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Benzoic acid, activated as its coenzyme A thioester (benzoyl-
CoA) serves as a building block in the biosynthetic pathways
to a number of important natural products, including zaragozic
acid A (squalestatin S1)[1] from fungi and paclitaxel (taxol)[2]

and cocaine[3] from plants. It also provides the starter unit for
the polyketides enterocin (1)[4] and soraphen (2)[5] from pro-
karyotic micro-organisms (Scheme 1). We have previously

shown that engineering the loading module of modular poly-
ketide synthases (PKSs) to accept alternative starter units pro-
vides an effective route to novel analogues of clinically useful
polyketide drugs, such as erythromycin A.[6] We now describe
results that promise to broaden the scope for such biosynthet-
ic engineering of new polyketide derivatives containing ben-
zoate starter units.

We recently reported that using the acyltransferase (AT)
domain of the loading module of the soraphen-producing PKS
of Sorangium cellulosum[7] to replace the propionate-selective
AT in the loading module of a truncated bimodular derivative
(DEBS1-TE) of the erythromycin-producing PKS of Saccharopo-
lyspora erythraea[8] led to the production of 5-phenyl-substitut-
ed triketide lactone 3, along with the normal products of
DEBS1-TE 4 and 5.[9] Lactone 3 is formed by polyketide chain

extension of benzoyl units attached to the hybrid loading
module, while 4 and 5 are thought to be formed by competi-
tive direct loading of, respectively, propionyl-CoA or acetyl-CoA
directly onto the ketosynthase domain of extension module 1
of DEBS1-TE (Scheme 2). It was found to be essential for the
production of 3, that the recombinant S. erythraea also ex-
pressed the badA gene of the anaerobic pseudomonad Rho-
dopseudomonas palustris, which encodes one of the benzoate:
CoA ligases of that organism,[10] and also that the medium was
supplemented with high concentrations of benzoic acid. Un-
fortunately, the observed deleterious effects of 3 mm benzoic
acid on the growth of S. erythraea[9] make this a suboptimal ap-
proach for mutasynthesis. Surprisingly, cinnamic acid, which
was expected to give rise to intracellular benzoyl-CoA by b-oxi-
dation,[11] was found to be toxic for S. erythraea even at low

Scheme 1. Structure of benzoate-primed (shaded) polyketides enterocin (1) and
soraphen (2).

Scheme 2. Alternative routes for supply of benzoyl-CoA to the sor-ery hybrid
triketide synthase in Saccharopolyspora erythraea. Pr-CoA=propionyl-CoA, Ac-
CoA=acetyl-CoA, MeMal-CoA=methylmalonyl-CoA, KS=ketosynthase, AT=
acyltransferase, KR=ketoreductase, ACP=acyl carrier protein, TE= thioester-
ase. Shaded part of PKS is derived from soraphen PKS. R1 and R2=H, F, and
OH; see Table 1 for explanation.
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levels (0.1 mm).[12] In contrast, in S. cellulosum, cinnamate and
cinnamate analogues have recently been shown to be effective
precursors of soraphens through a b-oxidation pathway;[13]

while in ™Streptomyces maritimus∫, both cinnamate and p-fluoro-
cinnamate have been shown to be incorporated as precursors
of analogues of enterocin (1) and the related wailupemycins.[14]

An alternative strategy is to replace genes in the strain with
suitable biosynthetic ones that promote the intracellular pro-
duction of the key biosynthetic building blocks. Thus, inserting
genes for cyclohexanecarboxylic acid-CoA production into
Streptomyces avermitilis supported efficient synthesis of dora-
mectin.[15]

We now report that replacement of badA by the alternative
benzoate:CoA ligase encN from the biosynthetic pathway to 1
in the marine isolate ™S. maritimus∫[16] leads to a threefold
higher incorporation of added benzoic acid into 3, as judged
by GC-MS analysis of the products. The increased efficiency
may, for example, be due to better expression of the encN
gene. Furthermore, this replacement did not lead to any inhibi-
tion of strain growth at comparable concentrations of added
benzoate.

In parallel experiments, EncN was also found to convert
added p-fluorobenzoate and both m- and p-hydroxybenzoates
into the corresponding coenzyme A esters, since these com-
pounds served as substrates for the hybrid PKS and gave rise
to analogues of 3. In each case the amounts were small, but
the [M+NH4]

+ ion (ammonia CI) was observed, and the MS/MS
fragmentation pattern of this ion was fully consistent with the
proposed structure of the respective triketide lactone products
(Table 1). In vitro, p-fluorobenzoate is activated nearly ten
times more efficiently than p- or m-hydroxybenzoate,[14] but
the levels of production of the lactone derivatives are broadly
similar. Other monosubstituted benzoates, including cyclohex-
1-enecarboxylic acid, and 2- and 3-thiophenecarboxylic acids,
which are each activated by EncN as efficiently as p-fluoroben-
zoate gave little or no detectable aromatic triketide product.
These results apparently reflect the specificity of the polyketide
synthase, in particular the loading AT domain derived from the
soraphen PKS,[13] rather than that of EncN itself.

We particularly wished to determine whether co-expression
of the hybrid PKS gene together with the gene encP of ™S. mar-
itimus∫, which encodes an l-phenylalanine ammonia lyase,[17]

might allow production of the target 5-phenyl triketide lactone
3 even in the absence of added benzoate (Scheme 2). The re-
sults of this experiment (Table 1) showed that inclusion of encP
in an expression cassette with the hybrid PKS gene in S. eryth-
raea did indeed lead, as hoped, to significant accumulation of
3, albeit in amounts some eightfold lower than when encN
was present and coexpressed (together with an optimal initial
concentration of added benzoate). This remarkable result
means that S. erythraea must contain the enzymes necessary
to activate cinnamate as its CoA thioester and to degrade this
by b-oxidation to benzoyl-CoA (Scheme 2); and it therefore
allows the production of intracellular benzoyl-CoA without the
need to add precursors to the medium. Given that we have
observed an apparent toxicity of added cinnamate,[12] it is pos-
sible that coexpression in the engineered S. erythraea of the

genes encoding further enzymes from the enterocin feeder
pathway from phenylalanine to benzoyl-CoA[11] might in future
further increase flux through this plant-like precursor pathway.

In summary, expression in S. erythraea of a single additional
gene from the enterocin pathway allows either production of
phenyl-substituted polyketides without medium supplementa-
tion (encP) ; or incorporation of a range of substituted phenyl
starter units into such polyketides (encN). These findings fur-
ther expand the prospects for engineered biosynthesis of com-
plex polyketides as leads in drug discovery.

Experimental Section

Coexpression of encN and sor-ery hybrid PKS gene tkscjw3 : The
gene encN and its ribosome binding site (RBS) were PCR amplified
from the cosmid clone pJP15F11[4] with the primers 5’-GTTAAT-
TAATGCCGCGACCGGGGCAG-3’ (forward) and 5’-GCATATGTGTCC-
TCCTGGTCACACGGCGTGGGC-3’ (reverse), cloned into pCRR-Blunt
(Invitrogen), sequence verified, digested with PacI and NdeI (the in-
troduced restriction sites are indicated by italics), and cloned into
the appropriate sites upstream of the sor-ery hybrid PKS gene
tkscjw3 in the expression plasmid pCJW45[9] to yield pBM17. The
underlined region in the reverse primer corresponds to the RBS
associated with tkscjw3. Expression of pBM17 (and of pBM18, see
below) in S. erythraea JC2, feeding of sodium benzoate and ana-
logues (3 mm), and GC-MS analysis of the resulting triketide lac-
tones followed published procedures.[9] The extracts were analysed
by GC-MS on a Finnigan GCQ instrument (ThermoFinnigan). A Phe-
nomenex Zebron ZB5 5% phenyl-polysiloxane column was used
with helium as carrier gas. The GC-MS was performed in chemical
ionisation (CI) mode with NH3 as reagent gas. For the feeding ex-
periments with p- and m-hydroxybenzoic acid, the crude extracts
were derivatized with trimethylsilyldiazomethane before GC-MS
analysis.

Table 1. GC retention times (tr) and MS measurements of aromatic tri-ke-
tides generated from strains of S. erythraea engineered to produce intracel-
lular benzoyl-CoA, or monosubstituted derivatives.

Starter unit source Ar tr [min]
[M+NH4]

+

benzoic acid 20.1
phenyl alanine 238 (220, 202, 157, 142)

p-fluorobenzene 19.1
256 (238, 220, 175, 160)

p-hydroxybenzoate 17.5
268[a] (253, 236, 219, 176)

m-hydroxybenzoate 18.5
268[a] (253, 236, 219, 176)

Some evidence was obtained from MS analysis for inefficient production
of analogues of 3 when either 2- or 3-thiophene carboxylic acid was fed
to S. erythraea. Nicotinic acid, 2-furoic acid, cyclohex-1-enecarboxylic acid
and p-toluic acid were not incorporated. [a] Analysed as methoxyben-
zoate triketide lactone. Mass values in brackets represent primary peaks
in the MS-MS spectrum.
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Coexpression of encP and tkscjw3 : In a similar fashion to the con-
struction of pBM17, encP and its RBS were PCR amplified from
pJP15F11 with the primers 5’-GTTAATTAACCCGTCGAGTCCACCG-3’
(forward) and 5’-GCATATGTGTCCTCCTTCCAGGTGCTGCTTCAG-3’ (re-
verse) in the construction of the pCJW45-derivative pBM18 har-
bouring encP.
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