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P olyketides are a large and important class of
natural products biosynthesized by fungi, plants,
and bacteria, starting from short-chain carboxy-

lic acids. Between them, these polyketide products
exhibit a diverse spectrum of biological activities,
including antibiotic, antifungal, antineoplastic, immuno-
suppressive, and cholesterol-lowering properties (1).
The biosynthesis of complex polyketides, typified by the
antibiotic erythromycin A and the immunosuppressant
rapamycin, is catalyzed in bacteria by giant multifunc-
tional enzymes known as modular type I polyketide syn-
thases (PKSs) in a fashion that is highly reminiscent of
fatty acid biosynthesis on the mammalian fatty acid syn-
thase (FAS) (2, 3). In both cases, the metabolites are as-
sembled through the successive head-to-tail condensa-
tion of acyl-CoA esters, without intermediates being
released from the multienzyme. However, PKSs utilize
a larger pool of precursors for biosynthesis than their
FAS counterparts, unusual starter units can be incorpo-
rated into the polyketide chain (4, 5), and different ex-
tender units may also be used to extend the nascent
polyketide chain (6). Furthermore, in contrast to fatty
acid biosynthesis, in which an initially formed
�-ketoacyl intermediate is always fully reduced to a
fatty acyl group by the successive operation of ketore-
ductase (KR), dehydratase (DH), and enoylreductase
(ER) domains, the degree of reduction of the �-ketoacyl
intermediate in polyketide biosynthesis may vary, gener-
ating a ketone, hydroxyl, olefin, or saturated methylene
at specific positions (1, 3). This control is achieved by
the organization of modular PKSs into multiple modules,
each of which normally catalyzes a single particular
cycle of chain extension. Each module contains
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ABSTRACT Modular type I polyketide synthases (PKSs) such as the
6-deoxyerythronolide B synthase (DEBS) or the rapamycin synthase (RAPS) biosyn-
thesize their polyketide products in a fashion similar to fatty acid biosynthesis.
Each module of these enzymes consists of multiple catalytic domains. The constitu-
ent enoylreductase (ER) domain of a given module stereospecifically reduces an
enzyme-bound 2-enoyl intermediate. In a recombinant model PKS containing an
ER domain derived from module 13 of RAPS, we have previously used site-specific
mutagenesis to identify a key active site residue that influences the stereochemis-
try of enoylreduction. In this study we have identified further residues involved in
stereospecificity. We show here that several other residues, previously considered
as catalytically important in the medium-chain dehydrogenase/reductase family
of enzymes to which PKS ERs belong, are not essential for enoylreduction in
polyketide biosynthesis. However, our results suggest that a lysine residue, also
modeled to lie at the active site, might serve as a proton donor to the C-2 position
during enoylreduction, as previously proposed for an analogously placed lysine in
mammalian fatty acid synthase. These findings further highlight the close mecha-
nistic link between fatty acid and polyketide synthases and provide useful guid-
ance for future biosynthetic engineering of complex polyketide biosynthesis.
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ketoacyl-ACP synthase (KS), acyltransferase (AT), and
acyl carrier protein (ACP) domains, and some, all, or
none of the “reductive domains” (KR, DH, and ER). The
modules are organized in the multienzyme in the order
they are used, and this assembly line arrangement di-
rectly determines the oxidation level at different
�-carbon-derived centers within the polyketide. Modu-
lar PKSs also generate an impressive diversity of asym-
metric centers in their polyketide products. In recent
years considerable progress has been made in under-
standing how the stereochemistry of polyketide chain
extension is controlled (7) and in relating these out-
comes to the intrinsic stereospecificity of individual do-
mains. In the case of KR domains, for example, amino
acid sequence motifs have been identified that correlate
well with the observed stereochemical outcome (8, 9).
The significance of these motifs has been confirmed by
functional analysis (10–12) and determination of the
X-ray crystal structure (13, 14) of isolated KR domains.

In comparison, the role of enoylreductase (ER) do-
mains in determining the stereochemistry of �-methyl
branching in fully reduced ketide units has been little
studied. The ER domains of modular PKSs, like the ER
domains of mammalian FAS, belong to the NAD(P)H-
dependent medium-chain dehydrogenase/reductase
(MDR) superfamily of enzymes (15–17). The ER domain
catalyzes the reduction of the carbon�carbon double
bond of a 2-enoyl enzyme bound thioester substrate by
delivering a hydride from NADPH to the C-3 position
and subsequently delivering a proton to the resulting
carbanion intermediate at the C-2 position of the sub-
strate (18). Recently, we reported that a single amino

acid residue appears to play a key role in determining
the stereospecificity in vivo of the ER domain (19) and
showed that site-specific alteration of this residue may
switch the configuration of the polyketide produced by
the PKS. For modular PKS ER domains in which the resi-
due at position 52= (corresponding to Tyr52 of the ho-
mologous MDR enzyme E. coli quinone reductase) is
tyrosine, the stereochemical outcome is consistently
found to favor the formation of a (2S)-alkyl-branched
product, whereas in ERs in which the tyrosine at posi-
tion 52= is absent and replaced either by valine, alanine,
or phenylalanine, the formation of a (2R) product is al-
most invariably observed (19). Unfortunately, an iso-
lated PKS ER domain has not yet been obtained in ac-
tive form, and there is as yet no X-ray crystal structure
available, so the role of other active site residues in ca-
talysis remains unclear. However, the recently published
X-ray crystal structure of mammalian FAS has revealed
the architecture of the ER domain in that multienzyme at
3.2 Å resolution (17) and has helped further to validate
our homology model (19) for the ER of the erythromycin
PKS. Here, we report the use of site-specific mutagen-
esis to probe, in vivo, those conserved active site resi-
dues in the PKS ER that may influence stereochemistry
or that appear from our model to be well-placed to play
a catalytic role. We have also examined other residues
that have been previously suggested to perform a key
role in reduction, in the medium-chain dehydrogenase/
reductase (MDR) superfamily of enzymes to which the
ER domains of modular PKSs belong (15–17), in an ef-
fort to gain an insight into common features of catalysis
in this family of enzymes.

Figure 1. ER-catalyzed reduction of an enzyme-bound 2-enoyl thioester substrate in a triketide synthase and subsequent cyclization. The ER cata-
lyzes the reduction of the carbon–carbon double bond by delivering a hydride to C-3 and a proton to C-2. The resulting triketide 1 or 2 has a
methylene at the C-3 position and a methyl substituent at the C-2 position with either S or R configuration.
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RESULTS AND DISCUSSION
Probing the Contributions of Active Site Residues to

Stereospecificity in a PKS Enoylreductase (ER) Domain.
The model system we previously used to test the role in
ER stereospecificity of the residue at position 52= was a
bimodular recombinant PKS (Figure 1) derived from
DEBS1-TE (20), a recombinant PKS consisting of the
loading module and first two extension modules of the
erythromycin PKS (DEBS). When the EryKR2 domain
housed in DEBS1-TE was replaced with either the full
set of reductive domains of module 4 of DEBS or the full
set of reductive domains of module 13 of the rapamy-
cin PKS (RAPS), the resulting recombinant PKSs, referred
to here as TKS-ery4 and TKS-rap13, produced the re-
duced triketides 1 and 2, respectively (19, 21). While
mutagenesis of Tyr to Val in position 52= of EryER4 was
successful in the TKS-ery4 system in switching the ster-
eochemistry of enoylreduction, resulting in a major prod-
uct 2 (whereas for the parent, unmutated enzyme, the
major product is 1), mutation of Val to Tyr in position 52=
of RapER13 of TKS-rap13 did not change the stereochem-
istry of enoylreduction and both parent and mutant en-

zymes catalyzed the formation of 2 as the major prod-
uct. Clearly residues other than residue 52= help
determine the stereospecificity of the ER domain.

Further analysis of multiple sequence alignments of
authentic ER domains suggested additional potentially
important residues: for example, at residue 53= proline
is present in over 90% of the ER domains known to cata-
lyze enoylreduction yielding the (2S) configuration.
Among the ER domains known to produce the (2R) con-
figuration, proline is present at position 53= only 50% of
the time (Figure 2). We therefore constructed a double
mutant bearing the mutations V52=Y and N53=P in the
RapER13 domain of TKS-rap13. The mutant gene was in-
troduced into Saccharopolyspora erythraea BIOT1717-
JC2. However, after fermentation, LC�MS analysis of ex-
tracts from the transformant revealed that there is no
switch in the methyl configuration of the triketide lac-
tone, and 2 remains the major product (Figure 3, panel
A), showing that additional alteration in residue 53=
had made no difference to the stereochemical outcome.
Meanwhile, residues 46= and 47= in the ER domains
that produce the (2S) configuration are typically con-

Figure 2. Sequence alignment of a portion of representative ER domains from modular PKSs. The position of the unique tyrosine
(Tyr52=) residue correlated with (2S) configuration in the polyketide product is marked with black triangles. Additional residues
that may influence stereospecificity are marked with black diamonds. The position of the NADPH binding site is marked with gray
bars. Residue numbering is based on that of E. coli QOR (PDB ID 1QOR) on which the ER domains were modeled.
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served as Leu and Ile, respectively, with Leu46= being
more strongly conserved. In the ER domains that pro-
duce the (2R) configuration, however, these positions
are more frequently occupied by less bulky Val residues
(Figure 2). Our model suggests that these positions are
situated in the vicinity of the active site. Residues flank-
ing these positions did not correlate with stereochemi-
cal outcome. The mutations V46=L, V47=I, V52=Y, and
N53=P were accordingly introduced together into the
RapER13 domain of TKS-rap13, and the mutant gene was
introduced into S. erythraea BIOT1717-JC2. Analysis of
the fermentation products by LC–MS revealed a small
but detectable shift in stereospecificity: a new peak was
observed in the chromatogram at the position of elu-
tion corresponding to 1, but the major product was still
2 (Figure 3, panel A). This shift in stereochemical out-
come, albeit less striking than that produced by substi-
tution of residue 52= in the engineered triketide syn-

thase TKS-ery4, which contains the reductive domains
of DEBS module 4 (Figure 3, panel B), is intriguing be-
cause it suggests that further incremental changes in
the stereochemical outcome might be obtained by more
systematic mutagenesis in this region of the active site,
for example, by iterative saturation mutagenesis (22).
A comparison of the relative abundance of reduced
triketides from the engineered PKSs and mutants is
shown in Figure 3, panel C.

Searching for Putative Catalytic Residues in the ER
Domain of a Modular PKS. A satisfying model of cataly-
sis by the KR domains of modular PKSs has previously
been obtained by specific mutagenesis of conserved
tyrosine, serine, and lysine residues modeled to be at
the active site, leading to the unambiguous loss of KR
activity (9). We sought likewise to identify potential ER
catalytic residues within the active site of RapER13 and
to test the outcome of mutagenesis at these positions.

Figure 3. Reduced triketide lactone diastereoisomers produced from engineered triketide synthases. A) LC–MS chromatograms of the prod-
ucts of S. erythraea BIOT1717-JC2 containing TKS-rap13 and mutants. The parent enzyme and V52=Y and V52=Y � N53=P mutants pro-
duce 2 as the sole reduced triketide, but the L46=V � I47=V � V52=Y � N53=P mutant produced 1 as a minor and 2 as a major product.
B) LC–MS chromatograms of the products of S. erythraea BIOT1717-JC2 containing TKS-ery4 and the Y52=V mutant. The parent enzyme
produces 1 (major) and 2 (minor), but the Y52=V mutant produces 2 as the only reduced triketide product (19). C) The relative abundance of
reduced triketide diastereomers from S. erythraea BIOT1717-JC2 containing TKS-rap13, TKS-ery4, and mutants derived from them (19).
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We first searched for residues conserved in all active
PKS ER domains, which were modeled to be in the vicin-
ity of the active site, but which are not conserved in ER
domains known to be inactive (Figure 4). Thus, the resi-
due in position 41= is conserved as an asparagine (with
the apparent exception of the ER of module 5 of the my-
cinamicin PKS in which it is an isoleucine (23)), whereas
in the inactive ER domain from module 6 of the nan-
changmycin PKS (NanER6), this position is instead occu-
pied by a threonine (24). Similarly, in all known active
ER domains, residue 43= is invariably conserved as an
aspartate, whereas in the inactive ER domain from mod-
ule 4 of the epothilone PKS (EpoER4), this position is
taken by threonine (25). In the MDR family of enzymes
to which the ERs of modular PKSs belong, it has been
proposed that a conserved tyrosine, equivalent to posi-
tion 125= of the PKS ER domains in this discussion (cor-
responding to residue 130 in E. coli QOR), serves as a
catalytic residue (15). Tyr125= is also highly conserved
in PKS ER domains and is lacking in two inactive
ER domains from module 5 of the amphotericin PKS
(AmphER5) (26) and module 4 of the epothilone PKS
(EpoER4) (25). Against this, the apparently active ER
domains from module 16 of the amphotericin PKS
(AmphER16) (26) and from module 4 of the tubulysin
PKS (TubER4) (27) also lack Tyr125=, although in those
cases, the adjacent position 124= is occupied by ty-
rosine. Overall, these multiple alignments therefore

could not provide clear-cut candidates for ER active-site
residues that might play direct catalytic roles.

From our homology model (19) of the PKS ER, the con-
served threonine or serine residue at position 122= lies
within the active site, adjacent to the C-4= of NADPH in
an orientation that might allow catalytic function, and
though it is found also in the inactive ER domains, its po-
sition and conservation made it an attractive candidate
as a catalytic residue. Recent crystallographic studies of
mammalian FAS have suggested that, in the ER do-
mains of these highly homologous enzymes, conserved
Lys1771 and Asp1797 residues are potential donor resi-
dues to supply a proton at C-2 during enoylreduction
(17). However, the region containing Asp1797 in mam-
malian FAS does not align either with RapER13 or with
the ER sequences from other modular PKSs. Lys1771 of
mammalian FAS does correspond to position 236=,
which is typically conserved as a lysine or arginine in
modular PKS ERs. Again, though, there are prominent
exceptions: in the active ER domains of module 14 of
the nanchangmycin PKS (NanER14) (24) and of module
7 of the tubulysin PKS (TubER7) (27), this position is oc-
cupied by methionine and valine, respectively.

In summary, six candidate catalytic residues were
identified in the above analysis (Asn41=, Asp43=,
Thr122=, Tyr124=, Tyr125=, and K236=) (Figure 5) of
which only Asp43= is fully conserved in all apparently ac-
tive PKS ER domains (though when Thr122= is absent,
it is replaced by a similar residue, Ser). Intrigued by this

Figure 4. Sequence alignment of a portion of representative active ER domains and inactive ER domains. The positions of putative cata-
lytic residues targeted for mutagenesis experiments are indicated with black circles.
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observation, we undertook specific mutagenesis of
these residues in the RapER13 domain and measured
the effect on catalysis.

Mutagenesis of Putative Catalytic Residues. Mu-
tants were constructed in the model triketide lactone
synthase, TKS-Rap13, as described previously (19, 21).
Asn41=, Asp43=, Thr122=, Tyr124=, Tyr125=, and Lys236=
were mutated either individually or in combination
(Table 1). Plasmids housing these mutants were intro-

duced into the
host strain
S. erythraea
BIOT1717-JC2,
and titers of
triketide lactone
were then deter-
mined by LC–MS
analysis of the
culture extracts
after fermentation
for 10 days
(Figure 6). Most
of the strains
housing the
TKS-rap13 mu-
tants produced,
in diminished
amounts com-
pared to the par-
ent strain, the

fully reduced triketide lactone 2 or, in the case of the
K236=A mutant described below, both diastereomers 1
and 2. However, in none of the strains was the produc-
tion of the fully reduced triketide lactone completely
abolished. Each of the mutants also produced a propor-
tion of unreduced 3-keto triketide lactone (3) in similar
amounts, and thus the relative ratio of fully reduced to
unreduced triketide lactone was also compared be-
tween the mutants, which showed that although the

Figure 5. Model of RapER13 showing active site residues targeted for mutagenesis. The side chains
of the targeted residues are shown, The NADPH cofactor is shown in blue.

TABLE 1. Mutations of candidate catalytic residues

Mutation Rationale

N41=A Conserved Asn absent in inactive NanER6 (23) � alanine mutation
N41=D Conserved Asn absent in inactive NanER6 (23) � isosteric mutation
N41=T Conserved Asn absent in inactive NanER6 (23) � changed to match NanER6

D43=A Conserved Asp absent in inactive EpoER4 (24) � alanine mutation
D43=N Conserved Asp absent in inactive EpoER4 (24) � isosteric mutation
D43=T Conserved Asp absent in inactive EpoER4 (24) � changed to match EpoER4

T122=V Positioned in active site of homology model
Y124=F Aligns with proposed catalytic residue Tyr130 in E. coli QOR (15)
Y125=F Aligns with proposed catalytic residue Tyr130 in E. coli QOR (15)
T122=V�Y125=F Possible co-operativity between Thr122= and Tyr125=
Y124=F Possible co-operativity between Thr124= and Tyr125=
K236=A Aligns with proposed catalytic residue Lys1771 in mammalian FAS ER (17)
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amount of unreduced 3-keto triketide lactone 3
typically was comparable between mutant strains,
significant differences in the production of fully reduced
triketide lactone 2 were observed (Figure 6).

Asn41= was replaced with either alanine, aspartate,
or threonine (the residue found in the inactive NanER6).
The N41=A mutant produced 2 at a level of (53 � 4)% of
the levels from the parent strain, whereas the N41=D
and N41=T mutants produced (30 � 4)% and (17 � 9)%
compared to the parent strain, respectively. Likewise,
several mutants were generated in which Asp43= was re-
placed with alanine, asparagine or threonine (the resi-
due found in the inactive EpoER4). The D43=A mutant
produced 2 at a level of (17 � 2)% of the parent strain,
whereas the D43=N and D43=T mutants produced
(40 � 1)% and (6 � 2)% of the level in the parent strain
respectively. The mutations at positions 41= and 43=
that most diminished production of the reduced
triketide lactone were replacements with threonine,
the residue found at those positions in the inactive ERs
NanER6 (24) and EpoER4 (25).

Thr122=, Tyr124=, and Tyr125=, which homology mod-
eling placed at the ER active site (Figure 5), were also
mutated. The T122=V and Y124=F mutants had dimin-
ished production of 2, (31 � 7)% and (59 � 14)%, re-
spectively, compared to that of the parent strain, and no
significant decrease was observed in the Y125=F mu-
tant, which produced (98 � 1)% of the levels produced

by the parent. The double mutants T122=V�Y125=F
and Y124=F�Y125=F produced decreased amounts of
(41 � 6)% and (36 � 2)% of 2 compared to the parent
strain. These results were surprising because Tyr125= is
highly conserved among MDRs and given that its posi-
tion in models of EryER4 and RapER13 and the position of
the corresponding residue in the crystal structure of the
related E. coli QOR suggest that it is favorably placed to
play a direct role in catalysis (15). Because none of
these mutations abolish production of 2 or result in lev-
els of production lower than �30% of the parent strain,
it is clear that in the PKS ER Tyr125= is not an essential
catalytic residue.

Surprisingly, mutagenesis of Lys236= in TKS-rap13,
which corresponds to the Lys1771 proposed as a cata-
lytic residue in the mammalian FAS (17), had no effect
on the production of the reduced triketide lactone, the
K236=A mutant producing (95 � 7)% of wild type levels.
Clearly, this residue is not essential for enoylreduction
in modular PKSs. Interestingly, however, the mutation did
result in a shift in the stereospecificity of the enzyme,
with 1 being produced as well as 2, in a proportion of
1:6 (Figure 7). Although Lys236= is demonstrably nones-
sential in this ER, it nevertheless might act here as a pro-
ton donor to C-2: in the mutant where this base is miss-
ing, there would likely be less control over the direction
of protonation, and a solvent-derived proton might be
delivered to either face of the carbanion intermediate.

Figure 6. Levels of reduced and unreduced triketide lactones produced by TKS-rap13 variants expressed in S. erythraea BIOT1717-JC2.
Reduced triketide 2 (or 1), saturated at the C-3 position, is shown in red, and 3-keto unreduced triketide 3 is shown in white.
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Concluding Remarks. Previously we demonstrated
that, in a bimodular PKS (TKS-ery4) that contains the
KR, DH, and ER of DEBS module 4, a single mutation
(Y52=V) changes the EryER4 from being stereospecific
for the formation of a (2S)-methyl branched product to
being stereospecific for the formation of a (2R) product
(19). In contrast, in TKS-rap13, which contains the re-
ductive domains of RAPS module 13 in which RapER13

is normally specific for reduction to the (2R) product, the
corresponding mutation (V52=Y) resulted in no observ-
able change in stereospecificity. Here, we have shown
that when further residues thought to lie near the active
site of TKS-rap13 were simultaneously mutated (V46=L
� V47=I � V52=Y � N52=P) to match the consensus of
the (2S) specific ER domains, a small shift in stereo-
specificity of the RapER13 could now be detected. The
correlation between ER sequence and stereochemical
outcome may prove to be useful information for future
genetic sequence-based prediction of natural product
configuration. Recently, the ability to predict KR ste-
reospecificity has been used to aid in assigning the con-

figuration of the polyketide
natural products chivosazol A
(28), etnangien (29), and sali-
nilactam A (30), where pre-
dictions of hydroxyl stereo-
chemistry based upon genetic
sequence were confirmed by
NMR and classical synthetic and
degradation studies.

Our extensive mutagenic
analysis of the RapER13 active
site has, surprisingly, failed to
reveal a single residue that is es-
sential for activity when as-
sayed by the production of a
polyketide in vivo. This result
was foreshadowed by our obser-
vation that only one of these
candidate residues is fully con-
served in all active PKS ER do-
mains (Asp43=). We considered
the possibility of an adventitious
ER activity operating in trans in
S. erythraea to take over the

function of an essential ER active site residue. How-
ever, this explanation is unlikely because in the same
model triketide synthase system in S. erythraea we have
previously found that an engineered second extension
module containing KR and DH gave rise exclusively to
the predicted 2-enoate product, ruling out the presence
in these cells of such a trans-acting ER activity (21). Con-
sistent with this, mutagenesis of the NADPH-binding
site in the DEBS ER in S. erythraea also led to complete
ablation of this ER activity, with no observable contribu-
tion from a trans-acting ER (31). In particular, our find-
ings undermine the idea that Tyr125= (corresponding to
Tyr130 in E. coli quinone oxidoreductase 1QOR), which
is conserved in the MDR family of enzymes, plays an es-
sential catalytic role in ER catalysis (15). If Lys236= does
act as a proton donor to C-2, as proposed for the equiva-
lently positioned lysine residue in the mammalian FAS
(17), then another as yet unidentified base must be able
to take over this function in the K236=A mutant.

METHODS
Additional details for the experimental procedures are avail-

able in the Supporting Information.
Construction of Plasmids. The DNA encoding the complete

set of reductive domains of module 13 of the rapamycin PKS,

including the engineered flanking restriction sites AvrII and
HpaI (21), was PCR amplified from the plasmid pDK19.0, encod-
ing TKS-rap13, with the primers GACCGTCGACGACGCCGAGTC
and GGTCAGCGAGTCGAAGCCGAGC and subcloned into pUC18

Figure 7. LC�MS chromatograms of triketide lactones produced by S. erythraea
BIOT1717-JC2 containing TKS-rap13 variants. Fermentation extracts were from
S. erythraea strains housing (A) TKS-rap13 and (B) K236=A TKS-rap13.
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via the blunt-cutting SmaI site. This plasmid was then used as
a template for site directed mutagenesis at a number of differ-
ent amino acid positions using mutagenic primers (see Support-
ing Information). The DNA encoding the set of reductive do-
mains with the mutagenized ER domain was excised by
restriction digestion from each of the resulting pUC18-derived
plasmids as an AvrII-HpaI fragment and ligated to pDK19.0 cut
with the same enzymes. The resulting plasmids encoded various
mutants of TKS-rap13 (see Supporting Information).

Manipulation and Handling of Bacterial Strains. E. coli was rou-
tinely grown in 2TY broth (1.6% tryptone, 1% yeast extract,
0.5% NaCl, supplemented with the appropriate selective anti-
biotics) at 37 °C and maintained or transformed by standard pro-
cedures (32). E. coli ET12567/pUZ8002 (33) was used for con-
jugation, and E. coli DH10B was used for general cloning
purposes.

Plasmids were introduced into S. erythraea BIOT1717-JC2 by
conjugation (33). For strain maintenance and growth of cultures
for the isolation of genomic DNA, TSB (tryptic soy broth supple-
mented with the appropriate selective antibiotics) was used. The
transformants were verified by isolation of genomic DNA (34)
and PCR amplification of the DNA encoding RapER13 followed
by DNA sequencing of the PCR amplicon. For the growth of pro-
duction cultures for analysis of triketide lactone production, EryP
medium (35) was used, which is a medium favoring erythromy-
cin production in S. erythraea.

Analysis of Triketide Lactones. Triketide lactone production
cultures were grown in 25 mL of EryP medium (inoculated from
1 mL of a 10 mL starter culture grown in TSB for 3 days). After
10 days of growth at 30 °C, triketide lactones were extracted
from the production cultures with 25 mL of ethyl acetate contain-
ing 1.6% formic acid. The organic solvent was removed from ex-
tracts in vacuo, and the residual oil dissolved in 1 mL of metha-
nol for analysis by LC–MS, which was carried out on an Agilent
1200 HPLC system fitted with a Phenomenex ODS column
(250 mm � 2.00 mm, 5 �m) and a Finnigan LTQ mass spectrom-
eter system. The mobile phase used was a linear gradient from
95% water, 5% acetonitrile, 0.1% formic acid to 30% water,
70% acetonitrile, 0.1% formic acid over 35 min.
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Cortés, J., Staunton, J., and Leadlay, P. F. (2008) A polylinker ap-
proach to reductive loop swaps in modular polyketide synthases,
ChemBioChem 9, 2740–2749.

ARTICLE

www.acschemicalbiology.org VOL.5 NO.9 • 829–838 • 2010 837



22. Reetz, M., and Carballeira, J. D. (2007) Iterative saturation mutagen-
esis (ISM) for rapid directed evolution of functional enzymes,
Nat. Protoc. 2, 891–903.

23. Anzai, Y., Saito, N., Tanaka, M., Kinoshita, K., Koyama, Y., and Kato,
F. (2003) Organization of the biosynthetic gene cluster for the
polyketide macrolide mycinamicin in Micromonospora griseoru-
bida, FEMS Microbiol. Lett. 218, 135–141.

24. Sun, Y., Zhou, X., Dong, H., Tu, G., Wang, M., Wang, B., and Deng,
Z. (2003) A complete gene cluster from Streptomyces nanchang-
ensis NS3226 encoding biosynthesis of the polyether ionophore
nanchangmycin, Chem. Biol. 10, 431–441.

25. Tang, L., Shah, S., Chung, L., Carney, J., Katz, L., Khosla, C., and
Julien, B. (2000) Cloning and heterologous expression of the epothi-
lone gene cluster, Science 287, 640–642.

26. Caffrey, P., Lynch, S., Flood, E., Finnan, S., and Oliynyk, M. (2001)
Amphotericin biosynthesis in Streptomyces nodosus: deductions
from analysis of polyketide synthase and late genes, Chem. Biol. 8,
713–723.

27. Sandmann, A., Sasse, F., and Müller, R. (2004) Biosynthetic machin-
ery of tubulysin, a potent cytotoxin with potential anticancer activ-
ity, Chem. Biol. 11, 1071–1079.

28. Janssen, D., Albert, D., Jansen, R., and Müller, and Kalesse, M.
(2007) Chivasazole AOelucidation of the absolute and relative con-
figuration, Angew. Chem., Int. Ed. 46, 4898–4901.

29. Menche, D., Arikan, F., Perlova, O., Horstmann, N., Ahlbrecht, W.,
Wenzel, S. C., Jansen, R., Irschik, H., and Müller, R. (2008) Stereo-
chemical determination and complex biosynthetic assembly of
entangien, a highly potent RNA polymerase inhibitor from the
myxobacterium Sorangium cellulosum, J. Am. Chem. Soc. 130,
14234–14243.

30. Udwary, D. W., Zeigler, L., Asolkar, R. N., Singan, V., Lapidus, A., Feni-
cal, W., Jensen, P. R., and Moore, B. S. (2007) Genome sequencing
reveals complex secondary metabolome in the marine actinomy-
cete Salinispora tropica, Proc. Natl. Acad. Sci. U.S.A. 104, 10376–
10381.

31. Donadio, S., McAlpine, J. B., Sheldon, P. J., Jackson, M., and Katz, L.
(1993) An erythromycin analog produced by reprogramming of
polyketide synthesis, Proc. Natl. Acad. Sci. U.S.A. 90, 7119–7123.

32. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G.,
Smith, J. A., Struhl, R., Eds. (2002) Short Protocols in Molecular Biol-
ogy, John Wiley & Sons, Inc., Toronto.

33. Kieser, T., Bibb, M. J.. Buttner, M. J., Chater, K. F., Hopwood, D. A.
(2000) Practical Streptomyces Genetics, The John Innes Founda-
tion, Norwich.

34. Pospiech, A., and Neumann, B. (1995) A versatile quick-prep of
genomic DNA from gram-positive bacteria, Trends Genet. 11, 217–
218.

35. Rowe, C. J., Cortés, J., Gaisser, S., Staunton, J., and Leadlay, P. F.
(1998) Construction of new vectors for high-level expression in acti-
nomycetes, Gene 216, 215–223.

838 VOL.5 NO.9 • 829–838 • 2010 www.acschemicalbiology.orgKWAN AND LEADLAY


