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Polyketide natural products are biosynthesized by an assembly-
line-like thiotemplated mechanism, wherein growing ketidyl inter-
mediates are tethered by thioester linkages to protein scaffolds
known as thiolation (T) domains.1 These acyl-S-T intermediates
are typically tailored by a series of cis-acting catalytic domains to
establish the polyketide structure, although recently, several comple-
mentary trans-acting polyketide biosynthetic enzymes have been
identified.2-6 One class of such trans-tailoring machinery is
exemplified by PksE, an enzyme involved in the biosynthesis of
the Bacillus subtilis signaling agent dihydrobacillaene (1).7-9 In
this communication, we identify PksE as a trans-acting enoyl
reductase (ER). We also confirm the activity of the PksE homologue
PfaD, the predicted trans-enoyl reductase involved in polyunsatu-
rated fatty acid (PUFA) biosynthesis.10 These results reveal a
general enoyl reduction pathway in polyketide biosynthesis and
suggest a strategy by which trans-enoyl reductases are utilized to
modulate small-molecule function.

The saturated C14′-C15′ bond in dihydrobacillaene is incorpo-
rated while the growing intermediate is tethered to a nonstandard
doublet of T domains in the polyketide synthase PksJ (Figure 1B).11

However, the cis-acting catalytic domains in PksJ only possess
ketoreduction and dehydration activities and as such are only able
to generate the C14′-C15′ bond at the olefin oxidation state. We
hypothesized that PksE acts as a trans-ER to reduce enoyl-S-PksJ
and thereby saturate the C14′-C15′ bond in dihydrobacillaene. To
test this, PksE and a construct bearing the T-domain doublet from
PksJ [PksJ(T2)] were heterologously overexpressed in Escherichia
coli.

Because enoyl reduction results in a mass increase of 2 Da, high-
resolution Fourier-Transform Mass Spectrometry (FTMS)12 and the
phosphopantetheinyl (Ppant) ejection assay13 were employed to
monitor enoyl reduction. Proteolytic digestion of PksJ(T2) resulted
in two active-site peptides of different mass, allowing analysis of
mass shifts occurring at each T domain separately. Upon incubation
of the model substrate 2-butenoyl-S-PksJ(T2) with PksE and
NADPH, protein digestion, and analysis by liquid chromatography
(LC)-FTMS, we observed a gain of 2 Da in approximately one-
half of the substrate bound to each T-domain active-site peptide
(Figure 1C), consistent with PksE’s proposed activity as a
C14′-C15′ enoyl reductase during dihydrobacillaene biosynthesis.
Replacement of NADPH with NADH resulted in similar levels of
reduction.

We next probed the role of the T-domain doublet in PksJ in
facilitating in trans enoyl reduction. PksE is comprised of an
acyltransferase (AT) domain along with the ER domain. Homo-
logues of the PksE-AT domain load assembly line T domains in
trans with malonyl units during polyketide biosynthesis.14 Given
the ability of these AT domains to interact with T domains, we
tested the possibility that PksE-AT recognizes the PksJ T-domain
doublet to recruit its fused ER domain to the correct region of PksJ.
We heterologously overexpressed a PksE construct that harbors only
the ER domain [PksE(ER)], and upon incubation of 2-butenoyl-S-
PksJ(T2) with PksE(ER), formation of butyryl-S-PksJ was observed
with no change in enoyl reduction relative to full-length PksE
(Figure 2A). In parallel, we tested the ability of PksE-AT and PksC,
a second dihydrobacillaene AT, to malonate a collection of T
domains from the dihydrobacillaene assembly line, and both AT
domains loaded every dihydrobacillaene T domain examined
(Figure 2B). We therefore conclude that PksE-AT/PksJ interaction
is not required for PksE-ER activity.

The tethering of substrates in proximity to the catalytic domains
controls the selectivity of cis-tailoring reactions. In contrast, the
selectivity of trans-tailoring reactions depends on recruitment of
the catalytic machinery to only the appropriate T-domain scaffolds.
Inspection of the dihydrobacillaene structure suggests that PksE-
ER acts only on substrates tethered to the T-domain doublet in PksJ.
A construct that contains a T domain from PksJ not predicted to
serve as a scaffold for PksE-catalyzed enoyl reduction was
expressed and purified in E. coli. PksE did not catalyze enoyl
reduction of 2-butenoyl units tethered to this T domain, demonstrat-
ing that specific interactions of PksE with the dihydrobacillaene
polyketide assembly line facilitate enoyl reduction and consequently
the pattern of unsaturation in dihydrobacillane (Figure S1). The
selective association of PksE with PksJ in ViVo is in accord with
fluorescence microscopy studies.8 Upon disruption of pksR, which
encodes another multidomain dihydrobacillaene synthase protein,
a PksE-cyan fluorescent protein (CFP) fusion is associated with a
PksX megacomplex. In contrast, in a strain containing a disruption
in pksJ, the PksE-CFP fusion did not colocalize with the mega-
complex, demonstrating that PksE interacts selectively with PksJ.

Homologues of PksE are present in several polyketide biosyn-
thetic clusters, including myxovirescin,15 leinamycin,4 and mupi-
rocin,16 among others (Figure S2).9,17,18 Comparison of the
structures of these polyketides and their associated domain archi-
tectures reveals that in each case at least one carbon-carbon bond
can be identified that is saturated in the absence of a cis-ER,
suggesting that trans-enoyl reduction by PksE-like ERs is a widely
distributed biosynthetic strategy to incorporate saturated carbon-
carbon bonds in polyketides. These PksE-like ER domains are
phylogenetically distinct from ERs utilized in canonical polyketide
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and fatty acid biosynthesis. Instead, PksE-ER is highly homologous
(47% identical/65% similar) to PfaD, the ER utilized in the
biosynthesis of PUFAs. PUFAs are precursors to numerous essential
cellular regulators (e.g., eicosanoids and arachidonic acid);19

however, humans do not possess the biosynthetic machinery
necessary for their production. A thiotemplated assembly line
pathway to PUFAs in marine microorganisms was recently re-
ported,10 and although it is a promising strategy to access large
quantities of PUFAs, its mechanistic details remain enigmatic. In
analogy to the PksJ T-domain doublet, runs of multiple T domains
are a hallmark of this pathway.

To confirm the proposed activity of PfaD, we heterologously
overexpressed the PfaD isoform from the model PUFA-synthesizing
marine microbe Shewanella oneidensis MR-1,20 as well as a
construct bearing four consecutive T domains [PfaA(T4)] in E. coli
(Figure 3A). PfaA(T4) was loaded with 2-butenoyl-S-pantetheinyl
units and subsequently treated with PfaD in the presence of
NADPH. Upon proteolytic digestion and analysis by LC-FTMS, a
gain of 2 Da was observed in the masses of substrates bound to
T-domain active-site peptides corresponding to the acylated T1,
T2, and T4 domains of PfaA(T4), consistent with PfaD-catalyzed
enoyl reduction and production of butyryl-S-T thioesters (Figure
3B). As 2-butenoyl-S-PfaA is a predicted authentic intermedi-
ate during PUFA assembly, these observations show that PfaD is
the ER used in PUFA assembly and acts on substrates tethered to
the PUFA synthase T-domain multiplet.

Taken together, the above results suggest a benefit to the use of
PUFA-like biosynthetic machinery in secondary metabolism. Vari-
ants of PUFA synthases are known which contain multiplets of 4
(as in the S. oneidensis PfaA), 6, or 9 consecutive T domains, all
sharing a striking degree of homology (>95% identical).10 The role
of the multiple tandem T domains is as-yet unknown, but this
synthase architecture may ensure efficient tailoring of PUFA
intermediates. Once an enoyl intermediate undergoes extension, the
olefin can no longer be reduced. It is possible that the extra T
domains make the extension step a biosynthetic bottleneck, increas-
ing the chances that PfaD will reduce a given PUFA intermediate
before extension. Under this model, the T-domain multiplets are
scaffolds for parallel PUFA biosynthesis to ensure production only
of the desired metabolite. Similar models have been previously

proposed to explain the presence of T-domain multiplets in the
mupirocin polyketide synthase,21 and in the present case, it is
supported by recent work demonstrating that only a single T domain
is required for PUFA biosynthesis.22

Though canonical polyketide synthases generally contain isolated
T domains, several polyketide synthases harbor T-domain doublets
and triplets. We propose that these T-domain multiplets mark
insertion points of alternate biosynthetic logics. As shown here,
the doublet in PksJ marks the insertion of PUFA logic, and the
mupirocin16 and macrolactin23 polyketide synthases possess analo-
gous T-domain multiplets at positions that correspond to predicted
PUFA-like enoyl reductions. Similarly, elsewhere in the dihydro-

Figure 1. (a) Structure of dihydrobacillaene. C, condensation; A, adenylation; HCS, HMG-CoA synthase; ECH, enoyl-CoA hydratase. (b) PksE reduces an
enoyl substrate tethered to the PksJ T-domain doublet in trans. (c) Confirmation of PksE enoyl reductase activity. (Left) PksJ-T1 active-site peptide. (Middle)
PksJ-T2 active-site peptide. (Right) Ppant ejection ions. Vertical lines in (c) correspond to the most abundant isotopic peak (solid: absence of PksE; dash:
presence of PksE).

Figure 2. (a) Enoyl reduction is efficiently catalyzed by PksE(ER). (Left)
PksJ-T1 active-site peptide. (Middle) PksJ-T2 active-site peptide. (Right)
Ppant ejection ions. Vertical lines in (a) correspond to the most abundant
isotopic peak (solid: absence of NADPH; dash: presence of NADPH). (b)
PksC and PksE efficiently load several dihyrobacillaene-associated T
domains (PksJ, PksL, AcpK) with 2-14C-malonate. C, including PksC; E,
including PksE; -, no trans-AT. (Left) Coomassie-stained gel. (Right)
Autoradiogram.
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bacillaene assembly line, a second T-domain doublet marks the
insertion of isoprenoid logic.3 Multiplets of T domains in polyketide
assembly lines may be “scars” of the insertion of such multi-T-
domain dependent machinery, and over the course of pathway
evolution, the additional T domains could be lost. The myxovirescin
biosynthetic machinery, for example, includes PUFA and iso-
prenoid-like enzymes to process substrates tethered to T-domain
singlets, suggesting the myxovirescin assembly line has “sloughed
off” the extra T domains resulting from the insertion.2,15

In many cases, the unsaturation pattern in the product small
molecule set by the trans-ER has functional consequence. A striking
example of the downstream effects of selective trans-enoyl reduc-
tion is observed in lovastatin biosynthesis, during which a trans-
acting polyketide ER processes selected ketidyl-S-T domain
intermediates to yield the specific unsaturation pattern necessary
for conversion of a linear precursor to the polycyclic lovastatin
skeleton.24 We propose that dihydrobacillaene represents a second
example of an unsaturation pattern serving as a determinant of
function. B. subtilis produces dihydrobacillaene as a mixture with
its C14′-C15′ olefin congener bacillaene, generated by the postsyn-
thetic C14′-C15′ desaturation of dihydrobacillaene catalyzed by
the cytochrome P450 PksS, a formal reversal of PksE-catalyzed
enoyl reduction.25 It is intriguing to speculate that the PksE/PksS
reaction couple uses PUFA logic to control the function of the
bacillaene/dihydrobacillaene ensemble by tuning the ratio of alkane
and olefin congeners.

PksE is the first PUFA-like polyketide enzyme, and PfaD, the
first marine PUFA enzyme, whose enoyl reductase activities have
been biochemically confirmed. The above observations reinforce
the extreme hybridity of the dihydrobacillaene biosynthetic pathway,
wherein multiple primary and secondary metabolic strategies
converge, including polyketide, nonribosomal peptide (red in 1),
isoprenoid (blue), and PUFA logics (green).3,7 The opportunism
of the dihydrobacillaene machinery in recruiting and cobbling

together these disparate biosynthetic strategies in a single pathway
is reflected in its chimeric structure. Indeed, as our understanding
of secondary metabolism continues to grow, the use of multiple
biosynthetic logics within a single pathway may be considered more
of a norm than an exception.4,26 A key challenge in the future is to
learn how we can insert multiple logics into pre-existing systems
and bring the full force of Nature’s biosynthetic ingenuity to access
novel polyketides and other bioactive products.
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JA8040042

Figure 3. (a) Domain organization in a prototypical PUFA biosynthetic
cluster. In S. oneidensis, n ) 4. (b) Confirmation of PfaD enoyl reductase
activity. (Left) PfaA-T1 active-site peptide. (Middle left) PfaA-T2 active-
site peptide. (Middle right) PfaA-T4 active-site peptide. (Right) Ppant
ejection ions. Vertical lines in (b) correspond to the most abundant isotopic
peak (solid: absence of NADPH; dash: presence of NADPH).
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