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The RpoE o factor is essential for the viability of Escherichia
coli. RpoE regulates extracytoplasmic functions including
lipopolysaccharide (LPS) translocation and some of its non-stoi-
chiometric modifications. Transcription of the rpoE gene is pos-
itively autoregulated by Ec* and by unknown mechanisms that
control the expression of its distally located promoter(s). Map-
ping of 5" ends of rpoE mRNA identified five new transcriptional
initiation sites (P1 to P5) located distal to Ea*-regulated pro-
moter. These promoters are activated in response to unique
signals. Of these P2, P3, and P4 defined major promoters, re-
cognized by RpoN, RpoD, and RpoS o factors, respectively. Iso-
lation of tramns-acting factors, in vitro transcriptional and gel
retardation assays revealed that the RpoN-recognized P2 pro-
moter is positively regulated by a QseE/F two-component sys-
tem and NtrC activator, whereas the RpoD-regulated P3 pro-
moter is positively regulated by a Rcs system in response to
defects in LPS core biosynthesis, overproduction of certain lipo-
proteins, and the global regulator CRP. Strains synthesizing
Kdo,-LA LPS caused up to 7-fold increase in the rpoEP3 activity,
which was abrogated in A(waaC rcsB). Overexpression of a
novel 73-nucleotide sRNA rirA (RfaH interacting RNA) gener-
ated by the processing of 5" UTR of the waaQ mRNA induces the
rpoEP3 promoter activity concomitant with a decrease in LPS
content and defects in the O-antigen incorporation. In the pres-
ence of RNA polymerase, RirA binds LPS regulator RfaH known
to prevent premature transcriptional termination of waaQ and
rfb operons. RirA in excess could titrate out RfaH causing LPS
defects and the activation of rpoE transcription.

The cell envelope of Gram-negative bacteria, including Esch-
erichia coli, contains two distinct membranes, an inner (IM)?
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and an outer (OM) membrane separated by the periplasm, a
hydrophilic compartment that includes a layer of peptidogly-
can. The OM is an asymmetric lipid bilayer with phospholipids
forming the inner leaflet and LPS forming the outer leaflet.
LPSs are highly heterogeneous in composition. However, they
share a common architecture composed of a membrane-an-
chored phosphorylated and acylated B(1—6)-linked GlcN
disaccharide, termed lipid A, to which a carbohydrate moiety of
varying size is attached (1, 2).

During the analyses of signals that induce the RpoE-depen-
dent extracytoplasmic stress response, we showed that strains
synthesizing heptoseless LPS due to the absence of either
GmhD (RfaD/HtrM) or WaaC exhibited a constitutive induc-
tion of RpoE (3—6). Such strains also display constitutive syn-
thesis of exopolysaccharide that is regulated by the Rcs two-
component system (5, 7, 8). Subsequently, we showed that
strains synthesizing the minimal LPS structure composed of
either Kdo,-lipid IV, or only free lipid IV, exhibited hyper-
elevated levels of the RpoE activity (6). The activity of RpoE is
highly induced when the LPS assembly is severely compro-
mised or when there is an imbalance between LPS and phos-
pholipids (9). Lack of many LPS core biosynthetic genes also
leads to defects in survival at high temperatures (5, 6, 10).

The RpoE synthesis is positively regulated at the transcrip-
tional level and negatively at the post-transcriptional level by
the IM-anchored anti-o factor RseA and the periplasmic sensor
RseB (Fig. 1) (3, 11-16). There is an intricate link between the
LPS assembly, its non-stoichiometric modifications, and the
RpoE-mediated control exerted via its regulon members (17,
18). Elevated levels of RpoE with intact core biosynthetic
enzymes lead to global alterations in the LPS composition.
Under such conditions, LPS is primarily composed of glyco-
forms with a third Kdo, phosphoethanolamine (P-EtN) on the
second Kdo and rhamnose on the third Kdo (Fig. 2) (19). The
synthesis of such LPS glycoforms is controlled by the RpoE-
regulated RybB and EptB (19). RpoE also positively regulates
transcription of micA and slrA (micL) sRNAs (9, 20, 21). MicA
negatively regulates the PhoP expression by direct translational
inhibition of the phoP mRNA (22), thus further linking the
PhoP/Q two-component system, known to regulate LPS non-
stoichiometric alterations, with the RpoE control. The LPS syn-

otide(s); IPTG, isopropyl 1-thio-B-p-galactopyranoside; CRP, cyclic AMP
receptor protein; sSRNA, small RNA.
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FIGURE 1. Transcriptional regulation of the rpoE gene. Schematic drawing of previously identified transcriptional start sites of the rpoE gene (3, 16) (A) and
those identified in this work (B). Major regulators and factors controlling the rpoE transcription are indicated.
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FIGURE 2. Proposed LPS structure of major glycoforms observed in E. coli K-12. Schematic drawing of LPS glycoforms | (A) and VII (B) with the indicated
genes whose products are involved in the LPS core biosynthesis and non-stoichiometric modifications.

thesis is further regulated by the transcriptional factor RfaH.
RfaH strongly inhibits the Rho-dependent termination of
waaQ and rfb operons, which contain ops (operon polarity sup-
pression) sites in their 5" UTR and also binds to the ribosome to
activate translation (23-25). Thus, the synthesis of LPS, like
many key cellular components, is regulated by various tran-
scriptional factors including two-component systems and o
factors.

Interestingly, some two-component systems that regulate
LPS modifications, like BasS/R and envelope stress responsive
Res phosphorelay systems, are also linked with quorum sensing
Qse systems by phosphorylation of the response regulator by a
non-cognate kinase (26 -28). Similarly, at the transcriptional
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level, the synthesis of different o factors is interlinked due to the
presence of multiple promoters adding additional layers of reg-
ulation. For example, the gene encoding the housekeeping o
factor RpoD is transcribed from two promoters and one of
them is the RpoH-regulated heat shock promoter (29). Simi-
larly, the rpoH gene is transcribed from multiple promoters
whose transcription is regulated by different o factors (3, 30).
The presence of multiple promoters endows them the ability to
respond to different signals. Such a mode of complex transcrip-
tional regulation allows linking of different stress responsive
pathways.

Despite numerous strides in the post-transcriptional regula-
tion of the rpoE gene, its transcriptional regulation has not been
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TABLE 1
Impact of non-polar deletion mutations or overexpression of various regulators that alter the activity of the rpoEP1-P5-lacZ transcriptional
fusion
Values correspond to average of four independent samples from cultures grown in LB or in M9 minimal medium at A4y, 0.2 to 0.4.
Function Effect Specificity
Genotype
Wild-type SR7917 393 + 26
(rpoEP1-P5-lacZ)
AwaaC Heptosyltransferase I 2630 *+ 168 rpoEP3 in Res-dependent manner, also induces the
Eo*-regulated
rpoEP6 promoter that is only
partially dependent on the Rcs system
AwaaF Heptosyltransferase II 1052 = 65 rpoEP3
AwaaG LPS glucosyltransferase I 837 + 46 rpoEP3
AwaaP LPS core Hepl kinase 894 * 51 rpoEP3
ArfaH Transcriptional anti-terminator 1505 = 93 rpoEP3
Acya Adenylate cyclase 230 + 16 rpoEP3
Acrp Transcriptional dual regulator 215+ 18 rpoEP3
A(ecfLM) RpoE regulon member, 870 £ 85 rpoEP3
DedA family member
ArssB Regulator of RpoS 531 =37 rpoEP4
AarcA Transcriptional dual regulator 831 * 65 rpoEP4
AarcB Sensory histidine kinase 1120 = 90 rpoEP4
ArpoS RpoS o factor 193 * 14 rpoEP4
ArpoN RpoN o factor 302 + 25 rpoEP2, lack of RpoN in AwaaC,
reduces rpoEP2 induction that is QseF-dependent
A(rpoN waaC) 1290 + 90
AntrC Transcriptional dual regulator 312 +27 rpoEP2
Multicopy expression that
alters the transcription
qseG Part of gseE/F operon 6920 = 335 rpoEP2
yhdV and six other genes Lipoprotein 1063 = 68 rpoEP3 (Res-dependent)
encoding lipoproteins
rirA sRNA 786 £ 52 rpoEP3
pcnB Poly(A) polymerase I 540 = 38 rpoEP4
fliz DNA-binding transcriptional regulator 249 * 21 rpoEP4
fully addresses. In E. coli, two promoters were initially identi- TABLE 2

fied, one distally located with unknown regulation and a second
promoter recognized by o itself (Fig. 14) (3, 16). However,
transcription from the upstream promoter(s) is sustained
under several stress and non-stress conditions (3). The RpoE
activity is also induced by stresses like exposure to high osmo-
larity, cold shock conditions, and entry into the stationary
phase (31, 32). Some of these factors, like the absence of RpoS,
do not alter the LPS composition (19) and hence how these
diverse signals are sensed is unknown. Thus, several single-
copy chromosomal rpoEP-lacZ promoter fusions, devoid of
DNA sequence covering the promoter recognized by Ea”, were
constructed to identify trans-acting factors that regulate rpoE
transcription, followed by mapping of transcription start sites
and verification by in vitro run-off assays. This analysis revealed
five new transcription start sites that are utilized by different
regulatory factors in response to distinct signals (Fig. 1B).

Results

LPS Defects and Signals Regulating RpoS, RpoN, and CRP Alter
the Transcriptional Activity of the rpoE Gene

As the regulation of the rpoE promoter region distal to its
Eo*-transcribed promoter is unknown, a single-copy lacZ pro-
moter fusion was constructed that contains the 529-bp region
upstream of this autoregulated promoter. For simplicity, such a
fusion derivative is referred to as rpoEP-lacZ. Strains with this
promoter fusion (MC4100 derivative SR4245 and SR7917-
based on BW25113) served as a host for saturated random
transposon mutagenesis to identify mutations that alter the
activity of this transcriptional region. The rationale of using two
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Supplementation of growth medium that alter the activity of the
rpoEP1-P5-lacZ transcriptional fusion using strain SR7917

Cultures were grown in either LB medium adjusted to an A, 0.05, followed by
challenge with specific reagent as indicated, or in nitrogen-limiting minimal
medium containing 3 mm ammonium chloride as the nitrogen source. Values cor-
respond to an average of four independent samples after a 30 — 60-min shift.

Supplementation of growth medium that alter the transcription activity

Sucrose (0.25 M) 1410 = 110 rpoEP4
Glucose (0.5%) 219 = 15 rpoEP3

25 mM Ammonium metavanadate 1540 = 90 rpoEP2/P3
0.25 pg of Polymyxin B (A, 0.05) 1503 £ 77 rpoEP3

0.25 pg of Polymyxin B (A, 0.4) 410 = 29 No induction
3 mM Ammonium chloride 575 * 37 rpoEP2

strains rules out any strain specificity. It is worth mentioning
that the host strain BW25113 is also the parental strain for the
Keio collection of gene knockouts (33) and hence its usage.
Mapping and sequencing of Tn10 mutations conferring a Lac
up phenotype revealed that the majority of them had insertion
in LPS biosynthetic/LPS regulatory genes and a few in other loci
(supplemental Table S1). A similar spectrum of mutants was
obtained in SR4245 and SR7917. Among these, 12 TnI0 inser-
tions were mapped to the waaC gene, three to the waaF gene,
and one each was located in rfaH and waaQ genes. Further-
more, two TnI0 insertions were mapped to the rssB gene (both
with Tnl0 insertion at nucleotide position 240), one Tni0
insertion in the arcA gene (nucleotide position 72 within the
coding region), and one at nucleotide position —78 upstream of
the initiation codon of the ecfL gene. Mapping of Lac down
mutations identified one mutation each in ginG (ntrC), glnA,
and cya genes, indicating that their products could play positive
regulatory roles. The introduction of defined non-polar dele-

JOURNAL OF BIOLOGICAL CHEMISTRY 23001


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

RpoN-, RpoD-, and RpoS-dependent Control of rpoE Transcription

tion of various genes (33) confirmed the above results. This
analysis identified additional genes that either down-regulate
or induce transcription of rpoEP-lacZ. Thus, a AarcB mutation
led to an increase in transcription, whereas ArpoS and Acrp
caused a decrease in the activity (Tables 1 and 2). All such
deletion derivatives carrying the rpoEP-lacZ fusion in
SR7917 were used for measurement of the B-galactosidase
activity revealing involvement of several regulatory path-
ways (Tables 1 and 2).

In a complementary approach, pools of plasmids with all
OREFs of E. coli genome under control of the tightly regulated
IPTG-inducible promoter (34) were introduced in SR4245 and
SR7917 and screened for a Lac up or down phenotype in growth
medium supplemented with 50 um IPTG. This collection of
cloned genes expresses only individual ORFs. Thus, one might
miss genes whose products require the expression of whole
operons or regulatory sSRNAs. To overcome such limitations, a
previously described complete genomic library in a medium-
copy p15A vector (9, 35) was introduced to identify clones that
exhibit a Lac up or down phenotype. These multicopy
approaches identified gseG and several genes encoding li-
poproteins (csgG, pgaB, spr, yhdV, yceB, yddW, and yghB),
which, when overexpressed, increase the rpoEP-lacZ activity
(Tables 1 and 2). Furthermore, DNA subcloning identified a
novel sRNA located between waaQ and waaA ORFs, whose
overexpression also induces the rpoEP-lacZ activity. Detailed
analysis revealed that this SRNA is generated by the processing
of 5" UTR of the waaQ mRNA (see below). Additionally, over-
expression of the pcnB gene encoding poly(A) polymerase I
(PAPI) (36) also increases the rpoEP-lacZ activity (Tables 1 and
2). Among genes, whose induction repressed the rpoEP-lacZ
activity, the fliZ gene was identified whose product could act as
a negative regulator.

The quantification of the B-galactosidase activity of strains
carrying the rpoEP-lacZ fusion under different growth condi-
tions revealed that it is induced in the stationary growth phase,
exposure to high osmolarity, limiting nitrogen conditions,
upon challenge with either cationic antimicrobial peptide poly-
myxin B orammonium metavanadate and repressed in glucose-
supplemented medium (catabolite repression) (Tables 1 and 2).
Ammonium metavanadate is a nonspecific phosphatase inhib-
itor (37) and hence can activate the expression of several two-
component systems. The addition of ammonium metavanadate
induces lipid A modifications (37, 38) and the PhoB/R-depen-
dent incorporation of glucuronic acid (GIcUA) by WaaH in the
inner core of LPS (39). Concerning the effect of polymyxin B,
the rpoE transcriptional induction was observed when chal-
lenged at Ay, of 0.05, but not when bacterial cultures were
treated at or above an Ay, of 0.4. Overall, these results revealed
that transcription of the rpoE distal promoter region responds
to diverse signals generated by defects in LPS, overproduction
of certain lipoproteins, activators of RpoN and factors that
influence the RpoS stability/activity. Such distinct signals could
be sensed via multiple pathways. This could require recruit-
ment of different o factors, two-component systems, and hence
potentially the presence of multiple promoters. As subsequent
analysis indeed confirmed the presence of multiple promoters,
multicopy libraries were once again introduced to identify
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genes whose overexpression modulates activity of specific rpoE
promoters. Such additional approaches confirmed most of the
above results and identified a specific mechanism of regulation
of individual promoters recruiting different o factors in each
case (Tables 1 and 2).

Identification of 5" Ends of the rpoE mRNA

Previous studies identified two promoters, out of them the
initiation from the second promoter required Ec*, whereas in
vitro neither Eo”° nor Eo" could initiate transcription of the
upstream promoter (Fig. 1) (3, 16). Thus, the transcriptional
initiation from the upstream promoter region was examined
using 5’ rapid amplification of cDNA ends. In parallel, total
RNA extracted from the strain overexpressing the gseG gene
was also used for mapping of transcription initiation site(s).
This overexpressing strain was chosen, because the gseG was
identified as a multicopy inducer of the rpoE transcription.
These analyses revealed the utilization of five major new tran-
scriptional initiation sites designated P1 (—381), P2 (—327), P3
(—327/—326), P4 (—218), and P5 (—153) (Fig. 3A4). The fre-
quency of usage of the P2 promoter (—327) was significantly
pronounced when RNA was extracted from the strain overex-
pressing the gseG gene. However, when RNA from the AwaaC
strain was used, both —327 and —326 initiation sites were iden-
tified in addition to the —218 site corresponding to the P4 pro-
moter. Plasmids bearing the 5’ end of the P4 promoter were
enriched when RNA was extracted from bacterial cultures har-
vested in the late stationary growth phase. Additional initiation
sites located at —336, —321, and —319 were also identified (Fig.
3A). Of these, —321 and —319 could be secondary mRNA sites
arising due to processing as the number of plasmid clones bear-
ing these initiation sites was significantly reduced when mRNA
was treated with calf intestinal phosphatase.

Examination of the DNA sequence upstream of the P2 TSS
showed that it contains at —12 (GC) and —24 (GG) motifs char-
acteristic of RpoN recognition sites (Fig. 34) and a very good
match was observed with the promoter region of the RpoN-
regulated genes (Fig. 3B). Transcription initiation sites —327 or
—326 also define the P3 promoter. It is likely that the —326 site
is generated by the processing of mRNA, because the overlap-
ping rpoEP3 initiation site corresponding to the —327-nt posi-
tion contains a high degree of similarity to consensus —10 and
—35 elements of housekeeping promoters and the extended
—10 promoter. Of interest is the presence of conserved —7T
and —11A nucleotide residues that are critical in the —10 pro-
moter element (40). Examination of the DNA sequence
upstream of the —327 site also revealed the presence of consen-
sus regions for binding to CRP and RcsB activators for the P3
promoter (Fig. 34). The initiation site corresponding to the
rpoEP1 promoter located at nucleotide position —381 overlaps
with the promoter region of the divergently transcribed nadB
gene. The DNA sequence in the —10 and —35 regions upstream
of the initiation site corresponding to the P4 promoter suggests
consensus sequences that could be recognized by either Ec”° or
Eo®. The frequency of plasmids containing the 5’ end of the P5
promoter was the lowest of all. Next, DNA sequences covering
five individual promoters were cloned in promoter probe vec-
tors and transferred in a single-copy on the chromosome for
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FIGURE 3. Transcriptional regulation of different promoters of the rpoE gene. A, nucleotide sequence of the promoter region of the rpoE gene. Arrows in
red indicate the position of transcription start sites. The shared TSS at —327 is utilized by RpoN and RpoD. The P4 start site represents the initiation site
recognized by RpoS. The —10 and —35 elements of the RpoD (pink) and RpoS recognized promoter (green) and —12 and —24 elements of RpoN (blue) are
indicated. The P6 initiation site corresponds to the Eo*-regulated promoter. Nucleotides marked with boxes correspond to IHF, RcsB, NtrC, and CRP recognition
sites. Three palindromic regions marked with inverted arrows correspond to UAS1, UAS2, and UAS3 representing QseF-binding sites required for the P2 promoter.
Nucleotides marked with asterisks (*) correspond to putative processing sites. B, the alignment of —12 and —24 regions of the rpoEP2 promoter with well characterized
RpoN-regulated promoters. C, the alignment of —10 and extended — 10 elements of the rpoEP4 promoter with well known RpoS-regulated promoters.

further analyses (supplemental Table S1). Among these five
promoters, rpoEP1 and rpoEP5 were not followed as no specific
growth conditions/regulatory factors could be identified that
alter their activity. Taken together, these data reveal the exist-
ence of multiple functional promoters that regulate transcrip-
tion of the rpoE gene.

In Vitro Transcriptional Run-off Assays

Regulation of the P4 Promoter Is RpoS-dependent—As the 5’
rapid amplification of cDNA ends analysis revealed the exist-
ence of multiple transcriptional initiation sites that could uti-
lize different o factors, in vitro run-off assays were performed to
validate these results/predictions. One template contained 45
bp downstream of the —218 transcription initiation site corre-
sponding to the P4 promoter. Examination of its —10 and —35
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regions suggests the similarity with promoters recognized by
Ec’° and Eo®. Thus, run-off assays were undertaken using the
RNAP core supplemented with either ”° or o° (Fig. 44, lanes 2
and 3). Only Ec® was able to initiate transcription from the P4
promoter and gave the transcript size as expected of 45 nt (Fig.
4A). Supplementation of Eo”° with RcsB did not result in any
transcription initiation from this promoter (Fig. 44, lane 4).
The —10 and extended —10 regions of the P4 promoter indeed
contain a high degree of similarity to the counterpart promoter
regions of well known Ec®-transcribed genes like dps (Fig. 3C).
Consistent with these in vitro experiments with the rpoEP4
promoter revealing Eo®-dependent transcriptional initia-
tion, genetic data also support such results (see below) and
allow us to conclude that this promoter is indeed regulated
by RpoS.
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FIGURE 4. In vitro transcription run-off assays showing selective recruit-
ment of different promoters of the rpoE gene with various forms of RNA
polymerase. A, RpoS (°%) and RpoD complexed with the RNAP core initiate
transcription from —218 TSS and TSS at —327, respectively. Lane 1 corre-
sponds to the size standard. For lanes 2-4, a DNA template of 105 bp was
used. Lane 2 shows the incubation reaction with Eo”°, lane 3 the incubation
with Ec>® resulting in the synthesis of expected 45-nt product marked with
the arrow. Lane 4 was incubated with Ec”° in the presence of phosphorylated
RcsB. Lanes 5 and 6 show RNA transcripts synthesized from DNA template of
170 bp. An expected size of 85-nt RNA product was observed when Eo”® was
incubated with the wild-type DNA template (/ane 5), whereas only a weak
signal was visible when Ea’® was used with template with mutation at —7T(C)
and —11A(G) in the —10 element (lane 6). Bands marked with an asterisk (¥)
symbol in lanes 3and 5 indicate nonspecific end-to-end transcription reaction
products. B, RpoN (%) complexed with the core RNAP in the presence of
either NtrC or QseF can initiate transcription from the rpoEP2 promoter using
the —327TSS. Lane 1 corresponds to size standard, lanes 2 and 4 corresponds
to reactions with the wild-type DNA template in the presence of either NtrC or
QseF. Lanes 3 and 5 correspond to the RNA transcript produced with DNA
template containing mutations at —12 (GC to AT) and —24 (GG to GA).

P2 and P3 Promoters are Regulated by RpoN and RpoD Using
the Same Initiation Start Site—DNA sequence examination of
the promoter region corresponding to the —327 TSS suggested
that transcription initiation could be mediated by RNA poly-
merase containing either RpoN or housekeeping o factor RpoD
or subjected to a dual usage. Ec™ cannot transcribe on its own,
because it requires ATP-dependent activators like NtrC
belonging to the AAA family (41). NtrC is known to act as an
enhancer-like protein for many RpoN-regulated promoters
(41, 42). A consensus matching the RpoN-regulated promoter
is located in the —12 and —24 regions and a recognition site for
NtrC is also present (Fig. 3). Thus, in vitro run-off assays with
reconstituted RNA polymerase, containing RpoN and either
NtrC or QseF (GIrR) as activators, were performed. The ration-
ale for using QseF is based on our results that showed that the
QseE/F two-component system positively regulates the rpoEP2
promoter in response to overexpression of the gseG gene (see
below). QseF, like NtrC, belongs to the family of AAA activators
and contains a response regulator domain (42) with a key con-
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served aspartate residue and an RpoN-interaction domain
including the GAFTGA motif (amino acid residues 211 to 216).

Thus, for in vitro run-off experiments, DNA template cover-
ing the P2 promoter region and 85 bp downstream of the initi-
ation site located at —327 was used. In multiround transcrip-
tion assays, the expected size of the transcript was observed
when RpoN was supplemented with either NtrC or QseF (Fig.
4B, lanes 2 and 4). To validate recognition of the P2 promoter
by RpoN, specific mutations in the —12 (GC to AT) and —24
(GG to GA) RpoN recognition sites were introduced in the
template for in vitro run-off assays. Transcription reaction with
the RNAP core containing RpoN + QseF using such a mutated
DNA template resulted in a significant inhibition in the initia-
tion of transcription, as compared with the same reaction with
the wild-type DNA template (Fig. 4B, lane 5). RpoN + NtrC
also recognized such a mutated template less efficiently as com-
pared with the wild-type, although the reduction is not as
severe as observed with the RpoN + QseF reaction (Fig. 4B,
lane 3). These results thus confirm that RpoN recognizes
the rpoEP2 promoter and QseF acts as the main activator/
enhancer.

The initiation site corresponding to the —327 TSS has also a
good similarity for the —10 and —35 promoter elements recog-
nized by RpoD (07°) (Fig. 34). Accordingly, the wild-type DNA
template used for in vitro run-off assay with RpoN also served as
a template for reaction with Eo”°. This assay showed that Eo”°
without any activator efficiently initiates transcription (Fig. 44,
lane 5). The size of transcript was similar to that obtained with
RpoN. Thus, it is quite likely the —327-nt residue defines the
initiation site for P2 (RpoN-regulated) and P3 (RpoD-regu-
lated) promoters. As the —10 element corresponding to the P3
promoter contains conserved —7T- and —11A-nt residues,
they were mutated to —7C and —11G, respectively. Next, such
a mutated DNA template was used in in vitro run-off assays
with the RNAP core and RpoD. Unlike the wild-type template,
the mutated template could not be recognized efficiently by the
RNARP core and RpoD to initiate transcription (Fig. 44, lane 6).
This mutated P3 promoter was cloned in the promoter probe
vector pRS551 (pGK4838) and transferred in a single-copy to
the chromosome (SR19089). In vivo such a fusion did not
respond to signals that activate the rpoEP3 promoter and
exhibited reduced activity (see below). Thus, we can conclude
that RpoN and RpoD recognize P2 and P3 promoters, respec-
tively, and they share the same initiation start site located at
—327 nt upstream of the rpoE translational start site.

QseF (GIrR) Positively Regulates the RpoN-recognized P2
Promoter

To understand the mechanism of transcriptional regulation
of various rpoE promoters, genes whose overexpression
induces the rpoE transcription were sought using multicopy
libraries. Subsequently, such an overexpression-induced tran-
scription was analyzed for specificity toward individual pro-
moters. One of the genes, whose overexpression specifically
induced the rpoEP2 promoter activity, identified yfhG (gseG),
whose product could mediate signal transduction. The gseG
gene encodes an OM a-helical protein and has been character-
ized in enterohemeorrhagic E. coli (EHEC) and Edwardsiella
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tarda (28, 43). The gseG gene is co-transcribed within the gseE
(glrK) gseF (glrR) operon. The QseEFG system regulates key
virulence factors and cross-talks with other regulatory systems,
such as PhoP/Q and RcsB/C (28). QseG and its other operon
members are involved in the formation of attaching pedestal
and responding to phosphate and sulfate sources (28, 44). In
E. coli K-12, the QseE/F two-component system positively reg-
ulates transcription of the glmY sRNA, located upstream of the
gseE gene, in an RpoN-dependent manner and hence usage of
Glr terminology in that study (42). The quantification of the
B-galactosidase activity revealed approximately a 20-fold
increase in the rpoEP2 promoter activity upon the overexpres-
sion of the gseG gene (Fig. 5A). This induction of the rpoEP2
promoter by QseG overproduction requires the QseF response
regulator. This was shown by near abrogation of rpoEP2-lacZ
induction upon gseG overexpression in a AgseF derivative (Fig.
54).

As the in vitro run-off assay demonstrated that RpoN-depen-
dent transcription from the P2 promoter requires QseF, this
was also examined in vivo. Thus, the plasmid expressing the
qseG gene was introduced in the isogenic strain carrying the
mutated single-copy rpoEP2 -lacZ promoter fusion (—12 and
—24 mutations). This rpoEP2*-lacZ derivative could not be
induced upon gseG overexpression as compared with the wild-
type (Fig. 5A4). Hence, we can conclude that the RpoN-regu-
lated rpoEP2 promoter can recruit QseF as an activator
providing a link between RpoN and RpoE via a Qse two-
component system.

QseF Binds to Upstream Elements of the rpoEP2 Promoter

The results presented in above sections established the pres-
ence of the active RpoN-dependent P2 promoter that recruits
QseF as the activator. To further confirm the role of QseF in
recognition of the rpoEP2 promoter, binding of purified QseF
was analyzed by electrophoretic mobility shift assays (EMSAs).
Two DNA fragments of 529 and 265 bp, containing 329 and 65
bp, respectively, upstream of the transcriptional start site for
the P2 promoter, were used in EMSAs. Up to now, the only
known promoter regulated by RpoN together with QseF is that
of the glmY gene in E. coli K-12 (42). It was proposed, based
on the alignment of the glmY promoter region, that the
QseF-binding site located upstream of about 100 bp (up to
three sites) contains a conserved palindromic sequence of
TGTCN,,GACA. Examination of the DNA sequence revealed
the presence of three such sequence elements upstream of the
P2 TSS with a similar palindromic sequence and similar dis-
tance between two half-sites. These sequence elements are des-
ignated UAS1, UAS2, and UAS3 (upstream activator sequence)
(Fig. 3A). The UASL1 is located —100 nt upstream of the P2 TSS.
A similar palindromic sequence is also present immediately
downstream of the P2 TSS (Fig. 34). A DNA fragment of 529 bp
contains all three UAS elements, whereas the 265-bp fragment
contains only UAS3. These DNA fragments were incubated
with increasing concentrations of QseF and their complexes
analyzed by a native polyacrylamide gel electrophoresis. As
shown in Fig. 5B, the longer DNA fragment containing UAS1 to
UAS3 was shifted much more efficiently as compared with the
shorter fragment containing only UAS3. Thus, we can conclude
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FIGURE 5. The positive regulation of the rpoEP2 promoter by the QseF
activator. A, four independent cultures of wild-type and its AgseF derivative
carrying either the wild-type rpoEP2 promoter fusion or with rpoEP2* pro-
moter fusion with mutations in the —12 and —24 regions expressing the
cloned gseG gene were analyzed for B-galactosidase activity after different
growth intervalsin the presence of 50 um IPTG. B, the QseF-DNA interaction at
the P2 promoter. Thirty-five ng of the wild-type DNA fragment covering QseF
binding sites UAST + 2+3 (lanes 2-5) were incubated with increasing con-
centrations of QseF and analyzed by EMSA. A DNA probe containing only
UAS3 was also incubated with QseF as indicated. Lanes 7 and 6 serve as a
control with DNA alone. Samples were analyzed as described under “Experi-
mental Procedures.” C, the RpoN-regulated rpoEP2 promoter also senses LPS
defects. Isogenic cultures of SR19089 and its AwaaC, A(waaC rpoN), and
A(waaC gsef) were analyzed for B-galactosidase activity after different
growth intervals and averages of four independent derivatives are plotted.

that QseF binds DNA located upstream of the rpoEP2 TSS and
based on in vitro assays acts as an activator for RpoN-depen-
dent rpoEP2 transcription.

Modulators of RpoS Regulate the rpoEP4 Promoter

To identify signals and regulators of individual promoters,
various mutations in different genes that caused activation of
the rpoE transcription (Tables 1 and 2) were introduced into
strain SR18874 carrying the rpoEP4-lacZ fusion. Thus, a ArpoS
mutation resulted in ~60% reduction as compared with the
wild-type (Fig. 6). Furthermore, introduction of the ArssB
caused more than 35% increase in the rpoEP4 promoter activity
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FIGURE 6. The rpoEP4 promoter is regulated positively by RpoS and
responds to its modulators. Cultures of SR18874 carrying the rpoEP4 pro-
moter fusion, its ArpoS or ArssB derivatives, and derivative carrying the
cloned pcnB gene were grown in LB medium at 30 °C either in the presence of
50 uM IPTG for strain with plasmid or without IPTG for plasmid-free deriva-
tives. Samples from four independent cultures at different growth intervals in
each case were analyzed for the B-galactosidase activity.

consistent with the isolation of Tnl0 mutations in the rssB gene
(Fig. 6). RssB acts as an adapter protein in the pathway of the
ClpXP-dependent proteolysis of RpoS and hence rssB mutants
exhibit elevated RpoS levels (45, 46). Thus, the isolation of Tn10
mutations in the rssB gene that increase rpoEP4 promoter
activity and the reduction of P4 activity in ArpoS is overall con-
sistent with results from in vitro run-off assays establishing that
this promoter is uniquely transcribed by Eo®.

Among various growth conditions that were identified to
induce the rpoE transcription, the exposure to increased osmo-
larity (addition of 0.25 M sucrose or 0.5 M NaCl) also caused a
2-3-fold induction in rpoEP4 promoter activity (Tables 1 and
2). An increase in osmolarity increases RprA-dependent RpoS
translation (47). Thus, in vivo the P4 promoter behaves in a
typical RpoS-dependent manner.

Next, cloned genes, whose overexpression altered the rpoE
transcription, were introduced in SR18874. Among these, over-
expression of the pcnB gene caused an ~40% increase in the
rpoEP4 activity (Fig. 6). However, a mild induction of the fliZ
gene repressed the P4 promoter activity by 40% (Tables 1 and
2). The pcnB gene encodes PAP I and in its absence the RssB-
dependent proteolysis of RpoS is enhanced (36). The negative
effect on the activity of the rpoEP4 promoter upon fliZ overex-
pression can be rationalized, because FliZ behaves as a repres-
sor of RpoS by acting as its antagonist due to overlapping DNA-
binding properties (48). Thus, overall these results support our
conclusions that the rpoEP4 promoter is regulated by RpoS and
conditions that either stabilize RpoS (PAP 1) or destabilize it
(RssB) alter the activity of the rpoEP4 promoter in accordance
with its positive regulation by RpoS.

Defects in Early Steps of the LPS Core Biosynthesis Induce the
rpoEP3 Transcription

As the majority of trams-acting TnI0 mutations that
increased the rpoEP-lacZ activity mapped to the waaC gene
and some other genes in the waa locus (supplemental Table S1)
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suggested that defects in LPS activate the rpoE transcription
from distally located promoter(s). The second largest number
of Tnl0 insertion mutations were mapped to the waaF gene.
The waaC gene encodes heptosyltransferase I transferring
L-glycero-a-D-manno-heptopyranose (Hep) to Kdo. The sec-
ond Hep transfer to the Hepl requires heptosyltransferase II
WaaF (1, 2). To avoid any effect of polarity, non-polar deletion
derivatives of various waa genes were constructed and trans-
duced into strains carrying the lacZ fusion to the P2, P3, and P4
promoter to identify which of these promoters is specifically
induced when LPS synthesis is defective. Such isogenic strains
were used to measure the 3-galactosidase activity and also ver-
ified for their LPS composition.

As the P2 and P3 promoter use the same TSS, two different
promoter fusions were constructed in a single-copy to distin-
guish between modes of activation of these promoters. One
such construct SR18987 contains mutations in RpoN recogni-
tion sites for the P2 promoter in —12 and —24 regions, but with
intact —10 and —35 elements for the P3 promoter recognized
by RpoD. Another strain, SR19089, carries the mutation in the
—10 element of the RpoD-regulated P3 promoter with mutated
—7- and —11-nt residues. Thus, SR18987 reflects mainly the
activity of the P3 promoter, whereas the promoter fusion in
SR19089 shows the RpoN-dependent P2 promoter activity.
Into these strains, different null alleles of various waa genes
were introduced and quantified for the promoter-specific tran-
scriptional activity. Such an analysis revealed up to a 7-fold
increase in the rpoEP3-lacZ promoter activity with AwaaC as
compared with its basal activity in the wild-type (Fig. 7A). How-
ever, the AwaaC derivative of rpoEP2-lacZ fusion exhibited
only 70% to a 2-fold increase upon entry into the stationary
phase (Fig. 5C). No induction of the RpoS-regulated P4 pro-
moter was observed when the AwaaC mutation was intro-
duced. Next, impact of the individual non-polar deletion of
other genes within the waa locus on the rpoEP3-lacZ activity
was addressed. A AwaaF derivative exhibited a nearly 2—3-fold
increase in the rpoEP3-lacZ activity (Fig. 7A). Similarly,
AwaaG, AwaaP, and AwaaO mutants exhibited a more than
2-fold increase in the rpoEP3 promoter activity (Fig. 7A). WaaG
glycosyltransferase mediates the incorporation of Glcl, whereas
WaaP is required for the phosphorylation of Hepl (49, 50).
Induction of the P3 promoter in AwaaG and AwaaP reflects the
importance of phosphorylation in OM integrity (50). Deletion
derivatives of waaQ, waaS, waaY, and waaZ did not result in
any major induction of the rpoEP3 promoter or other rpoE pro-
moters (data not shown). The above results allow us to con-
clude that severe LPS defects in the most conserved part of the
inner core and the lack of GlcI induce the activity of the RpoD-
dependent P3 promoter.

waaC and waaF Mutants Incorporate P-EtN on the Second Kdo
Rather Than in the Lipid A

To validate the authenticity of different waa mutants and
impact on LPS modifications, LPS was obtained from isogenic
strains grown under conditions that induce lipid A and inner
core modifications (6, 19, 39). As LPS defects due to mutations
like AwaaC and AwaaF caused a significant induction of the
rpoE transcription, this should be reflected in the modification
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FIGURE 7. The Eo”°-recognized rpoEP3 promoter is positively regulated by the Rcs two-component system in response to LPS defects in an RcsB-de-
pendent manner. A, cultures of SR18987 carrying the rpoEP3 promoter fusion and its derivatives with non-polar deletion in various waa genes were grown in
LB medium at 30 °C and analyzed for B-galactosidase activity after different intervals. Four independent derivatives in each case were analyzed and averaged
data are presented after a 250-min incubation. B, cultures of SR18987, its AwaaC and A(waaC rcsB) derivatives were grown in LB medium at 30 °C and analyzed
for B-galactosidase activity after different intervals of growth. Averages from four cultures in each case are plotted. C, the RcsB-DNA interaction at the P3
promoter. Thirty-five ng of a 280-bp wild-type DNA fragment that includes a putative RcsB recognition site was incubated with increasing concentrations of
phosphorylated RcsB and analyzed by EMSA on a 4% native gel. D, specificity of RcsB-DNA interaction at the P3 promoter. Three DNA probes included a 81-bp
DNA fragment with the wild-type RcsB sequence (lanes 2 and 3), a second 78-bp DNA fragment lacking conserved CAT trinucleotide residues of RcsB consensus
(lanes 5 and 6), and a third 71-bp probe lacking nucleotides CATGGTTTGG of RcsB consensus (lanes 8 and 9) were incubated with 120 and 180 ng of ResB for each
probe, respectively. Lanes 1,4, and 7 serve as control with DNA alone. After incubation the reaction mixtures were analyzed on a 6% native gel.

of Kdo by the EptB-dependent incorporation of the P-EtN res-
idue. Mass spectrometric analysis of LPS of the AwaaC strain
revealed the mass peak at 2,237.3 Da (Fig. 84). This is in agree-
ment with the predicted composition of the Kdo,-lipid A,
1,4’ -bisphosphate. The spectra of LPS obtained from a AwaaF
derivative contains the mass peak at 2,429.4 Da reflecting the
incorporation of one heptose with a predicted composition of
Kdo,-lipid A,..,, T Hep; (Fig. 8B). Additional mass peaks in the
SASBMB
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spectra of AwaaC at 2,360.3 and 2,491.4 Da correspond to the
addition of P-EtN and an additional 4-amino-4-deoxy-L-arabi-
nose (L-Ara4N) residue, respectively (Fig. 8). Similarly, mass
peaks at 2,560.5 and 2,683.5 Da present in the spectra of LPS of
AwaaF can be explained to arise due to the incorporation of
L-Ara4N and an additional P-EtN residue, respectively (Fig. 8).
The mass spectrometric analysis of LPS obtained from the
AwaaG strain revealed mass peaks at 2,621.5 and 2,824.4 Da.
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FIGURE 8. The LPS composition of derivatives with specific mutations causing LPS truncation leading to the induction of the rpoEP3 transcription.
Charge deconvoluted ES FT-ICR mass spectra in the negative ion mode of native LPS obtained from isogenic deletion derivatives of the wild-type strain carrying
the AwaaC mutation (A), AwaaF (B), AwaaG (C), and AwaaP (D) grown in phosphate-limiting medium at 30 °C. Mass numbers refer to monoisotopic peaks. The
mass peaks corresponding to additional substitutions with P-EtN and/or L-Ara4N are indicated.

These mass peaks correspond to the predicted structure com-
posed of LA, ... + Kdo, + Hep, and LA, .., + Kdo, + Hep, +
P + P-EtN,, respectively (Fig. 8C), similar to previously
described structural analysis of LPS from the waaG mutant in
the E. coli strain with the R1 core type (49) reflecting partial
phosphorylation of Hepl. Additional mass peaks at 3,078.5 Da
can be attributed to the mass composition of LA, .., + Kdo, +
Hep, + P + P-EtN, + L-Ara4N;. The mass spectrometric anal-
ysis of LPS of a AwaaP derivative revealed the presence of pen-
taacylated (LA, + Kdo, + Hep, + Hex, the mass peak at
2,573.3 Da) and derivatives of hexaacylated species (2,783.5 and
3,037.6 Da). These mass peaks can be explained to be composed
of LA, ... + Kdo, + Hep, + Hex; and LA, ., + Kdo, + Hep, +
Hex; + P-EtN, + L-Ara4N, respectively. Further mass peaks at
3,199.6 and 3,361.7 Da correspond to the addition of one and
two Hex residues, respectively (Fig. 8D). No mass peaks corre-
sponding to phosphorylated derivatives of Hep residues are
present, consistent with the lack of WaaP kinase due to the
AwaaP mutation. The presence of two P-EtN residues reveals
modification of Kdo as well as lipid A by P-EtN in AwaaP.
The analysis of lipid A revealed the incorporation of L.-Ara4N
represented by the mass peak at 1,928.3 Da in the spectra of all
mutants (Fig. 9). In E. coli K-12, the most preferred position of
L-Ara4N in lipid A is at the 4’-phosphate (51). Interestingly,
AwaaC and AwaaF derivatives did not reveal any P-EtN incor-
poration in the lipid A part. Thus, the mass peak at 2,360.3 Da in
AwaaC and at 2,552.4 Da in AwaaF corresponding to the incor-
poration of P-EtN is predicted to have P-EtN on the Kdo, which
is EptB-dependent (Fig. 8, A and B). These results are consistent
with previous detailed fragmentation analysis of LPS obtained
from various derivatives of waaC mutants (6). The EptB-depen-
dent P-EtN modification of Kdo in AwaaC, AwaaF, and AwaaP
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derivatives is consistent with the activation of the rpoE tran-
scription due to LPS defects and the RpoE-dependent regula-
tion of the eptB gene. These structural alterations of LPS upon
the hyper-induction of the rpoE transcription in AwaaC and
AwaaF derivatives indicate the preferential modification of
Kdo by P-EtN at the expense of its incorporation in the lipid A
part.

The Transcriptional Induction of the rpoE Gene Due to LPS
Defects Requires Qse and Rcs Two-component Systems

Results presented above established that defects in LPS bio-
synthesis induce transcription of rpoEP2/P3 promoters. To
address the molecular mechanism of the activation of the rpoE
transcription when LPS is defective, panels of double deletion
strains lacking various regulators in the AwaaC background
were analyzed. Among these, the A(waaC rpoN) derivative
showed ~40-45% reduction in the rpoEP2-lacZ activity as
compared with the isogenic AwaaC mutant (Fig. 5C). These
results of RpoN dependence could require recruitment of the
QseF activator based on the in vitro run-off assays. Consistent
with these data, activation of the rpoEP2-lacZ fusion in a
A(waaC gseF) derivative was reduced by more than 30% as
compared with the parental AwaaC strain (Fig. 5C).

Severe defects in LPS are known to induce the Rcs two-com-
ponent system leading to overproduction of colanic acid (7).
In the Rcs two-component system, RcsB acts as the major
response regulator (8). Thus, a ArcsB mutation was transduced
into AwaaC derivatives carrying rpoEP3-lacZ fusion. Strik-
ingly, activation of rpoEP3-lacZ fusion in a A(waaC rcsB) deriv-
ative is nearly abrogated as compared with highly elevated lev-
els of the rpoEP3-lacZ activity in AwaaC (Fig. 7B). These data
suggest that Rcs and Qse systems regulate the rpoE transcrip-
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FIGURE 9. Defects in the lipid A biogenesis of Awaa mutants exhibiting increased rpoEP3 transcriptional activity. Charge deconvoluted ESI FT-ICR mass
spectra of isogenic AwaaC (A), AwaaF (B), AwaaG (C), and AwaaP (D) in the negative ion mode depicting the lipid A composition and its modifications from the
LPS obtained from cultures grown in phosphate-limiting medium at 30 °C. Part of the negative ion mass spectra of the native LPS after unspecific fragmenta-
tion, leading to the cleavage of the labile lipid A-Kdo linkage, is presented. The mass peaks corresponding to the hexaacylated lipid A part and substitutions

with P-EtN and/or L-Ara4N are indicated.

tion in response to LPS defects with the Rcs system playing the
major role.

In Vitro RcsB Binds in the P3 Promoter Region

To establish the role of ResB in regulation of the rpoEP3
promoter, the ability of RcsB to bind DNA containing the
region upstream of this promoter was tested by EMSA. A
280-bp DNA fragment was incubated with increasing concen-
trations of ResB. Indeed, such a DNA fragment could efficiently
shift in the presence of RcsB (Fig. 7C). Examination of DNA
sequence upstream of the P3 promoter revealed that it contains
a DNA sequence element with similarity to the RcsB box prox-
imal to the —35 region of the P3 promoter (Fig. 34). The spec-
ificity of RcsB binding to the RcsB box was examined using a
smaller 81-bp DNA fragment with the intact RcsB box, a 78-bp
fragment lacking three conserved nucleotides marked as aster-
isks and a 71-bp fragment lacking RcsB box. The 78-bp frag-
ment with a deletion of 3 bp was shifted much less efficiently
and this mobility shift was further reduced with the 71-bp lack-
ing the conserved RcsB box (Fig. 7D). Thus, these results of
ResB binding upstream of the P3 promoter region support in
vivo results of involvement of the Rcs two-component system in
regulating the rpoFE transcription from its P3 promoter.

Defects in the LPS Assembly Also Induce the rpoEP3 Promoter
Previously, we showed that the balanced biosynthesis of LPS
requires the essential LapB protein and in its absence transcrip-
tion of the rpoE gene is significantly induced (9). AlapB mutants
synthesize excess LPS with a significant proportion of LPS com-
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prised of precursor forms and also have a dysfunctional Lpt
translocation system (9). Thus, AlapB derivatives were con-
structed under permissive growth conditions in strains carry-
ing rpoEP1-P5-lacZ and rpoEP3-lacZ (with mutated RpoN rec-
ognition site) fusions in the wild-type background and ArcsB.
The A(lapA lapB) derivative exhibited more than a 5-fold
increase in the rpoEP1-P5-lacZ activity and a 3-fold induction
of the rpoEP3-lacZ activity when the Rcs system is intact (Fig.
10, A and B). However, this activation in the absence of Lap
proteins was significantly diminished in strains lacking RcsB
(Fig. 10A). Thus, these results demonstrate that transcriptional
activation of the rpoE gene caused by severe defects in the LPS
synthesis is driven from the rpoEP3 promoter and this signal
activation requires the ResB response regulator.

Multicopy Inducers of the rpoEP3 Promoter Identify a Novel
RfaH-interacting sRNA RirA

One of the approaches, using a multicopy plasmid library, led
to the identification of a novel sSRNA, whose overexpression
induced the rpoEP1-P5-lacZ activity. Subcloning identified a
minimal clone carrying DNA overlapping the 5" UTR of the
waaQ mRNA. Further analysis revealed ~2-fold induction of
the rpoEP3 promoter when this SRNA was expressed in a medi-
um-copy plasmid from its own promoter (Fig. 11B). Mapping of
the 5 and 3’ ends revealed that this SRNA shares its 5" end with
the known 5’ end of the waaQ mRNA and is a 73-nt sSRNA (Fig.
11, A and C). This sRNA could arise due to processing of the 5’
end of the waaQ mRNA. Examination of its nucleotide
sequence revealed that it contains the conserved JUMPstart
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FIGURE 10. The absence of LapAB proteins or overexpression of lipopro-
tein encoded by the yhdV gene induces the rpoEP3 transcription. A, over-
night cultures of SR7917 (carrying chromosomal rpoEP1-P5-lacZ fusion), its
A(lapA lapB) and A(rcsB lapA lapB) derivatives, and B, SR18987 (rpoEP3-lacZ),
its isogenic A(lapA lapB) and A(rcsB lapA lapB) derivatives, were grown in M9
medium at 30 °C and analyzed for B-galactosidase activity after different
intervals. Data averaged from four independent samples are presented for
panels A and B. C, cultures of SR18987 carrying rpoEP3-lacZ fusion with
empty vector, its derivative with the cloned yhdV gene, and its ArcsB deriv-
ative with the yhdV gene on the plasmid were analyzed for B-galactosid-
ase activity after the addition of 50 um IPTG. Data from four replicates are
plotted.

and the ops site (GGCGGTAG) located between nt 40 and 60
recognized by the RfaH transcriptional factor (Fig. 11A). Based
on biochemical evidence and the observed interaction with
RfaH, this sRNA is designated RirA (RfaH interacting RNA).
The —10 promoter region of the rirA gene contains similarity
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to RpoD-recognized promoters (Fig. 114). Italso contains TGA
nucleotides next to the —10 element resembling the extended
—10 promoter.

RfaH is an operon-specific transcription factor belonging to
the NusG family of proteins (25). RfaH is known to regulate the
expression of genes transcribed as long operons encoding the
LPS core, capsule, O-antigen biosynthesis, hemolysin, and con-
jugation system (23-25). RfaH functions by binding to the ops
site located in the 5’ region of non-template DNA of these oper-
ons and prevents premature transcriptional termination by
Rho. This is achieved by RfaH simultaneous contacts with RNA
polymerase and coupling with translating ribosome by interac-
tion with the S10 protein (25). We wondered if the rirA mRNA
would bind RfaH. This was addressed by EMSA wherein RfaH
was incubated with RirA alone and in the presence of the RNAP
core. RfaH could efficiently gel shift RirA in the presence of
RNAP, but not when incubated with RfaH alone (Fig. 124). As
RirA contains the conserved ops site, we tested if the interaction
between RirA and RfaH requires the core ops element. Hence,
gel shift assays were performed using synthetic wild-type RirA
or RirA* with mutated ops site RNAs. EMSA experiments
revealed that RirA with the mutated ops site does not bind RfaH
(Fig. 12B). Thus, we can conclude that RirA indeed interacts
with RfaH in the presence of RNA polymerase. Furthermore,
this interaction is dependent on the presence of the ops site
within RirA.

Because overexpression of the rirA gene induces the rpoEP3
activity, a ArfaH mutant was also tested for influence on the
rpoHP3 activity. A 4-fold induction of rpoEP3 promoter activity
was observed (Fig. 11B). These results are consistent with iso-
lation of a rfaH:'TnI0 mutation conferring an increase in the
rpoE transcriptional activity (supplemental Table S1). To
address the basis of induction of the rpoEP3 by RirA, the effect
of the rirA overexpression on the LPS content was examined.
Whole cell lysates were prepared from isogenic strains with and
without overexpression of RirA. The overexpression of RirA
caused a reduction in the total amount of LPS (Fig. 12C). As the
conserved ops site is also located in front of the O-antigen gene
cluster, the wild-type E. coli K-12 strain BW25113 was trans-
formed with plasmid pMF19 (expressing the wbbL gene (52)) to
restore O-antigen biosynthesis. Next, this strain was trans-
formed with the compatible vector alone or its derivative car-
rying the rirA gene and examined for the LPS profile. A quite
robust reduction in the O-antigen was observed, when the rirA
gene is present on the plasmid (Fig. 12D). It should be noted
that the cloned rirA gene was expressed from its own promoter.
These results suggest that RirA in excess could cause titration
of RfaH and limit its availability to bind in vivo ops sites. This
could lead to decreased expression of LPS core biosynthetic
genes transcribed from the waaQ operon and other operons
with the ops site in the 5" UTR like O-antigen biosynthetic
genes. Defects in the O-antigen presence upon the rirA overex-
pression can be due to an additive effect of reduction in the rfb
operon expression and reduced number of sites for O-antigen
incorporation.

To further understand the molecular basis of reduction of
LPS upon RirA overexpression, the expression of RfaH-regu-
lated waaQ and rfb operons was monitored. Western blot anal-
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FIGURE 11. A novel sRNA rirA in multicopy induces the rpoE transcriptional activity and controls LPS biosynthesis. A, nucleotide sequence of the gene
encoding the rirA sSRNA and its promoter region. The arrow indicates the TSS of the rirA sSRNA. The —10 and extended — 10 promoter elements, the conserved
JUMPstart, and ops sites are depicted. B, either overexpression of the rirA gene or the absence of RfaH induces the rpoEP3 promoter activity. Cultures of SR18987
with the vector pRS551, its ArfaH derivative, or when the rirA gene is expressed from its own promoter in pRS551 were grown in LB medium at 30 °C and analyzed
for the B-galactosidase activity after different growth intervals. Average of four independent samples are presented. C, model of RirA generated using M-fold.

ysis revealed that the WaaO-FLAG and RfbB-FLAG amounts
are reduced, whereas as a control WaaC-FLAG levels were
unaltered (Fig. 12E). The waaO gene is transcribed as a part of
the waaQ operon and the rfbB gene also contains the ops site in
the 5" UTR. The waaC gene is transcribed as a part of the gmhD
waaF waaC operon lacking the ops site. Taken together, these
results establish that RirA sRNA acts as a novel sSRNA that inter-
acts with RfaH and its excess reduces LPS amounts by the potential
sequestration model that limits the availability of RfaH.

The overexpression of Genes Encoding Lipoproteins Induces
the rpoEP3 Promoter

The most prominent class of multicopy inducers of the
rpoEP1-P5 transcription identified genes encoding lipopro-
teins (Tables 1 and 2). From these, impact of overexpression of
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the yhdV gene was analyzed, because it was repeatedly isolated
as inducer of the rpoEP1-P5-lacZ or specifically the rpoEP3-
lacZ transcriptional activity. Measurement of the rpoEP3-lacZ
activity revealed a nearly 3.4-fold increase (Fig. 10C). Most of
the genes encoding lipoproteins identified in this work encode
proteins of low abundance like YhdV, YddW, and YghB, and
Spr is in the bottom 25% range (based on pax-db.org), making
their isolation physiologically relevant. We reasoned that the
increased synthesis of lipoprotein could cause limitation of the
Lol system required for sorting of lipoproteins. Defective lipo-
protein is known to induce the Rcs pathway (53). Thus, we
tested if the mechanism of activation of the rpoEP3 promoter
was also Rcs-dependent. Accordingly, expression of the yhdV
gene was induced in the wild-type and its ArcsB derivative. This
analysis revealed a reduction in the activation of the rpoEP3
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free RirA. B, the replacement of the 8-nt ops site by 8 A ntin RirA abolishes interaction with RfaH + RNAP core. Fifty ng of wild-type RirA (lanes 2—- 4) and RirA with
mutated ops site (lanes 5-7) were analyzed for the complex formation with RfaH in the presence of RNAP and resolved by native gel electrophoresis. C, a portion
of whole cell lysate obtained from the wild-type E. coli K-12 strain BW25113 with vector pRS551 (lane 1), its derivative expressing the wild-type rirA gene in
pRS551 (lane 2), and rirA with 8-nt ops site replaced by 8 A residues rirA* (lane 3) were applied on a 16.5% SDS-Tricine gel and LPS was revealed after silver
staining. The arrow indicates the position of the LPS core. D, a portion of whole cell lysates after proteinase K treatment obtained from isogenic strains with
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14% SDS-Tricine gel and LPS was revealed after silver staining. Arrows indicate the position of the lipid A-core, lipid A-core + 1 O-antigen unit, and lipid A-core +
polymeric O-antigen. E, isogenic cultures carrying vector pRS551 alone (lane 1) or expressing the wild-type rirA gene (lane 2) in the strain with chromosomal
waaO, rfbB, or waaC genes epitoped at the C-terminal end with 3 X FLAG were grown in LB medium at 30 °C up to an A4, of 0.2. An equivalent amount of total

protein was analyzed on 12% SDS-PAGE, followed by immunoblotting using anti-FLAG monoclonal antibody.

promoter by more than 50% (Fig. 10C). A similar dependence
was observed for the lipoprotein-induced rpoEP3 activity for
the presence of ResF (data not shown). Hence, these results
establish that the Rcs two-component system senses imbal-
ances in the OM due to either LPS defects or overexpression of
lipoproteins causing activation of the rpoEP3 transcription.
However, these results do not show if the overexpression of
every lipoprotein will induce the rpoEP3 transcription.

The rpoEP3 Promoter Is Subjected to Catabolite Repression

During the quantification of transcription, we repeatedly
observed that the activity of the rpoEP1-P5 promoter is higher
when glycerol is used as the sole carbon source as compared
with glucose-supplemented medium (Tables 1 and 2). After the
identification of multiple promoters regulating the rpoE tran-
scription, this effect was observed more specifically for the
rpoEP3 promoter. Its activity is also severely repressed upon the
addition of glucose to LA medium, like well known CRP-
cAMP-regulated genes. It is well established that in the pres-
ence of glucose cAMP levels are low, resulting in reduced or
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lack of expression of promoters that require CRP binding (54).
These observations are consistent with the identification of a
Tn10 insertion in the cya gene (supplemental Table S1) and an
observed 50% reduction in the activity of the rpoEP3 promoter
in Acrp (Fig. 13A). Thus, direct binding of the CRP protein in
the presence of cAMP was examined by EMSA using 118-bp
DNA fragments that contain nucleotides upstream of the P3
TSS. This DNA template is efficiently shifted in the presence of
activated CRP (Fig. 13B) consistent with the presence of DNA
sequences that match the CRP-binding site (Fig. 34). Overall,
these results establish cAMP-CRP-mediated control of rpoEP3
transcription.

The RpoE-regulated ecfLM Operon Influences the rpoE
Transcription

During the mutagenesis screen for Tn10 insertion(s) that in
trans alter the rpoE transcription, one mutation mapped to the
ecfL gene (supplemental Table S1). ecfL and ecfM genes are
transcribed as an operon with a RpoE-dependent transcription
(31). Non-polar deletion of either the ecfL gene alone or the
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FIGURE 13. The rpoEP3 promoter is positively regulated by the CRP acti-
vator protein. A, cultures of the wild-type strain carrying the rpoEP3 pro-
moter fusion and its four independent Acrp transductants were grown in LB
medium at 30 °C and analyzed for B-galactosidase activity after different
intervals. B, interaction of CRP with DNA containing the P3 promoter and
upstream DNA region. A 118-bp DNA fragment covering the P3 promoter
region was incubated with increasing concentrations of CRP activated by
cAMP (lanes 2-5) and complexes were resolved on a 6% native gel. Lane 1
serves as a negative control with DNA alone. Arrows show the position of free
dsDNA and CRP-DNA complex.

ecfM gene alone does not alter the transcriptional activity of any
rpoE promoters. However, a total deletion of the ecfLM operon
does increase the rpoEP3 activity by a 2—3-fold (Fig. 14). EcfL
belongs to the family of conserved DedA IM proteins (31). Con-
sistent with our data, it has been recently reported that multiple
deletion combinations of ecfL orthologs, including ecfL, cause
an increase in the rpoE transcriptional activity (55). EcfM, also
called MzrA (56), could act as a connector protein in cross-talk
among two-component systems and needs more studies.

Discussion

In this work, we addressed the transcriptional regulation of
the rpoE gene, encoding the extracytoplasmic function o factor.
Several members of its regulon have dedicated functions, par-
ticularly whose products are involved in the assembly of OM,
including components of LPS translocation, OM protein mat-
uration, and some sRNAs that maintain homeostasis of OM
components (31). Despite the wealth of knowledge about the
function of RpoE and its negative regulation by the anti-o factor
RseA, transcriptional regulation of the rpoE gene has not been
fully understood. Previously, we and others showed that tran-
scription of the rpoE gene is autoregulated by Ec* from one of
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carrying the rpoEP3 promoter fusion were grown in LB medium at 37 °C and
analyzed for the B-galactosidase activity.

its promoters (3, 16). However, the regulation of transcription
from its distal promoter remained elusive for more than two
decades.

The construction of various transcriptional fusions and the
identification of trans-acting factors that modulate the rpoE
transcription revealed that the distal promoter region responds
to several divergent stimuli. Factors that alter the rpoE tran-
scription from the distal promoter region include activation by
(i) severe defects in LPS, (ii) the addition of ammonium meta-
vanadate, (iii) entry into the stationary phase, (iv) a shift to high
osmolarity, (v) growth phase-dependent challenge with poly-
myxin B, (vi) a shift to nitrogen-limiting growth conditions, and
(vii) overexpression of certain genes encoding lipoproteins.
However, transcription is repressed in glucose-supplemented
medium. Significantly, no single transposon insertion or any
defined deletion could be identified that totally abolished tran-
scription from this promoter region. These results suggested
that either an essential transcriptional factor regulates expres-
sion of the rpoE gene from the upstream region or multiple
transcriptional factors are involved in mediating the transcrip-
tional control.

To address possibilities of the existence of multiple regula-
tory controls, 5" ends of the rpoE mRNA were mapped. This led
to the identification of at least five new transcriptional start
sites located upstream of the Eo®-transcribed promoter. The
presence of multiple authentic promoters was confirmed by in
vitro run-off assays and the construction of the single-copy pro-
moter fusion to individual promoters. Of five promoters, P2
and P3 promoters share the same TSS located at —327. The P2
promoter shares homology to RpoN-regulated promoters with
the presence of conserved —12 and —24 RpoN recognition
sites. Interestingly, the P2 promoter is strongly activated by
QseF, which also contains extensive homology to the NtrC fam-
ily of activators (42). QseF activation of the rpoEP2 promoter
occurs via RpoN and requires RpoN-recognition motifs (—12
and —24) as shown by mutagenesis and in vitro run-off assays.
A role for QseF in regulating the rpoEP2 promoter was first
observed by a nearly 20-fold induction upon overexpression of
the OM protein QseG. The gseG gene is co-transcribed with
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FIGURE 15. Co-integration of multiple signaling pathways and recruitment of different transcriptional factors in the regulation of the transcription of
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by RirA sRNA, or when the inner core of LPS is truncated). LPS defects could the transmit signal from the RcsF OM lipoprotein leading to the activation of the
RcsB response regulator. The P2 promoter can also be induced in response to LPS defects albeit to a lower extent than the rpoEP3 promoter. The global
regulator CRP protein in response to cCAMP levels also positively regulates the rpoEP3 promoter. The rpoEP4 promoter is recognized by the stationary phase o
factor RpoS and is activated in response to diverse stresses like challenge with high osmolarity and factors that regulate transcription of the rpoS gene and the

stability of o=.

gseE and gseF genes. QseE and QseF constitute a two-compo-
nent system that positively regulates the expression of the pro-
moter of the glmY sRNA in an RpoN-dependent manner (42).
GImY regulates the synthesis of GImS in response to amounts
of glucosamine 6-phosphate (GIcN6P). GIcN6P is the precursor
for the synthesis of UDP-GIcNAc and hence, it constitutes the
first rate-limiting step in LPS and peptidoglycan synthesis (17,
42). QseG interaction with the QseE kinase could trigger phos-
phorylation of the QseF response regulator. Indeed, activation
of the rpoEP2 promoter by overexpression of gseG is solely
dependent on the presence of QseF. Examination of the DNA
sequence upstream of the rpoEP2 promoter identified three
QseF-binding sites in the upstream region, which were verified
by gel-retardation assays. A fourth QseF binding-like motif is
also present in the downstream region of the rpoEP2 promoter.

The predicted —10 promoter element of rpoEP3 contains a
consensus for RpoD-recognized promoters, with the presence
of conserved —7T and —11A residues and an extended —10
TGC (Fig. 3). Mutation of —7T(C) and —11A(G) severely
repressed the rpoEP3 promoter activity. This allowed us to
establish that the —327 TSS is used by RpoD and RpoN. The
—326 TSS could arise due to in vivo processing of the 5" end or
may be used in vivo under specific conditions. The RpoD-reg-
ulated P3 promoter is further subjected to catabolite repression
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and activated specifically when the LPS has truncation in the
inner core region or the LPS assembly is dysfunctional.

As the rpoE gene is essential in E. coli under all growth con-
ditions, the presence of multiple promoters regulated by RpoN
(P2), RpoD (P3), and RpoS (P4) ensures that the basal level of
transcription is sustained even when the OM integrity is not
compromised (Fig. 15). Furthermore, each of these promoters
fine-tunes transcription under specific conditions. Thus, the
induction of the rpoE transcription upon entry into the station-
ary phase could recruit RpoS via the initiation from the P4 pro-
moter. The P4 promoter utilization could integrate diverse sig-
nals that regulate the activity of RpoS. RpoS is induced not only
in the stationary phase, but also upon challenge with high
osmolarity, carbon starvation, oxidative stress, and in response
to stringent growth conditions. We also observed that rpoEP4 is
induced upon the shift to high osmolarity. In support of the
RpoS-mediated transcription of the P4 promoter, our genetic
analyses also identified factors that control the RpoS transcrip-
tion/stability, like ArcA/B, RssB, and PcnB affecting the rpoEP4
activity.

The Mechanism of Sensing of LPS Alterations and the Over-
expression of Lipoproteins—As the maximal number of muta-
tions that induce transcription from the rpoE proximal pro-
moter caused LPS defects, the mode of signal transduction was
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addressed. LPS defects significantly induce the RpoD-regulated
rpoEP3 promoter that was dependent on the activation of the
Res two-component system. Thus, the induction of this pro-
moter was mitigated in the absence of either the OM protein
ResF or the response regulator RcsB when either were chal-
lenged with polymyxin B or when the LPS synthesis was defec-
tive. This mode of the rpoEP3 promoter activation via the Rcs
system was demonstrated using strains with truncation of the
LPS inner core or strains lacking LPS regulators like RfaH or
LapA/B proteins. However, some signals due to LPS defects are
also transmitted to the P2 promoter in the RpoN-QseF depen-
dent manner. To distinguish between the activation of P2 and
P3 promoters, mutations were introduced in either RpoN rec-
ognition sequences or in the —10 conserved element recog-
nized by RpoD. Usage of such mutated promoter fusions con-
firmed that both P2 and P3 promoters can be activated when
LPS is defective, with the main signal activation mediated by the
Res system to the RpoD-regulated P3 promoter. Observed
binding of RcsB and QseF upstream of the P2/P3 TSS further
supports these conclusions.

The molecular basis of RpoE induction due to specific LPS
defects and participation of any specific signal relay system, like
Rcs or other two-component systems, has not been addressed.
Two models have been proposed, suggesting sensing of acyla-
tion defects in lipid A and a trade-off between the lipopolysac-
charide transporter LptA and RpoE negative regulator RseB
(38, 57). However, as shown here, the Rcs system can indepen-
dently sense LPS defects. Our data of signal transduction via
multiple systems are compatible with additional modules like
RseB and sensing involving additional pathways like the
QseGEF system that can signal LPS defects. In support of such
a model, we still observed a nearly 2-fold induction of the Eo*-
regulated promoter of the rpoE gene in A(waaC rcsB) and also
involvement of RpoN-mediated Qse-dependent control. Utili-
zation of multiple pathways could make the system to launch
rapid response and make it more robust.

One of the novel findings from this work is the identification
of a new 73-nt SRNA located in the 5" UTR of waaQ mRNA.
This sSRNA shares the same start site as the waaQ mRNA and
contains the ops site recognized by RfaH. This sRNA, desig-
nated RirA, binds RfaH in the presence of the RNAP core. The
rirA gene was cloned, because its overexpression induces the
rpoE transcription via the P3 promoter. Based on the LPS pro-
file, a mild overexpression of the rirA sSRNA caused severe
reduction in the incorporation of O-antigen. When RirA was
overexpressed in a wild-type E. coli K-12, which does not syn-
thesize O-antigen, the overall LPS amount was reduced. RfaH
regulates the expression of many long operons including waaQ
and rfb operons by preventing transcription termination and
enhancing translation of their mRNAs. RfaH is known to bind
to ops sites and our model of reduction of the LPS amount and
severe decrease in the O-antigen incorporation upon the rirA
overexpression posits that an excess of RirA could titrate RfaH.
This could make RfaH limiting and reduce the expression of
operons that require RfaH, like rfb and waaQ operons. Thus,
the induction of rpoE transcription upon rirA overexpression
can be attributed to limiting amounts of LPS or an imbalance
with other components of the OM. Hence, not only LPS defects,
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but also any imbalance (excess of LPS as with lapAB mutants or
its reduction when RirA is in extra copies) are sensed by the
rpoEP3-dependent transcriptional response. It is tempting to
speculate that an accumulation of RirA sRNA under regulated
mRNA processing of the waaQ UTR might constitute an inter-
nal checkpoint to balance the LPS synthesis.

Furthermore, it was noticed that overexpression of genes
encoding some lipoproteins causes an induction of the rpoEP3
promoter. Mislocalization of lipoproteins has been shown to
cause induction of the Rcs pathway (53). Consistent with the
positive regulation of the rpoEP3 promoter by the Rcs system,
its activation by overexpression of the lipoproteins is also Rcs-
dependent. Among the genes encoding lipoproteins identified
in this work that induce the rpoEP3 transcription, yhdV, yghG,
spr, and yceB were previously shown to induce the transcription
of the rpoE-regulated degP promoter (58). Some of the lipopro-
teins are known to show significant genetic interactions with
several components of LPS biosynthesis (59). For example, yceB
shows interactions with many genes whose products are
involved in LPS and phospholipid biosynthesis. Thus, an excess
of such lipoproteins could alter the delicate balance in the cell
envelope leading to induction of rpoE transcription.

In summary, we have shown that in addition to autoregula-
tion by RpoE, transcription of the rpoE gene is further regulated
by RpoS, RpoD, and RpoN o factors that specifically respond to
different stimuli to sustain its transcription under all growth
conditions (Fig. 15). Additional recruitment of envelope
responsive two-component systems (QseE/F and Rcs) and
global regulator CRP further modulate transcriptional of the
rpoEP2 and P3 promoters linking several networks to regulate
the expression of RpoE. This mode of interlinked regulatory
control allows integration of several signals to rapidly respond
toavariety of stress conditions and cell envelope defects includ-
ing LPS alterations.

Experimental Procedures

Bacterial Strains, Plasmids, and Media—The bacterial
strains and plasmids used in this study are described in supple-
mental Table S1. Luria-Bertani (LB) broth, M9 (Difco), and 121
phosphate-limiting minimal media were prepared as described
(19, 60). For assays monitoring response to nitrogen concentra-
tions, minimal medium was supplemented with either 3 or 10
mM NH,Cl. When required, media were supplemented with
ampicillin (100 ug ml™"), kanamycin (50 ug ml ™), tetracycline
(10 ug ml 1), spectinomycin (50 wg ml~ '), or chloramphenicol
(20 ug ml™ ). The indicator dye 5-bromo-4-chloro-3-indolyl-
[B-p-galactopyranoside (X-Gal) was used at final concentrations
of 20 or 40 pug ml™' in the agar medium. Ammonium meta-
vanadate was added at a final concentration of 25 ug ml™* to LB
or LA media. Polymyxin B (Sigma) was added to LB medium at
concentrations ranging from 0.2 to 0.3 ug ml~'. Lactose-con-
taining MacConkey agar (Difco) was supplemented with appro-
priate antibiotics when required.

The Isolation of Trans-acting Mutations—The MC4100-de-
rived bacterial strain SR4245 and the BW25113 derivative
SR7917 were used as parental strains to isolate TnI0 insertion
mutants. Each of these strains carries an identical single-copy
chromosomal transcriptional rpoEP-lacZ fusion at the A
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attachment site as bacteriophage A lysogen. Given the essenti-
ality of the rpoE gene, a chromosomal replacement of the wild-
type rpoE gene with such rpoEP-lacZ fusion was not attempted.
More than 50,000 transposon insertion mutants were isolated
on LA medium at 30 °C and screened for Lac up or down phe-
notypes as described previously (3, 61). Bacteriophage P1 or T4
lysates were prepared on individual Lac up candidates and
transduced back into SR4245 or SR7197. The position of Tn10
was determined by the inverse PCR with nested primers and
sequenced using the Tnl0 primer as described previously (9).

The Identification of Trans-acting Factors Whose Overexpres-
sion Alters the rpoE Transcription—The complete genomic
library of all predicted ORFs of E. coli cloned in pCA24N (33)
was used to transform SR4245, SR7917 (carrying rpoEP1-P5-
lacZ fusion), SR18874 (rpoEP4-lacZ), and SR18868 (rpoEP2/
P3-lacZ). The plasmid carrying the lacZ gene was omitted to
reduce the background noise. Lac up or Lac down transfor-
mants were isolated at 30 °C in the presence of IPTG (50 um)
based on X-Gal phenotype. DNA insert of all relevant plasmids
that yielded reproducible results was sequenced. In parallel,
previously described whole genomic libraries obtained from
the wild-type E. coli K-12, cloned in medium-copy plasmids (9,
35), were used in similar screens to identify genes whose over-
expression alters the rpoE transcriptional activity. The minimal
genomic DNA fragment cloned in the same plasmid was
obtained by standard subcloning.

Generation of Null Mutations and the Construction of Their
Combinations—Non-polar antibiotic-free deletion mutations
of various genes used in this study were constructed by using
the A Red recombinase/FLP-mediated recombination system
as described previously (9, 39, 62). PCR products from such
amplification reactions were electroporated into BW25113
containing the A Red recombinase-encoding plasmid pKD46
(GK1942). Each deletion was verified by PCR amplification and
sequencing of PCR products. Such deletions were transduced
into BW25113 by bacteriophage T4-mediated transduction.
Multiple null combinations were constructed as described pre-
viously, followed by the removal of aph or cat cassettes using
the pCP20 plasmid and confirmed to be non-polar. The con-
struction of deletion derivatives of waaC, waaO genes, and the
Eo*-regulated rpoE-lacZ fusion were previously described (3, 9,
19).

Cloning of Various Genes for Their Overexpression and Com-
plementation Studies—For protein induction, the minimal cod-
ing sequences of rpoS, ntrC, gseF, rcsA, rcsB, and crp genes of
E. coli were cloned in different expression vectors. The minimal
coding region of each relevant gene was PCR-amplified,
digested with specific restriction endonucleases, and cloned in
expression vectors. rcsA and recsB genes were cloned in pET22b
(NdeI-Xhol), resulting in plasmids pGK4661 and pGK4662. In
parallel, crp and rpoS genes with the C-terminal His, tag were
cloned in pET22b and pET24b (Ndel-Xhol), resulting in plas-
mids pSR16739 and pSR16691, respectively. These plasmids
were verified to retain wild-type properties of the respective
genes by confirming the complementation of strain Acrp
(GK2986) and ArpoS (GK2876). gseF and ntrC genes with the
C-terminal Hisg tag were cloned in pET28b (Ndel-Xhol)
(pSR13036 and pSR18976, respectively). For the induction of
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RpoN and RfaH, the expression of corresponding genes was
induced from clones in the expression vector pCA24N (34).

For LPS analysis and quantification of changes in the rpoE
transcription, the rirA gene with its own promoter was sub-
cloned into the pRS551 vector (pSR9446). The minimal coding
region of rirA sSRNA was PCR-amplified from the chromosomal
DNA obtained from the wild-type strain BW25113 using spe-
cific oligonucleotides (supplemental Table S2).

RNA Purification and Mapping of 5' Ends—For the identifi-
cation of the transcription start site(s) of rpoE and rirA mRNAs,
total RNA was extracted from wild-type strain BW25113 and
its AwaaC derivative or in the presence of multicopy inducers
of the rpoE transcription. Cultures were grown in LB medium at
30 °C until an absorbance of 0.2 at 600 nm (exponential phase)
or after entry into the stationary phase. RNA was purified
according to the manufacturer’s protocol (Bioline UK) and
digested with RQ1 DNase (Promega) to remove any chromo-
somal DNA, followed by phenol extraction and RNA
precipitation.

The GeneRacer from Invitrogen was used to obtain 5" ends of
¢DNA according to the manufacturer’s protocol as described
previously (9). RNA with and without treatment with calf intes-
tinal phosphatase was used to identify primary and processed
products according to the manufacturer’s instructions. The
¢DNA was amplified by PCR using 2 pmol of reverse gene-
specific primers (supplemental Table S1) and the GeneRacer 5’
primer. An additional round of nested PCR was employed,
using GeneRacer-nested and gene-specific oligonucleotides
(supplemental Table S2). PCR products from the second round
nested PCR were purified and cloned into the pCR-4-TOPO
vector. From each reaction, at least 10 independent plasmids
were isolated and sequenced using the M13 forward primer
(—21 universal).

In Vitro Run-off Assays—For the identification of the tran-
scription initiation site with specific forms of RNA polymerase,
DNA template (50 ng) was incubated with the core RNAP and
the specific o factor ata molar ratio of 4:1. Twenty ul of reaction
was carried in buffer containing 40 mm Tris-HCI, pH 7.5, 150
mM KCl, 10 mm MgCl,, 1 mm DTT, 0.5 mm each of ATP, GTP,
CTP,and 0.1 mm UTP plus 3.7 kBq of [@->*P]UTP. The reaction
was allowed to proceed for 20 min at 37 °C, as described previ-
ously (3), and terminated by the addition of formamide stop
solution. For in vitro assays with RpoN, NtrC, and QseF, the
wild-type template and the template with mutations in the —12
and —24 elements were used. After the open complex forma-
tion in reactions with RpoN + NtrC and RpoN + QseF, 5 mMm
ATP was added and further incubated at 37 °C for 5 min before
the addition of nucleotides. RNA samples (4 ul) labeled with
[a-**P]JUTP were electrophoresed as described previously (3).

Gel Retardation Assays—EMSAs were performed on PCR-
generated probes containing various sizes of DNA. When
required, mutations were introduced using specific oligonucle-
otides during PCR (supplemental Table S2). Binding reactions
were performed by incubating 35 ng of various DNA probes
with an increasing amount of purified RcsB or ResA or CRP or
QseF, using binding buffer (Invitrogen). Whenever required,
ResB and QseF were phosphorylated with acetyl-phosphate at
30 °C for 30 min. Similarly, the CRP-cAMP complex was gen-
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erated by the incubation of purified CRP with 1 mm cAMP in
buffer containing 10 mm Tris-HCl (pH 7.8 at 4 °C), 150 mMm
NaCl, and 3 mm Mg(OAc),. Products were analyzed on 4 or 6%
native acrylamide gel and visualized after staining with SYBR
Green (Invitrogen).

B-Galactosidase Assays—To measure the activity of rpoE
promoters, single-copy chromosomal promoter fusions to the
lacZ gene were constructed and used to monitor their 3-galac-
tosidase activity. DNA sequences located upstream of the
known RpoE-autoregulated promoter were amplified by PCR,
using specific oligonucleotides (supplemental Table S2). After
PCR amplification, gel-purified DNA was digested with EcoRI
and BamHI, cloned into either pRS415 or pRS551 vector, and
transferred to the chromosome in a single-copy by recombina-
tion with ARS45 (63). Lysogens were selected either on the basis
of Lac™ phenotype or by directly selecting for Kan-resistant
lysogens as described previously (3, 6, 9). Mutations in the —12
and —24 regions of the RpoN-regulated P2 promoter were
introduced by PCR using mutagenic oligonucleotides (supple-
mentalTableS2), cloned into pRS551 and transferred to
the chromosome to generate single-copy promoter fusion
(SR18987). Nucleotide changes corresponding to the —7T and
—11A residues of the rpoEP3 promoter were constructed sim-
ilarly with mutagenic oligonucleotides and cloned in pRS551.
Such single-copy lysogens carrying lacZ fusions with mutated
promoter regions were directly selected for Kan resistance
(SR19089) and verified. Null alleles in different genes studied in
this work were transduced into strains carrying various rpoE-
lacZ promoter fusions in a single-copy on the chromosome. To
measure the 3-galactosidase activity, isogenic bacterial strains
carrying promoter fusions were grown in LB or M9 medium
with appropriate antibiotics at 30 °C, adjusted to an A4y, of 0.05
and allowed to grow further. The B-galactosidase activity
was measured in Miller units at different growth intervals
from four independent cultures in each case as described
previously (6, 9).

Protein Purification—The expression of His,-tagged RpoN,
RfaH was induced in the E. coli BW25113 strain at an optical
density of 0.1 at 600 nm in a 1-liter culture by the addition of 0.5
mM IPTG. For the purification of His,-tagged RpoS, CRP, ResB,
RcsA, NtrC, and QseF, their cognate genes cloned in pET
expression vectors were induced in E. coli BL21(DE3) strain at
28 °C. After induction (4 h-5 h at 28 °C), cells were harvested by
centrifugation at 12,000 rpm for 20 min. The pellet was resus-
pended in B-PER reagent (Pierce) and adjusted to contain 50
mMm NaH,PO,, 300 mm NaCl, 10 mm imidazole (buffer A), sup-
plemented with lysozyme to a final concentration of 200 ug
ml ™', A mixture of protease inhibitors (Sigma) was added as per
the manufacturer’s instructions. The mixture was incubated on
ice for 15 min with gentle mixing. To this lysate, 30 units of
benzonase (Merck) was added and incubated with gentle mix-
ing at 4 °C for another 15 min. The mixture was centrifuged at
45,000 X gfor 30 min at4 °C. Soluble proteins were applied over
nickel-nitrilotriacetic acid beads (Qiagen), washed, and eluted
with buffer A with a linear gradient (50 mm- 500 mm) of
imidazole.

LPS Extraction—LPS was extracted by the phenol/chloro-
form/petroleum ether procedure (64) from cultures grown in
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phosphate-limiting medium and lyophilized. For the LPS anal-
ysis, lyophilized material was dispersed in water by sonication
and resuspended at a concentration of 2 mg ml ™~ '. For detection
of the chemotype, an equivalent portion of whole cell lysate
treated with proteinase K was applied to a 16.5% Tricine gel. To
detect O-antigen, cultures of BW25113 carrying the vector
alone (pRS551) or its derivative carrying the rirA sRNA
expressed in pRS551, were transformed with the plasmid
pMF19 (to restore the O-antigen biosynthesis). In these exper-
iments, samples were applied on 14% Tricine gel. Gels were
silver-stained for the LPS analysis.

Mass Spectrometry—Electrospray ionization-Fourier trans-
form ion cyclotron (ESI-FT-ICR)-mass spectrometry was per-
formed on intact LPS in the negative ion mode using an APEX
QE (Bruker Daltonics) equipped with a 7-tesla actively shielded
magnet and dual ESI-MALDI. LPS samples were dissolved at a
concentration of ~10 ng ul ™' and analyzed as described previ-
ously (6, 19). For the nonspecific fragmentation, the DC offset
(collision voltage) of the quadruple interface was set from 5 to
30 V. Under these conditions, the labile linkage between lipid A
and the core oligosaccharide is cleaved. Mass spectra were
charge deconvoluted, and mass numbers given refer to the
monoisotopic peaks.
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