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The o° subunit of RNA polymerase (encoded by the rpoS gene) is a master regulator in a complex regulatory
network that governs the expression of many stationary-phase-induced and osmotically regulated genes in
Escherichia coli. rpoS expression is itself osmotically regulated by a mechanism that operates at the posttran-
scriptional level. Cells growing at high osmolarity already exhibit increased levels of o° during the exponential
phase of growth. Osmotic induction of rpoS can be triggered by addition of NaCl or sucrose and is alleviated
by glycine betaine. Stimulation of rpoS translation and a change in the half-life of o° from 3 to 50 min both
contribute to osmotic induction. Experiments with lacZ fusions inserted at different positions within the rpoS
gene indicate that an element required for o° degradation is encoded between nucleotides 379 and 742 of the

rpoS coding sequence.

Like most single-cell organisms, bacteria must be able to
cope with extreme fluctuations in the composition and physical
parameters of their environments. One of these parameters is
the osmolarity of the surrounding medium. When Escherichia
coli cells experience a shift to high osmolarity, influx of potas-
sium ions and synthesis of glutamate are strongly stimulated.
This rapid response is followed by uptake from the medium
and/or synthesis of compatible solutes and osmoprotectants
like glycine betaine, proline, or trehalose (for a review, see
reference 5). In parallel, the induction of numerous proteins
can be observed by two-dimensional O’Farrell gel electro-
phoresis (4, 14). Several corresponding genes have been iden-
tified, for instance, by isolating hyperosmotically inducible lacZ
or phoA gene fusions (1, 3, 6, 8-10, 35).

With respect to the regulatory mechanisms involved, two
systems have been studied in detail. One is the proU operon,
which encodes a glycine betaine uptake system (for a recent
review, see reference 24), whereas the other is the ompF/ompC
porin system, which is controlled by a typical two-component
regulatory system consisting of the membrane-bound sensory
histidine kinase EnvZ and the response regulatory OmpR (15,
17, 26, 27). However, the regulatory mechanisms involved do
not seem to play a general role in the osmotic regulation of
many genes, and efforts to identify a global osmotic regulator
have failed.

By contrast, several other hyperosmotically induced genes
(otsBA, treA, osmB, osmY, and bolA) are under the control of
o® a sigma subunit of RNA polymerase in E. coli that is
encoded by the mpoS gene (13, 14, 19, 34). This seems to
implicate ¢® as a global regulator in the osmotic control of gene
expression. In fact, this would be a second global regulatory
role for o, which is usually regarded as a stationary-phase-
specific sigma factor since the genes mentioned above, as well
as many other o°-dependent genes, are induced during entry
into stationary phase (for recent reviews, see references 11, 12,
and 23). Besides being growth phase regulated at the levels of
transcription, translation, and o® protein stability, rpoS has also
been shown to be hyperosmotically induced by an unknown

* Corresponding author. Mailing address: Department of Biology,
University of Konstanz, P.O. Box 5560, 78434 Konstanz, Germany.
Phone: (49) 7531-88-2039. Fax: (49) 7531-88-2966 or 3356.

1607

mechanism that, in contrast to the osmoregulatory systems
mentioned above, operates at the posttranscriptional level
(21).

In the present report, we present an analysis of the osmotic
regulation of ¢®. By using a combination of gene fusion analysis
and immunoblot and pulse-chase experiments, we came to the
conclusion that osmotic induction of ¢* is based on stimulation
of rpoS$ translation, as well as on inhibition of ¢® turnover, and
that a sequence element encoded in the second third of rpoS is
involved in o® degradation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are derivatives of MC4100 [F~ A(arg-lac)U169 araD139 1psL10 ptsF25
fIbB5301 rbsR deoC relAI) (32). Strains RO35, RO90, and RO91 are single-copy
Iysogens of ANRZS5 (29) carrying the translational fusions 1poS70:lacZ,
rpoS379::lacZ, and rpoS742::lacZ, respectively. Strain RO200 carries a transcrip-
tional version of rpoS742::lacZ. The numbers in the fusion designations indicate
the nucleotides within the rpoS coding region after which the fusions are in-
serted. The isolation of these fusions has been described before (21).

Cells were grown aerobically in minimal medium M9 (25) with glycerol (0.4%)
as the carbon source. For osmotic shift experiments, the cultures were grown for
three or more generations before they were divided into two aliquots to one of
which 0.3 M NaCl or 0.464 M sucrose was added.

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
and immunoblot analysis. Preparation of samples, SDS-PAGE, and immunoblot
analysis were performed as previously described (21). For immunoblot analysis,
the antiserum against o® described by Lange and Hengge-Aronis (21) was used.
This antibody was obtained against ¢® purified in our own laboratory (21) and is
not identical to an antiserum described earlier (14) that had been isolated by
using a purified protein not prepared in our laboratory. Although originally
described as a o® antibody, the latter antibody was later found to recognize not
o® but the product of gene nipD, which is located immediately upstream of rpoS,
has a molecular weight similar to that of ¢® and is also not expressed in the
ArpoS360 mutant (22).

Pulse-labeling of cells and immunoprecipitation. The procedure used for
pulse-labeling of cells with L-[**S]methionine and immunoprecipitation of ¢° was
previously described (21). For labeling, the optical density at 578 nm (ODsg) of
the samples was adjusted by using supernatant freshly prepared from the same
cultures. Pulse-labeling was performed, and the samples were further processed
as previously reported (21). Polyclonal antisera against o® (see above) and B-ga-
lactosidase were used for immunoprecipitation. As a o®-deficient control, strain
RH90 was used (labeled in exponential-phase samples harvested at an ODs,5 of
0.5). Immunoprecipitated proteins were quantified directly from the dried gels by
using a PhosphorImager (Molecular Dynamics) or by densitometric quantifica-
tion of bands on autoradiographs (which yielded similar results).

B-Galactosidase assay. 3-Galactosidase activity was assayed by use of o-nitro-
phenyl-B-p-galactopyranoside as a substrate and is reported as micromoles of
o-nitrophenol per minute per milligram of cellular protein (25).
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FIG. 1. Cellular levels of ¢° protein after osmotic upshift. Strain MC4100 was
grown in M9 medium with 0.4% glycerol. At an ODs,4 of 0.3, the culture was
divided into two aliquots. NaCl (0.3 M) was added to one aliquot (lanes in the
right half of the gel), whereas the control aliquot did not receive any supplement
(lanes in the left half of the gel). Samples were withdrawn at 5, 11, 21, and 30 min
after addition of NaCl and subjected to immunoblot analysis with an antiserum
against ¢® as described in Materials and Methods. The ¢® band is marked by the
arrowhead. Size standards are indicated to the left. kD, kilodaltons.

RESULTS

Characterization of the osmotic regulation of rpoS. The ex-
pression of many o*-controlled genes is stimulated in response
to an osmotic upshift in the growth medium (14). Figure 1
shows that this is accompanied by a substantial increase in the
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expression of ¢* itself. With Fig. 1, we also correct our previous
view that the level of ¢® protein was not increased in response
to osmotic upshift (14) (see Materials and Methods for tech-
nical differences from our previous experiments). The finding
of strongly increased cellular ¢* content under conditions of
osmotic upshift is consistent with the previously reported os-
motic regulation of the translational rpoS742::lacZ fusion (en-
coding a hybrid protein containing the amino-terminal 247
amino acids of ¢®). By contrast, osmoinduction was not found
for a transcriptional fusion with the same fusion joint (21).
These results indicate that osmotic regulation of rpoS operates
at the posttranscriptional level.

rpoS expression is not only stimulated in response to osmotic
upshift but constantly elevated under conditions of continuous
incubation at increased osmolarity. Approximately fourfold
higher levels of o° were found by immunoblot analysis of sam-
ples obtained from cultures continuously growing in the pres-
ence of 0.3 M NaCl (data not shown). Similar results were
obtained with rpoS::lacZ fusions under the same conditions
(Fig. 2). Again, higher expression in the presence of NaCl was
observed only for the translational rpoS742::lacZ fusion (Fig.
2A and B) and not for the corresponding transcriptional fusion
(Fig. 2C and D). The expression of the transcriptional fusion
was even somewhat lower in the presence of 0.3 M NaCl. Like
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FIG. 2. Expression of translational and transcriptional rpoS::lacZ fusions during continuous growth in the absence or presence of 0.3 M NaCl. Strains RO91 (A and
B) and RO200 (C and D), carrying the translational and transcriptional rpoS742::lacZ fusions, respectively, were grown in M9 with 0.4% glycerol (A and C) or M9 with
0.4% glycerol and 0.3 M NaCl (B and D) (also, the cultures used for inoculation had been grown in the presence or absence of NaCl). Optical densities (@) and

B-galactosidase specific activities (A) were determined.
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FIG. 3. Osmotic induction of rpoS by NaCl and sucrose and effect of glycine
betaine. Strain RO91 (carrying the late translational rpoS::lacZ fusion) was
grown in M9 medium containing 0.4% glycerol. At optical densities of approx-
imately 0.3, the cultures were each divided into two aliquots, one of which
received either 0.3 M NaCl (A), 0.464 M sucrose (B), or 0.3 M NaCl together
with 2 mM glycine betaine (C) (arrows). Optical densities (@ and O) and B-ga-
lactosidase specific activities (A and A) were determined in the absence (closed
symbols) or presence (open symbols) of the above-mentioned supplements.

the osmotic shift experiments reported earlier (21), these find-
ings indicate that osmotic induction of 7poS§ occurs at the post-
transcriptional level.

rpoS expression was also stimulated in response to the ad-
dition of a nonionic, osmotically active substance. As demon-
strated in Fig. 3A and B, rpoS expression was stimulated when
the osmolarity was increased by adding either NaCl (0.3 M) or
sucrose (0.464 M), indicating true osmotic regulation. This is
further substantiated by the finding that glycine betaine, when
added simultaneously with NaCl, interfered with osmotic in-
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duction of rpoS (Fig. 3C). Glycine betaine is a potent osmo-
protectant that is known to reduce the osmotic induction of,
e.g., the proU operon (18, 24).

The rate of o° expression and the half-life of o* are changed
in response to osmotic upshift. We have previously shown that
two distinct mechanisms contribute to the growth phase-de-
pendent posttranscriptional regulation of ¢°. Already during
the late exponential growth phase, rpoS translation is stimu-
lated. This increase in translation can be observed only in
cultures that have reached a certain density (above an ODgg
of 0.5 or 0.6) but are not yet starved and therefore appears to
be a cell density-dependent process. In addition, ¢® turnover is
inhibited after the onset of starvation (21).

In pulse-chase experiments, changes in rpoS expression and
in ¢® turnover in response to osmotic upshift were detected
(Fig. 4). Only 8 min after addition of 0.3 M NaCl to an expo-
nentially growing culture of strain MC4100, the rate of o®
expression was increased by a factor of 3.5 (compare the in-
tensities of the o bands in the first lanes of Fig. 4A and B). At
45 min after osmotic upshift, the rate of ¢® expression was
twofold higher than before NaCl treatment (Fig. 4C). Since
our previously published experiments (21) with transcriptional
and translational rpoS::lacZ fusions indicate that rpoS mRNA
levels are not affected by osmotic upshift, the increased o®
expression shown here reflects an increased rate of 7poS§ trans-
lation.

Figure 4 also shows changes in ¢* stability that occur as a
consequence of osmotic upshift. Densitometric quantification
of the bands obtained after various chase times yielded o*
half-lives of 3 min before osmotic upshift, more than 50 min
directly after osmotic upshift, and 16 min after prolonged in-
cubation with 0.3 M NaCl (Fig. 5D). Taken together, these
data demonstrate that an increase in medium osmolarity af-
fects both the rate of 7poS§ translation and the rate of ¢® turn-
over. Moreover, these effects are somewhat alleviated during
prolonged incubation in the presence of NaCl, indicating a
negative feedback or adaptation mechanism.

A region between nucleotides 379 and 742 within rpoS en-
codes an element required for o° turnover. The absolute levels
of expression and the osmotic regulation of translational lacZ
fusions inserted at different positions in the rpoS gene are
markedly different. The rpoS742::lacZ fusion exhibited rela-
tively rapid and more than 10-fold osmotic induction (Fig. 3A
and 5B). By contrast, a fusion with a shorter rpoS part,
rpoS379::lacZ, showed a basal level of expression in a steadily
growing culture that was nearly as high as the osmotically
induced level observed for rpoS742::lacZ (Fig. SA). In addition
to this high basal level of expression, rpoS379::lacZ was in-
duced approximately twofold in response to NaCl addition.
These data indicate that a region located between nucleotides
379 and 742 of the rpoS structural gene may encode an element
that downregulates o® expression and that the mechanism that
makes use of this element is involved in the osmotic induction
of ¢°.

To clarify the role of this region in the regulation of o, we
compared the rates of synthesis and turnover of RpoS::LacZ
hybrid proteins that either contain or do not contain this re-
gion. The relative rates of synthesis before and shortly after
osmotic upshift were determined for the hybrid proteins en-
coded by rpoS70::lacZ, rpoS379::lacZ, and rpoS742::lacZ. La-
beling and chase times were short (60 and 30 s, respectively),
such that potential differences in hybrid protein stability should
not play a role. Figure 6 demonstrates that the osmotic induc-
tion of expression and, therefore, translational regulation is
very similar for the hybrid proteins encoded by rpoS379::lacZ
and rpoS742::lacZ, whereas the small hybrid protein encoded
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FIG. 4. ¢® synthesis and turnover before and after osmotic upshift. Strain
MC4100 was grown in M9 plus 0.4% glycerol to an ODs-5 of 0.3. Aliquots were
pulse-labeled for 1 min with [3*S]methionine immediately before (A) and 8 (B)
and 45 (C) min after addition of 0.3 M NaCl. The chase times with nonradio-
active methionine were 0.25, 1.25, 2.25, 3.25, 4.25, and 5.25 min. Samples were
further processed and subjected to immunoprecipitation and SDS-PAGE as
described in Materials and Methods. As a control, 7poS mutant strain RH90 was
used (last lanes in A, B, and C). Autoradiographs are shown in A, B, and C, and
densitometric quantification of the autoradiographs is shown in D. (D) Graph A,
data from panels A (solid symbols) and B (open symbols); graph B, data from
panel C.

by rpoS70::lacZ exhibited weaker osmotic induction. These
data indicate that the region encoded between nucleotides 379
and 742 in rpoS is not involved in the control of o* synthesis.

There is, however, a pronounced difference in stability be-
tween the hybrid proteins encoded by rpoS379::lacZ and
rpoS742::lacZ. Whereas the former was stable during a 10-min
chase period, that latter was nearly completely degraded dur-
ing this time (Fig. 7A). The half-life of the unstable fusion
protein was estimated to be in the same range as that of ¢°
itself. After osmotic upshift, both hybrid proteins were stable
(Fig. 7B). In addition, we found that the rpoS742:lacZ-en-
coded hybrid protein was also stable in the absence of NaCl
when expressed in mutants that were deficient in either RssB
or ClpP (data not shown), i.e., components that are known to
be required for rapid turnover of ¢* in nonstressed cells (28,
31). The turnover of the hybrid protein encoded by
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rpoS742::lacZ is thus mediated by the same mechanism that is
responsible for the degradation of ¢® itself. Since the shorter
hybrid protein encoded by rpoS379::lacZ is not subject to this
turnover, we conclude that a putative “turnover element” en-
coded between nucleotides 379 and 742 in the rpoS structural
gene is essential for o® turnover and may function as a recog-
nition site for a component of the degradative pathway.

DISCUSSION

The ¢® subunit of RNA polymerase has received a great deal
of attention because of its central role in the control of expres-
sion of stationary-phase-induced genes (11, 12, 23). More re-
cently, however, it has been shown that ¢® is also required for
hyperosmotic induction of various genes in exponentially grow-
ing cells (13, 14, 34). Here we demonstrate that o° itself is
strongly induced upon osmotic upshift (Fig. 1) and is expressed
at elevated levels in cells growing continuously at increased
osmolarity (Fig. 2). Induction of ¢® can be triggered by addi-
tion of NaCl, as well as of sucrose, indicating true osmotic
regulation rather than a salt effect (Fig. 3). We conclude that
besides being a master regulator for stationary-phase-induced
genes, o° is also a global regulator in the osmotic control of
gene expression in E. coli.

In contrast to that of nearly all other osmotically regulated
systems in E. coli, the osmotic control of ¢* occurs at the
posttranscriptional level (to our knowledge, the only other
posttranscriptional osmoregulation is that of ompF by the micF
antisense RNA during a shift from low to intermediate osmo-
larity [30]). In the case of ¢°, increased translation and inhibi-
tion of ¢° turnover contribute to osmotic induction (Fig. 4).
These two processes occur simultaneously. This is unlike the
situation during the transition into stationary phase, in which
translation is already stimulated during the late exponential
phase when the culture reaches a certain cell density but o®
turnover is inhibited only at the onset of starvation (21). Figure
8 summarizes the different levels of o® regulation, as well as the
conditions affecting these levels of control.

It seems reasonable to assume that the translational control
of rpoS involves mRNA secondary structures that may prevent
binding of the ribosome to the translational initiation region
(TIR) of the rpoS mRNA. Under inducing conditions, the
mRNA secondary structures might be dissolved or changed in
such a way that translational initiation can take place. We have
previously suggested that the rpoS TIR may base pair to a
sequence located between nucleotides 154 and 185 in the rpoS
coding region (21). This would be consistent with the reduced
osmotic induction of 7poS70::lacZ which does not contain the
proposed downstream antisense element (21 and Fig. 6). How-
ever, it seems that osmotic regulation of rpoS70::lacZ is not
totally abolished (Fig. 6), indicating that sequences upstream
of nucleotide 70 in rpoS may also be involved in translational
control. We have recently found that alternative secondary
structures, for instance, between the TIR and a region located
directly upstream of the TIR, are also possible. Site-directed
mutagenesis of the complementary elements that may base
pair with the rpoS TIR are required to unequivocally identify
the sequence elements that are crucial for the translational
control of rpoS.

A second sequence element involved in the osmotic regula-
tion of rpoS was shown to be located between nucleotides 397
and 742 in the rpoS coding sequence. This element down-
regulates ¢®, and part of the osmotic induction appears to be a
relief of this down-regulation. While we have shown that trans-
lational control of rpoS is not dependent on the presence of
this element (Fig. 6), several lines of evidence indicate that the
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FIG. 5. Osmotic induction of different translational rpoS::lacZ fusions. Strains RO90 and RO91 carrying lacZ fusions inserted after nucleotides 379 and 742,
respectively, of the rpoS coding region were grown and osmotically induced with 0.3 M NaCl as described in the legend to Fig. 3. Optical densities (squares) and
B-galactosidase specific activities (diamonds) were determined in the NaCl-free (closed symbols) and NaCl-treated cultures (open symbols).

region encoded between nucleotides 379 and 742 in rpoS§ is
crucial for o® turnover. First, a hybrid protein containing this
region is subject to turnover, whereas a shorter hybrid protein
not containing the turnover element is stable (Fig. 7A). Re-
markably, the RpoS742::LacZ hybrid protein is totally de-
graded, whereas in general, only the N-terminal extension is
cleaved off in vivo from LacZ hybrid proteins and the resulting
B-galactosidase is usually stable. It seems that the presence of

the turnover element results in recognition by a protease ma-
chinery that fully degrades a protein regardless of its biochem-
ical properties. Second, in response to osmotic upshift and just
like o® itself, the RpoS742::LacZ hybrid protein becomes sta-
ble (Fig. 7B). Third, we have recently identified a novel
response regulator, RssB, that is required for o® degradation
and thus may be part of the protease machinery. Whereas
rssB mutations result in a strong increase of expression of
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FIG. 6. Synthesis of B-galactosidase hybrid proteins containing ¢® parts of
various lengths before and after osmotic upshift. Strains RO35, RO90, and RO91
carrying translational fusions rpoS70::lacZ, rpoS379:lacZ, and rpoS742::lacZ,
respectively, were grown in M9 with 0.4% glycerol to an ODs-4 of 0.3. Aliquots
were pulse-labeled for 1 min with [>*S]methionine immediately before (—) and
12 min after (+) the addition of 0.3 M NaCl, followed by a 30-s chase with
nonradioactive methionine. Samples were further processed and subjected to
immunoprecipitation with a polyclonal antibody against B-galactosidase and
SDS-PAGE as described in Materials and Methods.

rpoS742::lacZ, they do not affect rpoS379:lacZ, indicating
again that a putative target site for RssB-mediated o® degra-
dation is encoded between nucleotides 379 and 742 (28).
Fourth, we have observed that degradation of RpoS742::LacZ
does not take place in a clpP mutant background. Recently,
Schweder et al. have demonstrated that the ClpXP protease is
involved in ¢® turnover, and by using a similar hybrid protein
approach, they have also come to the conclusion that a region
encoded approximately in the middle of 7poS§ plays a role in ¢*
degradation (31). Finally, an element with a similar function
(region C [36]) has also been located within the rpoH gene
(encoding heat shock sigma factor o2, which also exhibits
regulated turnover [33]), and comparable rpoH::lacZ fusions
show regulatory behavior similar to that of our rpoS::lacZ fu-
sions (36).

We have also observed that the initial stimulation of trans-
lation and the strong inhibition of ¢ turnover triggered by
osmotic upshift are somewhat alleviated during prolonged in-
cubation under conditions of high osmolarity. This indicates an
adaptive mechanism activated with some delay after the initial
osmotic upshift. Consistent with this, we observed increased
steady-state levels of ¢*, as well as increased expression of the
rpoS::lacZ fusion under conditions of continuous growth in
high-osmolarity medium, but the absolute levels of expression
were not as high as during the 2-h period directly after osmotic
upshift (compare, e.g., Fig. 2B and 3A). The mechanism of this
apparent adaptive regulation is unknown.

The multilayered control of ¢® must involve multiple un-
known regulatory factors and, probably, complex signal trans-
duction pathways. What are the intracellular signals for all of
the environmental conditions (Fig. 8) that result in an increase
in the cellular ¢® level? Evidence has been presented that

D742
20 5 10

®379
20" 5 10

FIG. 7. Turnover of B-galactosidase hybrid proteins containing o® parts of
various lengths before and after osmotic upshift. Strains RO90 and RO91 were
grown and pulse-labeled (A) and then treated with NaCl and again pulse-labeled
(B) as described in the legend to Fig. 6. The chase times were 20 s, 5 min, and
10 min. The samples were further processed as described in the legend to Fig. 6.
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FIG. 8. Levels of regulation and environmental conditions affecting cellular
o® content E, RNA polymerase core enzyme.

ppGpp (7, 20), a homoserine lactone (16), and UDP-glucose
(2) affect o® levels. The challenge for future work is to find the
links between various changes in the environment, fluctuations
in the cellular levels of these and perhaps additional putative
signal molecules, and the multiple mechanisms of ¢* control.

ACKNOWLEDGMENTS

We thank Winfried Boos (in whose laboratories this work was car-
ried out) for continuous interest in the project and Daniela Fischer for
excellent technical assistance. We thank Abdul Matin for communi-
cating results prior to publication.

Financial support was provided by the Deutsche Forschungsgemein-
schft (Schwerpunkt-Programm “Regulatory Networks in Bacteria,”
He-1556-5-1) and by the Fonds der Chemischen Industrie. Andrea
Muffler is the recipient of a fellowship from the Graduiertenférderung
des Landes Baden-Wiirttemberg.

REFERENCES

. Barron, A.,, G. May, E. Bremer, and M. Villarejo. 1986. Regulation of
envelope protein composition during adaptation to osmotic stress in Esche-
richia coli. J. Bacteriol. 167:433-438.

2. Bohringer, J., D. Fischer, G. Mosler, and R. Hengge-Aronis. 1995. UDP-
glucose is a potential intracellular signal molecule in the control of expres-
sion of o® and o®-dependent genes in Escherichia coli. J. Bacteriol. 177:413—
422.

3. Cairney, J., I. R. Booth, and C. F. Higgins. 1985. Osmoregulation of gene
expression in Salmonella typhimurium: proU encodes an osmotically induced
betaine transport system. J. Bacteriol. 164:1224-1232.

4. Clark, D., and J. Parker. 1984. Proteins induced by high osmotic pressure in
Escherichia coli. FEMS Microbiol. Lett. 25:81-83.

5. Csonka, L. N. 1989. Physiological and genetic responses of bacteria to os-
motic stress. Microbiol. Rev. 53:121-147.

6. Dunlap, V. J., and L. N. Csonka. 1985. Osmotic regulation of L-proline
transport in Salmonella typhimurium. J. Bacteriol. 163:296-303.

7. Gentry, D. R., V. J. Hernandez, L. H. Nguyen, D. B. Jensen, and M. Cashel.
1993. Synthesis of the stationary-phase sigma factor ¢* is positively regulated
by ppGpp. J. Bacteriol. 175:7982-7989.

8. Giaever, H. M., O. B. Styrvold, I. Kaasen, and A. R. Strgm. 1988. Biochem-
ical and genetic characterization of osmoregulatory trehalose synthesis in
Escherichia coli. J. Bacteriol. 170:2841-2849.

9. Gowrishankar, J. 1985. Identification of osmoresponsive genes in Esche-
richia coli: evidence for participation of potassium and proline transport
systems in osmoregulation. J. Bacteriol. 164:434-445.

10. Gutierrez, C., J. Barondess, C. Manoil, and J. Beckwith. 1987. The use of
transposon TnphoA to detect genes for cell envelope proteins subject to a
common regulatory stimulus. J. Mol. Biol. 195:289-297.

11. Hengge-Aronis, R. 1993. The role of rpoS in early stationary phase gene
regulation in Escherichia coli K12, p. 171-200. In S. Kjelleberg (ed.), Star-
vation in bacteria. Plenum Press, New York.

12. Hengge-Aronis, R. 1993. Survival of hunger and stress: the role of rpoS in
stationary phase gene regulation in Escherichia coli. Cell 72:165-168.

13. Hengge-Aronis, R., W. Klein, R. Lange, M. Rimmele, and W. Boos. 1991.

Trehalose synthesis genes are controlled by the putative sigma factor en-

coded by 7poS and are involved in stationary-phase thermotolerance in

Escherichia coli. J. Bacteriol. 173:7918-7924.

Ju—



Vou. 178, 1996

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

Hengge-Aronis, R., R. Lange, N. Henneberg, and D. Fischer. 1993. Osmotic
regulation of rpoS-dependent genes in Escherichia coli. J. Bacteriol. 175:259—
265.

Huang, K.-J., J. L. Schieberl, and M. M. Igo. 1994. A distant upstream site
involved in the negative regulation of the Escherichia coli ompF gene. J.
Bacteriol. 176:1309-1315.

. Huisman, G. W., and R. Kolter. 1994. Sensing starvation: a homoserine

lactone-dependent signaling pathway in Escherichia coli. Science 265:537—
539.

Igo, M. M, A. J. Ninfa, J. B. Stock, and T. J. Silhavy. 1989. Phosphorylation
and dephosphorylation of a bacterial transcriptional activator by a trans-
membrane receptor. Genes Dev. 3:1725-1734.

Jovanovich, S. B., M. Martinell, M. T. Record, Jr., and R. R. Burgess. 1994.
Rapid response to osmotic upshift by osmoregulated genes in Escherichia
coli and Salmonella typhimurium. J. Bacteriol. 170:534-539.

Kaasen, L., P. Falkenberg, O. B. Styrvold, and A. R. Strgm. 1992. Molecular
cloning and physical mapping of the otsBA genes, which encode the osmo-
regulatory trehalose pathway of Escherichia coli: evidence that transcription
is activated by KatF (AppR). J. Bacteriol. 174:889-898.

Lange, R., D. Fischer, and R. Hengge-Aronis. 1995. Identification of tran-
scriptional start sites and the role of ppGpp in the expression of rpoS, the
structural gene for the ¢® subunit of RNA polymerase in Escherichia coli. J.
Bacteriol. 177:4676-4680.

Lange, R., and R. Hengge-Aronis. 1994. The cellular concentration of the ¢*
subunit of RNA-polymerase in Escherichia coli is controlled at the levels of
transcription, translation and protein stability. Genes Dev. 8:1600-1612.
Lange, R., and R. Hengge-Aronis. 1994. The nipD gene is located in an
operon with 7poS on the Escherichia coli chromosome and encodes a novel
lipoprotein with a potential function in cell wall formation. Mol. Microbiol.
13:733-743.

Loewen, P. C., and R. Hengge-Aronis. 1994. The role of the sigma factor ¢*
(KatF) in bacterial global regulation. Annu. Rev. Microbiol. 48:53-80.
Lucht, J. M., and E. Bremer. 1994. Adaptation of Escherichia coli to high
osmolarity environments: osmoregulation of the high-affinity glycine betaine
transport system ProU. FEMS Microbiol. Rev. 14:3-20.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

OSMOREGULATION OF ¢® in E. COLI 1613

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Mizuno, T., M. Kato, Y. L. Jo, and S. Mizushima. 1988. Interaction of
OmpR, a positive regulator, with the osmoregulated ompC and ompF genes
of Escherichia coli. J. Biol. Chem. 263:1008-1012.

Mizuno, T., and S. Mizushima. 1990. Signal transduction and gene regula-
tion through the phosphorylation of two regulatory components: the molec-
ular basis for the osmotic regulation of the porin genes. Mol. Microbiol.
4:1077-1082.

Muffler, A., D. Fischer, S. Altuvia, G. Storz, and R. Hengge-Aronis. The
response regulator RssB controls stability of the ¢® subunit of RNA poly-
merase in Escherichia coli. EMBO 1J., in press.

Ostrow, K. S., T. J. Silhavy, and S. Garrett. 1986. Cis-acting sites required
for osmoregulation of ompF expression in Escherichia coli K-12. J. Bacteriol.
168:1165-1171.

Ramani, N., M. Hedeshian, and M. Freundlich. 1994. micF antisense RNA
has a major role in osmoregulation of OmpF in Escherichia coli. J. Bacteriol.
176:5005-5010.

Schweder, T., K.-H. Lee, O. Lomovskaya, and A. Matin. 1996. Regulation of
Escherichia coli starvation sigma factor (o*) by CIpXP protease. J. Bacteriol.
178:470-476.

Silhavy, T. J., M. L. Berman, and L. W. Enquist. 1984. Experiments with
gene fusions. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.
Straus, D. B., W. A. Walter, and C. A. Gross. 1987. The heat shock response
of E. coli is regulated by changes in the concentration of o2, Nature (Lon-
don) 329:348-351.

Yim, H. H,, R. L. Brems, and M. Villarejo. 1994. Molecular characterization
of the promoter of osmY, an rpoS-dependent gene. J. Bacteriol. 176:100-107.
Yim, H. H., and M. Villarejo. 1992. osmY, a new hyperosmotically inducible
gene, encodes a periplasmic protein in Escherichia coli. J. Bacteriol. 174:
3637-3644.

Yuzawa, H., H. Nagai, H. Mori, and T. Yura. 1993. Heat induction of o2
synthesis mediated by mRNA secondary structure: a primary step of the heat
shock response in Escherichia coli. Nucleic Acids Res. 21:5449-5455.



