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Introduction

Modular type I polyketide synthases (PKSs), for example the 6-
deoxyerythronolide B synthase (DEBS) responsible for synthesis
of the aglycone core of the macrolide antibiotic erythromycin
A, are giant, multifunctional enzymes that catalyse the biosyn-
thesis of structurally complex and clinically important polyke-
tide products.[1–3] Polyketide chain formation closely resembles
fatty acid biosynthesis, in which a starter unit and successive
extender units derived from the CoA esters of simple carboxyl-
ic acids are condensed together to create a chain. As in fatty
acid chain formation, the intermediates are not released into
solution. In contrast to fatty acid synthases (FASs),[4] modular
PKSs utilise a wider variety of starter and extender units, and
the b-keto functionality created after each condensation step
is not necessarily fully reduced before the next cycle of chain
extension, leading to a far greater chemical and stereochemical
diversity in the products.
The sequencing of the genes for DEBS (and for many other

such PKSs) has revealed that each cycle of chain extension is
catalyzed by a different set or “module” of active sites. A typi-
cal module contains a ketosynthase (KS) domain that catalyses
the formation of a carbon-carbon bond. The acyltransferase
(AT) domain recruits the chain extension unit, normally from
either malonyl-CoA or methylmalonyl-CoA. The acyl carrier pro-
tein (ACP) cooperates in the carbon-carbon bond formation to
form a b-ketoester. Depending on the module, there may be
additional activities present: a b-ketoacyl reductase (KR)
domain catalyses reduction of the initially formed b-ketoester
to a b-hydroxyester; a dehydratase (DH) domain dehydrates

the b-hydroxyester; and an enoyl reductase (ER) domain re-
duces the double bond. This set of contiguous domains, which
modifies the oxidation state of a freshly introduced extension
unit, is referred to here as a “reductive loop”, and defined as
the part of each module that lies between the C terminus of
the AT domain and the N terminus of the ACP domain
(Figure 1). Initially identified by limited proteolysis experiments
on purified DEBS proteins,[5, 6] recent studies[7–9] have confirmed
that this entire region adopts a specific tertiary and quaternary
structure. Intriguingly, recent analysis of recombinational
events implicated in the natural evolution of modular PKSs has
highlighted the termini of reductive loops as hotspots for such
recombination.[10]

Success in engineering changes in the oxidation level of a
polyketide product initially came through deletion of portions
of the reductive loops of DEBS.[11–12] Similarly, the replacement
of the DEBS KR2 domain by the inactive KR3 domain led suc-

Multiple versions of the DEBS 1-TE gene, which encodes a trun-
cated bimodular polyketide synthase (PKS) derived from the
erythromycin-producing PKS, were created by replacing the DNA
encoding the ketoreductase (KR) domain in the second extension
module by either of two synthetic oligonucleotide linkers. This
made available a total of nine unique restriction sites for engi-
neering. The DNA for donor “reductive loops,” which are sets of
contiguous domains comprising either KR or KR and dehydratase
(DH), or KR, DH and enoylreductase (ER) domains, was cloned
from selected modules of five natural PKS multienzymes and
spliced into module 2 of DEBS 1-TE using alternative polylinker
sites. The resulting hybrid PKSs were tested for triketide produc-
tion in vivo. Most of the hybrid multienzymes were active, vindi-
cating the treatment of the reductive loop as a single structural

unit, but yields were dependent on the restriction sites used. Fur-
ther, different donor reductive loops worked optimally with differ-
ent splice sites. For those reductive loops comprising DH, ER and
KR domains, premature TE-catalysed release of partially reduced
intermediates was sometimes seen, which provided further in-
sight into the overall stereochemistry of reduction in those mod-
ules. Analysis of loops containing KR only, which should generate
stereocentres at both C-2 and C-3, revealed that the 3-hydroxy
configuration (but not the 2-methyl configuration) could be al-
tered by appropriate choice of a donor loop. The successful
swapping of reductive loops provides an interesting parallel to a
recently suggested pathway for the natural evolution of modular
PKSs by recombination.
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cessfully to a keto-product.[13] The introduction of domain
swapping as a method to create productive hybrid polyketide
synthases between different natural PKSs[14,15] has prompted
many subsequent attempts to swap reductive enzymes, with
encouraging but mixed results ; in some cases the predicted
change in oxidation level was seen,[16–19] but in other cases one
or more of the heterologous enzymes failed to function, lead-
ing either to a product with higher oxidation level than pre-
dicted, or no product at all.[17–20] Many of these swaps used the
same points in the sequence at which to splice the incoming
domains. Attempts to generate comprehensive libraries of
polyketides through loop swapping at a single set of splice
points have also fallen short, with some products obtained in
only trace amounts.[21] Improvements in reductive loop swap-
ping would therefore be of considerable practical significance
for engineered biosynthesis of high-value, complex poly-
ketides.
Another central issue in the mechanism of polyketide chain

growth on the PKS is that the methyl centres at C-2 and the

hydroxy centres at C-3 generated in many newly added chain
extension units can both have either a R or S configuration. As
early as 1965, position-specific configurational homologies
were noted among natural macrolide polyketides and codified
as the empirical Celmer’s rules.[22] Understanding how this ste-
reochemical outcome is controlled is important for attempts to
manipulate PKS catalysis to create novel polyketide products.
In vitro studies with an engineered and purified bimodular
PKS, DEBS 1-TE, have already revealed the crucial elements of
the molecular basis of this control, and hence of Celmer’s
rules. DEBS 1-TE (Figure 1) was created by relocating the chain-
terminating thioesterase from DEBS 3 to the C terminus of
ACHTUNGTRENNUNGbimodular DEBS 1 to promote chain release at the triketide
stage giving a d-lactone.[23]

Although the two methyl-bearing centres in this product
have opposite configurations, work with DEBS 1-TE has shown
that the acyltransferase (AT) domain does not determine the
stereochemical outcome of chain extension. The AT domains
of DEBS bind only (2S)-methylmalonyl-CoA in vitro and not the

Figure 1. Domain and module organisation of A) the erythromycin PKS multienzyme and of B) the derived triketide synthase DEBS 1-TE. Within each of the
three subunits (DEBS 1, DEBS 2 and DEBS 3) and in DEBS 1-TE, different enzymatic domains are denoted by circles. KS, ketosynthase; AT, acyltransferase; KR,
ketoreductase; DH, dehydratase; ER, enoylreductase; ACP, acyl carrier protein; TE, thioesterase/cyclase. The italicised KR domain in DEBS module 3 is inactive.
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2R-isomer.[24] Only the (2S) isomer is used as a substrate by
DEBS 1-TE.[25] There is an additional obligatory epimerisation
step in module 1, after condensation, to produce the substrate
for ketoreduction.[26–29] The stereochemical outcome therefore
essentially depends on the interplay between the properties of
individual KS and KR domains. In any chimaeric extension
module that generates a methyl centre at C-2 and a hydroxy
centre at C-3, if the product of condensation is exactly that ste-
reoisomer of the 2-methyl-3-ketoacyl thioester intermediate
which matches the normal preference of the incoming KR,
then the heterologous KR often imposes the stereochemical
course of its normal reaction on the new substrate.[18] However,
other evidence suggests that the competition between alter-
native pathways for ketoreduction is finely balanced and can
be perturbed. For example, this can occur if a KR within a chi-
maeric extension module is presented only with a single ste-
reoisomer of the 2-methyl-3-ketoacyl thioester intermediate
against which it is inactive.[30] Conversely the KR in its new con-
text may be given access to both 2-methyl stereoisomers,
which allows the intrinsic KR selectivity to dictate the outcome
at both C-2 and C-3 stereocentres.[30]

We present here the results of introducing synthetic oligo-
nucleotide polylinkers into the DNA encoding DEBS 1-TE in
place of the KR2 domain, and their use in splicing heterologous
“reductive loops” to obtain hybrid PKSs that synthesise trike-
tide lactones differing in oxidation level or (where the C-3 hy-
droxyl is retained) in C-3 alcohol and C-2 methyl stereochemis-
try. Our findings shed further light on the substrate specificity
and stereochemical course of catalysis in module 2 of DEBS
and in the other extension modules whose reductive loops

have been assayed. More generally, the results show that
worthwhile optimisation of hybrid modular PKSs can be ach-
ieved by trying alternative donor “reductive loops,” as well as
alternative splice sites within such polylinkers.

Results and Discussion

Replacement of the reductive loop in module 2 of DEBS1-TE
by a short polypeptide linker

The reductive loop[6] of module 2 of DEBS1-TE comprises a
functional KR domain and a large domain proposed to act
either as a structural subdomain of the KR[7] or to contribute to
stabilisation of the PKS homodimer[8] (Figure 2). The idea of
treating reductive loops from PKS extension modules as inte-
gral units in constructing hybrid PKSs was suggested both by
detailed comparisons among published modular PKS sequen-
ces and by the results of limited proteolysis of purified DEBS
proteins,[5, 6,31] showing that these pieces of the structure were
often released early and intact. Subsequent work (see below)
has amply vindicated this choice. In order to replace the DNA
encoding this region by a polylinker, a version of the DEBS 1-
TE gene was first engineered in which the reductive loop
region was flanked by a unique 5’ AvrII restriction site and by
a unique 3’ HpaI site, as described in the Experimental Section.
Plasmid pJLK07, a pCJR24-derived[32] plasmid housing this engi-
neered gene, was then cut with AvrII and HpaI, and its back-
bone was ligated to a 122 bp AvrII-HpaI dsDNA fragment,
which was created by annealing together a pair of synthetic
oligonucleotides. These were designed to conserve the amino

Figure 2. Design of a polylinker to replace the reductive loop (including the KR domain) of extension module 2 of DEBS1-TE. The alignment of modules from
typical PKS extension modules shows the sequence flanking each reductive loop (C-terminal of the AT domain and N-terminal of the ACP domain). The oligo-
nucleotide polylinker included the unique restriction sites AvrII, BglII, SnaBI, PstI, SpeI, NsiI, Bsu36I, NheI and HpaI, and the peptide linker sequence encoded
by this polylinker is included in the alignment, which was created using ClustalW and Boxshade. Because the NheI and HpaI sites overlap, two versions of the
polylinker were created, with either HpaI or NheI at this position. The arrows labeled T2 indicate the extent of the reductive loop in ery (DEBS) module 1, as
shown by previous limited proteolysis experiments.[5]
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acid sequences flanking the excised domains while introducing
further unique restriction sites into the coding DNA (Figure 2).
The resulting DEBS 1-TE gene, housed in plasmid pJLK114, con-
tained a polylinker with unique sites for eight restriction en-
zymes. Some can be found in “linker” regions of low sequence
similarity between different PKS modules, and others are in
highly conserved regions within the AT domains of different
PKS modules (Figure 2). A second version of the polylinker was
obtained by replacing the unique Bsu36I-XbaI DNA fragment
in pJLK114 with an identical fragment containing a unique
NheI site in place of the HpaI site, which created plasmid
pJLK117 (Experimental Section). By using a total of five restric-
tion sites 5’ and four sites 3’ of any inserted “reductive loop”
DNA, a wide choice of splice sites could be tried. The amino
acid sequence of the peptide encoded by the polylinker is also
given in Figure 2, showing that the incorporation of multiple
restriction sites introduces only minimal changes to the amino
acid sequence.

Production of triketide lactones of altered oxidation state
by reductive loop insertion into the polylinker region of the
engineered DEBS1-TE gene

Cloned DNA encoding the reductive loop regions of module 2
of DEBS (KR, control), module 10 of the rapamycin-producing
PKS (RAPS, DH-KR) and module 13 of RAPS (DH-ER-KR) was
spliced into the polylinker region of either pJLK114 or pJLK117,
using different splice sites. The resulting plasmids were inte-
grated into Saccharopolyspora erythraea JC2, a strain in which
essentially all the erythromycin PKS genes have been delet-
ed.[23] The resulting recombinants were grown on agar-based
media as described in the Experimental Section. Their triketide
products were extracted and analysed by GC-MS and electro-
spray mass spectrometry, and compared to authentic samples
of each stereoisomer obtained by standard synthetic routes.[33–35]

Figure 3 illustrates the GC separation of four such standard tri-

ketides. In all of these experiments, triketides were obtained in
which either a propionate (a forms) or an acetate (b forms)
had been used as starter unit. The molar ratio of the a to b
forms in the products was between 2:1 and 4:1, which is in
agreement with the results of previous studies.[23] The results
of fermentation of the recombinant strains are summarised in
Tables 1 and 2.
The DEBS 1-TE bearing the DEBS KR2 domain on a SpeI-NsiI

fragment (pJLK25) produced the expected triketide lactones
1a and 1b in unoptimised total yields (80–100 mgL�1; Table 2)
comparable to those (~100 mgL�1) obtained from the parent
DEBS 1-TE multienzyme under the same conditions; this shows
that the four amino acid changes in the linker region flanking
KR2 (Figure 2) do not dramatically alter enzyme activity. The
plasmids pJLK114 and pJLK117 containing no reductive loop
were also used to transform S. erythraea, and the products of
fermentation of the recombinant strains were in each case the
3-ketolactones 2a and 2b (Table 1), in significant though re-
duced yield (8–13 mgL�1). These results confirm previous indi-
cations that substantial[11] or total[21, 29] deletion of a KR domain
within a modular PKS does not inactivate polyketide chain syn-
thesis, and are consistent with the proposal that KR domains
do not contribute to the dimeric core in PKS multien-
zymes.[5,6,8] Fermentation of recombinant S. erythraea (pJLK29),
housing a DEBS 1-TE variant in which the reductive loop of
module 10 of RAPS (KR and DH domains) had been inserted in
the linker gave as predicted the open chain triketides 6a and
6b (analysed as their methyl esters). This is consistent with re-
sults reported previously,[21,36,37] in which the normal intermedi-
ate in PKS-catalysed reduction is the trans- (or Z-) isomer of
the 2-enoyl thioester. In contrast, when a similar donor loop
from RAPS module 4 (pJCR4; KR, DH and ER domains) was in-
serted between the AvrII and HpaI sites, only trace amounts of
6a and 6b were seen, accompanied by traces of ketolactones
2a and 2b (Table 1). Similarly, fermentation of S. erythraea
(pJLK28), which contained a DEBS 1-TE incorporating the re-
ductive loop of module 13 of RAPS (KR, DH and ER domains)
as a BglII-NsiI fragment, produced only the predicted fully re-
duced lactones 7a and 7b, which is again consistent with re-
sults of previously published work.[16,17,21] In contrast, when the
same donor reductive loop was introduced into DEBS1-TE as
an AvrII-HpaI fragment in S. erythraea (pJLK27), the major prod-
ucts of a typical fermentation were not only 7a and 7b
(40 mgL)�1, but also the 3-ketolactones 2a and 2b (approxi-
mately 12 mgL�1) and hydroxylactones 3a and 3b (about
3 mgL�1). Introduction of RAPS module 1 reductive loop (KR,
DH and ER domains) as a BglII-NheI fragment (pJCR1) gave
similar levels of 7a and 7b and of 2a and 2b, but no hydroxy-
lactones (Table 1). Introduction of the reductive loop from ery
(DEBS) module 4 (KR, DH and ER domains) as a BglII-Bsu36I
fragment gave the isomers 8a and 8b (Table 1) with C-2 con-
figurations altered from those observed in 7a and 7b ; this is
expected based on their function in the native context. In the
hybrid DEBS 1-TE constructs, reduction of ACP-bound triketide
thioesters competes directly with TE-catalysed hydrolysis or
cyclisation, and thus production of incompletely reduced tri-
ACHTUNGTRENNUNGketides is a sensitive measure of less-efficient catalysis by the

Figure 3. GC-MS separation and identification of chiral triketide lactones. An
equimolar mixture of synthetic standard samples[33–35] of each of the four
diastereoisomeric 3,5-dihydroxy-2,4-dimethyl-n-heptanoic acid d-lactones
1a, 3a, 4a and 5a was separated by GC and components were identified
by mass spectrometry, as detailed in the Experimental Section and in the
Supporting Information (Figure S1).
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reducing enzymes. These results taken together serve to show
that choice of splice sites, though usually dictated by conve-
ACHTUNGTRENNUNGnience to avoid sites also present in the donor DNA, may alter
protein-protein interactions in a way that reduces the effective-
ness of reduction. It will always therefore be prudent to test
two or more sets of splice sites.
The (2R,3R) configuration of the triketide lactones 3a and

3b, which are recovered as byproducts in some of these ex-
periments, reveals the likely stereochemical course of ketore-
duction by the KR in module 4 of DEBS and in module 13 of
RAPS, both of which are normally obscured. The finding of the
(2R,3R) isomer in each case is in full accordance with predic-
tions for the direction of ketoreduction based on the presence
of distinctive KR active site sequence motifs.[38,39] It also implies
that the subsequent DH-catalysed dehydration proceeds as a
syn elimination, exactly as for fatty acid synthase.[40] This agrees
with and extends previous findings on the likely course of re-
duction in the comparable module 2 of the pikromycin-pro-
ducing PKS.[41]

Production of triketide lactones of altered hydroxyl configu-
ration at C-3 by reductive loop insertion into the polylinker
region of the engineered DEBS1-TE gene

Reductive loops containing only an active KR domain were
cloned into the polylinker site in the modified DEBS 1-TE gene.
These donors were selected to include reductive loops from
extension modules, which in their native PKS context provide
various stereochemical outcomes at the 3-hydroxy- and (where
this substituent was present) 2-methyl positions of the product
acyl thioester (Table 2). For example, the reductive loop of
DEBS module 5, which in its native context gives a (2R,3S) con-
figuration in the alcohol product, was cloned into AvrII-HpaI
sites (in S. erythraea JC2, pJCE5), and the fermentation of the
resulting strain gave comparable yield and identical products
to the control derived from DEBS module 2. This outcome
makes a telling contrast to the results of previous in vivo
work,[30] in which KS5 was replaced by the DEBS loading
module and KS1 in DEBS 3. The products of that hybrid multi-
enzyme included not only the normal products of DEBS3, but
also an aberrant triketide lactone. Unambiguous determination
of the stereochemistry at all chiral centres suggested that the

Table 1. Changes in oxidation state as a consequence of reductive loop exchanges in module 2 of DEBS 1-TE.

Donor loop Normal function Major products Minor products

Polylinker AvrII-HpaI (pJLK114)

2a, 2b (13 mgL�1)
Polylinker AvrII-NheI (pJLK117) 2a, 2b (8 mgL�1)

RAPS mod10 BglII-NheI (pJLK29) 2a, 2b (traces)

6a, 6b (72 mgL�1)

RAPS mod4 AvrII-HpaI (pJCR4) 6a, 6b (traces) 2a, 2b (traces)

RAPS mod1 BglII-NheI (pJCR1) 2a, 2b (8 mgL�1)

7a, 7b (40 mgL�1)

RAPS mod13 AvrII-HpaI (pJLK27) 7a, 7b (41 mgL�1)

3a, 3b (3 mgL�1)
+2a, 2b (12 mgL�1)

RAPS mod13 BglII-NsiI (pJLK28) 7a, 7b (>30 mgL�1)

DEBS mod4 BglII-Bsu36I (pJLK41)
2a, 2b (traces)
+3a, 3b (traces)

8a, 8b (5 mgL�1)
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presence of KS1 had induced epimerisation of the initially
formed 2R isomer to the (2S) stereoisomer of the 2-methyl-3-
oxopentanoyl-ACP intermediate, leading to “incorrect” process-
ing not only in module 5 but also in module 6.[30] In the pres-
ent case, bringing KR5 into a chimaeric module with KS2 did
not lead to any loss of stereospecificity or stereoselectivity;
this supports a model for catalysis[26,27, 30] in which DEBS KS2 dif-
fers from KS1 in that it cannot catalyse the epimerisation of the
(2R)-2-methyl-3-ketopentanoyl-ACP intermediate, or cannot do
so fast enough to compete with ketoreduction. This experi-
ment also shows that the ACP-tethered diketide is reduced
with full fidelity by KR5, even though previous in vitro studies
have shown that recombinant purified KR5 reduces the (un-
tethered) racemic substrate (2RS)-2-methyl-3-oxopentanoic
acid N-acetylcysteamine thioester to give three stereoisomeric
products. Of these, only 25% is the expected (2R,3S) isomer.

The remaining balance corresponds to 70% of the (2S,3S)
isomer (altered at the methyl group) and 5% of the (2R,3S)
isomer (altered at both centres).[42] The present data confirm
the crucial importance of tethering to ACP for the stereocon-
trol of ketoreduction in modular PKS enzymes.[43,44]

The tyl module 1 reductive loop from the PKS (TYLS) for the
16-membered macrolide tylosin of Streptomyces fradiae[42] gov-
erns, in its native context, the production of the (2R,3R) isomer
of 2-methyl-3-oxopentanoic thioester (Table 2). This loop was
introduced as a BglII-NheI fragment (Experimental Section).
Fermentation of the corresponding recombinant strain S. eryth-
raea (pJLK35) gave almost exclusively and in excellent yield
the triketide lactones 3a and 3b, with (2R,3R) configuration as
predicted (Table 2). The same compounds were produced from
insertion of the reductive loop from module 1 of the PKS
(AVES) for the anthelminthic avermectin.[46,47] Insertion of this

Table 2. Changes in configuration as a consequence of reductive loop exchanges in DEBS 1-TE.

Donor loop Normal function Major product Minor products

DEBS mod2 SpeI-NsiI (pJLK25)

1a, 1b (100 mgL)�1

DEBS mod5 AvrII-HpaI (pJCE5) 1a, 1b (100 mgL)�1

DEBS mod1 AvrII-HpaI (pJCE1) none

2a, 2b (traces)

AVES mod1 BglII-NheI (pJLK30)

3a, 3b (25 mgL�1) 4a, 4b (traces)

AVES mod1 PstI-Bsu36I (pGMS2) 3a, 3b (17 mgL�1) 2a, 2b (5.5 mgL�1)

+4a, 4b (traces)

TYLS mod1 BglII-NheI (pJLK35) 3a, 3b (150 mgL�1) 2a, 2b (12 mgL�1)

+4a, 4b (traces)

RIFS mod8 SnaBI-NheI (pJCR8) 3a, 3b (31 mgL�1) 2a, 2b (19 mgL�1)

AVES mod2 BglII-NheI (pJLK31) 3a, 3b (30 mgL�1) 4a, 4b (traces)

RIFS mod7 SnaBI-NheI (pJCR7) 2a, 2b (27 mgL�1)

5a, 5b (traces)
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loop into the same BglII-NheI sites (pJLK30) also gave specific
production of 3a and 3b, albeit at lower levels, while insertion
of the AVES module 1 loop into PstI-Bsu36I (pGMS2) splice
sites gave the same products accompanied by low yields of ke-
tolactones 2a and 2b (Table 2). Introduction of the reductive
loop from module 8 of the rifamycin-producing PKS (RIFS),[48]

into SnaBI-NheI sites (pJCR8) gave comparable results. Interest-
ingly, although AVES module 2 KR does not normally reduce a
ketothioester bearing a 2-methyl substituent, insertion of the
loop from this module as a BglII-NheI fragment (pJLK31) also
gave reasonable yields of 3a and 3b. The only hybrid in the
present study (not shown in Table 2) that gave no product at
all was one in which the same AVES module 2 reductive loop
was introduced as a SnaBI-Bsu36I fragment (pGMS4).
Several of the hybrid DEBS1-TE fermentations that produced

the (2R,3R)-triketide lactones as major products gave traces of
the diastereoisomeric (2S,3R) compounds 4a and 4b (Table 2).
At face value, this means that a very small amount of the epi-
merised (2S)-2-methyl-3-oxopentanoic acid thioester intermedi-
ate is produced in these chimaeric modules. A possible explan-
ation is that in these chimaeric modules chemical epimerisa-
tion occurs to a small extent because of imperfect sequestra-
tion of the intermediate. In sharp contrast, however, were the
results from introduction of two other reductive loops from
DEBS module 1 and from RIFS module 7.[48] Each of these con-
tains a KR domain that is expected to be capable of efficient
reduction of the epimerized (2S) isomer of the 2-methyl-3-oxo-
pentanoic acid thioester intermediate. In fact, introduction of
the loop from DEBS module 1 at AvrII-HpaI sites (pJCE1; sites
used successfully for both DEBS module 2 and DEBS module 5)
gave a chimaeric multienzyme whose products were traces
only of the ketolactones 2a and 2b (Table 2), with none of the
expected hydroxylactones 4a and 4b.
If the expected diastereoisomeric alcohol had been formed,

it would have been released from the multienzyme, since the
DEBS thioesterase (TE) does not discriminate significantly in
rates of hydrolysis of diastereomeric thioester substrates differ-
ing in configuration at C-2 and/or C-3.[49] This result can be
ACHTUNGTRENNUNGexplained (Scheme 1) if the KR1 domain is confronted in the
chimaeric module 2 by the unepimerised (2S)-2-methyl-3-oxo-
pentanoic acid thioester intermediate, which it is unable to
reduce directly; this is in agreement with our previous in vitro
experiments with purified recombinant KR1 enzyme.

[42]

Recent speculation based on modelling of substrates into an
unliganded X-ray crystal structure of the tylosin KR1 domain
has led to the proposal[9] that KR1 is itself capable of being an
active agent of epimerization, a possibility raised independent-
ly by other authors based on bioinformatic analysis.[50] The
present results do not support this hypothesis. Independently,
others have recently shown that recombinant KR1 does not
reduce or epimerise (2R)-2-methyl-3-oxopentanoyl-ACP acid
generated by recombinant KS3-AT3.

[51] Conceivably, KR1 is inac-
tive in the chimaeric module for reasons connected for exam-
ple with specific unfavourable protein-protein interactions.
However, when the RIFS module 8 loop was introduced at
SnaBI-NheI sites (which worked well for RIFS module 7) a sig-
nificant amount (27 mgL�1) of the ketolactones 3a and 3b, to-

gether with, again, only traces of the (2S,3S)-hydroxylactones
5a and 5b were produced. This would have been expected if
the RIFS module 8 KR had behaved as it does in its native con-
text (Scheme 1). Again, it would appear that the incoming KR
is presented with an epimer of the ketoacyl-ACP substrate
which it can neither reduce directly, nor epimerise to an
isomer that it could then reduce.

Conclusions

The systematic variation allowed by the polylinker approach
for swapping reductive loops in modular PKSs has shown both
the robustness of the domain-swap technology for creating
functional hybrid PKSs, and also some of its limitations. Encour-
agingly, it has proved possible to find a combination of donor
loop and splice sites that allow most of the desired products
to be obtained in reasonable or even very good yield. The ob-
vious exceptions were certain products altered in their config-
uration at C-2 (methyl) and C-3 (hydroxy), but even here it has
been possible to rationalise the pattern of products obtained
on the basis of what is already known about the molecular
basis of Celmer’s rules—that the stereochemical outcome of
polyketide chain extension on modular PKSs depends crucially
on the dynamic interplay between KS and KR domains. Further
work is still needed, however, to locate the seat of the epimeri-
sation activity within epimerising modules, and it may even be
that such activity normally demands collaboration of both KS
and KR partners within an intact PKS module, whether as spec-
tators or active agents. Meanwhile, the polylinker approach

Scheme 1. Analysis of the stereochemistry of ketoreduction and the role of
epimerisation. Lactones 1a and 3a are derived from the (2R)-2-methyl-3-ke-
toacyl-ACP intermediate generated in DEBS1-TE module 2 through reduction
on opposite faces of the 3-keto group. Lactones 4a and 5a are the hypo-
thetical products from hybrid DEBS1-TE containing either DEBS KR1 or RIFS
KR7 in the reductive loop of module 2 based on the activity of these reduc-
tive enzymes in their native context, but are not expected to form owing to
the absence of catalysed epimerisation activity in DEBS module 2.[26,27,42]
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has shown the importance from a synthetic viewpoint of
trying more than one example of a desired hybrid. The results
found here illustrate clearly that a different choice of splice
sites, and/or use of a different donor reductive loop, can very
significantly affect the yield of the desired novel polyketide. No
single donor and no single pair of splice sites were found to
be reliably optimal to effect a given alteration. This more prag-
matic approach has recently been independently adopted with
success in piecing together whole PKS modules that were
ACHTUNGTRENNUNGcreated from synthetic DNA for better expression in E. coli.[52]

As the price of synthetic genes drops and the number of se-
quenced natural PKS modules grows, such flexible strategies
will become increasingly appealing.
Reductive loop swapping may owe its success at least in

part to fundamental features of PKS structure and evolution.
Dittmann and colleagues[10] have recently conducted a
thoughtful analysis of the reconstructed evolutionary relation-
ships of different domain types within the modular PKSs of
Streptomyces avermitilis. Their phylogenetic analysis suggests
that the majority of modules in the various PKSs of this organ-
ism have been altered over time by recombination within and
between PKS-containing biosynthetic gene clusters. In particu-
lar, it appears that this “natural reprogramming”[10] is never ob-
served for KS domains, but only for AT, KR and DH-KR replace-
ments. The hotspots for natural PKS recombination that they
highlight in their analysis include precisely those regions (re-
spectively C-terminal of the AT domain, and N-terminal of the
ACP domain) that are common to all modules and that we
have used in the present study as the preferred splice points
for reductive loop swapping. Other recent evidence also sup-
ports the view that tactics adopted in the laboratory over the
last few years to engineer modular PKS are fully precedented
in natural recombination, including AT domain swaps[53] and
whole-module deletions.[54]

Experimental Section

General methods : Saccharopolyspora erythraea JC2 (DeryA) NCIMB
40802 and its cultivation have been previously described.[23,32]

Standard procedures for DNA isolation and manipulation were per-
formed as described previously.[55, 56] Isolation of DNA fragments
from agarose gel and purification of PCR products was carried out
using the Nucleo-Spin 2-in-1 Extract kit (Macherey–Nagel, D�ren,
Germany). Standard PCR reactions were performed with Pfu poly-
merase (Stratagene); reactions were performed on a programma-
ble RoboCycler Gradient 96 (Stratagene). Synthetic oligonucleo-
tides were purchased from VH Bio (Gateshead, UK), and automated
DNA sequencing was carried out with double-stranded templates
by using an automated ABI Prism 3700 DNA analyser (Applied Bio-
systems). Protoplast transformation of S. erythraea with plasmid
DNA has been previously described.[32]

Construction of expression constructs for DEBS1-TE containing a
polypeptide linker in place of the KR2 domain : Plasmid pJLK114
is a plasmid based on pCJR24[32] that contains a truncated erythro-
mycin PKS (DEBS) gene comprising the loading module, the first
and second extension modules and the chain-terminating thioes-
terase, except that the DNA segment encoding the KR domain
from module 2 has been substituted by a synthetic AvrII-HpaI oli-

gonucleotide linker containing unique recognition sites for six
other restriction enzymes (Figure 1C). It was constructed through
several intermediate plasmids as detailed in the Supporting Infor-
mation. A second version of this expression plasmid for DEBS1-TE,
containing an NheI site in place of the HpaI site, was also con-
structed, as detailed in the Supporting Information.

Construction of DEBS1-TE expression plasmids containing al-
tered reductive loops: Each targeted set of reductive domains
(“reductive loops”) was amplified from cosmid templates using ap-
propriate pairs of synthetic mutagenic oligonucleotide primers to
introduce flanking restriction sites, allowing direct cloning into
either plasmid pJLK114 or pJLK117. Four different reductive loops
were selected from the erythromycin PKS (DEBS): KR2 as a SpeI-NsiI
fragment, KR1 as an AvrII-HpaI fragment, DH4-ER4-KR4 as a BglII-
Bsu36I fragment, and KR5 as an AvrII-HpaI fragment. Four reductive
loops were selected from the rapamycin PKS: DH1-ER1-KR1 as a
BglII-NheI fragment, DH4-KR4 as an AvrII-HpaI fragment, DH10-KR10
as a BglII-NheI fragment, and DH13-ER13-KR13 as an AvrII-HpaI frag-
ment. From the avermectin PKS, KR1 was amplified both as a BglII-
NheI fragment and as a SnaBI-Bsu36I fragment. The KR1 of the tylo-
sin PKS was amplified as a BglII-NheI fragment. From the rifamycin
PKS, KR7 and KR8 were each amplified as a SnaBI-NheI fragment. All
inserts were checked by DNA sequencing.

Plasmid pJLK25 is a pJLK114-based plasmid in which a DNA frag-
ment encoding the reductive loop of the second module of the
erythromycin PKS (the KR2 domain) was amplified using oligonucle-
otides oLK25F and oLK25R (Table S1) and cloned into pUC18,
before being ligated into the multiple cloning site at SpeI and NsiI
sites.

Analysis of triketide fermentation products : Extraction of triketi-
des from lawns of recombinant S. erythraea grown on SM3 or TWM
agar plates was done by the “lactonex” procedure: a 1 cm2 piece
of mycelium and agar was cut out, chopped into pieces, and trans-
ferred into a 2 mL Eppendorf tube. Ethyl acetate (1.2 mL) and
formic acid (20 mL) were added to each tube with mixing. The
tubes were incubated at 50 8C for 15 min, and then vortexed for
30 min. The mixture was centrifuged for 1 min and the supernatant
removed carefully and placed in a fresh 1.5 mL Eppendorf tube.
After evaporation to dryness under reduced pressure, the residue
was dissolved in 50 mL of ethyl acetate, centrifuged for 1 min and
the supernatant was transferred to a GC-MS vial for analysis. For
cultures grown for 6 days in SM3 liquid medium, 1 mL of clarified
supernatant was extracted first with of ethyl acetate (0.9 mL), and
then again with ethyl acetate (0.5 mL), and the combined organic
extracts were evaporated under reduced pressure.

For analysis of 2-enoic acid triketides, dried samples were dissolved
in of acetone (600 mL) and treated with diazomethane (generated
from Diazald, Aldrich) until the yellow colour persisted. The Eppen-
dorf tubes were then initially left in a fume cupboard to allow
evaporation, and then briefly dried in a speedvac. The samples
were then dissolved in ethyl acetate (50 mL) for analysis by GC-MS.
GC-MS analysis was carried out on a Thermo Finnigan GCQ instru-
ment in CI mode on a Phenomenex AB-5 column (30 mU25 mmU
25 mm) with the following temperature gradient: 40 8C for 2 min;
10 8Cmin�1 to 250 8C; 25 8Cmin�1 to 300 8C.

Supernatants were spiked with one or more synthetic standard tri-
ketide lactones both to confirm the assignment of peaks to partic-
ular diastereoisomers (as exemplified in Figures 4 and 5). The yields
given in Tables 1 and 2 represent unoptimised total amounts (a
plus b forms) of each triketide, from individual experiments after
growth on SM3 agar plates, unless detailed otherwise. Yields were
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estimated by admixture of supernatants with known amounts of
synthetic reference triketide lactones and measurement of relative
peak areas after GC separation. Experiments were repeated 2–3
times, with estimated yields ranging 10–30% either side of the
values quoted in Tables 1 and 2.
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