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INTRODUCTEON

Compounds derived via polyketide intermediates represent one of the largest
families of secondary metabolites. This diverse group of compounds includes plant
Elavcinoids, fungal aflatoxins, and numerous streptomycete antibiotics and pigments
(Hopwood & Sherman, 1990). Polyketide synthases (PKSs) that build the carbon chains
of polyketides have been classified into two types. Type I PKSs are large multifunctional
proteins carrying the required catalytic activities as domains, whereas type II PKSs are
multienzyme complexes consisting of several individual polypeptides, each with a
distinct activity. In streptomycetes, type It PKSs are associated with ihe synthesis of
"complex" polyketide antibiotics, such as erythromycin, avermectin and monensin; type
II PKSs are involved in the synthesis of aromatic polyketide antibiotics like actinorhodin,
or in forming spore pigments.
Jadomycin B is the major component of an antibiotic mixture found in cultures
of Streptomyces venezuelae ISP5230 grown under stress conditions (Ayeir et ah, 1991).
Its structure (Figure 1) has features in common with other aromatic polyketide
antibiotics. Speculation that S. venezuelae ISP5230 possesses a PKS gene responsible for
jadomycin B biosynthesis was supported by the early finding that S. venezuelae 1JC2374,
a chlonimphenicol producer like 5. venezuelae ISP5230, contains DNA fragments that
hybridize with actl and acrtll, the genes encoding ketoacyl synthase and ketoreductase
activities responsible for synthesizing

actinorhodin in 5. coelicolor A3(2).

The biosynthesis of jadomycin B via a polyketide intermediate should require ten

1

2

H

3 C ^/°\>°

HO \*'
OH

Figure 1. Jadomycin B.

3
two-carbon building units, the assembly of which would be catalyzed by a ketoacyl
synthase, a ketoreductase, dehydrase(s), cyclase(s) and additional enzymes to mediate
chain release and subsequent processing (Figure 2). The enzymes would be expected to
form a multienzyme complex, although evidence for such complexes in producers of
actinorhodin, granaticin, tetracenomycin C and other well-studied polyketide antibiotics
is meagre. Since antibiotic biosynthesis genes are usually clustered, it should be possible
by using actl as a hybridizing probe to locate and clone the entire set of polyketide
synthase genes from the 5. venezuelae chromosome. The strategy would parallel that
developed by Sherman et al. (1989) to clone the PKS genes for granaticin.
In preliminary work, Ramalingam (1989) digested genomic DNA from 5.
venezuelae strains ISP5230 and 13s (UC2374; see Table 2) with BamHl and fractionated
the digests by electrophoresis. The DNA fragments were then hybridized at high
stringency with pIJ2345, which contains an insert from actl of S. coelicolor A3(2). Each
strain showed a hybridizing fragment within the size range (2.0-2.8 kb) of the fragment
detected by Malpartida et al. (1987) in a BamBl digest of DNA from S. venezuelae
UC2374. By using pIJ2345 to screen a genomic DNA library containing Sg/U-digested
S. venezuelae ISP5230 DNA in the replacement vector lambda GEM-11, a hybridizing
recombinant phage (lambda 8) was obtained. From the phage DNA, a 1.8-kb BgHl-Sacl
fragment that hybridized with the probe was recovered (Figure 3). This fragment, which
was located at one end of the insert DNA, was retrieved from lambda 8 as a 1.8-kb SaclSacl fragment and cloned in the Sad site of the Streptomyces vector pU702. Since
transformation of S. coelicolor TK17 (an actl mutant) with the recombinant plasmid gave

Acetyl-CoA + 9 Malonyl-CoA

keto*cyl lynthue
ketoreducu»e

COOH

°^J<Y
HO
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0

o

0

0
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0
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^°Ny/
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O
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CH,
3>

3

CH,
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3
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jadomycin B

Figure 2. Biosynthesis of jadomycin B through a polyketide intermediate.
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only a small number (approximately 2.8%) of blue colonies (characteristic of
actinorhodin), the 1.8-kb fragment was presumed to contain an incomplete copy of the
polyketide synthase gene; this gene segment restored actinorhodin production by
homologous recombination at a low frequency through gene repair.
The present study was designed to clone the entire PKS cluster in 5. venezuelae
ISP5230, to determine whether it encodes enzymes for jadomycin B biosynthesis, to
locate and identify open reading frames in the cluster, and to examine the organization
of the component genes.

LITERATURE REVIEW
I. WHAT ARE POLYKETIDES?
Polyketides are linear molecules containing keto groups at alternate carbons.
They are derived by condensation of acyl building units, and are chemically unstable;
those with more than two keto groups are not normally found outside the laboratory.
However, they are versatile metabolic intermediates that can be converted to a wide
range of stable end products. Polyketide-derived compounds are abundant in both
prokaryotes and eukaryotes (for a review see Hopwood and Sherman, 1990). Those of
eukaryotic origin include the flavonoids in plants, which are responsible for flavors, and
for the colors of many flowers. Many phytoalexins, produced by plants in response to
fungal infection, are also of polyketide origin, as are the mycotoxins produced by
Aspergillus spp., and such antibiotics as griseofulvin, produced by Penicillium spp.
There is evidence that polyketide-derived substances are nodulation factors in Rhizobium
spp., while 6-methylsalicylic acid produced by Mycobacterium spp. is involved in iron
uptake. The polyketide metabolites of prokaryotic origin include such compounds as the
tetracyclines, anthracyclines (tetracenomycin C and daunorubicin), isochiomanequinones
(actinorhodin, granaticin and griseusin), macrolides (erythromycin and FK506), and
polyethers (monensin) produced by actinomycetes. Many of the actinomycete products
have anti-bacterial activity (e.g., tetracycline and erythromycin), while others (e.g.,
daunorubicin) are potent anti-tumor agents. The macrolide FK506 is an
immunosuppressant and is undergoing clinical testing for use in organ transplantation.
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H. ASSEMBLY OF POLYKETIDE INTERMEDIATES

The biosynthesis of polyketides is conceptually similar to the biosynthesis of
long-chain fatty acids. The process in which activated acyl building units are linked to
form a linear chain was first suggested by Collie (1907). Figure 4a illustrates the
simplest case, in which an acetyl residue (starter) is condensed with a malonyl residue
(extender) to form a four-carbon intermediate and C02. Each acyl building unit
contributes just two carbon atoms to the assembly of a linear chain. Any additional
carbon atoms in the extender unit generate a side chain at the point of incorporation.
Additional carbon atoms in the starter unit appear in the initiation region of the product.
In long-chain fatty acid synthesis, each acyl condensation is usually followed by a round
of beta-ketoreduction, dehydration, and enoylreduction (Figure 4b). As a result, the
newly introduced keto group is reduced to a more chemically stable methylene group.
In polyketide synthesis, however, the acyl condensation is not usually followed by a
sequence of reactions fully reducing the keto group, as in fatty acid synthesis. As a
result, the polyketide chain built up after multiple acyl condensations is chemically
reactive and can undergo complicated cychzation steps to form aromatic compounds or
macrolides. The use of a wider range of starter and extender units for constructing
polyketide chains, compared with those commonly used for fatty acids, contributes to
the great variety of chemical structures formed as end products of polyketide synthesis
pathways (Table 1).
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Table 1. Acyl building units used for polyketide
synthesis in various organisms

Polyketide metabolites

Starter

Extender

Bacteria
actinorhodin
granaticin
frenolicin
oxytetracycline
tetracenomycin C
griseusin
erythromycin
monensin

acetate
acetate
acetate
malonamide
acetate
acetate
propionate
acetate

7 malonate
7 malonate
8 malonate
8 malonate
9 malonate
9 malonate
6 rnethylmalonate
7 rnethylmalonate
1 ethylmalonate
4 malonate

6-methylsalicylic acid

acetate

3 malonate

chalcone
phytoalexin

coumarate
coumarate

3 malonate
3 malonate

Fungi

Plants

Sources of information:
actinorhodin, granaticin, frenolicin, oxytetracycline, tetracenomycin C and griseusin
(Hopwood and Khosla, 1992); erythromycin, monensin, 6-methylsalicylic acid, chalcone,
and stilbene phytoalexin (Hopwood and Sherman, 1990).
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IH. ENZYMES CATALYZING FATTY ACID AND POLYKETIDE SYNTHESIS
Multiple enzyme activities are required for fatty acid and polyketide synthesis.
The enzyme system that catalyzes the synthesis of fatty acids is called a fatty acid
synthase (FAS); the system involved in polyketide synthesis is called a polyketide
synthase (PKS).

A. Fatty Acid Synthases

Although the mechanism of fatty acid synthesis is essentially the same in all
organisms, an FAS can be organized in a variety of different ways (McCarthy and
Hardie, 1984). In most bacteria, as well as in higher plants, it is a multienzyme complex
(a so-called type II FAS) consisting of loosely associated polypeptides. These include
the condensing enzyme (beta-ketoacyl synthase), beta-ketoreductase, dehydrase and
enoylreductase. In addition, there is an acyl carrier protein (ACP) to which the growing
linear chain is attached via a phosphopantetheine "arm", and also acetyl and malonyl
transferases to catalyze the attachment of the building units to the FAS, and an enzyme
to detach the completed fatty acid chain from the FAS.
In vertebrates, FASs are multifunctional enzymes (called type I FAS). These are
large polypeptides containing functional domains that catalyze the same biochemical
reactions as those brought about by individual proteins in the type n FAS. In fungi
(Saccharomyces cerevisiae and Penicillium patulum), the FAS belongs to type I, but
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differs from vertebrate FAS in that it consists of two polypeptides, one carrying four and
the other three functional domains.
Studies of fatty acid synthesis in E. coli led to the discovery of three condensing
enzymes (I, II and III) (Garwin et al., 1980; Jaworski et al., 1989). Enzyme IH catalyzes
the first condensation reaction between acetyl-CoA and malonyl-ACP to form a fourcarbon (C4) intermediate. Enzyme I catalyzes the subsequent condensations by which the
C4 is extended to form the C16 fatty acid (e.g., palmitic acid). Enzyme II extends the C16
fatty acid to form C18 or even longer chain fatty acids. Multiple condensing enzymes
have also been found in plants.
Different FASs handle acyl transfer, including chain termination, in different
ways. The E. coli FAS contains separate acetyl and malonyl transferases for transferring
building units, and a discrete palmityl transferase for chain termination. In the Sacc.
cerevisiae FAS, two domains, on separate polypeptides, possess acyltransferase activity.
One transfers acetyl-CoA, and the second handles malonyl-CoA transfer and chain
termination. The vertebrate FASs possess a thioesterase domain that is responsible for
chain release from the FAS.

B. Polyketide Synthases

Few PKSs have been isolated and characterized. Those that have been
investigated include 6-methylsalicylic acid synthase (6-MSAS) of P. patulum, and
chalcone synthase (CHS) and resveratrol synthase (RS) of plants.
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In the formation of 6-methylsalicylic acid, 6-MSAS catalyzes three condensations
whereby an acetyl-CoA starter is extended with malonyl-CoA units (Figure 5a). The
isolated 6-MSAS is a stable multifunctional enzyme and possesses two different thiol
groups, one provided by a cysteine residue and the other provided by a
phosphopantetheine residue (Dimroth etal, 1976). Biochemical studies demonstrated that
the enzyme also contains an acyltransferase activity for transferring the building units to
the thiol groups of the enzyme. Because a single protein possesses all the enzyme
activities, 6-MSAS more closely resembles type I FAS of vertebrates than the type I FAS
of fungi, which have enzyme activities distributed between two separate proteins.
The two extensively studied enzymes for polyketide synthesis in plants are
chalcone synthase (CHS) from parsley (Petroselinum hortense) and resveratrol synthase
(RS) from peanut (Arachis hypogaea) (Schuz et al., 1983; Schoppner & Kindl, 1984).
Both enzymes utilize coumaroyl-CoA as the starter and three malonyl-CoA units as
extenders, but the end products (flavonoids and stilbenes, respectively) of the two
pathways are distinctly different (Figure 5b). Substrate-specificity studies on purified
CHS and RS showed that both enzymes are able to directly process condensation
between coumaroyl-CoA and malonyl-CoA, instead of coumaroyl-ACP and malonylACP. The purified CHS is a small dimeric molecule and does not contain a
phosphopantetheine residue. These results suggest that the mechanism for biosynthesis
of flavonoids and stilbenes in plants differs from that for biosynthesis of fatty acids in
the organisms so far examined, and also differs from polyketide synthesis by 6-MSAS
in P. patulum.
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IV. GENETICS OF POLYKETIDE SYNTHESIS IN STREPTOMYCETES

Recently, genes for polyketide synthases (PKSs) from actinomycetes, fm-gi and
plants have been cloned and characterized (reviewed by Hopwood and Sherman, 1990).
As with FASs, two structural types, type I (multifunctional enzymes) and type II
(multienzyme complexes), are found among the different PKSs. Type I PKSs include
those for the synthesis of erythromycin, avermectin and 6-methylsalicylic acid; type II
PKSs include those for the synthesis of actinorhodin, granaticin,tetracenomycinC and
oxytetracycline.

A. Organization of the Genes That Encode PKSs

a. Type II synthases
The type II PKS involved in synthesis of the aromatic antibiotic actinorhodin in
Streptomyces coelicolor A3(2) was the first studied, and its genes are genetically the
best characterized. Biosynthesis of actinorhodin is considered to start with the
condensation of eight acetate units to form a 16-carbon polyketide intermediate
(Fernandez-Moreno et al, 1992). This intermediate undergoes reduction, dehydration,
cychzation and dimerization to form the final product Early genetic studies identified
seven phenotypic classes of act mutants (Rudd and Hopwood, 1979). Cosynthesis
analysis allowed tentative assignment of functions to each mutant class, and their
physical relationships (i.e. locations) were mapped on the chromosome. The act genes
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were cloned by complementation of act mutants (Malpartida and Hopwood, 1984), and
a composite recombinant plasmid containing a 32.5-kb insert that complemented all of
the available act mutants was shown to confer actinorhodin production in Streptomyces
parvulus, a species that did not naturally produce the antibiotic. Therefore, the complete
set of genes for actinorhodin synthesis was present in the 32.5-kb DNA fragment.
Mutations blocking actinorhodin synthesis at different stages were also mapped
on the 32.5-kb fragment (Malpartida and Hopwood, 1986). Among the seven phenotypic
mutant classes, I and III were thought to be defective in polyketide chain assembly;
others were defective either in a later stage of actinorhodin synthesis or in regulation of
gene expression. Sequencing of the genomic regions corresponding to class I and class
III mutants (Figure 6; Fernandez-Moreno et al., 1992; Hallam et al., 1988) identified
open reading frames (ORFs) with deduced amino acid sequences similar to those in the
condensing enzyme of E. coli FAS (acfl-ORFs 1, 2 and 3) and the ketoreductascs of
Klebsiella aerogenes and Drosophila melanogaster FASs (actffI-ORF5). These
similarities suggested that actl encodes the condensing enzyme and actlll the
ketoreductase involved in the early steps of actinorhodin synthesis. The function of
actlll was reinforced later by the finding that a mutant of Streptomyces galileus unable
to reduce hydroxyaklavinone was restored in this activity by transformation with a
vector containing actlll (Bartel et al, 1990).
More extensive sequence analysis and gene disruption has characterized the
remaining regions of the act cluster. To the right of the actl region are three ORFs,
corresponding to mutant class VII, IV, and VB (Figure 6) (Fernandez-Moreno et al.,
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1992). The actVR gene encodes a protein product with no similarity to other known
proteins. Chemical studies showed that an intermediate secreted by the actVTL mutant
could be derived from an aberrant cyclization of the polyketide chain; the intermediate
carried a hydroxyl group which would normally be removed by a dehydration reaction
in an ActVH* strain (Zhang et al., 1990). A plasmid carrying the complete acfVll gene
restored the actmorhodin-producing phenotype in acNTL mutants (Sherman etal., 1991).
Therefore, the actVQ. gene is believed to encode a bifunctional cyclase/dehydrase. The
actTV gene encodes a protein product resembling several beta-lactamases, and the actVB
gene encodes a product with no significant similarities to other known proteins. Based
on biochemical characterization of products accumulated in blocked mutants, these two
genes should encode a dehydiase and a dimerase, respectively (Bartel et al., 1990; Cole
et al., 1987).
The central region, corresponding to mutant class H, contains two regulatory
genes (Figure 6; Fernandez-Moreno et al., 1991). The actR-ORF4 encodes a
transcriptional activator for actinorhodin biosynthesis genes, while the acfll-ORFl
encodes a repressor for controlling the expression of adjacent genes. ac/H-ORF2 and
aeflI-ORF3 are believed to be involved in export of actinorhodin from the mycelium
(Fernandez-Moreno et al, 1991; Caballero et al., 1991a). The region to the left of actll
contains genes corresponding to mutant classes VA and VI. Sequence analysis of the
actVA region revealed six ORFs, all transcribed in the same direction (Caballero et al.,
1991b). actWA-ORF1 encodes a protein that strongly resembles the acflI-ORF2 product.
The two gene products may cooperate in actinorhodin export to ensure sufficient self-

19
protection. The other five ORFs seem to encode protein products involved in
hydroxylation of actinorhodin.
The complete actinorhodin gene cluster extends over 20 kb on the chromosome,
with a regulatory region in the middle. This central region is flanked by "early" and
"intermediate" genes (actl, III, VII, IV and VB) on one side, and by "intermediate" and
"late" genes (acrVA and acrVI) on the other (see Figure 6). Transcriptional analysis has
shown that actl, VII, IV and VB are co-transcribed from the actl promoter leading to
a polycistronic mRNA (Parro et al., 1991).
When actl and actlll were used as probes to hybridize with genomic DNA of
other streptomycetes, signals were found in known producers of polyketide-derived
substances, but some nonproducing strains also gave strong signals (Malpartida et al.,
1987). To confirm that the hybridizing DNA fragments did, indeed, contain PKS genes,
DNA responsible for the signals given by the granaticin producer 5. violaceoruber was
cloned (Sherman et al., 1989). Sequence analysis showed that PKS genes were present.
Mutant complementation and hybridization with actl has identified the tetracenomycin
C PKS gene of 5. glaucescens (Bibb et al, 1989), and the oxytetracycline PKS gene of
5. rimosus (Kim et al, 1994). Sequencing of a DNA fragment that complemented an 5.
coelicolor mutant (whiE) lacking spore pigment uncovered a set of ORFs that clearly
represented PKS genes (Davis and Chater, 1990).
The use of actl and actlll probes has recently allowed the cloning of regions of
hybridizing DNA from S. halstedii (sch; Blanco et al, 1992), S. curacoi (cur; Bergh &
Uhten, 1992a; 1992b), 5. roseofulvus ("fren"; Bibb et al, 1994), 5. griseus (gris; Yu et
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al, 1994) and from the monensin producer S. cinnamonensis ("mon"; Arrowsmith et al,
1992). Gene replacement experiments verified that the sch cluster is involved in spore
pigment formation in S. halstedii, and that the gris cluster encodes a PKS for griseusin
biosythesis. Disruption of a PKS gene in the "mon" cluster did not affect monensin
biosynthesis, nor spore pigment formation in S. cinnamonensis, so an unidentified
polyketide-derived metabolite is presumed to be formed by this species (Arrowsmith et
al, 1992). Although the function of the "fren" cluster has not been elucidated, studies
on the programming of PKS activities have provided evidence that "fren" is indeed
involved in biosynthesis of the two polyketide-derived antibiotics frenolicin and
nanaomycin in S. roseofulvus (McDaniel et al, 1993a; 1993b).
A common feature in the organization of the sch, cur, whiE, act, gra, tern, otc,
"fren", gris and "mon" PKS gene clusters is a group of three ORFs. These are usually
labelled ORFsl, 2 and 3, but in whiE they are named ORFs m, IV and V, and in the
cur cluster as ORFs A, B and E (Figure 7). The deduced protein sequences of the first
two ORFs show significant similarity to the FAS condensing enzyme of E. coli, and the
corresponding domains of type I FASs. In each case, two active-site motifs, tentatively
assigned to the condensing enzyme and the acyltransferase, occur only in thefirstORF.
The ORF2 products in the act, gra and tern clusters have recently been reported to
influence the chain-length of the PKS product (McDaniel et al, 1993a). The deduced
protein sequence of the third ORF in each cluster resembles type II FAS acyl carrier
proteins (ACPs) from bacteria and plants, and ACP domains of animal type I FASs; a
characteristic phosphopantemeine-binding region is centered on a serine residue. Gene
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Figure 7. A diagrammatic comparison of gene organization in type II PKS clusters
cloned from S. halstedii (sch), S. curacoi (cur), S. coelicolor (whiE & act), S.
violaceoruber (gra), S. glaucescens (tern), S. rimosus (otc), S. roseofulvus ("fren"), S.
griseus (gris) and 5. cinnamonensis ("mon"). Names in quotation marks are preliminary
designations not assigned by original authors.
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replacement in which this serine in acrI-0RF3 was exchanged for alanine gave an Act'
phenotype (Khosla et al, 1992). Frameshift or deletion mutations in acfl-ORF3 gave the
same Act' phenotype. Theseresultsindicate that polyketide synthesis in streptomycetes
is an ACP-mediated pathway like that of fatty acids.
A fourth ORF (ORF4) immediately downstream of ORFs 1, 2 and 3 in the gra
cluster is very similar' in deduced amino acid sequence to the ORF4 product in the act
cluster throughout its entire length (Fernandez-Moreno et al, 1992; Sherman et al,
1989). Based on this similarity and the ability of cloned ORF4 DNA to complement
acfVII mutants, the gra ORF4 is believed to encode a bifunctional cyclase/dehydrase in
which cyclase activity resides with the N-terminal portion of the protein, and dehydrase
activity with the C-terminal portion (Zhang et al, 1990; Sherman et al, 1991), ORF4s
in the otc, "fren", gris and "mon" clusters likewise encode a bifunctional
cyclase/dehydrase, but they do not immediately follow O.RF3, as in the act and gra
clusters. In the tcm cluster, ORF4 resembles these ORF4s only in the N-terminal half
of its deduced protein. The C-terminal half of the tcm ORF4 productresemblesbovine
hydroxyindole 3-O-methyltransferase (Summers et al, 1992). Apparently the tcm ORF4
encodes a bifunctional cyclase/0-methyltransferase. The deduced protein products of the
corresponding sch ORF4, cur ORFF and whiE ORFVI are only about half the length of
the act, gra, otc, "fren", gris, "mon" and tcm ORF4 products and resemble their Nterminal domains over the entire length.
The deduced proteins from both gra ORF5 and gra ORF6 show very high endto-end amino acid sequence similarity to the ORF5 product of the act cluster, but gra
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0RF6 lacks the conserved nucleotide binding motif present in the other two sequences
(Hallam etal, 1988; Sherman et al, 1989). In the otc, "fren", gris and "mon" clusters,
the corresponding ORF was located between ORF3 and ORF4. In the tcm cluster, no
corresponding ORF was found. This is consistent with the failure to detect an actWihybridizing fragment by Southern hybridization (Malpartida et al, 1987). Li the sch, cur
and whiE PKS gene clusters also, no ORF equivalent to ORFS in the act and gra
clusters has been found.

b. Type I synthases
In contrast to the PKSs for the Streptomyces aromatic polyketide antibiotics,
those used for synthesis of the aglycone portion of the macrolide antibiotics produced
by Saccharopolyspora erythraea (erythromycin) and by S. avermitilis (avermectin) are
type I PKS with an amazingly complex primary structure (Cortes et al, 1990; Donadio
et al, 1991; Bevitt et al, 1992; MacNeil et al, 1992). The PKS responsible for the
aglycone of erythromy Jin is encoded by three giant polypeptides, each consisting of two
synthetic units (Figure 8). Each synthesis unit ("module") contains PKS activity specific
for one of six polyketide chain elongation steps, and bears similarities to the type I FAS
of vertebrates (Cortes et al, 1990; Donadio et al, 1991). The avermectin PKS is also
encoded by modular repeats, but the genetic organization of the modules encoding the
avermectin PKS is more complex than that of the erythromycin PKS modules (MacNeil
et al, 1992). The genes encoding the avermectin PKS are organized as two sets of
modular repeats that are convergently transcribed.
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Figure 8. Modular organization of genes required for erythromycin biosynthesis (CopiedfiromDonadio et al., 1991).
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B. Regulation of Polyketide Synthesis

Many antibiotic producers make several antibiotics. The biosynthesis of each
antibiotic is encoded by a complex gene cluster that usually includesregulatorygenes.
Antibiotic production may also be controlled by genes not closely linked to the
biosynthetic gene cluster.

a. Pathway specific regulatory genes
Cloning of a fragment carrying aciU-ORF4 in a low copy number plasmid
caused high actinorhodin production not only in an actH mutant but also in wild-type
S. coelicolor (Malpartida and Hopwood, 1986). Transcripts corresponding to most of the
act biosynthetic genes were strongly reduced in amount or absent from the actll mutant
strain, and transcription of acfSL cloned in S. lividans required the simultaneous
presence of a cloned copy of the actll region (Hallam et al, 1988). Both transcriptional
analysis and sequencing data provided evidence that actU-GRF4 is a positive regulatory
gene. Sequencing of acflI-ORF4 indicated that its product shows end-to-end similarity
to the product of redD, a gene that activates transcription of the genes for synthesis of
undecylprodigiosin, a second S. coelicolor antibiotic, not derived from a polyketide
(Fernandez-Moreno et al, 1991).
The ac/II-ORF4 product probably controls expression of most of the act
biosynthesis genes, but it does not regulate the export genes, acflI-ORF2 and acfUORF3 (Femandez-Moreno et al, 1991). The export genes are regulated by an adjacent
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gene, acrtl-ORFl, which encodes a repressor. acrll-ORFl and acrtI-ORFs2 and 3 are
transcribed from divergently arranged promoters. Before actinorhodin has been made,
expression of acfll-ORFs 2 and 3 is strongly repressed by even small amounts of the
acdl-ORFl product. When actinorhodin is made, repression is released, thereby
avoiding suicide by exporting actinorhodin from the mycelium. A similar antibiotic
export/repressor gene pair, tcmA/tcmR, was found in the tcm cluster (Guilfoile and
Hutchinson, 1992). This type of gene pair strongly resembles those conferring
tetracycline resistance in Gram-negative bacteria (Meier et al, 1988).

b. Global regulatory genes
Antibiotic biosynthesis is influenced by additional regulatory genes not linked
to the biosynthesis gene cluster. Regulation by both pathway-specific and global
regulatory genes is presumably needed to integrate the various developmental and
environmental signals that influence secondary metabolism. An extensive search in S.
coelicolor A3(2) has discovered a variety of genes, including abaA, absA, absB,
afsRIafsK, and afsQllafsQZ, that seem to influence secondary metabolism. Others, like
bldA, act pleiotropically on both secondary metabolism and aerial mycelium formation.
Mutations in either afsR, absA or absB greatly reduce or completely block
production of actinorhodin and three other antibiotics in S. coelicolor (Horinouchi et al,
1983; Adamidis et al, 1990; Champness et al, 1992). Control of actinorhodin
production by afsR seems to be at the level of transcription; act transcripts, including
acfII-ORF4, are greatly reduced in an afsR mutant, and are restored by introducing a

27
cloned afsR gene (Horinouchi et al, 1989). afsR stimulates transcription of act genes
when carried on a high copy number plasmid (Horinouchi et al, 1989; 1990). In
contrast to afsR, absA and absB do not act directly on acfII-ORF4; rather, they seem to
be required for normal expression of afsR (Champness et al, 1992).
afsR encodes a 993-amino acid protein with A- and B-type ATP-binding
consensus sequences in its N-terminal portion, and two DNA-binding sequences with
helix-turn-helix motifs in its C-terminal portion (Horinouchi et al, 1990). Horinouchi
and Beppu (1992) have suggested that afsR with another gene, afsK, located in a region
upstream oiafsR, comprise a two-component regulatory system in which the membranebound afsK receives an extracellular signal and is phosphorylated. Phosphorylated afsK
then activates afsR. However, AfsR does not show significant sequence similarity to the
response regulators of the common prokaryotic two-component regulatory systems;
instead, it exhibits a high level of sequence similarity to the products of redD and actllORF4 (Fernandez-Moreno, et al, 1991).
Another gene pair, afsQl and afsQl, cloned from S. coelicolor A3(2) are, like
afsRIafsK, able to stimulate actinorhodin and undecylprodigiosin production in S.
lividans (Ishizuka et al, 1992). Here, however, afsQl encodes a protein product with
similarity to the common response regulators of prokaryotic two-component systems.
<rfsQ2, located downstream of afsQl, encodes a protein product showing similarity to
the common two-component family of sensory histidine protein kinases. Sequences that
hybridized to afsQl and afsQ2 were found in almost all streptomycetes examined.
Surprisingly, disruption of either afsQl or afsQ2 in the S. coelicolor A3(2) chromosome
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had no detectable effect on actinorhodin production in S. coelicolor. The failure of this
disruption to detectably alter actinorhodin synthesis does not exclude a regulatory
function for afsQl and afsQ2. Suppression of the absA mutation by multiple copies of
afsQl supports the idea that the afsQl/afsQ2 system is involved in regulating
actinorhodin synthesis (Ishizuka et al, 1992).
S. coelicolor A3(2) bid mutants are incapable LC forming aerial mycelium; some are
also pleiotropically defective in producing actinorhodin (Merrick, 1976; Champness,
1988). In particular, this is true for bldA mutants. The bldA gene specifies the transfer
RNA that translates the leucine mRNA codon UUA, the gene for which is rare in
Streptomyces because of the high G+C content of the DNA (Lawlor et al, 1987; Leskiw
et al, 1991). Of the several streptomycete genes discovered to contain a TTA codon
none is essential for vegetative growth, nor encodes an enzyme used in antibiotic
biosynthesis. Instead, the genes containing TTA codons are all regulatory or resistance
genes within clusters of antibiotic biosynthesis genes (Fernandez-Moreno et al, 1991;
Leskiw et al, 1991); acflI-ORF4 is an example. When the TTA codon of acfII-ORF4
was changed to an alternative leucine codon, and the altered gene was introduced into
a bldA mutant, actinorhodin was produced (Fernandez-Moreno et al, 1991). Therefore,
thJ TTA codon in ac/II-ORF4 is the major means by which bldA influences actinorhodin
production. Examination of other TTA-containing genes, including the carbomycin
resistance gene (carB) of 5. thermotolerans, and the ampC (beta-lactamase) and lacZ
genes of E. coli, provided evidence that the bldA gene product is the principal vehicle
for translating UUA (Leskiw et al, 1991).
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While bldA affects translation of acrII-ORF4, afsR influences its transcription.
Efficient transcription of actll-ORF4 requires that afsR be functional; defective afsR
greatly reduces production of actinorhodin. Discovering the mechanistic relationships
between these regulatory genes will clarify our understanding of the regulatory network
controlling antibiotic production in S. coelicolor, and probably also in other
Streptomyces spp.

V. CLONING POLYKETIDE SYNTHASE GENE CLUSTERS

Successful cloning of PKS genes of the gra cluster from S. violaceoruber by
using actl as a probe encouraged the use of this approach for other type II PKS clusters;
as a result, the sch, cur, "mon", gris, and "fren" clusters have been isolated (Blanco et
al., 1992; Bergh &Uhl6n, 1992a; 1992b; Arrowsmith etal, 1992; Yu etal, 1994; Bibb
et al, 1994). Moreover, in streptomycetes, biosynthesis genes for secondary metabolites
are usually associated with the corresponding resistance gene(s), and with pathwayspecific regulatory gene(s). Cloning of resistance genes is relatively easy, and their
availability often makes it possible to obtain the entire set.
To exploit the first strategy, lambda replacement vectors are useful for retrieving
from genomic DNA large segments of the chromosome containing the desired pathway
genes. They can carry inserts ranging from 9 to 23 kb (Figure 9a). A genomic library
of S. venezuelae was constructed in such a vector (lambda GEM-11) by replacing the
non-essential central "stuffer" segment of lambda DNA with 5. venezuelae DNA
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Figure 9. (a) Lambda GEM-11 vector; (b) Cloning with lambda GEM-11
Xhol half-site arms (see text for details).
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fragments prepared from a Sa«3Al partial digest of the chromosome (Facey, 1994).
Before ligation to the two vector arms, the genomic DNA fragments were partially filled
in at the restriction cleavage ends with dGTP and dATP (Figure 9b). This so called
partial filling of cohesive ends was first developed by Zabarovsky & Allikmets (1986)
for the efficient construction of gene libraries in lambda EMBL3 from which lambda
GEM-11 is derived. The lambda vector arms were obtained by digestion with Xhol to
remove the "stuffer", and were then partially filled in with dTTP and dCTP. Because
Xhol half-site lambda GEM-11 arms are compatible with Sau3Al half-site S. venezuelae
DNA fragments, but neither of these linear DNA fragments can self-ligate, only single
S. venezuelae DNA fragments are inserted into the lambda arms. This avoids the cloning
of inserts consisting of two or more ligated fragments from different parts of the
chromosome. Phages packaged with recombinant lambda DNA containing S. venezuelae
DNA inserts replacing nonessential phage DNA were fully viable (Facey, 1994).
Retrieval of the insert DNA fragments from lambda vectors requires a suitable
plasmid vector. The development of Streptomyces-E. coli shuttle vectors that propagate
in E. coli and Streptomyces facilitates the subcloning. The shuttle vector pHJL400
contains the minimum essential replicon of plasmid SCP2* of 5. coelicolor A3(2) and
the thiostrepton resistance marker (tsr) selectable in Streptomyces (Figure 10; Larson &
Hershberger, 1986). It also contains an E. coli replicon, an ampiciUin resistance marker
(amp) functional in E. coli and a multiple cloning site internal to lacZ.
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Figure 10. Restriction map of pHJL400. Thin region represents the segment of DNA
from the E. coh plasmid pUC19. The thick region is from the Streptomyces coelicolor
A3(2) plasmid SCP2*. The arrows identify the positions and directions of expression of
ampicillin and thiostrepton resistance genes. The polylinker is between the Hindlll and
EcoKL sites in the lacZ region of the plasmid; it contains sites for Hindlll, Sphl, Pstl,
Sail, Accl, Hindi, Xbal, BamUl, Xmal, Smal, Kpnl, Sacl and EcoRl.
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VI. FUNCTION ANALYSIS OF CLONED GENES BY HOMOLOGOUS
RECOMBINATION

Gene disruption and gene replacement are the two most commonly used
strategies to create a specifically blocked mutant and thereby to determine the function
of a cloned gene. Gene disruption requires a vector carrying an internal fragment of the
gene of interest, while gene replacement requires a plasmid carrying an inactivated form
of the gene. Plasmids carrying DNA sequences homologous to sequences in the host
chromosome often cannot be maintained autonomously, and undergo Campbell-type
recombination. This usually involves a single crossover between the homologous
sequence in the plasmid and chromosome (Campbell, 1962). If the plasmid carries a
complete gene, integration of the plasmid results in a duplication of the gene in the
chromosome, with the duplicated sequences being separated by the vector (Figure 11a).
The integrated plasmid can be excised through a second homologous recombination
between the duplicated sequences.
In gene disruption, integration through a single crossover creates two incomplete
transcriptional units (Figure lib); therefore, the gene of interest is no longer functional.
Plasmid excision can restore the wild-type gene, but such an event has been found to
occur at low frequency (MacNeil, 1992). In gene replacement, integration generates an
inactivated copy and a wild-type copy of the gene; these are separated by the vector
sequence (Figure lie). After a second homologous recombination between the
duplicated sequences, the integrated plasmid is excised; depending on the site of the
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Figure 11. Model for integration of plasmids by homologous recombination and its
applications in (a) plasmid integration, (b) gene disruption and (c) gene replacement.
R refers an antibiotic resistance gene.
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crossover, either the wild-type gene is restored or the inactivated gene is incorporated
(Figure lie). The efficiency with which recombinations take place is proportional to the
size of the homologous DNA sequence.
Since the first report on functional analysis of the act, s vy.:ie in yeast (Shortle
et al, 1982), gene disruption and gene replacement techniques have been widely used
to analyze the functions of cloned genes. In streptomycetes, the genes analyzed by these
techniques include developmentallyrelatedgenes, some genes in the glycerol utilization
operon, and some coding for sigma factors. However, most such genes have been in
antibiotic biosynthesis pathways. Since antibiotic biosynthesis genes are organized in
clusters of transcriptional units, gene disruption at various sites on the putative cloned
DNA, in conjunction with mutant characterization, can identify the transcriptional
organization of the genes.
Because gene disruption and gene replacement techniques rely on efficient
integration of plasmids, easy selection of host strains in which such an event has
occurred, a variety of host-vector systems have been developed for use in
streptomycetes.
Vectors with a temperature-sensitive origin of replication were developed based
on the naturallytemperature-sensitivereplicon of pSG5 from S. ghanaensis (Muth et al,
1989). These vectors are stably maintained attemperaturesbelow 34°C, but are lost from
host cells at a high frequency at 39°C. The application of these vectors for mutating
chromosomal genes was first demonstrated by disrupting the S. viridochromogenes pat
gene which is responsible for phosphinothricylalanylalanine resistance (Muth et al,
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1989). Vectors of this family were also used to disrupt the S. halstedii PKS genes; the
disruption verified that the PKS genes are responsible for spore pigmentation (Blanco
et al, 1992). Vectors derived from pSG5 have also been used to replace the ACP gene
in S. coelicolor (Khosla et al, 1992).
Non-replicative vectors are usually E. coli plasmids, lacking a Streptomyces
origin of replication. Strains in which integration occurs are recognized as transformants
by their growth on regeneration plates. Application of these vectors for gene disruption
requires that the host strain shows a high transformation efficiency. Such vectors have
been used successfully to analyze the genes for spiramycin and avermectin biosynthesis
in the producing strains (Streicher et al, 1989; Richardson et al, 1990; MacNeil et al,
1992). Recently, these non-replicative vectors have been equipped with a phage f1 origin
of replication for generating single-stranded DNA. Because it is not degraded by
restriction enzymes, single-stranded DNA is often more effective for integration than
double-stranded DNA in streptomycetes (Hillemann et al, 1991). The modified nonreplicative vectors have proven advantageous for functional analysis of the PKS genes
in S. griseus, and of xylanase-encoding genes in 5. lividans (Yu et al, 1994; Arhin et
al, 1994).
Segregationally unstable vectors, which contain the replicon of the SCP2*
plasmid of S. coelicolor but lack its partition function, are also useful in gene disruption
and gene replacement because they can be eliminated from host cells at high frequency
when grown without plasmid-based selection (Larson & Hershberger, 1986). Plasmid
pIJ4680 of this family was used as a delivery vector for functional analysis of the ACP-
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encoding gene of S. coelicolor (Khosla et al, 1992). Another plasmid of this family,
pHJL400, efficiently integrates into the S. griseofuscus chromosome when it carries
DNA with a sequence homologous to a region of the chromosome. Since it lacks the par
function of SCP2*, it is segregationally unstable in Streptomyces, and is lost at a high
frequency if maintained on media without thiostrepton selection. This makes pHJL400
a useful tool for gene disruption (Larson & Hershberger, 1990). Plasmid pU702, which
is stably maintained in most streptomycetes, is for unknown reasons lost at a high
frequency from 5a. erythrea transformants for unknownreasons.Therefore, the plasmid
has been widely used as a delivery vector in gene disruption and gene replacement in
this host (Vara et al, 1989; Weber et al, 1990),
During the lysogenic phase of its life cycle, thetemperatephage <K31 can form
prophage through site-specific recombination between the attP sequence on the phage
DNA and the atiB sequence in the host chromosome (Lomovskaya et al, 1980). To
facilitate the use of <E>C31 in gene disruption and gene replacement, attP-deleted
derivatives have been constructed. These form prophage only when they carry DNA
sequences homologous to regions of the host chromosome. Such phage vectors have
been used in disruption and replacement analysis of mmy genes involved in the
biosynthesis of methylenomycin A in S. coelicolor (Chater & Bruton, 1983), bldA which
is involved in S. coelicolor morphological and physiological differentiation (Piret &
Chater, 1985) and three sigma factor-encoding genes in S. coelicolor (Buttner et al,
1990).
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VII. THE ANGUCYCLINE GROUP ANTIBIOTICS

Angucyclines are a group of compounds derived from a characteristic angular
tetracyclic intermediate which is synthesized via a polyketide pathway (Figure 12a;
Dann et al, 1965; Kunstmann & Mitscher, 1966; Simpson, 1984; 1985; 1987).
Tetrangomycin and tetrangulol are the first two and the simplest angucyclines, and were
found in mid 60's (Figure 12b; Dann etal, 1965; Kunstmann & Mitscher, 1966). Since
then, more than one hundred augucyclines of microbial origin, including aquayamycin,
landomycins, vineomycins, urdamycins and kinamycins, have been found (Figure 12b;
for a review see Rohr & Thiericke, 1992). Biosynthesis studies on vineomycins,
urdamycins and kinamycins, known as non-classic angucyclines due to lack of an
apparent angular tetracyclic structure in the final products, verified that they are indeed
synthesized from an angular tetracyclic polyketide intermediate (Imamura et al, 1982;
Rohr et al, 1989; Sato & Gould, 1985).
The polyketide metabolites most closely related to the angucyclines are the
anthracyclines and the tetracyclines which also bear a tetracyclic structure moiety, but
arranged in a linear manner. The angucyclines and the anthracyclines have in common
the presence of a quinone chromophore, while the tetracyclines do not.
Studies of the biological activity of the angucyclines have indicated that most of
them exhibit weak antibacterial activity, especially against Gram-positive bacteria (Rohr
& Thiericke, 1992). Two members, PD-116779 and SS-228Y, have antitumor effects
(Okazaki et al, 1975; Kitahara et al, 1975; Kern et al, 1986). Since the antitumor
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activity of the anthracyclines is due to interaction of the chromophoric moiety into
DNA, the antitumor activity exhibited by PD-116779 and SS-228Y could likewise be
a property of the chromophore. Disruption of the aglycone portion of angucyclines
(which destroys the chromophore) causes a total loss of the biological activity (Henkel
& Zeeck, 1990; Henkel et al, 1989).

Vm. JADOMYCIN B

The survey of streptomycetes by Malpartida et al (1987) showed that actl was
a useful polyketide synthase gene probe. Among the organisms found to contain a
genomic DNA fragment that hybridized to actl was the chloramphenicol producer, S.
venezuelae UC2374; this strain had not hitherto been reported to produce a polyketide.
Independently, the chloramphenicol-producing strain S. venezuelae ISP5230 was found
to produce a second antibiotic activity when grown under stress (Ayer et al, 1991). The
second antibiotic was a mixture of pigmented compounds given the generic name
jadomycins. The main component in the mixture produced during growth at 37°C on a
defined galactose-isoleucine medium was the glycosylated derivative jadomycin B
(Figure 1). It has a novel benzoxazolophenanthridine structure, unusual in that it
incorporates a nitrogen atom in an angulartetracyclicframework. The angular aromatic
parent structure of jadomycin B seems likely to be synthesized through a polyketide
intermediate (Figure 2); this is supported by isotopic labelling (S.W. Ayer, personal
communication), and could account for the discovery of an ac/I-hybridizing fragment
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in S. venezuelae. These preliminary observations place jadomycin B in the angucycline
group of antibiotics.
The association of jadomycin B production with stress, notably with higher than
normal growth temperatures, suggested that initiation of the biosynthesis system might
be linked to the heat shock response (Doull et al, 1993; 1994). Preliminary work
showed that in both heat-shocked (42°C, 1 hour) cultures and cultures grown at a higher
than normal temperature (37°C),. the pattern of jadomycin B accumulation was similar;
titres peaked soon (8-12 h) after the temperature shift (Singh, 1992), suggesting that
genes for jadomycin B biosynthesis are transcribed for only a short period following the
heat stress. It was noteworthy that heat shock had to be applied between 6 and 9 h after
inoculation of cultures for optimum jadomycin B production. This growth-stage
dependency is a commonly observed feature of the heat shock response (Lindquist,
1986).

Material and Methods

I. Bacterial Strains, Plasmids and Phages

All bacteria, plasmids and phages used in this study are described in Table 2.

II. Chemicals and Biochemicals

Chemicals and solvents were of reagent grade unless otherwise stated.
Thiostrepton was a gift from S. J. Lucania of E.R. Squibb and Sons, New Brunswick,
NJ; 5-bromo-4-chloro-3-indolyl-fJ-D-galactopyranoside (X-gal) was from Diagnostic
Chemicals Limited, Charlottetown, P.E.I.; polyethelene glycol (PEG) 1000 used for
transformation was from Koch-Light, Haverhill, UK; sodium dodecyl sulfate (SDS) was
a specially purified grade from B.D.H. Inc., Toronto, Ont. Lysozyme, RNase A,
deoxyribonucleoside triphosphates (dNTPs), and ethidium bromide, were purchased from
Boehringer-Mannheim,

Montreal,

PQ.

Ampicillin,

kanamycin,

N-fris-

(hydroxymethyl)methyl-2-aminoethane sulphonic acid (TES), and isopropyl-[3-Dthiogalactopyranoside (IPTG) were purchased from Sigma Chemical Company, St. Louis,
Mo. Bacto-Agar, Bacto-Peptone, Bacto-Tryptone, nutrient broth, nutrient agar, yeast
extract, malt extract and casamino acids were purchased from Difco Laboratories,
Detroit, MI. Ultrapure DNA-grade agarose, N,N,N',N'-tetramethylenediamine (TEMED),
and ammonium persulfate were purchased from Bio-Rad Laboratories, Mississauga, Ont.
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Table 2. Bacterial strains, plasmids and phages

Strains

Genotype/phenotype

Source/Reference

Streptomyce venezuelae
ISP5230

wild type, jadomycin B producer

Stuttard (1982)

UC2374,13s

wild type, 13s is a natural variant

Ahmed & Vining (1983)

VS651

ISP5230 with integrated pJV63

this study

VS652

ISP5230 with integrated pJV63

this study

VS653

ISP5230 with free pJV62

this study

Escherichia coli
TGI

tilac-pro) supE thi hsdD5fF'
traD36 proA+B+ laclq lacZ/M\5

Carter et al. (1985)

ET12567

dam' dcm hsdM'

MacNeil et al. (1992)

LE392

del(/acIZY)6 galK2 gatV22 MetBl
trpR55 lambda"

Maniatis et al. (1982)

pHJL400

tsr, amp, lacZ' (bifunctional)

Larson & Hershberger (1986)

pBluescript

a phagemid derivative of pUC18
with an fl ori; T3 and T7 primer
binding sites

Stratagcnc

pIJ2345

pBR329 with a 2.2-kb actl insert

D.A. Hopwood

pIJ2346

pBR329 with a 1.1-kb actlll insert

D.A. Hopwood

pJV51/52

pHJL400 with a 2.3-kb Sacl insert of S.
venezuelae DNA; inserts in pIV51/52
are oppositely oriented

this study

Plasmids

Table 2. continued on page 45.

Table 2. continued.

pJV54/55

pSK+ with a 2.3-kb Sad fragment; inserts
in pJV54/55 are oppositely oriented

this study

pJV56/57

pSK+ with a 2.6-kb Pstl fragment containing
the C-terminal portion of ORF2; inserts in
pJV56/57 are oppositely oriented

this study

pJV58/59

pSK+ with a 2.6-kb Pstl fragment containing this study
ORF1 and N-terminal portion of ORF2; inserts
in pJV58/59 are oppositely oriented

pJV60/6l

pSK+ with a 2.4-kb Sacl fragment; inserts in
pJV60/61 are oppositely oriented

this study

pJV62

pHJL400 with a 0.6-kb Smal fragment
ofpJV51

this study

pJV63

pHJL400 with a 2.6-kb Pstl insert
of pJV56

this study

VCSM13

KmR, derivative of M13K07

Stratagene

X GEM-11

X replacement vector

Promega

lambda 8

XGEM-11 with a 9.3-kb insert
of S. venezuelae DNA

Ramalingam

LH2

XGEM-11 with a 16-kb insert
of S. venezuelae DNA

this study

LH7

^.GEM-11 with a 14-kb insert
of S. venezuelae DNA

this study

LH24

XGEM-11 with a 11-kb insert
of S. venezuelae DNA

this study

Phages
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rrw-(Hydroxymethyl)aminomethane (Tris-HCl) in technical and ultrapure grades,
ultrapure urea, Liqui-gel acrylamide solution (19:1) and [a-3SS]dCTP were purchased
from ICN Biochemicals, Cleveland, OH. Restriction endonucleases, T4-DNA ligase, the
Klenow fragment of DNA polymerase I, exonuclease III and mungbean nuclease were
purchased from Bethesda Research Laboratories, Burlington, Ont.

III. Media
All media were heat-sterilized in an autoclave at 120°C and 15 psi for 20 min.
MYM medium (Stuttard, 1982), used for maintainng streptomycetes and for
growing cultures from which genomic and plasmid DNA were isolated, contained:
Maltose
Yeast extract
Malt extract
Agar
Distilled water to

4.0
4.0
10.0
15.0
1000

g
g
g
g
ml

The medium was adjusted to pH 7.0 with NaOH before addition of agar.
To select thiostrepton-resistant Streptomyces colonies grown on MYM-agar,
thiostrepton was added at a final concentration of 20 p^g.ml"1.
For plasmid DNA isolation, the medium was supplemented with thiostrepton to
a final concentration of 5 (ig-ml"1.
To grow Streptomyces cultures for genomic DNA isolation, agar was not added,
instead, after autoclaving, 2.5 M MgCl2.6H20 was added to a final concentration of 5
mM.
MYEME medium (Aidoo et al, 1990), used to grow S. venezuelae for preparing
protoplasts, contained:
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Yeast extract
Bacto-Peptone
Malt extract
Maltose
Sucrose
Distilled water to

3.0
5.0
3.0
10.0
103.0
1000

g
g
g
g
g
ml

The medium was adjusted to pH 7.5 with NaOH. After autoclaving, the following
sterile solutions were added:
10% glycine to

1.0%

2.5 M MgCl2 to

0.005 M

R5N medium (Aidoo et al, 1990), used for S. venezuelae protoplast regeneration,
contained:
Sucrose
K2S04
Maltose
Yeast extract
Casamino acids
TES buffer
Distilled water to
Agar

103.0
0.25
10.0
5.0
0.1
5.73
1000
22.0

g
g
g
g
g
g
ml
g

The medium was adjusted to pH 7.0 with NaOH before addition of agar. After
autoclaving, the following sterile solutions was added:
lOx trace element solution
0.5%(w/v) KH2P04
5.0 M CaCl2
20%(w/v) proline

0.2
10.0
4.0
15.0

ml
ml
ml
ml

The lOx trace element solution coiitaini
ZnCl2
FeCl3- 6H 2 0
CuCl22H20
MnCl24H20
NaAOylOHp
(NH4)6Mo70244H20

0.4
2.0
0.1
0.1
0.1
0.1

g
g
g
g
g
g
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Distilled water to

1000 ml

Soft nutrient agar (SNA, Hopwood et al, 1985), used to overlay protoplasts
during transformations, contained:
Nutrient broth powder
Agar

8.0
3.0

g
g

Distilled water

1000 ml

The mixture was heated in a microwave oven to melt the agar, and divided into
25-ml aliquots before autoclaving.
TB medium (Sambrook et al, 1989), used to culture E. coli, contained:
Bacto-Tryptone
NaCl

10.0
5.0

g
g

Distilled water to

1000 ml

LB medium (Sambrook et al, 1989) used to culture E.coli, contained:
Bacto-Tryptone
Bacto-Yeast extract
NaCl
Distilled water to
Agar

10.0
5.0
5.0
1000
15.0

g
g
g
ml
g

The medium was adjusted to pH 7.5 with NaOH.
TB top agar (Sambrook et al, 1989), used for phage titration, contained:
Bacto-Tryptone
NaCl
Agar

1.0
0.5
0.8

g
g
g

Distilled water to

100

ml

Immediately before use, the agar was melted in a microwave oven; when the
solution had cooled to 60°C, 1 ml of 1 M MgS0 4 was added.
TB top agarose, used when phage DNA was isolated, was prepared in the same
way as TB top agar except that agar was replaced with agarose.
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TBG medium (Sambrook et al., 1989), used to grow E. coli for isolating singlestranded templates for sequencing, contained:
Bacto-Tryptone
Yeast extract
Glycerol
Distilled water to

1.2
0.2
0.4
90

g
g
ml
ml

After autoclaving, the solution was supplemented with 1.8 ml of 20%(w/v)
glucose and 10 ml of a solution containing 0.17 M KH2P04 and 0.72 M K2HP04.
Galactose-isoleucine medium (Doull et al, 1994), used to grow S. venezuelae for
r

cin B production, contained:

Isoleucine
MgS04
K2HP04
KH2P04
Salt solution
Mineral solution
FeS04.7H20 (0.2% w/v)
distilled water to

3.9
0.2
1.16
0.5
9.0
4.5
4.5
900

g
g
g
g
ml
ml
ml
ml

The medium was divided into 45-ml aliquots. Galactose (30 g) was prepared separately
and dissolved in 100 ml distilled water. After autoclaving, 5 ml of galactose solution was
added to each 45-ml aliquot.
Salt solution contained 1% w/v NaCl and 1% CaCl2
Mineral solution contained:
ZnS04.7H20
CuS04.5H20
MnS04.4H20
H3BO3
(NH4)6Mo7024.4H20
Distilled water to

880
39
6.1
5.7
3.7
1000

mg
mg
mg
mg
mg
ml
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IV. Buffers and Solutions

Lysozvme buffer (pH 8.0), used to lyse cells for DNA isolation, consisted of 0.3
M sucrose, 25 mM Tris-HCl, and 25 mM EDTA. Immediately before use, lysozyme was
added at a final concentration of 2 mg.mi"1,
STET buffer (Sambrook et al, 1989), used to isolate plasmid DNA, consisted of
0.1 M sodium chloride, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0) and 5%(v/v)
Triton X-100.
Buffered phenol was prepared by mixing equal volumes of phenol and 0.1 M Tris
(pH 8.0) until the pH of the phenol phase was above pH 7.8. 8-hydroxyquinoline was
added as an antioxidant to a final concentration of 1.0 mg.ml"1.
Acid phenol/chloroform was prepared by mixing equal volumes of phenol and
chloroform and adding 8-hydroxyquinoline (1.0 mg.ml'1).
Neutral phenol/chloroform was prepared by mixing phenol/chloroform (1:1) with
0.5 volumes of 1 M Tris-HCl (pH 8.8). The mixture was shaken several times and
allowed to settle. Once the phases had separated, the upper phase was replaced with an
equal volume of 0.1 M Tris-HCl (pH 8.0), and the mixture was inverted several times
and stored in a brown bottle.
TE (pH 8.0), used to dissolve DNA, consisted of 1 mM EDTA and 10 mM TrisHCl.
TAE buffer (Sambrook et al, 1989) for agarose gel electrophoresis was prepared
as a 50x stock solution containing:
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Tris-base
Glacial acetic acid
0.5 M EDTA (pH 8.0)
Distilled water to

242
57.1
200
1000

g
ml
ml
ml

TBE buffer (Sambrook et al, 1989) was prepared as a 5x stock containing:
Tris-base
Boric acid
0.5 M EDTA (pH 8.0)

108
55
40

g
g
ml

Distilled water to

2000 ml

For polyacrylamide gel electrophoresis, it was diluted to 0.5x before use; for agarose
electrophoresis, it was mixed with 10% SDS to give a final concentration of lx TBE
buffer and 0.05% SDS.
Ammonium persulfate (25% w/v) for polymerization of polyacrylamide was
dissolved in water immediately before use.
Standard sequencing gel solution consisted of :
Distilled water
5x TBE
Liqui-gel solution*
Ultrapure urea

134
50
62.5
210

ml
ml
ml
g

*Liqui-gel solution consisted of a stabilized 40% (w/v) aqueous solution of acrylamide
and bis-acrylamide (19:1).
The urea was slowly added to the first three components of the mixture and dissolved
by gently heating for 15 min with constant stirring. The resulting solution was brought
to a final volume of 500 ml with distilled water. The solution was filtered through a 0.45
p: pore-size membrane and degassed under vacuum for 20 min. The solution was then
stored in a dark-glass bottle at 4°C for up to two months.
Solutions used for hybridization: 20x SSC contained 3 M NaCl and 0.3 M
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trisodium citrate; 20x SSPE cotained 3.6 M NaCl, 0.2 M sodium monobasic phosphate
and 0.02 M EDTA. Denaturing solution contained 1.5 M NaCl and 0.5 M NaOH.
Neutralizing solution contained 1.5 M NaCl, 0.5 M Tris-HCl (pH 7.2) and 1 mM EDTA.
lOOx Denhardt's reagent contained 2%(w/v) BSA, 2%(w/v) Ficoll and 2%(w/v)
polyvinylpyrrolidone; Pre-hybridization solution contained 5x SSPE, 5x Denhardt's
reagent, 0.5%(w/v) SDS and 100 M-g.ml'1 of sheared herring sperm DNA; Hybridization
solution was the same as pre-hybridization solution but supplemented with [a3ZP]dCTPlabelled or DIG-labelled probe.

Solutions used for detecting DIG-labelled probe:
Buffer 1 contained 0.1 M maleic acid and 0.15 M NaCl. Solid NaOH was used
to adjust pH to 7.5.
Blocking stock solution contained blocking reagent (supplied in the kit) in Buffer
1. The powdered reagent was added slowly to Buffer 1, with heating, to give a
concentration of 5% (w/v). The stock solution was autoclaved and stored at 4°G
Buffer 2 contained 1% blocking reagent in Buffer 1.
Buffer 3 contained 10 mM Tris-HCl, 100 mM NaCl and 50 mM MgCl2. It was
adjusted to pH 9.5.
Solutions used for transformation of S. venezuelae:
P buffer contained:
Sucrose
Potassium sulfate
Magnesium sulfate heptahydrate
lOx Trace element solution*

103
0.25
2.02
0.2

g
g
g
ml
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Distilled water to
800 ml
* same as used for preparing R5N medium.

25% PEG 1000 contained 0.5 g PEG 1000 in 1.5 ml P buffer.

V. Maintenance of stocks
A. Bacterial stocks
E. coli stock -— was prepared by mixing an overnight culture with sterile 100%
glycerol in a 4:1 ratio. The mixture was kept at -70°C.
Streptomyces stock —- was prepared by dislodging spores with an inoculation
loop from the surface of a well sporulated Streptomyces culture on agar in a Petri dish
containing 10 ml sterile distilled water. The suspended mixture was agitated by vortexing
and then filtered through sterile nonabsorbent cotton wool. The filtered solution was
centrifuged at 6000 rpm for 10 min and the supernatant was decanted. The spore pellet
was resuspended in 20% (v/v) aqueous glycerol and stored at -20°C.

B. Lambda phage stock
Phages were eluted into 1 ml sterile SM buffer and a drop of chloroform added.
The mixture was stored at 4°C. For long term storage, lambda phages were eluted into
SM buffer containing 7% DMSO, and stored at -70°C.
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VI. Culture Conditions

A. Cultures for genomic DNA extraction
For genomic DNA extraction, Streptomyces spores were inoculated in MYM
medium supplemented with 2.5 M MgCl2.6H20 to a final concentration of 5 mM.
Mycelium was harvested after 24-48 h incubation at 30°C on a rotary shaker at 220 rpm.

B. Cultures for plasmid DNA isolation
a. Streptomyces
Streptomyces strains containing plasmids were inoculated in 2 ml MYM medium
containing 5-10 fig.mT1 thiostrepton and 5 mM MgCl2.6H20. Mycelium was harvested
after 24-48 h incubation at 30°C on a rotary shaker at 220 rpm.
b. E. coli
For routine plasmid screening, E. coli colonies were patched on LB plates
containing 100 Hg.ml"1 ampicillin. Cells were harvested after overnight incubation at
37°C.
For large-scale plasmid DNA isolation, E. coli strains were grown in 25 ml LB
medium containing 100 lUg.ml"1 ampicillin. The inoculum was kept as small as possible.
Cells were harvested by centrifugation after overnight incubation at 37°C.

C. Cultures for phage DNA isolation
Pretitred phage was mixed with E. coli LE392 and incubated for 15 min at 37°C.
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The mixture was added to 7 ml molten TB top agarose supplemented with 10 mM
MgS04 and used to overlay LB agar in a 15-cm plate. After the top agarose had
hardened, the plate was inverted and incubated at 37°C overnight. Phage lysates were
eluted into 10 ml SM buffer by gently shaking for 2 h at room temperature.

D. Cultures for single-stranded DNA isolation
An E. coli colony containing a phagemid was used to inoculate 2 ml of TBG
medium containing ampicillin (100 iig.mr1). Helper phage VCSM13 was added at 5xl0H
to lxlO9 pfu.ml1. After 1.5-h incubation at 37°C with shaking at 220 rpm, to allow the
phage to infect the cells, kanamycin was added to a final concentration of 75 Jig.ml"1 and
incubation was continued for 16-20 h.

E. Cultures for protoplasting
S. venezuelae was grown in MYEME medium supplemented with 10%(w/v)
glycine and 2.5 M MgCl2.6H20 to a final concentration of 1% and 5 mM, respectively.
Cultures were shaken at 30°C and 220 rpm for 24 h.

F. Cultures for jadomycin B production
To prepare a vegetative inoculum, S. venezuelae was grown in MYM medium for
24 h. Mycelium collected from the culture by centrifugation was incubated in a
galactose-isoleucine medium (Doull et al, 1994) at 27°C for 6 h. The culture was then
supplemented with absolute ethanol to a final concentration of 6%, and incubated at 27°C
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for a further 48-72 h.

VII. Assay

A. HPLC detection of jadomycin B
Jadomycin B was chromatographed on a 4.6x80 mm reverse phase C-18 column
with an acetonitrile-water-trifluoroacetic acid solvent system. The presence of jadomycin
B in the elute was detected by measuring absorbance at 313 nm. Jadomycin B was
eluted at a flow rate of 1 ml min"1 with a linear gradient from 50:50 acetonitrile (0.1%
trifluoroacetic acid) - water (0.1% trifluoroacetic acid) to 100% acetonitrile (0.1%
trifluoroacetic acid) over 20 min.

VIII. DNA Manipulations

A. Isolation of Streptomyces genomic DNA
The procedure of Hopwood et al. (1985) was used. Mycelium from a 2-ml culture
(ca. 0.05 g) was collected by centrifugation and resuspended in 600 ul of lysozyme
buffer containing 50 ug.ml'1 RNaseA. The mixture was incubated at 37°C for 30 min.
After incubation, 300 ul of 2% SDS was added and the contents were mixed
immediately by inversion several times. Neutral phenol/chlorofonn (300 ul) was added
to the mixture and the contents were mixed, thoroughly but gently, by inversion several
times until the two phases were uniformly dispersed. Phase separation was achieved by
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centrifugation at 10,000 g for 5 min. The clear upper layer was transferred with a widemouth tip to a new 2-ml Eppendorf tube, and re-extracted with neutral phenol/chloroform
to give a clear interphase boundary. The upper (aqueous) phase was transferred to a new
tube containing 0.1 volume of 3 M sodium acetate (pH 5.2) and 1 volume of
isopropanol. The contents were mixed gently and stored at -20°C for 15 min. Genomic
DNA was pelleted by centrifugation at 10,000 g for 10 min, washed once with 70%
ethanol, and vacuum-dried for 30 min. The genomic DNA pellet was dissolved in 30-50
ulTE.

B. Isolation of plasmid DNA
Streptomyces and E. coli plasmid DNA was isolated by the alkaline lysis
procedure as described by Hopwood et al. (1985). Mycelium or cells were suspended in
500 ul of lysozyme buffer and incubated for 30 min at 37°C for streptomycete
mycelium, or 0°C for E. coli cells. Then 250 |ll of 2% SDS in 0.3 M NaOH was added
and the components were mixed immediately and thoroughly to achieve rapid lysis. The
lysate was then incubated at 70°C for 15 min and allowed to cool to room temperature.
Acid phenol/chloroform (100 ul) was added and the two phases were mixed by vigorous
agitation. The two phases were separated by centrifugation at 10,000 g for 5 min. The
clear upper phase was transferred to a new 2-ml Eppendorf tube and extracted once with
chloroform/isoamyl alcohol. The upper aqueous phase was transferred to a new tube
containing 0.1 volume of 3 M sodium acetate and 1 volume of isopropanol. The phases
were mixed by inversion several times, and kept at -20°C for 15 min. The DNA was
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pelleted by centrifugation and resuspended in 30 ul TE.

C. Isolation of lambda DNA
Lambda DNA was isolated as described by Meese et al. (1990). The phage
eluates (7 ml) were applied to a column (10 x 1 cm) of DEAE-cellulose (Whatman
DE52, Mandel Scientific Company, Guelph, Ont.), and the column was washed with 2
ml LB medium. To the combined effluent NaCl was added to 0.07 M and the phage was
precipitated with 2 volumes of ethanol. Phage particles were recovered by centrifugation
and washed with 70% ethanol. The pellet was resuspended in 2 ml TE buffer containing
2% SDS, and lysed by adding 2 ml buffered phenol. The contents were mixed by
vigorous shaking and the two phases were separated by centrifugation at 10,000 g for
5 min. The upper phase was re-extracted with buffered phenol, and the clear upper phase
was transferred to a new tube. The lambda DNA was precipitated by adding 0.1 volume
of 3 M sodium acetate (pH 5.2) and 2 volumes of ethanol.

D. Isolation of single-stranded DNA template for sequencing
The procedure of Vieira and Messing (1987) was modified. To 1.2 ml of culture
broth (containing phage) in a 2-ml Eppendorf tube, 200 ul of 20% (w/v) PEG 8000 in
2.5 M NaCl was added. The contents were mixed by inverting several times and kept
at 4°C for 30 min. The phage particles were recovered by centrifugation at 13,000g for
15 min. The supernatant was decanted and completely removed by recentrifugation for
30 s and withdrawing all of the residual supernatant with a pipette. The pellet was
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dissolved in 100 ul TE buffer by tapping and vortexing. The phage suspension was
extracted with buffered phenol. The aqueous phase was transferred to a new tube, and
the single-stranded DNA template was precipitated by adding 0.1 volume of 3 M sodium
acetate and 2 volumes of 100% ethanol.

E. Restriction enzyme digestions and ligations of DNA
Conditions and procedures for carrying out restriction endonuclease digestions or
ligations were generally those recommended by the enzyme supplier. DNA (0.5-1.0 ug)
in TE buffer was mixed with 2 ul of lOx reaction buffer and 1 to 2 ul (5-10 U) of
restriction enzyme, and made up to a final volume of 20 ul with distilled water. The
reaction mixture was then incubated for 2 h or longer at 37°C (or as recommended by
the enzyme supplier).
In subcloning procedures where ligation was required, a 2:1 molar ratio of the
insert and vector DNA in TE buffer were mixed with lOx ligation buffer to give a final
concentration of lx. 1 U of T4 DNA ligase (New England Biolabs) was added. The
reaction mixture was made to a desired final volume with distilled water and incubated
for 1 h at room temperature.

F. Gel electrophoresis
a. Agarose gel electrophoresis
Agarose gels (0.6-1.4%) in lx TAE buffer were used routinely for electrophoresis
of DNA. Usually agarose was melted in lx TAE buffer by heating to boiling for 2 min
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in a microwave oven. The solution was allowed to cool for 10 min, then poured into a
gel tray with a comb at one end, and allowed to harden for 20 min. The gel was then
submerged in TAE buffer in an electrophoresis tank. Electrophoresis was normally
carried out at room temperature at 80 V for lh.
For restriction mapping, a 0.4% agarose gel was prepared in Tris-phosphateEDTA buffer (80 mM Tris-phosphate pH 8.0; 8 mM EDTA) at 4°C. Electrophoresis was
carried out at 35 V for 72 h at 4°C.

b. Polyacrylamide gel electrophoresis
The acrylamide gel (6%) was prepared in lx TBE. Electrophoresis was carried
out at a constant temperature of 55°C for 1-3 h. The voltage was adjusted to keep the
temperature constant.
The gel was fixed in aqueous of methanol (10% v/v) and acetic acid (10% v/v)
for 30 min and vacuum dried (Bio-Rad Dryer, Model 583) for 1 h. The dried gel
(unwrapped) was autoradiographed by exposure to an X-ray film (Kodak, X-omat AR)
at room temperature for 18 h. The film was developed in an automated X-ray film
developer.

G. Elution of DNA from agarose gels
A GENECLEAN®kit (Bio/Can Scientific) was used to elute DNA from ultrapure
agarose gels. The appropriate DNA bands were located under UV light and excised with
a sterile razor blade. The gel slice was suspended in 2-3 volumes of saturated sodium

I
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iodide solution in an Eppendorf tube and dissolved by incubation at 55°C for 2-3 min.
The solution was then mixed with 5 ul of Glass Milk and the mixture was incubated on
ice for 10 min. The Glass Milk with DNA adsorbed was then pelleted by brief
centrifugation and the supernatant was discarded. The pellet was washed three times with
0.5 ml of chilled New Wash solution. The DNA was eluted by incubating the pellet in
20 ul TE buffer for 5 min at 55°C. The mixture was again centrifuged and the
supernatant was collected.

H. Generating nested, overlapping deletions
The products of a typical sequencing reaction can be fractionated by
polyacrylamide gel electrophoresis to yield sequence data for only 250-350 nucleotides.
To sequence larger fragments, it is necessary to create a set of overlapping deletions
covering the entire length of the fragment. The structure of pBluescript E (Figure 13)
provides a convenient system for subcloning and generating nested overlapping deletions.
The recombinant phagemid was restricted first with two restriction enzymes
within the polylinker region at the priming end of the cloned fragment to create a 5'overhang close to the fragment, and a 3'-overhang nearer the primer-binding site (Figure
14). Restriction enzymes such as Sad, Kpnl and Pstl could be used to create 3'overhangs, whereas Hindlll, Clal and EcoRl which cut rarely in Streptomyces DNA
could be used to generate 5'-overhangs. Approximately 2 ug doubly-restricted DNA was
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\\ n (+) origin
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Figure 13. Restriction map of pBluescript II SK+. The polylinker is between the
Sad and Kpnl sites in the lacZ region of the plasmid; it contains sites for Sad,
BstXl, Sacll, Notl, Eagl, Xbal, Spol, BamUl, Smal, Pstl, EcoRl, EcoRV, Hindlll,
Clal, SaH, Acd, Hindi, Xhol, Apal, Drall and Kpnl. The T3 and T7 priming sites
flank the polylinker region.
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Figure 14. Schematic representation of the procedure for creating nested
deletions with exonuclease III. T'3 and T7 are the universal primer
binding sites.
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digested at 37°C for increasing lengths of time with 20 units of exonuclease III in the
presence of lx exonuclease III reaction buffer. Since exonuclease III recognizes 5'overhangs and catalyzes the progressive removal of nucleotides from its complementary
strand, while leaving 3'-overhangs intact (Figure 14). Usually 2 ul of samples were
removed at 15 s intervals and pooled in a tube containing 5x mungbean nuclease buffer.
The final mixture in lx mungbean nuclease buffer was digested with 20 U of mungbean
nuclease for 10 min at 37°C to remove the unpaired 3'-single stranded portions from
both ends of the DNA molecules (Figure 14). The reaction mixture was neutralized with
1.0 M Tris-HCl (pH 8.0) and heated at 70°C for 5 min to inactivate the nuclease. A
small portion of the mixture was examined by agarose gel electrophoresis. The singlestranded ends of the DNA were filled in by incubation at room temperature for 20 min
with 2 U of Klenow fragment in the presence of 5 mM MgCl2 and 1 mM dNTPs to fill
in any overhangs left after mung bean nuclease treatment. The blunt-ended products were
circularized by incubating in lx ligase buffer containing 1 U of T4 DNA ligase at room
temperature overnight. A portion of the ligation mixture was digested with a restriction
enzyme to linearize any plasmid that had escaped digestion with exonuclease III and the
digested products were used to transform E. coli TGI. Transformants were screened for
phagemids that differed in size by approximately 250 bp through the entire DNA
fragment to be sequenced.

I. DNA sequencing reactions
A Sequenase® Version 2.0 DNA Sequencing Kit (United States Biochemical)
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was used as described by the supplier. Briefly, 1 ul of a synthetic (17-mer)
oligonucleotide primer (3-18 ng) was mixed with 2 ul of 5x Sequenase Reaction Buffer,
and 7 ul of single-stranded template DNA (ca. 1 ug). The mixture was heated at 65°C
for 2 min, allowed to cool slowly to 30°C over 30 min, then placed on ice and used
within 4 h. To start the labelling reaction, 10 ul of 0.1 M dithiothreitol, 2 ul of diluted
labelling mix and 0.8 ul of [oc-35S]dCTP (1000 Ci.mmol"1, lOuCi.uT1) were mixed with
2 ul of diluted Sequenase. After incubation at room temperature for 2-5 min, 3.5 ul
aliquots were transferred to the inside walls of four microfuge tubes containing 2.5 ul
of a pre-warmed (42°C) dideoxy-termination mixture for either G (ddG), A (ddA), T
(ddT), or C (ddC). The termination reactions were initiated by briefly centrifuging the
microfuge tubes at 13,000 g. The reactions were incubated at 45°C for 5 min, then 4 ul
of Stop solution were added to the inside wall of each tube, and the reactions were
stopped by centrifuging briefly at 13,000 g. The samples were stored at -20°C for up to
2 v/eeks. Before samples were loaded on a sequencing gel, they were heated at 95°C for
2 min and then quickly cooled on ice for 2 min.
To determine the sequence of the template DNA to within 10-15 nucleotides of
the primer, 1 ul of Mn-buffer (supplied with the kit) was added to the labelling reaction.
To read DNA sequences at greater than 200 nucleotides from the primer, undiluted
labelling mix was used in the labelling reaction.

J. Computer-assisted DNA sequence analysis
The DNA sequences were analyzed with programs of the GCG Sequence
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Analysis Software Package, version 7.0 (Genetics Computer Group Inc., Madison,
Wisconsin).

IX. Transformation

A. Streptomyces
a. Formation of S. venezuelae protoplasts
The procedure was based on those of Hopwood et al. (1985) and Aidoo et al
(1990). Mycelium harvested by centrifugation from 24-h cultures in 10 ml of MYEME
was washed twice with 5 ml of 7.32%(w/v) mannitol. The pellet was resuspended in 2
ml of filter-sterilized P buffer supplemented with 2 mg.ml"1 of lysozyme and then
incubated at 30°C for 1-2 h until observations with a phase-contrast microscope (40x
objective lens) indicated that protoplast formation was complete. The suspension was
gently mixed during incubation by pipetting up and down several times and was finally
diluted with 3 ml of P buffer. The protoplast suspension (5 ml) was then filtered
aseptically through nonabsorbent cotton wool in a syringe and collected in a sterile
polypropylene tube. The protoplasts were pelleted by centrifugation at 5,000 rpm for 10
min, washed twice with P buffer and finally resuspended in 200 ul of P buffer.

b. Transformation of protoplasts
Using the procedure of Hopwood et al. (1985), 100 ul of protoplast suspension
was mixed with up to 10 ul of DNA in TE buffer; 200 ul of 25% PEG 1000 in P buffer
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was added immediately and mixed in thoroughly. After 2 min at room temperature, 150
pi of the mixture was gently spread on regeneration medium pre-dried for 4 h in a
laminar airflow hood. After 14-16 h incubation at 30°C, the plates were overlayed with
2.5 ml of soft nutrient agar. For selecting transformants carrying plasmids with
thiostrepton-resistance markers, the overlay contained enough thiostrepton for a final
plate concentration of about 25 ug-ml*1 . Transformants were usually observed after 4
days incubation at 30°C.

B. E. coli
a. Preparation of competent cells
Competent cells were prepared as described by Hopwood et al (1985). Usually,
0.5 ml of an overnight E. coli culture was used to inoculate 50 ml of LB medium
supplemented with 0.4 ml of 2.5 M MgCl2. The culture was allowed to grow for 1.5 h
at 37°C with shaking at 220 rpm. It was then cooled on ice for 10 min, transferred to a
pre-cooled centrifuge tube and centrifuged (3000 rpm) for 10 min at 4°C. The cell pellet
was resuspended in 10 ml of pre-cooled 0.1 M CaCl2 by gently tapping the tube, kept
on ice for 20 min. The cells were pelleted and resuspended in 4 ml of ice-cold 0.1 M
MgCl2 For long-term storage, 100% glycerol was added to a final concentration of 20%.
The competent cells were dispensed in 100 ul aliquots and stored at -70°C.

b. Transformation of competent cells
Competent cells (100 ul) were mixed with 0.1-0.2 ug of ccc plasmid DNA or 1-2
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ug of ligated open circular plasmid DNA in TE buffer or distilled water. The mixture
was incubated on ice for 20 min, and then heated at 40-45°C for 90 s. The heat-shocked
cells were quickly cooled on ice for 2-3 min, then mixed with 900 \i\ of LB medium,
and incubated at 37°C for 90 min to allow the cells to recover. Up to 200-ul portions of
the cells were spread on LB-agar supplemented with 100 ug.ml'1 of ampicillin. The
plates were incubated overnight at 37°C to detect ampicillin-resistant transformants. For
blue/white colony screening during subcloning experiments, LB-agar was supplemented
with 0.005%(w/v) X-gal and 0.05 mg.ml1 IPTG.

X. Hybridization

The procedures were supplied with the DIG DNA Labelling and Detection kit
(Boehringer Mannheim, Germany).

A. Southern hybridization
a. Transfer of DNA from an agarose gel to a nylon membrane
After electrophoresis, the agarose gel was stained with ethidium bromide and
photographed. It was then soaked in 0.25 N HC1 for 10 min to depurinate the DNA and
rinsed with distilled water. The gel was immersed for 30 min in denaturing solution at
room temperature with gentle shaking, then rinsed with distilled water and submerged
twice for 30 min in neutralizing solution. The DNA was transferred overnight to a nylon
membrane by capillary flow or vacuum filtration using lOx SSC buffer. After blotting,
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the membrane was gently washed in 5x SSC, air-dried for several minutes, and then
sandwiched between two sheets of Whatman 3MM paper and baked in a vacuum oven
at 80°C for 2 h. Alternatively, the DNA was fixed to the nylon membrane by crosslinking (exposing the membrane to 300 nm UV irradiation for 2-5 min).

b. Preparation of probes
The linearized DNA (ca. 0.2 ug) was denatured in boiling water for 10 min and
immediately chilled on ice for 2-3 min. The labelling reaction contained the following:
denatured DNA template
lOx hexanucleotide mixture
lOx dNTP labelling mixture
distilled water to
Klenow fragment (2U/ul, labelling grade)

0.2
2
2
19
1

ug
ul
ul
ul
ul

These were mixed thoroughly and incubated at 37°C for 4 h. Then 1.5 ul of 0.2 M
EDTA was added to stop the reaction. The probe was precipitated by adding 0.1 volume
of 4 M LiCl and 2-3 volumes of 100% ethanol and stored at -70°C for 30 min. The
precipitate was pelleted by centrifugation at 13,000g for 10 min, washed with 70%
ethanol and dried. The probe was completely dissolved in 50 ul of TE buffer and stored
at -20°C for up to 6 months. Before hybridization, the probe was denatured in boiling
water for 10 min and quickly chilled on ice.

c. Hybridization
The nylon membrane on which the DNA samples were immobilized was rolled
in a nylon mesh soaked in 5x SSC, and placed in a hybridization bottle with pre-warrned
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(65°C) prehybridization solution containing:
5x SSC (from 20x SSC stock)
2% blocking reagent (from 5% stock)
0.02%(w/v) SDS (from 10% stock)
0.1%(w/v) N-lauroylsarcosine (from 10% stock)
Distilled water
The membrane was "pre-hybridized" at 68°C for 2 h. Then the denatured probe was
added and the hybridization was allowed to proceed overnight at 68°C. The membrane
was then washed once with a 2x SSC/0.1% SDS mixture with shaking at room
temperature, and twice with a O.lx SSC/0.1% SDS mixture at 65°C for 1 h. The washed
membrane was examined for the presence of signals immediately or stored at 4°C and
used later.

d. Detection
The washed membrane was briefly rinsed in Buffer 1 and then soaked in Buffer
2 (20 ml of Buffer 2 for each 100 cm2 of membrane) with gentle shaking at room
temperature for 30 min. The membrane was then soaked in diluted anti-DIG-alkaline
phosphatase (1:10,000 in Buffer 2) at room temperature for 30 min with shaking. After
incubation, the membrane was washed twice with Buffer 1 with vigorous shaking. It was
then soaked in Buffer 3 for 2-5 min to adjust the pH, and transferred to diluted
lumigen™ PPD (1:100 in Buffe 3) for 5 min. The membrane was then placed DNA side
up on a sheet of Whatman 3MM paper and air-dried for 1 min (taking care to avoid
complete drying). The wrapped membrane was exposed to either X-ray (Kodak, X-omat
AR) or Kodak Ektapan film.
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B. Plaque hybridization
The pre-titred phage library and E. coli LE392 cells were mixed in 7 ml of top
agarose and plated on LB-agar in a 15-cm Petri dish. Infection was allowed to develop
overnight at 37°C until clear plaques were seen. The plate was chilled at 4°C for 1 h
before the next step, in which a membrane was carefully placed on the agarose surface;
its alignment was marked by piercing the membrane and agar with a sterile needle. The
membrane was removed after 1 min and placed for 7 min, plaque side up, on sterile
filter paper saturated with denaturing solution. It was then transferred (plaque side up)
to filter paper saturated with neutralizing solution for 3 min. This step was repeated, and
the membrane was finally transferred to a fresh filter paper and air-dried for 15 min. The
DNA was fixed to the membrane either by UV crosslinking or by baking at 80°C for 2
h.

C. Colony hybridization
The bacterial colonies were spotted on LB-agar in a Petri plate. They were
incubated at 37°C until the colonies had grown to a diameter of ca. 5 mm and chilled
at 4°C for 1 h. Subsequent steps were similar to those for plaque hybridization.

XL Construction of Restriction Maps

The procedure described by Kohara et al. (1987) was followed. Recombinant
lambda clones were partially digested with Sad, sites for which were present in the
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lambda polylinker region and inserts. Lambda DNA partially digested with Aval was
used as size markers. The 2.7-kb EcoRV fragment on the right end of lambda DNA was
used as the hybridization probe. The partial digests were resolved on a 0.4% agarose gel
in Tris-phosphate-EDTA buffer. Electrophoresis was carried out in a cold room at 15
V for 72 h.

Results

I. Probing S. venezuelae genomic DNA for PKS genes

A. Preparation of the probes
The previously identified acrt-hybridizing 1.8-kb Bglll-Sacl fragment in lambda
8 (Ramalingam, 1989) was retrieved as a Sacl-Sacl fragment (Figure 3). The actlE (1.1kb BamHl) fragment was available on plasmid pIJ2346. Both fragments were excised
and eluted from agarose gels and purified with GeneClean® for use in hybridizing
experiments.

B. Probing a S. venezuelae Sau3Al genomic library
To clone the complete PKS gene cluster, the 1.8-kb Sacl-Sacl fragment was used
to probe a S. venezuelae ISP5230 genomic library prepared in Lambda GEM-11 from
a partial 5aw3AI digest (Facey, 1994). Approximately 106 phages were plated on two 15cm diameter LB agar plates and incubated overnight. Phage DNA from plaques was
blotted on a nylon membrane and hybridized with the probe. The membranes were
washed twice at high stringency (O.lx SSPE/0.1% SDS, 65°C). Many potentially positive
signals were detected on the two blots. Agar plugs containing phage plaques
corresponding to 30 possible signals were taken from the plates and four were chosen
for further purification. Phages collected from the area corresponding to each of the four
positive signals were plated at low density to give well separated phage plaques. The
73
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phage DNA was blotted again on a nylon membrane and hybridized with the probe. Of
the single plaques that hybridized with the probe, six were saved. The homogeneity of
phage in the single plaques was tested by plating each isolate at low density and
hybridizing with the probe again. Five of six isolates, designated LH1, LH2, LH6, LH7
and LH24, were considered pure because hybridization signals were detected from every
single plaque. Three of them, LH2, LH7, and LH24, were subjected to a more detailed
analysis.

C. Sad-restriction mapping of DNA from the lambda clones
Because the only Sad sites in the vector DNA are in the polylinker regions at
either end of the central insert Q7igure 9), this enzyme was used to prepare restriction
maps of the S. venezuelae DNA inserts in the three lambda clones. The presence in Sad
digests of more than one DNA fragment in addition to the two vector arms indicated that
the inserts contained Sad sites. The Sad restriction maps of LH2, LH7 and LH24 are
given in Figure 15a. Based on the information in Figure 15a, the three clones shared an
overlapping DNA region, which was thus a potential hybridization target for the probe.

D. The actl and acffll-hybridizing regions
Southern hybridization was used to locate the regions hybridizing with actl and
actlll in the DNA inserts from the three lambda clones. When the blot of the separated
fragments from the SacI digests was probed with the 1.8-kb fragment, a single 2.3-kb
hybridization signal was detected in the DNA from LH2, LH7 and LH24 (Figure 16b).
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Figure 16. Southern hybridization of Sacl digests of X LH2, LH7 and LH24 with the
1.8-kb fragment and actlll probe.
a. Agarose gel electrophoresis of DNA digests; lane 1: //wdffl-digested X; lane 2: Saddigested lambda 8; lanes 3-5: Sacl-digested LH2, LH7 and LH24; lane 6: BamHldigested pU2345 (pBR329 with actl); lane 7: jSamHI-digested pIJ2346 (pBR329 with
actlll).
b. Autoradiogram of the membrane after transfer of DNA and hybridization with the 1.8kb fragment.
c. Autoradiogram of the membrane after transfer of DNA and hybridization with actlll.
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When the 1.8-kb probe was stripped off the nylon membrane and the same blot was
reprobed with actlll DNA, one strong and one weak hybridization signal, approximately
1.0-kb and 0.3-kb in size, was detected (Figure 16c). The Sacl restriction maps of the
X clones (Figure 15a) indicated that the 2.3, 1.0 and 0.3-kb fragments are adjacent.

II. Subcloning S. venezuelae DNA fragments

The 2.3-kb fragment hybridizing with the 1.8-kb probe was only marginally
separated by electrophoresis from a 2.4-kb fragment in the Sacl digests of the DNA
inserts from the lambda clones. To clone the region hybridizing with the 1.8-kb probe,
it was necessary to separate these fragments. In the strategy adopted, a mixture of the
2.3 and 2.4-kb fragments from a Sacl digest of LH7 was excised from an agarose gel
and the DNA fragments were recovered from the gel slice using GeneClean©. They were
then ligated with the Streptomyces-E. coli shuttle vector pHJL400 (Figure 10), which was
linearized with Sacl. The ligation mixture was used to transform competent E. coli TGI
cells. Of 35 white colonies screened by colony hybridization, four hybridized with the
1.8-kb fragment. Sacl digestion of plasmid DNA extracted from each of these four
colonies yielded a 2.3-kb fragment.
Two of the four plasmids (pJV51) gave fragments of 7.9 kb and 0.2 kb after
digestion with BamBl; the other two (pJV52) gave fragments of 2.1 kb and 6.0 kb
(Figure 17). Pstl digestion of pJV51 generated 1.7 and 6.4-kb fragments; Pstl digestion
of pJV52 gave two fragments of 0.6 kb and 7.5 kb. The results indicated that BamBl and
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Figure 17. Construction of pJV51 and pJV52. The 2.3- and 2.4-kb
fragments are shown as thick bars. Dashed line represents the S. venezuelae
DNA insert in LH7.
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Pstl each has a single recognition site within the 2.3-kb fragment and that the 2.3-kb
fragment is inserted in opposite orientations in pJV51 and pJV52 (Figure 17).
Because the acrl-hybridizing fragment cloned by Ramalingam (1989) is actually
a 1.8-kb Sacl-Bglll fragment, Bglll was used to digest pJV51 and pJV52 to see whether
there is a Bglll site on the 2.3-kb fragment. Digestion of either pJV51 or pJV52
produced only cne fragment, 8.1 kb in size. Because there is no 5g/n site on pHJL400,
this fragment of the size predicted for the linearized plasmids is consistent with a single
Bglll recognition site in the 2.3-kb fragment. Bgill-Sad double digestion of pJV51 (or
pJV52) produced fragments of 0.5, 1.8 and 5.8 kb, indicating that there is indeed a Bglll
site on the 2.3-kb fragment. Therefore, the 1.8-kb Sacl-Bglll actl-hybridizing fragment
is part of the 2.3-kb fragment (Figure 15b).

III. Sequencing of the PKS genes of 5. venezuelae

To sequence both strands of a DNA fragment in pBluescript II, clones containing
the fragment in the two orientations are required.

A. Subcloning of the 2.3-kb Sacl fragment of pJV51
The 2.3-kb Sacl fragment was recovered from a Sacl digest of pJV51 by excising
the appropriate band obtained by agarose gel electrophoresis. It was then ligated with
Sacl-digested pBluescript IISK+ and the ligation mixture was used to transform E. coli
TGI. Of five white colonies screened, all contained recombinant plasmid of the same
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size (5.2-kb). Sacl digestion of the plasmids extracted from these five colonies ail
regenerated a 2.3-kb fragment and a 2.96-kb fragment corresponding to linearized vector.
BamHl digestion showed that four of five plasmids (pJV54) produced 2.1 and 3.1-kb
fragments, while digestion of the other plasmid (pJV55) produced fragments of 5.0 kb
and 0.2 kb. Pstl digestion of pJV54 generated 0.6 and 4.6-kb fragments. Pstl digestion
of pJV55 produced fragments of 1.7 kb and 3.5 kb. The results indicated that the 2.3-kb
fragment was cloned in pSK+ in opposite orientations (Figure 18).

B. Subcloning of the 2.6-kb Pstl fragments
Since Bglll and Pstl each has only one recognition site on the 2.3-kb fragment,
digestion of LH7 DNA with Bglll or Pstl should generate two fragments that hybridize
with the 2.3-kb fragment (Figure 15b). This provides a way to clone the fragments to the
left and right of the 2.3-kb fragment.
To clone the two 2.3 kb-hybridizing fragments, LH7 DNA was digested with
BgHl and Pstl separately. Agarose gel electrophoresis gave three fragments of 8.5 kb,
11 kb and 27 kb in size from the BgHl digest. Because BgHl cuts the lambda right arm
(Figure 9a; 15b), the result indicated that there is only one Bglll site in the LH7 insert.
The 11-kb and 27-kb fragments generated upon digestion of LH7 with BgHl hybridized
with the 2.3-kb fragment. However, these two fragments are too big to be conveniently
cloned and studied.
Pstl digestion of LH7 DNA generated many fragments, three bigger than 4.3 kb,
four within the 2.0 to 4.0-kb size range, and three between 0.5 and 2.0 kb. The results
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indicated that Pstl cuts LH7 insert quite frequently. However, probing Pstl restriction
digests of LH7 with the 2.3-kb Sacl fragment gave a single hybridizing signal, 2.6-kb
in size. This could be explained only if two Pstl fragments of the same size had been
generated.
The mixture of 2.6-kb fragments from Pstl digests of LH7 was recovered from
an electrophoresis gel and ligated with pSK+ linearized with Pstl. The ligation mixture
was used to transform E. coli TGI. Of 15 white colonies analyzed, 11 contained plasmid
DNA of the desired size (approximately 5.6-kb). Digestion of these 11 plasmids with
Pstl yielded DNA fragments of 2.6 kb and approximately 3.0 kb. The latter corresponded
in size to the vector DNA.
Digestion of five of the eleven plasmids with Sacl established that the 2.6-kb
insert, to the right of the acfl-hybridizing region (encompassing the acflll-bybridizing
region; Figure 15b) was present in three of the five plasmids, and also that it was present
in both orientations with respect to the /ac-promoter of pBluescript IISK+. The plasmids
were designated pJV56 and pJV57 (Figure 19). Sacl digestion of the other two plasmids
indicated that the 2.6-kb insert contained the 1.7-kb acfl-hybridizing region (Figure 15b),
and was therefore different from the 2.6-kb fragment in pJV56/pJV57. Since the Sacl
digestion established that the 2.6-kb insert in these was present in opposite orientations,
the plasmids were designated pJV58 and pJV59 (Figure 19).

C. Subcloning of the 2.4-kb Sacl fragment from LH7
To clone the 2.4-kb Sacl fragment of LH7, a mixture of the 2.4-kb and 2.3-kb
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fragments from Sacl digests of LH7 (see Figure 15b) was recovered from an
electrophoresis gel and was ligated with Sacl-digested pSK+. Transformation of the
ligation mixture in E. coli TGI yielded many transformants. Of five white colonies
analyzed, three contained plasmids with the 2.4-kb insert, the other two contained
plasmids with the 2.3-kb insert. Digestion of the three plasmids containing the 2.4-kb
insert with Pstl established that the insert was present in two orientations. These
plasmids were designated pJV60 and pJV61 (Figure 20).

D. DNA sequencing
Approximately 80 transformant colonies from each fragment were screened for
plasmids that migrated between pBluescript IISK+ and the parental recombinant plasmid
(pJV54, pJV56 or pJV60). Clones containing deletion plasmids were infected with helper
phage VCSM13. The resulting single-stranded DNA from about 70 clones was used with
the T7 primer in dideoxy chain-termination sequencing reactions. Sequencing
compressions in some areas were resolved with 7-deaza-dGTP. However, the sequence
of inserts in the deletion plasmids failed to overlap adjacent DNA sequences at four
positions. These gaps were filled by synthesizing five 18-mer oligonucleotides designed
to bind to regions adjacent to the gaps. Sequencing reactions extending from these
synthetic primers allowed the construction of a contiguous 4900 nt DNA sequence
(Figure 21); the 2-kb DNA region near the right-hand end of the 2.4-kb Sacl fragment
(Figure 15b) still has a gap in it and its nt sequence is not included here. Both strands
of the three fragments were sequenced and the sequence of one strand agreed with that
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Figure 21. A schematic of the overall strategy used to sequence the 4.9-kb DNA
region in pJV54-57 and pJV60-61. The grey bar represents the DNAfragment.Thick
arrows below the bar represent the predicted open reading frames. Small arrows
represent the number, size and orientation of deletion clones used to derive the
sequence information. Dashed arrows represent the positions and directions of
sequences obtained with synthetic primers.
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produced from its complementary strand. Figure 22 shows the DNA sequence of one
strand.

IV. Sequence analysis of the 4.9-kb DNA fragment

Streptomycete DNA has a high proportion of guanine and cytosine (68-72%).
Therefore, codon usage is highly biased in favour of those with G or C nucleotides in
the third or degenerate position (Bibb et al, 1984; Wright & Bibb, 1992). The
CODONPREFERENCE program of the GCG sequence analysis software package
analyzes codon usage in a DNA sequence by comparing all six possible reading frames
with a pre-determined codon usage Table, and displays codon bias graphically. It was
used to identify open reading frames (ORFs) and the direction of transcription.
CODONPREFERENCE analysis of the S. venezuelae DNA sequence (Figure 22)
predicted five complete ORFs. The deduced amino acid sequence comparisons for each
ORF were performed using the GCG programs FASTA, COMPARE/DOTPLOT and
PILEUP.

A. Identifying open reading frames
The five ORFs located on strand A by the CODONPREFERENCE program were
designated ORFs 1-5 (Figure 23a). Coding regions revealed by GC bias in the third
codon position agreed very well with the coding regions defined by translational start
and stop codons. Codon usage in the five identified coding regions showed the general

90

Figure 22. Nucleotide sequence of the 4.9-kb Sacl-Aatll segment of S. venezuelae DNA
containing actl and acrlll-hybridizing regions. The deduced amino acid sequences for
five ORFs are given below the nucleotide sequence, Putative ribosome-binding sites
(RBS) and significant restriction enzyme recognition sequences are underlined.
Translational start codons are identified as the beginning of ORFs; asterisks identify stop
codons. This strand is designated strand A and its complementary strand is strand B.
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GAGCTCATCGAGCGGGCCAAGACCGACCCCCGCTTCGTGGGCATCAGCGAGGACCTGAAG
CCGTTCATCGAGGCCTACGACCCGGCCACCTGGCGCTCGCCCGCCGACGCCATGGCCACC
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GCACGGCCACCCGGGGCATCACCTTCTTCGACCCGACGCCGTTCCGCTCCCGGGTCGCCG
T A T R G I T F F D P T P F R S R V A A
CCGAGATCGACTTCGACCCGGAGGCCCACGGCCTCAGCCCGCAGGAGATCCGCCGCATGG
E I D F D P E A H G L S P Q E I R R M D
ACCGGGCCGCCCAGTTCGCGGTGGTCGCCGCGCGCGCCGTCGCCGACAGCGGCATCGACC
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TGGCCGCCCACGACCCGTACCGCGTCGGCGTCACCGTCGGCAGCGCCGTCGGCGCCACCA
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GAAGAGCGGCATCGGCCCGCTCACCCGCTTCGACCCCACCGGCTACCCGGCGCGCCTCGC
K S G I G P L T R F D P T G Y P A R L A
CGGCGAGGTGCCCGGCTTCGCCGCCGAGGAGCACCTGCCGAGCCGGCTGCTGCCGCAGAC
G E V P G F A A E E H L P S R L L P Q T
CGACCGGATGACCCGCCTCGCGCTGGTCGCCGCGGACTGGGCGCTGGCCGACGCGGGCGT
D R M T R L A L V A A D W A L A D A G V
CCGCCCCGAGGAGCAGGACGACTTCGACATGGGCGTGGTCACGGCCAGCGCCTCCGGCGG
R P E E Q D D F D M G V V T A S A S G G
Pstl
CTTCGAGTTCGGCCAGGGCGAGCTGCAGAAGCTGTGGAGCCAGGGCAGCCAGTACGTCAG
F E F G Q G E L Q K L W S Q G S Q Y V S
Bglll
CGCGTACCAGTCCTTCGCCTGGTTCTACGCCGTCAACAGCGGCCAGATCTCCATCCGCAA
A Y Q S F A W F Y A V N S G Q I S I R N
CGGCATGAAGGGCCCCAGCGGCGTGGTCGTCAGCGACCAGGCCGGCGGTCTGGACGCCGT
G M K G P S G V V V S D Q A G G L D A V
CGCGCAGGCCCGCCGACAGATCCGCAAGGGCACCCGGCTCATCGTCTCCGGTGGCGTCGA
A Q A R R Q I R K G T R L I V S G G V D
CGCCTCGCTCTGCCCCTGGGGCTGGGTGGCGCACGTCGCCTCCGACCGGCTCAGCACCAG
A S L C P W G W V A H V A S D R L S T S
CGAGGAGCCCGCCCGGGGCTACCTGCCCTTCGACCGCGAAGCCCAGGGCCACGTGCCCGG
E E P A R G Y L P F D R E A Q G H V P G
CGAGGGTGGGGCGATCCTCGTCATGGAGGCCGCCGAGGCGGCCCGGGAGCGCGGGGCCCG
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GATCTACGGCGAGATCGCCGGATACGGCTCCACCTTCGACCCCCGGCCGGGCAGCGGGCG
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CGAGCCCGGCCTGCGCAAGGCCATCGAACTCGCCCTGGCCGACGCCGGAGCGGCACCCGG
E P G L R K A I E L A L A D A G A A P G
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TGACATCGACGTCGTCTTCGCGGACGCGGCCGCCGTCCCCGAGCTCGACCGCGTCGAGGC
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CGAGGCCCTCAACGCCGTCTTCGGCACCGGCGCCGTCCCGGTCACCGCGCCCAAGACGAT
E A L N A V F G T G A V P V T A P K T M
GACCGGCCGGCTGTACTCCGGCGCCGCGCCGCTCGACCTGGCCGCCGCGTTCCTCGCGAT
T G R L Y S ' G A A P L D L A A A F L A M
GGACGAGGGCGTCATCCCGCCCACCGTCAACGTCGAGCCGGACGCCGCGTACGGCCTCGA
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TCACGGCGGCTTCAACTCCGCGATGGTCGTCCGTTCCGCGAACTGACCTTTCCCCCGCAG
H G G F N S A M V V R S A N *
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M S S K T F T L D D L
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CCGCATCGAGCGCGAGTACTCCATCACCCTCGACGACGACGTGCTGTCCGACGCCGACAC
R I E R E Y S I T L D D D V L S D A D T
CCCGCGCGCCCTCATCGAGGCCGTCAACGCGCACCTGTCGGCCGTCGCCGCCGCCTGACC
P R A L I E A V N A H L S A V A A A *
RBS
CACCCGACCGACACCGGCGCCCGTACCCGCCGCCGTACCGCCGCCCCCTGGCAGAGAAGA
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0RF5
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TGGCCCAGCGCGTCCGCCAGGGCTACGCCGCCGCGTACGAGACCTCCGAGGACGCCATCC 3660
A Q R V R Q G Y A A A Y E T S E D A I L
Xhol

TCGAGAAGTTCCAGTCGAAGATCCCGCTCGGCCGCTACTCCACGCCCGAGGAGGTCGCCG 3720
E K F Q S K I P L G R Y S T P E E V A G
GTCTCGTCGGCTACCTGGCCTCCGACACCGCGGCCTCCATCACCTCGCAGGCGCTCAACG 3780
L V G Y L A S D T A A S I T S Q A L N V
RBS
TCTGCGGCGGCCTGGGCAACTTCTGATCCCCGCACCCCCTCTCGCACCGTCCCGAGGAGT 3840
C G G L G N F *
ORF 4 >
TTCACGATGACGACCCGTGAGGTCGAGCACGAGATCACCGTCGCGGCCCCGGCCCAGGCC 3900
M T T R E V E H E I T V A A P A Q A
GTGTACCGGCTGATCGCCGAGGTGGAGAACTGGCCGCGGATCTTCCCGCCCACCCTCTAC 3960
V Y R L I A E V E N W P R I F P P T L Y
GTCGACCACGTCGAGCGCGGCGAGCGGGAGGAGCGCATCCGGATCTGGGCGACCGCCAAC 4020
V D H V E R G E R E E R I R I W A T A N
GGCGCCCCGAAGAACTGGACGTCCAAGCGGACCCTGGACCCGGACAACCTCCGGATCACC 4 080
G A P K N W T S K R T L D P D N L R I T
TTCCGCCAGGAGGTCTCCACCCCGCCGGTCGCCGCCATGGCGACCTGGATCATCGAGCCG 4140
F R Q E V S T P P V A A M A T W I
I E P
GTCTCCGCGACCGAGTCCGGATCCGCCTTGCTGCACGACTACCGGGCGATCGACGACGAC 4200
V S A T E S G S A L L H D Y R A I D D D
Sacl
CCCGAGGGCCTGAAGTGGGTCGACGAGGCCGTCGACCGCAACTCGCGCTCCGAGCTCGCC 42 60
P E G L K W V D E A V D R N S R S E L A
GCCCTCAAGACCAACGTCGAACTCGCCCACGCCTCCGAGGAGATCACCTTCTCCTTCGAG 4320
A L K T N V E L A H A S E E I T F S F E
GACACCGTGCAGATCGACGGCTCCGCCAAGGACGCCTACGACTTCGTCAACGAGGCGAAC 4380
D T V Q I D G S A K D A Y D F V N E A N
CTCTGGCCGGAGCGGCTGCCGCACGTCGCCACCGTGCGCTTCGAGGAGGAGACCCCGGGC 44 40
L W P E R L P H V A T V R F E E E T P G
Figure 22.
r>
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Pstl
CTGCAGAGCCTGGAGATGGACTCCCGGGCCAAGGACGGCTCCACCCACACGACGAAGTCG
L Q S L E M D S R A K D G S T H T T K S
TACCGGGTGACCTTCCCGCACCACCGGATCGCCTACAAGCAGATCACCCTGCCGGCGCTC
Y R V T F P H H R I A Y K Q I T L P A L
ATGACCCTGCACACCGGCTACTGGACGTTCGAGGAGAACGAGGACGGCGTCGCCGCCTCC
M T L H T G Y W T F E E N E D G V A A S
TCGCAGCACACGGTCGTCCTCAACACCGAGAACATCGCCCGGATCCTCGGCGCCGACGCC
S Q H T V V L N T E N I A R I L G A D A
ACCGTCGCCGACGCCCGCGAGTACGTGCAGACGGCGCTCAGCACCAACAGCCGGGCCACC
T V A D A R E Y V Q T A L S T N S R A T
CTCGGGTACGCCAAGGCCTACGCCGAGGGCAAGCGCTGACATGACGGAGCCCCGCCGGGC
L G Y A K A Y A E G K R *
AGGAGCGCCCGCACCGGAGTCCCCGGACGCCCCGGACACCCCGGTCCTCCTGGACGCCGA
Aatll
CGTC
Figure 22.

4500
4560
4620
4680
4740
4800
4860
4864

95

Figure 23. CODONPREFERENCE analysis of (a) strand A and (b) strand B for codon
bias, third position GC bias, rare codon usage and possible open reading frames. The
number of nucleotides is plotted on the X axis. The description at the left of the Y axis
gives the frequency of codon usage based on the codon usage Table of Wright & Bibb
(1992) for streptomycetes. The description at the right of the Y axis gives the average
GC usage at every third position in each codon. The upper curve shows the GC bias and
the lower curve shows the codon preference. Possible ORFs are shown as boxes beneath
the curves with short vertical lines that extend above the height of the box representing
translational start codons and short vertical lines that extend below the bottom of the box
representing translational stop codons. Rare codons are displayed as short vertical lines
just below the ORFs.
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trends for Streptomyces genes.
The first region of codon bias (ORF1) was detected in the third reading frame of
strand A. It started from a GTG codon at nucleotide (nt) 147-149 and extended to the
first in-frame stop codon TGA at nt 1413-1415.
The second region of codon bias (ORF2) was detected in the second reading
frame of strand A. ORF2 started from a ATG codon at nt 1412-1414 which had a 4-bp
overlap with the stop codon of ORF1. The first translational stop for ORF2 was a TGA
codon at nt 2624-2626. The third region of codon bias (ORF3) closely followed ORF2,
and was also in the second reading frame of strand A. This region of codon bias began
at nt 2669-2671 with an ATG translational start codon and ended at nt 2936-2938 with
a TGA stop codon, consistent with the drop in codon bias.
The fourth region of codon bias (ORF5) was in the third reading frame, and
began with an ATG translational start codon nt nt 3012-3014 and a TGA stop codon at
nt 3804-3806. After the TGA, the codon bias dropped abruptly and no other region of
codon bias was present in this reading frame.
The fifth region of codon bias (ORF4) was seen in the first reading frame. The
first translational start codon for the region was an ATG at nt 3845-3847, and the first
in-frame stop codon was a TGA at nt 4777-4779.
On the complementary strand (strand B), coding regions inferred from GC bias
in the second and third codon positions did not coincide with those suggested by
translational start and stop codons (see Figure 23b). Also the occurrence of rare codons
in these potential coding regions was too high for them to be ORFs.
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Translational start codons for each ORF were assigned by choosing the most
upstream ATG or GTG codon (Seno & Baltz, 1989) preceded by a putative ribosornalbinding site (RBS). The latter were recognized (Table 3) as appropriately positioned
sequences complementary to the 3'-end of S. lividans 16s rRNA (Bibb & Cohen, 1982).
The putative RBS for each ORF was located 6-11 nt upstream of the potential
translational start codon (Figure 22).

B. Codon usage
Table 4 shows the codon usage in ORFs 1-5. Codons rich in G or C were
preferred to those containing high A or T in all five ORFs.
Table 5 compares codon usage in 5. venezuelae ORFs 1-5 with average values
for Streptomyces genes. In general, the codons used most often in the five 5. venezuelae
ORFs are those that are used most frequently in Streptomyces.

C. Comparison of the deduced amino acid sequence of each ORF with database
sequences
Database searches in which the amino acid (aa) sequences deduced for ORFs 1-5
were compared with known gene sequences showed that they are very similar to those
of ORFs in the type n PKS gene clusters in S. coelicolor A3(2) for actinorhodin (act)
and the whiE spore pigment (Femandez-Moreno et al, 1992; Hallam et al, 1988; Davis
& Chater, 1990); they also resemble the PKS ORFs for granaticin (gra) in S.
violaceoruber (Sherman et al, 1989), tetracenomycin C (tcm) in S. glaucescens (Bibb
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Table 3. Comparison of putative rbs of five ORFs identified in Figure 22 with the
sequence complementary to the 3'-end of S. lividans 16s rRNA.

5. lividans 16s rRNA

5'- AGAAAGGAGGTGATC

ORF1

5'-

ORF2

GGAGG
AGGA

ORF3

5'-

ORF5

5'-

ORF4

5'-

AGGAG
AAG
AGGAG
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Table 4. A codon usage table for ORFs 1-5
AA

Codon

ORF1

ORF2

Gly
Gly
Gly
Gly

GGG
GGA
GGT
GGC

3
2
4
32

5
2
6
40

Glu
Glu

26

Asp

GAG
GAA
GAT
GAC

28

22
2
0
23

Val
Val
Val
Val

GTG
GTA
GTT
GTC

7

10

-

-

28

27

3

Ala
Ala
Ala
Ala

GCG
GCA
GCT
GCC

17
2

21
2

-

Arg
Arg
Ser
Ser

AGG
AGA
AGT
AGC

Lys
Lys
Asn
Asn

AAG
AAA
AAT
AAC

Met
He
He

ATG
ATA
ATT
ATC

Thr
Thr
Thr
Thr

ACG
ACA
ACT
ACC

Trp

Asp

-

ORF3

ORF4

-

1
1

6

10

8

30
1

-

-

ORF5
-

1
3
25
17

-

-

18

11

1

6

3

-

-

-

16

24

12

1

8

7

-

-

-

-

40

40

10

30

27

1

-

-

-

1

-

12

13

3

3

1
1

-

7

6

2

10

10

-

-

-

-

-

10

8

1

12

13

11

8

1

4

4

-

-

-

-

-

21

12

5

15

9

5

2

1

7

2

-

-

-

-

-

21

15

6

23

18

TGG

2

6

-

7

1

Cys
Cys

TGT
TGC

—

-

1

—

-

-

4

End
End
End

TGA
TAG
TAA

1

1

1

1

1

-

-

-

-

-

He

3
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Table 4. continued

AA

Codon

ORF1

ORF2

ORF3

Tyr
Tyr

TAT
TAC

Leu
Leu

TTG
TTA

—

Phe
Phe

TTT
TTC

Ser
Ser
Ser
Ser

TCG
TCA
TCT
TCC

-

-

-

-

-

13

9

2

10

6

—

—

1
—

—

_

—

—

-

—

14

14

2

8

7

5

2

3

5

-

-

-

15

2
0
0
10

2

12

8

Arg
Arg
Arg
Arg

CGG
CGA
CGT
CGC

11
1
2
15

9
1
2
14

1

13

4

-

-

-

Gin
Gin
His
His

CAG
CAA
CAT
CAC

5

12

-

Leu
Leu
Leu
Leu
Pro
Pro
Pro
Pro

-

ORF4

ORF5

4

1
8

10

-

7

12

-

-

-

13

4

2

10

2

CTG
CTA
CTT
CTC

11

16

5

9

5

-

-

-

-

-

13

15

8

11

CCG
CCA
CCT
CCC

14

9
1

1

13

3

-

-

-

2

3

-

7

-

16

1
17
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Table 5. Comparison of codon usage in S. venezuelae ORFs 1-5 with average
values for Streptomyces

AA

Codon

% usage of codon in
ORF1 ORF2
ORF3
ORF4

ORF5

Gly
Gly
Gly
Gly

GGG
GGA
GGT
GGC

7.3
4.9
9.8
78.0

9.4
3.8
11.3
75.5

-

8.3
8.3

100

83.4

Glu
Glu

GAG
GAA

100

91.7
8.3

100

-

-

96.8
3.2

Asp
Asp

GAT
GAC

-

~

-

-

-

100

100

100

100

100

Val
Val
Val
Val

GTG
GTA
GTT
GTC

20

27

25

27.3

11.1

-

-

-

-

-

73

75

72.7

88.9

Ala
Ala
Ala
Ala

GCG
GCA
GCT
GCC

28.8
3.4

33.3
3.2

-

67.8

Arg
Arg
Arg
Arg
Arg
Arg

AGG
AGA
CGG
CGA
CGT
CGC

3.3

Ser
Ser
Ser
Ser
Ser
Ser

AGT
AGC
TCG
TCA
TCT
TCC

Lys
Lys

AAG
AAA

100
-

Asn
Asn

AAT
AAC

_

100

80

-

-

Streptomyces
average*

3.4
10.3
86.3

19.2
10.1
7.9
62.8

100

78
22

-

9.1

21.1

20.6

-

-

-

-

63.5

90.9

78.9

79.4

-

-

—
-

-

-

36.7
3.3
6.7
50

34.6
3.8
7.7
53.9

20

59.1

26.7

-

-

-

80

4.5
36.4

_

-

—

_

37.5
15.6

52
8

42.8
28.6

16.7
16.7

6.7
6.7
33.3

-

-

-

-

-

46.9

40

28.6

66.6

53.3

100

100

100

100

—

—

-

-

-

-

-

—

100

100

100

100

6.7

66.6

7.7
92.3

37.9
2.9
2.9
56.3
32.1
4.7
3.2
60
7.2
2.3
35.8
5.5
9.3
39.9

4
27.5
25.3
4.2
1.6
37.4
91.2
8.8
8.1
91.9

104
Tabic 5. continued

AA

Codon
ORF1

% usage of codon in
ORF2
ORF3
ORP4 ORF5

Met
He
He
He

ATG
ATA
ATT
ATC

100

100

100

100

100

-

-

-

-

-

100

100

100

100

100

Thr
Thr
Thr
Thr

ACG
ACA
ACT
ACC

19.2

11.8

14.3

23.3

10

-

-

-

-

-

80.8

88.2

85.7

76.6

90

Cys
Cys

TGT
TGC

-

—

100

—
—

—
-

—

100

End
End
End

TGA
TAG
TAA

Tyr
Tyr

100

100

100

100

100

100

-

-

-

-

-

TAT
TAC

-

—

—

—

—

100

100

100

100

100

Leu
Leu
Leu
Leu
Leu
Leu

TTG
TTA
CTG
CTA
CTT
CTC

-

-

—
-

5
-

—
-

Phe
Phe

TTT
TTC

Gin
Gin

CAG
CAA

His
His

CAT
CAC

Pro
Pro
Pro
Pro

CCG
CCA
CCT
CCC

33.3

Trp

TGG

100

Streptomyces
average*
100
4.6
3.8
91.6
21.7
3
2.4
72.9
10.3
89.7
66.7
29.6
3.7
6.9
93.1
3.3
0.6
55.7
0.4
2.8
37.2

45.8

51.6

38.5

42.6

21.8

-

-

-

-

-

54.2

48.4

61.5

52.4

4.3
73.9

-

_

_

_

_

100

100

100

100

100

3.3
96.7
91.4
8.6

100

100

100

100

100

-

-

-

-

-

—

_

_

_

_

100

100

100

100

100

66.7

36

100

86.7

50

-

-

-

-

64

-

13.3

50

46.1
1.1
4.2
48.6

100

100

100

100

100

* data from Scno & Baltz (1989).

11.1
88.9
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et al, 1989), an unidentified polyketide-derived metabolite in S. cinnamonensis ("mon")
(Arrowsmith et al, 1992), griseusin in 5. griseus (gris) (Yu et al, 1994), a PKS cluster
probably for the biosynthesis of frenolicin in S. roseofulvus ("fren") (Bibb et al, 1994),
oxytetracycline in S. rimosus (otc) (Kim et al, 1994) and spore pigments in S. halstedii
(sch) (Blanco et al, 1992) and S. curacoi (cur) (Bergh & Uhten, 1992a; 1992b).

1. ORFs 1-3
The deduced product of ORF1 from 5. venezuelae is a polypeptide of 423 aa.
When compared by the GCG BESTFIT program, the ORF1 product showed 80% aa
sequence identity over the entire region to ORF1 products in the "mon" and gris PKS
clusters, 72% identity to ORF1 in the otc cluster and a slightly lower identity (53-60%)
to ORFls in the act, gra, tcm, "fren" and sch clusters, to ORFIII in the whiE cluster and
to ORFA in the cur clusters (Table 6). The PILEUP alignment of ORF1 products showed
substantial sequence identity, as well as an overall preservation of functionally related
amino acids. The strongest identity (almost 100%) was found in the region of the
presumed active site, where the cysteine and serine residues responsible for substrate
attachment are located (Figure 24). Therefore, ORF1 of S. venezuelae is presumed to
encode a (3-ketoacyl synthase.
The deduced product of ORF2 is slightly smaller than that of ORF1 and would
encode a polypeptide of 405 aa. It showed 62% aa sequence identity over the entire
region to ORF2 in the "mon" and gris clusters, and 50-60% identity to ORF2s in other
type n PKS clusters (Table 6). A COMPARE-DOTPLOT analysis at high stringency
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Table 6. A summary of the results from a BESTFIT comparison between ORFl-5 of
S. venezuelae and those in type II PKS clusters

Deduced products of ORFs 1-5 of S.

venezuelae

ORFl
(423)

ORF 2
(405)

ORF 3
(90)

ORF 5
(265)

ORF 4
(312)

sch

56%
(422)

53%
(414)

26%
(92)

NA

29%
(110)

cur

58%
(422)

55%
(419)

29%
(86)

NA

27%
(152)

whiE

53%
(423)

50%
(424)

26%
(90)

NA

27%
(159)

act

60%
(424)

60%
(407)

49%
(86)

59%
(261)

45%
(316)

gra

58%
(421)

58%
(415)

56%
(85)

64%
(272)

43%
(324)

tcm

56%
(426)

55%
(405)

42%
(83)

NA

21%
(360)

otc

72%
(425)

59%
(410)

54%
(95)

*

*

"fren"

56%
(425)

60%
(426)

51%
(83)

62%
(271)

40%
(331)

gris

80%
(422)

60%
(412)

70%
(89)

85%
(261)

70%
(319)

"mon"

80%
(420)

62%
(402)

66%
(88)

82%
(261)

59%
(304)

* indicates that the sequence is not available in GenBank.
NA: not applicable.
Numbers in brackets are the number of amino acids deduced for each ORF.
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B
sch ORFl
cur ORFA
whiE ORFin
act ORFl
gra ORFl
tcm ORFl
ofc ORFl
"fren" ORFl
g m ORFl
"mon" ORFl
S. venezuelae ORFl

GPVQTVSTGCTSGLDAV.. .SMVGHSLGAIGS
GPVQTVSTGCTSGLDAV.. .SMVGHSLGAIGA
GPVQTVSTGCTSGLDAV.. .SMVGHSLGAIGS
GPVTMVSTGCTSGLDSV.. .SMVGHSLGAIGS
GPVTMVSDGCTSGLDSV.. .SMGGHSLGAIGS
GPVTWSTGCTSGLDAV. ..SMIGHSLGAIGS
GPAGWSAGCTSGIDVL. ..SMIGHSLGAICA
GPAAWSTGCTSGIDSL. ..SMIGHSLGAIGS
GPATWSTGCTAGIDAV. ..SMVGHSLGAIGS
GPSTWSTGCTSGIDAV. ..SMVGHSLGAIGS
GPNTWSTGCTSGLDSV. ..SMVGHSLGAIGS

Figure 24. PILEUP alignment of ORFl sequences around the presumed P-ketoacyl
synthase active site cysteine (part A) and the presumed acyltransferase active site serine
(part B).
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between 0RF2 and ORFl of S. venezuelae displayed a direct, positional conservation of
similar amino acids throughout the two products (Figure 25). This result, which
suggested that ORF2 is very similar in sequence to ORFl, has been observed for all
ORF1-ORF2 pairs (ORFIII-ORFIV in the whiE cluster and ORFA-ORFB in the cur
cluster) in type II PKS clusters. Like other ORF2s, that of S. venezuelae ISP5230 lacks
the two active-site motifs found in ORFl. McDaniel et al. (1993a) have recently
proposed that the protein encoded by ORF2 in the act, gra and tcm PKS clusters
influences the chain length of the PKS product. The strong similarity between ORF2 of
S. venezuelae and other ORF2s suggests that ORF2 of S. venezuelae is likewise a chain
length-determining factor.
The deduced product of ORF3 is a small protein of 90 amino acids; its aa
sequence showed 74% and 66% identity to that of ORF3s encoding an acyl carrier
protein (ACP) in the gris and "mon" clusters and somewhat lower identity (26-56%) to
other ORF3s (e.g. ORFV in the whiE cluster, where identity is only 26%) (Table 6).
High similarity was detected in a region around the serine residue to which the
pantetheinyl cofactor is presumably attached (Figure 26).
The products of ORFl, ORF2 and ORF3 would be likely to form an enzyme
complex able to condense acyl building units into a polyketide chain; thus the function
analysis of this region indicates that the 2.3-kb Sacl fragment from S. venezuelae
encodes part of a PKS gene cluster.
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Figure 25. A COMPARE-DOTPLOT analysis of the deduced products of S. venezuelae
ORFl and ORF2.
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sch ORF3
cur ORFE
whiE ORFV
actl ORF3
gra ORF3
tcm ORF3
ore ORF3
"fren" ORF3
grw ORF3
"wo«" ORF3
S. venezuelae ORF3

DGFGLDSLGLLGIV
ADFGLDSLGLLGIV
DTFGLDSLGLLGIV
EDIGYDSLALMETA
EELGYDSLALMESA
QDLGYDSIALLEIS
DALGTDSLALLNTV
VDLGYDSLALLETA
EELGYESLALLETG
ALLGYESLALLETG
ETLGYESLALLETG

Figure 26. PILEUP alignment of ORF3 sequences around the active site serine in
putative ACPs.

Ill
2. 0RF5
Comparison of the deduced product (265 aa) of ORF5 with those of
corresponding ORFs in the PKS clusters by the BESTFIT program showed more than
80% aa sequence identity to ORF5 in the "mon" and gris clusters, and more than 60%
identity to ORF5s in the act, gra and "fren" clusters (Table 6). ORF5 of S. venezuelae
also shares with them the conserved sequence motif, Gly-X-Gly-X-X-[Gly/Ala],
characteristic of nucleotide binding proteins. A PILEUP sequence alignment at the
conserved sequerce motif for ORF5s shows close to 100% identity (Figure 27). Thus
the ORF5 product of S. venezuelae probably catalyzes the reduction of a specific keto
group in the polyketide to a hydroxyl group that is subsequently eliminated during chain
assembly.

3. ORF4
The deduced product of ORF4 is a protein of 312 amino acids. Strong overall
similarity (70% and 60% identity) was seen between ORF4 of S. venezuelae and ORF4
in the gris and "mon" clusters, and somewhat lower identity (40-45%) to ORF4 in the
act, gra and "fren" clusters (Table 6). There was less similarity (27-29% identity)
between ORF4 of S. venezuelae and ORF4 in the sch cluster, ORFF ofS. curacoi, and
ORFVI in the whiE cluster (Table 6). The PILEUP sequence alignment showed that all
of these ORF4s resembled only the N-terminal half of ORF4 in the tcm cluster (Figure
28); the C-terminal half of the tcm ORF4 encodes an O-methyltransferase activity
(Summers et al, 1992). Overall the results indicated that ORF4 of S. venezuelae encodes
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flcrlll 0RF5
gra 0RF5
"fren" 0RF5

gris 0RF5
"mon" 0RF5
S. venezuelae 0RF5

consensus

VNNAGRP G G GATAE LAD
VNNAGRSGGGATAEIAD
VNNAGRSGGGVTAELSE
VNNAGRSGGGVTADIDP
VNNAGRSGGGVTADLTD
VNNAGRSGAGVTADIAD
G-G--A

Figure 27. PILEUP alignment of 0RF5 sequences around the presumed NAD(P)-binding
domain of (3-ketoreductases.
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sch
cur
whiE
act
gra
tcm
"fren"
gris
"mon"
0RF4

.MAGHTE
VAGHTE
MAGHTD
MSRPGEHRW
MVQPAATPVS LPSPTVHRSE
MAARTD
MTTTT TGHQRPGSAE
MSQPGLREVE
MTTRQVE
MTTREVE

NEIVIAAPLD
NEITIAAPVD
NEITIAAPME
HTLRTQAPAR
HTVTVAAPPE
NSIWNAPFE
HSARLAAPPA
HEITVSAPAA
HEYTIGAPAA
HEITVAAPAQ

LVWDMTNDVE
LVWDMTNDLE
LVWNMTNDIE
RLYELVARVE
ALYALVADVT
LVWDVTNDIE
SAYELVADVT
AVYRLIAEVR
TVYRLLADVS
AVYRLIAEVE
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NWPRLFSEYA
RWPELFSEYA
KWPGLFSEYA
DWPAVFEPTV
RWPAVFEPTV
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RWPLLFTPCL
NWPRIFPPTI
HWPQIFPPTI
NWPRIFPPTL
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SAEILEREGD
SCEVLSREAN
SVEVLGRDDD
HVQVLERGPG
HVRHLAREGR
EAEILRQDGD
HAEVLESGPG
YVDHVEEMGD
HVERQATGAH
YVDHVERGER

RVRFRLTMHP
TVTFRLTMHP
KVTFRLTMHP
TERFRIWARV
TERFEIWAEV
GFDFRLKTRP
TERVRLWALT
EERIRIWATA
QERIHIWATA
EERIRIWATA

DDEGR.VWSW
DENGK.VWSW
DADGK.VWSW
GGRVK...TW
NGEIA...HW
DANGR.VWEW
GEQVR...GW
NDEAKNNNNW
NGQAK...NW
NGAPK...NW

VSERVADRAS
VSERTADREK
VSERVADPVT
TSRRTLDPDT
RSRRVLDPVR
VSHRVPDKGS
TSRRTLDSEG
TSRRTLDPEG
TSRRTLDPEA
TSKRTLDPDN
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LTVR.AHRVE
LWR.ARRVE
RTVR.AQRVE
LRVTFRQELT
RYVSFRQEHS
RTVR.AHRVE
LRVGFRQEDS
LRITFRQEVP
LRIDSASEVT
LRITFRQEVS
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TGPFQFMDIQ
TGPFEYMNIV
TGPFQYMNIV
QPPIASMGGS
RPPVTSMSGG
TGPFAYMNLH
APPLAAMGGE
APPVAAMGGA
TAPVAAMGGT
TPPVAAM.AT

WVYEQTPEG.
WEYEETPDG.
WEYAETAEG.
WEFRGDGDG.
WLFRPLADGR
WTYRAVAGG.
WRFTEEGED.
WIIEPLGDAE
WIVEPLGADS
WIIEPVSATE

VLMRWIX...
TRMHWTQDFA
TVMRWTQDFA
TEVVLTHDFA
TEIVLRHRFT
TEMRWVQEFD
TRAVLAHDWT
SRIRLLHDYR
SRIRLLHD.S
SGSALLHDYR
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MKPDAPVDDA
MKPDAPVDDA
AVDE..AALP
VADDDPAAVA
MKPGAPFDNA
LTEPGAAPHR
AVDDDPAHLR
GPSPRPQDLQ
AIDDDPEGLK
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SPIQMALIRD
SRTQMALIRD
SGKELAALVA
SARELGALAA
TRANMERIKK
STAEIGAVTA
SRSELAALK.
RHLELAALA.
SRSELAALK.

GMTDIINR.N
WMTDNINR.N
GLREALDA.N
RIEEALDR.N
HMTAHLNT.T
WVTETLDRNN
WIDQAVDR.N
WIDRAVDT.T
WVDEAVDR.N
200

RIEE..VSCT
RIEQ..AAGE
LAERRQP...
LAETGHP...
IIEDRHREGQ
WAARTHAAGG
.GNNVEKAHA
.TTSNHAHAA
.T.NVELAHA

TP
RRTASVLAD
PEELVFTFED
VDELVFSFTD
RTPASVLPTE
ADALLFSFTD
EEGLTFSFED
EERELLSFTD
SEEITFSFED

TLRVPSGD.D
TLPLQGAARD
LHAQQLLLLA
SLDIAAPAPD
TVRVDGAAKD
TCTIDGAAKD
TVQIDGSAKD

AYAFIERSDL
AYTFVERAER
ASGRLARIVH
VYAFLDAADQ
VYDFV.EADL
VFDFVNEADR
AYDFVNEANL

Figue* 28. Comparison by PILEUP alignment of the ORF4 product in
S. venezuelae
with the products of corresponding ORFs in type II
PKS clusters (only the N-terminal part of the tcm ORF4 product is
shown).
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WQERLPHVRK
WAELLPHVAQ
VLTELRIADL
WPARLPHVSR
WHERLPHVAT
WPERLPHVAT
WPERLPHVAT

VTLTEEAAGT
C..GADRAGT
LADGPRHVAE
VAFSTTPATP
VRLREDTPG
VRFEEPAPG
VRFEEETPG

GPAETRDMTV
GLE
LAKETDTHEL
LTAGA...EV
L
L
L

QDMTMETVTT
QWLEMDTVTA
SLYRVLRSAA
QHLEMETRAD
QELEMDTRAK
QILEMDTRAK
QSLEMDSRAK

DGGTHTTRSI
DGSTHTTRSA
SVGVFAEGPV
DGTRHLTRSI
DGSTHTTKSY
DGSVHTTKSY
DGSTHTTKSY
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RLCVPARSIV
RICRAPEWIA
RTFSATPLSD
RLGFAGRLLV
RVTFPHQRIA
RVALDTRKIA
RVTFPHHRIA

YKQLVPPALL
YNEQRTPRLV
GLRTGNPDGV
YKQTTLPAPL
YKQTTLPALM
YKQVTLPALM
YKQTTLPALM

SGHCGAWTFG
SGHSGEWTFA
LPLVKYNNME
LGHAGSWALE
TLHTGYMTFA
TLHTGVWTFT
TLHTGYWTFE

EDT
VT
QTPEGPV.AT
LTRRPYDEIM
PLPGGGTRVT
EDDRG.VLAS
RRPGH.HRGE
ENEDG.VAAS

ARHTVAIDPA
ARHTVAVDPS
HSVRTGEPAF
ARHRVALDPD
SQHTVTINTA
LAAHRLHQHA
SQHTVVLNTE
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RVEEVLGKGA
GITEVLGPDA
RRVFGSSFFE
AVTERFGAGT
NIARVLGPEA
NIAKIPRRAG
NIARILGADA

Figure 28
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TVADARTHLR
TLADARAYLR
HLEANPEAGE
TLAAARDTVR
TVEDAKAYVH
QVADARDYVH
TVADAREYVQ

EVLGA.NSRA
DALGR.NSLA
FFERFMAHWS
ALLGG.NSRR
TALSTNNSTA
SALST.NSRA
TALST.NSRA

TLRHAAAAAG
TLRHAAEAAQ
RRLVLDGLAD
TLEAARAHTE
TLNHAKRFAE
PWASQG
TLGYAKAYAE

QGMERFSRIA
SAGER
ERAAGRRG. .
GKR
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a bifunctional cyclase/dehydrase, as proposed for ORF4 in the act and gra clusters
(Zhang et al, 1990); the N-terminal segment may be responsible for correct cyclization
of a region in the polyketide backbone, and the C-terminal part of the product may
catalyze an associated dehydration reaction.

V. Disruption of the S. venezuelae PKS genes

A. Use of pJV62 as a disruption plasmid

a. Creation of pJV62
When the first gene disruption experiment was carried out, the only DNA
sequence available was the 2.3-kb Sacl fragment. This fragment carries a complete ORFl
sequence and the N-terminal region of ORF2. To obtain a DNA fragment internal to
ORFl, restriction sites within ORFl were examined. There are three Smal sites (Figure
21 & 22) within ORFl , and two of these (sites 2 and site 3) encompass the condensing
enzyme motif. They are separated by approximately 600 nt. To construct pJV62, the 0.6kb Smal fragment, internal to ORFl, was excised from pJV51 and ligated with pHJL400
linearized with the same enzyme (Figure 29).

b. Transformation of S. venezuelae ISP5230 with pJV62
pJV62 isolated from E. coli TGI was used to transform S. venezuelae ISP5230
to thiostrepton resistance. The transformation effiency in these experiments was
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Hindlll
Pstl
Smal
BamHI Smal

S a c I EcoRI

Smal

1. Digest with Smal
2. Elute the 0.6-kb Smal fragment

Digest with Smal

Ligation

EcoRI
Sacl

Hindffl
Pstl
Smal

Smal

Figure 29. Construction of pJV62. Thick regions represent S. venezuelae DNA.
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extremely low. All of the putative transformants examined proved to be spontaneous
thiostrepton-resistant mutants. To avoid the restriction barrier to methylated DNA present
in many streptomycetes (MacNeil, 1988), E. coli ET12567 (dam'dcm'hsdM") (MacNeil
et al. 1992) was used to generate unmethylated pJV62. Transformation of S. venezuelae
with unmethylated pJV62 yielded approximately 70 ThioR colonies per |ig of plasmid
DNA. Extraction of DNA from 10 of these by a procedure that yields free plasmids, and
examination of the extracts by agarose gel electrophoresis, showed plasmid DNA in only
two samples. To determine if the other eight ThioR colonies were spontaneous
thiostrepton-resistant mutants, or integrants, or did, in fact, contain free pJV62 in small
amounts, the plasmid DNA preparations were used to transform E. coli TGI. Ampicillin
resistant colonies obtained from each transformation all contained pJV62. From this it
was concluded that all of the transformants contained some free pJV62, but in most the
amount was quite small.

c. Search for strains containing integrated pJV62
To select for transformants in which pJV62 had integrated into the S. venezuelae
chromosome through a single cross-over between the 0.6-kb Smal fragment on pJV62
and the homologous DNA region on the chromosome, attempts were made to eliminate
free pJV62 from ten ThioR colonies. This was done by two rounds of subculturing in the
absence of thiostrepton selection. However, Southern analysis of the subcultured colonies
using pHJL400 and the 2.3-kb Sacl fragment as probes showed that all of them still
contained free pJV62, and that the chromosomal PKS gene was still intact.
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B. Integration of pJV63 into the chromosome
Because the 0.6-kb homologous insert might be too small to serve as a target for
recombination, or might have unfavourable secondary structure, a bigger insert (the
previously sequenced 2.6-kb Pstl fragment in pJV56, which contains ORF3, ORF5 and
segments of ORF2 and ORF4; see Figure 21) was tested. This fragment was excised
from pJV56 and ligated into pHJL400 linearized with Pstl. The resulting plasmid
(pJV63; Figure 30) was used to transform E. coli ET12567, and the unmethylated pJV63
was then used to transform S. venezuelae. Approximately 30 ThioR colonies were
obtained per |ig of plasmid DNA. In five colonies where the genomic DNA was
examined, none showed free plasmid in amounts that could be readily detected on an
agarose gel. To determine whether the five ThioR colonies were spontaneous mutants,
integrants, or true transformants containing a very small amount of free pJV63, the five
genomic DNA samples were probed by Southern hybridization with pHJL400.
Hybridization signals were obtained with only two samples; the two strains were named
VS651 and VS652. In each of these the signal corresponded to chromosomal DNA in
mobility, and not to free pJV63. No hybridization signal was detected for the wild-type
strain. The result suggested that VS651 and VS652 contained pJV63 that had integrated
into the S. venezuelae chromosome. Southern analysis of Xhol digests of chromosome
DNA from VS651 and VS652 were consistent with integration. Xhol digests of wild-type
DNA probed with the 2.6-kb Pstl fragment gave signals at 5.0 and 7.0 kb, whereas
VS651 and VS652 gave signals at 5.0, 7.0 and 8.4 kb (Figure 31). However, these
results were not conclusive, and did not show whether a single copy or multiple copies
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Figure 30. Construction of pJV63. Thick regions represent S. venezuelae DNA.
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Figure 31. Southern hybridization of genomic DNA from S. venezuelae ISP5230, VS651
and VS652. The 2.6-kb Pstl fragment of pIV63 was used as the probe.
a. Schematic diagram showing postulated integration of pJV63 into the S. venezuelae
chromosome and accounting for the products of digestion with Xhol.
b. Agarose gel electrophoresis of genomic DNA digests, lane 1: X/zoI-digested VS651
DNA; lane 2: X/ioI-digested ISP5230 DNA; lane 3: X/wI-digested pJV63; lane 4: u n digested pJV63; lane 5: //mrflll-digested X DNA; lane 6: X/zoI-digested VS652 DNA.
c. Autoradiogram of the membrane after transfer of DNA and hybridization with the 2.6kb Pstl fragment.
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of pJV63 had integrated.
Integration of single or multiple copies of pJV63 into the S. venezuelae
chromosome can be determined by digesting the genomic DNA with enzymes that cut
only the vector portion of pJV63, or do not cut pJV63 (Figure 32). To determine the
copy number of pJV63 in the chromosome, Southern blots of genomic DNA of S.
venezuelae ISP5230, VS651 and VS652, digested singly with EcoRI (which cuts once
in the vector portion of pJV63) and Mlul (which does not cut pJV63), were probed
separately with pHJL400 and the 2.6-kb Pstl fragment (Figure 33). As summarized in
Table 7, hybridization of pHJL400 with EcoRl digests of VS651 and VS652 gave two
hybridizing fragments of 8.4 kb and ca. 35 kb; the same blots probed with the 2.6-kb
Pstl fragment gave three hybridizing fragments (5.0, 8.4 and ca. 35 kb). The 8.4-kb
fragment in the EcoRl digests of VS651 and VS652 probed with either pHJL400 or the
2.6-kb fragment can be obtained from the free plasmid or a tandemly inserted multimer.
The presence of the 5.0 and 8.4-kb fragments hybridizing with the 2.6-kb Pstl probe
indicated that at least two copies of pJV63 had integrated into the S. venezuelae
chromosome.
Since there are no sites for the restriction enzyme Mlul in the 2.6-kb fragment
or in pHJL400 vector portion of pJV63, integration of a single copy of pJV63 should
increase the size of the chromosomal Mlul fragment carrying integrated pJV63 by 8.4kb. Alternatively, if two or more copies of pJV63 have integrated in tandem, the
chromosomal Mlul fragment should show an appropriate increase in size. Probing of
Mlul digests of VS651 and VS652 with pHJL400 revealed a large hybridizing fragment,

X*
ISP5230

Recombination

P
"TIME
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4=

M
7.0
30

Integration

(a) Insertion of a single copy of pJ V63

Figure 32. Model for the integration by single crossovers of (a) a single
copy or (b) multiple copies of pJV63. The dashed lines represent the
chromosomal region. The thick line represents the 2.6-kb DNA region. E EcoRI; M - Mlul; H - HindUl; P - Pstl.

Figure 32 (b). Insertion of multiple copies (two are shown) of pJV63.

Ul
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c

Figure 33. Southern hybridization of genomic DNA digests from S. venezuelae ISP5230,
VS651 and VS652 using pHJL400 and the 2.6-kb Pstl fragment as probes.
a. Agarose gel electrophoresis of genomic DNA digests, lane 1: EcoRI-digested ISP5230
DNA; lane 2-3: /ScoRI-digested VS651 and VS652 DNA; lane 4: MM-digested ISP5230
DNA; lane 5-6: MM-digested VS651 and VS652 DNA; lane 7: £coRI-digested pJV63.
b. Autoradiogram of the membrane after transfer of DNA and hybridization with
pHJL400.
c. Autoradiogram of the membrane after transfer of DNA and hybridization with the 2.6kb Pstl fragment.
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Table 7. Hybridization fragments detected by probing S. venezuelae ISP5230, VS651
and VS652 digests with pHJL400 or the 2.6-kb Pstl fragment.

pHJL400

2.6-kb

fragment

ISP5230

VS651/652*

ISP5230

VS651/652

EcoRI

NA**

8.4
35

kb
kb

30 kb

5
8.4
35

Mlul

NA

35-40 kb

7 kb

* VS651 and VS652 gave the same fragments
** NA - not applicable

kb
kb
kb

35-40 kb

i
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predicted to be 35-40 kb. This is the size expected if 3-4 copies of pJV63 had integrated
in tandem into the chromosome. Stripping and then reprobing of same blot with the 2.6kb fragment showed that the 7-kb fragment in a Mlul digest of ISP5230 was replaced
by a fragment of 35-40 kb. Again, the size of the hybridizing fragment revealed in this
hybridization experiment indicated that 3-4 copies of pJV63 had integrated in tandem
into the S. venezuelae chromosome.

VI. Jadomycin B-producing phenotype of 5. venezuelae VS651 and VS652

To test whether disruption of the chromosomal PKS gene had affected jadomycin
B biosynthesis, both VS651 and VS652 were examined for jadomycin B production. The
wild-type strain produced pigment 12 h after ethanol treatment, but VS651 and VS652
cultures showed negligible pigmentation even 72 h after ethanol treatment. In appearance
they resembled the wild-type strain and VS653 (see Table 2) without ethanol treatment.
Extraction and HPLC analysis of cultures confirmed the presence of jadomycin B at the
expected concentration (30 mg l"1) in the wild-type and VS653. In cultures of VS651 and
VS652, a small peak corresponding to jadomycin B represented 6% of that in the wildtype and VS653 (Figure 34). A wild-type culture without ethanol treatment gave no
detectable peak for jadomycin B.
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Figure 34. HPLC analysis of culture supernatant of S. venezuelae ISP5230, VS651 and
VS652 collected 48 h after ethanol treatment.
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DISCUSSION

I. Cloning of PKS genes in Streptomyces venezuelae

Several strategies have been developed to clone genes involved in antibiotic
biosynthesis in streptomycetes. Those commonly used include: complementation of
blocked mutants in the producing strain; cloning of antibiotic resistance genes, and use
of these genes to clone linked antibiotic biosynthesis genes; cloning of large DNA
fragments into a heterologous, non-producing host; probing the genomic DNA of an
antibiotic, producer with cloned DNA involved in the production of a related antibiotic
to detect similar sequences; and also purification of an enzyme and use of its N-terminal
sequence to clone the gene by "reverse genetics".
Because act probes have proven useful in cloning the PKS genes from several
polyketide-producing strains, the approach taken to clone the jadomycin B biosynthesis
genes from S. venezuelae was to use act probes to identify PKS genes in a S. venezuelae
genomic library. In the initial attempt using actl, a hybridizing 1.8-kb Sacl-Bglll
fragment was identified (Ramalingam, 1989). In this study, three new recombinant
lambda phages were isolated from a second S. venezuelae genomic DNA library by using
the 1.8-kb fragment as a probe. Comparison of the restriction maps of DNA extracted
from the original lambda 8 phage, and the subsequent lambda LH2, LH7 and LH24
phages indicated that the inserts overlapped one another; thus they are from the same
chromosomal region. The acrffl-hybridizing region was also located in the S. venezuelae
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DNA inserts of the three newly isolated lambda clones. To establish whether the acthybridizing DNA region participates in jadomycin B biosynthesis, its nucleotide
sequence was determined. By analysis of the sequence, comparison of results with PKS
sequences in databases, and gene disruption, the cloned region was sV <f. to encode a
PKS involved in formation of the antibiotic.

II. Nucleotide sequence analysis of the 4.9-kb DNA fragment

A. Transcriptional initiation and termination
That the cloned S. venezuelae PKS ORFs are separated from one another by only
short noncoding regions (raging from 30 to 70 nucleotides) suggests that the ORFs are
co-transcribed, forming a single transcript. A search for promoters and transcription
terminators within the DNA regions upstream and downstream of the putative
translational start and stop sites of the ORFs revealed AT-rich regions. However, these
regions did not contain any typical E. coli promoter sequences centered around -10 and 35 from transcription start sites. Of 139 promoter sequences for streptomycete genes
listed by Strohl (1992), only 29 (ca. 20%) resemble E. coli consensus promoters.
Therefore, the lack of typical E. coll promoter sequences upstieam of the five
S.venezuelae ORFs does not preclude the presence of non-£. coli type promoters. Strong
evidence favouring co-transcription was provided by disruption of the S. venezuelae
chromosomal PKS cluster with a fragment containing all or parts of ORFs 2-4. For
disruption to occur, the integrated homologous DNA insert must lie within a single
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transcriptional unit. Whether or not ORFl is preceded by a non-£. coli type promoter
could be examined by cloning the region into a promoter probe vector (Bibb & Cohen,
1982).
Co-transcription of ORFs 1-5 is supported by the absence of transcription
terminators between them. Typical r/w-independent transcription terminators in
streptomycetes contain stem-and-loop regions characteristic of r/io-independent
terminators in E. coli (Rosenberg & Court, 1979). One difference between the two
systems is that transcription terminators in E. coli contain poly U sequences, 3' to the
stem-and-loop structure; in streptomycete genes, such poly U sequences are absent,
presumably because streptomycete DNA has a very low A+T content. Examination of
the nucleotide sequences downstream of ORF4 did not show a stem-and-loop structure.
The co-transcription of ORFs 1-4 would be consistent with the examination of
transcription in the act cluster of S. coelicolor A3(2) and in the tcm cluster of S.
glaucescens (Parro et al, 1991; Decker & Hutchinson, 1993). In both clusters, ORFs 1,
2, 3 and 4 are co-transcribed. In the act cluster, ORF5 located upstream of ORFs 1-4 is
divergently transcribed from ORFs 1-4, forming a monocistronic transcript.
Sequencing and analysis of the region downstream of ORF4 has located two
ORFs (ORF6 and ORF7), which are transcribed in the same direction as ORFs 1-5.
ORF6 is separated from ORF4 by only 1 nt and ORF7 from ORF6 by 22 nt. It is
possible that the two ORFs are co-transcribed with ORFs 1-5. Preliminary sequence
comparison of the deduced products of ORF6 and ORF7 with known proteins suggests
that the two ORFs encode oxygenase-like proteins; this type of activity is expected in
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jadomycin B biosynthesis. Disruption of the S. venezuelae chromosomal counterpart of
ORF6 significantly reduced jadomycin B production. The possibility that these two ORFs
are co-transcribed with the PKS genes would account for the absence of a terminator
after ORF4.

B. Translation initiation and termination
Shine and Dalgarno (1974) showed that initiation of the translation of mRNA into
proteins in E. coli requires aribosome-bindingsite in which the mRNA sequence is
complementary to a sequence near the 3'-end of 16s rRNA. Similar conclusions were
reached in streptomycetes by Bibb & Cohen (1982). The sequence at the 3'-end of E.
coli 16s rRNA is GAUCACCUCCUUA-3', and the region most favoured for base
pairing with mRNA is the CUCC sequence (Koxak, 1983). The sequence at the 3'terminus of S. lividans 16s rRNA is GAUCACCUCCUUUCU-3' (Bibb & Cohen, 1982),
identical to that at the 3'-end of Bacillus subtilis 16s rRNA (Hopwood et al, 1986), but
differing from that of E. coli in the last three bases.
In 44 streptomycete genes encoding a wide range of functions, the conserved
Shine-Dalgarno sequence was (a/g)GGAGG (Strohl, 1992). Its average distancefromthe
translational initiation codon was 8.5±1.8 nt (measured as the first base to the right of
the AGGA or its equivalent (Moran et al, 1982). The RBSs postulated for 5. venezuelae
ORFs 1-5 all exhibit good complementarity to the sequence at the 3'-end of S. lividans
16s rRNA. The distances of these RBSsfromtheir translational start codons range from
6 to 11 bases.
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For streptomycete genes, translation starts most commonly with AUG (82%), but
GUG is used more frequently (18%) than in E. coli (3%) (Hopwood et al, 1986).
Therefore, use of GUG as a start codon in ORFl is not unusual. All five ORFs terminate
with UGA; this is consistent with stop codon usage in streptomycetes: UGA 68%, UAG
29% and UAA 4% (Seno & Baltz, 1989). The higher frequency with which UGA and
UAG are used reflects the high G+C content of streptomycete DNA.

C. Codon usage
Streptomyces belong to the group of Gram-positive bacteria with a high G+C
content. The average overall G+C content for the Streptomyces genome reaches 74%,
and individual genes vary from 64% to 79.7% (Wright & Bibb, 1992). The overall G+C
contents of ORFl (71.8%), ORF2 (74.4%), ORF3 (70%), ORF5 (70.1%) and ORF4
(69.1%), are within the range for streptomycete genes.
In general, the occurrence of G and C in the first codon position reaches about
70% (Seno & Baltz, 1989), with G (42%) preferred to C (27%). This trend was followed
by the five S. venezuelae ORFs: ORFl, G (46%), C (22.4%); ORF2, G (49.3%), C
(24.2%); ORF3, G (45.6%), C (23.3%); ORF5, G (44.2%), C (22.1%); ORF4, G
(38.9%), C (23.8%). As noted by Seno & Baltz (1989) for streptomycetes generally, the
four bases were equally distributed in the second codon position in each ORF.
The high G+C content of Streptomyces DNA is reflected in the very high G+C
content in the third codon position (Seno & Baltz, 1989); C (55%) is favored over G
(36%). In the S. venezuelae PKS genes, the G+C content in the third codon position was
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97.2% for ORFl, 95.8% for ORF2, 98.9% for 0RF3, 97.3% for ORF5 and 98.7% for
ORF4; this is slightly higher than the average value in streptomycetes (90%). The
frequency with which C is used in the third codon position of the five ORFs is also
higher than average (55%), ranging from 60.5% to 73.3%.

III. Comparison of the deduced products of the five S. venezuelae ORFs with those
in type II PKS clusters

Among ten streptomycete type II PKS clusters so far examined, those for gris and
"mon" resemble the S. venezuelae jad cluster most (ranging from 60-80% based on
percentage of identical amino acids) in the deduced products of ORFs 1-5. The act, gra,
tcm, oct and "fren" clusters show somewhat lower similarity for ORFs 1-5 (ranging from
43-60%). The lowest similarity (ranging from 27-58%) to the S. venezuelae jad cluster
is shown by the three clusters sch, whiE and cur.
Figure 35a compares the amino acid sequences of ORFl and ORF2 from the S.
venezuelae PKS gene cluster with those in streptomycete type II PKS clusters using the
GCG PILEUP analysis (Devereux etal, 1984). It suggests that progenitors of ORFl and
ORF2 were derived from a common ancestor by duplication, followed by divergence
within the sequences. ORFls and ORF2s in each cluster were subsequently derived from
progenitor ORFl and progenitor ORF2, respectively.
ORFl in the PKS cluster of S. venezuelae lies within the branch containing
clusters synthesizing aromatic polyketide antibiotics rather than spore pigments. Within

138

Figure 35. Dendrograms based on the GCG PILEUP analysis of (a) the deduced
products of ORFl and ORF2; and (b) ORF4 from streptomycete type II PKS clusters
and the product of ORF4 from the jad cluster of S. venezuelae.
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this branch, it belongs to the sub-branch containing the gris and {'mon" clusters. The
sch, whiE and cur clusters form a branch well separated from the rest of the clusters,
including the PKS cluster of S. venezuelae. The sch and whiE clusters participate in
spore pigmentation in S. halstedii and S. coelicolor A3(2), respectively, but the function
of the cur cluster is uncertain (Blanco et al, 1992; Davis & Chater, 1990). From the
evolutionary relationship shown in Figure 35a and overall similarities in gene
organization, the cur cluster very likely participates in spore pigmentation. The
significant distance between the 5. venezuelae ORFs and those for sch and whiE supports
the conclusion drawn from the gene disruption experiment that jadomycin B is not a
spore pigment. Divergence in DNA sequence and the overall PKS gene organization
between the clusters for spore pigmentation and those for synthesis of polyketide-derived
antibiotics would allow two sets of genes participating in different metabolic pathways
but catalyzing similar biochemical reactions, to stably co-exist in a given host without
undergoing homologous recombination.
As with ORFls, there is a clear grouping of ORF2s into those involved in spore
pigmentation and those involved in making polyketide antibiotics (Figure 35a). Within
the branch containing PKS clusters synthesizing polyketide antibiotics, jad is in a
subgroup with gris, act and "fren". However, jad is most closely related to gris.
McDaniel et al. (1993a) have shown that ORF2 controls, at least in part, the chain length
of aromatic polyketides. Although the dendrogram in Figure 35a does not group the
clusters solely on the bases of carbon chain length, it does show distinct evolutionary
relationships between polyketide metabolites with identical-length carbon chains.
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Frenolicin and its nanaomycin congeners of 5. roseofulvus are polyketide antibiotics with
18 and 16 carbon chains, respectively. Replacing artI-ORF2 with "fren" ORF2 in a gene
expression vector containing the minimum essential act PKS genes (actl ORFs 1, 2 and
3, acrlll and acrVII) and subsequent transfonnation of S. coelicolor CH999 (an S.
coelicolor strain from which the act cluster was deleted) with the recombinant plasmid
led to production of both the 18-carbon and 16-carbon polyketides characteristic of
frenolicin and the nanaomycins (McDaniel et al, 1993b). When tcm ORF2 was used to
replace act ORF2, a 20-carbon polyketide was produced (McDaniel et al, 1993a). These
results suggest that "fren" ORF2, unlike the ORF2s of act and tcm, has a certain degree
of flexibility, and is able to synthesize polyketides of 18 carbons as well as 16 carbons.
Therefore, the close relationship of acd-ORF2 and "fren" ORF2 shown in the
dendrogram (Figure 35a) is reasonable. That gris ORF2 (whose product directs the
synthesis of 20-carbon griseusins) and S. venezuelae ORF2 are closely related is
consistent with jadomycin B being derived from a 20-carbon polyketide intermediate, as
indicated by isotopic labelling (S.W. Ayer, personal communication).
The GCG PILEUP analysis of PKS ORF4s (Figure 35b) again indicates that the
PKS clusters for spore pigmentation and polyketide antibiotics are distinctively different.
It also shows that those synthesizing polyketide antibiotics with the same number of
carbons tend to be closely related. McDaniel et al. (1993a) have shown that actWU
(ORF4) is not able to correctly cyclize a polyketide chain with more than 16 carbons.
If the dendrograms shown in Figure 35 can usefully predict polyketide structures,
they indicate that the product of the "mon" cluster, which has not yet been elucidated,
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is an aromatic metabolite derived from a 20-carbon polyketide intermediate. No
structures of spore pigments have yet been determined. Nevertheless, the dendrograms
suggest that these metabolites differ from aromatic polyketide antibiotics in carbon-chain
length and cyclization pattern.

IV. Hydrophobicity of S. venezuelae ORFl and 0RF2

The presence of five complete ORFs on the 4.9-kb DNA and the close similarity
of the deduced product of each ORF to those in streptomycete type II PKS clusters
suggest that the ORF products form an enzyme complex. The cellular location of the tcm
ORFl and ORF2 products from S. glaucescens have been examined by Western
immunoblot analysis (Gramajo et al, 1991). Both products were membrane-associated,
even though they did not show a high overall degree of hydrophobicity. The nodE
product of Rhizobium species, which closely resembles the ORFl and ORF2 products
of all Streptomyces type II PKS clusters, is also membrane-associated (Spaink et al,
1989). Gramajo et al. (1991) raised the possibility that the membrane location of ORFl
and ORF2 products indicates a membrane-associated PKS complex, which could provide
the efflux resistance mechanism for tetracenomycin C. Interestingly, two other ORFs in
the act and tcm clusters encode products that may actively export actinorhodin and
tetracenomycin C from the cells. The ORFl and ORF2 products in the S. venezuelae
PKS cluster also show similarity to the nodE product of Rhizobium spp. The proportion
(44%) of hydrophobic amino acids in ORFl is somewhat lower than the 60% present in
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presumptive transmembrane proteins (e.g. actll-ORFT).

V. Organization of the PKS genes in S. venezuelae

A. Physical organization
Figure 36 compares the organization of the cloned PKS ORFs of S. venezuelae
with that of type II PKS ORFs from other streptomycetes. In all PKS clusters, ORFl is
followed by ORF2 and then by ORF3. Like all the clusters except "fren", ORFs 1 and
2 in S. venezuelae show translational coupling. ORF4 of S. venezuelae, as in other
clusters, is located downstream of ORF3. However, the space between ORF3 and ORF4
in the clusters varies. In the sch, cur, whiE, act, gra and tcm clusters, ORF3 and ORF4
are separated by only a short noncoding region; in the otc, "fren", gris and "mon"
clusters, the space between ORF3 and ORF4 is larger, and ORFS lies between ORF3 and
ORF4. Another common feature among these clusters is that ORFs 1-5 are transcribed
in the same direction. The organization in S. venezuelae resembles that in these latter
clusters. ORF5s in the act and gra clusters lie upstream of ORFl, and are transcribed
divergently from ORFl. Therefore, the jad cluster of S. venezuelae belongs to a
subgroup represented by otc, "fren", gris and "mon". Based on the spacing between
ORFs 3 and 5, the jad cluster is most similar to gris, followed by "mon". Thus the
degree of relatedness matches that deduced from sequence alignment (see dendrogram
in Figure 35).
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Figure 36. Comparison of gene organization in the PKS cluster of S, venezuelae
ISP5230 with that in other type II PKS clusters (see Literature Review for references).
Numbers and letters identify open reading frames.
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B. Transcriptional organization of PKS genes in S. venezuelae
Although the DNA sequences and gene organization of type II PKS clusters in
streptomycetes have been compared in detail, information on the transcriptional
organization of PKS genes is limited to those in the act and tcm clusters. In both of
these, ORFs 1-4 are co-transcribed (Parro et al, 1991; Decker & Hutchinson, 1993). In
the act cluster, ORF5 is transcribed divergently from ORFs 1-4 as a monocistronic
transcript. Although transcription of ORFs 1-5 in the PKS cluster of S. venezuelae has
not been studied, sequence analysis indicates that they are transcribed in one direction,
and that they are separated only by short noncoding regions. Therefore, they are quite
likely to be co-transcribed. Indirectly supporting this is the evidence that integration of
pJV63, which contains intact ORF3 and ORF5 flanked by the C-terminal region of ORF2
and the N-terminal region of ORF4, into the S. venezuelae chromosome disrupted the
transcript unit.

VI. Role of the PKS cluster in S. venezuelae

Various streptomycetes that contain an actf-hybridizing fragment also possess a
w/M'E-hybridizing fragment (Malpartida et al, 1987; Blanco et al., 1993). Therefore,
different sets of PKS genes can co-exist in streptomycetes. S. coelicolor A3(2) represents
the first example where two such clusters have been cloned and characterized. In S.
halstedii, two BamHI fragments hybridized to actl. Cloning and analysis of one of them
indicated that it forms part of a type II PKS cluster involved in spore pigmentation,
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rather than in synthesis of the polyketide-derived antibiotic carbomycin produced by S.
halstedii (Blanco et al, 1992). Because multiple sets of PKS genes may exist in a given
Streptomyces spp., it was important to determine the actual function of the cloned PKS
cluster in S. venezuelae. This was done by integration of plasmid pJV63 within the
cluster through homologous recombination between the native PKS and PKS DNA
cloned as an insert in pJV63. Because the resulting disruption of the PKS cluster
severely reduced jadomycin B production, but did not alter growth and spore
pigmentation, it was concluded that the PKS cluster is involved only in jadomycin B
biosynthesis.
Although jadomycin B production by the integrants was severely depressed, a
small amount of jadomycin B (approximately 6% of that in the positive controls) was
still produced. This suggests that, during growth of the culture, a small proportion of the
mycelium had excised pJV63, thereby restoring jadomycin B synthesis.
Southern hybridization showed that 3-4 copies of pJV63 had integrated in the S.
venezuelae chromosome. Excision of the integrated pJV63 can be caused by a second
homologous recombination between duplicated sequences on the chromosome. Excision
of every copy of pJV63 on the chromosome would require several rounds of homologous
recombination; since the integrants produced very little jadomycin B, such excisions
seem to occur at a low frequency. Similar excisions have been reported in S. avermitilis,
and a comparison of integrated plasmids containing different sizes of homologous inserts
with genes for avermectin biosynthesis showed that the frequency of excision was
proportional to the size of the insert on the plasmid (MacNeil et al, 1992). Plasmid
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excision restored avermectin production at low levels.
Southern hybridization analysis of S. venezuelae VS651 and VS652 suggested
multiple tandem integrations of pJV63. Multiple tandem integrations have been reported
in S. griseofuscus when a similar pHJL400-based plasmid was used (Larson &
Hershberger, 1990). They were also observed when pDQ189 (pHJL400 with the trpEG
insert of S. venezuelae) was introduced into 5. venezuelae (Paradkar, 1991). The
phenomenon of multiple tandem integrations has not been well characterized.

VII. Elucidation of jadomycin B biosynthesis pathway

Sequence analysis indicates that ORFs 1-3 encode enzymes that catalyze the
construction of a polyketide intermediate (structure 1; Figure 37) in jadomycin B
biosynthesis. These genes presumably choose the correct starter and extenders and
determine the number of extenders. ORF5 encodes an enzyme catalyzing reduction of
the keto group at C9 to a hydroxyl, giving structure 2. Structure 2 is chemically reactive
and would spontaneously undergo cyclizations and dehydrations to form more stable
structures. The course of these reactions is constrained by specific cyclases and
dehydrases to give the single product postulated in structure 3. Formation of structure
3 probably involves four ring-closure reactions which occur in the sequence shown, to
generate rings A-B-C-D. A similar ring-closure order has been postulated for
tetracenomycin C which is also derived from a 20-carbon polyketide intermediate
(Summers et al, 1993).
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The forces that drive the first ring cyclization in the synthesis of aromatic
polyketide-derived antibiotics is not clear, but studies on PKS programming suggest that
it is determined either by the specificity of the ketoreductase that introduces a constraint
into the folding of the nascent polyketide chain, or by the product of a chain-lengthdeterming gene (McDaniel et al, 1993a; 1993b). Thus A-ring closure in jadomycin B
biosynthesis may be controlled by either ORF5 or ORF2.
Insight in the molecular mechanism guiding B-ring formation in actinorhodin and
tetracenomycin C biosynthesis has been obtained from both chemical studies on
polyketide cyclizations and studies on PKS programming (Sherman et al, 1991;
McDaniel et al, 1993a; 1993b). Together, these studies indicate that B-ring cyclizations
are controlled by ORF4 products (ActVII in actinorhodin biosynthesis and TcmN in
tetracenomycin C biosynthesis; Figure 38). Except at the C-terminal end of TcmN,
ActVII and TcmN share significant sequence similarity. However, ActVII was not able
to cyclize a 20-carbon tetracenomycin polyketide intermediate (the actinorhodin
polyketide intermediate has 16 carbons); instead a compound with a completely different
cyclization pattern was found (Figure 38; McDaniel et al, 1993a; 1993b). Since ORF4
products are capable of catalyzing B-ring cyclization, but discriminate between
polyketides of different chain length, B-ring cyclization in jadomycin B biosynthesis is
likely to be catalyzed by the ORF4 product, and probably occurs in a manner similar to
that operating the equivalent C-20 chain of tetracenomycin C.
The mechanism for C-ring cyclization in tetracenomycin C biosynthesis, although
conceptually similar to that of ring B, has not yet been verified. No comparable
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cyclization occurs in actinorhodin biosynthesis; instead, a pyran ring is formed to
generate the isochromane structure (Figure 38). Formation of ring D in tetracenomycin
C biosynthesis is controlled by a discrete protein, Tcml (Figure 38; Summers et a/.,
1992; Shen & Hutchinson, 1993). Cyclases similar to those involved in the last two
cyclizations in tetracenomycin C biosynthesis would be expected to participate in
formation of rings C and D of jadomycin B (Figure 37), the difference lying in the
stereochemical constraint applied at C16. This specificity in the ring C cyclase would
confer the ability to discriminate between forming angular and linear polyketide chains.
Ring cyclizations in the synthesis of aromatic polyketide antibiotics involve aldol
reactions between ketone and activated methylene groups, followed by dehydration of
the resultant alcohols. Whether separate cyclase-dehydrase enzymes are needed for each
such reaction is not yet known. While the carboxyl group is retained in actinorhodin
formation and methylated in tetracenomycin C synthesis (Figure 38), it is removed
during jadomycin B biosynthesis (Figure 37); the timing of this reaction, and whether
it occurs spontaneously or requires a specific decarboxylase, have not been determined.
In both the actinorhodin and the tetracenomycin C pathways, oxygenases
introducing additional ketone or hydroxyl groups do not act until the fully cyclized
intermediate has been formed (Figure 38). Presumably in jadomycin B biosynthesis,
oxidations occur only after structure 3 is formed. Two oxygenases are required to form
jadomycin B: one introduces a single oxygen atom at C6 to convert the
cyclohexadieneone ring to a quinone; the other adds oxygen atoms at C l5 and C16 to
eventually break the C15-C16 bond (Figure 37). This aromatic-ring opening generates the
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reactive intermediate that allows isoleucine incorporation. Genes for oxygenases capable
of adding a single oxygen atom needed to form a polyketide quinone intermediate have
been identified in the act cluster (#cfVA-ORF6) and in the tcm cluster (tcmU) (Figure
38; Caballero et al, 1991b; Summers et al, 1993). Oxygenases acting to break the
aromatic ring(s) of a polyketide intermediate have not so far been found in any type II
PKS clusters; this is not unexpected, since none of the structures investigated requires
such a reaction for their biosynthesis. In S. venezuelae, the PKS cluster for jadomycin
B biosynthesis would require such an oxygenase.
Preliminary results in collaboration with K.Q. Yang and J. He from sequence
analysis of the cloned and partially sequenced DNA downstream of ORF4 predicts two
ORFs, designated ORF6 and ORF7 (Figure 39). ORF6 and ORF4 are separated by only
a single base pair. Both ORF6 and ORF7 are transcribed in the same direction as ORFs
1-5. A comparison of the deduced products of ORF6 and ORF7 with proteins in the
database shows both to have considerable sequence similarity to oxygenases. The ORF6
product shows a resemblance to TcmG of S. glaucescens, and to many monooxygenases
such as pentachlorophenol-4-monooxygenase of a Flavobacterium. TcmG introduces
three oxygen atoms at the adjacent Cg, C10 and C14 carbons of tetracenomycin C (Figure
38; Decker et al., 1993). The ORF7 product shows sequence similarity to the products
of actVA-ORF6 and tcmH, which add oxygen atoms to generate the quinone functional
groups in actinorhodin and tetracenomycin C, respectively. Preliminary results from
function analysis of ORF6 by gene disruption and replacement has indicated that this
ORF is involved in jadomycin B biosynthesis, but its precise role is not yet clear. The
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data suggests that the 0RF6 product may be involved in aromatic-ring opening, while
the ORF7 product may catalyze the addition of an oxygen atom at C6 to form the
quinone ring (Figure 37).
Isoleucine incorporation and glycoside formation probably occur late in the
jadomycin B biosynthesis pathway. Studies on the effect of nitrogen sources on
jadomycin production have shown that isoleucine can be replaced in the structure by
alternative amino acids (Doull et al, 1994). The formation of jadomycin analogs
suggests that isoleucine incorporation may be non-enzymatic, or else the enzyme(s)
catalyzing this process has broad substrate specificity and can act upon whatever amino
acid is available in the cellular pool.
At some stage in jadomycin B biosynthesis, a single sugar moiety is attached to
the aglycone structure. Studies on erythromycin biosynthesis have indicated that genes
governing sugar formation and attachment to the macrolactone ring are within the
erythromycin biosynthesis cluster (Vara et al, 1989). Genes governing these steps in
jadomycin B synthesis may therefore be clustered with the identified PKS genes.
Preliminary sequence analysis of a region upstream of the PKS genes has revealed three
ORFs, designated ORF8, ORF9 and ORFIO (Figure 39). Comparison of the deduced
protein products with the GenBank database shows that the ORFIO product resembles
many glucose dehydrogenases. ORFIO may therefore be involved in one of the steps in
jadomycin B sugar formation, but definitive evidence is required to elucidate its actual
function.
The ORF9 product resembles the response regulators of bacterial two-component
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regulatory systems (ca. 38% identity over the entire length to the products of E. coli
phoB and Rhodella violacea OmpR; 38% identity to S. lividans cutR). The ORF8 product
resembles many biotin carboxyl carrier proteins (BCCPs) of fatty acid biosynthesis; for
example, it shows 77% identity over the entire length to BCCP of Mycobacterium and
47% identity over the entire length to BCCP of Anabaena spp. ORF8 is interesting
because of its location near the jad cluster and because of the extent of its resemblance
to BCCP genes. It is transcribed in the same direction as ORFs 1-5 and is separated from
ORFl by only a short noncoding region (Figure 39). Therefore it is likely to be part of
the jadomycin B biosynthesis cluster. The potential involvement of the ORFS product
in jadomycin B biosynthesis suggests that construction of the polyketide backbone makes
use of malonyl-CoA extenders supplied under the direction of genes within the cluster,
instead of withdrawing malonyl-CoA precursors from primary metabolism. An ORF
whose product shows similarity to BCCPs was found upstream of a PKS gene cluster
in Saccharopolyspora hirsuta 367 (LeGouill et al, 1993), but it is considerably smaller
than most BCCPs and its similarity to BCCPs is low. Nevertheless, these are the only
two examples of BCCP's possible involvement in polyketide synthesis.

SUMMARY

Probing a Streptomyces venezuelae Sau3Al genomic library with a previously
isolated acrl-hybridizing fragment from this streptomycete identified five hybridizing
lambda clones. Restriction mapping of the DNA from three of these, LH2, LH7 and
LH24, indicated that the inserts contained overlapping DNA regions. The acilhybridizing region was located on a 2.3-kb Sacl fragment and acrlll-hybridizing region
on two Sacl fragments of 1.0-kb and 0.3-kb. The actl and acflll-hybridizing regions
were adjacent.
Subcloning and sequence analysis of a 4.9 -kb Sacl-Aatll segment of the insert
containing the actl- and ac/TH-hybridizing regions detected five open reading frames
(ORFs). The deduced products of the ORFs exhibited marked sequence similarity to
those of ORFs in streptomycete type II PKS clusters. The organization of the five ORFs
also resembled that of ORFs in type II PKS clusters, in particular, the gris and "mon"
clusters.
The function of the cloned type II PKS cluster in S. venezuelae was examined
by integrating pJV63, containing ORFs 2-4 as an insert, into the S. venezuelae
chromosome. Neither of the two integrants isolated differed from the wild-type in growth
and spore pigmentation; however, they showed a severe reduction in jadomycin B
production, suggesting that the PKS cluster is involved in jadomycin B biosynthesis. The
result is consistent with alignment analysis of PKS ORF sequences, which indicated that
the S. venezuelae PKS cluster is most closely related to the gris and "mon" clusters and
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only distantly related to those for spore pigmentation.
Identifying the roles of ORFs in type II PKS clusters involved in the synthesis
of diverse aromatic polyketide antibiotics will generate a library of PKS genes directing
reactions with a range of specificities. These will eventually allow us to select the
desired components and combine them within an organism to make novel compounds
with properties that can be designed to maximize the efficiency and minimize the
undesirable effects of antibiotics and other useful agents.
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