
A conserved small RNA promotes silencing of the outer
membrane protein YbfM

Anders Aamann Rasmussen, Jesper Johansen,
Jesper S. Nielsen, Martin Overgaard,
Birgitte Kallipolitis and Poul Valentin-Hansen*
Department of Biochemistry and Molecular Biology,
University of Southern Denmark, Campusvej 55,
DK-5230 Odense M, Denmark.

Summary

In the past few years an increasing number of small
non-coding RNAs (sRNAs) in enterobacteria have
been found to negatively regulate the expression
of outer membrane proteins (OMPs) at the post-
transcriptional level. These RNAs act under various
growth and stress conditions, suggesting that one
important physiological role of regulatory RNA mol-
ecules in Gram-negative bacteria is to modulate the
cell surface and/or to prevent accumulation of OMPs
in the envelope. Here, we extend the OMP–sRNA
network by showing that the expression of the OMP
YbfM is silenced by a conserved sRNA, designated
MicM (also known as RybC/SroB). The regulation is
strictly dependent on the RNA chaperone Hfq, and
mutational analysis indicates that MicM sequesters
the ribosome binding site of ybfM mRNA by an anti-
sense mechanism. Furthermore, we provide evidence
that Hfq strongly enhances the on-rate of duplex for-
mation between MicM and its target RNA in vitro,
supporting the idea that a major cellular role of the
RNA chaperone is to act as a catalyst in RNA–RNA
duplex formation.

Introduction

Historically, the field of small non-coding RNA (sRNA)
regulation of bacterial gene expression began in 1984
when the micF-encoded antisense RNA was identified in
Escherichia coli as a factor that downregulates synthesis
of the OmpF outer membrane porin (Mizuno et al., 1984).
For many years, however, the importance of this type of
regulators was ignored and only more recently it became

clear that sRNAs are ubiquitous and have important roles
in cell physiology. In particular research in E. coli and
Salmonella has revealed that sRNAs are key regulators of
outer membrane protein (OMP) expression during growth
and adaptation to environmental changes and stress con-
ditions (Guillier et al., 2006; Vogel and Papenfort, 2006;
Valentin-Hansen et al., 2007; Vogel, 2009). Thus, about
half of the trans-encoded antisense RNAs with known
functions act in downregulation of the synthesis of com-
ponents of the bacterial envelope, and many of these
sRNAs are conserved in related bacteria. Specifically, the
folding status of OMPs is monitored by the sE signalling
system and in response to accumulation of misfolded
and/or unfolded porins, the system upregulates the
expression of genes encoding factors that will counteract
damage (Ades, 2004; Ruiz and Silhavy, 2005). One
subset of the regulatory RNAs (MicA, RybB and CyaR) is
under control of the sE signalling system and forms part of
a homeostatic loop that prevents synthesis of a number of
major and minor porins upon growth arrest and under
circumstances where they cannot be properly assembled
into the outer membrane (Johansen et al., 2006; Papen-
fort et al., 2006; Bossi and Figueroa-Bossi, 2007; Thomp-
son et al., 2007; Udekwu and Wagner, 2007; Bouvier
et al., 2008; Johansen et al., 2008). While sE directly
regulates micA and rybB transcription, it is not clear how
expression of E. coli cyaR is modulated by the alternative
sigma factor. In addition, CyaR transcription depends on
the cAMP/CRP complex and the sRNA affects the expres-
sion of non-OMP genes as well (Johansen et al., 2008;
Papenfort et al., 2008; De Lay and Gottesman, 2009). A
second set of the sRNAs, consisting of MicC, MicF, OmrA
and OmrB, is controlled by the stress-induced EnvZ–
OmpR two-component system, and contributes to adjust-
ing the levels of the major porins OmpC, OmpF and a
number of non-porin OMPs, respectively, to environmen-
tal conditions (Delihas and Forst, 2001; Chen et al., 2004;
Guillier and Gottesman, 2006; 2008). Expression of MicF
is also controlled by the transcription regulators MarA,
SoxS and Rob and the RNA mediates OmpF variation in
response to various toxic factors (Delihas and Forst,
2001). Furthermore, recent studies have identified and
characterized additional chromosomally encoded sRNAs
that target OMP mRNAs, among these E. coli RseX, MicX
and VrrA in V. cholerae, and InvR in Salmonella (Douchin
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et al., 2006; Davis and Waldor, 2007; Pfeiffer et al., 2007;
Song et al., 2008).

Here, we extend the OMP–sRNA network by target
identification of a conserved 85 nucleotide Hfq-binding
RNA identified as SroB/RybC in previous genome-wide
screens for sRNAs in E. coli (Vogel et al., 2003; Zhang
et al., 2003). The cellular level of SroB/RybC was found to
be higher in cells cultivated in minimal medium supple-
mented with glycerol than in Luria–Bertani (LB) grown
cells, and expression was upregulated during the transi-
tion to stationary phase; but so far no biological role has
been attributed to this sRNA. We employed two general
approaches for target identification and our data revealed
that the expression of a single protein or mRNA was
strongly downregulated in cells harbouring the sRNA
gene. The target was identified as the ybfM transcript,
encoding an OMP, homologous to the OprD family of
porins, which was described first for Pseudomonas
aeruginosa (Hancock and Brinkman, 2002). As the ybfM
transcript appears to be the main target, we propose to
rename the sRNA to MicM, in keeping with MicF, MicC
and MicA. Genetic and biochemical studies provide evi-
dence that MicM acts as an antisense RNA to silence

ybfM mRNA in vivo. In addition, in vitro binding studies
indicate that one important role of the RNA chaperone Hfq
is to enhance the on-rate for duplex formation between
sRNA and target mRNA.

Results

Identification of putative targets for MicM RNA

Most of the characterized Hfq-binding sRNAs act by base
pairing to modify the translation and/or the stability of
target mRNAs. Thus, we performed proteome analysis to
look for proteins whose expression was affected by MicM.
To this end we generated a MicM deletion strain
(SØ928DmicM), by replacing the micM locus with a
chloramphenicol-resistance cassette. Cultures of the
parental strain (SØ928) and the micM deletion strain were
pulse-labelled with 35S-methionine, and then proteins
were analysed by two-dimensional polyacrylamide gel
electrophoresis. Autoradiographs of the 2D-gels are pre-
sented in Fig. 1, and a comparison between the protein
profiles revealed that the synthesis rate of one protein
was strongly enhanced in the micM mutant strain. The
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Fig. 1. Effect of micM expression on the protein pattern of E. coli. Cultures of wild-type (A) and DmicM strains (B) were grown to log phase
in minimal medium supplemented with glucose and a defined amino acid mixture and then cells were labelled with 35S-methionine for 1 min
and concentrated by centrifugation. Following this, their proteins were analysed by standard two-dimensional gel electrophoresis and
autoradiography. The position of the YbfM protein is indicated together with the spots for the major porins and the EF-Tu and EF-Ts factors.
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protein from this spot was extracted, digested with trypsin,
and analysed by MALDI-TOF mass spectroscopy. The
mass of generated peptides identified the spot as YbfM, a
predicted OMP that belongs to the OprD family of porins
(Tamber et al., 2006).

In parallel, we used microarray analysis of the transcrip-
tome to identify putative targets of MicM RNA. For this
analysis we transformed the DmicM strain with a low-copy
number plasmid (pNDM220-micM) carrying the micM
gene under the control of the IPTG-inducible lac promoter
derivative PA1/O4 (Gotfredsen and Gerdes, 1998). This
strain, and a control strain harbouring the empty vector
pNDM220, were grown in LB medium to transition into
stationary phase and induced with 1 mM IPTG for 10 min.
The transcriptomic data revealed that short-term overex-
pression of MicM resulted in a dramatic reduction in the
amount of ybfM transcript (~45-fold). In addition three
transcripts showed a six to eight-fold elevated level (see
text to Fig. 2).

MicM and Hfq interferes with ybfM expression

The results obtained from the two global approaches sug-
gested that MicM promotes decay of the ybfM transcript.

To elaborate on this assumption we carried out Northern
and primer extension analysis of total RNA isolated from
cells cultivated in LB medium to different growth stages.
Northern analyses revealed that ybfM mRNA was unde-
tectable in late log phase wild-type cells, whereas two
prominent RNA species with sizes of approximately 1.5
and 2.0 kb were observed for the micM deletion strain
(Fig. 3B). Given the close proximity of the ybfM and ybfN
genes on the chromosome the larger transcript may be
polycistronic ybfMN mRNA, while the smaller transcript is
likely a monocistronic ybfM message (Fig. 3A). Accord-
ingly, when the membrane was re-probed with an ybfN-
specific oligonucleotide we only detected the longer
transcript (Fig. 3B, right panel). Furthermore, by primer
extension analysis a distinct start-site for ybfM transcrip-
tion was found 98 nucleotides upstream of the start codon
(Fig. 3C). Collectively, these observations provide evi-
dence for co-transcription of the ybfMN genes from a
single PybfM promoter, and that chromosomal expression
of micM is sufficient to reduce the level of the ybfM mes-
sages below the detection limit (Fig. 3B). The 5′-end
portion of the ybfM transcript, however, was detectable in
total RNA extracts from wild-type cells grown to exponen-
tial phase and to the transition into stationary phase
(Fig. 3C, lanes 1 and 2). Additionally, the primer extension
analysis revealed a MicM-independent switch-off of ybfM
expression in stationary phase (Fig. 3B, lanes 7 and 8).

Next, we examined whether the RNA-binding protein
Hfq is also required for MicM-mediated downregulation of
ybfM expression. In this regard previous work established
that Hfq-binding sRNAs act by base pairing and that the
protein is a key facilitator of their action (Storz et al., 2004;
Valentin-Hansen et al., 2004; Brennan and Link, 2007).
For this analysis we transformed DmicM and DmicM, Dhfq
cells with a low-copy number plasmid, pBAD-micM carry-
ing the micM gene under control of the arabinose-
inducible araBAD promoter. The results presented in
Fig. 4 show that the steady-state ybfM mRNA level in
DmicM, Dhfq double deletion cells remained unaffected
upon a short-term ectopic expression of the sRNA, while
the uninduced level of MicM from pBAD-micM was suffi-
cient to strongly compromise ybfM gene expression in the
presence of Hfq. Thus, the MicM-mediated regulation of
ybfM expression appears strictly dependent on Hfq, sug-
gesting that the riboregulator acts by an antisense
mechanism.

Mutations in the predicted base pairing region of MicM
compromise ybfM silencing

A closer inspection of the untranslated region (UTR) of
ybfM mRNA revealed that 12 continuous nucleotides,
including the presumed Shine–Dalgarno (SD) region, are
complementary to the MicM single-stranded region
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Fig. 2. M-A plot of log2 transformed mRNA expression levels and
ratios after transient overexpression of MicM. The plot displays a
direct comparison of the transcription profile of cells lacking MicM
(DmicM/pNDM220; control, MicM–) with cells transiently
overexpressing MicM (DmicM/pNDM-micM; MicM++). Total RNA was
extracted after 10 min of IPTG induction of both strains and
converted into Cy3 (MicM–) and Cy5 (MicM++)-labelled cDNA. The
fluorescence-labelled probes were hybridized to a whole-genome
E. coli K-12 DNA microarray and the subsequently generated
expression intensity data were subjected to Lowess print-tip
normalization and filtering. Because the induced level of MicM was
approximately fivefold higher than the expression from
chromosomal copy, only genes whose mRNA levels changed
>5-fold were considered significant. By applying this filter only one
gene, ybfM, displayed downregulation (45.3-fold; data point marked
by an arrow), whereas three genes were upregulated; tnaA, ydcN
and nirC, 7.8, 5.8 and 5.6-fold respectively. Expression ratios (M)
with intensity values (A) above 5 are presented in the M-A plot.
R denotes background subtracted Cy5 signal intensities (MicM++);
G denotes background subtracted Cy3 signal intensities (MicM–).
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45–56, situated immediately upstream of the r-
independent terminator (Fig. 5A). Furthermore, searches
in sequence databases revealed that the micM and ybfM
genes are conserved in a wide range of enterobacteria
and, most strikingly, that the complementarity is retained
(Fig. 5B). To test whether MicM RNA might bind the
complementary region of ybfM mRNA, we introduced two
double mutations (C43G, C46G and C55G, G56C) and
two 4 nucleotide deletions (D46–49 and D53–56) in the

putative binding motif of the micM gene on plasmid pBAD-
micM (Fig. 6A). Notably, based on the folding software
MFOLD these changes are unlikely to affect the second-
ary structure of the sRNA. Subsequently, the effect of
short-term induction of the mutated micM genes on ybfM
mRNA levels was investigated in DmicM cells grown to
exponential phase. The experiment revealed that down-
regulation of the ybfM transcript was compromised in all
four strains expressing mutant forms of MicM (Fig. 6B). In
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Fig. 3. Effects of micM deletion on ybfM mRNA levels.
A. Genetic organization of the E. coli regions encoding ybfM and micM. The glnS-ybfM-ybfN and the ybaK-micM-ybaP regions are well
conserved in many enterobacteria and micM is transcribed divergently from the adjacent genes. The ybfN gene of 327 nucleotides, encoding a
putative lipoprotein, is likely to be co-transcribed with ybfM (length 1407 nucleotides). The intergenic region of 49 nucleotides encodes a
potential stem-loop structure. Arrows indicate the direction of transcription and stem-loop structures of predicted r-independent terminators are
indicated by lollipops.
B. Northern blot analysis of ybfM and ybfN mRNA levels. Strains CN1709 (wt) and CN2788 (DmicM) were grown to late exponential phase in
LB medium. At this point of growth cell samples were removed, total RNA was extracted and samples (5 mg) were separated on a 4.5% PAGE
gel. Subsequently, Northern blot hybridization was performed with an oligonucleotide that was complementary to ybfM and ybfN respectively.
Samples were run alongside radiolabelled size markers. The detected transcripts migrated in the gel at the expected sizes of a dicistronic
ybf(M-N) mRNA (2 kb) and a monocistronic ybfM mRNA (1.5 kb).
C. Quantification of ybfM (upper panel) and MicM RNA levels (lower panel) at different stages of growth by primer extension and Northern blot
analyses respectively. The two strains were cultivated as in B and samples for total RNA extraction were removed at the indicated OD450

values. Northern blot was performed with specific uniformly labelled RNA probes. Reverse transcriptase reactions and the DNA sequence
reactions (C T A G) were carried out as described in Experimental procedures, using a 5′-end-labelled primer complementary to the 5′-end of
the ybfM gene.
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particular this is evident for the micM D53–56 and micM
55+56 strains which have induced levels of the sRNA very
similar to the control strain (compare lanes 7–9 and 13–14
with lanes 1–3). Thus, downregulation of ybfM mRNA was
almost abolished in uninduced cells carrying the D53–56
allele (compare lane 1 with lane 13), and partially in cells
expressing the double mutant (compare lane 1 with lane
7). In contrast, mutations at positions 46 and 49 and
deletion of residues 46–49 markedly reduced induction of
MicM, presumably by affecting the stability of the sRNA.
Compared with intact MicM, however, higher amounts of
the mutant forms are needed for silencing ybfM expres-
sion (compare lanes 1, 6 and 12). Taken together, the
results indicate that region 46–56 of MicM is critical for
regulation of the target mRNA.

Effect of mutations in the predicted base pairing region
of ybfM on MicM-mediated regulation

Next, we examined the effect of mutating positions -81 (C
into G) and -82 (G into C) of the ybfM mRNA (i.e. the
positions complementarity to positions 55 and 56 of MicM,
see Fig. 6A). For this, we constructed a low-copy plasmid,
pNDM-ybfM′, carrying the 5′-UTR and the first 39 codons
of the ybfM transcript under control of the lac promoter
derivative PA1/O4. Subsequently, the mutations at positions

-81 and -82 were introduced, generating plasmid pNDM-
ybfM′ 81+82. Each of the plasmids were transformed into
DmicM, DybfM cells carrying pBAD-micM and pBAD-micM
55+56 respectively; and the resulting four strains were
grown in LB medium to exponential phase, with and
without the addition of 1 mM IPTG. At this stage of growth,
cell samples were removed before and after a short-term
induction of the micM alleles by arabinose, and total RNA
extracts were prepared for Northern blot analysis. The
results are presented in Fig. 7. In agreement with the
studies described above (Fig. 6B), the upper panel shows
that wild-type MicM efficiently downregulates the trun-
cated ybfM transcript (lanes 3, 4, 9 and 10) while the
regulation was impaired in the strain expressing the micM
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Fig. 5. Predicted base pairing between conserved sequences of
MicM and the ybfM TIR.
A. Predicted secondary structure for E. coli MicM from MFOLD.
The conserved region of MicM, which is complementary to the
presumed translational initiation region of the ybfM transcript, is
highlighted in bold.
B. Alignment of the ybfM translational initiation region of various
enterobacteria and proposed base pairing. The start codon and the
region which is complementary to the highly conserved segment of
MicM RNA (see A) are indicated in bold. Abbreviations for bacterial
species names are: Escherichia coli K-12 (eco), Shigella flexneri
(shg), Salmonella typhimurium (sal), Klebsiella pneumoniae (kpn),
Citrobacter rodentium (cro), Enterobacter sp.638 (ent), Proteus
mirabilis (pmi), Edwardsiella ictaluri (eic), Serratia marcescens
(sma), Yersinia pestis (ype).
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55+56 allele (lanes 5, 6, 11 and 12). It should be noted
that while regulation of full-length (chromosomally
encoded) ybfM is impaired for MicM 55+56 compared with
wild-type MicM, MicM 55+56 can still facilitate degradation
of the ybfM mRNA to some extent (Fig. 6B, lanes 7–9).
Figure 7B shows that compensatory mutations in the
ybfM mRNA clearly improve regulation by the mutant
sRNA (lanes 5, 6, 11 and 12) and compromises the ability
of wild-type MicM to act in downregulation of this tran-
script (lanes 3, 4, 9 and 10). In addition, the results for the
IPTG induced cultures show that MicM efficiency corre-
lates with formation of a degradation product of the ybfM
transcript. Thus, the data from the mutational analysis
suggests that MicM sequesters the SD region of ybfM
mRNA by an antisense mechanism, and as a conse-
quence the transcript becomes destabilized.

MicM and ybfM RNA interaction in vitro and the role
of Hfq

In order to substantiate the in vivo results, we examined
by gel-shift assays the ability of wild-type MicM and
mutant MicM D53–56 to interact with Hfq and to form

complexes with an RNA transcript consisting of the
5′-UTR and the first six codons of the ybfM mRNA. The
results presented in Fig. 8A and C showed that Hfq
binding to the two sRNAs was indistinguishable. The data
from a time-course experiment, in which radiolabelled
MicM sRNA (1 nM) was incubated with 50-fold molar
excess of unlabelled ybfM mRNA probe, revealed that
only wild-type MicM was proficient in duplex formation
(Fig. 8B and D, lanes 1–5). However, despite a large
excess of target RNA the process of complex formation
was rather slow. In contrast, rapid formation of a ternary
complex was observed when Hfq was included in the
binding reaction (Fig. 8B, lanes 6–10). In fact, additional
gel shift experiments revealed that the binary Hfq·MicM
complex is converted into a ternary complex within < 30 s
after addition of the target RNA (data not shown). Impor-
tantly, no significant amount of ternary complex formation
was detected for incubations containing the MicM D53–56
RNA indicating that proper complementary regions are a
prerequisite for formation of such complexes (Fig. 8D).
Collectively, the genetic and biochemical studies provide
evidence that MicM sequesters the SD sequence of the
ybfM transcript. Furthermore, the binding studies indicate

Fig. 6. Genetic analysis of MicM–ybfM
mRNA interaction.
A. Proposed base pairing between wild-type
ybfM mRNA leader and wild-type MicM RNA.
The ribosome binding site (SD sequence) and
start codon for ybfM are indicated in bold, and
the mutant sequences are indicated above
and below the aligned sequences. Numbering
of bases is relative to the +1 transcription
start site.
B. Effects of micM mutations on ybfM
silencing. The ability of mutant forms of MicM
to control the expression of the
chromosomally encoded ybfM gene was
tested by primer extension analysis (upper
panel). SØ928 DmicM cells carrying an
ectopic copy of wild-type or mutant micM
gene under the control of the inducible
araBAD promoter were grown in LB to
exponential phase and induced with 10 mM
arabinose. Cell samples for total RNA
preparation were removed at the time
indicated. Induction of micM expression was
analysed by Northern blotting (lower panel).

5`-...ATACGTCAAAGAGGATTAACCCATG...-3`

3`-...GCAGTTTCTCCTTAAAGTAAAAA...-5`

C

C

56

G55

G81
82

G49
G46

Mutant ybfM

WT ybfM 

WT MicM

Mutant MicM

MicM Δ53-56Δ(GCAG)

Δ(CTCC) MicM Δ46-49

A

B

p
B
A

D
3
3
-m

ic
M

p
B
A

D
3
3
-m

ic
M

 4
6
+
4
9

p
B
A

D
3
3
-m

ic
M

 5
5
+
5
6

p
B
A

D
3
3
-m

ic
M

 Δ
4
6
-4

9
 

p
B
A

D
3
3
-m

ic
M

 Δ
5
3
-5

6
      C   T   A    G   0   2`   4`   0   2`   4`   0    2`  4`   0   2`   4`  0   2`   4` Arabinose 

induction (min)  

5`ybfM mRNA  

MicM sRNA 

1    2   3     4   5   6    7   8    9   10  11 12  13 14  15

OMP silencing by MicM sRNA 571

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd, Molecular Microbiology, 72, 566–577



that an important biological role of Hfq is to enhance the
on-rate of duplex formation between sRNAs and their
target mRNAs.

Discussion

Evidence for important roles of sRNAs in post-
transcriptional regulation of OMP synthesis in E. coli and
Salmonella was previously established by analysis of
gene expression in cells lacking Hfq. Hence, loss of Hfq
resulted, among other things, in overproduction of OMPs,
and, in harmony with this, in chronic activation of the

sE-controlled envelope stress response (Douchin et al.,
2006; Figueroa-Bossi et al., 2006; Guisbert et al., 2007;
Sittka et al., 2007; 2008; Bossi et al., 2008). In particular,
the studies provided potential new target mRNAs for
sRNA regulation; among these the ybfM mRNA that was
strongly upregulated in absence of Hfq and moreover,
significantly enriched by Hfq co-immunoprecipitation of
Salmonella cell extracts (Figueroa-Bossi et al., 2006;
Sittka et al., 2007; 2008).

The goal of the present study was to define a biological
role for a conserved Hfq-binding sRNA MicM (formerly
SroB/RybC) and global proteomic and transcriptomic pro-
filing identified YbfM/ybfM mRNA as the primary target
under standard growth conditions (i.e. under aerobic con-
ditions in LB media or in minimal media supplemented
with glucose/glycerol). In wild-type cells the ybfM tran-
scripts could hardly be detected but became abundant by
knocking out the micM gene (Fig. 3A and B). Moreover,
basal expression of MicM from the tightly controlled
arabinose-inducible araBAD promoter was sufficient for a
near complete elimination of the ybfM mRNA (Fig. 4, lane
2). Thus, the MicM RNA is able to downregulate its target
with unprecedented efficiency. The regulation was abro-
gated in a Dhfq background revealing that the Hfq indi-
rectly downregulates ybfM mRNA in a MicM-dependent
fashion.

The genomic organization of the ybfM region indicates
that the ybfMN genes constitute an operon (Fig. 3A).
In the microarray experiments the ybfN signal was very
low and only affected three to four-fold in response to
MicM overexpression. However, Northern blot and
primer extension analyses provided direct evidence for
co-transcription of the two genes from a single PybfM pro-
moter and supported the view that ybfN expression is
controlled negatively by MicM in a manner similar to that
for ybfM. Accordingly, in Salmonella expression of the
ybfN gene was drastically upregulated in absence of Hfq
(Sittka et al., 2008). In addition to a full-length transcript
we detected a smaller ybfM-specific RNA species.
Based on its size, this RNA species is likely to encode
the entire ybfM gene and may be generated by prema-
ture termination in the ybfM-N intergenic region or by
degradation of the full-length transcript. In this regard,
the intergenic region possesses a potential stem-loop
structure that could promote transcription termination or
function as a barrier in degradation of the full-length
mRNA.

Recently, a genetic screen for finding small RNAs that
affect the expression of genes of interest identified MicM
(RydC) as a negative regulator of the dpiB gene from the
dpiBA operon, which encodes a two-component signal
transduction system involved in SOS response to
b-lactams (Mandin and Gottesman, 2009). dpiBA was not
identified as a putative target for MicM in our transcrip-
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Fig. 7. Effects of compensatory mutations.
A. Three strains DmicM, DybfM/pBAD33 (control), DmicM,
DybfM/pBAD-micM and DmicM, DybfM/pBAD-micM 55+56 carrying
a 3′-end truncated ybfM ‘wild-type’ gene under Lac repressor
control were grown to an OD450 of 0.8 in LB medium, in the
absence (lanes 1–6) or in the presence of 1 mM IPTG (lanes
7–12). Subsequently, cell samples were removed before and after
a short-term (10 min) induction of micM expression with 10 mM
arabinose, and RNA was extracted and probed for MicM and ybfM
mRNA by Northern blotting.
B. Same as in A, except that the strains carried the ybfM 81+82
allele.
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tomic profiling, most likely because the level of the dpiBA
mRNA is very low even in the absence of MicM RNA
(Mandin and Gottesman, 2009). Furthermore, the regula-
tion is quite modest upon MicM overexpressing (two to
four-fold) and therefore, it would not have fulfilled the
criteria employed in this work.

This study also addressed the mechanism of MicM and
Hfq action in ybfM silencing. First, a mutational analysis
established that complementary sequences, consisting of
12 contiguous nucleotides in the 3′ end of MicM and the
presumed SD region of the ybfM mRNA, respectively, are
crucial for regulation. In particular, a deletion of four nucle-
otides within this region of MicM (D53–56) abrogated
regulation. Furthermore, mutations that disrupt G–C base
pairing at positions 55 and 56 compromised MicM func-
tion while compensatory mutations essentially restored

regulation. Second, investigations of the ability of MicM
and MicM (D53–56) to physically interact with the ybfM
UTR region demonstrated that only the wild-type form of
the sRNA was proficient in duplex formation (Fig. 8B and
D). Collectively, these findings established that MicM acts
via base pairing and our results indicate that the sRNA
directly interferes with the formation of translational initia-
tion complexes, which in turn facilitates a rapid removal of
the ybfM transcript. In addition, our findings confirm and
extent the view that highly conserved regions in sRNA and
mRNA are used for antisense regulation; a property that
strongly indicates that the small RNA regulation is con-
served in many other bacteria (Chen et al., 2004; Ras-
mussen et al., 2005; Udekwu et al., 2005; Sharma et al.,
2007; Guillier and Gottesman, 2008; Johansen et al.,
2008; Papenfort et al., 2008).
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Fig. 8. Role of Hfq in RNA–RNA interaction.
A and C. Hfq binding to wild-type and D53–56 MicM. Incubations containing 2 nM 5′-end-labelled MicM (A) or MicM D53–56 (C), 2 mM tRNA,
and increasing amounts of Hfq were incubated at 37°C for 10 min, and complex formation was monitored in an electrophoretic mobility shift
experiment. Final concentrations of hexameric Hfq in nM were 15 (lane 2), 30 (lane 3), 60 (lane 4) 120 (lane 5) and 240 (lane 6).
B and D. Complex formation between wild-type or D53–56 MicM and ybfM RNA in the absence or presence of Hfq. Incubations containing
1 nM 5′-end-labelled MicM (B) or MicM D53–56 (D) and 2 mM tRNA were pre-incubated at 37°C in the absence (lanes 1–5) or in the presence
of 300 nM Hfq (lanes 7–10). Subsequently, unlabelled ybfM RNA substrate was added to the incubations (final concentration 50 nM), and at
the time indicated small samples were loaded onto a ‘running’ non-denaturing polyacrylamide gel.
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Hfq not only acts in stabilizing sRNAs against decay,
but also enhances their association with mRNA targets
(Møller et al., 2002a; Zhang et al., 2002; Rasmussen
et al., 2005). Recent binding kinetics analysis of SgrS/
ptsG mRNA, DsrA/rpoS mRNA and synthetic ribo-
oligonuclotides revealed that Hfq promotes RNA–RNA
interaction by enhancing the association rate (Kawamoto
et al., 2006; Arluison et al., 2007; Rajkowitsch and
Schroeder, 2007; Soper and Woodson, 2008). Here, we
confirm and extent this action of Hfq in small RNA regu-
lation by showing that complex formation between MicM
and its target mRNA proceeds slowly without Hfq but very
rapidly in its presence. Whether Hfq also stabilizes the
formed complexes (i.e. lowering dissociation rates) is less
clear. However, in analogy with mechanisms established
for cis-acting antisense RNAs, it seems likely that binding
of the chromosomally encoded base pairing sRNAs is
controlled by on-rate, rather than determined by the ther-
modynamic stability of the formed RNA–RNA complex
(Nordström and Wagner, 1994; Altuvia and Wagner,
2000). In particular, such a property would seem crucial
for the inhibitory efficiency of sRNAs that have to compete
with ribosome binding (Aiba, 2007). The simplest expla-
nation for Hfq action is that the protein can bind sRNA and
target mRNAs simultaneously, thereby increasing the like-
lihood of annealing. Alternatively, and/or additionally,
enhanced hybridization may result from Hfq’s ability to
modulate RNA structures (chaperone activity) (Schuma-
cher et al., 2002; Geissmann and Touati, 2004).

So far, no function has been ascribed to YbfM in E. coli
or its close relatives. The protein share considerable
amino acid similarity (38%) with OprD of P. aeruginosa
(Tamber et al., 2006). The OprD-like proteins form a large
family of substrate-specific outer-membrane channels
in Gram-negative bacteria (Hancock and Brinkman,
2002; Tamber et al., 2006; Biswas et al., 2007) and, in
P. aeruginosa, the family members are expressed under
specific conditions and responsible for the uptake of a
variety of metabolites, including amino acids and organic
acids. Moreover, the main mechanism of carbapenem
resistance in P. aeruginosa is via downregulation of the
gene for OprD porin (Lister, 2002). Also, the transcription
regulation of the micM gene is not clear. Based on expres-
sion profile and promoter signature, it has been proposed
that micM transcription could be under control of the
general stress sigma factor, sS (Vogel et al., 2003).
However, we did not observe any significant effect on the
cellular levels of MicM by knocking out the rpoS gene
(data not shown). Therefore, further studies will be nec-
essary to evaluate the physiological significance of the
sRNA-mediated regulation reported in this work. We are
currently performing genetic screens to identify additional
targets for MicM RNA as well as regulatory factors/signals
that control its expression.

Experimental procedure

Bacterial strains

All strains used were E. coli-K12 derivatives:
TX2822(hfq1) (Tsui et al., 1994); DY330 (Yu et al., 2000);
BW25113 (Datsenko and Wanner, 2000); CN1709(F– ara
D(codB-lac)3 thi ) (Petersen and Møller, 2000) and SØ928
(Ddeo, Dlac) (Valentin-Hansen et al., 1978). DmicM dele-
tion strains were constructed with the gene deletion
system described by Yu et al. (2000). First, a chloram-
phenicol resistance cassette was amplified from plasmid
pKD3 (Datsenko and Wanner, 2000) with the primers
omicM-del site 1 (5′-gtcatcttgcctaagagtattggcaggatggtga
gattgagcgac-gtgtaggctggagctgcttcg) and omicM-del site
2 (5′-gccgcaaatgttgcgctaaaaaaatggccaatatcgctattggccc-
catatgaatatcctccttag) (E. coli sequences underlined). The
resulting PCR-fragment was transformed into strain
DY330 and chloramphenicol-resistant transformants
were selected on LB plates containing 20 mg ml-1

chloramphenicol. Transformants was re-isolated, and the
gene disruption was moved into CN1709 and SØ928 by
P1 transduction, resulting in strain CN2788 and SØ928
DmicM::cat. Similarly, DybfM::cat strains was constructed
by using the primers oybfM-del site 1 (5′-atcatcaaaatatgtg
cggttgctcatgttcttacattct-gtgtaggctggagcgcttc) and oybfM-
del site 2 (5′-aaggtcaacgcttgcagccaggcggtgccgtcataaa
ggt-catatgaatatcctccttag) (E. coli sequences underlined).

hfq1 derivatives were constructed by P1 phage trans-
duction with lysate of TX2822. Markerless (chlorampheni-
col sensitive) SØ928 DmicM, SØ928 hfq1, DmicM and
SØ928 DmicM, DybfM strains were made by flipping out
the chloramphenicol resistance cassette using pCP20
(Datsenko and Wanner, 2000). All constructs were verified
by PCR analysis.

Plasmids

For construction of pNDM-micM, the micM gene was
amplified from SØ928 chromosomal DNA by PCR using
the primers oPA1O4 micM (5′-gcggataacaatgatacttagat
tcaccgtcgcttaaagtgacg) and omicM cloB (5′-ccccggatccg
gagaagggaatttgccgc). A second round of amplification
with the product as template and oAatII_PA1O4-lacP (5′-
gcctGACGTCggcaaaaagagtgTTGACTtgtgagcggataacaat
GATACTtagattc) and omicM cloB (5′-ccccGGATCCgga
gaagggaatttgccgc) as primers generated a DNA fragment
carrying the micM gene fused to the lac promoter deriva-
tive PA1/O4 (Lanzer and Bujard, 1988). Finally, the PCR
product was cloned into AatII/BamHI-digested pNDM220
(Gotfredsen and Gerdes, 1998).

For construction of pNDM-ybfM′ the primers employed
were: oPA1O4 ybfM lead (5′-gagcggataacaatgatacttagat
tctgtagtcagcgagacttttctca) and orrnB T1 stop ybfM (5′-
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actgagcctttcgttttatttgatgcctggcagttccctatgaatcgtcgatgaatc
ctt) for the first round of amplification, and oAatII PA1O4
lacP (5′-gcctGACGTCggcaaaaagagtgTTGACTtgtgagcg
gataacaatGATACTtagattc) and oBamHI rrnB T1 (5′-
ccGGATCCaacagataaaacgaaaggcccagtctttcgactgagccttt
cgttttatttg) for the second round of amplification. Plasmid
pNDM-ybfM′ 81+82 was constructed by replacing
the AatII-BamHI fragment of pNDM220 with a PCR-
generated fragment; prepared using pNDM-ybfM′ as tem-
plate and oAatII PA1O4 lacP (5′-gcctGACGTCggcaaa
aagagtgTTGACTtgtgagcggataacaatGATACTtagattc) and
oybfM 81+82 (5′-gcatgggttaatcctctttgaGCtataaattgctgc
accaaagg) as primers for the first round of amplification,
and the product together with orrnB T1 (5′-ccGGATCC
aacagataaaacgaaaggcccagtctttcgactgagcctttcgtttt atttg)
as primers for second round of amplification.

For construction of pBAD-micM, a derivative of pBAD33
(Guzman et al., 1995), the micM gene was amplified from
SØ928 chromosomal DNA by PCR using the primers
oBamHI pBAD 5′micM (5′-tagcGGATCCtacctgacgct
ttttatcgcaactctctactgtttctccatacaccgtcgcttaaagtgac) and
oHindIII 3′micM (5′-tcggAAGCTTggagaagggaatttgccgc).
The PCR product was cloned into HindIII and BamHI-
digested pBAD33.

pBAD-micM 46+49, pBAD-micM 55+56, pBAD-micM
D46–49 and pBAD-micM D53–59 were constructed by
replacing the BamHI-HindIII fragment pBAD33 with a
PCR-generated fragment prepared via two rounds of
amplification. For the first round of PCR, opBAD CW
(5′-cataagattagcggatcctacctga) was used as forward
primer and pBAD33 as template, and the reverse primers
were omicM 46+49 (5′-ccgtcaaaCagCaatttcatt) omicM
55+56 (5′-ctattggccGCtcaaagagg), omicM D46–49 (5′-
ggcccgtcaaA----Aatttcatttt), and omicM D53–56 (5′-
cgctattggcC----Aaagaggaatttcatt) respectively. In the
second round of PCRs, each of the products from the first
round together with opBAD CCW (5′-caggcaaattctgt
tttatcagacc) were used as primers and pBAD-micM as
template.

pGEM4-micM used to synthesize a T7-directed 32P-
labelled RNA probe against the MicM RNA was con-
structed by replacing the BamHI-EcoRI fragment of
pGEM4 (Promega Biotec) with a PCR-generated frag-
ment (prepared using SØ928 chromosomal DNA as tem-
plate and 5′-ccccGAATTCaccgtcgcttaaagtgacgg and
5′-ccccGGATCCgtcaaagaggaatttcat as primers). All con-
structs were verified by sequencing.

Two-dimensional gel electrophoresis

35S-methionine labelling of the strains SØ928 and SØ928
DmicM and two-dimensional gel electrophoresis analyses
were done as described previously (Møller et al., 2002b;
Rasmussen et al., 2005).

Microarray analysis

Expression analysis was carried out using a commercial
oligo-based E. coli whole-genome glass-slide microarray
(E. coli K-12 V2 OciChip, Ocimum Biosolutions). Strain
SØ928 DmicM/pNDM220 (control) and SØ928 DmicM/
pNDM-micM carrying an ectopic copy of the sRNA gene
under the control of the inducible PA1/O4 promoter were
grown in LB medium to transition to stationary phase
OD450 ~4.0 and induced with IPTG for 10 min. Total RNA
was extracted from the two strains and treated with
DNase I (Ambion). Fifty micrograms of DNase I-treated
total RNA from each strain was used to synthesize Cy3-
and Cy5-labelled cDNA probes by reverse transcription.
Probe labelling and hybridization was carried out accord-
ing to the provided protocol. Microarrays were scanned
separately at two wavelengths (Cy3: 532 nm and Cy5:
635 nm) using a GMS418 microarray scanner (Affymetrix/
Genetic Microsystems). The two images were saved as
16 bit TIFF files and processed in Imagene 4.2 (BioDis-
covery) to extract fluorescence intensity data for each
spot and the local background. The dataset was subjected
to Lowess print-tip normalization and further intensity fil-
tered (R + G > 250) to a final set of 3165 gene expression
ratios.

Northern analyses

Total RNA extraction, Northern blot analyses and in vitro
transcription of RNA probes were done as described
(Møller et al., 2002a,b). The DNA template used for in
vitro transcription of 32P-labelled RNA probe against MicM
RNA was pGEM4-micM (linearized with EcoRI). The
probes used against ybfM and ybfN were ‘ybfM probe’
5′-CGACATTGCTGTAACACCGGCGATAGCCAGCGCCA
and ‘ybfN probe’ 5′-GACTGTCTTCCTGTGGCGCGGT
TGATTGCGCACAA.

Primer extension analysis

RNA extractions and primer extension analysis were done
as described (Franch et al., 1997). Primer used for
reverse transcription was oybfM pr.ext rev (5′-
CAGCGTACTACGTTTGCCACT). The DNA sequence
reactions were carried out with a PCR-generated
fragment (prepared using oybfM pr.ext. forw (5′-
TTGAGTTTGCGTGCTTTTGT) and oybfM pr.ext rev as
primres and SØ928 chromosomal DNA as template).

Gel shift analysis

Gel shift analysis, purification of Hfq, in vitro synthesis of
RNA and 5′-end-labelling were carried out as described
(Møller et al., 2002a; Rasmussen et al., 2005). DNA tem-
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plates carrying a T7 promoter were generated by PCR,
and the oligonucleotides/primers used were: MicM RNA
(oMicM T7_F: 5′-TGTAATACGACTCACTATAGGACAC
CGTCGCTTAAAGTGACGGCATA and oMicM R: 5′-AAA
AAAATGGCCAATATCGCTATTGGCCCGTCAAAGAGGA
ATTTCATTTTTTTATTATTATGCCGTCACTTTAAGCGA);
MicM D53–56 (oMicM T7_F and oMicM D53–56_R:
5′-AAAAAAATGGCCAATATCGCTATTGGCCAAAGAGG
AATTTCATTTTTTTATTATTATGCCGTCACTTTAAGCGA);
YbfM (oT7-ybfM-target2: 5′-TGTAATACGACTCACTA
TAGGTAGTCAGCGAGACTTTTCTCAACGC and orev-
ybfM-target 5′-GCCACTAAACGTACGCATGGGTTAATC
CTCTTTGACG; DNA template pNDM-ybfM).
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