-serine, use it as
nucleophile for acylation by the acetyl-S-EpoA-ACP donor, cyclodehydrate, and aromatize to the methyloxazolyl-S-EpoB. Furthermore, the downstream methylmalonyl-S-EpoC module can use
this alternate heterocycle as donor. The rates of the various steps
are not readily amenable to steady state kinetic analysis since all
of the intermediates are covalently bound acyl enzyme species and
will require single turnover studies for kinetic deconvolution of
relative catalytic efficiencies. However, a preliminary analysis
indicates that the rate of oxazole formation is only slightly slower
than that of thiazole formation.
Subsequent studies with L-threonine and L-2,3-diaminopropionate
(Dap) in place of cysteine indicated that both substrates could be
loaded onto EpoB (155 kDa) and acetylated by [3H]-acetyl-S-ACP
10.1021/ja0274498 CCC: $22.00 © 2002 American Chemical Society
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and methylmalonyl-S-EpoC to yield the amino-alkyl-thiazolylmethyacrylic acid product 9 was validated by mass spectroscopy
(198.99 observed, 199.05, expected) and by co-injection with an
authentic standard (Figure 2D). Additionally, product 10, which
represents another double substrate substitution, could be produced
from Gly-S-ACP and Ser-S-EpoB as evidenced by mass spectroscopy (183.05 observed, 183.07, expected) (Figure 2E). When the
cationic amino group of glycyl-CoA was blocked with N-Boc,
acylglycyl transfer also occurred to yield the N-blocked-aminoalkyl-thiazolyl-methyacrylic acid product 11 (data not shown).
Transfer of N-Boc protected intermediates among the protein
interfaces appeared to be slightly slower than the corresponding
processing of the free amine (data not shown), suggesting that steric
bulk may slow substrate processing.
The first three enzymes of the epothilone biosynthetic machinery
can utilize serine to install an oxazole in place of a thiazole in the
epothilone structure. Furthermore, EpoB will tolerate functionalized
donor groups from the EpoA-ACP domain to produce epothilone
fragments modified at the C21 position. These studies with the early
enzymes of the epothilone biosynthesis cluster suggest that combinatorial biosynthesis may be a viable means for producing a
variety of epothilone analogues that incorporate diversity into the
heterocycle starter unit.

Figure 2. Radio-HPLC traces of EpoA/B/C reactions characterized by
comparison to UV-HPLC of chemically synthesized standards or MS data.
(A) Formation of 4 validated by co-injection. (B) Failure of reaction of
Dap-S-EpoB to form methyl imidazole compound 7, validated by coinjection. (C) Formation of 8, validated by MS. (D) Formation of 9, validated
by co-injection and MS. (E) Formation of 10, validated by MS.

(16.5 kDa) as evidenced by monitoring the shift of radioactivity
on a protein gel using autoradiography (see Supporting Information).
Further analysis of the alkaline-hydrolyzed products with radioHPLC indicated that a very small amount of acetyl-Thr-S-EpoB
appeared to cyclize to give the corresponding 2,5-dimethyloxazole
6 (data not shown), but no evidence for cyclization of the acetylDap-S-EpoB to yield the analogous heteroaromatic imidazole 7 was
detected (Figure 2B).
In prior studies, we have noted that EpoB will accept a variety
of acyl group donors presented by the EpoA-ACP domain.4 To test
whether a double substrate substitution could be effected at the
start of the epothilone synthetase assembly line, we utilized the
priming phosphopantetheinyl transferase Sfp7 to load the apo form
of EpoA-ACP with isobutyryl-CoA in incubations with EpoB, ATP,
and [3H]-serine as well as methylmalonyl-CoA, NADPH, and EpoC.
The isopropyloxazolyl methacrylate 8, which was readily detected
by radio-HPLC and characterized by mass spectroscopy (196.90
observed, 196.22 expected) after hydrolytic release from EpoC
(Figure 2C), represents a double substitution that can be carried
through the EpoA/B/C subunit machinery.
Introduction of polar functional groups at the epothilone C21
position may improve its pharmacological properties.9 In an initial
effort to introduce additional functionality into the epothilone
molecule, we prepared and evaluated several aminoacyl-S-EpoAACP proteins10 as potential donors for Cys-S-EpoB. Analysis by
radio-HPLC suggested that a variety of aminoacyl groups were
transferred across the EpoA/B/C subunit interfaces. As a representative example, the reaction of glycyl-S-EpoA-ACP, Cys-S-EpoB,
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