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ABSTRACT

MicA is a small non-coding RNA that regulates
ompA mRNA translation in Escherichia coli. MicA
has an inhibitory function, base pairing to the trans-
lation initiation region of target mRNAs through
short sequences of complementarity, blocking
their ribosome-binding sites. The MicA structure
contains two stem loops, which impede its inter-
action with target mRNAs, and it is thought that
the RNA chaperone protein Hfgq, known to be
involved in MicA regulation of ompA, may structur-
ally remodel MicA to reveal the ompA-binding site
for cognate pairing. To further characterize these
interactions, we undertook biochemical and bio-
physical studies using native MicA and a ‘stabilized’
version, modified to mimic the conformational state
of MicA where the ompA-binding site is exposed.
Our data corroborate two proposed roles for Hfq:
first, to bring both MicA and ompA into close prox-
imity, and second, to restructure MicA to allow
exposure of the ompA-binding site for pairing,
thereby demonstrating the RNA chaperone
function of Hfq. Additionally, at accumulated MicA
levels, we identified a Mgz+-dependent self-
association that occludes the ompA-recognition
region. We discuss the potential contribution of an
Mg?*-mediated conformational switch of MicA for
the regulation of MicA function.

INTRODUCTION

In Escherichia coli, cellular stresses that compromise the
integrity of the bacterial envelope are mediated through

the o pathway. This sigma factor activates the expression
of genes that respond to stresses like ethanol exposure,
heat shock, hyperosmotic pressure and the accumulation
of mis-folded proteins. In normal conditions, ¥ is seques-
tered in the cytoplasmic membrane by an anti-c factor,
RseA (1,2). On exposure to extracytoplasmic stress,
however, DegS and RseP proteases cleave the RseA,
releasing o® (2,3). Consequently, >80 genes that partici-
pate in the homeostasis, synthesis and assembly of outer
membrane proteins are induced (4,5).

One of the induced genes, affected in the manner
outlined earlier in the text, encodes the small non-coding
RNA (sRNA) MicA, which interacts with the 5'-untrans-
lated region of specific messenger RNAs through short
sequences of complementarity (6). For MicA to accommo-
date interaction with several mRINA targets, base pairing
is often limited to an imperfect region of 10-20 nt, typic-
ally located near the ribosome-binding site of the mRNA.
Interestingly, some sRNAs must be structurally remo-
delled to present their mRNA-interaction site, as is the
case for MicA binding to its target, ompA (6), which
encodes a protein involved in maintaining the structural
integrity of the cell’s outer membrane (7,8). In this way,
MicA can interact with ompA to cause a negative regula-
tory effect on its translation. This results from the pairing
of MicA to the translation initiation region within ompA,
preventing its translation and making it vulnerable to deg-
radation by RNases (6,9).

A crucial factor for efficient regulation of many
mRNAs via an sRNA-mediated pathway is the Sm-like
protein Hfg. This protein is highly abundant in Gram-
negative bacteria and was first discovered in the 1960s as
a host factor for the RNA bacteriophage Qf, in which
Hfgq melted the 3’-end of the genomic RNA to improve
the replication efficiency (10,11). Hfq has since been
shown to aid the regulation of many sRNA-mediated
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pathways, although the mechanism by which this occurs is
largely unknown. One proposed mechanism for regulation
is that Hfq improves the likelihood of pairing by simul-
taneously binding both the SRNA and mRNA, thereby
increasing their intermolecular proximity. The distinction
of two RNA binding faces on Hfq (distal and proximal)
may enable this proposed mode of action (12—14). Ternary
complexes have also been visualized in vitro for an
increasing number of SRNA-mRNA pairs, supporting
the proposed mechanism (15,16). Alternatively, Hfq may
alter the structure of the SRNAs, to make accessible the
complementary region to its target mRINA. Restructuring
of RNAs by Hfq has been described recently for the
mRNAs, sodB and rpoS, and the sSRNA, OxyS (17-19).
Moreover, it is unknown whether Hfq provides the same
role to all SRNA-mRNA pairs.

We undertook biochemical and biophysical character-
ization of the MicA:ompA interaction using native MicA,
and a ‘stabilized’ MicA version (MicAgu,,) modified to
represent the structure of MicA in the ompA-binding site
exposed conformation. Our data show that Hfq plays a
multifaceted role in facilitating the MicA:ompA inter-
action. It causes both a change in structure in MicA and
serves as a platform for both RNAs to bind. We further
present data that at accumulated MicA levels, an Mg>*-
dependent self-association occurs. We discuss the poten-
tial impact of this Mg?"-mediated effect.

MATERIALS AND METHODS
Hfq protein expression and purification

E. coli BL21 (DE3) cells containing the plasmid
pEH-10(hfq), which encodes Hfq, were a kind gift from
Dr I. Moll (Max F. Perutz Laboratories, University of
Vienna, Austria). The cells were grown at 37°C in Luria
Broth (LB) medium supplemented with 100 pg/pl of ampi-
cillin, to an ODg of 0.6. Protein expression was induced
with  1mM isopropyl [B-D-I-thiogalactopyranoside
(IPTG), and the cells were left to incubate for 3 h before
harvesting by centrifugation (5000g, 20 min, 4°C). Hfq
was purified as described by Vassilieva et al., (20),
except that after the hydrophobic interaction chromatog-
raphy column, Hfgq protein was concentrated with
Sartorius VivaSpin 2 centrifugal concentrators (10kDa
molecular weight cut-off) and loaded onto a Superdex
200 10/300 size-exclusion column equilibrated in 20 mM
Tris, pH 8, 500mM NaCl, 0.5mM ethylenediaminete-
traacetic acid (EDTA) and 10% glycerol. Peak fractions
were collected and concentrated as described earlier in the
text to ~10 mg/ml before storing at —80°C. All Hfq con-
centrations relate to the protein in its hexameric form.

Preparation of RNAs

DNA templates encoding MicA, MicA.p,, DsrA sRNAs
and the ompA leader (encoding —132 to +33) were
generated through the extension of overlapping primers
(21), with KOD hot start polymerase (Novagen). For
rpoS, the plasmid rpoS-Blunt IT TOPO (encoding —576
to +10 of rpoS) was used as template DNA. To generate
this, rpoS (=576 to +10) was amplified from genomic
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DNA and ligated into a linearized pCR-Blunt II TOPO
vector using the Zero Blunt® TOPO® polymerase chain
reaction cloning kit (Invitrogen), (see Supplementary
Table S1 for all primer sequences). Each sequence was
designed to contain a T7 promoter sequence (5-TAATA
CGACTCACTATA) and up to three guanines at the 5'-
end to enhance the yield from transcription. Analysis by
Mfold indicated that these additional guanines would not
be expected to interfere with the RNA structures formed.
RNAs were transcribed in vitro by T7 RNA polymerase
(Ambion Megascript kit) over 4h. Template DNA was
removed with TurboDNase, and the remaining RNA
was purified (Ambion MegaClear kit). Some RNAs were
radiolabelled at the 3-end with [*P]pCp (cytidine
bis-phosphate) using T4 RNA ligase. Other RNAs were
Cy labelled through the incorporation of 0.05mM Cy3/5
uridine triphosphate (UTP) into the transcription
reaction. Mfold was used to model RNA secondary struc-
tures (22).

Thermal melting of RNAs

Melting titrations of RNAs were carried out using 400 nM
MicA or MicAg,;, in 10 mM Tris, pH 8.0, S0 mM NaCl
and 50mM KCI. Samples were measured in 0.5-cm path
length quartz cuvettes with a lambda 35 spectrophotom-
eter (Perkin Elmer). The absorbance was monitored at
260 nm from 20°C-95°C using a Peltier system, controlled
by timedrive software (UVWINLAB).

Electrophoretic mobility shift assays (EMSASs)

RNAs were heated to 8§0°C for 2 min in 10mM Tris, pH
8.0, S0 mM NaCl, 50mM KCIL, 0.5mM EDTA and 10%
v/v glycerol. For dimerization assays, 10 mM MgCl, was
used in replacement of the EDTA. RNAs were then
cooled for 5 min at room temperature (RT) to allow
them to fold. All binding assays were carried out in
10mM Tris, pH 8.0, 50mM NaCl, 50mM KCI and
10% v/v glycerol in 10ul volumes. Reaction products
were separated on 6% (w/v) native polyacrylamide gels
(29:1 acrylamide:bis-acrylamide), run in 90mM Tris,
90 mM borate, 2mM EDTA (TBE) at 100V for 1.5h at
4°C. Cy5- and Cy3-labelled samples were analysed at 632
and 473 nm, respectively, and imaged with a Fujifilm
imager (FLA-5000). Gels containing radiolabelled
samples were imaged with a Fujifilm phosphoimager
(FLA-5000) and analysed using MultiGuage software.
Gels stained with SYBR Gold (Invitrogen) were visualized
with a transilluminator.

Determination of ligand binding affinities

For RNA-RNA and Hfq—RNA interactions, the fraction
of #P-labelled RNA in each RNA complex was calculated
as a proportion of the total counts in each lane.
MicA:ompA, MicAgap.ompA and MicAg.,:Hfq were
fitted to a single binding isotherm, whereas MicA:Hfq
was fitted to a partition function for co-operative
binding of Hfq to two independent sites, as described in
Lease and Woodson (23) using Grafit 5 (Erithacus
Software). The Hill coefficient, n, was 2. The concentra-
tions of Hfq used in these experiments ranged from 0 to
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100nM (based on hexamer size; see Hfq protein expres-
sion and purification). At these concentrations, recent
work by Panja and Woodson (24) suggests that Hfq
would be monomeric [as their findings suggest that
166 nM Hfq (hexamer) or 1 uM Hfq (monomer) (24) is
required for hexamer formation]. However, under the con-
ditions used here, we observe the same mobility shift for
MicA binding to Hfq at concentrations (based on hexamer
size) above and below 166 nM (Supplementary Figure S1).
Based on this, we conclude that the Hfq used in these
experiments is in the hexameric form. The discrepancy
of the lower stability of Hfq hexamer observed by Panja
and Woodson (24) may potentially be explained by their
introduction of a Cy label at Ser65, a location that has
otherwise been implicated in impacting Hfq hexamer sta-
bility (25).

Size-exclusion chromatography and analytical
ultracentrifugation

RNAs were heated to 80°C for 2 min and cooled at RT for
5 min in annealing buffer (10mM Tris, pH 8.0, S0 mM
KCIl, 50mM NaCl £ 10mM MgCl,). A volume (100 pl)
of 1 uM of RNA was then applied to a Superdex 200 10/
300 size-exclusion column equilibrated in the respective
annealing buffer. Purified peaks were concentrated and
were adjusted to three different concentrations (162, 362
and 638nM for MicA; 167, 337 and 672nM for DsrA).
These were loaded into a six-channel centrepiece analyt-
ical ultracentrifugation (AUC) equilibrium cell, with ref-
erence buffer in the remaining three channels. Samples
were sedimented with an Optima XL-A AUC (AnTi-50
eight hole rotor, Beckman Coulter), at 10 000g for 24 h
with a constant temperature of 10°C. Radial absorbance
scans were measured at 265nm after 18, 21 and 24h.
Proteomelab™ software was used to program the centri-
fuge and to record the data. Data were analysed using
Origin software (Microcal Software Inc., developed by
Beckman Coulter), whereby molecular weights were
calculated using a partial specific volume for RNA of
0.53 ml/g.

Small angle X-ray scattering

Small angle X-ray scattering (SAXS) experiments were
performed on the ID14-3 bioSAXs beamline at the
European Synchrotron Radiation Facility (ESRF,
Grenoble, France) with a wavelength of 0.931 A and a
camera length of 2.42m, covering a Q range of 0.005-
0.5A7" [where Q is the scattering vector (4msin@/1)].
BsxCuBE software was used to acquire, record and
process the raw data into 1D files. MicA/MicA,, and
DsrA RNAs were buffer exchanged in to 10mM Tris,
pH 8.0, 50mM NaCl and 50mM KCI (£ 10mM MgCl,)
with Amicon Ultra 0.5ml 10k centrifugal concentrators.
RNA samples were heated at 80°C for 2 min followed by 5
min at RT to allow them to fold. RNAs were centrifuged
at 17 000g for 15 min before loading to ensure removal of
any particulates. Data were collected at 25°C for three
concentrations of each sample to overcome inter-particle
effects and noise levels: MicAg,p, (1.19, 0.6 and 0.28 mg/
ml), MicA dimer (1.16, 0.26 and 0.06 mg/ml), DsrA

monomer (0.975, 0.6 and 0.28 mg/ml) and DsrA dimer
(1.17, 0.76 and 0.28 mg/ml). The 10 x 10s frames were
acquired under a constant flow rate to avoid the effects
of radiation damage. tRNA was used as a control to cal-
culate molecular weight [MW of sRNA = I(0) sSRNA/I(0)
tRNA x MW of tRNA]. Scattering curves were
buffer-subtracted and merged using Primus software
(26). At low angles, the radius of gyration (R,) was
founc'; using the Guinier approximation, I(Q) = I(0) exp
/3 R, Q% Transformation of the scattering curve by the
GNOM program (27) generated a distribution of particle
distances allowing the maximum dimension (D,,,,) to be
determined. Confirmation of correct dimensions was
achieved when the R, from GNOM matched that
obtained from the Guinier approximation. Dammif was
used to make low resolution ab inito models (28). Twenty
models were generated, averaged by Damaver and filtered
with Damfilt to make a compact model that represented
the most probable conformation (29).

Circular dichroism

Circular dichroism (CD) measurements were carried out
on an Applied Photophysics ©* — 180 spectrometer at
20°C. RNAs were heated for 2 min in 10mM Tris, pH
8.0, supplemented with 0.5mM EDTA for monomeric
RNA formation or 10mM Tris, pH 8.0, and 10mM
MgCl, for dimeric formation, before cooling at RT for 5
min. RNAs were buffer exchanged into 10 mM Tris, pH
8.0, 100mM NaCl and Hfq into 20mM Tris, pH 8.0,
500 mM NaCl with Micro BioSpin columns (Biorad). In
all, 800nM of RNA was measured with Hfq (hexamer)
additions of 0, 800nM and 1.6 uM. Measurements were
then taken in a 0.4-mm path length over a wavelength
range spanning 200-350nm in 1-nm step sizes. The
protein contribution was subtracted, and —four to six
scans were averaged, baseline subtracted and smoothed
using the Savitsky—Golay routine to reduce noise. The
spectra were converted into molar ellipticity units
(deg cm®dmol ™).

RESULTS
MicAgap as a tool to characterize MicA regulation

In isolation, MicA contains two stem loops at positions
26—46nt (stem loop 1) and 54-71 nt (stem loop 2) in its
native form (6). However, when MicA binds to the mRNA
target, ompA, the structure is reorganized, such that stem
loop 1 at position 2646 nt is moved to position 34-52 nt
(Figure la and b) (6). This switch is required to expose the
ompA-binding site, which is partially blocked in the native
MicA structure. To test the role of MicA structure in
ompA regulation, a variant of MicA was designed to sta-
bilize the ‘ompA-binding site exposed’ conformation (here-
after referred to as MicAgu,p,). This was achieved by
altering the nucleotides at positions 34-52 to include a
high GC content so as to confine the stem loop to this
location. The modified MicAg., secondary structure was
predicted computationally by Mfold analysis (Figure lc;
altered nucleotides in bold).



Stem loop 1
(a) g

A U Stem loop 2

G—cC A C

U—Ad40 C G

C—G 60 U—A

C—A c—G

30C —G A—U

u—a 4 g

o A—U binding C—G

ompA binding site IC—G site__ 6 —cro

999 GAAAGACGCGCAUUUGUUAUCAU—AAAUUUUG—CUUUU
1 10 20 50

Stem loop 1
(b) A G Stemloop 2

(C) Stem loop 1

G Stemloop2
A A AC
0C—G C
G—C U
A—U C
A—U A—
A—U C
ompA binding site G—cC C
G—C G—Cn
99 g GAAAGACGCGAUUUGUUAUCAUCAUCCCUG—cCUG—CUUUU
] 10 20 30

Figure 1. MicA conformations: native structure, ompA-bound and
modified form (MicAg.p). (a) Native MicA structure with partially
blocked accessibility to the ompA-binding site. (b) MicA structure
when bound to ompA with the ompA-binding site exposed.
(¢) MicAgu.p, a stabilized form of MicA with the ompA-binding site
exposed, achieved by nucleotide substitution to increase the GC
content within region 34-52nt to stabilize the stem loop in this
location. The nucleotides changed are indicated in bold.
Experimentally verified structures in (a) and (b) were determined by
Udekwu et al. (6); MicAg., was predicted by Mfold (22).

To demonstrate that the ompA-binding site is more
exposed in MicAg,, than in native MicA, ompA was
incubated with increasing concentrations of either MicA
or MicAg., (Figure 2a). It would be anticipated that
MicAg, would bind ompA with higher affinity than
MicA, as it has been designed to contain an accessible
ompA-binding site, which is partially blocked in MicA.
This was indeed seen to be the case, as the dissociation
constant (K,) for the MicAgi.p:ompA interaction (20 nM)
was identified as >6-fold tighter than that for MicA:ompA
(190 nM). This demonstrated that the ompA-binding site
was more accessible in MicAg,, compared with MicA,
and, therefore, that MicAg,, likely incorporated the
intended conformational change. Thermal melting
profiles of both MicA and the MicAg,, were also
recorded (Figure 2b). These showed that MicAg., had a
substantially higher T, (67.5°C) than MicA (53.6°C),
indicating that MicAg,y, is more stable, which is consistent
with its increased content of base paired G—C in the
relocated stem loop 1.

MicA forms oligomers

While working with MicA we noticed that it was able to
self-associate, and that the level of self-association was
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strongly dependent on Mg>" concentration [Figure 3a(i),
left gel]. Although MicA oligomerization is Mg -depend-
ent, it was also found to be dependent on MicA concen-
tration, with a MicA oligomerization K; of 153nM
identified in the presence of 10mM Mg** (Supplementary
Figure S2a). Given that MicA expression is highly
abundant in stationary phase (8), it is possible that local
MicA concentrations, coupled with the physiologically
relevant Mg”" concentration of 10mM (30), supports
MicA oligomerization in vivo. However, in the absence
of Mg®", MicA concentration had no effect on
MicA-oligomeric state, with it maintaining monomeric
form (Supplementary Figure S2a). Ca®', another
divalent ion present in E. coli at ~90nM (31) failed to
impact the oligomeric state of MicA at physiologically
relevant concentrations (Supplementary Figure S3).
Additionally, Mn>", a divalent ion, which is often used
in place of Mg>*, did not produce the same MicA-oligo-
merization effect when tested in place of Mg*" (data not
shown). Interestingly, MicAg., lost the ability to oligo-
merize in an Mg® -dependent manner [Figure 3a(i), right
gel], indicating that the MicA site of self-interaction
depends on the native sequence within the 30-50 nt
region of MicA, which has been modified in MicAg.p.
As Mg?" is a divalent ion known to support RNA
folding, other sRNAs were also tested to explore
whether this Mg®"-dependent oligomerization occurs gen-
erally. DsrA, OxyS and RprA were tested, but only DsrA,
an 87nt sRNA involved in cold shock response and
known to oligomerize from previous studies (32,33), pre-
dominantly formed a Mg®"-dependent higher molecular
weight species [Figure 3a(ii), upper gel]. Similar to
MicA, DsrA oligomerization was also dependent on
DsrA concentration with a DsrA oligomerization K; of
235nM identified in the presence of 10mM Mg*"
(Supplementary Figure S2b). OxyS and RprA gave no
evidence of Mg? -dependent oligomerization [Figure
3a(ii), middle and lower gels]. This shows the Mg*"-de-
pendent oligomerization phenomenon is sSRNA specific.

Oligomer characterization

It was not possible from gel analysis to determine the
oligomeric nature of the MicA and DsrA oligomers.
However, previous studies (32-34) have indicated that
DsrA is capable of oligomerizing into long fibres, but at
the concentrations tested here, only one high molecular
weight species was predominantly formed [Figure 3a(ii)].
Similarly, only one oligomeric MicA species was
identified. Therefore, to identify the oligomeric state of
these high molecular weight species, both MicA and
DsrA oligomers were purified by size-exclusion chroma-
tography and analysed by AUC sedimentation equilib-
rium analysis [Figure 3b(i) and c(i)]. This showed the
high molecular weight species for MicA had a molecular
weight of 42 069 Da (theoretical molecular weight of
monomer is 24 997 Da), whereas the higher molecular
weight species of DsrA had a molecular weight of
61 929 Da (theoretical molecular weight of monomer is
28 955 Da), both of which indicate that the high molecular
weight species were dimeric forms of the sRNAs.
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Figure 2. Comparison of MicA and MicAygp. (a) EMSA of 5nM 2P ompA* incubated for 30 min at 37°C with increasing concentrations of MicA
(upper gel) or MicAg.p, (lower gel). The fraction of ompA bound is plotted as a function of SRNA concentration and shown graphically on the right,
with MicA:ompA (solid line) and MicAg.p:ompA (dashed line). Standard errors of the mean are based on three experimental repeats. Data are fit to a
single binding isotherm of the form Fraction Bound = [Total Bound x (sSRNA)]/[K,;+ (sSRNA)]. The K, for MicA:ompA and MicAg.p:ompA
complexes are shown in the table below the graph. (b) Temperature melts of MicA (solid line) and MicAy,, (dashed line). The normalized

absorbance at 265nm is plotted as a function of temperature (°C).

Furthermore, MicAy,p, identified as monomeric in the
presence of Mg”>" [Figure 3a(i), right gel], was found to
have a molecular weight of ~28 000 Da (theoretical MW
of monomer is 24 568 Da) by AUC sedimentation velocity
analysis (Supplementary Figure S4), further
demonstrating MicAg,, does not dimerize in the
presence of Mg>*, and thus indicating that the modified
MicAgup sequence has disrupted the region involved in
dimerization.

Additional evidence confirming that the high molecular
weight DsrA and MicA species were dimeric was provided
by SAXS analysis [Figure 3b(ii) and c(ii)]. MchS[ab,
known to stay monomeric in the presence of Mg>"
[Figure 3a(i), right gel], had a radius of gyration (R,) of
33.90 £ 0.0l A with a maximum dimension (Dimax) of
115A. In contrast, for MicA in the presence of Mg>*
the R, was 50.50 + 0. 01A with a Dpax of 160A
Calculatlon of molecular weights using tRNAp,. as a
standard indicated the MicAg,, was 28 863 Da (close to
monomeric weight), whereas the MicA species was 49 994
Da (close to dimeric weight). For DsrA, the R, increased
from 43.20 £ 0.02 to 53.30 £ 0. 06A and the D,mlx
increased from 160 to 185A in the presence of Mg*"
the absence of Mg>", the calculated molecular Welght for
DsrA was 29 054 Da but when Mg?" was added, this
increased to 60 866 Da, again indicating the formation
of a dimeric species. We saw no evidence for the formation
of species of higher molecular weight than dimers in these
experiments.

Collectively, these data show that Mg®" causes MicA and
DsrA to form dimers, and that the MicA dimerization site
has been lost in MicAg.p,. This suggests that the dimeriza-
tion site is the region of MicA that is lacking in MicAg.p,
i.e. the nucleotides in stem loop 1 of MicA (Figure la
and ¢).

Dimerization site modelling

Computational sequence analysis using the oligo analysis
tool at www.operon.com identified both MicA and DsrA as
having large regions of near-perfect self-complementarity.

Figure 3d(i) and (ii) show the models of MicA and DsrA
dimer conformation from this analysis; with the predicted
dimerization regions highlighted in pink. In comparison to
MicA and DsrA, MicAgu.p, RprA and OxyS sRNAs gave
no evidence for regions of self-complementarity. This is
consistent with the experimental findings that MicAg.p,
RprA and OxyS did not form oligomers.

The DsrA dimerization region produced a maximum
AG of —25.32kcal/mol, whereas the MicA region was
—38.09 kcal/mol (Oligo-analyser IDT technologies), both
of which are more energetically favourable than the
energies of the stem loops that occupy these regions
under conditions of no Mg*" (—18.64 kcal/mol for DsrA
and —16.27 kcal/mol for MicA). The self-complementarity
sequence obtained for DsrA agrees with a DsrAzq_go con-
struct that has previously been shown to maintain
capacity for oligomerization (32). For MicA, the
self-complementarity region was generated at position
27-47nt. This region was predicted to be the site of di-
merization, as the MicAg,;, construct (which is identical to
MicA except for the modified stem loop 1 sequence;
Figure la and c), lacked self-association ability (Figure
3a(i), right gel). Nevertheless, the possibility that the
dimers form via an alternative interaction, for example,
a Mg* -bound ‘kissing complex’ with limited base
pairing and co-axial extension of RNA helix or
non-canonical base pairing, cannot be ruled out (35).

Exploring the dimeric forms

Hfq has been shown to enhance SRNA-mRNA pairing
for both MicA (Supplementary Figure S5) (6) and DsrA
(36). However, SRNA-mRNA pairing can occur, albeit
more slowly, in the absence of Hfq [Supplementary
Figure S5 (15,23)]. This allows it to be possible to probe
the accessibility of the mRNA-binding site within the
sRNA dimer conformations by directly monitoring
mRNA binding to the sRNA dimers. Specifically, the
ompA-binding site in MicA [Figure 3d(i); highlighted by
the black line] overlaps slightly with the region implicated
in dimerization, whereas, in contrast, one of the best-



Nucleic Acids Research, 2013, Vol. 41, No.5 3391

MgCl,(mM) 0 05 1 2.5 5 10 20
[a(i)] MicA MicAstab [a(ii)]

DsrA
0 05 1. .25 5 10 20 MgCh(mM) O 05 1 25 5 10 20 HH

M .
WML o Wl
o WWHURLL

[b(] s - a [e(i)] ss |

s 4] . 3 L g =
2 o] e 5> ER N
ﬁ -4 é -4
4 12 12 N
g10 1£191 61,929 Da
s So8 42,069Da \ 25 1508
c 3 [Zos = o6 «~
0 204 % <04
& 02 - 02
3 690 695 700 705 7.0 © 690 695 700 705 710
<D( 2 - Radius Q15 Radius
=)
E <
1 £
5 -
[ ——=¥ {\ T T X T
v 10 12 14 16 5 & 10 12 14 16
mi
-1 ml
[bii)] [c(ii)]
0.4 - 0.4
i 49,994 Da 0.3
0.3 60,866 Da
Z g - T 02
T 02
28,863 Da
0.1 0.1 29,054 Da
0 T T r ) 0.0 T T : )
0 5 R (nm) 10 15 20 0 5 R (nm) 10 15 20
[d(l)] ¢ Stem loop 2 [d(")] rpoS binding > ‘v
A . o
““/J(j% site ¢ ,°, Stemloop 2
YL \\‘\'Q “UR
S e,
ompA binding & e o
site & Stem loop 1 N
— ® v
gggGAAAGACGCGCAUUUGUUAUCAUCAU(CCUGAAUUCAGAGAUGAY =G —————— QQ('
AYONYOVOVINNYYONIIINYINYINYNNONNNYIDIOIVOVYYD 666 999gAACA=UAACGAAUUUUUUAAGUGCUUCUUGCUUAAGCAAG
Q\QA —_ QOVYIOVYNNIONNINNIONOVYNNNNNNYYOIIVYN=YOVY 666
" " & e—
/’f Predicted MicA % Predicted DsrA
RSN dimerisation Q&x;,}, dimerisation
S0 site o), site
QC)//Q\ '7// o)
N ’: S 7s'n
29 %7, 5
K] e}
AR
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highlighted by the black lines, whilst the pink lines and nucleotides highlight the region involved in DsrA dimerization.
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characterized mRNA targets of DsrA, rpoS, binds to a
region of the sRNA that is distinct to that of the site
involved in dimerization [Figure 3d(ii)] (23). This would
suggest a hypothesis that dimerization of MicA would
impede ompA-binding, whereas the dimerization of DsrA
would not affect its interaction with rpoS. Therefore, to
assess whether the dimerization of MicA and DsrA influ-
ences their ability to interact with their mRNA targets,
both the monomeric and dimeric forms of the sRNAs
were incubated with their respective mRNA targets
(ompA and rpoS, respectively) over time and analysed by
EMSA (Figure 4). For the monomeric form of MicA, a
clearly defined complex with ompA was displayed after
~2min, with an initial binding rate of 0.9 nM/min
(Figure 4a). For the dimeric form of MicA, the initial
rate of binding to ompA was 13-fold slower than that of
the monomer (0.07nM/min), with no defined complex
seen after 10 min (Figure 4a). This demonstrates that the
ompA-binding site within MicA is indeed obstructed when
the sSRNA self-associates, as suggested by the dimerization
site overlapping slightly with the ompA-binding site
[Figure 3d(i)]. In contrast to MicA, the dimeric form of
DsrA did not inhibit complex formation with rpoS (initial
rate 1.5nM/min), and the amount of complex formed was
comparative with that observed for the DsrA monomer
binding to rpoS (initial rate 1.0 nM/min; Figure 4b). This
is similarly in agreement with the results available for
DsrA that identified it to contain distinct regions for
dimerization and rpoS binding [Figure 3d(ii)], thereby

(a) MicA monomer MicA Dimer
time (min) time (min)
0 05 1 25 5 10 0 051 25 5 10

b
( ) DsrA monomer DsrA dimer
time (min) time (min)
0 1 25 5 10 15 0 1 25 5 10 15

G0 e

allowing both DsrA dimerization and interaction with
rpoS to occur simultaneously. The self-association of
DsrA, to form dimers, may ‘loosen’ the structure around
the rpoS-binding site. This could account for the small
increase in the initial binding rate observed for DsrA
dimer:rpoS, compared to that seen for DsrA
monomer:rposS.

Monitoring structural changes in MicA monomer, MicA
dimer and MicA,, upon Hfq addition

Hfq has been proposed to alter SRNA structure to mediate
pairing with target mRNA (18). It is, therefore, possible
that Hfq alters MicA monomer and MicA dimer struc-
tures, to form the ompA-binding site exposed conform-
ation analogous to MicAg,,, such that it enables
efficient pairing to ompA. In vivo findings of Udekwu
et al. (6) show that Hfq is required for MicA-mediated
downregulation of ompA and suggest that this is via Hfq
aiding MicA-ompA pairing. Indeed, EMSA analysis, as-
sessing the effect of Hfq on MicA-ompA pairing in vitro,
confirmed the in vivo findings of Udekwu et al. (6),
demonstrating that Hfq significantly enhanced the
sSRNA-mRNA interaction (Supplementary Figure S9).
Hence, CD was performed to assess how the structural
organization and oligomeric state of MicA affected the
ability of Hfq to bind and change the SRNA’s structure.

MicA monomer, MicAg,, and MicA dimer were each
measured by CD at a wavelength of 240-350 nm and then
with a stepwise addition of Hfq hexamer. The protein
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Figure 4. MicA and DsrA binding to their mRNA targets. (a) EMSA of 200nM MicA monomer (left gel) or 200nM MicA dimer (right gel)
incubated with 10nM 2P ompA* at 37°C, over time (indicated above the gel). Graphical representation of the data is shown on the right (solid lines)
with the initial rates of degradation identified (dashed lines). Standard errors of the mean are based on three experimental repeats. (b) As for (a) but
with 500 nM DsrA monomer or dimer incubated with 10nM 3P rpoS*. Species are labelled with MM for MicA monomer, MD for MicA dimer, O
for ompA, DM for DsrA monomer, DD for DsrA dimer and R for rpoS. The graphical representation of the complexes is shown as MM:O in black,

MD:O in grey, DM:R in black and DD:R in grey.



contribution within the 240-350nm region of the CD
spectrum was subtracted, but because of the small
number of aromatic residues within Hfq, this contribution
was negligible. This means that the data at 240-350 nm
showed only the contribution from the RNA. The ellipti-
city of the RNAs in the absence of Hfq and subsequently
in the presence of increasing amounts Hfq was monitored
until no further change in ellipticity was observed. Any
ellipticity changes observed upon Hfq addition could be
interpreted as indicating RNA conformational changes
(37-39).

For MicA monomer, the maximal ellipticity change
upon Hfq addition was reached at a MicA
monomer:Hfq hexamer stoichiometric ratio of 1:2 with a
29% reduction in signal at 265 nm observed (i.e. from 1 to
0.7155deg cm® dmol™'; Figure 5a and Supplementary
Figure S6a). The presence of two Hfq molecules binding
to each MicA monomer was subsequently confirmed by
EMSA (please see later in the text). By CD, this Hfq
addition to MicA monomer was also observed to cause
the width of the peak to narrow at 265-290 nm (Figure Sa
and Supplementary Figure S6a), which can be interpreted
as MicA monomer undergoing a structural rearrangement
upon Hfq addition, potentially to expose the ompA-
binding site and demonstrating Hfq functioning as an
RNA chaperone. This was also supported by the observa-
tion that MicAg., (modified to represent MicA with the
ompA-binding site revealed) did not display a peak nar-
rowing at 265-290 nm upon Hfq addition (Figure 5b and
Supplementary Figure S6b). It is possible that this lack of
peak narrowing represents a lack of structural change in
MicAg.p, as it is already in the structural conformation
that Hfq would induce. Additionally, only a 20% maximal
decrease in ellipticity was observed for Hfq addition to
MicAgi.p, and this was achieved at a 1:1 stoichiometric
ratio of MicAgup:Hfq hexamer (Figure 5b and
Supplementary S6b) and can be interpreted as represent-
ing chromophore rearrangements due to quenching upon
Hfq binding (38). Similar results were seen for MicA
dimer (Figure 5c and Supplementary S6c), with a 20%
decrease in ellipticity and with little change in the 265—
290 nm range in terms of peak width upon Hfq addition.
As MicA dimer and MicA,, display similar CD profiles
upon Hfq addition, we can infer that the dimeric form of
MicA allows Hfq to bind but prevents Hfq being able to
alter the shape of the RNA in a means analogous to that
seen for MicA monomer. Indeed, EMSA analysis showed
that Hfq binds to the MicA dimer. However, it fails to
disrupt the dimer conformation into the MicA monomer
form (Supplementary Figure S7), which seems to be the
form upon which Hfq can induce a structural change.

Comparison of MicA monomer, MicA dimer and MicA,y,
binding to Hfq and impact on ternary complex formation

MicA is known to contain one Hfg-binding site located
between stem loops | and 2, encompassing ~47-53nt
(Figure 1la) (8). However, from our CD experiments,
structural changes in MicA were seen up to a ratio of
1:2 MicA monomer:Hfq hexamer, indicating a second,
as yet unidentified, Hfg-binding site exists within MicA.
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Figure 5. CD of MicA monomer, MicA dimer and MicA.,, with Hfq.
(a) CD spectra of 800nM MicA monomer (solid line) and with
1600nM Hfq hexamer (dashed line). The horizontal line highlights
the 265-290 nm region of the profile discussed in the text. (b) Same
as for (a) but for MicAg,, (solid line) with 800nM Hfq hexamer
(dashed line). (¢) Same as for (a) but for MicA dimer (solid line)
with 800 nM Hfq hexamer (dashed line).

EMSAs confirmed this to be the case, as two distinct
co-complexes were identified (Figure 6a), with the higher
molecular weight species giving a Hill coefficient of n = 2,
confirming that the species is 1:2 MicA:Hfq hexamer. The
lower molecular weight species was, therefore, identified as
a 1:1 MicA:Hfq hexamer complex. The K, for the 1:1
complex was 2.3nM (Figure 6a and c) and is in agreement
with the findings of Fender er al. (40). However, the
second Hfg-binding event to form the 1:2 complex had a
weaker K; of 65nM (Figure 6a and c). In comparison,
EMSASs of MicAg., with Hfq revealed only a tight 1:1
complex (K, of 1.5nM) to be formed (Figure 6b and c¢).
This was in agreement with the CD experiments for
MicAgp, Which displayed ellipticity changes only up to
a ratio of 1:1 MicAgu.p,:Hfq hexamer, suggesting MicAgap,
to contain only one Hfg-binding site. Assessment of the
predicted MicAg.p, secondary structure (by Mfold) shows
it lacks the known Hfg-binding site between MicA stem
loops 1 and 2 (Figure la and c). This accounts for the
ability of MicAg., to bind only 1 Hfq hexamer. As
MicAg., lacks the known Hfg-binding site and has
similar affinities for Hfq as the 1:1 MicA:Hfq hexamer
complex, it can be considered that these tight interactions
with Hfq are located at the second unidentified site that
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Figure 6. Affinity of MicA/MicAu.n:Hfq complexes. Native EMSA of
5nM *’P labelled (a) MicA monomer* or (b) MicAg,p* mixed with
increasing concentrations of Hfg hexamer. Samples were analysed by
EMSA at RT (left, gel), and the fraction of bound species was plotted
as a function of Hfq hexamer concentration (right, graph). Details of
the graphical labels are as follows for the upper gel (a): MicA:Hfq 1
(white boxes), MicA:Hfq 2 (black spots), free MicA (grey triangles),
whereas for the lower gel (b) are: MicAg.p:Hfq 1 (black spots) and free
MicAg.p (grey squares). MicA-Hfq was fit using a two-site partition
model as per Lease and Woodson (23) giving n = 2. MicAg, was fit to
a single binding isotherm. Standard errors of the mean are based on
three experimental repeats. (¢) Table showing the K s of the SRNA:Hfq
complexes.

both MicA and MicA,, share. This second site could be
involved in allowing the formation of a ternary complex
comprising MicA:ompA:Hfq, which would facilitate the
MicA:ompA interaction by bringing them into close prox-
imity. This is supported by our observation, from EMSA
analysis, that both MicA and MicAg,, can form ternary
complexes with ompA4 and Hfq, suggesting the two RNAs
share the same Hfg-binding site within the context of
ternary complex formation (Figure 7d and e and
Supplementary Figure S8).

The weaker Hfg-binding event that occurs only for
MicA and not MicAgy,, is presumably at the known
binding site for Hfq on MicA, in the region between the
stem loops 1 and 2 (47-53 nt) where the sRNA is struc-
turally altered to allow release of the ompA-binding site. It
would seem logical that Hfq binding to MicA in this
region would bring about this structural rearrangement
in the sSRNA, and this is supported by our CD observa-
tions that a stoichiometric ratio of 1:2 MicA:Hfq hexamer
is required to observe changes in the 265-290 nm region of
the profile indicative of RNA structural changes.
However, as a result of the Hfg-induced structural re-
arrangement of MicA, the weaker site to which the Hfq
is bound would be lost, as it is sequestered into a stem
loop that releases the ompA-binding site (Figure 1a and b).
This would suggest that the Hfq bound at this region
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Figure 7. Ternary complexes of MicA/MicAgp:ompA:Hfq. EMSA of
(a) 10nM Cy3 labelled ompA*, (b) 10nM ompA incubated with 200 nM
MicA monomer, (¢) 10nM ompA incubated with 200 nM MicAgp, (d)
10 nM Cy3 labelled ompA* incubated with 200nM MicA monomer
plus 200nM Hfq hexamer, (e) 10nM Cy3 labelled ompA* incubated
with 200nM MicAgp plus 200 nM Hfq hexamer, (f) 10nM Cy3
labelled ompA* incubated with 10nM Hfq hexamer, (g) 10nM Cy3
labelled ompA* incubated with 20nM Hfq hexamer and (h) 10nM
Cy3 labelled ompA* incubated with 200nM Hfq hexamer. All
samples were analysed by 6% native polyacrylamide gel electrophoresis,
on the same gel, at 4°C. Samples (b—c) were visualized for RNA with
SYBR Gold and samples (a, d-h) were visualized for Cy3 labelled
RNA by laser detection at 532nm. A composite image of these differ-
ential visualizations of the same gel has been created. Constituents of
the ternary complex were verified as shown in Supplementary
Figure S8.

would, therefore, be displaced once the MicA structural
change is complete and ompA can bind, and it is in agree-
ment with this site having an observed weaker affinity for
Hfq (30-fold weaker affinity compared with the tight 1:1
complex).

To explore whether there is recruitment of a second Hfq
in the MicA:ompA:Hfq ternary complexes, EMSAs were
used to determine whether one or two Hfg hexamers were
present. As a marker of ternary complex stoichiometry,
the MicAgp:0mpA:Hfq complex, in which MicAg,, can
only bind one Hfq, was run as a comparison. The band
position of the MicA:ompA:Hfq complex was seen to be
equal to that of the MicAg.p:0mpA:Hfq complex, thereby
identifying it to be in the same stoichiometric ratio
(Figure 7). If two Hfq hexamers had been stably bound
to MicA, a higher shift in the EMSA would have been
observed. Therefore, although MicA can bind two Hfq
hexamers, one of these is lost on ternary complex forma-
tion, potentially displaced after inducing the required
MicA conformational change to allow ompA-binding. It
is possible that the tightly binding Hfq (suggested to be
responsible for the ternary complex formation) may also
dissociate once the ompA and MicA have formed a stable
duplex (although this is not seen here), as it may be RNA
concentration driven, as suggested by Fender ez al. (40).

DISCUSSION

For MicA to function as a negative regulator of transla-
tion of the target mRNA ompA, it is known that stem loop



1 must be rearranged closer to the 3’-end to free the ompA-
binding site (Figure 1a and b) (6). Comparing native MicA
to an artificially created stabilized version, in which the
ompA-binding site was maintained in the exposed state
(MicAgp;, Figure 1c), we have characterized MicA
interactions.

One of the key findings of this study was the ability of
MicA to self-interact. Although MicA concentration alone
does not affect the SRNA’s oligomeric state, we reveal that
MicA is able to dimerize in an Mg*"-dependent manner
above a certain concentration of MicA. This could be
expected as Mg”" is a divalent cation that promotes inter-
action between two polyanionic RNAs, but this finding
was not seen to be a general feature of all SRNAs, as
RprA, OxyS and MicAg,,, were observed to be unaffected
by the presence of Mg~'. However, we also showed that
the sSRNA DsrA, which had been previously reported to
form oligomers for unknown reasons (32-34), also specif-
ically formed Mg?"-dependent dimers above a certain
DsrA concentration. DsrA dimerization results in
minimal impact in terms of the ability of DsrA to pair,
and upregulate, one of its main mRNA targets, rpoS. We
note that a small enhancement of interaction rate is
observed, potentially resulting from a minor destabiliza-
tion of the stem loop at the rpoS interaction site, resulting
from the downstream interaction of the paired DsrA mol-
ecules; although this remains unclear. More interestingly,
however, although the region of DsrA dimerization does
not directly impact the rpoS interaction site, it would in
principle interfere with the binding of an alternative
mRNA target, H-NS (41), which is downregulated in the
presence of DsrA. Thus, DsrA dimerization could act as a
means of coordinating mRNA binding preference.

By analogy to the DsrA dimer:H-NS situation, where
the sSRNA dimerization site overlaps with the mRNA
target-binding site, the MicA dimerization site overlaps
with the ompA-binding site. We show that the MicA
dimer fails to pair to ompA, suggesting a potential add-
itional means of mRNA regulation in which MicA dimer-
ization results in the loss of function of MicA. Although
current understanding of this potential regulatory mech-
anism is unknown, it is possible that MicA dimerization
could target it for degradation. For example, the double-
stranded RNA-specific endoribonuclease III cleaves
Salmonella typhimurum MicA when it is paired to its
target, ompA (9). Similarly, the double-stranded character
of the MicA dimer could result in an analogous effect,
resulting in enhanced cleavage of MicA, in dimer form,
by RNase III. In contrast, RNase E is known to efficiently
degrade free MicA, as in the absence of ompA pairing, or
associated Hfq, it is vulnerable to attack (9,42).
Dimerization of MicA could, therefore, act to block
degradation by this single-stranded RNA-specific endorib-
onuclease. MicA dimerization could, therefore, act as a
means of regulating the levels of functionally available
MicA.

To further explore the potential relevance of the MicA
dimer, it was necessary to consider the impact of Hfq.
MicA dimer, MicA monomer and MicA,, were all seen
to bind to Hfq. However, although Hfq was seen to be
able to structurally affect MicA monomer, thereby
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demonstrating the chaperone function of Hfq, it was
only able to bind, and not able to structurally affect,
MicAgup or MicA dimer. As MicAg,y, is already in the
correct conformation for ompA binding, it is not unsur-
prising that the MicAg,, structure is not significantly
affected by Hfq. In a similar way, the predicted MicA
dimer structure has lost the stem loop occluding the
ompA-binding site, which Hfq is proposed to melt.
Hence, MicA dimer is also in the ‘active’ conformation
for ompA binding, only in place of bound-ompA, a
second MicA molecule has paired to MicA instead.
Importantly, Hfq was not observed to induce dissociation
of the MicA dimers into monomeric form, which seems to
be required for MicA to function. Hence, the formation of
MicA dimers seems to represent a means of inactivating
MicA, with Hfq unable to restore the functional MicA
monomer form. Consequently, in situations where MicA
accumulates in the presence of Mg®", dimerization of
MicA could potentially be seen to result in the ‘switching
off” of MicA function.

In addition to the MicA monomer structural changes
that occur upon Hfq binding, MicA has been identified to
bind to two Hfq hexamers. One Hfg-binding site has
already been identified as being located between stem
loops 1 and 2 (6). We have identified that this site has a
30-fold weaker affinity than the site at which the second
Hfq binds. However, the location of this second Hfq
binding site has not been identified. Previous work has
shown that Hfq binds the 3'U-rich-end of the sRNA
RybB (43). In addition, recent studies have further
supported the 3’-end binding of Hfq to sRNAs by
demonstrating that Hfq protects against 3’-end degrad-
ation by PNPase (44). The second Hfg-binding site
observed for MicA could, therefore, be at the 3'U-rich—
end of the sRNA. However, having multiple
RNA-determinants involved in binding to a single Hfq
hexamer has been demonstrated for the sSRNA RybB
(45). Consequently, this raises the possibility that although
the 3’-end of MicA may well bind to Hfq, it could be a
second determinant of the known site, with both sites
binding to the same Hfq hexamer. Alternatively, the
second Hfq hexamer observed to bind to MicA, could
bind at a distinct, independent, location on MicA, and
involve either single or multiple determinants. Internal
U/A-rich regions of sRNAs (14), often adjacent to stem
loops (46), or within the SRNA body (45) are known to be
important in Hfq binding. Hence, the second Hfg-binding
site within MicA could be located in such a region, and
MicA nucleotides 15-23 present such an opportunity.
Although this work has clearly identified that MicA can
bind to two Hfq hexamers, and that two distinct binding
events exist of differing affinities, further work is required
to explore in detail the hypotheses raised here and fully
characterize the MicA determinants of Hfq binding.

Although two Hfq hexamers are identified as binding to
MicA, we find that only one Hfq hexamer remains bound
upon ternary complex formation with ompA4. Our data,
therefore, supports a hypothesis that Hfq binding to
MicA at the newly identified high affinity site could be
involved in bringing the target transcript, ompA, into
close proximity with MicA to aid pairing. A subsequent
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Hfg-MicA binding event at the lower affinity site,
proposed to be at the known binding site between step
loops 1 and 2, is necessary to allow restructuring of
MicA, such that the ompA-binding site becomes
exposed. After MicA restructuring, the lower affinity
Hfq-binding site is lost and the Hfq involved then dissoci-
ates. Upon exposure of the ompA-binding site within
MicA, MicA-ompA pairing occurs. It would be
anticipated that the tightly bound Hfq would be lost
once a stable MicA—ompA duplex had formed, although
this may be driven by RNA concentration (40) and was
not seen in our experiments.

In summary, our studies to characterize the interactions
of MicA have expanded our understanding of the SRNA’s
function. We have demonstrated Hfq’s role as an RNA
chaperone, impacting the structural conformation of
MicA. We have seen that MicA is capable of binding to
two Hfq hexamers and discuss a potential mechanism
of MicA action which explains our observation of one
Hfq hexamer within the context of a ternary complex
with ompA. In addition, we have identified that a poten-
tially inactive Mg**-dependent MicA dimer can form at
accumulated MicA levels. Although it is well established
that dimerization of proteins acts as a regulatory mechan-
ism in signal transduction pathways (47) and RNA dimer-
ization is an essential process in the retroviral replication
cycle (48), dimerization has never before been identified as
a potential means of regulating SRNA function. The
capacity of sRNA dimerization to prevent interactions
with specific mRNA targets, although continuing to
allow interactions with others, provides a possible mech-
anism of sSRNA-dimer driven mRNA-target preferences.
This could potentially provide part of the explanation as
to how one sRNA can specifically act on multiple mRNA
targets. The ability of certain sSRNAs to sense their envir-
onment, specifically in terms of ion levels, could suggest
that a hitherto unknown level of regulation exists.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1-8.
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