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The transcription factors ¢ and o® are related RNA polymerase sigma factors that govern dissimilar
networks of adaptation to stress conditions in Bacillus subtilis. The two factors are controlled by closely related
regulatory pathways, involving protein kinases and phosphatases. We report that insulation of the ¢* pathway
from the ¢® pathway involves the integrated action of both the cognate kinase and the cognate phosphatase.

In the gram-positive bacterium Bacillus subtilis, the tran-
scriptional control proteins o® and ¢ are closely related RNA
polymerase sigma factors that help to govern alternative re-
sponses to conditions of environmental and physiological
stress. The o® factor is a general stress response sigma factor
that activates a regulon of more than 100 genes in response to
a variety of adverse conditions, including impaired energy pro-
duction and exposure to certain toxic agents, such as ethanol
(reviewed in references 12 and 27). This o®-mediated stress
response is usually a transient adaptation to unfavorable con-
ditions in which expression of the ¢® regulon is elevated for
only a limited period of time. The o* factor, in contrast, is part
of a highly elaborate and irreversible sporulation response to
adverse environmental conditions (in this case, nutrient limi-
tation). Sporulation is a multistage process of differentiation
that culminates in the formation of a dormant cell type, the
endospore, that is capable of resisting environmental extremes,
such as heat, desiccation, and radiation (reviewed in reference
26). A conspicuous feature of this sporulation process is the
formation of an asymmetrically positioned septum that divides
the differentiating bacterium (the sporangium) into a small
forespore cell and a larger mother cell. Sporulation involves
the activation of a cascade of developmental sigma factors in
which oF plays a central role, becoming activated selectively in
the forespore compartment of the sporangium and helping to
render the process irreversible (J. Dworkin and R. Losick,
unpublished results).

Interestingly, o® and oF are controlled in a similar manner
by three interacting regulatory proteins that are paralogous
between the two pathways. As shown in Fig. 1, RsbW and
SpolIAB (hereafter referred to as AB) are dual-function pro-
teins that act both as antisigma factors and as protein kinases;
RsbV and SpolIAA (hereafter referred to as AA) are antian-
tisigma factors; and last, RsbP, RsbU, and SpollE are PP2C-
like protein phosphatases. In both the o® and ¢ regulatory
pathways, the activity of the sigma factor is negatively regu-
lated by the cognate antisigma factor, which holds the tran-
scription factor in an inactive complex. Release from the com-
plex is mediated by the antiantisigma factors, RsbV and AA.
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The action of the antiantisigma factors is counteracted by the
kinase activity of the dual-function RsbW and AB proteins,
which phosphorylate and thereby inactivate their respective
antiantisigma factors. Finally, the phosphorylated RsbV and
AA proteins are reactivated by the action of a phosphatase:
RsbU and RsbP dephosphorylate RsbV-P, and SpolIE dephos-
phorylates SpolIAA-P (AA-P) (reviewed in references 12, 26,
and 27). A distinctive feature of the o® pathway is an upstream
extension of the regulatory circuit involving a paralog of
RsbW/AB called RsbT, a paralog of RsbV/AA called RsbS,
and a paralog of RsbU/SpolIE called RsbX (17, 31).

It is generally assumed that the ¢® and o pathways are
insulated from each other despite the close similarity of the
corresponding paralogs in the two regulatory systems. For ex-
ample, it is known that each antisigma factor binds preferen-
tially with its cognate sigma factor and antiantisigma factor (1).
We were therefore surprised to discover a low but significant
level of phosphorylation of AA in the absence of its cognate
kinase, AB. Furthermore, high levels of phosphorylation of AA
were observed in cells lacking both AB and the phosphatase
SpollIE. These findings prompted us to investigate the extent
to which the o regulatory pathway is subject to “cross talk” by
components of the o® pathway and, conversely, whether the o™
pathway exerts any influence on the expression of genes in the
a® regulon.

To monitor the phosphorylation state of AA, we took ad-
vantage of a recently improved procedure for resolving AA
and AA-P by isoelectric focusing and determining the ratio of
the two forms of the phosphoprotein quantitatively by immu-
noblotting with anti-AA antibodies (6). Because oF is toxic to
cells lacking AB, all of our experiments were carried out with
cells lacking the sporulation transcription factor. Figure 2A
(lane 1) shows that in cells that were 90 min into the sporula-
tion process, the ratio of AA to AA-P was approximately 0.8,
and other results showed that this value was not measurably
affected by the presence or absence of of (6; also data not
shown). Next, we investigated the dependence of the accumu-
lation of AA-P on the AB kinase. We were surprised to dis-
cover that a small amount of AA was present in its phosphor-
ylated form in cells lacking the cognate kinase (Fig. 2A, lane 2).
Strikingly, AA was almost entirely in its phosphorylated form
when the cells lacked both the AB kinase and the AA-P phos-
phatase SpollE (Fig. 2A, lane 3). The simplest interpretation
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FIG. 1. o and ¢® activity are regulated by paralogous pathways.
(A) The structure of the spollA operon and the o regulatory circuit.
(B) The structure of the sigB operon and the ¢® regulatory circuit.

of these results is that AB is not the only kinase that is capable
of phosphorylating AA during sporulation and that the activity
of this other kinase is normally masked by the SpolIE-medi-
ated dephosphorylation of AA-P.

The most attractive candidates for the other kinase were the
paralogs of AB, RsbW and RsbT, which are responsible for
phosphorylating the AA-related phosphoproteins RsbV and
RsbS, respectively, in the pathway governing the activity of o®
(Fig. 1B). In support of the idea that one or both of these
kinases was responsible for phosphorylating AA during sporu-
lation, introduction of a deletion of the eight-gene sigB operon
(see Fig. 1B) into cells with double mutations for AB and
SpollE largely, if not entirely, eliminated the accumulation of
AA-P (Fig. 2B, lane 2). This sigB operon deletion was created
by double-crossover integration of pHC10 (Table 1) to insert a
kanamycin-resistance cassette in place of the region extending
from codon 145 of the first gene in the operon (rsbR) to codon
188 of the last gene (rsbX). A similar result was obtained by
introducing a disruption of rsbW into the double mutant (Fig.
2B, lane 3). The disruption was created by single-crossover
recombination between the chromosomal rsbW gene and a
kanamycin resistance plasmid (pKC61) with an insert that ex-
tended from bp 149 to 366 of rsbW. In contrast, little or no
effect was seen when an in-frame deletion of the gene for RsbT
(17) was introduced via cotransduction of pKC60 (see Table 1)
with SPP1 (19) into cells lacking AB and SpollE (Fig. 2B, lane
4). These results are consistent with the idea that RsbW (and
not RsbT) was responsible for phosphorylating AA during
sporulation. However, it remained possible that the phenotype
of the Campbell integration into rsbW was due to an indirect,
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polar effect on the expression of the downstream gene sigB
(encoding o®) or rsbX (encoding a PP2C-like phosphatase for
RsbS-P) (31).

To investigate further the possibility that RsbW was directly
responsible for phosphorylating AA, we carried out experi-
ments to measure the capacity of RsbW to phosphorylate AA
in vitro. We performed these assays using purified, His-tagged
versions of all three of the AB-like kinases—AB itself, RsbW,
and RsbT—and all three potential substrates—AA, RsbV, and
RsbS (9, 18, 31). Phosphorylation was carried out in 100-ul
reaction mixtures containing 1 mM unlabeled ATP, 50 wCi of
[y->*P]JATP, 20 uM protein substrate, 2 uM kinase, 50 mM
Tris (pH 7.6), 50 mM KCI, 10 mM MgCl,, 1 mM dithiothreitol,
and 0.1 mM EDTA. Reactions were terminated by the addi-
tion of 2.5 wl of 5X sodium dodecyl sulfate (SDS) sample
buffer (60 mM Tris-HCI [pH 6.8], 14.4 mM 2-mercaptoethanol,
2% SDS, 25% glycerol, 0.1% bromphenol blue) per 10 pl of
reaction mix, after which samples were subjected to electro-
phoresis in a 15% SDS polyacrylamide gel. As shown in Fig.
3A, all three kinases were, as expected, highly and preferen-
tially active with their cognate substrates: AB with AA, RsbW
with RsbV, and RsbT with RsbS. However, whereas the RsbT
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FIG. 2. RsbW phosphorylates AA in the absence of AB. (A) The in
vivo ratio of AA to AA-P in a strain lacking o¥ (KC461 [lane 1]), a
strain lacking o and AB (KC454 [lane 2]), a strain lacking 0¥, AB, and
SpolIE (KC472 [lane 3]), and a strain lacking 0¥, AB, SpolIE, and the
entire sigB operon (KC476 [lane 4]). (B) The in vivo ratio of AA to
AA-P in strains that lack o, AB, and SpolIE and harbor either an
intact sigB operon (KC472 [lane 1]), an insertion-deletion of the sigB
operon (KC476 [lane 2]), a Campbell disruption of rsb W (KC486 [lane
3]), or an in-frame deletion of rsbT (KC487 [lane 4]). Lysates of cells
harvested 90 min after the start of sporulation were subjected to
isoelectric focusing followed by immunoblotting with anti-SpolIAA
antibodies.
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TABLE 1. Strains and plasmids
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kinase showed no detectable activity with AA (or RsbV) as a
substrate, the RsbW kinase exhibited a low but significant level

Strain or Genot Referen o X
plasmid enotype clerence of activity with the noncognate substrate AA. Conversely, the
Strains AB kinase exhibited a low but significant level of activity with
PY79 Wild-type parent 32 the noncognate substrate RsbV.
RLI1274  spollAA:spc 23 To measure this cross-phosphorylation quantitatively, we
5[162315128 ing’;"l;l‘z; ;3 performed the time course experiment shown in Fig. 3B and C.
PB198 a’;nyE::.Lfc-lacZ cat tp2C 5 By using the initial slopes of the reactions as a measure of
PB423 As PB198, rsbTAl 17 relative activity, we found that RsbW manifested 4% as much
PB642 As };%19% WI;HCé 0(2§:;bf ’S)bS rsbT rsbU This study activity with AA as a substrate than with its cognate substrate
IAY S SIgD TS Lkan e .. .
KC454 spollA:ispe amyE:pKC33(spollAA car) This study and that AB exhllblt.ed 7% as much activity with RsbV asa
KC461 spollA::spc amyE::pAB54(spollAA-spolIAB This study substrate than with its cognate substrate. In contrast, neither
kan) ] RsbW nor AB had any detectable activity with RsbS, the cog-
Koz ?féfj}%eiasgoll/mp ¢ amyE:pKC33 This study pate substrate for the RsbT kinase. We conclude that RsbW
KC476  As KC472, pHCIO(A(rsbR rsbS rsbT rsbU This study ~ exhibits a low but significant capacity to phosphorylate the
rsbV rsbW sigB rsbX)::kan) noncognate substrate AA in vitro.
KC479 amyE::ctc-lacZ cat This study : ES
KC482  As KC479, pHCI0(A(rsbR rsbS rsbT rsbU This study We next wanted tOFknO,VV, if elimination of RsbW had a
rsbV rsbW sigB rsbX):kan) measurable effect on ¢ activity or sporulation. We monitored
KC486 As KC472, rsbWQpKC61(rsbW 146-366 kan)  This study o activity by use of a lacZ fusion to a o*-dependent promoter
KC483 As PB423, ydcDEQpKC60(kan) This study jp an otherwise wild-type strain and also in a strain lacking the
KC487 As KC472, ydcDEQpKC60(kan) rsbTA1 This study ti 0B Th ionificant diff . F
KC495 amyE=pKC62(P.,.-gfp spc) This study entire sigB operon. There was no significant difference in o
KC496 As KC495, pHCI10(A(rsbR rsbS rsbT rsbU This study activity between the two strains (data not shown). We also
K50 Arsl?é EZWSiglII?AerX)HkM) This stud detected no significant difference in the relative levels of AA
s , spollA::spc is study - . - . ]
KC503 As KCA82, spollA-spc This study anfi AA-P l.)etween the two .stralns, nor any dlﬂ?e.rence in sporu
KC504 As KC495, spollA::cat This study lation efficiency as determined by the production of heat-re-
KC505 As KC496, spollA::cat This study sistant spores (data not shown). We conclude that RsbW is
. present and active in sporulating cells and is capable of phos-
Plasmids . .. . .
pABS4 bla kan amyE::spolIAA™ -spolIAB™ 7 .phorﬂatlr.lg AA, but that under the COIl.dlt.IOIlS used in thl.S
pKC33 bla cat amyE::spollAA 6 investigation any such cross talk has no significant physiologi-
PHCI0  bla rsbR(nt™ 143-392)-kan-rsbX(nt 545-1158)  This study  ca] consequence. It is possible that an RsbW-mediated impact
pKC60 bla kan ydcDE This study F activit 1db ident if o® hiehly induced
pKC61  bla kan rsbW(nt149-366) This study O 0 ACHVIEy WOUId become evicent it o was hIghly mduce
pKC62 bla spc amyE::P,,-gfp This study by some additional stress applied early in sporulation. o* in-
duction would be expected to increase the cellular concentra-
tion of RsbW relative to that of AB due to the autocatalytic
(A) Kinase: AB RsbW RsbT
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FIG. 3. SpolIAA is phosphorylated in vitro by RsbW. (A) The purified substrate AA, RsbV, or RsbS (20 wM) was incubated with [y->*P]ATP
and the purified kinase indicated, either AB, RsbW, or RsbT (2 uM). After 30 min at 37°C, the reaction mixtures were analyzed by SDS-
polyacrylamide gel electrophoresis and autoradiography. (B) The AA (@), RsbV (A), or RsbS (O) substrate was incubated with [y-**P]JATP and
the AB kinase. Reactions were sampled after the indicated times at 37°C and analyzed by SDS-polyacrylamide gel electrophoresis. Amounts of
labeled product were determined by phosphorimaging and expressed as percentages of the cognate AA substrate labeled at 30 min. (C) The AA
(@), RsbV (A), or RsbS (O) substrate was incubated with [y-**P]JATP and the RsbW kinase. Reactions were treated as described for panel B, with
the amount of each labeled product expressed as a percentage of the cognate RsbV substrate labeled at 45 min.

Reaction Time (Minutes)
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FIG. 4. Transcription from the ctc promoter is directed by both o®
and ¢F. Fluorescence of green fluorescent protein (GFP) expressed
under the control of the ctc promoter was monitored by fluorescence
microscopy 1 and 2 h after the start of sporulation in cells wild type for
sigB and sigF (KC495), with a deletion of sigB (KC496), with a deletion
of sigF' (KC504), or with a deletion of both sigF and sigB (KC505). Cell
membranes were stained with trimethylammonium diphenyl-hexatriene
p-toluenesulfonate. One-second exposures were captured with Meta-
morph version 4.6 (Universal Imaging) with autoscaling on.

membrane membrane

activation of the last four downstream genes in the o® operon
(16). In support of this possibility, Mendez et al. recently re-
ported results that suggest induction of o® by low temperature
does reduce o* activity (20).

Whereas the ¢® pathway does not seem to materially con-
tribute to oF-directed gene expression under standard sporu-
lation conditions, ¢© may contribute to extending the expres-
sion of certain genes under the control of ¢®, as we now
explain. To determine if o® was active during sporulation, we
created a fusion of the gene for the green fluorescent protein
to the promoter for ctc, a standard reporter for o® activity (14,
15, 21). A PCR fragment containing the cfc promoter region
(from 199 nucleotides upstream of the ctc start codon to 19
nucleotides upstream of the start codon, thereby excluding the
endogenous ribosome-binding site) was ligated into pMF22 (8)
digested with EcoRI and HindIII to create pKC62 harboring
the reporter construct (see Table 1). The results of fluores-
cence microscopy (carried out as described in reference 10)
showed that the ctc-gfp fusion was active at the start of sporu-
lation and that a further-enhanced level of fluorescence could
be observed in the forespore after asymmetric division (Fig. 4).
The use of mutants lacking o® or o demonstrated that ex-
pression of the fusion in predivisional sporangia was depen-
dent upon the general stress-response factor o® but that ex-
pression in the forespore was dependent upon the sporulation
regulatory factor oF (Fig. 4). Consistent with this interpreta-
tion, expression of a ctc-lacZ fusion (5) as monitored by the
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accumulation of B-galactosidase (assay performed as described
in reference 11) could be detected at hour 1 of sporulation in
cells that were wild type for o® but not until hour 2 in cells that
were mutant for o®. Little or no expression of ctc-lacZ could be
detected at either time in cells that lacked both o® and o
(Table 2). The simplest explanation for these results is that o™
is capable of recognizing the promoter for cfc and sustaining its
transcription during sporulation. A second example of a gene
whose expression is influenced by both ¢F and o® is katX,
which encodes a catalase active during spore germination (4).
Like ctc, katX is transcribed in a 0®-dependent manner under
stress conditions and in a F-dependent, o®-independent man-
ner during sporulation (4, 25).

The ctc and katX promoter sequences are similar to each
other and to the consensus sequences for both ¢~ and o®-
dependent promoters (25, 29). It is not readily apparent what
promoter characteristics might prevent transcription of the
oB-regulated genes by oF-associated RNA polymerase. To
date there are no other confirmed examples of overlap be-
tween the two regulons. However, the known o* regulon re-
mains quite small (13), and it is possible that ctc and katX are
representatives of a larger class of genes that is regulated by
both sigma factors.

The chief conclusion from the present investigation is that
under normal conditions the o* pathway is well insulated from
the regulatory components of the ¢® pathway. We propose
that this insulation is achieved both by the action of the SpolIE
phosphatase and by the substrate specificity of the RsbW ki-
nase. RsbW can phosphorylate AA and, as we have shown,
even allow AA-P to accumulate to high levels, but only under
conditions in which the SpollE phosphatase is absent. Thus,
tight segregation of one regulatory system from the other is a
composite consequence of both inefficient phosphorylation by
the noncognate kinase and efficient dephosphorylation by the
cognate phosphatase. In this view, the absence of cross talk is
achieved by the integrated activity of the entire regulatory
system, rather than by selective substrate specificity alone.

This principle, namely, that the composite action of both
kinases and phosphatases is responsible for preventing cross
talk, may apply to other regulatory systems as well. These
include eukaryotic signaling pathways that function by phos-
phorylation and dephosphorylation and also bacterial two-
component regulatory systems, for which multiple paralogs are
commonly present within a single cell. In two-component sys-
tems, the sensor kinase is often both a kinase and a phospha-
tase that acts on the phosphorylated form of the cognate re-
sponse regulator (22, 24, 28). In some cases a sensor kinase for

TABLE 2. Transcription from the cfc promoter is directed
by both ¢® and oF

Activity (Miller units) after®:

Strain (genotype)

1h 2h
KC479 (sigF ™" sigB™) 35 37
KC482 (sigF* AsigB) 1 9
KC502 (AsigF sigB™) 28 27
KC503 (AsigF AsigB) 1 1

“ Activity of B-galactosidase expressed under the control of the ctc promoter
was assayed after 1 and 2 h of sporulation.
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one two-component system can be seen to phosphorylate the
response regulator for a second two-component system when
the cognate sensor kinase, and hence its phosphatase, is ab-
sent. For example, activation of the response regulator that
governs the response to conditions of nitrogen limitation,
NtrC, has been observed in cells that lack the cognate histidine
kinase, NtrB (30). Absent the NtrB kinase/phosphatase, NtrC
is evidently able to undergo cross-activation by other, noncog-
nate histidine kinases (3, 30).

Our results and those of others demonstrate that interac-
tions that can occur between an enzyme and a substrate in
isolation may not occur under physiological conditions due to
the presence of competing reactions that serve to insulate
signal transduction pathways. Such interactions pose a chal-
lenge to current efforts to determine the topologies of cellular
networks with high-throughput assays. These endeavors must
ultimately include some way to determine which of the many
interactions observed in a given assay are spurious or neutral
and which are physiologically meaningful and adaptive.

We thank Hélene Ceremonie for constructing pHC10 and strain
PB642.
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