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Insight, Innovation, Integration

The actin-like MreB protein determines the bacterial cell shape by directing cell-wall
biosynthesis. In this paper we show that DsrA, a small noncoding RNA, is involved in the
post-transcriptional regulation of mreB expression in Escherichia coli. Our quantitative
analysis shed light on the interplay between transcriptional and post-transcriptional regulation
of mreB in response to cellular stresses. In particular, to detect subtle morphological changes
associated with this regulation, we used our experience in electron cryo-microscopy to obtain
sharp measurements on frozen/hydrated E. coli K-12 whole cells, together with statistical
analysis to unveil morphological differences in cell population. Our work provides, for the
first time, an integrative analysis of mreB expression regulation during cellular stresses in the

light of the associated alterations of cell morphology.
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SUMMARY

The bacterial actin-homolog MreB is a key player in bacterial cell-wall biosynthesis and is
required for the maintenance of the rod-like morphology of Escherichia coli. However, how
MreB cellular levels are adjusted to growth conditions is ill-understood. Here, we show that
DsrA, an E. coli small noncoding RNA (sRNA), is involved in the post-transcriptional regulation
of mreB. DsrA is required for the downregulation of MreB cellular concentration during
environmentally induced slow growth-rates, mainly growth at low temperature and during
stationary phase. DsrA interacts in an Hfq-dependent manner with the 5’ region of mreB mRNA,
which contains signals for translation initiation and thereby affects mreB translation and stability.
Moreover, as DsrA is also involved in the regulation of two transcriptional regulators, 6> and the
nucleoid associated protein H-NS, which negatively regulate mreB transcription, it also
indirectly contributes to mreB transcriptional down-regulation. By using quantitative analyses,
our results evidence the complexity of this regulation and the tangled interplay between
transcriptional and post-transcriptional control. As transcription factors and sRNA-mediated
post-transcriptional regulators use different timescales, we propose that the SRNA pathway helps
to adapt to changes in temperature, but also indirectly mediates long-term regulation of MreB
concentration. The tight regulation and fine-tuning of mreB gene expression in response to

cellular stresses is discussed in regards to the effect of the MreB protein on cell elongation.

Abbreviations: Cryo-TEM: cryo-transmission electron microscopy; EtBr: ethidium bromide; nt:
nucleotide; PAGE: polyacrylamide gel electrophoresis; PG: peptidoglycan; rbs: ribosome
binding site; RT-qPCR: reverse transcription quantitative PCR ; sRNA: small regulatory

noncoding RNA
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Introduction

Small regulatory noncoding RNAs (sRNA) range from ~ 40 to 400 nucleotides and are used by
bacteria as environmental response actors (for recent reviews see references ). Most of these
RNAs are trans-encoded and transcribed under cellular stresses. They act by an antisense
mechanism via base-pairing to their target mRNA to form imperfect short duplexes that require
the RNA chaperone Hfq protein for their stabilization and proper function in Gram negative
bacteria.* > mRNA-sRNA interactions usually take place in the vicinity of the ribosome binding
site (rbs) and thereby modulate translation efficiency and mRNA stability, for instance by
exposing a cleavage site for RNaseE.” One of the best-characterized Escherichia coli SRNA is
DsrA, an 87 nucleotide RNA encoded by a gene located in the downstream region of rcsA4, which
encodes a transcriptional activator of polysaccharide capsule synthesis genes.’ DsrA was shown
to sense environmental changes through its inherent temperature-sensitive transcription initiation
and to stimulate the expression of the major stress regulator sigma factor ¢°." 7poS mRNA
(encoding 6°) usually forms a secondary structure within its 5'-untranslated region, which results
in poor translation due to weak ribosome accessibility to the rbs. Nevertheless, efficient rpoS
translation takes place upon disruption of the secondary structure within the 5’ regulatory region
by the Hfg-mediated DsrA-binding to an upstream sequence in the 5’-untranslated leader region
of rpoS mRNA.*'* Hence, transcription of 6°-dependent genes is induced at low temperature in
exponential phase and during stationary phase, a process that permits the cell to adapt to these
stresses.' '

Many sRNAs have multiple targets and can therefore affect the translation of multiple mRNAs to

coordinate or synchronize different cellular pathways. For example, DsrA binds to both sns and
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rpoS mRNAs and thus influences the expression of two global transcriptional regulators, leading
to a reduction in cellular levels of the H-NS histone-like nucleoid structuring protein and to an
accumulation of ¢°.> ° Thus by acting on transcription factors, these SRNA-based regulation
pathways result in important effects at the transcriptional level.'® In addition, the regulation of a
specific mRNA by multiple SRNAs can also occur. For instance, at least four different SRNAs
(DsrA, OxyS, RprA and ArcZ) have been shown to control rpoS expression under different
environmental stresses.'” '®

As many sRNAs accumulate during the stationary phase of growth when bacteria stop dividing'’,
it was proposed that SRNAs could influence the expression of genes coding for cell division
proteins.”” For example, the tubulin-like FtsZ that directs formation of the cytokinetic ring *' is
though to be regulated at the translational level by the DicF sRNA in a process that requires
Hfq.** ** ** Similarly, an Hfq-dependent negative post-transcriptional regulation of the actin-
homolog MreB was previously reported but the putative SRNA(s) involved in the process was
not identified.*

MreB plays an essential role in maintaining the rod shape of E. coli.***® Current models propose
that MreB forms membrane-associated patches®’, helps to organize the membrane in domains **
and that together with the transmembrane proteins MreC, MreD or RodA, plays an important
role in the peptidoglycan synthesis required for cell shape maintenance (for recent reviews see

26,29
references =

). The interplay between MreB and the enzymes producing peptidoglycan helps to
maintain the bacterial cell shape. When MreB concentration declines or when its polymerization
is inhibited, the cell loses its rod shape and becomes round like cocci that naturally lack MreB.*

How mreB gene expression is regulated is not well understood. Three ’’-dependent promoters

contribute to mreB expression in E. coli (Sup Fig. S1).>' The mreB gene, in many bacteria, is
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found in the same operon as mreC and mreD genes, which code for proteins required for

coordinating peptidoglycan insertion.’’

Most mreB transcripts of the mre operon are
monocistronic, while polycistronic mreBCD mRNA seems to be scarce.’’ Under stress response,
BolA, whose expression is driven by the ¢° factor, binds mreB promoters and represses mreB

32-34

transcription. This indicates that stresses, including entry into the stationary phase, lead to a

reduced MreB protein level.*

In this study, we identify a newly discovered pathway of post-transcriptional regulation of MreB
cellular levels, where Hfg-mediated interaction of the stress-induced DsrA with mreB transcript
interferes with mreB expression. We propose a model for mreB gene regulation in which DsrA
acts directly as an antisense SRNA to down-regulate the mreB mRNA translation and stability.

Furthermore, DsrA is able to indirectly influence ¢° and H-NS-dependent inhibition of mreB

transcription. We discuss here how this regulation affects the elongation of dividing E. coli cells.

Results

Hfq and DsrA downregulate the expression of mreB

DsrA, an E. coli SRNA, was previously shown to be transcribed under natural environmental
changes. DsrA concentration increases when temperature drops off and during stationary phase.”
1335 Because we observed reduced MreB levels in cells grown at low temperature and during
stationary phase, we sought to determine the role of induced dsr4 expression on MreB protein
levels. We first performed quantitative Western Blot analyses of MreB on total protein extracts

from wild-type cells and mutants that lacked DsrA or Hfq. This was tested in wild-type strains,

and in dsrA or hfg mutants, since Hfq is a known cofactor for DsrA. This showed, and consistent
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with a previous report™, that growth at low temperature or stationary phase are associated with
decreased levels of MreB in wild-type cells (Fig. 1, WT columns). Exponentially growing cells
showed normal concentration of MreB at 37°C regardless of the presence DsrA or Hfq. In
contrast, at 16°C and during stationary phase, cells that lacked either DsrA or Hfq showed 30 to
50% more MreB than the respective wild-type cells (Fig. 1), suggesting that DsrA was
responsible for part (stationary phase) or all (16°C) of the decline.

Because the observed decrease in cellular MreB could result from other effects of cold or
stationary phase-associated stress signals not necessarily mediated by dsrA expression, we tested
the effect of heterologous expression of dsr4 on MreB levels. The expression of dsr4 in wild-
type cells at 37°C from either an arabinose inducible (Pgap) or a constitutive (Priaco-1) promoters
showed decrease in MreB levels (Sup Fig. S2). The fact that down-regulation of MreB levels
was obtained strongly suggests that expression of dsr4 leads to reduced MreB levels
independently of other cellular stresses. Furthermore, the expression of the dsr4 gene in Adsr4
cells from arabinose inducible promoter at 16°C resulted in similar decrease in MreB
concentration as seen in wild-type cells grown at 16°C (Fig. 1). The dsrA4 gene expression from
Pgap arabinose induced promoter was carried out under conditions that give an rpoS-lacZ fusion
activity comparable to that seen from the single-copy chromosomal dsrA4."

To test the effect of cold-induced dsr4 expression on mreB transcription, we used plasmid born
mreB-lacZ transcriptional fusions where one or more mreB promoters (Pumes's Pures” & Prres’),
and the native ribosome binding site and start codon (AUG) were fused to /acZ coding region
(see Sup Fig. S1).*® As previously reported, the transcription activity from the mreB promoter
was reduced to approximately 50 % in the absence of Pues’ O Pures” and Pures”, as indicated by

B-galactosidase assays (Sup Fig. S3, columns 1, 6 and 10).”° Interestingly, the effects of cold-
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induced expression of dsr4 at 16°C on mreB expression were within 10-20%, independently of
the presence of one or more mreB promoters (Pp,.p) (Sup Fig. S3, compare columns 1-2, 6-7 and
10-11). Furthermore, expression of dsrA4 under the control of inducible promoter in AdsrA4 cells
gave similar results as WT cells (Fig. S3, compare columns 1-3, 6-8 and 10-12). This indicates
that dsrd expression down regulates mreB expression and that the region containing Py and
P’ does not have a major effect for the observed DsrA-mediated effect on mreB expression in
Vivo.

To establish whether the predicted DsrA regulation affects mreB mRNA translation, we used an
in-frame translational mreB-lacZ reporter fusion expressed under the control of Pz4p inducible
promoter in wild-type cells and mutants that lacked DsrA or Hfq. The cellular levels of the
MreB-LacZ protein would therefore be altered only by post-transcriptional regulatory event(s).
The mreB-LacZ fusion includes only P,,.5' transcription initiation site as DsrA mediated down
regulation of mreB expression was independent of Pyes” and P.5 (see sup Figs. S1, S3). This
showed, similarly to the quantitative immunoblot of MreB (Fig. 1), no significant changes in
MreB levels in AdsrA cells growing exponentially at 37°C as indicated by the [-galactosidase
levels (Fig. 2). However, at low temperature or in stationary phase, when DsrA is efficiently
produced in wild-type cells, deletion of dsr4 increased expression of the translational fusion by a
factor 2 or 1.7, respectively (Fig. 2). The lack of Hfq resulted in a significant increase of mreB-
lacZ mRNA translation in cells grown under normal and stress conditions, suggesting a possible
additional negative effect of Hfq on mreB-lacZ mRNA stability and/or translation independently
of DsrA. Although the expression of the fusion was significantly reduced during stationary
phase, the lack of DsrA or Hfq resulted in the same trend and led also to a significant increase of

the mreB-lacZ expression. A possible reason for low activity during stationary phase could be
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due to generally less efficient anabolic processes in bacteria in stationary phase, thus
experiencing nutritional limitations. However, the low activity was not due to consumption of

inducer as arabinose was added to harvested stationary phase cells.

DsrA regulates the expression of mreB through direct base pairing interaction

Evidence that DsrA, as small noncoding RNA, could interfere with mreB expression through
direct base pairing with mreB mRNA came from RNA duplex prediction obtained by using
RNAfold web server.”” This showed a predicted model for DsrA:mreB RNA duplex structure
where DsrA interacts with site of mreB mRNA that includes mreB translation initiation codon
(Fig. 3), suggesting that DsrA-binding could strongly interfere with initiation of mreB mRNA
translation. This model supports the conclusion drawn from DsrA-mediated reduction of [-
galactosidase activity in the mreB-lacZ fusions.

To test this model for direct mreB:DsrA annealing, we asked whether the DsrA-mediated
regulation of MreB levels is affected by mutations in dsr4 that alter mreB-DsrA annealing and
by mutations in mreB that restore annealing to the mutant DsrA (Sup. Fig. S4). We thus
compared [-galactosidase activity in AdsrA cells that expressed a combination of plasmid
encoded mreB-lacZ fusion and/or dsrA allele under the control of Pgap promoters at 37°C. As
shown in Fig. 4, expression of mreB""-lacZ was significantly reduced upon transcription of
dsrA"" (repression of 90 %), while the mutant derivative of DsrA where the region involved in
the predicted annealing with mreB mRNA was mutated (DsrA™") did not affect the P-
galactosidase activity from mreB""-lacZ fusion (repression of 9 %, Fig. 4). Similarly, when
mreB-lacZ fusion carrying compensatory mutation that restores annealing with DsrA™" was

WT o - . .
expressed, DsrA™" failed to alter mreB™"-lacZ expression whereas DsrA™" restored repression
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(repression of 70 %). Together, these results clearly show that DsrA basepairs with mreB mRNA
around mreB start codon and affects MreB expression, confirming the direct annealing model
presented on Fig. 3. The annealing could directly interfere with mreB translation by limiting
ribosome access to the translation site. However, DsrA could also interfere with the mreB gene

expression by altering mreB mRNA stability.

DsrA affects the cellular concentration of mreB mRNA

To determine whether DsrA affects mreB mRNA cellular levels, we performed absolute
quantifications of DsrA and mreB RNAs by using a reverse transcription quantitative-PCR (RT-
qPCR) assay in wild-type cells and mutants that lacked DsrA or Hfq, as previously described.”
This showed in wild-type cells that DsrA was present at 4 copies per cell at 37°C and that DsrA
level increased to 10 copies per cell at 16°C (Fig. 5). These results slightly differ from absolute
measurements made in the MC4100 strain®, but are nevertheless in agreement with those
reported previously.” > 3> 3 Consistent with a previous report, we also found that DsrA
produced due to activity of the chromosomal gene is nearly absent in cells lacking Hfq, probably
because of DsrA instability in the absence the Hfq protein.’> >

Measurements of cellular mRNA levels showed that the mreB mRNA was present at 9 copies per
exponentially growing WT cell at 37°C (Fig. 5), a level which decreased to less than 5 copies per
cell at low temperature (16°C), suggesting that DsrA negatively influences mreB mRNA
concentration. However, cells that lacked DsrA only showed a moderate increase in mreB
mRNA cellular abundance at low temperature (~20% increase).

During stationary phase, mreB mRNA cellular concentration was greatly reduced as it reached

less than one copy per cell. This could reflect a cumulative effect of drsA4 expression and changes
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in mreB transcription during the stationary phase of growth (see Discussion). However, the lack
of DsrA resulted in an increase of mreB mRNA abundance during stationary phase (Fig. 5).

As mreB mRNA stability could be affected during cellular stress, we measured mreB mRNA
half-life during growth at low temperature. For stationary phase, mreB mRNA abundance was
too low to accurately estimate its half-life (Fig. 5). As shown in Fig. 6, expression of DsrA at low
temperature significantly destabilized the mreB transcript as indicated by the 40% decrease of its
half-life in WT cells at low temperature. Thus, mreB mRNA was greatly destabilized when DrsA
was induced at 16°C and was significantly stabilized in cells that lacked DsrA.

The absence of Hfq resulted in less mreB transcript under normal exponential growth conditions
when compared to wild-type cells (Fig. 5). This was consistent with the increased degradation
rate of mreB mRNA as shown by the change of its half-life from 3.15 min in the WT to 1.21 min
in the 4fg mutant (Fig. 6), thus suggesting a DsrA-independent effect of the RNA chaperone Hfq
that stabilizes mreB mRNA under exponential growth conditions at 37°C. Indeed, it is likely that
Hfq protects mreB transcript against RNaseE due to the overlapping cleavage sites and Hfq
binding sites on the mRNA.* Conversely, during exponential growth at 16°C where the
riboregulation by DsrA occurs, the absence of Hfq resulted in a completely different effect. mreB
mRNA stability was greatly increased in cells that lacked DsrA or Hfq (Fig. 6). This result
confirms that Hfq is required for the DsrA-mediated riboregulation during stress as the absence
of Hfq, which enables the SRNA to anneal with its target, results in a stabilization of the mRNA.
However, the lack of Hfq produced a significantly greater stabilization of mreB mRNA than the
absence of DsrA, suggesting a role of other unidentified Hfg-dependent sSRNAs. mreB mRNA
destabilization might be mediated by an RNaseE-Hfq ribonucleoprotein complex as is the case of

SgrS and RyhB sRNAs"*! or a passive mechanism due to abortive translation.**
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Stress regulation by DsrA influences the elongation of dividing cells

We showed that DsrA mediates posttranscriptional down-regulation of mreB expression, leading
to a 30 % reduction in cellular MreB (Fig. 1, WT-exponential phase 37°C vs 16°C). MreB is
required for maintenance of the bacterial rod-shape as cells that lose MreB shorten and become
round-shaped.”® We therefore investigated whether DsrA-mediated regulation of mreB
expression is associated with morphological changes of the cells. We used high-resolution
microscopy cryo-TEM technique to measure cell length (L) and width (w) for a population of
about 50 cells in wild-type, and AdsrA cells and in each condition we determined the cell
roundness as calculated from the cellular width to length ratio (w/L). The rod-shaped E. coli cell
is approximately 1.5 pm long and 0.7 um wide (roundness ~ 0.47). As shown in Fig. 7,
exponentially growing WT cells (DJ480) at 37°C showed two cellular populations: one rod-
shaped (~70 %) with a roundness of ~ 0.36 (6°=0.05) and the other short (~30 %) with a
roundness of ~ 0.48 (6°=0.05). Intuitively, we can assume that the short population represents
new-born cells whereas long rod population corresponds to cells that had elongated but did not
divide. Similarly, exponentially growing WT cells at 16°C (in which MreB level is decreased by
~ 30 %, see Fig. 1) also showed rod-shaped and short populations with a roundness of ~ 0.37
(6°=0.05) and 0.49 (6°=0.05), respectively. However, the short population is slightly more
abundant than at 37°C, a result in agreement with reduced MreB levels observed by Western
Blot that should affect elongation of dividing cells. Conversely, cells that lacked DsrA (NM317)
especially at 16°C clearly showed mostly one population with a roundness of 0.45 (6°=0.01) at
16°C and 0.42 (6°=0.01) at 37°C. This result indicates that in the absence of DsrA, cells remain

longer and more rod-shaped. Further evidence for the role of DrsA riboregulation of mreB
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expression in affecting cellular morphology came from complementation assays of AdsrA4 cells.
Synthesis of plasmid-encoded DsrA (pNM13) was induced in AdsrA4 cells by using an arabinose
concentration that gave an rpoS-lacZ fusion activity comparable to that seen from the single-
copy chromosomal dsrA.* The dsrA expression restored two cellular populations with roundness
of 0.33 (6°=0.01) and 0.48 (6°=0.01) (Fig. 7) and is consistent with Western Blot analysis (Fig.
1) and mreB-lacZ expression (Fig. S3), which showed mreB expression at levels similar to that
found in cells in the absence of stress.

During stationary phase, both WT (DJ480) and Adsr4A (NM317) strains form rounder cells.
However AdsrA cells were less round than WT cells (roundness of 0.50 (6°=0.01) vs 0.59
(6°=0.01)). This suggests that, in addition to DsrA riboregulation, other mechanisms affect cell
morphology during stationary phase.

In all, these results confirm that mreB expression regulation by DsrA affects the elongation of
dividing E. coli cells during growth at low temperature and stationary phase.

Because the observed difference in cell morphology could be due to a growth defect in Adsr4
cells, we therefore compared the growth of wild type and Adsr4 mutant at low temperature. This
showed that the doubling times were 33 and 32 min at 37°C, and were 300 and 270 min at 16°C
for wild type and AdsrA mutant, respectively. Consistent with previous reports, the growth rates

did not change significantly for the mutant and the wild type strains at either temperature.'> '*

Discussion

In this work we studied how DsrA, a small noncoding RNA, regulates the expression of mreB

gene during growth at low temperature and stationary phase and how the regulation affects the
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morphology of dividing E. coli cell (see Table 4 for a summary). Small regulatory RNAs and
transcription factors are two means used by the bacterial cell for regulation of gene expression.*
mreB was previously shown to be negatively regulated at the transcriptional level by the BolA
transcription factor, which interacts with the mreB promoter and alters mreB transcription mainly
during stationary phase.** Transcription of the bol4 gene is driven by the ° factor.***> Although
all sSRNAs involved in rpoS riboregulation during stationary phase have not been identified,
positive regulation by sRNAs indeed results in an increase in BolA concentration, leading to a
significant reduction of mreB transcription and consequently in MreB protein level (Fig. 8),
which causes rounder morphology.***

Furthermore, bolA transcription is directly repressed by the global regulator and DNA organizer
H-NS, which itself is downregulated by DsrA sRNA (Fig. 8)."> *® Indeed, as shown on figure 5,
we observed that in AdsrA strain, growth at low temperature resulted in a modest increase of
mreB mRNA concentration (20% more relative to WT strain). Nevertheless, we also observed
that during stationary phase, mreB concentrations are very low. The fact that DsrA concentration
is only slightly increased during this phase of growth (see Fig. 5)°° suggests that other SRNAs
might play an important role in 6° production and consequently in bolA transcription.'” '®

We show that mreB expression is negatively regulated at the post-transcriptional level by the
stress-related noncoding small RNA DsrA, which is involved in rpoS and hns transcription
regulation (Fig. 8). We also showed that DsrA regulates the expression of mreB through an Hfq-
assisted base pairing that presumably prevents ribosome binding. A similar mechanism was
shown for several negatively acting sRNAs.*” Consistent with this, we showed that mreB

translational regulation is abolished in the absence of DsrA sRNA or Hfq. We also showed that

DsrA and Hfq influence mreB mRNA concentration and turnover, suggesting a role for DsrA
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and Hfq in the control of mreB mRNA stability. However, the increase in mreB mRNA
concentration associated with the absence of DsrA can result from both BolA-mediated mreB
transcriptional regulation via ¢° and H-NS** and changes in mreB mRNA stability (Fig. 8). The
fact that DsrA regulation was observed with mreB-lacZ fusions whose expression is independent
of BolA clearly shows that the observed DsrA-mediated down regulation of MreB synthesis
includes a direct effect of DsrA on mreB translation and stability (Figs. 2 and 4).

This second point of control for MreB synthesis, which occurs subsidiarily to transcriptional
control, is probably required for the cell as MreB is an abundant protein (in average ~10 000
copies/cell).*® Nevertheless, MreB protein abundance is not necessarily correlated to the cellular
concentration of its mRNA. If mreB mRNA is abundant as MreB, its translation and/or stability
would unlikely be efficiently regulated by a sSRNA of low abundance such as DsrA. Here we
measured for the first time mreB mRNAs steady-state level and showed that mreB mRNA is
indeed present at a maximum of 9 copies per cell, a result in agreement with a possible
regulation by DsrA. The copy number of mreB mRNA could appear too low for an abundant
protein. Nevertheless, mRNA steady state copy number only reflects recent transcription events
and can usually not be correlated with the protein concentration, which has a longer lifetime than
the bacterial cell cycle and represent accumulated transcriptions.” In mreB case, to have n,=9
mRNA copies per cell implies that the cell needs a transcription rate of 9 x o, where O, is mreB
mRNA degradation rate (m for mreB mRNA). As the degradation rate is the sum of active
degradation by RNases and dilution by cell growth, the degradation rate d,=In 2/ty.rRNa+In2/Tcc
rna Where T rna 1S the mRNA half-life (3.15 min) and t..rna 1S the cell doubling time (30 min).
This indicates that the cell needs to produce ~ 2.2 mRNA molecules per minute or ~ 70 per

doubling time. Protein number in steady state is Ny, = [(Bm X nm)/ Om], Where B, is mreB mRNA
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translation rate, ny, is mreB mRNA copy number and oM is the MreB protein degradation rate (M
for MreB protein); protein degradation rate Om=In2/thiprortIn2/Tecpror. Since MreB protein is
probably stable, protein degradation rate is Om= In2/tecpror. In steady state, MreB protein is
present at ~ 10 000 copies per cell and we measured that the number of mRNA copies is ~ 9, so
translation rate is ~ 25 protein copies per mRNA per minute. Since mreB mRNA mean life-time
(1/k) is 4.5 min and translation rate is 25 copies per mRNA per minute, one mreB mRNA is
translated on average 110 times before being degraded. This is in agreement with the estimated
range of 1-150 translation events per mRNA in E. coli ** and with what should be expected for
an efficiently produced protein such as MreB.

The relative contribution of these transcriptional and post-transcriptional regulatory pathways
remains to be determined. Intuitively, we might expect that SRNA regulation would allow the
reduction of the delay to turn off mreB expression relative to the use of protein-based
transcription control, although sRNA regulation can also introduce intrinsic noise.”> *°*°! In
addition, due to the high stability of DsrA in WT cells whose half-life was estimated to 23 min at
25°C in a previous work®®, this SRNA pathway is probably cost-effective for the bacterial cell, as
the energy required to synthesize a SRNA is small compared with the energetic cost needed for
the synthesis and translation of a mRNA. Note that steady state and half-life measurements of
mreB mRNA could differ for a specific condition; for instance, at 16°C, mreB mRNA half-life
increases by a factor 10 in an Afg mutant compared to wild-type (Fig. 6), while steady state
mRNA levels are slightly lower in the Afg mutant compared to those found in wild-type (3.5
copies/cell compared to 4.5 copies for WT, Fig. 5). This indeed reasserts that steady state
measurements do not only result from the efficiency of RNA degradation but also from an

intricate interplay with transcription. As we can see, the absence of Hfq greatly increases mreB
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mRNA stability whereas, as a pleiotropic regulator, it likely affects transcription independently

of DsrA. %33

Experimentals

Chemicals, reagents, and oligodeoxyribonucleotides
All chemicals and reagents were purchased from Sigma-Aldrich or Thermo Fisher Scientific

unless otherwise specified. Oligonucleotides were purchased from Eurogentec (Belgium).

E. coli strains, plasmids and growth conditions
Bacterial strains and plasmids used in this study are shown in Table 1. The Afg::kan or hfg::cm

alleles™

(when necessary for the compatibility with plasmids) were moved in appropriate
genetic backgrounds by P1 transduction. For long-term growth at low temperature condition,
cells were grown at 16°C and then induced by L-arabinose at the same temperature when
indicated. For stationary phase conditions, cells were grown at 37°C overnight. L-arabinose
concentrations used in the various experiments are indicated in the corresponding experiments.
Constructions of pNM13, a derivative of pBAD24 (ColE1, Amp®)’® mutated to generate a
promoter-less dsrA DNA fragment under the control of the arabinose promoter Pgap, and the
corresponding empty plasmid (pNM12), were previously described.® pNM12 serves as a control
for exposure to L-arabinose and antibiotic.

For the construction of pZE12-DsrA (ColE1, Amp"), a dsrA PCR fragment was ligated into the

pZE12 plasmid under the control of the constitutive Pyjaco-1 promoter.57 When necessary,

ampicillin resistance was replaced by kanamycin in order to allow co-transformation with other



Page 19 of 49 Integrative Biology

plasmids. For the construction of pBAD33-DsrA, a dsrA PCR fragment was inserted into
pBAD33 (pl5A, Cm") under the control of the Pgap promoter.”® Construction of the pMEC1
series (pSC101, Kan®) was previously described.’’ Note that mreB, mreC and mreD genes form
an operon and that pMECI series allow the expression of the three proteins from the respective 3
promoters Pues', Prres” and Ppges® for pMEC1, from Pues' and Puees” for pMECIs and from
Pores’ only for pMEClss (Sup Fig. Sl).31 For the construction of pNM12mreB-lacZ, a PCR
product carrying —43 to +495 nts of mreB relative to its Start codon was amplified from genomic
DNA (MG1655) using the Phusion polymerase and primers carrying homologies to Ppap
promoter and lacZ. lacZ was amplified from pMECI1. mreB and lacZ PCR fragments were

assembled by PCR and inserted into the pPBAD24 derivative pNM12.®

p-Galactosidase assays

Overnight cultures of cells-containing plasmids were diluted into fresh LB (supplemented with
glucose and ampicillin, chloramphenicol or kanamycin as indicated), grown at the indicated
temperature and harvested at ODgoo = 0.3 for exponential phase analyses. For stationary phase
analyses, overnight cultures are used. Expression of the /acZ fusions was induced by the addition
L-arabinose. To remove glucose before induction, the culture was spun down and resuspended in
LB containing glycerol (0.2 %) and L-arabinose for 1 hour (concentration of L-arabinose is
indicated in the legend of corresponding figures). f-galactosidase activity was assayed using 0.1
ml culture as described in Miller.”® The p-galactosidase activities are the average value of at least

three independent experiments.

Construction of complementary mutations
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As pNM13 and pNMI12mreB-lacZ are incompatible plasmids, we used for this analysis the
pNM12mreB-lacZ plasmid (ColE1, Amp") and DsrA was expressed from pBAD33 (pl5A,
Cm"). The following sequences have been used for WT and complementary mutations (the
mutated region is underlined)

DsrA™T:

5’ACACAUCAGAUUUCCUGGUGUAACGAAUUUUUUAAGUGCUUCUUGCUUAAGCA

AGUUUCAUCCCGACCCCCUCAGGGUCGGGAUUUZ’
DsrA™":

5’ACACAUCAGAUUUCCUGGUGUUGCUUAAAAAAGUUGUGCUUCUUGCUUAAGCA

AGUUUCAUCCCGACCCCCUCAGGGUCGGGAUUUZ’
mreB"" (AUG codon is indicated in bold):

5°...UUAGUAUGUUGAAAAAAUUUCGUGGCAUGUUUUCCAAUGACUUGU... 3’

mreB™": (Note that we conserve the in frame translation for mreB™-lacZ sequence)

5°...UUAGUAUGAAUUUUUUUAAAGCAGGCAUGUUUUCCAAUGACUUGU... 3’

Mutant RNAs annealing was confirmed with the RNAfold web server (Sup Fig. S4).%

Changes in DNA sequence of dsr4 and mreB were introduced using PCR-based site-directed
mutagenesis using FastStart High Fidelity PCR System (Roche) with 1.25 pmol of appropriate
primers listed in Table 3 and 50 ng of pPBAD33-DsrA or pNM12mreB-lacZ vectors as template
in 12.5 pl reaction volumes. PCR conditions were as follows: denaturation at 95°C for 5 min; 18
cycles of 95°C for 50 sec, 50°C for 50 sec and 68°C for 1 min per each 1 kb of template DNA +
additional 1 min; final extension at 68°C for 7 min. PCR products were subjected to Dpnl

digestion at 37°C for 1 hour to eliminate the template DNA and then used for bacterial
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transformation of DJ480 competent cells. Resulting plasmids, pBAD33-DsrA™' and

pNM12mreB™"-lacZ, are listed in Table 1.

RNA extraction, reverse transcription and RT-qPCR analysis

Total RNA preparation, reverse transcription and RT-qPCR analysis were performed as
described previously.” Briefly, 3 pmol of a fragment of kan transcript fragment (103 nt, T7 in
vitro transcription) was added to the bacterial lysate prior to RNA extraction to normalize
quantitation. RNAs were then extracted by hot-phenol and ethanol precipitated from cell lysate
made from 20 ml cultures grown to ODggy 0.6. Samples were subjected to a RQ1 DNase
treatment (RNase-free) for 1 hour at 37°C followed by phenol/chloroform extraction. The cDNA
synthesis was performed at 37°C using the M-MuLV RT (Fermentas) and the indicated reverse
primer (Eurogentec) and incubating at 37°C for 60 min followed by 5 min at 85°C to inactivate
the reverse-transcriptase. Negative controls were incubated in the absence of reverse
transcriptase.

Quantification of transcript was performed by real time RT-qPCR using a LightCycler® 480
instrument (Roche) and a SYBR Green I based method as described previously.” Four
sequences were amplified: dsrA, mreB, kan and rrsB. rrsB housekeeping gene was used to
normalize RNA quantity in each reaction and kan to calculate the efficiency of RNA extraction.

The primers used for amplification are shown in Table 2.

Western Blot analysis
E. coli cells pellets were re-suspended in TE buffer containing 4% w/v SDS and 10% v/v B-

mercaptoethanol and boiled 95°C for 5 min. Equal amounts of total protein were loaded on 10%
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SDS-PAGE gels. After a transfer at 4°C on a nitrocellulose membrane using a mini-protean
transfer blot module (Bio-Rad), blocking step was done in 5% Defatted Milk in PBS 1X
containing 0.1% tween 20. Membranes were then successively incubated with purified rabbit
anti-MreB antibody’’, secondary anti-rabbit HRP conjugated antibody (GE Healthcare) and
revealed with ECL Western Blot substrates (Pierce) using a G-box imager (SynGene). Intensities
of bands were evaluated using the Imagel software.® For accurate measurement, the protein
concentrations were chosen where linear relationship existed between the protein concentration
and the immunostaining intensity. The assay was repeated for 3 independent extracts in each

condition. AmreBCD strain was used as negative control.

mRNA stability assay

E. coli strains were grown at 37°C and 16°C to exponential phase. Stationary phase cells were
grown at 37°C. Rifampicin was added at 200 pg/ml to stop transcription and then samples were
taken at several time points after rifampicin addition (time ranging between 0 and 60 min). Each
sample was chilled on ice in the presence of 30 mM sodium azide and then total RNAs were
extracted using High Pure RNA Isolation Kit (Roche) according to the manufacturer’s
instructions, which include DNase I treatment of the samples. The total concentration of RNA
was measured. Finally, reverse transcription was performed using Thermo Scientific RevertAid
H minus Reverse Transcriptase and specific primers, according to manufacturer’s instructions.
The relative quantification of transcript was performed by real time RT-qPCR. Normalization
was performed by using the amount of total RNA in each RT reaction (250 ng) and by the level
of expression of a reference gene (rrsB) at time zero point (before addition of rifampicin).

Relative mRNA level in each sample was normalized to time zero point for each strain. The half-
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lives of transcripts were estimated after curve fitting of the kinetics with an exponential decay

model (A= AO0*exp(-k*t) + B).

Cryo-Transmission Electron Microscopy (cryo-TEM)

Cells grown at 16°C or 37°C were prepared for cryo-transmission electron microscopy as
described previously.®' Z-loss images (25eV slit) of each sample were recorded on a JEOL
2200FS cryo-transmission electron microscope operated at 200 kV by using a Gatan 2kx2k
Ultascan ssCCD camera at average defocus and nominal magnification of -10 um and 5000x
respectively. Length and width of bacteria were measured using Image] software
(http://rsb.info.nih.gov/ij/)** to determine their roundness defined as the ratio between the
minimal and the maximal axes of each cell. Populations in each condition were analyzed by
using the Mixtool package®™, to examine multimodal distributions by Gaussian fitting
determining the average size and their associated variances (c°) in different experimental

conditions.

RNA secondary structure modeling
RNA secondary structure models were predicted by the RNAfold web server

(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) with default options.*’

Conclusion
Taken together, our data suggest that at least two riboregulatory pathways are involved and
coordinated for mreB expression: direct post-transcriptional regulation by DsrA, which occurs

via DsrA/mreB pathway, whereas indirect transcriptional regulation takes place via the
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DsrA/c°/BolA/H-NS pathways (Fig. 8). Although deletion of DsrA does not appear to impact
growth rate at low-temperature and is not detrimental under laboratory conditions, DsrA might
nevertheless be important in natural environments where bacteria live under combination of
stresses that could make sRNA-mediated mreB regulation important for cell elongation and
survival.

Furthermore, taking into account the evolutionary conservation of DsrA in many bacteria® this
regulatory mechanism might also apply to other bacterial species other than E. coli. Indeed
morphological changes associated with mreB regulation during various stresses has been
reported in Vibrio parahaemolyticus.** Nevertheless, whether an SRNA mediates the regulation

in this bacterium is not known.
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Legends to the figures

Figure 1. Influence of stresses on MreB cellular concentration. Quantitative Western Blot using
a purified anti-MreB antibody and total cell extracts of the indicated strains is presented as
relative MreB levels. Wild type and mutants were grown to exponential phase at 37°C (black)
and 16°C (grey), or to stationary phase at 37°C (empty). WT: DJ480; dsrA: NM317
(DJ480AdsrA) and hfg: DJA80 hfq::cm. Except otherwise indicated, the DJ480, NM317 and
DJ480 hfq::cm were used. Standard deviation from 3 independent samples is shown in all

experiments.

Figure 2. DsrA-mediated riboregulation on mreB—lacZ translational reporter fusion (Drawing is
a schematic representation of the mreB-lacZ reporter fusion). Transcription of the plasmid
encoded mreB—lacZ fusion is driven by Pgap promoter in the presence of 0.001% L-arabinose.
WT: DJ480/pNM12mreB-lacZ; dsrA: DIJ480AdsrA/pNM12mreB-lacZ and hfg: DIJ480
hfq::cm/pNM12mreB-lacZ. B-galactosidase activities in extracts from cells that were grown to
exponential phase at 37°C (black) and 16°C (grey) or to stationary phase at 37°C (empty) are

shown.

Figure 3. Model for the DsrA-MreB RNA duplex. The secondary structure model of mreB:DsrA
complex was predicted by using RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). mreB
mRNA is shaded in grey and mreB Start codon (AUG) is highlighted. Note that the region of

mreB pairing within DsrA includes part of the region used for pairing with Ans and rpoS. * °
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Figure 4. DsrA regulates mreB expression through direct base pairing interaction. Comparison
of B-galactosidase activities in extracts from DrsA” cells (NM317) that expressed at 37°C
plasmid encoded wild-type translation reporter fusion (mreB”’-lacZ) or a mutant fusion

mut

(mreB™"-lacZ) that carries mutations predicted to prevent annealing with wild-type DsrA
(DsrAV"). When indicated these cells also expressed plasmid encoded DsrA"" or a DsrA mutant
(DsrA™") that carries compensatory mutations predicted to restore annealing with mreB™"-lacZ.
Drawings are schematic representation of the mreB-LacZ reporter fusions (top) and the expected
mreB-DsrA duplex RNAs (right). Transcription of both /acZ and DsrA derivatives is driven by
Pgap promoters in the presence of 0.002% L-arabinose. Observation of the activity and
regulation required addition of twice as much inducer than in Figure 2, explaining thus the
relatively higher activity. Shown strains from left to right: column 1 (AdsrA/Pgap- mreB" " -lacZ)
; column 2 (AdsrA/Pgap- mreB" " -lacZ + Pgp- DsrA™") ; column 3 (AdsrA/Ppip- mreB" -lacZ +

Ppap- DsrA™") ; column 4 (AdsrA/Psp- mreB™"-lacZ) ; column 5 (AdsrA/Pgp- mreB™'-lacZ +

Pgap- DsrA™") ; column 6 (AdsrA/Pgap- mreB™ -lacZ + Pgap- DsrA"").

Figure 5. Effect of DsrA on mreB mRNA concentration. Absolute quantifications of DsrA and
mreB RNAs were performed by using reverse-transcription quantitative PCR (RT-qPCR)* and
RNA extracted from wild type cells and mutants that lacked DsrA or Hfq. Cells were grown to
exponential phase at 37°C and 16°C or stationary phase at 37°C. Levels of DrsA (grey) and mreB

mRNA (black) are shown. ND: non detectable.

Figure 6. Effect of DsrA and Hfq on mreB mRNA half-life. Relative quantification of mreB

mRNA were performed by RT-qPCR assay on RNA extracted from rifampicin-treated wild type
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cells and mutants that lacked DsrA or Hfq. DJ480 hfq.:kan was used for this analysis. Half-life
of mreB mRNA from cells grown to exponential phase at 37°C (black) and 16°C (grey) is shown.
Note that due to extremely low level of mreB mRNA under stationary phase (less than 1 copy

per cell), accurate half-life measurement for this condition was not possible.

Figure 7. DsrA-mediated riboregulation changes the bacterial cell roundness under stress
conditions. Cells were grown to reach exponential phase at 37°C and 16°C or stationary phase at
37°C then analyzed by measuring the long and short axis from cryo-TEM images. The statistics
made on roundness (defined as the ratio between the shortest and longest axis of the cell
computed from cryo-TEM images) for the different cell populations are summarized in the upper
part of the figure. Examples of cells are shown in the lower part, with respective roundness
indicated into parenthesis. Exp. Ph.: exponential phase of growth; St. Ph.: stationary phase of
growth. WT: DJ480; DsrA": NM317 (DJ480AdsrA) and DsrA'p-DsrA: DJ480AdsrA/Ppp-dsrA.
When indicated plasmid encoded DsrA was expressed in the presence of 0.001 % L-arabinose.

Scale bar 200 nm.

Figure 8. Network of DsrA-dependent regulations. mreB was previously shown to be regulated
at the transcriptional level by BolA transcription factor. As bolA4 gene is under the control of one
main promoter driven by ¢° factor, its expression is itself dependent on sSRNAs involved in rpoS
post-transcriptional regulation in response to several stresses (DsrA, RprA, ArcZ and oxyS).
Since the regulator and DNA organizer H-NS represses transcription of bold and rpoS, DsrA
also indirectly reduces the expression of mreB via repression of Ans translation by DsrA (note

that the nature of DsrA:hns complex is still unclear and that it has been proposed that the 3> UTR
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of hns could be required for its post-transcriptional regulation).” Here we show that mreB
translation is also directly repressed by the use of DsrA sRNA. sRNA regulators controlling
mRNAs are depicted as rectangles and open arrows (X and Y, unidentified sSRNAs); Hfq as a
toroidal hexamer; ¢°, MreB and BolA proteins as grey ellipses, mRNAs as thick black lines;
mRNA translation initiation region as a dark grey box; 5’ and 3’ of the mRNA are depicted by a
“ball and arrow head”, respectively; transcriptional regulation are represented as thin grey lines;
translational regulation as thin black lines; positive and negative regulation are indicated by
arrows and horizontal bars, respectively; transcription promoters are indicated as Py; dotted line

symbolizes Peptidoglycan (PG) between outer (OM) and inner (IM) membranes.
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Table 1 Strains and plasmids

Strain name Description Source

DJ480 MG1655 AlacX74 °

NM317 DJ480 AdsrA (-10 to stem-loop 3 deletion) 8

DJ480 hfq::kan This study

DJ480 hfg::cm This study

AT171 MC1000 (F- araD139 A(araABC-leu)7679 galU This study
galK A(lac)X74 rpsL thi ) AmreBCD

Plasmid name Description Origin/marker ~ Source

pNM12 Modified pBAD24, to generate a ColEl/Amp" °*
promoter-less DNA fragment, araC, Pgap,
empty

pNM13 pNM12, araC, Pgap, + DsrA insert ColEl/AmpR 8

pBAD33-DsrA  Modified pPBAD33, araC, Pgap, + DsrA p15A/Cm" This study
insert

pBAD33- Modified pBAD33DsrA, mutagenesis in p15A/Cm" This study

DsrA™! dsrA sequence

pZE12-DsrA Modified pZE12-MCS”’, PLiaco-1 ColE1/Amp"  This study
promoter, + DsrA insert

pMecl series Pues >, mreB-lacZ transcriptional and pSC101/Kan® !
translational fusion

pNM12mreB- pNM12,  araC, Ppap, mreB-lacZ ColEl/AmpR This study

lacZ translational fusion

pNM12mreB™"- Modified pNM12mreB-lacZ; mutagenesis ColE1/Amp"  This study

lacZ in mreB 5’ sequence
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Table 2 Primers used for qRT-PCR.

Gene Product Forward primer Reverse primer

name size (bp)

dsrA 69 CACATCAGATTTCCTGGTGTAACG GGGGTCGGGATGAAACTTGC
mreB 130 ACGGTGTGGTTTACTCCTCTTC ATTTCGTGCTTGATACGTTCTG
kan 103 GCGAGTGATTTTGATGACGA CATGAGTGACGACTGAATCC
rrsB 130 TGTCGTCAGCTCGTGTTGTG ATCCCCACCTTCCTCCAGTT

Table 3. Primers used for site-directed mutagenesis of dsr4 and mreB.

Gene Primer sequence (changed sequence is underlined)

dsrA Forward: CAGATTTCCTGGTGTTGCTTAAAAAAGTTGTGCTTCTTGCTTAAG

Reverse:CTTAAGCAAGAAGCACAACTTTTTTAAGCAACACCAGGAAATCTG

mreB Forward: GGATTATCCCTTAGTATGAATTTTTTTAAAGCAGGCATGTTTTCCAATG

Reverse:CATTGGAAAACATGCCTGCTTTAAAAAAATTCATACTAAGGGATAATCC




Page 37 of 49 Integrative Biology

Table 4 Summary table.

WT (DJ480) AdsrA Ahfg

37°C 16°C S. Ph. 37°C 16°C S. Ph. 37°C 16°C S. Ph.
MreB protein level 100£13 7011 50+7 9849 97+8 70+8 95+6 1057 1055
(Relative Unit, %)
Translational fusion 45133 4250124 55205 380460  900+£160  95+41 805490 800465  95+41
(Miller Unit)
mreB mRNA 9+1 4.5+0.5 0.3+0.12  8+0.5 5.5+0.8 0.5£0.15  3.5£0.5 3.540.5  ND
(Copy/cell)
mreB mRNA half-life ;5050 1912035 ND 2234052 6.41£0.12 ND 1214022 124123  ND
(min)
Cell roundness 70%/0.36  64%/0.37  100%/0.59 87%/0.42  100%/0.45 100%/0.50 ND ND ND

(Percentage/roundness)30%/0.48 36%/0.49 13%/0.65
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6

12

mreB mRNA half life (min)

12

10

6.41

2.23
1.91
-
I

3.15
2 I 2
0
WT dsrA- hfq WT dsrA- hfq

Exponential Phase 37°C Exponential Phase 16°C



Integrative Biology

Fig. 7
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CCACTTGATACTAACGTGAAAAAATATTCACAAAGATACTCGGTTHe:

2 CloiNe[elele TTTAATCCGTTTTCACGYEX

GCGCGCTGCGTCTCATGGGAGTGTGCTTGTCTGCTCGCCAGATTGTTGGCACATATGCAGATGAATGAC
Pt P

CTTACGCGGTTGCAAACAGGCGAGGAATGCTGCTGATGCATTAAGCCTTTCCAGGCAGAGATT
Pm[eE

TGTGGAAACGAACTGCACTAATTTTCACCGTAGCAGATGATTTTTGCGGCTGCTGC
PmrEB;’ J _106 PmreB 35
GTGTGGTTGCITNYNGAAGCGGATTTTCTTTTCCGCCCCAGCTTTCAGGATTATCCCTTAGTATGTTGA
Pm[eal—m -42 SDmreB AUGnLreB
AAAAATTTCGTGGCATGTTTTCCAATGACTTGTCCATTGACCTGGGTACTGCGAATACCCTCATTTATG

TAAAAGGACAAGGCATCGTATTGAATGAGCCTTCCGTGGTGGCCATTCGTCAGGATCGTGCCGGTTCAC
mreB coding sequence
CGAAAAGCGTAGCTGCAGTAGGTCATGACGCGAAGCAGATGCTGGGCCGTACGCCGGGCAATATTGCTG

CCATTCGCCCAATGAAAGACGGCGTTATCGCCGACTTCTTCGTGACTGAAAAAATGCTCCAGCACTTCA
TCAAACAAGTGCACAGCAACAGCTTTATGCGTCCAAGCCCGCGCGTTCTGGTTTGTGTGCCGGTTGGCG
CGACCCAGGTTGAACGCCGCGCAATTCGTGAATCCGCGCAGGGCGCTGGTGCCCGTGAAGTCTTCCTGA
TTGAAGAACCGATGGCTGCCGCAATTGGTGCTGGCCTGCCGGTTTCTGAAGCGACCGGTTCTATGGTGG
TTGATATCGGTGGTGGTACCACTGAAGTTGCTGTTATCTCCTTGAACGGTGTGGTTTACTCCTCTTCTG
TGCGCATTGGTGGTGACCGTTTCGACGAAGCTATCATCAACTATGTGCGTCGTAATTACGGTTCTCTGA
TCGGTGAAGCCACCGCAGAACGTATCAAGCACGAAATCGGTTCGGCTTATCCGGGCGATGAAGTCCGTG
AAATCGAAGTTCGTGGCCGTAACCTGGCAGAAGGTGTTCCACGCGGTTTTACCCTGAACTCCAATGAAA
TCCTCGAAGCACTGCAGGAACCGCTGACCGGTATTGTGAGCGCGGTAATGGTTGCACTGGAACAGTGCC
CGCCGGAACTGGCTTCCGACATCTCCGAGCGCGGCATGGTGCTCACCGGTGGTGGCGCACTGCTGCGTA
ACCTTGACCGTTTGTTAATGGAAGAAACCGGCATTCCAGTCGTTGTTGCTGAAGACCCGCTGACCTGTG
TGGCGCGCGGTGGCGGCAAAGCGCTGGAAATGATCGACATGCACGGCGGCGACCTGTTCAGCGAAGAG

TCGGATGCAGGCAGGGGAAGTGTCTGTTTACCCTGCCTGGTCTGATACGAGAATACGCATAACTTATGARGCCA
mreB stop AUGmreC

T

Supplementary figure S1: DNA sequence of mreB region. The mreBCD region is located at ~ 73 min in the E. coli
chromosome.' Three 6°-dependent promoters contribute to mreB transcription (P™%;, P™%, and P™%;, -10 and -35 boxes)
and are indicated as black boxes. Probable transcription initiation sites (-269, -106 and -42) are indicated in bold.? Note that -
106 initiation site is atypical and could in fact result from a post-transcriptional cleavage by an RNAse.” Shine Dalgarno (SD)
and translation initiation codon of mreB are indicated. The region of mreB that anneals with DsrA is underlined with a waved-

line. The coding sequence of mreB is indicated in light grey, whereas the beginning of mreC coding sequence appears in dark

PmreB

grey. Stop codon of mreB and yhdA upstream gene (located nearby 3, -35)% are italicized.

1. M. Doi, M. Wachi, F. Ishino, S. Tomioka, M. Ito, Y. Sakagami, A. Suzuki and M. Matsuhashi, J Bacteriol, 1988,
170, 4619-4624.

2. M. Wachi, K. Osaka, T. Kohama, K. Sasaki, I. Ohtsu, N. Iwai, A. Takada and K. Nagai, Biosci Biotechnol Biochem,
2006, 70, 2712-2719.

3. N. Sommerfeldt, A. Possling, G. Becker, C. Pesavento, N. Tschowri and R. Hengge, Microbiology, 2009, 155, 1318-
1331.
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Supplementary figure S2: Influence of DsrA on MreB concentration. Left panel: MreB quantifications were made by Western Blot as
described in methods and Fig.1. Two plasmids allowing the expression of DsrA under the control of Py, (pPNM13 + 0.01% arabinose) and
constitutive Py |, .o, (pZE12) promoters were used. Both plasmids resulted in a significant diminution of MreB levels. Right panel: an example
of Western Blot using a cell extract in the presence (lane 2) or not (lane 1) of a plasmid that express DsrA (constitutive expression). As shown,

anti-MreB antibody is specific.
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Supplementary figure S3: DsrA-mediated riboregulation on mreB-lacZ translational and transcriptional reporter fusion. B-galactosidase
activities were assayed in cell extracts of the indicated strains grown at 16°C (exponential phase). Drawing is a schematic representation of the
mreB-lacZ reporter fusion. We observe that DsrA affects mreB expression and that DsrA expression from pNM13 (+ 0.001% L-arabinose) in a
AdsrA background complements AdsrA phenotype, while the empty pNM12 vector does not. Note that the effect observed for AdsrA4 strain is
slightly less than that seen for the protein level (Fig. 1). Nevertheless, fusion reflects mreB-lacZ RNA and MreB-lacZ protein stabilities, which is
different from mreB mRNA and MreB protein stabilities.
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Supplementary figure 84: The secondary structure model of mreB:DsrA complexes predicted using RNAfold server
(http://ma.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). The mreB AUG start codon is highlighted. Both WT and mutated
mreB and DsrA pairings are shown.




