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RNA-binding protein CsrA is a key regulator of a variety of cellular processes in bacteria, including carbon and
stationary phase metabolism, biofilm formation, quorum sensing, and virulence gene expression in pathogens. CsrA
binds to bipartite sequence elements at or near the ribosome loading site in messenger RNA (mRNA), most often
inhibiting translation initiation. Here we describe an alternative novel mechanism through which CsrA achieves
negative regulation. We show that CsrA binding to the upstream portion of the 59 untranslated region of Escherichia
coli pgaA mRNA—encoding a polysaccharide adhesin export protein—unfolds a secondary structure that sequesters
an entry site for transcription termination factor Rho, resulting in the premature stop of transcription. These findings
establish a new paradigm for bacterial gene regulation in which remodeling of the nascent transcript by a regulatory
protein promotes Rho-dependent transcription attenuation.
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Bacterial adaptation to changing environments relies on the
ability of the bacterial cell to coordinately regulate groups of
genes in response to chemical and/or physical signals. A
variety of transcriptional and post-transcriptional mecha-
nisms, often interconnected, underlie these global res-
ponses. One such mechanism involves a small (61-amino-
acid) protein, named CsrA, acting as a post-transcriptional
regulator. Originally discovered as a repressor of glycogen
biosynthesis in Escherichia coli (Romeo et al. 1993), CsrA
was subsequently found to regulate other growth phase-
dependent processes such as biofilm formation and quorum
sensing in E. coli and Vibrio cholerae (Jackson et al. 2002;
Lenz et al. 2005; Wang et al. 2005; Yakhnin et al. 2011) and
host invasion in Salmonella (Altier et al. 2000; Lawhon et al.
2003; Martinez et al. 2011). The CsrA structural homologs
RsmA/RsmE perform similar functions in Pseudomonas
and Erwinia species, where they participate in the regulation
of secondary metabolism (Chatterjee et al. 1995; Cui et al.
1995; Pessi et al. 2001; Lapouge et al. 2007). In all of these
systems, CrsA and its homologs act as translational re-
pressors; they interact with messenger RNA (mRNA) se-

quences overlapping ribosome-binding sites and thus block
translation initiation by occluding these sites (for reviews,
see Babitzke and Romeo 2007; Lapouge et al. 2008; Romeo
et al. 2013). Occasionally, CsrA can also act as a positive
regulator, protecting mRNA against degradation by RNase E
(Yakhnin et al. 2013) or remodeling translation initiation
regions in ways that stimulate ribosome binding (Patterson-
Fortin et al. 2013; Sterzenbach et al. 2013).

A central aspect in CsrA biology is in the mechanism
that regulates CsrA activity. This occurs as a result of the
production of two small RNAs, CsrB and CsrC, which
contain several CsrA-binding sites and sequester the pro-
tein by molecular mimicry (Babitzke and Romeo 2007;
Lapouge et al. 2008; Romeo et al. 2013). The csrB and csrC
genes are under the control of the BarA/UvrY (SirA) two-
component signal transduction system and are transcrip-
tionally activated in the presence of short chain carboxylic
acids and other products of carbon metabolism (Takeuchi
et al. 2009; Chavez et al. 2010). In addition, CsrA indirectly
activates csrB and csrC transcription via the BarA/UvrY
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(SirA) system by an unknown mechanism. Combined with
the ability of CsrA to feedback-inhibit translation of its
own mRNA (Gudapaty et al. 2001; Suzuki et al. 2002), this
provides an additional homeostatic loop that likely allows
CsrA activity to be finely adjusted at all times (Romeo
et al. 2013). Two novel mechanisms modulating CsrA
activity/availability were unveiled recently. In one system,
McaS, a regulatory small RNA known to function via
classical Hfq-dependent RNA pairing, was found to bind
CsrA and relieve repression of some CsrA targets (Jorgensen
et al. 2013). In another system, not a small RNA, but rather
the 59 leader region of fimbrial mRNA cooperates with
CsrB and CsrC in titrating CsrA, preventing CsrA-mediated
activation of a second hierarchically controlled fimbrial
mRNA (Sterzenbach et al. 2013).

CsrA binds short RNA sequences containing a centrally
positioned GGA motif that is essential for recognition
(Dubey et al. 2005). The high conservation of this motif in
Shine-Dalgarno sequences accounts for the predominant
role of CsrA as a repressor of translation initiation. Since
the functional form of CsrA is a homodimer, tandem
binding sites are generally required for a productive in-
teraction (Schubert et al. 2007; Mercante et al. 2009), with
the protein bridging GGA sites anywhere between 10 and
63 nucleotides (nt) apart (Mercante et al. 2009). Some
regulated genes have multiple CsrA-binding sites in their
control regions. This is the case for the pgaABCD operon
of E. coli, which encodes proteins needed for the synthesis
and export of a polysaccharide adhesin involved in biofilm
formation (Itoh et al. 2008). Work from the Romeo and
Babitzke laboratories (Wang et al. 2005) identified six
CsrA-binding sites in the 234-nt 59 untranslated region
(UTR) of pgaABCD mRNA and provided in vitro and in
vivo evidence that two distal sites, which cover the Shine-
Dalgarno sequence and the initiating AUG, are required
for translational repression by CsrA. The roles of the other
CsrA-binding sites or the reasons for their redundancy
have remained elusive.

We became interested in the regulation of the pgaABCD
locus while data-mining for links between small RNA
activity and Rho-dependent transcription termination.
This search, prompted by recent findings in our laboratories
(Bossi et al. 2012), was made possible by the publication of
a high-resolution map of Rho-dependent termination sites
in the E. coli genome (Peters et al. 2012). Peters et al. (2012)
used global RNA-profiling techniques to compare RNA
from bacteria treated with the Rho inhibitor bicyclomycin
(BCM) or left untreated and, by aligning the two sets of data,
were able to identify transcripts specifically terminated by
Rho. One of the ‘‘BCM significant transcripts’’ (BSTs) was
from the pgaA leader region. We noticed that the putative
termination site was near the proposed target sequence for
the small regulatory RNA McaS, previously shown to
activate pgaA expression (Thomason et al. 2012). This
raised the intriguing possibility that McaS could act by
preventing Rho from binding to the RNA. While our
subsequent work invalidated this hypothesis, it led us to
discover that CsrA modulates the activity of the termina-
tor. CsrA binding to the upstream portion of the pgaA 59

UTR prevents the formation of a secondary structure that

otherwise sequesters the rut (rho utilization) sequence.
Once exposed, the rut sequence is recognized by Rho factor,
which terminates transcription. This is an entirely new role
for CsrA protein and, to the best of our knowledge, is the
first example of a regulatory protein that acts by modulat-
ing the accessibility of an RNA sequence to the binding of
Rho factor.

Results

A Rho-dependent terminator in the pgaA leader region

The study by Peters et al. (2012) tentatively mapped a Rho
termination site at position +55 of the pgaA 59 UTR. Upon
examining the sequence of the region, we detected the
presence of a large C>G-rich ‘‘bubble,’’ a hallmark of Rho-
dependent terminators (Alifano et al. 1991), spanning the
interval between +50 and +130 (Fig. 1A). In particular, the
sequence contains two sets of four regularly spaced YC
dimers (Fig. 1B), either of which could allow a Rho hex-
amer to anchor the RNA through four contiguous subunits
(Boudvillain et al. 2013). The ensemble would then consti-
tute two superimposed (differently phased) rut sites. From
their position, one would predict transcription to actually
terminate around +200, ;150 nt downstream from the site
identified by Peters et al. (2012) (Supplemental Fig. S1).
This discrepancy is likely ascribable to the trimming of
Rho-terminated transcripts by 39–59 exonuclease activity
in vivo (Peters et al. 2012).

The rut sequence lies immediately downstream from the
59-proximal pair of CsrA-binding sites (Fig. 1B) and includes
one of the proposed target sites for the small RNA McaS
(see above; Supplemental Fig. S2). Analysis of the entire
pgaA leader sequence by the Mfold algorithm (Zuker 2003)
predicted that the segment between +61 and +107 adopts
a discontinuous, ‘‘hairpin-like’’ secondary structure (two
double-stranded regions separated by a single-stranded
bubble), with the CsrA sites on the left (L) arm of the
structure, and the 59 half of the putative rut sequence on
the right (R) arm (Fig. 1C; Supplemental Fig. S2).

As a first step in this study, we sought to ascertain the
presence of a Rho-dependent terminator in the 59 UTR of
pgaA by in vitro transcription. We prepared a DNA
template containing the 59 UTR and the proximal portion
of the pgaA coding sequence fused to the strong promoter
T7A1 (Fig. 2A). Transcription of this DNA template in the
presence of purified Rho resulted in the formation of
short transcripts (Fig. 2B, ‘‘term’’ bands) consistent with
RNA release occurring in the distal portion of the 59 UTR,
downstream from the sequence encoding the putative rut
motif (Fig. 2A; Supplemental Fig. S3). This Rho-mediated
transcription termination event, however, was dependent
on ionic strength and was nearly abolished in the presence
of 150 mM KCl (Fig. 2C, lane 4). The inhibitory effect of
high KCl concentrations on Rho-dependent termination
is not unprecedented (Zou and Richardson 1991) and may
reflect suboptimal terminator features at high ionic
strength due to, for instance, stabilization of competing
RNA structures. Consistent with this idea, termination in
the 59 UTR of pgaA was restored in the presence of NusG
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(Fig. 2C, lanes 8–10), a cofactor known to activate termi-
nation at suboptimal sites (Burns and Richardson 1995;
Peters et al. 2012). CsrA completely relieved the NusG
requirement, restoring termination more effectively than
NusG itself (Fig. 2C, lanes 5–7). Interestingly, NusG and
CsrA appear to act synergistically, inducing termination
at promoter-proximal sites (up to position 138) that are
not used otherwise (see below; Supplemental Fig. S3).
Altogether, these data establish that the pgaA leader con-
tains a salt-sensitive, factor-dependent termination signal
that may well contribute to the regulation of the pgaABCD
operon in vivo.

CsrA targets a cis-acting anti-terminator element

We chose to carry out in vivo analyses in Salmonella—
where we previously constructed a set of congenic
strains designed for the study of Rho function (Bossi

et al. 2012)—and optimized the techniques for ‘‘scarless’’
site-directed mutagenesis of chromosomal genes. Salmo-
nella’s Rho and NusG proteins are both 99% identical to
their E. coli counterparts. The Rho allele used in this
study—Y80C—also exists in E. coli, where it was shown
to affect ATP cofactor binding by Rho (Chalissery et al.
2007). The NusG allele—174fs, a �1 frameshift at amino
acid position 174—alters the NusG C-terminal sequence
(from DFSQVEKA to TSVRLRKRNRS) (Bossi et al. 2012)
and presumably affects the ability of NusG to interact
with Rho (Mooney et al. 2009).

Since Salmonella lacks the pgaA operon, the first step
of the in vivo study involved moving a DNA fragment
comprising the promoter and the 59 UTR of the E. coli pgaA
gene (from�124 to +234) into the Salmonella chromosome.
The pgaA gene was placed adjacent to a resident lacZY
operon, with lacZ’s initiating AUG at the exact position
normally occupied by pgaA AUG. We then constructed

Figure 1. Rho-dependent terminator in the pgaA leader region. (A) Graph showing the distributions of cytosine and guanine residues
(in 78-nt windows) (Alifano et al. 1991) in the upstream section of the pgaABCD operon. (B) Sequence of the pgaA leader region.
Pyrimidine (YC) dimers (highlighted in yellow) that are ‘‘in phase’’ and could constitute rut subsites are linked by blue or red lines. The
predicted termination site is ;150 nt downstream from the position identified by Peters et al. (2012), a difference likely ascribable to 39

end trimming of Rho-terminated transcripts by exonucleases in vivo (discussed by Peters et al. 2012). The positions of CsrA-binding
sites (core portion highlighted in green) are from Wang et al. (2005). (C) Hairpin-like RNA motif predicted by Mfold in the upstream
section of the pgaA leader rut site (see also Supplemental Fig. S2).
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two unmarked deletion derivatives: one lacking the seq-
uence corresponding to the left arm of the hairpin structure
(segment 61–81), hereafter referred to as the DL deletion, and
the other, lacking the right arm (segment 82–107), named
DR. DL removes both 59-proximal CsrA-binding sites, while
DR removes approximately the 59 moiety of the rut region
(Fig. 1B,C), including the presumptive McaS target sequence
(Thomason et al. 2012), and was expected to inactivate the
termination site. The effects of these alterations on pgaA-
lacZY expression were analyzed in wild-type and various
mutant backgrounds.

As shown in Figure 3A, the DR and DL deletions have
opposite effects on the basal level of expression of the
pgaA-lacZY fusion. DL causes the already low b-galactosi-
dase activity to drop to nearly undetectable levels, whereas
DR results in an ;10-fold increase. LacZ activity is also
increased in the presence of the rho and nusG mutations
(12-fold and twofold, respectively), and this effect is ampli-
fied in the DL mutant (;60-fold and fivefold). In contrast,
the rho and nusG mutations have no significant effect on
pgaA-lacZY expression in the DR mutant (Fig. 3A). These
findings provide in vivo evidence for the involvement of
Rho-dependent termination in pgaA regulation and tenta-
tively identify the segment missing in the DR deletion as
the site required for Rho action.

Deleting the csrA gene causes a much larger increase in
b-galactosidase activity than either the DR or rho mutations
(Fig. 3B, note the different scale). This is not surprising, as

transcripts that escape termination can be expected to
remain subjected to translational repression by CsrA
(Wang et al. 2005). Furthermore, CsrA down-regulates
NhaR, a transcriptional activator of pgaA in E. coli, by
binding to sites within its 59 UTR and inhibiting trans-
lation (Pannuri et al. 2012). Although Salmonella lacks the
pgaABCD operon, it carries a close ortholog of the nhaR
gene. Thus, removal of CsrA will have the additional effect
of indirectly activating pgaA transcription (see below).
Interestingly, the data in Figure 3B show that most of the
‘‘activating’’ effects of the DcsrA allele are abolished in the
DL variant. This epistasis can be interpreted to indicate
that the sequence of the left arm of the putative hairpin
works as a cis-acting anti-terminator element when not
bound to CsrA.

In parallel with the above study, we tested our initial
hypothesis that McaS might up-regulate pgaA by compet-
ing with Rho for binding to the rut site (see above). Results
showed that the DR deletion, while removing the pre-
sumptive McaS target site (Supplemental Fig. S2), does
not abolish the ability of McaS to up-regulate pgaA-lacZY
(Supplemental Fig. S4). In contrast, up-regulation is lost in
a DL DcsrA double mutant in spite of the fact that the McaS
target sequence is still present in the mRNA (Supplemental
Fig. S4). Thus, these data invalidate our hypothesis and
suggest that McaS effects depend somehow on the presence
of CsrA. In agreement with this conclusion, a report
published while this study was under way showed CsrA

Figure 2. In vitro transcription termination at the
Rho-dependent pgaA terminator. (A) Schematic
representation of the DNA template used for the
in vitro transcriptions. Key transcript features are
also depicted above the template regions. (B,C)
Representative gels show the formation of trun-
cated transcripts resulting from Rho-dependent
termination at the pgaA site under ‘‘low-salt’’ (50
mM KCl) transcription conditions (B) or after
activation by the CsrA and NusG proteins under
‘‘high-salt’’ (150 mM KCl) conditions (C).
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protein, and not pgaA RNA, to be the primary target of
McaS interaction (Jorgensen et al. 2013).

To analyze the transcriptional component of pgaA
regulation separately from CsrA-mediated translational
repression, the lacZ coding portion of the pgaA-lacZY

fusions was replaced by a heterologous tRNA gene (tRNASa)
serving as a transcriptional reporter (Bossi et al. 2012). In
the new fusion, the distal CsrA-binding site (overlapping
the pgaA-initiating AUG codon) (Fig. 1B) was eliminated.
Northern blot detection of the tRNASa confirmed that

Figure 3. Effects of cis- and trans-acting mutations on expression of pgaA-reporter gene fusions. (A) Strains carrying the wild-type
pgaA-lacZ fusion or its derivative, DL (D61–81, removing the two 59-proximal CsrA-binding sites) or DR (D82–107, removing the
upstream half of the rut site), alone or in combination with relevant unlinked mutations were assayed for b-galactosidase activity.
Results show that impairing Rho-dependent termination by rho or nusG mutations (Rho Y80C and NusG 174fs) leads to increased
pgaA-lacZ expression. The pgaA DR allele is epistatic to the rho and nusG mutations. This is what was expected if DR inactivates the
rut site. (B) Effect of deleting the csrA gene. Removal of CsrA causes a generalized increase of pgaA-lacZ expression except in the pgaA

DL derivative, suggesting that the sequence spanning the two upstream-most CsrA-binding sites (the L region) antagonizes termination
in the absence of CsrA. (C,D) A 132-base-pair (bp) fragment encompassing a tRNA gene from Staphylococcus aureus was inserted at
position +235 of pgaA in the context of the natural pgaA promoter (C) or in a construct in which the pgaA promoter is replaced by the
chiP promoter (D). A 17-bp spacer separates the pgaA sequence from the beginning of the mature tRNASa coding sequence. (C,D, lanes
2,3) Northern blot analysis shows that the rho Y80C mutation and the DcsrA deletion cause tRNASa levels to increase regardless of the
promoter. DL prevents tRNASa expression in the DcsrA strains (C,D, lane 5) but not in the rho mutant (C,D, lane 6), confirming that the
L sequence antagonizes termination when not bound to CsrA. (C,D, lane 7) DR stimulates tRNASa production. DcsrA further amplifies
this increase in the pgaA promoter context (C, lane 8) but not in the chiP promoter context (D, lane 8). The latter finding was taken as
an indication that CsrA exerts a separate inhibitory effect on the pgaA promoter (see the text). The tRNASa signals were quantified by
phosphorimaging and normalized to 5S ribosomal RNA, and the results were divided by the value measured in the wild-type strain. The
bars represent the means from three (C) or two (D) independent experiments, including those shown above the histograms. Error bars
denote standard deviation.
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impairing Rho function by mutation or by the DR deletion
causes a significant increase of readthrough transcription
across the pgaA leader region, thus corroborating the Rho
involvement (Fig. 3C). A sharp increase in tRNASa levels is
also observed in wild-type and DR backgrounds upon
removal of the csrA gene (Fig. 3C). Two mechanisms could
contribute to this increase: (1) relief of CsrA-induced
transcription termination and (2) stimulation of pgaA
transcription initiation by the derepressed NhaR activator
(see above; Pannuri et al. 2012). The greater magnitude of
the increase in the wild-type construct relative to the DR
mutant (;20-fold and approximately threefold, respec-
tively) suggests that CsrA-induced transcription termina-
tion is the primary cause of the shutoff of tRNASa expres-
sion. To verify this conclusion, we sought to dissociate the
promoter effects from the effects within the leader. To this
end, new constructs were made with the pgaA leader
sequence fused to a different promoter (the chiP promoter)
(see the Materials and Methods), and the tRNASa quantifi-
cation analysis was repeated with the new strains. As
shown in Figure 3D, removal of CsrA still causes tRNASa

levels to increase in the pgaA+ strain (cf. lanes 1 and 2). This
provides compelling evidence that CsrA represses tRNASa

synthesis by inducing transcription termination within the
pgaA leader. The pattern from the DL DcrsA double mutant
in lane 5 of Figure 3D is consistent with this interpretation.
As already observed with the corresponding lacZ fusion
(Fig. 3A), this construct is locked in an OFF configuration,
suggesting that the L arm sequence (Fig. 1C) stimulates
readthrough transcription in the absence of CsrA. CsrA
binding to this sequence could then be required to counter
this effect and thus promote termination.

The data in Figure 3D also show that replacing the pgaA
promoter with the chiP promoter abolishes the further
increase of tRNASa induced by DcsrA in the DR strain
(Fig. 3, cf. C [lanes 7,8] and D [lanes 7,8] ). This confirms
that CsrA also affects the activity of the pgaA promoter. To
verify the NhaR involvement in these effects, an addi-
tional construct was made in which the nhaR 59 UTR is
replaced by the lacUV5 promoter and the short 59 UTR of
lacZ. In the NhaR constitutive background, DcsrA no
longer caused tRNASa expression to further increase in
the DR variant (Supplemental Fig. S5), confirming that this
effect results from the relief of nhaR repression by CsrA
(Pannuri et al. 2012).

Structure-dependent regulation of the pgaA terminator

Altogether, the above data point to a key role of RNA struc-
ture shown in Figure 1C in the regulation of termination.
One alternative possibility was considered in which CsrA
regulated translation of a putative leader peptide initiat-
ing at nucleotide 78 of the 59 UTR. However, a mutation
of the initiating AUG had no effect on pgaA expression
(Supplemental Fig. S6, see legend for details). The hairpin-
like conformation incorporates the 59 half of the rut
sequence (Fig. 1C). One might expect that RNA folding will
limit the accessibility of the sequence to Rho factor. CsrA
binding to the L arm of the hairpin would expose the rut site
and make it fully available for termination. This model

predicts that L arm mutations in the CsrA-binding sites will
have opposite effects on pgaA regulation depending on
whether they increase or decrease the stability of the
structure. We proceeded to test the prediction by construct-
ing double- and triple-base replacement mutants (depicted
in Fig. 4A). These changes were introduced directly in the
chromosome of a strain carrying the pgaA-lacZY fusion.
The resulting strains were characterized by b-galactosidase
assays (described below) and served as a source of template
DNA for in vitro analyses. As part of the latter work, RNA
transcripts from the upstream portion of the pgaA leader
(interval +1 to +137) were used to measure CsrA-binding
affinity by gel shift assay. This analysis offered an unforeseen
yet convincing confirmation for the existence of a postulated
secondary structure. We found that some of the pgaA leader
mutations markedly affected RNA mobility in native gels
(Fig. 4B). In particular, mutations predicted to destabilize the
hairpin caused a sharp decrease in mobility. The effects
could be readily rationalized considering that folding in-
creases the compactness of the molecule, allowing it to
migrate faster in the gel. Overall, the migration patterns (Fig.
4B) correlate remarkably well with the structural and free
energy predictions from the Mfold program, suggesting that
RNA mobility can be used to infer the presence/absence of
such structure. For example, the data in Figure 4B indicate
that under the conditions of the experiment, wild-type RNA
adopts a folded configuration in spite of the imperfect nature
of the hairpin structure.

The gel shift experiments provided insight as to the
primary and secondary structural elements that contrib-
ute to CsrA binding. This analysis showed that the d1
variant binds CsrA better than wild-type RNA in spite of
being altered in the second CsrA-binding site (Fig. 4C).
Apparently, reducing the stability of the upper portion of
the hairpin structure is more important for CsrA binding
than full conformity to the consensus sequence. Consis-
tent with this conclusion, variant s3, which is unaffected
in the CsrA-binding sites but is predicted to form a more
stable hairpin, bound CsrA poorly. In contrast, primary
sequence determinants appear critical in the bottom
portion of the structure, as inferred from the finding
that mutation d2 nearly completely abolishes binding
(Fig. 4C). Combined with the greater effect of mutation s2
relative to mutation s1 (note also dominance in the
double mutant), these findings suggest that the CsrA–
RNA interaction nucleates at the first CsrA-binding site
in the bottom portion of the hairpin.

The effects of these changes on the in vivo regulation of
the pgaA-lacZY fusion were quantified by measuring
b-galactosidase activity. This analysis showed that the
destabilizing changes lower pgaA-lacZ expression in both
the csrA+ (Fig. 4D) and DcsrA (Fig. 4E) backgrounds, as
predicted if they relieve the CsrA requirement for termi-
nation. In contrast, changes that tighten the double-
stranded regions of the hairpin show the opposite trend,
increasing readthrough transcription. Finding that mu-
tant s3 is partially deattenuated in the csrA+ strain (Fig.
4D) despite its sequence changes lying outside the CsrA
recognition sequence is consistent with the behavior of
this mutant in the gel shift assay and reiterates the
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Figure 4. pgaA RNA hairpin mutants and their CsrA-binding properties. (A) Diagram showing the positions of the double- and triple-
base changes introduced near the CsrA-binding sites in the upstream portion of the pgaA 59 UTR and the predicted effects of these
changes on the RNA secondary structure. Drawings reproduce the outputs from the Mfold program (Zuker 2003). (B) Effect of hairpin
mutations on RNA mobility in native gels. Changes predicted to increase RNA folding in A cause RNA to migrate faster in the gel,
while changes predicted to decrease folding cause reduced electrophoretic mobility. (C) Gel retardation assay with purified CsrA. The
sequence changes in the bottom portion of the RNA hairpin lower CsrA-binding affinity regardless of their effects on secondary
structure. In contrast, the behavior of mutant d1, which binds CsrA better than wild-type RNA, suggests that secondary structure
determinants are more important than primary structure determinants in the upper portion of the RNA hairpin. (D,E) Effect of RNA
conformational changes on pgaA-lacZ expression. Strains carrying the lacZ fusion derivatives of pgaA hairpin mutants were assayed for
b-galactosidase activity in csrA+ (D) and DcsrA (E) backgrounds. Results show that mutations destabilizing the RNA structure inhibit
lacZ expression regardless of the csrA allele. Apparently, these changes improve the accessibility of the rut site, rendering CsrA action
dispensable. In contrast, stabilizing mutations promote anti-termination. The s2 and s1s2 variants show the highest levels of
readthrough transcription in csrA+ but not in DcsrA. This can be rationalized considering that s2 and s1s2 abolish CsrA binding
completely, whereas all other variants have residual CsrA-binding affinity.
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importance of single strandedness for CsrA binding. Also
consistent with the reduced CsrA binding to the s2 versus
the s1 leader (Fig. 4C) is the higher level of readthrough
transcription in mutant s2 relative to s1 (Fig. 4D), which
again suggests that the CsrA interaction with the bottom
part of the hairpin initiates melting of the structure.
Altogether, the results from this analysis suggest that the
hairpin-like secondary structure formed by the 61- to 107-
nt sequence is programmed to have borderline stability to
facilitate the CsrA interaction and the rapid switch to the
open conformation following CsrA binding.

To complement the above study, a representative from
either side of the stability spectrum (d1 and s1s2) was
analyzed in the in vitro transcription system. The DNA
templates that were used cover the entirety of the pgaA 59

UTR and extend a further 100 base pairs (bp) into the lacZ
gene (Fig. 5A). Experiments performed under high-salt
conditions (150 mM KCl) (Fig. 5B) confirmed that CsrA is
needed to activate Rho-dependent termination at the wild-
type pgaA sequence (Fig. 5B, cf. lanes 2 and 3). Remarkably
consistent with the in vivo data, the CsrA requirement is
completely relieved in the d1 template (Fig. 5B, lanes 6,7),
whereas CsrA loses the capability to activate Rho-depen-
dent termination in the s1s2 template (Fig. 5B, lanes 10,11).
Similar observations were made under ‘‘low-salt’’ transcrip-
tion conditions (50 mM KCl), with the predicted exception
that CsrA was no longer needed to activate termination
with the wild-type construct (Supplemental Fig. S7). These
results confirm that the degree of stability of the hairpin
motif (DGWT = 9.9 kcal/mol) is a critical factor for the
control of the Rho-dependent pgaA terminator by CsrA.

Intriguingly, in vitro activation of the pgaA terminator
by NusG appears to be affected by hairpin stability as well
(Fig. 5C, cf. lanes 3, 6, and 9). NusG only slightly activates
termination at the main sites with the ‘‘strong’’ s1s2
hairpin construct (Fig. 5C, lane 9) while strongly activating
termination at both the main sites and promoter-proximal
sites with the ‘‘weak’’ d1 hairpin construct (Fig. 5C, lane 6,
note that band signals for short transcripts are inherently
weaker due to fewer internal incorporations of [a-32P]-U
residues). Again, the wild-type template shows an inter-
mediate behavior, with both CsrA and NusG needed to
activate promoter-proximal termination sites (Fig. 5B, lane
4). These data suggest that NusG somehow allows Rho to
bypass the requirement for a fully single-stranded rut
sequence even though the combined actions of both CsrA
and NusG produce maximal termination efficiency (Fig. 5,
cf. B [lanes 4,8,12] and C [lanes 3,6, 9]). The NusG in-
volvement is consistent with the in vivo data showing
a moderate but reproducible increase of transcriptional
readthrough at the pgaA 59 UTR terminator in a nusG
mutant (Fig. 3A,B) and with the significant overlap in the
39 end patterns of pgaA transcripts obtained from BCM-
treated wild-type E. coli and a nusG mutant, as detected on
tiling arrays (Peters et al. 2012).

Discussion

The classical mechanism for regulating gene expression
through the activity of transcription termination factor

Rho involves the action of proteins that render the
transcription elongation complex refractory to termina-
tion (anti-termination). Thus, the classical scenario (e.g.,
phage l’s N protein) has termination as the default setting
and anti-termination as the active step; furthermore, the
regulatory target is RNA polymerase rather than Rho
itself. The work described here uncovered an alternative
mechanism for Rho-mediated gene regulation. In this
mechanism, the active step consists of inducing termi-
nation at a rut site that is normally held invisible to Rho
because it is part of a secondary structure. Termination
results from the action of a protein, CsrA, that, upon
binding to the 59 arm of the structure, exposes the rut
sequence, making it available for Rho binding (Fig. 6). The
mechanism relies on the exquisite fine-tuning of an RNA
secondary structure: stable enough to hold the rut site
hidden from Rho but sufficiently unstable to allow nucle-
ation of the CsrA–RNA complex and the opening of the
structure following CsrA binding. Also important to con-
sider is that in order to induce Rho-dependent termination,
CsrA must be able to bind the RNA while the latter is being
synthesized and before RNA polymerase escapes the termi-
nation ‘‘window.’’ Presumably, the fact that the secondary
structure has not yet formed at this stage can favor the
interaction. This might suggest that the 59-proximal CsrA-
binding site (the base of the hairpin stem) is the ‘‘seed’’
sequence. The greater effect of changes in this region on
termination and CsrA binding further supports this conclu-
sion. The extent to which other features in the region might
contribute to CsrA binding and Rho-dependent termination
remains to be explored. Elongation rates and interaction
with RNA-binding proteins are viewed as major factors
affecting cotranscriptional RNA folding (Pan and Sosnick
2006). The important role played in this study by elongation
factor NusG—a protein thought to inhibit transcriptional
pausing (Artsimovitch and Landick 2000) and have some
RNA-binding capability (Steiner et al. 2002)—further sup-
ports the idea that cotranscriptional folding is a key com-
ponent in the functioning of the pgaA attenuator structure.

Besides inducing Rho-dependent termination in the
pgaA leader region, CsrA represses pgaA mRNA trans-
lation by binding to a pair of sites near the initiating AUG
codon (Wang et al. 2005). The sequence layout is such
that translational repression can operate only on tran-
scripts that escape CsrA-induced termination. This raises
the question of the biological role of such a redundancy,
particularly since our data suggest that pgaA attenuation
is sufficient to completely shut off pgaA mRNA synthe-
sis. Perhaps the two forms of regulation target separate
classes of molecules: attenuation mainly directed to na-
scent RNAs, and translational repression acting on tran-
scripts that are already made at the time of the regulatory
switching. This would ensure the rapidity and efficacy of
pgaA silencing under conditions prompting bacteria to
switch from the sessile to the planktonic lifestyle. Alter-
natively, the two-level regulation might be designed to do
just the opposite; that is, make the transition more
gradual. RNA footprint data from the initial analysis of
the CsrA:pgaA mRNA interaction (Wang et al. 2005)
suggest that CsrA binds the translation regulatory sites
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with greater affinity than the 59-proximal sites. Thus, one
might envision that pgaA translational repression would
start early on during a transition and that complete shutoff
will occur only after CsrA has sufficiently accumulated.

A further possibility is that the double regulatory layer
could have evolved to allow independent sensing of different
environmental cues. For example, one could imagine that
some physical stimuli or ligands could directly influence
the ability of the pgaA terminator to switch from the closed
to the open configuration so as to induce termination under
conditions in which CsrA is still limiting. In other words,
the pgaA terminator could have the properties of a bona fide
riboswitch. A precedent for this type of dual regulation
was recently set by the demonstration that the molyb-
denum cofactor-sensing riboswitch of the moaA gene of
E. coli includes binding sites for CsrA, which activates
moaA expression post-transcriptionally (Patterson-Fortin
et al. 2013). Other recent findings have linked riboswitch
function to Rho activity. In the mgtA and ribB genes, RNA
conformational changes induced by the binding of Mg2+ and
flavin mononucleotide, respectively, modulate the activity
of Rho-dependent transcription terminators upstream of
the structural portions of the genes (Hollands et al. 2012). A
‘‘conditional’’ Rho-dependent terminator is also found in
the chiPQ operon; here, however, the terminator is embed-
ded within a translated region and becomes active following
the inhibition of chiP mRNA translation by a regulatory
small RNA (Bossi et al. 2012). The present study provides
the first example of a Rho-dependent terminator activated
by a protein-induced RNA conformational rearrangement.

One might predict that other genes in the CsrA network
will be found to be regulated by a mechanism similar to
that described here. A survey of transcriptomic data in the
literature reveals some overlaps between the lists of RNAs

copurified with CsrA in E. coli (Edwards et al. 2011) and
transcripts found extended at their 39 ends in BCM-treated
cells (Peters et al. 2012). However, our inspection and
Mfold analysis of the sequences in the 59 regions of the
shared RNAs failed to detect features reminiscent of the
pgaA hairpin motif described here. The possibility remains
that CsrA and Rho regulatory circuits are interconnected
in a more elaborate way not immediately apparent through
the above analysis. Moreover, it should be noted that
pgaA is absent from the list of CsrA-bound transcripts
(Edwards et al. 2011), suggesting that the list still has to be
completed. Finally, the general nature and robustness of
the attenuation mechanism described here suggest that
structural remodeling of Rho-dependent signals may well
occur in response to RNA binding by other regulatory
proteins.

In terms of regulatory responses, transcription termina-
tion and anti-termination can be equated to repression
and activation of initiation, respectively. A theory of
gene regulation elaborated by Savageau in the late 1970s
(Savageau 1977) and 1980s (Savageau 1989) posits that
genes for which a high level of expression is most fre-
quently required (high demand) will tend to be controlled
in a positive manner (by activators or anti-terminators),
whereas genes whose products are only required in specific
instances (low demand) will be mainly controlled by
negative regulatory elements (repressors or proterminators)
(Savageau 1977). The theory interpreted classical patterns
of gene regulation in E. coli, phage l, and yeast. However,
the lack of examples of regulatory proteins acting as
transcription proterminators left the picture somewhat
incomplete (Savageau 1989). The demonstration, presented
here, that CsrA can perform such function allows com-
pleting the symmetry. Furthermore, since the requirement

Figure 5. Effect of representative pgaA hairpin
mutations (d1 and s1s2) on the functioning of the
Rho termination site in vitro. (A) Schematic repre-
sentation of the DNA template used. (B,C) Repre-
sentative gels show the activation of the terminator
variants by CsrA (B) or NusG (C). Results show
that pgaA hairpin mutation d1, expected to favor
melting of the secondary structure (Fig. 4B), relieves
the requirement of CsrA for in vitro termination by
Rho. In contrast, the s1s2 variant abolishes termi-
nation, and CsrA cannot restore it. Thus, these data
closely parallel the results from the in vivo analysis
(Fig. 4D). B (lanes 4,8,12) also shows that CsrA
and NusG act synergistically to stimulate Rho-
dependent termination.
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for the pgaABCD gene products may well represent a
relatively infrequent (‘‘low demand’’) event in the lifestyle
of most E. coli strains, our findings lend further support for
Savageau’s model (Savageau 1989).

Materials and methods

Bacterial strains and culture conditions

Strains used in this study were all derived from Salmonella

enterica serovar Typhimurium strain MA3409, a derivative of
strain LT2 cured for the Gifsy-1 prophage (Figueroa-Bossi et al.
1997). The genotypes of strains used are listed in Supplemental
Table S1. Bacteria were cultured at 37°C in liquid LB broth
(Bertani 2004) or LB broth solidified by the addition of 1.5% Difco
agar. Antibiotics (Sigma-Aldrich) were included at the following
final concentrations: 10 mg/mL chloramphenicol, 50 mg/mL kana-
mycin monosulphate, 100 mg/mL sodium ampicillin, 80 mg/mL
spectinomycin dihydrochloride, and 25 mg/mL tetracycline hy-
drochloride. LB plates containing 40 mg/mL 5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside (X-gal; from Sigma) or MacConkey
agar plates containing 1% lactose (Macconkey 1905) were used to
monitor lacZ expression in bacterial colonies. Liquid cultures
were grown in New Brunswick gyratory shakers, and growth was
monitored by measuring the optical density at 600 nm with
a Shimazu UV mini 1240 spectrophotometer.

Enzymes and chemicals

T4 polynucleotide kinase, T4 DNA ligase, Taq DNA polymerase,
and restriction enzymes were purchased from New England

Biolabs. Pfu-Turbo DNA polymerase was from Stratagene.
Sigma-saturated RNA polymerase from E. coli was obtained
from Epicentre. DNA oligonucleotides were custom-synthesized
by Sigma-Aldrich, Eurogentec, or Eurofins MWG/Operon. Most
chemicals were purchased from Sigma-Aldrich. Acrylamide–
bisacrylamide and other electrophoresis reagents were from
Bio-Rad and Amresco. Agarose was from Invitrogen. Hybond-N+

membranes and hybridization buffer used for Northern blot
analysis were from GE Healthcare and Applied Biosystems-
Ambion, respectively. The rNTPs were from Promega, and the
32P-NTPs were from PerkinElmer or Hartmann Analytic. 32P-
labeled nucleic acids were detected by phosphorimaging using
ImageQuant software.

Genetic techniques

Generalized transduction was performed using the high-fre-
quency transducing mutant of phage P22, HT 105/1 int-201

(Schmieger 1972), as described (Lemire et al. 2011). Chromo-
somal engineering (recombineering) was carried out by the l red
recombination method (Datsenko and Wanner 2000; Murphy
et al. 2000; Yu et al. 2000), implemented as in Datsenko and
Wanner (2000). ‘‘Scarless’’ recombineering was performed as
described (Bossi et al. 2012). Donor DNA fragments were
generated by PCR using plasmid DNA, chromosomal DNA, or
DNA oligonucleotides as templates. Amplified fragments were
electroporated into appropriate strains harboring the conditionally
replicating plasmid pKD46, which carries the l red operon under
the control of the PBAD promoter (Datsenko and Wanner 2000).
Bacteria carrying pKD46 were grown at 30°C in the presence of
ampicillin and exposed to 10 mM arabinose for 3 h prior to
preparation of electrocompetent cells. Electroporation was carried
out using a Bio-Rad MicroPulser under the conditions specified by
the manufacturer. Recombinant colonies were selected on LB
plates containing the appropriate antibiotic. Constructs were
verified by PCR and DNA sequence analysis (performed by GATC
Company). The complete list of primers used in this study are in
Supplemental Table S2, and details on the construction of several
alleles are in Supplemental Table S3.

Construction of relevant alleles

pgaA-lacZY Two constructs were made that convert a chromo-
somal chiP-lacZY gene fusion (Figueroa-Bossi et al. 2009) into
a pgaA-lacYZ fusion. In the first construct, a DNA fragment
spanning the portion of the pgaABCD operon from �124 to + 234
(amplified from E. coli strain MG1655 with primers ppL56 and
ppL59) (Supplemental Table S2) was used to replace the region
between�253 and +89 of the chiP gene (spanning the transcription
regulatory region and the 59 UTR) (Plumbridge et al. 2014). This
yielded strain MA11469. In the second construct, the exchanged
segment covers only the 59 UTR of chiP (from +1 to +89), replaced
by the pgaA segment from +1 to + 234 (amplified with primers
ppL57 and ppL59); thus, the fusion is transcribed from the chiP
promoter (strain MA11470). In both constructs, the lacZ-initiating
AUG falls at the exact same position normally occupied by pgaA

AUG. Derivatives of MA11469 and/or MA11470 used in this
study include strains carrying (1) tRNASa gene fusions in place of
lacZ, (2) deletions in relevant portions of the pgaA 59 UTR (DL and
DR), and (3) point mutations affecting the hairpin structure in the
59 UTR (see below).

pgaA hairpin mutants Short DNA fragments (typically ;100
bp) containing the desired mutations were obtained by annealing
suitably designed, partially complementary DNA oligonucleotides
and filling in the single-stranded regions by PCR under standard

Figure 6. Model for CsrA-induced Rho-dependent transcription
attenuation in the pgaA leader region. The initial portion of the
pgaA 59 UTR folds into an imperfect hairpin-like structure that
incorporates two CsrA-binding sites in the left arm (green boxes)
and part of a Rho-binding site (rut) in the right arm (row of yellow
boxes). The structure renders the rut site inaccessible to Rho but
is sufficiently unstable to allow nucleation of a CsrA:RNA
complex (presumably starting at the base of the hairpin). Thus,
when CsrA is limiting, transcription reads through the termina-
tor and proceeds into pgaABCD structural genes, whereas, in the
presence of CsrA, formation of the CsrA:RNA complex unfolds
the structure, exposing the rut site and causing premature
transcription termination.
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amplification conditions (‘‘reciprocal priming’’). DNA fragments
were introduced into a strain MA11469 derivative, a tetRA inser-
tion in the pgaA leader (Supplemental Tables S1, S3), and tetracy-
cline-sensitive recombinants were selected for resistance to fusaric
acid (Bochner et al. 1980).

DcsrATcat A deletion removing nearly the entirety of the
Salmonella csrA coding sequence (167 out of 183 bp) was
obtained by replacing this region with the FRT-cat-FRT module
of plasmid pKD3 (Datsenko and Wanner 2000), amplified with
primers ppM17 and ppM18 (Supplemental Table S2). As previously
reported (Altier et al. 2000), we found the csrA deletion to severely
affect growth. A deletion of glgCAP operon, reported to suppress
this growth defect (Timmermans and Van Melderen 2009), failed
to restore normal growth. However, suppressors of the growth
defect arose spontaneously at high frequency (Altier et al. 2000).
Introduction of the pgaA-lacZ fusion in four independent fast-
growing isolates showed all four of them to express high levels of
b-galactosidase activity. However, when the DcsrATcat allele was
replaced by wild-type csrA, pgaA-lacZ expression returned to
normally repressed levels in all four strains, indicating that the
defect in pgaA regulation is entirely ascribable to the loss of CsrA
activity. One of the DcsrATcat sup strains (MA11529) was used
throughout this study.

D[nhaA-nhaR9]Taph Plac-nhaR A DNA fragment carrying the
aph (KanR) gene and a lacUV5 promoter was amplified from
plasmid pNFB20, with primers ppP23 and ppP24 (Supplemental
Table S2) used to replace the region encompassing the nhaA gene
and the 59 UTR of the adjacent nhaR gene in the Salmonella
chromosome by l red recombination (Supplemental Table S3). In
the strain obtained (MA11914), the nhaR gene is expressed from
the lacUV5 promoter and is no longer sensitive to translational
repression by CsrA (Pannuri et al. 2012). Plasmid pNFB20 is an
oriR6K plasmid carrying the aph gene and lacUV5 side by side in
parallel orientation.

Construction of plasmid pBR-mcaS

Recombinant plasmid pBR-mcaS, which carries the mcaS gene
under the control of the lac promoter, was constructed by cloning
a DNA fragment amplified from E. coli strain MG1655 (with
primers ppL67 and ppL68) into plasmid pBR-plac (Guillier and
Gottesman 2006) as described by Thomason et al. (2012).

Measurement of b-galactosidase activity

b-Galactosidase activity was assayed in toluene-permeabilized
cells as described (Miller 1992) and is expressed in Miller units
throughout this study. Typically, measurements were performed
on duplicate or triplicate cultures grown in late exponential phase
(OD600 » 0.7). All experiments included parental or reference
strains as normalization controls. Standard deviations were gen-
erally <5% of the mean.

RNA extraction and Northern analysis

RNA was prepared by the acid hot phenol method from ex-
ponentially growing cells (OD600 of 0.35) as previously descri-
bed (Bossi and Figueroa-Bossi 2007). RNA was fractionated on
an 8% polyacrylamide/8 M urea gel and transferred to Hybond-N+

membranes. Blots were hybridized to DNA oligonucleotides
ppJ62 and ppB10, complementary to Staphylococcus aureus

tRNAArg and Salmonella 5S ribosomal RNA, respectively
(Supplemental Table S2), labeled at the 59 ends with T4 polynu-
cleotide kinase. Hybridization patterns were analyzed by phos-

phorimaging, and RNA bands were quantified using the Image-
Quant program.

Preparation of proteins

Plasmid pEt28b-CsrA, encoding CsrA fused to a C-terminal His6
tag, was obtained by inserting phosphorylated oligonucleotides
Csra1 to Csra3 (annealed to complementary oligonucleotides Csra4
to Csra6) (Supplemental Table S2) between the NcoI and XhoI sites
of plasmid pET28b (EMD Millipore) in a ‘‘one-pot’’ ligation reaction.
CsrA protein was overexpressed in BL21(DE3):pEt28b-CsrA and
purified by affinity chromatography on HisPur cobalt resin
(Thermo Scientific) following a protocol similar to that previously
described (Liu and Romeo 1997). Recombinant Rho and NusG
proteins were overexpressed and purified as described previously
(Rabhi et al. 2011). Concentrations of active oligomeric forms (Rho
hexamers, CsrA dimers, and NusG monomers) are indicated
throughout the article.

In vitro transcription termination experiments

DNA templates were prepared by standard PCR amplification of
genomic DNA using forward primer pgaA1, which contains the
sequence of the T7A1 promoter fused to the 31-nt upstream
segment of the pgaA leader sequence, and reverse primer pgaA2
(Fig. 2A) or pgaA6 (Fig. 5A). Standard transcription termination
experiments were performed as described previously (Rabhi et al.
2011), with minor modifications. Briefly, 18-mL mixtures contain-
ing the DNA templates (5 nM final concentration), 20 nM RNA
polymerase, 0 or 70 nM Rho, 0.2 U/mL SUPERase-In (Ambion),
0 or 70 nM CsrA (unless indicated otherwise), and 0 or 140 nM
NusG (unless indicated otherwise) in transcription buffer (40 mM
Tris-HCl at pH 8.0, 50 or 150 mM KCl, 5 mM MgCl2, 1.5 mM
DTT) were preincubated for 10 min at 37°C. Next, 2 mL of
transcription initiation mix (2 mM ATP, GTP, and CTP; 0.2 mM
UTP; 2.5 mCi/mL [a-32P]-UTP; 250 mg/mL rifampicin in transcrip-
tion buffer) was added before incubation for 20 min at 37°C.
Transcription reactions were stopped with 4 mL of 0.5 M EDTA
and 2 mL of 0.25 mg/mL tRNA before extraction with a 5:24:1
phenol:chloroform:isoamyl alcohol mix and precipitation with
ethanol. Reaction pellets were dissolved in denaturing loading
buffer (95% formamide, 15 mM EDTA) and analyzed by de-
naturing 6% polyacrylamide gel electrophoresis. RNA release at
the pgaA terminator was also monitored in single-round ‘‘chase’’
transcription experiments with bead-affixed transcription elonga-
tion complexes, as detailed in the Supplemental Material.

Electrophoretic mobility assays

RNA transcripts corresponding to the 1–137 region of the pgaA
leader (including wild-type or mutant hairpin variants) were pre-
pared by standard in vitro transcription with T7 RNA polymerase
and PCR-generated DNA templates. Transcripts were purified by
denaturing PAGE and stored at�20°C in ME buffer (10 mM MOPS
at pH 6.5, 1 mM EDTA). Transcripts were dephosphorylated in
small batches (;10 pmol) with alkaline phosphatase (Roche
Applied Science) before being labeled with [32P-g]-ATP and T4
polynucleotide kinase and subsequently purified by 7% denaturing
PAGE. Concentrations of transcripts were determined from their
absorptions at 260 nm using a Nanodrop spectrophotometer. For
electrophoretic mobility assays, the 32P-labeled transcripts (0.1 nM
final concentration) were incubated for 20 min at 30°C in EMSA
buffer (40 mM Tris-HCl at pH 8.0, 150 mM KCl, 5 mM MgCl2,
0.2 mM DTT, 50 mg/mL BSA, 30 mg/mL tRNA, 2% glycerol) in the
presence or absence of CsrA protein (final concentrations are
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indicated in the figures). The mixtures were then mixed with
Ficoll-400 (4%, final concentration) and analyzed by 6% native
PAGE. Gels were run at 10 V/cm for 5 h at 19°C.
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