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ABSTRACT CsrA of Escherichia coli is an RNA-binding protein that globally regulates a
wide variety of cellular processes and behaviors, including carbon metabolism, motility, Received 4 August 2017 Accepted 8
biofilm formation, and the stringent response. CstB and CsrC are small RNAs (sRNAs) September 2017
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toplasmic stress response sigma factor of E. coli. Previous RNA sequencing (RNA-seq) Citation Yakhnin H, Aichele R, Ades SE, Romeo
studies identified rpoE mRNA as a CsrA target. Here, we explored the regulation of rpoE T, Babitzke P. 2017. Circuitry linking the global
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toeprint studies identified three CsrA binding sites in the rpoE leader transcript, one of https:/doi.org/10.1128/JB.00484-17.
which overlaps the rpoE Shine-Dalgarno (SD) sequence, while another overlaps the rpoE Editor Tina M. Henkin, Ohio State University
translation initiation codon. Coupled in vitro transcription-translation experiments showed Copyright © 2017 American Society for
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that of indirectly activates the transcription of csrB and csrC, leading to increased se-
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questration of CsrA, such that repression of rpoE by CsrA is reduced. We propose that
the Csr system fine-tunes the of-dependent cell envelope stress response. We also iden-
tified a 51-amino-acid coding sequence whose stop codon overlaps the rpoE start codon
and demonstrate that rpoE is translationally coupled with this upstream open reading
frame (ORF51). The loss of coupling reduces rpoE translation by more than 50%. Identifi-
cation of a translationally coupled ORF upstream of rpoE suggests that this previously
unannotated protein may participate in the cell envelope stress response. In keeping
with existing nomenclature, we named ORF51 rseD, resulting in an operon arrangement
of rseD-rpoE-rseA-rseB-rseC.

IMPORTANCE CsrA posttranscriptionally represses genes required for bacterial stress
responses, including the stringent response, catabolite repression, and the RpoS (o°)-
mediated general stress response. We show that CsrA represses the translation of
rpoE, encoding the extracytoplasmic stress response sigma factor, and that of indi-
rectly activates the transcription of c¢srB and csrC, resulting in reciprocal regulation of
these two global regulatory systems. These findings suggest that extracytoplasmic
stress leads to derepression of rpoE translation by CsrA, and CsrA-mediated repres-
sion helps reset RpoE abundance to prestress levels once envelope damage is re-
paired. The discovery of an ORF, rseD, translationally coupled with rpoE adds further
complexity to translational control of rpoE.

KEYWORDS CsrA, RpoE, sigma factors, stress response, translational control,
translational coupling

acterial survival depends upon the capacity to rapidly and profoundly alter phys-
iology and behavior in response to changing environmental conditions. These
responses involve regulated adjustments in the expression of numerous genes via
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coordinated global regulatory networks that are subject to the action of a limited
repertoire of trans-acting factors. The Csr (carbon storage regulator) system, which is
also referred to as Rsm (repressor of secondary metabolites) in some organisms, is one
such network that globally controls gene expression posttranscriptionally (reviewed in
references 1-3). Depending on the particular bacterial species, this system regulates a
wide variety of cellular processes, including carbon metabolism, the general stress
response, motility, biofilm formation, quorum sensing, mRNA decay, and virulence
(1-3). Recent transcriptomics studies revealed that the Csr system controls expression
of several hundred genes, including numerous regulatory factors, establishing a general
framework for understanding how Csr governs lifestyle decisions on a global scale
(4-7).

CsrA is the central component of the Csr system in Escherichia coli. This homodimeric
protein contains two identical RNA binding surfaces that can bridge two sites within an
RNA target (8, 9). GGA is a highly conserved motif within CsrA binding sites and is often
present in the loop of RNA hairpins (10, 11). CsrB and CsrC, two small RNA (sRNA)
antagonists of CsrA, are capable of sequestering multiple CsrA dimers from its mRNA
targets (10, 12). The transcription of csrB and csrC, in turn, is activated by the BarA-UvrY
two-component signal transduction system in response to short-chain carboxylic acids
(13, 14) and by the alarmone guanosine tetraphosphate (ppGpp) (4, 15). The decay of
CsrB and CsrC is also tightly regulated. CsrD, a membrane-bound GGDEF-EAL domain
protein that does not metabolize cyclic di-GMP (c-di-GMP), is required for the initiation
of decay by RNase E cleavage (16, 17). Glucose activates CsrB and CsrC decay by binding
of CsrD to the unphosphorylated form of EIIAS!, which predominates during glucose
uptake by the phosphotransferase system (PTS) (18). Thus, the availability of preferred
carbon depresses CsrB and CsrC levels and increases CsrA availability, while the
depletion of preferred carbon and accumulation of end products cause CsrB and CsrC
accumulation, CsrA sequestration, and derepression of stationary-phase and stress
response genes. CsrA indirectly activates c¢srB and csrC transcription (13, 19) and
indirectly represses csrD expression (16, 20), creating negative feedback loops, which
have been reported to improve signaling response dynamics of the Csr system (21).
Furthermore, since CsrA represses its own translation and indirectly activates its tran-
scription (22), it is apparent that the level of CsrA is tightly controlled in the cell.

CsrA can both repress and activate the expression of its target genes, depending on
the location of the CsrA binding sites. The most common CsrA-mediated regulatory
mechanism involves CsrA binding to multiple sites that overlap the cognate Shine-
Dalgarno (SD) sequence and/or translation initiation region, such that bound CsrA
represses translation initiation by blocking ribosome binding (1-3, 23, 24). The best-
characterized activation mechanism involves CsrA binding at the extreme 5’ end of the
flhDC transcript, such that bound CsrA prevents 5’-end-dependent RNase E cleavage of
the flhDC transcript (25).

RpoE (o%) is the extracytoplasmic stress response sigma factor of E. coli and is
required for viability, as well as the response to stress in the cell envelope. The activity
of o% is controlled by the membrane bound anti-sigma factor RseA in conjunction with
the periplasmic protein RseB (reviewed in reference 26). RseA binds to of and prevents
it from interacting with core RNA polymerase. RseA is a proteolytically unstable protein
and in the absence of envelope stress is degraded at a basal level, providing cells with
sufficient free o to support viability. Upon envelope stress, the degradation rate of
RseA increases dramatically, releasing oF to direct transcription. RseB binds to RseA and
modulates its susceptibility to proteolysis. The genes encoding these proteins are
cotranscribed in the rpoE-rseA-rseB-rseC operon. The transcription of this operon is
driven by at least two promoters, one of which is recognized by oF itself (27). In
addition to regulation by RseA and RseB, the of RNA polymerase holoenzyme is
activated by ppGpp during periods of nutrient limitation (28-30). We previously
identified rpoE mRNA as a CsrA target by RNA sequencing (RNA-seq) (4). In this work,
we determined that CsrA represses rpoE translation by binding to three sites in the rpoE
leader RNA. We further found that the translation of rpoE is coupled to a previously
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FIG 1 Nucleotide sequence and features of the rpoE promoter and leader region. The —35 and —10 elements of promoters P1 and P2, and the corresponding
transcription start sites (+1), are in bold. P2 is a o*-dependent promoter (27, 37), although the sigma factor that drives the expression from P1 is not known.
Additional upstream promoters (38) are not shown, and promoter numbering is as in reference 28. The ORF16 and ORF51 translation start and stop codons
are boxed in yellow. ORF51 stop codon mutations are shown in cyan above the corresponding codon. CsrA binding sites BS1 to BS3 are marked with a line,
with critical GGA motifs in red. Mutations in BS1 and BS3 are shown in cyan below the corresponding GGA motif. A fourth GGA motif that we determined is
not part of an authentic CsrA binding site is also shown in red. The rpoE Shine-Dalgarno (SD) sequence and start codon are marked with a line below each
sequence. The ORF51 stop and rpoE start codons overlap by two nucleotides. We named this ORF rseD. Numbering is with respect to the start of rpoE translation.

unannotated 51-amino-acid protein of unknown function. Our findings extend the
known interactions between the Csr system and stress response systems to include the
oF cell envelope stress response.

RESULTS

CsrA represses rpoE expression. rpoE encodes the extracytoplasmic stress response
sigma factor oF. rpoE mRNA was identified as a direct CsrA target by RNA-seq (4). Visual
inspection of the rpoE leader region led to the identification of four potential CsrA
binding sites, each containing a critical GGA motif (Fig. 1). Transcription initiation
occurs from at least two promoters, P1 and P2, with P2 being of dependent (27). We
first examined the expression of chromosomally integrated P1-P2-rpoE’-'lacZ and P2-
rpoE’-'lacZ translational fusions (Fig. 2A) in wild-type (WT) and CsrA-deficient (csrA::kan
mutant) strains. This mutant csrA::kan allele contains a transposon insertion following
the 50th codon of the 61-amino-acid coding sequence, resulting in a 62-amino-acid
fusion protein that retains about 12% of the RNA binding affinity of WT CsrA (25). A null
mutation was not used because it causes very slow growth and rapidly accumulates
suppressor mutations (A. Potts, C. Vakulskas, P. Babitzke, T. Romeo, unpublished data).
Depending on the stage of growth (Fig. 2B), the expression levels of these fusions were
2- to 3-fold higher in the csrA:kan mutant strain, indicating that CsrA represses rpoE
expression (Fig. 2C). We next examined the expression of a leader fusion in which the
rpoE P1-P2 promoter region was replaced with the lacUV5 promoter (P, s). Note that
this fusion retained the rpoE leader region (Fig. 2A). Because CsrA does not affect
transcription from P, s (4), an effect of the csrA:kan mutation is inferred to reflect
CsrA-dependent posttranscriptional effects of the rpoE leader transcript. As was ob-
served with the P1-P2-rpoE’-'lacZ and P2-rpoE’-'lacZ fusions, expression of the P, s
rpoE’-'lacZ fusion was ~2-fold higher in the csrA:kan mutant strain (Fig. 2D), consistent
with CsrA-dependent repression occurring posttranscriptionally. When experiments
were conducted with a P1-P2-rpoE-lacZ transcriptional fusion (Fig. 2A), in which the
rpoE leader region containing the putative CsrA binding sites was absent, expression
was somewhat lower in the csrA:kan mutant strain, especially during exponential-
phase growth (Fig. 2E). These results suggest that CsrA indirectly activates rpoE tran-
scription from P1 and/or P2 during exponential phase, which partially counteracts the
direct effect that CsrA has on posttranscriptional repression.

CsrA binds specifically to rpoE leader RNA. Quantitative gel mobility shift assays
were performed to determine whether CsrA bound to an rpoE transcript containing all
four of the potential CsrA binding sites. A distinct band with lower mobility was
observed between 2 and 16 nM CsrA, indicating that CsrA formed a tight complex with
this transcript. Nonlinear least-squares analysis of these data yielded an apparent K,
(dissociation constant) value of 5 = 1 nM (Fig. 3A, WT). At higher CsrA concentrations,
a distinct complex with even lower mobility was observed. These data suggest that the
first shifted complex contained one CsrA dimer bound per transcript, while the second
complex contained two CsrA dimers. The specificity of CsrA-rpoE RNA interaction was
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FIG 2 CsrA represses rpoE expression posttranscriptionally. (A) Schematic representation of the fusions used in this analysis. Relative positions of the rpoE promoters
(P1 and P2), P, .5 and the start codons (ATG) driving the translation of each fusion are shown. The rpoE promoter and leader regions are depicted with a thin black
line, while the rpoE and lacZ coding sequences are depicted with thick black and red lines, respectively. The dashed line indicates that the corresponding sequence
is absent. (B) Representative growth curve of a wild-type (WT) strain. (C to E) B-Galactosidase activity (units per milligram of protein) = the standard deviation was
determined throughout growth. Experiments were performed at least three times. (C) Expression of the P1-P2-rpoE’-'lacZ and P2-rpoE’-'lacZ translational
fusions in WT and csrA:kan mutant strains. (D) Expression of the P, ,,s-rpoE'-'lacZ leader fusion in WT and csrA:zkan mutant strains. (E) Expression of the

P1-P2-rpoE-lacZ transcriptional fusion in WT and csrA:kan mutant strains.

also investigated by performing competition experiments with specific (rpoE) and
nonspecific (phoB) unlabeled RNA competitors. Whereas unlabeled rpoE RNA was an
effective competitor, phoB RNA was not (Fig. 3B). We conclude that CsrA binds to the
rpoE leader transcript with high affinity and specificity.
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FIG 3 Gel mobility shift analysis of CsrA-rpoE leader RNA interaction. (A) Labeled rpoE RNA (40 pM) was incubated with
the concentration of CsrA shown at the top of each lane. Positions of bound (b) and free (f) RNA are marked with
arrowheads. Experiments were performed at least twice, and representative gels are shown. CsrA formed a high-affinity
complex with WT rpoE RNA and a second complex at higher protein concentrations. CsrA binding was greatly reduced
when the GGA motif of binding site 1 (BS1 mut) was changed to CCA, and it was eliminated when combined with a
GGA-to-CCA mutation in BS3 (BS1,3 mut). (B) RNA competition experiment demonstrating binding specificity. Labeled
rpoE RNA (0.1 nM) was combined with the indicated concentration of unlabeled specific (rpoE) or nonspecific (phoB)
competitor RNA and incubated with the concentration of CsrA shown at the top of each lane. Positions of bound (b) and
free (f) RNA are marked. Experiments were performed twice, and a representative gel is shown.
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FIG 4 CsrA-rpoE RNA footprint and toeprint analyses. (A) CsrA-rpoE RNA footprint. Labeled rpoE RNA was treated
with RNase T1 in the presence of the CsrA concentration shown at the top of the lane. A partial alkaline hydrolysis
ladder (OH), an RNase T1 digestion ladder (T1) generated under partial denaturing conditions so that every G
residue can be observed, and a control lane without RNase T1 treatment (C) are marked. The positions of CsrA
binding sites BS1, BS2, and BS3 are shown. The positions of the rpoE start codon (Met) and Shine-Dalgarno (SD)
sequence are also marked. Numbering is with respect to the start of rpoE translation. (B) CsrA-rpoE RNA toeprints
were performed in the absence or presence of 1 uM CsrA. Positions of BS1, BS2, BS3, and the CsrA toeprint (carat)
are marked. Sequencing lanes to reveal A, C, G, and U residues are labeled. Numbering is with respect to the start

of rpoE translation.

RNase T1 cleaves RNA following single-stranded G residues that are not occluded by
bound protein. Thus, we performed CsrA-rpoE leader RNA footprint experiments using
RNase T1 as a G-specific probe to identify the authentic CsrA binding sites in the rpoE
leader transcript. Bound CsrA resulted in strong protection of RNase T1-mediated
cleavage of the G residues between —60 and —51 (BS1). Protection of the G residues
between —18 and —13 (BS2) and between —2 and +3 (BS3) was also observed at the
highest CsrA concentration used (Fig. 4A). Notably, bound CsrA did not protect the GGA
sequence centered at position —30 (Fig. 1 and 4A), indicating that this GGA motif is not
part of an authentic CsrA binding site. We also performed CsrA toeprint experiments as
a complementary method to observe the positions of bound CsrA. In this assay, the
position of bound CsrA will inhibit primer extension by reverse transcriptase, resulting
in a toeprint band near the 3’ edge of the bound protein. A strong CsrA-dependent
toeprint band was observed just downstream from BS3, confirming that CsrA binds to
this site (Fig. 4B).

We next tested binding to a transcript in which the GGA motif of BS1 was changed
to CCA using a gel mobility shift assay. This mutation resulted in a severe CsrA binding
defect (Fig. 3A, BST mut). CsrA binding was eliminated when the BS1 mutation was
combined with a GGA-to-CCA mutation in BS3 (Fig. 3A, BS1,3 mut). We conclude that
CsrA binds to 3 sites in the rpoE leader transcript, including those that overlap the rpoE
SD sequence (BS2) and translation initiation codon (BS3).

CsrA represses rpoE translation. The positions of BS2 and BS3 suggested that
bound CsrA would be capable of repressing the translation of rpoE. Thus, we used the
in vitro coupled transcription-translation PURExpress system to determine whether CsrA
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FIG 5 CsrA represses translation of rpoE. (A and B) Schematic representations of the fusions used in this
analysis are shown at the top. T7 RNAP drives transcription from the P2 (A) or P1 (B) transcription start
sites. The start codon (ATG) driving the translation of each fusion is shown. The rpoE promoter and leader
regions are depicted with a thin black line, while the rpoE and lacZ coding sequences are depicted with
thick black and red lines, respectively. GGA motif mutations in BST and/or BS3, as well as an ORF51 stop
codon mutant, are indicated with a red X. Relative B-galactosidase activity = standard deviation as a
function of CsrA concentration from at least three experiments was determined in vitro with PURExpress.
A phoB'-'lacZ translational fusion was used as a negative control. (A) Expression of a WT T7(P2)-rpoE’-
'lacZ translational fusion, as well as mutant fusions containing GGA-to-CCA mutations in BS1, or both BS1
and BS3. (B) Expression of a WT T7(P1)-rpoE’-"lacZ translational fusion, as well as mutant fusions
containing a GGA-to-GCA mutation in BS1, or a stop codon mutation in codon 12 of ORF51.

represses rpoE translation. Plasmids carrying rpoE’-'lacZ translational fusions were
used in this analysis, all of which were driven by identical T7 RNA polymerase (RNAP)
promoters. Three plasmids gave rise to transcripts that initiated near the P2 transcrip-
tion start site. One of the plasmids contained the WT sequence, a second contained a
GGA-to-CCA mutation in BS1, and the third contained GGA-to-CCA mutations in both
BS1 and BS3 (Fig. 5A). Note that we did not test a fusion with a mutation in BS2,
because this GGA motif is part of the rpoE SD sequence. A fourth plasmid in which T7
RNAP drove the expression of a phoB’-'lacZ translational fusion was used as a negative
control, because we previously established that CsrA does not repress expression of this
fusion (31). The addition of increasing CsrA concentrations resulted in ~90% repression
of the WT fusion and 50% repression of the BS1 mutant fusion, whereas CsrA-mediated
repression was lost with the fusion containing mutations in both BS1 and BS3 (Fig. 5A).
We also tested the expression of WT and BST mutant fusions in which T7 RNAP gave
rise to transcripts that initiated near the P1 transcription start site (Fig. 5B). In this case,
CsrA repressed the expression of the WT fusion to a similar extent as we observed from
the P2-derived WT fusion; however, CsrA-mediated repression was nearly absent with
a BS1 mutant fusion in which the GGA motif was changed to GCA. From these data, we
conclude that CsrA represses the translation of rpoE and that BS1 and BS3 contribute
to repression.

oF activates transcription of c¢srB and csrC. Previous studies demonstrated that
the circuitry of the Csr system is linked to the stringent response and the catabolite
repression systems (4, 32). In the case of the stringent response, CsrA represses the
expression of relA, which encodes a guanosine pentaphosphate [(p)ppGpp] synthetase,
while ppGpp and DksA activate the transcription of csrB and csrC (4). In the case of
catabolite repression, cyclic AMP (cAMP)-cAMP receptor protein (CRP) represses csrB
and csrC transcription, while CsrA represses the translation of crp (32). Thus, we tested
whether rpoE affected the expression of csrB and/or csrC by comparing the expression
of these genes in a WT strain, in a strain with elevated oF activity due to a deletion of
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FIG 6 Deletion of rpoE reduces transcription of csrB and csrC. (A) Nucleotide sequences of the csrB and csrC promoter regions.
Promoter —35 and —10 elements, as well as the transcription start sites (+1), are shown. (B and C) Primer extension analysis of csrB
(B) and csrC (C) of total cellular RNA extracted from stationary-phase cultures. Lane 1, WT; lane 2, AhicB mutant; lane 3, AhicB ArpoE
mutant; lane 4, ArseA mutant. Transcription start sites (+1) are marked. (D) B-Galactosidase activity (units of milligram of protein) =
standard deviation of csrB-lacZ and csrC-lacZ transcriptional fusions was determined during stationary phase in WT (black) and AhicB
(red), AhicB ArpoE (gray), and ArseA (blue) mutant strains. Experiments were performed three times.

the anti-sigma factor RseA, and in a strain lacking ¢F activity due to a deletion of the
rpoE gene. Although rpoE is essential for E. coli viability, it can be deleted from strains
containing a hicB deletion (33). We performed primer extension analysis on total
cellular RNA isolated from WT and AhicB, AhicB ArpoE, and ArseA mutant strains. We
identified a single primer extension product for each transcript corresponding to the
previously identified transcription start sites derived from ¢7°-dependent promoters
(12, 34). Of particular interest, both csrB and csrC transcript levels were dramatically
reduced in the absence of of (Fig. 6). Since neither of the promoters driving the
transcription of c¢srB and csrC resembles a of-dependent promoter, the observed
of-dependent activation of csrB and csrC transcription is indirect. This conclusion is
consistent with our inability to transcribe templates containing these promoters in vitro
using E. coli core RNAP and oF (data not shown).

Our primer extension results indicated that oF indirectly activates the transcription
of ¢srB and c¢srC. Thus, we would have expected that the absence of RseA would lead
to increased transcription of these two genes; however, this result was not apparent in
our primer extension studies. Hence, we tested the expression of c¢srB-lacZ and csrC-lacZ
transcriptional fusions in WT and AhicB, AhicB ArpoE, and ArseA mutant strains. Al-
though not as pronounced as for the primer extension analysis, we observed decreased
expression of both fusions in the AhicB ArpoE genetic background (Fig. 6D). Moreover,
the expression of both fusions was increased in the ArseA genetic background, indi-
cating that the absence of oF or RseA has opposite effects on c¢srB and csrC expression,
as expected. Taken together, our results indicate that the Csr and o®-dependent stress
response systems are reciprocally regulated.

An ORF within the rpoE leader region is translationally coupled with rpoE. We
identified ORF sequences capable of encoding products of 16 and 51 amino acids from
transcripts derived from P1; these ORFs had not been previously annotated (Fig. 1).
Thus, we generated chromosomally integrated P1-ORF16’-'lacZ and P1-ORF51'-'lacZ
translational fusions to determine whether these ORFs were expressed. Although both
of the ORFs were expressed, the expression of ORF51 was much higher, especially
during exponential-phase growth (Fig. 2B and 7A). Since ORF16 is followed by three
tandem stop codons and is far upstream of the CsrA binding sites and rpoE (Fig. 1), we
did not explore this ORF further.

The ORF51 coding sequence extends throughout the CsrA binding region. More-
over, the ORF51 stop codon overlaps the rpoE start codon by two nucleotides, a
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FIG 7 Translational coupling between ORF51 and rpoE increases rpoE translation. (A to C) Schematic representations of the fusions used
in this analysis are shown at the top. Relative positions of the rpoE promoters (P1 and P2) and the start codons (ATG) driving translation
of each fusion are shown. The rpoE promoter and leader regions are depicted with a thin black line, while the rpoE and lacZ coding
sequences are depicted with thick black and red lines, respectively. Stop codon mutations in ORF51 (B) or a potential ORF (C) are marked
with an X. B-Galactosidase activity (units of milligram of protein) = standard deviation was determined throughout growth. Experiments
were performed at least three times. (A) Expression of ORF16’-'lacZ and ORF51'-'lacZ translational fusions. (B) Expression of WT or ORF51
stop codon mutant P1-P2-rpoE’-'lacZ translational fusions in WT and csrA:kan mutant strains. (C) Expression of WT or ORF stop codon

mutant P2-rpoE’-'lacZ translational fusions in WT and csrA::kan mutant strains.

sequence arrangement typical of translational coupling, a mechanism in which trans-
lation of the downstream coding sequence is at least partially dependent on translation
of the upstream coding sequence (Fig. 1) (reviewed in references 35 and 36). Thus, we
introduced a stop codon at the codon for amino acid 12 of the ORF51 coding sequence
in the context of the P1-P2-rpoE’-'lacZ translational fusion to determine whether the
translation of rpoE was affected by translation of ORF51. This stop codon was posi-
tioned 65 nucleotides (nt) upstream of the GGA motif within BS1. The stop codon
mutation resulted in 2- to 3-fold reduced expression of the fusion (Fig. 7B). These results
indicate that ORF51 and rpoE are translationally coupled from transcripts derived from
P1 and that coupling is responsible for more than half of the rpoE translation initiation
events.

Since all three CsrA binding sites are within the ORF51 coding sequence, we
reasoned that translation of this ORF would displace bound CsrA, perhaps leading to
reduced CsrA-mediated repression of rpoE translation. Hence, we compared expression
of the WT and ORF51 stop codon mutant fusions in WT and csrA::kan mutant back-
grounds. However, we found that CsrA repressed the expression of the two fusions to
a comparable level (Fig. 7B). Thus, while it is likely that bound CsrA would be displaced
by a ribosome translating ORF51, such displacement did not interfere with CsrA-
mediated repression of rpoE translation. This result is consistent with PURExpress results
showing that CsrA repressed rpoE translation of WT and ORF51 stop codon mutant
fusions to similar extents (Fig. 5B).

In addition to the ORF51 start codon, there are two internal Met codons, one of
which is downstream from the P2 transcription start site; this ATG codon overlaps the
GGA motif in BS1 (Fig. 1). Thus, we tested whether transcripts derived from P2 were
subject to translational coupling in WT and csrA::kan mutant backgrounds. In this case,
we found that expression of the P2-rpoE’-'lacZ translational fusion was unaffected
when we introduced a stop codon in what would be the fifth codon of this potential
ORF, indicating that rpoE is not translationally coupled to an upstream ORF when
transcription initiates from P2 (Fig. 7C). Since ORF51 is expressed, and its expression
increases translation of rpoE via translational coupling, we have named this gene rseD,
resulting in an operon arrangement of rseD-rpoE-rseA-rseB-rseC.

DISCUSSION
CsrA has been shown to repress the translation of several genes in E. coli and other
organisms (1-4, 22-24, 31, 32). In most cases, CsrA binds to the SD sequence and/or
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FIG 8 Regulatory circuitry of the Csr, stringent response, and o stress response systems. CsrA represses
translation of rpoE, while oF activates transcription of csrB and c¢srC. CsrB/C sRNAs bind to and antagonize
CsrA. CsrA represses its own translation and activates its own transcription. CsrD targets CsrB/C for
cleavage by RNase E, although the mechanism has not been established. CsrA represses csrD expression
and activates the transcription of csrB and c¢srC. RseA binds to and inhibits o€ activity. Cell envelope stress
leads to degradation of RseA, leading to of-dependent transcription of stress response genes. of
activates its own transcription, while ppGpp activates o*-directed transcription. ppGpp also activates
transcription of c¢srB and c¢srC. Solid and dashed lines indicate direct and indirect effects, respectively.

initially translated region, thereby inhibiting binding of 30S ribosomal subunits. Since
translating ribosomes can protect the mRNA from ribonucleases, translational repres-
sion often leads to decreased mRNA stability. In this study, we found that CsrA
represses the translation of rpoE, which encodes the E. coli extracytoplasmic stress
response sigma factor of (Fig. 2 and 5). CsrA binds to three sites in rpoE leader RNA (Fig.
3 and 4). Since BS2 and BS3 overlap the rpoE SD sequence and translation initiation
codon, respectively, bound CsrA would occlude the ribosome binding site, providing an
explanation for translation repression. We also found that oF activates the transcription
of ¢srB and c¢srC (Fig. 6), which encode the two sRNA antagonists of CsrA activity. Since
the deletion of rpoE affects transcription from the previously identified ¢7°-dependent
promoters and these sequences do not resemble of-dependent promoters, our results
indicate that oF activates csrB and csrC transcription indirectly. Our inability to obtain
transcription from these promoters with RNAP containing oFf is consistent with this
interpretation.

Previous studies demonstrated that the circuitry of the Csr system is linked to the
stringent response and the catabolite repression systems (4, 32). CsrA represses the
translation of relA, which reduces production of (p)ppGpp during the stringent re-
sponse (4). ppGpp and DksA, in turn, activate the transcription of ¢srB and csrC (4). Thus,
the Csr and stringent response systems are reciprocally regulated. When cells are
starved for amino acids, CsrB and CsrC levels increase via activation by ppGpp and
DksA, leading to sequestration of free CsrA and derepression of relA translation. When
amino acids become available, the concentration of ppGpp decreases, resulting in
reduced transcription of csrB and csrC. In conjunction with CsrB and CsrC turnover via
CsrD-EllAS!>-mediated targeting of the sRNAs for cleavage by RNase E (16-18), the
concentration of free CsrA increases, which restores translational repression of relA.

Our studies provide a second closely related example of this kind of reciprocal
regulation in which CsrA is linked to a transcriptional global regulatory system (Fig. 8).
In this case, CsrA directly represses rpoE translation, while of indirectly activates the
transcription of csrB and csrC. As such, the Csr system adds an extra layer of regulation
of oFf activity. During envelope stress, increased free of will indirectly activate the
transcription of csrB and csrC, reducing translational repression of rpoE by CsrA and
increasing of production. Once damage to the cell envelope is repaired, RseA will be
stabilized and sequester oF, and the levels of CsrB and CsrC will decline via degradation
and reduced transcription. As a consequence, free CsrA increases, rapidly restoring
translational repression of rpoE.

Our findings reveal additional complexity in the regulatory network connecting o¥,
the Csr system, and the stringent response (Fig. 8). During nutrient limitation, o€ is
regulated independently of RseA and envelope stress by the stringent factors ppGpp
and DksA (28-30). When ppGpp levels rise, ppGpp and DksA activate transcription
directed by oFf, which should indirectly increase the transcription of CsrB and CsrC. In
addition, ppGpp and DksA increase the transcription of csrB and csrC, likely indepen-
dently of oFf (4, 15). CsrB and CsrC will then sequester CsrA, alleviating the repression
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Ec ---MIRLQHDKQKQOMRYGTLQKRDTLTLCLLKLQLMEWREFDSAWKFGLGRLYLG
Cr ---MTVYNMTHKKQMRNGTLQKQDTLTCCLLTVQLMEWRFANAWKFGLGRPYLG
Sf ---MIRLQHDKQKQMRYGTLQKRDTLTLCLLKLQLMEWRFDSAWKFGLGRLYLG

St MEDKTCLQHDKQKQMRNGTLRNIDTLTCCLLIVRLMEWRFESAWKFGLGRHYLG
Cf MRDKTCLQHDKQKTMRNGTLRNLSTLSICLLIVKLMEWRFE-GWKFGLGRLYLG
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FIG 9 rseD is conserved in some Enterobacteriaceae. An alignment of rseD sequences from Escherichia coli
MG1655 (Ec), Citrobacter rodentium 1CC168 (Cr), Shigella flexneri 2a strain 301 (Sf), Salmonella enterica
enterica serovar Typhimurium strain LT2 (St), and Citrobacter freundii ATCC 8090 (Cf) created using Clustal
Omega is shown. Asterisks, sequence identities; colons, strong similarities; periods, weak similarities.
Amino acids with the same color have similar chemical properties.

of rpoE and relA translation. The regulatory network will reset when ppGpp levels drop,
as nutrients are restored. The interconnected reciprocal regulatory loops among the
Csr, oF, and stringent response systems have the effect of reinforcing the activation of
these starvation-responsive pathways. The extent of interdependence of these path-
ways, such as whether envelope stress impacts regulation of other Csr targets by
activating csrB and csrC expression, remains to be explored.

In addition to reciprocal regulation of the Csr and o®-dependent cell envelope stress
response systems, we identified a previously unannotated open reading frame, ORF51
(rseD), upstream of rpoE that is cotranscribed from P1 and translationally coupled with
rpoE (Fig. 5 and 7); the stop codon for rseD and the rpoE start codon overlap (Fig. 1).
Translational coupling within a polycistronic transcript is a process in which trans-
lation of a downstream cistron at least partially depends on the translation of a
cistron immediately upstream (35, 36). In this case, following termination of rseD,
the same ribosome can reinitiate translation of rpoE. We found that >50% of rpoE
translation occurs via coupling (Fig. 7B). rseD does not appear to have any known
conserved protein domains, so the function remains unknown. The rseD-rpoE-rseA-
rseB-rseC operon arrangement makes it tempting to speculate that rseD functions in
the cell envelope stress response. The answer to this intriguing possibility will
require additional experimentation.

Similar small proteins whose stop codon overlaps the start codon of rpoE are found
upstream of rpoE in several Enterobacteriaceae species, including Salmonella enterica,
Shigella flexneri, Citrobacter freundii, Citrobacter rodentium, and E. coli (Fig. 9). Interest-
ingly, Klebsiella pneumoniae and Enterobacter cloacae have related sequences, but the
ORF is interrupted by stop codons. In more distantly related species, the presence of an
overlapping ORF varies. For example, in Yersinia enterocolitica, a translationally coupled
ORF with 26% identity and 40% similarity to E. coli rseD is found upstream of rpoE.
Pseudomonas aeruginosa has an ORF preceding the rpoE homolog algU, in which the
stop codon of the ORF overlaps the second codon of algU and should be subject to
translational coupling. However, the Pseudomonas ORF bears no similarity to rseD.

The potential role of translational coupling in the oF stress response is of interest.
Transcription of the rpoE operon appears to be complex. Two promoters were originally
mapped, with P2 being dependent on ¢ and showing increased activity under stress
conditions (27, 37). Recent work suggests that additional promoters upstream of P1, all
of independent, may also contribute to expression of the operon (38). Under conditions
in which ¢* activity is low, i.e., there is no envelope stress or nutrient limitation, rseD will
boost the translation of rpoE from transcripts originating from P1 or other upstream
promoters, thereby increasing the amount of of produced. rseD might also be partic-
ularly important to maintain cellular levels of o during shutoff of the envelope stress
response when RseA is stabilized (39). During the stress response, transcription from P2
by the of holoenzyme will increase, while translation from these mRNAs will rely solely
on initiation signals for the rpoE gene. The additional levels of regulation by both rseD
and CsrA could serve to better fine-tune the o response, ensuring that the appropriate
amounts of oF are available under different growth and stress conditions.

The Csr system mediates global changes in gene expression in response to the
metabolic state of the cell. Like ppGpp, Csr acts to shift the program of gene expression
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from one optimized for rapid growth to one needed for stress survival (2, 3, 40). Our
findings here suggest a model in which Csr and ppGpp integrate oF into this switch by
reducing basal of expression during rapid growth via repression by CsrA, by enhancing
the production of ¢* during metabolic stress via sequestration of CsrA by CsrB and CsrC,
and by activation of of-dependent transcription by ppGpp and DksA (28-30). The
primary role of the oF response in E. coli is to maintain the biosynthetic systems that
deliver outer membrane porins and lipopolysaccharides (LPS) to the outer membrane
(41). During sudden envelope stress when a rapid robust response is required, regu-
lation by Csr and ppGpp is overridden by the degradation of RseA, resulting in a large
increase in free of available to direct transcription. During metabolic stress when such
a robust response is not necessary, the Csr and ppGpp systems may serve to enhance
the of response to maintain envelope homeostasis, preloading the cell with proteins
needed to ensure the integrity of the outer membrane and facilitating envelope
remodeling in response to changing nutrient availability. In addition, the finding that
of increases the transcription of CsrB and CsrC, presumably leading to sequestration of
CsrA, provides a mechanism for the cell to activate a cytoplasmic program of stress
survival in the face of envelope stress, thereby promoting homeostasis throughout the
bacterium.

The importance of integrating responses to the state of the bacterial cell envelope
with response to the metabolic state of the cell is supported by similarities between the
E. coli systems and regulatory interactions found in Pseudomonas species. The oF
homologue AlgU is regulated by the CsrA homologue RsmA. RsmA binds to the algU
operon mRNA and represses the expression of AlgU (42). However, in addition to
indirectly regulating the sRNA inhibitors of RsmA (RsmX and RsmZ), as seen for oF in E.
coli, AlgU also directs the transcription of RsmA, enhancing its effect on target genes
(43, 44). Both the Csr and of systems are found in many other bacterial species,
including important pathogens, and are often linked to virulence (3, 45). It will be of
interest to determine whether interconnections between Csr/Rsm and RpoE/AlgU
systems have been widely selected for bacterial strategies to integrate cytoplasmic and
envelope functions.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains used in this study are listed in Table 1. E. coli
strain S17-1 Apir™ (46) was used for conditional-replication, integration, and modular (CRIM)-based
plasmid construction (47). Plasmids pLFT, pLFX, and pUV5 (4) were used to generate translational,
transcriptional, and leader fusions, respectively. Plasmid pYH195 contains a P1-P2-rpoE’-'lacZ translation
fusion (nucleotides [nt] —292 to +26 cloned into the Pstl and BamHI sites of pLFT). Plasmid pYH300
contains a P2-rpoE’-'lacZ translation fusion (nt —147 to +26 cloned into the Pstl and BamHI sites of
pLFT). Plasmid pYH282 contains a P1-P2-rpoE-lacZ transcriptional fusion (nt —292 to —64 cloned into the
Pstl and EcoRl sites of pLFX). Plasmid pYH224 contains a P, s-rpoE’'-'lacZ leader fusion (nt —75 to +26
cloned into the EcoRI and BamHI sites of pUV5), such that the P1 and P2 promoters were replaced with
the lacUV5 promoter. Plasmid pYH298 contains a P1-ORF16’-'lacZ translational fusion (nt —292 to —179
cloned into the Pstl and BamH] sites of pLFT). Plasmid pYH297 contains a P1-ORF51'-'lacZ translational
fusion (nt —292 to —140 cloned into the Pstl and BamHI sites of pLFT). Mutations in the CsrA binding
sites BST and/or BS3, or stop codon mutations in ORF51" in the context of P1-P2-rpoE’-'lacZ or
P2-rpoE’-'lacZ translational fusions were introduced using the QuikChange protocol (Agilent Technolo-
gies). WT and mutant fusions were integrated into the chromosomal A att site of E. coli strain CF7789, as
described previously (47). P1-mediated transduction was used to introduce the csrA:kan allele from
TRMG1655 (13) into strains containing integrated WT and mutant fusions.

E. coli bacterial strains MC1061 (48) and MG1655 (49) have been described. Plasmid pYH227 contains
the ¢srC sequence from —289 to +188 relative to the start of transcription, and PYH229 contains the csrB
sequence from —343 to +135 relative to the start of transcription. P1-mediated transduction was used
to produce PLB2026 (CF7789 ArseA), PLB2027 (CF7789 AhicB), and PLB2121 (CF7789 AhicB ArpoE) using
strains SEA6462 (ArseA), SEA6491 (AhicB), and CAG45170 (ArpoE) as the donors.

Plasmids pBW1 and pBW3 contain a csrB-lacZ transcriptional fusion (nt —282 to +5) and a csrC-lacZ
transcriptional fusion (nt —289 to +4) cloned into the Pstl and EcoRl sites of pLFX, respectively. These
fusions were integrated into the chromosomal A att site of strain CF7789, as described previously (47).
P1-mediated transduction was then used to introduce the AhicB, ArpoE, and ArseA mutant alleles from
strains SEA6491, CAG45170, and SEA2000, respectively.

B-Galactosidase assay. Bacterial cultures containing lacZ fusions were grown at 30°C in Luria-
Bertani (LB) broth supplemented with 100 wg/ml ampicillin and 50 pg/ml kanamycin for csrA:kan mutant
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TABLE 1 £. coli strains used in this study

Source or
Strain Description? reference
CAG45170 MC1061 rpoE:cam sup™ ARpoHP3:lac Cm"® 51
CF7789 Alacl-lacZ (Mlul) M. Cashel
PLB2026 CF7789 yfiC:kan ArseA Km" This study
PLB2027 CF7789 AhicB:kan Km® This study
PLB2039 CF7789 P1-P2-rpo’-'lacZ Ap* This study
PLB2045 CF7789 csrA:kan P1-P2-rpoE’-'lacZ Ap" Km® This study
PLB2121 CF7789 AhicB:kan rpoE:cam Cm" Km® This study
PLB2124 CF7789 csrB-lacZ Ap* This study
PLB2126 CF7789 csrC-lacZ Apr This study
PLB2128 CF7789 AhicB:kan csrB-lacZ Ap" Km" This study
PLB2130 CF7789 AhicB:kan csrC-lacZ Apr Km® This study
PLB2136 CF7789 nadB:Tn10 ArseA csrB-lacZ Apr Tc" This study
PLB2138 CF7789 nadB:Tn10 ArseA csrC-lacZ Ap" Tc" This study
PLB2140 CF7789 AhicB::kan rpoE::cam csrB-lacZ Apr Km" Cmr* This study
PLB2142 CF7789 AhicB:kan rpoE:cam csrC-lacZ Ap" Km" Cm"® This study
PLB2144 CF7789 P, cyvs-tpoE'-'lacZ Ap® This study
PLB2145 CF7789 csrA:kan P, s rpoE’-'lacZ Ap" Km" This study
PLB2701 CF7789 P1-P2-rpoE-lacZ Ap* This study
PLB2702 CF7789 csrA::kan P1-P2-rpoE-lacZ Ap" Km* This study
PLB2755 CF7789 P1-ORF51'-'lacZ Ap* This study
PLB2756 CF7789 P1-ORF16'-'lacZ Ap* This study
PLB2759 CF7789 csrA:zkan P1-ORF51'-'lacZ Ap" This study
PLB2760 CF7789 csrA::kan P1-ORF16’-'lacZ Ap" This study
PLB2762 CF7789 P1-P2-rpoE’-'lacZ (TAA stop codon) Ap* This study
PLB2763 CF7789 csrA::kan P1-P2-rpoE’-'lacZ (TAA stop codon) Ap" Km" This study
PLB2778 CF7789 P1-P2-rpoE’-'lacZ (TGA stop codon) Ap* This study
PLB2779 CF7789 P2-rpoE’-'lacZ Ap’ This study
PLB2780 CF7789 P2-rpoE’-'lacZ (TAA stop codon) Ap* This study
PLB2788 CF7789 csrA:kan P2-rpoE’-'lacZ Ap" Km® This study
PLB2789 CF7789 csrA:kan P2-rpoE’-'lacZ (TAA stop codon) Ap" Kmr This study
PLB2799 CF7789 csrA::kan P1-P2-rpoE’-'lacZ (TGA stop codon) Ap" Km® This study
S17-1 Apir recA thi pro hsdR-M* RP4: 2-Tc:Mu Km:Tn7 Apir* 46
SEA2000 MG1655 rpoHP3::lacZ AlacX74 ArseA nadB:Tn10 Tc* 28
SEA6462 MG1655 yfiC:kan ArseA Km* 52
SEA6491 MG1655 ArpoHP3-lacZ AlacX74 AhicB::kan Km* This study
TRCF7789 CF7789 csrA:kan Km® 13

aAll fusions were integrated into the A att site via the CRIM system (47). The rpoE sequences in each fusion
are relative to the rpoE translation initiation codon. The csrB and csrC sequences in each fusion are relative
to the start of transcription. Cmr, chloramphenicol resistance; Kmr, kanamycin resistance; Ap’, ampicillin
resistance; Tc", tetracycline resistance.

strains. Cells were harvested at various times throughout growth. B-Galactosidase activity was measured
as described previously (22). At least three independent experiments were performed for each strain.

Gel mobility shift assay. Quantitative gel mobility shift assays followed a published procedure (22).
His-tagged CsrA (CsrA-Hy) was purified as described previously (50). WT and mutant RNAs (nt —72 to
+26) were synthesized with the RNAMaxx kit (Agilent Technologies) using PCR-generated DNA tem-
plates. Gel-purified RNA was dephosphorylated and then 5'-end-labeled using T4 polynucleotide kinase
(New England BioLabs) and [y-32P]ATP (7,000 Ci/mmol). Labeled RNAs were renatured by heating for 1
min at 90°C followed by slow cooling to room temperature. Binding reaction mixtures (10 ul) contained
40 pM labeled RNA, 10 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 100 mM KCl, 40 ng of yeast RNA, 7.5%
glycerol, 0.1 mg/ml xylene cyanol, and various concentrations of purified CsrA-H,. Reaction mixtures
were incubated for 30 min at 37°C to allow CsrA-RNA complex formation and then fractionated through
15% polyacrylamide gels. Free and bound RNA species were visualized with a Typhoon 9410 phosphor-
imager (GE Healthcare). CsrA-RNA interactions were quantified as described previously (22).

Footprint assay. CsrA-rpoE RNA footprint assays followed a published procedure (22). WT labeled
rpoE RNA (nt —133 to +26) was labeled as described for the gel mobility shift assay. The reaction
mixtures were identical to those in the gel shift assay except that the concentration of labeled RNA was
increased to 2 nM, and 1 ug of acetylated bovine serum albumin (BSA) was added to each reaction
mixture. After a 30-min incubation at 37°C to allow for CsrA-RNA complex formation, RNase T1 (0.016 U)
was added, and incubation was continued for 15 min at 37°C. The reactions were stopped by adding 10
wul of stop solution (95% formamide, 0.025% SDS, 20 mM EDTA, 0.025% bromophenol blue, 0.025%
xylene cyanol). Samples were heated for 5 min at 90°C and fractionated through standard 6% (vol/vol)
polyacrylamide-8 M urea sequencing gels. Cleaved patterns were examined using a phosphorimager.

Toeprint assay. CsrA-RNA toeprint assays followed a published procedure (22). Gel-purified rpoE
RNA (150 nM) (nt —133 to +26 of rpoE plus a 3’ extension derived from lacZ) in Tris-EDTA (TE) buffer was
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hybridized to a 5’-end-labeled DNA oligonucleotide (150 nM) complementary to the lacZ 3" extension by
heating for 3 min at 85°C, followed by slow cooling to room temperature. Toeprint reaction mixtures
(10 pl) contained 2 ul of the hybridization mixture (30 nM final concentration), 0 or T uM CsrA-H,, 375
1M each dinucleoside triphosphate (dNTP), and 10 mM dithiothreitol (DTT) in avian myeloblastosis virus
(AMV) reverse transcriptase buffer. Mixtures were incubated for 30 min at 37°C to allow CsrA-RNA
complex formation. AMV reverse transcriptase (0.5 U) was then added, and incubation was continued for
15 min at 37°C. The reactions were terminated by the addition of 6 ul of gel loading buffer. Samples were
heated to 90°C for 5 min and fractionated through standard 6% (vol/vol) polyacrylamide-8 M urea

sequencing gels. Toeprint patterns were visualized with a phosphorimager.
Coupled transcription-translation assay. /n vitro coupled transcription-translation assays using

PURExpress (New England BioLabs) followed a published procedure (31). Plasmid pYH258 contains a T7
promoter driving transcription of the rpoE translational fusion from near the P2 transcription start site
(nt —75 to +26 relative to the rpoE start codon). Plasmids pYH259 and pYH260 are identical to pYH258,
except that they contain a GGA-to-CCA mutation in BS1 or in both BS1 and BS3, respectively (Fig. 1).
pYH310 is identical to pYH258, except that it contains a TAA stop codon in ORF51 (Fig. 1). Plasmid
pPYH309 contains a T7 promoter that drives transcription from near the P1 transcription start site (nt
—215 to +26 relative to the rpoE start codon). Plasmids pYH314 and pYH315 are identical to pYH309,
except that they contain a TGA stop codon in ORF51 and a GGA-to-GCA mutation in BS1, respectively
(Fig. 1). These plasmids were used as the templates for coupled transcription-translation reactions using
the PURExpress in vitro protein synthesis kit, according to the manufacturer’s instructions. Each 6.7-pul
reaction mixture contained 250 ng of plasmid DNA template, various concentrations of purified CsrA-
His6, 1 U of RNase inhibitor (Promega), 2.5 mM DTT, 2.7 ul of solution A, and 2 ul of solution B. The
mixtures were incubated for 2.5 h at 37°C, and B-galactosidase activity was determined according to the
manufacturer’s instructions.

Primer extension assay. Total cellular RNA was isolated from CF7789, PLB2026, PLB2027, and PLB2121

cultures during stationary phase (LB medium, 30°C) using the RNeasy kit (Qiagen). Ten micrograms of total
RNA was hybridized to 150 nM 32P-end-labeled DNA oligonucleotide complementary to either nt +60 to
+78 relative to csrB transcription, or to nt +52 to +71 relative to csrC transcription, for 3 min at 80°C.
Reaction mixtures (10 ul) containing 2 ul of hybridization mixture, 375 uM each dNTP, 10 mM DTT, 200
ng/ml BSA (Promega), 1X SuperScript Ill buffer, and 5 units of SuperScript Ill reverse transcriptase (Life
Technologies) were incubated for 15 min at 42°C. Reactions were terminated by the addition of 10 ul of
stop solution (95% formamide, 20 mM EDTA, 0.025% SDS, 0.025% xylene cyanol, and 0.025% bromophe-
nol blue). Samples were fractionated through standard 6% polyacrylamide sequencing gels and visual-
ized with a phosphorimager. Sequencing reactions were performed using pYH227 for csrC and pYH229
for csrB as DNA templates and the same end-labeled DNA oligonucleotides as primers.
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