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o®, a homolog of stress-responsive ¢® of Bacillus subtilis, controls both osmoprotection and differentiation
in Streptomyces coelicolor A3 (2). Its gene is preceded by rsb4 and rsbB genes encoding homologs of an
anti-sigma factor, RsbW, and its antagonist, RsbV, of B. subtilis, respectively. Purified RsbA bound to ¢® and
prevented o®-directed transcription from the sigBpl promoter in vitro. An rsbA4-null mutant exhibited con-
trasting behavior to the sigB mutant, with elevated sigBpl transcription, no actinorhodin production, and
precocious aerial mycelial formation, reflecting enhanced activity of ¢® in vivo. Despite sequence similarity to
RsbV, RsbB lacks the conserved phosphorylatable serine residue and its gene disruption produced no distinct
phenotype. RsbV (SCO7325) from a putative six-gene operon (rsbV-rsbR-rsbS-rsbT-rsbU1-rsbU) was strongly
induced by osmotic stress in a o®-dependent manner. It antagonized the inhibitory action of RsbA on
o®-directed transcription and was phosphorylated by RsbA in vitro. These results support the hypothesis that
the rapid induction of ¢® target genes by osmotic stress results from modulation of ¢® activity by the
kinase-anti-sigma factor RsbA and its phosphorylatable antagonist RsbV, which function by a partner-
switching mechanism. Amplified induction could result from a rapid increase in the synthesis of both ¢® and

its inhibitor antagonist.

Transcriptional regulators, especially sigma factors, play piv-
otal roles in the bacterial survival strategies such as stress
responses, differentiation, social behavior, and pathogenesis
(25, 29). While the amounts of sigma factors are regulated
through controlled synthesis and degradation, their activities
are also regulated by other proteins, such as anti-sigma factors
(28, 34). The activity of anti-sigma factors can be regulated by
a network of other proteins, as best exemplified by the regu-
lation of stress response and sporulation in Bacillus subtilis.
There, the binding of anti-sigma factors RsbW and SpolIAB to
o® and oF, respectively, is regulated by their antagonist pro-
teins, by a so called “partner-switching” mechanism, and in-
volves interplay of various kinases and phosphatases (2, 43,
51).

Streptomyces coelicolor is a gram-positive spore-forming soil
bacterium that undergoes a complex cycle of morphological
and physiological differentiation resembling that of filamen-
tous fungi. The differentiation of S. coelicolor is dependent
upon its ability to respond to changes in the environment,
especially nutrient limitation, and is recognized as one of the
processes to escape from the mitotic (vegetative) growth. In-
terplay of regulatory cascades with metabolic, morphological,
homeostatic, and stress-related checkpoints has been proposed
(15). Evidence for coupling differentiation with stress-related
signals has accumulated in recent years. These include coregu-
lation of stress stimulons with growth (developmental) transi-
tions (45, 58) and participation of several stress-related sigma
factors and/or their anti-sigma factors in initiating and com-
pleting differentiation process (20, 24, 37, 48, 53).
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S. coelicolor devotes more than 12% of its genes (>900 gene
products) to encoding transcriptional regulators (7). The pres-
ence of over 60 sigma factors reflects the complexity of its gene
regulation. Phylogenetic relatedness (30, 41) reveals 1 major
sigma (group 1; ¢"™®), three group 2 sigmas (¢"'™4, ¢"4C

b 0- 9
and o), 10 group 3 sigmas (¢*"VMiS G

, o8, of, ¢C, o, o!
[SCO3068], ¥ [6520], o™ [7278], o™ [7314], and o™ [4034]),
and 50 group 4 (ECF) sigmas that include ¢, o, ¢®'N, ¢!,
and o' (25, 27, 37, 49). Among these, only a handful of sigma
factors are known to control differentiation and/or stress re-
sponse. These are ¢®19N, ¢WhG and ¢F for differentiation (8,
14, 50); o® and o™ for both osmotic control and differentiation
(20, 37, 53); o® and o™ for stress response (46, 47); and o™ and
oY for indirect control of differentiation (24, 48). Involvement
of anti-sigma factors to regulate the activity (availability) of
sigmas has been demonstrated for o™ (36), o (54, 57), and ¥
(24), even though it is very likely that the majority of sigma
factors are regulated by protein-protein interactions.

oB, a group 3 sigma homologous to ¢® from B. subtilis, is
induced by osmotic stress and starvation and is responsible for
osmoprotection and proper differentiation in S. coelicolor (20).
It regulates the expression of catalase B that is required for
osmoprotection and differentiation of S. coelicolor (19).
Whether the signal transduction path that responds to osmotic
stress and starvation employs the partner switching of anti-
sigma factor through serine phosphorylation and dephosphor-
ylation, as is used in B. subtilis, has not been demonstrated. In
B. subtilis, o® is released free of its anti-sigma factor, RsbW,
under both energy and environmental stress conditions (6).
RsbW, being a serine kinase, binds and phosphorylates RsbV
(22), whose phosphate group can be removed by two phospha-
tases (RsbP and RsbU) in response to energy and environmen-
tal stresses (55, 60). The unphosphorylated form of RsbV
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serves as an antagonist of the anti-sigma factor RsbW. Even
though the sigB gene in S. coelicolor has as its neighbors an
rsbW homolog (rsbA) and an rsbl homolog (rsbB) (20), exper-
imental evidence for the presence of anti- and anti-anti-sigma
factors for o® has been lacking. In addition, a similarity search
revealed 48 rsblW homologs and 17 rsbl” homologs in the ge-
nome of S. coelicolor (44), revealing the complexity and hence
the difficulty of elucidating the system.

This work describes an initial effort to find a regulatory path
for o® in S. coelicolor. We present evidences for its anti- and
anti-anti-sigma factors, which could be regulated by phosphor-
ylation in a partner-switching mechanism. Regulation of the
synthesis of o® and its anti-anti-sigma factor is also presented.
Our finding will provide a clue to unravel a signal transduction
path from nutritional and osmotic stresses to o®-directed gene
expression in S. coelicolor and related bacteria, necessary for
proper differentiation and/or stress survival.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Growth and maintenance of S. coeli-
color A3(2) strains (J1501, M145, and their derivatives) were done as described
by Hopwood et al. (33) and Cho et al. (19). For liquid culture, YEME medium
(33) containing either 34 or 10.3% sucrose was inoculated with pregerminated
spores (about 10® to ~10° spores/100 ml of broth). For plate culture, 107 pre-
germinated spores or patches of mycelia were streaked on R2YE, NA, or min-
imal agar media (33). To facilitate harvesting of aerial and sporulated mycelia,
inocula were spread on cellophane membrane on solid media. The growth rates
and phases were determined as described by Cho and Roe (17). To apply osmotic
stress in liquid culture, 0.2 M KCl was added to cultures of exponentially growing
cells in YEME for various lengths of time before harvest.

Preparation of cell extracts and determination of antibiotic pigments. Har-
vested mycelia were suspended in TGED (50 mM NaCl, 50 mM Tris-HCI [pH
7.8], 5% glycerol, 0.1 mM EDTA, 0.1 mM dithiothreitol [DTT]) buffer contain-
ing 1 mM phenylmethylsulfonyl fluoride. They were disrupted by sonication
(Sonics and Materials Inc.), and the suspension was clarified by centrifugation at
4°C. The concentration of total protein in cell extract was determined with a
Bio-Rad protein assay kit. Extraction of antibiotic pigments and their spectro-
photometric quantification were carried out as described by Hobbs et al. (32) and
Adamidis et al. (1).

DNA manipulations. Restriction and modifying enzymes were used according
to the manufacturer’s recommendations (POSCOCHEM, Roche, New England
Biolabs). Standard recombinant DNA methods were used. DNA fragments were
purified from agarose gels with a GeneClean kit I (BIO101) or the freeze-
squeeze method. Escherichia coli DHSa, methylation-negative E. coli ET12567
(42), and S. coelicolor A3(2) J1501 cells were used as hosts for various recom-
binant DNAs.

Expression and purification of proteins. His-tagged o® protein was obtained
as described previously (20). Either full-length (FL) or the C-terminal half
(C-terminal domain [CTD]) of RsbA protein was prepared through PCR and
expression through the pET-3a system (Novagen) in E. coli. Mutagenic forward
primers containing an Ndel site (5'-GGTGGCGCCCATATGAGCACG-3' for
full length and 5'-CCAGCACGAGCATATGATCAACGC-3' for CTD; Ndel
site underlined) and a backward primer hybridizing immediately downstream of
the termination codon (5'-CTCCCGGTGGATCGGTCGTCGTTG-3') were
used. The PCR products of 703 and 1,062 bp were cloned into pUC1S8, recovered
by NdeI and BamHI digestion, and then cloned into pET-3a (Novagen) to yield
pET3307 and pET3312, respectively. Soluble fractions of freshly grown E. coli
cells harboring pET3307 or pET3312 were dialyzed twice against TGED binding
buffer (10 mM Tris-HCI [pH 7.8], 20% glycerol, 1 mM EDTA, 1 mM DTT) with
50 mM NaCl. The dialysate was subjected to chromatography through a Re-
source Q column (Pharmacia) and eluted with a 20-ml gradient of NaCl from 50
to 500 mM in TGED. The eluates were concentrated to about 0.3 mg/ml and
dialyzed against storage buffer (50 mM Tris-HCI [pH 7.8], 10 mM MgCl,, 0.1 M
KCl, 0.1 mM EDTA, 1 mM DTT, 50% glycerol). To prepare glutathione S-
transferase (GST)-tagged RsbA protein, forward primer containing a BamHI
site (5'-GCCACGATGGGATCCGCGACCGCC-3'; BamHI site underlined)
and the same reverse primer given above were used to amplify a 1,053-bp
fragment containing the entire rsbA4 gene. The PCR product was cloned into
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pUC18, recovered by BamHI and EcoRI digestion, and then cloned into pGEX-
4T1 (Amersham Pharmacia) to yield pGEX3312. To prepare GST-tagged RsbV
protein, mutagenic forward (5'-GAGGTACACGGATCCATAGCC-3'; BamHI
site underlined) and reverse (5'-GGCGGCTCAGAATTCGGGAAC-3'; EcoRI
site underlined) primers were used to amplify a 408-bp fragment containing the
entire rsbl gene with replacement of the first two and the last (130th) codons.
The PCR product was digested with BamHI and EcoRI and cloned in pGEX-
4T1 (Amersham Pharmacia) to yield pGEX5104. GST-tagged proteins were
purified according to the recommendations of the manufacturer (Amersham
Pharmacia). Purified proteins were divided into aliquots and stored at —70°C.

o%-RsbA interaction on an Ni-NTA column. Partially purified His-tagged o®,
GST-tagged RsbA, and bovine serum albumin (Sigma) at 20 wg each were
incubated at 25°C for 30 min in the binding buffer (10 mM Tris-HCI, pH 7.6, 0.1
M NaCl) and loaded onto 0.5 ml of an Ni-nitrilotriacetic acid (NTA) column
(Novagen). The column was washed with 10 volumes of 5 mM imidazole in the
binding buffer (W1) and again with 10 volumes of 25 mM imidazole in the
binding buffer (W2). Finally the bound proteins were eluted with 3 volumes of
500 mM imidazole in the binding buffer (E). The two wash fractions and eluates
were concentrated to 0.5 ml each with a Centricon-10 (Amicon), and 20-pl
aliquots were subjected to 10% polyacrylamide gel electrophoresis (PAGE) with
sodium dodecyl sulfate (SDS).

In vitro phosphorylation assay. The phosphorylation assay was performed as
described by Min et al. (43). The reaction mixture (20-ul total volume) contained
1 pg each of purified RsbA (either full-length or C-terminal domain) and GST-
tagged RsbV in 50 mM Tris-HCI (pH 7.6), 50 mM KCI, 10 mM MgCl,, 1 mM
dithiothreitol, and 0.1 mM EDTA. The reaction was started by adding 5 pCi of
[y-**PJATP (5,000 Ci/mmol) and unlabeled ATP to 20 wM, which was then
incubated at 22°C for 30 min, and the reaction was terminated by adding 5 pl of
SDS-PAGE sample buffer (250 mM Tris-HCI [pH 6.8], 10% glycerol, 1% SDS,
150 mM 2-mercaptoethanol, 0.02% bromophenol blue). The mixtures were
heated at 85°C for 3 min and separated on a 13% polyacrylamide gel containing
SDS. The labeled proteins were visualized by autoradiography, whereas the
positions of protein bands were confirmed by Coomassie blue staining.

RNA isolation and S1 nuclease mapping. RNA isolation and S1 nuclease
mapping analysis were performed as described previously (20). Probes used for
mapping sigBpl, sigBp2, and catBp transcripts were prepared as described pre-
viously (19, 20). The DNA probe for rsbVp transcript was prepared by PCR and
contained 12 bp of unrelated sequence linked to 382 bp of rsbl” gene sequence.
The 5' end position labeled with 3P corresponds to 72 nucleotides downstream
from the ATG start codon.

In vitro transcription assay. Transcription assays were carried out as described
by Kang et al. (35) with slight modifications. To examine the effect of anti-sigma
factor, RsbA protein with or without GST tag (10 to 20 pmol) was preincubated
with His-tagged o® protein (10 pmol) at 37°C for 30 min, prior to incubation with
S. coelicolor core RNA polymerase (1.5 pmol) for another 30 min in 16 pl of
transcription buffer. Template DNAs containing sigBp1 or catBp (0.2 pmol) were
added and incubated for an additional 30 min to allow sufficient formation of the
promoter open complexes. For comparison, transcription from sigRp2 promoter
by His-tagged o® was followed in parallel. Transcription was restricted to a single
round by adding heparin (50 wg/ml) 2 min after initiation by nucleoside triphos-
phate (NTP) mix containing [«->*P]CTP. Transcripts were resolved in 5% PAGE
containing 7 M urea, followed by autoradiography. To examine the effect of
RsbV protein on antagonizing RsbA, GST-tagged RsbV protein (40 to 160
pmol) was preincubated with GST-RsbA (10 to 20 pmol) and His-tagged o® (10
pmol) for 30 min prior to the addition of core RNA polymerase.

Gene disruption and complementation. To prepare an internally deleted rshA
gene, a 425-bp Bcll-BamHI fragment encompassing the majority of the C-
terminal half of the rsbA gene was deleted from the 1.8-kb Sall fragment and
cloned into pDHS5, resulting in pDH314. Nonmethylated pDH314 DNA pre-
pared from E. coli ET12567 (42) was alkaline denatured and introduced into the
J1501 protoplast by transformation (31). Single-crossover recombinants were
identified as thiostrepton-resistant colonies and verified by Southern hybridiza-
tion. YI3105, a cointegrate in which the recombination took place in the desired
region, was selected and allowed to sporulate on a nonselective minimal medium
to ensure second crossover. Two types of thiostrepton-sensitive colonies were
obtained by plating: one with wild-type morphology and the other with the white
phenotype. The white colonies all retained the deleted rsbA gene as judged by
Southern analysis. One representative mutant (YD352) was selected and used
for further analysis. The Southern result excluded the possibility of remaining the
wild-type rsbA gene in the mutant, arising from duplication of a long terminal
region where rshA and sigB genes reside in the J1501 strain (59). For comple-
mentation, the 4,611-bp Smal-BamHI fragment containing the entire sigB
operon was isolated from pUC246 (18) and cloned into pSET152 (9), resulting
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FIG. 1. Sequence analysis of S. coelicolor RsbA and RsbB. (A) Gene structure around sigB operon. The sigB gene is cotranscribed with rsbB
and rshA genes from the upstream promoter sigBp2 in a constitutive manner and from the downstream promoter sigBp1 induced by salt, late growth
phase, or during differentiation (20). The rsbB gene encodes a sequence homolog of anti-anti-sigma factors SpolIAA and RsbV of B. subtilis,
whereas rsbA encodes a protein whose C-terminal half resembles anti-sigma factors SpolIAB and RsbW. (B) Comparison of the C-terminal half
of RsbA (RsbA-CTD) with those of related anti-sigma factors. C-terminal aa 190 to 284 of RsbA were compared with those of SpoIIAB and RsbW
from B. subtilis (BsRsbW), and SCO3548, a putative anti-sigma factor encoded downstream of bldG in S. coelicolor (10, 11) around the regions
of the conserved motif. Conserved residues are denoted with asterisks and dots. Residues known to serve for ATP binding (V) or possibly for kinase
function (V) are indicated along with proposed residues for SpolIAA-related antagonist interaction (4 ) (13, 23). (C) Comparison of S. coelicolor
RsbB with related antagonist family proteins. An internal portion of aa 59 to 115 from S. coelicolor RsbB (ScoRsbB) was compared with
corresponding regions of B. subtilis SpolIAA (BsSpolIAA), B. subtilis RsbV (BsRsbV), S. coelicolor BIdG (ScoBIdG), and S. coelicolor RsbV
(ScoRsbV; SCO7325). The position of a serine residue, which is phosphorylated in B. subtilis by serine kinase anti-sigma factors, is marked by an
arrow on top. In ScoRsbB, the corresponding residue is valine.

in pSET246. Introduction of pSET246 into YD352 by conjugation and isolation RESULTS
of exconjugants were done as described by Cho et al. (19). To construct the rsbB
mutant, the REDIRECT technology was employed (26) to replace the rsbB gene
with a disruption cassette. The cassette containing oriT and the aac(3)V gene
conferring apramycin resistance was generated by PCR using a gel-purified,

1.4-kb EcoRI-HindIII fragment from plJ773 as a template and the oligonucle-

RsbA is an anti-sigma factor for ¢®. The sigB gene of S. coeli-
color is preceded by rsbA and rsbB genes that are cotranscribed
(20) (Fig. 1A). The rsbA gene encodes a 309-amino-acid (aa)

otide primers rsbBPTN (5'-GGCGTATGCCCGGCGAAGTTCCGAAGGGG
ATCGAGTGTGATTCCGGGGATCCGTCGACC) and rsbBPTC (5'-CCGGA
TGGATGAATGCCTCGTCGGCGGTCGCCGTGCTCATGTAGGCTGGAG
CTGCTTC), which contain 39-nucleotide gene-specific extensions (underlined)
at 5’ positions. Cosmid F55 containing the rsbB gene was introduced into E. coli
BW25113 (21) by electroporation along with rsbB-specific disruption cassettes,
and the whole rsbB gene from the first to the last (117th) codons was replaced
with the oriT/aac(3)V cassette in E. coli. The resulting cosmid was either directly
introduced into nonmethylating E. coli ET12567 and then to S. coelicolor J1501
via conjugation, to obtain rsbB mutant with cassette integration (YD403) or
further processed to remove the disruption cassette in frame by the FLP recom-
bination system (21, 26). The resulting cosmid containing an in-frame rsbB
deletion without the cassette was further modified to replace the kanamycin
resistance marker with the oriT/aadA cassette from plJ778, in order to cir-
cumvent poor selection by kanamycin on our culture plates. The final in-
frame rsbB deletion mutant (YI403) was selected first by spectinomycin
resistance and then by its subsequent loss resulting from double crossover.
The expected mutations in YD403 and YI403 were confirmed by PCR and
Southern hybridization.

protein whose C-terminal half shares critical residues with
anti-sigma factors RsbW and SpolIAB of B. subtilis containing
conserved domains of serine kinases (13) (Fig. 1B). The N-
terminal domain of RsbA does not show significant similarity
to any proteins in the current database except a homolog in
S. avermitilis (http://avermitilis.ls.kitasato-u.ac.jp). The rsbB
gene encodes a protein of 117 aa that reveals prominent se-
quence similarity with anti-anti-sigma factors SpolIAA and
RsbV of B. subtilis, which are phosphorylated by anti-sigma
factors with kinase activity (Fig. 1C). However, RsbB lacks the
conserved serine residue that is phosphorylated in B. subtilis.

Based on the similarity in amino acid sequence and gene
organization, we postulated that RsbA may function as an
anti-sigma factor for o® in S. coelicolor in a similar manner to
RsbW for ¢® in B. subtilis. To test this idea, we performed
affinity chromatography. GST-tagged RsbA and His-tagged o®
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FIG. 2. Interaction between RsbA and o® monitored by affinity
chromatography. His-tagged o® and GST-RsbA in binding buffer were
applied to an Ni-NTA column as described in Materials and Methods
(ON; lane 2). Fractions from flow-through (FT; lane 3), wash with 5
mM imidazole (W1; lane 4), wash with 25 mM imidazole (W2; lane 5),
W2), and elution with 500 mM imidazole (E; lane 6) were pooled,
concentrated, and subjected to SDS-PAGE. Proteins were visualized
by Coomassie staining and marked along with size markers (M; lane 1)
of 66 and 41 kDa.

were purified from E. coli and applied to Ni-NTA column as
described above. Figure 2 demonstrates that RsbA coelutes
with o® from the column by 0.5 M imidazole, suggesting tight
interaction with o®. When the C-terminal half of RsbA (from
residues 121 to 309; RsbA-CTD) in a GST-tagged form was
applied, it also was coeluted with o®, suggesting that the in-
teraction domain resides in the conserved CTD (data not
shown). His-tagged o® was not able to hold RsbA in the
column in a parallel experiment, confirming the specificity of
the o®-RsbA interaction (data not shown).

We then tested whether RsbA inhibits o®-directed transcrip-
tion in vitro. Full-length RsbA protein with a GST tag was
added to the transcription mixture containing o® and template
DNAs containing its cognate promoter sigBp1 or catBp. Addi-

+ of
+ RsbA

sigBp1

|
+

catBp

B|
- + + oR
- + RsbA

C % ¥ sigRp2

1 2 3

FIG. 3. Inhibition of oB-directed transcription by RsbA in vitro.
Single-round transcription assays were done with core RNA polymer-
ase (lanes 1), with added o® or o® (lanes 2), using o®-specific promot-
ers sigBpl (A) or catBp (B) or o®-specific promoter sigRp2 (C). Par-
tially purified RsbA was preincubated with each sigma factor at a 2:1
molar ratio to observe its effect (lanes 3). Transcripts were electropho-
resed on a 5% PAGE gel with 7 M urea and visualized by autoradiog-
raphy.
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FIG. 4. Phenotypes of rsb mutants. Colony morphologies of the
wild type (J1501) and rsbB (YDA403), rsbA (YD352), and sigB (YD2108)
mutants on R2YE (upper left) and MM (upper right) plates. The wild
type and rsbB mutant sporulated normally, whereas the rsbA mutant
demonstrated a white phenotype with no sporulation. The sigB mutant
exhibited a bald phenotype with no aerial mycelium formation. Salt
sensitivity was examined by streaking cells on MM plates containing
0.2 M KClI (lower left) or 0.5 M KCI (lower right). Retarded growth at
0.2 M or more KCl was observed for rsbA and sigB mutants.

tion of a twofold molar excess of RsbA inhibited the o®-
dependent transcription from sigBpl and catBp promoters to
near completion (Fig. 3A and B). Either the full-length or
CTD fragment of RsbA without GST tag produced a similar
result (data not shown). In contrast, RsbA only marginally
inhibited transcription from sigRp2 promoter directed by an
ECF sigma factor, o® (Fig. 3C), suggesting that its inhibitory
action is specific toward o®.

The growth and morphological phenotype of an rsb4-null
mutant. To find out the role of RsbB and RsbA proteins in
vivo, we made rsbA- and rsbB-null mutants from an S. coeli-
color A3(2) J1501 strain and compared them with a sigB mu-
tant. The rsbB-null mutant showed no obvious phenotype for
any of the properties tested. In contrast, the rsbA-null mutant
had multiple defects, consistent with a regulatory role. The
rsbA mutant (YD352) showed a white phenotype when plated
on R2YE, SFM, and MM plates (Fig. 4, upper left). On SFM
and MM-mannitol plates, some spores were formed after pro-
longed incubation of more than 2 weeks, whereas no sporula-
tion occurred on R2YE during this period. The delayed spores
from SFM or MM-mannitol plates lost plating efficiency sig-
nificantly by a freeze-thaw cycle, suggesting the compromised
integrity of the spore. The mutants were then examined for salt
sensitivity by plating on MM with or without additional KCl
(Fig. 4). The rsbB mutant grew as well as the wild type in the
presence of high salt, whereas the rsbA mutant was sensitive to
KCl as sigB mutant. The antibiotic production was disturbed in
the rsbA mutant, with almost complete absence of blue-pig-
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FIG. 5. Antibiotic production in rsbA mutant. Shown is production of biomass (A), actinorhodin (B; Act), and undecylprodigiosin (C; Red) by
each mutant grown on R2YE plates. Increase in biomass is shown as wet weight (milligrams), and the timing of aerial mycelium formation for the
wild type (WT) and rsb4 mutant is indicated by filled and open arrows, respectively. The amount of actinorhodin was measured by determining
the Asg, after alkaline extraction of pigments from 10 mg (wet weight) of cells grown for different lengths of time. The amount of undecylpro-
digiosin was measured by determining the 4533, after extracting red pigments with methanol-HCI from 33 mg of cells. Measurements were made
in duplicate from two separate cultures. The average values are presented.

mented actinorhodin, in sharp contrast to its precocious pro-
duction in the sigB mutant (Fig. 4, upper left).

The growth and antibiotic production of rsbA mutant were
compared with those of the sigB mutant and wild type more
quantitatively on R2YE plates. As observed previously (20),
the sigB mutant grew as well as the wild type, with an expo-
nential doubling time of about 8 h without forming aerial
mycelium. In contrast, the rsbA mutant grew faster (with dou-
bling at every 6 h) to a higher biomass and formed aerial
mycelium earlier than the wild type by about 15 h (Fig. 5A).
The production of blue antibiotic (actinorhodin) in rsbA was
not detected at all, in sharp contrast to the wild type and the
sigB mutant (Fig. 5B). On the other hand, delayed but abun-
dant production of red antibiotic (undecylprodigiosin) was ev-
ident in the 7sbA mutant, in contrast to scanty production in the
sigB mutant (Fig. 5C). To verify the effect of the rsbA mutation,
we introduced a wild-type rsbA gene on the pSET246 plasmid
that integrates into the chromosome of the rsb4 mutant and
observed that the wild-type phenotypes were all restored (data
not shown).

The sharply contrasting behavior between the rsbA and sigB
mutants in producing aerial mycelium and antibiotics coincides
well with the proposal that RsbA is an antagonist of o®. The
similar salt sensitivity of rshA and sigB mutants, together with
their defective developmental phenotypes, suggests that a
proper activity level of o® (and RsbA) is necessary for osmotic
balance and completion of the differentiation process.

Inhibition of o®-dependent transcription by RsbA in vivo.
Previous studies demonstrated that o® is responsible for os-
motic induction of its own structural gene (from sigBpl) and
that of catalase B (from catBp) (20). In order to find the effect
of rsb mutations in vivo, we examined the salt induction of
these promoters by S1 mapping. As expected, the level of
sigBp1 transcripts was enhanced in the 7sb4 mutant even in the
absence of any salt stress. The rsbB mutant (YD403) showed
similar induction behavior to the wild type (Fig. 6A). The in-
frame-deleted rsbB mutant (YI403) also exhibited similar be-
havior, excluding the possibility of a polar mutation effect in

YD403 (data not shown). The wild-type induction pattern was
restored in the 7sbA mutant by introducing pSET246 plasmid
containing the wild-type rsb4 gene (Fig. 6B). We then moni-
tored the time course of induction of these promoters by S1
mapping. Figure 6C demonstrates that in the wild-type cell
sigBp1 transcripts were induced by 0.2 M KClI rapidly with a
peak at 20 to 30 min, whereas catBp induction was delayed with
a peak at around 1 h. In the sigB mutant, induction of both
promoters was markedly reduced. In the rsb4 mutant, the level

A B rsbA
WT rsbA rsbB pSET152 pSET246
-+ -+ -+ gomkol -+ - + 02MKC
W 5jaBp2 | o e = SigBp2

1 2 3 4 5 6 12 3 4
C wT sigB rsbA

0 10 20 30 60 90 O 10 20 30 60 90 0 10 20 30 60 80 0.2 MKCI
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‘ --H ‘ « == | catBp
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FIG. 6. Effect of rsbA mutation on o®-dependent transcription.
(A) The amount of sigBp1 transcripts was monitored by S1 mapping in
the wild type (WT) and rsbA (YD352) and rsbB (YD403) mutants. As
a constitutive control, sigBp2 transcripts were analyzed in parallel.
Cells were grown in YEME containing 10.3% sucrose for 15 h and
treated with (lanes 2, 4, and 6) or without (lanes 1, 3, and 5) 0.2 M KCl
for an hour. (B) Complementation of the rsb4 mutant. The sigB tran-
scripts from the rsbA mutants harboring the parental pSET152 vector
or the recombinant plasmid with the wild-type rsbA gene (pSET246)
were analyzed by S1 mapping. Cells were prepared as described above.
(C) Induction kinetics of the sigB and catB transcripts. The time course
of ¢®-dependent induction of sigBp1 and catBp transcripts upon 0.2 M
KCI treatment was monitored in the wild type and sigB and rsbA
mutants grown in YEME liquid medium to the early exponential
phase. Samples were taken at 10-min intervals over 90 min, and S1
mapping analysis was done.
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rsbV rsbR rsbS rsbT rsbU1 rsbU SCO7319 SCO7318 SCO7316 sigM SCO7313
-35 -10
sigB AGGTGT GCGGETGCTTGACCCGGGGTAG GCGATCGGTCGTCGGCCG
catB ATGCCT CGACTCCCGRAGGCTGGGTAC GCGGTCACGGCCCRACCAC
rsbv AGGTGT GGAGTCGGGEATCCGGEGGGTAT CCGGGCGGCGGACCACAC
Consensus ANGNNT N15 GGGTAN N6-8
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FIG. 7. o®-dependent expression of the rsb} gene. (A) Gene organization near the rsb} operon in S. coelicolor. The rsbV gene is followed by
homologs of rsbR, rsbS, rsbT, and rsbU, similar to the gene order near the B. subtilis rsbV gene. The rsbUI gene contains an rsbU-like PP2C
phosphatase domain plus an rshT-like sequence with low similarity. A oB-like sigma factor, SigM (SCO7314), is encoded nearby in the opposite
orientation. A putative o-dependent rsh} promoter sequence was compared with those of sigBp1 and catB promoters. Conserved nucleotides
within —35 and —10 regions are marked in bold. (B) o®-dependent induction of the rsb} transcripts upon KCl treatment. The time course of
induction of rsbV transcripts was monitored in the wild type (WT) and sigB and rsbA mutants grown in YEME liquid medium to the early
exponential phase and treated with 0.2 M KCI. Samples were taken at 10- to 30-min intervals over 2 h and analyzed by S1 mapping.

of sigBp1 transcripts was elevated to near its full induction level
even without salt treatment, consistent with the proposal that
RsbA acts as an anti-sigma factor for o®. The delayed induc-
tion of catB persisted in the rsbA mutant, suggesting that catB
and sigB genes are not regulated in the same way. The residual
induction of sigBpl and catB transcripts in sigB mutant may
reflect the action of another o®-like sigma factor or factors
with overlapping promoter specificity. The zsbB mutant showed a
similar induction pattern to that of the wild type (data not
shown). We therefore propose that the primary sigma factor
that induces sigBp1 transcription in response to osmotic stress
is o® itself, and it is antagonized by RsbA in vivo, consistent
with the in silico prediction and in vitro observations.

RsbV is an antagonist for RsbA. Since RsbB lacks the con-
served serine residue that is usually phosphorylated by a cog-
nate anti-sigma factor/kinase and since the rsbB-null mutant
does not display any noticeable phenotype, we searched for
other antagonist candidates. Inspection of the S. coelicolor
genome revealed 17 antagonist (anti-anti-sigma factor) candi-
dates, 13 of which contain the conserved phosphorylatable
serine residue. We noted a genetic locus of clusters of genes
with predicted amino acid sequences highly homologous to
RsbV, -R, -S, -T, and -U of B. subtilis (51) and hence named it
rsbV-rsbR-rsbS-rsbT-rsbUl-rsbU (Fig. 7A). Inspection of the
rsbV upstream region revealed a ¢® consensus sequence closely
resembling sigBpl and catB promoters (Fig. 7A).

When monitored by S1 mapping, rsbl transcript was in-
duced dramatically by 0.2 M KCl treatment within 10 min with
a peak at around 30 min (Fig. 7B). In the sigB mutant, on the
other hand, no such induction was observed, except a low but
delayed induction. Therefore, 7sb} transcription and possibly
the entire operon of at least six genes are under the control of

o® in vivo. In the rsbA mutant, however, the rsb} gene was not
expressed at all. Since the activity of o® is enhanced greatly in
the rsbA mutant, as judged from the highly elevated transcrip-
tion from the sigBp1 promoter, the absence of o®-dependent
rsbV transcription in the rsbA mutant most likely reflects the
involvement of another additional regulator or regulators.
An anti-RsbA activity of RsbV was examined by an in vitro
transcription assay using the sigBp1 promoter. Transcription by
oB-containing RNA polymerase was inhibited by RsbA as de-
scribed above (Fig. 8, lanes 3 and 4). Addition of RsbV re-
stored sigBpl transcription (Fig. 8, lanes 5 to 7). In contrast,
addition of RsbV did not antagonize the inhibitory action of
RsrA on g®-directed transcription (data not shown), reflecting
its specificity toward the RsbA-c® system. The stoichiometry of

- - - - 40 80 160 RsbV
- - 10 20 20 20 20 RsbA
- 10 10 10 10 10 10 B

' - - sigBp1
1

2 3 4 5 6 7

FIG. 8. Anti-RsbA activity of RsbV. Antagonistic activity of RsbV
against RsbA was assessed with an in vitro transcription assay as
described in Materials and Methods. All of the transcription mixture
contained sigBpl promoter DNA and core RNA polymerase. The
amount of additional components is indicated in picomoles above each
lane.
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FIG. 9. Phosphorylation of RsbV by RsbA. Purified RsbA (full-
length or CTD) and GST-tagged RsbV were incubated with [y->*P]
ATP and separated by SDS-PAGE. The radiolabeled protein band was
detected by autoradiography. The positions of RsbA and RsbV pro-
teins, determined by Coomassie blue staining, are indicated by arrow-
heads.

RsbA-RsbV at maximal action was well above 1:4. This may
reflect a low fraction of functionally active GST-RsbV protein.

We then examined whether RsbV can be phosphorylated by
RsbA in vitro. Either full-length or C-terminal half (CTD) of
RsbA proteins was tested for its ability to phosphorylate GST-
tagged RsbV with [y-**P]ATP. A radiolabeled protein band
was detected by autoradiography following SDS-PAGE. We
found that RsbV was phosphorylated by the CTD of RsbA in
vitro (Fig. 9, lane 3). Full-length RsbA failed to phosphorylate
RsbV to a detectable level. Since RsbA-CTD bound ¢® and
inhibited o®-dependent transcription in vitro, we interpret our
result to suggest that (i) RsbA indeed possesses kinase activity;
(ii) RsbV is a phosphorylation target of RsbA; and (iii) the
unconserved N-terminal domain of RsbA blocks its kinase
activity in vitro, whereas this blockage is lifted in vivo, possibly
through interaction with some other factor(s). When purified
RsbB was examined in a parallel experiment, we observed no
phosphorylation by either the CTD or full-length RsbA protein
(data not shown).

DISCUSSION

We propose from this study that the osmotic induction of
o®-dependent promoters is regulated by an anti-sigma factor
and its phosphorylatable antagonist. In an uninduced state, o®
is bound by an anti-sigma factor RsbA. In response to osmotic
stress such as 0.2 M KCl, o® is released free of its anti-sigma
factor, RsbA, due to the binding of an antagonist RsbV to
RsbA. The free ¢® then combines with core RNA polymerase
to form a functional holoenzyme, which then recognizes and
transcribes its target promoters such as sigBpl and rsblVp
within 10 min of stress. Increase in o® synthesis as well as RsbV
could further amplify the response. Among putative members

J. BACTERIOL.

of o® regulon, there are genes for at least four o®-related sig-
ma factors (40). An avalanche of expression of regulons con-
trolled by o® and its down-stream target regulators would
constitute a critical part of the osmotic stress response. Inspec-
tion of the S. coelicolor genome for putative ®-dependent pro-
moters revealed 118 putative promoters with an ANGNNT-
N,4_1,-GGGTA(C/T) sequence motif within 500 bp upstream
of known and predicted genes (40). The catalase B gene that is
dependent on o® is most likely an example of genes controlled
by one or more of these secondary o®-related sigma factors
that share some promoter specificity, as judged from its slow
induction kinetics.

Among 48 rsbW-like genes, those neighboring a sigma factor
gene are only a few. The gene order partly syntenic to B. subtilis
(rsbV-rsbW-sigB) is found in rsbB-rsbA-sigB, SCO7313-sigM, prsi-
arsl-sigl, sigL-SCO7277, and prsH-sigH operons. Among these,
arsl-prsl is cotranscribed divergently from sigl, and SCO7277 is
transcribed convergently to sigl.. PrsH serves as an anti-sigma
factor for ¢!, but it lacks a kinase domain and hence has no
enzyme activity (54, 57). Therefore, in both gene structure and
regulation partner, ¢® parallels most closely its homolog in
B. subtilis. Even though o™ is reported to share a similar
function with ¢® in S. coelicolor, in being induced by osmotic
stress and influencing differentiation, its regulation mecha-
nisms are quite different from those of o®. First, the amount of
o® increases during osmotic induction and growth transition in
liquid as well as on solid media (data not shown), whereas the
o' level does not change significantly throughout growth and
osmotic stress. Disruption of sigB produces a bald phenotype
with altered antibiotic production and osmosensitivity, whereas
the sigH mutant does not produce any morphologically distinct
phenotype in our hands, in agreement with Viollier et al. (56).
In addition, o® is regulated by an anti-sigma factor that can
bind and phosphorylate its antagonist, whereas PrsH regula-
tion appears not to involve such a mechanism.

The positive regulation of RsbV by o® is intriguing, since it
can amplify the response by titrating out anti-sigma factors.
However, in the absence of an anti-sigma factor for o® as in the
rsbA mutant, the rsb}” operon is not expressed nor induced,
demonstrating an efficient control that avoids unnecessary ex-
pression of regulatory modules. Either depletion of activator
or overproduction of a repressor for the rsb} operon in the
rsbA mutant can be postulated to ensure coordinated expres-
sion of these two genes.

The link between osmotic stress response and differentiation
in streptomycetes has been reported in several cases, even
though its underlying mechanism is unclear. The change in
glycogen synthesis and breakdown that may affect osmolarity
accompanies the onset of aerial mycelial growth and sporula-
tion (12, 52), suggesting that controlled osmolarity might be
necessary for differentiation. Catalase B is required for both
hyperosmotic survival and proper differentiation (19) and is
thought to play this dual function through N-terminal peptide
degradation and secretion. Deletion of o® and o™ impairs both
osmotic response and differentiation (20, 53). Sensitivity to
high osmolarity was observed in the presence of a high con-
centration of A-factor, a differentiation signal molecule in
Streptomyces griseus (3). The white and osmosensitive pheno-
type of rsbA mutant suggests that even though aerial mycelium
forms precociously in the presence of abundant free o®, proper
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balance of the intracellular osmotic state may be necessary to
complete differentiation.

The presence of a partner-switching mechanism of regula-
tion involving phosphorylation or dephosphorylation has been
suggested in a wide variety of eubacteria through comparative
genomics (38, 44). From this study, we demonstrated that
S. coelicolor employs such a mechanism to control o® that is
required for osmotic stress response and differentiation pro-
cess. Existence of an anti-sigma factor (UshX) and its phos-
phorylatable antagonist has been proposed to regulate oF in
Mycobacterium tuberculosis, which is required for expression of
virulence and adaptation genes (4, 16). This kind of regulatory
mechanism may indeed be utilized in a multitude of gram-
positive pathogenic bacteria, such as Staphylococcus aureus and
Listeria monocytogenes, where a o®-like stress sigma factor
influences pathogenicity (5, 39).
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