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expression-based search (57, 62). RybB binds the RNA chaperone protein Hfq, suggesting that the RNA acts by pairing
with mRNAs. Steady-state levels of RybB could be detected
only in stationary phase in rich media (57, 62). However, the
conditions leading to the synthesis of RybB and its effects on
the cell remained largely uncharacterized until recently.
In characterizing the regulation of RybB synthesis, we found
that RpoE (sigma E or E) was absolutely necessary for its
synthesis and was a direct regulator of its transcription. E is a
member of the extracytoplasmic family of alternative sigma
factors (31). E guides the core RNA polymerase in binding to
the promoter region and initiating transcription of specific
genes in response to extracytoplasmic stress (excess heat shock
or misfolded outer membrane proteins [OMPs]) (36, 52).
RybB also represses E synthesis, creating an autoregulatory
loop.
(A portion of this work was used in partial fulfillment of the
Ph.D. degree to K.M.T. from Howard University [Department
of Microbiology].)

Prokaryotic small regulatory RNA molecules have long been
known to regulate plasmid replication and phage development
(60). Recent studies have found that, in addition, regulatory
RNAs have important roles for bacterial cell growth and physiology. A number of genome-wide searches performed by various groups using computational and biochemical methods
have uncovered close to 100 small RNAs (sRNAs) in Escherichia coli (6, 8, 27, 47, 57, 62). More than a dozen of these
RNAs have been characterized thus far and have been found
to affect various physiological pathways. Characterization of
additional sRNAs continues to yield surprising insights into
cell physiology.
In Escherichia coli, the largest class of small regulatory
RNAs binds to the RNA chaperone Hfq and regulates the
stability and translation of specific mRNAs. The Hfq-binding
sRNAs act by pairing with regions of complementarity in their
target mRNAs. The vast majority of the Hfq-binding sRNAs
act negatively, to either inhibit translation or stimulate the
degradation of the target mRNA, also resulting in degradation
of the sRNA itself (26, 33, 56). In some cases, sRNAs of this
class can act positively. For instance, DsrA and RprA stimulate
translation of the stationary-phase/general stress sigma factor
RpoS (sigma S or S) (32, 51).
RybB, an 81-nucleotide sRNA, was identified in a computational genome-wide search for novel sRNAs, as well as in an

MATERIALS AND METHODS
Strains, plasmids, and media. The strains used are listed in Table S1 in the
supplemental material. Most are derivatives of E. coli K-12 MG1655. Strains
were grown in Luria-Bertani (LB) medium (KD Medical, Columbia, MD) in an
Innova 3100 water bath shaker (New Brunswick Scientific, Edison, NJ) at approximately 200 rpm at 37°C unless otherwise indicated. Unless otherwise indicated, marked mutations were moved into the desired strain background using
bacteriophage P1 transduction (49). Transductants were selected on LB plates
supplemented with 25 g/ml kanamycin, 10 g/ml chloramphenicol, or 25 g/ml
tetracycline (KD Medical, Columbia, MD), depending on the marker used.
Tetrazolium (2,3,5-triphenyltetrazolium chloride [TTC]) (Sigma)-lactose (TTCLac) plates were prepared as previously described (38). Insertion mutants were
screened on MacConkey-lactose plates supplemented with 25 g/ml kanamycin
(KD Medical) or TTC-Lac plates supplemented with 25 g/ml kanamycin (TTCLac-Kan). All plasmids used in this study are listed in Table S2 in the supplemental material. Plasmids were generally introduced into strains by TSS (trans-
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RybB is a small, Hfq-binding noncoding RNA originally identified in a screen of conserved intergenic regions
in Escherichia coli. Fusions of the rybB promoter to lacZ were used to screen plasmid genomic libraries and
genomic transposon mutants for regulators of rybB expression. A number of plasmids, including some carrying
rybB, negatively regulated the fusion. An insertion in the rep helicase and one upstream of dnaK decreased
expression of the fusion. Multicopy suppressors of these insertions led to identification of two plasmids that
stimulated the fusion. One contained the gene for the response regulator OmpR; the second contained mipA,
encoding a murein hydrolase. The involvement of MipA and OmpR in cell surface synthesis suggested that the
rybB promoter might be dependent on E. The sequence upstream of the ⴙ1 of rybB contains a consensus E
promoter. The activity of rybB-lacZ was increased in cells lacking the RseA anti-sigma factor and when E was
overproduced from a heterologous promoter. The activity of rybB-lacZ and the detection of RybB were totally
abolished in an rpoE-null strain. In vitro, E efficiently transcribes from this promoter. Both a rybB mutation
and an hfq mutation significantly increased expression of both rybB-lacZ and rpoE-lacZ fusions, consistent with
negative regulation of the E response by RybB and other small RNAs. Based on the plasmid screens, NsrR,
a repressor sensitive to nitric oxide, was also found to negatively regulate E-dependent promoters in an
RseA-independent fashion.
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containing mini-::tet (NM300) was grown at 32°C to mid-log phase and switched
to 42°C to induce expression of the  Red proteins. Aliquots of the uninduced
and induced cultures were made electrocompetent, and approximately 100 ng of
the respective PCR products was electroporated into a 50-l aliquot of the
electrocompetent cells. Recombinants were selected on LB agar plates containing 50 g/ml of kanamycin.
RNA isolation and Northern blots. Total RNA was extracted in mid-exponential or stationary phase using the hot-phenol method (2). RNA samples were run
on 8% acrylamide gels, and nonisotopic Northern blotting was performed as
previously described (34). The 5⬘-biotinylated oligonucleotide KT98 was used as
a probe for the detection of RybB RNA (see Table S3 in the supplemental
material).
In vitro transcription assays. Single-round in vitro transcription experiments
were performed to test the rybB promoter. The rybB promoter DNA template
was prepared by PCR from MG1655 genomic DNA and contained sequences
from ⫺126 to ⫹112 with respect to the transcription start and also the rybB
terminator, using oligonucleotide primers rybB prom and rybB term (see Table
S3 in the supplemental material). The control PdegP DNA template was prepared from the vector pUA66, carrying the native PdegP E promoter sequences
from ⫺65 to ⫹20 (46). PCR was used to amplify a degP promoter fragment from
⫺200 to ⫹175 with the primers pMS201-FW200 and pMS201-RV2 terminator
(Table S3). Note that the pMS201-RV2 terminator primer contains the rpoC
terminator sequence (35) to provide efficient transcription termination at the
underlined C in Table S3.
RNA polymerase core enzyme was purified as described in reference 65, and
His6-tagged E was purified using a QIAGEN Ni2⫹ affinity column per the
manufacturer’s instructions. The transcription assays were performed as described in reference 45 with the following modifications. Binding reaction mixtures (6 l) contained 5 nM template DNA, 250 nM core RNA polymerase,
1,250 nM E, and 1⫻ binding buffer (5% glycerol, 20 mM Tris [pH 8.0], 300 mM
potassium acetate, 5 mM magnesium acetate, 0.1 mM EDTA, 1 mM dithiothreitol, 50 g/ml bovine serum albumin, 0.05% Tween). Single-round transcriptions
were initiated with 2 l of a 2⫻ XTP-heparin mix (to give a final concentration
of 200 M ATP/UTP/GTP, 10 M CTP, 2.5 Ci [␣-32P]CTP [3,000 Ci/mmol],
100 g/ml heparin in 1⫻ binding buffer), mixtures were incubated for 5 min at
37°C, and then reactions were terminated with 4 l stop solution (20 mM EDTA,
80% deionized formamide, 0.05% [wt/vol] bromophenol blue, 0.05% [wt/vol]
xylene cyanol FF). The RNA transcripts were resolved by electrophoresis after
heating at 90°C for 2 min and loading 3 l on a 6% denaturing polyacrylamide
sequencing gel together with DNA sequencing reaction products that functioned
as size markers. Transcripts were visualized using a Molecular Dynamics Storm
560 PhosphorImager scanning system.
␤-Galactosidase assays. ␤-Galactosidase assays were carried out in 96-well
plates and read in a SpectraMax 250 (Molecular Devices, Sunnyvale, CA) as
previously described (66). Briefly, 50-ml LB cultures (KD Medical, Columbia,
MD) were grown at 32°C or 37°C. At various time points, 100-l aliquots of the
cell culture were added to a well containing permeabilization buffer. Specific
activity units are 25-fold lower than Miller units.

RESULTS
Genetic screens for regulators of RybB synthesis. In the
study that initially identified RybB, its expression could be
detected only in stationary phase (62). This pattern of expression was later confirmed, and the start site of rybB transcription
was determined by 5⬘ rapid amplification of cDNA ends (57),
but the regulators of RybB expression were not determined.
Two rybB-lacZ transcriptional fusion strains were initially
used to screen for RybB regulators. One fusion, the rybB-lacZ
long fusion, contained ⫺79 to ⫹22 of rybB, with respect to the
mapped transcription start site; the other, the rybB-lacZ short
fusion, contained ⫺36 to ⫹22 of rybB. The rybB-lacZ long-fusion
strain was Lac⫹ on Mac-Lac plates; the rybB-lacZ short-fusion
strain was less strongly Lac⫹. The activity of both fusions increased upon entry of cells into stationary phase, consistent
with previous reports where RybB RNA was detected only in
stationary phase (57, 62). Expression of the rybB-lacZ fusions
was not altered in an rpoS-null mutant, suggesting that station-
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formation and storage solution) transformation (10). Transformants were
selected on LB agar plates supplemented with 100 g/ml ampicillin (KD Medical). Genomic DNA transformants were screened on MacConkey-lactose plates
supplemented with 50 g/ml of ampicillin (Mac-Lac-Amp) (KD Medical).
Construction of rybB-lacZ transcriptional fusions. Single-copy chromosomal
rybB-lacZ transcriptional fusions used in this study were first constructed in
plasmid pRS1553 (http://www.mimg.ucla.edu/bobs/vectors/Alpha-lac/alphaLac
.htm), a derivative of the vectors described in reference 50. To construct the
multicopy rybB-lacZ long transcriptional fusion, the region from ⫺77 to ⫹22 of
rybB was PCR amplified from MG1655 genomic DNA using primers KT12 and
KT14 (see Table S3 in the supplemental material), digested with EcoRI and
BamHI, and ligated to a pRS1553 EcoRI/BamHI digest to yield pKMT30.
Similarly, in the rybB-lacZ short transcriptional fusion, the region from ⫺36 to
⫹22 of rybB was PCR amplified using primers KT13 and KT14 (Table S3) and
ligated to pRS1553 to yield pKMT31. Strains containing these plasmids were
then crossed with RS468; Lac⫹ recombinants yielded transducing phages
KMT30 and KMT31. KMT30 and KMT31 were used to lysogenize DJ480,
yielding strains KMT12000 and KMT11000, respectively.
Construction of an rpoE-lacZ translational fusion. A region of rpoE from 160
nucleotides (nt) upstream to 270 nt downstream of the ATG was amplified from
MG1655 genomic DNA using primers KT132 and KT143 (see Table S3 in the
supplemental material), digested with EcoRI and BamHI, and ligated to EcoRI/
BamHI-treated pRS1551 to yield pKMT35. Plasmid pKMT35 was then crossed
with RS468 (50) to yield KMT35. Strain NM6010 was lysogenized with
KMT35, resulting in strain KMT14000.
Construction of pBAD-rybB and pBAD-nsrR plasmids. To clone the rybB gene
under the control of an arabinose-inducible promoter, plasmid pNM12, a derivative of pBAD24 used for expression of sRNAs, was used as the vector (32).
Oligonucleotides KT119 and KT120 (see Table S3 in the supplemental material)
were annealed, and the resulting product was ligated to an MscI/PstI digest of
pNM12, resulting in pKMT5. To clone nsrR under the control of an arabinoseinducible promoter, nsrR was amplified from MG1655 genomic DNA using
primers KT191 and KT192, digested with EcoRI and PstI, and ligated to
pBAD24, resulting in pKMT8. The constructs were confirmed by DNA sequencing.
Transposon mutant screen. For screen II, a pool of random insertion mutant
derivatives of DJ480 was created by infecting DJ480 with NK1316 (29) and
selecting kanamycin-resistant colonies; a P1 lysate made on this pool was used to
deliver the random insertions into KMT12000 by transduction. A total of 4,200
kanamycin-resistant transductants were screened on TTC-Lac-Kan; 22 Lac⫺
colonies were picked and assayed for immunity to phage imm21. Only two of
the Lac⫺ transductants were still immune to the phage and thus retained the
chromosomal rybB-lacZ fusion. The two insertions, rrb2::kan and rrb4::kan, were
retransduced into KMT12000 to confirm the linkage of the kan insertion to the
phenotype.
Insertions were mapped by an inverse PCR method as previously described (9,
43). The first PCR uses a random primer (RandomPrim1) and a transposonspecific primer (TnKm1) (see Table S3 in the supplemental material). In the
second PCR, a nested set of primers (Revprim2 and TnKm2) (Table S3) was
used. TnKm2 was used to sequence the PCR product to obtain the location of
the kan gene. The rrb2::kan insertion mapped to the middle of the rep gene, at
nucleotide 3958864, and was renamed rep::kan; the strain carrying this insertion
is KMT12002. The rrb4::kan insertion mapped to an intergenic region directly
upstream of the dnaK gene, at nucleotide 12109, and was renamed zaa-1000::kan;
the strain carrying this insertion is KMT12003.
Genomic DNA library screens. For screen I, a genomic DNA library was
introduced into KMT12000 (long rybB-lacZ fusion) and KMT11000 (short rybBlacZ fusion) by electroporation (54). Following electroporation, 1 ml of LB
medium was added to the electroporation mixtures, the culture was incubated at
37°C for 1 h, and 50-l aliquots were spread on Mac-Lac-Amp. For KMT12000,
approximately 10,500 colonies were screened; for KMT1000, approximately
3,500 colonies were screened.
In addition to screening KMT12000 and KMT11000, the genomic library was
also introduced into KMT12002 and KMT12003 (rep::kan and zaa-1000::kan
mutant derivatives of KMT12000, Lac⫺ phenotype, from screen II) to screen for
multicopy suppressors (screen III). Transformants were screened for a Lac⫹
phenotype on Mac-Lac-Amp.
Construction of chromosomal rybB and rseA mutants. Kanamycin-resistant
deletion insertions in rseA and rybB were constructed using the mini--based 
Red recombineering system (15). A kan cassette with 50 bp of homology to
regions flanking rybB was amplified using primers KT18 and KT19 (Table S3). A
kan cassette with 50 bp of homology to rseA was amplified using oligonucleotides
KT76 and KT77 (see Table S3 in the supplemental material). A culture of DJ480
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TABLE 1. Screen I: genomic library clones that modulate rybB-lacZ fusion expression
Library screen
hosta

rybB-lacZ (long)

Plasmid isolate
(fragment boundaries)

Gene
Name

pK-09 (886844–890902);
pK-235 (884802–887483)

Lac⫺

⬎⬘ybjK

pK-215 (4402773–4406851);
pK-221 (4402773–4404689)a
pK-222 (2869026–2871368)

b

⬍rybB
⬍ybjL
⬎ybjM
⬍grxA⬘

RybB negative regulation
of E; see text

Lac⫺

⬎⬘purA
⬎nsrR
⬎rnr⬘

Adenylosuccinate synthetase
Transcriptional repressor
Exoribonuclease R

NsrR effect; this work

Lac⫺

⬍truD
⬍ispF

tRNA pseudouridine 13 synthase
2-C-Methyl-D-erythritol-2,4cyclodiphosphate synthetase,
isprenoid biosynthesis
4-Diphosphocytidyl-2C-methyl-Derythritol synthetase
Essential cell division protein
Putative cytochrome oxidase
subunit

Cell division and cell
surface effects?

Guanine deaminase
Unknown function
(transporter?)
Unknown function
(oxidoreductase?)

Unknown mechanism

Unknown function (transferase/
phosphorylase?)
Unknown (dehydrogenase?)
Unknown function
Unknown function
Unknown function

Unknown mechanism

⬍ftsB
⬍ygbE⬘
Lac⫺

⬎⬘guaD
⬎ygfQ
⬍ygfS⬘

pK-126 (835278–777897)

Lac⫺

⬎⬘ybiB
⬎ybiC
⬍ybiJ
⬍ybiI
⬍ybiX⬘

rybB-lacZ (short)

Comments

Putative DeoR-type
transcriptional regulator
sRNA
Putative transport protein
Unknown function
Glutaredoxin I

⬍ispD

pK-121 (3025059–3026683)

Descriptionc

pK-220 (3242589–3244529)

Lac⫺

⬍⬘uxaA
⬎exuT
⬎exuR⬘

Altronate dehydratase
Hexuronate transporter
Negative transcriptional
regulator of the Exu operon

Unknown mechanism

pK-212 (982071–986106)

Lac⫺

⬎⬘ycbB
⬎ycbK
⬎ycbL
⬍aspC
⬍ompF⬘

Unknown function (amidase?)
Unknown function; E regulated
Unknown function
Aspartate aminotransferase
Outer membrane protein

E regulated (45, 46)

pK-304 (4102714–4104832)

Lac⫺

⬍⬘cpxA

Membrane sensor kinase in
CpxAR two-component signal
transduction system
Response regulator in CpxAR
two-component signal
transduction system
Periplasmic protein activated by
CpxAR, induced in alkaline
pH, suppresses toxic envelope
protein effects

Regulator of periplasmic
functions, may downregulate E stress

ABC transporter subunit
ABC transporter subunit
54, nitrogen starvation sigma
factor
Probable 54 modulation protein
Pts, regulates N metabolism
ATPase

E -regulated operon E
competition? (45, 46)

⬍cpxR
⬎cpxP

pK-407 (3341506–3345714)

Lac⫺

⬎⬘yhbN
⬎yhbG
⬎rpoN
⬎yhbH
⬎ptsN
⬎yhbJ⬘

Continued on following page
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TABLE 1—Continued

Library screen
hosta

Plasmid isolate
(fragment boundaries)

pK-402 (1646935–1649118)

Gene

Lac
phenotype

Lac⫺

b

Name

⬘rzpQ
⬎dicF
⬎dicB
⬎ydfD
⬎ydfE
⬎insD⬘

pK-601 (2037829–2040601)

Lac⫹⫹

⬎yedY
⬎yedZ
⬎yodA
⬎yodB

a
b
c

Comments

Unknown function (cryptic
prophage)
sRNA, inhibits ftsZ
Control of cell division, activates
MinC
Unknown function (cryptic
prophage)
Unknown function (cryptic
prophage)
Cryptic prophage, transposase?

Cell division defect?

Unknown function
Unknown function (inner
membrane protein)
Cadmium-induced metal binding
protein; SoxS, Fur regulated
Unknown function
(cytochrome?)

Unknown mechanism;
increase membrane
stress?

rybB-lacZ long fusion, KMT12000; rybB-lacZ short fusion, KMT11000.
⬎, clockwise gene; ⬍, counterclockwise gene; ⬘, incomplete gene.
Gene descriptions are from EcoCyc (27, 28).

ary-phase induction of rybB expression is RpoS independent
(data not shown). The short fusion was used only in the first of
the screens described below; tests with this fusion suggest that
it is qualitatively similar in its regulation to the long fusion but
may be missing some promoter sequences necessary for optimal expression.
The initial screen for regulators of rybB (screen I) was of an
E. coli genomic DNA plasmid library in the rybB-lacZ fusion
strains (54). A total of 11,000 transformants of the rybB-lacZ
long fusion and 3,000 transformants of the rybB-lacZ short
fusion were screened for Lac⫺ or Lac⫹⫹ phenotypes on MacLac-Amp or TTC-Lac-Amp agar plates; candidate plasmids
were confirmed by isolation and retransformation. Twelve independent plasmids, representing 10 different genomic regions, that reduced fusion expression were identified (Lac⫺
phenotype) (Table 1). Two independent plasmids carried the
rybB gene itself. These plasmids also contained the upstream
flanking gene, ybjK, which is a predicted DeoR-type transcriptional regulator. However, a null mutation of ybjK in the chromosome did not affect the expression of rybB-lacZ activity,
suggesting that YbjK is not required for expression of rybB
(data not shown). One clone gave a Lac⫹⫹ phenotype for the
rybB-lacZ long fusion; it did not carry any known transcriptional regulators (Table 1). No explanation for the phenotypes
resulting from these plasmids was immediately obvious; we
return to some of them below.
Because the rybB-lacZ long fusion resulted in strains that
were relatively Lac⫹, it proved challenging to identify plasmids
leading to higher levels of expression (positive regulators); only
one was identified in the previous screen. In order to identify
possible positive regulators of rybB synthesis, a second screen
for random insertion mutations that modulated expression of
the rybB-lacZ long fusion was carried out. Approximately
25,000 transposon insertions into the rybB-lacZ strain were
screened for changes in the Lac phenotype (screen II). Only

two insertions that changed expression in a reproducible fashion were isolated; both reduced rybB expression. Unexpectedly, one was in rep, encoding an ATP-dependent DNA helicase; the second was upstream of dnaK (zaa-1000::kan). The
strain carrying the rep::kan insertion grew slowly and was
somewhat cold sensitive. The zaa-1000::kan insertion is presumed to be polar on dnaK expression. However, the effect of
zaa-1000::kan mutation on DnaK levels was not determined.
While it seemed unlikely that either Rep or DnaK was a
direct regulator of rybB transcription, the Lac⫺ phenotype of
the strains carrying these insertions allowed an easier screen
for multicopy plasmids that increased expression from the
rybB-lacZ long fusion. Using strains carrying the rybB-lacZ
long fusion containing either the rep::kan (KMT12002) or
zaa-1000::kan (KMT12003) insertion, we once again introduced the plasmid genomic library and screened for suppression of the Lac⫺ phenotype on Mac-Lac-Amp plates (screen
III). A total of 14,000 transformants were screened for each
strain. Four plasmids that increased expression of the fusions
were identified; one plasmid was found twice, once in each
mutant strain (Table 2). None of the plasmids carried either
the rep or dnaK genes. Of the plasmids identified in this screen,
only two carried known regulators, emrR and ompR.
EmrR is a negative regulator of genes involved in exporting
drugs from the cell (30, 63). While an emrR plasmid stimulated
expression of both the long and short rybB-lacZ fusions modestly, a mutation in emrR also had a modest stimulatory effect,
suggesting both positive and negative effects of EmrR (data
not shown). Epistasis experiments (see below and Fig. 1B)
suggested that the EmrR effect was likely to be indirect, and it
was not further pursued.
OmpR is the response regulator component of the EnvZOmpR two-component signal transduction system. OmpR acts
as a transcriptional regulator of OMPs, most notably OmpC
and OmpF, in response to changes in osmolarity of the envi-
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TABLE 2. Genomic library clones isolated as multicopy suppressors; increased expression of rybB-lacZ (screen III)
Multicopy suppression
Plasmid isolate
(fragment boundaries)

pK4-14 (1862417–1865705)

Original mutation

rrb2 (rep::kan) and rrb4
(zaa-1000::kan)

Gene

Modulatory effect in
ompR⫺?

Yes; stimulation

Name

⬎yeaD
⬍yeaE
⬍mipA
⬎yeaG

pK4-29 (1403515–1405770)

rrb4 (zaa-1000::kan)

⬎abgR

No

pK4-55 (3531018–3535617)

rrb4 (zaa-1000::kan)

Yes; stimulation
(complementation)

⬎pckA
⬍envZ
⬍ompR
⬎greB
⬎yhgF

pK2-8 (2805651–2809436)

rrb2 (rep::kan)

No

⬎proX
⬎ygaY
⬎ygaZ
⬎ygaH
⬎emrR

a

Unknown function, conserved
Methylglyoxal reductase
Scaffolding protein for murein
polymerase and murein hydrolase
Unknown function, conserved
Putative LysR-type transcriptional
regulators
sRNA
Unknown function
Unknown function, conserved
Phosphoenolpyruvate carboxykinase
Inner membrane osomosenser protein,
regulates activity of OmpR
Transcriptional regulator involved in
osmoregulation of OmpC and
OmpF
Transcriptional elongation factor
Unknown function
High-affinity transport for glycine,
betaine, and proline
Uncharacterized member of the major
facilitator superfamily of
transporters
Predicted transporter
Predicted inner membrane protein
Negatively regulates transcription of
the emrRAB operon encoding
subunits of a multidrug efflux pump;
acts here via OmpR

Description of genes from EcoCyc (27, 28) and results from this paper.

ronment (41, 64). OmpR is also a transcriptional activator of
two sRNAs, OmrA and OmrB, involved in the posttranscriptional regulation of several OMPs (22). To assess the role of
OmpR in the transcription of rybB, a ⌬ompR derivative of the
rybB-lacZ strain was examined. Consistent with multicopy
OmpR increasing expression of RybB (Fig. 1B and Table 2),
the specific activity of the long rybB-lacZ was reduced approximately fivefold in the ⌬ompR mutant in stationary phase (Fig.
1A), suggesting that OmpR is necessary for the full activity of
the rybB-lacZ fusion.
If OmpR is the sole direct regulator of rybB transcription, we
would expect the ompR mutant to be epistatic to all of the
stimulatory plasmids from screen III, except for those that
carry ompR itself. The four plasmids listed in Table 2 were
each transformed into the ⌬ompR derivative of the long rybBlacZ fusion, and the Lac phenotype was assessed (Fig. 1B;
Table 2). As expected, the plasmid carrying the ompR gene
produced a strong Lac⫹ phenotype (Fig. 1B) in the otherwise
Lac⫺ ⌬ompR background. Two other plasmids, including the
one carrying emrR, failed to increase expression in the ompR
mutant (Fig. 1B), suggesting that the stimulatory activity of
these plasmids was upstream of OmpR and depends upon
OmpR. However, the plasmid carrying the mipA (yeaF) and
yeaE genes was able to stimulate the rybB-lacZ fusion in both
wild-type and ⌬ompR strains, in both exponential phase (Fig.

1C) and stationary phase (data not shown). Parallel results
were found with the short fusion: the mipA plasmid and the
ompR plasmid increased activity in an ompR mutant derivative
(data not shown).
The finding that mipA-yeaE was epistatic to ompR suggested
that OmpR was not the sole primary regulator of rybB. While
the function of YeaE is unknown, MipA has been shown to
interact with murein synthase and murein hydrolase in vitro
(59). MipA is therefore thought to be a scaffolding protein for
murein synthesis (59).
These results suggested that possibly neither OmpR nor
MipA-YeaE was a direct regulator of rybB. If so, and if they act
in a similar way, the stimulation of the rybB promoter upon
overproduction of either of these proteins should reflect
changes in the activity or synthesis of a transcription factor that
acts directly at the rybB promoter. A clue to the identity of this
factor came from the realization that ⌬ompR strains have
about a fivefold reduction in both rybB expression and the
activity of E (Fig. 1A) (36). Given the role of MipA in murein
synthesis, it seemed possible that these plasmids both act to
activate E, the alternative sigma factor that is activated by
periplasmic protein misfolding (4, 36, 37, 48), and that E
promotes transcription of rybB.
An examination of the promoter region of rybB suggested
that this was likely to be the case (Fig. 2). The ⫺35 and ⫺10
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FIG. 2. Alignment of the rybB promoter. The E. coli rybB region
from ⫺1 to ⫺39 was aligned with the corresponding sequences from
Salmonella, Klebsiella, Yersinia, Photorhabdus, and Erwinia. Below the
rybB sequences are the promoter sequences for other well-known E.
coli E-dependent promoters (46). Below the alignment is the consensus sequence previously defined for E-dependent promoters (46).

consensus sequences for E. coli E-dependent promoters are
GGAACTT and TCAAA, respectively, separated by a 16-nt
spacer region (46). The rybB upstream region contains highly
conserved sequences characteristic of the E ⫺10 and ⫺35
sequences beginning at ⫺11 and ⫺33 nucleotides upstream
from the RybB ⫹1, respectively (Fig. 2). The putative rybB
⫺35 sequence is identical to the ⫺35 sequence for other wellcharacterized strong E-dependent promoters in E coli, including the degP, rpoHP3, and rpoEP2 promoters (Fig. 2). The
putative rybB ⫺10 sequence has a high degree of similarity to
these same promoters, with only one nucleotide change.
Overexpression of OmpR, by increasing the expression of
the major OMPs, would be expected to increase E activity (3)
and therefore rybB expression. Does MipA overexpression also
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FIG. 1. OmpR and MipA-YeaE regulation of rybB. (A) ␤-Galactosidase activity of wild-type (KMT12000) and ⌬ompR (KMT12005) rybB-lacZ
fusion strains. Cells were grown in LB medium at 37°C and assayed as described in Materials and Methods. Numbers on the y axis are machine
units as described in Materials and Methods. (B) A ⌬ompR rybB-lacZ fusion strain (KMT12005) was transformed with plasmid pHDB3 (vector)
or library clone pK2-8, pK4-14, pK4-29, or pK4-55 (Table 2), plated on Mac-Lac-Amp plates, and grown overnight at 37°C. (C) Wild-type rybB-lacZ
fusion strains carrying either vector control or pK4-14 and ⌬ompR rybB-lacZ fusion strains carrying either vector control or pK4-14 were grown
to an optical density at 600 nm of approximately 0.5 and assayed for ␤-galactosidase activity. The values are means for three independent
experiments. (D) A degP-lacZ (PND254) transcriptional fusion strain carrying either pHDB3 (a vector control) or pK4-14 (mipA-yeaE plasmid)
was grown to an optical density at 600 nm of approximately 2.5 to 3.0 and assayed for ␤-galactosidase activity as described above. Note that PND254
is mutant for cpxA (see Table S1 in the supplemental material), and therefore activation likely reflects only the E-dependent promoter.
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increase E activity? We tested this by determining whether
multicopy mipA-yeaE induced transcription of a known Edependent promoter, degP. In the presence of the mipA-yeaE
plasmid, there is a clear induction of a degP-lacZ transcriptional fusion, compared to the vector control (Fig. 1D), consistent with the idea that rybB transcription may be regulated
by E.
E is necessary for transcriptional induction of rybB. The
results described above were consistent with the idea that rybB
expression was dependent upon E. We further examined this
possibility by testing expression of the rybB-lacZ fusion and
RybB RNA levels in strains where E activity or synthesis was
either increased or abolished.
In the absence of RseA, the E-specific anti-sigma factor,
the activity of E-dependent promoters is significantly increased (16); rybB should be constitutively activated if it is
transcribed from a E-dependent promoter. Indeed, in the
absence of RseA, the specific activity of the rybB-lacZ fusion

was ⬃23-fold higher in exponential phase and 7-fold higher in
stationary phase (Fig. 3A). The smaller effect in stationary
phase is likely to be due to the fact that E is already partially
activated in stationary-phase cells (14). In addition, overexpression of E from a plasmid carrying rpoE under the control
of an IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible
promoter led to an immediate and significant increase in rybB
expression, consistent with E acting as a direct regulator of
rybB transcription (Fig. 3B).
Conversely, eliminating E prevented expression of rybB.
Although rpoE is essential, it can be deleted in the presence of
uncharacterized suppressor mutations (4), allowing us to compare the specific activity of the rybB-lacZ fusion and RybB
RNA levels in the presence and absence of rpoE. On MacConkey-lactose plates the ⌬rpoE rybB-lacZ fusion strain was
totally white (Lac⫺) (data not shown). The stationary-phase
activity of rybB-lacZ seen in the wild type was completely
abolished in the ⌬rpoE background (Fig. 3C). Northern blots
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FIG. 3. E regulation of rybB. (A) ␤-Galactosidase activity of wild-type (KMT12000) and rseA (KMT12041) rybB-lacZ strains was assayed in
both exponential (optical density at 600 nm [OD600], 0.5) and stationary (OD600, approximately 2.5 to 3.0) phases as described above. (B) ␤Galactosidase activity of the wild-type rybB-lacZ strain (KMT12000) containing the vector control pTrc99A (dashed lines) or pLC245 (solid lines)
was measured in the presence (solid symbols) or absence (open symbols) of IPTG. Cultures were grown to an OD600 of 0.3, IPTG was added to
a final concentration of 1 mM, and aliquots of the culture were taken every 5 min for 30 min. (C) ␤-Galactosidase activity of wild-type (KMT12000)
and ⌬rpoE (KMT12047) rybB-lacZ strains were assayed in stationary-phase growth as described above. (D) ␤-Galactosidase activity of wild-type
(KMT12000) and ppGpp0 (KMT12031) rybB-lacZ strains throughout growth.
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confirmed that RybB RNA was not detected in a ⌬rpoE background in stationary phase (Fig. 4A). In cells carrying the
plasmid with an IPTG-inducible rpoE gene, expression of the
rybB fusion was restored (data not shown) and RybB RNA
could be detected even in exponential phase (Fig. 4B).
It was recently shown that the activity of E-dependent promoters increases upon entry into stationary phase (14), which
is consistent with our observations of rybB-lacZ activity (Fig.
1A). This stationary-phase induction of E-dependent promoters was shown to be dependent on the alarmone guanosine
3⬘,5⬘-bispyrophosphate (ppGpp) (14). If the stationary-phase
induction of the rybB promoter is ppGpp dependent, then the
stationary-phase induction of rybB-lacZ should be abolished in
a ppGpp0 (⌬relA ⌬spoT) genetic background. In order to determine if the rybB promoter was ppGpp dependent, a ⌬relA
⌬spoT double mutant of the rybB-lacZ transcriptional fusion
was constructed and assayed for ␤-galactosidase activity throughout growth. Consistent with the observations of Costanzo and
Ades (14), the stationary-phase induction of rybB-lacZ is defective
in a ppGpp0 genetic background (⌬relA ⌬spoT) (Fig. 3D). Altogether, these results strongly support the idea that transcriptional
induction of rybB is completely E dependent. The short rybBlacZ fusion gave parallel results, showing full dependence on rpoE
on plates and increased synthesis in an rseA mutant (data not
shown).
As final evidence that E directly regulates rybB, in vitro
transcription reactions were carried out to determine if there
was a biochemical interaction between E and the rybB promoter. In these experiments, the rybB transcript was expressed
10-fold more than the degP transcript (Fig. 4C), generally considered a good E-dependent promoter (20). In a control ex-

periment using the vegetative sigma factor, 70, no transcript
was detected for the rybB gene (data not shown). The transcript start determined here is consistent with that predicted
from the promoter and previously determined in vivo (Fig. 2)
(57). Taken together, the in vivo and in vitro data show that
rybB is completely E dependent and that in the presence of
E, the rybB promoter is highly transcribed.
RybB modulation of E activity. Plasmids containing rybB
were isolated in screen I as negative regulators of the rybB-lacZ
fusion (Table 1), suggesting that RybB may negatively regulate
itself. This was tested further by expressing rybB under the
control of the pBAD promoter. The activity of rybB-lacZ was
decreased 2-fold in exponential phase and 10-fold in stationary
phase when RybB was overexpressed by induction with arabinose (Fig. 5A). Thus, overexpression of RybB is sufficient to
down-regulate the E-dependent rybB promoter. The short
rybB-lacZ fusion gave similar results; RybB overexpression decreased expression of the fusion 10-fold (data not shown).
As discussed above, E is the direct regulator of rybB transcription. Therefore, it is possible that RybB autorepression is
due to a RybB regulatory effect on E synthesis or activity. This
was tested by assaying an rpoE-lacZ translational fusion in the
presence of rybB expressed from the pBAD promoter. This
fusion contains the E-dependent promoter for rpoE but apparently not a functional 70 promoter; it is fully E dependent
(data not shown). It should reflect both transcriptional and
translational regulation of rpoE. The activity of rpoE-lacZ decreased approximately 3-fold in exponential and approximately
11-fold in stationary phase when RybB was overexpressed (Fig.
5B). These results parallel those of the rybB-lacZ fusion, indi-
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FIG. 4. E-dependent RybB RNA expression in vivo and in vitro. (A) Northern blot of RybB RNA isolated from wild-type (KMT12000), ⌬rpoE
(⌲⌴⌻12047), and ⌬rybB (KMT12054) strains. Total RNA was isolated from exponential (optical density at 600 nm [OD600], 0.5 to 0.7) and
stationary (OD600, 2.5 to 3.0) phases of growth and processed as described in Materials and Methods. (B) Northern blot for RybB RNA isolated
in exponential phase (OD600, 0.5 to 0.7). The wild-type rybB-lacZ strain (KMT12000) containing the vector control pTrc99A or pLC245 was grown
to an OD600 of 0.3 and treated with 100 M IPTG for 60 min, and total RNA was isolated from each sample and corresponding no-IPTG control
and processed as described in Materials and Methods. (C) In vitro transcription assay with purified core RNA polymerase, purified E, and the
rybB DNA template. Lanes 1 to 3, purified core RNA polymerase only; lanes 4 to 6, purified core RNA polymerase plus purified E with the
respective templates: PdegP, a E-dependent promoter (lanes 1 and 4); PrybB (lanes 2 and 5); and PyadF, a 70-dependent promoter (lanes 3 and 6).
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cating that RybB overexpression is sufficient to inhibit E synthesis and/or activity.
Introduction of a rybB-null mutation into the rybB-lacZ transcriptional fusion strain led to a modest increase (less than
twofold) in fusion expression (Fig. 5C). Not surprisingly, this
effect was detectable only in stationary phase, when RybB is
normally expressed. Since RybB was reported to bind to the
RNA chaperone Hfq, and most Hfq-binding sRNAs require
Hfq for their activity (55), mutating hfq should also increase
the activity of the rybB-lacZ fusion. In fact, a null mutation in
hfq increased expression of rybB-lacZ dramatically, in both
exponential and stationary phase (Fig. 5C). Parallel effects
were seen with the rpoE-lacZ fusion (Fig. 5D). Deletion of the
rybB gene led to a twofold increase in the activity of the rpoElacZ fusion in stationary phase, and the absence of hfq increased the activity of the rpoE-lacZ fusion throughout growth

about 5- to 10-fold (Fig. 5D). Thus, it seems likely that, in
addition to RybB, other Hfq-dependent RNAs also negatively
regulate E synthesis or activity. Furthermore, the high level of
expression of these E reporters in an hfq mutant under otherwise unperturbed growth conditions suggests that the E
stress response is significantly activated under these conditions.
It is interesting that the activity of both rybB-lacZ and rpoElacZ fusions still increases in stationary phase, even in the
absence of hfq. Other recent reports of Hfq-dependent negative regulation of E in E. coli (19, 23, 42) (see Discussion), in
Salmonella (21), and in Vibrio cholerae (18) are consistent with
our findings.
Characterization of sRNA regulation of E. One model for
the RybB negative regulation of E activity by sRNAs is by
negative regulation of OMP synthesis, leading to a decrease in
periplasmic stress. OMPs, including the major outer mem-
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FIG. 5. Regulation of E by sRNAs. Aliquots of the cultures were assayed for ␤-galactosidase activity as described in Materials and Methods.
The values are means from three independent experiments. Error bars represent standard deviations. Numbers on the y axis are machine units as
described in Materials and Methods. (A and B) ␤-Galactosidase activities of a ⌬ara rybB::kan rybB-lacZ long-transcriptional-fusion strain
(KMT12120) containing the vector control pNM12 or pKMT5 (pBAD-rybB⫹) (A) and the wild-type rpoE-lacZ fusion strain (KMT14000)
containing the vector control pNM12 or pKMT5 (B) in the presence of arabinose (0.02%) were assayed in both exponential and stationary phases
of growth. (C and D) ␤-Galactosidase activities of wild-type (KMT12000), ⌬rybB (KMT12054), and ⌬hfq (KMT12055) rybB-lacZ strains (C) and
wild-type (KMT14000), ⌬rybB (KMT14002), and ⌬hfq (KMT14003) rpoE-lacZ translational fusion strains (D) were assayed during growth in LB
medium.
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brane porin OmpC, contain a C-terminal Y-X-F tripeptide
motif. This region has been shown to interact with the PDZ
domain of the periplasmic protease DegS, leading to cleavage
of the RseA anti-sigma factor (1, 61). As noted above, a mutation in ompR that reduces the synthesis of the major outer
membrane porins OmpC and OmpF leads to decreased expression of E-dependent reporters (Fig. 1A). This suggests
that decreasing the flux of proteins to the cell surface is sufficient to decrease periplasmic stress. A number of sRNAs that
negatively regulate OMPs with this C-terminal motif have been
identified (reviewed in references 22 and 58). This set of sRNAs
that target OMPs may provide an explanation for the strong
effect of hfq mutants on E activity.
If RybB autorepression and RpoE repression are indirect,
via down-regulating OMP synthesis, we would expect the effect
on E-dependent promoters to depend upon RseA. This was
tested with three different E-dependent reporters, rybB-lacZ,
rpoE-lacZ (Fig. 6), and rpoHP3-lacZ (data not shown). A wild
type and a ⌬rseA derivative of each reporter were tested for the
effect of overexpressing RybB from an arabinose-inducible
promoter. The rseA mutation significantly increased the basal
level of expression of the rybB-lacZ, rpoEP2-lacZ (Fig. 6; compare Fig. 6B to Fig. 5B) and rpoHP3-lacZ (data not shown)
fusions, as expected. RybB was unable to down-regulate the
expression of any of these fusions in the ⌬rseA strain background (Fig. 6 and data not shown).
Reexamination of plasmids from screens. The identification
of E as an essential regulator of rybB-lacZ suggested that
plasmids and mutations that modulated rybB-lacZ expression
in our screens should also act through effects on E synthesis or
activity, as RybB itself seems to. We reexamined the plasmids
isolated in these screens to see whether they provided any
further insights into E signaling. Regulation of expression of
the E-dependent reporter might occur in various ways: (i) by

increasing or decreasing periplasmic stress by changes in synthesis of OMPs mediated through RseA, the anti-sigma factor
for E (1, 4, 5, 61); (ii) by titration of E by the presence of E
promoter on a multicopy plasmid; or (iii) by affecting E translation or activity. In addition, it is possible that a given E
reporter might be sensitive to an additional regulator that is
not active on other E promoters.
The stimulatory plasmids described in Table 2 all either
directly or indirectly affect the synthesis of OMPs that signal
to the RseA protease. Overexpression of OmpR presumably
leads to the overexpression of OmpC or OmpF, both known
to induce E activity. Similarly, MipA, an OMP involved in
murein synthesis (39, 59), carries the DegS-activating sequence
in its C terminus (61), and activates not only the rybB-lacZ
fusion but also another E-dependent fusion, degP-lacZ (Fig.
1D). The other two plasmids isolated in screen III (Table 2)
acted upstream of OmpR and therefore, we believe, act by
signaling to OmpR, indirectly increasing Omp synthesis. It
seems likely that overexpression of many genes perturbs the
cell envelope and/or osmolarity control sufficiently to cause
induction of the EnvZ/OmpR system and therefore stimulate
E expression.
In a reciprocal manner, we expect that the plasmids in screen
I (Table 1) that decreased expression of the rybB-lacZ fusion
decrease the synthesis and/or activity of E. Three of the plasmids contain the regions previously identified either as carrying E promoters or showing regulation by E in genome-wide
expression arrays (Table 1) (46). Titration of E is one possible
explanation for the down-regulation of the rybB promoter by
these plasmids, but it is also likely that the products are made
in a E-dependent fashion because they contribute to decreasing periplasmic stress. One plasmid carries cpxR and part of
cpxA; cpxR is the response regulator for a set of genes also
involved in periplasmic stress relief (44). Presumably, overex-
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FIG. 6. RybB autorepression is RseA independent. ␤-Galactosidase activities were assayed as for Fig. 5. (A) ␤-Galactosidase activity of the
⌬ara rybB::kan rybB-lacZ transcriptional fusion strain (KMT12120) containing the vector control pNM12 or pKMT5 and the ⌬rseA rybB::kan
rybB-lacZ transcriptional fusion strain (KMT12119) containing the vector control pNM12 or pKMT5 (pBAD-rybB⫹) grown with arabinose
(0.02%); results for exponential growth are shown. (B) ␤-Galactosidase activity of the ⌬rseA rpoE-lacZ fusion strain (KMT14001) containing the
vector control pNM12 or pKMT5 grown with arabinose and assayed in both exponential and stationary phases of growth.
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pressing CpxR turns on genes that reduce the basal level signaling to E. Consistent with this idea, overexpression of CpxR
is known to functionally compensate for lack of E at high
temperatures (13).
One plasmid identified in screen I carried nsrR, a transcriptional repressor that responds to nitric oxide and helps the cell
respond to the stress of nitric oxide exposure (7). Overexpression of nsrR from the pBAD promoter decreased expression of
the rybB-lacZ fusion, as well as expression of rpoE-lacZ (Fig.
7A and B, respectively). Therefore, the activity of the original
plasmid appears to be due to NsrR. The overexpression of nsrR
inhibited these two E reporters even in a ⌬rseA strain (Fig. 7).
This identifies NsrR as a novel, RseA-independent regulator of
E-dependent genes, although whether regulation is direct or
indirect remains to be determined. This suggests that the nitrosative stress response may somehow communicate with the
envelope stress response. None of the other plasmids from
screen I were tested in this way.
DISCUSSION
The E regulon of E. coli controls a set of periplasmic
proteases and chaperones, as well as proteins that act to properly direct proteins to the outer membrane (46). The work
described here, along with recent publications and reports
from other groups, extends the regulon to noncoding regulatory RNAs and demonstrates that these regulatory RNAs have
an important role in reducing the basal level of induction of the
E system, presumably by reducing the flux of OMPs to the cell
surface (24, 42).
RybB, the sRNA studied here, is a conserved 81-nt RNA
that binds Hfq and is expressed during stationary-phase growth
(57, 62). In the present study, we examined the regulation and
function of RybB. We found that rybB was fully dependent

upon E for expression in vivo, was transcribed efficiently by E
in vitro, and has a promoter that fits the previously described
consensus for E promoters (46). These findings indicate that
rybB is an sRNA member of the E regulon. We further found
that RybB function is to negatively regulate the E regulon:
RybB overexpression decreases expression of several E promoters, including rybB itself; deletion of rybB has the converse
effect.
While the manuscript was in preparation, two groups working with E. coli and Salmonella reported that RybB and another regulatory RNA, MicA, require E for their transcription, down-regulate E activity, and have as their direct targets
several OMPs (24, 42, 53). The only known target of MicA is
the major OMP OmpA; RybB down-regulates transcripts for
at least two porins in E. coli and 14 transcripts for OMPs in
Salmonella. Some targets down-regulated after overexpression
of E, for instance, ompX, have no known sRNA regulators,
suggesting that there may be other E-regulated sRNAs as well
(23, 46).
The primary role of E has been thought to be responding to
envelope stress that results from environmental change. The
emerging evidence that the E regulon encodes multiple sRNAs
that negatively regulate porins and other envelope proteins
changes this view in a very important way. It has long been
known that cells have mechanisms to balance production of
OMPs. For example, upon overexpression of some OMPs, the
expression of other OMPs is lowered (11, 12, 17). Therefore,
there must be a mechanism for coordination of OMP expression that functions above the level of individual transcription
factors such as OmpR. We propose that E, through its sRNA
arm, performs this coordination function. It appears that during normal cell growth, some, if not most, OMP genes are
transcribed and would be translated in excess, beyond the level
needed for function. The relative levels of many of these pro-
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FIG. 7. NsrR regulation of rybB and rpoE expression (A) ␤-Galactosidase activities of the ⌬ara714 leu::Tn10 (Tetr) rybB-lacZ transcriptional
fusion strain (KMT12069) containing the vector control pNM12 or pKMT8 (pBAD-nsrR⫹) and the ⌬ara714 leu::Tn10 (Tetr) ⌬rseA rybB-lacZ
transcriptional fusion strain (KMT12078) containing the vector control pNM12 or pKMT8 assayed in the presence of arabinose (0.02%) in late
exponential phase. (B) ␤-Galactosidase activities of the wild type (KMT14000) and the ⌬rseA rpoE-lacZ fusion strain (KMT14001) containing the
vector control pNM12 or pKMT8 assayed in late exponential phase.
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duced function were some that may titrate E or reduce stress
that signals to E; some stimulatory plasmids identified in
screen III act by activating OmpR, presumably increasing the
synthesis of outer membrane proteins. Previous plasmid
screens for stimulators of a E-dependent promoter gave a
nonoverlapping list of candidates (36), suggesting that there
are significant numbers of genes and pathways that can lead to
induction.
Most puzzling of the genetic loci identified in our screens
was the insertion mutation in the rep gene, encoding a DNA
helicase. This insertion significantly decreases expression of
the fusion, and therefore presumably E activity. The Rep
helicase is involved in the restart of damaged replication forks,
and in cells devoid of rep, there may be accumulation of DNA
for early regions of the chromosome (in front of possible replication errors) compared to later regions. The genes for the
major outer membrane porins, ompC, ompF, and ompA, are all
relatively far from oriC. Their location may cause a lower level
of OMP synthesis in the rep mutant. If this is the explanation
for the lower activity in the rep mutant, it may be serendipitous,
or it may reflect a mechanism for ensuring that the dosage of
these genes does not increase until near the end of the replication cycle, when cells, and therefore the available cell surface, are larger.
Our investigation of rybB regulation, combined with work by
others, points to a critical role for Hfq-regulated sRNAs in the
control of the cell surface and the transport of OMPs to the
cell surface. At the core of this response are MicA and RybB,
made in large amounts only when the export machinery is
stressed, and capable of down-regulating major outer membrane porins. The combination of multiple sRNAs, regulated
in a variety of ways and targeting a variety of different OMP
transcripts, provides the flexibility and capability of responding
to many signals that the cell is likely to need.
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teins are determined by sRNAs of the regulon utilizing two
mechanisms: (i) sRNAs directly target certain mRNAs for
destruction, and (ii) relative levels of these targets in turn alter
E activity, either directly by activating DegS to initiate RseA
cleavage (OmpC, OmpW) or indirectly by altering the envelope folding environment (OmpA). Together, these mechanisms allow the cell to set the relative levels of many envelope
constituents. Moreover, additional features enhance the reach
of this integrative function of E. Many sRNAs not encoded in
the E regulon have targets that affect E activity (e.g., MicF
and MicC), thereby allowing their effects to be coordinated
with those of E. Taken together, these results suggest that a
primary function of E is to coordinate expression of envelope
constituents, especially porins, under all growth conditions.
The importance of this coordination can be best appreciated
when it is disrupted. Overexpression of the E regulon causes
cell growth problems and lysis in E. coli (25, 40). In Salmonella,
a strain with an rseA deletion rapidly acquired secondary mutations that decreased E activity, and an rseA hfq double
mutation proved to be lethal (21). Presumably under these
conditions, the E regulon is fully induced and there is abundant machinery for folding OMPs and inserting them into the
outer membrane. Thus, the tendency for these cells to lyse may
instead reflect too high a protein load in the outer membrane,
rather than the accumulation of unfolded OMPs in the
periplasm. The limitation of OMP synthesis in a E-dependent
fashion thus appears to reflect a critical role in regulating both
the flux of OMPs (to allow proper folding and insertion) and
the capacity of the outer membrane itself.
Other levels of regulation of the RybB promoter. In this
picture of the E network, RybB and MicA are made in response to E stress and down-regulate that stress, either directly or indirectly by down-regulating the synthesis of OMPs
that are the substrates for the E functions. The strong phenotype of an hfq mutant in expressing E genes even in exponential growth suggests that the down-regulation of other
OMPs by sRNAs, probably not all under E control, is operating under all growth conditions. RybB overexpression
down-regulates three different E-dependent fusions tested,
rybB-lacZ, rpoHP3-lacZ, and rpoEP2-lacZ, all in an RseA-dependent fashion. We expect all OMP signaling to be via RseA
cleavage of this anti-sigma factor. The observation that the
three fusions are not down-regulated by RybB in an rseA mutant strongly suggests that the RybB effect on E activity and/or
synthesis is RseA dependent (i.e., via OMPs). This is consistent
with the observations of others that RybB down-regulates
OMPs (24, 42).
The rybB-lacZ fusion proved to be a sensitive reporter for
examining the E signaling pathway. As noted above, one of
the plasmids isolated in screen I which down-regulated the
rybB-lacZ fusion (Table 1) contained nsrR, which proved to be
an RseA-independent regulator of two E-dependent fusions,
rybB-lacZ and rpoE-lacZ (Fig. 7). The identification of NsrR as
a regulator of E-dependent genes suggests a connection between periplasmic stress and nitric oxide stress that warrants
further investigation.
Upstream signals that affect E. The approach used in this
study to investigate rybB regulation identified both multicopy
plasmids and mutations that affected the rybB-lacZ fusion, now
known to reflect E function. Among the plasmids that re-
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