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Abstract
RpoS is an alternative sigma factor which is required for the expression of genes that
help bacteria cope with environmental stress. The regulation of RpoS is multifactorial and
occurs at the levels of synthesis and protein turnover. Our lab has previously identified a rpoS
translation enhancing factor in Salmonella typhimurium, the RNA-binding protein HF-I. An
antisense element consisting of rpoS mRNA secondary structure is predicted to sequester the
rpoS ribosome binding site and inhibit translation. HF-I may interact with this element to
increase translation. Using rpoS genetic fusions, we have shown that native rpoS promoters
can be substituted with tac or lacUV5 promoters without altering the normal HF-I mediated
rpoS regulation. A long deletion from the 5' end of the rpoS transcript, which still contains
the antisense element, was no longer regulated by HF-I. This suggests that HF-I may not
simply interact with the secondary structure to enhance rpoS translation.
DsrA is a small untranslated RNA which has been shown to stimulate rpoS translation.
We have shown that DsrA RNA interacts directly with rpoS mRNA. Mutational analysis has
identified which RNA bases are important for the pairing between DsrA and rpoS mRNA that
enhances rpoS translation.
The protein stability of RpoS is controlled by a putative two-component regulatory
system. This system contains a protease, ClpXP, and a putative response regulator, MviA in
S. typhimurium. We have tested several models which may explain MviA action and have
confirmed that RpoS protein stability in S. typhimurium is dependent on the same genes as in
Escherichia coli. We have shown that phosphorylation of MviA is important for its activity
and that the source of this phosphate is probably not acetyl phosphate or the PTS system.
Additionally, we observed an increase of RpoS during exponential growth on acetate as the
ii

sole carbon and energy source. Surprisingly, this RpoS increase during growth on acetate is
independent of HF-I action.
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Literature Review
General Properties of Sigma Factors
The ability to coordinately regulate specific sets of genes is fundamental to survival in
the diverse environments bacteria encounter. Control of the amounts of proteins and RNA's
specified by the genome can be exerted at multiple levels. Transcription initiation is probably
the most important method to control gene regulation in eubacteria. In response to
environmental stimuli, bacteria rely on specificity factors to directly coordinate expression of
sets of genes; these specificity factors are called sigma factors.
The process of transcription is a dynamic event which contains a group of different
protein factors (Doi and Wang 1986; Losick and Pero 1981; Reznikoff et al. 1985). What is
known as core RNA polymerase is made up of four subunits and catalyzes RNA synthesis
(Helmann and Chamberlin 1988). While this core contains all necessary components to
synthesize RNA chains, the ability to bind specific promoters relies on a fifth factor, σ, which
when combined with the core comprises the holoenzyme (McClure 1985). Sigma factors are
not involved with the catalytic activity of the enzyme and dissociate from the core once RNA
synthesis commences (McClure 1985).
Several activities of sigma factors lead to specific initiation of transcription. The
binding of a sigma factor to the core polymerase reduces RNA polymerase's ability to initiate
transcription from ends, nicks or otherwise random open regions of DNA (Burgess et al.
1969); this brings specificity to the binding of RNA polymerase to DNA (Hinkle and
Chamberlin 1972; Mueller 1971) and leads to promoter recognition. Sigma factors can also
suppress the affinity of core subunits for non-promoter containing DNA by a factor of 104
(Chamberlin 1974; Chamberlin 1976; Hinkle and Chamberlin 1972).
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Promoter recognition by sigma factors is dependent on particular regions and/or
subregions which are conserved among many of the sigma factors. The identification of
important regions for sigma factor function was carried out on σ70 or σD, the "housekeeping" sigma factor, in Escherichia coli . Sigma factors make sequence specific contacts
with promoter DNA (Record et al. 1996). Protein sequence of σ70 has been divided into
four, relatively equal in length, conserved regions. For promoter recognition, regions 2 and 4
seem to be the most important; region 2 has been linked to recognition of the-10 sequence of
promoters, while region 4 is involved with -35 sequence recognition (Siegele et al. 1989;
Waldburger et al. 1990). Residues conserved in region 2 may form an α-helix, and region 4
contains residues that may form a helix-turn-helix motif which is present in a number of
proteins that specifically bind double-stranded DNA (Gross et al. 1992). Sigma factors do not
bind promoter DNA efficiently by themselves, and the development of (core enzyme freepromoter DNA) complexes seems to be inhibited by region 1 (Dombroski et al. 1992;
Dombroski et al. 1993). Regions 2 and 4 are collectively important for recognizing the proper
spacing between -10 and -35 conserved sequences of promoters (Dombroski et al. 1996).
This finding implicates the sigma factor as the component of RNA polymerase which identifies
the 17 base pair gap between the hexamers. Both regions are required since sigma factor
lacking either is not sensitive to spacing.
In order for transcription to begin after binding of the holoenzyme to DNA, an open
promoter complex must be formed by melting specific base-pairs in the initiation site
(Chamberlin et al. 1976; Siebenlist 1979; vonHippel et al. 1984). Region 2 may be involved in
this DNA opening (Helmann and Chamberlin 1988). Some evidence points to a site on sigma
factors that is specific for single-stranded DNA; namely the demonstration that sigma
polypeptide can be cross-linked to DNA which is unwound in the transcription complex
(Simpson 1979). Additionally, certain mutants of the "housekeeping" sigma factor of Bacillus
subtilis (σA) are unable to melt DNA when complexed with RNA polymerase (Juang et al.
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1994). In σ70 of E. coli, important residues for DNA melting have not been identified so the
exact role, if any, played by sigma factors remains to be discovered (Waldburger et al. 1994).
When sigma factors bind to promoter DNA they may play a role in positive gene
regulation (Record et al. 1996). Several examples exist that demonstrate protein-protein
interactions between DNA bound positive activating proteins and σ70. One study
demonstrates that particular region 4 mutations are suppressors of cI mutants which cannot
activate λ PRM (RM for repressor maintenance)(Li et al. 1994). These same mutants cannot
suppress cI mutants that are unable to bind DNA. Two other cases implicating σ70 as an aid
to positive activators are PhoB activation of PpstS and CAP activation of galP1 (Kumar et al.
1994).
Sigma factors from prokaryotes can be divided into two groups, the σ70 type and the
σ54 type (Helmann and Chamberlin 1988). There is not a general consensus on how to name
the sigma factors. They have been designated by their molecular weights (e.g. σ70) or letters
(σD). Generally, molecular weight descriptions are more common in E. coli and will be used
here. Sigma factors of the σ70 type are divided into primary (which contains σ70) and an
alternative group (e.g. σ38, σ32 etc.). In looking at prokaryotes as a whole, primary sigma
factors, such as σ70 in E. coli, have more amino acid similarity to primary sigma factors of
other organisms than to their own alternative sigma factors (Lonetto et al. 1992).
Sigma factors probably compete for RNA polymerase and adjust their levels to
increase or decrease their chances of binding the core enzyme (Farewell et al. 1998). It is
known that multiple sigma factors can direct transcription of the same gene or genes .
Limited work has been done to determine sigma factor levels under various conditions. The
"housekeeping" sigma factor (σ70) was shown to be the most predominant sigma factor in E.
coli with levels that were similar in exponential and stationary phase (Jishage et al. 1996).
Measured as a percentage of σ70, levels of σ54, the sigma factor involved in nitrogen
metabolism, were at 10% of σ70 during exponential and stationary phase. The sigma factor
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involved with expression of late flagellar genes, σ28, was maintained at 50% of the level of
σ70 at both exponential and stationary phase and decreased after heat shock at exponential
phase. The stress sigma factor, σ38, which is discussed at length later in the review, was at
minute levels during exponential phase compared to σ70. Overexpression of σ70 can cause
E. coli to display σ38 mutant phenotypes such as hydrogen peroxide sensitivity and low
resistance to other stresses (Farewell et al. 1998).
Changing concentrations of sigma factors may not be the only method of competition
among the sigma factors (Farewell et al. 1998). Affinities of different sigma factors for RNA
polymerase are not equal, and there may be alterations in the intercellular environment that
would favor transcription directed by a particular sigma factor. Deletion mutants of the heat
shock sigma factor, σ32, which have a reduced affinity for the core enzyme, are not viable
under conditions where σ32 is essential (Zhou et al. 1992). In these mutants viability is
restored if compensatory mutations in σ70, which decrease its binding affinity for RNA
polymerase, are introduced. This allows these reduced-affinity mutants of σ32 to compete
more effectively under essential conditions. Other mechanisms such as the action of specific
repressors or activators are certainly involved in the expression of sets of genes. There may
also be specific anti-sigma factors for σ70 that are under the control of other less prevalent
sigma factors such as σ38 (Farewell et al. 1998). A putative negative regulator of σ70 has
been identified (Jishage and Ishihama 1998). This protein, Rsd (regulator of sigma D), binds
preferentially to σ70 and increases as cells approach stationary phase to possibly limit its
activity; however, since RNA polymerase is indeed limiting for mRNA transcription in vivo
(Bedwell and Nomura 1986), competition among sigma factors as a result of intercellular
amounts is the first step in determining when particular genes are transcribed.

The Sigma Factors

4

Beginning with σ70, the remainder of this review will give a brief synopsis of each
sigma factor highlighted by what is known about the regulation of each; the stress sigma
factor will be reviewed on a more extensive level.

The Housekeeping Sigma
The major sigma subunit in E. coli was discovered as a component of DNA-dependent
RNA polymerase that stimulated transcription (Burgess et al. 1969). Sigma 70 is encoded by
rpoD which is part of an operon that also encodes for a ribosomal protein and a DNA primase
(Burton et al. 1983). When cells are in exponential growth, σ70 is the predominant sigma
factor. Often termed the "housekeeping" sigma factor, it can direct transcription of a large
number of genes in E. coli and Salmonella typhimurium. The level of σ70 does not vary
much during different phases of growth (Jishage and Ishihama 1995). The members of the
operon which contains rpoD are not expressed at an equal ratio (Peacock et al. 1985). The
rpoD gene is expressed much more efficiently than dnaG, the upstream gene encoding for the
DNA primase. This regulation of rpoD is complex, as six promoters both internal and
external to the operon, have been shown to influence expression; one of the promoters is
thermoinducible and is located in the dnaG gene (Taylor et al. 1984). Transcription directed
from this promoter is under control of σ32 , the heat shock sigma factor. The NusA protein,
having many functions including involvement in inhibiting Rho-dependent termination at
certain sites on the λ phage genome, plays a stimulatory role in rpoD expression (Peacock et
al. 1985). NusA can make protein-protein contacts with RNA polymerase to facillitate
pausing, at least in vitro. NusA is probably influencing transcription at secondary promoters
or internal promoters of rpoD. The stimulation of rpoD expression by NusA has been found
to be prevented by integration host factor (IHF) (Peacock and Weissbach 1985). The
regulation of rpoD expression may involve many factors and be quite complex, but under
most conditions it is quite subtle.
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The Nitrogen Metabolism Sigma
The other family of sigma factors is set apart from σ70 and the alternative sigma
factors. This sigma factor family is made up of σ54 and its homologues. Sigma 54 directs
transcription from a variety of genes, most notably those involved in nitrogen metabolism and
formate degradation. Encoded by rpoN , σ54 was discovered in S. typhimurium (Garcia et al.
1977) and may exist in over twenty other genera (Merrick 1993). The structure of the σ54
family of polypeptides is quite different from the σ70 family and contains two conserved
regions separated by a variable region. The consensus promoter sequences located at -35 and
-10 for the σ70 family are not precise for any particular member of the family (Gross et al.
1992), but the promoters recognized by the σ54 family are highly conserved among genera
(Morett and Buch 1989). The positions of these sequences are also different and are located
at -24 and -12. One unique property of σ54 is its affinity for promoter containing DNA when
core polymerase is not present; it has been suggested that holoenzyme assembly could occur
on promoter DNA bound by σ54 (Merrick 1993).
DNA melting requires σ54, but σ54 is not sufficient and requires an activator protein
(Popham et al. 1989; Sasse-Dwight and Gralla 1988). Whereas σ70 can form an open
complex alone with activators or repressors affecting the kinetics of open complex formation,
σ54 is always dependent on a positively acting factor (Merrick 1993). After the open
complex is formed the activator is no longer needed (Popham et al. 1989). The activators are
always members of the NtrC family and formation has been reported to require intrinsic
bending or induced bending by the HU or IHF protein (Carmona and Magasanik 1996).
Exactly how NtrC aids in separating the strands of DNA is unknown, but it may require
ATPase activity of the activating NtrC protein. The ATPase activity is probably induced by
the formation of multimers of NtrC (Wyman et al. 1997). This is the control point of σ54
directed transcription since expression of rpoN is not altered under most conditions.

The Heat-Shock Sigmas
6

There are two sigma factors controlling the heat-shock regulon of E. coli. The major
one is encoded by rpoH which produces a 32 kD sigma protein (σ32). This factor was
discovered when a nonsense mutation revealed a defect in the ability to increase heat-shock
proteins at high temperatures (Cooper and Ruettinger 1975). The promoters that σ32 directs
transcription from are rather unique in sequence among sigma factors and σ70 does not seem
to act at these promoters (Zhou et al. 1988). Many members of the heat-shock regulon are
required at low levels at all temperatures with their concentrations needed at higher levels
during growth at higher temperatures (Gross et al. 1992). The regulon includes proteases
such as Lon and Clp, which are needed to degrade aberrant proteins and regulate some
processes (Baker et al. 1984; Goff et al. 1984). The regulon also includes chaperone teams,
such as DnaK-DnaJ-GrpE and GroEL-GroES, which are involved in the following: folding of
newly synthesized proteins, keeping proteins in a translocatable form, proper refolding after
damage, proper proteolysis, and translation (Gragerov et al. 1992; Horwich et al. 1993; Wild
et al. 1992; Hendrick et al. 1993; Schroder et al. 1993; Strauss et al. 1988, Nelson et al. 1992;
Van Bogelen and Neidhardt 1990).
The regulation of σ32 has been extensively studied and is as interesting as it is
complex. The amount of σ32 regulates transcription of genes in the heat-shock regulon
(Strauss et al. 1987). It is thought that transcriptional regulation of rpoH is insignificant
compared to its translational regulation and the regulation of the stability of σ32, but evidence
has emerged to support an involved scheme to regulate transcription. Transcription of rpoH
is initiated by at least 4 promoters (P1, P3, P4, and P5) upstream of the gene; three of these
(P1, P4, P5) are recognized by σ70 and one (P3) is recognized by σ24, the other heat-shock
sigma factor (Erickson et al. 1987; Wang and Kajuni 1989b). Promoters P1 and P4 account
for most of the rpoH mRNA, at least at normal temperatures (Nagai et al. 1990). Promoter
P3, recognized by σ24, is responsible for the bulk of transcription at high temperatures; σ70
directed transcription at these temperatures is miniscule (Wang and Kajuni 1989b). Promoter
P5 is the weakest and is used when the cell encounters ethanol or when glucose is lacking
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(Nagai et al. 1990). Promoter P5 activation is dependent on the cAMP-CRP complex. In
exponential growth most transcription is initiated at the P1 promoter; transcription during this
stage of growth from P3, P4, and P5 is reduced by co-operative binding of cAMP-CRP and
CytR anti-activator (Kallipolitis et al. 1998). CRP-CytR represses transcription from genes
whose gene products enable the cell to take in and catabolize nucleosides. The repression is
alleviated when inducing cytidine is added to the growth medium. This link between the heat
shock regulon and the CytR regulon may be explained by the possibility that the heat shock
regulon is needed for protein folding during conditions where the CytR regulon is induced.
Further regulational fine-tuning is exhibited by DnaA, a protein required for initiation of
chromosomal replication (Wang and Kajuni 1989a). DnaA represses transcription from P3
and P4 by DNA binding. These findings have given a reasonable understanding as to how,
and from which promoter(s), rpoH transcription initiates.
Although transcriptional regulation of rpoH is complex, it accounts for a minor part of
σ32 increase. The translational rate can increase as much as 12 fold after temperature upshift
(Strauss et al. 1987). The synthesis rate of rpoH mRNA does not increase, and a σ32 βgalactosidase fusion protein is regulated at the translational level (Nagai et al. 1991). Deletion
analysis has identified two cis-acting mRNA regions in the rpoH sequence that act opppositely
to regulate translation initiation (Nagai et al. 1991). The positively acting region is located
just downstream of the initiation codon; further downstream a larger region acts negatively in
translational initiation prompted by heat induction. There is secondary structure of the mRNA
that has been supported by mutational analysis and contains important base pairs between the
smaller region and the larger downstream region (Yuzawa et al. 1993). The smaller region is
a putative translation enhancing element identified as such due to its extensive
complementarity to 16SrRNA. The existence of this secondary structure was confirmed with
structure probing of RNA using chemical and enzymatic probes (Morita et al. 1999). The
proper repression at low temperature and transient induction at high temperature is dependent
on the stability of the mRNA secondary structure.
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The regulation of σ32 stability is separate from its translation regulation. Under
normal conditions (i.e. no heat stress) DnaK, a member of the DnaK-DnaJ-GrpE chaperone
team, binds to σ32 (McCarty et al. 1996). This accomplishes two things, it keeps σ32
concentrations low by making σ32 accessible to the FtsH protease and prevents σ32 from
interacting with RNA polymerase (Yura et al. 1993; Herman et al. 1995). Upon heat shock,
DnaK dissociates from σ32 and works with its chaperone team members to refold degraded
proteins, thus stabilizing σ32 and allowing it to interact with RNA polymerase. How DnaK or
another protein senses stress is under debate. DnaK may dissociate from σ32 when it senses
the presence of unfolded proteins, or it may be that ATPase activity of DnaK controls σ32 's
fate (Craig and Gross 1991; Nagai et al. 1990).
DnaJ is involved in the ATPase model (Karzai and McMacken 1996). In this model,
normal growth allows DnaJ to bind σ32 which it brings to ATP-DnaK, forming a DnaJ-σ32DnaK-ADP complex upon autohydrolysis by DnaK (Hughes and Mathee 1998). The DnaJσ32-DnaK-ADP complex is then subject to FtsH protease activity and is directed to the
protease by the third member of the team, GrpE (Packschies et al. 1997). After heat-shock,
the chaperone team is busy refolding proteins, and the FtsH protease is degrading denatured
proteins allowing σ32 levels to increase. As protein substrates for the chaperone team
decrease, the complex is again formed and GrpE with ATP dissociates the complex as before.
At this point, FtsH may still be busy and would allow the free σ32 to act with RNA
polymerase; however, FtsH usually begins to bring σ32 levels under control. As of now other
chaperone teams do not seem to be involved in this mode of regulation.
The minor promoter P3 of rpoH is not recognized by σ70 and was found to be
recognized by another heat-shock sigma factor (σ24, σE) encoded by rpoE (Erickson and
Gross 1989; Wang and Kajuni 1989). Although transcription from this promoter was only
<2% of the total transcription of rpoH at 30º C, it was responsible for >90% of transcription
at 50º C (Erickson et al. 1987). The rpoE gene was thought to be essential only at high
temperatures, but it is now been shown to be required at all temperatures (DeLasPenas et al.
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1997b). Strains lacking σ24 that can survive at temperatures below 37º C contain an
unlinked suppressor mutation in fabZ.
The σ24 sub-family of sigma factors is present in other bacteria such as Pseudomonas
spp., Myxococcus xanthus, and Alcalignes europhus and is well conserved among Grampositive and Gram-negative bacteria (Missiakas and Raina 1998). The members of this family
regulate extracytoplasmic functions, and the family is sometimes referred to as the ECF
sigmas (Lonetto et al. 1994).
In E. coli and other bacteria, rpoE is a member of an operon that contains the rseA,
rseB, and rseC genes (DeLasPenas and Gross 1997b). These other genes are involved in the
regulation of rpoE as further discussed below. Several examples suggested that an abundance
of misfolded OMP's in the extracytoplasmic compartment induced the σ24 stress response
including multicopy expression of omp genes, asnB (asparagine B), and PBP2 (penicillin
binding protein 2) (cited in Missiakas and Raina 1998). Additionally, mutants with altered
LPS induced expression of σ24. The following genes have been identified as being members
of the σ24 regulon: rpoH, htrA (encodes a periplasmic protease which degrades abnormal
proteins), and fkpA (which seems to correct periplasm folding defects) (Danese and Silhavy
1997; Erickson and Gross 1989; Wang and Kajuni 1989b). Interestingly, htrA transcription is
regulated by a two-component response regulator system, CpxA/CpxR (Danese and Silhavy
1997; Raina et al. 1995). This system also is affected by the folding state of proteins in the
periplasm. The effects of σ24 and CpxA/CpxR overlap but are also used selectively for
different groups of proteins (Missiakas and Raina 1998).
An incomplete model has emerged for the regulation of σ24. As mentioned before,
the other three genes in the four gene operon with rpoE are involved in σ24 regulation. The
protein encoded by rseA is a negative regulator of σ24 activity. How it accomplishes this
regulation is unknown (DeLasPenas et al. 1997a; Missiakas et al. 1997). RseA can interact
with σ24, and its location may hint at its function. The RseA protein spans the cytoplasmic
membrane where the N-terminal domain is in the cytoplasm and the C-terminal domain is
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exposed in the periplasm; this orientation is similar to sensor kinase proteins of twocomponent regulatory circuits (Missiakas and Raina 1998). In this case, the signal seems to
be misfolded proteins in the periplasm which causes RseA to release σ24, allowing it to direct
transcription. Another negative regulator of σ24 in the operon is encoded by rseB. Although
RseB interacts with RseA, it is not known whether it alters RseA activity or has a direct
interaction with unfolded proteins (Missiakas et al. 1997). RseC encoded by the fourth gene
of the operon is located in the inner membrane and through genetic evidence seems to regulate
σ24 positively. How these proteins interact to modulate σ24 activity or assist in proper
folding of proteins may be very elaborate but the exact sequence of events is unknown.

The Flagella Biosynthesis Sigma
Sigma 28, which has been most extensively studied in S. typhimurium, is part of an
elegant system to regulate flagellar biosynthesis. The flagella biosynthetic pathway is
regulated by step-wise expression of three sets of genes (Hughes and Mathee 1998). These
sets, classes 1-3, are transcribed in that order. In order for each set of genes to be expressed,
the previous set must be expressed and fully functional (Komeda et al. 1975; Kutsukake et al.
1990). Expression of the class 1 genes, flhC and flhD, allows the formation of a multimeric
complex of the two proteins. The complex is a transcriptional activator for expression of class
2 genes (Liu and Matsumura 1994). The transcription of class 2 genes is directed by σ70 and
requires the FlhC/FlhD complex, due to the lack of a conserved -35 site in class 2 promoters.
The complex binds class 2 DNA upstream of the promoter and contacts the α-subunit of the
holoenzyme to initiate transcription (Liu and Matsumura 1995).
Expression of class 2 genes produces the basal body-hook structure of flagella and
also σ28, which is responsible for expression of the class 3 genes (Ohnishi et al. 1990). The
class 3 genes produce the proteins used in the construction of flagella and also proteins
involved in the chemotaxis of the bacteria (Hughes and Mathee 1998). Sigma 28 has been
found to have a higher affinity for core polymerase than does σ70 and strictly recognizes the
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promoters in its regulon (Kundu et al. 1997). The basal body and hook structure must be
complete and functional for class 3 genes to be expressed (Gillen et al. 1991; Kutsukake et al.
1990). An anti-sigma factor of σ28, FlgM, prevents transcription of class 3 genes unless the
hook-basal body is in place and complete (Ohnishi et al. 1992). FlgM regulates σ28
negatively by binding to σ28 and impairing its ability to initiate transcription through reducing
core polymerase and DNA binding (Kutsukake and Iino 1994).
At least 35 genes are transcribed in the class 2 group. All of these must be expressed
or FlgM exerts its negative control on σ28 to block class 3 transcription. How FlgM senses
this is through the proper export of proteins. Class 2 proteins are exported and export ceases
once the hook-basal body is formed triggering class 3 protein export to begin by an unknown
mechanism (Hughes and Mathee 1998). If class 2 export is complete, FlgM is exported
outside from the cytoplasm through the completed hook-basal body permitting σ28 to act. If
the export is hindered, FlgM remains and prevents class 3 transcription by interacting with
σ28 (Hughes et al. 1993; Kutsukake et al. 1994) allowing FlgM to be the trigger for the
completion of flagellar biosynthesis.

The Iron Citrate Transport Sigma
In order to obtain the iron bacteria need for growth, siderophores are produced to
complex iron and bring it into the cell (Braun 1997). Several iron transport systems which are
siderophore mediated exist in E. coli (Braun and Hantke 1991). A recently discovered
alternative sigma factor is involved in a ferric citrate transport system in E. coli (Angerer et al.
1995). This sigma factor, σ19, is encoded by fecI. Sigma 19 is activated in an interesting
way, it responds to a signal elicited by ferric citrate which binds the outer membrane. The
receptor protein on the outer membrane that binds ferric citrate is FecA (Wagegg and Braun
1981). FecR is a cytoplasmic membrane spanning protein that presumably receives a signal
from ferric citrate bound FecA (Ochs et al. 1995; Ochs et al. 1996). FecR does not resemble
a histidine kinase, so this pathway is probably not a classic two-component regulatory system.
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The signal is somehow transmitted to cytoplasmic membrane residing σ19. This putative
signal transduction pathway somehow activates σ19 which, along with core polymerase,
directs transcription of fecABCDE. These proteins make up a transport apparatus which
assembles on the cytoplasmic membrane to move ferric citrate into the periplasm where iron is
used by the cell (Braun 1997). The transport of ferric citrate across the outer membrane to
the periplasm requires the TonB, ExbB, and ExbD proteins. This group of proteins is most
likely an energy-coupling machine between the cytoplasmic and outer membrane which
mediates the energy consumption that transport requires (Braun 1995; Kadner 1990; Postle
1993).
The transcription of fecI depends on σ70, but σ70 is not involved in the transcription
of fecABCDE ; fecABCDE transcription is directed by σ19, as mentioned previously (Braun
1997; Enz et al. 1995). The Fur protein measures iron content in the cell. When iron
concentrations are high in the cell the Fur repressor binds to the promoter of fecIR and
fecABCDE blocking their transcription (Angerer and Braun 1998). The putative signal
transduction pathway and the Fur repressor seem to sufficiently regulate σ19 activity and
synthesis, although other regulatory mechanisms may also be present.

The Stationary Phase/Stress Sigma
The laboratory environment supplies bacteria with an ideal set of conditions. This
nutrient-rich existence is something that is experienced only rarely by bacteria in their natural
environment. Cells must be able to take advantage of sudden bursts of nutritional plenty that
may occur. The starved state that bacteria most often experience is similar to stationary phase
(Kolter et al. 1993). Stationary phase is not simply a dormant state as once thought, but a
continually evolving situation where bacteria maintain life and prepare for the possible chance
at the "easy life" a nutritionally rich environment would provide. Many of these metabolic,
structural, and otherwise adaptive changes taking place at stationary phase depend on the
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specialized transcription an alternative sigma factor provides. The sigma factor involved is
(σ38, σS) encoded by rpoS.
Originally the stationary sigma factor was recognized by several names as many genes
were identified which when mutated, gave RpoS deficient phenotypes. These genes included
nur, katF, appR, csi-2, and abrD; all of these alleles were actually the rpoS gene and it was
named this once it was discovered to be a sigma factor (Loewen and Hengge-Aronis 1994).
The transcription of rpoS depends on as many as four promoters located upstream of the
coding sequence (Takayanagi et al. 1994). The rpoS gene is transcribed in the same direction
as an immediately upstream gene nlpD. The nlpD gene encodes a lipoprotein with unknown
function that does not affect RpoS (Ichikawa et al. 1994). During exponential phase, a basal
level of rpoS mRNA is produced from readthrough transcription from two weak promoters
upstream of nlpD (Lange et al. 1995). The most important promoter induced during
stationary phase is located in the nlpD coding sequence (Takayanagi et al. 1994; Lange et al.
1995). A minor promoter may be active during stationary phase just downstream of the major
promoter. The minor downstream promoter does not have an apparent -35 and -10 promoter
sequence, but the major promoter has typical σ70 -35 and -10 promoter sequences. The rpoS
gene maps at 59 min. on the E. coli and S. typhimurium chromosomes and contains an open
reading frame of 1026 bp that produces a 342 amino acid protein; some heterogeneity does
exist among strains to slightly alter the size of the protein (Ivanova et al. 1992; Fang et al.
1992; Loewen and Triggs 1984; Tanaka 1993).
Both sigma 70 and sigma 38, when complexed with core polymerase, seem to
recognize many of the same promoters; however, there are promoters that are recognized by
only σ70 or σ38 (Tanaka et al. 1993; Tanaka et al. 1995). The amino acid sequences of σ70
and σ38 are very similar in certain regions and may be expected to recognize the same
promoters, but some difference in promoter selection does exist. Analysis of promoters
dependent on σ38 shows that while they are similar to σ70-dependent promoters in the -10
region, the -35 region is variable and generally not similar to the -35 region of σ70-dependent
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promoters (Espinosa-Urgel et al . 1996). One interesting distinction of σ38-promoters is
intrinsic curvature of the -35 region (Espinosa-Urgel and Tormo 1993). This curvature may
be the most distinguishing characteristic of σ38-dependent promoters.
The RpoS regulon contains as many as 50 genes and new ones are being discovered
quickly (Loewen et al. 1998). The genes under σ38 control function in a variety of ways to
help the cell cope with stationary phase and other stresses, some of which will be highlighted
here.
To deal with high osmolarity, σ38 directs transcription of genes which are involved in
trehalose synthesis. Trehalose acts as an osmoprotectant in osmotically stressed cells (Csonka
1989). The genes involved in controlling trehalose levels regulated by RpoS include otsAB
and treA (Hengge-Aronis et al. 1991; Kaasen et al. 1992). Sigma 38 controls at least 16
genes that aid in osmotic protection (Hengge-Aronis et al. 1993).
Cells in stationary phase change their shape and become more spherical and compact
(Alder et al. 1998). Proteins involved in the morphological changes in stationary phase are
encoded by σ38-dependent genes. One example is bolA, which encodes for a protein required
for expression of PBP6 (penicillin binding protein 6) that is involved in cell wall synthesis
(Begg et al. 1990).
RpoS also plays a significant role in protecting or repairing DNA when cells are faced
with damage during times of stress. Many of the genes that prevent or repair DNA damage
are controlled differently by σ38. These genes may require a combination of σ38 directed
transcription and σ70 directed transcription at different times or in response to different
conditions. The catalases E. coli produces to break down H202 are HPI and HPII, and are
encoded by katG and katE respectively (Ivanova et al. 1994; Loewen and Triggs 1984;
Mukhopadhyay and Schellhorn 1994; Mulvey et al. 1990). RpoS also directs the transcription
of dps which encodes a DNA-binding protein that can protect cells and DNA from H202
(Almiron et al. 1992). DNA damage by H202 and UV radiation can be repaired by XthA
(exonuclease III). The expression of xthA is σ38-dependent (Sak et al. 1989). When DNA is
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damaged by methylation, the σ38-dependent aidB gene encodes a protein to repair it
(Volkert et al. 1994).
RpoS is central to virulence in S. typhimurium and probably plays a role in E. coli
virulence (Fang et al. 1992; Olsen et al. 1993). In Salmonella, genes on the "virulence"
plasmid are regulated by the protein encoded by spvR which is σ38-dependent (Heiskanen et
al. 1994; Chen et al. 1995). The plasmid virulence genes, spvABCD, require both RpoS and
SpvR for expression. In E. coli , adhesion to eukaryotic tissue may be enhanced by small
fibers called curli fibers. The production of these fibers is under σ38 control as two operons,
csgBA and csgCDEF, are σ38-dependent (Hammar et al. 1995; Olsen et al. 1993). The curli
fibers help bind to fibronectin and laminin (Olsen et al. 1989). RpoS mutants may also be
excellent candidates for a vaccine against S. typhimurium. RpoS mutants are attenuated and
provide sufficient protection as live-dose vaccines in mice (Coynault et al. 1996). Live-dose
vaccines of rpoS aroA double mutants were even more attenuated and still protected mice
against infection. The rpoS allele itself may affect the virulence of S. typhimurium strains.
One mutation in rpoS contributes to the avirulence of S. typhimurium strain LT-2 (WilmesRiesenberg et al. 1997). This evidence suggests RpoS is an important player in a particular
strain's virulent properties (see Fang et al. 1992).
The rest of the RpoS regulated genes encode gene products which perform a variety
of functions in E. coli and S. typhimurium. These include proteins involved in synthesis of
compounds such as glycogen and cyclopropane fatty acids (Hengge-Aronis and Fischer 1992;
Wang and Cronan 1994), regulatory proteins like AppY and IHF (Aviv et al. 1994; Bronsted
and Atlung 1996), and membrane proteins like OsmB (Hengge-Aronis et al. 1991). Many
groups of the RpoS regulatory genes are regulated by many other factors and RpoS can be
thought of as a central regulator among this vast array of genes (Loewen and Hengge-Aronis
1994).
The picture of RpoS regulation is quite complex. Several gene products modulate
RpoS levels in ways that include changes in transcription, translation, and protein stability
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(Lange and Hengge-Aronis 1994). A variety of natural environmental as well as laboratory
imposed conditions can increase RpoS levels. The remainder of this review will describe
several of the inducing conditions and regulators which alter RpoS levels in the cell.
The originally discovered inducer of RpoS was growth into stationary phase (Jishage
et al. 1995; Lange and Hengge-Aronis 1994). The amount of RpoS in exponentially growing
cells is very low and is undetectable by many experimental techniques such as Western blot.
One study reported that by the onset of stationary phase, levels of RpoS can reach 15-24 fmol
per µg of total proteins, which is about 30% of σ70 in the cell (Jishage and Ishihama 1995).
Many studies calculate how much RpoS has increased during growth into stationary phase,
and a good estimation of the increase is about 5-20 fold based primarily on fusion data.
High osmolarity is another inducer of RpoS (lange and Hengge-Aronis 1994; Muffler
et al. 1996a). This increase can occur either by osmotic shock or during continuous growth in
high osmolarity medium (Cunning et al. 1998; Muffler et al. 1996a). Osmotic upshift causes
the cell to take in potassium ions and to synthesize glutamate to deal with the change in turgor
pressure. Trehalose, glycine betaine, and proline are then synthesized or taken up from the
surrounding medium to act as osmoprotectants for the cell (Csonka 1989). In at least a few
cases, the high potassium glutamate can increase the activity of σ38-holoenzyme specifically
(Ding et al. 1995; Kusano and Ishihama 1997). The osmoregulated genes osmB and osmY are
transcribed by σ38 only when potassium glutamate concentrations are high. Additionally,
high trehalose concentrations caused increased σ38-directed transcription from lacUV5, fic,
and osmY. This increased transcription was due to increased σ38 holoenzyme formation and
increased transcription initiation by σ38 holoenyme. Transcriptional lacZ fusions of rpoS
indicate that osmotic upshift does not increase rpoS transcription (Muffler et al. 1996a).
Immunolabeling pulse-chase experiments indicate that osmotic upshift increases both the rate
of RpoS synthesis and RpoS stability (Muffler et al. 1996a). This increase is similar to what is
observed at the onset of stationary phase.
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Several reports demonstrate other stresses where RpoS levels increase. Extremes in
temperature, either high or low, have been shown to induce RpoS (Jishage an Ishihama 1995;
Muffler et al. 1997a; Sledjeski et al. 1996). When E. coli or S. tyhphimurium are starved or
limited for certain nutrients, such as a carbon source, phosphate or nitrogen, RpoS is induced
(Lange and Hengge-Aronis 1991; Notley and Ferenci 1996). RpoS is transiently stabilized
during diauxic shift from glucose to lactose and increases during continuous growth on a less
preferred carbon source (Cunning and Elliott 1999 submitted to J. Bacteriol.; Fischer et al.
1998). Spent medium may also contain a signal to induce RpoS as exponential cells
resuspended in stationary phase medium supernatant induce RpoS (Schellhorn and Stones
1992). These and other stresses enteric bacteria face have led some to call σ38 the stress
sigma factor, instead of simply the stationary phase sigma factor.

Transcriptional Regulation of σ38
The picture of the transcriptional regulation of RpoS is unfortunately muddled. Some
of the earlier studies on the transcription of rpoS used constructs which did not include all of
the putative promoters driving transcription (Mulvey et al. 1990) thus leading to conflicting
reports. However, when lacZ transcriptional fusions to rpoS in single-copy were used, there
was a fivefold increase in rpoS transcription as cells approached stationary phase in rich
medium (Lange and Hengge-Aronis 1991, 1994; McCann et al. 1991). This regulation is not
observed during some other inducing conditions such as osmotic upshift and carbon starvation
(McCann et al. 1993; Muffler et al. 1996a).
The transcription of rpoS may be altered by the cyclic AMP receptor protein and
cyclic AMP complex (CRP-cAMP). The question to be asked here is what keeps rpoS
transcription at a low level in exponential phase or what induces it at stationary phase? Cyclic
AMP levels in the cell are low during growth on glucose, therefore preventing activation of
the CRP regulated operons which help the cell utilize alternative carbon sources such as
lactose (Busby and Buc 1987). Whether CRP-cAMP acts negatively or positively on rpoS is
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in debate. The region of the major rpoS promoter has been suggested to contain CRP like
binding sites (Takayanagi et al. 1994). One group found that rpoS transcription increased
during exponential phase in strains which do not make cAMP, and that added cAMP
decreased transcription (Lange and Hengge-Aronis 1991, 1994). Another group showed that
transcription decreased in strains lacking cAMP (McCann et al. 1993). These studies were
done with lacZ transcriptional fusions to rpoS and are not supported by data detailing mRNA
levels. One study suggests the fusion data is merely artifactual since they measured a decrease
in mRNA levels during transition to stationary phase (Zgurskaya et al. 1997). This study
suggests that cAMP levels or other putative transcriptional activators don't affect rpoS
transcription because the increase in RpoS during transition to stationary phase is solely a
result of increased stability of RpoS protein. However, this report also discredits translational
fusion data by saying it is artifactual and secondary to protein stability. The results do not
explain the variety of factors which alter RpoS translation discussed later.
Another activator of rpoS transcription may be the unusual nucleotide guanosine 3',5'bispyrophosphate (ppGpp). This nucleotide is synthesized by either of two gene products,
RelA and SpoT, in response to carbon source or amino acid limitation respectively (Cashel
and Rudd 1987). Apparently, ppGpp has the ability to alter RNA polymerase promoter
specificity at stringently controlled operons resulting in a decrease in DNA, RNA, and
carbohydrate synthesis while increasing amino acid synthesis. E. coli mutants, which lack
ppGpp (ppGpp strains), display phenotypes similar to

rpoS mutants, including decreased

viability during times of nutritional stress (Gentry et al. 1993). Many conditions that induce
RpoS also induce ppGpp synthesis such as osmotic upshift and carbon starvation (Gentry et
al. 1993; Harshman and Yamazaki 1972). When ppGpp was artificially overproduced, RpoS
abundance was dramatically increased. Later, this effect on synthesis was confirmed and data
suggested ppGpp enhanced the elongation of rpoS transcripts (Lange et al. 1995). Since
ppGpp is sensitive to transient changes in growth rate and these growth rate changes also
induce RpoS, ppGpp may be a central regulator of rpoS expression.
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The transcription of rpoS may also be affected by inorganic polyphosphate [poly(P)].
Poly(P) is a polymer of tens or hundreds of orthophosphate residues and is a common
metabolite that is involved in energy conserving and hydrolytic pathways (Kulaev 1979). A
variety of processes depend on poly(P), and an E. coli poly(P) mutant has decreased viability
at stationary phase (Crooke et al. 1994; Shiba et al. 1997). During starvation, cells containing
a plasmid which overproduces poly(P)ase and breaks down poly(P), were impaired in the
ability to induce rpoS transcription (Shiba et al. 1997). The poly(P) mutation did not alter the
growth rate of the cells or change ppGpp levels. This effect may be helpful at some step in
stationary phase under certain conditions but the mechanism is unknown.

Translational Regulation of σ38
In all studies of RpoS regulation that compare transcriptional control to translational
control or protein stability, the transcriptional effects are quite modest. Most investigators in
the field agree translation and/or protein stability are most important for changing RpoS
levels. One modulator of the translation of rpoS is the Host Factor I protein encoded by hfq
(Brown and Elliott 1996; Muffler et al. 1996b).
HF-I is a small stable protein that was originally discovered as a factor required for
Qβ RNA bacteriophage replication (Franze De Fernandez et al. 1968, 1972; Kajitani et al.
1994; Su et al. 1997). HF-I is required for the production of minus strand Qβ RNA copied
from the plus strand template (Franze De Fernandez et al.1968). HF-I is now thought to be a
pleiotropic regulator. HF-I is abundant and its association with ribosomes may give clues to
its action as a regulator (DuBow et al. 1977; Kajitani et al. 1994). Based on two-dimensional
gels of total protein, hfq mutants have decreased amounts of protein for 15 cellular proteins
and increased amounts for 31 proteins (Muffler et al. 1997b). Some of these alterations
dependent on HF-I were not affected by an rpoS mutation. Most of the gene products
affected by HF-I have not been identified, and HF-I's general function in the uninfected cell
has not been determined. HF-I has been reported to affect a DNA repair system and the

20

stability of ompA mRNA (Tsui et al. 1997; Vytvytska et al. 1998). HF-I concentrations have
been reported to increase with increasing growth rate, but no correlation with this and its
known functions has been made (Kajitani et al. 1994). In contrast, HF-I concentrations have
been reported to increase when cells approach stationary phase, coinciding with its action on
rpoS (Zhang et al. 1998).
HF-I forms multimers in its active form and has been reported to exist as pentamers
and hexamers (Carmichael et al. 1975; Kajitani et al. 1994). HF-I is considered to be a RNA
binding protein and can bind tightly to poly adenosine, a property that has been used in its
purification (Carmichael et al. 1975; Franze De Fernandez 1972). Binding sites rich in
adenylate have been identified in Qβ and R17 bacteriophage RNA (Senear and Steitz 1976).
These binding sites are not the same in sequence but are similar. HF-I has also been shown to
bind OxyS RNA (a negative regulator of rpoS translation discussed later in this review)
(Zhang et al. 1998).
The replication of Qβ requires HF-I, the ribosomal protein S1, and elongation factors
EF-Tu and EF-Ts (Blumenthal et al. 1972; Wahba et al. 1974). The requirement for HF-I in
Qβ replication occurs before synthesis (Franze De Fernandez 1972). Qβ replicase interacts
with plus strand RNA at two internal sites forming a looped structure and the interaction
requires HF-I (Barrera et al. 1993). HF-I by itself binds the same internal sites of Qβ RNA
and the 3' end of the plus strand, leading to the hypothesis that HF-I presents the 3' end of
plus strand Qβ RNA to the Qβ replicase. The two internal sites, known as S and M, have
been found to be different in their importance for template activity (Miranda et al. 1997). The
S site is required for loop formation but not template activity, and the M site is required for
template activity but not loop formation, indicating there is no correlation between the two
activities. The HF-I protein probably most importantly presents the 3' end of Qβ RNA to the
replicase, rather than simply maintaining a looped replication secondary structure. HF-I was
found to bind truncated 3' end RNA's which have no template activity regardless of the
sequence of the terminal RNA, further supporting its role as a 3' end presenter.
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The phenotypes of an hfq mutant resemble rpoS mutants including sensitivity to
osmotic upshift, UV light, and response to carbon starvation (Tsui et al. 1994). This led to
two reports detailing the role of HF-I in rpoS translation in E. coli (Muffler et al. 1996b) and
S. typhimurium (Brown and Elliott 1996). The reports found that hfq mutant exhibited low
expression of an RpoS dependent fusion after growth into stationary phase. Both
transcriptional and translational rpoS-lacZ fusions were used to test β-galactosidase levels in
wild-type hfq+ and hfq mutant backgrounds. Expression of the translational fusions were
four to seven fold lower in the hfq mutant, whereas the transcriptional fusion showed little
difference from wild-type. Western blot and pulse-chase/immunoprecipitation experiments
confirmed the reduction in rpoS expression in an hfq mutant.
The mechanism of HF-I action on rpoS translation is unknown. HF-I could stabilize
rpoS mRNA or alleviate a secondary structure predicted to exist in rpoS mRNA (Brown and
Elliott 1997; Lange and Hengge-Aronis 1994). To test for the possibility of HF-I acting as a
secondary structure alleviator, one study used localized mutagenesis to look for suppressor
mutants with increased expression of rpoS in a hfq mutant background (Brown and Elliott
1997). Eleven mutations were isolated and mapped to the rpoS mRNA sequence within
approximately 100 bp upstream of the rpoS AUG codon. A few of the mutants were
practically independent of hfq for expression of rpoS-lacZ, leading to a model in which RNA
secondary structure causes repression of translation of rpoS unless the HF-I protein is present.
Potentially, access to the ribosome binding site of rpoS by ribosomes can be hindered by stable
base pairs in mRNA secondary structure. The suppressor mutations would disrupt this
secondary structure and lose the requirement for HF-I. The central GC base pairs of two
stems of the putative secondary structure were mutated individually (G to C or C to G).
These single mutants displayed mutant phenotypes and were independent of HF-I.
Compensatory double mutants that restored the putative base pair behaved like wild-type
requiring HF-I for rpoS translation. The phenotype confirmed the existence of one of the
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major stems in the proposed secondary structure and led to the hypothesis that HF-I binds at
this site. This is an attractive model of HF-I action although it needs to be directly tested.
The first protein factor identified as a regulator of rpoS expression was H-NS (histonelike nucleoid structuring protein). H-NS is an abundant DNA associated protein thought to
be actively involved in regulating genes important for surviving different environments
(Atlung and Ingmer 1997). H-NS has an affinity for curved DNA and regulates the
transcription of many genes, usually negatively (Atlung and Ingmer 1997; Falconi et al. 1988).
In an hns mutant, the cellular concentration and translational efficiency of rpoS increased 10
to 15 fold respectively compared to wild-type (Yamahshino et al. 1995). Transcriptional lacZ
fusions to rpoS were only slightly induced in an hns mutant compared to wild-type,
demonstrating that the effect was mostly posttranscriptional. Additionally, rpoS mRNA
amounts in wild-type and the hns mutant were similar. The half-life of RpoS protein in an hns
mutant was also 10 times longer than wild-type. Since H-NS is a regulator of transcription of
a vast array of genes, it is most likely that it acts on two different unknown factors affecting
rpoS translation and protein stability separately, rather than acting directly with rpoS mRNA
or protein. The H-NS effect may be particularly important under conditions of high
osmolarity. Some genes are regulated by H-NS independently of RpoS in osmotic upshift,
and some are regulated by both H-NS and RpoS during high osmolarity. Interestingly, hns
mutants fail to induce rpoS during high osmolarity (Barth et al. 1995).
Two small RNA's, DsrA and OxyS, have been implicated in the regulation of rpoS
translation. DsrA is a small (85 nt.) untranslated RNA and is predicted to form a structure
with three stem-loops (Sledjeski and Gottesman 1995). Multi-copy plasmids containing DsrA
sequence were able to alleviate the H-NS mediated silencing of rcsA and two other H-NS
regulated genes. H-NS synthesis is not affected by DsrA, but its ability to silence transcription
is hindered. How DsrA achieves this is unclear.
RpoS was found to be regulated by DsrA in E. coli, especially at low temperatures
(Sledjeski et al. 1996). The chromosomal copy of DsrA was found to indirectly regulate the
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dsrB gene just downstream of DsrA. The expression of dsrB is dependent on RpoS. DsrA
mutants had lower levels of RpoS at both exponential and stationary phase, as compared to
wild-type. This low level of RpoS explains low dsrB expression in DsrA mutants.
Additionally, there is a 100 fold increase in the expression of a rpoS-lacZ translational fusion
during exponential phase at 20º C in E. coli, an effect which is absent in a DsrA mutant. This
increase of RpoS at low temperatures was dependent on DsrA and only partially
dependent on H-NS. At decreasing temperatures, DsrA transcription increases allowing for
18 fold more DsrA RNA due to more initiation and proper termination. The interaction of
DsrA with RpoS was shown to be direct, as demonstrated in a later chapter of this
dissertation.
The regulatory network involving DsrA, H-NS, and RpoS is complicated by the
existence of LeuO, a putative LysR-like regulator of unknown function. A mutation which
increases expression of leuO decreases DsrA expression and thereby influences RpoS
indirectly (Klauck et al. 1997). H-NS represses leuO expression and it is possible that H-NS
is able to alter expression of its own antagonist, DsrA, indirectly by altering leuO expression.
The second RNA found to regulate rpoS is OxyS. OxyS is a small (109 nt)
untranslated RNA that is induced by the OxyR transcription factor (Altuvia et al. 1997).
OxyR is a transcriptional regulator controlling the expression of many oxidative stress genes
during exponential growth (Hidalgo and Demple 1996). During exponential growth,
treatment with H2O2 activates OxyR and induces oxyS (Altuvia et al. 1997). This small RNA
controls the expression of over 40 genes and is an antimutator. RpoS and OxyS regulate
many of the same genes, and it has been proposed that OxyS negatively regulates rpoS to
avoid redundancy in expression of these genes (Altuvia et al. 1997).
Multi-copy plasmids carrying oxyS repressed rpoS-lacZ translational fusions in
stationary phase and during osmotic upshift (Zhang et al. 1998). Interestingly, the OxyS
regulation of rpoS requires HF-I. An adenylate rich sequence in OxyS seems to be crucial for
repression of rpoS. Additionally, it was shown that OxyS RNA and the HF-I protein co-
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immunoprecipitate and interact in vitro, leading to the proposal that OxyS somehow alters
HF-I activity preventing it from acting on rpoS and allowing its efficient translation (Zhang et
al 1998).

Control of σ38 Stability
Another area where RpoS is tightly regulated is the control of its stability. The RpoS
protein is unstable at exponential phase, 1.4 min. half-life in E. coli, but is stabilized upon
entry to stationary phase with a half-life of 10.5 min or longer (Lange and HenggeAronis1994). This stabilization results in as much as a 7 fold increase in RpoS levels during
stationary phase. RpoS is also stabilized during many other inducing conditions including
osmotic upshift (Muffler et al. 1996).
The ClpXP protease degrades RpoS (Schweder et al. 1997). The ClpP subunit is a
serine peptidase that can associate with the ClpX subunit to form an active protease with
specificity (Gottesman et al. 1993; Hwang et al. 1988). The ClpXP protease is ATP
dependent and the ClpX subunit is the ATPase that apparently gives specificity since another
ATP dependent protease, ClpAP, has different targets. Mutants of clpP or clpX result in a 4
fold increase of RpoS in exponential and stationary phase (Schweder et al. 1997). The
amount of the ClpXP protease does not change during the growth cycle so other factors must
be involved to alter ClpXP's action on RpoS (Schweder et al. 1997). One such factor is MviA
in S. typhimurium or RssB/SprE in E. coli (Bearson et al. 1996; Muffler et al. 1996c; Pratt
and Silhavy 1996).
The MviA/RssB/SprE protein was discovered independently by three labs and has a
negative effect on RpoS stability. I will refer to the protein as RssB in this chapter. Mutants
of this protein have stable RpoS. The RssB mediated regulation of RpoS depends on ClpXP,
and RpoS concentrations in clpXP mutants rise regardless of RssB status (Pratt and Silhavy
1996). However in clp mutants, overproduction of RssB can result in reduced activity levels
from rpoS dependent fusions indicating that RssB may also directly downregulate RpoS
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activity perhaps by sequestration. RssB does not affect other ClpXP targets and is specific to
RpoS (Zhou and Gottesman 1998).
The RssB protein is homologous to response regulators (Pratt and Silhavy 1996). The
homology only extends to the N-terminal region as the C-terminal region of RssB is not
significantly homologous to any other known protein. Response regulators respond to
signals, received by their N-terminal regions, transmitted by histidine sensor kinases. The Cterminal domains of response regulators usually bind DNA and act as transcription factors.
This is the first time a putative response regulator has been found to be involved in regulated
proteolysis. The unique C-terminal domain may be the reason RssB doesn't act as a normal
response regulator (Pratt and Silhavy 1996). Response regulators are subject to
phosphorylation, but the sensor kinase involved in this pathway has not been found. One
report has suggested that acetyl phosphate phosphorylates RssB at its predicted
phosphorylation residue, Asp 58 (Bouche et al. 1998). However, since mutants which do not
produce acetyl phosphate can still induce rpoS at stationary phase, additional factors must be
involved to regulate RssB activity. The activity of RssB has also been shown to be affected
by a LysR homologue, LrhA (Gibson and Silhavy 1999). LrhA acts upstream of RssB and
RpoS in the regulatory pathway and causes increased degradation of RpoS. The synthesis of
RssB is reported to be unaffected by LrhA so it probably works by altering RssB activity
(Gibson and Silhavy 1999). LrhA, being a LysR homologue, probably regulates another
factor that alters RssB activity.
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Abstract
The RpoS sigma factor of enteric bacteria is required for the increased expression of a
number of genes that are induced during nutrient limitation and growth into stationary phase,
and in response to high osmolarity. RpoS is also a virulence factor for several pathogenic
species including Salmonella typhimurium. The activity of RpoS is regulated both at the level
of synthesis and protein turnover. Here we investigate the post-transcriptional control of
RpoS synthesis using rpoS-lac protein and operon fusions. Substitution of the native rpoS
promoters by the tac or lac UV5 promoters allowed essentially normal regulation after
growth into stationary phase in rich medium or after osmotic challenge. Regulation of these
fusions required the function of hfq, encoding the RNA-binding protein HF-I. Short deletions
from the 5' end of the rpoS transcript did not affect regulation very much; however, a larger
deletion mutation that still retains 220 bp upstream of the rpoS ATG codon including a
proposed antisense element inhibitory for rpoS translation, was no longer regulated by HF-I.
Several models for regulation of rpoS expression by HF-I are discussed.
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Introduction
In the enteric bacteria, including Escherichia coli and Salmonella typhimurium, the
rpoS gene encodes an accessory sigma (specificity) factor for RNA polymerase (also called σS
or σ38; 36,49). RpoS is required for the transcription of many genes expressed during the
onset of stationary phase. RpoS-dependent adaptations to nutrient limitation and starvation
identified so far in E. coli include not only shifts in metabolic pathways but also resistance
mechanisms protective against life-threatening stresses such as high osmolarity, low pH, heat
shock, elevated H2O2, and UV light (reviewed in 19-21,29). RpoS is also a virulence factor
for S.typhimurium (15) and other enteric bacteria.
RpoS abundance can be increased in exponential phase cells by a variety of inducing
treatments including osmotic challenge (22,27,34, reviewed in ref 18). High levels of RpoS are also
seen in cells grown to stationary phase in rich medium (reviewed in ref 21). It has been demonstrated
that RpoS abundance is increased by provoking an increase in the level of the alarmone ppGpp (18)
and this may explain why so many treatments which induce RpoS also decrease the growth rate at
least transiently. For osmotic challenge and stationary phase, control of RpoS occurs both at the level
of synthesis and by regulated proteolysis. Genetic analysis of RpoS regulation revealed a requirement
for the the energy-dependent ClpXP protease (41) which promotes RpoS turnover with the help of
other factors (4,32,38). Both clpXP mutants and hns mutants lacking the abundant DNA-binding
protein H-NS have an increased level of RpoS during exponential phase (2, 53).
Comparative studies using rpoS-lac protein and operon fusions have shown that control of
RpoS synthesis occurs mainly at a post-transcriptional level (27). Host Factor I (HF-I), is an RNAbinding protein that was discovered through its role in the replication of Qβ, an RNA bacteriophage
that infects E. coli (9,16,17,23,24,42). The function of HF-I in uninfected cells has been unknown,
but hfq mutants are quite pleiotropic (35,51,52). In recent work, it has been shown that S.
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typhimurium and E. coli hfq mutants lacking HF-I have substantially reduced expression of rpoS
(7,33). The defect in rpoS expression is post-transcriptional.
Some additional insight has been gained by analysis of mutations that restore
expression of rpoS in hfq mutants (8, unpublished work cited in ref 33). Most of these
mutations disrupt a predicted secondary structure that would sequester the rpoS ribosome
binding site (8). An attractive model is that control of rpoS synthesis at the translational level
involves regulation of ribosome access by this inhibitory RNA secondary structure. The
RNA-binding protein HF-I may be directly involved in relieving this inhibition, for example, as
an RNA chaperone which promotes equilibration between different RNA secondary
structures. However, other models of HF-I action are possible.
In this work, we tested two simple predictions of the translational control model for rpoS.
Two different promoters were substituted for the native rpoS promoters: translational regulation was
retained in these constructs and was still dependent on HF-I function. However, deletion analysis
showed a requirement for sequences well upstream of the proposed secondary structure, suggesting
that interaction of HF-I with this structure is probably not sufficient for regulation.
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Materials and Methods
Bacterial strains and construction. Strains used in this study are derived from the
wild type S. typhimurium strain LT-2 (originally obtained from J. Roth). S. typhimurium
does not carry the lac operon. The LT-2 derivatives used here carry various lac fusions to the
rpoS gene of E. coli, and the hfq-1::Mud-Cam insertion (7) where indicated, but no other
mutations with respect to the parental LT-2 strain. Note that some strains of LT-2 have been
shown to carry a mutation in rpoS (a change of ATG -> TTG in the rpoS initiation codon, ref
3) as well as a mutation inactivating mviA (the homolog of the E. coli gene rssB or sprE,
which controls turnover of RpoS; 4). The LT-2 strain used here carries a mutation mapping
in the mviA region that stabilizes RpoS (data not shown). The lac fusions used in this study
do not encode the segment of the RpoS protein required for turnover (41) and the hybrid
RpoS-LacZ protein produced is stable during exponential growth in minimal glucose medium
(7).
The high-frequency generalized transducing bacteriophage P22 mutant HT105/1 int-201 (39)
was used for transduction in S. typhimurium by standard methods (12). Fusions of DNA fragments
derived from the E. coli katE and rpoS genes to lac were constructed as described below; these lac
fusions were transferred to the chromosome of an E. coli recD mutant using linear transformation as
described previously (14). Phage P22 transducing lysates were grown in E. coli (13,14) and used to
transduce the fusions into the S. typhimurium chromosome. Each resulting strain carries a lac fusion
in single copy as an insertion of a KanR-promoter-lac fragment in the put operon.
Media and growth conditions. Bacteria were grown at 37°C in LB medium (43), or
in minimal MOPS medium (37) as modified (6) with 0.2% glucose as the carbon and energy
source. For experiments employing continuous growth in high osmolarity medium, a modified
version of the basal medium of ref 25 was used. The modified medium contained 7 g of
nutrient broth and 1 g of yeast extract (Difco) per liter of NCE minimal salts medium (ref. 5,
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without MgSO4). This medium also contained 0.2% glycerol and where indicated, sucrose
was added at 15%. Plates were prepared using nutrient agar (Difco) with 5 g per liter of
NaCl. Antibiotics were added to final concentrations as follows: 100 µg/ml sodium
ampicillin, 20 µg/ml chloramphenicol, 50 µg/ml kanamycin sulfate and 20 µg/ml tetracycline
hydrochloride.
Construction of lac fusions. The system we used has been described (14). Fusions
were made in the pRS plasmid series of Simons et al (44). Full length rpoS-lac fusions have
been described (7). Construct A was constructed by digesting pMMkatF2 (36) with ClaI and
EagI, filling in the ends with the Klenow fragment of DNA polymerase I, and cloning the 1.6
kb fragment into pRS552 that had been digested with EcoRI and Bam HI and filled in. To
make construct B, an rpoS-lac operon fusion, the same 1.6 kb ClaI-EagI fragment of
pMMkatF2 was filled in and inserted into the SmaI site of pRS415. The fragment was
subsequently excised by digestion at the flanking EcoRI and BamHI sites, and inserted into
pTE583 (7). These parental lac protein and operon fusions to rpoS extend from the ClaI site
upstream of nlpD to the EagI site at codon 73 of the rpoS gene. The operon fusion version
includes an RNase III site directly upstream of the lacZ RBS (28).
Construct C was made from construct A by deleting the EcoRI-KpnI fragment
including the promoters serving rpoS; construct D is similar except that it is an operon fusion
and contains extra nucleotides (specifying a SacI site and a KpnI site) at the deletion joint
upstream of the rpoS sequences. Construct E is a fusion to codon 8 of rpoS: GTT CAG
GAT CCG. (Sequences that are not derived from nlpD or rpoS are underlined here and
below). This fusion joint was constructed by PCR.
The tac promoter in construct F was generated by PCR to create the junction:
GAATT CTTGA CAATT AATCA TCGAC TAGTA TAATG TATTT GGGTG AACAG
AGTGC TAACA AAATG TTG. The tac promoter in construct G was derived from pTM30
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(31), yielding the tac promoter and lac operator followed by the junction sequence: AGGAG
TGTGA AATGC TGCAG GATCC GATAT CAAGC TTGGT ACCAA CAGCA AGCAC.
This construct includes an RBS and ATG initiation codon. The Bam HI site in this construct
(bold letters) was filled in with DNA polymerase to produce the frameshifted version,
construct H. The lac UV5 promoter in construct K was derived from pRS476 (44), to create
the junction: AGGAA ACAGG ATCCG ATATC AAGCT TGGTA CCAAC AGCAA
GCAC. This version of the lac UV5 promoter is not equipped with a ribosome binding site.
The deletion derivatives I and L were made from constructs G and K by substitution of a PCR
generated fragment which placed a KpnI site adjacent to bp 1 of the rpoS sequence numbered
according to ref. 8 and below (the deletion joint lies 221 bp upstream of the rpoS ATG
codon). Constructs J and M are similar but the deletion joint is 114 bp upstream of the rpoS
ATG codon. This deletion removes material up to the boundary of the inhibitory secondary
structure referred to above and described in detail previously (8). For deletions I and J the
correct reading frame was retained, so that ribosomes which initiate translation at the RBS
just downstream of Ptac will terminate at the native nlpD stop codon.
Construct N was made by substituting an XhoI-EagI fragment from construct K,
containing the lac UV5 promoter and rpoS sequences, into the operon fusion vector pTE583.
Construct O was made from a plasmid that is identical to pRS475 (44) except that it contains
a KanR marker from pUC4K upstream of the lac UV5 promoter. Construct P was made by
substituting an XhoI-BamHI fragment from construct G, containing the Ptac promoter, into
the operon fusion vector pTE583. All PCR-derived fragments were sequenced completely;
all constructs were sequenced to verify predicted junctions.
β -galactosidase assays. Cells were centrifuged and resuspended in Z-buffer (100 mM

NaPO4, pH 7.0, 10 mM KCl, 1 mM MgSO4), then permeabilized by treatment with SDS and
chloroform (7). Assays were performed in Z-buffer containing 50 mM β-mercaptoethanol by
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a kinetic method using a plate reader (Molecular Dynamics). Activities (∆OD420 per min) are
normalized to actual cell density (OD650) and were always compared to appropriate controls
assayed at the same time. The results shown are from a single experiment, each experiment
was repeated several times with similar results.
Results
Deletion analysis of sequences required for translational control of RpoS. If HF-I
or stimuli such as osmotic challenge regulate RpoS synthesis at the translational level, then we
expect that the native rpoS promoters can be replaced by another promoter without loss of
regulation. A more restrictive translational control model (discussed above) predicts that HFI interacts only with the segment of mRNA containing a putative secondary structure that
inhibits translation. The ultimate result of this interaction is increased availability of the rpoS
RBS for binding to ribosomes. According to this model, transcript sequences upstream of the
secondary structure should not be required for HF-I regulation of RpoS.
We constructed rpoS-lac fusions containing deletions of the native promoters and
substituted new promoters to test these ideas. In the first set of experiments expression of βgalactosidase was measured in cultures grown overnight to saturation in LB medium. The
rpoS gene is highly expressed under these conditions. Construct A (shown in Figure 1) is the
parental lac fusion; it includes both of the identified promoters that are used to initiate
transcripts of rpoS. One of the native promoters serves both the upstream nlpD gene and
rpoS and is referred to here as PnlpD; the second promoter lies within the nlpD gene and is
referred to as PrpoS (26,48). The lac fusion in construct A is a protein or translational fusion
and it is identical to the fusion used in our previous studies (7,8). Construct B is the same
except that it is an operon or transcriptional fusion. As shown previously, expression of the
rpoS-lac [pr] construct A was stimulated in wild type cells (containing a functional hfq gene)
compared to an otherwise isogenic strain that carries a Mud-Cam insertion mutation at codon
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68 of hfq (7). In contrast, the rpoS-lac operon fusion (construct B) containing the same
sequences was expressed at a similar level in the presence or absence of HF-I. A KpnI site 73
bp downstream of the PrpoS transcription initiation site (Fig 1) was used to delete the native
PnlpD and PrpoS promoters. Loss of DNA upstream of this site in constructs C and D
eliminated most lac expression, confirming previous work by other groups showing that most
transcription of rpoS initiates upstream of this point. Two different promoters were
substituted. The promoters used were the tac and lac UV5 promoters; the sequences used are
detailed in Methods. Construct F contains the tac promoter; this version of the tac promoter
does not include the lac operator. The promoter is placed so that the resulting transcript
should be identical to the transcript intiated from the PrpoS promoter that normally serves
rpoS. HF-I regulation of rpoS expression from this transcript was the same as for native rpoS.
Although the absolute levels of expression were elevated in both wild type and hfq mutant
hosts, the stimulation ratio by HF-I was similar to that seen for construct A. Thus, as
predicted by all translational models, the native rpoS promoters are not required for regulation
by HF-I. Control experiments with operon fusions to both the Ptac and Plac UV5 promoters
(constructs N, O and P) showed no HF-I regulation.
The transcript produced from construct F does not contain an identified ribosome
binding site to allow translation of the nlpD gene fragment upstream of rpoS. Constructs G
and H differ from F in two respects: there is a further deletion of 73 bp extending to the KpnI
site, and an added 5' leader sequence which includes a strong ribosome binding site. In G,
translation initiated at the upstream RBS will terminate at the natural nlpD stop codon,
whereas H contains a frameshift in the leader sequence leading to termination of translation
346 nt upstream of the natural stop (83 nt downstream of the KpnI site). Sites of translation
initiation and termination are indicated in the figure by filled squares and arrowheads,
respectively. Both constructs G and H show substantial HF-I stimulation suggesting that the
small 73 bp deletion does not remove important sequences and also that translation to the
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nlpD stop codon does not affect regulation significantly. This result is surprising given that
the nlpD stop codon lies between the two stems of the proposed regulatory secondary
structure, and ribosomes translating nlpD would be expected to disrupt the structure at least
transiently. A similar construct (K) with the lac UV5 promoter placed at the KpnI site also
shows normal regulation by HF-I.
The effect of deleting additional DNA from the region upstream of rpoS was also
investigated. Constructs I and L delete DNA extending to a position 271 bp downstream of
the KpnI site and 221 bp upstream of the rpoS ATG codon. Part of the sequence of the rpoS
region which is retained in these deletions is shown in Fig. 2, including the postulated
secondary structure. The boundary of the deletion in constructs I and L lies about 115 bp
upstream of the postulated secondary structure (Fig 2). Therefore, if HF-I interaction with
the structure is all that is needed, we would predict that this deletion should be regulated
normally. Instead, the fusion containing the tac promoter (construct I) is partially defective in
the HF-I response (Fig 1), and the fusion to the lac UV5 promoter (construct L) has nearly
identical expression in the presence and absence of HF-I. Further deletions (to bp 111 in Fig
2; constructs J and M in Fig 1) extending to a point immediately upstream of the secondary
structure element, do not change this result. Finally, the requirement for sequences
downstream of the rpoS ATG codon was also tested. Much of the HF-I control was retained
by a lac fusion to codon 8 of rpoS (construct E), suggesting that the relevant target for
regulation lies upstream of codon 8.
Secondary structure in rpoS transcripts from deletion constructs. The lack of
response to HF-I by the deletion constructs, as described above, could have a simple
explanation by analogy to the behavior of RNA II, the primer for ColE1 plasmid replication.
RNA II folds into substantially different structures in its downstream half, depending either on
the presence of upstream sequences, or their sequestration in a complex with the antisense

36

Fig 1. rpoS-lac fusions. The top line shows a restriction map of the nlpD and rpoS genes of
E. coli, including the restriction sites used to make lac fusions in this study. The positions of
two promoters that serve rpoS are also shown by bent arrows. Each line below the top one
represents a different fusion; these are referred to in the text as rpoS-lac fusions and are
labeled (A to P). The extent of the nlpD-rpoS sequence present in each fusion is shown,
together with the idenity of the promoter substitution where appropriate: Ptac or PlacUV5. The
nature of the lac fusion (protein [pr] or operon [op]) is also indicated. ATG start codons
(solid squares) and their cognate stop codons (arrowheads) are shown. One-letter
abbreviations are used for restriction sites (the full name of each site is on the top line).
Additional sequence and construction details are given in Materials and Methods. The lac
region is not drawn to scale. Expression of B-galactosidase was measured in overnight LB
cultures of S. typhimurium strains bearing each fusion in single copy in the bacterial
chromosome and was compared to the activity seen in an otherwise isogenic hfq mutant.
Values are in arbitrary units, normalized to that of construct A in a wild-type background (set
as 100). The ratio of the enzyme activity in the wild type divided by that in the hfq mutant is
also given. ND. Not determined.
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Fig 2. Model of the antisense-RBS structure near the rpoS start codon. The
structure presented here is that suggested on the basis of genetic analysis (8) and the
previous numbering scheme is retained in this figure. Arrows point to the nucleotides
altered in the compensatory mutations which support the structure (C126G and
G206C, as well as a second pair not shown). The U at nt 111 (also marked with an
arrow and denoted Γ2) corresponds to the first rpoS-specific nucleotide in constructs
J and M; material upstream of this point is deleted in these fusions. Not shown are
the additional 111 nt retained by Γ1 (constructs I and L of Fig. 1) or the additional ~
400 nt extending to the 5’ end of the PrpoS transcript. Two stems which pair the
nucleotides connecting the antisense and RBS elements have also been added to this
model. S.D., Shine dalgarno sequence.
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RNA, RNA I (29a). Thus, if the inhibitory structure did not form in an rpoS transcript which
lacks important upstream sequences, then a failure to respond to HF-I would be
understandable but not enlightening. As a test of this possibility, we prepared a set of rpoSlac fusions from construct L to use the method of compensatory mutations as previously
described (8). These fusions carry either of two mutations, C126G (SD2) and G206C (SD3)
as well as the double mutant together with a wild type control. Expression of rpoS-lac in wild
type and hfq mutant derivatives of these fusion strains is reported in Table 1. Since the
elevated β-galactosidase activity seen in the single mutants is restored nearly to wild type in
the double mutant (measured in an hfq mutant background), we conclude that at least the
identified RNA secondary structure forms in transcripts from this construct. None of the
constructs is significantly stimulated by the presence of HF-I, and the lack of response to HF-I
can not be ascribed to loss of this structural element.
Osmotic challenge. We extended the analysis to include osmotic challenge because it
has been demonstrated that HF-I is required for osmotic control of rpoS translation in E. coli
(33). Several deletion constructs were tested for their response to challenge with high salt.
The first experiment employed an osmotic challenge in which cultures growing in minimal
MOPS glucose medium were treated with 0.3 M NaCl. The wild type rpoS-lac protein fusion
(construct A) showed a 3.5- to 4-fold increase in lac expression over 40 min and then reached
a plateau by 60 min (Fig 3A). The operon fusion (construct B) was not induced by this
treatment (Fig 3F). When an hfq mutation was present, the response of construct A to the
osmotic challenge was partially defective (Fig 3D). The kinetics of the response were
changed, with ~ 2-fold increase at 40 min, but lac expression continued to increase up to at
least 90 min.
Construct F, in which the tac promoter expresses the normal PrpoS transcript, showed
similar regulation to wild type rpoS-lac (Fig 3B), expression peaked at a level about 3-fold
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Table 1. Expression of rpoS-lac in derivatives of fusion construct L that carry
compensatory mutations in the rpoS antisense/RBS region.

Activity of β-galactosidase a
__________________________
strain

wild type

Plac UV5-rpoS-lac [pr] (∆1)

hfq mutant

46

45

Plac UV5-rpoS-lac [pr] (∆1, C126G)

204

261

Plac UV5-rpoS-lac [pr] (∆1, G206C)

184

244

93

70

Plac UV5-rpoS-lac [pr] (∆1, C126G/G206C)

a. Determined as described in Methods. Activities are normalized as described in the legend to
Figure 1.
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Fig 3. Induction of rpoS-lac after osmotic challenge. Cultures of S.
typhimurium strains carrying a lac fusion (as identified in Fig 1 and the text)
and an hfq mutation where indicated were grown in minimal MOPS glucose
medium to an OD600 of 0.4 and then challenged with 0.3 M NaCl. The
activity of β- galactosidase was determined at 20, 40, 60, and 90 min after
challenge. Solid squares, cultures receiving NaCl; open squares, control
cultures. Data are reported as a percentage of the initial value for each
fusion. [pr], lac protein fusion; [op], operon fusion.
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higher than the untreated control. The hfq mutant derivative of this fusion was also defective.
Similar to the result for native rpoS-lac very little increase in β-galactosidase was seen after 20
min following the addition of 0.3 M NaCl. Construct I deletes 343 nt of the PrpoS transcript
leader, but retains 115 nt upstream of the proposed secondary structure. This fusion was
defective in osmotic stimulation of lac expression (Fig 3C). The results are similar to the
those with overnight growth in LB medium. The tac promoter gives normal regulation of
rpoS-lac [pr], but this requires sequences well upstream of the proposed secondary structure.
A larger set of constructs was also examined in a fixed time assay (data not shown). The
results confirm the picture from the kinetic assays. In particular, since several constructs with
different upstream sequences but retaining the secondary structure are all defective for
response to osmotic challenge, this property of the response (as illustrated in Fig 3C) is not
due to inhibition by one particular leader sequence.
Continuous growth at high osmolarity. In addition to changing the osmotic
strength of the medium, the osmotic challenge method also changes the bacterial growth rate
(at least transiently). Therefore, we tested the effect of continuous growth in high osmolarity
medium. These experiments (modeled on ref 38) were carried out in a phosphate buffered
rich medium including glycerol; sucrose was the solute used to vary the osmolarity. Assays
for β-galactosidase were performed on cells sampled at three densities: OD600 = 0.15, OD600
= 0.6, and after growth overnight to stationary phase. Similar to the observations on E. coli
(38), cells grown at high osmolarity showed an increase in rpoS-lac expression in exponential
phase (OD600 = 0.15 or 0.6), but not in stationary phase (data for OD600 = 0.6 are shown in
Table 2).
Expression from construct A (native rpoS-lac) was increased ~ 3-fold in high
osmolarity medium during exponential phase. Most tac or lac UV5 promoter constructs with
rpoS-lac protein fusions (E,F,G,K and L in Figure 1) showed an induction ratio of 2 to 2.5-
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fold. The exception was construct J, deleted to just upstream of the proposed secondary
structure, with an induction ratio of only about 1.5-fold. In contrast to the protein fusions,
operon fusions (B, N, O, P) were not detectably induced by high osmolarity (induction ratios
of 0.9-1.1). Surprisingly, the hfq mutant derivatives of the wild type fusion (construct A) and
tac promoter construct (F) did not show a significant defect in the response to high osmolarity
when tested by this method. These results suggest that continuous growth in high osmolarity
medium increases rpoS expression at a post-transcriptional level, but the mechanism is
independent of HF-I. This contrasts with the result in osmotic challenge experiments, where
the hfq mutant was partially defective, most severely in the case where the native rpoS
promoters were substituted with the tac promoter
Discussion. Previous work in S. typhimurium and E. coli has shown that the rate of
synthesis of RpoS protein is reduced 4- to 6-fold in hfq mutants which lack HF-I (7,33).
Comparison of rpoS-lac protein and operon fusions suggests that the defect in hfq mutants
lies at a post-transcriptional step, but it is not established whether HF-I specifically increases
the rate of translation initiation or affects mRNA stability instead. The lack of an HF-I
requirement for expression of rpoS-lac operon fusions is not incompatible with a role in
mRNA stabilization, since the lacZ RBS of operon fusions could be insulated from such
effects (28). There is as yet no in vitro system showing HF-I dependence of RpoS expression,
so it is not certain that HF-I acts directly.
Suppressor mutations that decrease the in vivo dependence of rpoS-lac expression on
HF-I function were found to map to a region encompassing ~ 100 bp near the rpoS ATG
codon, and genetic analysis of compensatory mutations suggests that an RNA secondary
structure formed in this region limits rpoS expression (i.e. sequestration of the rpoS RBS by
an intramolecular antisense RNA; 8). Perhaps the simplest model would be that HF-I binds
to a site(s) in or near this region, and disrupts the antisense pairing to allow ribosomes access
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to the rpoS mRNA. But although suppressor mutations may be suggestive of a potential
mechanism, they do not necessarily recapitulate the role of HF-I for wild type rpoS.
In this work, we tested whether such potential interactions of HF-I and the rpoS RBS
region are sufficient for HF-I function by making promoter substitutions and by deletion of
upstream segments from rpoS-lac transcripts expressed from the Ptac and Plac UV5 promoters.
The results indicate that non-native promoters still allow correct regulation by HF-I during
growth into stationary phase and after osmotic challenge. However, in contrast to the
prediction of the simple model, some sequences required for HF-I regulation of rpoS lie >100
nt upstream of the rpoS transcript antisense element. Re-application of the method of
compensatory mutations indicates that correct folding of the antisense/RBS structure is likely
to be preserved in these deletion variants. Thus, HF-I must do more than simply melt this
duplex.
We favor the idea that HF-I acts very similarly in the rpoS system compared to its
function in the replication of E. coli RNA phage Qβ. There, HF-I is specifically required for
copying of Qβ plus strands (1,17,47). Electron microscopy of HF-I protein bound to Qβ
RNA reveals doubly looped structures that indicate specific and simultaneous interaction with
two widely separated internal sites (independently bound by the replicase) which are then
brought together with the RNA 3' end (30). Such interactions are consistent with the
multimeric nature of HF-I protein (17,24), and build on Senear and Steitz's demonstration of
site-specific RNA binding activity by HF-I directed at RNA targets from phages R17 and Qβ
(42). Mutations that disrupt the terminal RNA duplex of phage Qβ overcome the requirement
for HF-I protein in phage replication (40), which suggests that HF-I might facilitate melting of
the phage RNA 3' end to allow initiation of replication. This terminal stem of 5 bp is not by
any means the most stable element in the highly structured phage RNA, which suggests a
specific role for HF-I in replication initiation.
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Thus, we could imagine that HF-I binds to a specific upstream site in the rpoS mRNA
and from that position, interacts with downstream elements to melt the antisense/RBS duplex.
This type of model could also accomodate recent genetic studies showing that the DsrA RNA,
a small untranslated RNA of E. coli (45) acts directly to increase rpoS expression by pairing
with and sequestering the upstream rpoS antisense element (46; S. Gottesman, personal
communication). DsrA/rpoS antisense RNA pairing requires HF-I and this suggests that HF-I
might act like the Rop (Rom) protein, a facilitator of the RNA/antisense RNA pairing that
controls ColE1 plasmid copy number (50). Or perhaps, as suggested previously, HF-I is
actually a chaperone for RNA and promotes structural rearrangements (35).
It seems less likely but still possible that HF-I has its primary effect on rpoS mRNA
stability. RNase E cleavage sites are rich in A and U residues (reviewed in ref. 10); these are
also favored by HF-I. Another possibility is that bound HF-I might direct rpoS mRNA down
an alternative folding pathway by preventing the formation of particular duplexes which are
unstable. Effects on mRNA turnover have been suggested to explain the autoregulation of
hfq gene expression in E. coli (52). Consistent with this, we have found that HF-I is much
more promiscuous in its RNA binding activity than predicted from earlier studies (unpublished
data). However, changes in mRNA turnover may also be a secondary consequence of
changes in the rate of initiation of translation (11); so only a demonstration that rpoS mRNA
turnover is not affected by HF-I would be definitive. Finally, any model must explain why the
benefits of the postulated mRNA stabilization are not evident for an mRNA having an
unfettered, strong RBS, or for a variety of other rpoS single mutants that alter the antisense
RNA element and thereby have become completely independent of HF-I (unpublished data).
In summary, current evidence in this system still allows a number of possible models
including: (i) a looping interaction between HF-I complexed to rpoS mRNA at far upstream
sites and at sites closer to the AUG codon; (ii) the existence of additional proteins acting
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together with HF-I or indirectly under its control, which might bind to upstream sequences;
(iii) a subtle influence of upstream sequences on the ultimate folding pattern of rpoS mRNA in
the region near the AUG initiation codon; and (iv) a requirement for other components, such
as small regulatory RNAs including DsrA RNA, to observe tight complex formation between
HF-I and the rpoS mRNA.
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ABSTRACT
DsrA RNA regulates both transcription, by overcoming transcriptional silencing by the
nucleoid-associated H-NS protein, and translation, by promoting efficient translation of the
stress σ factor, RpoS. These two activities of DsrA can be separated by mutation: the first of
three stem-loops of the 85 nucleotide RNA is necessary for RpoS translation but not for antiH-NS action, while the second stem-loop is essential for antisilencing and less critical for
RpoS translation. The third stem-loop, which behaves as a transcription terminator, can be
substituted by the trp transcription terminator without loss of either DsrA function. The
sequence of the first stem-loop of DsrA is complementary with the upstream leader portion of
rpoS messenger RNA, suggesting that pairing of DsrA with the rpoS message might be
important for translational regulation. Mutations in the RpoS leader and compensating
mutations in DsrA confirm that this predicted pairing is necessary for DsrA stimulation of
RpoS translation. We propose that DsrA pairing stimulates RpoS translation by acting as an
anti-antisense RNA, freeing the translation initiation region from the cis-acting antisense RNA
and allowing increased translation.

INTRODUCTION

The small regulatory RNA, DsrA, has two rather different activities in Escherichia
coli, one affecting transcription and the other affecting translation. The transcription activity,
antisilencing, is seen when DsrA is overproduced; DsrA overcomes H-NS-mediated
transcriptional silencing of genes, including rcsA, a positive regulator of capsule synthesis (1).
In addition, DsrA stimulates the translation of the stationary phase σ factor, RpoS (2).
Although both pathways of DsrA action are dependent on Hfq (also called HF-I), an RNAbinding protein originally identified as necessary for the replication of phage Qβ (D. Sledjeski,
manuscript in preparation), the activities otherwise appear to be independent. The effect of
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DsrA on antisilencing does not require RpoS (unpublished observations) and the translational
stimulation of RpoS occurs in the absence of H-NS (2). We have investigated the basis for
these two activities of DsrA by mutational dissection of dsrA.
The dsrA gene product is an 85-nt RNA that is predicted to form a structure with
three stem-loops (S-Ls;Fig. 1) (1). In this work, we show that DsrA regulation of
transcription and translation require different regions in this small molecule. Transcriptional
regulation or anti-H-NS activity is independent of the first S-L (S-L1), while translational
regulation is absolutely dependent on S-L1. Localization of translational regulation within SL1 led to an anti-antisense model for translational regulation, which is supported by the
behavior of compensatory mutations within the RpoS leader and DsrA.

MATERIALS AND METHODS

Bacterial Strains. Unless otherwise noted, strains were derivatives of either NM22180
(dsrA+) or NM22181 (∆dsrA). These isogenic strains, derived by P1 transduction from
SG20250 (3), carry deletions of the lac operon and of the ara region, introduced from
LMG194 (4). The dsrA deletion was introduced by P1 transduction from strain DDS719,
selecting for the linked TetR marker and screened by PCR as described previously (2). The
various rpoS-lac fusions were constructed as described elsewhere and were transduced into
the NM22180 and NM22181 E. coli hosts in the trp operon, selecting for the kanamycin
resistance marker upstream from the fusion (5,6).
Mutagenesis of the rpoS-lac fusions was done as described in refs. 5 and 6, starting
with plasmid pTE591. The wild-type rpoS sequence between nucleotides 195 and 218 is
CAAGGGATCACGGGTAGGAGCCAC. The mutagenic primers used for constructing
G208C and G208U are CAAGGGATCACGGCTAGGAGCCAC and
CAAGGGATCACGGTTAGGAGCCAC, respectively. In the region of 108-133 of the rpoS
gene, the sequence is TCGTTACAAGGGGAAATCCGTAAACC. The mutagenic primers
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used to construct U124G and U124C are TCGTTACAAGGGGAAAGCCGTAAACC and
TCGTTACAAGGGGAAACCCGTAAACC, respectively.
The NcoI' substitution was made using a PCR product (Stratagene Pfu pol) of the
ribosome-binding site region from pTE591, and cutting the product with EagI. This fragment
was cloned into pTE591, first cut with NcoI and filled in, and then cut with EagI.

Plasmid Constructions and DNA Manipulations. For the expression of dsrA and its mutant
derivatives, the base plasmid used was pNM12. This plasmid is a derivative of pBAD24 (4)
that was mutagenized by the Kunkel method (7,8) to introduce an MscI site at the -7 to -2
region upstream of the +1 transcription start site. The PCR was used to generate a promoterless dsrA DNA fragment with an MscI site upstream and an EcoRI site downstream. This
PCR product was then cloned into the same sites on pNM12, thus placing dsrA under the
control of the arabinose promoter (Para), to create plasmid pNM13. pNM14 and pNM15
were also created by the Kunkel method in another vector and moved by PCR as for pNM13.
Other mutant derivatives of dsrA were cloned in a similar fashion. Plasmids pNM22, 29, and
30 were constructed by introducing the mutagenic sequence into the forward primer for PCR;
plasmid pNM32 had the mutagenic sequence included in the reverse primer. Introducing the
XhoI site between stems 2 and 3 was also done by PCR but using pNM13 (wild-type dsrA)
and pNM33 (NcoI) to generate pNM35 (XhoI) and pNM39 (NcoI-XhoI), respectively.
Plasmid pNM40 (NcoI*) was derived from pNM33 by cutting with NcoI, end filling, and
religating the blunt ends. pNM42 (del. NcoI-XhoI) was derived from pNM39 by cutting with
both NcoI and XhoI, end filling and religating. The QuickChange (Stratagene) mutagenesis
kit was used to generate pNM33 according to the manufacturer's specifications. The structure
of dsrA was confirmed by sequencing for all plasmids.
Other methods for DNA manipulations used were as described in Maniatas et al. (9)
and Ausubel et al. (10). Sequencing was done on an Applied Biosystems 310 Genetic
Analyzer (PE/Applied Biosytems) according to the manufacturer's specifications.
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The Salmonella dsrA region was sequenced from a plasmid provided by R. MacNab
(Yale, New Haven, CT); the accession number for this sequence is AF090431.

β -Galactosidase Assays. Assays were performed as described elsewhere (11). Briefly,
overnight cultures grown in LB with ampicillin (100 µg/ml) were diluted 100-fold and grown
at 32ºC with or without arabinose. Aliquots were taken at regular time intervals; assays were
kinetic measurements using a SpectraMax250 microliter plate reader. Units represent specific
activities obtained by dividing Vmax slopes by OD600. The specific activities obtained have
empirically been determined to be about 25 times lower than standard Miller units.

Northern Blot Analysis. Purification of RNA was performed using a Qiagen DNA/RNA kit
tip-20 used as described by the manufacturer for the isolation of total bacterial RNA. The
RNA was separated on 6% urea/acrylamide sequencing gels. Total RNA corresponding to
0.3 µg was loaded in each lane in a formamide:50 mMEDTA (5:1) sample buffer to a final
volume of 20 µl. Gels were electrophoresed in 1x TBE buffer for 75-80 min at 100V and
stained in 1 µg/ml ethidium bromide. The gels were then soaked in 0.5xTBE for 5 min before
being assembled in a Bio-Rad electro-transfer unit according to the manufacturer's
specifications. The RNA was transferred to a Nytran+ positively charged membrane
(Schleicher & Schuell) with a pore size of 0.2 µm. Transfer was carried out overnight at 4ºC
and 250 mA or 16V. The RNA was cross-linked with a UV cross-linker (Stratagene)
according to the manufacturer's specifications. The resulting blot was washed for 2-3 min in
2x SSC buffer (GIBCO/BRL) and prehybridized in Hybrisol I (Oncor) for 3-4 h at 42ºC in a
hybridization chamber (Techne, Cambridge, UK). A nonisotopic probe (100 ng/ml)
biotinylated at the 5' end (Bioserve Biotechnologies, Laurel, MD) was dissolved in 10 ml
Hybrisol/ 100 cm2 of membrane. The mix was boiled for 10 min, allowed to cool to 42ºC,
and used to replace the prehybridization solution. Hybridization was carried out overnight at
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42ºC. The blots were then washed and developed using Ambion's BrightStar Biodetect
nonisotopic kit (Ambion, Austin, TX) according to the manufacturer's specifications. The
blots were exposed either on Kodak X-Omat or BioMax MR film. In vitro transcription in a
T7 MaxiScript kit (Ambion) of a PCR product containing dsrA was used to generate a DsrAsized marker for the gels.

RNA Half-Life Determination. To determine the half-life of dsrA and dsrB message, DDS
92 cells were grown at 32ºC to mid-log phase in LB medium, and rifampicin (50 µg/ml final)
was added to stop transcription. Samples were taken at appropriate intervals, and RNA was
isolated and detected as described previously (1). Five micrograms of RNA was loaded per
lane.

RESULTS

Regulated Expression of dsrA. To allow regulated expression of DsrA RNA, we constructed
pNM13, a plasmid expressing DsrA under the control of the pBAD promoter. DsrA function
was assayed in strains carrying either of two reporter fusions. RpoS translation was measured
using a rpoS-lacZ translational fusion; anti-H-NS silencing was measured using a cps-lacZ
transcriptional fusion. Expression of the cps-lacZ is dependent on RcsA; transcription of
rcsA is in turn negatively regulated by H-NS (1). We previously observed that the rpoS-lacZ
fusion responded to single-copy levels of DsrA, while the cps-lacZ fusion required higher
levels to be significantly stimulated.
In a dsrA- host carrying a rpoS-lacZ fusion, no activity is seen from pBAD-dsrA+
unless dsrA is induced with arabinose (Fig. 2A). Arabinose (0.0007 to 0.001%) gives activity
comparable to that seen from the single-copy chromosomal gene; activity increases with
increasing arabinose and saturates at an arabinose concentration of 0.02%.
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Fig 1. Predicted structure of DsrA RNA. Mutations used in this work are
indicated. The Γ1 mutation deletes the S-L above the line and similarly for the
Γ2 mutation. The NcoI mutant substitutes the underlined sequence for the
bracketed sequence with DsrA and similarly for the XhoI mutant. The NcoI*
mutant (made by cutting, end filling, and religating the NcoI mutant DNA) had a
sequence at the novel joint with a partial duplication of the site:
UGUCCAUGCAUGGAA. The Γ NcoI-XhoI deletion derivative has the
sequence UGGUGUCCAUGUCGAGUCC at the novel joint (underlined
sequence from NcoI site, bold from XhoI site).
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Fig 2. (A) Expression of DsrA in response to arabinose. dsrA- cells carrying a
rpoS-lacZ fusion in single copy on a λ lysogen (NM22508) were transformed with
pNM13 (pBAD-dsrA+) or a vector (pNM12) control grown in LB with ampicillin
broth in the presence of the indicated final percentage of arabinose at 32º C.
Samples were removed at an OD600~1 and assayed for expression of
β−galactosidase from the fusion. An isogenic dsrA+ strain (strain NM22507)
transformed with the vector (pNM12) was grown without arabinose and assayed
under similar conditions (black bar). (B) Stability of DsrA. DsrA and DsrB
messages were detectd by primer extension and quantitated with a PhosphoImager.
Multi-copy DsrA was isolated from cells carrying pDS164.
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The stability of DsrA was estimated by growing cells at 32ºC, treating the cells with
rifampicin to stop additional transcription, and extracting RNA at various times after the
rifampicin treatment. Both DsrA and the downstream, separately transcribed DsrB messenger
RNA (1), were quantitated in a ribonuclease protection assay (Fig. 2B). Although dsrB RNA
had a half-life of about 2.5 min in these experiments, DsrA showed no decay during the course
of the experiment.

Mapping the Active Domains within DsrA. To identify sequences of DsrA that are required
for its antisilencing or rpoS translational effects, we generated mutations in DsrA in the pBAD
plasmids (Fig. 1). The function of the mutant plasmids was evaluated in hosts carrying either
the rpoS-lacZ or cps-lacZ fusions (Fig. 3A). The amount of RNA from each of the mutants
was determined by Northern blot (Fig. 3B). The results are summarized in Fig. 3A. In all
cases, accumulation of the RNA was shown to be dependent upon addition of arabinose.
A deletion of the sequence that corresponds to the predicted first S-L (∆1, Fig. 1)
resulted in loss of the ability to induce rpoS-lacZ translation but retention of weak but
detectable anti-H-NS activity; RNA amounts were close to wild-type levels (Fig. 3B, lane 3).
Therefore, even though the cps-lacZ fusion requires high levels of DsrA to show stimulation,
deletion of the full first stem and loop retained at least some anti-H-NS activity. Deletion of
the sequences corresponding to the second predicted S-L (∆2, Fig. 1) remained partially
active for rpoS-lacZ activation but lost anti-H-NS activity. RNA amounts were also
significantly decreased for this mutant; we could only detect the RNA when 10-fold more was
loaded onto the gels (Fig. 3B, lane 5). Therefore, the partial activity for rpoS-lacZ may be
entirely due to decreased amounts of the RNA rather than any requirement for the deleted
sequences for rpoS translation activity. Because of the lower sensitivity of the cps-lacZ
fusion, it is not possible to accurately measure anti-H-NS activity from the low levels of RNA
accumulating in this mutant.
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Fig 3. Mutational analysis of DsrA. (A) Summary of effects of DsrA
mutants on rpoS-lac fusions and cps-lac fusions. (B) Accumulation of DsrA
RNA. Lane 1 wt DsrA; lane 2 wt DsrA induced with arabinose; lane 3 (Γ1);
lanes 4 and 5 (Γ2) lane 4 1X and lane 5 10X RNA; lane 6 trpA terminator
substitution; lane 7 NcoI; lane 8 XhoI; lane 9 ΓNcoI-XhoI; lane 10 5 ng in vitro
made DsrA product (upper panel only). Upper panel probed with S-L1 probe
and lower panel probed with S-L3 probe.
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The third S-L of DsrA appears to encode a factor-independent transcription
terminator, followed by the characteristic run of U nucleotides (Fig. 1). A point mutation in
the predicted S-L3 does block termination, resulting in accumulation of unusually long RNA
that has decreased function (1). In plasmid pNM32, the terminator S-L of dsrA was replaced
with that of the trpA terminator (12,13). The S-L3 replacement retains both wild-type
activities (Fig. 3A) and wild-type RNA amounts, suggesting that sequences within S-L3 are
not necessary for DsrA activity beyond their role in transcription termination.
Two restriction sites were introduced into the dsrA gene. An NcoI site inserted
between S-L1 and 2 (NcoI, Figs. 1 and 3) yields DsrA with a phenotype similar to ∆1. The
mutant plasmid (pNM33) had lost the ability to induce rpoS-lacZ expression but retained antiH-NS activity. A derivative of this, pNM40 (NcoI*), has four additional base pairs, but a
similar activity (data not shown). Even though shorter RNA products were not seen as with
other derivatives, wild-type levels of full length RNA accumulated for both the NcoI (Fig. 3B,
lane 7) and the NcoI* mutant (data not shown). Insertion of an XhoI site between S-L2 and 3
(XhoI, Fig. 1) was phenotypically similar to ∆2, with partial activity for rpoS-lacZ translation
but no anti-H-NS activity. However, more RNA accumulated for this mutant than for the ∆2
mutant (Fig. 3B, lane 8). A plasmid deleted for the region between the two sites lost both
activities but again had RNA amounts less than the wildtype, but significantly more than the
∆2 mutant (Fig. 3B, lane 9). Therefore, the first S-L and the region changed by the insertion
of an NcoI site are necessary for translational regulation of RpoS but are not essential for antiH-NS activity. Both activities are independent of S-L3. If S-L1 and S-L3 are both
unnecessary for anti-H-NS activity, it seems highly likely that the remaining parts of the
molecule are needed for antisilencing activity. Mutations tested thus far in these regions (∆2,
XhoI, and ∆NcoI-XhoI) are consistent with this, retaining some rpoS stimulation but
abolishing antisilencing; these mutations also impair stability of the RNA to varying degrees.
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A Model for Translational Regulation of rpoS by Sequences in S-L1 of dsrA. The
translation of RpoS has been shown to be regulated, increasing under a variety of stress
conditions and, we had previously shown, increasing at low temperatures in a DsrA-dependent
fashion (2, 14). RpoS translation was also found to be dependent on the Hfq host factor (15,
16). The requirement for Hfq can be bypassed by mutations which disrupt structures within
the long upstream leader of rpoS (6) (Fig. 4B). The first S-L of DsrA and regions nearby are
necessary and sufficient for DsrA to stimulate RpoS translation; this region also is
complementary to the RpoS leader region implicated in translational regulation (Fig. 4). Since
weakening the hairpin structure of the RpoS leader by mutation allows high-level expression
of RpoS, we predicted that DsrA pairing with this upstream region of the RpoS leader would
also eliminate pairing of the two regions of RpoS message, freeing the Shine-Dalgarno region
for efficient translation (Fig. 4C). Because DsrA and the RpoS leader need to pair, the model
predicts that sequences and not simply structure within the first S-L of DsrA will be
important, and that sequence changes should be tolerated if changes in the target also occur so
that pairing between DsrA and the RpoS leader is maintained.
We tested whether the secondary structure within the RpoS leader is the target for
DsrA action by asking if mutations which bypass the requirement for Hfq by disrupting the
structure also bypass the requirement for DsrA. A series of mutations in the leader region,
previously tested for degree of Hfq dependence, were tested in dsrA+ and dsrA- hosts, and the
ratio of activities in these two hosts compared with that seen with and without Hfq. For the
wild-type RpoS leader, the dependence on Hfq or on DsrA was about six-to ninefold. In most
of the mutants tested, those that showed reduced dependence on Hfq were generally also less
dependent on DsrA. For instance, mutations that disrupt a G:C pairing at position 126 and
206 of the leader (SD2 and SD3) increased expression of an rpoS-lacZ fusion and lessened the
Hfq dependence from sixfold to two- to threefold, while combining the mutations (SD2 +
SD3) restored a low basal level and 10-fold Hfq dependence (6). The response to DsrA was
similar; SD2 or SD3 alone showed about a twofold DsrA dependence, while the SD2 + SD3
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Fig 4. Model for DsrA action. (A) First S-L of DsrA. The sequence of the
first S-L in E. coli, Klebsiella pneumoniae, and Salmonella typhimurium are
shown. (B) Paired structure in RpoS leader. The structure for the RpoS
leader deduced from mutations that overcome Hfq dependence (6) is shown.
The bases predicted to pair with DsrA are highlighted in black with white
lettering. (C) Proposed opening of RpoS structure to allow high levels of
Rpos translation as a result of sequestering of the upper strand by DsrA.
Regions of pairing of RpoS and DsrA are shown.
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construct was stimulated ninefold by DsrA, similar to that seen with the wild type (data not
shown). Therefore, disrupting the structure sufficiently to free rpoS translation from Hfq
dependence also leads to DsrA independence, consistent with the idea that both Hfq and DsrA
act at a similar step, opening this structure.
Mutants in the 7 bp stem 1 of DsrA that would be expected to retain structure but
change sequence were constructed. DsrA with an inversion of the four pairs of nucleotides at
the base of the stem rotated (bottom stem inversion, Fig. 5) retained wild-type activity.
However, if the three pairs of nucleotides at the top of the stem (top stem inversion, Fig. 5) or
if all of the nucleotides within stem 1 (full stem inversion, Fig. 5) were rotated, DsrA was
unable to stimulate rpoS-lacZ translation. All mutants had wild-type levels of RNA (data not
shown). Therefore, the sequence itself is important, at least for portions of stem 1.

Mutational Analysis of Loop 1 of DsrA. Fig. 4 indicates that the 5 nucleotides predicted to
form loop 1 are conserved in Klebsiella and Salmonella and are all complementary to the
RpoS message. When all five positions were randomized, a minority retained activity. All
those that were active had G or A at the first position, and a large percentage also had the
wild-type nucleotide, C at the fifth position. No particular patterns were observed for other
positions within the loop.
To test the importance of complementarity more directly, we chose position 1 of the
DsrA S-L1 because it had given a restricted set of sequences among active clones in the
randomization experiment and because it should pair with U124 of the RpoS upstream leader.
U124 is predicted to pair with G208 of the downstream leader (see Fig. 4), and both are far
from the translation initiation sequence. All four bases were introduced into DsrA at this
position, and these were tested for activity on hosts deleted for dsrA and carrying rpoS-lacZ
fusions with various changes for the 124:208 bp, all of which retained pairing.
The β-galactosidase activity for strains carrying either the vector or one of these
plasmids grown with 0.02% arabinose are shown in Fig. 6B. In all four cases, the most active

68

Fig 5. Mutations within the first stem of DsrA. The structure of the
wild-type sequence for the first stem of E. coli DsrA, with the left side
bases shown in bold, as well as the structure of stems with regions inverted
are shown. Below the structure are values for expression of a rpoS-lac
fusion in cells carrying the wild-type or mutant plasmids. Wild-type
plasmid, pNM13; whole-stem inversion, pNM22; bottom stem inversion,
pNM29; top stem inversion, pNM30.
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DsrA derivative was the one which would be expected to be complementary to the nucleotide
at position 124 of the RpoS leader. When the wild-type U is at position 124 (predicting a
U:G pairing with the downstream leader), A at position 1 in the loop of DsrA is most active;
G also has significant activity, consistent with the finding from the randomization experiments
that both A and G could be found among high activity plasmids. Surprisingly, U or C at this
position also gave activity significantly above the vector background level, suggesting that
pairing between DsrA and the RpoS leader at this position is not absolutely critical when the
rest of the sequence complementarity between DsrA and the RpoS leader is preserved.
However, there was a much more stringent requirement for correct DsrA/RpoS
pairing at this position when the rpoS-lacZ fusion contained a C:G pair in place of the wildtype U:G pair. In this case, none of the DsrA plasmids except that with G at position 1 gave
activity significantly above the vector control (Fig. 6B). This result both supports the role of
pairing between DsrA and the RpoS leader and suggests that the relaxed specificity of the
DsrA requirements for wild-type RpoS leader reflects the relatively weak pairing of the U:G
pair in the leader.
Somewhat surprisingly, the stringency of DsrA/RpoS leader interaction is not entirely
symmetric. When the C:G was changed to a G:C pair, DsrA derivatives predicted to be
unable to pair at this position still gave activities better than vector, although the most activity
was seen with DsrA carrying C (the correct pairer) at this position. Finally, a G:U pair at this
position of the RpoS leader is again more permissive than the G:C derivative; a higher basal
level of activity was seen with the vector and all of the DsrA derivatives gave higher activities
than the G:C pair, with the correctly paired C derivative again giving the best activity.
Therefore, maintaining complementarity of position 124 of RpoS and position 1 of the
loop of DsrA was necessary for optimum translation of RpoS, independent of the precise
sequences; changes in the nature of the pairing within the RpoS leader change the importance
of correct DsrA pairing at this position.
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Fig 6. Testing complementarity with compensatory mutants. (A) Changes
made in DsrA and the RpoS leader. (B) β-galactosidase assays demonstrating
pairing between position 1 of loop 1 and the U124:G208 and its effect on RpoS
translation. (C) β-galactosidase assays demonstrating the effect of pairing of
mutated DsrA and wild type RpoS-Lac on RpoS translation. Cells were grown
in the presence of 0.02% arabinose at 32°C and assayed for β−galactosidase.
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Analysis of the Unpaired Region at the 5' End of the RpoS Leader Structure. We had
noted above that insertion of an NcoI site between S-L1 and 2 specifically abolished
stimulation of rpoS-lacZ translation. The sequence match between DsrA and the upstream
leader of RpoS extends into this region as well (Fig. 4B and C), and because this is in a region
of the leader predicted to be unpaired (6), changes in the leader should not disrupt the
predicted leader-leader pairing interactions. A rpoS-lacZ fusion that restores pairing to the
DsrA NcoI mutant was constructed (NcoI') and used as a second test of the importance of
complementarity for DsrA regulation. Fig. 6C shows that wild-type DsrA has an activity 10to 12-fold lower on the rpoS-lacZ fusion carrying the NcoI' mutation than on the wild-type
rpoS-lacZ . In contrast, a mutant DsrA with the NcoI sequence stimulates translation from
the complementary mutant rpoS-lacZ NcoI' 9- to 10-fold better than it does from the wildtype rpoS-lacZ (where activity is not much above that of a vector). The NcoI* plasmid, which
shortens the region of complementary nucleotides with the NcoI' target region but still retains
a stretch of 8 bp of pairing (compared with 12 for wild-type DsrA with wild-type RpoS and
15 for DsrA-NcoI with NcoI' RpoS), is also able to stimulate activity of NcoI' but not wildtype rpoS-lacZ. A plasmid with the region between the NcoI site and the XhoI site deleted,
which retains most of the NcoI sequence (see Fig. 1 legend), retained some activity despite
reduced levels of RNA (see Fig. 3B), consistent with our earlier suggestion that there is no
essential role of S-L2 for DsrA activity on rpoS translation. Therefore, as predicted by the
model, complementarity between the upstream leader of RpoS and DsrA is necessary for
efficient stimulation of translation by DsrA.

DISCUSSION

Our molecular dissection of the small RNA, DsrA, clearly indicates that different parts
of this small molecule are involved in the translational regulation of RpoS and transcriptional
antisilencing. The third S-L can be replaced by another terminator. Sequences from the first
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S-L and from the region early in the second stem appear to be unnecessary for overcoming HNS silencing. This leaves the second S-L and the region up to the third stem ( and maybe the
few nucleotides at the 5' end of the molecule) as likely to be critical for antisilencing.
We present evidence that DsrA can regulate the translation of RpoS by direct
interaction with the 5' end of the RpoS leader mRNA. This upstream leader RNA pairs with
the leader just before the translation initiation site, serving as a cis-acting antisense inhibitor of
translation. DsrA acts as an anti-antisense RNA, allowing translation by relieving the
inhibitory pairing. An extended region of complementarity between the first S-L of DsrA and
the RpoS message allows efficient pairing. We found that disrupting the pairing interfered
with the ability of DsrA to stimulate RpoS translation and re-establishing pairing by
compensating mutations in the RpoS leader restored efficient translation.
Most previously known regulatory RNAs act either as modulators of replication or
translation, generally inhibiting these processes (for review, see refs. 17 and 18). Frequently
they are antisense RNAs, encoded directly by the opposite strand of the regulated gene and
therefore are complementary over a long region. However, within this fully complementary
region, some structures and sequences are more critical than others in initiating and stabilizing
the interaction with the target RNA. DsrA RNA is complementary to the RpoS leader mRNA
over a stretch of about 20 nucleotides (Fig. 4), and even within this stretch, complementarity
is not complete. As with previously studied antisense RNAs, our work suggests that not all
nucleotides or pairing interactions are equally important for regulation, and that it is not just
the sum of interactions that matters. Exchanging the four pairs of nucleotides at the base of
stem 1 leads to the loss of three possible matches with the RpoS leader but results in three
potential new matches. This mutant is neither less nor more active than wild type. In
contrast, exchange of the three nucleotide pairs at the top of stem 1 generates a net loss of
two possible matches; this mutant is completely inactive. The Klebsiella pneumoniae dsrA
homolog contains a G9:C17 pairing in stem 1 while Escherichia coli carries an A:U pair at the
same position. The latter do not match with their respective partners in the E. coli RpoS
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leader (Fig. 4). However, changing the E. coli A9:U17 pairing to that found in Klebsiella
(G9:C17) did not improve DsrA function (data not shown). We did find two cases in which
loss of a single match between DsrA and the RpoS leader led to almost complete loss of
activity. The first of these is a mutation of U124 to C124, creating a C:G bp within the RpoS
leader. As seen in Fig. 6B, the only DsrA derivative which had activity on this leader was that
in which position 1 of loop 1 was changed to a G, able to pair with C124. We note that when
the RpoS leader pairing at this position is U:G rather than C:G, all bases within the pairing
portion of DsrA give significant flexibility for the trans-acting DsrA RNA. The significance of
this for the biology of expression of RpoS under conditions other than those involving DsrA is
unknown. A second highly selective pairing requirement was found for the fifth position of
the DsrA loop. In randomization experiments, this was almost always C for active clones and
rarely C for the fully inactive isolates. In addition, a CUUUC loop is reasonably active on the
wild-type host and even more active on a host with G:C pair at 124:208 (Fig. 6B), but DsrA
with a CUUUA loop was totally inactive (data not shown).
We find that DsrA is quite stable, not too surprising given its secondary structure and
the stability of many other small RNAs. However, its stability raises questions about
regulation of its activity in vivo. Does it continue to act, on multiple RpoS leaders, once
made, or must it be continuously made to continue to act? We can imagine that it may act
stoichiometrically, binding and then either remaining bound to a given message or possibly
causing cleavage of the annealed DsrA/RpoS RNA complex, freeing the downstream
truncated message for efficient translation (until the RpoS message is itself degraded), but
destroying DsrA in the process. We have noted some evidence of more efficient stimulation
of anti-HNS silencing by DsrA defective in promoting RpoS translation, consistent with any
sort of stoichiometric model that consumes DsrA (N. Majdalani, unpublished observations).
Studies on the translation of RpoS have previously suggested the requirement for the
RNA-binding protein Hfq for efficient translation (15,16). Mutations that disrupt the
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structure shown in Fig 4A become independent of the Hfq requirement and, simultaneously,
become independent of DsrA. However, we have previously demonstrated that the DsrA
dependence of RpoS translation is most profound at low temperatures, conditions where the
synthesis of DsrA is elevated (2). As the temperature rises, the dependence of RpoS
translation on Hfq remains, while the dependence on DsrA is not as dramatic (unpublished
observations). We can consider two types of explanations for these observations. It seems
possible that whatever the mechanism by which Hfq increases RpoS translation, at low
temperatures but not at high temperatures DsrA is necessary to help stabilize the open
structure. In this model, environmental signals would act directly on Hfq and/or the RpoS
leader to turn up translation at elevated temperatures. A second model would suggest that
there are other DsrA-like molecules in the cell, made in response to some of the stress signals
other than low temperature known to increase RpoS translation. In this second model, Hfq
may not itself mediate any of the responses to environmental stress, but may work together
with regulated RNAs, and changes in the amounts or activities of these RNAs would mediate
the stress response. At least one other RNA does affect RpoS translation. OxyS, an RNA
induced after oxidative stress, down-regulates RpoS. As with DsrA, regulation is at the level
of translation, but in this case the RNA appears to act as a competitive inhibitor for Hfq (19).
Interestingly, OxyS, like DsrA, has more than one target within the cell (20). It seems likely
that OxyS and DsrA represent the beginning of what promises to be a growing number of
trans-acting regulatory RNAs with multiple functions, providing a new and flexible mode of
global regulation.

Note Added in Proof. In this issue of the Proceedings, Lease et al. (21) have proposed a
similar model for DsrA stimulation of RpoS translation and have shown that a multiple mutant
of S-L1 is defective for this activity.
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Abstract
The RpoS sigma factor of enteric bacteria is either required for or augments the expression of
a number of genes that are induced during nutrient limitation, growth into stationary phase, or in
response to stresses including high osmolarity. RpoS is regulated at multiple levels including posttranscriptional control of its synthesis, protein turnover and mechanisms that affect its activity
directly. Here, the control of RpoS stability was investigated in Salmonella typhimurium by the
isolation of a number of mutants specifically defective in RpoS turnover. These included 20 mutants
defective in mviA, the ortholog of E. coli rssB/sprE, and 13 defective in either clpP or clpX which
encode the protease active on RpoS. An hns mutant was also defective in RpoS turnover, thus
confirming that S. typhimurium has identical genetic requirements for this process as does
Escherichia coli. Some current models predict the existence of a kinase to phosphorylate the
response-regulator MviA but no mutants affecting a kinase were recovered. An mviA mutant
carrying the D58N substitution altering the predicted phosphorylation site is substantially defective,
suggesting that phosphorylation of MviA on D58 is important for its function. No evidence was
obtained to support models in which acetyl phosphate or the PTS system contribute to MviA
phosphorylation. However, we did find a significant (5-fold) elevation of RpoS during exponential
growth on acetate as the carbon and energy source. This behavior is due to growth-rate-dependent
regulation which increases RpoS synthesis at slower growth rates. Growth-rate regulation operates
at the level of RpoS synthesis and is mainly post-transcriptional, but surprisingly is independent of hfq
function.
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Introduction
In the enteric bacteria including Salmonella typhimurium and Escherichia coli, the
rpoS gene encodes an alternative primary sigma (specificity) factor for RNA polymerase
(47,63). RpoS, which is also called σS or σ38, has functions related to stress and stationary
phase. RpoS is also a virulence factor for S. typhimurium (19). More than 50 target genes
show RpoS-dependent increases in expression during various stresses including nutrient
deprivation and growth into stationary phase (for review see references 24,36). The
transcriptional response to each particular stress is apparently tailored by stress- and genespecific controls. In turn, increased RpoS abundance mediated by these diverse physiological
signals is orchestrated in a complex way: evidence has been presented for control of RpoS
synthesis at both the transcriptional and post-transcriptional levels (24,36) as well as control
of RpoS turnover through proteolysis mediated by the ClpXP energy-dependent protease
(34,43,59,71). Control of RpoS activity has also been demonstrated (52,71).
Genetic analysis of RpoS turnover in E. coli has implicated several other factors in addition to
the ClpXP protease. These include the abundant DNA-binding protein H-NS (4,68) and an orphan
two-component response-regulator called RssB (43) or SprE (51); the S. typhimurium ortholog of
this protein is called MviA (6). The N-terminus of RssB/SprE/MviA is highly similar to CheY,
including an aspartate residue at position 58 that by analogy to CheY and other response regulators,
is predicted to be phosphorylated and thereby activate MviA (26). An in vitro study of MviA
phosphorylation using acetyl phosphate supports this notion (8). The C-terminus of MviA is not like
any other known protein, consistent with its unique function in proteolysis rather than in DNAbinding as for most response regulators. The structure and in vitro phosphate-accepting activity of
RssB/SprE/MviA suggest that one or more kinases can phosphorylate MviA in vivo, but none has yet
been identified. The studies described here were initiated to search for other factors (such as a
kinase) that may be required for RpoS turnover.
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We screened a large number of mutants, but have been unable so far to identify any additional
genes involved in this process. We also confirmed the roles of the mviA, clpX, clpP and hns genes in
RpoS turnover in S. typhimurium. Hence, other models have been developed and tests of some of
these are also described here. These experiments led to the observation that RpoS levels are sharply
elevated (5-fold) during exponential growth in minimal acetate medium. Similar regulation was also
seen in cells limited in growth rate by slow glucose transport, suggesting that acetate regulation is
actually a specific manifestation of a generalized growth-rate-dependent regulation. This acts not on
RpoS turnover but on its synthesis and occurs mainly at the post-transcriptional level. Growth-ratedependent regulation of RpoS is most notable for two features: it occurs in exponentially (albeit
slowly) growing cells rather than in shocked or stationary phase cells, and it is independent of the Hfq
protein required for most previously described post-transcriptional regulation of RpoS.
Materials and Methods
Bacterial strains and construction. Strains used in this study are derived from the wild type
S. typhimurium strain LT2 and are shown in Table 1. Our laboratory’s standard LT2 strain was
originally obtained from J. Roth. As detailed in the Results, this strain is defective in the turnover of
RpoS, because the mviA gene of LT2 is non-functional. For this reason, we used a closely related
mviA+ S. typhimurium strain obtained from W. Benjamin (WB335; 5) to screen for new mutants
affecting the turnover pathway. WB335 was previously designated as an “avirulent” LT2 (5); we
will refer to strain WB335 as LT2A in this work.
S. typhimurium wild type does not carry the lac operon. The LT2 and LT2A derivatives
used here carry various lac fusions as reporters of gene expression. The katE-lac [op] and rpoS-lac
[pr] fusions have been described (9). These lac fusions are carried in single copy as an insertion of a
KanR-promoter-gene-lac fragment in the put operon (13). The rpoS-lac [pr] fusion used in this study
is to codon 73 of rpoS, and does not include the segment of the RpoS protein required for turnover
(59). The otsA::MudJ and o186::MudJ insertions have also been described
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(18). The proV-lac fusion was constructed by PCR amplification of a fragment of the E. coli proU
operon (promoter proximal gene proV) using the primers CGCGA ATTCC CGCCA AATAG
CTTTT TATCA C and CGCGG ATCCT GAGAG CAAAT CGAGA AAG with E. coli W3110
DNA as template. The amplified segment includes bp 5705 –5852 of the proU operon (Genbank
AE000352) bounded by EcoRI and BamHI sites. It corresponds to a slightly shortened version of the
sequence in the lac fusion plasmid pHYD275 (38), that is, bp 377-524 according to the authors’
numbering (Genbank M24856). The proV promoter fragment was cloned into pRS551 (61) and after
verification of the DNA sequence, the fusion was converted to a single copy in S. typhimurium as
described previously (13).
The pta and ack mutants used in this study have been extensively characterized previously
(35,65), both by genetic mapping and enzyme assay. Both pta and ack mutants grow less well than
wild type on acetate (generation times of 2.0 hr [wild type], 4.2 hr [pta] and 3.5 hr [ack]; 35). In E.
coli, growth on acetate independent of pta and ack has been shown to require acs function (31), and
this is likely true of S. typhimurium as well. The pta and ack mutations were backcrossed into the S.
typhimurium LT2A background before use and then characterized for their growth defect on inositol
as the sole carbon and energy source. This defect is severe for ack and absolute for pta mutants (35).
Cotransduction tests showed the expected linkage to markers in the nuo region (2) and PCR analysis
confirmed the identities of the mutants (primers designed based on the S. typhi sequence).
The crp* allele used in this study was originally isolated by Ailion et al (1). To study the
effect of crp*, a cya::Tn10 insertion was first transduced from PP1002 into LT2A by selection for
TetR . Both the transduction and subsequent growth were on medium supplemented with glucose.
The crp* allele was then transduced from TT17456 by selecting for a tightly linked Tn10d-Cam
insertion. The cAMP-independent (Crp*) phenotype of the transductants was scored on MacConkey
maltose plates, but is also evident from the ability of the resulting strain to grow in minimal acetate
medium.
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The high-frequency generalized transducing bacteriophage P22 mutant HT105/1 int-201 (58)
was used for transduction in S. typhimurium by standard methods (12).
Media and growth conditions. Bacteria were grown at 37°C in LB medium (60), or in
minimal MOPS medium (49) as modified (7) with 0.2% of the indicated compound (glucose,
glycerol, sodium pyruvate or sodium acetate) as the carbon and energy source, with one exception
noted in the text. Plates were prepared using nutrient agar (Difco) with 5 g per liter of NaCl.
Antibiotics were added to final concentrations in selective plates as follows: 100 µg/ml sodium
ampicillin, 20 µg/ml chloramphenicol, 50 µg/ml kanamycin sulfate and 20 µg/ml tetracycline
hydrochloride.

Screen for mutants with a defect in RpoS turnover. For transposon mutagenesis LT2A
was transformed with the plasmid, pZT344, which carries both the transposon Tn10d-Cam as well as
the Tn10 transposase gene at a different site in the plasmid (15). Tn10d-Cam can transpose from
pZT344 to the bacterial chromosome; the resulting insertions are stable once transferred into a
background lacking transposase. To screen for mutations affecting RpoS function, strain TE6756
-

was employed, which is LT2A carrying a katE-lac operon fusion. TE6756 forms Lac colonies on
MacConkey lactose indicator plates after incubation for 24 hours at 37°C. Pooled LT2A cells
transformed with pZT344 were used as donors in a phage P22-mediated transductional cross into
TE6756. CamR transductants were screened for a Lac+ phenotype. After single colony isolation, all
+

such clones still carried AmpR derived from pZT344. Therefore, before further use, candidate Lac

insertions were backcrossed into the TE6756 recipient, and purified colonies were checked to confirm
they were AmpS. This method results in independent insertions in the LT2A chromosome that
increase expression of the RpoS-dependent reporter katE-lac [op] fusion. The frequency of Lac+
mutants could not be usefully determined because the rate of plasmid-to-chromosome transposition
was not measured; however, in other experiments the frequency of insertion mutants affecting rpoS
synthesis in LT-2 is about 0.1%.
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Because mutations that increase RpoS synthesis are common and affect multiple genes
(unpublished data), another transduction step was employed to distinguish such mutants from the
desired class affecting RpoS turnover. Candidate insertion strains were used as donors in a
transductional cross with two different recipient strains: TE6756 (described above) and TE6153,
which is our standard LT2 (mviA mutant) strain carrying the katE-lac [op] fusion. Even though it is
an mviA mutant, TE6153 has only a very weak Lac-/+ phenotype on MacConkey lactose plates.
+

Mutations causing turnover defects should not confer a Lac phenotype on TE6153 since the mviA
mutation in this strain has already eliminated the turnover of RpoS. In contrast, mutants affecting
RpoS synthesis would be expected to increase expression of the reporter in both backgrounds. A
total of 80 candidate Tn10d-Cam insertion mutants were tested by the second screen. Of these, 9
increased katE-lac expression only in the LT2A background and were studied further (see Results).
Another CamR transposon derived from phage Mu (Mud-Cam; 14) was also used to mutagenize
TE6756. Ten Mud-Cam insertion mutants were isolated and tested by the second screen. Of these, 3
increased katE-lac expression only in the LT2A background and were studied further.
Screen for point mutants affecting RpoS turnover. Chemical mutagenesis was also used
to isolate mutants with defective turnover of RpoS. A culture of TE6756 (LT2A katE-lac) was
mutagenized with DES by a standard method (12) and used to grow independent cultures which were
then plated for single colonies to screen for Lac+ clones with elevated expression of the RpoSdependent katE-lac [op] reporter. Elevated expression of β-galactosidase was then confirmed by
enzyme assay. For each independent mutant, the katE-lac reporter was removed by transduction to
TetR using a donor phage P22 lysate grown on strain TE2929. This strain carries a Tn10d-Tet
insertion 80% linked to the put locus (13). The resulting put+ (fusion-minus) strains were then mated
with two different donors, each bearing a lac fusion on an F’ plasmid marked with KanR. One donor
strain, TE6273, carries the rpoS-lac protein fusion; while the other, TE7186, carries the proV-lac
operon fusion. Assays of β-galactosidase were performed on the resulting exconjugants. DESinduced mutations affecting RpoS turnover are predicted to elevate
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expression of proV-lac [op] but not of rpoS-lac [pr], because the latter reporter’s expression reflects
only changes in RpoS synthesis.
Transduction and complementation tests. All DES-induced mutations that affect RpoS
turnover by the genetic test given above were assigned to genes by cotransduction and
complementation tests. A new copy of the katE-lac operon fusion was first introduced into the
fusion-minus version of each mutant (above). Next, cotransduction tests were performed with P22
transducing lysates grown on each of two donor strains: one carrying a Tn10d-Tet insertion about
50% linked to mviA+ (TE545), the other carrying a Tn10d-Tet insertion >90% linked to clp+
(TE7182). With one exception, all mutants tested had defects that mapped to either the mviA or clp
region by this test. The exceptional mutant is briefly discussed in the Results. Lesions in the clp
region were further assigned by complementation tests employing the plasmids pWPC9 (clpP+,
clpX+), pWPC21 (clpP+), pWPC16 (clpX+), and pBR322 as a control (40). Lesions in the mviA
region were assigned by a complementation test that employed a tandem duplication of the mviA
region. This test was developed by J. Roth and colleagues (54); for a diagram and further
explanation of the test, see reference 16. Briefly, strains diploid for the mviA region (and the
mutation to be tested) were transduced to CamR with a phage P22 donor lysate grown on strain
TE6851 (mviA22::Tn10d-Cam). In the resulting CamR transductants, one copy of the duplicated
region has inherited the mviA::Tn10d-Cam insertion of the donor while the second copy still carries
the original DES-induced mutation. If the DES-induced mutation is an allele of mviA, then both
copies of mviA are mutant and the resulting colony phenotype will be Lac+. In contrast, if the DESinduced mutation is in another gene tightly linked to mviA, then most CamR transductants will also
have repaired the DES-induced lesion in the copy of the duplication containing Tn10d-Cam, with the
result that most colonies will have a Lac- (wild type) phenotype. As a control, the test was also
performed with donor phage lysates grown on strain TE6826 (Tn10d-Cam insertion ~ 50 % linked to
mviA+).
Assay of β -galactosidase. Cells were centrifuged and resuspended in Z-buffer (100 mM
NaPO4, pH 7.0, 10 mM KCl, 1 mM MgSO4), then permeabilized by treatment with SDS and
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chloroform (42). Assays were performed in Z-buffer containing 50 mM β-mercaptoethanol by a
kinetic method using a plate reader (Molecular Dynamics). Activities (∆OD420 per min) are
normalized to actual cell density (OD650) and were always compared to appropriate controls assayed
at the same time. The results shown are from a single experiment, each experiment was repeated
several times with similar results (< 15% variation).
Cloning of insertions and sequencing. Tn10d-Cam insertions together with flanking DNA
were cloned by digestion of chromosomal DNA with BglII (for mviA insertions) or PstI (for clp) and
ligation of the DNA mixture into pK184 (28) that was digested with BamHI or PstI. The desired
clones were selected as CamR transformants and the insertion sites were sequenced with primers
specific to the cat gene (GTTTC TATCA GCTGT CCCTC CTGTT C and GACGA TATGA
TCATT TATTC TGCCT C), and in some cases with vector-specific primers.
Cloning of mviA and construction of pTE695. The mviA+ gene was isolated from LT2A by
PCR with the primers CGCGA ATTCC ATATG ACGCA GCCAT TGGTC GGAAA AC and
CGCGG ATCCT TATTC TGCAG ACAAC ATCAA GCGCA GTCGA C. These primers are
derived from the E. coli sequence and introduce some changes to the S. typhimurium gene that are
silent with respect to the amino acid sequence. The mviA gene was first cloned into pK184 and
subsequently inserted as an NdeI-BamHI fragment into pTE571 (9), which is a derivative of pBAD18
(22). Site-directed mutants of the mviA D58 codon were constructed as described previously (10).
The sequence of the mviA gene from LT2 was determined from the appropriate PCR product
(Biotech Core, Palo Alto).
Western (immunoblot) and immunoprecipitation analysis. Cultures were grown as
described in the text to OD600 = 0.4. Electrophoresis and transfer were as described previously (9)
except that detection was with tissue culture supernatant containing an anti-RpoS monoclonal
antibody (R12), which is of the γ2a isotype. The secondary reagent was biotinylated goat anti-mouse
Ig (Southern Biotechnology); subsequent chemiluminescence detection steps were as described (9).
For immunoprecipitation, cells were grown to OD600 = 0.4, then labeled for 1 min with 100 µCi of
Tran35S-label (L[35S]-methionine and L[35S] cysteine, ICN), and labeled proteins
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were prepared as described previously (3, 27) Immunoprecipitation was performed with the R12
mAb and protein A-Sepharose beads (Sigma).
Results
Isolation of mutants with defects in RpoS turnover. A katE-lac operon fusion was used as
the reporter to screen for new mutations affecting RpoS turnover in S. typhimurium. Mutants with
elevated RpoS show increased transcription of katE-lac and can be visualized as Lac+ clones on
MacConkey lactose indicator plates. Both transposon and chemical mutagenesis were employed, as
described in more detail in Methods. The screens were complicated by the finding that mutations
which increase RpoS synthesis are common and affect multiple genes (unpublished data). Therefore,
in the transposon mutagenesis, we first screened for elevated expression of katE-lac in the LT2A
background and then eliminated insertions that also elevated expression of katE-lac after transduction
into our standard LT2 background. As discussed below, others have reported (6), and we have
confirmed, that LT2 is an mviA mutant and defective for RpoS turnover. Mutants affecting RpoS
turnover are predicted to have the parental Lac phenotype in LT2 bearing katE-lac since the turnover
pathway is already defective. In contrast, mutants causing increased RpoS synthesis should show
increased katE-lac expression in both LT2 and LT2A backgrounds. A total of 90 mutants arising by
insertion of Tn10d-Cam and Mud-Cam were tested; 12 of these passed the second screen and were
studied further (Table 2). DNA sequencing and PCR tests showed that three are alleles of clpX and 9
are alleles of mviA. No new genes were identified in this experiment.
A different screen was used after chemical mutagenesis of the LT2A katE-lac strain since
backcrossing the individual (unmapped) mutations was not feasible. Mutants with elevated lac
expression, which had been confirmed by assay of β-galactosidase, were cured of the katE-lac fusion
by transduction using a linked Tn10d-Tet (see details in the Methods). Different reporter fusions
were then introduced on F’ plasmids. One plasmid carries proV-lac [op], a second RpoS-dependent
reporter fusion. This is an artificial construct which contains only the P1 promoter of the E. coli proU
operon. Another F’ plasmid carries an rpoS-lac protein fusion (9) which reports
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Fig 1. Testing mutations predicted to affect RpoS turnover for their effect
on expression of a katE-lac [op] reporter. Cultures were grown overnight to
stationary phase in LB medium (left panel) or minimal MOPS medium with
0.2% glucose as the source of carbon and energy (right panel). The activity of
β−galactosidase was assayed as described in Methods and is reported in
arbitrary units. Strains are of the LT2 or LT2A backgrounds as indicated, and
are either wild-type, mviA::Kan, clpP::mini-Tn5, or hns::Kan. All strains carry
a katE-lac[op] reporter fusion (9).
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changes in RpoS synthesis but not its turnover. Of 45 DES-induced mutants showing elevated katElac expression, 22 passed the second screen. These new mutants showed a range (1.5-fold to 4-fold)
of increase in katE-lac and proV-lac, but no increase in rpoS-lac expression. Those mutants showing
smaller increases may be only partially defective. The mutants were mapped by cotransduction and
then assigned to genes by complementation tests as described in the Methods. Seven are alleles of
clpP, 3 are alleles of clpX, and half (11) are alleles of mviA. No new genes were identified. [We note
that one of these DES-induced mutants has so far resisted characterization by our standard methods
(i.e. we have failed in repeated attempts to isolate a linked transposon insertion or to move it to a new
strain)]. To summarize, of 135 new mutants with increased katE-lac expression, 32 specifically affect
RpoS turnover. These include 20 mviA, 7 clpP, and 6 clpX alleles. However, we note that the screen
does not seem to be saturated because no alleles of two other known genes (clpP and hns) were
found using this method (see below).
Effect of clpP and hns in RpoS-dependent expression of katE-lac. We also tested
mutations in the S. typhimurium counterparts to genes previously shown to affect RpoS turnover in
E. coli. Derivatives of both LT2 and LT2A were constructed that carry the RpoS-dependent katElac reporter as well as insertion mutations disrupting the mviA, clpP, and hns genes. Expression of
katE-lac was not changed by any of these mutations in the standard wild type LT2 strain background
during growth to stationary phase in rich medium (Fig 1, left panel). In contrast, when any one of
these mutations was present in LT2A, a 3- to 4- fold increase in expression of the reporter was
observed under the same conditions. For the mviA and clpP mutants, introduction of an rpoS null
allele reduced katE-lac expression to < 3% of the level seen in the rpoS+ parent; for the hns mutant
the rpoS-independent expression was about 10% (data not shown). We conclude that our laboratory
strain of LT2 is defective for the RpoS turnover pathway, and that LT2A contains a functional
pathway. We mapped the LT2 defect to the mviA region by cotransduction tests; the mutation was
confirmed to be the V102G allele described for a closely related LT2 strain, WB600 (5,6). Because
the hns and mviA genes are tightly linked, it was important to show that strain TE7512 (LT2A
hns::Kan) is mviA+.
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When cultures of the same strains were grown overnight to stationary phase in minimal
glucose medium, the effect of the mviA, clpP and hns mutations on katE-lac expression in LT2A was
amplified (Fig 1 right panel), primarily because of a decrease in expression in the wild type. In this
medium, the effect of the mviA mutation was somewhat larger than that of clpP; this may be due to
sequestration of RpoS away from core RNA polymerase by MviA, as suggested previously (71). A
modest effect of each mutation can also be seen in the LT2 background for growth in minimal glucose
medium: this suggests that the mviA allele of LT2 may allow some function of the turnover pathway
under these conditions. Finally, we assayed katE-lac expression in LT2A wild type and mviA mutant
strains during exponential growth in LB medium at OD600 = 0.3 (data not shown). Each of these two
strains showed similar (high) induction ratios when comparing expression during exponential growth
to that observed in stationary phase (11-fold and 8-fold, respectively). Thus, it seems that a
substantial fraction of RpoS induction by growth into stationary phase in LB medium is independent
of RpoS turnover in S. typhimurium, in contrast to conclusions from work in E. coli (69).
Role of lrhA in RpoS turnover. Very recently, evidence has been obtained in E. coli for the
involvement of lrhA in RpoS turnover (21). This gene lies immediately upstream of and is transcribed
toward the nuo operon encoding the 14-subunit energy-conserving NADH dehydrogenase. (The next
characterized ORFs comprise the ack-pta operon, which lies about 6 kb upstream of lrhA and is
divergently transcribed). Gibson et al found that an lrhA null mutation was as effective as an
sprE/rssB null mutation in elevating RpoS levels in E. coli. They also found that constitutive and
likely, over-expression of lrhA due to a transposon insertion 349 bp upstream of lrhA resulted in
hyper-active RpoS turnover, a phenotype that requires both SprE/RssB and ClpXP function. We
tested the role of lrhA in S. typhimurium using several transposon and interposon insertions isolated
in a previous study (2) including an lrhA::Ω-Cm insertion at codon 100 of this 313 codon gene. No
effect was seen for this presumed null allele of lrhA, either with katE-lac (Fig 2) or with any of three
other RpoS-dependent reporter fusions (data not shown). However, a 3-fold decrease in expression
of the RpoS-dependent katE-lac reporter was seen for
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Fig 2. Expression of katE-lac[op] in strains carrying mutations in the
lrhA region. All strains are LT2A containing katE-lac[op]: TE6756 (wild
type), TE7637 (zeg-6818::Tn10d-Cam), TE7640 Ω-Cm [codon 297]),
TE7638 (lrhA::Ω-Cm [codon 297], and TE7639 (nuo p14::Ω-Cm).
Cultures were grown to stationary phase in LB medium and β-galactosidase
activity was assayed as described in Methods. The map (bottom) shows the
position of each insertion relative to the lrhA and nuoA genes.
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the zeg-6816::Tn10d-Cam insertion, which lies 379 bp upstream of the lrhA ATG codon. This is
consistent with the hyper-turnover phenotype observed for the similarly positioned insertion in E. coli
(21). An mviA null mutation was epistatic to zeg-6816::Tn10d-Cam (data not shown). We conclude
that loss of LrhA does not affect RpoS turnover in S. typhimurium during growth in LB medium, but
that its overexpression may do so.
Role of phosphorylation in activation of MviA. The aspartate residue at position 58 of
MviA (D58) is predicted to be the phosphorylation site based on experiments with CheY (55) and
other response regulators such as NtrC (30, 56). Studies with these proteins also lead us to the
prediction that the mutant MviA D58N protein should be non-phosphorylated and consequently this
protein will function poorly or not at all. We constructed derivatives of the plasmid pBAD18 (22)
that express wild type S. typhimurium mviA or its D58N mutant derivative and tested the function of
these genes as described in the legend to Fig 3. In the absence of the inducer arabinose, the PBAD
promoter is partially active (e.g. ref. 23). At this level of expression the wild type MviA protein gives
wild type (i.e. inhibited) levels of expression of the katE-lac reporter, whereas the D58N mutant
protein is defective. Thus, MviA D58N functions poorly, and this suggests that D58 phosphorylation
is required for wild type activity. When arabinose was added to increase transcription from the PBAD
promoter, both versions of MviA showed increased activity, although D58N did not function as well
as wild type. The observed partial activity of MviA D58N at high inducer concentrations may
indicate that phosphorylation of wild type MviA promotes its multimerization, as observed for other
response regulators.
A recent study of RpoS regulation in E. coli suggested a role for acetyl phosphate in
controlling RpoS turnover (8). In E. coli and S. typhimurium the pta and ack genes are required for
synthesis of acetyl phosphate from acetyl CoA and from acetate respectively (31,35). B. Wanner and
colleagues originally proposed a model in which acetyl phosphate controls the phosphorylation state
of the response regulator PhoB, but only in the absence of PhoR, its cognate histidine
kinase/phosphatase (67). Subsequent work suggests that acetyl phosphate is not the immediate
phosphate donor in the Pho system in vivo (29,39), though it and other high-energy
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Fig 3. Complementation of an mviA insertion mutant by plasmids
carrying wild type mviA or a mutant (D58N) affecting the
predicted phosphorylation site. Strains analyzed were derivatives of
TE7199 (S. typhimurium LT2A putPA1303::Kanr-katE-lac[op]
mviA22::Tn10d-Cam recA1) containing the following plasmids: vector
(pTE570), wild-type mviA (pTE695), and mviA D58N (pTE695
D58N). Cultures were grown to OD600=0.3 in minimal MOPS medium
with 0.2% glucose, 50µg/ml ampicillin and the indicated amount of
arabinose. Activity of β−galactosidase was assayed as described in
Methods.
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phosphate compounds can serve as donors in vitro for many response regulators including MviA (8).
Bouche et al found that a deletion mutant of pta-ack showed a 3-fold increase in the half-life of RpoS
protein in E. coli. They suggested that acetyl phosphate, whose formation from glucose requires the
Pta protein, might normally donate its phosphate to RssB/MviA to activate it in vivo. To test the role
of acetyl phosphate in S. typhimurium, we obtained well-characterized ack and pta insertion
mutations and looked for effects on katE-lac expression. No effect of these mutations was seen after
growth to stationary phase in four different minimal media: glucose, glycerol, pyruvate, and acetate
(Fig 4 and data not shown.
The rationale for using different carbon and energy sources in this experiment is that the
source of precursor to acetyl phosphate is medium-dependent. Specifically, a pta mutant has very
low acetyl phosphate during growth on glucose or pyruvate, but high acetyl phosphate during growth
on acetate. An ack mutant shows the reverse pattern. (See discussion and Fig 1 in ref. 64) An
alternative pathway via acetyl CoA synthetase allows for acetate utilization even without pta and ack
function (31). The experiment as perfomed here (Fig 5) is complicated by the polarity of the ack
insertion on pta (65), so that the ack::Tn10 mutant should have low acetyl phosphate under all
conditions. Nevertheless, pta insertion mutants (which do not affect ack expression), should have the
predicted pattern: low acetyl phosphate during growth on glucose, and high acetyl phosphate during
growth on acetate. We found that under conditions where other mutations in the turnover pathway
(clpX, mviA) have large effects on expression of the RpoS-dependent reporter katE-lac, there is no
discernible effect of a pta or ack mutation.
In a separate experiment, we also tested the possibility that the PTS system (a promiscuous
phosphate donor) might be responsible for production of MviA-P. To do this, a ptsI insertion mutant
and a double mutant defective in both ptsI and mviA were examined (Fig 5). Expression of katE-lac
was assayed in cells growth to exponential phase in minimal galactose medium, which can support the
growth of the ptsI mutant. In this medium, loss of mviA function leads to a 5.5-fold increase in katElac expression in the ptsI mutant background, compared to a 4-fold increase in the ptsI+ background.
We conclude that inactivating the PTS system does not interfere with MviA
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Fig 4. Testing mutants defective in acetyl phosphate metabolism for
expression of an RpoS-dependent reporter. All strains are LT2A
derivatives that contain the reporter fusion katE-lac[op]: TE6756 (wildtype), TE6850 (clpX1::Tn10d-Cam), TE6851 (mviA22::Tn10d-Cam),
TE7109 (pta-209::Tn10) and TE7110 (ack-408::Tn10). Cultures were
grown overnight to stationary phase in minimal MOPS medium
containing 0.2% galactosidase as the source of carbon and energy, and βgalactosidase was assayed as described in Methods.
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Fig 5. Testing the effect of a ptsI mutant on expression of an
RpoS-dependent reporter. All strains are LT2A derivatives that
contain the reporter fusion katE-lac[op]: TE6756 (wild-type),
TE6851 (mviA22::Tn10d-Cam), TE7382 (ptsI421:Tn10), and
TE7387 (ptsI421::Tn10 mviA22::Tn10d-Cam). Cultures were
grown overnight to stationary phase in minimal MOPS medium with
0.2% galactose as the source of carbon and energy, and βgalactosidase activity was assayed as described in Methods.
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function. In summary, we find no evidence supporting the general class of models in which a low
molecular weight phosphate donor activates MviA in vivo.
However, these above experiments do show a strong effect of the growth medium on katE-lac
expression. This effect (5-fold when comparing growth in minimal glucose to minimal acetate
medium) was independent of the turnover pathway since it was also observed in mviA and clpX
mutants. The remainder of this paper examines the role of acetate and growth rate in regulation of
RpoS synthesis and explores the mechanism of this effect.
Induction of RpoS during growth in acetate. We first tested whether the apparent effect of
growth in acetate on RpoS function was reporter-specific. To do this, expression of katE-lac was
compared with that of three other RpoS-dependent reporters. The proV-lac fusion is strongly
dependent on RpoS function for its expression in both E. coli and S. typhimurium (38; data not
shown). The other lac fusions employed were formed by insertion of the transposon MudJ in otsA
and ORF o186 , these were isolated and characterized previously for their dependence on RpoS (18).
Each of the 4 reporters was studied in a strain derived from LT2A that also carries an insertion in
clpX to knock out the RpoS turnover pathway. The presence of the clpX mutation magnifies the
signal from each reporter and also insures that the observed regulation is not due to effects on RpoS
turnover . Each reporter strain showed 5- to 6-fold higher expression of β-galactosidase after
overnight growth to stationary phase in minimal acetate medium compared with growth in minimal
glucose (Fig 6).
Cultures were also grown in a mixture of compounds. Significantly, no induction was
observed when cells were grown in medium containing both glycerol and acetate, and only a modest
(50%) increase in expression was observed in medium containing both glucose and acetate. These
findings argue that induction by acetate does not occur by an uncoupling effect (i.e. dissipation of the
proton motive force), at least in S. typhimurium (48,57).
Western blot analysis of RpoS protein from exponential phase cultures of strain LT2A showed
that the RpoS level is elevated during growth in acetate, while the RpoS level during growth in
glycerol or pyruvate is comparable to that seen in glucose (Fig 7). Laser densitometry
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Fig 6. Expression of four different RpoS reporter fusions in cells
grown on glucose or acetate as the sole carbon and energy
source. All strains are LT2A containing the clpX1::Tn10d-Cam
insertion: TE6850 (katE-lac[op]), TE7632 (proV-lac[op]), TE7633
(orfo186::MudJ), and TE7634 (otsA::MudJ). Cultures were grown
overnight to stationary phase in minimal MOPS medium containing
glucose or acetate, and β−galactosidase activity was assayed as
described in Methods.
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analysis of this blot shows a 5-fold increase in RpoS protein during growth in acetate. Pulse-labeling
of exponential phase cultures of LT2A, followed by immunoprecipitation of RpoS with a specific
monoclonal antibody (9), showed a 2.5- to 3.5-fold increase in RpoS synthesis during growth in
acetate compared to glucose (Fig 8). The increase in RpoS synthesis seen by pulse-labeling is
somewhat less than predicted based on assays of β-galactosidase in the reporter lac fusion strains and
Western blot analysis of RpoS. The source of this discrepancy is not clear. Nevertheless these results
strongly support a control of RpoS activity acting mainly at the level of its synthesis during growth on
acetate as a carbon and energy source. This control is manifest during both exponential growth and
at stationary phase. This general result was also confirmed by study of rpoS-lac fusions (see below).
Growth-rate regulation of RpoS that is independent of hfq function. At least three
general mechanisms might explain the observed regulation. CRP mediated transcription or repression
might regulate some unknown regulator of RpoS, in a manner dependent on very high levels of
cAMP as would be achieved during growth in acetate. Alternatively, RpoS might respond to an
acetate medium-specific regulator such as FadR or IclR. Finally, RpoS might be responsive to
growth rate but not to the carbon source per se. The level of cAMP and the presence of a cya
mutation were previously reported to affect RpoS expression in E. coli (33), although the reported
effect was negative rather than positive as this model would predict. Since crp and cya mutants are
unable to grow on acetate as the sole carbon and energy source, we tested the model by examining a
crp* strain, which is predicted to have inappropriately high expression of RpoS during growth in
glucose. We compared expression of the katE-lac reporter fusion in strain TE6756 (LT2A, otherwise
wild type) with that in strain TE7631 (LT2A cya::Tn10 crp* ) during exponential growth in both
glucose and acetate. These two strains did not show significant differences in katE-lac expression in
the same medium, and both showed equivalent acetate induction (data not shown). We conclude that
CRP does not play an important role in acetate regulation of RpoS in S. typhimurium.
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Fig 7. Western (immunoblot) analysis of RpoS abundance. The arrow
indicates RpoS protein. Cultures of TE6357 (LT2A) were grown to exponential
phase (OD600= 0.4) in minimal MOPS medium with 0.2% of each of the
following compounds as the carbon and energy source: (a) glucose, (b)
glycerol, (c) pyruvate and (d) acetate. Lane (m) contains molecular mass
markers (with sizes as indicated, in kilodaltons).
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Fig. 8. Pulse-labeling and immunoprecipitation of RpoS. Cultures were grown in
minimal MOPS medium with 0.2% glucose (lanes a and b) or 0.2% acetate (lanes c and
d) to OD600 = 0.4, pulse-labeled with 35S-L-methionine and 35S-L-cysteine for 1 min.,
and then immunoprecipitated with a monoclonal anti-RpoS antibody. The samples
analyzed in lanes b and d received unlabeled methionine and cysteine and were chased
for 20 min. The strain used was TE6357 (S. typhimurium LT2A).
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Growth-rate-dependent regulation is defined by a difference in gene expression when
comparing growth in two media made with identical ingredients, but having a variable concentration
of one component to support growth at different rates. Growth rate restriction can be achieved by
limiting the transport of any essential nutrient, often the carbon source. It was reported previously
that cultures of E. coli grown in a chemostat with limiting glucose exhibit elevated expression of an
RpoS-dependent reporter (osmY-lac) and these authors cite Western (immunoblot) analysis showing
elevated RpoS protein (50). We imposed a restriction on S. typhimurium growing with glucose as
the carbon and energy source by adding different concentrations of α-methylglucoside as a
competitive inhibitor of glucose transport (23a, 64a). Cells whose growth was restricted to different
degrees by inhibition of glucose uptake showed an induction of rpoS-lac and RpoS protein
corresponding to the restriction in growth rate (Fig 9). When the growth rate obtained was
comparable to that observed during unrestricted growth on acetate, the expression of rpoS-lac and
the level of RpoS were also comparable to those seen in cells growing on acetate. These results
confirm that RpoS is growth-rate regulated.
We also studied the expression of a series of derivatives of an rpoS-lac protein fusion during
exponential growth in minimal glucose and acetate media. Both the LT2 and LT2A backgrounds
were used. The wild type rpoS-lac [pr] fusion (which reports only control of RpoS synthesis)
showed a 4-fold increase (LT2) or 5- to 6-fold increase (LT2A) in expression during growth in
acetate (Fig 10). Surprisingly, and in contrast to most previously studied methods of induction of
RpoS synthesis, this increase during growth in acetate was independent of hfq function. In fact, in the
LT2 background, the hfq mutant displayed a larger induction during growth in acetate (7-fold) than
was seen with wild type.
Constructs bearing substitutions of the Ptac promoter for the native rpoS promoters (11)
retained induction levels substantially like that of the parent (data not shown). On the other hand, an
rpoS-lac operon fusion showed 2-fold induction by acetate, and a small increase (1.5-fold) was also
observed with a Ptac-lac [op] construct containing no rpoS sequences. These findings suggest that
part of the increase in rpoS expression is mediated at the transcriptional level and may
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not be specific to RpoS. Acetate regulation did not require rpoS sequences downstream of codon 8
(data not shown).
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Fig 9. Western (immunoblot) analysis of RpoS abundance during growth on glucose
restricted by α-methylglucoside. Samples analyzed here were obtained from the same cultures as
were analyzed in the experiment reported in Table 3. The single arrow at the right indicates native
RpoS protein. Cultures of TE7579 (LT2A rpoS-lac [pr]) were grown to exponential phase (OD600
=0.3) in minimal MOPS containing 2 mM glucose as the carbon and energy source and supplemented
with the following: (a) no addition, (b) 40 mM, (c) 80 mM or (d) 120 mM α-methlyglucoside. The
same strain was also grown in minimal MOPS containing 0.2% acetate as the carbon and energy
source (e). The positions of molecular mass markers run on the same gel are also shown (with sizes
as indicated in kilodaltons).
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Fig 10. Expression of rpoS-lac[pr] in cells grown in minimal
MOPS medium containing 0.2% glucose or acetate. Strains:
TE6253 (LT2 rpoS-lac[pr]), TE6266 (LT2 rpoS-lac[pr] hfq::MudCam), TE7579 (LT2A rpoS-lac[pr]), TE7585 (LT2A rpoS-lac[pr]
hfq::Mud-Cam). Cultures were grown to OD600=0.4 and
β−galactosidase activity was assayed as described in Methods.
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Discussion
The initial objective of this study was to isolate mutants defective in the genes required for RpoS
turnover in S. typhimurium , with the goal of understanding how the activity of this pathway is regulated
in response to carbon starvation and osmotic challenge. The structure of the response-regulator MviA
and its ability to be phosphorylated in vitro by acetyl phosphate suggest that, as for other responseregulators (26), MviA-P is the active form of the protein in vivo. Since virtually all response-regulators
are members of a two component team, we would expect the genetic analysis to identify mutants
defective in the cognate histidine kinase that acts on MviA. Such mutants should have a phenotype
similar to an mviA mutant. However, our studies in S. typhimurium did not reveal any mutants lacking
an MviA kinase, nor have previous studies in E. coli revealed any candidates. The mutant hunt was
substantial although clearly not exhaustive since mutations in one gene shown to function in the pathway,
hns, were not recovered. Of course, it is possible that kinase mutants may exist but have escaped
recovery or detection.
Although the above results do not compel it, we suggest that other models of MviA action
should be considered to account for the absence of mutations affecting a histidine kinase. Failure to
obtain these might have several causes. One possibility is that MviA is active without being
phosphorylated in vivo. To test this model, we constructed a mutant mviA gene encoding MviA
D58N, which substitutes asparagine for aspartic acid at the predicted phosphorylation site. This
mutant protein is substantially defective in vivo in a complementation test. Another model would be
that MviA is directly phosphorylated by a small molecule like acetyl phosphate, or by a promiscuous
phosphate donor such as a component of the PTS. This would circumvent the need for a dedicated
MviA kinase. A role for acetyl phosphate has been proposed previously in E. coli based on a 2- to 3fold increase in RpoS half-life in strains defective in acetyl-phosphate synthesis (8). We tested the
acetyl-phosphate model in S. typhimurium using well-defined pta and ack mutants, but obtained no
evidence in support of it. S. typhimurium and E. coli may differ in this respect. However, it should
be noted that neither the genes covered by the deletion nor the
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position of the linked Tn10 employed in the E. coli study are known (8), and no complementation test
of the deletion mutant was performed.
A different type of model would be one of a single kinase having multiple substrates. In this
case, mutants defective in the kinase might not survive because its second substrate has an essential
function, or the kinase mutants might not pass our screen if its activity also negatively controls the
synthesis of RpoS. No response-regulator controlling RpoS synthesis is envisioned currently, and this
general class of models seems unlikely.
Third, there might be multiple kinases whose function is redundant. If so, then a single mutant
affecting only one kinase would have a wild type or nearly wild type phenotype. A problem with the
two kinase model is that induction of RpoS protein stabilization should require that both kinases be
inhibited simultaneously, so it is not clear what advantage such an arrangement would have for the
cell. The simplest solution to this, and one with precedent in the enteric bacteria, would be to imagine
a single dedicated kinase, whose associated phosphatase activity normally prevents inappropriate
activation of MviA by another kinase. More complex models can be imagined. For example, there
might be two kinases (whether dedicated to MviA or not) and regulation exerted in other ways, e.g.
by control of MviA abundance. There might be a protein analogous to CheZ, that promotes
dephosphorylation of MviA, or a protein that interferes with formation of the postulated MviA-RpoS
complex by binding to MviA. MviA phosphorylation might even be required for its activity but the
regulation exerted through another type of modification (e.g. by acetylation; 53). Such models
would be novel for two-component systems of enteric bacteria but familiar to those working with
other bacteria such as B. subtilis.
In the course of these studies we discovered a new mode of regulation of RpoS: a 5-fold
elevation in RpoS synthesis was observed during growth on acetate as a sole carbon and energy source,
compared to the basal level obtained with several other carbon sources including glucose, glycerol and
pyruvate. Actually, it has been known for some time that catalase HPII, the product of katE, is increased
in cells growing on TCA cycle intermediates and acetate (37). Previous work in E. coli (using lac
fusions) has implicated acetate but also other non-metabolized weak acids such as
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benzoate in induction of RpoS synthesis (48,57). We saw little effect of acetate addition to glucose
medium and none on glycerol medium, in contrast to the E. coli experiments. This result suggests that it
is the carbon and energy-restriction rather than some other effect of acetate that is responsible for RpoS
induction.
To place these findings in context, we will review briefly what is known about regulation of RpoS
synthesis. It has been suggested that transcription of the rpoS gene is regulated, and certainly rpoS-lac
operon fusions are induced substantially during growth into stationary phase in LB medium (for data on
S. typhimurium see reference 9). However, quantitative data on native rpoS message levels is lacking.
Post-transcriptional regulation of rpoS is well established (34). Genetic analysis indicates that the small
untranslated DsrA RNA binds to rpoS mRNA (37) to compete with an upstream cis antisense element
(10). Thus DsrA is an anti-antisense RNA. DsrA expression is increased at low temperatures and in turn
induces RpoS (62). Both the anti-antisense activity of DsrA, as well as an independent activity, require
the function of a small, abundant RNA-binding protein, Hfq, originally termed HF-I (cited in reference
37). Hfq also plays an important role in RpoS regulation under other conditions where DsrA is not
active, e.g. after osmotic challenge and growth into stationary phase in rich medium at 37 °C (9,4446,64). Hfq activity might be modulated under conditions where RpoS synthesis is elevated. Western
(immunoblots) show that Hfq abundance is greatly increased during growth in acetate medium (66) and
during growth to stationary phase (70).
A variety of other treatments that transiently or permanently depress cell growth rate also
induce RpoS synthesis. We suspect that many of these will be found to work through increased
synthesis of ppGpp (20,32) and/or modulation of the growth-rate-dependent regulatory effect
observed in this work. We would suggest that the previous experiments, in which ppGpp levels are
changed in a drastic fashion to none or to very high levels of ppGpp, might be usefully extended by
more subtle manipulations. Furthermore, the level of ppGpp is very closely tied to growth rate.
Therefore, it will be important to find a means of uncoupling these two variables to test which is
primary in controlling RpoS.

109

Previously, we and others have found that exponential growth in a high osmolarity medium
induces RpoS at the translational level (11,51). This does not require Hfq. Here, we found that
exponential growth in minimal acetate medium or growth restricted by a limitation on glucose
transport also induces RpoS synthesis, mainly at the translational level. Although we have not yet
established a mechanism for either, the independence of Hfq for both regulatory effects raises new
questions about the role of this RNA-binding protein, the cis-acting antisense element and antiantisense RNAs such as DsrA RNA in RpoS translational regulation.
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TABLE 1. Bacterial Strains

Strain

Genotype or description

Source (reference)

LT2

Wild type

J. Roth

NH685

LT2 hns-1:::Kan

P. Higgins (17)

PP1228

ptsI421::Tn10

SGSC

SMS209 pta-209::Tn10

Van Dyk

SMS408 ack-408::Tn10

Van Dyk

TR2246

HfrB2 recA1 strAR metA22

J. Roth

TT520

srl-202::Tn10

J. Roth

TT7608

PP1002 trpB223 cya ::Tn10

J. Roth, Postma

TE7563

TT17456 metE205 ara-9 cya-961::Tn10 crp*-661
zhc-3729::Tn10d-Cam

J. Roth (1)

WB4188 LT2A mviA::Kan

W. Benjamin

XF 272

orfo186::MudJ

(18)

XF 373

otsA::MudJ

(18)

TE545

zde-::Tn10d-Tet

lab collection

TE2682

putA1302:::Cam

(13)

TE2929

zcc-6802::Tn10d-Tet (80% linked to put+)

(13)

TE3288

cya ::Tn10

P22.TT7608 x LT2

TE3359

hns-1 ::Kan

P22.NH685 x LT2

TE3372

putA1302:::Cam hns-1 ::Kan

P22.TE3359 x TE2682

TE4281

putPA1303::Kanr-hemA-lac[pr] zeg-6815::Tn10d-Tet

(2)

TE4302

putPA1303::Kanr-hemA-lac[pr] zeg-6816::Tn10d-Cam

(2)

TE4351

pyrD121 ( putPA)521 / F+zzf-6807::Tn10d-put:A1302::Cam

(13)

TE5314

putPA1303::Kanr-hemA-lac[pr] hfq-1::Mud-Cam

(9)

TE5554

nuoG11::MudJ zeg-6821::Ω-Cm

(2)
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TE5555

nuoG11::MudJ nuo p14::Ω-Cm

(2)

TE5795

putPA1303::[Kanr-nuo pAB-lac ]lrhA::Ω-Cm

This study

TE6144

putA1302:::Cam mviA ::Kan

P22.WB4188 x TE2682

TE6153

putPA1303::Kanr-katE-lac [op]

(9)

TE6182

putPA1303::Kanr-katE-lac [op] zcc-6802::Tn10d-Tet

P22.TE2929 x TE6153

TE6183

putPA1303::Kanr-katE-lac [op] zcc-6802::Tn10d-Tet hns-1::Kan P22.TE6182 x TE3372

TE6184

putPA1303::Kanr-katE-lac [op] zcc-6802::Tn10d-Tet mviA::Kan P22.TE6182 x TE6144

TE6253

putPA1303::Kanr-rpoS-lac[pr]

(9)

TE6266

putPA1303::Kanr-rpoS-lac[pr] hfq-1::Mud-Cam

P22.TE5314 x TE6253

TE6273

pyrD121 ( putPA)521 / F+ zzf-6807::Tn10d-

P22.TE6253 x TE4351

putPA1303::Kanr-rpoS-lac[pr]
TE6357

WB335 LT2A

W. Benjamin (5)

TE6675

putPA1303::Kanr-Ptac-lac[op]

(11)

TE6731

LT2A mviA::Kan

TE6732

LT2A putPA1303::Kanr-katE-lac [op]

P22.WB4188 x TE6357
P22.TE6182 x TE6731

zcc-6802::Tn10d-Tet mviA::Kan
TE6756

LT2A putPA1303::Kanr-katE-lac [op]

P22.TE6153 x TE6357

TE6791

LT2A putPA1303::Kanr-katE-lac [op] mviA21::Tn10d-Cam

This study.

TE6805

LT2 clpP::mini-Tn5

DW Holden (25)

TE6820

LT2 putPA1303::Kanr-rpoS-lac[pr] (codon 8)

(11)

TE6822

LT2 putPA1303::Kanr-rpoS-lac[pr] (+1 fusion)

(11)

TE6826

LT2A putPA1303::Kanr-katE-lac [op] zdi::Tn10d- Cam

TE6842

clpP::mini-Tn5

P22.TE6805 x LT2

TE6850

LT2A putPA1303::Kanr-katE-lac [op] clpX1::Tn10d-Cam

This study

TE6851

LT2A putPA1303::Kanr-katE-lac [op] mviA22::Tn10d-Cam

This study

TE6854

LT2A putPA1303::Kanr-katE-lac [op] mviA23::Tn10d-Cam

This study

TE6861

LT2A clpP::mini-Tn5

P22.TE6842 x TE6357
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TE6862

LT2A putPA1303::Kanr-katE-lac [op] zcc-6802::Tn10d-Tet

P22.TE6182 x TE6861

clpP::mini-Tn5
TE6919

putPA1303::Kanr-katE-lac [op] zcc-6802::Tn10d-Tet
clpP::mini-Tn5

P22.TE6842 x TE6182

TE7066

LT2A putPA1303::Kanr-katE-lac [op] mviA24::Tn10d-Cam

This study

TE7067

LT2A putPA1303::Kanr-katE-lac [op] mviA25::Tn10d-Cam

This study

TE7068

LT2A putPA1303::Kanr-katE-lac [op] mviA26::Tn10d-Cam

This study

TE7069

LT2A putPA1303::Kanr-katE-lac [op] mviA27::Tn10d-Cam

This study

TE7077

LT2A putPA1303::Kanr-katE-lac [op] mviA28::Tn10d-Cam

This study

TE7108

LT2 putPA1303::Kanr-proV-lac[op]

This study

TE7109

LT2A putPA1303::Kanr-katE-lac [op] pta-209::Tn10

P22.SMS209 x TE6756

TE7110

LT2A putPA1303::Kanr-katE-lac [op] ack-408::Tn10

P22.SMS408 x TE6756

TE7119

LT2A putPA1303::Kanr-proV-lac[op]

P22 TE7108 x TE6357

TE7179

LT2A orfo186::MudJ

P22.XF272 x TE6357

TE7180

LT2A otsA::MudJ

P22.XF273 x TE6357

TE7181

LT2A zcc-6802::Tn10d-Tet

TE7182

LT2A zaj-6826::Tn10d-Tet (90% linked to clpP+)

lab collection

TE7186

pyrD121 ( putPA)521 / F+ zzf-6807::Tn10d-

P22.TE7108 x TE4351

putPA1303::Kanr-proV-lac[pr]
TE7198

LT2A putPA1303::Kanr-katE-lac [op] mviA22::Tn10d-Cam

P22.TT520 x TE6851

srl-202::Tn10
TE7199

LT2A putPA1303::Kanr-katE-lac [op] mviA22::Tn10d-Cam

P22.TR2246 x TE7198

recA1
TE7382

LT2A putPA1303::Kanr-katE-lac [op] ptsI421::Tn10

P22.TE4535 x TE6756

TE7387

LT2A putPA1303::Kanr-katE-lac [op] ptsI421::Tn10

P22.TE6851 x TE7382

mviA22::Tn10d-Cam
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TE7401

LT2A putPA1303::Kanr-katE-lac [op] mviA22::Tn10d-Cam
recA1 /pTE570 (Para)

TE7402

This study

LT2A putPA1303::Kanr-katE-lac [op] mviA22::Tn10d-Cam
recA1 / pTE695 (mviA wild type)

TE7404

This study

LT2A putPA1303::Kanr-katE-lac [op] mviA22::Tn10d-Cam
recA1 / pTE695 (mviA D58N)

This study

TE7505

LT2A hns-1::Kan

This study

TE7512

LT2A putPA1303::Kanr-katE-lac [op] ] zcc-6802::Tn10d-Tet

P22.TE6182 x TE7505

hns-1::Kan
TE7564

LT2A cya ::Tn10

P22.TE3288 x TE6357

TE7565

LT2A cya ::Tn10 crp*-661 zhc-3729::Tn10d-Cam

TE7579

LT2A putPA1303::Kanr-rpoS-lac[pr]

P22.TE6253 x TE6357

TE7585

LT2A putPA1303::Kanr-rpoS-lac[pr] hfq-1::Mud-Cam

P22.TE5314 x TE7579

TE7631

LT2A putPA1303::Kanr-katE-lac [op] cya ::Tn10

P22.TE6153 x TE7565

P22.TT17456 x TE7564

crp*-661 zhc-3729::Tn10d-Cam
TE7632

LT2A putPA1303::Kanr-proV-lac[op] clpX1::Tn10d-Cam

P22.TE6850 x TE7119

TE7633

LT2A orfo186::MudJ clpX1::Tn10d-Cam

P22.TE6850 x TE7179

TE7634

LT2A otsA::MudJ clpX1::Tn10d-Cam

P22.TE6850 x TE7180

TE7636

LT2A putPA1303::Kanr-katE-lac [op] zeg-6815::Tn10d-Tet

P22.TE4281 x TE6756

TE7637

LT2A putPA1303::Kanr-katE-lac [op] zeg-6816::Tn10d-Cam

P22.TE4302 x TE6756

TE7638

LT2A putPA1303::Kanr-katE-lac [op] lrhA::Ω-Cm (PstI)

TE7639

(previously zeg-6821::Ω-Cm)

P22.TE5554 x TE6756

LT2A putPA1303::Kanr-katE-lac [op] nuo p14::Ω-Cm

P22.TE5555 x TE6756

TE7640 LT2A putPA1303::Kanr-katE-lac [op] lrhA::Ω-Cm (HpaI)
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P22.TE5795 x TE6756

Table 2. Insertion mutations affecting RpoS turnover.
Site of
Strain

Allele

Transposon

Insertion a

Orientation b

TE6791

mviA21

Tn10d-Cam

631-639

B

TE6850

clpX1

Tn10d-Cam

286-292 c

A

TE6851

mviA22

Tn10d-Cam

42-50

A

TE6854

mviA23

Tn10d-Cam

491-499

A

TE7066

mviA24

Tn10d-Cam

889-997

A

TE7067

mviA25

Tn10d-Cam

867-875

B

TE7068

mviA26

Tn10d-Cam

867-875

A

TE7069

mviA27

Tn10d-Cam

42-50

A

TE7077

mviA28

Tn10d-Cam

42-50

B

TE7154

clpX3

Mud-Cam

ND d

ND

TE7155

mviA29

Mud-Cam

ND

A

TE7156

clpX2

Mud-Cam

ND

A

a. Sites of transposon insertion are expressed as target bp duplicated in the insertion strain, counting
from the ATG start codon for each gene. Sites and insertion orientations were determined by DNA
sequencing of cloned insertions, except for TE7154 (assigned by a complementation test), and
TE7155 and TE7156 (assigned by PCR).
b. For Tn10d-Cam, orientation A is defined as that in which the cat gene of the Tn10d-Cam element
and the gene bearing the insertion are oriented in the same direction; orientation B is the opposite.
For Mud-Cam, orientation A is defined as that in which attR is on the upstream side of the insertion.
c. Only 7 bp of clpX are duplicated in this insertion strain.
d. ND, not determined
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Table 3. Effect of growth rate on expression of rpoS-lac [pr] a

Carbon
Source b

α-methylglucoside
concentration (mM)

Doubling
time (min)

β-galactosidase
Activity c

________________________________________________________________
glucose
0
50
48
glucose

40

68

70

glucose

80

92

128

glucose

120

120

196

acetate

0

109

225

a. Strain TE7579 (LT2A rpoS-lac [pr]).
b. Glucose was present at 0.036 % (2 mM). This amount of glucose supports
growth at the same rate as that observed with 0.2%. Acetate was present at 0.2%.
Growth of all cultures was exponential.
c. β-galactosidase activity was measured as described in Methods.
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General Discussion
Enteric bacteria have to be able to activate and repress genes in response to changing
environmental conditions. RpoS is an alternative sigma factor for RNA polymerase that
directs transcription of more than 50 stress-coping genes (Loewen et al. 1998). RpoS cellular
concentrations are highest as cells enter stationary phase or are faced with sudden stress such
as osmotic upshift. The regulation of RpoS is very complex and certainly involves several
factors.
Previously, our lab has shown that efficient translation of rpoS requires a small RNAbinding protein, HF-I (Brown and Elliott 1996). Our lab has also published a model of
secondary structure of mRNA directly upstream of the rpoS AUG codon (Brown and Elliott
1997). This structure may inhibit translation, and genetic tests point to the structure as the
factor important for the dependence on HF-I for rpoS translation. My initial objective was to
determine HF-I's site of action on rpoS mRNA. The hypothesis was that HF-I, being a "sitespecific" RNA binding protein, bound at one or more sites in the rpoS leader relaxing the
secondary structure allowing translation to proceed unhindered.
Previous studies of the properties of HF-I included limited studies on its RNA binding
ability (Carmichael et al. 1975; Franze De Fernandez 1972). Two binding sites rich in
adenylate were identified in Qβ and R17 bacteriophage RNA (Senear and Steitz 1976). These
binding sites were not identical, and the study did not give an extensive analysis as to what
bases were critical for binding. Additionally, a recent study has shown that HF-I can bind a
small RNA, OxyS, which is also involved in RpoS regulation (Zhang et al. 1998). Therefore,
the only clues as to what sites on rpoS mRNA HF-I might act were that the site(s) would
probably be adenylate rich.
We have done some RNA-protein binding studies to give insight into HF-I's action on
rpoS expression. We have purified HF-I with the use of a His-tag, and have also shown that
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this protein has normal activity in vivo (data not shown). The purified His-tagged HF-I
protein was used in in vitro RNA binding experiments. Using gel-shift assays, HF-I was able
to retard the mobility of a control RNA sequence of its previously identified binding site from
R17 bacteriophage (data not shown). Mobility of a vector-only RNA sequence was not
retarded. However, when different regions of rpoS mRNA sequence were tested, several but
not all seemed to bind HF-I by gel mobility-shift analysis. Additionally, when site-directed
mutations were introduced to lower adenosine content of these rpoS mRNA regions binding
was only weakly affected. Further analysis showed that control RNAs which were unable to
bind HF-I initially, could bind if only a short stretch of adenosine residues were introduced
into the sequence. This suggested that HF-I may be less selective as to which RNAs it binds
than reported previously. The results are not surprising when one considers that HF-I has
been described as a pleiotropic regulator (Tsui et al. 1994).
In our first publication we demonstrated that substitution of the native rpoS promoters
with tac or lac UV5 promoters did not change HF-I regulation of rpoS expression. Working
on the initial hypothesis that HF-I binds a unique site(s) in the rpoS leader which forms a
putative secondary structure, we tested deletions from the 5' and 3' ends of the rpoS transcript
for their effects on regulation. We found that short deletions from the 5' end had only minor
effects on regulation, and that sequences downstream of the proposed secondary structure
were not important for regulation. However, when larger deletions were made which still
contained the proposed secondary structure, regulation by HF-I was eliminated. This showed
that sequences upstream of the secondary structure were required for proper regulation by
HF-I and along with the preliminary binding studies described above, forced consideration of
other models to explain the regulation of rpoS expression by HF-I. We also noted that
continuous growth in high osmotic conditions induced RpoS, which has not been previously
reported and interestingly does not require HF-I.
We have discussed possible models of HF-I action in our first publication. We have
suggested that HF-I might bind rpoS mRNA at far upstream sites and sites within the
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secondary structure near the AUG codon simultaneously, which could melt secondary
structure. This looping that would be created would be consistent with how HF-I creates
loops during Qβ replication (Miranda et al. 1997). This model also would agree with any
interaction between HF-I, DsrA, and rpoS mRNA as discussed below. Additionally, the
upstream binding of rpoS mRNA by HF-I may alter downstream secondary structure.
A more intriguing model would be HF-I's involvement in mRNA stability. We have
stated that evidence supporting HF-I's involvement in mRNA stability includes the following:
RNase E cleavage sites are rich in A and U residues (reviewed in Cohen and McDowall
1997), the possibility that HF-I binding may alter secondary structure potentially changing an
RNAs stability, the promiscuous RNA binding activity of HF-I, and that the autoregulation of
hfq gene expression may hinge on mRNA stability (Tsui et al. 1997). We have also given
some speculation as to why mRNA stability may not be involved in HF-I's regulation of rpoS
expression such as: changes in mRNA turnover may be secondary to alterations in translation
initiation (Cole and Nomura 1986.), and our lab's isolation of rpoS single mutations which
alter the secondary structure and eliminate dependence on HF-I. A recent study has shown
that of four rpoS-specific transcripts identified in Salmonella dublin, the one playing a
significant role in rpoS expression was stabilized during the cells entry into stationary phase
(Paesold and Krause 1999). How much of role mRNA stability plays in the regulation of rpoS
expression remains to be seen, but an involvement of HF-I in transcript stability does not seem
unlikely at this point because of its RNA binding ability and a report that HF-I levels increase
in stationary phase (Zhang et al. 1998).
Our second publication demonstrated that DsrA plays a role in RpoS translation.
There is extensive homology between rpoS leader mRNA and DsrA RNA. It is also known
that DsrA can stimulate rpoS expression. It was proposed that DsrA interacts directly with
this leader relieving the secondary structure our lab had proposed. Site-directed mutants of
rpoS and compensatory mutants of DsrA confirmed their interaction which alters rpoS
expression.
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This stimulation of RpoS translation by DsrA was found to be dependent on a different region
of DsrA than the region required for DsrA mediated anti-H-NS action.
The DsrA mediated effect on RpoS requires HF-I (D. Sledjeski personal comm.).
How do these three elements interact? Potentially HF-I acts first by binding rpoS mRNA
upstream and presenting the rpoS secondary structure in a conformation that allows DsrA
access and therefore allowing DsrA to pair. Alternatively, HF-I being a promiscuous RNAbinding protein, could carry DsrA to the secondary structure. It is also possible to imagine an
as yet unidentified protein which binds both HF-I and DsrA simultaneously under certain
conditions, bringing them into the proximity of the rpoS leader.
Our third submitted work looked at RpoS turnover. The stability of RpoS is
dependent on the ClpXP protease (Schweder et al. 1997) and a putative response regulator,
RssB/SprE/MviA (Bearson et al. 1996; Muffler et al. 1996; Pratt and Silhavy 1996). This
protein (MviA in Salmonella) somehow influences the ClpXP causing it to degrade RpoS. It
has been proposed that a two-component regulatory system controls RpoS stability. In this
system, an unknown stimulus would signal an unknown sensor-kinase which would in turn
signal MviA. MviA is homologous to other response regulators, but its C-terminal output
domain does not resemble other response regulators which exert their action by binding DNA
and acting as transcription factors. Therefore MviA's mode of action is unknown.
Assuming that a single kinase exists which signals MviA, we conducted an extensive
mutant hunt in Salmonella typhimurium to look for the gene which would encode the kinase.
While we did find mutants in the RpoS protein stability pathway and confirmed that these
genes were the same as those identified in Escherichia coli, we were unable to find any new
genes in the pathway.
Other models of MviA action are plausible. It is possible that no kinase exists to signal
MviA. However, we showed that phosphorylation of MviA was important for its activity and
gave evidence that it was phosphorylated. Alternatively, a small molecule such as acetyl
phosphate, could be responsible for the phosphorylation of MviA as suggested in E. coli
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(Bouche et al. 1998). It has been suggested that acetyl phosphate controls the
phosphorylation state of several response regulators, but subsequent work has shown that this
is not the case (Kim et al. 1996; McCleary 1996). We tested the possibility that acetyl
phosphate may phosporylate MviA by using well-characterized S. typhimurium ack A and pta
insertion mutants which have altered levels of acetyl phosphate. Unlike the E. coli
experiments, we saw little change in RpoS stability in these mutants. We also tested the
possibility that a promiscuous phosphate donor could phosphorylate MviA by examining an
insertion mutant which would disable the PTS system. This mutant had no effect on RpoS
stability. Other models of MviA action can also be considered. Redundant kinases could exist
to phosphorylate MviA, but as we stated multiple kinases would have to be simultaneously
regulated under conditions which would call for increased RpoS and this seems to give no
advantage to the cell. The kinase could be essential but this seems unlikely.
It could be that MviA levels change according to growth rate. MviA levels might be high
during exponential phase, therefore helping to degrade RpoS, but low at stationary phase,
where RpoS could escape degradation . This model is currently being tested.
We also tested the effects of insertion mutants in the lrhA region on RpoS stability.
LrhA is a protein of unknown function with homology to LysR like regulators. A recent
study has shown that an insertion, upstream of lrhA and which apparently increases lrhA
expression, decreases the stability of RpoS (Gibson and Silhavy 1999). Additionally, a lrhA
null mutation elevated RpoS levels. Using insertions in similar positions in S. typhimurium,
we saw a decrease in RpoS stability with an insertion that presumably increased lrhA
expression, like what was seen in E. coli . However, our null mutant did not affect RpoS
stability. The lrhA findings raise a question in regards to the acetyl phosphate results seen in
E. coli mentioned above. The lrhA gene is immediately upstream of the nuo operon and is
transcribed towards this operon. Additionally, the ackA-pta region is approximately 6 kb
upstream of lrhA and is divergently transcribed. The ackA-pta mutant used in the E. coli
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study (Bouche et al. 1998) is problematic for two reasons: first it is a large and
uncharacterized deletion whose boundaries are unknown, and secondly it is linked to an
insertion whose position is unknown. It is possible that the deletion or the linked insertion
could be influencing lrhA expression and therefore responsible for the changes in RpoS
stability that were observed.
During our study of MviA activity, we noticed that RpoS levels increase when acetate
is the sole carbon and energy source. The mechanism of this effect is unknown. We did test
the involvement of the catabolite repression system. Here we used a crp* mutant which can
bind DNA without high levels of cyclic AMP. If CRP-cAMP is involved in the increase of
RpoS during growth on acetate, then a crp* mutant should induce RpoS regardless of the
growth medium; this was not the case. Interestingly, the acetate effect did not require HF-I.
We believe that the unusual nucleotide ppGpp may be responsible for increases in
RpoS during treatments which transiently change the growth rate. It is already known that
ppGpp mutants resemble rpoS mutants phenotypically (Gentry et al. 1993). Also, a recent
report shows that ppGpp and RpoS increase during abrupt changes of growth rate (Teich et
al. 1999). This nucleotide may be the factor responsible for several of these RpoS
concentration changes. The obstacle in studying this is obtaining ppGpp mutants in S.
typhimurium, which are not very viable. In E. coli, a ppGpp/RpoS mutant is too sick to be
worked with. Alternative strategies must be evolved to deal with this dilemma.
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