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The epothilones, a class of antitumor macrolides,[1] are
nonribosomal-peptide–polyketide natural products that are
constructed by mixed enzyme assembly lines composed of
nonribosomal-peptide synthetases (NRPS) and polyketide
synthases (PKS).[2] In the early steps of the epothilone
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biosynthetic pathway, the incipient methylthiazolyl group is
formed by acetyl transfer from the PKS subunit EpoA to the
cysteine residue of the NRPS subunit EpoB.[3] Subsequent
cyclization, dehydration, and oxidation by the cyclization
(Cy) and oxidase (Ox) domains of EpoB results in the
methylthiazolyl species, which is then transferred from EpoB
to the downstream PKS acceptor subunit EpoC by the
ketosynthase (KS) domain of EpoC (Figure 1a).[4] As both
EpoB and EpoC have demonstrated tolerance for unnatural
upstream acyl substrates in vitro,[5] it was hypothesized that
proteins from other biosynthetic pathways with novel sub-
strate specificities could be used in place of EpoA and EpoB
within the epothilone assembly line (Figure 1b).

This study demonstrates that EpoA or EpoB can be
replaced in vitro with proteins from the rapamycin,[6] enter-
obactin,[7] or yersiniabactin[8] biosynthetic pathways. Fusion of
a protein-recognition element to the C terminus of the
noncognate protein is critical for substrate transfer, as
observed in studies with PKS enzymes.[9] Although similar
recognition domains have been proposed for mixed PKS/
NRPS assembly lines,[10] this hypothesis has not been vali-
dated experimentally. A putative recognition sequence at the
C terminus of the PKS EpoA appears to facilitate substrate
transfer to EpoB, whereas a sequence at the C terminus of the

NRPS EpoB facilitates substrate transfer to EpoC (Fig-
ure 2a).

When the acyl carrier protein from RapC of the rapamy-
cin biosynthetic pathway was loaded with [3H]acetyl-CoA
(see Experimental Section) and incubated with cysteinyl-S-
EpoB and methylmalonyl-S-EpoC, no substrate transfer
occurred (Figure 3a, top). However, when the 39-residue
EpoA recognition sequence was fused in place of the
C terminus of RapC to yield RapC(EpoA) (Figure 2b) and
this hybrid protein was used, formation of compound 1 was
observed (Figure 3a, bottom).

The free-standing aryl carrier protein EntB from the
enterobactin biosynthetic pathway,[7] primed with the meth-
ylthiazolyl-S-pantetheinyl moiety derived from methylthi-
azolyl-CoA, produced compound 1 when incubated with
methylmalonyl-S-EpoC (Figure 3b, top). However, after
fusion of the 32-residue EpoB linker to the enterobactin
protein (EntB(EpoB), Figure 2b), the formation of product 1
was improved (Figure 3b, bottom). When Ybt-PCP2, a
peptidyl carrier protein from the yersiniabactin biosynthetic
pathway,[8] was primed with the methylthiazolyl-S-acyl group
and incubated with methylmalonyl-S-EpoC, a small amount
of product formation was again observed (Figure 4). How-
ever, replacement of the C-terminal sequence of Ybt-PCP2 by

Figure 1. a) Early steps in the biosynthesis of epothilone. The EpoA, EpoB, and EpoC proteins are depicted with their catalytic modules. b) Integra-
tion of noncognate proteins into the epothilone assembly line. Use of noncognate proteins with different substrates. (X=methyl and Y= cysteine
to make epothilone fragment 1; alternatively the X-containing substrate was omitted from the enzymatic reaction, and the substrates Y=methyl-
thiazole or methylpyridine were used to make epothilone fragments 1 or 2, respectively.)
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that of the EpoB recognition sequence (Ybt-PCP2(EpoB),
Figure 2b)[11] greatly improved product yield (Figure 4). The
use of the protein Ybt-PCP2(NS), which lacks the C-terminal
residues of the wild-type carrier protein, also led to dimin-
ished product formation (decreased by 60% relative when
Ybt-PCP2(EpoB) was used). These studies indicate that the
recognition sequences that assist protein recognition in the
PKS pathways[9a] are also observed in both PKS/NRPS and
NRPS/PKS mixed interfaces. A preliminary study revealed
that product formation in the presence of methylthiazolyl-S-
EntB(EpoB) and methylmalonyl-S-EpoC is much slower
than the rate of product formation that is observed with the
cognate EpoB protein (Figure 3c). This suggests that the
engineered partner protein, although viable, is not as efficient
as the wild-type EpoB donor. Further optimization of the
recognition sequence may lead to improved acyl-group
transfer.

The use of noncognate proteins to deliver tethered acyl
groups to NRPS or PKS assembly lines for the synthesis of
unnatural products is an important goal. Therefore, we
examined the ability of EntE,[7] the partner protein of EntB,
to load aromatic acyl substrates onto the phosphopante-
theinyl group of EntB(EpoB). Although the interaction of
EntE with EntB(EpoB) is adversely affected by the addition
of the linker sequence, a substantial extent of [14C]salicylate-
group loading (57%) was noted for the modified carrier
protein (compared to 90% for the wild type). EntE can also
activate and load the heteroaromatic substrate 4-methyl-2-
pyridine carboxylic acid (picolinic acid), though at a signifi-
cantly decreased rate (0.33 min�1) to that of its activation and
loading of the natural substrate 2,3-dihydroxybenzoate
(330 min�1).[7a] As a methylpyridine epothilone derivative
has been shown to exhibit enhanced cytotoxic activity,[12] this
substrate provides an interesting test case for further study.
Acyl transfer, reduction, and dehydration on EpoC could be
demonstrated with this novel substrate by incubating EntE,
picolinic acid, EntB(EpoB), and EpoC, in the presence of
[14C]methylmalonyl-CoA and NADPH (Figure 5). The rec-
ognition sequence from EpoB appears to dramatically

improve product formation when this noncognate substrate
is used, thus suggesting that improvement of the protein–
protein interaction by the recognition sequence is critical
when unusual substrates are incorporated into the enzymatic
assembly line.

This study demonstrates that proteins from rapamycin,
yersiniabactin, and enterobactin biosynthetic pathways can
interact productively with the epothilone assembly line, which
suggests that short recognition sequences in hybrid PKS/
NRPS systems may be fused to multiple proteins. Thus, the
“linker hypothesis”, which has enabled the mixing and
matching of proteins within PKS systems,[9a] can also be
used to mix PKS and NRPS systems and enable acyl transfer
and subsequent reactions such as cyclization, reduction, or
dehydration to build novel assembly-line intermediates. The
rates for product formation in the hybrid system are
decreased relative to that observed in the natural system,
thus suggesting that the terminal recognition sequence is not
the only element required for productive acyl transfer.
Consistent with this observation, studies with the erythromy-
cin biosynthetic pathway suggest that the entire protein may
contribute to the protein–protein interaction.[9d] Nevertheless,
addition of the C-terminal recognition sequence greatly
improved substrate transfer in the three examples described
herein. Although a coiled-coil protein interaction has been
proposed for the PKS recognition elements,[9e] it is not known
whether PKS/NRPS sequences interact in a similar manner.
More detailed studies designed to elucidate the mechanism by
which these recognition elements foster protein–protein
interactions are currently underway.

Experimental Section
Carrier proteins were amplified by polymerase chain reaction (PCR)
from existing constructs or from genomic DNA and ligated into
pET28b (Novagen) to create constructs that contained an N-terminal
His tag. The carrier protein of RapC consists of 151 amino acids
(residues 6110–6260 of RapC); Ybt-PCP2 consists of the amino acids
1933–2041 of HMWP2. Carrier proteins with a linker sequence were

Figure 2. a) Proposed C-terminal recognition sequences of EpoA (in blue) and EpoB (in red). b) Amino acid sequences of the C termini of the pro-
teins used in this study. Underlined sequences in RapC and YbtPCP2 were removed and replaced with the EpoA or EpoB recognition sequence.
Italicized letters indicate the serine residue that is pantetheinylated.
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constructed by splicing-overlap-extension PCR.[13] Carrier proteins
were expressed in the apo (nonpantetheinylated) form in BL21(DE3)
E. coli cells under control of a T7 promoter at 25 8C and purified by
nickel chromatography. Apo carrier proteins were modified by
incubation with the broad-specificity phosphopantetheinyl transfer-
ase Sfp[14] and acetyl-CoA or methylthiazolyl-CoA. The Ybt proteins
exhibited a loading capacity of 65%, as judged by quantitation of
covalent modification of the protein with the radiolabeled coenzyme
[3H]acetyl-CoA. EntB(EpoB) and RapC(EpoA) both exhibited
approximately 50%modification, whereas the wild-type counterparts
RapC and EntB showed greater than 90% priming. EpoB and EpoC
were expressed and purified as reported previously.[3, 4] In a repre-
sentative assay, apo-EntB(EpoB) (5 mm) in a total volume of 100 mL
was incubated at pH 7 with Sfp (0.5 mm) and methylthiazolyl-CoA
(200 mm) in the presence of MgCl2 (5 mm). EpoC (5 mm), NADPH
(3 mm), and [14C]methylmalonyl-CoA (10 mm) (total reaction volume
65 mL) were then added, and the reaction was left for 20 min at 25 8C.
The reaction was quenched by the addition of trichloroacetic acid
(10%), and the product was hydrolyzed from the precipitated protein

Figure 4. Comparison of the formation of compound 1 by the interfa-
ces formed between [14C]methylmalonyl-S-EpoC and methyl-thiazolyl-S-
Ybt-PCP2, Ybt-PCP2(EpoB), and Ybt-PCP2(NS) over time.

Figure 5. Radio-HPLC trace that indicates the product 2 formed upon
incubation of [14C]methylmalonyl-S-EpoC and picolinyl-S-EntB or picol-
inyl-S-EntB(EpoB), against the UV-HPLC trace (254 nm) of compound
2 as a chemical standard.

Figure 3. a) Radio-HPLC traces that indicate the formation of com-
pound 1 from the incubation of cysteinyl-S-EpoB, methylmalonyl-S-
EpoC, and either 1) [3H]acetyl-S-RapC or 2) [3H]acetyl-S-RapC(EpoB).
b) Radio-HPLC traces that indicate the formation of compound 1 from
the incubation of [14C]methylmalonyl-S-EpoC and 1) methylthiazolyl-S-
EntB or 2) methylthiazolyl-S-EntB(EpoB). c) Comparison of product for-
mation from wild-type epothilone biosynthetic enzymes (acetyl-S-EpoA-
carrier protein, [35S]cysteine-S-EpoB, and methylmalonyl-S-EpoC) with
product formation from enterobactin and epothilone biosynthetic path-
ways (methyl-thiazolyl-S-EntB(Epo) and [14C]methylmalonyl-S-EpoC)
over time. ACP=acyl carrier protein.
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by heating with KOH (0.5m, 60 8C) for 5 min. The methylthiazole
methylacrylic acid 1 and picolinic methylacrylic acid 2 standards were
made as previously reported and used to verify product formation in
the reaction.[4,15] Reversed-phase HPLC (C18 Vydac column) with a
UV detector and an online radioisotope detector was used for the
assays. (1: MeCN (0–70%) in aqueous TFA (0.1%), 25 min; 2 : MeCN
(0–25%) in aqueous TFA (0.1%), 25 min.) The formation of 1 was
also assayed by radio-TLC (silica; 90:5:5 chloroform/ethanol/acetic
acid). Rates for EntE activation were determined by using a PPi
(inorganic pyrophosphatase) exchange assay as previously descri-
bed.[7a] Quantitation of the loading onto EntB by EntE was
performed by loading with [14C]salicylate.
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