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ABSTRACT

RpoS is a key regulator of general stress responses in Escherichia coli. Its expression is post-transcrip-
tionally up-regulated by the small RNAs (sRNAs), ArcZ, DsrA and RprA, through sRNA-rpoS mRNA
interactions. Although overexpression of the sRNA, CyaR, was reported to down-regulate rpoS expres-
sion, how CyaR regulates rpoS has not been determined. Here, we report that CyaR represses rpoS
expression by base-pairing with a region next to the ArcZ binding site in the 5 UTR of rpoS mRNA and
that CyaR expression itself is down-regulated by ArcZ through sRNA-sRNA interaction. The short form of

ARTICLE HISTORY
Received 28 August 2019
Accepted 22 September 2019

KEYWORDS

Small RNAs; ArcZ; CyaR;
rpoS; post-transcriptional
regulation

ArcZ, but not the full-length form, can base-pair with CyaR. This ArcZ-CyaR interaction triggers degrada-
tion of CyaR by RNase E, alleviating the CyaR-mediated rpoS repression. These results suggest that ArcZ
not only participates in rpoS translation as an activator, but also acts as a regulator of the reciprocally

acting CyaR, maximizing its rpoS-activating effect.

Introduction

Bacteria are constantly exposed to a variety of stressful environ-
ments, experiencing specific stresses, such as temperature varia-
tion and acidic shock, and general stresses, such as entry into
stationary phase and nutrient depletion [1]. Numerous targeted
response mechanisms to specific stresses have been identified, but
response mechanisms that function in general stresses also exist.
In Escherichia coli, RpoS (sigma factor S) is a key regulator of
general stress responses that controls approximately 500 genes [2].

RpoS expression is regulated at the levels of transcription,
translation, and protein stability. The small sRNAs (sRNAs),
ArcZ, DsrA and RprA, activate rpoS at the post-transcriptional
level by directly base-pairing with 7poS mRNA [3,4]. These three
rpoS-activating sSRNAs stimulate rpoS translation by unfolding the
rpoS mRNA 5’ UTR, exposing the translation start site of rpoS that
is blocked by a folded stem-loop structure in the 5' UTR [5]. ArcZ
is highly expressed under aerobic conditions, but upon anaerobic
stress, ArcA suppresses ArcZ, leading to down-regulation of rpoS
expression [4]. ArcZ is processed into a short, 56-nt (nucleotide)
form from the 3’ end of the 120-nt primary transcript [4,6], and
the short form of ArcZ binds to the 5’ leader of rpoS mRNA [5].
RprA is activated by the Rcs phosphorelay, which is necessary for
expression of genes needed for colonic capsule synthesis [7,8].
Activation of rpoS translation by RprA helps ensure properly
timed expression of RpoS during biofilm maturation [9]. DsrA
biosynthesis is activated in low-temperature environments [10].
OxyS is only one sRNA that has been shown to down-regulate
rpoS, although whether it directly interacts with rpoS mRNA
remains unclear [11]. Considering that RpoS is regulated in
a variety of ways at the post-transcriptional level [1,12-16], the

prediction is that additional rpoS-repressing sRNAs would be
needed to cope with stresses imposed on bacteria.

Previous studies have reported that, upon overexpression, mul-
tiple sSRNAs, including CyaR, down-regulate a rpoS-lacZ transla-
tional fusion [4]. CyaR is a cyclic AMP-activated RNA; thus, its
expression is regulated by cAMP-CRP and the CpxA/R two-com-
ponent system [17,18]. CyaR is sigma factor E-dependent and
represses a variety of targets, including ompX, yqaE, nadE, luxS,
yobF and hdeD mRNA [17-21]. Recently, Eric Masse’s group
analysed the targetomes of CyaR using MS2-affinity purification
coupled with RNA sequencing (MAPS) technology, revealing that
additional direct base-pairing target mRNAs (including rpoS
mRNA) for CyaR may exist[21].

RNA sequencing-based experiments employing RIL-seq (RNA
interaction by ligation and sequencing) or MAPS [21,22] have also
identified SRNA-sRNA interaction fragments, implying that
sRNA-sRNA interactions are integrated in SRNA-mediated regu-
latory mechanisms [21,22]. An example of regulation by sRNA-
sRNA interaction is RNA ‘sponges’. RNA sponges were first named
for eukaryotic RNAs that contain sites capable of base-pairing with
target microRNAs and minimizing microRNA-mediated mRNA
repression[23]. Circular RNAs and long noncoding RNAs can also
act as RNA sponges [24,25]. In bacteria, SroC sRNA, which is
produced by mRNA decay from the gltIJKL locus encoding an
amino acid ABC transporter, acts as an RNA sponge for GevB
SRNA. Because gltIJKL mRNA itself is a target of GevB, the GevB/
SroC sponge system forms a feed-forward loop that regulates
amino acid ABC transporters[26]. RIL-seq data[22] revealed the
presence of ArcZ-CyaR interactions. However, the physiological
consequences that might result from ArcZ-CyaR interactions in
cells are not yet known.
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In this study, we determined (i) whether CyaR-mediated rpoS
repression occurs through interaction of CyaR with rpoS mRNA,
and (ii) how CyaR-ArcZ interactions contribute to rpoS regula-
tion. We found that CyaR represses rpoS expression by binding
a region immediately upstream of the ArcZ binding site in the 5'
UTR of rpoS mRNA. CyaR also base-pairs with the short form of
ArcZ. This CyaR-ArcZ interaction triggers degradation of CyaR
by RNase E, alleviating the CyaR-mediated rpoS repression.

Results
Repression of rpoS expression by CyaR

A previous study reported that several SRNAs down-regulate
LacZ expression in a rpoS-lacZ translational fusion when
overexpressed[27]. However, whether repression by each
SRNA occurs through direct targeting of rpoS mRNA has
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remained unclear. Of these putative rpoS-repressing sRNAs,
we focused on CyaR, first examining the rpoS-repressive effect
of overexpressed CyaR. For this purpose, we used PM1409
strain carrying a translational rpoS-lacZ fusion to determine
whether the rpoS translational repression effect occurred upon
overexpression of CyaR. We found that CyaR overexpression
caused a significant reduction in LacZ activity (to ~60% of
controls) in rpoS-lacZ fusion cells (Fig 1A,B). This suggests
that overexpressed CyaR represses expression of rpoS mRNA.

Next, we quantified levels of rpoS-lacZ transcripts and rpoS
mRNA using qRT-PCR (Fig 1C,D). The levels of both rpoS-
lacZ transcripts and rpoS mRNA were reduced to about
50-70% of controls by CyaR overexpression, a result consis-
tent with the reduced level of LacZ activity (Fig 1B).

While the magnitude of CyaR repression on rpoS§ is as low as
30% ~ 40% when it is overexpressed, rpoS-activating sSRNAs
ArcZ, RprA, and DsrA increase rpoS expression by about 20%,
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Figure 1. Repression of rpoS expression by CyaR. (A) Schematic presenting the rpoS-lacZ translational fusion. Pgap, the arabinose-inducible pBAD promoter; +1, the
rpo$ transcription start site; ATG, the rpoS translation start codon. The sequence encoding the 5'-upstream 606 nt of the rpoS mRNA was fused in frame to lacZ. (B-D)
Repression of rpoS by overexpression of CyaR in PM1409 (WT) cells carrying the rpoS-lacZ translational fusion. (B) LacZ activity, (C) rpoS mRNA level, and (D) rpoS-lacZ
mRNA level were measured. mRNA levels were analysed by qRT-PCR and were normalized to rrsA expression. (E-G) rpoS activation in the absence of CyaR. (E) LacZ
activity, (F) rpoS-lacZ mRNA level, and (G) rpoS mRNA level for WT and AcyaR cells were measured. The ratios of LacZ activity, and rpoS-lacZ and rpoS mRNA levels to
those of WT are shown. Values are means + SD; n = 3; **P < 0.01, *P < 0.05; ns, not significant (Student’s t-test, equal variance with the control vector across
expression values). pCyaR, a plasmid overexpressing CyaR; V, vector control; AcyaR, PM1409AcyaR.
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70%, and 80%, respectively, under the same condition[28]. The
magnitude of CyaR repression on other known targets varies
from about 50% to 70% (Fig. S1). Although the CyaR repression
level on rpoS is lower than those on other known repressible
targets, it is marginally comparable to their lowest level.

Rifampicin chase experiments showed that overexpression of
CyaR decreased the half-life of rpoS mRNA (Fig. S2). This result
indicates that the repressive effect of CyaR on rpoS is mainly
caused by degradation of rpoS mRNA. We examined whether
RNase E, a key regulator of RNA metabolism [29-32], is
involved in CyaR-mediated rpoS mRNA degradation using
RNase E temperature-sensitive cells (rne”). To this end, we
analysed rpoS mRNA levels following overexpression of CyaR
in rne” cells (Fig. S3). We found that CyaR was not able to
degrade rpoS mRNA at nonpermissive temperatures, suggesting
that RNase E is crucial for CyaR-mediated rpoS degradation.

We also examined rpoS expression levels in a mutant strain
lacking CyaR. In these experiments, we measured LacZ activ-
ity and rpoS-lacZ transcript levels generated by the rpoS-lacZ
fusion, as well as endogenous rpoS mRNA levels. Compared
with the WT strain, all three values were significantly
increased in AcyaR cells (Fig 1E-G). This suggests that chro-
mosomally expressed CyaR, like overexpressed CyaR, also
participates in rpoS repression.

Structural mapping of the CyaR-rpoS mRNA interaction

To identify CyaR binding sites on the rpoS sequence, we
performed RNA footprinting using lead acetate. For this pur-
pose, we used the 284-nt rpoS301 leader sequence[33]. In the
presence of CyaR, we observed protection of rpoS mRNA from
nucleotides 434 to 449 relative to the transcription start site.
The protected site, which matches the pairing site for CyaR-
rpoS mRNA interaction predicted by IntaRNA software[34], is
located immediately upstream of the binding region for rpoS-
activating sRNAs (Fig 2). Although another protected region
from nucleotides 342 to 349 was observed, it probably results
from the change of the secondary structure of rpoS mRNA by
binding to CyaR because potential binding sites do not exist in
this region. In addition, we also found that the region of
nucleotides 449 to 460 became more vulnerable to PbAc clea-
vage, suggesting that this enhanced cleavage is due to the
structural change of rpoS mRNA (Fig 2A).

To validate the CyaR-rpoS mRNA interaction in vivo, we
mutated a C nucleotide at nucleotide 26 in the potential
binding site of CyaR (Fig 2B). This C-to-G point mutation
in CyaR suppressed CyaR-mediated rpoS repression (Fig 2C).
A Northern blot analysis showed that the mutated CyaR was
expressed at almost the same level as wild-type CyaR (Fig. $4),
suggesting that the suppression of rpoS repression was not
attributable to a decrease in the level of CyaR, but instead was
caused by a loss of the interaction between CyaR and rpoS
mRNA. To further confirm the CyaR-rpoS mRNA interaction,
we introduced a G-to-C compensatory mutation at nucleotide
442 of rpoS mRNA in the rpoS-lacZ fusion. This G-to-C
mutation also mildly suppressed rpoS repression by the wild
type CyaR, but slightly restored the ability of the mutant CyaR
to repress rpoS expression (Fig 2C). The G-to-C mutation at
nucleotide 442 of rpoS mRNA disrupts a base-pair in

a structural model of the full-length rpoS leader, which
could affect the secondary structure by disrupting the 411-
417/570-576 stem. We observed that LacZ activity from the
rpoSm-lacZ fusion was increased by 20%, suggesting that the
disruption of this stem causes rpoS activation. However, the
mutant rpoS-lacZ fusion was activated by rpoS-activating
SRNA ArcZ, DsrA or RprA and the increase of LacZ activity
by rpoS-activating sRNAs in mutant cells was similar with
that in wild type cells, suggesting that the rpoS mutation
affects binding to CyaR, but binding to ArcZ, DsrA and
RprA (Fig. S1A). On the other hand, the C-to-G mutation at
nucleotide 26 of CyaR did not significantly affect a secondary
model structure of CyaR. Furthermore, the mutant CyaR was
effectively able to repress other known CyaR target genes (Fig.
S1B). It seems likely, therefore, that the weak restoration
effects of the mutations both in rpoS mRNA and CyaR is
due to the rpoS mutation that could affect the secondary
structure of the rpoS mRNA. Altogether, these results suggest
that base-pairing between CyaR and rpoS is responsible for
rpoS repression by CyaR.

Hfq dependence of CyaR-mediated rpoS repression

Since CyaR is an Hfq-dependent sRNA, we examined whether
CyaR-dependent rpoS repression is Hfq dependent by measur-
ing rpoS mRNA levels by qRT-PCR in Ahfg cells overexpres-
sing CyaR and in AcyaRAhfq double mutant cells. Interestingly,
both WT and Ahfq cells showed similar reductions in the levels
of rpoS mRNA upon CyaR overexpression, even though CyaR
expression was decreased in the absence of Hfq (Fig 3A,C). In
contrast, there was no further activation of rpoS by AcyaR
mutation in Ahfq cells (Fig 3B), suggesting that endogenous
CyaR cannot repress rpoS in Ahfq mutant cells. The failure of
the rpoS repression in Ahfg mutant cells seems to be due to
extremely low levels of CyaR (Fig 3C) in the absence of Hfq
rather than the Hfq requirement for the CyaR-mediated rpoS
repression, which is reminiscent of Hfq effects of DsrA on rpoS
activation[28]. Therefore, it is likely that CyaR-mediated rpoS
repression occurs in an Hfg-independent manner, despite the
fact that the stability of CyaR is Hfq-dependent.

Post-transcriptional down-regulation of CyaR by ArcZ

Results of RIL-seq using Hfq[22] suggest that ArcZ and CyaR
interact. We hypothesized that ArcZ and CyaR regulate each
other’s expression and that this regulation also contributes to
rpoS regulation.

To test this, we examined CyaR in arcZ-mutant cells and ArcZ
in cyaR-mutant cells, analysing their levels in cells at different
growth time points. CyaR levels were increased at all time points
examined in the absence of ArcZ (Fig 4A), whereas ArcZ levels
were not significantly changed in the absence of CyaR (Fig 4B).
The fold increase in CyaR levels in arcZ-mutant cells was largest at
the time point (6 h) at which ArcZ was normally highly expressed.
These results suggest that ArcZ down-regulates CyaR expression,
but CyaR does not affect ArcZ expression.

We further investigated how ArcZ affects CyaR expression.
To this end, we constructed a transcriptional cyaR-lacZ fusion
strain  (cyaR+10-lacZ) and examined whether ArcZ
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Figure 2. Probing of rpoS mRNA-CyaR interactions. (A) Probing of 5' end-radiolabeled rpoS301 by lead acetate (PbAc) in the presence or absence of CyaR. OH,
alkaline ladders; T1, RNase T1 ladders. The numbers to the left indicate G-nucleotide positions with respect to the +1 position relative to the rpoS transcription start
site. Regions on rpoS mRNA that revealed significant increases or decreases in PbAc cleavage are indicated by bars on the right of the figure. (B) The base-pairing
region between CyaR and rpoS mRNA. The C-to-G mutation at position 26 of CyaR is indicated by CyaRm, and the compensatory mutation at position +442 relative to
the rpoS transcription start site in PM1409 is indicated by rpoSm. (C) Plasmids pCyaR and pCyaRm expressing CyaR and CyaRm, respectively, were introduced into
strains PM1409 and PM1409m containing the compensatory mutation in rpoS. LacZ activity of each strain was measured and fold changes compared to the vector
control (pHMB1) are shown. In (C), values are means + SD; n = 3; ***P < 0.001, *P < 0.05 by Student’s t-test. rpoS, PM1409; rpoSm, PM1409m.

overexpression affects LacZ activity (Fig 4C). LacZ activity was
not changed upon ArcZ overexpression (Fig 4D), suggesting
that ArcZ does not affect CyaR expression at the transcriptional
level, but possibly does at the post-transcriptional level.

Degradation of CyaR through interaction with ArcZ

Since ArcZ is present as the full-length SRNA (ArcZy) and the
short form (ArcZ), we examined which form of ArcZ interacts
with CyaR. For this purpose, we performed RNA-RNA electro-
phoretic mobility shift assays (EMSAs). We found that ArcZ
bound to CyaR to form an ArcZ;-CyaR complex with Kd of
~20 nM, whereas ArcZ¢ did not (Fig 5A-C). However, Hfq did
not facilitate ArcZ-CyaR complex formation, suggesting that
Hfq had little effect on ArcZ-CyaR interaction (Fig 5A,C).

To identify base-pairing regions between ArcZ; and
CyaR, we probed the structures of CyaR with lead acetate
in the presence of ArcZs in vitro. We observed protection
of CyaR nucleotides 34 to 39 in the presence of ArcZs.
However, a CyaR mutant with the CA-to-GT mutation at
nucleotides 36 and 37 of CyaR failed to bind to ArcZ (Fig
5D). This protected region is in accord with the pairing
site predicted by IntaRNA software (Fig 5E)[35].

To address the involvement of the ArcZ-CyaR interaction in
CyaR degradation in vivo, we designed a two-plasmid system in
which plasmids pACyaR (for CyaR expression) and pArcZ (for
ArcZ expression) were introduced into the cells. Introduction of
a UG-to-AC mutation at nucleotides 72 and 73 of ArcZ in pArcZ,
which would disrupt interaction with CyaR, substantially
increased the level of CyaR (Fig 6). This increase in CyaR levels
was reduced by a compensatory CA-to-GU mutation at



180 W. KIM AND Y. LEE

A
0.00018 -

0.00016 -
0.00014 - [
0.00012 J
0.0001 -
0.00008 - T .
0.00006 -
0.00004 -
0.00002 -
0

OV OpCyaR

Relative rpoS mRNA level
—

WT Ahfq

vs]

0.00035 - OWT OAcyaR
0.0003
0.00025 -

0.0002

HH

HH

0.00015 -
0.0001 -
0.00005 -

0

HH

Relative rpoS mRNA level
HH

WT Ahfq

WT Ahfq

pCyaR
pCyaR

>

- ‘I.'

CyaR

> - - - -

Relative RNA 100
level (%)

480 0 65

Figure 3. Hfg-independent rpoS repression by CyaR. The rpoS mRNA levels upon
CyaR overexpression (A) and the AcyaR mutation (B) in Ahfq cells. The rpoS
mRNA levels were measured by qRT-PCR and normalized to rrsA expression.
Values are means + SD; n = 3; ***P < 0.001, **P < 0.01 by Student's t-test. (C)
CyaR levels were measured by Northern blot analysis. CyaR was probed with an
anti-CyaR oligonucleotide; 55 rRNA is shown as a loading control. CyaR RNA
quantities are expressed relative to vector controls for each strain. The spliced
image from the same Northern blot membrane is shown with a dividing line
inserted between spliced lanes. WT, PM1409; Ahfq, PM1409Ahfq; AcyaRAhfq,
PM1409AcAh; V, vector control.

nucleotides 36 and 37 of CyaR in pACyaR, showing that the
compensatory mutation restored the ability of the ArcZ mutant
to reduce the level of CyaR (Fig 6).

We also performed RNA-RNA EMSA using the ArcZ
mutant and the compensatory CyaR mutant. The CyaR mutant
bound to the ArcZ mutant with Kd of ~200 nM, but not to the
wild-type ArcZ, whereas the wild type CyaR did not bind to the
ArcZ mutant (Fig. S5A-D). When probed with lead acetate,
nucleotides 34 to 39 of the CyaR mutant were protected by
the ArcZ mutant, but not the wild-type ArcZ (Fig. S5E).

Altogether, these results suggest that CyaR degradation by
ArcZ is attributable to base-pairing between CyaR and ArcZ.

RNase E-dependent degradation of CyaR by ArcZ

Since the endoribonuclease RNase III cleaves double-stranded
RNA regions in E. coli [32,36-38], we examined how CyaR
expression is changed by ArcZ overexpression, and vice versa,
in rnc” cells lacking RNase III. Expression of ArcZ and CyaR
was not significantly changed by overexpression of CyaR and
ArcZ, respectively (Fig. S6), suggesting that RNase III is not
involved in ArcZ-mediated CyaR degradation.

Finally, we examined whether RNase E is involved in this
process using RNase E temperature-sensitive cells (rne®). To this
end, rne* and rne” cells were transformed with pArcZ or control
vector.We analysed CyaR levels following overexpression of ArcZ
and measured ArcZ levels following overexpression of CyaR (Fig
7). We observed that CyaR levels were higher with vector controls
in both rne* and rne® cells at 42°C than at 30°C, suggesting CyaR
expression is highly dependent on growth condition. Importantly,
CyaR accumulated at 42°C upon ArcZ overexpression, whereas
the level of ArcZ was not changed by CyaR overexpression. The
accumulation of CyaR upon ArcZ overexpression at 42°C declined
compared with vector controls. This decline in CyaR levels could
be explained by the difference of the growth condition. During
15 min-IPTG induction at 30°C before shift to 42°C, CyaR in rne®
cells could be degraded by overexpressed ArcZ, resulting in
a decline in CyaR levels. Altogether, the results suggest that
RNase E is required for ArcZ-mediated degradation of CyaR.

Translational regulation of rpoS by ArcZ-CyaR interaction

We examined whether ArcZ-CyaR interaction actually affects rpoS
regulation in vivo. To analyse CyaR-mediated rpoS repression
when ArcZ is lacking, we compared the increase of LacZ activity
of the rpoS-lacZ fusion by the cyaR deletion in the AarcZ cells with
that in the WT cells. We found that the cyaR deletion increased the
LacZ activity more in AarcZ cells than in WT cells (Fig 8A) because
AarcZ cells would lose not only rpoS activation but also cyaR
repression.

We also compared rpoS activation upon ArcZ overexpres-
sion in WT and AcyaRcells. We found that when ArcZ is
overexpressed, AcyaR cells caused less ArcZ-mediated rpoS
activation than WT cells (Fig 8B). The less ArcZ-mediated
activation would be due to the absence of ArcZ-mediated
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cells were sampled from the cultures at specific time intervals, and total cellular RNA was isolated. Cellular levels of CyaR and ArcZ were analysed by Northern blotting.
(A) Cellular levels of CyaR were measured in WT and AarcZ cells during growth. CyaR was probed with an anti-CyaR oligonucleotide; 5S rRNA was detected as a loading
control. (B) Cellular levels of ArcZ were measured in WT and AcyaR cells during growth. ArcZ was probed with an anti-ArcZ oligonucleotide; 55 rRNA was detected as
a loading control. ArcZ;, full-length form of ArcZ; ArcZ;, short form of ArcZ. In (A) and (B), the spliced image from the same Northern blot membrane is shown with
a dividing line inserted between spliced lanes. (C) Schematic representation of the cyaR-lacZ transcriptional fusion (cyaR+10-lacZ). TSS, transcription start site of CyaR.
A sequence from —100 to +10 with respect to the transcription start site of CyaR was fused to lacZ mRNA. (D) Cells carrying the cyaR-lacZ transcriptional fusion were
transformed with the plasmid, pArcZ, and LacZ activity was measured. Values are means + SD; n = 3; ns, non-significant by Student’s t-test; V, vector control.

cyaR repression. Altogether, the results suggest that CyaR-
mediated rpoS repression is affected by ArcZ in vivo.

Discussion

In this study, we demonstrate that CyaR degrades rpoS mRNA
by base-pairing with a region next to the ArcZ binding site in
the 5" UTR of rpoS mRNA, suggesting that CyaR is a rpoS-
repressing SRNA. CyaR also interacts with the rpoS-activating
SRNA, ArcZ. The short form of ArcZ, but not the full-length
form, base-pairs with CyaR, and this ArcZ-CyaR interaction
leads to degradation of CyaR and relieves rpoS repression by
CyaR (Fig 9A).

CyaR is down-regulated by CpxR, which binds the promoter
region of CyaR[39]. The CpxA/R two-component system is
a complex control system that has been shown to be activated
by alkaline pH shock, metal, surface adhesion, and high salt

concentration[40]. In addition, genes closely involved in pH
homoeostasis, such as grcZ, focA and mgrB, were predicted as
targets of CyaR[21]. Here, we showed that CyaR acts as an
antisense SRNA to down-regulate rpoS expression, which
increases not only under general stress conditions, but also
under acidic stress[1]. Therefore, CyaR appears to be involved
in cellular regulation of more diverse stress responses.

We found that CyaR-mediated rpoS repression occurs in
an Hfg-independent manner in the context of CysR over-
expression. However, CyaR levels are very low in the absence
of Hfq. Therefore, it is likely that CyaR itself can repress rpoS
expression without Hfq, although Hfq is required for CyaR
stabilization, as exemplified by rpoS activation by DsrA[28].

Both ArcZ and CyaR target rpoS mRNA while simulta-
neously interacting with each other. This interaction induces
CyaR decay via an RNase E-dependent route (Fig 9B) and
would maximize rpoS activation by ArcZ. Degradation of
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CyaR by ArcZ manifests in the form of ArcZ acting as
a sponge for CyaR. Since SroC sRNA is known to function
as a sponge for GecvB sRNA[26], and additional putative
sRNA-sRNA interactions are predicted by RIL-seq data[22],
it is likely that there are many other sSRNA-sRNA interactions
that modulate cellular metabolism in E. coli. Since the ArcZ-
CyaR-interacting region corresponds to the rpoS binding sites
of the respective SRNAs[4], there may be competition between
sRNA-target mRNA interaction and sSRNA-sRNA interaction,
which could also contribute to fine-tuning of rpoS expression.

It was previously reported that CyaR and RprA, another
rpoS-activating sRNA [7,8], down-regulate the same target
gene, hdeD, through different mechanisms: CyaR induces
degradation of hdeD mRNA, whereas two molecules of
RprA block hdeD translation initiation[21]. Since our study
showed that CyaR acts as an rpoS-repressing sSRNA, a pair of
CyaR and RprA sRNAs could also participate in fine-tuning
rpoS expression.

ArcZ expression is suppressed by ArcA under anaerobic
conditions[4], where ATP is synthesized by anaerobic
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after a 1/100 dilution of the culture (grown at 37°C) and the culture was further incubated for 2 h. Cellular levels of CyaR and ArcZ were measured by Northern blot
analysis; 55 rRNA was detected as a loading control. V, vector control; CyaR, pACyaR (a derivative of pAKA); CyaRya, PACyaRma (a derivative of pAKA); ArcZ, pArcZ (a

derivative of pHMB1); ArcZc, pArcZnc (a derivative of pHMB1).

respiration. Anaerobic respiration can oxidize NADH to
NAD" in the absence of oxygen, but the efficiency of this
pathway is less than that of aerobic respiration. Therefore,
cells may need less NAD" under anaerobic conditions. NAD
synthetase, encoded by the CyaR target gene nadE, is an
essential enzyme involved in both de novo biosynthesis and
salvage of NAD™ [41-43]. Because CyaR is the only sSRNA that
represses nadE mRNA expression at the post-transcriptional
level, anaerobic down-regulation of ArcZ could increase
CyaR-mediated nadE repression by increasing CyaR levels.
CyaR regulation via ArcZ-CyaR interactions may be involved
in modulating the amount of NAD synthetase during the
transition from aerobic to anaerobic metabolism.

In summary, this study shows that (i) CyaR represses rpoS
expression by directly interacting with rpoS mRNA, and (ii)
the rpoS-activating SRNA ArcZ base-pairs with CyaR and
degrades it in an RNase E-dependent manner. Our results
suggest that ArcZ not only participates in rpoS translation as
an activator, but also acts as a regulator of CyaR, maximizing
its rpoS-activating effect. This coordinate regulation of rpoS
by sRNA-sRNA interactions could contribute to the fine-
tuning of rpoS expression to enable cells to more effectively
cope with stresses.

Material and methods
Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in
Table S1. E. coli strain PM1409 carrying a rpoS-lacZ transla-
tional fusion was a gift from Dr. S. Gottesman. PM1409AcyaR,
PM1409AarcZ, PM1409AcyaRAhfq (a cyaR™ and hfq~ double

mutant), and PM1409AcyaRAarcZ (a cyaR™ and arcZ™ double
mutant) were obtained by P1 transduction [44-46] using the
relevant mutant strains [47,48]. PM1409AcyaRAhfg and
PM1409AcyaRAarcZ were constructed by removing the FRT-
flanked kanamycin cassette in PM1409AcyaR using the Flp
recombinase from pCP20 plasmid[49] and introducing
the second AarcZ mutation and Ahfq mutation by P1 trans-
duction, respectively[50]. The G-to-C mutation at position
+442 relative to the rpoS transcription start in the rpoS-lacZ
translational fusion was generated using scarless mutagenesis,
as described previously[51]. A strain carrying the cyaR-lacZ
transcriptional fusion (cyaR+10-lacZ) was also constructed as
described previously[50]. Briefly, a cyaR promoter-containing
fragment (—100 to +10 relative to the cyaR transcription start)
was cloned into the EcoRI and BamHI sites of the pRS1553
vector, and the resulting recombinant plasmid was introduced
into E. coli strain DH408. A lysogen strain carrying the rpoS-
lacZ transcriptional fusion was constructed using ARS468.
RNA expression vectors pHMB1 and pAKA, derived from
pBR322 and pl5A, respectively, were used to generate CyaR-
or ArcZ-expressing plasmids, as described previously[52]. The
oligonucleotides employed are listed in Table S2.

LacZ activity assay

Three colonies for each strain were cultured overnight in LB
medium, then overnight cultures were diluted 1:100 and
grown in fresh medium. Where necessary, ampicillin
(100 ug/ml) or both ampicillin (100 pug/ml) and tetracycline
(10 pg/ml) were added to the medium to maintain plasmid-
bearing cells. For cyaR-lacZ transcriptional fusion-containing
cells, 0.1 mM IPTG (isopropyl p-D-1-thiogalactopyranoside)
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Figure 8. Translational regulation of rpoS by CyaR-ArcZ interaction in vivo. (A) Overnight cultures of PM1409 (WT), AcyaR, AarcZ, or AcyaRAarcZ were diluted 1:100 in
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was added 3.5 h after diluting, and the culture was further containing cells, 0.002% arabinose and IPTG were added at
incubated for 0.5 h. For rpoS-lacZ translational fusion- 2 h and 3.5 h, respectively, and the culture was incubated for
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an additional 0.5 h. LacZ activity was assayed as described
previously[53]. At least three independent measurements
were made for each strain.

Northern blot analysis

Cells were grown as described in the LacZ activity assay section,
above. Total cellular RNA was extracted from the culture using
acidic hot phenol, as described previously[54]. Total RNA (10 pg)
was fractionated on a 7 M urea, 5% polyacrylamide gel, and
electrotransferred onto a Hybond-XL membrane (Amersham
Biosciences), as previously described[55]. The membrane was
hybridized with **P-labelled DNA probes in Rapid-Hyb buffer
(Amersham Biosciences) according to the manufacturer’s

instructions. Hybridization signals were analysed using an
FLA7000 Image Analyser (Fuji). The utilized probes are listed in
Table S2.

RNA stability assay

Three colonies for each strain were cultured in LB medium
containing ampicillin (100 pg/ml) at 37°C, and the overnight
culture was diluted to 1:100 and cultured with the fresh
medium. Arabinose (0.002%) and 0.1 mM IPTG were added
at 2 h and 3 h 50 min, respectively, and the culture was
incubated further for 10 min. Transcription were halted by
the addition of rifampicin (a final concentration of 500 pg/ml)
and aliquots of the culture were sampled at intervals. Total
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cellular RNAs were prepared and subjected to Northern blot
analysis or qRT-PCR.

In vitro transcription

CyaR, rpoS301 carrying the 284-nt rpoS leader sequence[33],
the full-length form of ArcZ, and the short form of ArcZ were
prepared by in vitro transcription. DNA templates were
obtained by polymerase chain reaction (PCR) using appro-
priate primer pairs (Table S2), and in vitro transcription was
carried out using T7 RNA polymerase (Promega). RNA tran-
scripts were gel-purified, as described[53].

Quantitative reverse transcription-PCR (qRT-PCR)

Total cellular RNA was treated to remove any DNA contami-
nants using a TURBO DNA-free Kit (Ambion). cDNA was
synthesized from DNase-treated RNA using a SuPrimeScript
RT-PCR premix (Genet Bio) and amplified with SuPrimeScript
qRT-PCR Premix (Genet Bio) on a Bioneer Exicycle 96 Real-
Time Quantitative Thermal Block (Bioneer). Primer pairs spe-
cific to the lacZ OREF, rpoS OREF, or rrsA mRNA were used for
qRT-PCR (Table S2).

Electrophoretic mobility shift assay (EMSA)

The Hfq protein was purified as described previously[56]. All
purified RNAs were renatured by heating for 1 min at 95°C
and slowly cooling to 25°C. CyaR (2 nM), labelled at the 5’
end with **P, was incubated with increasing amounts of ArcZ
transcripts for 20 min at 25°C in 20 pl TMN buffer [100 mM
Tris-acetate pH 7.6, 500 mM NaOAc, 25 mM Mg(OAc),][57]
in the presence or absence of 0.1 uM Hfq. The reaction was
stopped by adding 1/6™ volume of non-denaturing loading
buffer (0.025% xylene cyanol, 2% glycerol, 1X TBE), after
which reaction mixtures were analysed on 5% non-denaturing

polyacrylamide gels at 4°C.

RNA footprinting

All purified RNAs were renatured as described in the EMSA
section, above. **P-labelled rpoS301 and CyaR (20 nM each)
were incubated with 500 nM CyaR in 10 pl annealing buffer
(250 mM Tris-HCI pH7.5, 1.25 M NaCl, 1.25 M KCI)[58] and
500 nM ArcZ in 10 pl TMN buffer, respectively, for 20 min at
25°C. Then, 20 mM lead acetate was added, followed by
incubation at 25°C for 15 min in 20 pl of 1x structure buffer
(Ambion). Reactions were stopped by adding 1 pl of 0.5 M
EDTA and 20 pl of 2x RNA dye. The same **P-labelled
rpoS301 and CyaR were separately incubated for 5 min at
95°C in alkaline buffer or 15 min at 25°C with ribonuclease
T1 (0.1 U; Ambion) to generate alkaline (OH) and T1 ladders,
respectively. Cleavage products were heated at 95°C for 3 min
and analysed on a 4% (for rpoS301) or 7% (for CyaR)
polyacrylamide-9 M urea sequencing gel.
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