
Chemistry & Biology, Vol. 10, 1225–1232, December, 2003, 2003 Elsevier Science Ltd. All rights reserved. DOI 10.1016/j .chembiol .2003.11.009

Iteration as Programmed Event during
Polyketide Assembly; Molecular Analysis of
the Aureothin Biosynthesis Gene Cluster

a ketosynthase (KS), an acyl transferase (AT), and an
acyl carrier protein (ACP). Additional domains may be
present for keto group processing, such as ketoreduc-
tase (KR), dehydratase (DH), and enoyl reductase (ER)
[2, 3]. While the first module is usually fused to a loading
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D-07745 Jena domain at its N terminus, the last PKS module terminates

polyketide assembly with an additional thioesterase (TE)Germany
domain. According to the molecular assembly line char-
acter of modular PKS, order and architecture of the
modules usually reflect the chain length as well as de-Summary
gree of reduction of the resultant polyketide [2, 3]. This
one-to-one correspondence has been demonstratedAnalysis of the type I modular polyketide synthase
experimentally [7] and provides the basis for rationally(PKS) involved in the biosynthesis of the rare nitroaryl
engineering type I PKS biosynthetic pathways. By a vari-polyketide metabolite aureothin (aur) from Streptomy-
ety of targeted genetic mutations, such as inactivation,ces thioluteus HKI-227 has revealed only four modules
substitution, and addition of catalytic domains or evento catalyze the five polyketide chain extensions re-
entire modules, polyketide structures have been suc-quired. By heterologous expression of the aur PKS
cessfully modified. In nature, evolution of polyketidecluster, direct evidence was obtained that these mod-
metabolic diversity may be rationalized by analogousules were sufficient to support aureothin biosynthesis.
random mutations [8]. During the last decade, a hugeIt appears that one module catalyzes two successive
body of knowledge about polyketide synthases hascycles of chain extension, one of the first examples
been established by molecular and biochemical ap-of a PKS in which such iteration or “stuttering” is re-
proaches. However, one of the unresolved problemsquired to produce the normal polyketide product. In
of polyketide biosynthesis is the molecular basis foraddition, lack of a specified loading domain implicates
iterative or noniterative action of polyketide synthasesa novel PKS priming mechanism involving the unique
and their evolutionary relationship.p-nitrobenzoate starter unit. The 27 kb aur gene clus-

In a structure-guided search for novel biosyntheticter also encodes a novel N-oxidase, which may repre-
activities, we were prompted by the unusual structuressent the first member of a new family of such enzymes.
of the nitrophenyl-substituted polyketides aureothin and
neoaureothin (Figure 1). Aureothin is a metabolite of the

Introduction soil isolate Streptomyces thioluteus [9] with antitumor,
antifungal, and insecticidal properties [10]. The homolog

Polyketides constitute a large and diverse group of natu- neoaureothin, produced by S. orinoci, exhibits antifun-
ral products with an impressive wealth of antibiotic, anti- gal and antiviral activities [11]. By molecular analysis of
cancer, antiparasitic, and immunosuppressive activities the requisite gene clusters, we expected new insights
[1]. They are assembled by polyketide synthases (PKS) into the machinery and evolution of polyketide syn-
in a manner that closely parallels fatty acid biosynthesis: thases and to provide the basis for engineering novel
an activated carboxylic acid starter undergoes repetitive aureothin derivatives. In this work, we report on the
Claisen condensations with malonyl-coenzyme A (CoA)- cloning, sequencing, and heterologous expression of
derived extender units. In addition to manifold tailoring the aureothin biosynthesis gene cluster, which has re-
reactions, polyketide metabolic diversity results from a vealed an aberrant, nonlinear type I polyketide synthase.
number of programmed events involving selection of
starter and extender units, carbon chain length, the de-
gree of reduction, as well as chain termination and fold- Results
ing. According to their mode of operation, PKS can be
generally classified into iterative and noniterative PKS. Identification, Cloning, and Heterologous
Some polyketide synthases, such as bacterial aromatic Expression of the Aureothin Biosynthesis
(type II) PKS, fungal, and plant PKS, operate in an itera- Gene Cluster
tive fashion reminiscent of fatty acid synthases. In these The structure of aureothin and early feeding experiments
systems, catalytic domains are reused until the polyke- [12] suggested a mixed biosynthetic pathway involving
tide chain has reached its full length. In stark contrast, a type I polyketide synthase (Figure 2). A S. thioluteus
bacterial type I PKS [2, 3] represent giant multienzyme HKI-227 cosmid library was constructed and screened
systems [3–6] that accommodate distinct active sites for type I PKS genes. Cosmid mapping, PCR, and hybrid-
for each step of catalysis and are thus considered as ization experiments revealed the presence of several
noniterative. In bacterial type I PKS, catalytic domains type I PKS gene clusters in the S. thioluteus HKI-227
are physically grouped into modules that consist of a genome. In order to identify the correct cluster, a com-
minimal set of domains for chain propagation, usually plementary screening was required. Recently, we have

elucidated the nature and biosynthetic origin of the rare
nitro aryl moiety of aureothin. We have shown that a*Correspondence: christian.hertweck@hki-jena.de
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Figure 3. HPLC Analysis of Extracts from Wild-Type S. thioluteus
HKI-227, Host S. lividans ZX1, and Transformant S. lividans
ZX1::pHJ48

S. lividans ZX1 the ability to make aureothin, the cosmidFigure 1. Rare Nitrophenyl-Substituted Polyketide Metabolites of
insert of pST18E4 was subjected to both directed andVarying Chain Length Produced by Different Streptomyces Strains
shotgun subcloning and sequencing.

Architecture of the Genomic Region Involvedp-aminobenzoate (PABA) synthase is involved in the
formation of a nitrobenzoyl PKS starter unit (Figure 2) in Aureothin Biosynthesis

The ca. 40 kb contiguous DNA insert of pST18E4 was(J.H. and C.H., unpublished data). By PCR using degen-
erate primers based on universally conserved PABA fully sequenced on both strands. The nucleotide se-

quence was analyzed for open reading frames (ORFs)synthase motifs, we were able to amplify a 1 kb frag-
ment, which proved to be a homolog of pabAB from by the FRAME program [16]. The boundaries of the aure-

othin (aur) gene cluster were determined by subcloningS. griseus [13]. This gene probe served to identify the
putative aureothin biosynthesis gene cluster out of the a 30 kb EcoRV fragment of pST18E4 into pSET152, yield-

ing the integrative expression plasmid pHJ48. This sur-various S. thioluteus type I PKS gene clusters detected
by Southern hybridization. prisingly small fragment proved to be sufficient for aure-

othin biosynthesis by heterologous expression in S.In order to verify the identity of the aureothin gene
cluster by inactivation, various attempts to introduce lividans ZX1 (Figure 3). The deduced gene organization

of the gene cluster is graphically presented in Figure 4,foreign DNA into S. thioluteus HKI-227 have been under-
taken, which all failed. Therefore, heterologous expres- and the results of the sequence analyses are summa-

rized in Table 1.sion of the putative gene cluster was attempted. A ca.
40 kb SspI fragment of cosmid pST18E4, which harbors Putative functions of deduced gene products were

assigned by sequence comparisons with database pro-PKS genes as well as the PABA synthase gene, which
included the pWEB cos site, was ligated into the EcoRV teins (BLAST and PROSITE searches). Nine genes in-

volved in aureothin biosynthesis were identified andsite of the integrative E. coli-Streptomyces shuttle vec-
tor pSET152 [14]. The resulting cosmid pHJ11 was pack- designated aurA through aurI. In the aur operon, all

genes are transcribed in one direction except for aurE,aged as phage and transfected into E. coli EPI 100.
Restriction mapping proved that this construct was sta- which is convergently transcribed. Aureothin biosynthe-

sis is probably regulated by the predicted 271 aa geneble. By protoplast transformation, pHJ11 was intro-
duced into S. lividans ZX1 [15], and the resulting trans- product of aurD, which has 34% identity with AfsR, a

global regulatory protein for secondary metabolite for-formant (S. lividans ZX1:pHJ11) was cultivated for 5
days. After extraction, HPLC and ESI-MS analyses un- mation in Streptomyces coelicolor A3(2) [17]. Down-

stream of the aur biosynthetic gene cluster, a gene en-equivocally showed that aureothin is produced by the
transformant at a titer comparable with the wild-type. coding a transposase was located. Interestingly, no

candidate genes for resistance have been detected.Since the cloned genes were sufficient to confer on

Figure 2. Biosynthetic Origin of Aureothin as
Determined by Labeling Experiments
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Figure 4. Organization of the Aureothin Bio-
synthetic Gene Cluster in S. thioluteus HKI-
227

Each arrow indicates the direction of tran-
scription and relative sizes of the ORFs de-

duced from analysis of the nucleotide sequence. White ORFs, type I PKS genes; black ORFs, genes putatively involved in starter unit
biosynthesis; checked ORFs, genes encoding tailoring enzymes; hatched ORF, regulator gene.

Genes Putatively Involved in Starter Unit Synthesis methionine binding motif was identified (PRO-SITE:
PS50193) that is characteristic for methyltransferases.and Post-PKS Processing

Besides three large ORFs encoding a type I PKS Strikingly, AurI shows highest homology (36% identity
over 209 amino acids) to EncK from “Streptomyces ma-(aurA–C, see below), genes putatively involved in starter

unit biosynthesis and post-PKS reactions were de- ritimus,” which functions as a pyrone O-methyl trans-
ferase in enterocin biosynthesis [25, 26]. In analogy, AurItected. By PCR and hybridization experiments, we have

shown that a homolog of pabAB, a gene encoding a is assumed to be responsible for the introduction of the
pyrone O-methyl group.PABA synthase in S. griseus [13], is located on the aureo-

thin gene cluster. The deduced 695 amino acid gene A putative cytochrome P-450 oxygenase encoding
gene is located downstream of the PABA synthase geneproduct of aurG has high homology to a group of bifunc-

tional PABA synthases, which are typical for eukaryotes aurD on the aureothin gene cluster, designated aurH.
The proposed 406 aa gene product has highest homol-[18] but have also been implicated in the secondary

metabolism of a few Streptomyces species [13, 19, 20]. ogy to a hydroxylase from Mycobacterium smegmatis,
which is required for piperidine and pyrrolidine utilizationIn general, PABA synthases are known to catalyze the

conversion of chorismic acid to p-aminobenzoic acid [27]. Homologous P-450 oxidases involved in polyketide
tailoring reactions are, for example, the 6-deoxyerythro-by transamination and subsequent hydrolysis [21]. In

contrast to the monofunctional enzymes PabA and nolide B hydroxylase EryF from Saccharopolyspora
erythraea [28], and AveE from S. avermitilis, which hasPabB involved in bacterial folate biosynthesis, the puta-

tive aur PABA synthase possesses two linked catalytic been shown to play a role in avermectin biosynthesis
[29]. This strongly suggests that AurH is implicated indomains, which are functionally equivalent to PabA and

PabB [13]. Homologs of AurG have been found to be furan ring formation.
The gene (aurF) encoding an N-oxidizing enzyme hasinvolved in the biosynthesis of the polyene macrolides

candicidin [13, 22] and FR-008 [23]. been traced by means of a PABA-PNBA biotransforma-
tion assay expressing fragments of the aur gene cluster.ORF aurE presumably encodes an acyl CoA ligase.

The deduced 505 aa gene product contains an AMP Strikingly, no homology between the deduced amino
acid sequence of the remarkably arginine-rich 336 aabinding site and has significant sequence homology to

a number of acyl-CoA ligases, such as feruloyl-CoA syn- gene product of aurF and the known active sites (PRO-
SITE) has been found. Therefore, AurF represents anthetase from Amycolatopsis sp. HR167 (35% identity

over 470 amino acids, GenBank accession number unprecedented type of (N-) oxidase. Its function has
been confirmed by heterologous expression in S. liv-AX172316). In analogy to a variety of other unusual

starter units [24], the aur PKS primer, p-nitrobenzoate idans ZX1 (J.H. and C.H., unpublished data).
In summary, all deduced gene products fit well into(PNBA), is probably activated as the corresponding CoA

thioester by AurE. the biosynthetic scheme, and all gene functions except
for aurF could be assigned by homology. Conversely,In the deduced gene product of aurI, an ORF located

downstream of the PKS genes, a probable S-adenosyl analysis of the aur PKS genes gave unexpected results.

Table 1. Deduced Functions of ORFs in the Aureothin Biosynthetic Gene Cluster

Amino Proposed Sequence Similarity Identity/ Protein Accession
Protein Acids Function (Protein, Origin) Similarity, % Number Reference

AurD 271 transcriptional AfsR, Streptomyces coelicolor 34/45 BAA14186 [17]
activator

AurE 505 Acyl-CoA ligase Feruloyl-CoA synthetase, 34/50 AX172316
Amycolatopsis sp. HR167

AurF 481 amine oxidase none none
AurA 1906 polyketide synthase AVES 2, Streptomyces avermitilis 45/56 BAA84475 [29]

Module 1 KS AT DH KR ACP
AurG 695 PABA PabAB, Streptomyces griseus 44/53 CAC22117 [22]

synthase
AurH 406 Cyt P-450 Cytochrome P-450, Mycobacterium 36/51 AF102510 [27]

hydroxylase smegmatis
AurB 2164 polyketide synthase NysC, Streptomyces noursei 48/59 AAF71776 [49]

Module 2 KS AT ER DH KR ACP
AurC 2201 polyketide synthase AVES 4, Streptomyces avermitilis 45/60 BAA84479 [29]

Module 3 KS AT ACP
Module 4 KS AT ACP TE

AurI 230 O-Methyltransferase EncK, Streptomyces maritimus 36/54 AAF81726 [25]
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As confirmed by resequencing the AT4 domain withTable 2. Analysis of the Active Site and Substrate Specificity
specific primers and the expression cosmid as template,Motifs of the aur PKS AT1-4 Domains
in the typical GHSxG motif, histidine is mutated to argi-

AT Active Site Motif Specificity Motif Substrate
nine and serine is mutated to alanine. The presence ofAT1 PAAVVGHSQGEIAA RVDVV Methylmalonyl-CoA
a GRADG motif most likely results in loss of acyltransfer-AT2 PDLLLG HSIGELTA QTGYT Malonyl-CoA
ase activity, which is discussed below. Recently, anom-AT3 PGAVVGHSQGEIAA RVDVV Methylmalonyl-CoA

AT4 PAFVHGRADGEVAA none inactive? alous and possibly inactive AT domains have also been
reported for the pyoluteorin PKS [32].

In summary, the aur biosynthesis gene cluster en-
Analysis of the Aureothin PKS Genes codes one bimodular and two monomodular proteins,
In the 27 kb region encoding aur biosynthesis, three which presumably assemble to a tetramodular mega-
large ORFs, aurA–C, encoding a bacterial type I PKS, synthase (Figure 5). The domain arrangement of mod-
were identified. Functional features of the deduced 1906 ules 2–4 corresponds perfectly to the degree of reduc-
aa, 2164 aa, and 2201 aa gene products were deter- tion of the furane and pyrone moieties of aureothin.
mined by comparing them with known type I PKS sys- However, while the architecture of AurA logically ac-
tems and detection of signature motifs of the domains. counts for double bond formation, it appears that only
The aureothin PKS shows some unusual characteristics one module catalyzes two successive cycles of chain
with regard to PKS initiation and termination and, most extension before transfer of the chain to module 2. Such
remarkably, in chain elongation. an iterative chain elongation would be in clear contrast

Analysis of AurA reveals a monomodular protein that to the proposed and generally accepted one-to-one cor-
is assumed to catalyze the first steps in polyketide as- respondence between encoded modularity of the en-
sembly. The module harbors KS, AT, and ACP domains, zyme activities and structure of the resultant products
as well as two keto processing domains (KR and DH). [33, 34].
The module arrangement corresponds with unsaturated
acyl intermediates, which are in fact the proposed prod-

Discussionucts after the first and second elongation steps. Leadlay
et al. have reported sequence differences between

By reverse genetics, we have localized a 27 kb genemethylmalonate and malonate-specific acyl transferases,
cluster encoding the biosynthesis of aureothin, a rarewhich allow the prediction of AT substrate specificity
nitroaryl polyketide metabolite from S. thioluteus HKI-[30, 31]. In accord with the structure of aureothin, the
227. Detailed sequence analysis and heterologous ex-AT1 signature motif indicates specificity for methylmalo-
pression of the aur gene set revealed several featuresnyl-CoA. At its N terminus, AurA shows only very low
that are unique in type I PKS catalyzed polyketide as-homology to an ACP domain and the common ACP
sembly, such as biosynthesis and attachment of thesignature motif (GxDS) is absent, as reconfirmed by re-
novel nitrobenzoate starter unit. In addition, we providepeated sequencing of this region.
strong evidence for iteration during polyketide assemblyAurB is a monomodular enzyme consisting of KS, AT,
by a type I PKS.and ACP domains and an additional set of KR, DH, and

ER, which is capable of performing a full reductive cycle.
The module composition and the presence of a malo- Biosynthesis of the Unusual Nitrobenzoate PKS

Starter Unit Involves an Unprecedentednate-specific AT domain provides strong evidence that
this module is involved in the third round of elongation N-Oxidase

The vast majority of polyketides is primed with acetate orand reduction.
AurC represents a bimodular protein with a thioes- propionate. However, a number of polyketide synthases

utilize alternative starter units, such as short chainterase (TE) domain located at the C terminus. The TE
domain contains characteristic GxSxG and GxH motifs branched fatty acids, alicyclic and aromatic acids, and

amino acids [24]. The nature of the primer unit oftenand has high homology to various authentic TE domains
from type I PKS. Consequently, the two PKS modules provides important structural and biological features to

the molecule, and variation of the starter unit can signifi-encoded by aurC would catalyze the last two Claisen
condensations. In agreement with this assumption, each cantly alter the activity profile of the natural product

[24]. An unprecedented feature of the aur PKS is themodule of AurC is composed of KS, AT, and ACP do-
mains only, leaving the �-keto group unreduced. Upon utilization of p-nitrobenzoate (PNBA) as starter unit

(J.H. and C.H., unpublished data). PNBA is derived fromrelease from the PKS, the resultant �,�-diketo acid
would cyclize––either spontaneously or catalyzed by the p-aminobenzoate by means of N-oxidation. To date, the

only example of a nitro group-forming enzyme has beenTE––to yield the corresponding pyrone moiety. It is note-
worthy that in bacteria similar chemistry is only known implicated in the context of pyrrolnitrin biosynthesis. In

vitro experiments suggested that N-oxidation is catalyzedfrom polyketides generated from natural and mutant
type II PKS rather than from type I PKS [25]. by a chloroperoxidase, but gene analysis disclosed a class

1A oxygenase [35, 36]. The putative N-oxidase requiredIn modules 1–4, all the PKS domains show typical
conserved signature motifs except AT4 (Table 2). In con- for chloramphenicol biosynthesis is as yet unknown [37].

By inactivation, we were able to demonstrate that thetrast to ATs 1–3, which exhibit the GHSxG active site
and (methyl)malonyl-CoA specificity motifs, AT4 shows only deduced aur gene product that has sequence ho-

mology to an oxidase is not involved in the oxidation ofonly weak sequence identity to known AT domains, and
both the active site and specificity motifs are aberrant. PABA to p-nitrobenzoate. Our heterologous expression
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Figure 5. Model for Aureothin Biosynthesis Representing Domain Architecture of AurA, AurB, and AurC and Proposed Polyketide Chain
Propagation

MCoA, malonyl-CoA; mmCoA, methylmalonyl-CoA.

experiments unequivocally proved that the N-oxidase aureothin PKS remains puzzling, and further biochem-
ical studies are required to understand this unusualinvolved in aureothin biosynthesis is encoded by aurF

(J.H. and C.H., unpublished data). Surprisingly, the de- set up.
duced 336 aa gene product (AurF) does not show any
sequence homologies to known proteins and not even Five Claisen Condensations Are Catalyzed
a known cofactor binding motif could be determined. by Only Four PKS Modules
Thus, the N-oxidase AurF could be unique. A considerable number of bacterial type I PKS gene

clusters have been cloned and sequenced so far. The
discovery that the structure of the polyketide metabolitePKS Domain Architecture Implicates a Novel

Priming Mechanism has a one-to-one correspondence to the type I PKS
architecture serves as a common model for understand-For bacterial type I PKSs that utilize starter units other

than acetate or propionate, two priming mechanisms ing the programming of modular polyketide synthases
and has provided the molecular basis for targeted ge-are known. Free carboxylic acids may be activated and

loaded by a nonribosomal peptide synthetase (NRPS)- netic manipulations. Through detailed sequence analy-
sis and heterologous expression of the full set of aureo-like adenylation-thiolation (A-T) didomain at the N termi-

nus of the PKS. Alternatively, acyl-CoA ligases may acti- thin biosynthetic genes we have proven that four PKS
modules are sufficient for the catalysis of five elongationvate the carboxylates as CoA thioesters, which are

loaded onto the PKS by the type ATL/ACPL loading dido- and reduction cycles. Module architecture and AT speci-
ficity strongly suggests that the first module of the aure-main [24]. Conversely, neither A-T nor ATL/ACPL do-

mains could be identified at the N terminus of the first othin PKS, AurA, is used twice.
Although this finding is contrary to the principle ofPKS module AurA. A conceivable mechanism could be

the activation of PNBA by the putative acyl-CoA ligase colinearity, it may be rationalized in the context of a
few recent observations. In both natural and engineeredAurE and direct transfer onto the PKS. A similar scenario

could be considered for CoA ligase-acyl carrier protein polyketide-producing organisms, traces of metabolites
with C2-elongated polyketide backbones have been de-(CoL-ACPL)-loading didomains, which have been identi-

fied in the candicidin [22], rapamycin [4], and pimaricin tected, which do not accurately correspond to the pro-
grammed biosynthetic sequence. Höfle et al. have iso-[38] biosynthesis gene clusters. However, since the N

terminus of AurA lacks the ACP signature motif for phos- lated ring-enlarged homologs of epothilone from a
Sorangium cellulosum So ce90 culture broth [39]. Lead-phopantheinyl binding, the priming mechanism of the
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lay, Staunton, and coworkers have investigated a mutant Comparing the structures of aureothin (diene) and
strain of the erythromycin producer Saccharopolyspora neoaureothin (tetraene), it is tempting to speculate
erythraea that produced two novel octaketides in addi- whether a homolog of AurA in S. orinoci catalyses four
tion to the heptaketide aglycon DEBS, which is the major rounds of chain elongations in neoaureothin biosynthe-
metabolite [40]. The occurrence of such side products sis (as opposed to two elongations in S. thioluteus). We
has been interpreted by Leadlay et al. as an aberrant are currently undertaking detailed molecular analysis of
repeated use of a module, which is referred to as “stut- the neoaureothin biosynthetic gene cluster, to shed
tering” [40, 39]. However, these metabolites are consid- more light on this question.
ered as the result of error-prone programming of the
requisite polyketide synthases and are thus only formed Significance
in trace amounts. In contrast, during aureothin polyke-
tide assembly iteration is a programmed event, with Modular polyketide synthases (PKS) play a significant
exclusive formation of the pentaketide. role in the biosynthesis of a vast array of therapeuti-

At this stage, we cannot rule out that AurA may be cally important natural products. Typically, these giant
present in two identical copies (or possbly two variants multidomain enzymes are arranged in an assembly
of AurA) docking one behind the other, giving rise to a line fashion, harboring a catalytic domain for each
perfectly colinear pentamodular PKS. Alternatively, the biosynthetic step. Detailed sequence analysis of the
repeated use of AurA may be truly iterative, as, for exam- aureothin (aur) PKS reveals several features that are
ple, in fungal PKS or type I fatty acid synthases. On the highly unusual in type I PKS-catalyzed polyketide as-
basis of the current model of type I PKS as a helically sembly, including a novel priming mechanism and the
arranged homodimer [41, 42] and considering the do- use of p-nitrobenzoate as a starter unit. The most
main architecture of AurA, for this model only one mech- striking and unexpected discovery is that four PKS
anism seems plausible (see Figure 5): the acyl intermedi- modules are capable of catalyzing five rounds of elon-
ate would be passed back from the ACP onto the gation and reduction, which breaches the accepted
preceding KS domain, as proposed by Leadlay and principle of colinearity. Our expression experiments
Staunton for the biosynthesis of minor side products of provide the best evidence yet that a natural PKS is
the erythromycin PKS [40]. programmed for the iterative use of a module. The

In addition to AurA, we assume that iteration also aureothin synthase may thus represent an important
occurs in AurC. As sequence analyses reveal, the AT4 evolutionary link between FAS and PKS and provide
domain is possibly inactive due to the lacking active

a unique model system to learn more about the mecha-
site serine; furthermore, the specificity region is aber-

nism and evolution of iterative and noniterative polyke-rant. Since module 3 has the same domain arrangement
tide synthases.as module 4, one may speculate that both final chain

extensions are catalyzed by module 3 alone, according Experimental Procedures
to the mechanism mentioned above.

The iterative use of a single module has also been Bacterial Strains and Culture Conditions
Aureothin producer Streptomyces thioluteus HKI-227, obtainedsuggested by Müller, Höfle, and coworkers for the stig-
from the HKI strain collection, was used as the source of DNA inmatellin (sti) PKS, which exhibits an unusual architec-
the construction of the genomic DNA library. S. lividans ZX1 [15],ture. In the sequenced region, one sti PKS module bear-
kindly provided by X. Zhou, served as host strain for heterologousing the minimal set of KS, AT, and ACP domains is
expression experiments. For aureothin production, wild-type and

missing. Müller et al. suggest that the missing module mutant strains were cultivated in M10 medium (yeast extract 4 g/l,
is compensated by the iterative operation of another malt extract 10 g/l, glucose 4 g/l, pH 7.3) for 5 days at 28�C with
PKS module, either StiH or StiJ. However, despite thor- shaking. S. lividans ZX1 was cultured on R5 agar and YEME liquid

medium [45] for protoplast transformation and on 2CM [46] for allough investigations on the basis of sequence analyses
other experiments. Transformants were selected with apramycinand inactivation experiments, the possibility of a missing
(Sigma) at 30 �g/ml in both solid and liquid medium. E. coli strainsmodule encoded somewhere else in the chromosome
EPI 100 (Epicentre) and strain DH5� [47] served as hosts for libraryof S. aurantiaca could not be fully excluded [43]. construction and routine subcloning, respectively. E. coli strains

By our heterologous aureothin PKS expression exper- were grown in LB medium [47] supplemented with ampicillin (100
iments we provide the yet strongest body of evidence �g/ml) or apramycin (50 �g/ml) for selection of plasmids.
that the iterative use of a module is an inherent property

Plasmids and General DNA Proceduresof a natural PKS. At present, it is not possible to deduce
DNA isolation, plasmid preparation, restriction digests, gel electro-the iterative and noniterative nature of the aur PKS mod-
phoresis, and ligation reactions were conducted according to stan-ules by comparison of sequences alone. Furthermore,
dard methods [45, 47]. pBluescript II SK(�) [48] was the routine

it is a riddle how this unusual system has evolved. Appar- vector for subcloning and preparation of DNA templates for se-
ently, modular PKS may have an intrinsic ability to work quencing. The integrative E. coli-Streptomyces shuttle vector
in an iterative fashion, as recent heterologous expres- pSET152 [14] was used for all expression experiments in Streptomy-
sion experiments of individual PKS modules demon- ces. Restriction enzyme-digested DNA fragments were recovered

from agarose gel by the GFX PCR DNA and gel band purificationstrate [44], and possibly the line between iterative and
kit (Amersham). For Southern blot hybridization, the DIG DNA label-noniterative PKS is more blurred than commonly be-
ing and detection kit (Roche) was used.lieved. Presumably, the iteratively used aur PKS mod-

ules are functionally related to both bacterial modular Construction and Screening of a S. thioluteus HKI-227
PKS and fungal iterative type I PKS and may well repre- Genomic Cosmid Library
sent an evolutionary crosslink to the purely iterative type A S. thioluteus HKI-227 genomic cosmid library was constructed in

E. coli EPI 100 with pWEB (Epicentre) as cosmid vector. GenomicI PKS.
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DNA was partially digested with Sau3AI, size fractionated by gel 5. August, P.R., Tang, L., Yoon, Y.J., Ning, S., Müller, R., Yu, T.-W.,
Taylor, M., Hoffman, D., Kim, C.-G., Zhang, X., et al. (1998).electrophoresis, yielding fragments with an average size greater

than 35 kb, and blunted using the end repair mix (Epicentre). The Biosynthesis of the ansamycin antibiotic rifamycin: deductions
from the molecular analysis of the rif biosynthetic gene clusterlibrary consisting of 2112 cosmid clones was screened by a PCR-

based approach using two pairs of degenerate oligonucleotides, of Amycolatopsis mediterranei S699. Chem. Biol. 5, 69–79.
6. Xue, Y., Zhao, L., Liu, H.W., and Sherman, D.H. (1998). A genethe ketosynthase (KS)-specific primers KSF1 (5�-MGNGARGCNNW-

NSMNATGGAYCCNCARCANMG-3�) and KSR1 (5�-GGRTCNCCNA cluster for macrolide antibiotic biosynthesis in Streptomyces
venezuelae: architecture of metaboic diversity. Proc. Natl. Acad.RNSWNGTNCCNGTNCCRTG-3�). For amplification of the ca. 1 kb
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