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A truncated version of the spinosyn polyketide synthase
comprising the loading module and the first four extension
modules fused to the erythromycin thioesterase domain
was expressed in Saccharopolyspora erythraea. A novel
pentaketide lactone product was isolated, identifying
cryptic steps of spinosyn biosynthesis and indicating the
potential of this approach for the biosynthetic engineering
of spinosyn analogues. A pathway for the formation of
the tetracyclic spinosyn aglycone is proposed.

The biosynthetic engineering of natural products in order to
access novel chemical space around existing, commercially
valuable molecules has emerged as a powerful new technology 1

and provided a paradigm shift in how natural products are util-
ised within discovery programs.2 This is particularly evident in
the area of polyketide biosynthesis.3 We have recently applied
these technologies to alter the glycosylation pattern around the
spinosyns (spn),4 a family of agriculturally important molecules
which form the active constituents of the potent yet environ-
mentally benign insecticide Tracer (Dow AgroSciences).5 To
explore the potential for biosynthetic engineering of the spn
polyketide synthase (PKS), and thus access novel analogues of
these molecules, we have expressed a portion of the spn PKS in
the well defined heterologous host Saccharopolyspora erythraea
JC2.6

The spn biosynthetic gene cluster has been cloned from
Saccharopolyspora spinosa and sequenced.7 Biosynthesis of the
polyketide core is proposed to involve the formation of a
decaketide precursor, the putative first enzyme-free inter-
mediate, followed by an enzyme-mediated process resembling
an intramolecular cycloaddition. The resulting tetracyclic
aglycone is then glycosylated with -rhamnose which is
subsequently tri-O-methylated, and finally a second sugar,
-forosamine, is added to yield the biologically active com-
pounds 1 and 2 along with other related metabolites in minor
amounts (Fig. 1).7 In the spn structure C15 bears a keto group,
although the PKS appears to contain an active ketoreductase
domain (KR) in module 4, which governs the fourth cycle
of chain elongation, and this KR4 ought in theory to reduce
the β-keto group corresponding to C15 to a hydroxy group.
Construction of a truncated version of the spn PKS and

† Electronic supplementary information (ESI) available: Further details
of the construction of pCJR308, the fermentation of BIOT-0966 and
the isolation of pentaketide lactone, 3, and figures showing the 13C
NMR and 1H COSY spectra of 3. See http://www.rsc.org/suppdata/ob/
b3/b310740j/

characterisation of the product(s) formed was expected both to
determine the viability of heterologous expression of the PKS,
and to indicate the extent of β-keto processing that actually
occurs at C15 during polyketide chain assembly, therefore iden-
tifying whether the KR domain of module 4 is active or not.
If it is active, it would imply hitherto-unrecognised additional
steps in spn biosynthesis to bring about the observed oxidation
state in the final product.

A plasmid was engineered in which the erythromycin thio-
esterase domain (TE) was fused in-frame with, and downstream
of, the spn PKS modules 1–4 8 (Fig. 2): an approach used pre-
viously for the expression of other truncated PKS systems.9,10

The truncated, hybrid PKS gene was placed under the control
of the actinorhodin promoter (PactI) in a vector containing
the actII-ORF4 activator, to give the plasmid designated
pCJR308. This system is designed to direct expression of the
PKS in S. erythraea strains.6 Transformation of S. erythraea
JC2 with this plasmid,11 followed by homologous integration
via the erythromycin TE portion of the PKS yields the strain
S. erythraea JC2/pCJR308, which was designated BIOT-0966.
Cultures of BIOT-0966 were grown and extracted as described
previously,6 and shown by LC-MS and LC-ELS methods to
produce six novel compounds that are not present in the control
strain S. erythraea JC2.

The major novel compound 3 (Fig. 3A) displayed chromato-
graphic and mass spectrum (MS) fragmentation character-
istics 12 appropriate for a pentaketide lactone with a hydroxy
group, rather than a keto group at C3. This hydroxy group
derives from the action of the KR domain in module 4 of the
PKS and corresponds to the C15 position of the full spinosyn
structure. To verify the structure, this compound was isolated

Fig. 1 Structures of spinosyns A, D and E.
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Fig. 2 Modular organisation of the truncated-hybrid pentaketide PKS—the spn genes and their direction of transcription are indicated by the bold
arrows. The domain structure with their functions in polyketide chain assembly are illustrated below the genes; KS, β-ketoacyl synthase; AT, acyl
transferase; ACP, acyl carrier protein; DH, dehydratase; ER, enoyl reductase; KR, β-ketoreductase; TE, thioesterase. Each complete module is
indicated by a different colour, with the TE domain of the erythromycin PKS indicated as a solid sphere. The various enzyme bound intermediates
produced during chain assembly are shown attached to the relevant ACP domain.

from the fermentation broth of BIOT-0966 to yield 20 mg of
pure product (see electronic supplementary information †).
Electrospray ionization-high resolution-Fourier transform ion
cyclotron resonance-MS analysis (ESI-HR-FTICR-MS) iden-
tified the molecular formula as C12H22O4 and detailed NMR
experiments were performed to provide structural characteris-
ation. The 1H, 13C and DEPT spectra were consistent with the
expected structure for a pentaketide lactone.13 The COSY spec-
trum of 3 provided all of the scalar couplings expected, apart
from one between H4 and H5 (Fig. 3B). Based on the absolute
configuration of 1 & 2 the stereochemistry at all positions of 3
can be deduced, except for that at C3, the equivalent of which
(C15) bears a keto group in 1 & 2. Therefore, only two isomers
of 3 are possible. The coupling constants observed for 3
are most consistent with the absolute configuration as shown
(Fig. 3) and this structure was confirmed using a NOESY
experiment. Of most importance was the strong NOE
enhancement for H-3 to the C4-methyl group, and the
enhancement for H-4 to H-5 (Fig. 3A). Compound 3 is
therefore identified as 3R-hydroxy-4S-methyl-5S,9S-hydroxy-
undecanoic acid-δ-lactone, indicating that the KR domain of
module 4 is indeed functional.

Recent publications have addressed identification of amino
acid residues in KR domains that are indicators of the stereo-

Fig. 3 Absolute configuration of the pentaketide-lactone 3; A, dashed
arrows show NOESY correlations; B, bold lines show COSY
correlations.

chemical outcome of ketoreduction.14,15 An alignment of the
spinosyn KR domains (Fig. 4) shows that these motifs predict
that in all positions where there is further processing of the
hydroxy group, and the outcome of reduction is obscure,
ketoreduction results in a “B-type” stereochemical outcome as
expected. In the case of spinosyn module 4, the stereochemical
outcome of the ketoreduction is predicted by these motifs to be
“A-type” 14 and that is what is observed in the isolated product
3. Although we cannot completely exclude the possibility of
reduction by an exogenous enzyme, as has been observed when
a polyketide synthase was expressed in S. coelicolor,16 since all
of the active-site residues expected for an active KR are present
in spinosyn KR4,15 we consider this to be unlikely.

The identification of a C15-hydroxy group in the immediate
product of the spn PKS in turn means that subsequent oxid-
ation must occur to establish the keto group at C15 during
spinosyn biosynthesis. This has interesting consequences for the
mechanism by which the bridged tetracyclic aglycone 4 is pro-
duced from the putative first enzyme free intermediate 5 (Fig. 5).
In a recent report regarding the biosynthesis of similarly
bridged tetracyclic fungal polyketides,17 Oikawa suggests a
mechanism whereby oxygenation of olefinic moieties within a
putative polyolefinic precursor is utilised for the generation of
carbocations, thereby giving rise to tetracyclic systems via oxid-
ative cyclisation (and isomerisation) in a process akin to those
involved in the biosynthesis of terpenoids.17 Oikawa has drawn
an analogy to the similarly-bridged tetracyclic spn system, and

Fig. 4 Alignment of the 10 spinosyn KR domains with DEBS KRs 1
and 2. The regions shown are amino acid residues 88–103 and 134–149.
Residues highlighted in bold type are those proposed by Caffrey 14 to be
indicators of KR specificity.
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Fig. 5 Proposed mechanism for formation of the spn tetracyclic aglycone 4 from the putative PKS product 5.

suggested a similar process here. However, we believe the
process for spn to be more complicated: first, generation of the
bridged spn system would appear to require two independent
processes, with a C14–C3 carbon bridge most probably being
formed by Michael attack from C14 upon C3 (Fig. 5). The
remaining carbon bridges could then be formed through a
Diels–Alder cyclisation if the remaining C14 proton is removed
with concomitant isomerisation of the C13–C12 double bond
and elimination of the hydroxyl group at C11. The driving force
for such a reaction sequence would be provided by deproton-
ation at C14. This would be facilitated by the presence of a keto
group at C15 that increases the acidity of the C14 protons and
allows enolisation to drive the proposed Michael addition in the
formation of the first bridge. The formation of the C15 keto
group after full polyketide chain assembly may arise in order to
ensure that the timing and order of the proposed bridging reac-
tion, isomerisation/dehydration and subsequent cyclisation are
correct. However, in the absence of experimental confirmation,
the order of these steps remains speculative and equally
plausible alternative schemes can be drawn.

Nevertheless, the series of biosynthetic steps proposed here
would be consistent with the putative gene products identified
within the spn biosynthetic cluster and shown to be involved in
the bridging process.7 After cyclisation and release from the
PKS the first enzyme-free intermediate would be oxidised to
give a keto group at C15 by SpnJ. SpnJ shares closest homology
to hexose oxidases and berberine bridge forming oxidases.7 In
the next step one of the putative carbon–carbon bond forming
enzymes SpnF or SpnL (which share closest sequence similarity
with methyl transferases (MeT) from secondary metabolism,
but which lack some of the key MeT residues) could catalyse an
intramolecular Michael addition reaction, linking C15 and C3.7

The final step of the process would involve the elimination/
isomerisation process followed by a Diels–Alder cyclisation as
described above, and could be catalysed by one of SpnL or
SpnF.

In addition to 3, we also observed the presence of other novel
products produced by BIOT-0966. These compounds were
produced at low levels (<5% total novel products) and therefore
not isolated. Analysis by LC-MS indicated that they are most
probably analogues of 3 in which some of the AT domains have
incorporated alternative extender units (for example the mis-
incorporation of malonyl-CoA rather than methylmalonyl-
CoA by the loading module of SpnA—this is analogous to the
production of spinosyn E 6 by S. spinosa (Fig. 1)). Also present
were open-chain acid forms of these lactones and 3.

In summary, we have demonstrated that spn PKS genes from
S. spinosa can be expressed heterologously in S. erythraea JC2
and can be used as part of a functional hybrid PKS. These
findings indicate that the heterologous expression of engineered
versions of the spn PKS may provide a viable approach to
access novel analogues of these important and valuable mole-
cules. In addition the isolation and structural elucidation of the
major new product 3 has led to the determination that the KR
domain of module 4 is very likely active as predicted from its
structure, and therefore identifies the otherwise cryptic step of
C15 oxidation that must occur during spn biosynthesis.
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cosmids and the stimulating exchange of ideas, Dr Rachel
Lill (Biotica Technology Ltd) for assistance with structural
determination, Dr Paul Gates (University of Cambridge) for
help with FT-ICR-MS/MS experiments and Mr John Lester
and the DNA-sequencing facility (University of Cambridge).
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