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Expression of the general stress regulon of Bacillus subtilis is controlled by the alternative transcription
factor o®, which is activated when cells encounter growth-limiting energy or environmental stresses. The RsbT
serine-threonine kinase is required to convey environmental stress signals to o®, and this kinase activity is
magnified in vitro by the RsbR protein, a positive regulator important for full in vivo response to salt or heat
stress. Previous genetic analysis suggested that RsbR function is redundant with other unidentified regulators.
A search of the translated B. subtilis genome found six paralogous proteins with significant similarity to RsbR:
Yetl, YezB, YkoB, YojH, YqhA, and YtvA. Their possible regulatory roles were investigated using three different
approaches. First, genetic analysis found that null mutations in four of the six paralogous genes have marked
effects on the o® environmental signaling pathway, either singly or in combination. The two exceptions were
yetl and yezB, adjacent genes which appear to encode a split paralog. Second, biochemical analysis found that
YkoB, YojH, and YqhA are specifically phosphorylated in vitro by the RsbT environmental signaling kinase, as
had been previously shown for RsbR, which is phosphorylated on two threonine residues in its C-terminal
region. Both residues are conserved in the three phosphorylated paralogs but are absent in the ones that were
not substrates of RsbT: Yetl and YezB, each of which bears only one of the conserved residues; and YtvA, which
lacks both residues and instead possesses an N-terminal PAS domain. Third, analysis in the yeast two-hybrid
system suggested that all six paralogs interact with each other and with the RsbR and RsbS environmental
regulators. Our data indicate that (i) RsbR, YkoB, YojH, YqhA, and YtvA function in the environmental stress
signaling pathway; (ii) YtvA acts as a positive regulator; and (iii) RsbR, YkoB, YojH, and YqhA collectively act

as potent negative regulators whose loss increases o® activity more than 400-fold in unstressed cells.

The general stress response of Bacillus subtilis is induced
when cells encounter a variety of growth-limiting stresses, and
this induction confers a multiple-stress resistance phenotype
(17, 19, 32). Expression of the 200 or more genes comprising
the general stress regulon is under control of the alternative
transcription factor o, the activity of which is governed by a
signal transduction pathway with two distinct branches. One
branch is specific for energy stresses, such as carbon, phospho-
rus, or oxygen limitation, and the other is specific for environ-
mental stresses, such as acid, ethanol, heat, or salt stress (23,
41, 46, 47). According to the model shown in Fig. 1A, the two
branches converge on the common regulators RsbV and
RsbW, which together control o® activity by means of a part-
ner-switching mechanism in which alternate interactions are
determined by serine phosphorylation (2, 4, 10, 41, 44, 47).

The means by which energy and environmental stress signals
enter their respective branches is presently unknown. Each
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branch terminates with a differentially regulated serine phos-
phatase, RsbP or RsbU (41, 47). The RsbP energy-signaling
phosphatase contains a PAS domain in its amino-terminal half
(41); PAS is an acronym for the proteins in which the domain
was originally found (40). Many of the proteins containing this
domain are involved in sensing fluctuations in redox, oxygen,
or light, suggesting that RsbP alone could be sufficient for
energy sensing and signal transduction. In contrast to the ap-
parent simplicity of the energy branch, the RsbU environmen-
tal signaling phosphatase is known to be activated by upstream
elements. Chief among these are RsbS and RsbT, which are
homologs of RsbV and RsbW, respectively, and which are also
thought to function by a partner-switching mechanism (23, 24,
47).

According to the model shown in Fig. 1B, in unstressed cells
the unphosphorylated RsbS antagonist protein binds and se-
questers the RsbT switch protein, holding the system in a
nonsignaling state (47). However, when cells are subjected to
environmental stress, RsbS is phosphorylated by the serine-
threonine kinase activity of RsbT. RsbT is then released to
switch partners and bind the RsbU phosphatase, which it ac-
tivates by direct protein-protein interaction. The crux of this
signaling mechanism is therefore the phosphorylation state of
RsbS, which is controlled by the tension between the RsbT
kinase and the RsbX phosphatase. Genetic analysis has shown
that RsbX phosphatase activity is not required for the envi-



1330 AKBAR ET AL.

\ Environmental Stress B
‘ Feedback PP2C

Upstream
Signaling

J. BACTERIOL.

%

l Kinase
-«+— [ .RsbR
() (Reb®)

Kinase activator
Y

Components

Energy Stress

$ !
BED

Energy PP2C Environmental PP2C @
RsbU
A
RsbV -7 @ Environmental PP2C

Antagonist Kinase

}_.

RsbW
Anti-c

l_.

GB

FIG. 1. Model of the o® signal transduction network. (A) Two signaling pathways converge on phosphorylated RsbV (RsbV-P), the antagonist
form found in unstressed cells. The energy-signaling pathway terminates with the RsbP PP2C phosphatase, which may employ its PAS domain to
sense energy stress (41). In contrast, the environmental signaling pathway terminates with the RsbU PP2C phosphatase, which is activated by
upstream elements (23, 47). When activated by stress, either the RsbP or the RsbU phosphatase removes the serine phosphate from RsbV-P (41,
44, 47). Dephosphorylated RsbV then binds the RsbW anti-o factor, forcing it to release o®, which can then activate its target general stress genes
(2, 4, 10). (B) The upstream signaling elements which activate RsbU include the RsbS antagonist and the RsbT kinase, which are homologs of
RsbV and RsbW, respectively (23, 47). Unphosphorylated RsbS is thought to be the antagonist form found in unstressed cells, and this form binds
the RsbT kinase. Following environmental stress, RsbS is phosphorylated by RsbT, which is then released to bind and activate the RsbU
phosphatase by direct protein-protein interaction (24, 47). Genetic and biochemical analyses indicate that RsbR (shaded) acts as a positive
regulator of o® activity by magnifying the activity of the RsbT kinase (1, 15). In contrast, the RsbX PP2C phosphatase appears to fulfill a feedback
role by indirectly communicating the level of o® protein in the cell (37, 43, 47). We show here that the four RsbR paralogs (shaded box) also act

via the environmental signaling pathway.

ronmental stress response but instead provides part of a neg-
ative feedback loop that damps continued signaling (37, 43). In
contrast, the RsbT kinase activity is essential (24). Modulation
of the kinase activity of RsbT therefore provides one route by
which environmental signals might enter the system.

The RsbR positive regulator has the biochemical and ge-
netic properties expected for a modulator of RsbT kinase ac-
tivity (1, 15). First, purified RsbR itself has no intrinsic kinase
activity but greatly stimulates the kinase activity of RsbT to-
ward RsbS in vitro. Second, complete absence of 7sbR function
disturbs only environmental signaling. However, in contrast to
the other known Rsb regulators, loss of RsbR function causes
an unusual partial phenotype that affects the response to some
environmental stresses, such as salt and heat, but not others,
such as ethanol. Moreover, even those responses that are af-
fected by an rsbR null mutation are reduced only two- or
threefold. One explanation for this partial phenotype is that
RsbR function may be redundant with one or more additional
regulators (1). The completion of the B. subtilis genome
project (26) revealed six additional gene products with signif-
icant similarity to the RsbR protein, and these became prime
candidates for the missing regulators. We report here that at
least four of these newly discovered RsbR paralogs act collec-
tively in the environmental stress signaling pathway as potent
regulators of o® activity.

MATERIALS AND METHODS

Bacterial strains and genetic methods. Standard recombinant DNA methods
were described by Sambrook et al. (33), and Escherichia coli DH5a (Bethesda
Research Laboratories) was the host for all plasmid constructions. B. subtilis
strains are shown in Table 1. To make the ykoBAI::kan null allele, we first
removed a 711-bp Nsil-Stul fragment from within the ykoB coding region and
substituted the 1,628-bp Nsil-Stul fragment containing the kanamycin resistance
element from pDG792 (16). The resulting plasmid, pSA84, is a pUC19 derivative
in which the kanamycin resistance cassette is flanked by the first 9 and the last 32
triplets of ykoB, together with additional contiguous DNA to permit recombi-
nation. Similar plasmids were constructed for the other four null alleles. These
were pTG3, in which an spc spectinomycin resistance cassette (27) was inserted
between triplets 21 and 829 of yghA, and three plasmids bearing an ery erythro-
mycin resistance cassette (20): pSA68, with ery between triplets 6 and 256 of ytvA;
PSA79, with ery between triplet 2 of yetI and triplet 89 of the adjacent yezB; and
PpSAS82, with ery replacing the region extending from triplet 4 of yojH through the
yojH terminator. The pSA77 plasmid was used to carry an in-frame deletion of
rsbT into strains bearing multiple mutations in the genes encoding rsbR and its
paralogs. To avoid the possibility of correcting the rsbRAI null allele, pSA77 was
constructed by removing a 929-bp EcoRI fragment from pCKIl, the plasmid
bearing the in-frame deletion in rsbT (23).

B-Galactosidase accumulation assays. For energy stress experiments, cells
were grown to stationary phase in buffered Luria-Bertani medium (LB) lacking
salt (7). For environmental stress experiments, cells were grown to early loga-
rithmic phase in buffered LB lacking salt, at which point a chemical stressor was
added to a final concentration of 0.3 M for salt or 4% (vol/vol) for ethanol. In all
stress experiments, samples were collected at the times indicated and treated as
described by Miller (28). Cells were washed with Z buffer and permeabilized
using sodium dodecyl sulfate (SDS) and chloroform. Protein levels were deter-
mined using the Bio-Rad protein assay reagent (Bio-Rad Laboratories, Rich-
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TABLE 1. B. subtilis strains

Strain Genotype Reference or construction®
PB2 trpC2 Wild-type Marburg strain
PB198 amyE::ctc-lacZ trpC2 8

PB427 rsbRAI trpC2 1

PB491 rsbRAI amyE::ctc-lacZ trpC2 1

PB520 yqhAAl::spc amyE::ctc-lacZ trpC2 pTG3—PB198

PB521 rsbRAI yqghAAI::spc amyE::ctc-lacZ trpC2 PB520—PB491

PB528 ykoBAI::kan amyE::ctc-lacZ trpC2 pSA84—PB198

PB529 ykoBAl::kan yqghAAI::spc amyE::ctc-lacZ trpC2 pSA84—PB520

PB530 rsbRA1 ykoBAl::kan yghAAl::spc amyE::ctc-lacZ trpC2 pSA84—PB521

PB531 rsbRAI ykoBAl::kan amyE::ctc-lacZ trpC2 pSA84—PB491

PB545 ykoBAI ykoBAl::kan trpC2 PB528—PB2

PB545.1 rsbRAI ykoBAl::kan trpC2 PB545—PB427

PB551 rsbRA1 ykoBAl::kan yghAAl::spc trpC2 pTG3—PB545.1

PB565 ywvAAl:ery amyE::ctc-lacZ trpC2 pSA68—PB198

PB566 rsbRA1 ytvAAI::ery amyE::ctc-lacZ trpC2 pSA68—PB491

PB569 yetl-yezBAl::ery amyE::ctc-lacZ trpC2 pSA79—PB198

PB574 yojHAI::ery amyE::ctc-lacZ trpC2 pSA82—PB198

PB577 rsbRAI yojHAI::ery amyE::ctc-lacZ trpC2 PB574—PB491

PB578 ykoBAI::kan ytwAAI::ery amyE::ctc-lacZ trpC2 PB565—PB528

PB579 rsbRAI rsbTAl ykoBAl::kan yghAAI::spc trpC2 pSA77—PB551°

PB580 rsbRAI rsbTAI ykoBAI::kan yqhAAI::spc amyE::ctc-lacZ trpC2 pDH32-ctc (8)—PB579
PB629 rsbRAI ykoBAl::kan yojHAI::ery yghAAI::spc amyE::ctc-lacZ trpC2 PB577—PB530

PB639 rsbRA1 yojHAI::ery yghAAI::spc amyE::ctc-lacZ trpC2 PB577—PB521

PB653 rsbRAI ykoBAl::kan yojHAI::ery amyE::ctc-lacZ trpC2 PB577—PB531

PB654 rsbRA1 rsbTAI ykoBAl::kan yojHAI::ery yghAAl::spc amyE::ctc-lacZ trpC2 PB577—PB580

2A2 B. subtilis W23 wild type Bacillus Genetic Stock Center
3A13 B. subtilis var. amylosacchariticus wild type Bacillus Genetic Stock Center

“ Arrow indicates transformation from donor to recipient.
> Two-step allele replacement (38).

mond, Calif.). Activity was defined as A4 4, X 1,000 per minute per milligram of
protein.

Construction of overexpression clones and purification of His-tagged pro-
teins. Overexpression clones which fused the rsbR, rsbS, rsbT, rsbV, and rsbW
coding regions to a hexahistidine tag in the pET15b expression vector (Novagen,
Madison, Wis.) were described previously (15, 24, 47). Here we constructed
similar overexpression clones bearing the spollAA, spolIAB, yetl, yezB, ykoB,
yqhA, and ytvA reading frames (details of these and other plasmid constructions
are available from the authors upon request). Hexahistidine-tagged proteins
were purified from E. coli BL21(DE3)/pLysS extracts on nickel affinity columns
according to the manufacturer’s protocol (Novagen).

Kinase assays. Kinase reactions were conducted as previously described (15).
Reactions were initiated by adding 3 pmol of the kinase to be tested (RsbT,
RsbW, or SpoITAB) to 300-pl mixes containing 30 pmol of the purified protein
substrate, 1 mM unlabeled ATP, and 150 wCi of [y-*P]ATP in kinase assay
buffer (50 mM Tris [pH 7.6], 50 mM KCI, 10 mM MgCl,, 1 mM dithiothreitol,
and 0.1 mM EDTA). After 60 min of incubation at 37°C, labeled proteins were
separated on SDS-13.5% polyacrylamide gels and visualized by exposure to
X-ray film.

Yeast two-hybrid analysis. The possible interaction of the RsbR homologs
with other proteins was tested by fusing the appropriate reading frame to the
GAL4 DNA-binding domain in plasmid pGBT9 (Clontech, Palo Alto, Calif.).
For the adjacent yet/ and yezB genes, which appear to encode a split RsbR
paralog, we coupled the two coding regions in frame to synthesize one full-length
product fused to the GAL4 DNA-binding domain. These new paralog constructs
were then paired in yeast SFY526 cells with another rsb or spoll reading frame
fused to the GAL4 activation domain in plasmid pGAD424. Double transfor-
mants were selected on minimal medium plates. Transcriptional activation of the
lacZ reporter gene in these double transformants was determined either quali-
tatively, using the colony lift filter assay from the Matchmaker Two-Hybrid
System protocols (Clontech), or quantitatively, by assaying B-galactosidase ac-
tivity following growth in minimal medium, as previously described (47).

RESULTS

Six RsbR paralogs are encoded by the B. subtilis genome. A
Blast 2.0 search of the RsbR sequence against the translated B.

subtilis genome found six clear RsbR paralogs. As shown in
Fig. 2, the greatest sequence conservation is within their C-
terminal halves, a region similar to the entire length of the
smaller RsbS antagonist protein. Three of these proteins—
YkoB, YojH, and YqghA—are the most similar to RsbR and
include two characteristic threonine residues in their C-termi-
nal regions. These conserved residues have been shown to be
the sites at which RsbR is phosphorylated in vitro by the RsbT
kinase, and both residues have been shown to be important for
RsbR function in vivo (1, 15).

A fourth protein, YtvA, also has significant similarity with
RsbR but lacks the conserved threonine residues. Instead,
YtvA has a PAS domain in its N-terminal region. PAS domains
are found in a wide variety of intracellular proteins that mon-
itor changes in redox potential, oxygen tension, and the overall
energy level of the cell (40).

The fifth and sixth proteins, Yetl and YezB, appear to have
arisen from a frameshift mutation that split an ancestral RsbR
paralog gene. As shown in Fig. 2, the translational stop for the
yetI reading fame lies just after the triplet for the first con-
served threonine residue, at which point the yezB frame begins,
and this frame encodes the second conserved threonine. We
first considered the possibility that the published genome se-
quence was incorrect over the yetl-yezB interval. However, our
laboratory 168 strain proved to have an identical sequence
through this region, as did two more divergent strains, B. sub-
tilis W23 and B. subtilis var. amylosacchariticus (data not
shown). We therefore conclude that yetI and yezB represent
distinct reading frames in different B. subtilis strains.

Loss of YkoB or YtvA function affects ¢® activation. Three
of the genes encoding RsbR paralogs appear to lie in mono-
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% Identity =~ Over E value

RsbR 100 274 e-151
YkoB 32 276 4e-31
Y()]H 28 280 2e-29
YqhA 28 268 2e-25
YtvA 26 141 5e-11
Yetl 22 190 7e-06
YezB 39 74 5e-11

31 111 le-10

FIG. 2. Sequence similarities between RsbR, its paralogs, and RsbS. The percent identical residues and the number of residues over which the
similarity extends are shown in the first two columns, and the statistical significance of the Blast alignment is shown in the final column. E values
of <le-10 are considered probably significant, and those of <le-20 are considered significant. The shaded regions indicate the sequences most
highly conserved among the RsbR paralogs and the smaller RsbS antagonist protein. For RsbR, residues T171 and T205 are phosphorylated in
vitro by the RsbT kinase and are important for RsbR function in vivo (15). These residues are conserved in YkoB, YojH, and YqhA, whereas the
split paralogs Yetl and YezB each carry one residue. In contrast, YtvA lacks the conserved threonines and instead bears a PAS domain in its
N-terminal region. PAS domains are often found in proteins that monitor changes in redox potential, oxygen tension, or energy levels (40). The
analysis reported here indicates that YtvA acts in the environmental stress-signaling branch.

cistronic transcription units (ykoB, yghA, and ytvA), and one is
the downstream gene in an apparent two-gene operon (yojH).
In order to determine the role of each paralog, we constructed
a large insertion-deletion mutation in each gene and substi-
tuted these null alleles for the wild-type copies on the B. subtilis
chromosome. In the case of the yetl-yezB reading frames, we
constructed a single insertion-deletion mutation that removed
most of both coding sequences. In order to assay the effect of
these null mutations on o® activity, each strain also carried at
its amyE locus a single-copy transcriptional fusion between the
oB-dependent ctc promoter (21, 30) and a lacZ reporter gene.

Two of the five single mutations, ytvA and ykoB, gave a clear
o® regulatory phenotype. As shown in Fig. 3A to C, the ytvA4
mutation resembled the original rsbR mutation in that it de-
creased response to salt stress about twofold. However, unlike
the case with rsbR, loss of ytvA function equally affected re-
sponse to ethanol stress and somewhat affected response to
energy stress. These results indicate that YtvA is a positive
regulator of o® activity. The ykoB mutation manifested a dif-
ferent phenotype. As shown in Fig. 3D to F, loss of ykoB
function increased o® activity in response to salt and ethanol
stress and also increased o® activity in response to the energy
stress associated with entry into stationary phase. These results
indicate that YkoB is a negative regulator of ¢® activity. No-
tably, the yojH, yghA, and yetl-yezB single null alleles had no
effect on o® activity under any of the three conditions tested—
salt, ethanol, or energy stress (data not shown). Moreover,
none of the five null mutations had any obvious effect on
sporulation timing or efficiency, suggesting that they do not
strongly influence activity of ¢*, the forespore-specific factor
which provides the only other example of partner-switching
regulation in B. subtilis (39 and references therein).

As described in the following two sections, analysis of strains

carrying multiple mutations allowed us to establish the rela-
tionship among 7sbR, ytvA, and ykoB and also led to the dis-
covery of o® regulatory phenotypes for the yojH and yghA null
alleles. In contrast, we were unable to find any combination of
alleles which demonstrated a role for yetI-yezB under the con-
ditions tested. If yetI or yezB in fact encodes a ¢® regulator, its
activity must be manifest only under specific circumstances.

Double-mutant analyses indicate that rsbR is dependent on
ykoB and that ytvA acts independently. We made a series of
double mutants in order to determine whether the RsbR,
YtvA, and YkoB products act in the same signaling pathway or
in different pathways that ultimately converge on o®. As shown
in Fig. 4A and B, combining the yrvA null allele with either
rsbR or ykoB in a single strain produced additive phenotypes in
response to salt stress. The ytvA-rsbR double null mutant had
decreased response to salt stress compared with mutants car-
rying either single allele (Fig. 4A), whereas in the ytvA-ykoB
double null, the increased response due to the ykoB null allele
was essentially canceled by the decreased response due to the
ytvA null allele (Fig. 4B). From these results, we conclude that
YtvA functions independently of both RsbR and YkoB.

In contrast, the phenotype of the strain bearing the ykoB null
allele together with an rsbR null allele was more similar to that
of the ykoB single null mutant (Fig. 4C). We therefore con-
clude that RsbR is dependent upon YkoB function, either
directly or indirectly.

Analyses of triple and quadruple mutants reveal that YojH
and YghA act in concert with RsbR and YkoB in the environ-
mental signaling pathway. The original rationale for investi-
gating the RsbR paralogs was to determine whether they might
perform redundant regulatory roles. Consistent with this no-
tion, strains which contained multiple null alleles in fact man-
ifested striking changes in o® regulation. Loss of yghA in a
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FIG. 3. Effects of single null mutations on B-galactosidase activity of a o®-dependent transcriptional fusion. o® activity was measured indirectly,
using a single-copy transcriptional fusion between the well-characterized ctc promoter (21, 30) and a lacZ reporter, with the PB198 wild-type
control indicated by O. At time zero, cells were subjected to either salt stress (A and D) or ethanol stress (B and E) in early logarithmic growth
or to energy stress elicited by entry into stationary phase (C and F). (A to C) Assays using PB565 (ytvAAI:ery, m); (D to F) assays using PB528

(vkoBAl::kan, A).

strain already lacking rsbR and ykoB caused a high basal level
of o® activity in unstressed cells and an earlier induction of o®
activity as cells approached stationary phase (Fig. 5A). The
signal transduction network in this triple mutant still retained
some capacity to activate o® in response to environmental
stress (imposed by salt addition; data not shown) or energy
stress (imposed by entry into stationary phase). In contrast,
loss of yojH in a strain lacking rsbR and ykoB produced only a
slight increase in ¢® activity over that seen in the rsbR-ykoB
null parent (Fig. 5A).

However, the phenotype of a yojH null did become apparent
in a quadruple mutant (Fig. 5A). The combined yojH, ykoB,
yghA, and rsbR null alleles elicited exceedingly high o® activity
in unstressed, early-logarithmic-phase cells (400- to 800-fold
higher than the wild type, depending on the experiment). This
high basal activity approaches the levels previously achieved
only in the absence of the strong negative regulators RsbS,
RsbW, and RsbX. Moreover, the high ¢® activity of the qua-
druple mutant was markedly deleterious for growth, as had
been previously observed for rsbS, rsbW, and rsbX null mutants
(5, 8, 14, 21-23). From these experiments, we conclude that
YojH and YqhA act as negative regulators and that this role is
revealed in the absence of RsbR and YkoB.

In contrast to the significant effects noted for the yojH and

yqhA null alleles (Fig. 5A), introduction of the yetl-yezB or ytvA
null mutation into the rsbR-ykoB-yghA triple null background
had no added effect on ¢® activation (data not shown). Since a
ytvA null allele manifested a regulatory phenotype in an oth-
erwise wild-type background (Fig. 3), and since YtvA acted
independently of RsbR and YkoB (Fig. 4), we presume that it
was loss of YghA function that rendered the yrv4 null allele
silent in the triple mutant background. However, we cannot
exclude the possibility that loss of two or more of the RsbR,
YkoB, and YghA regulators was in fact responsible for this
silencing.

Of the four alleles whose loss causes extremely high o®
activity (Fig. 5A), only loss of rsbR or ykoB elicited a regulatory
phenotype when present in an otherwise wild-type genetic
background. As shown in Fig. 4C, the phenotype of an rsbR
single null mutant indicated that RsbR acts as a positive reg-
ulator of o® activity, whereas the phenotype of a ykoB single
null indicated that YkoB acts as a negative regulator. We
therefore hypothesized that loss of YkoB function was key to
the striking phenotype of the quadruple mutant. To test this
hypothesis, we compared o® activity in unstressed cells of two
different strains: the quadruple mutant and a related triple
mutant in which YkoB function had been restored. As shown
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growth. (A) Effects of the yrvA null allele (PB565; ytvAAI::ery, () and the rsbR null allele (PB491; rsbRAI, <) are additive in the double mutant
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The ykoB null allele (PB528; ykoBAI::kan, A) and the rsbR null allele (PB491; rsbRAI, <) have opposite effects on response to salt stress, and in
the double mutant (PB531; rsbRAI ykoBAl::kan, A) the ykoB null allele fully masks the positive regulatory phenotype of the rsbR null allele. The
seven strains shown were assayed together, and the results were distributed into the appropriate panels.

in Fig. 5B, ¢® activity in the triple mutant was close to that of quadruple mutant elicited such a high basal level of o® activity
the wild type in unstressed cells. Because restoration of YkoB that response to both classes of stresses was compromised (Fig.
function almost completely reversed the phenotype of the qua- 5A). To distinguish if the RsbR paralogs functioned in the

druple null mutant, we conclude that YkoB function is critical environmental signaling branch, the energy-signaling branch,
to this phenotype. We further conclude that the combined loss or the common part of the signal transduction network, we
of RsbR, YojH, and YqhA functions greatly exacerbates loss of introduced into the quadruple mutant an in-frame deletion in
YkoB function. rsbT. The RsbT positive regulator is required for environmen-

We then wished to establish at what point in the o® signal tal signaling but is not important for energy signaling (15, 24,
transduction network the newly discovered RsbR paralogs 47). As shown in Fig. 5B, ¢® activity in the quintuple mutant
might act. Loss of YkoB function in the single null mutant was similar to that in the wild type in unstressed cells. Because
affected o® activation in response to both environmental and loss of RsbT function completely reversed the strong pheno-

energy stress (Fig. 3D to F), and loss of YkoB function in the type of the quadruple null mutant, we conclude that RsbR,
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FIG. 5. Analyses of triple and quadruple mutants indicate that YojH and YqhA act in concert with RsbR and YkoB in the environmental
signaling pathway. A ctc-lacZ transcriptional fusion was used to measure o® activity in unstressed cells during logarithmic growth and also during
entry into stationary phase. (A) PB198 (wild type, O); PB531 (rsbRAI ykoBAl::kan, A); PB653 (rsbRAI ykoBAl::kan yojHAI::ery, @); PB530
(rsbRA1 ykoBAI::kan yghAAl::spc, m); and quadruple mutant PB629 (rsbRAI ykoBAI::kan yojHAI::ery yghAAI::spe, A). (B) PB198 (wild type, O);
quadruple mutant PB629 (rsbRAI ykoBAl::kan yojHAI::ery yghAAI::spc, A); PB639 (rsbRAI yojHAI::ery yghAAI::spc, ¥); and PB654 (rsbRAI
rsbTAI ykoBAl::kan yojHAI::ery yghAAI::spc, #)



VoL. 183, 2001

12345678

- -
AR e
i
B. RsbW
C. SpollAB
«

FIG. 6. Purified RsbR, YkoB, YojH, and YqhA are phosphory-
lated by the RsbT environmental signaling kinase. Purified proteins
were incubated with [y->*P]ATP in kinase assay buffer, as described in
the text. After 60 min at 37°C, the reaction mixtures were subjected to
SDS-PAGE and autoradiography. Reactions included the kinase of
interest, either RsbT (A), RsbW (B), or SpolIAB (C), and a target
protein: lane 1, the cognate antagonist protein of the kinase, either
RsbS (A), RsbV (B), or SpolIAA (C); lane 2, RsbR; lane 3, YkoB;
lane 4, YqhA; lane 5, YojH; lane 6, YtvA; lane 7, Yetl; lane 8, YezB.
In lanes 1 to 6, the faint bands of lower mobility than the main band are
presumed to be dimers and multimers of the target protein.

YkoB, YojH, and YqhA act upstream of RsbT in the environ-
mental signaling branch of the o® regulatory network.

Purified RsbR paralogs are specifically phosphorylated by
the RsbT kinase. RsbT in the environmental signaling branch
and RsbW in the common part of the ¢® pathway are related
serine-threonine kinases with different substrate specificities
(47), and it is known that RsbR is phosphorylated in vitro by
RsbT but not by RsbW (15). We therefore purified His-tagged
versions of the six RsbR paralogs to determine whether they
could be phosphorylated by either kinase.

As shown in Fig. 6A, the RsbT kinase transferred the labeled
v-phosphate from ATP to RsbR, YkoB, YojH, and YqhA as
readily as it did to its cognate antagonist protein, RsbS. These
four paralogs all retain the two conserved threonine residues
that are known to be important for RsbR function in vitro and
in vivo (see Fig. 2). The presumably split paralogs Yetl and
YezB, each of which contains only one of the threonine resi-
dues, were labeled poorly or not at all, and YtvA, which lacks
both residues, was likewise unlabeled. In contrast, the RsbW
kinase did not transfer label to any of the RsbR paralogs. A
control reaction indicated that the RsbW kinase was indeed
active and could readily label its cognate antagonist protein,
RsbV (Fig. 6B, lane 1).

RsbT and RsbW belong to a class of serine-threonine ki-
nases that are closely related to bacterial histidine kinases (13,
18, 23, 29, 47). The only other such kinase in B. subtilis is
SpolIAB, which regulates activity of the forespore-specific o™
factor by a partner-switching mechanism similar to the one that
regulates o® (3, 9, 13, 29, 34). We therefore tested whether the
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TABLE 2. Interaction of RsbR paralogs with other partner-
switching regulators

Fusion protein
expressed from

Interaction” with fusion protein expressed from pGBT9

pGAD424 YkoB YojH YqhA YtvA Yetl-YezB
RsbR ++ ++ ++ ++ ++
YkoB ++ ++ ++ 0 ++
YojH ND ND ND 0 ++
YqhA ++ + ++ ++ ++
YtvA ND 0 ND ND 0
RsbS ++ ++ ++ 0 ++
RsbT 0 0 0 0 0
RsbU 0 0 0 0 0
RsbV 0 0 0 0 0
RsbW 0 0 0 0 0
RsbX 0 0 0 0 ND
SigB 0 0 0 0 ND
SpolIAA 0 0 0 0 0
SpolIAB 0 0 0 0 0

¢ 4+, strong blue color in colony lift assay; +, weak blue color; 0, no blue color
detected; ND, not done.

SpolIAB kinase could label any of the RsbR paralogs in vitro.
As was the case for RsbW, SpolIAB did not transfer label to
any of the paralogs but readily labeled its cognate antagonist
protein, SpolIAA (Fig. 6C, lane 1). We conclude that RsbR,
YkoB, YojH, and YqhA are specifically phosphorylated by the
RsbT kinase in vitro. These in vitro experiments lend strong
support to the genetic analysis, which indicated that the RsbR
paralogs function in the environmental signaling branch.

RsbR paralogs interact with each other and with RsbS of the
environmental signaling branch. Reversible protein-protein
interactions controlled by serine or threonine phosphorylation
are hallmarks of the partner-switching mechanism that regu-
lates o® activity. These interactions have been detected in cell
extracts by immune precipitations (4), sizing columns (10, 11),
and affinity chromatography (2, 12); between purified proteins
by chemical cross-linking (2, 3, 47) and by nondenaturing gel
electrophoresis (9); and also in the yeast two-hybrid system (1,
45, 47). We therefore used the yeast two-hybrid system to
determine whether the RsbR paralogs interacted with any of
the previously described o® regulators.

As shown in Table 2, each of the new paralogs was able to
activate transcription in the yeast two-hybrid system when
paired with either RsbR or RsbS (their homologous regulators
in the environmental signaling branch) or with each other. The
exception was YtvA, which was only able to activate the system
when paired with RsbR or YqhA. In contrast, none of the
RsbR paralogs could activate transcription when paired with
other Rsb regulators, including the RsbT kinase and the RsbU
phosphatase from the environmental branch, the RsbV antag-
onist protein and the RsbW kinase from the common pathway,
and the RsbX feedback phosphatase, nor could they activate
transcription when paired with the SpolIAA antagonist pro-
tein or the SpolIAB kinase from the related partner-switching
pathway that governs ¢ activity. The absence of detectable
interaction between the RsbR paralogs and either RsbV or
SpolIAA is particularly striking. Because RsbS, RsbV, and
SpolIAA are homologous antagonist proteins (22, 23) which
bear significant similarity to the C-terminal portions of the
RsbR paralogs, this result suggests that the interactions de-
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FIG. 7. Cartoon summarizing the interactions among RsbR, its
paralogs, and RsbS. As shown in Table 2, RsbR, YkoB, YojH, YqhA,
and the fused Yetl-YezB proteins interacted with each other and with
the environmental signaling antagonist protein RsbS when paired in
the yeast two-hybrid system. In contrast, YtvA interacted only with
RsbR and YghA. None of the newly characterized RsbR paralogs
interacted with the downstream RsbT or RsbU regulator from the
environmental signaling pathway, with RsbV or RsbW from the com-
mon part of the o® regulatory pathway, or with SpolIAA or SpolIAB
from the of regulatory pathway.

tected among the paralogs and RsbS were specific and not
simply a reflection of similar primary structures. In contrast,
given the lack of a discernible two-hybrid activation when any
RsbR paralog was paired with the RsbT kinase, we infer that
the phosphorylation events noted in Fig. 6 involve a transient
rather than a long-lived interaction. The positive interactions
detected in the two-hybrid system are summarized in Fig. 7.

In addition to the qualitative plate assays shown in Table 2,
we also conducted p-galactosidase assays to provide a more
quantitative estimate of the interactions of YkoB, which was
found to be a key negative regulator of o® activity (Fig. 5B).
The reciprocal comparisons shown in Table 3 give similar val-
ues and closely parallel the results of the plate assay. However,
assuming that each of the tested regulators was equally stable
in yeast cells and had equal access to the yeast nucleus, these
results suggest that the interaction between YkoB and RsbS
was not as strong as that between RsbR and RsbS. In sum, the
results of the two-hybrid analysis provide supporting evidence
that the RsbR paralogs are associated with the environmental
signaling branch.

TABLE 3. Activation of the yeast two-hybrid system by YkoB
paired with RsbR, RsbS, or RsbV

Fusion protein Interaction with Fusion protein expressed from

expressed pGBT9 (sp act)*
from
pGAD424 YkoB [6]” RsbR [10] RsbV [14]
YkoB ND¢ 173 6
RsbR 331 ND 11
RsbS 445 2,731 3
RsbV 4 4 3

“ Average B-galactosidase specific activity (10° Ad,,, min~!' mg™') for four

independent transformants of each pairwise combination. A larger value indi-
cates a stronger interaction.

 The basal activation elicited by the protein of interest fused to the DNA
binding domain carried by pGBT9 and tested in the absence of a companion
pGAD424 plasmid is shown in brackets. The basal activation caused by RsbS in
pGBT9 was too high for it to be used in pairwise combinations.

¢ ND, not determined.
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DISCUSSION

The data presented here indicate that four of the six new
RsbR paralogs are regulators of o® activity. The exceptions are
Yetl and YezB, products of an apparently split paralog gene
which may function under different conditions that we have
tested here. Of the four new paralogs which do not affect o®
regulation, the contribution of YtvA appears to be relatively
modest. By contrast, the extraordinary increase in o® activity
caused by the combined loss of RsbR, YkoB, YojH, and YghA
functions indicates that these gene products collectively play an
important role in o® regulation. What is that role, and by what
mechanism is it accomplished?

With regard to the mechanism of their action, the available
genetic data do not allow us to establish a clear regulatory
hierarchy for the RsbR paralogs. Instead, we see an apparent
redundancy as phenotypes are progressively revealed in mul-
tiply mutant backgrounds. This is in marked contrast to the
other regulators in the ¢® signal transduction network, which
act in a linear dependent pathway (5, 8, 23, 42). One explana-
tion for these results is that the RsbR paralogs might function
in a complex, as suggested by the results of our two-hybrid
analysis. In such a complex, loss of an RsbR paralog could have
a primary effect on its own activity and a secondary effect on
the structure of the complex. Consistent with this notion, the
RsbR and RsbS regulators are indeed found in a large complex
in unstressed B. subtilis cells (11, 36), but there is presently no
evidence that the new RsbR paralogs also associate in vivo.

The present genetic analysis confirms and extends earlier
work which indicated that RsbR has both positive and negative
regulatory roles. Moreover, these dual roles are consistent with
an interaction of RsbR and its paralogs, either pairwise or in a
complex. For example, the phenotype of a null bR mutant
indicates that RsbR functions as a positive regulator of o®
activity (1). In contrast, the phenotypes of single and double
null mutants indicate that YkoB functions as a negative regu-
lator (Fig. 3D to F) which acts downstream from RsbR in the
signal transduction pathway (Fig. 4C). Notably, we also find
that loss of nsbR function greatly magnifies the loss of ykoB
function in either a triple or quadruple mutant (Fig. 5A). This
result suggests that in addition to its positive regulatory role,
RsbR also supplements the negative action of YkoB in wild-
type cells. These results may explain the opposite phenotypes
elicited by rsbR point mutations in which the triplet for the key
threonine residue T205 was altered to encode either an alanine
or an aspartate (1). The T205D alteration, which presumably
mimics the threonine in its phosphorylated state, decreases
activation of o® in response to salt stress even more than does
the complete loss of RsbR function in an rsbR null mutant. In
contrast, the T205A alteration, which presumably cannot be
phosphorylated, increases activation of o® in response to salt
stress even more than does wild-type RsbR. These point mu-
tant phenotypes were taken as evidence that RsbR could ex-
hibit positive or negative regulatory activities depending on the
phosphorylation state of T205 (1). The only known biochemi-
cal activity of RsbR—its ability to increase the activity of the
RsbT serine kinase toward the RsbS antagonist in vitro—is
consistent with a positive regulatory role for RsbR (15). On the
basis of the results reported here, we can now suggest that one
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negative role of RsbR is associated with its influence on YkoB
function.

In terms of primary sequence, RsbR, YkoB, YojH, and
YqhA are the most similar members of this new regulatory
family (Fig. 2), and they behave in a similar ways in the three
different analyses reported here. In contrast, YtvA is more
divergent in both its sequence and behavior. First, YtvA was
the only positive regulator identified among the new RsbR
paralogs (Fig. 3), and it acted independently of RsbR and
YkoB (Fig. 4A and B). Second, it was the only full-length
paralog that was not phosphorylated by the RsbT kinase in
vitro (Fig. 6). And third, it was the only paralog which did not
interact with RbsS and each of the other paralogs in the yeast
two-hybrid system (Table 2). Instead, YtvA appeared to inter-
act only with RsbR and YqghA.

The inability of RsbT to phosphorylate YtvA likely reflects
the absence of two conserved threonine residues in its C-
terminal region. As shown in Fig. 2, these threonines are
present in the RsbR, YkoB, YojH, and YqhA paralogs, which
are phosphorylated by RsbT, and the in vitro activity of RsbR
is known to be controlled by the phosphorylation state of these
residues (15). This difference suggests that YtvA responds to
an input signal distinct from the one conveyed by the RsbT
kinase. Consistent with this notion, YtvA contains a PAS do-
main in its N-terminal region. PAS domains are usually found
in proteins that sense changes in redox, oxygen, or light (40),
and indeed, the RsbP phosphatase in the energy-signaling
branch contains a PAS domain thought to be important for its
in vivo function (41). In bacteria, such domains are commonly
associated with a chromophore that confers specificity for the
parameter sensed (40). Intriguingly, we found that the hexa-
histidine-tagged YtvA purified from E. coli had both the yellow
color and the spectrum characteristic of a flavin-containing
chromophore (data not shown). Moreover, chloroform extrac-
tion did not remove this yellow color from YtvA, suggesting a
covalent attachment. Although the presence of a PAS domain
and potential chromophore hint that YtvA acts in the energy-
signaling branch, we infer from the phenotype of the yrvA4 null
mutation that it, like the other RsbR paralogs, acts in the
environmental signaling branch (Fig. 3). This inference is sup-
ported by the observation that the rsbR-ykoB-yqhA triple null
mutations are together epistatic to the yfv4 null mutation (data
not shown). The environmental signal that might be monitored
by the PAS domain in YtvA is presently unknown.

What is the physiological role of the RsbR, YkoB, YojH,
YqhA, and YtvA regulators? We can imagine two roles: the
transmission of environmental stress signals to ¢® and the
coordination of o® activity with other stress response pathways.
These roles are not mutually exclusive.

With regard to the transmission of environmental signals,
the data presented here indicate that four of the regulators
collectively act via the environmental signaling branch of the
network, with the complete reversal of the rsbR-ykoB-yojH-
yqhA mutant phenotype by loss of rsbT function providing the
most convincing evidence. It is therefore attractive to consider
that these four regulators convey signals of environmental
stress to the established members of the environment-signaling
branch, RsbS and RsbT. Whether RsbR, YkoB, YojH, and
YqhA are solely responsible for environmental stress transmis-
sion might be tested by determining if the system retains the

NEW FAMILY OF ENVIRONMENTAL REGULATORS IN B. SUBTILIS 1337

ability to respond to stress in their absence. However, because
the high o® activity elicited by the quadruple mutant ap-
proaches the maximum seen when o® is largely unregulated, as
is the case in an rsbS or rsbW null mutant, it is not straightfor-
ward to determine whether the quadruple mutant still re-
sponds to environmental stress.

With regard to coordination of ¢® activity with other stress
pathways, these four regulators may serve to tie expression of
the o® regulon to the expanding web of stress response systems
that protect B. subtilis cells. These other responses include
chemotaxis and motility, the synthesis of degradative enzymes
and antibiotics, the development of natural competence for
DNA uptake, and the sporulation process. The regulatory in-
teractions among these other systems are becoming increas-
ingly well established (31), but thus far there is no evidence for
their coordination with the general stress response. Because
the cell devotes considerable resources to the general stress
response, including about 5% of its genetic coding capacity
(32) and between 25 and 35% of its protein synthetic capacity
under growth-limiting conditions (6), it is likely that its action
is integrated with other stress systems. In this regard, the es-
sential GTP-binding protein Obg was found to be required for
environmental stress activation of the general stress response
(35), and in subsequent analysis, Obg appeared to be physically
associated with the ribosome (36). Scott and her colleagues
(36) interpreted these results to suggest that the ribosome
functions as the sensor of environmental stress and communi-
cates these stress signals to o® via Obg. However, another
interpretation is that a signal of sufficient translational capacity
is required for the cell to activate o® in response to environ-
mental stress. Whether the transmission of such a signal also
involves the RsbR paralogs remains to be tested.

Whatever their physiological role, RsbR and its six paralogs
define a new family of ¢® regulators, the larger antagonist
family, with RsbR as its prototype. The C-terminal regions of
these larger antagonist proteins are similar to the entire
lengths of the smaller antagonist family members, defined by
RsbS and RsbV of the o® regulatory network and by SpolIAA
of the oF network. However, each of the larger antagonist
proteins also possesses an N-terminal extension of unknown
function. Moreover, although homologs of the smaller antag-
onist family are surprisingly widespread among eubacteria and
are found even among organisms that are not known to possess
partner-switching regulation (25), the distribution of the larger
antagonist proteins appears to be confined to members of the
gram-positive lineage. A Blast 2.0 search found members of
the larger antagonist family in Bacillus licheniformis (GenBank
accession AAC29504; e value of e-101), Deinococcus radio-
durans (AAF12578; 8e-32), Mycobacterium avium (unfinished
fragment; 4e-28), and Streptomyces coelicolor (CAB92870; le-
27), organisms whose genomes also encode clear orthologs of
a variety of partner-switching regulators. Thus, the physiolog-
ical roles and the molecular mechanisms by which these larger
antagonist proteins function in B. subtilis are likely to be con-
served across a broad spectrum of gram-positive bacteria.
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