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Abstract Probing Streptomyces albus ATCC 21838
chromosomal DNA with a proline tRNA sequence resulted in
an isolation of a putative integrating element in the 6.4-kb
EcoRI fragment. It was found that Streptomyces lividans TK-
24 transformed with a cloned DNA fragment on a multicopy
plasmid, produced a higher level of spore pigment and
mycelial red pigment on a regeneration agar. Furthermore, the
transformant S. lividans TK-24 produced a markedly increased
level of undecylprodigiosin in a broth culture. A nucleotide
sequence analysis of the cloned region revealed several open
reading frames homologous to the integrases of integrating
plasmids or temperate bacteriophages, signal-transducing
regulatory proteins with a conserved ATP-binding domain,
oxidoreductases (B-ketoacyl reductase), and an AraC-like
transcriptional regulator. To examine the effect on antibiotic
production, each coding region was overexpressed separately
from the other genes in the region in S. lividans TK-24 with;
pJHS3044 for the expression of the signal-transducing
regulatory protein homologue, pJHS3045 for the homologue
of oxidoreductase, and pJHS3051 for the homologue of the
AraC-like transcriptional regulator. Phenotypic studies of S.
lividans TK-24 strains harboring plasmids for the overexpression
of individual genes suggested the following effects of the
genes on antibiotic production: The oxidoreductase homologue
stimulated the production of actinorhodin and undecylprodigiosin,
which was influenced by the culture conditions; the
homologue of the AraC-like transcriptional regulator was the
most effective factor in antibiotic production within all the
culture conditions tested; the signal-transducing regulatory protein
homologue repressed the effect due to the homologue of the
AraC-like transcriptional regulator, however, the antibiotic
production was derepressed upon entering the stationary phase.
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Streptomyces spp. are well known for their capacity to
synthesize an enormous variety of antibiotics as secondary
metabolites [25, 33, 39]. In most cases, a single Streptomyces
strain has the capacity to produce structurally unrelated
secondary metabolites, and normally more than 10
biosynthetic steps are required to convert the primary
metabolites into the final product, which implies a
complex genetic determination [9, 21, 33]. Studies on the
biosynthesis of individual antibiotics have revealed the
involvement of pathway-specific regulatory genes, most of
which are found adjacent to biosynthetic structural gene
clusters and serve as activators of the biosynthetic pathway
[36,51). In addition to this “local” regulation of the
biosynthetic pathway, individual biosynthetic pathways
are also under pleiotropic regulation [4, 14, 15]. Research
efforts toward the isolation and functional characterization
of the regulatory genes will increase the understanding of
the mechanisms controlling antibiotic production in
streptomycetes, which in turn may render a yield increase
through the genetic engineering of this organism.
Streptomyces coelicolor, the principal organism for
the study of streptomycete molecular genetics, produces
two polyketide-derived pigments, actinorhodin and
undecylprodigiosin [23]. Research into the genetic control
of the antibiotic synthesis in S. coelicolor has attracted
considerable interest since the pigment-nature of actinorhodin
and undecylprodigiosin allows for a visual observation of
production [48]. Spore pigmentation in S. coelicolor A3(2)
arises from the accumulation of an unidentified grey
compound. The genetic locus whiE specifies the pigment
production, and the sequence of whiE indicates that the
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spore pigment is biosynthesized through the polyketide
pathway [12]. Results confirming the polyketide nature of
the pigment were derived from the production of
extracellular aromatic polyketide through the engineered
expression of the whiE genes in S. coelicolor [61].

In Streptomyces lividans, a close relative to S.
coelicolor, the biosynthetic pathways for actinorhodin and
undecylprodigiosin are normally “silent” or expressed at
very low levels. It is thus probable that a genetic
determinant(s) outside the biosynthetic cluster(s) is not
expressed under the normal growth conditions. Consistent
with this implication, pigment production increased when
a regulatory locus for antibiotic production was introduced
into S. lividans TK-24, and the genetic determinants for
antibiotic production were isolated through a heterologous
expression in S. lividans TK-24 [15, 46, 47].

The authors have previously reported on the isolation of
the polyketide biosynthetic gene cluster from salinomycin-
producing Streptomyces albus [32] without identifying the
polyketide metabolites. Accordingly, diverse approaches have
been applied to clone a genetic determinant to induce the
production of secondary metabolites from the gene cluster.
This paper reports on the isolation of a genetic determinant
for antibiotic production from S. albus through a heterologous
expression in S. lividans TK-24 [30]. A nucleotide sequence
analysis suggested that the DNA fragment is a part of an
integrating element. A deduced amino acid sequence analysis
revealed genes homologous to a putative signal-transducing
regulatory protein, AraC-like transcriptional regulator, and
oxidoreductase. Phenotypic studies of S. lividans TK-24,
which harbors these genes, suggested that the cloned gene
products exert a pleiotropic regulation on the production of
secondary metabolites in a positive manner.

MATERIALS AND METHODS
Bacterial Strains and Plasmids
Escherichia coli DH5a. [49], pUCI18 [61], and pBluescript

KS(+) (Stratagene, La Jolla, U.S.A.) were used for routine

Table 1. Plasmids used in this study.

subcloning. S. lividans TK-24 [22] and E. coli DH5a were
used as the hosts for the high-copy number Streptomyces
shuttle vector pWHM3 [57] or for their derivative
plasmids (Table 1).

DNA Isolation, Manipulation, and Cloning

S. albus ATCC 21838 was the original source of genomic
DNA for the cloning experiments. Southern and colony
hybridization were performed using a Hybond-N membrane
(Amersham, Braunschweig, Germany) following standard
procedures [49] with a digoxigenin-labeled pl-a3 probe.
The DNA probe was labeled using a DIG labeling and
detection kit (Boehringer-Mannheim, Mannheim, Germany).
pl-a3 is a 4.5-kb DNA fragment isolated from S.
coelicolor for its ability to restore actinorhodin and
undecylprodigiosin production in S. coelicolor abs8752
[54] and exerts a pleiotropic activation of antibiotic
production when introduced into S. lividans TK-24 (M. Y.
Choi et al., 1998. Abstr. Annu. Meet. Soc. Actinomycetes
Japan, Japan, p. 50).

Procedures for the manipulation of Streptomyces and
general recombinant DNA manipulation have been
described elsewhere [22,49]. Protoplasts of S. lividans
TK-24 was transformed using the procedures of Hunter
[24]. For the selection of Streptomyces transformants,
thiostrepton was used at 50 pg/ml in an agar, and 10 pg/ml
in broth cultures.

DNA Sequencing and Analysis

The nucleotide sequence was determined in both directions
using the dideoxynucleotide chain termination method [50],
with double-stranded plasmid DNA and universal primers.
DNASIS software (Hitachi) was used for the sequence
analysis. The codon usage pattern was determined by a
FRAME analysis [5]. The Fasta3 program at the European
Bioinformatics Institute {41] and the Blast program at the
National Center for Biotechnology Information [2] were
used to search for a local alignment. The MultAlin program
at the National Institute of Agronomic Research [11] was
used for a multiple sequence alignment.

Plasmid Genotype Reference or source
plJ4026 A derivative of pUC18 with a 1.7-kb DNA fragment; ermE [61, [56]
pJHS11 A derivative of pUC18 containing 279-bp Kpnl-BamHI fragment from pli4026 This work
pJHS14 A derivative of pWHM3 containing 0.3-kb EcoRI-BamHI fragment from plJ4026 This work
pJWAL1 pBluescript KS(+) containing 6.4-kb EcoRI fragment isolated from S. albus This work
pIWA?2 6.4-kb EcoRI fragment cloned from pJWAI into pWHM3 This work
pIHS301 1.3-kb Sall-EcoRI fragment cloned from pJWA1 into pBluescript KS(+) This work
pJHS305 1.3-kb Xhol-Sphl fragment cloned from pJHS301 into pJHS11 This work
pJHS3051 1.3-kb EcoRI-HindIll fragment from pJHS305 cloned into pWHM3 This work
pJHS3042 4-kb Sphl fragment from pJWA1 cloned into pJHS11 This work
pJHS3043 4-kb Sphl fragment from pJWA1 cloned into pJHS11 at the opposite direction of pHS3042 This work
pJHS3044 4-kb EcoRI-HindlIl fragment from pHS3042 cloned into pWHM3 This work
pJHS3045 4-kb EcoRI-HindIll fragment from pHS3043 cloned into pWHM3 This work
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Assay of Actinorhodin and Undecylprodigiosin

The actinorhodin production medium [35] contained (per 1)
glycerol, 50 g; glutamic acid, 5g; morpholinopropane
sulfonic acid, 21 g; MgSO, - 7TH,0, 200 mg; CaCl, - 2H,0,
100 mg; NaCl, 100 mg; KH,PO,, 82 mg; FeSO,- TH,0,
9 mg; and a trace element solution [22], 2 ml, at a final pH
of 6.5. Fifty milliliters of the medium was contained in a
250-ml baffled flask and incubated at 28°C at a shaking
speed of 250 rpm. The media were inoculated with spores
and mycelium from a culture plate of the recombinant
strains of S. lividans TK-24 on R2YE agar [22]. To prepare
the vegetative inocula, cells from the R2YE agar were
added to 50 mi of the R2YE medium in a 250-ml baffled
flask. The cultures were incubated for 72 h at 28°C at a
shaking speed of 250 rpm; the mycelium obtained by
centrifugation was washed, resuspended in the original
volume of water, and used (2%, v/v) to inoculate the
production medium. The actinorhodin content and growth
of the culture were determined following the method
described by Liao er al. [35] and the undecylprodigiosin
content was determined using the method of Narva and
Feitelson [38].

RESULTS AND DISCUSSION

Isolation of the DNA that Stimulated Pigment Production
in S. lividans TK-24

A Southern blot analysis, which used the labeled p1-03 as
a probe against the S. albus ATCC 21838 chromosomal
DNA digested with various restriction enzymes, revealed a
6.4-kb EcoRI fragment. This fragment was recovered from
the gel, purified, ligated to pBluescript KS(+), and transformed
into E. coli DHSo.. Screening using the same probe
resulted in a plasmid clone with the 6.4-kb EcoRI insert. To
examine whether the genetic determinant for the biosynthetic
pathway for secondary metabolites is located within the
6.4-kb EcoRI fragment, the DNA fragment was subcloned
into a the high-copy number Streptomyces shuttle vector
pWHM3 (pJWA2) and introduced into S. lividans TK-24
with a selection for thiostrepton resistance. The S. lividans
TK-24 with pJWA?2 showed an improved spore pigmentation
and a development of the mycelial red color on the R2YE
agar (Fig. 1A). To verify the ability of the 6.4-kb EcoRl
fragment to increase the production of secondary metabolites,
the undecylprodigiosin content of the recombinant strain
was examined in a R2YE broth culture (Fig. 1B). S.
lividans TK-24 and its recombinant strains cannot produce
actinorhodin in a R2YE broth culture. However, as shown
in Fig. 1B, the undecylprodigiosin production was enhanced
up to approximately 300% due to the introduction of
pJWA2, which suggested that a genetic determinant of the
biosynthetic pathway for secondary metabolites was located
within the 6.4-kb EcoRI fragment. It was also identified
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Fig. 1. Phenotypic characteristics relating to the production of
secondary metabolites, which were induced by the introduction
of pJWA2.

(A) S. lividans TK-24 transformed with pWHM3 (1) and pJWA2 (2) were
grown on R2YE agar for 7 days for the visual inspection of pigment-
development. (B) Growth and undecylprodigiosin production of S. lividans
TK-24 transformed with pWHM3 or pJWA2 in R2YE broth. C and []
indicate undecylprodigiosin production and growth, respectively. The
filled and unfilled symbols indicate S. lividans TK-24 with pWHM3 and
pJWA2, respectively. The cultures were prepared with the inoculum of
spores and mycelium from a culture plate 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 of 250 rpm.

that the 1.3-kb Kpnl fragment hybridized with pl-03. A
nucleotide sequence analysis of the 1.3-kb Kpnl region
revealed 80-bp of the DNA sequence matched nearly
perfectly with the cognate sequence within pl-03. It is
therefore plausible that the 80-bp DNA sequence is
responsible for the detected signal hybridized with the
pl-03 probe. However, there was no homologous region
in the 1.3-kb Kpnl fragment to coding regions found in the
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GATmAcocmmm \GOGCT AGOCGO00GGG: L) GTGBOCGAGGAC GGOGOGETEGTC GTCTCCBAACTG GTOGOCAACGOG GTGCAGCAOGCT OGGCGGGAGTCC 3670
A
o S S T . SSgooronch DTG, R oAGL goosoct KK ‘o VAED GAVY VSEL VANA VQHA RRES &8
TGOGG00G06 TGGTAGOSCACT TGACTGGGGGTC AAGOGGTOGCAG GTTCAAATOCTG
RERRe CTOCR0GTOGTG GTIGABCIOO0C GOOCABGACALS GTOOO0GTON GTORCIGACCTC TErogeoTeonr 374
TOGTOOCGACGG TGAAGTACAAGG TCAGGGOOCTGC TTOGGCAGBGOC CTTGATOGITTC CAGGGOOGOOST 214 LRVV VERP A0QDT RVA VADL SREVR
CTCACMTTTCT CACAAACGCTGT TGATCAAGGTCA GOCGAGCAGTTC GGOCAGCTTCIC CGAACCOGOOCT 286 GTACCGAAGATG GOOBCAGAGTGC GGOOGOGGOCTG TIOCTGGTGAG ATGCTGAOOCC 381
AT CORCTOTTCMS CHRETOAAG OCTTOcocoRs - PVIA."""VPKMGAECGRGLFLVAMLAA 11
GACTOGGTACL GACGAMCGACLC TOBOGCAACGTC GICTO0600GA CTOGAGAGOCRC USTUACCACAG 3898
GAGCGACTGOGG GTOGGGGTGEAC GTAGGTTOGCIT OGTGAACCCGAG GTOCGAGTGACC GGOOCACGOGGA 358 D¥GT DERR WG6KV VVAE LERR G# 1
CTOGCTGACGOC CAGCOUCACGTG CATCCAAGCGAA GCACTTGGACTC CAGGCTCACTGG O0GGGTROGCCT
LSQP DPHYV YTRK TFGL DSHG AWAS 149 mm mmmmm; 3‘!&%
GACCACCGTGTC OGGCACOCCGTT GITOGOCATOCA OGACAGGCAGGC GTGOOGAGCGTC GTACAACDGCAC 430 G AmumAcooo\A ” »»9»»?) >>>>> 5(« <<<<<<< @(?Q« "o
CTOGTOOACAG GUSTO000CA CAAGOGOTAQCT OCTUTOCTON CACIGGCTORCAG CATGTTORORTS
VVT PVGN NAM¥ SLCA HRAD YLRV 125 Ghommn:gm[‘ cmm;cmn :122
CTTCOGTACACC CGTGGTGGOCAT CAGCTTITGOGC CTCACGCOGGAG CTTGTCOGICTT CCACGGCTGOC 502 >>>>>>>>>>>> »> <<ﬁ< ?«E«««
TGTG6 GCACCACCOGTA GTOGAACACGCG mmmmmmmmm AAATOCTGTCGT COOGACTOUAGA 4318
KRVG TTAM LKHA ERRL YP0QG 101 1
GCCACTOCTGG GACCAGGTOGOG ATOOGAGGCCTT GACCGATGOCGC OGGTUGATODGG TGACGAGDGOGG 4390
CAGCTOGTCCAC GAGGAOGTACCC GCTGTCCTOGTA OGOCTOO0UGGC GOOCAGCTTCIC €GOCGOCTGAGC 574

CAGGACGTACCC o TGOGCGACH00G GAOGBGATACDS ACAGGTCAACCT TCOBOGRGCGAG OCGUTGTTGAGG TGGGCAGTGOOGT 4463
LEDV LVYG SDEY AEGA ALKE AA0TA4 ” ammmmmmmmm 4535
GGGOGAGAACGC CTTCAGOGGG0G CTOOGCGATCAG GGTGAACAGCAT GOGGGCATACGA GCGGCGACCCTG 646 AT CROLDCICGR CIRACEIGAS GRACEAGHOGAC caceadtony 208
OOCGOOCTTGOG GAAGTOGODOGC GAGBOGCTAGTC CCACTTGTOGTA COCCOGTATGCT CQOOGCTGNGAC
PPFAKLPREA!LTFLMPAYSRRGO 53 GGCCTOCAGGOC GTOGAGOGOGAC GETCACGACCTC GGOOGGGTCGTT CITGGGGATGIC 4607

GA(m:qmm CCAGTGCTOGAG ACAG
GATGOOCTOCAG GAACCGCTTCAT CTOCATGTGOGA GOCGATGAACCS GOGCTGGACGOC CTGGAGTTGACG 718 P CRGGAA0TO0R CAGCTOORCTG OOGOOOCASCAA
CTAOJRGAGGTC CTTOO0GANGTA GAGTACAONCT CODCTACTTONC CCTACCTB0G GACCTCAACTEC e L TVVE APON BLD 184
IGEL FRKM E R RQVeE QLaRr 23 mmmrmmmmwmmnmmm 4679
A
GOCGOG0GGOGC GODOBCGTGONE OGAGGTGATOGRC OGGAATCCTGOG CGGCATGGOOGC CGAGAGOCSGOG 790 GTTGPCRD0TA CCARCLACH: ORACLTOGACTA CTCTO0000pA CTOGACCIACHG GACAGECROGTC o)
CB6OG0B00G06 GCTOCACTACCG GOCTTAGGACOC GOUGTACDRGCG GCTCTOGO0GC
GRPAEMAHGSTIAPIRRPMAASLRR 5 TICCAGGOGTAC COOGTTGGTCAT GCTOCACGOGGC GGOCTTOGAGGC GGOGTAGGUGTT GBCGOUGGGETA 4751
GOGACTTCOCAC CGOCTGAGCOCA GGAAGCOGCAGC OCCTCATCOCTG COCCACCTTGOC CTGAGOGOGAGC 862 AOGFOCRCATE GRECHOGAGTA CRAGITGE00RG CODGYAGTORS OOCATORGON CQUORGCROCAT o
PSGV 1 COAGAGECAGGA CAAGOGGGAGTT CACGITGAGGAT GDOBOCACCGOC GTTGOGGGCCAG GGTCGGOOOGAA 4823
TTTTGOCCTGE TABCBOGCTTG6 TOGROGTTOOTC TGAAGGGOCTTG COTOCTROCGAT ACGAACTIGOTC 934 OCTCTOGETOLT GITORCRLTCAA GTGGUACTOTA CROCHGTRO0NG CMGOCTGOTC ORAGOOBRGCTT
AAGCCTTTCTGC ACGTCAGAGGTS ATTTCACCGOCG AGGCOGATOGGT 1006
ACTTOGATTGOS GTGTOCAMGCTG ATCACCACATGC GCTGOGTOGCTT 1078 TGTGCOGATCAT CGTCAGOGGACE GTAGAAGTTOGT GTOGATCTCCTG CCTGATOGOOGT GAGGTOGOOGGT 4895
ACTACCTCAGGC ACGTOGGCAAGT AGGTGCTGCAAC TIGGGAAACTGT 1150 ACACGOCTAGTA OCAGTOOCTOO CATCTTCAAGEA CAGCTAGASGAC GGACTAGOGOCA
TGCTGAACAAGC TOCGGAGGAGCT TOGTGTGTCTCC TCITCCACCAAG TOCCATACGGOG TOGCTGGCTTCC 1222 I'M TLPG YFNT e RI AT LDGT 8
[ 7]
CGGCACGOOGTC. AGGAAGTOGCTG TAGATCTTTORC CTOGGCTO0006 AGTGOCCACTTC GOGTIGCIOCTG GACGAGGTTGCT GOOOGTOGTGET OCOGGOGTTGIT CACCAGCAGGGT CAGGTCGGGG6C 4967
ATCTGGATCTTC mcmums-rm &Aghrm OCCAACGATGCC ACGGOGCOGGTS ATOOCGG0GO0G i% GIOCTOCANOGA COOGCACLACLA. GIHOTOCAACAA. GTUGTOGTONCA GTOCAGOC000G CDGOCOAE00G o
AGCACTGCTGCA AGTOOGGAGTTC ATGAGTGCATGA TGTTCGATOGTC CTAACGOCATGT ACGODOGGTORG 1438 sal1
GGOGGOCACOGC CTOCGGGTOGGT GATGTCGAGOGC CAGOOGGATCGC GOCGGGTACCTC 5038
mmnmsmmacmmm CGGOGAGTO00G AAAAGGCTOACG 1512
GABOQDCABOCA CTACAGCTONGS GTOGCECTAGOG OQEOCCATECAS CTCCAGHSGL

a:'lmng;{c mn o LTWMIA GVTWA F“va scax:P Smgmocy TF”’U’GP ACQ WCR 156 A AV A EPUDT DLA L P T VTEF L]

Kpn 1 :

COGETACDOCTA (BACTOGTAGAG OGOCTGGACDCT CBGGTGCGTCAC GICCACCAGCAG 1584 CCTE00660G0C. GGOGTAGACCTT CGOGGCACOD0G GTCGAGGAGTTS CTGGACGAAGTG CCOACCGATGOC 5111
GAGAGGGTGGAA GGCCATOGGOGT GCTGAGCATCTC GOSGACCTGGGA GCUCACGCAGTG CAGGTGGTOGTC GGAGGOCCGO0G COGCA CAGCTCCTCAAC GACCTGCTTCAC GGCTGGCTACGG
EGVK RYGY SEYL AQUVR PHTV BDVILL 132 RAGRCCROORT RDCTCTRagA OQUCPITERONe CROCTOGTCAAC GACCTOCITCC cQoTaorTAcg 18
GOOGACAGATC ATCGTO0GAGS GICCATGAGOGC QOTCTIG0A 1636 GOGGTTGO0GCC GGTEACGAGTOC g%mcnomm gramzm CACAACOGTAGA TTCGCAGATGC 5182
GOGGCTGTCTAG TAGCAGGGCTOR CAGGTACTORCG GGOCACGTUIGE GAGACGACGGGE CCAGAAGGOGGT QOCAACE000G DEACTOCTCARG CTACGAAGGAAS CTAGAAGT 1
o o o e i e e ' e 108 st
CTGCTOGCGTAC CATCAGCTOGGA GAAGTGGAAAGT ACTOGACTTCIC 1728 GTGTCTCAATGA CAGATCTOCTCA ATGAGATATCTG TACCCCTCATIC TGTTAGOGTGTG CAGACTATGGAT 5254
CACHOTRENTD GRCTOROCET CTTGACCITICR TRAOCTGUOMS GEIETOQS GTTCATHIRE .

OOCTTGACEGGA CTCATOGACDO CAGGTGGTGARC CGTGTGCTOEC GRBCRANTEIN GCOGEOGACGAC
CCACCACTOO0G CTOGTCCTTCOC AGGAGOGOCGTA GGOGAAGOUCAC CACTTOGTOOCC GTOGTGTGOGAT 1800 ALTG LIDA gVVR GVLG ARI A AR ]
GGTOGTGAGGGC GAGCAGGAAGOS TCCTOGCGGCAT COGCTTORGGTG GIBAAGCAGGGE CAGCACACGCTA
? TOGOC0CAGOGG COGGGOGC0G0G TTOCACGOGGTG ACCTO0GG060G GTGTGOETOGC 5398
VVER EDEAFACT AP GV VEDG DEAT TR TSR TG TR MO R 0%
GACACAGGCGAA CTCCBGGTRG0C GOOOCAGTUGIC CACGAACCAOGG GAAACGCTGGTT GAACTCGICCIC 1872
CTUTGIOCGCTT GAGGCOCACCL CBGOGTUACCAS GTOCTIOGTOCC CTTTECGACCAA CTTGARCAGGAG COOGAGGGCTGC GAACQGCTGCAA CTOOGTGOOGET GATGTGCTOCTG CTOOOGAGOGGC CGOGCOCACGCC 54
VCAF EPH G¥HD VEWRP FRON FEDE % PEGC EPLEG LRAG DVLL LPSG RAHA o]
CATCTOBG00GC GTAGACATOCTC GTGCACGTOGAT CAGOGTCTGICS G ATCGTCATGGOC 1944 COBCGARCBAC COUBAGOCACTT DOCOGCACCTCA COGAGCETILE GACGACTACACA CCAQOGIOGAC 554
GIAGAGCDG00G CATCTBTAGGAG CACGTGCAGCTA GTCECAGADGRC mcmmmrc TAGEAGTACGG
EAR vE RVILL 12 WAWAWQMMWAHCMHM sy
TACTOGEOCAG TICCAADGCATS COTUSTCATODG GOCTOGCICCAT TCAGKTOGTA CORTOCATCC 2014 GTVR MGRG QANRT H
CATCACDGOSTC AAGGTTCOGTCC CCAGCAGTAGOC CGGACCGAGG CECTOO0CUTE TTTCTOGO0GRG CTGOROA GOCTRCTONRC GICRGOGGAC GROUGACGECTL
YHRL ELAP TTM 1 {CTQUORPTEE TETCToOgR6s CREAROGAGART GPCICTONRC GEPgeagose % 5%
GTOCTOGCO0GC. 57
OOGTAGTGO0GC AGTTCCAAGGCA GOGGTCGTCATC GGGOCTGOCTCC ATTCAGATCGGT AACGETCCATCC 2014 G0BAGACOGTC OGOCTORTGOAC ODOGAGCTGAQC TEOCCAGRODNG GEGAGOCAGRTC GIOCTOGe008 e
ACTCTCGOG00G TGCTOGAGTO0S GGOO0GAGAGTOG TCAAGTOGOUGT AGAAGTOOCAA GGOGOGACCGCA 2086 Sl
o7 CTOCTTGTGCAG GCACTGCGCGAC TOOCTU, ACGOOGGC TOOGCATCOC06
TCOGGOCAGGCA AGGOGTTGOUGT GCATCAGCAAGA AGACCTTCTOGC 2158 000 CTOCTTOTOCHS GLaCTOCROGAC TORCH GACGRCURORGC TERBCATEOD ]
GOGTTOGTGAAG CTGCGTCAGTGC GAGCTGAGOGGT GGOCAGGGCACG ATTTOGGOGGAA GOGCTOOGGGAT 2230
GGOOGOCAAGGC GOGGTGGGAAGC CGOCTOOGOGTC CGCTOOSTONCC AATOOOGTCACS GACGATOGAGGT 2302 CTGCACRCACTC OGOBACOOOTC GTCAGTACGGG ATOGOCATIATE GAOGODGACCDL GROCROOETes 5908
LEAL RDPV VSTA MAMI DADP GRAE¥ 1
AATGGCCAGCAG CTOOGCAGATOC GTAGAAAGCCAT CLAGGCAGGACG GOGATOGTTCAG GGAAGCCITGCC 2374
CAGTOCCTCTIC OGCATACCOGAG CGACCGCAAGGC OCCGATGTTGUA GTATCCGATAGC 2446 AOGAOCAOEMCWAMG‘I]UEC WWWWW %
CGTACGOGCGTG OGCGAGGGABOC GAACAGOGGATC TOGROGOGTGAC GOOGGTOROCTG GGOBGICTGOEC 2516 TTTE LARATA
Neo | ACOOGOOGOCG) ACCTCTCC GOOOGODOCTC OGTGACACTGAT
AGEGCTGACDSC ACGATCATOGTC TOGCTGTTGACC TOOBGCCATOGA GTACAGGTIOCA GACGTCCAGCTC 2590 GEOGAGACOCC GOOGOCTACCTC AQCORCOR00EA CTCGACCICTL GRODRO0GOCTC ORTGRCAY 04
GGOCACGOGGTC CTTCGOCATGOC COOC0GGTTCAG 2662

CGCTGACCAGRS GTACTOGG0BGC CACGCTGAAGAG GOGCTGOCGGAT 2734 GACCOOCTOGAA CAGATODCACAG GACGTOGCTAC ACCTOGGTCTAC GXCTICAQOODC GECTIONHONGC &8
GOSTTGGGAAGC GGOOOGCTTCTG GAAGTOCAAGGC CTOGGOGGOGAC GAGH 2506 DPLE D1IAQ DVGY T8V AFSR AFRR

CGGGAGBCGTCC AGAGOBGTCAGG GOGTOCAGGOCG CTACGGAGACGG ATCACGTOOGTA 2678
GTGCOCAOCGAG TOCOGTCGG0CA GOGACCAGGOGC ACAGOGGOGGCG GOCGTGODGGTG GCAGOGGTGAAA 2050 %%MMWWWMR o gMgGGf‘TAGme TOC 6:1&1

mm%mmmmmmmm 3?3”&4

CAOCOBANTAC TUOCTOCAGOC GOGETGOG6CCA ACOGTOS TOOGOGTCTORG COGACTGCTOGG
GATTAGDCACTG GTOGCTCACGT GATOGACODGAG TAGTCGTICACT 3166 CRACQROGCTOC GETEODORGRAC CTGAGORETCAS ORCTS B
GOCTCOGOCAAC CTGAGOGCATCC G 3238 sohl
CCTTCAAGGTAG CGAGACAGCAGG ATCAGGGOGTTG Gm% ?,-zAu o gg OOBGGAGCATGC GGCOGTOGAGCA GGGTGORGO0GA ACCTCGTGAGGT COCCTGOGIGOC CTGGAGGTGAGG 6334

TTTOCTCACCCA GTOOTTCA GBOCGC CACOGGAGGGAC GOGTGAAGOGOG mmmmmmmm GGAGAGOOGCTC GOGTTOGGO0GG 6406

TTGGAGTGGOOC GOCOCTAOGOOC GOCCACTOCTIT ACTCATCACDGA 3454 Tea T
CGAGGUCTOCTG ATGAQUGTGACC ACCACATCOOGAC CQOBCTACAGC GAAQUCTOOCH 3578 CTGAGITTTEE GACTOTOTC GAGGAATIC 643

MTVT T T &R TGO PGYS ETLE

ORCGAGOODGAG AGDGCAGOOGTC GODOGGCGECTG CTGCGCACKGOC TGTBCTRCTGG GGOCTGGATGAG
REPE SAAV ARRL LRTA CAANW GLIDE

%

Fig. 2. Nucleotide sequence of the 6,439-bp EcoRI fragment from Streptomyces albus ATCC 21838.

The deduced amino acid sequence of the proposed translation product is given below the nucleotide sequence. The asterisks denote the translation
termination codons. For ORFs reading right to left, both strands are shown. Potential ribosomal binding sites (rbs) are noted, as are significant restriction
endonuclease sites. The putative tRNA™ sequence [44] (nt: 79-151) and inverted complementary sequences (nt: 4053-4098, 4283-4316) are indicated above
the sequence. The nucleotide sequence was deposited in the GenBank database under the accession number AF145724.
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p1-03 nor to any of the known proteins contributing to the
observed activation of antibiotic production. Accordingly,
the nucleotide sequence of the 6.4-kb EcoRI fragment was
determined to identify the genetic determinant which was
responsible for the activation of undecylprodigiosin production.

Nucleotide Sequence Analysis of the 6.4-kb EcoRI
Fragment

A computer-aided FRAME analysis {S] of the nucleotide
sequence of the 6.4-kb EcoRI fragment predicted a
putative five complete coding sequences, ORF1 with 184
amino acids, ORF2 with 175 amino acids, ORF3 with 137
amino acids, ORF4 with 223 amino acids, and ORF5 with
327 amino acids (Fig. 2). For each coding sequence, the
average G+C content for the third position was 90.8, 86.4,
85.5, 92.4, and 87.2 mol%, respectively. The distribution
of GC pairs at each of the three positions within the codons
was in good agreement with the characteristic of most
Streptomyces genes. For ORF4 and ORFS, the Shine-
Dalgano sequence [18, 53] was not found in the expected
positions. As in the case of the aph gene, there was no
ribosomal binding site in front of some Streptomyces genes
[56]. Other putative ORFs were discarded as coding
regions because their codon usages did not fit the
Streptomyces pattern. The imperfect inverted complementary
repeat sequences at nt 4053 to 4098 (AG =-41.51 kcal/
mol) and nt 4283 to 4316 (AG =-37.60 kcal/mol) may
serve as transcriptional termination signals for ORF3 and
ORF4, respectively.

ORF1 and ORF2 Were Predicted to Encode Proteins
for Integrating Activity

The deduced amino acid sequence of ORF1 resembled the
integrases/recombinases which are found in integrating
conjugative plasmids or temperate bacteriophages (Fig.
3A). Integrases are known to show a large diversity of
sequences while only exhibiting regional similarities, mostly
in the 40-residues region near the C-terminus of the
proteins [1]. The product of ORFI1 also showed a high
similarity in the C-terminus region to a known integrase/
recombinase, and the alignment of the sequences revealed
the conserved sequence of [D-X-RH-X,-GVP-X,-G-X-Y]
at residues 129 to 164. The tyrosine residue at the end of
this sequence may contribute to the active site of integrases
[7]. Tyrosine, arginine, and histidine at the respective
alignment positions of 164, 131, and 128 are highly
conserved within the family of integrases [7]. Arg-131 and
Tyr-164 were found correctly positioned in the predicted
ORF1 protein, however, a tyrosine residue was found in
place of His-128.

Integrases promote conservative site-specific recombination.
Integrase genes are closely linked to the plasmid attachment
site (aftP) and tRNA™ gene that may serve as a chromosomal
attachment site (aztB) [44, 45]. The putative tRNAP (nt 79

to 151) gene (GGG -anticodon at nt 34 to 36) was located
downstream of ORFI, the sequence of which was also
found in p1-03 (data not shown). The deduced amino acid
sequence of ORF2 showed a regional similarity to the
KlcB protein found in the broad-host-range plasmid RK2
(31), with an identity score of 39% and a similarity of 48%
between the residues 116 to 173 (data not shown).
Accordingly, it was plausible that a fragment of the S.
albus integrating element was hybridized with pl-03 in
the region of the tRNA™ sequence, which resulted in the
isolation of the 6.4-kb EcoRI fragment conveying the
genetic determinant(s) for antibiotic production linked to
this putative integrating element.

The Products of ORF3, ORF4, and ORF5 Were Predicted
to Be Responsible for the Activation of Antibiotic
Production

A computer-aided search revealed that the product of
ORF3 resembled the putative regulatory proteins of S.
coelicolor such as abaA-ORFA [15] (Fig. 3B). The ORF3
product also showed a similarity to the RsbW of the sigB
operon [26] and to the signal-transducing histidine kinase
of Archaeoglobus fulgidus [29) (Fig. 3B). The abaA locus
have been reported to enhance the production of actinorhodin
in 8. lividans and S. coelicolor when introduced on a
multicopy plasmid [15]. However, the function of the
ORFA protein in abaA has not yet been determined. RsbW
is found in the sigB operon of gram-positive bacteria and
controls gene expression at the transcriptional level for ‘the
general stress response’ through protein-protein interaction
[3, 58].

ORF4 and ORFS5 appeared to form a unit that was
divergently transcribed from a putative common promoter
region in which the G+C contents of all the three frames
were relatively low. A low G+C content is typical for
putative promoter-containing regions in the Streprontyces
species. The amino acid sequence of the ORF4 product
was similar to that of a group of oxidoreductases (Fig 3C);
B-ketoacyl reductase of Vibrio harveyi [52], aklaviketone
reductase of Streptomyces sp. C5 [13], clavulanate-9-
aldehyde reductase of Streptomyces clavuligerus [42], and
retinal short-chain dehydrogenase of Mus musculus [20)].
Although the putative ORF4 product is likely an
oxidoreductase/dehydrogenase, its function is not clear.
The amino acid sequence of the ORF5 product was
similar to that of a group of bacterial transcriptional
regulators of the AraC (arabinose operon regulator) family
[17] (Fig. 3D); a putative AraC-like transcriptional
regulator from Tn48/1 of S. lividans 66 [10], AIkR, a
transcriptional regulator for the alkane hydroxylase of
Acinetobacter sp. strain ADP1 [43], ArgR, the arginine
regulatory protein of Pseudomonas aeruginosa [40], and
SoxS, a transcriptional regulator of superoxide stress genes
in E. coli [59].
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S —

ORF5 ATLGETPAAYLTRRRLDLSARRLRDTDDPLEGIAQGDVGYTSVYAFSRAFR 289
Aral  ATVGOGPLEYLTRWRIELAARQLREGNATLAS | AHSVGYGSESALSVAFK
AlkR SIVHETPLAYLQQHRLRLAVOLLKTSQLNIGQIANKYGYSSETAFSQAFK
ArgR  QYLNRVPSQYYLELRLNRARGMLMQOTSKSI | @I GLSCGFSSGPHFSSAYR
SoxS TVTHQTLGDYIRGRRLLLAAVELRTTERP I FD | AMDLGYVSQQTFSRVFR

ORFS RORAYRRAASGPPPAPSRRRTASVLRPRSA ARGLSGOR 327

Arak R....... VLGMPPGDYRKHPTMP. .. ... ........
AlkR RO....... FEQSPKHYRQQS. ........ ........
ArgR NF.......FGVTPREDRNQRRGGSAFETT FTPVERG.

SoxS RQ.......FDRTPSDYRHRL......... ........

Fig. 3. Alignments of the deduced amino acid sequences of ORF1, 3, 4, and 5 with known proteins.

The amino acid sequences of ORF1, 3, 4, and 5 are always shown on top. The bold characters denote homologous amino acid residues. (A) Similarity of the
ORF1 product (residues 78 to 184} to integrases (recombinases). The protein product of ORF1 was aligned with the amino acid sequences of the
recombinase of plasmid pSE211 in Saccharopolyspora erythraea (residues 329 to 416) [8], integrase of pSAM2 in Streptomyces ambofaciens (residues 314
to 370) [7], integrase of Mycobaterium phage Ms6 (residues 274 to 363) [16], integrase of bacteriophage P22 (residues 307 to 366) [34], and integrase of
bacteriophage SfII (residues 121 to 183) [37]. The numbers denote the amino acid residues of the ORF1 product. The asterisks above the alignment indicate
the highly conserved amino acid residues. (B) Similarity of the ORF3 product (residues | to 137) to putative regulatory proteins. The protein product of
ORF?3 was aligned with the amino acid sequences of the ORFA of abaA in Streptomyces coelicolor (residues 1 to 192) [15], anti-sigma factor (RsbW) of the
sigB operon in Bacillus subtilis (residues 1 to 160) [26], and a putative histidine kinase of Archaeoglobus fulgidus (residues 229 to 310) {29]. The numbers
denote the amino acid residues of the ORF3 product. The asterisks above the alignment indicate conserved amino acid residues which are thought to be
important for ATP binding in RsbW and in histidine kinase [27]. (C) Similarity of the ORF4 product (residues 1 to 223) to oxidoreductases. The protein
product of ORF4 was aligned with the amino acid sequences of B-ketoacyl reductase of Vibrio harveyi (residues 1 to 234) [52], aklaviketone reductase of
Streptomyces sp. C5 (residues 1 to 241) [13], clavulanate-9-aldehyde reductase of Streptomyces clavuligerus (residues 1 to 237) [42], and retinal short chain
dehydrogenase of Mus musculus (residues 42 to 275) [20]. The numbers denote the amino acid residues of the ORF4 product. The bar above the sequence
indicates the residues for NADP-binding, and the asterisk denotes the active tyrosine residue [52]. FabG is the most similar to the ORF4 product, with an
identity score of 31% and a similarity of 45% using the Blast program at the NCBI [2]. (D) Similarity of the ORFS5 product (residues 1 to 327) to the AraC
family of transcriptional regulators. The protein product of ORF5 was aligned with the amino acid sequences of the putative AraC-like transcriptional
regulator of Tn48171 in S. lividans 66 (residues 1 to 304) [10]; AraL, AraC-like transcriptional regulator for the alkane hydroxylase of Acinetobacter sp. strain
ADPI (residues 1 to 306) [43]; ArgR, the arginine regulatory protein of Pseudomonas aeruginosa (residues 1 to 329) [40]; and SoxS, an activator of the
superoxide stress genes in E. coli (residues | to 107) [59]. The numbers denote the amino acid residues of the ORFS5 product. The bar above the sequence
indicates the predicted helix-turn-helix DNA-binding domains [10]. AraL is the most similar to the ORFS product, with an identity score of 35% and a
similarity of 47% using the Blast program at the NCBI [2].
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Phenotypic Characterization of the Antibiotic Production
To examine the effect on antibiotic production, ORF3,
ORF4, and ORF5 were overexpressed separately using a
constitutive ermE promoter on pWHM3 in S. lividans TK-
24 (Fig. 4), and the resulting productivities of actinorhodin
and undecylprodigiosin were investigated; pJHS3044 for
the expression of the ORF3 product, pJHS3045 for the
ORF4 product, pTHS3051 for the ORF5 product. When the
undecylprodigiosin production was examined in the R2ZYE
broth culture (Table 2), S. lividans TK-24 transformed
with pJHS3045 and pJHS3051 showed a remarkable
overproduction. This indicated that the ORF4 product and
ORF5 product were contributive at Ieast in part, to the
activation of antibiotic production due to the introduction of
pIWA2. S. lividans TK-24 transformed with pJHS3044
showed an increased productivity to the extent comparable
to that of the strain with pJWA?2, which indicated that the
antibiotic productivity was not dependent on the intracellular
number of the ORF3 product, at least in the R2YE broth
culture. To determine whether or not the ORF3 product
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Fig. 4. Organization of genes found in the 6.4-kb EcoRI region.
The significant restriction endonuclease sites are noted below: B, BamHI;
Bg, Bglll; E, EcoRl; K, Kpnl; N, Neol; S, Sall; Sp, Sphl. The inverted
complementary sequences (nt: 4053-4098, 4283-4316) are indicated
above the sequence as arrow heads. The putative tRNA™ sequence [44]
(nt: 79-154) is presented along with the coding regions. The plasmids
derived from pJWA2 are shown (Table 1) and the directions of the
transcriptions from the ermE promoter [56] are indicated by dashed
arrows.

Table 2. Undecylprodigiosin productivity of S. lividans TK-24
transformed with pWHM3 or its derivatives.

The strains of S. lividans TK-24 mg/g*
TK-24 (pWHM3 or pJHS14) 0.33+0.25
TK-24 (pJWA2) 1.43+0.2
TK-24 (pJHS3044) 1.40
TK-24 (pJHS3045) 2.50
TK-24 (pJHS3051) 2.40+0.40

*mg of undecylprodigiosin/g of dried cell weight.

The cultures were prepared in an R2YE broth with the inoculum of spores
and mycelium from a culture plate of an R2YE agar. The culture was
maintained in 50 ml of the broth in a 250-ml baffled flask at 28°C with a
shaking speed of 250 rpm. The culture was maintained for 8 days and
subjected to an assay for undecylprodigiosin production. To determine the
dried cell weight (DCW), the mycelium was harvested by centrifugation
and dried at 70°C to a constant weight.

was related to the regulation of antibiotic production or if
the effect of the ORF3 product depended on the culture
media, the productivities of the transformants were
investigated using an actinorhodin production medium.
For the selection of the actinorhodin production
medium, different carbon sources and different phosphate
concentrations were tested with regard to the pigment
accumulation in the culture broth, following the recipe of Liao
et al. [35]. Among those tested, the medium supplemented
with glycerol as the carbon source and 0.6 mM phosphate
appeared to be the most effective in actinorhodin production
as well as undecylprodigiosin. The media composition may
also render growth-associated actinorhodin production [35].
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Fig. 5. Growth (A) and production of actinorhodin (B) and
undecylprodigiosin (C) of S. lividans TK-24 transformed with
pJHS14 or its derivatives in an actinorhodin production medium.
@, C, Ao, [, and V indicate the strains with pJHS14, pJWA2, pJHS3044,
pJHS3045, and pJHS3051, respectively. The cultures were prepared in the
production medium with the inoculum of the mycelium and spores from a
plate culture 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 of 250 rpm.
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The culturing of an inoculum with spores and mycelivm
from a culture plate showed that the strain with pJHS3051
yielded a remarkable overproduction of both actinorhodin
and undecylprodigiosin (Fig. 5). Antibiotic production was
induced upon entering the stationary phase in the strain
with pJHS3044 and the productivity was higher than that
of the strain with pJWAZ2 at 6 days after the initiation of
the cultures (Fig. 5). A plausible explanation is that the
activation of antibiotic production due to the ORF5
product is held by the high titre of the ORF3 product
before reaching the stationary phase in the strain with
pJHS3044.
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Fig. 6. Growth (A) and production of actinorhodin (B) and
undecylprodigiosin (C} of S. lividans TK-24 transformed with
pJHS14 or its derivatives in an actinorhodin production medium.
@®.C . A, ], and v indicate the strains with pJHS 14, pfWA2, pJHS3044,
pYHS3045, and pJHS3051, 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 of 250 rpm and used to inoculate the production medium at 2% (v/
v). The inoculated production mediums were maintained under the same
culturing condition.

The production medium was inoculated with the
mycelium of the R2YE broth culture and antibiotic
production was determined (Fig. 6). S. lividans TK-24
transformed with pJHS3051 showed the highest productivity
again, and both of the strains with pJHS3044 and
pIHS3045 yielded productivities lower than one third of
those of the strain with pJHS3051, with a negligible
production of the strain with pJHS14 (Fig. 6). The strain
with pJWA?2 showed a productivity comparable to that of
the strain with pJHS3044 or pJHS3045. With the unknown
function of the ORF4 product, the AraC-like transcriptional
regulator homologue 1s assumed to be the major factor in
antibiotic production among the genes found in the 6.4-kb
EcoRlI fragment.

The pathway-specific activator genes, actll-ORF4 for
actinorhodin and redD for undecylprodigiosin, were identified
and their products were required for the expression of
biosynthetic genes of actinorhodin and undecylprodigiosin,
respectively [19, 55]. Thus, further works could be aimed
for elucidating the relationship between the AraC-like
transcriptional regulator homologue and the pathway-specific
regulators. ’
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