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A DNA fragment stimulating actinorhodin, undecylprodigiosin, and A-factor production in Streptomyces
lividans 66 was cloned from Streptomyces coelicolor A3(2). Nucleotide sequencing revealed the presence of an
open reading frame of 225 codons, named afsQl, that showed great similarity in amino acid sequence to the
response regulators of typical prokaryotic two-component regulatory systems responsible for adaptive
responses. The termination codon, TGA, of afsQl overlapped the initiation codon, GTG, of a second open
reading frame, afsQ2, of 535 codons. The afsQ2 gene product showed homology with the sensory histidine
protein kinases of two-component systems. In agreement with the assumption that the AfsQl and AfsQ2
proteins comprise an aspartate-histidine phosphotransfer system, an amino acid replacement from Asp to Glu
at residue 52 of AfsQl, generated by site-directed mutagenesis, resulted in loss of the protein's ability to
stimulate antibiotic production in S. lividans. Primer extension experiments indicated that transcription of the
afsQl and afsQ2 genes initiates at the translational start codon (GTG) of the afsQl gene. The afsQ1 and afsQ2
genes were physically mapped at a chromosomal position near the actinorhodin biosynthetic gene cluster (act)
by hybridization to Southern blots of restriction fragments separated by pulsed-field gel electrophoresis.
Disruption of either afsQl or afsQ2 on the S. coelicolor chromosome by use of phage 4C31KC515 led to no
detectable change in secondary metabolite formation or morphogenesis. The afsQl gene on pU922 suppressed
the S. coelicolor absA mutation and caused actinorhodin production but did not suppress the absB mutation.
Southern blot hybridization showed that sequences homologous to afsQl and afsQ2 are present in almost all of
the actinomycetes examined.

Production of secondary metabolites in actinomycetes is
genetically controlled by regulatory genes, some closely
linked and some not closely linked to the biosynthetic genes.
One of the latter is the afsR system that globally influences
secondary metabolism in Streptomyces coelicolor A3(2) (21,
36). Recent work from our laboratory has revealed that the
AfsR protein is phosphorylated by a membrane-bound phos-
phokinase and that the extent of phosphorylation of AfsR
probably modulates expression of its target gene(s), thus
leading to stimulation of expression of antibiotic production
genes (12). The afsR gene was identified on a DNA fragment
that conferred the ability to produce A-factor and the pig-
mented antibiotics actinorhodin and undecylprodigiosin on
Streptomyces lividans, which does not produce these metab-
olites under the cultural conditions used (17, 19). Several
other pleiotropically acting S. coelicolor genes that affect
production of the secondary metabolites of the strain, in-
cluding absA (1), absB (2), and abaA (8), as well as many bld
genes that are needed for both antibiotic production and
sporulation (7, 13), have been identified.
We have recently cloned an additional gene from S.

coelicolor A3(2) by the strategy used for cloning the afsR
and abaA genes. The cloned gene, named afsQl, conferred
on S. lividans phenotypes similar to those of afsR when
introduced on a plasmid. The cloned gene is designated afs
(A-factor synthesis) because, like afsR, it regulates produc-
tion of A-factor in addition to that of the pigmented antibi-
otics. Here we describe the cloning, nucleotide sequence,
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transcriptional analysis, and physical mapping on the chro-
mosome of the afsQl gene as well as a second gene, afsQ2,
located just downstream from afsQl. The great similarity of
the amino acid sequences of AfsQl and AfsQ2 to those of the
response regulators and sensory histidine protein kinases
(37), respectively, of typical prokaryotic two-component
regulatory systems strongly suggests that the AfsQl and
AfsQ2 proteins comprise a similar two-component system
probably involved in secondary metabolism.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. lividans 66 HH21 (19) is
an A-factor-deficient mutant derived spontaneously from
strain TK21. S. coelicolor A3(2) M130 (hisAl uraAl strAl
SCP1- SCP2-) (4) was the source of the afsQl and afsQ2
genes. S. coelicolor M145 (SCP1- SCP2-) (16) was used
for pulsed-field gel electrophoresis. S. coelicolor C505
(absA505) (2) and C120 (absB120) (1), derived from J1501
(hisAl uraAl strAl Pgl- SCP- SCP2-), were obtained from
W. Champness. An A-factor-deficient mutant strain, Strep-
tomyces griseus FT-1 no. 2 (11), and Bacillus subtilis ATCC
6633 as the indicator strain were used for A-factor assays.
Other actinomycete strains were obtained from the culture
collection of the Institute of Fermentation, Osaka, Japan
(IFO). Plasmids pIJ41 (carrying thiostrepton and neomycin
resistance) with a copy number of 3 to 4 per genome (16) and
pIJ922 (thiostrepton resistance) with a copy number of 1 per
genome (16) were used as cloning vectors. Plasmid pIJ2303
(pIJ922 carrying the entire actinorhodin biosynthetic gene
cluster [29]) was used as a source of the act genes for
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FIG. 1. Restriction map of the DNA fragment containing the afsQl and afsQ2 genes. The locations of the open reading frames of AfsQl
and AfsQ2 are indicated by arrows. pIJ41-AP2 was obtained by cloning KpnI-digested chromosomal DNA from S. coelicolor M130 into the
KpnI site of pIJ41. The 3.8-kb PstI fragment on pIJ41-AP70 was first cloned on pUC19 by colony hybridization and then transferred into the
PstI site of pIJ41. For construction of pIJ41-AP71, the 4.3-kb Kpnl fragment containing the whole afsQl gene was first inserted into the
polylinker of pUC19, and the resulting plasmid was digested with PstI to obtain a 1.25-kb PstI fragment containing the intact afsQl gene. The
1.25-kb PstI fragment was then inserted into the PstI sites of pIJ41 and pIJ922, resulting in pIJ41-AP71 and pIJ922-AP71, respectively. For
constructing pIJ41-AP72, the BamHI-PstI fragment containing the whole afsQ2 gene was first cloned into the polylinker of pUC19, and the
resulting plasmid was cut with BamHI plus SphI to obtain a BamHI-SphI fragment containing the intact afsQ2 gene. The BamHI-SphI
fragment was then inserted into pIJ41 digested with BamHI plus SphI. In this construction, the promoter (Paph) of the neomycin
phosphotransferase gene on pIJ41 is located in front of the afsQ2 coding sequence, as indicated. pIJ41-AP73, constructed by digestion of
pIJ41-AP70 with BamHI and subsequent religation, contains a truncated afsQl gene and intact afsQ2 gene. pIJ41-AP74 contains a mutated
afsQl gene in which Asp-52 is replaced with Glu.

Southern hybridization experiments. For site-directed muta-
genesis, Escherichia coli JM109 [A(lac-pro) thi-1 endAl
gyrA96 hsdR17 reLAl recAlIF' traD36 proAB lacP'
lacZAM15] (40) and CJ236(dut-1 ung-1 thi-1 relAl/pCJ105)
(31) and phage vector M13mpl9 (27) were used. DNA was
manipulated in E. coli JM109 by cloning on pUC19.

General recombinant DNA techniques. Restriction endonu-
cleases, T4 DNA ligase, T4 polynucleotide kinase, reverse
transcriptase, and DNA polymerase were purchased from
Takara Shuzo, Co., Ltd., or Boehringer GmbH. [oa-32P]
dCTP (400 Ci/mmol) for nucleotide sequencing by the M13
dideoxynucleotide method (34) with M13mpl8 and
M13mpl9 (40), [a-32P]dCTP (3,000 Ci/mmol) for the Amer-
sham multiprime DNA labeling system, and [-y-32P]ATP
(5,000 Ci/mmol) for end labeling of synthetic oligonucleo-
tides with T4 polynucleotide kinase were purchased from
Amersham International. Thiostrepton was a gift from Asahi
Chemical Industry, Shizuoka, Japan. Viomycin was pro-
vided by M. Nakano. DNA manipulations in E. coli were
performed as described by Maniatis et al. (30), and those in
Streptomyces were performed as described by Hopwood et
al. (16).
Primer extension. S. lividans containing pIJ41-AP71 (Fig.

1) and S. coelicolor A3(2) M130 were grown at 28°C for 3
days in 10 ml of YEME medium (pH 7.2) containing the
following (grams per liter): yeast extract (Difco), 3; Bacto
Peptone (Difco), 5; malt extract (Difco), 3; glucose, 10;

sucrose, 340; and MgCl2. 6H20, 0.25. After disruption of
mycelial clumps with a glass homogenizer, 1 ml of each was
inoculated into 100 ml of fresh YEME medium and grown at
28°C for 2 to 4 days. The mycelium was harvested by
centrifugation. Total cellular RNA was prepared as previ-
ously described (18).
A 20-mer oligonucleotide, 5'-GGCCCTGGCGGGTCAGG

GAG-3', complementary to a sequence in the afsQl gene
(nucleotides [nt] 580 to 599 in Fig. 2), was synthesized on an
Applied Biosystem 380A DNA synthesizer and 5' end la-
beled with T4 polynucleotide kinase and [-y-32P]ATP.
Twenty micrograms of total cellular RNA and 20 ng of
5'-end-labeled oligonucleotide primer were heated at 80°C
for 10 min and then at 42°C for S h in 50 ,ul of 20mM Tris-HCl
(pH 8.3)-200 mM KCI. Reverse transcription with 10 U of
avian myeloblastosis virus reverse transcriptase was carried
out at 42°C for 1 h in 100 pul of a mixture containing 100 mM
Tris-HCl (pH 8.3), 100 mM KCI, 10 mM MgCl2, 10 mM
dithiothreitol, 0.5 mM each deoxyribonucleotide, and 50 ,ug
of actinomycin D per ml essentially as described by Fisher
and Wray (9). The extended product was analyzed by
electrophoresis on an 8% denaturing polyacrylamide gel.
Dideoxynucleotide sequencing reactions primed from the
oligonucleotide were electrophoresed in neighboring lanes.
Gene disruption with 4C31KC515. For disruption of the

chromosomal afsQl gene, a 410-bp Ball-NaeI fragment (nt
606 to 1008 in Fig. 2) which is internal to the afsQl coding
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PstI .........
CTGCAGCAGGTCCTCGGCCTCGAAGCGGTCGCCGGTGAGGTGGTAGGCGGTCGCGTACAGGGAGGAGCGGCGCTCCTGGACGTAGGCGGTGAACTCCGCCTCCGACACGGCAGCGGTGCTC 12 0

CCCCCGGTCCCCCGTGTTCCCCGTCTCCCCCGTGTTCGCGTCAACCACCGTCATGTACGCGGTGTGCTGACGCCCGGTGCCGCGAGCCCCACCCCCGCCCCGCTCACGGCACCGGACTTCTC 240

GGAACCCCGGTGTGCGTGCACGTCGTGCAGACGCGTGACCACTGCGCTGGTGTTGGTGCCCCTTCAGCGTGTTCATCTCGCGCCCCCCGTCGTGGACTGCCGGTTGCCTGTGACGAGAAGC 36 0

CTGCCGCGGCCACTTCATGCCCCGTGTCCGCCGACTGTCACAGAGCTGTCACAGGGGTCCGTCACCGCTGCACCACCCTTCCTTCACAGGGTCTGGCGGCGTCGTGGGAGCCCAACCGCAC 480

-35 * -10 . r-f* * * SacI*
CCGCAGGTCGAACACCGGCCCCCTCATGGGCCAGAATGAGCGCGTGCCTTCCCTGTTGCTGATCGAGGACGACGAAGCCATCCGTACGGCCCTGGAGCTCTCCCTGACCCGCCAGGGCCA 600

AfsQJ M P S L L L I E D D E A I R T A L E L S L T R Q G H

BalI
CCGGGTGGCCACCGCTGCCAGTGGTGAGGACGGTCTGAAGCTCTTGCGCGAGCAGCGGCCGGACCTGATCGTGCTGGACGTGATGCTGCCCGGCATCGACGGTTTCGAGGTGTGCCGTCG 72 0
R V A T A A S G E D G L K L L R E Q R P D L I V L D V M L P G I D G F E V C R R

CATCCGCGCCCACCGACCAGCTGCCCGATCATTCTGCTGACCGCGCGCAACGACGACATCGACGTGGTCGTCGGTCTCGAGTCGGGCGCCG ACGACTACGTCGTCAAACCCGTCCAGGGCCG 840
I R R T D Q L P I I L L T A R N D D I D V V V G L E S G A D D Y V V K P V Q G R

Baml1I
GGTGCTCGACGCCCCGGATCCGGCCGCTGCTGCGGCGCCGGGGAGCGGGAGT CCACCGACTCGGCGAGCTTCGGCAGTCTGGTCATCCGACCGTTCGGCGATGACCGTGACGAAGAACGGCG A 96 0
V L D A R I R A V L R R G E R E S T D S A S F G S L V I D R S A M T V T K N G E

* * IlNaeI
GGACCTCCAGCTGACGCCCACCGAGCTGCGGCTGCTCCTGGAGCTGAGCCGGCGGCCGGGACAGGCGCTGTCCCGGCAGCAGTTGCTGCGGCTGGTGTGGGAGCACGACTACCTCGGCGA 1 080
D L Q L T P T E L R L L L E L S R R P G Q A L S R Q Q L L R L V W E H D Y L G D

***** * * BamHI
CTCCCGGCTGGTGGACGCGTGCCCTGCAGCGGCTGCGCGCCAAGGTCGAGGACGTGCCGTCGTCCCCGACCCTGATCCGT ACCGTGCGCGGTGTCGGCTACCGGCTGGATCCGCCTCAGTG 1 200
S R L V D A C V Q R L R A K V E D V P S S P T L I R T V R G V G Y R L D P P Q

AfSQ2 * M

* KpnI
ACACGGGAACACCAGGGGGGTACCCGCGGCCTGGCCGCGGCGCGCAAGGGATTCTGGTCCGGGCTGCGCTTCACCAGCCTGCGCCTCAGACTGGTCCTCGTCTTCGGCCTGGTCGCGCTG 1 32 0
T R E H Q G G T R G L A A A R K G F W S G L R F T S L R L R L V L V F G L V A L

ACCGCCGCCGTGTCCGCGTCCGGCATCGCGTACTGGCTGAACCGGGAGGCGGTGCTGACCCGTACCCAGGACGCCGTGCTGCGGGACTTCGAGCAGGAGATGCAGAACCGGGCGGGCGCG 1 440
T A A V S A S G I A Y W L N R E A V L T R T Q D A V L R D F E Q E M Q N R A G A

*.* BalII *
CTGCCGGAGCACCCCACCCAGGACGAGGTGCAGCACACCGCGGGGCAGATGGCCAACAGCAGCCAGCGGTTCTCGGTGCTGCTGGTCGCCGAGAACGCCGACGGCACCGCCGTGTACGGC 1 56 0
L P E H P T Q D E V Q H T A G Q M A N S S Q R F S V L L V A E N A D G T A V Y G

AGTTCCGGCGGCCTGGGCGGCGTCGCGCTGTCCGACGTGCCCGAGTCGCTGCGCACGGCCGTGAACAAGGAGCAGAAGCTCACCTCGGCCAACAAGCACCCGTACCACCTGTACTGGCAG 1 680
S S G G L G G V A L S D V P E S L R T A V N K E Q K L T S A N K H P Y H L Y W Q

* @ NaeI
CGGATCACCGACGACGGCACCCCGTACCTGGTGGCCGGCACGAAGGTGATCGGCGGCGGGCCGACCGGCTACATGCTCAAGTCGCTGGAACCGGAGGCCAAGGACCTGAACTCGCTCGCC 1 800
R I T D D G T P Y L V A G T K V I G G G P T O Y M L K S L E P E A K D L N S L A

TGGTCGCTCGGGATCGCCA'CCGCCCCTCGCCCTGCTCGGCTCCGCCCCTGCTCGCGCAGGCCCTGGCGACGACCGTGCTGAACCCCCGTGCACCGGCTCGGGGTCGCGCGCCCCCCGGCTGGGC 192 0
W S L G I A T A L A L L G S A L L A Q A L A T T V L K P V H R L G V A A R R L G

GAGGGGAAGCTGGACACCCGGCTGCGGGTGTCCGGCACCGACGAACTGGCCGACCTGTCGCGGACGTTCAACAGTGCCGCCGAGAACCTGGAGAAGCGGGTCGCGGACATGGCGGGGCGG 2 04 0
E G K L D T R L R V S G T D E L A D L S R T F N S A A E N L E K R V A D M A G R

Stul . . . . . .
GAGCAGGCCTCGCGGCGCTTCGTCGCGGACATGAGCCAcGAGcTGCGTACGcCGcTGAcGGcGcTcAccGcGGTGAcGGAAGTGcTGGAGGAGGAGCTGGAGTACGCCGGCGAGGGCGAG 2160
E Q A S R R F V A D M S H E L R T P L T A L T A V T E V L E E E L E Y A G E G E

GGGGAGGGCGGGAGTTTCGACCCGATGGTCGAGCCCGCGGTGCCCCCTGGTGGTGAGCGAGACGCGACGGCTGAACGACCTGGTGGAGAACCTGATGGAGGTCACCCGCTTCGACGCGGGC 2 280
G E G G S F D P M V E P A V R L V V S E T R R L N D L V E N LM E V T R F D A G

* * * * * e SmaIl
ACCGCGCGGCTGGTCCTGGACGACGTCGACGTCGCCGACCAGATCACCGCCTGCATCGACGCCCGGGCCTGGCTGGACGCCGTCGACCTGGACGCCGAGCGCCCGCGTCCACGCCCGCCTC 2400
T A R L V L D D V D V A D Q I T A C I D A R A W L D A V D L D A E R G V H A R L

NaeI .
GACCCGCGCCGGCTGGACGTCATCCTCGCCCAACCTGATCGGCAACGCCCCTCAAGCACGGCCCCCTCGCCGGTCAGGGTGTCCGTGGCGCGGGCGGACCACGAGATCGTCATCCGGGTGCGG 2 62 0
D P R R L D V I L A N L I G N A L K H G G S P V R V S V A R A D H E I V I R V R

GACAACGGTCCCGGCATCC'CCGAGGACGTCCTGCCGCACGTCTTCGACCGCTTCT ACAAGGCGAGCGCCTCCCGGCCGCGCTCCGAGGGCAGCGGGCTCGGTCTGTCCATCGCCCTGGAG 2 640
D N G P G I P E D V L P H V F D R F Y K A S A S R P R S E G S G L G L S I A L E

AACGCGCACATCCACGGCG'GTGAGATCACCGCGGAGAACGCCCCGGAGGGCGGTGCGGTGTTCACCCTGCGGCTGCCGCAGGACCCGTCGCCGCCCGCCGACGAGGACGGCGGGCCCGAC 2 76 0
N A H I H O G E I T A E N A P E G A V F T L R L P Q D P S P P A D E D G G P D

* * * * * * NaeI
GAGGAGACCGAGGACCGGGGCAAGGACGCGAAGGGACAGGTCTGATGAC,CGTACGCCGTCTGCCGGCCCTCTGCGGGCTGCGCACAGTGGCCGTGCTGCTGACCGGGTCGGCATCCGCGC 2 880
E E T E D R G K D A K G Q V *

* * * * * ** * SmaI
CACCGAGGTGCCCACCGACTACGGTCCCGCACCGTCGCGGGTGCGCTGCTCGCTCGCCGAGCCGACGTGTCCGCGCCACGCCCGGG 2966

FIG. 2. Nucleotide sequence of the afsQI-afsQ2 region and the deduced amino acid sequences of AfsQl and AfsQ2. The bent arrow at
nt 524 indicates the transcriptional start point, as determined by primer extension. Putative -10 and -35 promoter sequences are overlined.

region was cloned into the PvuII site of a 4C31 phage vector, host had been killed by exposure of plates to chloroform
+C31KC515, in S. lividans by liposome-mediated transfec- vapor for 20 min, the plaques were replicated onto plates
tion (15). For disruption of the afsQ2 gene, a Ball-SmaI spread with spores of S. coelicolor M130. After sporulation,
fragment (nt 1489 to 2342) was used. After the S. lividans viomycin-resistant colonies were selected by replication to
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Bennett maltose medium (containing the following [grams
per liter]: yeast extract, 1; meat extract [Kyokuto Co.], 1;
N.Z. amine [Wako Pure Chemical], 2; and maltose, 10) (pH
7.2) with 10 ,g of viomycin per ml. Chromosomal DNA was
isolated from one of the colonies in each disruption experi-
ment and analyzed by Southern blot hybridization with the
BalI-NaeI or BalI-SmaI fragment as the probe to confirm
integration at an appropriate position on the chromosome.

Site-directed mutagenesis. For generation of an amino acid
replacement of residue 52 (GAC, Asp) of the AfsQl protein
with Glu (GAG), a 26-bp-long nucleotide (5'-GCAGCATC
ACCTCCAGCACGATCAGG-3'; italic letters indicate the
codon to be replaced) was used. As the target DNA, a 855-bp
PstI-BamHI fragment (nt 1 to 855 in Fig. 2) covering this
region was subcloned into the polylinker of M13mp19. The
phage DNA was propagated once in E. coli CJ236 to prepare
uracil-containing single-stranded DNA (27). The oligonucle-
otide was annealed with the single-stranded DNA, and the
complementary strand was synthesized with DNA polymer-
ase and ligase. E. coli JM109 was then transfected with the
reaction mixture (41). The mutation thus generated was
checked by nucleotide sequencing, and the mutated DNA
fragment was transferred to the original Streptomyces plas-
mids, pIJ41-AP70 and pIJ41-AP71.
Assay of A-factor, actinorhodin, and undecylprodigiosin.

A-factor production by transformants was assayed by the
streptomycin cosynthesis method (11). Briefly, a test strain
grown on an agar plug was transferred to a soft agar layer
seeded with an A-factor-deficient mutant strain, S. griseus
FT-1 no. 2, and incubated at 28°C for 2 days. Nutrient soft
agar containing spores of B. subtilis as the indicator strain
was then overlaid, and the plate was further incubated
overnight at 37°C. The principle of this method is that
A-factor diffusing from the agar plug into the soft agar causes
the mutant S. griseus strain to produce streptomycin, which
in turn is detected by growth inhibition of the indicator. The
amount of A-factor was estimated by comparing the diame-
ter of the growth-inhibitory zone with a calibration curve
obtained with authentic A-factor and paper disks.
For assay of actinorhodin production, 1 ml of a stationary-

phase culture of S. lividans or S. coelicolor grown in YEME
medium was transferred to 100 ml of YMPG medium (con-
taining the following [grams per liter]: yeast extract, 4; Bacto
Peptone, 1; malt extract, 10; glucose, 10; and MgCl2. 6H20,
2) (pH 7.2) and incubated at 28°C on a reciprocal shaker.
Both media were supplemented with 40 ,ug of thiostrepton
per ml when necessary. A portion (5 ml) was removed at
intervals. After removal of mycelium by centrifugation, the
A615 at pH 12 was measured with a scanning spectrophotom-
eter, using fresh YMPG medium as the reference. Acti-
norhodin shows its absorption maximum at 615 nm.
For assay of undecylprodigiosin, the pigments were ex-

tracted with methanol from mycelium grown at 28°C for 7
days on a cellophane sheet on the surface of Bennett maltose
agar medium containing 40 ,g of thiostrepton per ml. After
concentration of the pigments by evaporation, the orange
pigment showing an Rf value of 0.35 was separated by
thin-layer (Whatman KC18F reverse-phase plate) chroma-
tography with 100% methanol as the solvent. Undecylprodi-
giosin shows its absorption maxima at 533 and 468 nm at
acidic and alkaline pH, respectively.
Mapping of the afsQl and afsQ2 genes. Pulsed-field gel

electrophoresis ofDNA from S. coelicolor M145 was carried
out by using the LKB Pulsaphor apparatus, incorporating a
hexagonal electrode array (catalog no. 2015-100), and diges-
tion byAseI as described by Kieser et al. (26). To locate the

afsQ locus to a specific restriction fragment by Southern
hybridization, the probe used was pUC19 carrying a 854-bp
fragment extending from the PstI site upstream of afsQl to a
BamHI site internal to afsQl (Fig. 1).

Nucleotide sequence accession number. The nucleotide
sequence of the afsQl and afsQ2 genes has been submitted
to the DDBJ, EMBL, and GenBank nucleotide sequence
data bases under accession number D10654.

RESULTS

Cloning of the afsQl and afsQ2 genes. We constructed a
bank of KpnI-digested fragments of the S. coelicolor M130
chromosome, with pIJ41 as the cloning vector, in S. lividans
HH21. Among approximately 3,000 thiostrepton-resistant S.
lividans transformants grown on Bennett maltose agar me-
dium, three blue colonies were detected, two of which were
found by restriction mapping to harbor a plasmid containing
the afsR gene. The plasmid from the third transformant
contained a 4.3-kb KpnI fragment (pIJ41-AP2). The restric-
tion map is shown in Fig. 1. Subcloning experiments showed
that a 1.3-kb PstI-KpnI fragment on pIJ41-AP71 still con-
ferred actinorhodin production on S. lividans. The gene on
this fragment was named afsQl because of the characteris-
tics described below.
To isolate DNA downstream from the afsQl gene, we

used as a 32P-labeled probe the 0.64-kb SacI-KpnI fragment
in the afsQl gene for cloning the PstI fragment extending
rightward from the PstIl site of pIJ41-AP2. As expected from
prior Southern blot hybridization between the PstI-digested
chromosomal DNA of S. coelicolor M130 and the probe, the
PstI fragment cloned by colony hybridization (10) on pUC19
in E. coli JM109 was 3.8 kb in size. We transferred this
fragment into the PstI site of pIJ41 to obtain pIJ41-AP70. S.
lividans containing pIJ41-AP70 was judged to produce as
much blue pigment as did colonies containing pIJ41-AP2 on
Bennett maltose agar medium. The 3.8-kb PstI fragment was
found to contain the entire afsQl and afsQ2 genes, as
described below.

Nucleotide sequence of the afsQl-afsQ2 region. We first
determined the nucleotide sequence of the originally cloned
1.3-kb PstI-Kpnl fragment that was capable of conferring
actinorhodin production on S. lividans. Computer-aided
FRAME analysis (3) predicted a single open reading frame,
starting approximately at nt 500 (Fig. 2) and terminating at a
TGA codon at nt 1199 to 1201. Although there were two
reasonable candidates for the translational start codon, ATG
(nt 506 to 508) and GTG (nt 524 to 526), we concluded that
translation initiates at the GTG on the basis of the transcrip-
tional initiation site and the alignment of the putative AfsQl
protein with other regulators of two-component systems (see
below).
Because the deduced amino acid sequence of AfsQl

showed great similarity over the entire sequence to typical
regulatory proteins of two-component regulatory systems,
we searched for its expected partner gene encoding the
corresponding sensor protein on the assumption that a
regulatory gene and its sensor gene are often closely linked.
As expected, nucleotide sequencing of the region just down-
stream of afsQl revealed a long open reading frame, named
afsQ2 (Fig. 2), that showed similarity in amino acid sequence
to the sensor proteins in two-component regulatory systems
(Fig. 3). The TGA termination codon of afsQl overlaps the
initiation codon GTG of this open reading frame. This type
of overlap strongly suggests that afsQl and afsQ2 are
cotranscribed.

J. BAcTERIOL.
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AtsQl VPSL LLIED DEAER TALEL SLTRQ GHRVA TAASG EDGLK

PhoP MNKKI LVVDD EESIV TLLQY NLERS GYDVI TASDG EEALK

v
AtsQl LLREQ RPDLI VLDVM LPGID GFEVC RRIRR TDQL- PIILL

*- **v * *o * * * -

PhoP KAETE KPDLI VLDVM LPKLD GIEVC KQLRQ QKLMF PILML

AtsQl TARND DIDW VGLES GADDY VVKPV QGRVL DARIR AVLRR
*TKD- * GADD- of*--- *A--

PhoP TAKDE EFDKV LGLEL GADDY MTKPF SPREV NARVD AILRR

AtsQ2 MTREHQGGTRGLAA RDGFW SGLRF TSLRL RVLVFGLVA
LTAAV SASGI AYWLW REAVL TRTQD AVLRD FEQEM QNRAG
ALPEH PTQDE VQHTA GQMAN SSQRF SVLLV AENAD GTAVY

PhoR MLER LSWKR LVLEL LLCCL PAFIL GAFFG YLPWF LLASV

AtsQ2 GSSGG LGGVA LSDVP ESLRT AVNKE QKLTS ANKHP YHLYW
PhoR TGLLI WHFWN LLRLS WWLWV DRSMr PPPGR GSIEP LLYGL

AtsQ2 QRITD DGTPY LVAGT KVIGG GPTGY MLKSL EPEAK IXRI
PhoR HQMQL RNKER RRELG NLIKR FRSGA ESLPD AVWLT TEEGG

AfsQl ----- ----- GERES TDSAS FGSLV IDRSA MTVTK NGEDL

PhoP SEIRA PSSEM KNDEM EGQIV IGDLK ILPDH YEAEF KESQL

ArsQl QLTPT ELRLL LELSR RPGQA LSRQQ LLRLV WEIIDY LGDSR
*- * *-0 - - * * - *-*. - * *- -.0

I'hoP ELTPK EFELL LYLGR IIKGRV LTRDL LLSAV WNYDF AGDTR

AfsQI LYDAC VQRLR -AKVE DVPSS PTLIR TVRGV GYRLD PPQ

I'hol IVI)VII ISIILR PTKIE NNTKK PIYIK TIRGL GYKLE EPKMN E

AtsQ2 AWSLG IATAL ALLGS ALLAQ ALATT VLKPV HRLGV AARRL
PhoR IFWCN GLAQQ ILGLR WPEDN GQNIL NLLRY PEFTQ YLKTR

AfsQ2 GEGKL DTRLR VSGTD ELADL SRTFN SAAEN LEKRV ADMAG

PhoR DFSRP LNLVL NTGRII LEIRV MPYTHI KPLLM VARDY TQMHIQ

AfsQ2 REQAS RRFVA DMSHE LRTPL TALTA VTEVL EEELE YAGEG
* * 0 - *-- *0--- 0 - * * 0*

PhoR LEGAR RNFFA NVSHE LRTPL TVLQG YLEMM NEQ-- -PLEG

AfsQ2 EGEGG SFDPM VEPAV RLVVS ETRRL NDLVE NLMEV TRFDA

PhoR AVREK ALIIM ----- ---RE QTQRM EGL.VK QLLTL SKIEA

(C)

hydropbobi I if III
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D1.B * * E

EmvZ = * a

AfsQ2 GTARL VLDDV DVAI)Q ITAC- IDARA WLD-- -AVDL DAERG
* * *0 * 0

PhoR APTIIL LNEKV DVPMM LRVVE REAQT LSQKK QTFTF EIDNG

AfsQ2 VHARL DPRRL DVILA NLIGN ALKIIG GSPVR VSV-- ARADII
* 0*- * * * * 0

PhoR LKVSG NEDQL RSAIS NLVYN AVNIIT PEGTII ITVRW QRVPII

AfsQ2 EIVIR VRDNG PGIPE DVLPH VFDRF YKASA SRPR- SEGSG
*0- to to** * - *0*

PhoR GAEFS VEDNG PGIAP EHIPR LTERF YRVDK ARSRQ TGGSG

AfsQ2 LGLSI ALENA IIIIIGG EITAE NAPEG GAVFT LRLPQ DPSPP

PhoR LGLAI VKHAV NIlIES RLNIE STVGK GTRFS FVIPE RLIAK

AfsQ2 ADEDG GPDEE TEDRG KDAKG
PhoR NSD

FIG. 3. Alignment of amino acid sequences between AfsQ1 and PhoP (32), a response regulator for phosphate regulation (A), and AfsQ2
and PhoR (28), a histidine protein kinase in the phosphate regulon (B). The putative domain organization of histidine protein kinases is also
shown (C). (A) The Asp residue to be phosphorylated is shown by an arrowhead. Asp and Lys residues which tend to be conserved in this
family are marked by circles. Identical residues are marked by asterisks. (B) The His residue to be phosphouylated is shown by an arrowhead.
Six residues conserved in this family, Asn-(29 residues)-Asp-X-Gly-X-Gly-(24 residues)-Gly-X-Gly (corresponding to regions II and III in
panel C) are marked by circles. Identical residues are marked by asterisks. TIwo hydrophobic putative membrane-spanning sequences of
AfsQ2 are indicated by lines over the amino acid sequence. (C) Region I indicates the position of the conserved His residue. Region II contains
the conserved Asn residue. Region III contains the Gly-rich sequence. Hydrophobic putative membrane-spanning sequences are indicated by
solid boxes near the NH2 termini.

Sequence similarities of AfsQl and AfsQ2 to proteins of
prokaryotic two-component regulatory systems. A computer-
aided search revealed that AfsQl and AfsQ2 resemble the
regulators and the sensors, respectively, of two-component
regulatory systems (Fig. 3). Prokaryotic two-component
systems composed of sensory histidine kinases and response
regulators are involved in a range of adaptive responses
controlling gene expression in both gram-negative and gram-
positive bacteria. A family of the response regulators have
an NH2-terminal domain of similar structure (37) containing
an aspartate residue to be phosphorylated. Alignment of
AfsQl and other regulators allows us to conclude that
residue 52 (Asp) is the site of phosphorylation in the AfsQl
protein. The amino acid sequence of AfsQl shows end-to-
end similarity to the regulators, including this Asp residue
(Fig. 3). In addition, an Asp and a Lys residue (Fig. 3), which
tend to be conserved among all regulators, are also con-
served in the AfsQl protein.
Concerning the AfsQ2 protein as a histidine protein ki-

nase, the His residue to be phosphorylated can be predicted
to be residue 294. Within a region of conserved sequence
generally located near the COOH terminus in the histidine
protein kinase family, there are six residues that are espe-
cially conserved: Asn-(15 to 45 residues)-Asp-X-Gly-X-Gly-
(20 to 50 residues)-Gly-X-Gly (37). The AfsQ2 protein con-

tains these six residues in the correct order (Fig. 3). The
NH2-terminal portion of AfsQ2 shows no sequence homol-
ogy with other kinases, consistent with the idea that these
portions of the kinases tend to be quite variable. On the
other hand, as in many of the histidine kinases, the NH2-
terminal portion of AfsQ2 contains two hydrophobic poten-
tial transmembrane sequences bordering a domain that is
supposedly localized on the outer surface of the cytoplasmic
membrane.
Amino acid replacement at Asp-52 of AfsQl. As described

above, Asp-52 in AfsQl was predicted to be phosphorylated.
Since phosphorylation of the response regulators of the
two-component systems is essential for their regulatory
function, we generated an amino acid replacement at Asp-52
by site-directed mutagenesis. In agreement with the predic-
tion, pIJ41-AP74 containing a mutated afsQl gene encoding
a protein with a Glu residue at position 52 failed to cause
pigmentation in S. lividans. These data confirm that Asp-52
of AfsQl is essential for the protein's regulatory function
and are consistent with this residue being a target for
phosphorylation. We could not carry out a comparable
replacement of His-294 of AfsQ2 because we had no method
of monitoring AfsQ2 activity, since the afsQ2 gene itself did
not cause pigmentation in S. lividans (see below).

Transcriptional analysis of the afsQl and 4fsQ2 genes.
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FIG. 4. Identification of the transcriptional start point of the
afsQl and afsQ2 genes by primer extension analysis. RNA was
isolated from 2-day (lane 1), 3-day (lane 2), and 4-day (lane 3)
cultures of S. lividans containing pIJ41-AP71. Primer extension was
also done with RNA prepared from 2-day (lane 4), 3-day (lane 5),
and 4-day (lane 6) cultures of S. coelicolor M130. The sequence
ladders, derived from the same primer, are shown with the A, C, G,
and T reactions. The arrowhead indicates products of the primer
extensions. The arrow indicates the corresponding nucleotide.

Primer extension experiments using a 20-mer synthetic oli-
gonucleotide were used to map the transcriptional start site
of afsQl. As shown in Fig. 4, this region had a single
transcriptional start point at nt 524 when RNA from S.
lividans containing pIJ41-AP71 was used. When RNA from
S. coelicolor M130 was used, a weak signal at the same

position was also detected. Upstream of the transcription
start point, two hexameric sequences (5'-TCGAAC-3' and
5'-CAGAAT-3') separated by 18 nt are present, with some
similarity to the E. coli consensus -35 and -10 sequences

(5'-TTGACA-3' and 5'-TATAAT-3', respectively). This
type of promoter is believed to be a vegetative promoter in
streptomycetes (14). The transcript was detected in the RNA
preparation obtained from a 3-day-old culture but not from a
2-day-old culture, and the amount of the transcript was much
larger in the RNA from a 4-day-old culture. Under these
cultural conditions, S. lividans carrying pIJ41-AP2 began to
produce actinorhodin 4 to 5 days after inoculation. These
observations suggest that active transcription of the afsQl
and afsQ2 genes begins just before actinorhodin production.

Phenotypes conferred on S. fividans by the afsQl and afsQ2
genes. The afsQl gene was cloned by its ability to confer
actinorhodin production on S. lividans, which is a phenotype
similar to that of the afsR gene. We examined whether the
afsQ2 gene could also confer pigment production on S.

lividans. Plasmid pIJ41-AP73 (Fig. 1), containing a truncated
afsQl gene and the intact afsQ2 gene, caused no or little
actinorhodin production in S. lividans. This finding indicates
no significant contribution to pigmentation by the afsQ2 gene
at an increased copy number and is also consistent with the
observation that S. lividans harboring pIJ41-AP2 (containing
only afsQl) and pIJ41-AP70 (containing both afsQl and
afsQ2) produced almost the same amounts of actinorhodin
on Bennett maltose agar medium. The following phenotypes
conferred by the afsQl-afsQ2 region were therefore ascrib-
able to the afsQl gene.

(i) Actinorhodin. afsQl on pIJ41, with a copy number of 3
to 4, caused slight growth inhibition of the S. lividans strain,
probably because of excessive antibiotic production. This is
also true for afsR (21). In addition, our repeated attempts to
clone the afsQl gene on pIJ101-derived plasmids with a copy
number of 40 to 100, such as pIJ385 and pIJ486 (39), were
unsuccessful, as in the case of afsR S. lividans harboring
pIJ922-AP71, with afsQl at a lower copy number, produced
a smaller amount of actinorhodin on the agar medium than
did the same host harboring pIJ41-AP71. All of these obser-
vations suggest that afsQl shows a gene dosage effect.
Actinorhodin production of the S. lividans transformants in
liquid medium was in agreement with that observed on agar
medium (Fig. 5A), although S. lividans carrying pIJ922-AP71
did not produce a detectable amount of actinorhodin in liquid
medium.

(ii) Undecylprodigiosin. S. lividans harboring pIJ41-AP70
and pIJ41-AP71 produced almost the same amounts of an
orange pigment in the mycelium on Bennett maltose agar
medium, whereas S. lividans harboring only the vector pIJ41
produced little or no such pigment. The absorption spectra
of the pigment recovered by thin-layer chromatography
showed a sharp peak at 533 nm (orange) at acidic pH and a
broad peak at 468 nm (yellow) at alkaline pH (Fig. SB),
indicating that the pigment was undecylprodigiosin. The
amount of undecylprodigiosin produced was estimated to be
roughly the same as that produced by S. lividans harboring
afsR on pIJ41.

(iii) A-factor. In S. griseus, A-factor functions as a micro-
bial hormone controlling streptomycin production and resis-
tance and aerial mycelium formation (11, 25). In S. coeli-
color A3(2) and S. lividans, however, A-factor appears to
play no such role and is regarded as a secondary metabolite
(19, 22). afsR on pIJ41 caused production of about 9.5 ng of
A-factor per colony in an A-factor-deficient mutant strain, S.
lividans HH21, when assayed by the streptomycin-cosynthe-
sis method. Similarly, strain HH21 harboring pIJ41-AP70
and pIJ41-AP71 produced about 7.0 ng of A-factor per
colony (Fig. SC).
Chromosomal gene disruption. To examine the role of

afsQl and afsQ2 in secondary metabolism and morphogen-
esis in S. coelicolor A3(2), we disrupted the chromosomal
genes by use of phage 4C31KC515. The correct disruption of
each of the genes was checked by Southern blot hybridiza-
tion (data not shown). Each of the mutants derived from S.
coelicolor M130 grew and sporulated normally on agar
medium. In addition, both mutants produced actinorhodin,
undecylprodigiosin, and A-factor at levels similar to those of
the original M130 strain.
Chromosomal location of the afsQl-afsQ2 region. A com-

bined physical-genetic chromosomal map has recently been
constructed for S. coelicolor A3(2) (strain M145) by pulsed-
field gel electrophoresis (26). This allowed us to locate the
afsQ locus on the chromosome by Southern hybridization of
a probe, including part of the afsQl gene and upstream
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FIG. 6. Mapping of the afsQl and afsQ2 genes. (A) Southern
hybridization of the afsQ probe toAseI-digested S. coelicolor M145
DNA separated by pulsed-field gel electrophoresis. Note hybridiza-
tion of the probe to the AseI K fragment. (B) Restriction map of the
S. coelicolor chromosome showing the arrangement of AseI frag-
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the approximate positions shown by Southern hybridization toAseI
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FIG. 5. Production of actinorhodin (A), undecylprodigiosin (B),
and A-factor (C) by S. lividans HH21 containing afsQl. (A) TheA615
values of the culture broth, adjusted to pH 12, of S. lividans
containing pIJ41-AP71 are plotted as a function of cultivation time.
Each plot is the mean of the values for three independent experi-
ments. S. lividans containing only the vector plasmid pIJ41 pro-
duced almost no actinorhodin under these cultural conditions. (B)
Undecylprodigiosin was isolated from mycelium by thin-layer chro-
matography, and its adsorption spectra at pH 12 and 2 were
measured. S. lividans containing pIJ41 produced no significant
amount of undecylprodigiosin. (C) A-factor production was assayed
by the streptomycin cosynthesis method with agar plugs on which S.
lividans transformants were grown. The amount of A-factor pro-
duced by the transformant is proportional to the diameter of the
growth-inhibitory zone of the indicator strain, B. subtilis. An
A-factor-deficient mutant, S. lividans HH21, containing vector
pIJ41 does not produce A-factor, whereas strain HH21 containing
the afsR gene (pIJ41-AP3) or the afsQl gene (pIJ41-AP71) produces
A-factor. The average amounts of A-factor produced by 20 indepen-
dent colonies containing pIJ41-AP3 and pIJ41-AP71 were 9.5 and 7.0
ng per colony, respectively.

800

sequences, to AseI genomic restriction fragments of strain
M145. The probe hybridized to theAseI K fragment (Fig. 6).
Of potential relevance, the actinorhodin biosynthetic gene
cluster resides partly on the same fragment and partly on the
adjacent AseI N fragment (it contains two closely linked
AseI sites [26]). To determine whether any of the cloned
DNA including afsQl-afsQ2 overlapped the cloned act
DNA, the KpnI fragment in pIJ41-AP2 and the PstI fragment
in pIJ41-AP70 were probed against a BamHI digest of
pIJ2303 (which carries the entire act cluster [29]), but with
negative results.

Suppression of absA by afsQl. The absA and absB muta-
tions result in a global block of antibiotic production in S.
coelicolor (1, 2). absA and absB were mapped at 10 and 4
o'clock, respectively, on the chromosomal linkage map (Fig.
6). We introduced pIJ922-AP70 and pIJ922-AP72 into S.
coelicolor C505 (absA505) and C102 (absBl02) to determine
whether afsQ suppresses the absA and absB mutations. S.
coelicolor C505 containing each of the plasmids produced a
larger amount of actinorhodin than did its parental strain,
J1501, whereas neither of the plasmids caused pigmentation
in C102. Thin-layer chromatographic analyses showed that
both plasmids conferred the ability to produce undecylpro-
digiosin on the absA mutant. The ability ofafsQl to suppress
the absA mutation is similar to that of afsR (2).

Distribution of the afsQl and afsQ2 sequences among acti-
nomycetes. We examined the distribution of sequences ho-
mologous to afsQl and afsQ2 among actinomycetes by
Southern blot hybridization under relatively stringent condi-
tions. The 400-bp BalI-NaeI fragment (nt 606 to 1008) for
afsQl and the 1,480-bp BalI-SmaI fragment (nt 1489 to 2966)
for afsQ2 were used as 32P-labeled probes, and chromosomal

(B)

pIJ41
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FIG. 7. Distribution ofDNA sequences homologous to the afsQl
(A) and afsQ2 (B) probes. The 400-bp BalI-Nael fragment (nt 606 to
1008) for afsQl and the BalI-SmnaI fragment (nt 1489 to 2966) for
afsQ2 were 32P labeled and used as probes. Chromosomal DNAs
digested with Pstl were used as targets. DNA-DNA hybridization
was by the method of Southern (35) at 42'C overnight in 5x SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-50% formamide-
0.1% sodium dodecyl sulfate. The nitrocellulose was then washed
three times in hybridization buffer at room temperature and twice at
42'C in 0.2x SSC-0.1% sodium dodecyl sulfate. Actinomycete
strains examined were (from left to right) S. albus IFO 3710, 5.
antibioticus IFO 3126, 5. blastmyceticus IFO 12747, 5. coelicolor
A3(2) M130 (as a control), S. flaveolus IFO 3408, 5. fradiae ATCC
21096, 5. globisporus IFO 12208, 5. griseoflavus IFO 12372, 5.
gniseus HH1, S. lividans 66 BH21, S. sindenensis IFO 12915, S.
viridochromogenes IFO 12376, Actinomyces citreofluorescens IFO
12853, and A. fluorescens IFO 12861.

DNAs digested with PstI were used as targets. As shown in
Fig. 7, DNA sequences homologous to afsQl were found in
almnost all actinomycetes examined. The strong intensities of
the hybridization signals indicate a high degree of similarity.
Similarly, sequences homologous to afsQ2 were found in
several of the actinomycetes examined in addition to S.
lividans. When the 850-bp BalI-Smnal fragment (nt 1489 to
2342) for afsQ2, which covers the nonconservative region of
afsQ2, was used as the probe, only S. antibioticus and S.
flaveolus, in addition to S. lividans, showed positive signals
(data not shown). This finding implies that the nonconserva-
tive regions of afsQ2 homologs are quite variable, as is found
for other sensor proteins.

In the PstI digests from S. coelicolor A3(2) and S. lividans,
additional weaker signals hybridizing to the afsQl and afsQ2
probes are seen. It is quite possible that this signal repre-
sents genes for another two-component regulatory system.

DISCUSSION

The afsQl gene, which was cloned by its ability to cause
actinorhodin production in S. lividans, is postulated to be a
component of a two-component regulatory system along
with the afsQ2 gene, on the basis of the great similarity of
their presumed products, especially in highly conserved
regions, to the family of response regulators and histidine
protein kinases, respectively. By analogy with the well-
characterized two-component systems, such as those for
osmoregulation, nitrogen regulation, and phosphate regula-
tion (6, 37), we speculate that the AfsQ2 protein, located in
the membrane, is autophosphorylated at His-294 upon sens-
ing a certain environmental signal and then the signal is
transferred to the AfsQl protein in the cytoplasm by means
of phosphotransfer to Asp-52. The phosphorylated form of
AfsQl would then serve as a transcriptional activator for
antibiotic production genes, probably via one or more inter-
mediate regulatory genes. This speculation explains the gene
dosage effect of the afsQl gene as the regulator, but not the
afsQ2 gene as the sensor, on the amounts of A-factor and the
pigmented antibiotics. Of course, phosphotransfer between
AfsQl and AfsQ2, and the identity of the target gene(s) of
the phospho-AfsQl, remains to be established, as does the
environmental signal for the AfsQl-AfsQ2 system.

Disruption of the chromosomal afsQl or afsQ2 gene of S.
coelicolor A3(2) did not result in any detectable change in
secondary metabolite formation or morphogenesis. This
finding implies that afsQl and afsQ2 play no obligatory role
in normal antibiotic synthesis in this species but does not
exclude a subtle regulatory function for afsQl and afsQ2. In
E. coli, up to 50 signal transduction systems may operate
simultaneously (36), and multiple systems similar to the
afsQ1-afsQ2 gene system may also function in a Streptomy-
ces strain; thus, effects of mutation in afsQl and afsQ2 might
be quite subtle under the usual laboratory cultural condi-
tions. Suppression of the absA mutation by multiple copies
of afsQl supports the idea that the afsQl-afsQ2 system is
involved in regulation of secondary metabolism, depen-
dently on some regulatory genes and independently of other
regulatory genes. Clarification of the antibiotic regulation
network in S. coelicolor, including afs, aba, abs, and bld,
requires further work and will be useful for a better under-
standing of antibiotic regulation in other Streptomyces spp.
DNA sequences hybridizing to afsQl were found to be

widely distributed. Since almost all actinomycete strains
examined contained a single hybridizing band in Southern
analysis at high stringency, these signals are supposedly
counterparts of the afsQl gene. The Streptomyces species
containing afsQl homologs do not always contain an afsQ2
homolog (Fig. 7). It is conceivable, as is found for the sensor
proteins in other prokaryotic two-component systems, that
the AfsQ2 counterparts tend to be more variable than the
AfsQl regulator proteins.
An additional weaker signal found in S. coelicolor A3(2)

and S. lividans suggests the presence of another sequence
homologous to the afsQl gene. Tseng and Chen (38) recently
described the CutR-CutS system, which was postulated to
regulate copper metabolism in S. lividans. They also exam-
ined the distribution of cutR-cutS homologs by Southern
hybridization under conditions essentially similar to those
used in our analysis and found only one or two hybridizing
fragments in DNA from 16 Streptomyces species. Their data
suggest that the hybridizing bands represent cutR-cutS ho-
mologs present in all Streptomyces species. The cutR-cutS
homologs of S. coelicolor have recently been mapped to a
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position at about 5 o'clock on the physical map (26) and are

evidently quite distinct from the afsQl and afsQ2 genes. We
assume that the weak signals detected in S. coelicolor A3(2)
and S. lividans with use of the afsQl probe correspond to a

third two-component regulatory system.
Although we have not yet definitively determined the NH2

terminus of the AfsQl product, it appears that a single
transcriptional initiation point corresponds to the first nucle-
otide of the translational start codon. This coincidence of
transcriptional and translational start sites has been found in
several actinomycete genes, including ermE, encoding 23S
rRNA methylase (5), aph, encoding aminoglycoside phos-
photransferase (24), cat, encoding chloramphenicol acetyl-
transferase (33), sta, encoding streptothricin acetyltransfer-
ase (18), afsA, probably encoding an A-factor biosynthetic
enzyme (23), and the cholesterol dehydrogenase gene from a

Nocardia species (20). The ErmE, Aph, and Sta proteins,
conferring antibiotic resistance on the hosts, and the AfsA
protein, responsible for production of A-factor acting as a

trigger of streptomycin production, are supposedly produced
just before the production of the respective antibiotics. On
the other hand, the cholesterol dehydrogenase was found to
be produced from the very early to the late growth phase in
S. lividans. These observations suggest that this type of
unusual transcription-translation coupling is present in a

rather wide variety of actinomycete genes.
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