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Experimental approaches for the discovery and characterization
of regulatory small RNA
Cynthia Mira Sharma and Jörg Vogel
Following the pioneering screens for small regulatory RNAs
(sRNAs) in Escherichia coli in 2001, sRNAs are now being
identified in almost every branch of the eubacterial kingdom.
Experimental strategies have become increasingly important
for sRNA discovery, thanks to increased availability of tiling
arrays and fast progress in the development of high-throughput
cDNA sequencing (RNA-Seq). The new technologies also
facilitate genome-wide discovery of potential target mRNAs by
sRNA pulse-expression coupled to transcriptomics, and
immunoprecipitation with RNA-binding proteins such as Hfq.
Moreover, the staggering rate of new sRNAs demands
mechanistic analysis of target regulation. We will also review
the available toolbox for wet lab-based research, including in
vivo and in vitro reporter systems, genetic methods and
biochemical co-purification of sRNA interaction partners.
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Introduction
A couple of decades after the first discovery of a chromosomally encoded small regulatory RNA (sRNA) [1],
and eight years after the first genome-wide searches for
sRNA genes in Escherichia coli [2–4], this field of research
has come to full blossom. New sRNAs are being identified and characterized in a wide range of bacterial
species; novel technologies as well as modifications of
long-standing standard techniques are used to study
sRNAs at the genome-wide level. What bacterial sRNAs
look like and how they target the activity of mRNAs or
proteins to regulate metabolism, stress responses or bacterial virulence were covered in depth by several recent
reviews (e.g. [5,6,7,8]). In addition, we recently
reviewed along with a historical perspective the
approaches that were traditionally used to identify sRNAs
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[9] and functionally characterize their targets [10]. Biocomputational analyses have become an integral part of
many sRNA studies. Because the present review has its
focus on experimental approaches, we refer the reader to
recent reviews of algorithms and websites for sRNA and
targets searches, and any sRNA discoveries that were
primarily facilitated by biocomputation [11,12,13].
This review is organized in two main sections, the first
of which describes how sRNAs can be identified based on
their expression in the cell, whilst the other describes
methods for functional characterization and validation of
interaction partners of sRNAs.

Genome-wide detection of expressed sRNAs
Notwithstanding exceptions (e.g. RNAIII, SgrS [7]),
the regulatory sRNAs known to date are typically 50–250
nucleotides in length, untranslated and sufficiently
abundant to be detectable by a variety of methods.
Historically, several sRNAs were discovered because
they produced strong signals when total bacterial
RNA was labelled with isotopes or dyes, and run out
on denaturing gels [9]. Such visualization is useful to get
a first glimpse at the abundant sRNAs of a given organism, especially those bound to proteins of interest;
recent examples include the discovery of 6S RNA
species in Bacillus subtilis [14] or new Hfq-associated
sRNAs of Listeria monocytogenes [15]. Multi-copy plasmid
libraries of chromosomal DNA fragments provide an
indirect means to find sRNA genes through scoring
for a phenotype or target regulation of interest [9],
and brought about several serendipitous discoveries,
for example, of the prototypical MicF sRNA [1], posttranscriptional activators of rpoS mRNA [5] and the
unexpected trapping of MicM sRNA by a polycistronic
mRNA [16,17]. Collectively, these methods are well
suited to identify individual sRNAs with an a priori
defined function. In contrast, the global detection of
sRNAs is commonly facilitated by cDNA sequencing
(RNomics, RNA-Seq) and microarrays (Figure 1A). We
will describe these approaches and associated studies
(see Table 1 for overview) in more detail below, and
discuss some experimental twists that may increase their
coverage and sensitivity.
Microarrays

Microarrays have been the most common method for
transcriptome analysis, and have successfully been used
to discover novel sRNAs. They generally come in two
flavors: low-density arrays with oligonucleotide or doublestrand (PCR fragments) DNA probes for a defined set of
www.sciencedirect.com
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Figure 1

Detection of sRNAs using microarrays or RNA-Seq. (A) sRNAs can be identified using microarrays, shotgun-cloning and Sanger sequencing of sizefractionated RNA, or by high-throughput transcriptomic analysis of total RNA or size-selected RNA via RNA-Seq. Analysis of RNA extracted after coIP
of RNA-binding proteins can provide a global picture of sRNAs and mRNAs bound by a protein of interest such as Hfq or CsrA/RsmA. (B)
Transcriptional tiling map of Listeria detects the expression of sRNA genes, such as rli38. Furthermore, hybridization of RNA from different growth
conditions shows differential expression of the sRNA. Figure taken from [22]. (C) Strategy to identify sRNA and mRNA-binding partners of the
widespread RNA chaperone Hfq. RNA can be co-immunoprecipitated with Hfq in extracts from a wild-type and chromosomal hfqFLAG strain using an
anti-FLAG antibody. The extracted RNA is converted into 50 monophosphate RNA, and subsequently into cDNA, followed by direct pyrosequencing.
Figure adapted from [34]. (D) Read distribution of exemplar Hfq-dependent and Hfq-independent sRNAs in Salmonella. Read distribution for RNASeq results following Hfq-coIP (red) for the Hfq-dependent InvR, SroB and SraH sRNAs, or the Hfq-independent 6S sRNA, compared to reads
obtained from control coIP (black). Vertical axes indicate the number of cDNA sequences that were obtained for each locus; a bent arrow indicates the
sRNA promoter, a circled ‘T’ the transcriptional terminator. Figure adapted from [34].
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Table 1
Experimental sRNA screens in diverse bacteria
Bacterium

Experimental component

Reference

Gram-negative bacteria
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Salmonella typhimurium
Prochlorococcus marinus
Vibrio cholerae
Aquifex aeolicus
Pseudomonas aeruginosa
Sinorhizobium meliloti
Caulobacter crescentus
Burkholderia cenocepacia

Oligonucleotide arrays
RNomics
Hfq co-immunoprecipitation, microarrays
Direct cloning
Hfq co-immunoprecipitation, deep sequencing
Microarrays
Deep sequencing
RNomics
RNomics
Microarrays
Tiling array
Deep sequencing

[3]
[28]
[27]
[30]
[34,44]
[21]
[37]
[29]
[42]
[97]
[20]
[38]

Gram-positive bacteria
Bacillus subtilis
Bacillus anthracis
Listeria monocytogenes
Listeria monocytogenes
Streptomyces coelicolor

Microarray
Deep sequencing
Hfq co-immunoprecipitation
Tiling array
sRNA cloning

[25]
[39]
[15]
[22]
[98]

mRNA, tRNA, rRNA and sRNA regions, and highdensity (tiling) arrays carrying up to hundreds of thousands of DNA oligonucleotides systematically covering
the sense and antisense strand of a genome, including the
intergenic regions (IGRs) from which most known sRNAs
are expressed.
The first tiling array [18] covered IGRs of >40 bp (with
one probe every six bases), in addition to strand-specific
probes for all annotated regions of the E. coli chromosome. Whilst the initial study was focused on sensitivity
and reproducibility issues of mRNA profiling, the tiling
array came into full play for sRNA discovery by bolstering predictions based on comparative genome analysis
[3], and the profiling of IGR-derived transcripts under
various growth conditions [19]. Tiling arrays have since
been used for global discovery of sRNAs in Caulobacter
crescentus [20], marine cyanobacteria (Prochlorococcus
[21]) and the pathogens, L. monocytogenes [22] (see
Figure 1B) and Mycobacterium leprae [23]. These studies
revealed intriguing new features of sRNA biology, for
example, an uncompromised sRNA expression in a
cyanobacterial strain that had lost the gene encoding
Hfq protein [21], or sRNAs of virulent bacteria that are
up-regulated during [22,23] and required for successful
host infection [22].
Low-density arrays have provided an affordable means to
validate predicted sRNAs, for example, in isolates of
Staphylococcus aureus [24] or in the sporulation-network
of Bacillus subtilis [25], and can be easily produced ‘in
house’ at a core facility. In contrast, tiling arrays are
typically made by commercial providers, and require
considerably higher set-up and production costs. However, their high probe density enable unbiased sRNA
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searches and allow a rough estimate of the 50 and 30
termini of sRNAs, and help distinguish sRNAs encoded
by free-standing genes from processed UTRs.
Issues of probe labelling, which could potentially be
hampered by the intrinsic structure of small stable RNAs,
have been addressed by improving protocols for higher
detection sensitivity and lower noise from cross-hybridization [3,19,20]. This includes a new protocol alternative
to the common labelling of bacterial RNA or cDNA with
fluorescent dyes, and which is based on very sensitive
recognition of RNA:DNA hybrids following direct
hybridization of RNA to tiling arrays [26,27].
RNomics and RNA-Seq (next-generation sequencing)

The discovery of new RNA classes through sequencing of
cDNA prepared from size-fractionated or total cellular
RNA has like no other approach helped unravel the
diversity and importance of small RNAs in all kingdoms
of life. The first such studies in bacteria, in E. coli and
Aquifex aeolicus, enriched RNA species of a size range of
50–500 nt [28,29] or 15–50 nt [30] by gel extraction. In
these so-called RNomics approaches [31], the RNA was
reverse transcribed, cloned in a plasmid vector and up to
3000 cDNA inserts [28] were analyzed by conventional
Sanger sequencing. These studies identified a number of
abundant new sRNAs in E. coli whose relative representation in the cDNA libraries prepared from different
growth conditions often reflected their expression over
growth [28]. Exceptions include the extremely abundant
yet highly structured 6S RNA which was hardly recovered
in E. coli [28] but constituted almost half of the cDNA
sequences in A. aeolicus [29]. Both of the E. coli studies
detected parallel transcriptional output of genes by
detecting stable small-sized RNA species that originated
www.sciencedirect.com
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from 50 or 30 UTRs of annotated ORFs, including riboswitch regions [28,30].
High-throughput sequencing techniques have now
obviated both the time-consuming cDNA cloning step
and the costly Sanger sequencing. Using any of the
currently available technologies, that is, 454 pyrosequencing, SOLEXA or SOLiD [32], millions of cDNAs can be
analyzed directly once the RNA is reverse transcribed
into cDNA and amplified by means of added adapters.
Although the term is quite misleading, such cDNA
analysis is often referred to as RNA-Seq (RNA sequencing) [33]. The first such approach to discover bacterial
sRNAs used pyrosequencing of RNA associated with Hfq
protein in Salmonella [34], and will be covered in the next
section. Pyrosequencing also pioneered the profiling of
bacterial transcriptomes of Sinorhizobium meliloti and
marine microbial communities [35,36], and these studies
identified new sRNA candidates in passing. Similar to
RNomics, Liu et al. [37] enriched by gel extraction the
14–200 nt fraction to discover new sRNA species in Vibrio
cholerae by pyrosequencing; a new protocol for the
depletion of the small-sized 5S rRNA and tRNAs by
oligonucleotide-guided RNase H treatment was introduced.
Pyrosequencing was the first method to offer sufficiently
long reads for unequivocal genome mapping, yet the
read lengths obtained on the SOLEXA or SOLiD platforms have since increased to >50 bp. The latter technologies were used for transcriptome analyses of
Burkholderia cenocepacia strains [38] and Bacillus anthracis
[39] grown under relevant environmental conditions; in
both studies, abundant ribosomal RNA species were
depleted with the MICROBEexpress kit (Ambion) to
increase the coverage of interesting transcripts. The
Bacillus anthracis study showed that SOLEXA and
SOLiD were equally suited to profile bacterial transcriptomes in a quantitative manner. Similar to detection on
tiling arrays, sRNA genes were often revealed through
short blocks of transcripts in IGRs, yielding 13 new
putative sRNAs in Burkholderia [38] and hundreds of
candidates, including antisense RNAs and UTR-derived
species, in Vibrio [37].
Appropriate cDNA synthesis permitting, the most salient
feature of RNA-Seq is that it can detect sRNAs with
single-nucleotide resolution at the 50 and 30 ends of
transcripts. For example, the RNA is ligated to a 50
adaptor, followed by polyA (or polyC) tailing at the 30
end, and cDNA synthesis is initiated with a 30 adaptor
primer anchored to the tail [34]. Moreover, we have
developed a new approach, termed differential RNASeq (dRNA-Seq), which cares about the 50 group of
RNA and thus permits to differentiate primary transcripts
with native 50 ends from processed species. The dRNASeq approach has unravelled transcription initiation sites
www.sciencedirect.com

at the genome-wide level, and discovered an unexpected
large number of new sRNAs and antisense transcripts, in
the human pathogen, Helicobacter pylori (Sharma et al.,
submitted). In principle, it is applicable to all bacterial
species where native transcripts carry a 50 tri-phosphate.
Co-purification of sRNAs with proteins

As part of their biological activity, many sRNAs stably
associate — and can therefore be co-purified — with cellular proteins. As paradigm, CsrA protein of E. coli was
serendipitously purified as a ribonucleoprotein complex;
cDNA cloning identified the associated 360 nt CsrB
sRNA as the founding member of widespread sRNAs that
act to antagonize CsrA/RsmA proteins [40].
The bacterial Sm-like protein, Hfq, has been the most
common bait for sRNA discovery (Figure 1A). Hfq is
required for both intracellular stability and target mRNA
pairing of sRNAs in many bacteria; almost half of the
known E. coli and Salmonella sRNAs might associate with
Hfq [41]. In a pioneering global study in E. coli [27],
cellular extracts were incubated with polyclonal antisera
against Hfq to enrich RNA by co-immunoprecipitation
(coIP), followed by hybridization to tiling arrays. The
procedure enriched (as compared to a control reaction)
one-third of the E. coli sRNAs known at the time. Studies
in Listeria [15] and in Pseudomonas aeruginosa [42] identified individual abundant Hfq-associated RNAs by direct
RNA sequencing or conventional RNomics.
To overcome the limited availability of high-density
microarrays and species-specific Hfq antibodies, we
recently established a generic approach, adding a triple
FLAG tag epitope [43] to the chromosomal hfq gene of
Salmonella, and analyzing Hfq-associated RNA after coIP
with a commercial monoclonal anti-FLAG antibody by
RNA-Seq (Figure 1C) [34]. Examples of Salmonella
sRNA profiles based on the analysis of 350 000 cDNAs,
comparing coIP with the FLAG-tagged Hfq to control IP
in a wild-type strain, are shown in Figure 1D. Generally,
the Hfq-binding sRNAs were covered over the entire
length, detecting the native 50 –30 ends with singlenucleotide resolution. Some sRNAs, for example, ArcZ
(a.k.a. RyhA or SraH), were enriched in their processed
form, and again the sequencing precisely captured the
site of processing.
As an extension of the above approach, we also investigated which type of RNA is associated with heterologous
Hfq proteins upon their ectopic expression in a Salmonella
hfq mutant [44]. Interestingly, these ‘foreign’ Hfq
proteins including that of the archeon Methanocaldococcus
jannaschii [45] stabilized some sRNAs with low expression. Thus, foreign Hfq proteins may catch sRNAs that
are not normally detected under standard assay conditions, and perhaps also sRNAs in bacteria without
Hfq [44].
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We caution that irrespective of the final detection method
the Hfq-coIP approach is not necessarily quantitative
because of long cell breakage and lysate incubation steps.
It may favour sRNAs that are intrinsically stable, although
short-lived species such as GcvB sRNA (half-live <2 min;
[28,46]) were also recovered with high frequency
[27,34,44]. Nonetheless, the combination of chromosomal epitope-tagging, coIP and RNA-Seq could facilitate
sRNA discovery in many genetically tractable bacteria.
Note that the FLAG epitope did not interfere with Hfq
functions in Salmonella, including virulence control
[34,47], but this will require prior testing in other species,
especially when other bacterial RNA-binding proteins
such as the global acting CsrA/RsmA-like or Csp-like
proteins are to be studied.
Genomic SELEX

RNomics-based or microarray-based sRNA discovery
methods require sRNAs to be expressed under the chosen assay condition. A genomic SELEX approach, which
would in principle cover all sRNAs that are encoded by a
given genome has been developed ([48] and references
therein). A representative library of the E. coli genome
was constructed from random sequences of 50–500 bp
length. These fragments were in vitro transcribed with T7
RNA polymerase, incubated with Hfq, and selected for
Hfq binding on filters. Intriguingly, the genomic SELEX
approach detected many low abundance antisense RNAs
yet it remains to be understood why known Hfq-associated sRNAs were hardly recovered [48].

Discovery of small RNA functions
A full understanding of the biological function of a given
sRNA requires the identification of its cellular interaction
partners. If current trends hold, these will be most likely
trans-encoded mRNAs to which the sRNA base-pairs
with short and imperfect complementarity [5,7,8].
Diverse biocomputational [12,13] and experimental
tools have helped to predict and validate target mRNAs.
Regardless of whether the target is repressed or activated,
regulation is often visible at the protein level as scored by
SDS gels or Western blot. Chromosomal epitope-tagging
[43] helps to detect regulated proteins if no specific
antibody is available. Chromosomal or plasmid-borne
mRNA fusions to lacZ [49], or gfp [50], or luciferase
[51] reporter genes are commonly used, too.
Target regulation often entails changes at the mRNA
level, to be detected by a variety of methods, for example,
Northern blot hybridization, primer extension, RNA protection and RT-PCR, at the single gene level. However, it
is now appreciated that many sRNAs act on multiple
targets, which recommends global methods involving
microarrays, RNA-Seq or proteomics be used in the initial
phase of sRNA characterization. These global methods,
including the cataloguing of Hfq-associated mRNAs as
potential targets [3,34], will be outlined below.
Current Opinion in Microbiology 2009, 12:536–546

We currently know few regulatory sRNA–protein interactions, for example, sRNAs targeting CsrA/RsmA proteins
[7] or RNA polymerase [14]. However, this might as well
reflect the current bias towards mRNA targets and the
paucity of biocomputational algorithms to globally predict
protein targets. The experimental methods covered here
rely mostly on co-purification of proteins with sRNAs and
subsequent analysis by mass spectrometry.
sRNA overexpression and deletion

Fortuitous overexpression of sRNA genes present in
multi-copy plasmid libraries of genomic E. coli fragments
underlay some of the early discoveries in the field
[1,5,10,52]. Whereas overexpression may simply be
achieved by increasing gene copy number, plasmid-based
expression of sRNAs from a strong constitutive promoter,
for example, PLlaco-1 [50,53], has also helped identify
targets. Recent examples include MicA sRNA-mediated
OmpA repression [54], and the activation of GlmS synthesis by the hierarchically acting E. coli GlmY and GlmZ
sRNAs [55,56]. Constitutive expression of the GlmYZ
sRNAs causes such strong activation that GlmS becomes
easily visible in Coomassie-stained SDS gels [55,56].
However, only GlmZ directly regulates the glmS message,
whereas GlmY regulation is indirect through GlmZ
[56,57]. Needless to say that strong overexpression of
sRNAs runs the risk of causing lethality, for example,
Salmonella GcvB sRNA is toxic when constitutively
expressed from a multi-copy plasmid [46].
Reciprocally, scoring deregulated protein synthesis in a
given sRNA deletion background has also been successful. Resolution of whole cell proteins in 1D or 2D SDS
gels revealed repression of many ABC transporters by
GcvB [46,58], and of OmpA or LamB synthesis by the V.
cholerae VrrA [59] or Salmonella MicA [60] sRNAs,
respectively. However, the growth condition to be analyzed can matter, e.g., ArcZ sRNA represses some targets
in early growth and another only in late stationary phase
Salmonella [61].
Libraries of sRNA deletion mutants were constructed to
screen for regulated targets in a systematic fashion. Disruption of a few dozen known sRNA loci in Salmonella
[62] revealed the CRP-dependent CyaR sRNA as a
repressor of OmpX synthesis (the existence of a regulatory sRNA had been hypothesized because of the strong
Hfq association of ompX mRNA [27,34]). At the level of
physiology, analysis of sRNA mutant libraries revealed
GcvB as a regulator of acid resistance in E. coli [63], and
unravelled roles of the Salmonella IstR-1, OxyS and SroA
sRNAs in host infection [64].
Pulse-expression of sRNA combined with transcriptome
profiling

Constitutive overexpression of an sRNA is prone to report
indirect regulations because of potential off-target and
www.sciencedirect.com
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pleiotropic effects on overall gene expression, especially
if the primary targets include a transcriptional regulator
such as RpoS [65]. Pulse-expression of sRNAs, for
example, from the tightly controlled arabinose-inducible
PBAD promoter, has overcome some of these limitations
[62,66,67,68,69,70,71]. The logic behind this approach
is to overexpress sRNAs (for 10–15 min) long enough to
induce the decay of direct target mRNAs, whilst keeping
the expression pulse short enough to avoid significant
alterations at the protein level which could cause secondary effects. Altered mRNA levels are scored on whole
genome microarrays. Pulse-expression revealed that the
iron starvation regulator, RyhB sRNA of E. coli, might
directly control 18 loci, including large operons with
documented functions in iron homeostasis [66]. Likewise, the Salmonella RybB and E. coli OmrAB sRNAs
were each found to repress large numbers of outer membrane protein-encoding mRNAs [68,70]. Many of such
identified targets, including a case of translational activation [72], have meanwhile been verified by genetic or
structural characterization of the underlying base-pairing
mechanism [73]. Although pulse-expression has become
the method of choice for the identification of target
mRNAs, it requires targets to be transcribed under the
assay condition. Whether short overexpression will also
alter mRNA levels where wild-type regulation proceeds
without concomitant mRNA decay, for example, Spot42
control of the gal operon mRNA [74], remains to be seen.
Genetic approaches

Although sRNA genes are small and 5–10 times less likely
to be hit by a transposon than the average ORF, they have
indeed been selected in phenotypic screens using transposon mutagenesis. For example, GlmZ was selected in a
screen for transposon insertions that abolished the activity
of a glmS::lacZ in a yhbJ mutant background [57]. Fortunately, only housekeeping sRNAs (e.g. the RNase P or
SRP sRNA [7]) seem to be essential under standard
conditions, although some sRNAs can be conditionally
essential, for example, the IstR sRNA locus cannot be
deleted in an E. coli strain with a constitutive SOS
response because it represses the synthesis of an SOSinduced toxin, TisB [75].
For target discovery, chromosomal reporter gene fusions
(see next section) lend themselves for activity screening
by combination with plasmid libraries carrying cloned
sRNA genes or genomic fragments; the latter recently
identified the E. coli MicM (a.k.a. RybC or SroB) sRNA as
a regulator of the DpiA/B two-component system [49].
Experimental validation of targets and RNA interactions
in vivo

To formally consider a regulated mRNA as a direct sRNA
target, evidence for post-transcriptional regulation and, at
best, for sRNA–mRNA base-pairing must be obtained.
To validate targets in vivo, a two-plasmid system using
www.sciencedirect.com

translational fusions to gfp was developed (Figure 2A)
[50]. Here, both the sRNA and the target mRNA fusions
are co-expressed from constitutive promoters to primarily
assay post-transcriptional regulation. Three standard vectors facilitate cloning of the 50 region of a putative target
either from PCR-amplified genomic DNA, as a 50 RACE
product if the transcription start site is unknown, or when
the target site is located within a polycistronic mRNA.
Owing to small plasmid size, point mutations to disrupt
(and restore) regulations can be easily introduced in
both sRNA and target. The system has reported the
regulation of diverse targets in E. coli and Salmonella
[50,56,62,69,76] and heterologous sRNA regulation in
an E. coli host [50].
A similar approach [49] combines 50 RACE-mediated
cloning of 50 UTRs to a lacZ reporter gene, followed
by chromosomal integration of the fusion downstream
of the PBAD promoter (Figure 2B). Both the lacZ [49] and
the above gfp reporters (upon integration in the chromosome; JH Urban and J Vogel, unpublished results) have
permitted fast screening on MacConkey indicator plates
or by FACS analysis, respectively, for potential sRNA
regulators and genes encoding auxiliary factors. Construction of reporter fusions should take into account that
sRNA-binding sites might as well be located in the coding
sequence (CDS). For example, a standard fusion to the
AUG start codon failed to report MicC-mediated repression of ompD mRNA (targeted at codon 23–26 [69]).
Likewise, regulation at the 30 end of mRNA, for example,
of gadX by GadY sRNA [77], requires specialized fusion
constructs.
To validate predicted RNA interactions, compensatory
base-pair exchanges have become standard: a mutation in
the interaction site of either the sRNA or at the opposite
position in the target mRNA should abolish regulation,
but regulation is sought to be restored by expression of
both mutant RNAs in the same cell. Although point
mutations often suffice, longer interactions may require
the mutation of several nucleotides, as evident from the
MicC interaction with the ompD versus ompC mRNAs
[51,69]. Studies of the SgrS [78] and MicA [60] were
dedicated to the identification of nucleotides critical for
target regulation. This included a new technique to
introduce point mutations in a chromosomal sRNA gene
by error-prone PCR, followed by screening for loss of
regulation of a lacZ fusion to the target gene of interest
(Figure 2C) [60]. Importantly, if regulation is lost, the
mutant sRNA must be confirmed to have unaltered
stability.
RACE approaches, commonly used to determine target
sites of plant microRNAs, could also help map bacterial
sRNA–mRNA interactions. 50 RACE detected the RNase
III-cleaved duplex of IstR–tisAB [75]. Some sRNAs seem
to linger on their targets upon base-pairing and thereby
Current Opinion in Microbiology 2009, 12:536–546
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Figure 2

Reporter gene systems for the identification of sRNA targets. (A) Principal approach for the validation of sRNA targets using the gfp reporter system
described in [50]. Top: both, sRNA and a translational fusion of a putative target mRNA to gfp are expressed under control of the constitutive PLlacO or
PLtetO promoters, respectively, to assay post-transcriptional control. The sRNAs are cloned in a mid-copy vector (p15A or ColE1 origin of replication;
20 or 70 copies/cell, respectively), and target fusions in a low-copy vector (pSC101* origin of replication; 3–4 copies per cell). E. coli cells carrying both
the sRNA and the fusion plasmid are assayed on agar plates, in liquid cultures (standard laboratory flasks, microtitre plates), by Western analysis, or by
flow cytometry. Bottom: depending on the chromosomal context of a putative target gene (indicated in yellow) and whether the native promoter is
known, different cloning protocols for the target fusions into one of three plasmids can be applied. This allows 50 RACE mapping a cloning of native +1
site as well as construction of operon fusion plasmids where translation of the target gene might be coupled to the upstream gene. Figure adapted
from [50]. (B) Modified 50 RACE protocol to amplify PCR products of putative target genes and clone these downstream of PBAD promoter as fusions
to a lacZ reporter [49]. The obtained fragment is then recombined into the chromosome of a modified E. coli strain which carries a PBAD-cat-sacB
cassette upstream of lacZ at the 50 coding region using mini-l-mediated recombination. Figure adapted from [49]. Recombinants are selected on
sucrose for loss of the cat-sacB genes. (C) Lac-based screen for identifying mutations affecting sRNA-mediated target gene regulation [60]. A
chromosomal lamB::lacZ fusion which is normally repressed by MicA sRNA yields white colonies when grown on X-Gal plates. Point mutations are
introduced into a fragment of the micA gene (linked to a cat marker) by PCR-amplification under error-prone conditions. The resulting fragments are
then recombined into the strain harbouring the lamB-lacZ reporter gene by l-red recombination. Mutations in either the micA promoter or the sRNA
coding region abolish down-regulation of the lamB-lacZ reporter, to be revealed by blue colony color on X-Gal plates.

stall exonucleolytic mRNA degradation from the 30 end.
Interestingly, 30 RACE initiated at the 50 end of Salmonella ompD mRNA detected stalled processing after the
induction of MicC sRNA, four to five nucleotides downstream of the MicC–ompD duplex; the RACE signal was
strongly enhanced in a degradosome-deficient strain
[69]. Because similar observations have been made for
other sRNA targets (V Pfeiffer and J Vogel, unpublished), 30 RACE seems useful for a rough estimate of
a target site location in parallel to biocomputational
predictions.
Current Opinion in Microbiology 2009, 12:536–546

In vitro approaches

In vitro experiments have become popular to both
identify and validate sRNA–mRNA interactions, and to
confirm translational regulation. These biochemical
experiments include determination of binding affinities
by gel-shift assays of in vitro transcribed RNAs. One such
study included mutational analysis to reveal that only six
nucleotides are critical in SgrS–ptsG mRNA pairing [78].
Most commonly, in vitro complex formation is coupled to
RNA ‘footprinting’ with enzymatic or lead(II)-induced
cleavage, or RNA modifications, to determine binding
www.sciencedirect.com
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sites [79]. RNA probing has detected very short interactions such as RyhB–sodB [80] or MicC–ompD [69], or
the bipartite OxyS–fhlA pairing [81]. Several in vitro
studies determined sRNA and target cleavage by major
nucleases such as RNase E or III [82,83].
30S ribosome toeprinting has been widely used to confirm
that sRNA pairing to the ribosome-binding site of a target
represses translational initiation (Ref. in [76]). Assaying
30S association also identified cases of translational
repression [46,83,84] or activation [85] at upstream sites
in the 50 UTR, and translation inhibition in the proximal
CDS within a ‘five codon window’ downstream of AUG
[76].
The latest addition to the toolbox is a commercially
available in vitro translation system (PURESYSTEM)
using reconstituted 70S ribosomes, which has reported
both translational repression [46,86] and activation [56].
Unlike in bacterial S30 extracts, in vitro transcribed RNA
is stable for >30 min in the PURESYSTEM [46]. In
principle, the 70S translation system lends itself for highthroughput screening of predicted sRNA regulations; it
can be easily combined with the above described gfp
fusions [46,50,56,69].
Co-purification of target proteins and mRNAs

Salmonella genes are regulated post-transcriptionally,
primarily by Hfq.
Additionally, cDNA cloning and Sanger sequencing of
RNA fragments that were co-purified with Pseudomonas
RsmA protein identified 40 genes that are translationally
regulated by RsmA and, thus, indirectly by the RsmAantagonizing RsmY/Z sRNAs [92]. Other studies directly
used sRNAs as a bait to capture interacting mRNAs.
Specifically, in vitro transcribed, biotinylated RseX
RNA bound to streptavidin [93], or RydC RNA in an
immobilized complexes with Hfq [94], were used to fish
E. coli mRNAs from cellular extracts for further analysis
by cDNA cloning or on microarrays.

Conclusion
The staggering interest in sRNAs as regulators of bacterial gene expression keeps fuelling the creativity of
researchers in their quest for new experimental strategies
for discovery and functional characterization. Given the
breathtaking speed of technological development,
increasing availability and free falling prices of highthroughput sequencing, the days of microarrays seem
numbered, and we expect a major transition in the way
sRNA and gene expression will be analyzed in the coming
years. We advise to keep a close eye on the eukaryotic
field in which many new sequencing-based methods,
including the mapping of small RNA interaction sites
on proteins or target RNA molecules are being developed. Moreover, the increasing depths of RNA-Seq will
provide us with large catalogues of sRNAs in virtually any
bacterium, be it genetically tractable or not, as well as in
environmental communities and in host-associated
pathogens.

Bacterial sRNAs are known to interact with proteins
other than Hfq, either as part of their dedicated biological
activity, for example, 6S RNA [7,14] or CsrB [40], or
potentially with RNase E in a recently discovered complex for sRNA-guided mRNA degradation [87]. A recent
study discovered tryptophanase as the target of the
ColE1 plasmid-encoded Rcd RNA; here, Rcd was
cross-linked to sepharose, incubated with a lysate of E.
coli, and the retained proteins were identified by mass
spectroscopy [88]. The Schroeder lab tagged E. coli
sRNAs in vitro with a streptomycin-binding aptamer,
and recovered by affinity chromatography several interacting proteins including polymerase beta-subunit, Hfq
and S1 [89]. In addition, a critical evaluation of three
commonly used aptamers (MS2, lboxB, eIF4) has
suggested that the MS2 aptamer is a suitable fusion
partner for in vivo expressed sRNAs in Salmonella [90].
Collectively, the method sections of the above papers
provide a rich source for everyone to embark on fishing
expeditions for proteins associated with and/or targeted
by sRNA.

All of the approaches covered in this review have shortcomings, and wherever we failed to discuss these owing to
space constraints, we refer the reader to the relevant
publications. We have here focussed on proteins and
mRNAs as the target but variations of the theme seem
likely, as evident from the discovery of mRNA-mediated
regulation of sRNA activity in chitobiose metabolism
[16,17]. We believe that the modulation of protein
activity by sRNAs is currently underrated owing to the
lack of methods to reliably predict such regulations. In
addition, the recent advances in understanding CRISPRmediated immunity [95] suggests that DNA as a target of
regulatory RNA activity is yet to be fully addressed.

The analysis of Hfq-bound RNA not only facilitated
sRNA discovery but also identified potential mRNA
targets in vivo [27,34]. For example, we observed that
Hfq-coIP significantly enriched 700 Salmonella mRNAs
[34], including 15-fold enrichment of ybfM which is now
known as a target of MicM sRNA [16,17]. Interestingly,
a recent study based on sample-matched transcriptomics
and proteomics [91] predicted that >20% of all annotated

There has been much focus on the prototypical translational repression of mRNAs by sRNAs binding to the
narrow RBS region. However, the increasing number of
validated binding sites elsewhere in the 50 UTR
[5,46,72,75,84] or the CDS [61,69,76] needs to be considered when devising methods for target characterization.
Moreover, the emerging role of RNase E as a major player
in sRNA-mediated regulation [69,82,87,96] requires the
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development of suitable assays for target regulation by the
induction of mRNA decay.
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