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Genetic determinant for the secondary metabolism was studied in heterologous expression in
Streptomyces lividans TK-24 using Streptomyces griseus ATCC 10137 as a donor strain. Chro-
mosomal DNA of S. griseus was ligated into the high-copy number Streptomyces shuttle plasmid,
PWHMS3, and introduced into S. lividans TK-24. A plasmid clone with 4.3-kb BamHI DNA of S. gri-
seus (pMJJ201) was isolated by detecting for stimulatory effect on actinorhodin production by
visual inspection. The 4.3-kb BamHI DNA was cloned into pWHMS3 under the control of the strong
constitutive ermEp* promoter in both directions (pMJJ202; ermEp* promoter-mediated tran-
scription for coding sequence reading right to left: pMJJ203; ermEp* promoter-mediated tran-
scription for coding sequence reading left to right) and reintroduced into S. lividans TK-24. The
production of actinorhodin was markedly stimulated due to introduction of pMdJJ202 on regen-
eration agar. The introduction of pMJJ202 also stimulated production of actinorhodin and unde-
cylproidigiosin in submerged culture employing the actinorhodin production medium . Introduction
of pMJJ203 resulted in a marked decrease of production of the two pigments. Nucleotide sequence
analysis of the 4.3-kb region revealed three coding sequences: two codin g sequences reading left to
right, ORF1 and ORF2, one coding sequence reading right to left, ORF3. Therefore, it was sug-
gested that the ORF3 product was responsible for the stimulation of antibiotic production. The C-
terminal region of ORF3 product showed a local alignment with Myb-related transcriptional fac-
tors, which implicated that the ORF3 product might be a novel DNA-binding protein related to the
regulation of secondary metabolism in Streptomyces.
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Streptomyces spp. are well known for their capac-
ity to synthesize an enormous variety of antibiotics
as secondary metabolites. For most cases, a strain
of Streptomyces has capacity to produce structurally
unrelated secondary metabolites, and more than 10
biosynthetic steps are required to convert primary
metabolites into the final product, which imply that
this organism contains complex genetic determi-
nations. Studies on the biosynthesis of each anti-
biotic have revealed involvement of pathway-specific
regulatory genes, the most of which are found adja-
cent to the biosynthetic structural gene clusters
and serve as activator of the biosynthetic structural
genes (18, 26). In Streptomyces coelicolor A3(2),
actII-ORF4 product acts as a pathway-specific acti-
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vator for actinorhodin (10), as redD and redZ do for
undecylprodigiosin (28, 33).

The individual biosynthetic pathway of antibi-
otics has been implicated under the pleiotropic reg-
ulation. Several pleiotropic regulatory loci were
revealed in S. coelicolor A3(2) that produces four
structurally unrelated antibiotics including acti-
norhodin and undecylprodigiosin (2, 5, 8, 9, 22).
The known pleiotropic regulators include signal-
transducing proteins which employ protein phos-
phorylation for their activities (27): AfsK-AfsR,
eukaryotic type serine-threonine kinase (13, 19);
AfsQ1-AfsQ2, two-component regulatory proteins
(16); PtpA, phosphotyrosine protein phosphatase
(30). Other than these kinase- and phosphatase-
encoding regulatory genes, diverse genetic deter-
minants were implicated in the regulation of anti-
biotic production. The diversity of these regulatory
elements makes it likely that several mechanisms
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might be involved in regulating antibiotic produc-
tion. The combination of all these regulatory mech-
anisms, and the still unknown connections between
different levels of regulations in Streptomyces,
make this topic challenging for further under-
standing of the control of secondary metabolites
production.

In efforts to understand the complex network of
the regulation in antibiotic production of Strepto-
myces, new DNA sequences were examined for abil-
ity to stimulate actinorhodin production in Strepto-
myces lividans whose ability to produce actinorhodin
was normally “silent”. This attempt resulted in iso-
lation of several new regulatory genetic loci; abaA
(9), abaB (25), a gene encoding a putative antisense
regulator (22). In the present study, we reported iso-
lation of Streptomyces griseus DNA which stimu-
lated actinorhodin production in S. lividans TK-24.
Phenotypic studies implicated that there were iso-
lated the genes for positive and negative regulation
of antibiotic production in the region of 4.3-kb
BamHI DNA from S. griseus ATCC 10137.

Materials and Methods

Bacterial strains and plasmids

Escherichia coli DH5a. (23), pUC18 (32), and
pBluescript KS(+) (Stratagene, La Jolla, Calif.)
plasmids were used for routine subcloning. S. liv-
idans TK-24 (14) and E. coli DH50. were used as
hosts for the high-copy number Streptomyces shut-
tle vector pWHMS3 (31) or for their derivative plas-
mids (Table 1).

DNA isolation, manipulation, and cloning.
S. griseus ATCC 10137 was the original source of
genomic DNA for the cloning experiments. Pro-
cedures for manipulation of Streptomyces and gen-
eral recombinant DNA manipulation were as de-
scribed elsewhere (14, 23). Protoplasts of S. liv-
idans TK-24 was transformed using the procedures
of Hunter (15). For the Streptomyces vector selec-
tion, thiostrepton was used at 50 pug/ml in agar and

Table 1. Plasmids used in this study
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10 g/ml in broth cultures.

Assay of actinorhodin and undecylprodigi-
osin

Actinorhodin production medium (17) contained
(per liter) glycerol, 50 g; glutamic acid, 5 g; morpholi-
nopropane sulfonic acid, 21 g; MgSO47H20, 200 mg;
CaClz-2H20, 100 mg; NaCl, 100 mg; KHoPO4, 82 mg;
FeSO4-7TH20, 9 mg and trace element solution (14),
2mL at a final pH 6.5. Fifty mililiters of the media
were contained in a 250-mL baffled flask and incu-
bated at 28°C with a shaking speed at 250 rpm. The
media were inoculated with spores and mycelium
from plate cultures of the recombinant strains of S.
lividans TK-24 on R2YE agar (14). To prepare veg-
etative inocula, the cells from R2YE agar were added
to 50 mL of R2YE medium in 250-mL baffled flask.
The cultures were incubated for 72h at 28°C at a
shaking speed at 250 rpm; the mycelium obtained by
centrifugation was washed, resuspended in the orig-
inal volume of water, and was used to inoculate the
production medium. Actinorhodin content and
growth were determined following the method
described by Liao ef al. (17) and undecylprodigiosin
content by Narva and Feitelson (20).

DNA sequencing and analysis

The nucleotide sequence was determined in both
directions by the dideoxynucleotide chain termi-
nation method (24), using double-stranded plasmid
DNA and the universal primers. DNASIS software
(Hitachi) was used for sequence analysis. The codon
usage pattern was determined by FRAME analysis
(3). The Fasta3 program at the European Bioin-
formatics Institute (21) and the Blast program at
the National Center for Biotechnology Information
(1) were used to search for local alignment.

Results

Cloning and characterization of the DNA
that stimulated actinorhodin production in
S. lividans TK-24

Reference or

Plasmid Genotype Sources
plJ4026 A derivative of pUC18 with a 1.7-kb DNA fragment; ermE 4,29
pMdJJ201 A derivative of pWHM3 containing 4.3-kb BamHI DNA from S. griseus This work
pMdJJ200 A derivative of pWHM3 containing 279-bp Kpnl-BamHI fragment from plJ4026 THis work
pMdJJ102 pBluescript KS(+) containing 4.3-kb Xbal-HindIIl fragment from pMJJ201 This work
pMdJJ103 pBluescript KS(+) containing 4.3-kb BamHI fragment from pMJJ201 at the opposite direction of pMJJ201 This work
pMJJ202 A derivative of pMJJ200 containing 4.3-kb Xbal-Hindlll fragment from pMJJ102 This work
pMdJJ203 A derivative of pMJJ200 containing 4.3-kb Xbal-HindIIl fragment from pMJJ103 This Work
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Fig. 1. (A) Restriction map of the 4.3-kb BamHI region. The
significant restriction endonuclease sites are noted below. The
plasmids derived from pMdJJ201 (Table 1) were shown. (B) Acti-
vation of actinorhodin production due to introduction of
pMdJJ201 or pMJJ202 on R2YE agar. The recombinant S. liv-
idans TK-24 strains grown on R2YE agar at 28°C for 7 days. a,
b, ¢, and d indicate S. lividans TK-24 harboring pMdJdJ200,
pMdJJ201, pMdJJ202, and pMdJJ203, respectively.

The DNA fragment between approximately 4.0-
kb and 6.0-kb in BamHI-digested chromosomal
DNA of S. griseus ATCC 10137 was recovered from
the gel, purified, and ligated into the high-copy
number Streptomyces shuttle vector pWHMS3. The
ligation mixture was introduced by transformation
into S. lividans TK-24, with selection of thiostrepton
resistance. Among the transformants, an inten-
sively blue colony was isolated. Analysis of plasmid
DNA (named as pMJJ201) from this colony revealed
4.3-kb insert in the cloning site of the vector (Fig.
1A). The cloned DNA was subcloned into pMdJJ200,
a derivative of pWHM3 containing ermEp* pro-
moter, in both directions (named as pMdJJ202 and
pMdJJ203, respectively) and reintroduced into S. liv-
idans TK-24 (Fig. 1A). As shown in Fig. 1B, S. liv-
idans TK-24 transformed with pMJJ201 or pMJJ202
showed blue pigment production, whereas the strain
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Fig. 2. Growth (A) and production of actinorhodin (B) and
undecylprodigiosin (C) of S. lividans TK-24 transformed with
pMJJ200-203 in the actinorhodin production medium. O, @, A,
and ] indicate strains harboring pMdJJ200, pMdJJ201, pMdJJ202,
and pMdJJ203, respectively. The cultures were prepared in the
production medium with inocula of spores and mycelium from
plate cultures of R2YE agar. The cells were cultured in 50 mL of
the broth in a 250 ml-baffled flask at 28°C with a shaking speed
at 250 rpm.

harboring pMdJJ200 or pMdJJ203 showed negliable
pigment production. The strain with pMdJJ202 sho-
wed more intense color development than the strain
with pMJJ201. On visual inspection, the strains with
pWHMS3 and pMdJJ200 showed no difference in the
pigment production on R2YE agar.

S. lividans TK-24 transformed with the pWHM3
derivatives were cultured in R2YE broth, and pro-
ductions of actinorhodin and undecylprodigiosin
were examined. In the R2YE broth culture, S. liv-
idans TK-24 could not produce actinorhodin. How-
ever, actinorhodin was produced upto 18.5 mg/L in
S. lividans TK-24 harboring pMJJ202. The growth
of the strain harboring pMJJ202 was significantly
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retarded compared to other recombinant strains
consistent with the growth-interference of pMJJ202-
introduction detected by visual inspection on R2YE
agar. In the culture condition employed, the growth
of the strain with pMdJJ202 measured as 10 mg/mL
in dried cell weight, whereas those of other recom-
binant strains measured 18 to 22 mg/mL.

Phenotypic studies of the recombinant S. liv-
idans TK-24

The productions of actinorhodin and undecyl-
prodigiosin were examined in actinorhodin produc-
tion medium permitting the substantial accumula-
tion of both pigmented antibiotics. The cell growth
decreased considerably by introduction of the 4.3-kb
DNA (Fig. 2A). Compared to S. lividans TK-24 har-
boring pMJJ200, actinorhodin production increased
up to 180% in the strain harboring pMJJ202 at 8
days after initiation of the cultures, and the enhance-
ment was clearly observed at 4 to 6 days (Fig. 2B).
Actinorhodin production was somewhat low in the
strain harboring pMdJJ201 and markedly repressed in
the strain harboring pMdJJ203 compared to the strain
harboring pMdJJ200; actinorhodin content in the
strain harboring pMJ203 measured only a third of
that detected in the strain harboring pMdJJ200 at 8
days after initiation of the cultures. Undecylpro-
digiosin production of the strains with pMdJJ202
and pMJdJ201 increased upto 150% and 130% of
that of the strain harboring pMdJJ200, respectively
(Fig. 2C). The introduction of pMJJ203 lowered
undecylprodigiosin content, but the decrement was
relatively low compared to that observed in actin-
orhodin production (Fig. 2B and C).

When productions of actinorhodin and undecyl-
prodigiosin were examined in the cultures inocu-
lated with mycelium from R2YE broth culture,
marked differences in the productivities were
observed (Fig. 3B and C). Whereas the production
of the pigmented antibiotics of the strain with
pMdJJ200 was significantly limited, compared to the
productivity observed in Fig. 2, the pigments were
markedly overproduced due to introduction of
pMdJJ202 to an extent obtainable in expt of Fig. 2.
The pigment production of the strain harboring
pMJJ201 or pMdJJ203 measured as a basal level
(Fig. 3B and C).

Nucleotide Sequence Analysis
Computer-aided FRAME analysis (3) with the
nucleotide sequence of the 4.3-kb BamHI DNA pre-
dicted putative three complete coding sequences
(Fig. 4). The average G+C content for third codon
position for each coding sequences were 87.6, 82.1,
and 92.0%, respectively. There were two reasonable
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Fig. 3. Growth (A) and production of actinorhodin (B) and
undecylprodigiosin (C) of S. lividans TK-24 transformed with
pMdJJ200-203 in the actinorhodin production medium. O, @ , A,
and [] indicate the strains harboring pMJJ200, pMJJ201,
pMJJ202, and pMJJ203, respectively. The cells were cultured in
50 ml of R2YE broth in a 250 ml-baffled flask for 3 days at 28°C
with a shaking speed at 250 rpm and used to inoculate the pro-
duction medium to be approximately 0.1 of Ag4o. The inoculated
production mediums were maintained at the same culturing
condition.

candidates for the translational start codon of
ORF1, ATG (nt 261 to 263) and TTG (nt 279 to
281). By finding Shine-Dalgano sequence located at
nt 273 to 276 (GAGG), a TTG codon at nt 279 to
281 was assigned as the translation start site.
ORF1 was predicted to terminate at a TGA codon
at nt 1710 to 1712. Comparison of the ORF1 prod-
uct with known proteins revealed that the ORF1
product showed regional similarity to Hsp70 pro-
teins, a family of proteins highly conserved in evo-
lution (6, 7); The ORF1 product was most similar
to Hsp70 protein of S. griseus 2247 (11), with an
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CGBETCCEEC GECCGCEEEC TOCTTCGGTS TGBCGATATC COGGACGETG GTGGAGCGGG 2520
gCCSAGgCC% CCEG GCCCG ACGAQGCCAC ACCGCCATAG GCCCTGCCAC C%C TCG%"'C 350
ACGGGGCIGC GGTGGTGGAG ACGCGGGEGC CGGTGGGCAG GGGTTGGTCG AGTBGTGTGG 2580
gGCgCCEAC% CCACCAC SC TgCGR CEC)'CG GCCACC(I'S‘GIE CCCAASCA%C TCACCACACC 330
TGAGGGCGTG GTGGGCGGCC AGGAGGAGGC GGGTGGTGAT GCCGGAGAGC GGGCCGGTGC 2640
%C'I‘ECCECAC CAgCCgCCEG TCCTECTCCG CCCACCACT% CGGCCTCTEG CCCGECC’%CG 310
GCCAGGABGC GGTGTCGAGT GCGATCCGGE CGAGATGCGC GGCCAGGGGC CCGITCIGCT 2700

CGGICCTCCG CCACAGCCCA CGCTAGGCCC CGTCTACGCG CCGGTCCCCG GGCAAGACGA
R WS A T A I I 290

Sa
GGGTCATSCG GTGGGCGAGG GCGGGCCACT BGACGGGAGCT CACCAGGAGC GCGGCGICCC

2760
SCC%GTﬁCGg CACCCGCTCC CGCCCGGTGA STGCCCTCGA STGGTCCTEG CECCECAgGG 270
GCTGGEGCAG GaCTTCGTTG ACCTGGCTCA CCAGGGTGCG GTGEGCEECE GGEGTGATGC 2820
%GASCC%GTC CCGAAECA%C TGGASCGAGT GGTCCC%CGE CACCCECCGC CCCCACT ACG 250
CGAGCTGTTC CAGGGCGCGS GCGCGGTCGC TGAGGTCGAG GTCGTGGGGE ATGTCGAGGC 2880
GCTCGACAA% GTECC%CG%C CgCG%CA%CG gCTCCA”CTC CA%CASCCCC TACAGCTCCG 230
CTTCGGTGAG CGGGCCCCAG AGGTTCCTCG CGTCGGCGCT CACCTCCGGA GCGAGCGGCA 2940
GAAGCCACTC GCCCGGGGTC TECAﬁGG%GC gCAgCCGCGé GT%GA%GC%T CGCTCGCCGT 210
CCGCCGCGGC CGCGGCCGGG GGCCGCGETG GGAGCGGCCE GOEECEEEEE GGGCGCACGG 3000
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gGCiCCEGC% CCGAC”CCCG CGCCCGCGCC ACC%CCSCC% CTACCECC%C ACT%CC%GA 170
GTCGATGCG GAGGCCTGCT GTGTGGGCGT CGGTGAGGAT GCGGGTGACG TCGATGCCCT 3120
S”AGCTACG% CTECGEACXA C%CACCCGCA GCCACTCCT% CGCCCACTGC AgCT%CGgGA 150
GGTCGTGGAG GCGGCCCATG GIGGCGGCGA TGTCGGGCCA GGTAGGGGAG GCGAGGATCG 3180
C”AGCACCTE CGCCGgGTﬁC CACCGCCGCT %CA%CC%GGT CC%TCCCCTC CECTECT%GC 130
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ACGGGCGGE6 GTGTEGCGEE GCCACGGGCC GGGGCGGGTE TCACCCGTAC GGTGCGCGGC 3840
GGTGTIGTGG TBCGBGCGGGE GBCGCCHOIC AGGTCGECGG CTTCGCGLAG GAGGGCGGCE 3900
GCCTGEECEG CGGCTGTTGC CTGAGTGCIG TTCTCGTTGA GCGGCCGRGE GCICAACGGE 3960
BCBEEGGCEC CGGT%%%%TC GGCGGCTTCG GGCAGGAGGG CGGCGGCCTG GGCCCGTTGA 4020
GCEECCCGCC GCCCGTCGAC CGTGCTGGAA GGIGTCCGGT CTICGTGAAG GTGGCGACGT 080
CCCGCTEATC ATGGCGAATC GGCTGGGCCG GTGBGCGTTA CCACTAGBCE TECBGETCGT 4140
TGGGACIGIT ATGGCGATGC GT%#%%ETTC TCGGCTCTGC GIGATGTGCG GGACCGGICT 4200
a
GCTCGGCGGG ACGGCATATC TGGTCGACGG CGLCCGGCGE CA%F%EEFTC GGACGCCTAC 4260
TCGCITCCTG ATCIGCGGGT CCTGCTACGA CCGAGGGTGT CCG&&TCC 4308

Fig. 4. Nucleotide sequence of the 4,308-bp BamHI fragment. The deduced amino acid sequence of the proposed translation product
is given below the nucleotide sequence. The asterisks denote translation termination codons. For ORF3 reading right to left, both
strands are shown. Potential ribosomal binding sites (rbs) are noted, as are significant restriction endonuclease sites. The nucleotide
sequence was deposited to the GenBank database under the accession number AF147749.
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identity score of 53% and a similarity of 70% at the
region of amino acid residues 26 to 472. The hsp70
gene of S. griseus 2247 encodes the 67 kDa protein
with 618 amino acid residues (11).

ORF2 was predicted to start at a GTG codon at nt
1961 to 1963 and terminate at a TGA codon at nt
2243 to 2245. ORF3 was predicted to start at a ATG
codon at nt 3565 to 3563 and terminate at a TGA
codon at nt 2371 to 2369. ORF2 and ORF3 had
putative Shine-Dalgano sequences located 8 bp
upstream from the initiation codons.

Discussion

Genetic locus for regulation of secondary metab-
olism was looked for by its ability to stimulate act-
inorhodin production in S. lividans TK-24. As a
DNA donor, we chose S. griseus ATCC 10137 for its
ability to produce streptomycin, which is biosyn-
thetically unrelated to thé known metabolites of S.
lividans TK-24. We employed constitutive ermEp*
promoter for amplified expression of coding sequences
in the cloned DNA. The introduction of the 4.3-kb
BamHI DNA on a high-copy vector activated act-
inorhodin production on R2YE agar, and amplified
expression through ermEp* promoter for coding
sequence(s) reading right to left (Fig. 1A) resulted
in dramatic stimulation of actinorhodin production
(Fig. 1B). The result indicated that there might be
a sequence activating actinorhodin production in
the 4.3-kb BamHI DNA, and the putative coding
sequence be read right to left. The activating effect
was also observed in the R2YE broth culture. How-
ever, the production of undecylprodigiosin was not
increased by the introduction of the 4.3-kb BamHI
DNA.

We employed chemically defined medium ren-
dering a substantial accumulation of actinorhodin
together with undecylprodigiosin and investigated
the effects of the 4.3-kb BamHI DNA on the pro-
duction of these two pigments. Undecylprodigiosin
accumulated during the exponential growth phase,
and actinorhodin production occurred mainly in the
stationary phase (Fig. 2), which implicated that the
physiological controls on the productions of the two
pigments were markedly disparate. As shown in
Fig. 2B and C, undecylprodigiosin production of the
strain harboring pMdJJ201 increased to an extent
comparable to that of the strain harboring
pMdJJ202 but actinorhodin production was some-
what decreased by the introduction of pMdJJ201.
This phenomenon implicated that there may be a
promoter for the coding sequence reading right to
left, and the promoter was only active at the expo-

J. Microbiol.

nential growth phase.

The production of the pigments was strictly lim-
ited when the actinorhodin production medium was
inoculated with mycelium from R2YE broth culture
(Fig. 3B and C). It was likely that the growth
reached stationary phase too early that physiolog-
ical signal(s) triggering gene(s) relating to the sec-
ondary metabolism failed to fully generate. This
limitation in the antibiotic production was over-
come by the expression of the putative coding
sequence reading right to left in the 4.3-kb BamHI
DNA. In this culture condition permitting short-
exponential growth phase, the strain with pMJJ201
showed a nearly complete inhibition in the pro-
duction of the two pigments as did the strain with
pMJJ203. Therefore, it was suggested that the
expressions of the activating sequence (reading
right to left) and the inhibiting sequence (reading
left to right) were clearly disparate depending on
growth stages; the former expressed mainly at the
exponential growth phase and the latter did at the
stationary phase.

The nucleotide sequence analysis of the 4.3-kb
BamHI DNA revealed one coding sequence reading
right to left, ORF3, and two coding sequences read-
ing left to right, ORF1 and ORF2. Therefore, it was
suggested that the antibiotic production was reg-
ulated in positive manner by ORF3 product and in
negative manner by either ORF1 or ORF2 product.
However, no significant similarity to protein se-
quences in the data bases was observed for ORF2
and ORF3, and ORF1 showed only a regional sim-
ilarity to hsp70.

Although no significant similarity to protein
sequences in the data bases was observed for ORF3,
a putative regulatory sequence which acted in pos-
itive manner, some characteristics of the deduced
protein were obtained through computer-aided
search for regional similarities. The regions of low-
complexity ('simple sequence' or 'composition biased
regions') were analyzed through PredictProtein
server in EMBL (34), and the regions not marked
as 'simple sequence' were separately analyzed for a
local alignment using the PSI-Blast Program. The
region of residue 264 to 385 showed a significant
alignment with ALL-1 protein (a mammalian zinc
finger protein; GenBank Accession No. P55200)
with 23% identity, 41% similarity, and 15% gap in
the alignment of 122 residues. The region of res-
idue 215 to 293 showed a significant alignment
with Myb-related transcriptional factors of various
origins; most similarity with DNA-binding protein
MybHv5 of Hordeum vulgare (GenBank Accession
no S35729) with 24% identity, 40% similarity, and
7% gap in the alignment of 79 residues. Although a
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putative DNA-binding motif could not be assigned,
the alignments implicated that the ORF3 product
might be a eukaryotic type DNA-binding protein
related to the regulation of secondary metabolism.
ORF1 or ORF2 product was supposed to be a neg-
ative effector of secondary metabolism. However, it
could not be completely ruled out that the observed
effect of the 4.3-kb DNA might have originated
from the region other than the predicted coding
sequences.
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