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Abstract

Background: Prodiginines are a large family of pigmented
oligopyrrole antibiotics with medicinal potential as immunosup-
pressants and antitumour agents that are produced by several
actinomycetes and other eubacteria. Recently, a gene cluster in
Streptomyces coelicolor encoding the biosynthesis of undecylpro-
diginine and butyl-meta-cycloheptylprodiginine has been se-
quenced.

Results : Using sequence comparisons, functions have been
assigned to the majority of the genes in the cluster, several of
which encode homologues of enzymes involved in polyketide, non-
ribosomal peptide, and fatty acid biosynthesis. Based on these
assignments, a complete pathway for undecylprodiginine and
butyl-meta-cycloheptylprodiginine biosynthesis in S. coelicolor has
been deduced. Gene knockout experiments have confirmed the

deduced roles of some of the genes in the cluster.
Conclusions: The analysis presented provides a framework for a

general understanding of the genetics and biochemistry of
prodiginine biosynthesis, which should stimulate rational ap-
proaches to the engineered biosynthesis of novel prodiginines with
improved immunosuppressant or antitumour activities. In addi-
tion, new mechanisms for chain initiation and termination
catalysed by hitherto unobserved domains in modular multi-
enzyme systems have been deduced. ß 2001 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Prodiginines are a family of red-pigmented antibiotics
produced by actinomycetes and other eubacteria, in par-
ticular species of Serratia [1]. The actinomycete prodigi-
nines include the linear tripyrrole undecylprodiginine 1
and several isomeric, cyclic derivatives such as butyl-
meta-cycloheptylprodiginine 2, ethyl-meta-cyclononylpro-
diginine 3, and methylcyclodecylprodiginine 4 (Fig. 1)
[2^4]. Although these antibiotics are not currently used

clinically because of their toxicity, the recent ¢nding that
they are potent immunosuppressants at non-toxic doses
has stimulated renewed interest [5^9]. The antitumour
antibiotics BE18591 5 and roseophilin 6 (Fig. 1), isolated
from Streptomyces sp. BA18591 and Streptomyces griseo-
viridis respectively, can also be considered as members of
the prodiginine family [10,11]. Their cytotoxicity, and in-
deed the cytotoxicity of prodiginines in general, may arise
from their ability to bind to DNA and cause double-
strand cleavage in the presence of molecular oxygen and
copper(II) ions [12,13]. Because of the unusual structures
and potent biological activities of the macrocyclic prodi-
ginines (e.g. 2^4 and 6) they have also attracted attention
recently as targets for total synthesis. The main challenge
of these studies has been e¤cient construction of the un-
functionalised, ansa-bridged macrocycles of these metabo-
lites [14^25].

The biosynthesis of prodigiosin (7, Fig. 1) by Serratia
marcescens and of several actinomycete prodiginines has
been examined by the incorporation of labelled precursors
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[26^28]. These studies demonstrated that undecylprodigi-
nine is derived from one unit of proline, one unit of gly-
cine, one unit of serine and several units of acetate, via a
convergent pathway involving condensation of 4-methoxy-
2,2P-bipyrrole-5-carboxaldehyde (8, Fig. 2) and 2-undecyl-
pyrrole (9, Fig. 2) at a late stage. The macrocyclic prodi-
ginines appear to be derived from undecylprodiginine by
oxidative cyclisation (Fig. 2).

A red-pigmented antibiotic produced by Streptomyces
coelicolor A3(2) was ¢rst discovered during genetic studies

of actinorhodin biosynthesis [29]. It was subsequently
shown to be a mixture of predominantly undecylprodigi-
nine 1 and butyl-meta-cycloheptylprodiginine 2 in about a
2:1 ratio [30]. In early genetic studies, mutants defective in
prodiginine biosynthesis that had been generated by UV
irradiation were grouped into ¢ve classes (redA^E) accord-
ing to their cosynthesis behaviour [31]. Mapping of these
mutations to the S. coelicolor chromosome indicated that
they were clustered. Subsequently, a gene encoding an
O-methyltransferase required for a late step in prodiginine

Fig. 1. Structures of some prodiginines produced by actinomycetes 1^6 and the structure of prodigiosin 7.

Fig. 2. The biosynthetic origin of undecylprodiginine and three cyclic derivatives deduced from the incorporation of labelled precursors.
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biosynthesis was cloned by complementation of the redE
mutation [32]. This was followed by the cloning of other
biosynthetic genes covering s 21 kb of the chromosome
by complementation of further classes of red mutants,
eventually leading to the cloning of the entire prodiginine
biosynthesis cluster and its expression in a heterologous
host [33,34]. These studies provided the foundations for
more recent work aimed at elucidating the regulation of
prodiginine production in S. coelicolor, which is growth
phase-dependent [35^44].

Recently, the sequence of the entire red cluster for pro-
diginine biosynthesis became available as part of the
S. coelicolor genome-sequencing project (http://www.
sanger.ac.uk/Projects/S_coelicolor). In this paper we de-
scribe the organisation of the red cluster and assign func-
tions to most of the gene products by sequence compar-
isons. Among the proteins of assigned function, there are
homologues of those involved in the biosynthesis of a
diverse array of natural products including fatty acid syn-
thases [45], type I modular polyketide synthases [46], non-
ribosomal peptide synthetases [47], and K-oxoamine syn-
thases ^ key enzymes in porphyrin and biotin biosynthesis
[48,49]. The assignments have led to the deduction of a
complete pathway for undecylprodiginine and butyl-meta-
cycloheptylprodiginine biosynthesis in S. coelicolor, which
is supported by gene deletion experiments.

2. Results and discussion

2.1. Organisation of the prodiginine biosynthetic gene
cluster

The red cluster consists of 23 genes organised into four
transcription units (J. White and M.J. Bibb, in prepara-
tion) (Fig. 3). The left limit of the red cluster is de¢ned by
the trkA operon that encodes a potassium uptake system,
which is not essential for prodiginine production but
which can in£uence titres in liquid media (A.M. Cerden¬o
and M.J. Bibb, unpublished observations). Comparison of
the restriction map for pIJ941, which causes copious pro-
diginine production when introduced into S. parvulus [34],

with the map generated from the sequence data limits the
right-hand end of the cluster. It seems unlikely, however,
that the rightmost gene of the cloned insert in pIJ941 (i.e.
the rightmost open reading frame (ORF) in Fig. 3) is in-
volved in prodiginine biosynthesis since it appears to con-
stitute part of a separate operon with the downstream
gene, which is not contained in the plasmid.

Two of the 23 genes in the cluster (redD and redZ,
orange in Fig. 3) have been shown previously to encode
pathway-speci¢c regulators [36,40,42]. Of the remaining 21
genes, six are assigned to 4-methoxy-2,2P-bipyrrole-5-car-
boxaldehyde biosynthesis (red in Fig. 3), eight are assigned
to 2-undecylpyrrole biosynthesis (blue in Fig. 3), and two
are assigned as housekeeping genes (green in Fig. 3).
BLAST and PROSITE searches were used to assign bio-
synthetic functions for the products of these genes on the
basis of their similarity to database proteins (Table 1)
[50,51]. Comparison of the chromosomal location of the
genes assigned to 4-methoxy-2,2P-bipyrrole-5-carboxalde-
hyde and 2-undecylpyrrole biosynthesis with the regions
of the cluster previously deduced to be involved in the
biosynthesis of these two moieties by complementation
and cosynthesis tests [52] shows excellent agreement. The
proteins encoded by the remaining ¢ve genes in the cluster
(white in Fig. 3) showed no similarity to proteins of
known function and their role, if any, in prodiginine bio-
synthesis is currently unknown.

2.2. Genes for 2-undecylpyrrole biosynthesis

Incorporation experiments with Streptomyces longispor-
usruber have shown that the undecyl side chain and three
of the ring carbon atoms constituting the 2-undecylpyrrole
moiety of undecylprodiginine are derived from seven ace-
tates condensed head-to-tail, while the remaining ring car-
bon atom and the nitrogen atom are derived from glycine
(Fig. 2) [27]. In conjunction with incorporation experi-
ments into prodiginines from other actinomycetes, these
results led Gerber et al. to suggest that 2-undecylpyrrole
is biosynthesised via condensation of L-ketomyristoyl
coenzyme A and glycine with concomitant loss of carbon
dioxide from the latter [28].

Fig. 3. Organisation of the prodiginine biosynthetic gene cluster in S. coelicolor A3(2). Genes deduced to be involved in 2-undecylpyrrole biosynthesis
are blue, genes deduced to be involved in 4-methoxy-2,2P-bipyrrole-5-carboxaldehyde biosynthesis are red, putative housekeeping genes are green, regula-
tory genes are in orange and genes of unknown function are white. Black arrows illustrate the four mRNA molecules likely to be generated by tran-
scription of the cluster. The regions of the cluster spanned by the cosmids SC2E9, SCF7 and SC10A5 from the S. coelicolor ordered cosmid library are
indicated in grey (nucleotide sequence accession numbers: SC2E9: AL021530; SC3F7: AL021409; SC10A5: AL021529).
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In line with these suggestions, the red cluster contains
the genes redP, redR and redQ, which encode homologues
of the Escherichia coli KASIII and KASII enzymes [45],
and an ACP, respectively (Table 1). Thus, RedP could
generate an acetoacetyl thioester attached to RedQ. The
carbonyl group would then be reduced and dehydrated to
give butyryl ACP by the ketoreductase, dehydratase and
enoylreductase enzymes of the S. coelicolor fatty acid syn-
thase (FAS; no genes encoding these enzymes are present
in the cluster, nor have they yet been identi¢ed elsewhere
in the genome). RedR would subsequently extend butyryl
ACP to a longer chain fatty acid, again with concomitant
reduction and dehydration of the L-ketoacyl ACP inter-
mediates by the reductive enzymes from the endogenous
FAS. While it is possible that the ¢nal product of RedR
could be L-ketomyristoyl ACP, this is considered unlikely
for two reasons. Firstly, comparison of the residues in the
substrate-binding pocket of RedR with those of KASII
from E. coli, the structure of which has recently been
determined with the irreversible inhibitor cerulenin bound
[53], revealed no signi¢cant di¡erences. Since E. coli
KASII can catalyse the chain extension of acyl thioesters
up to 16 carbons in length and mutations in the substrate-
binding pocket residues are required to restrict the
speci¢city to extension of only shorter substrates [54], it
would seem unlikely that RedR has an appreciably di¡er-
ent chain length speci¢city from KASII. Secondly, it is
hard to imagine a mechanism whereby the reduction of
the keto group of L-ketomyristoyl ACP by the ketoreduc-
tase from the endogenous FAS can be prevented, while
shorter substrates are readily reduced. Thus, we suggest
that the main role of RedP, RedQ and RedR is to provide
a pool of fatty acyl ACPs from which dodecoyl ACP is
speci¢cally selected for initiation of 2-undecylpyrrole bio-
synthesis.

The synthesis of the requisite L-ketomyristoyl ACP for
prodiginine biosynthesis is probably accomplished instead
by a complex of the multienzymes encoded by the redX
and redN genes. RedX consists of two contiguous keto-
synthase domains showing 34% and 27% identities in 501
and 498 amino acid overlaps, respectively, to the ketosyn-
thase (KS) domain in the ¢rst module of the myxothiazol
PKS MtaB [55]. In addition, the two domains show 29%
identity over a 480 amino acid overlap to each other.
While the C-terminal ketosynthase domain in RedX
(KS) contains an active site Cys727 residue for covalent
attachment of the acyl chain that undergoes chain exten-
sion, in the N-terminal domain (KSD) this residue is re-
placed by Asp221. RedN consists of two contiguous ACP
domains at its N-terminus, both of which contain the
requisite serine residues (Ser47 and Ser145) for attachment
of a phosphopantetheinyl arm, and a C-terminal glycyl
transferase domain, which is 43% identical over a 355
amino acid overlap to the 2-amino-3-ketobutyrate syn-
thase of Bacillus subtilis [56].

The organisation of RedX is reminiscent of the KSK/
KSL pair of enzymes encoded within type II polyketide
synthase gene clusters from many actinomycetes [57],
which are responsible for the iterative synthesis of the
ACP-bound poly-L-keto precursors of aromatic polyketide
antibiotics. In the KSK enzyme, an active site cysteine is
present, whereas in the KSL enzyme the cysteine residue is
replaced by glutamine. The latter enzyme has been sug-
gested to play a role in determining the chain length of the
polyketide product [58] and, in addition, has recently been
shown to act as a malonyl ACP decarboxylase, providing
acetyl ACP for initiation of polyketide synthesis [59]. By
analogy with bacterial type II iterative FASs, where the
ketosynthase enzyme forms a homodimer, it has been sug-
gested that KSK and KSL form a heterodimer [60,61],

Table 1
Deduced functions of gene products in the red cluster

Gene Amino acids Highest protein sequence similarity Putative function

redF 226 Prosite entry PS50244 oxidoreductase
redG 395 PrnD P. £uorescens dioxygenase
redH 873 PpsA Synechocystis marinus phosphotransferase
redI 362 TcmO S. glaucescens O-methyltransferase
redJ 280 ORF3 Saccharopolysporaerythrea thioesterase
redK 347 Cdh Nocardia sp. oxidoreductase
redL 2297 multiple domainsa type I polyketide synthase
redM 532 PltF P. £uorescens prolyl-PCP synthetase
redN 640 multiple domainsa pyrrolinone synthase
redO 87 FkbJ Streptomyces hygroscopicus peptidyl carrier protein
redP 335 FabH E. coli L-ketoacyl-ACP synthase III
redQ 81 AcpP Sinorhizobium meliloti acyl carrier protein
redR 407 FabF E. coli L-ketoacyl-ACP synthase II
redU 261 JadM Streptomyces venezuelae phosphopantetheinyl transferase
redZ 217 [36,42] transcriptional regulator
redW 391 PltE P. £uorescens prolyl-PCP dehydrogenase
redX 982 MtaB Stigmatella aurantiaca L-ketomyristoyl-ACP synthase
redD 350 [36,40] transcriptional regulator

aFor sequence homologies of the domains within these multienzymes and their deduced functions see the text in the relevant section.
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where KSK catalyses the iterative condensation of malonyl
ACP with the growing polyketide chain and KSL helps to
`sense' the length of the polyketide chain. This suggestion
is supported by the X-ray crystal structure of the E. coli
KASII enzyme with cerulenin covalently bound, which
shows that the substrate-binding pocket adjacent to each
active site in the homodimer is constructed of residues
from both monomers [53,62]. A similar structural orga-
nisation of RedX can be envisaged where the two domains
interact in an intramolecular manner by virtue of the inter-
vening linker, which joins the domains to form a single
protein. It is interesting to note, however, that the order of
the KS and KSD domains in RedX is opposite to that of
the genes encoding KSK and KSL in all known type II PKS
gene clusters and that the domains show higher sequence
homology to the KS domains of type I modular PKSs
than type II ketosynthases.

By analogy to the type II KSK/KSL enzymes, we suggest
that RedX speci¢cally detects a dodecoyl chain bound to
the ACP RedQ and catalyses its condensation with a ma-
lonyl group attached to one or both of the N-terminal
ACP domains of RedN to generate L-ketomyristoyl
ACP. This L-ketoacyl thioester could be resistant to reduc-
tion by the ketoreductase from the endogenous FAS, be-
cause the ketoreductase may be unable to interact with
RedN, thus circumventing the problems associated with
direct synthesis of L-ketomyristoyl ACP by RedP, RedQ
and RedR, discussed above. The ketosynthase and ACP
encoded by the nodulation genes nodE and nodF, respec-
tively, probably perform an analogous role in the biosyn-
thesis of conjugated, polyunsaturated fatty acids that form
the side chains of Nod factors in species of Rhizobium [63].
In this system, it has been proposed that NodE catalyses
the condensation of fatty acyl thioesters of speci¢ed
lengths that are synthesised by the endogenous FAS,
with NodF-bound malonate. The resulting L-ketoacyl
thioesters can undergo multiple rounds of ketoreduction
and dehydration, but not enoylreduction, because NodE is
unable to interact productively with the enoylreductase

from the endogenous FAS. It is interesting to contrast
these biosynthetic systems, where an intermediate length
fatty acyl ACP appears to be diverted from the endoge-
nous fatty acid synthase into a speci¢c biosynthetic path-
way, with the mechanisms for priming of biosynthetic
pathways by fatty acyl thioesters in other systems. For
example, a£atoxin biosynthesis in species of Aspergillus
utilises a dedicated type I FAS with altered chain length
speci¢city that synthesises a hexanoyl ACP-bound starter
unit, which is transferred directly onto the active site cys-
teine of the KS domain in the type I iterative a£atoxin
PKS [64].

Subsequent cleavage of the L-ketomyristoyl chain from
RedN, via pyridoxal-phosphate-mediated condensation of
glycine with the ACP-bound thioester followed by decar-
boxylation of the resulting K-amino-L-keto acid, would
yield 4-keto-2-undecylpyrroline (7, Fig. 4) after spontane-
ous cyclisation and aromatisation. This reaction, which
bears mechanistic similarity to the biosynthesis of N-ami-
nolevulinic acid (an intermediate in porphyrin biosynthe-
sis) [65], from glycine and succinyl CoA, would be cata-
lysed by the C-terminal domain of RedN (Fig. 4).

To establish the involvement of redX (and the adjacent
redW and redY) in prodiginine biosynthesis, the genes
were deleted from the chromosome. Thus, the pSET151
[66] derivative pIJ8506 was constructed as described in
Section 4 and transferred by conjugation from E. coli
ET12567 (containing pUZ8002 [67], which bears the func-
tions required to mobilise pSET151) to S. coelicolor strains
M511 and M521 (derivatives of M145 and M600, respec-
tively, that are unable to produce actinorhodin due to a
deletion in the pathway-speci¢c regulatory gene actII-
ORF4 [68]). The resulting double crossover mutants,
M591 and M592 respectively, lacked the entire redW
gene, and all but the 5P-terminus of redX and the 3P-ter-
minus of redY, and did not produce any red pigment.
Complementation of the deletion in these mutants by con-
jugal transfer of pIJ8534 (a pSET151 derivative containing
the entire coding sequences for redX, redW and redY)

Fig. 4. Deduced pathway to 2-undecylpyrrole illustrating the domain structures of the multienzymes RedX and RedN. Ketosynthase (KS) domains are
coloured light blue, ACPs are dark blue and the PLP-dependent glycyl transferase (GT) domain is green.
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from E. coli ET12567/pUZ8002 restored red pigment pro-
duction.

To examine the role of redXWY in 2-undecylpyrrole
biosynthesis, the ability of the previously described S. coe-
licolor redC and redE mutants [31], which are blocked in
bipyrrole biosynthesis [52], to cross-feed M591 and M592
was tested. Both the redC and the redE mutants were able
to cross-feed M591 and M592, thus implicating the red-
XWY locus in monopyrrole biosynthesis. In addition, the
S. marcescens mutant OF, which is blocked in bipyrrole
biosynthesis, but not the S. marcescens mutant 9-3-3,
which is de¢cient in 2-methyl-3-pentylpyrrole biosynthesis,
also cross-fed M591 and M592 (Fig. 5). The role of the
redXWY genes in monopyrrole biosynthesis was con¢rmed
by HPLC analysis of ethyl acetate extracts of M591 and
M592 mycelium, which revealed 4-methoxy-2,2P-bipyrrole-
5-carboxaldehyde but no prodiginines (data not shown).

In similar experiments to examine the role of redN in
2-undecylpyrrole biosynthesis pIJ8544 was constructed as
described in Section 4. Transfer of this plasmid from
E. coli ET12567 to S. coelicolor M511 and M521 gener-
ated the corresponding double crossover mutants M595
and M596, respectively, containing an in-frame deletion

in redN. As expected, these mutants produced no red pig-
ment and the red phenotype could be restored by comple-
mentation of the deletion via conjugal transfer of pIJ8566
(a pKC1250 [66] derivative containing the entire redN cod-
ing sequence) from E. coli ET12567/pUZ8002. Cross-feed-
ing experiments with the S. coelicolor redC and redE mu-
tants and the S. marcescens OF and 9-3-3 mutants gave
the same results as for the redXWY deletion mutant (Fig.
6). HPLC analysis of ethyl acetate extracts of M595 and
M596 con¢rmed that only 4-methoxy-2,2P-bipyrrole-5-car-
boxaldehyde was being produced (data not shown), and
that redN is therefore involved in 2-undecylpyrrole biosyn-
thesis.

The last two steps in the biosynthesis of 2-undecylpyr-
role require the reduction of the ketone in 4-keto-2-unde-
cylpyrroline and elimination of water from the resulting
hydroxyl compound. We suggest that the products of
redH and redF catalyse these reactions (Table 1).
Although RedF does not show signi¢cant similarity to
other proteins in the databases, it does contain a sequence
matching the Prosite entry PS50244, which contains the
NAPDH-binding site within steroid 5-K-reductases, and
is therefore assigned as an oxidoreductase. Thus, 4-keto-
2-undecylpyrroline would undergo reduction by RedF-
bound NADPH to give the corresponding hydroxyl com-
pound. RedH appears to contain three distinct domains,
with a central domain of low similarity to other proteins in
the database £anked by N- and C-terminal domains ho-
mologous to the ATP-binding and phosphorylhistidine do-
mains of phosphoenol pyruvate (PEP) synthases, respec-
tively. By analogy with the swiveling domain mechanism
of PEP synthase [69], we suggest that RedH catalyses the
transfer of a phosphoryl group from ATP to the 4-hydrox-
yl group in the product of RedF via a phosphoryl histidine
intermediate. In line with this suggestion, RedH contains
the universally conserved His869 residue in its putative
C-terminal phosphorylhistidine domain for mediating
this process. Finally, spontaneous (possibly syn-) elimina-
tion of phosphate from the product of RedH would yield
2-undecylpyrrole (Fig. 4).

2.3. Genes for 4-methoxy-2,2P-bipyrrole-5-carboxaldehyde
biosynthesis

Incorporation experiments in S. longisporusruber and
other actinomycetes have shown that the monosubstituted
pyrrole ring of undecylprodiginine is derived from the
pyrrolidine carbons of proline [27,28]. The formation of
an analogous monopyrrole ring in the Pseudomonas £uo-
rescens Pf-5 natural product pyoluteorin has been sug-
gested to occur via initial conversion of L-proline to its
coenzyme A thioester by PltF, an enzyme homologous
to adenylation domains of non-ribosomal peptide synthe-
tases (NRPSs) [70]. Subsequent oxidation of prolyl-CoA
to the corresponding v-2-pyrroline derivative, which
undergoes spontaneous oxidation to pyrrole-2-carboxyl-

Fig. 5. Cosynthesis behaviour of the redXWY deletion mutants M591
and M592 with mutants of S. coelicolor A3(2) and S. marcescens
blocked in prodiginine biosynthesis. The top panel shows that 2-unde-
cylpyrrole secreted by S. coelicolor redC and redE mutants (blocked in
4-methoxy-2,2P-bipyrrole-5-carboxaldehyde biosynthesis) restores prodigi-
nine production in M591 and M592. The bottom panel shows that
2-methyl-3-pentylpyrrole secreted by the S. marcescens OF mutant
(blocked in 4-methoxy-2,2P-bipyrrole-5-carboxaldehyde biosynthesis), but
not 4-methoxy-2,2P-bipyrrole-5-carboxaldehyde secreted by the 9-3-3,
WF and NIMA mutants of S. marcescens (blocked in 2-methyl-3-pentyl-
pyrrole biosynthesis) restores prodiginine production in M591 and
M592.
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CoA, is thought to be catalysed by an acyl-CoA dehydro-
genase homologue (PltE) [70]. Pyrrole-2-carboxyl-CoA is
then transferred to a ketosynthase domain of a type I
modular polyketide synthase complex that catalyses the
formation of the resorcinol ring of pyoluteorin using three
units of malonyl CoA. Two genes in the red cluster, redM
and redW, encode homologues of PltF (37% identity in a
506 amino acid overlap) and PltE (46% identity over a 381
amino acid overlap), respectively. Based on these similar-
ities it is suggested that RedM and RedW catalyse analo-
gous reactions to PltF and PltE in the conversion of

L-proline to a thioester of pyrrole-2-carboxylic acid, which
primes the synthesis of the methoxybipyrrole aldehyde
precursor of undecylprodiginine (Fig. 7). A similar role
in the conversion of L-proline to peptidyl carrier protein
(PCP)-bound pyrrole-2-carboxylate has recently been pro-
posed for the enzymes encoded by proABC in the coumer-
mycin biosynthetic gene cluster [71]. In the prodiginine
biosynthetic pathway, L-proline is probably attached as a
thioester to the PCP encoded by redO, although the use of
coenzyme A as an alternative acyl carrier cannot be ruled
out on the basis of the available data. The RedM/RedO
system constitutes a rare example of a type II NRPS (con-
sisting of individual enzymatic and carrier protein activ-
ities on distinct polypeptides as opposed to a multien-
zyme), which has thus far been found in only the
bleomycin, coumermycin and pyoluteorin biosynthetic
gene clusters [70^72]. Several other interesting natural
products, such as indanomycin and calcimycin (and other
pyrrolethers), appear to derive from pyrrole-2-carboxylic
acid starter units [73^76]. It seems likely that the biosyn-
thesis of the pyrrole moieties in these natural products
would also utilise a type II NRPS system, similar to the
one discussed above.

In support of the proposed roles for RedM, PltF and
ProB in prodiginine, pyoluteorin and coumermycin bio-
synthesis, respectively, comparison of the deduced sub-
strate speci¢city pocket residues for these three adenylat-
ing enzymes shows that they are virtually identical [77,78].
This indicates that they probably have very similar sub-
strate speci¢city.

At ¢rst sight the fact that deletion of the redXWY genes
results in abolition of 2-undecylpyrrole production but not
4-methoxy-2,2P-bipyrrole-5-carboxaldehyde production
(vide supra) would appear to be at odds with the proposed

Fig. 6. Cosynthesis behaviour of the redN deletion mutants M595 and
M596 with mutants of S. coelicolor A3(2) and S. marcescens blocked in
prodiginine biosynthesis. The plate on the left shows that 2-methyl-3-
pentylpyrrole secreted by the S. marcescens OF mutant (blocked in
4-methoxy-2,2P-bipyrrole-5-carboxaldehyde biosynthesis), but not 4-me-
thoxy-2,2P-bipyrrole-5-carboxaldehyde secreted by the WF and 9-3-3
mutants restores prodiginine production in M595 and M596. The plate
on the right shows that 2-undecylpyrrole secreted by S. coelicolor redC
and redE mutants (blocked in 4-methoxy-2,2P-bipyrrole-5-carboxalde-
hyde biosynthesis) restores prodiginine production in M595 and M596.

Fig. 7. Deduced pathway to 4-methoxy-2,2P-bipyrrole-5-carboxaldehyde illustrating the domain structure of the multienzyme RedL. The ketosynthase
(KS) domain is light blue, ACPs are dark blue, the adenylation (A) domain is red, the acyltransferase (AT) domain is orange, and the PLP-dependent
seryl transferase (ST) domain is green.
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role for RedW in the biosynthesis of the latter. This dis-
crepancy is explained, however, by analysis of the domains
within the modular multienzyme encoded by redL (Fig. 7),
which we believe is responsible for assembling the second
pyrrole ring of 4-methoxy-2,2P-bipyrrole-5-carboxaldehyde
from pyrrole-2-carboxylic acid or its corresponding thio-
ester, malonyl CoA and serine. RedL contains an N-ter-
minal domain (A) homologous to the superfamily of ade-
nylate-forming enzymes [79], followed by an ACP domain,
a ketosynthase (KS) domain, an acyltransferase (AT) do-
main and another ACP domain, all of which are homol-
ogous to the corresponding domains in type I modular
polyketide synthases [46]. At the C-terminus of RedL there
is a domain showing 34% identity over a 447 amino acid
overlap to the glycyl transferase domain of RedN (Fig. 7).
This domain organisation suggests that the pyrrole-2-car-
boxyl starter unit can be supplied either by transfer from
RedO (or CoA), or by transfer from the upstream ACP
domain, to the active site cysteine in the KS domain of
RedL. The upstream ACP domain would be acylated di-
rectly with pyrrole-2-carboxylic acid (which is a known
catabolite of proline in many bacteria [80]) by the N-ter-
minal adenylation domain of RedL, whereas RedO is ac-
ylated by RedM with L-proline, which undergoes subse-
quent oxidation to the corresponding pyrrole by RedW.
Thus, the phenotype of the redXWY mutant can be ex-
plained because only one of the two routes for priming
4-methoxy-2,2P-bipyrrole-5-carboxaldehyde biosynthesis in
S. coelicolor is abolished by this mutation. In support of
the N-terminal adenylation domain's proposed function, it
lacks the universally conserved Asp residue in the sub-
strate selectivity pocket of amino acid-selective A domains
of NRPSs, and therefore is likely to activate aromatic
acids, such as pyrrole-2-carboxylic acid, rather than an
amino acid such as L-proline.

Once the KS domain of RedL has been acylated with
pyrrole-2-carboxylic acid, subsequent condensation with a
malonyl group, which would be transferred from CoA to
the second ACP domain in RedL by the upstream AT
domain, would give the corresponding L-ketoacyl thioest-
er. This would then be cleaved from RedL by nucleophilic
addition of the anion generated by PLP-mediated depro-
tonation of serine to the acyl thioester, catalysed by the
C-terminal seryl transferase domain (ST). Decarboxylation,

followed by spontaneous dehydration of the resulting ami-
no ketone would give the dihydroxybipyrrole (8, Fig. 7).
To the best of our knowledge, PLP-dependent amino acid
transferase domains have hitherto not been observed as
part of modular multienzymes and the proposed mecha-
nism of chain termination catalysed by this domain has no
parallels in other known type I PKS or NRPS systems.

To convert 8 to 4-methoxy-2,2P-bipyrrole-5-carboxalde-
hyde, methylation of the hydroxyl group bound to the
pyrrole ring and oxidation of the hydroxymethyl group
to the corresponding aldehyde are required. These reac-
tions are thought to be catalysed by RedI, which shows
25% identity over 319 amino acids to the SAM-dependent
O-methyl transferase TcmO from Streptomyces glauces-
cens [81], and RedK, which shows 26% identity over 319
amino acids to the NAD(P)-dependent cholesterol dehy-
drogenase Cdh from Nocardia sp. [82], respectively. The
product of redI is probably identical to the previously
characterised hydroxybipyrrolecarboxaldehyde O-methyl-
transferase that is inactive in the S. coelicolor redE and
redF mutants [32,33].

2.4. Genes for formation of undecylprodiginine and
butyl-meta-cycloheptylprodiginine

The last step in undecylprodiginine biosynthesis is con-
densation of 2-undecylpyrrole with 4-methoxy-2,2P-bipyr-
role-5-carboxaldehyde to complete formation of the ex-
tended system of conjugated double bonds responsible
for the characteristic red colour of most prodiginines
(Fig. 8). At present, we are unable to assign a gene prod-
uct to the catalysis of this reaction, although one or more
of the ¢ve unassigned ORFs in the cluster may be in-
volved. It is notable, however, that synthetic studies
have shown this reaction to be very facile in the presence
of a Bronsted acid catalyst [25]. Therefore, this reaction
may not require catalysis by a pathway-speci¢c enzyme in
vivo.

The conversion of undecylprodiginine to butyl-meta-cy-
cloheptylprodiginine is formally a two-electron oxidation.
The only enzyme encoded by the cluster which shows sig-
ni¢cant similarity to other proteins in the databases, that
has not been assigned a function in the preceding discus-
sion, is RedG. This protein is predicted to contain an

Fig. 8. Coupling of 2-undecylpyrrole and 4-methoxy-2,2P-bipyrrole-5-carboxaldehyde to form undecylprodiginine and oxidative cyclisation of undecyl-
prodiginine to give meta-butylcycloheptylprodiginine.
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N-terminal domain similar to the N-terminal Fe2S2-bind-
ing Rieske domains of many non-haem iron-dependent
dioxygenases such as PrnD (33% identity in a 65 amino
acid overlap), which is a pyrrolonitrin biosynthetic enzyme
from P. £uorescens [83]. The C-terminal domain of such
dioxygenases, which usually hydroxylate aromatic sub-
strates (e.g. naphthalene), contains a non-haem iron coor-
dinated by two His residues and an Asp residue. Although
the C-terminal domain of RedG does not show signi¢cant
sequence similarity to the C-terminal domain of these di-
oxygenases or any other proteins in the databases, it does
contain the YHxxxxH and DxxxxE motifs, which encom-
pass the universally conserved His and Asp iron-binding
residues [84]. We therefore suggest that RedG is a non-
haem iron-dependent dioxygenase capable of binding mo-
lecular oxygen, which undergoes two-electron reduction by
an external reductant (e.g. a ferredoxin) via the Rieske
domain, to give an iron (IV)oxene intermediate. Regiose-
lective removal of a hydrogen atom from the saturated
side chain of undecylprodiginine to give either a radical
or cationic intermediate would be followed by capture of
this intermediate by the nucleophilic C-4 atom of the di-
substituted pyrrole to give butyl-meta-cycloheptylprodigi-
nine via a direct oxidative cyclisation reaction (Fig. 8). It
seems likely that macrocyclic prodiginines from other ac-
tinomycetes (e.g. 3 and 4) arise from undecylprodiginine
(or in some cases nonylprodiginine) via similar oxidative
cyclisations catalysed by homologues of RedG with di¡er-
ent regiospeci¢cities. While broadly similar reactions occur
in penicillin biosynthesis (e.g. the oxidative cyclisation of
ACV to isopenicillin N [85]), formation of macrocyclic
rings via such a process has no parallel either in other
known enzyme- or non-enzyme-catalysed reactions. In-
deed RedG and its potential homologues may be of con-
siderable use for the regio- and stereoselective functional-
isation of hydrocarbons, which is one of the major,
hitherto unachieved, goals of organic chemistry.

2.5. Genes encoding post-translational modi¢cation enzymes
and editing enzymes

The formation of functional ACPs and PCPs both as
discrete domains within multienzymes (e.g. in RedL and
RedN) and as separate proteins (e.g. RedQ and RedO)
requires them to be modi¢ed by post-translational attach-
ment of the 4P-phosphopantetheinyl moiety of coenzyme A
to a universally conserved serine residue. This reaction is
catalysed by the superfamily of 4P-phosphopantetheinyl
transferase enzymes [86]. The product of redU shows ho-
mology to enzymes in this superfamily and probably cat-
alyses the post-translational phosphopantetheinylation of
some or all of RedL, RedN, RedO and RedQ.

Although RedN and RedL contain novel glycyl and
seryl transferase domains in place of a C-terminal thioes-
terase domain, which is the most common type of domain
found in multienzyme synthases for catalysing release of

the fully assembled chain, the red cluster does contain a
thioesterase homologue that is encoded by redJ. Such type
II thioesterases have been found in other clusters contain-
ing genes that encode modular PKSs and NRPSs and have
been suggested to play a role in editing by cleaving mis-
cognate chains from the carrier protein domains of the
multienzymes [87]. It seems probable that RedO performs
a similar role in prodiginine biosynthesis.

2.6. Genes of unassigned function

Five genes in the cluster cannot be assigned a function
at the present time, because of their low similarity to genes
of known function in the databases. Besides the conden-
sation of 2-undecylpyrrole and 4-methoxy-2,2P-bipyrrole-
5-carboxaldehyde, for which we have been unable to as-
sign an enzyme activity, every other step in prodiginine
biosynthesis has been assigned a cluster-encoded enzyme
catalyst. Further knockout experiments will be required to
determine which of these genes are involved in prodiginine
biosynthesis and which are involved in transport of, or
self-resistance to, undecylprodiginine and butyl-meta-cy-
cloheptylprodiginine.

3. Signi¢cance

Prodiginines are a structurally interesting group of oli-
gopyrroles produced by actinomycetes and other eubacte-
ria that have attracted much recent interest from both
synthetic and medicinal chemists because of their immu-
nosuppressive and cytotoxic properties. A complete path-
way for prodiginine biosynthesis has been deduced by
analysis of the red cluster in S. coelicolor A3(2), including
assignment of putative enzymatic functions for the pro-
teins encoded by 16 of the 21 previously uncharacterised
genes in the cluster. Several new mechanisms both for
chain initiation and termination in multienzyme synthases
and synthetases, and for post-multienzyme tailoring steps
have been revealed by this analysis. Con¢rmation of the
role of some of the enzymes in the deduced pathway is
provided by gene deletion experiments. The deduced path-
way provides a framework for developing a detailed
understanding of the mechanisms governing selectivity in
key prodiginine biosynthetic enzymes and suggests several
strategies for engineering the biosynthesis of novel prodi-
ginines with improved immunosuppressive and antitumour
activities.

4. Materials and methods

4.1. Bacterial strains, plasmids and cloning vectors

E. coli DH5K was used as the cloning host for construction of
plasmids. S. coelicolor strains M511 and M521 [68] were used for
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the construction of red gene deletion mutants. E. coli ET12567
[88] was used as the host for conjugal transfer of plasmids to
S. coelicolor. S. marcescens strains NIMA, 9-3-3, OF and WF
[89] were provided by Josep Lauren Egea and S. coelicolor strains
B395, B701, B317 and JF4 were provided by David Hopwood,
John Innes Centre. Cosmids SC2E9 and SC3F7 were obtained
from Dr Helen Kieser, John Innes Centre, and pIJ4126, pIJ4136,
pIJ4148 and pIJ6013 [38] containing portions of the red cluster
were provided by Janet White and Eriko Takano, John Innes
Centre. The vectors pIJ2925 [90] and pBLUESCRIPT SK+ (Stra-
tagene) were used for subcloning in E. coli. Vectors pSET151 and
pKC1132 [66] capable of conjugal transfer from E. coli to Strep-
tomyces spp. were used for gene deletions in S. coelicolor.

4.2. Growth of strains and DNA manipulation

Standard procedures and media were used for the growth of
S. coelicolor and the isolation of genomic DNA [91]. DNA was
manipulated in vitro and in E. coli following established proto-
cols [92]. S. marcescens was grown on PGA medium (0.5% Difco
Bacto-peptone, 1% glycerol, 2.2% agar, pH 7.1) at 27 or 30³C
[89].

4.3. Construction of pIJ8506 and deletion of redXWY

A 1 kb SphI^BamHI fragment from pIJ6013 encompassing the
3P-terminus of redD and a small portion of the 5P-terminus of
redX was cloned into BamHI^SphI-digested pIJ2925. The result-
ing plasmid was digested with EcoRI and ligated with a 0.8 kb
fragment from pIJ4136 containing the 5P-terminus of redZ and
the 3P-terminus of redY, screening for clones with the same ori-
entation of the EcoRI fragment relative to the BamHI^SphI frag-
ment as in the chromosome. A 1.8 kb BglII fragment was sub-
cloned from this plasmid into BamHI-digested pSET151 to
generate pIJ8506, which was transformed into E. coli ET12567
containing the helper plasmid pUZ8002. Conjugal transfer of
pIJ8506 from E. coli ET12567/pUZ8002 to S. coelicolor M511
and M521 according to the procedure of Flett et al. [67] using
thiostrepton selection (50 Wg ml31) yielded putative exconjugants
that were screened for integration of pIJ8506 into the chromo-
some by colony and Southern hybridisation. After four rounds of
non-selective growth on MS agar colonies of the single crossover
mutants were screened for thiostrepton resistance. Sensitive col-
onies that did not produce any red pigment were picked and
screened by Southern hybridisation for a second homologous
recombination resulting in deletion of the redXWY locus.

4.4. Construction of pIJ8544 and in-frame deletion of redN

A 2 kb BamHI blunt-ended SnoI fragment from pIJ4126 con-
taining the 3P-terminus of redN and the 5P-terminus of redM was
cloned into BamHI^EcoRV-digested pBLUESCRIPT SK+. The
resulting plasmid was digested with NotI and ligated with a 1.7 kb
NotI fragment from pIJ4148 containing redP, redO and the 5P-
terminus of redN, screening for the same orientation of the NotI
fragment relative to the BamHI^SnoI fragment as in the S. coeli-
color chromosome. A 3.7 kb HindIII^SacI fragment was sub-
cloned from this plasmid into HindIII^EcoRV-digested
pKC1132 to yield pIJ8544. Conjugal transfer of pIJ8544 into
S. coelicolor M511 and M521, and apramycin selection of excon-
jugants, followed by screening and manipulation as for the ex-

conjugants derived from pIJ8506 yielded the corresponding mu-
tants M595 and M596 bearing an in-frame deletion in redN.

4.5. Analysis of cross-feeding between the redXWY and redN
deletion mutants, and S. coelicolor and S. marcescens mutant
strains blocked in prodiginine biosynthesis

Spores of S. coelicolor strains M591 and M592, or strains
M595 and M596, were streaked on PGA medium adjacent to
S. coelicolor strains B395, B701, B317 and JF4, or S. marcescens
strains NIMA, 9-3-3, OF and WF and grown at 30³C for 5 days.
After this time, extracellular complementation of the redXWY
and redN mutations was assessed by the extent of red pigment
production in the mycelia of M591, M592, M595 and M596.
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