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Abstract

Small RNAs (sRNAs) and riboswitches represent distinct classes of RNA regulators that control gene expression upon sensing metabolic or
environmental variations. While sRNAs and riboswitches regulate gene expression by affecting mRNA and protein levels, existing studies have
been limited to the characterization of each regulatory system in isolation, suggesting that sRNAs and riboswitches target distinct mRNA
populations. We report that the expression of btuB in Escherichia coli, which is regulated by an adenosylcobalamin (AdoCbl) riboswitch, is also
controlled by the small RNAs OmrA and, to a lesser extent, OmrB. Strikingly, we find that the riboswitch and sSRNAs reduce mRNA levels through
distinct pathways. Our data show that while the riboswitch triggers Rho-dependent transcription termination, sRNAs rely on the degradosome
to modulate mRNA levels. Importantly, OmrA pairs with the btuB mRNA through its central region, which is not conserved in OmrB, indicating
that these two sRNAs may have specific targets in addition to their common regulon. In contrast to canonical sSRNA regulation, we find that
OmrA repression of btuB is lost using an mRNA binding-deficient Hfqg variant. Together, our study demonstrates that riboswitch and sRNAs
modulate btuB expression, providing an example of cis- and trans-acting RNA-based regulatory systems maintaining cellular homeostasis.
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Introduction

Bacteria adapt to environmental changes by modulating gene

tion initiation or mRNA decay (3). In several cases, metabo-
lite binding to riboswitches has been shown to affect multiple

expression at the mRNA and protein levels (1,2). Non-coding
RNAs are involved in multiple bacterial regulatory processes
and have been shown to be crucial actors in adaptive re-
sponses (2). Among these, riboswitches are RNA regulators
often located in the 5" untranslated region (5’ UTR) that mod-
ulate gene expression by undergoing structural changes (3,4).
These metabolite-binding RNA regulators control gene ex-
pression at the levels of transcription termination, transla-

regulatory processes, suggesting that these RNA elements or-
chestrate complex regulatory pathways. For example, lysine
binding to the lysC riboswitch downregulates gene expres-
sion both by directing RNase E cleavage of lysC mRNA and
by inhibiting translation initiation (5). Furthermore, the lysC
riboswitch was recently shown to modulate Rho-dependent
transcription termination (6-8), indicating that the lysine ri-
boswitch may control at least three regulatory processes to
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ensure tight genetic regulation. Another example of multi-
ple mechanisms involved in genetic regulation was also char-
acterized in Corynebacterium glutamicum where the flavin
mononucleotide (FMN) riboswitch controls both RNase E/G
cleavage activity and Rho-dependent transcription termina-
tion (9). Although such complex systems involving multiple
regulatory factors are expected to be largely used by bacteria,
relatively few studies address how they are coordinated dur-
ing the regulation process, i.e. whether regulatory activities
are performed independently or if they require any hierarchi-
cal order to achieve a timely and appropriate regulation.

Small RNAs (sSRNAs) are regulatory elements that are often
involved in cellular adaptative responses (2). In contrast to ri-
boswitches, SRNAs typically control gene expression through
intermolecular base pairing with targeted mRNAs and may in-
volve an RNA chaperone, such as ProQ or the Sm-like protein
Hfq, to facilitate mRNA recognition (10-13). sSRNAs control
transcription termination, translation initiation and mRNA
degradation by recognizing sequences located in untranslated
or coding regions (2). Because sSRNAs often bind mRNA se-
quences using limited base pairing complementarity, this al-
lows for a given sRNA to regulate multiple mRNA targets,
thereby enabling a global regulatory response. Surprisingly, al-
though both riboswitches and sSRNAs mostly modulate gene
expression by targeting mRNA untranslated regions, or early
coding sequence, evidence for both effectors controlling the
expression of the same mRNAs is lacking, entailing that sR-
NAs and riboswitch regulatory mechanisms may be mutually
exclusive and that they might target globally different mRNA
populations.

The Escherichia coli btuB riboswitch regulates the syn-
thesis of the BtuB membrane transporter that mediates the
influx/efflux of corrinoids such as vitamin By, (14,15). Upon
binding to adenosylcobalamin (AdoCbl)—one of the active
forms of vitamin Byj,—the AdoCbl riboswitch prevents btuB
translation initiation by sequestering the Shine-Dalgarno (SD)
sequence in a stem-loop structure (Figure 1A) (6,16-18). A pu-
tative attenuator at the beginning of the coding sequence was
found to be required for transcriptional repression (19,20),
suggesting that mRNA levels are repressed as a consequence of
translation inhibition. Importantly, previous microarray data
(21) suggested that bruB expression is also repressed by two
highly similar sSRNAs, OmrA and OmrB, whose genes are lo-
cated adjacently to each other within the aas and galR inter-
genic region in E. coli (Figure 1A) (21). These sSRNAs have
nearly identical 5" and 3’ ends (Supplementary Figure S1A)
and are predicted to exhibit specific secondary structures
(Supplementary Figure S1B). They are negative regulators of
genes encoding outer membrane proteins and proteins in-
volved in biofilm formation and cell motility (21-27). All of
the previously validated targets are regulated through binding
of the conserved 5" end region of OmrA/B to their mRNAs.
Overall, OmrA and OmrB appear to be important for restruc-
turing the bacterial surface in acidic or high osmolarity envi-
ronments, i.e. in conditions where they are expressed through
transcriptional control by the EnvZ-OmpR two-component
system (21,28,29). Like several known OmrA /B-targets such
as cirA, fecA and fepA, btuB encodes a TonB-dependent re-
ceptor. However, there are currently no available data show-
ing whether OmrA and OmrB directly or indirectly regu-
late btuB expression and how their cellular function might
be coordinated with the regulatory activity of the AdoCbl
riboswitch.
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Here, we characterize the genetic regulation exerted by the
AdoCbl riboswitch and OmrA/OmrB on btuB expression.
Our data indicate that btuB is repressed by OmrA—and to
a lesser extent by OmrB—at the level of translation by pro-
moting binding of the Hfq chaperone to the btuB translation
initiation region. This SRNA control of btuB is not only inde-
pendent of the riboswitch regulation but also occurs via a dis-
tinct mechanism, even though both regulators primarily target
btuB translation initiation. To our knowledge, our study pro-
vides the first example of a mechanism where the regulation
of gene expression is achieved through both riboswitch and
sRNA control.

Materials and methods

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are described
in Supplementary Table S1. Cells were grown in M63 mini-
mal medium containing 0.2% glucose for experiments where
AdoCbl concentration was adjusted (Figures 1 and 2),in CAG
medium (minimal A salts (30), 0.5% (w/v) glycerol, 0.25%
(w/v) casamino acids, 1 mM MgSOy) for fluorescence mea-
surements (Figure 5), or in LB for other experiments. These
media were supplemented with antibiotics, AdoCbl, arabi-
nose or IPTG as needed (see Supplementary Information for
details).

Gene fusions to lacZ or mScarlet reporters were constructed
by recombineering using recipient strains carrying a mini-A-
Tet and a cat-sacB allele upstream of the lacZ or mScarlet
genes. These recipient strains are PM 1205 (for construction of
Ppap-driven lacZ fusions), MG1508 (P 0-1-driven lacZ fu-
sions), OK868 (Py;0.1-driven lacZ fusions in the AlacY::FRT
context) and OKS510 (mScarlet fusions). Deletions of omrA,
omrB or both were made by recombineering of a kanamycin-
resistance cassette, nptl, into the omr loci; these mutations,
as well as Abfq and rnel31 alleles, were moved by P1 trans-
duction as necessary. The different bfg point mutants were
obtained from D. Schu and N. Majdalani (NIH, Bethesda)
and moved by P1 transduction as described in Supplementary
Information.

OmrA and OmrB sRNAs were overproduced from ei-
ther pNM12- or pBRplac-derivative plasmids, where their
expression is under the control of an arabinose- or IPTG-
inducible promoter, respectively. Mutations were introduced
into the pBRplacOmrA plasmid by amplification with mu-
tagenic primers, Dpnl digestion, transformation into NEB-5
lacl9 strains, and sequencing of the resulting plasmids.

The sequences of DNA oligonucleotides used in this study
are in Supplementary Table S2.

[3-Galactosidase assays

The B-galactosidase activity of transcriptional or translational
btuB-lacZ fusions expressed from a Pgap promoter (Figure 2)
was measured in kinetic assays as previously described (5).
Briefly, a bacterial culture was grown overnight in M63 0.2%
glycerol minimal medium and was diluted 50-fold into fresh
medium, which was then incubated at 37°C until an ODgg
of 0.1 was obtained. Arabinose (0.1%) was then added to in-
duce the expression of lacZ constructs. AdoCbl (5 uM) and/or
IPTG (1 mM) to allow OmrA/B induction from a pBR plas-
mid was added when indicated. When using bicyclomycin
(BCM; 25 pg/ml), assays were performed in 3 ml of culture
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Figure 1. The OmrA and OmrB sRNAs regulate the expression of btuB. (A) Genomic location of the btuB riboswitch and OmrA/B. The left inset shows
the ON and OFF riboswitch states when free or bound to adenosylcobalamin (AdoCbl), respectively. While the OFF state prevents translation initiation
by sequestering the Shine-Dalgarno (SD) region, the ON state allows efficient translation by releasing the SD sequence through the formation of a helix
formed by anti-SD (blue) and anti-anti-SD (yellow) sequences. OmrA and OmrB are shown in red and blue, respectively. (B-D) Northern blot analysis of
btuB mRNA levels when expressing OmrA or OmrB. The experiments were performed in E. coli wild-type (WT) (B), Ahfqg (C) and rne1317 (D) strains.
Total RNA was extracted at the indicated times immediately before (0) or (2, 5, 7 and 10 min) after induction of OmrA or OmrB with 0.1% arabinose.
pNM12 is the empty vector control used in these experiments. Specific probes were used to detect btuB, OmrA or OmrB. The 16S and 5S rRNA were
used as loading controls when monitoring the expression of btuB or OmrA/B, respectively. (E) Northern blot analysis of btuB mRNA levels in the WT,
Ahfqand rne131 E. coli strains, after the addition of 5 uM AdoCbl. The 16S rRNA was used as a loading control.

media. The B-galactosidase activity of other lacZ fusions (Fig-
ure 4 and Supplementary Figure S6) was measured using a
standard Miller assay. Briefly, an overnight culture was diluted
500-fold in fresh LB-Tet-IPTG 100 uM medium and cells were
grown to mid-exponential phase. Next, 200 ul aliquots were
then mixed with 800 ul of Z buffer, and the activity was mea-
sured as previously described (31) after cells were lysed with
chloroform and SDS.

Northern blots analysis

Total RNA was extracted from cells grown to midlog phase
as described in the previous paragraph using the hot phe-
nol method as in (32). When cells were grown in LB, 650
ul of cell culture were directly mixed with phenol, while cells
grown in M63 or CAG were first resuspended in the same vol-
ume of sterile water and then mixed with phenol. After one
phenol/water and two phenol/chloroform extractions, RNA
was precipitated and resuspended in water. A constant amount
of total RNA was fractionated on 1% agarose gel and trans-

ferred by capillarity onto an Hybond N+ (Amersham) mem-
brane to detect btuB mRNA. For detecting OmrA, OmrB and
Spot42 sRNAs, total RNA was separated on a 5% polyacry-
lamide gel and electro-blotted to an Hybond N + membrane.
A radiolabeled probe was used to detect btuB mRNA and
OmrA/B sRNAs in Figure 1 as in (5) and biotinylated probes
were used to detect OmrA, OmrB or Spot42 in Figures 4 and
5 as previously described (235).

mScarlet fluorescence assays

The protocol for fluorescence measurement is detailed in
the Supplementary data and the mScarlet locus is shown in
Supplementary Figure S15. Briefly, a saturated culture was di-
luted 500-fold in 200 uL of CAG medium supplemented with
tetracycline and IPTG 250 uM in a dark 96-well plate with
clear bottom. Wells were then covered with 50 ul of mineral
oil and bacterial growth and fluorescence were followed ev-
ery 12 min during a 16 h kinetic where the plate was incu-
bated at 37°C with shaking at 500 rpm in a CLARIOstar Plus
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Figure 2. sRNAs and riboswitch regulation rely on different regions of the btuB mRNA. (A) Schematics showing the btuB gene with the location of the
OmrA binding site (top) and translational (bottom left) and transcriptional (bottom right) fusions containing various lengths of btuB coding region (btuB’).
An arabinose inducible (Pgap) or a constitutive (P e0.1) promoter was used to express the constructs. The Shine-Dalgarno (SD) and AUG are indicated.
(B-D) [3-galactosidase assays of translational (trL) BtuB-LacZ and transcriptional (trX) btuB-lacZ fusions in the presence of OmrA (B), OmrB (C) or AdoCbl
(D). The number of nucleotides of the btuB CDS is indicated for each construct. Values were normalized to the activity obtained in the absence of sSRNA
(pBR, empty vector) or without AdoCbl. The average values and the standard deviations were obtained from three independent experiments. (E)
Beta-galactosidase assays of selected btuB mutants destabilizing the stems P13 and P14. Experiments were performed using the BtuBg;-LacZ
translational fusion in the presence of OmrA or AdoCbl. The predicted secondary structure of the region encompassing stems P13 and P14 is shown to
the right, and the EP1, EP2 and EP3 mutations are indicated. The SD sequence (GGA) and the AUG are white in gray.

plate reader. Absorbance was followed at 600 nm, and fluo-
rescence was measured using an excitation wavelength of 560
nm and emission at 600 nm (with a 15 nm bandwidth). Mea-
surements were systematically done in triplicate and normal-
ized to the absorbance at 600 nm. For Northern blot analysis
of the sRNA levels in the different hfq mutants (Figure SE
and F), total RNA was extracted from the same strains and
same growth media as those used for fluorescence, but grown
to mid-exponential phase in Erlenmeyer flasks rather than in
96-well plates.

In vitro transcription

In vitro transcription reactions were performed as previously
described (35). Briefly, PCR products were used as DNA tem-
plates and contained a T7 RNA polymerase promoter. Af-
ter transcription reactions were incubated for 3 h at 37°C,

RNA products were precipitated with ethanol and purified
on denaturing 8% acrylamide gels containing 8M urea. Acry-
lamide slices containing the RNA were eluted in water at 4°C
overnight and recovered by precipitation.

Lead acetate probing assays

5'-radiolabeled btuB RNA (from —80 to +161 relative to the
AUG) (10 nM) was incubated with increasing concentrations
of Hfq (0, 1, 2.5, 5, 10 and 20 nM). Experiments were per-
formed as previously described (33).

Electrophoresis mobility shift assays (EMSA)

For assessing the btuB-Hfq complex, radiolabeled bzuB RNA
(10 nM) was incubated 20 min in the absence or presence
of Hfq hexamer (2.5, 5, 10, 25, 50 and 100 nM) in the pro-
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tein buffer (50 mM Tris-HCI pH 7.5, 1 mM EDTA, 250 mM
NH,4Cl and 10% glycerol). For assessing the btuB-OmrA-Hfq
complex, radiolabeled OmrA (10 nM) was incubated 10 min
at 37°C in absence or presence of Hfq (10 nM) in the protein
buffer. The reaction was then incubated 20 min at 37°C with
btuB RNA in Afonyuskin buffer (10 mM Tris-HCI pH 7.5, 5
mM magnesium acetate, 100 mM NH,4Cl and 0.5 mM DTT).
EMSA reactions were resolved on 5% native acrylamide gels
at 4°C TBE 1x.

Toeprint assays

The btuB RNA (0.5 pmol) was mixed with a radiolabeled
DNA (3995]JG; 10 nM) and incubated 5 min at 37°C. The
annealing buffer was added to the reaction and incubated 5
min. When indicated, OmrA (250 nM) and/or Hfq (250 nM)
were added to the mixture. Next, 30S ribosomal subunits (100
nM) and tRNA-fMet (250 nM) were added and incubated for
10 min at 37°C. The reverse transcription step was initiated
by adding dNTPs (500 uM each) and M-MulV-RT (10 U) and
the reaction was incubated 15 min at 37°C. Reaction products
were resolved on 8% denaturing polyacrylamide-urea gels.

Results

OmrA/B sRNAs and an AdoCbl-dependent
riboswitch negatively control btuB mRNA levels

To study the molecular basis of OmrA/B effects on biuB ex-
pression, we first analyzed by northern blot assays the levels
of endogenous btuB mRNA in a strain expressing OmrA or
OmrB from a plasmid using an arabinose-inducible promoter
(Pgap). We performed these experiments in WT, Abfq and
rnel31 mutant strains, the last of which contains an RNase
E variant lacking the C-terminal domain. This mutation pre-
vents the assembly of the RNA degradosome complex (34)
and was found to strongly reduce the regulation of several
mRNAs targeted by OmrA/B (22). In the WT strain, induc-
tion of OmrA resulted in a large decrease in biuB mRNA levels
(Figure 1B), consistent with previous microarray data (21). In-
duction of OmrB also led to a smaller, but clearly visible reduc-
tion in btuB mRNA (Figure 1B). In contrast, btuB mRNA lev-
els remained largely unaffected when OmrA/B were induced
in Abfq (Figure 1C) and rne131 mutant strains (Figure 1D),
showing that both Hfq and the RNA degradosome are impor-
tant for OmrA/B regulation of btuB mRNA levels. Of note,
the levels of the OmrA/B sRNAs are strongly decreased in an
hfq null strain ((22,24), and see later), which may explain the
loss of regulation in the Ahfq background. Together, these re-
sults show that OmrA and, to a lesser extent OmrB, reduce
btuB mRNA levels and rely on Hfq and the RNA degrado-
some to achieve genetic regulation at the mRNA level.
Previous studies have shown that AdoCbl sensing by
the btuB riboswitch modulates both translation initiation
(6,14,17,35) and mRNA levels (14,19). In agreement with this,
the addition of AdoCbl promoted a decrease in btuB mRNA
levels in the WT strain (Figure 1E). In contrast to OmrA/B
regulation, we found that this AdoCbl-dependent decrease
in mRNA levels was not affected in either Abfq or rnel131
mutant strains (Figure 1E), showing that Hfq and the degra-
dosome are not involved in the riboswitch regulation. These
data indicate that the AdoCbl riboswitch relies on a different
molecular mechanism than OmrA/B to regulate the levels of
the btuB mRNA. Using a BtuB-mScarlet fluorescent reporter
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fusion as a readout for btuB expression (described later with
Figure 5), we also found that deleting the gene for the 3'-5" ex-
oribonuclease PNPase, an integral part of the degradosome,
caused a decrease in the OmrA-mediated control of BtuB-
mScarlet as repression dropped from 2.5-fold in the WT strain
to 1.4-fold in the pnp mutant even though the OmrA levels
are visibly increased in the mutant (Supplementary Figure S35,
panels A-C). This is consistent with the known requirement
for PNPase for several other sRNA-dependent regulations
(36,37). In contrast, regulation by 1 uM or 5 uM AdoCbl was
about 5-fold in the WT and more than 8-fold in the pzp mu-
tant (Supplementary Figure S5, panels D-F), thus confirming
that SRNA and riboswitch control of btuB are due to different
mechanisms.

sRNAs and riboswitch regulation requires different
regions of the btuB mRNA

To further characterize the regulation of bfuB by OmrA/B,
we next employed translational BtuB-LacZ fusions (Figure
2A and see Supplementary Figure S2 for a detailed view
of constructs) containing the intact btuB 5 UTR and in-
creasing portions of btuB coding sequence (CDS) fused in
frame to the 10th codon of lacZ. These fusions were ex-
pressed under the control of the Pgsp arabinose-inducible pro-
moter to ensure that the observed effects did not originate
from an endogenous promoter control. In these experiments,
OmrA/B were overexpressed from a plasmid with an IPTG-
inducible promoter. Our data revealed that OmrA represses
by at least 50% the expression of translational fusions con-
taining 81 nucleotides (nt) or more of the CDS (Figure 2B
and Supplementary Figure S3A). Stronger OmrA effects were
observed when longer regions of the bruB CDS were used:
the expression of BtuBiy9-, BtuBy19- and BtuB4yp-LacZ fu-
sions were reduced by ~6-, ~5- and ~5-fold, respectively (Fig-
ure 2B), indicating that full regulation requires more than the
first 81 nt of btuB CDS. Overproduction of OmrB showed
a similar trend, but with a systematically lower efficiency, as
the maximal repression reached only 50% for the BtuBi5¢-,
BtuB;10- and BtuB4yo-LacZ translational fusions (Figure 2C
and Supplementary Figure S3B). With a similar strategy, we
next investigated the region of btuB necessary to regulate
mRNA levels by using transcriptional btuB-lacZ fusions (Fig-
ure 2A). These constructs were designed with the same regions
of btuB mRNA, followed by four codons ending with a UAA
stop and fused to lacZ containing its own translation initi-
ation signals. We observed that only the longest fusion, car-
rying 420 nt of the CDS, was marginally affected by OmrA
and OmrB (reduction of lacZ expression by only ~33% and
~20%, respectively), while none of the shorter fusions were
repressed by the sSRNAs (Figure 2B and C). Together, these
data confirm that OmrA represses btuB expression more effi-
ciently than OmrB, consistent with their effect on btuB mRNA
levels (Figure 1C). Furthermore, a smaller region of btuB CDS
was required to control the expression of the translational fu-
sions when compared to the transcriptional fusions. These re-
sults strongly suggest that these SRNAs primarily act at the
translational level and that the decrease in btuB mRNA likely
results from RNase E cleavage of the messenger devoid of ri-
bosomes, downstream of the 210th nt of the btuB CDS.

We also determined the minimal b#uB region required for
riboswitch regulation. Our reporter gene assays revealed that
only 18 and 210 nt of btuB CDS are sufficient to trigger strong
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AdoCbl-dependent regulation of translational or transcrip-
tional constructs, respectively (Figure 2D and Supplementary
Figure S3C), in complete agreement with a previous study
(14). These results indicate that riboswitch control requires a
much smaller region of bzuB CDS than sSRNA control and con-
firm that regulation by the riboswitch does not depend on the
sRNAs. We further investigated the importance of several 5'-
UTR secondary structure elements for riboswitch and OmrA-
mediated regulation. Since both regulators modulate the ex-
pression of the translational BtuBgq-LacZ fusion (Figure 2B
and D), we used this construct to characterize the role of two
structural elements (helices P13 and P14) that are involved
in riboswitch-dependent translation regulation (14,16,17,38).
While helix P13 is part of a pseudoknot structure located in
the riboswitch aptamer domain, helix P14 directly modulates
the access of ribosomes to the SD (Figure 2E) (39). As ex-
pected, AdoCbl strongly repressed the WT fusion (by 97%,
Figure 2E), and this regulation was lost when the pseudo-
knot was destabilized via the EP1 mutant. In contrast, repres-
sion by OmrA was not affected in the EP1 mutant since it
still decreased btuB expression by ~50%, as observed for the
WT (Figure 2E). Similarly, the destabilization of the P14 stem
(EP2 and EP3 mutants) resulted in loss or decrease of AdoCbl-
dependent btuB gene repression while retaining OmrA regu-
lation (Figure 2E and Supplementary Figure S4A). The par-
tial loss of AdoCbl-dependent repression in the EP2 mutant is
most probably caused by the lower degree of structural per-
turbation of the P14 stem. No AdoCbl-dependent regulation
was observed in the context of EP1 and EP3 mutant tran-
scriptional constructs (Supplementary Figure S4B), indicating
that mRNA levels remain unaffected as well, which is consis-
tent with the transcriptional effect of the riboswitch being a
consequence of the translational effect. Together, these results
clearly show that OmrA regulatory activity does not rely on a
functional riboswitch to inhibit btuB expression.

OmrA and AdoCbl effectors rely on different
regulatory mechanisms

We next assessed whether OmrA binding to btuB mRNA
could interfere with the AdoCbl riboswitch regulation. To do
so, we employed the 81 nt btuB-lacZ transcriptional fusion
whose expression is not regulated by OmrA, but is efficiently
repressed by AdoCbl (Figure 2B and D). Remarkably, when
OmrA was overexpressed, the effect of AdoCbl was com-
pletely abolished (Figure 3A), suggesting that OmrA binding
prevents the riboswitch from modulating the mRNA levels of
this 81 nt btuB-lacZ transcriptional fusion. However, when re-
peating these experiments using a longer bfuB transcriptional
fusion of 210 nt, the addition of AdoCbl decreased the ex-
pression of the fusion even in presence of OmrA (Figure 3A).
These results indicate that btuB sequence elements located be-
tween positions 81 and 210 of the CDS enable a more robust
mRNA regulation by the AdoCbl riboswitch that is no longer
affected by OmrA. Therefore, we investigated which regula-
tory mechanisms are at play in this region. We reasoned that,
in addition to the known translational repression, the regula-
tion could involve the transcription termination factor Rho, as
previously determined for several riboswitches (6), and as sug-
gested for btuB by in vitro assays (40). Accordingly, we mon-
itored the regulation of btuB expression using transcriptional
btuB-lacZ fusions in the presence of the Rho inhibitor bicy-
clomycin (BCM) (41). We found that, while BCM does not
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Figure 3. Riboswitch regulation relies on Rho to regulate btuB. (A, B)
3-Galactosidase assays performed in the absence and presence of
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perturb AdoCbl regulation of the 81 nt construct, it relieved
AdoCbl-dependent repression by ~4-fold in the 210 nt fusion
(Figure 3B). To characterize the regulation of btuB by Rho, we
also used the R66S Rho mutant strain. This version of Rho
is defective in transcription termination (6,8,42). Similarly to
BCM assays (Figure 3B), we found that the AdoCbl-dependent
regulation was less efficient in the R66S strain compared to the
WT, especially for constructs carrying 210 nts or more of the
btuB coding sequence, while the effect of the rho mutant was
much less pronounced on the 81 nt fusion (Figure 3C). This
supports the idea of Rho regulating the 210 nt (and longer)
constructs. Furthermore, to determine if the RNA degrado-
some was involved in the riboswitch regulation mechanism,
we performed (-galactosidase assays in the rne131 strain that
is defective in the degradosome assembly (5,34). In this case,
similar AdoCbl-dependent repression was obtained in the WT
and rnel31 strains (Supplementary Figure S4C), indicating
that the RNA degradosome is not involved in the regulation
of these constructs. Hence, our results suggest that following
the AdoCbl-dependent translation inhibition, Rho could tar-
get the 81-210 nt region of the biuB ORF to terminate tran-
scription. These results are in complete agreement with recent
in vitro experiments showing that Rho transcription termina-
tion occurs early within btuB ORF (40). Interestingly, this + 81
to + 210 region of btuB is characterized by a C-rich and G-
poor sequence (Figure 3D) that is often associated with the
presence of Rho utilization (rut) sites (43,44). Together, our re-
sults suggest that the AdoCbl riboswitch and OmrA modulate


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae347#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae347#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae347#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae347#supplementary-data

5858

btuB mRNA levels using different mechanisms that exploit
specific btuB sequences to allow Rho-dependent transcription
termination (for riboswitch control), and RNA decay medi-
ated by RNase E and the degradosome (for sSRNA control).

OmrA recognizes btuB mRNA via its specific central
region

To decipher how OmrA could control btuB expression, we
used the IntaRNA 7 silico prediction tool (45) to search for a
potential base-pairing interaction between OmrA and the first
100 nt of the btuB CDS, and extended the prediction using
secondary structures prediction with Unafold and RNAfold
(46,47) and by hand (Figure 4A). The btuB—OmrA interac-
tion is predicted to rely mostly on the central region of OmrA,
which diverges from the OmrB sequence, in complete agree-
ment with the different regulation efficiencies observed for the
two sRNAs (Figures 1B, 2B and C). To validate this prediction,
different mutations were introduced in OmrA and in a transla-
tional fusion of bfuB mRNA region (—240 to +99) followed
by lacZ coding sequence only a few nts downstream of the
pairing prediction (BtuBgo-LacZ). This fusion is transcribed
from a constitutively expressed Ppi0.1 promoter. We first
found that mutating positions 26-36 of OmrA (OmrAM9*
mutant) negatively affected the regulation, since the WT fu-
sion was more efficiently repressed by OmrA (5-fold) than by
OmrAMO9* (1.6-fold) (Figure 4B). Similarly, mutating btuB
positions +71 to +78 (btuBM9 mutant) strongly impaired
control by the WT OmrA sequence (1.2-fold repression),
in agreement with this sequence being important for OmrA
recognition. However, combining both the OmrAM9* and
btuBM9 mutants to restore the predicted OmrA-btuB in-
teraction only slightly improved repression (1.7-fold) com-
pared to the mutant fusion/WT OmrA pair, and did not
lead to significant gain in regulation compared to the WT
fusion/OmrAM9* pair (Figure 4B). This could be explained
by the presence of the unpaired residues 32-34 and 38-
41 in OmrA (Figure 4A), adjacent to the mutated positions
in the M9* variant and possibly unfavourable for compen-
sation. Consistent with this, removing these unpaired nu-
cleotides in the OmrAM9* context restored control of the
btuBM9 variant (see OmrAopt and OmrAoptM9* mutants
in Supplementary Figure S6).

We thus used an additional pair of mutants to assess
the OmrA-btuB interaction (mutants btuBM11 and Om-
rAM11*, Figure 4A). The mutation btuBM11 is not sufficient
to prevent OmrA regulation, which is most likely explained by
the existence of alternative pairing in this case. Nonetheless,
the OmrAM11* variant no longer repressed the WT BtuB-
LacZ fusion, but was efficient in regulating the BtuBM11-
LacZ fusion (~2.6-fold repression, Figure 4C), despite the
lower levels of OmrAM11* compared to OmrA WT (Fig-
ure 4D). Thus, taken together, the M9 and M11 sets of mu-
tants strongly support the hypothesis that the central region
of OmrA interacts with residues +66 to +79 of the btuB CDS
in vivo.

This base-pairing is highly unusual as all previously re-
ported targets of the OmrA/B sRNAs, such as cirA, fepA,
ompR, ompT, csgD, fIbDC, dgcM and flgM mRNAs, inter-
act with the conserved 5'-end of OmrA/B (22-27). This speci-
ficity of the OmrA-btuB interaction was further examined by
comparing the effects of mutations in OmrA 5’ end or cen-
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tral region (Figure 4A, see M5’ and M9* mutants, respec-
tively) on btuB or cirA and fepA, two known targets of OmrA
5’-end. The OmrA M5’ mutation alleviated the repression
of BtuBgo-LacZ fusion (Figure 4E) similar to what we ob-
served with OmrA M9*. Hence, neither 5’-end or central re-
gion mutation alone abolished regulation completely, which
could be explained by the length of the predicted interaction
between OmrA and btuB, that may also involve pairing of
OmrA 5'-end with btuB residues +83 to +94 (Figure 4A). Con-
sistent with the importance of the conserved OmrA/B 5'-end
for regulation, introducing the M5’ mutation in OmrB abol-
ished bruB regulation (Supplementary Figure S6C). This fur-
ther supports both a role of the conserved 5’-end or OmrA/B
in btuB control and the fact that the regulation by the central
region does not occur with OmrB.

In contrast to btuB, translational fusions FepA4s-LacZ and
CirAsp-LacZ were efficiently repressed by OmrAM9* but
were not regulated by OmrAMS’ (Figure 4E), as expected with
classical OmrA 5’-end targets. These data confirm the crucial
and unique role played by the OmrA-specific central region in
the control of btuB.

Of note, we also tested the riboswitch regulation of the btuB
M9 mutant and found that it was not as strongly (if at all)
affected as regulation by OmrA (Supplementary Figure S4D:
AdoCbl represses the WT or the M9 fusion by ~7- and ~35-
fold, respectively). This is consistent with this region of btuB
being involved in regulation by sRNAs, but not by the ri-
boswitch. Conversely, mutants that impair riboswitch con-
trol do not affect OmrA/B-mediated regulation (Figure 2E
and Supplementary Figure S4A). These data further show
that SRNA and AdoCbl controls of btuB are independent
processes.

Physiological levels of OmrA and OmrB regulate
btuB expression

We next analyzed the role of OmrA/B in btuB regulation un-
der more physiological conditions, i.e. when the sSRNAs are
expressed from their native chromosomal loci. For these as-
says, we followed the activity of the BtuBgg-LacZ translational
fusion in an omrAB + strain, or in strains deleted for omrA,
omrB or both. These experiments were performed in stan-
dard LB medium (measured pH of 6.8), or in acidified LB
(pH 4.7) where OmrA /B expression is expected to be strongly
induced through OmpR activation (29,48), which was con-
firmed by Northern blot (Figure 4F). No difference in expres-
sion of the WT BtuBygy-LacZ fusion was observed in the pres-
ence or absence of OmrA and/or OmrB in standard LB (Fig-
ure 4G), consistent with the relatively low levels of OmrA/B
under this condition (Figure 4F) (29,48). In contrast, when
these experiments were performed in acidified LB, the activ-
ity of the WT fusion was increased by ~1.9-fold and ~1.5-
fold in the AomrAB and AomrA deletion strains, respectively
(Figure 4G), confirming the repression of btuB expression by
physiological levels of OmrA. No such effect was observed
with the sole deletion of OmrB (Figure 4G), further support-
ing that btuB is preferentially targeted by OmrA rather than
by OmrB. Finally, the expression of the M9 mutant version of
the BtuBgg-LacZ fusion, which is not repressed by OmrA/B,
was not significantly affected in any of the omrA/B deletion
strains (Figure 4G), in agreement with the direct base-pairing
interaction shown in Figure 4A.
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G) -galactosidase assays of BtuBgg-LacZ and BtuBggM9-LacZ translational fusions in cells carrying or not the chromosomal omrA and/or omrB

genes, in LB and in acid LB (pH 4.7). Shown are the average [3-galactosidase activities and standard deviations of three independent experiments.

The distal face of Hfq is required for btuB
regulation by OmrA

Given that the OmrA pairing site is within the btuB CDS,
downstream of the translation initiation region (TIR), we next
investigated the molecular mechanism by which OmrA re-
presses btuB expression. We first analyzed the role of Hfq in
this SRNA regulation by taking advantage of previously char-
acterized point mutants in three different RNA-binding sur-
faces of Hfq: the proximal face (mutant Q8A), the rim (R16A)
and the distal face (Y25D) (49,50). The proximal face and the
rim are important for binding to many Hfg-dependent sR-
NAs, referred to as Class I sSRNAs, while the distal face has
been implicated in binding successive A-R-N (R = purine,

N = any nucleotide) motifs present in the mRNA targets of
such sRNAs (49). Of note, OmrA and OmrB display the fea-
tures of Class I sRNAs as their levels are strongly decreased
in the proximal and rim mutants, but not in the distal face
mutant (26).

To assess the role of Hfq in the regulation of btuB expres-
sion, we employed a BtuB,jp-mScarlet-I (mSc) translational
fusion and monitored mSc fluorescence upon overexpression
of OmrA in strains carrying one of the following five bfq al-
leles: WT hfq, Abfq, Q8A, R16A, or Y25D. As a control, we
also monitored the repression of ompR and sdhC, which are
controlled by OmrA/B (22) and Spot42 (51), respectively, us-
ing translational mSc fusions in the same hfq backgrounds.
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Figure 5. The Hfq distal face is required for the control of btuB by OmrA.
(A) Representative fluorescence measurement of a BtuB,19-mScarlet
translational fusion upon overproduction of OmrA or OmrB over a 16 h
time window. Shown is the normalized fluorescence that corresponds to
the fluorescence divided by the absorbance at 600 nm, as a function of
the absorbance at 600 nm. The corresponding graph showing the
normalized fluorescence as a function of time is shown in
Supplementary Figure S7A. A background fluorescence control was
performed using an isogenic strain lacking the fluorescent construct and
carrying the pBRplac (pBR) empty plasmid (‘'no fusion’). (B-D)
Fluorescence assays of BtuB21o- (B), OmpR717- (C) and SdhCzg-mScarlet
(D) translational fusions upon overproduction of OmrA or OmrB.
Experiments were performed in isogenic hfg+ (WT), Ahfqg, hfgQ8A,
hfgR16A and hfqY25D strains. Measurements were done in triplicate and
shown is the fluorescence normalized to the absorbance at 600 nm, at an
absorbance at 600 nm close to 0.3 and set arbitrarily at 1.0 for the WT
strain transformed with the vector control (pBR). (E, F) Northern blot
analysis of levels of OmrA and OmrB (E) and Spot42 (F) in isogenic hfg+
(WT), Ahfg, hfqQ8A, hfgR16A and hfqY25D strains. The 5S rRNA and the
SsrA RNA were used as loading controls. Total RNA was extracted from
the same set of strains that were used in panels B and D, respectively. A
longer acquisition of the OmrA and OmrB northern-blots of panel E is
provided in Supplementary Figure S14.
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Importantly, ompR is a canonical OmrA/B target, because the
sRNA pairing site overlaps with the TIR, most likely allow-
ing direct competition with the binding of the ribosomal 30S
subunit (22). In contrast, sdhC is repressed by Spot42 sRNA
in a non-canonical manner: the sSRNA pairs upstream of the
TIR and recruits Hfq to the TIR, thus allowing translation
repression (51).

In the hfq WT background, the fluorescence of the BtuB-
mSc fusion was decreased more than 2-fold upon OmrA over-
production, whereas OmrB had a marginal effect (~1.3-fold)
(Figure SA and B and Supplementary Figure S7). Under the
same conditions, the expression of the OmpR-mSc fusion was
decreased more than 3- and 2-fold, respectively (Figure 5C
and Supplementary Figure S8). The sSRNA-dependent regula-
tion of both btuB and ompR was abolished, or strongly re-
duced, in the absence of Hfq (Ahfq) or when it was mutated
in the proximal (Q8A) or rim (R16A) faces (Figure 5B and
C). This is explained, at least in part, by the much lower ac-
cumulation of OmrA/B in these mutants (Figure SE). In con-
trast, OmrA and OmrB accumulated to higher levels in the
context of the Hfq distal face mutant (Y25D) (Figure SE), as
observed previously (26). In this context, the expression of the
BtuB-mSc fusion was no longer regulated by OmrA or OmrB
(Figure 5B), while ompR-mSc was still repressed more than
5-fold by both sRNAs (Figure 5C). The regulation of ompR
in the Y25D mutant strain indicates that OmrA/B do not rely
on the Hfq distal face to regulate ompR, consistent with the
model that these SRNAs bind directly to the ompR TIR and
compete with the 30S ribosomal subunit (28). In contrast, the
lack of regulation of btuB in the hfg Y25D mutant suggests
that OmrA/B may instead use a different mechanism in this
case, in which Hfq binding to the mRNA is required. Such a
non-canonical control mechanism was observed for instance
in the modulation of sdhC expression by Spot42 (51) or of
manX by SgrS and DicF sRNAs (52), with the sSRNAs recruit-
ing Hfq to the TIR for translation inhibition. Interestingly, the
repression of sdhC and btuB by their respective sSRNAs was
similarly strongly reduced in all four hfg mutants (Figure 5B
and D and Supplementary Figure S9), hinting that the reg-
ulatory mechanism involved in both cases could be similar.
In support of an important role of Hfq in bfuB control, we
also found that btuB expression was increased in the Abfg
or in the hfgY25D strain (Supplementary Figure S10), while
hfq overexpression from a plasmid (53) led to btuB repression
(Supplementary Figure S11). Again, the same pattern was ob-
served with the expression of SdhC-mSc, while no appreciable
effect of the Hfq overexpression was visible on OmpR-mSc in
these experiments.

Hfqg interacts with the btuB mRNA and represses its
expression

These results prompted us to investigate the interaction be-
tween Hfq and the b#uB mRNA, and its function in btuB reg-
ulation, in greater detail using in vitro approaches. We first
performed lead acetate footprinting experiments to identify
the Hfq binding site on the btuB mRNA, using a biuB mRNA
fragment ranging from nts —80 to +161. An Hfg-dependent
protection was observed between positions -8 to +12 of the
btuB mRNA, thus overlapping with the btuB start codon (Fig-
ure 6A). An additional protected region was observed between
nts ~ +45 to +50, suggesting that Hfq may bind to non-
adjacent RNA regions. These two protected regions could be
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OmrA on the formation of the translation initiation complex. Experiments were performed in the absence or presence of Hfg, OmrA or 30S/tRNA-fMet.
Lanes U, A, G and C represent sequencing ladders. The full gel is shown in Supplementary Figure S13A. (F) Scheme representing the btuB mRNA with

Hfg and OmrA. The Hfg-protected region, the Shine-Dalgarno (SD) and AUG are shown. Nucleotides changed in the H1 mutant are shown in blue.

close to each other due to the formation of a stem-loop struc-
ture between nucleotides +18 to +44 (as predicted in silico).
Importantly, the —8 to +12 protected region contains repet-
itive A—-R-N motifs that are consensus binding sites for the
Hfq distal face. We thus tested in vivo the effect of a muta-
tion that eliminates these A—-R-N motifs on the control by
OmrA. The introduction of three CC pairs within the Hfq
binding site of the BtuBgo-LacZ fusion (Figure 6F, H1 mu-
tant) strongly reduced the regulation by OmrA, ~5.8-fold and
~1.3-fold for the WT and H1 mutant (Figure 6B), respectively.
However, this H1 change also strongly decreased the expres-
sion of the BtuBgg-LacZ fusion. To rule out the possibility
that the reduced repression of the H1 mutant by OmrA is due
to its lower expression, we verified that a low expression of
btuB, for instance with a mutation in the Pr0.1 promoter
(lowPtet), still allowed OmrA regulation (Figure 6B, ~4.2-
fold). Using translational fusions carrying increasing portions
of btuB coding sequence, we next investigated the regions
of btuB mRNA that are important for the repression upon
Hfq overexpression. The expression of btuB was repressed in
various constructs upon inducing Hfq overexpression, with
the effect being the strongest when the two Hfq binding sites

identified in Figure 6A are present on the fusion: a ~2- and
~2.9-fold reduction were obtained in the 45 and the 99 nt
constructs, respectively (Supplementary Figure S12A). In ad-
dition, Hfq overproduction also led to biuB down-regulation
in the absence of OmrA and OmrB chromosomal genes, rais-
ing the possibility of additional roles for Hfq in btuB control
(Supplementary Figure S12A). Furthermore, the H1 mutant
abolished regulation (Supplementary Figure S12B), consistent
with the ARN sites being important for the repression. Com-
bined, these data strongly suggest that OmrA regulation of
btuB requires Hfq and its binding in the vicinity of the TIR to
repress btuB.

We next used electrophoresis mobility shift assays (EMSA)
to characterize the interaction between b#uB, OmrA and Hfq.
Our results showed that a bi-partite btuB-Hfq complex is
formed upon increasing the concentration of Hfq (Figure 6C).
Furthermore, the btuB-OmrA interaction was only detected
in the presence of Hfq (Figure 6D), indicating that Hfq is
required for the formation of a stable btuB-OmrA complex.
These results suggest a regulatory mechanism in which OmrA
and Hfq interact directly with b#uB to modulate its genetic
expression.
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To directly assess the role of Hfq in inhibiting translation
initiation, we used iz vitro toeprinting assays in the presence
or absence of Hfq (Figure 6E, see full gel in Supplementary
Figure S13A). The assay was performed using the 30S ribo-
somal subunit, btzuB mRNA and the initiator tRNA (tRNA-
fMet) (54). In the presence of 30S and tRNA-fMet, a reverse
transcription stop (toeprint) was detected at position U16
(Figure 6E, lane 2), indicating that the 30S subunit is bound
to the start codon of the btuB mRNA, in agreement with pre-
vious data (39). In the presence of Hfq, a clear loss of the
U16 toeprint was observed (Figure 6E, lane 6), showing that
Hfq prevents the 30S subunit from binding the b#zuB mRNA.
Instead, a new reverse transcription stop was observed at po-
sition G18, likely due to Hfq blocking the reverse transcrip-
tase at this position, in good agreement with our lead prob-
ing data (Figure 6A). When the experiment was performed
with OmrA, the addition of Hfq still resulted in the loss of
U16 toeprint and the generation of the G18 signal (Figure
6E, lanes 4 and 8), corresponding to Hfq binding. Toeprint
assays performed using the H1 bfuB variant did not show
the U16 toeprint but rather a different profile of reverse tran-
scriptase stops (Supplementary Figure S13B), suggesting that
translation initiation on the H1 btuB variant is compromised.
This goes along with the fact that activity of the H1 BtuB-
LacZ fusion is 10-fold reduced compared to the WT control
(Figure 6B).

Together, these results demonstrate that Hfq binds directly
to btuB mRNA upstream of the OmrA pairing site and pre-
vents the 30S subunit from binding to the btuB AUG start
codon in vitro (Figure 6E). This, coupled with the require-
ment for Hfq for OmrA-mediated regulation iz vivo (Figures
1C, 5B and 6B), suggests that binding of OmrA helps recruit
Hfq to the btuB TIR, similar to the way Spot42 or SgrS/DicF
recruit Hfq to regulate sdh C or manX expression, respectively
(51,52).

Discussion

The findings reported here identify btuB as a new member of
the Omr regulon. Even though the physiological role of these
two sRNAs is still not fully understood, btuB is reminiscent
of other previously validated targets of OmrA/B. First, BtuB is
an outer membrane protein (OMP), like several other known
targets (OmpT, CirA, FecA and FepA). Second, like CirA, FecA
and FepA, BtuB depends on the TonB system for the uptake
of its substrate, namely AdoCbl.

Importantly, there is one notable difference between btuB
and the other OmrA/B targets. While the pairing of OmrA/B
to all previously recognized targets relies on the sSRNAs 5
end ((22-27) and our unpublished data for fecA), control of
btuB involves the central region of OmrA, that distinguishes
it from OmrB. Consistent with this, deletion of OmrA is suf-
ficient to increase btuB expression in acidified medium, while
under the same conditions, the deletion of OmrB alone had
no effect (Figure 4G). However, in the absence of OmrA, dele-
tion of OmrB allowed a further increase in bfuB expression,
but not that of btuB carrying the M9 mutation (Figure 4G),
suggesting that OmrB can still pair to btuB mRNA, although
with a much lower efficiency than OmrA. In this regard, a 9
bp complementarity exists between residues 29 to 37 of OmrB
and +69 to +77 of btuB (shown in Supplementary Figure S6E),
but whether this participates in regulation is still unclear. Fur-
thermore, it is possible that, similarly to OmrA (Figure 4A),
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OmrB targets the +85 to +94 btuB region through its 5" do-
main. While a role for OmrB 5’ end is supported by the mu-
tation M5’ abolishing the regulation of btuB (Supplementary
Figure S6C), more work would be required to ascertain the
OmrB-btuB regulatory interaction. In sum, btuB appears as a
preferential OmrA target, while modulation by OmrB is only
marginal and possibly requires more specific conditions.

To our knowledge, this is the first report of a preferential
OmrA target via pairing to the OmrA specific region, indicat-
ing that, in addition to a common regulon, some genes are
likely to be regulated by OmrA alone. The reverse could also
be true, i.e. that some genes could be controlled by OmrB
alone, even though no such examples have been described so
far. Differential control of targets such as reported here for
btuB is likely to have contributed to the conservation of both
OmrA and OmrB sRNAs in enterobacteria.

The stimulation of OmpR activity in acidic conditions
(29,48) provides a rationale to explain the induction of
OmrA/B following acid stress, which ultimately leads to btuB
repression (Figure 4G). In such low pH conditions, btuB tran-
scription is also repressed by the transcriptional regulator
GadX (55), thus ensuring that bruB mRNA levels are ef-
ficiently regulated. Importantly, low pH conditions also in-
crease the proton motive force (56,57), which is crucial for
cobalamin import by BtuB (53) and the function of other
TonB-dependent transporters. Therefore, it is expected that
the AdoCbl riboswitch regulation mechanism provides an ad-
ditional level of regulation in conditions that are not acidic
enough to repress bruB through OmrA /B and GadX. Globally,
with the above results, our data show that btuB expression is
highly regulated at multiple levels by the AdoCbl riboswitch
and by the sSRNAs OmrA, OmrB and GadX.

From a mechanistic perspective, Hfq is strictly required
for the control of btuB by OmrA/B. This was expected and
has been observed for many of the other Omr targets since
OmrA/B levels significantly drop in the absence of this chaper-
one (Figure SE) (22,24,26). More unusual, however, is the fact
that this control was also abolished in an Hfq distal face mu-
tant (Y25D) as well. This is not generally observed for canon-
ical regulation where sSRNAs pair to the RBS (such as ompR
control by OmrA/B, Figure 5C). Because the Hfq distal face
has been shown to be involved in mRNA binding, this strongly
indicates that OmrA control of btuB is dependent on the abil-
ity of Hfq to interact with this target mRNA. Interestingly, the
same is true for the control of sdhC by Spot42 (Figure 5D) and
of dgcM by OmrA/B (26). In the latter case, Hfq was found
to mediate a change in the structure of dgeM mRNA facilitat-
ing the interaction with OmrA/B (26), whereas in the former
case, as mentioned previously, Hfq is directly responsible for
the inhibition of 30S binding to sdhC (51). Our in vitro ex-
periments showed that Hfq directly binds to the TIR of btuB
mRNA, in a region containing a canonical binding site formed
by multiple (A-R-N) motifs, thereby inhibiting 30S binding
(Figure 6E). In contrast, OmrA by itself had a much weaker
effect on toeprint formation (Figure 6E). Together, these re-
sults suggest a mechanism reminiscent of that described for the
Spot42-sdh C, SgrS-manX or DicF-manX pairs, where the cen-
tral region of OmrA binds with b#uB mRNA, thereby promot-
ing Hfq recruitment and inhibiting 30S binding. Furthermore,
Hfq significantly improves the formation of an OmrA-biuB
complex in vitro (Figure 6D). The precise mechanism underly-
ing this observation is still unclear at this stage, but Hfq could
be involved in the remodeling of OmrA or btuB mRNA struc-
ture to facilitate formation of the duplex, similarly to what has
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been reported for dgcM (26). It is also worth noting that Hfq
overexpression represses btuB, even in the absence of OmrA
and OmrB sRNAs (Supplementary Figure S12A). This raises
the possibility that Hfq could bind to b#uB mRNA, without
the need of ‘helper’ sSRNAs, and promote gene regulation. Al-
ternatively, sSRNAs other than OmrA/B could underly this ob-
servation, via binding to bfuB mRNA and recruiting Hfq.

While most studies performed in the last decades have
led to the idea that sRNAs regulate gene expression at the
post-transcriptional level (58-60), it has recently been shown
that sSRNAs can also operate cotranscriptionally by control-
ling Rho transcription termination (61-63). For ChiX, Rho
transcription termination is indirectly controlled through the
modulation of translation initiation in Salmonella enterica
(64). However, for several sSRNAs such as DsrA, ArcZ and
RprA, Rho activity is directly modulated by sRNA associ-
ation to the mRNA, presumably by inhibiting Rho bind-
ing or translocation (7). In contrast, current data indicate
that riboswitches mostly regulate gene expression at the co-
transcriptional level both in Bacillus subtilis (65,66) by mod-
ulating intrinsic transcription terminators, and in E. coli by re-
lying on Rho to downregulate mRNA levels following transla-
tion inhibition (6). It was also shown that post-transcriptional
regulation may be used by some riboswitches (66), sug-
gesting that like sRNAs, riboswitches may exert control
both during and after the completion of the transcriptional
process.

It is remarkable that translation initiation of btuB is selec-
tively modulated by both the AdoCbl riboswitch and OmrA/B
sRNAs, which affect mRNA levels through different mecha-
nisms. In agreement with previous studies (14,19,20,67), our
data suggest that the riboswitch primarily controls transla-
tion initiation, which then consequently modulates RNA lev-
els through the action of regulatory regions embedded within
btuB ORE. In particular, it was previously suggested that a
transcription attenuator (positions +18 to +48) could be in-
volved in decreasing mRNA levels (19), whose formation
would presumably be favored upon translation inhibition. In-
terestingly, the loss of riboswitch regulation in the presence
of OmrA in the 81 nt transcriptional construct (Figure 3A)
could be attributed to OmrA binding to btuB and disrupt-
ing the formation of the attenuator structure. However, for
mRNAs carrying longer regions of bituB coding sequence, the
Rho-dependent transcription termination plays a major role
in the decrease of mRNA levels following riboswitch control
(Figure 3).

As the riboswitch-mediated decrease in btuB mRNA is
independent of both Hfq and the degradosome (Figure 1),
this strongly suggests that blocking translation initiation of
btuB is not sufficient to trigger RNase E-mediated decay of
this mRNA. Instead, the degradation that is observed upon
OmrA/B overexpression most likely relies on the recruitment
of RNase E and the degradosome to the btzuB mRNA through
the Hfq-RNA complex (68,69). Conversely, the fact that much
longer regions of btuB mRNA are required for OmrA/B
control than for riboswitch control indicates that, while the
riboswitch action leads to premature Rho-dependent tran-
scription termination, this may not be the case for the sR-
NAs. Such a mechanistic difference is compatible with the
AdoCbl riboswitch and sSRNAs OmrA /B regulating bfuB gene
expression respectively at the co-transcriptional and post-
transcriptional levels. Additional experiments will now be
required to fully understand to which extent these regula-

5863

tory activities are confined to co-transcriptional and post-
transcriptional mechanisms.

It has been previously reported that riboswitches and
sRNAs may act in concert to control gene expression
(70-72).Indeed, in Listeria monocytogenes, transcription ter-
mination caused by the S-adenosylmethionine riboswitch gen-
erates an sSRNA that controls the expression of PrfA, which
is involved in virulence gene expression (70). Furthermore,
it was shown in Enterococcus faecalis and L. monocyto-
genes that the AdoCbl riboswitch controls the formation of
an sRNA containing ANTAR RNA elements, the latter be-
ing important for the regulation of the eut genes involved
in ethanolamine utilization (71,72). While these studies re-
vealed that riboswitches might act as ‘pre-sSRNA’ regulatory
elements, the results presented in our study rather indicate that
riboswitches and sSRNAs both modulate the expression of the
btuB gene.

Riboswitches and sSRNAs may participate in the regulation
of same mRNA populations, thereby increasing the complex-
ity of gene regulation mechanisms. While riboswitches are in
most cases restricted to 5’-UTRs, the combination with sSRNA
regulation that can target multiple mRNA regions could sig-
nificantly enhance gene regulation efficiency at both the co-
transcriptional and post-transcriptional levels. The great vari-
ety of mechanisms through which riboswitches and sRNAs
regulate gene expression could therefore be used and com-
bined in bacteria to ensure cellular homeostasis under multi-
ple conditions. In this regard, it is interesting that other E. coli
mRNAs known to be regulated by riboswitches were found
enriched after immunoprecipitation with the RNA chaperones
ProQ or Hfg, and that SRNA-mRNA pairs such as MicA-
moaA or CyaR-lysC were identified in the RNA-RNA interac-
tome studied in the Hfq co-IP fraction (73). This suggests that
the dual riboswitch-sRNA control of a single gene reported
here is not restricted to btuB mRNA, and the study of other
systems is likely to be instructive in the future.
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