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The biosynthesis of bleomycins (BLMs) in Streptomyces verticillus (Sv) ATCC15003 was
reviewed. Early biosynthetic studies by incorporation of isotope-labeled precursors and by
isolation of biosynthetic intermediates and shunt metabolites were presented to support the
hypothesis that (a) BLM is a hybrid peptide and polyketide metabolite and (b) the blm synthetase,
which catalyzes the assembly of BLM from nine amino acids and an acetate, should bear the
characteristics of both nonribosomal peptide synthetase (PTS) and polyketide synthase (PKS).
After brief discussion of the cloning and characterization of the blm resistance genes from Sv
ATCC15003 as well as from other microorganisms, emphasis was placed on our current efforts
to clone the blm biosynthesis gene cluster from Sv ATCC15003. Four cloning strategies were
discussed that included chromosomal walking from the blmAB resistance genes, cloning putative
PKS genes by polymerase chain reaction (PCR), cloning putative PTS genes by PCR, and the
combination of chromosomal walking from the blm resistance locus and heterologous probing
with PTS probes. While at least three additional peptide and one polyketide biosynthesis gene
clusters were identified from Sv ATCC15003, a putative 110-kb blm gene cluster has been
cloned. Sequence analysis of 75 kb DNA provided strong support that the cloned gene cluster
is responsible for BLM production. q 1999 Academic Press

I. INTRODUCTION

The bleomycins (BLMs)2 are a family of glycopeptide-derived antibiotics originally
isolated by Umezawa in 1966 from the fermentation broth of Streptomyces verticillus
(Sv) (1). The naturally occurring BLMs differ structurally primarily at the C-terminus
of the glycopeptide. The BLM structure was first proposed in 1972 (2), revised in
1978 (3), and confirmed by total synthesis in 1982 (4,5), as shown in Fig. 1. BLMs
exhibit strong antitumor activity and are incorporated into current chemotherapy of
several malignancies (6). The commercial product, Blenoxane, contains BLM A2, 1,
and BLM B2, 2, as the principal constituents. However, wide application of this
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2 Abbreviations used: Ala, alanine; Asn, asparagine; BLM, bleomycin; Cys, cysteine; His, histidine;
KS, b-ketoacyl synthase; MRSA, methicillin-resistant Staphylococus aureus; Met, methionine; ORF, open
reading frame; PCR, polymerase chain reaction; PKS, polyketide synthase; PTS, peptide synthetase; Ser,
serine; Sv, Streptomyces verticillus; Thr, threonine.
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FIG. 1. Structures of bleomycins and phleomycins (dihydrobleomycins).

agent has been prevented by early development of drug resistance and dose-limiting
pulmonary toxicity (6,7).

BLMs are thought to exert their biological effects through a metal-dependent
oxidative cleavage of DNA or RNA in the presence of molecular oxygen (8–10). The
pyrimidoblamic acid subunit, along with the adjacent b-hydroxyl histidine, provide the
metal chelation coordination sites required for Fe(II) complexation and molecular
oxygen activation responsible for the subsequent DNA cleavage. The C-terminal tri-
or tetrapeptide subunit provide the majority of the BLM-DNA affinity and may
contribute to polynucleotide recognition and the DNA cleavage selectivity. There have
been continuing attempts to develop new BLM congeners to define the fundamental
functional roles of the individual subunits and to search for drugs with better clinical
efficacy and lower toxicity (11–13). Although total chemical synthesis of BLM has
been accomplished (4,5,13–17) and semisynthesis and directed biosynthesis have
produced a large number of BLM congeners (6), the former has very limited practical
value and the latter has been problematic due to the heterogeneity and structural
complexity of the naturally available BLMs and can only access a few functional
groups.

The biosynthesis of BLM was extensively pursued in the late seventies and early
eighties. During that time, high producing strains were selected, biosynthetic interme-
diates and minor metabolites were isolated, and primary biosynthetic precursors were
identified. Fujii (18), Umezawa (19), and Takita (20,21) reviewed briefly these early
studies, which were mainly driven by the prospect of isolating a highly productive
strain for commercial production of BLM and of incorporating unnatural biosynthetic
precursors into BLM to generate unnatural congeners for the development of a better
BLM drug. After experiencing a relatively quiet period in the late eighties and early
nineties, the biosynthesis of BLM has been rejuvenated in the past few years due to the
belief that antibiotic production genes could be used to facilitate the characterization of
biosynthetic enzymes and that novel congeners could be generated by manipulating
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genes governing antibiotic biosynthesis. Attempts to clone genes for BLM biosynthesis
were initiated by Davies and Sugiyama (21) and Schmidt (22), who cloned the blm
resistance genes in 1994 from Sv ATCC15003.

Since we view BLM as a natural hybrid metabolite of peptide and polyketide
biosynthesis, we are entering the field of BLM biosynthesis from a different perspec-
tive. Significant progress has been made recently in the chemistry, biochemistry, and
genetics for peptide and polyketide biosynthesis in microorganisms. The seemingly
unrelated peptide and polyketide metabolites are assembled in a remarkably similar
fashion by repetitive addition of the extending units, being an amino acid (activated
as an acyl adenylate) for the nonribosomal peptide synthetase (PTS) or a fatty acid
(activated as an acyl CoA thioester) for polyketide synthase (PKS), to a growing
chain (24). Both systems have evolved a modular organization to define the number,
sequence, and specificity for the incorporation of the extending unit and utilized the
same 48-phosphopantetheine prosthetic group to channel the growing intermediate
during the elongation process. It is very tempting to propose that a PTS-bound growing
peptide intermediate could be further elongated by a PKS module or vice versa,
resulting in the production of hybrid peptide and polyketide metabolites. Since BLM
is a natural hybrid peptide and polyketide metabolite, we predict that the Blm synthe-
tase, which catalyzes the assembly of the BLM backbone from nine amino acids and
an acetate, should bear the characteristics of both PTS and PKS, on the assumption that
the biosynthesis of BLM follows the paradigms of peptide and polyketide biosynthesis.
BLM biosynthesis could, therefore, provide an excellent model to study the mechanism
of how PTS and PKS can be hybridized into a functional system to make metabolites
from amino acids and short fatty acids.

Here we will first review the early biosynthetic studies in such a way as to support
our hypothesis that BLM is of hybrid peptide and polyketide biosynthesis. We will
then discuss strategies available for cloning the BLM production genes. We will
conclude by presenting a progress report on our current efforts to clone the putative
blm gene cluster from Sv ATCC15003.

II. EARLY BIOSYNTHETIC STUDIES

Feeding of Isotope-Labeled Precursors

The wild-type BLM-producing Sv strain was designated as ATCC15003. The pro-
ductivity of BLM was improved by selection of the highly productive strain among
mutants that were generated upon chemical, UV, and 60Co mutagenesis of Sv
ATCC15003. One of the improved strains was designated as Sv ATCC31307, whose
availability greatly facilitated the in vivo studies of BLM biosynthesis by feeding
isotope-labeled precursors and the isolation and characterization of BLM and its
biosynthetic intermediates.

BLM could be viewed as consisting of a linear peptide/polyketide/peptide backbone
of P-6MO, 4 (Fig. 2), a terminal amine, and a disaccharide that is composed of 3-
O-carbamoyl-D-mannose and L-glucose (Fig. 1). Fujii (18), Umezawa (18,25), Takita
(20,21), and coworkers studied the biosynthesis of BLM by feeding experiments with
14C- and 13C-labeled compounds. These studies showed that the BLM aglycone, 5,
was derived from a serine (Ser), two asparagines (Asn), a histidine (His), an alanine
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FIG. 2. Primary precursors for bleomycin biosynthesis in Sv ATCC15003.

(Ala), an acetate, a threonine (Thr), a b-alanine (b-Ala), and two cysteines (Cys),
indicative of a hybrid peptide and polyketide biogenesis, with the two methyl groups
from methionine (Met) and the b-hydroxy group of His from molecular oxygen
(Fig. 2).

The first evidence supporting the hypothesis that BLM biosynthesis involves a
nonribosomal PTS mechanism came from the observation that addition of an amine
to the fermentation medium suppressed the production of BLM congeners with other
C-terminal amines and that 14C-labeled amines were incorporated specifically at the
C-terminal amine moiety of BLM (26). The assembly of 5 must have initiated at the
b-aminoalaninamide moiety and concluded with the introduction of the terminal
amine, consistent with the multiple carrier thiotemplate model of PTS effecting N to
C stepwise assembly of the peptide product (24). In fact, many unnatural BLM
congeners were prepared by fermentation in the presence of various unusual amines,
some of which showed enhanced therapeutic properties and were developed into
second- and third-generation BLM drugs for clinical application (21,26).

Isolation and Characterization of Biosynthetic Intermediates and Cell-Free
Studies

The hybrid peptide and polyketide biosynthesis of 4 became apparent upon isolation
and characterization of biosynthetic intermediates and shunt metabolites from Sv
cultures. Thus, Fujii and coworkers painstakingly isolated intermediate peptide frag-
ments from fermentation cultures made by using a high-potency strain in a high-
productivity medium (18). The structures of these intermediates were established
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primarily by NMR, with a few of the key structures confirmed by X-ray crystallo-
graphic analysis (18). Taking together these results and those from feeding experi-
ments, Umezawa, Fujii, and Takita proposed a biosynthetic pathway for BLM, as
shown in Fig. 3 (21). The biosynthesis starts with the formation of desmethyl pyrimi-
doblamic acid, 6, from Ser, Asn, and Asn. Stepwise elongation of 6 with His and
Ala yields P-3, 7, and P-3A, 8, respectively. These steps are presumably catalyzed
by PTS enzymes. The isolation of P-3K, 9, suggests that the conversion of 8 to P-
4, 10, is likely to proceed in the following sequence: condensation with malonyl CoA,
methylation with S-adenosylmethionine, and b-ketone reduction—a characteristic
reaction sequence catalyzed by a PKS module. Therefore, the peptide intermediate
8, presumably in a PTS-bound form, must have been elongated by a PKS module to
yield a PKS-bound form of 10, implying the transfer of a growing intermediate from
a PTS to a PKS enzyme. Further elongation of 10 with Thr results in P-5, 11, at which
the methyl group at the pyridine ring was introduced from S-adenosylmethionine, as
evidenced by the isolation of P-5m, 12. In contrast to the 8-to-10 conversion, the
elongation of 10, presumably in a PKS-bound form, by Thr to form 11 must have
been catalyzed by a PTS enzyme, implying the transfer of a growing intermediate
from a PKS to a PTS enzyme. Continuous elongation of 12 by PTS enzymes with
b-Ala, Cys, and Cys to form P-6m, 13, was consistent with the failure to incorporate
3H-labeled 28-(2-aminoethyl)-2,48-bithiazole-4-carboxylic acid, 14, into BLM in vivo
(21). The conversion of 3 into 1 (18) by a cell-free preparation from Sv ATCC15003
in the presence of NAD+ suggested that intermediates such as 15 could be involved
in the 12-to-13 conversion. Hydroxylation at the b-position of the His residue of 13
yields P-6mo, 4, which is finally aminated and glycosylated to yield BLM. The fact
that the aglycon, 5, was isolated from the fermentation broth suggested that the
glycosylation most likely takes place after amination (18,21).

III. CLONING AND CHARACTERIZATION OF THE blm
RESISTANCE GENES

Cloning of the Blm Resistance Genes

BLM resistance is widely spread among non-BLM producing Gram-negative and
Gram-positive bacteria (in particular those of clinical importance), in spite of its lack
of therapeutic use as an antibacterial drug (27). Two blm resistance genes, one from
transposon Tn5 (27,28) and the other from Staphylococcus aureus plasmid pUB 110
(29), were characterized before the cloning of any blm resistance gene from a BLM
producer. (Another blm resistance gene, encoding the BLM hydrolase, was considered
to be irrelevant to BLM biosynthesis (30) and, therefore, is not included here.) Tiraby
and coworkers cloned a blm resistance gene from Streptoalloteichus hindustanus
ATCC31158, which produces phleomycin, 3, an analog of BLM, and named it the
Sh ble gene (31). More recently, Sugiyama and coworkers noticed that the methicillin-
resistant S. aureus (MRSA) strains isolated from their university hospital were BLM-
resistant even after treatment with a plasmid cutting agent. They reasoned that there
must have been a chromosome-born blm resistance element in these strains. Using
primers designed according to the blm resistance gene from the S. aureus pUB 110,
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FIG. 3. Biosynthetic pathway of bleomycin in Sv ATCC15003 (Intermediates except those in the
brackets were identified). [H], reduction; [CH3], methylation; [OH], hydroxylation; [O], oxidation.

they indeed amplified by polymerase chain reaction (PCR) a blm resistance gene
from the chromosomal DNA of a MRSA strain. Surprisingly, sequence analysis
revealed that the chromosomal blm resistance gene was identical to that from pUB
110, both of which were clustered with the kanamycin resistance gene (32). They
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hypothesized that this blm resistance gene was originally present in pUB 110 and
was later integrated into the chromosome of the MRSA strains.

Davies and coworkers found that a Sv ATCC15003 cell-free extract inactivated
BLM in the presence of acetyl CoA (22). They subsequently attributed the inactivation
of BLM to a BLM acetyltransferase, which catalyzes the formation of the inactive
derivative BLM acetate. By screening BLM resistance in vivo in Streptomyces lividans
and BLM inactivation in vitro to form BLM acetate, they isolated from the chromo-
somal DNA of Sv ATCC15003 a 6-kb fragment. Further characterization of the 6-kb
fragment led them to conclude that this fragment in fact harbored two blm resistance
elements, only one of which carried the BLM acetyltransferase activity. Sequence
analysis indeed revealed two open reading frames (ORFs), blmA and blmB. blmA
encodes an acidic protein of 122 amino acids that is highly homologous to Sh Ble
(60% similarity). blmB encodes a protein of 301 amino acids that shows no significant
sequence similarity to proteins in the databases. Concurrently, with blmAB as probes,
Calcutt and Schmidt isolated cosmids from a genomic library of Sv ATCC15003 and
confirmed the presence of the blmAB genes by sequencing a 7.2-kb DNA fragment
(23).

Overexpression and Characterization of the BlmAB Proteins

The mechanism for BlmA to confer BLM resistance by drug sequestering is well
established. Both the Sh ble (33) and blmA (34) genes as well as the blm resistance
genes from transposon Tn5 (28), S. aureus pUB 110 (29), and S. aureus MRSA (34)
were overexpressed in E. coli, and the resulting proteins were purified. Tiraby first
established that Sh Ble binds to BLM reversibly in a one-to-one ratio without enzymati-
cally modifying BLM, and the resulting complex can no longer cleave DNA. This
was supported by the fact that either heating or treating the Sh Ble-BLM complex
with proteinase K restored BLM its full DNA-cleaving potency, presumably by
inactivation of the Sh Ble protein (33). A similar conclusion was reached by Sugiyama
and coworkers who carried out the same experiment with the BlmA-BLM complex
(22). Additional evidence supporting reversible binding came from immunological
characterization of BlmA. Sugiyama and coworkers raised a monoclonal antibody
against BlmA and reported that the DNA-cleaving ability of BLM can be restored
by addition of anti-BlmA to a BlmA-BLM complex. Surprisingly, no cross reactivity
was detected between anti-BlmA and Sh Ble or vice versa (34), suggesting that BlmA
and Sh Ble may adopt different three-dimensional structures despite the fact that the
two proteins show 60% similarity.

Dumas and coworkers determined the crystal structure of the Sh Ble protein at 2.3
A
˚

resolution by X-ray crystallographic analysis (35). The most prominent feature of
the structure is that it is a dimer composed of two identically folded halves with a
crevice located at the dimer interface. Analytical centrifugation and light scattering
analysis showed that this dimeric form exists in solution as well, establishing that
one dimer binds two BLM molecules. Intrigued by the fact that Sh Ble and BlmA
are highly homologous and functionally the same, yet display significant difference
in immunological response (34), Sugiyama and coworkers have very recently suc-
ceeded in generating structural data for BlmA by x-ray crystallographic analysis (36).
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It would be very interesting to compare the BlmA structure, when it becomes available,
with that of Sh Ble.

The inactivation of BLM by BlmB was established by overexpression of blmB in
both E. coli and S. lividans (37), inactivation of BLM with the purified BlmB in
vitro by covalent modification of BLM to form the inactive BLM acetate (22), and
characterization of the resulting BLM acetate by NMR analysis (38). Sugiyama and
coworkers prepared BLM A2 acetate in vitro by incubating BLM A2 with a recombi-
nant BlmB in the presence of acetyl CoA. NMR analysis of the purified BLM A2
acetate showed a characteristic signal for the N-acetyl group at 2.059 ppm, identical
with that for the chemically synthesized standard. These results unambiguously estab-
lished that the acetylation occurs at the b-aminoalaninamide moiety of BLM (38).
BlmB is very specific for 1, with Km and Vmax values of 13 mM and 3.4 nmol min21

ml21, respectively; neither 3 nor bleomycinic acid, which lacks the terminal amine
moiety of BLM, can be served as a substrate for BlmB (37,39).

IV. CLONING OF THE blm GENE CLUSTER

Chromosomal Walking from the blmAB Locus

Since antibiotic production genes commonly occur as a cluster of structural, resis-
tance, and regulatory genes, it is a sensible approach to clone the blm gene cluster
by chromosomal walking from the blmAB resistance genes. Using blmAB as probes,
Calcutt and Schmidt isolated cosmid clones spanning the resistance region from a Sv
ATCC15003 genomic library and sequenced 7.2 kb of the cloned DNA (23). Flanking
the blmAB genes, five additional ORFs were identified (Fig. 4A), none of which,
however, showed homology to known PTS or PKS genes. The deduced products of
ORF4 and ORF6 had no similarity to any sequences in the databases. The other three
ORFs encoded for a putative amino acid dioxygenase (ORF1), a protein containing
three ankyrin-like repeats (ORF3), and a putative ATP-binding cassette (ABC) trans-
port protein (ORF7) (23).

Calcutt and Schmidt further proposed that blmORF1 could encode for the His
dioxygenase catalyzing the b-hydroxylation of 13 to 4 and suggested that blm resis-
tance and structural genes are clustered. To test this hypothesis, we overexpressed
blmORF1 in both E. coli and S. lividans and purified the recombinant BlmORF1
protein. Modeled on a-ketoglutarate-dependent dioxygenase (40,41), the BlmORF1
protein was assayed by incubating 13 with a-ketoglutarate, O2, Fe21, ascorbate, and
catalase, in 50 mM Tris–HCl, pH 7.5, at 308C for 2 h. The reaction mixture was
monitored by HPLC analysis with authentic 13 and 4 as standards. Under all conditions
tested, however, no in vitro transformation of 13 to 4 was detected, failing to support
BlmORF1 as the putative histidinyl b-hydroxylase involved in BLM biosynthesis.

We subsequently sequenced the 8.2 kb upstream region of the blmORF1 gene and
identified seven additional ORFs, ORF8-15 (Fig. 4A). Based on amino acid sequence
similarity to enzymes of known function, these ORFs could be tentatively assigned
to encode for a putative oxidase (ORF8), an ADP-heptose synthase homolog (ORF9),
a small protein homologous to the peptidyl carrier protein domain of PTS (ORF10),
a putative carbamoyltransferase (ORF11), a heptosyltransferase homolog (ORF12),
as well as unknown functions for the remaining three ORFs (ORF13–15). Since the



BLEOMYCIN BIOSYNTHESIS IN S. verticillus 163

FIG. 4. Restriction map and gene organization of the putative blm gene cluster from Sv ATCC15003
(B, BamHI). (A) The 15-kb blmAB resistance locus. (B) Relative location of the putative PTS and PKS
genes in the blm gene cluster (other ORFs were not shown).
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BLM aglycon 4 is glycosylated with two sugars, one of which bears an O-carbamoyl
group (Fig. 1), we propose blmORF11, blmORF9, and blmORF12 as candidates
encoding enzymes for sugar modification and glycosylation. While the latter results
are consistent with Calcutt and Schmidt’s early prediction that blm biosynthesis genes
are clustered with the resistance genes, we were concerned by the fact that neither
the PTS nor the PKS genes, which should constitute the bulk of the blm cluster, were
found in the 15-kb regions flanking the blmAB genes. We reasoned that the PTS and
PKS genes might not be clustered immediately with blmAB or that there might be
an additional resistance locus in Sv ATCC15003, with which the biosynthetic genes
were clustered. In either case, chromosomal walking directly from blmAB would not
be feasible, prompting us to seek alternative approaches to clone the blm PTS and
PKS genes.

Cloning of Putative Polyketide Synthase and Peptide Synthetase Genes by PCR

Our hypothesis for BLM biosynthesis suggests that the blm gene cluster should
consist of at least nine PTS modules and one PKS module. Since it is known that
PKS genes are highly homologous among the polyketide gene clusters studied so far
from actinomycetes and that PKS genes can be cloned by PCR from polyketide-
producing microorganisms (42), we adopted the PCR approach to clone the putative
blm PKS module. Thus, with primers designed according to the conserved sequences
DTACSS and SGTNAH found in the b-ketoacyl synthase (KS) domains of type-I
PKS, a distinctive band of the expected size of 750 bp was amplified by PCR from
Sv ATCC15003 chromosomal DNA. The PCR products were cloned and sequenced. At
least four different products were identified whose sequences are highly homologous to
each other and to other KS domains in the databases, confirming their identity as
PKS genes. However, none of these PKS genes is clustered with the blmAB locus,
suggesting that the cloned KS domains belong to polyketide gene cluster(s) not related
to BLM biosynthesis.

Peptide synthetases bear a modular structure, and a typical PTS module consists
of several functional domains including the adenylation, thiolation, condensation,
epimerization, and methylation domains (24). While the overall homology among the
PTS enzymes is low, each of the domains contains several short but highly conserved
sequence motifs. Marahiel and coworkers (43) have developed a PCR method to
clone PTS genes, using degenerated primers designed according to the core sequences
of the adenylation and thiolation domains (Fig. 5A). We reasoned that this PCR
approach should be applicable to the cloning of the blm gene cluster, based on
our hypothesis that the carbon backbone of BLM is assembled by hybrid PTS and
PKS enzymes.

We designed multiple sets of primers according to the PTS core sequences and
optimized the PCR condition for amplifying putative PTS fragments from Sv

FIG. 5. PCR cloning of putative PTS genes from Sv ATCC15003. (A) Core sequences of the
adenylation and thiolation domains of PTS. (B) Degenerated primers designed according to the core II
and core VI sequences. (C) Amino acid alignment of the putative PTS fragments of Groups A, B, and
C with the core II and core VI primers in boldface and the core IV and V sequences underlined.
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ATCC15003 chromosomal DNA by varying different combinations of primers, tem-
peratures, concentrations of chromosomal DNA, dNTPs, and by including additives
such as (NH4)2SO4, DMSO, BSA, or glycerol in the reaction solution. Thus, with
primers designed according to the core II and VI sequences (Fig. 5B), a distinctive
fragment of the expected size of 1.2 kb was successfully amplified from Sv
ATCC15003 and subsequently cloned. Sequence analysis of ten randomly selected
clones showed that they belonged to three groups: Group A of four clones, Group B
of five clones, and Group C of one clone. All three groups are highly homologous
to each other and to known PTS genes (Fig. 5C), indicative that we have cloned at
least three putative PTS modules.

Using the PCR fragments as probes, we screened the Sv ATCC15003 genomic
library by colony hybridization. Further analysis of the positive clones by restriction
enzyme mapping and Southern hybridization led to the identification of three 40 to
70-kb DNA loci, which harbor the Group A, B, and C PTS probes, respectively. The
three loci are neither overlapping each other, suggesting that they may represent three
independent peptide biosynthesis gene clusters in Sv ATCC15003, nor overlapping
with the blmAB locus, arguing against their involvement in BLM biosynthesis.

Cloning of the Putative blm Gene Cluster

One of the pitfalls of the PCR approach to cloning gene clusters for peptide or
polyketide biosynthesis is that the cloned PTS or PKS fragments provide little informa-
tion about their relevance to a specific pathway. Caution therefore has to be taken in
analyzing these fragments as potential probes, or they could lead to the cloning of a
wrong cluster. The latter is particularly true if the organism contains multiple peptide
or polyketide pathways, as in Sv ATCC15003 shown here and in other actinomycetes
(44,45). After we realized that we could not rely solely on the PCR-derived PKS or
PTS probes for the cloning of the putative blm gene cluster, we turned our attention
back to the blmAB resistance locus. We were particularly encouraged by Sugiyama
and coworkers’ recent observation that the expression of blmAB coincided with BLM
production in the late exponential phase of Sv ATCC15003 growth (37), suggesting
that the blm biosynthesis and blmAB resistance genes are coregulated during the onset
of secondary metabolism. We viewed the latter as a support to the hypothesis that
the blmAB genes are clustered with the rest of the blm biosynthesis genes.

Since the entire 15-kB blmAB locus has been sequenced and contains neither PTS
nor PKS genes, we decided to adopt a different approach to clone the putative blm
PTS genes by the combination of chromosomal walking from the blmAB locus with
heterologous probing with PTS probes. Thus, we first screened the Sv ATCC15003
genomic library with probes made from both ends of the blmAB locus, resulting in
the isolation of overlapping cosmids extending from this locus. These experiments
were repeated with probes made from the ends of the newly isolated cosmids, leading
to the localization of 110-kb contiguous DNA, of which 70 kb is upstream (Fig. 4B)
and 40 kb is downstream (data not shown) of the blmAB genes. We next used the
Group A, B, and C fragments as PTS probes to screen the entire 110-kb region by
Southern analysis under various hybridization conditions. We preferred not to use the
PCR method to screen for PTS genes because only a few amino acids in the core
sequences are conserved, the primers designed from which are therefore often biased
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or not very specific. While no signal was detected when the 40-kb DNA region
downstream of the blmAB genes was probed, weak signals were evident at a low
stringency condition upon hybridization of one of the cosmids within the 70-kb DNA
region upstream of the blmAB genes with the Group C probe. Since independent loci
harboring probe A, B, and C have been identified early, the latter results suggested
that there could be additional PTS homologs upstream of the blm resistance locus.
Cloning and sequence analysis of one of the Group C probe-hybridizing fragments
showed that this fragment indeed contained two incomplete PTS modules.

Encouraged by the fact that these PTS modules, different from those identified
previously by the PCR approach, are clustered with the blmAB genes, we further
characterized this region by determining a total of 70-kb DNA sequence and by
comparing the deduced gene products with proteins of known functions in the database
to make preliminary functional assignments. To our delight, among the 33 ORFs
identified, we indeed found a PKS module, flanked by at least five PTS modules
upstream (PTS-7 to PTS-11) and six PTS modules downstream (PTS-1 to PTS-6)
(Fig. 4B). The nearest PTS or PKS module is found about 12 and 40 kb apart,
respectively, from the blmAB genes, consistent with our inability in early attempts to
locate PTS or PKS genes by sequencing the 8.2-kb region upstream of blmORF1.

Although the cloned PTS and PKS genes are clustered with the known blmAB
resistance genes, we have yet to confirm biochemically that the cloned gene cluster
encodes BLM biosynthesis in Sv ATCC15003. Nonetheless, the genetic organization
of the putative blm cluster clearly indicates a hybrid PTS/PKS/PTS enzyme system,
a fact that supports the hybrid PTS and PKS hypothesis for BLM biosynthesis. Thus,
we predict that (1) PTS modules 7–11 first catalyze the synthesis of the pseudo-
pentapeptide, 8; (2) the PKS module then elongates the peptide intermediate 8 to
yield the peptide/polyketide intermediate 10; and (3) four of the remaining six PTS
modules (PTS-1 to PTS-6) continue the synthesis to finally furnish the peptide/
polyketide/peptide backbone of BLM. (We believe that two of the six modules are
biochemically inactive and inactive PTS module has been noticed in other peptide
biosynthesis gene cluster (46).) Therefore, the growing intermediate is indeed chan-
neled from a PTS to a PKS module and vice versa during BLM biosynthesis, as we
have proposed in our hypothesis.

One of the structural features of BLM is the bithiazole moiety, which is presumably
derived from the two Cys residues by cyclization of a linear peptide intermediate
(Fig. 6A). A similar mechanism for thiazoline and thiazolidine formation could be
proposed for bacitracin biosynthesis in Bacillus licheniformis (Fig. 6B) and yersinia-
bactin biosynthesis in Yersinia enterocolitica (Fig. 6C). Marahiel and coworkers have
recently proposed that the bacA gene encodes enzymes for the biosynthesis of the
thiazoline moiety of bacitracin in B. licheniformis, and they identified putative cycliza-
tion domains catalyzing thiazoline ring formation (47). Homologous cyclization do-
mains were also identified in the HMWP1 and HMWP2 proteins from Y. enterocolitica,
which were suggested to be responsible for the biosynthesis of yersiniabactin (47–49).
Walsh and coworkers subsequently overexpressed in E. coli a portion of the HMWP2
gene (encoding the first 1491 amino acids), purified the recombinant protein, and
demonstrated that it is sufficient to catalyze the formation of a thiazoline product
from salicylic acid and Cys in vitro (50,51). The latter result confirmed biochemically
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FIG. 6. A proposed general mechanism for thiazolidine, thiazoline, and thiazole biosynthesis. (A)
Biosynthesis of the bithiazole moiety of bleomycin in Sv ATCC15003. (B) Biosynthesis of the thiazoline
moiety of bacitracin in B. licheniformis. (C) Biosynthesis of the thiazoline and thiazolidine moiety of
yesiniabactin in Y. enterocolitica. [C], cyclization to form a thiazoline; [O], oxidation of thiazoline into
thiazole; [H], reduction of thiazoline into thiazolidine.
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that the cyclization domain indeed encodes an enzyme catalyzing the thiazoline ring
formation, a prediction Marahiel made early, based solely on sequence comparison
(47). Remarkably, the last two PTS modules, i.e., PTS-2 and PTS-1 (Fig. 4B), in
the putative blm gene cluster indeed contain two additional cyclization domains
homologous to those of bacA (47) and HMWP2 (48,49), providing strong support
that the cloned gene cluster encodes BLM biosynthesis. As showed in Fig. 6A, we
propose that modules PTS-1 and PTS-2 catalyze the incorporation of two Cys, whose
two cyclization domains subsequently cyclize the linear peptides into the thiazoline
intermediates. We prefer the proposed sequential order of Cys incorporation and
cyclization, in consistence with that of other PTS-catalyzed modification reactions
such as epimerization or N-methylation (24). It is interesting to note that no dedicated
reductase for the thiazoline-to-thiazolidine reduction was identified within the ybt
gene cluster (48,49), although such a gene appears to be needed for yersiniabactin
biosynthesis (Fig. 6C). Walsh and coworkers have speculated that the b-ketoreductase
domain of the HMWP1 protein, in addition to reduce the C5O bond of the polyketide
moiety, could also reduce the C5N bond of the thiazoline intermediate to yield the
thiazolidine structure (51). In contrast, a putative oxidase (BlmORF8), which is
homologous to coproporphyrinogen III oxidases (52), was found within the blm gene
cluster, downstream of the PTS-2 and PTS-1 modules (Fig. 4B). We propose that
this oxidase could be responsible for the thiazoline-to-thiazole oxidation in BLM
biosynthesis and that the stepwise oxidations take place after the complete assembly
of the BLM petide/polyketide/peptide backbone (Fig. 6A). Both the isolation of 3
and the in vitro conversion of 3 to 1 by a cell-free preparation from Sv ATCC15003
(18) support the latter hypothesis.

V. PERSPECTIVE

It has been proven that novel metabolites can be made by manipulating genes
governing secondary metabolic pathways and that even chemical libraries can be
constructed by combinatorial biosynthesis (24,53,54). As it has been demonstrated
successfully with both PKS and PTS, these biosynthetic approaches provided access
to novel chemical structures that were otherwise difficult to prepare by conventional
chemical synthesis. The cloning of the blm biosynthesis gene cluster certainly has
opened the door to making novel BLM analogs by manipulating genes governing
BLM biosynthesis. The extensive knowledge in the literature about the structural and
activity relationship of BLM should aid these experiments for the production of novel
BLM with improved efficacy. For example, it is known that the polyketide moiety
of BLM is not only the connective chain between the right and left halves of BLM,
which are thought to be essential for DNA recognition and cleavage, respectively,
but also plays an important role in antitumor activity. It is conceivable that the
introduction of structural alterations at either the bithiazole or the polyketide moiety
by manipulating the blm PTS gene encoding PTS-2 and PTS-1 modules or the blm
PKS gene, respectively, could lead to the production of novel BLM drugs with
improved selectivity or antitumor activity.

While many novel metabolites have been generated by metabolic pathway engi-
neering or combinatorial biosynthesis, structural and biochemical understanding of
these biosynthetic systems is still rudimentary (24,54). In fact, most of the recombinant
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constructs are made empirically, and only a small portion of them are productive in
terms of making novel metabolites. In order to fully realize the potential of these
novel approaches for new drug discovery, it is imperative for us to study the chemistry,
biochemistry, and structure of these biosynthetic systems. BLM biosynthesis provides
us an excellent opportunity to explore the biochemical mechanism and structural base
of a functional hybrid PTS and PKS biosynthetic system. The cloning and genetic
characterization of the blm gene cluster has set the stage for these future investigations,
which should lay the foundation for rational engineering of hybrid PTS and PKS
biosynthetic systems from other peptide and polyketide biosynthesis pathways.
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