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Novel octaketide macrolides related to 6-deoxyerythronolide B
provide evidence for iterative operation of the erythromycin

polyketide synthase

Barrie Wilkinson', Graham Foster’', Brian AM Rudd’, Nicholas L Taylor?,
Andrew P Blackaby?, Philip J Sidebottom?, David J Cooper?,

Michael J Dawson', Anthony D Buss', Sabine Gaisser3, Ines U B6hms3,
Christine J Rowe?, Jesus Cortés'3, Peter F Leadlay3 and James Staunton*

Background: The macrolide antibiotic erythromycin A, like other complex
aliphatic polyketides, is synthesised by a bacterial modular polyketide synthase
(PKS). Such PKSs, in contrast to other fatty acid and polyketide synthases
which work iteratively, contain a separate set or module of enzyme activities for
each successive cycle of polyketide chain extension, and the number and type
of modules together determine the structure of the polyketide product. Thus,
the six extension modules of the erythromycin PKS (DEBS) together catalyse
the production of the specific heptaketide 6-deoxyerythronolide B.

Results: A mutant strain of the erythromycin producer Saccharopolyspora
erythraea, which accumulates the aglycone intermediate erythronolide B, was
found unexpectedly to produce two novel octaketides, both 16-membered
macrolides. These compounds were detectable in fermentation broths of
wild-type S. erythraea, but not in a strain from which the DEBS genes had been
specifically deleted. From their structures, both of these octaketides appear to
be aberrant products of DEBS in which module 4 has ‘stuttered’, that is, has
catalysed two successive cycles of chain extension.

Conclusions: The isolation of novel DEBS-derived octaketides provides the first
evidence that an extension module in a modular PKS has the potential to catalyse
iterative rounds of chain elongation like other type | FAS and PKS systems. The
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factors governing the extent of such ‘stuttering’ remain to be determined.

Introduction

Fatty acid synthases (FASs) provide the paradigm of a
multienzyme system that sequentially adds units to a
growing chain by the repeated operation of a single set of
enzyme active sites, before release of the final product.
Although the protein architecture of FAS multienzymes
varies from the multifunctional polypeptides (type 1
systems) in fungi and animals [1], to the dissociable mono-
functional enzymes (type II systems) of most bacteria [2],
the mechanism of iterative chain extension is essentially
the same. Similarly, the type II polyketide synthases
(PKSs) that catalyse the production of aromatic polyke-
tides in bacteria do so by simple, repetitive use of a core
set of FAS-related enzyme activities [3]. Fungal type I
PKSs, as first shown for 6-methylsalicylic acid synthase
(MSAS) of Penicillium patulum [4], also contain a single set
of enzymes, even though (by mechanisms that are not yet
understood) the degree of reduction accomplished during
each successive cycle may be different.

1074-5521/00/$ — see front matter
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In contrast, complex macrocyclic polyketides such as the
antibacterial erythromycin A 1 and the immunosuppressant
rapamycin are synthesised, in Szreptomyces and related bac-
teria, on modular type I PKS assemblies, in which a differ-
ent set or module of enzymes is used to catalyse each
successive cycle of chain extension [5,6]. Thus, the polyke-
tide synthase responsible for production of the aglycone
6-deoxyerythronolide B (6-dEB) 2 catalyses the decar-
boxylative condensation of six (2S)-methylmalonyl-CoA
extender units [7] with a propionate starter unit derived
from propionyl-CoA. The 6-dEB synthase (DEBS) consists
of three multifunctional proteins (DEBS1, DEBS2 and
DEBS3) [8], each of which houses two extension modules
(Figure 1a), although in other systems the number of
modules in a single protein may vary from one [9] to six
[10,11]. This linear, processive mechanism appears to be
general for the biosynthesis of aliphatic polyketides by type
I PKSs in bacterial systems [5,6,12—19], as well as for nonri-
bosomal peptide biosynthesis [20]. For DEBS, the loading
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(@) The erythromycin-producing PKS; primary organisation of the
genes and their corresponding protein domains. There are six chain
extension modules each beginning with a -ketoacyl synthase domain
that are responsible for adding the six successive extension units. The
completed chain is released as a heptaketide macrolactone by the

thioesterase domain. AT, acyltransferase; ACP, acyl carrier protein; KS,
B-ketoacyl synthase; KR, B-ketoacyl reductase; DH, dehydratase; ER,
enolyreductase; TE, thioesterase. (b) The post-PKS modifications of
6-dEB (2) which give rise to erythromycin A (1) in the S. erytharaea
NRRL2338 wild-type parental strain.
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module (the acyl transferase—acyl carrier protein (AT-ACP)
bidomain at the amino terminus of DEBS 1) [21] and the
six extension modules together produce an enzyme-bound
heptaketide chain, which is subsequently cyclised to the
first enzyme free intermediate 6-dEB 2 through the action
of a thioesterase domain (TE) at the carboxyl terminus of
DEBS 3. Several post-PKS steps, including hydroxylation,
glycosylation and methylation, finally yield the active
antibiotic 1 (Figure 1b) [22].

The chain length of the polyketide product of DEBS has
been altered to generate diketide [23], triketide [24],
tetraketide [25] and hexaketide [26] products. In these
experiments, the terminating thioesterase was re-located
to the end of a PKS gene assembly containing the requi-
site number of extension modules, whereas in other work
combinations of modules have been assembled to yield
specific polyketide products [27,28]. The products formed
by both natural and engineered PKSs have thereby been
shown to be dictated by the number and type of modules
in the PKS responsible. In a few cases, a ‘shorter’ polyke-
tide product has been observed [13,29] and attributed to
premature release of the growing chain during the exten-
sion process. However, bacterial modular type I PKSs have
never been reported to produce longer products, through
the iterative use of one or more extension module(s).

As part of our work aimed at the production of novel
polyketide metabolites through engineered (combinator-
ial) biosynthesis [22,30-33], a detailed chromatographic
characterisation has been performed of the fermentation
products produced both by an erythromycin-producing
strain of Saccharopolyspora erythraea and also by mutants of
S. erythraea specifically deficient in either 6-dEB produc-
tion or in glycosylation of the macrolide aglycone. Such
S. erythraea strains, in conjunction with the recently-
described  Escherichia  coli| Streptomyces  shuttle  vector
pCJR24 [34], provide useful hosts for heterologous expres-
sion of hybrid PKSs. Particular attention was paid to iden-
tifying minor compounds which are often formed as shunt
products of biosynthetic pathways. In this way two new
octaketide macrolides have been identified and charac-
terised as products of a mutant of §. erythraea NRRI1L2338,
and have then been detected in the wild-type strain. The
structures of these new products indicate that module 4 of
the DEBS multienzyme is capable of catalysing two (itera-
tive) rounds of chain elongation, a phenomenon we refer
to as ‘stuttering’.

Results

Two novel 16-membered macrolides from S. erythraea
The mutant S. erythraea strain number 5 (whose construc-
tion will be described elsewhere) specifically lacks the
ability to convert erythronolide B into later metabolites
in the erythromycin biosynthetic pathway. The mutant
S. erythraea strain JC2 lacks the eryAI-AlIl genes that

govern production of DEBS, and it therefore produces no
erythromycins, but retains, functionally intact, all the
genes responsible for post-PKS modification of 2 to 1
[34]. The fermentation of these strains, and of the wild-
type erythromycin-producing strain, was performed in
two stages, a seed stage (SV2 medium), followed by a
production stage (SM3 medium). Methanol extracts of
whole broth and ethyl acetate extracts of culture super-
natants were subjected to liquid chromatography-mass
spectroscopy (LLC-MS) analysis using both electrospray
(ES) and atmospheric-pressure chemical-ionisation
(AP-CI) techniques.

The analysis of extracts from the fermentation of §. ery-
thraea number 5 showed the presence of significant
amounts of several unknown species, albeit at low levels
when compared with 6-dEB 2 or EB 3. Further analysis of
two such components, eluting close together and with
parent masses of 414 and 428 revealed distinctive
LC-MS-MS spectra [35] indicative of polyketide macrolide
products derived from acetate and propionate starter units,
respectively. The ability of the DEBS1 loading bidomain to
accept both propionate and acetate starter units has been
well documented [36].

The two unknown compounds were extracted from a 31
fermentation of S. erythraea number 5, and shown, using
LC-MS, to represent about 1% of the amounts of 2 and 3
present. T'he two compounds were isolated after repeated
rounds of preparative-scale reverse-phase high-perfor-
mance liquid chromatography (HPLC), but in low yields
(0.5-1 mg each). The combined titer of 2 and 3 from a
typical fermentation was approximately 50 mg/1.

The molecular weights of the two new compounds 5 and 6
(Figure 2) were obtained using LC-ES-MS; and the mol-
ecular formulae determined from high-resolution
ES-TOF-MS data. Their structural analysis was com-
pleted using one-dimensional and two-dimensional nuclear
magnetic resonance (NMR) spectroscopic methods, with
the long range 'H-13C correlations from the regularly
spaced methyl groups being most helpful. To our surprise
the data readily identified 5 and 6 as octaketides, both of
them being 16-membered macrolides. These structures are
clearly related to that of 6-dEB 2, except that the normal
fourth extension cycle seems to have been repeated.

Proposed mechanism for formation of octaketide
16-membered macrolides by ‘stuttering’ on the DEBS
multienzyme

It has been shown previously that a suitably function-
alised synthetic triketide can be recognised as a diketide
analogue by DEBS and elongated to an octaketide [37].
However, the de novo biosynthesis of an octaketide by a
native hexamodular PKS, as observed here, is unprece-
dented. The structures of the observed octaketides
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Figure 2
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The compounds 5 and 6, which we believe occur when module 4 of
DEBS2 catalyses an additional iterative round of chain elongation. The
absolute stereochemistries are inferred from that of 6-dEB 2.

immediately suggested that the octaketides might repre-
sent aberrant products of the DEBS PKS, where the PKS
had ‘stuttered’ at the end of DEBS module 4, that is, had
catalysed an additional (iterative) round of chain elonga-
tion before transfer of the chain to module 5 in DEBS3
(Figure 3). Formation of 5 and 6 must be catalysed by
DEBS module 4, because module 4 is the only module in
DEBS that carries the full complement of reductive
domains required for the formation of a methylene group.
This homologation reaction would require the normal
pentaketide product of module 4, attached to the ACP, to
be transferred onto the active-site cysteine residue within
the B-keto acyl synthase (KS) domain of the same

Figure 3

module. A second module-4-catalysed chain extension
event would then occur, producing a hexaketide chain
attached to the ACP of module 4, which would then be
transferred to the KS of module 5 (Figure 3).

On the basis of a proposed helical structure of DEBS [38],
we can attempt to describe the movement of the stuttering
chain within module 4. This helical model for DEBS is the
only one in accordance with all the published structural and
mechanistic data available [38—41]. The helical model pre-
dicts a structure for DEBS2 (Figure 4) in which a DEBS2
homodimer has modules associated head-to-head and tail-
to-tail that twist together to form a rope-like quaternary
structure. The core KS, AT and ACP domains are associated
along the axis of the structure with the reductive domains
present as loops to the sides. One clear indication from this
model is that the KS4 domain of one chain can interact only
with ACP4 of the opposite chain. This is in agreement with
data from chemical-cross-linking and proteolysis studies
[38,39] and from mutant complementation [40,41]. Thus, in
order to perform the second chain extension event, and sub-
sequent reduction to a methylene group, the ‘stuttering’
chain must be passed back to the same KS4 domain that
catalysed the initial chain extension event. As such, chain
elongation during ‘stuttering’ is truly iterative.

It cannot be ruled out that other minor metabolites, which
correspond to iterative use of one of the other five DEBS
modules, are produced even though they were not
detected in our experiments. The isolation of the particular
compounds 5 and 6 may, for example, reflect higher yields
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The normal pentaketide product of module 4 can either process the
growing chain to the KS domain of module 5 (a) in the normal manner
to produce after two further rounds 6-dEB 2, or it can reacylate the KS
domain of module 4 (b), which then undergoes a second chain

extension event on this module (c) before processing the new
hexaketide to module 5 thereby giving rise to the iterative product 6
through ‘stuttering’ of DEBS.
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Figure 4
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Three-dimensional representation of DEBS2 based on the proposed
helical model [38]. The domains are shown as spheres, and the two
chains of the homodimer are coloured differently. The arrows show the
movement a processing polyketide chain would take along DEBS2,
which clearly shows that the KS and AT domains of opposite chains of
the synthase must co-operate with one another, and not with those of
the same chain.

arising from the position of module 4 at the end of a PKS
multienzyme, where stuttering may compete more effec-
tively with intermodular transfer between different DEBS
multienzymes, than elsewhere in DEBS with intraprotein
transfers between modules.

Octaketides are not produced by mutant S. erythraea
lacking the DEBS genes

An alternative possibility for the origin of 5 and 6 could be
the presence of a second PKS gene cluster in §. erythraea
that is closely related to DEBS but has an additional
(seventh) extension module. Such a PKS has not been
identified following the careful analysis of total genomic
DNA from this strain using PKS-specific hybridisation
probes, but as a direct check we examined the fermenta-
tion supernatant of the S. erythraca mutant strain JC2 [34].
In this mutant the genes for almost the entire DEBS PKS
have been specifically removed. After the LC-MS analy-
sis of extracts from 24 individual S. erythraca JC2 single
colonies, each fermented in two different media (complex
and defined), no compounds corresponding to 5 and 6
could be observed. The data were verified by spiking each
of the extracts with solutions of authentic 5 and 6. When
these experiments were repeated in the presence of added
6-dEB 2, both 5 and 6 remained undetectable, whereas 2
was readily converted to 1, demonstrating that a later
intermediate in erythromycin biosynthesis is not an essen-
tial trigger for formation of 5 and 6.

The failure to detect 5 and 6 in these experiments was
shown to be significant using §. erythraea mutant strain

number 5, in which the DEBS genes are intact, but in which
aglycone processing is deficient. Of 24 parallel fermenta-
tions of single colony isolates of the number 5 mutant, 14 of
the clones produced 5 and 6 at levels similar to that which
had led to their isolation, whereas several others produced
them at reduced levels. These data taken together clearly
implicate the DEBS proteins in the biosynthesis of 5 and 6.

The analysis of 24 single colony fermentations of wild-
type §. erythraea showed even lower levels of the two new
compounds as judged using LLC-MS. However, in over
half of these we were able to identify 5 and 6 using
LC-MS techniques, and confirmed that they co-eluted
with authentic materials. The lower levels observed in fer-
mentations of the wild-type strain may be a consequence
of the presence of the full complement of aglycone-modi-
fying enzymes. Some preliminary evidence (data not
shown) was obtained, using LC-MS, for a species in which
6 may have been modified by hydroxylation and addition
of a mycarosyl moiety (cf. compound 4, Figure 1b).

Determination of chain length on modular PKS
multienzymes

"The results reported here demonstrate an apparent break-
down of ‘co-linearity’ between the number and type of
modules in a type I modular PKS, and the chain length of
the polyketide product. Previously reported experiments,
in which hybrid polyketide products were obtained from
engineered modular PKSs, have already shown that these
systems can sometimes tolerate significant changes in sub-
strate structure. Repeated chain extension upon a particu-
lar module, analogous to that observed for FASs and
fungal PKSs [42,43], can therefore be viewed simply as
another consequence of such imperfect molecular recogni-
tion. Indeed, the observation of stuttering emphasises that
there is no fundamental mechanistic difference between
modular type I PKS and iterative PKSs and FASs.
Modular PKSs have presumably evolved to minimise stut-
tering, by ensuring that the KS domain of each extension
module, vacated after the condensation step, is rapidly
occupied by an incoming acyl chain so that the newly
extended acyl chain (which after condensation is attached
to the ACP) is prevented from migrating back to the KS
domain of the same module. This view of catalysis on
modular PKSs would imply the simultaneous extension of
multiple chains on the PKS, which is in accord with recent
experiments where blocking the transfer of the completed
polyketide chain from the rifamycin PKS apparently leads
to shedding of partially assembled polyketides of different
length from every extension module [44].

Significance

Modular polyketide synthases (PKSs) normally exert a
rigorous control over chain length, because each exten-
sion module in the multienzyme assembly line operates
only once before handing on the extended polyketide
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chain, and a thioesterase or other transferase precisely
controls release of the full-length product. Similarly, trun-
cated products are readily rationalised as the products of
premature termination and release. However, we have
shown here, for the hexamodular 6-deoxyerythronolide B
(6-dEB) synthase (DEBS) from the erythromycin
biosynthetic pathway, that low levels of octaketide prod-
ucts are also formed. The structures of these 16-mem-
bered lactones, when compared with those of the normal
14-membered lactones produced by this PKS, indicate
that module 4 of DEBS has aberrantly operated twice in
succession, a phenomenon we refer to as ‘stuttering’.
This unexpected observation underlines the close mecha-
nistic connection between the modular PKSs and the
wholly iterative fatty acid synthases and fungal PKSs,
and provides additional insight into the mechanisms by
which the modular PKS ensures fidelity of chain exten-
sion.

Materials and methods

Chemical analysis

NMR spectra were obtained using standard pulse sequences on a Bruker
AMX 500 spectrometer fitted with a 3 mm Nalorac broad band probe.
LC-MS analysis was performed on a Finnegan MAT LCQ-MS coupled to
a Hewlett Packard 1050 HPLC integrated system. Analyses were run
using either an ES or AP-Cl interface and using positive-negative ionisa-
tion mode switching. Chromatography was over a 5 micron Hypersil C,q
BDS column (150 mm x 4.6 mm i.d.) eluting at 1 ml/min with a gradient of
0-100%B over 30 min (A=10 mM ammonium acetate + 0.1% formic
acid; B=900%:-acetonitrile:10%-10 mM ammonium acetate). Accurate
mass data were obtained using a Micromass QTOF fitted with an ES
source operated in the positive ion mode. The instrument was calibrated
using a polyethylene glycol mixture (200/400/600/1000) with corrections
for drift made with a lock mass of erythromycin A.

Fermentation and extraction

S. erythraea NRRL2338 and the mutant S. erythraea strains JC2 and
No.5 were maintained on plates of R2T20 agar at 30°C. Spores were
harvested after ~2 weeks and stored in 10% glycerol at -80°C (spores
from one plate were resuspended in 2 ml). Frozen spore suspension
(100 pl) was used to inoculate 50 ml of SV2 seed medium in a 250 ml
conical flask. SV2 medium contained per litre of deionised water:
glucose (15 g), glycerol (15 g), soy peptone (15 g), NaCl (3 g) and
CaCOy; (1 g); adjusted to pH 7.0 before autoclaving. The seed culture
was incubated at 250 rpm and 28°C for 3 days. This was then used to
inoculate SM3 production medium (2% v/v) which was incubated at
28°C and 250 rpm. SM3 medium contained per litre of deionised
water: glucose (5 g), maltodextrin (glucidex; 50 g), soya flour (arkasoy;
25 g), beet molasses (3 g), K,HPO, (0.25 g), CaCO; (2.5 g); adjusted
to pH 7.0 before autoclaving. Larger-scale fermentations were carried
out in 21 Florence flasks containing 300 ml of SM3 medium. After
7 days the fermentation broths were harvested by centrifugation and
the supernatant extracted with an equal volume of ethyl acetate con-
taining ethanol (0.5% v/v.) This was repeated twice, and solvents were
removed from the combined extracts in vacuo to yield a viscous red oil.
Analytical scale fermentations were carried out in the same way in
miniature culture vessels containing 7 ml of SV2, SM3 or sucrose-suc-
cinate defined medium [24]. The oily residues from analytical fermenta-
tions were redissolved in methanol (100 pl), an equal volume of water
was added and the mixture was then centrifuged to remove particulate
matter before the supernatant (10 pl) was analysed using LC-MS.

Isolation and purification of metabolites

The extract from 31 of S. erythraea NRRL2338/n0.5 fermentation broth
(960 mg) was resuspended in a mixture of 1:1 methanol/water (6 ml)
and filtered. The resulting solution was subjected to preparative HPLC-
MS (Gilson 305/306 pumps, 811C mixer and 806 manometric module)
(4 x1.5ml injections) using a 5 micron Hypersil Elite C,q column
(1560 mm x 21.2 mm i.d.) eluted at 15 ml/min with a gradient of 0-100%
solvent B over 75 mins, then held at 100% solvent B for 15 mins.
Solvent A: milli-Q water plus 10 ml/litre 1 M ammonium acetate; Solvent
B: 80% acetonitrile/water plus 20 ml/litre 1 M ammonium acetate. Frac-
tions were collected every minute and the eluate was monitored at
220 nm, then split (1:400 ratio) for ES-MS analysis (Micromass LCZ
platform.) The combined fractions containing 5 and 6 respectively were
concentrated on Bond Elute 500 mg C, 4 cartridges. After washing with
water, 5 and 6 were eluted with methanol, which was then removed in
vacuo and the residues (ca. 10 mg) were dissolved in acetonitrile
(0.5 ml). These fractions were further purified (4 x 125 pl injections) by
HPLC on a 5 micron Hypersil BDS C,4 column (1560 mm x 4.6 mm i.d.)
eluted with 70% acetonitrile/water containing 15 ml/litre 1 M ammonium
acetete and monitored at 220 nm. The fractions were analysed by flow-
injected ES-MS, and those fractions containing 5 or 6 respectively were
combined and concentrated using Bond Elute 500 mg C,4 cartridges,
which were washed with water. After elution with methanol, which was
then removed in vacuo, ~0.5 mg each of 5 and 6 was obtained.

GW479439x (5)

TH NMR (500 MHz, de-DMSO) 5=5.34 (dq, 1H, J=6.5 & 1.0, 15-H),
4.80 (d, 1H, /=6.0, 3-OH), 4.57 (d, 1H, /="7.5, 13-OH), 4.05 (d, 1H,
J=5.0, 5-OH), 3.88 (ddd, 1H, J=10.0, 7.5 & 2.5, 13-H), 3.54 (ddd,
1H, /=8.5, 6.0 &2.0, 3-H), 3.46 (ddd, 1H, J=6.5, 5.0 & 2.5, 5-H),
2.90 (m, 10-H), 2.76 (dq, 1H, J=7.0&2.5, 12-H), 2.51 (1H, 2-H),
1.60 (1H, 6-H), 1.57 (1H, 4-H), 1.53 (1H, 14-H), 1.47 (1H, 7-H), 1.40
(1H, 9-H), 1.19 (d, 8H, J=6.5, 16-H), 1.12 (d, 3H, J=7.0, 18-H),
1.01 (1H, 9-H), 0.96 (d, 8H, J=6.5, 20-H), 0.95 (d, 8H, J=7.0,
19-H), 0.95 (d, 8H, J=7.0, 22-H), 0.91 (1H, 7-H), 0.88 (d, 3H,
J=17.0, 21-H), 0.88 (d, 3H, /="7.0, 24-H), 0.87 (d, 3H, J="7.0, 23-H).

3C NMR (100 MHz, dg-DMSO) 214.8 (C-11), 175.1 (C-1), 76.3
(C-5), 74.7 (C-3), 70.8 (C-13), 69.0 (C-15), 45.2 (C-12), 43.5 (C-2),
43.1 (C-9), 41.9 (C-14), 39.8 (C-4), 38.9 (C-10), 37.4 (C-7), 36.5
(C-6), 28.9 (C-8), 22.9 (C-21), 18.7 (C-20), 18.7 (C-16), 15.8 (C-22),
14.7 (C-17), 9.1 (C-24), 8.4 (C-19), 6.8 (C-23).

MS (ES-TOF) m/z C,3H,304 calc'd 416.3060, found 415.3072
[MHI*. C,4H,,0,Na calc'd 437.2879, found 437.2896 [MNal*.

GW479438x (6)

TH NMR (500 MHz, de-DMSO) 0=5.17 (dd, 1H, J=4.5 & 9.5, 15-H),
4.82 (brs, 1H, 3-OH), 4.50 (d, 1H, J=7.0, 13-OH), 4.03 (brd, 1H,
J=45, 5-OH), 3.86 (ddd, 1H, /=25, 7.0&10.0, 13-H), 3.52
(brd, 1H, J=9.5, 3-H), 3.48 (brs, 1H, 5-H), 2.86 (m, 1H, 10-H), 2.74
(dg, 1H, J=2.5&6.5, H-12), 2.56 (dq, 1H, /=9.5&6.5, 2-H), 1.68
(1H, 16-H), 1.59 (1H, 14-H), 1.55 (1H, 6-H), 1.54 (1H, 4-H), 1.47
(1H, 8-H), 1.46 (1H, 16-H), 1.44 (1H, H-7), 1.38 (1H, H-9), 1.15
(d, 8H, J=6.5, 18-H), 1.00 (1H, H-9), 0.97 (d, 3H, J="7.0, H-20),
0.95 (d, 8H, J=6.5, H-22), 0.94 (d, 3H, 7.0, H-19), 0.91 (1H, H-7),
0.88 (d, 3H, J=6.5, H-21), 0.86 (d, 3H, J=6.5, H-23), 0.84 (d, 3H,
J=17.0,H-24),0.84 (t, 3H, J=7.5, H-17).

3C NMR (100 MHz, d;-DMSO) 6=213.5 (C-11), 175.5 (C-1), 76.2
(C-B), 74.8 (C-3), 74.5 (C-15), 71.0 (C-13), 45.3 (C-12), 43.5 (C-2),
43.3 (C-9), 40.6 (C-14), 39.8 (C-4), 38.8 (C-10), 37.2 (C-7), 36.9
(C-6), 29.1 (C-8), 25.9 (C-16), 22.9 (C-21), 18.7 (C-20), 15.9 (C-22),
15.5 (C-18), 9.8 (C-17), 9.5 (C-24), 8.4 (C-19), 6.7 (C-23).

MS (ES-TOF) m/z C,,H,,O¢Na calc'd 451.3036, found 451.3020
[MNal*. C,,H,gNO, calc'd 446.3482, found 446.3469 [MNH,]+.



Research Paper Iterative use of polyketide synthase modules Wilkinson etal. 117

Acknowledgements

This work was supported in part by grants to J.S and P.F.L from Glaxo Well-
come (GW G1038) and the BBSRC Technology Foresight Challenge
(BBSRC 8/TF08121).

References

1 Wakil, S.J. (1989). Fatty acid synthase, a proficient multifunctional
enzyme. Biochemistry 28, 4523-4530.

2. Rock, C.O. & Cronan, J.E. (1996). Escherichia coli as a model for the
regulation of dissociable (type Il) fatty acid biosynthesis. Biochim.
Biophys. Acta 1302, 1-16.

3. Hopwood, D.A. & Sherman, D.H. (1990). Molecular genetics of
polyketides and its comparison to fatty acid biosynthesis. Annu. Rev.
Genet. 24, 37-66.

4. Dimroth, P., Walter, H. & Lynen, F. (1970). Biosynthese von
6-methylsalicylsaeure. [Biosynthesis of 6-methylsalicylic acid] Eur. J.
Biochem. 13, 98-110.

5. Cortés, J., Haydock, S.F., Roberts, G.A., Bevitt, D.J. & Leadlay, P.F.
(1990). An unusually large multifunctional polypeptide in the
erythromycin-producing polyketide synthase of Saccharopolyspora
erythraea. Nature 348, 176-178.

6. Donadio, S., Staver, M.J., McAlpine, J.B., Swanson, S.J. & Katz, L.
(1991). Modular organization of genes required for complex polyketide
biosynthesis. Science 252, 675-679.

7. Wiesmann, K.E.H., Cortés, J., Brown, M.J.B., Cutter, A.l, Staunton, J.
& Leadlay, P.F. (1995). Polyketide synthesis in vitro on a modular
polyketide synthase. Chemistry & Biology 2, 583-589.

8. Caffrey, P., Bevitt, D.J., Staunton, J. & Leadlay, P.F. (1992).
Identification of DEBS 1, DEBS 2 and DEBS 3, the multienzyme
polypeptides of the erythromycin-producing polyketide synthase from
Saccharopolyspora erythraea. FEBS Lett. 304, 225-228.

9. Kakavas, S.J., Katz, L. & Stassi, D. (1997). Identification and
characterization of the niddamycin polyketide synthase genes from
Streptomyces caelestis. J. Bacteriol. 179, 75615-7522.

10. Schwecke, T, et al., & Leadlay, P.F. (1995). The biosynthetic gene
cluster for the polyketide immunosuppressant rapamycin. Proc. Nat/
Acad. Sci. USA 92, 7839-7843.

11. Aparicio, J.F, et al., & Leadlay, P.F. (1996). Organization of the
biosynthetic gene cluster for rapamycin in Streptomyces
hygroscopicus: analysis of the enzymatic domains in the modular
polyketide synthase. Gene 169, 9-16.

12. Schwecke, T., Aharonowitz, Y., Palissa, H., von Déhren, H., Kleinkauf, H.
& van Liempt, H. (1992). Enzymatic characterization of the multifunctional
enzyme &-(L-a-aminoadipyl)-L-cysteinyl-D-valine synthetase from
Streptomyces clavuligerus. Eur. J. Biochem. 205, 687-694.

13. Xue, Y.Q, Zhao, L.S., Liu, H.W. & Sherman, D.H. (1998). A gene
cluster for macrolide antibiotic biosynthesis in Streptomyces
venezuelae: architecture of metabolic diversity. Proc. Nat/ Acad. Sci.
USA 95, 12111-12116.

14. Schupp, T, et al., & Ligon, J.M. (1995). A Sorangium cellulosum
(myxobacterium) gene cluster for the biosynthesis of the macrolide
antibiotic soraphen A: cloning, characterization, and homology to
polyketide synthase genes from actinomycetes. J. Bacteriol.
177,3673-3679.

15. MacNeil, D.J., Occi, J.L., Gewain, K.M. & MacNeil, T. (1994).
Correlation of the avermectin polyketide synthase genes to the
avermectin structure. Implications for designing novel avermectins.
Annals New York Acad. Sci. 721, 123-132.

16. Schupp, T., Toupet, C., Engel, N. & Goff, S. (1998). Cloning and
sequence analysis of the putative rifamycin polyketide synthase gene
cluster from Amycolatopsis mediterranei. FEMS Microbiol. Lett.

159, 201-207.

17. Swan, D.G., Rodriguez, A.M,, Vilches, C., Méndez, C. & Salas, J.A.
(1994). Characterization of a Streptomyces antibioticus gene
encoding a type | polyketide synthase which has an unusual coding
sequence. Mol. Gen. Genet. 242, 358-362.

18. August, P.R, et al,, & Floss, H.G. (1998). Biosynthesis of the
ansamycin antibiotic rifamycin: deductions from the molecular analysis
of the rif biosynthetic gene cluster of Amycolatopsis mediterranei
S699. Chem. Biol. 5, 69-79.

19. Aparicio, J.F., Colina, A.J., Ceballos, E. & Martin, J.F. (1999). The
biosynthetic gene cluster for the 26-membered ring polyene macrolide
pimaricin. A new polyketide synthase organization encoded by two
subclusters separated by functionalization genes. J. Biol. Chem.
274,10133-10139.

20. Marahiel, M.A., Stachelhaus, T. & Mootz, H.D. (1997). Modular peptide
synthetases involved in nonribosomal peptide synthesis. Chem. Rev.
97, 2651-2673.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Aparicio, J.F., Caffrey, P., Marsden, A.F.A., Stauton, J. & Leadlay, P.F.
(1993). Limited proteolysis and active site studies of the first
multienzyme component of the erythromycin-producing polyketide
synthase. J. Biol. Chem. 269, 1-5.

Staunton, J. & Wilkinson, B. (1997). Biosynthesis of erythromycin and
rapamycin. Chem. Rev. 97, 2611-2629.

B6hm, ., Holzbaur, I.E., Hanefeld, U., Cortés, J., Staunton, J. &
Leadlay, P.F. (1998). Engineering of a minimal modular polyketide
synthase, and targeted alteration of the stereospecificity of polyketide
chain extension. Chem. Biol. 5, 407-412.

Cortés, J., Wiesmann, K.E.H., Roberts, G.A., Brown, M.J.B.,
Staunton, J. & Leadlay, P.F. (1995). Repositioning of a domain in a
modular polyketide synthase to promote specific chain cleavage.
Science 268, 1487-1489.

Kao, C.M., Luo, G.L., Katz, L., Cane, D.E. & Khosla, C. (1996).
Engineered biosynthesis of structurally diverse tetraketides by a
trimodular polyketide synthase. J. Am. Chem. Soc. 118, 9184-9185.
Kao, C.M., Luo, G., Katz, L., Cane, D.E. & Khosla, C. (1995).
Manipulation of macrolide ring size by directed mutagenesis of a
modular polyketide synthase. J. Am. Chem. Soc. 117, 9105-9106.
McDaniel, R., Kao, C.M., Hwang, S.J. & Khosla, C. (1997). Engineered
intermodular and intramodular polyketide synthase fusions. Chem.
Biol. 4, 667-674.

Ranganathan, A, et al., & Leadlay, P.F. (1999). Knowledge-based
design of bimodular and trimodular polyketide synthases based on
domain and module swaps: a route to simple statin analogues.
Chem. Biol. 6, 731-741.

Kao, C.M., McPherson, M., McDaniel, R.N., Fu, H., Cane, D.E. &
Khosla, C. (1998). Alcohol stereochemistry in polyketide backbones is
controlled by the B-ketoreductase domains of modular polyketide
synthases. J. Am. Chem. Soc. 120, 2478-2479.

Katz, L. (1997). Manipulation of modular polyketide syntheses. Chem.
Rev. 97, 2557-2575.

Khosla, C. (1997). Harnessing the biosynthetic potential of modular
polyketide synthases. Chem. Rev. 97, 2577-2590.

Leadlay, P.F. (1997). Combinatorial approaches to polyketide
biosynthesis. Curr. Opin. Chem. Biol. 1, 162-168.

Staunton, J. (1998). Combinatorial biosynthesis of erythromycin and
complex polyketides. Curr. Opin. Chem. Biol. 2, 339-345.

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

Gates, P.J., Kearney, G.C., Jones, R., Leadlay, P.F. & Staunton, J.
(1999). Structural elucidation studies of erythromycins by electrospray
tandem mass spectroscopy. Rapid. Comm. Mass Spec. 13, 242-246.
Brown, M.J.B., Cortés, J., Cutter, A.L., Leadlay, P.F. & Staunton, J.
(1995). A mutant generated by expression of an engineered DEBS1
protein from the erythromycin-producing polyketide synthase (PKS) in
Streptomyces coelicolor produces the triketide as a lactone, but the
major product is the nor-analogue derived from acetate as starter acid.
J. Chem. Comm. 15, 1517-1518.

Jacobsen, J.R., Hutchinson, C.R., Cane, D.E. & Khosla, C. (1997).
Precursor-directed biosynthesis of erythromycin analogs by an
engineered polyketide synthase. Science 277, 367-369.

Staunton, J., Caffrey, P., Aparicio, J.F., Roberts, G.A., Bethell, S.S. &
Leadlay, P.F. (1996). Evidence for a double-helical structure for
modular polyketide synthases. Nat. Struct. Biol. 3, 188-192.

Aparicio, J.F., Caffrey, P., Marsden, A.F.A., Staunton, J. & Leadlay, P.F.
(1994). Limited proteolysis and active-site studies of the first
multienzyme component of the erythromycin-producing polyketide
synthase. J. Biol. Chem. 269, 8524-8528.

Kao, C.M., Pieper, R., Cane, D.E. & Khosla, C. (1996). Evidence for
two catalytically independent clusters of active sites in a functional
modular polyketide synthase. Biochemistry 35, 12363-12368.
Gokhale, R.S., Lau, J., Cane, D.E. & Khosla, C. (1998). Functional
orientation of the acyltransferase domain in a module of the
erythromycin polyketide synthase. Biochemistry 37, 2424-2528.

Fujii, I. (1998). Fungal polyketide synthase genes. Nippon
Nogeikagaku Kaishi-Journal of the Japan Society For Bioscience
Biotechnology and Agrochemistry 72, 56-59.

Kennedy, J., Auclair, K., Kendrew, S.G., Park, C., Vederas, J.C. &
Hutchinson, C.R. (1999). Modulation of polyketide synthase activity
by accessory proteins during lovastatin biosynthesis. Science

284, 1368-1372.

Yu, T.W,, et al. & Floss, H.G. (1999). Direct evidence that the
rifamycin polyketide synthase assembles polyketide chains
processively. Proc. Natl Acad. Sci. USA 96, 9051-9056.



