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Abstract

Small non-coding RNAs (sRNAs) have attracted consid-
erable attention as an emerging class of gene expression
regulators. In bacteria, a few regulatory RNA molecules
have long been known, but the extent of their role in the
cell was not fully appreciated until the recent discovery
of hundreds of potential SRNA genes in the bacterium
Escherichia coli. Orthologs of these E. coli sSRNA genes,
as well as unrelated sRNAs, were also found in other
bacteria. Here we review the disparate experimental
approaches used over the years to identify SRNA mole-
cules and their genes in prokaryotes. These include
genome-wide searches based on the biocomputational
prediction of non-coding RNA genes, global detection of
non-coding transcripts using microarrays, and shotgun
cloning of small RNAs (RNomics). Other sRNAs were
found by either co-purification with RNA-binding pro-
teins, such as Hfg or CsrA/RsmA, or classical cloning of
abundant small RNAs after size fractionation in poly-
acrylamide gels. In addition, bacterial genetics offers
powerful tools that aid in the search for sRNAs that may
play a critical role in the regulatory circuit of interest, for
example, the response to stress or the adaptation to a
change in nutrient availability. Many of the techniques
discussed here have also been successfully applied to
the discovery of eukaryotic and archaeal sRNAs.

Keywords: bacteria; gene expression regulation; Hfq;
non-coding RNA; post-transcriptional regulation;
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Introduction

In addition to the triumvirate of tRNA, rRNA and mRNA
genes, bacterial genomes are now also known to harbor
many, perhaps several hundred, loci that encode non-
canonical regulatory RNAs. These RNAs are often
referred to as small non-coding RNAs (sRNAs or
ncRNAs) because they range in length from approxi-
mately 50 to ca. 400 nt and are not translated into pro-
teins. Such RNA molecules were first observed in E. coli
four decades ago (Griffin, 1971; lkemura and Dahlberg,
1973a), but neither the genes encoding them nor their
functional role was established. Soon after the discovery

in the early 1980s that bacterial phages, transposons,
and plasmids use small antisense RNAs to control their
life cycle or copy number, a seemingly similar antisense
RNA, MicF, was found to be encoded by the E. coli chro-
mosome (Mizuno et al., 1983, 1984). Unlike the bona fide
cis-antisense RNAs of mobile elements, however, MicF
RNA was not transcribed from the DNA strand opposite
its target gene, ompF (encoding outer membrane protein
F). Moreover, MicF exhibited only partial and imperfect
sequence complementarity to ompF mRNA, yet its bind-
ing to the ompF message near the start codon strongly
inhibited the translation of this mRNA.

It is now clear that MicF was only the first of an ever-
growing class of trans-encoded antisense RNAs. Two
other major outer membrane proteins, OmpA and OmpC,
have recently been shown to be regulated at the trans-
lational level by their cognate sRNAs, MicA and MicC
(Chen et al., 2004; Udekwu et al., 2005). More generally,
most of the bacterial sRNAs known to date target
mRNAs via imperfect sequence complementarity (see
Figure 1 for examples). Binding may result in either the
blockage of ribosome entry (translation repression), or
the melting of inhibitory secondary structures that
sequester the ribosome entry site of the mRNA (transla-
tion activation; for a review of sRNAs that modulate
translation see Storz et al., 2004). Regulation is frequent-
ly accomplished by nuclease-mediated cleavage of the
mRNA, e.g., RNase E cleavage of sodB mRNA upon
RyhB binding (Massé et al., 2003), and RNase Il cleav-
age of tisAB mRNA upon IstR-1 binding (Vogel et al.,
2004).

Messenger RNAs are not the only targets of sRNAs.
Three E. coli RNAs, and their homologs in other bacteria,
interact with cellular proteins to modulate their activities.
6S RNA, which is highly conserved in prokaryotes and
accumulates in stationary phase (Barrick et al., 2005),
interacts with ¢7°-RNA polymerase and induces a
change in the holoenzyme’s promoter recognition spec-
ificity (Wassarman and Storz, 2000; Trotochaud and Was-
sarman, 2004, 2005). The CsrB and CsrC RNAs form a
regulatory feedback loop with CsrA protein, a global
post-transcriptional regulator, in which the two RNAs act
to antagonize CsrA, thereby tightly controlling the active
pool of that protein (Romeo, 1998; Weilbacher et al.,
2003).

In addition to regulatory sRNAs that interact with
mRNAs or proteins, the chromosome of E. coli encodes
three sRNAs that serve specialized housekeeping func-
tions. M1 RNA forms the catalytic subunit of RNase P,
which is required for tRNA 5’-end maturation (Stark et al.,
1978). A second housekeeping RNA, tmRNA (transfer
messenger RNA, SsrA, or 10Sa RNA), has unique prop-
erties. It has one domain that mimics a tRNA and a sec-
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Figure 1 Secondary structure, genomic location, and target interactions of four E. coli sSRNAs.

OxyS: secondary structure based on structural probing (Altuvia et al., 1997). Like many bacterial sSRNAs, OxyS is encoded by a free-
standing gene oriented in opposite fashion to both flanking genes. OxyS represses translation of fh/A mRNA by the formation of a
loop-loop kissing complex (Argaman and Altuvia, 2000). DsrA: proposed secondary structure based on nuclease footprinting and
phylogenetic data (Lease and Belfort, 2000). In contrast to the other examples, interaction of DsrA RNA with rpoS mRNA leads to
translational activation by dissolving the fold-back structure of rpoS mRNA in which the ribosome binding site is masked (Majdalani
et al., 1998). RyhB: secondary structure based on nuclease footprinting experiments. RyhB interacts with its target sodB mRNA by
base pairing across the start codon and thereby inhibits translation (Geissmann and Touati, 2004). The interaction between the two
RNAs is mediated by Hfq, which induces a structural rearrangement of the sodB 5'-UTR. IstR-1: secondary structure as determined
by in vitro RNA structure probing (F. Darfeuille, personal communication). IstR-1 inactivates tisAB mRNA for translation by an antisense
interaction in the tisA start codon region; RNase lll-mediated cleavage of the interacting RNAs is required (Vogel et al., 2004). The
start codons of respective target mRNAs are underlined.



ond domain that encodes a short peptide tag. When
ribosomes stall on a damaged mRNA, the nascent pep-
tide is transferred to tmRNA and translation resumes —
in trans — on the MRNA segment within tmRNA. This has
the dual effect of freeing the locked ribosome and tag-
ging the protein for degradation (Keiler et al., 1996). A
third sRNA, 4.5S RNA, is part of a ribonucleoprotein
complex that plays an essential role in protein secretion.
This bacterial signal recognition particle, which appears
to be a simplified version of its eukaryotic counterpart
(Ribes et al., 1990; Poritz et al., 1990), recognizes signal
sequences on nascent peptide chains emerging from the
ribosome. Genes encoding all three of these housekeep-
ing RNAs have been identified in virtually all sequenced
bacterial genomes.

The regulatory properties of bacterial SRNAs are as
diverse as the circumstances that led to their discovery.
Following the initial discovery of MicF RNA, a dozen reg-
ulatory non-coding RNAs were identified serendipitously
in E. coli and in other bacteria in the 1990s (Wassarman
et al., 1999). Many of these sRNAs were stumbled upon
while analyzing the transcriptional regulation of neigh-
boring protein-coding genes. Other sRNAs were isolated
in genetic studies involving multicopy plasmid screens,
which were aimed at investigating a certain phenotype.
The year 2001, however, marked a turning point in sSRNA
identification when several laboratories undertook sys-
tematic genome-wide searches for new sRNA genes in
E. coli (Argaman et al., 2001; Rivas et al., 2001; Wassar-
man et al., 2001). These searches revealed more than 50
new sRNAs, and generated an even longer list of SRNA
candidate loci. Alerted by the sheer abundance of these
molecules in E. coli, several groups have since taken a
closer look at other bacterial genomes and reported a
plethora of sSRNAs from remotely related organisms such
as cyanobacteria (Axmann et al., 2005).

In parallel, functional analyses have revealed that
sRNAs are the ‘missing links’ in well-studied bacterial
regulons. Newly realized physiological roles have filled
gaps in our understanding of the regulation of bacterial
iron homeostasis (Massé and Gottesman, 2002), sugar
metabolism (Mgller et al., 2002; Vanderpool and Gottes-
man, 2004), and growth-dependent outer membrane
protein expression (Chen et al., 2004; Udekwu et al.,
2005). An additional finding has suggested hidden roles
for non-coding RNAs in prokaryotes. The bacterial Sm-
like protein, Hfq, long known as a host factor for Qg RNA
bacteriophage replication in E. coli (Franze de Fernandez
et al., 1972), has been shown to bind with high affinity to
approximately one-third of the known E. coli sRNAs
(Zhang et al., 2003). Hfg is often required for both sRNA
stability and interaction with target mMRNAs. As hfq dele-
tion strains display complex phenotypes in many bac-
teria, ranging from a difficulty in coping with diverse
stresses to the reduced or attenuated virulence of path-
ogenic species (Valentin-Hansen et al., 2004), it is now
reasonable to speculate that such changes actually result
from the loss of function of specific sSRNAs. For instance,
the requirement for Hfq in rpoS expression (rpoS
encodes the major stress sigma factor of E. coli) can now
partly be explained by the fact that two Hfg-binding
sRNAs interact with this mRNA under various growth and
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stress conditions (Muffler et al., 1996; Zhang et al., 1998;
Sledjeski et al., 2001). A second argument can be found
in a recent study of quorum sensing signal cascades in
Vibrio cholerae. Here, the altered expression of a central
signal transducer in a hfg mutant was found to be linked
to the action of four novel sRNAs (Lenz et al., 2004).

With these new molecules and their functions in hand,
the following question arises: what is the hallmark of a
bacterial sSRNA? Non-coding RNAs of eukaryotes and
archaea, e.g., snoRNAs or microRNAs, often share com-
mon sequence or structural elements. In prokaryotes,
however, few shared features have emerged with respect
to location in the genome, GC content, or transcript
length (Hershberg et al., 2003). If there is a prominent
class of bacterial SRNAs, it is those molecules that are
encoded by freestanding genes in the ‘empty’ intergenic
regions (IGRs) of bacterial chromosomes. Such sRNAs
are transcribed from their own promoters, and transcrip-
tion most often terminates at a strong Rho-independent
terminator. In general, if the sRNA sequence is directly
downstream or upstream of a reading frame, its conser-
vation, including promoter and terminator sequences, in
other bacteria can be taken as strong evidence for an
autonomous transcription unit. Indeed, conservation of
transcription signals and primary sequence within inter-
genic regions between closely related species was the
key to success in many of the recent computational
sRNA searches (see below). Moreover, many of the
known sRNA genes are encoded in the direction oppo-
site to that of both flanking genes (see dsrA and oxyS
genes in Figure 1, and Hershberg et al., 2003) and for
that reason cannot possibly be leader or trailer sequenc-
es of these. In this regard, comparison of the genomic
location of a given sRNA gene in different organisms may
be particularly helpful. For example, the gene for RyhB
RNA is immediately upstream of an open reading frame
(vhhX) in E. coli, and hence could be a yhhX mRNA leader
sequence; however, the location of ryhB homologs in
other enterobacteria strongly indicates that ryhB is an
independent gene (Figure 2).

Even though single genes flanked by independent pro-
moters and terminators represent the strongest sRNA
candidates, not all functional SRNAs meet these criteria.
6S RNA, one of the most abundant and conserved RNAs
in bacteria, was first detected by in vivo RNA labeling
experiments (Hindley, 1967) and subsequently sequenc-
ed by enzyme digestion (Brownlee, 1971), but its gene
was identified much later (Hsu et al., 1985). Interestingly,
it lacks a strong Rho-independent terminator and
requires processing from a dicistronic transcript that
includes the downstream ygfA gene (Hsu et al., 1985;
Kim and Lee, 2004). Because the 3’ end of 6S RNA and
the start codon of ygfA are only approximately 70 bp
apart, this important sRNA could easily have been dis-
missed as a processed leader fragment in sRNA predic-
tions that were strictly based on conserved transcription
features.

In an effort to avoid the bias inherent to all predictions,
several groups based their screens on cloning size-frac-
tionated small RNAs (Vogel et al., 2003; Kawano et al.,
2005). This approach detected many new, often abun-
dant, RNA species that derive from 5 or 3' UTRs of
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Figure 2 Genomic context of ryhB and its orthologs in various
bacteria.

In E. coli, RyhB is encoded immediately upstream of yhhX and
could thus be considered as a leader of yhhX mRNA. However,
while ryhB is flanked by orthologs of E. coli yhhX and yhhY in
Salmonella typhimurium, it is neighbored by different genes in
Yersinia pestis and Vibrio cholerae. This strongly indicates that
ryhB is an autonomous gene, which is also supported by sig-
nificant conservation of ryhB promoter and terminator sequenc-
es among these organisms (data not shown). Note that
Salmonella and Yersinia pestis each carry an additional ryhB-like
gene encoded by a distant locus. V. cholerae RyhB is consid-
erably longer, carrying ca. 60 extra nucleotides at either end as
compared to E. coli RyhB.

mRNAs. Whether these molecules are regulatory sRNAs
that affect the expression of trans-encoded target genes
remains to be determined by functional analysis.

Regulatory RNAs do not necessarily have to be non-
coding RNAs. Some bacteria possess bifunctional
RNAs that act as both mRNA and riboregulator. The high-
ly structured RNAIIl of Staphylococcus aureus both
encodes the peptide 3-hemolysin and modulates the
expression of two other virulence genes, spa and hia,
through base pairing of its non-coding regions with the
mRNAs of spa and hla (Novick et al., 1993; Huntzinger
et al., 2005). Similar cases of virulence-controlling RNAs,
either bifunctional or non-coding, have recently been
reported in studies of Clostridium perfringens (Shimizu
et al.,, 2002) and streptococcal species (Kreikemeyer
et al., 2001; Mangold et al., 2004).

The aim of this review is to critically summarize the
various experimental approaches taken over the years to
identify SRNA molecules and their genes in prokaryotes
(Table 1). For further reading on biological and regulatory
functions, as well as mechanisms of regulation, we re-
commend several other recent reviews (Wassarman et
al.,, 1999; Johansson and Cossart, 2003; Wagner and
Vogel, 2003; Gottesman, 2004; Storz et al., 2004; Vogel
and Wagner, 2005). cis-encoded antisense RNAs also
play important roles in prokaryotes, but appear to be
mainly confined to mobile elements such as plasmids,

transposons, and bacteriophages. For a comprehensive
review of cis-antisense RNAs, see Wagner et al. (2002).

Labeling and staining of abundant sRNAs:
what you see is what you get

The first bacterial small RNAs, other than tRNAs and 5S
rRNA, were found by gel fractionation of metabolically
labeled E. coli total RNA (Hindley, 1967; Griffin, 1971;
Ikemura and Dahlberg, 1973a,b). These studies made
use of radiolabeled orthophosphate (32PO,3) which is
readily taken up by growing bacteria and incorporated
into nucleic acids. Following such treatment, total cellular
RNA was isolated, resolved by 1-D or 2-D PAGE, and
analyzed by autoradiography. Selected bands or spots
were then recovered from the gel and sequenced by
digestion with nucleases (fingerprinting). Many of the
sRNAs discovered in this way have since been shown to
carry out important housekeeping or regulatory func-
tions, including M1 RNA of RNase P, tmRNA, 4.5S RNA,
6S RNA, and Spot 42 RNA.

Provided that the labeling time is long enough to com-
pensate for the slow turnover of particularly stable
sRNAs, this method has the advantage that the band or
spot intensity of a given RNA is directly related to its
abundance in the cell. By reducing the labeling time, or
pulse labeling, this approach is also suitable for identi-
fying RNAs with the highest synthesis rate under certain
growth or stress conditions. For example, OxyS, a 109-
nt regulatory RNA in the oxidative stress regulon of E.
coli, is barely detectable under standard growth condi-
tions. However, upon oxidative stress induction by treat-
ment with H,0,, this RNA accumulates to approximately
4500 molecules per cell (Altuvia et al., 1997). This con-
centration is comparable to that of abundant E. coli
RNAs (13 000 molecules per cell of tmRNA is typical),
and thus it would be expected that OxyS is readily
detectable by metabolic labeling under conditions of oxi-
dative stress.

Such direct labeling approaches certainly have disad-
vantages, and they have been used to a much lesser
extent in recent years. However, some of the drawbacks
initially associated with this method can now be mini-
mized. Potential health risks associated with handling
radiolabeled bacterial cultures have become less of a
concern since more efficacious RNA isolation techniques
and higher detection sensitivity allow for significant
reductions in the input of radiolabeled orthophosphate.
Electrophoresis techniques have also improved greatly,
and provide better separation without the need to per-
form 2D-PAGE. Total RNA may be pre-fractionated on
affinity or gel filtration columns to enrich the preparation
in sRNAs. This would reduce the background signal and
hence the amount of labeled RNA to be analyzed. Finally,
the early studies used tedious nuclease-fingerprinting
assays to determine the sequence of isolated RNAs.
Today, this step can be replaced with rapid cDNA cloning
of gel-extracted labeled RNA molecules of interest, which
is routine in many laboratories. With these improvements,
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Brief overview of strategies for sRNA identification in bacteria (see text for references).

Strategy Advantages (®) and disadvantages (©)
RNA labeling @ Most abundant sRNAs and/or sRNAs with highest synthesis rate under a given growth
and staining condition are readily visualized; does not require prior knowledge of sRNA characteristics in
the organism of interest; allows detection of species-specific SRNAs; points to the mature
form of the sRNA identified
S} Does not distinguish between sRNAs and abundant processed fragments of rRNAs or
tRNAs; can require handling of highly radiolabeled bacterial cultures (orthophosphate labeling)
Functional genetic @ May immediately pinpoint a functional role of the identified SRNA; could build on mutant
screens strains and methods already established in genetic studies

S} Difficult if sSRNA is either essential or toxic when overexpressed; sRNAs acting under special
conditions may not be identified; labor-intensive
Biocomputational @ Rapidly generates a list of many potential SRNA candidates; allows phylogenetic comparison
searches with genomes of related bacteria
S} Requires prior knowledge of sRNA characteristics and validation of many candidate loci
Microarray ® Yields transcriptional profiles for many sRNA genes in parallel; rapid detection of condition-
detection dependent sRNA expression patterns; allows detection of species-specific SRNA transcripts
S} Requires microarrays that cover intergenic regions; expensive; often yields inconsistent SRNA
detection results compared to Northern blot signals
Shotgun cloning @ Should allow detection of all RNAs of a certain size range that are expressed at a given time
(RNomics) point; does not require prior knowledge of sRNA characteristics; can be automated; can
detect processed, species-specific and non-canonical sSRNAs; permits detection of primary
transcripts
S} Expensive (sequencing); labor-intensive (screening and evaluation of non-canonical
candidates); cDNA synthesis may be biased against highly structured sRNAs
Co-purification ® Could indicate specific interactions with proteins and the active form of the sRNA
with proteins S} RNA has to remain tightly associated with the protein throughout purification;

co-immunoprecipitation requires highly specific antibodies; limited to a subclass of SRNAs

metabolic labeling could again prove to be a valuable tool
in obtaining an initial glimpse of the most abundant or
most actively synthesized sRNAs.

In vitro labeling of extracted total RNA at the 5" or 3’
terminus provides an alternative route to metabolic or in
vivo labeling. This approach uses either T4 polynucleo-
tide kinase and y-[32P]ATP for labeling the 5" terminus, or
T4 RNA ligase and [*#P]pCp for labeling the 3" end. It
should be noted that labeling efficiency can vary signifi-
cantly for the two termini in a given RNA pool, and can
thus skew the quantitative representation of individual
sRNAs. Figure 3 illustrates such differences between 5'
and 3’ labeling as observed for total RNA from Helico-
bacter pylori. Dramatic differences were also observed
for RNA from the cyanobacterium Synechococcus (Wata-
nabe et al., 1997). As with Helicobacter, the pattern of
labeled bands was almost mutually exclusive between
the two end-labeling reactions. In E. coli, however, the
sRNA profile does not differ much between 5 and 3
labeling (K.M. Wassarman, personal communication).

What is the nature of these differences? Secondary
RNA structure can affect the accessibility of the 5" or 3’
end to be labeled, and so can the functional group at the
5" end of sRNAs. 5 RACE (rapid amplification of cDNA
ends) experiments have suggested that many primary
sRNA transcripts retain a 5’ triphosphate that, unless
removed, will preclude labeling (Argaman et al., 2001;
Vogel et al., 2003). The 3’ end of processed sRNAs may
be less problematic, since all bacterial ribonucleases
known to be involved in sRNA processing generate 5’
phosphate and 3’ hydroxyl groups (RNases E, P and lll;
cf. Table 1 in Wassarman et al., 1999).

The in vitro labeling approach has so far not been
exploited for sSRNA identification on a larger scale. In the
Synechococcus sRNA study mentioned above, nine of
the 11 most strongly 5’ labeled bands were identified as
rRNA fragments. The remaining two fragments originated
from the tmRNA homolog of this organism (Watanabe et
al.,, 1998), and an abundant 185-nt RNA (6Sa RNA) that
is now regarded as a 6S RNA homolog (Watanabe
et al., 1997; Barrick et al., 2005). Neither of these two
RNAs was efficiently labeled at its 3’ terminus. However,
3’ labeling was successful in visualizing sSRNAs co-immu-
noprecipitated with Hfq and RNA polymerase in E. coli
and Bacillus subtilis, respectively (Wassarman and Storz,
2000; Wassarman et al., 2001; Trotochaud and Wassar-
man, 2005).

Some abundant sRNAs were detectable by various
staining protocols for total RNA after separation on poly-
acrylamide gels. The BS190 and BS203 RNAs of Bacillus
subtilis, both of which are now considered E. coli 6S RNA
homologs, could be visualized after treatment with ethi-
dium bromide, as could 4.5S RNA (Ando et al., 2002;
Suzuma et al., 2002). Silver staining allowed detection of
the MP200 RNA(s) of Mycoplasma pneumoniae and an
MP170 RNA homolog from M. genitalium (Géhimann
et al., 2000).

After visualization and gel extraction of RNA species,
numerous routes can be taken to determine the
sequences or genes of these molecules. In the classic
method, the labeled RNA fragment is subjected to enzy-
matic sequencing. Provided that the full genome of the
organism is available, the determined sequence may be
used directly in BLASTN searches (Trotochaud and Was-
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sarman, 2005). However, since nuclease digests often
yield partial or ambiguous sequences, Watanabe et al.
(1997) designed oligonucleotide probes to screen a
Synechococcus genomic phage library by plaque hybrid-
ization. To identify the genes of M. pneumoniae MP200
RNAs, the extracted RNAs were 5' labeled and used as
probes to screen a cosmid DNA library of the organism
(Géhlmann et al., 2000). Differently, gel-extracted BS190
and BS203 RNAs were reverse-transcribed into cDNA,
cloned, sequenced, and mapped by searching the B.
subtilis genome sequence (Ando et al., 2002; Suzuma
et al., 2002).

Genetic screens: phenotypes tracked down to
small RNAs

Unarguably, the labeling and staining of abundant RNA
molecules opened the door to a new sRNA world, but it
gave few hints as to the functions of these molecules.
Riboregulation was first conceptualized with the discov-
ery of sRNAs in genetic analyses of protein factors that
modulated certain physiological activities. For example,
when studying the genetic basis for regulation of the
two E. coli outer membrane proteins, OmpC and OmpF
(Mizuno et al., 1984), it was observed that multiple-copy
plasmids carrying a 300-bp DNA segment of the ompC
promoter blocked OmpF expression. As this fragment
had partial sequence complementarity with the 5’ end of
ompF mRNA, it was speculated that it encoded an ompF
antisense RNA. Further analysis revealed a 93-nt tran-
script without protein-coding potential, MicF RNA, which
interfered with ribosome entry of ompF RNA. MicF was
novel in being the first trans-encoded regulatory anti-
sense RNA identified, in contrast to the then recently dis-
covered cis-encoded antisense RNAs.

A mucoid phenotype led to the discovery of E. coli
DsrA RNA (87 nt). When studying factors involved in cap-
sular synthesis, such as the positive regulator RcsA, it
was found that multi-copy plasmids carrying a region
downstream of the rcsA gene caused capsule overpro-
duction. Subcloning of this region resulted in the isolation
of the non-coding dsrA gene. DsrA was further shown to
antagonize hns mRNA translation by an antisense mech-
anism, which finally explained the mucoid phenotype of
multi-copy dsrA plasmids: under normal conditions, the
histone-like protein, H-NS, silences the rcsA gene. Over-
production of DsrA decreases H-NS levels, which abro-
gates rcsA repression and leads to elevated capsule
polysaccharide synthesis (Sledjeski and Gottesman,
1995; Lease et al., 1998, and references therein).

In E. coli, DsrA not only acts as a repressor, but also
activates translation of the major stress and stationary
phase sigma factor, RpoS, at low growth temperatures
(Sledjeski et al., 1996; Majdalani et al., 1998). The rpoS
mRNA features an extraordinarily long 5 UTR (ca. 600
nt), which adopts a more translation-competent structure
upon base-pairing with DsrA RNA. Intriguingly, this was
the first observation of a regulatory RNA that activated
its target gene, and it prompted the Gottesman group to
search for sRNAs that would modulate RpoS expression.
The result was the identification of the 105-nt RprA RNA
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Figure 3 In vitro labeling of bacterial total RNA.

Total RNA of Helicobacter pylori was radiolabeled at either the
5’ terminus by T4 polynucleotide kinase and [y-3?P]ATP, or at the
3’ terminus by T4 RNA ligase and [*?P]pCp. Equal amounts of
labeled RNAs from three different growth phases (ODg,,=0.3, 1,
or 2.2) were separated on a 6% denaturing PAA gel and visu-
alized with a phosphorimager. Labeling efficiency varies signifi-
cantly for the two termini.

(Majdalani et al., 2001). This case bears further descrip-
tion. Majdalani et al. (2001) introduced a pBR322-based
plasmid library of E. coli genomic DNA fragments ranging
in size from 1.5 to 5 kb (Ulbrandt et al., 1997) into a strain
that harbored a rpoS::lacZ reporter gene (translational
fusion) and a mutated dsrA locus. By screening 25 000
colonies on MacConkey lactose plates, 12 plasmids were
isolated from colonies exhibiting enhanced B-galactosi-
dase activity (red colonies). Of these plasmids, eight
mapped to the genomic region in which the rprA gene
was found (the other four plasmids contained unrelated
genomic segments). The smallest of these rprA-related
fragments induced six-fold higher rpoS::lacZ reporter
activity in the AdsrA strain, but supported only two-fold
upregulation if the dsrA gene was intact. In conclusion,
it seems advisable to inactivate an sRNA gene before
screening for additional sRNAs that could regulate the
same target.

Multi-copy plasmid screens may pick up not only chro-
mosomally encoded sRNAs, but also extrachromosomal
sRNA loci, as made apparent by the discovery of the 92-
nt UptR RNA (Guigueno et al., 2001). The uptR gene
resides on the E. coli F plasmid, and was identified as a
suppressor of export toxicity, a phenomenon caused by
proteins that fail to fold properly when passing the
membrane. Here, the reporter was an ‘unfoldable’ DsbA'-
PhoA hybrid protein. If encoded by pBR322 plasmids in
a protease-deficient E. coli strain (K10 AdegP), DsbA'-
PhoA confers lethality. The authors first used phage
Mudll to clone a random library of host genome frag-
ments. Subsequently these cells were transformed with
the toxic reporter plasmid and viable colonies containing



putative suppressor genes were picked from selective
plates. Of the 18 phagemids that relieved export toxicity,
11 simply restored protease deficiency by having picked
up the degP gene, while another five phagemids had
recG inserts, which lowered the copy number of the toxic
pBR322 plasmids. It was the remaining two plasmids
that carried an unrelated DNA region that was subse-
quently narrowed down to the uptR locus (unfolded pro-
tein toxicity-relieving factor).

Colony color also played a role in the identification of
CsrC RNA. In E. coli, the two small RNAs, CsrB and
CsrC, act as antagonists of CsrA, a major regulator of
carbon storage genes. CsrA modulates (usually inhibits)
the translation of certain target mRNAs, including some
that are involved in glycogen biosynthesis. Overproduc-
tion of glycogen is easily scored by iodine staining of
mutant colonies, which tend to have a darker appear-
ance. A library of 2-10-kb chromosomal DNA fragments
cloned in a low-copy plasmid, pGL339, was screened for
effects on glucan biosynthesis by iodine staining of col-
onies (Romeo et al., 1991). Positive clones were subse-
quently tested for altered expression of a glgC::lacZ
fusion gene. By subcloning one of the active inserts, the
Romeo group arrived at a 360-bp region that promoted
9lgC::lacZ activation, yet did not contain a reading frame.
Instead, it harbored the csrC gene, encoding a 245-nt
RNA (Weilbacher et al., 2003). It is interesting to note that
CsrB, the regulatory counterpart of CsrC that was already
known to be the primary regulator of glgC mRNA, had
earlier been identified by direct cloning of RNA molecules
bound to CsrA protein (see below).

CsrA is present in many bacterial species, as are hom-
ologs of its two regulatory sRNAs, CsrB and CsrC. For
example, PrrB RNA, the functional CsrB homolog in the
biocontrol strain Pseudomonas fluorescens F113, was
found in a multi-copy plasmid screen for genes that were
able to restore secondary metabolite production in a
gacS/gacA-deficient (two-component system) mutant
(Aarons et al., 2000). Here, a single plasmid carrying a
5.4-kb fragment from a genomic library suppressed the
mutant phenotype. Further analysis of a subfragment in
which all putative ORFs lacked identifiable ribosome
binding sites revealed the prrB gene, which encodes a
132-nt RNA. It should be noted that all the CsrB homo-
logs described from a variety of organisms have little
similarity at the primary sequence level, which is also
true of E. coli CsrB and CsrC. However, all these RNAs
do share significant similarity at the secondary structure
level, and in the frequency of occurrence of GGA repeats,
which are required for CsrA/RsmA recognition (cf.
Romeo, 1998; Valverde et al., 2004). CsrB-like RNAs are
often functional when expressed in other species. The
latter observation was exploited to identify new rsmB
(csrB) genes in certain Erwinia species. An rsmB gene
had been found in Erwinia carotovora, and is responsible
for elevated activities of extracellular enzymes when
overproduced (Liu et al., 1998). E. carotovora was then
successfully used in a functional screen with plasmid
libraries from two related plant pathogens, E. herbicola
and E. amylovora (Ma et al., 2001), to identify the rsmB
genes of the latter two species. Such cross-species
approaches may be particularly useful for organisms with
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unknown genomes, i.e., without the possibility of homol-
ogy searches at the primary sequence level.

In summary, multi-copy plasmid libraries are a valuable
tool for identifying sRNAs, and often provide an imme-
diate link to a physiological function. However, it should
be noted that few of the screens listed above were tai-
lored for sRNA genes; on the contrary, the libraries often
contained DNA fragments long enough to encode even
large proteins or operons. To enrich libraries in sRNA
genes, it may be best to clone small DNA fragments,
which could be generated by frequent-cutter restriction
enzymes or mechanical shearing of genomic DNA, fol-
lowed by size fractionation. As the majority of known
sRNAs are >200 nt, DNA fragments ranging from 300 to
400 bp should ensure that the sRNA genes are cloned
as autonomous transcription units. For example, the 195-
bp minimal fragment that expressed the 92-nt UptR RNA
covered approximately 100 bp upstream of the uptR
transcription start site (Guigueno et al., 2001). Note, how-
ever, that when building small insert libraries, a corres-
pondingly higher number of colonies must be screened
to ensure full genome coverage.

The plasmid type used for library construction should
also be considered carefully. To the best of our knowl-
edge, all of the screens listed above used plasmids of
moderate copy number (>30 copies per cell). On the one
hand, some sRNA genes may remain repressed under
normal growth conditions, even when present in a few
more copies. This could be due to autoregulation of the
sRNA gene, titration of a positive regulator, or to tran-
scription activation/derepression occurring only under a
certain stress condition. Here, cloning DNA fragments
under the control of plasmid-borne inducible or consti-
tutive promoters would facilitate expression. (Note, how-
ever, that transcription of a random fragment may not
always give a functional RNA, even if such an insert con-
tains the entire sSRNA sequence. This is because tran-
scription of additional 5’ sequences may affect proper
folding of the sRNA.) On the other hand, very high copy
numbers may result in pleiotropic effects, inactivate an
sRNA gene by mutation, or simply render it lethal to its
host. We have indeed observed that some E. coli SRNAs
are toxic when present in high copy-number plasmids or
when driven by a strong plasmid-borne promoter (J.
Vogel and E.G.H. Wagner, unpublished results). Thus,
constructing the same library with both low and high
copy-number plasmids may be more fruitful.

Other than elevated gene dosage, chromosomal inac-
tivation by random transposon insertion mutagenesis can
help to identify sRNA genes responsible for a certain
phenotype, or that increase host viability under a given
stress condition. Fortunately, few sRNAs seem to be
essential, namely E. coli M1 RNA of RNase P and 4.5S
RNA (cf. Wassarman et al., 1999), and Neisseria gonor-
rhoeae tmRNA (Huang et al., 2000). Our laboratory has
constructed >30 Salmonella strains that have single
deletions of sSRNA genes that are conserved between E.
coli and Salmonella. All of these strains are viable and
none shows a discernible phenotype on standard LB
agar plates (V. Pfeiffer and J. Vogel, unpublished results).
Regarding specialized growth or stress conditions, how-
ever, the DNA damage-induced istR locus of E. coli,
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encoding two regulatory sRNAs, cannot be deleted in
SOS constitutive strains (Vogel et al., 2004); therefore,
insertions in this gene would result in death, rather than
a measurable phenotype, under the most relevant assay
condition. Hence, the essential nature of an sRNA gene
may become manifest only under certain stress condi-
tions. Another caveat regarding gene disruption-based
sRNA screening is that, because of the comparatively
small size of sSRNA genes, a transposon is five- to ten-
fold more likely to disrupt a protein-coding region than
an sRNA gene, assuming an average size of 1000 bp for
bacterial ORFs (ca. 960 nt in E. coli; Blattner et al., 1997).
In addition, most protein genes are organized as polycis-
trons, in which disruption of a single gene often com-
promises expression of the remaining operon genes
(polarity). In contrast, most sRNA genes are autonomous
transcription units, and therefore must be disrupted inde-
pendently. In spite of this statistical bias, transposon
insertion mutagenesis in Bradyrhizobium japonicum led
to the identification of the sra gene, which encodes a
213-nt sRNA that is essential for symbiotic nodule devel-
opment (Ebeling et al., 1991).

Shotgun cloning (RNomics): all you can clone

Shotgun cloning of RNA within a defined size range is
an approach that transcends the tedious isolation and
sequence determination of individual abundant RNAs.
This approach, termed experimental RNomics, led to the
discovery of hundreds of non-coding RNAs in several
eukaryotes and archaebacteria (see, for example, Hut-
tenhofer et al., 2001; Marker et al., 2002; Tang et al.,
2002, 2005; Yuan et al., 2003). Similarly, the first large-
scale assignments of miRNAs and siRNAs, two abundant
classes of eukaryotic small RNAs, were also based on
shotgun cloning of RNAs of a defined size, in this case
approximately 22 nt (Elbashir et al., 2001; Lagos-Quin-
tana et al., 2001; Lau et al., 2001; Lee and Ambros,
2001).

Typical RNomics protocols include an initial size-frac-
tionation of total RNA on polyacrylamide gels. The gel-
extracted RNA is subjected to directional cDNA cloning
and the resulting libraries are sequenced (Figure 4). This
method of randomly cloning as many small RNA frag-
ments as possible aims to comprehensively identify
RNAs that are expressed by a given genome under a
given set of conditions, irrespective of whether they are
primary or processed transcripts.

In the two shotgun-cloning studies conducted in E. coli
to date, the RNA size range was either 50-500 nt (Vogel
et al., 2003) or 30-65 nt (Kawano et al., 2005). Following
size fractionation, individual cDNA libraries representing
two or three distinct growth phases were constructed,
based on earlier observations that many E. coli sSRNAs
are expressed in a growth rate-specific manner (Argaman
et al., 2001; Wassarman et al., 2001). In addition to their
focus on different RNA sizes, these two studies differed
in certain details of cDNA cloning and library screening.
For example, Vogel et al. (2003) first C-tailed the extract-
ed RNA with poly(A) polymerase, then constructed cDNA
libraries following reverse transcription (Figure 4, left pan-

el). Individual library clones (10 000) were spotted on
high-density filters and hybridized with a mix of rRNA and
tRNA probes to exclude such clones from further study.
cDNA clones that passed this test (ca. 1000 from each
growth phase) were sequenced. In contrast, the cloning
strategy of Kawano et al. (2005) was more similar to that
used to discover eukaryotic miRNAs (Figure 4, right pan-
el). Here, extracted small-sized RNA fragments were
ligated to specific 5 and 3’ RNA adapter molecules,
reverse-transcribed, and PCR-amplified. Prior to cloning,
the amplification products were concatenated to increase
the sequence information per individual library clone.

Following inspection of the cDNA sequences, oligo-
nucleotide probes were designed for the purpose of val-
idating sRNA candidates by Northern hybridizations. It
should be noted that by the time these two studies were
performed, biocomputation-driven screens of E. coli
IGRs had already discovered a great number (>50) of
sRNAs and predicted even more (ca. 1000) putative
sRNA loci. Many of these sRNAs or fragments thereof
were represented in the cDNA libraries (20 out of 55
sRNAs known at the time; Vogel et al., 2003). Nonethe-
less, the two cloning-based screens reported new
sRNAs, both from IGRs and, more importantly, from 5’
leader and 3’ trailer regions of mRNAs, i.e., regions that
had been deliberately excluded in the other studies. Such
UTR-derived RNA species included SroA, a 93-nt RNA
that is processed from the 5' leader of thiB mRNA, and
the 147-nt RNA SroG, which corresponds to the 5’ end
of ribB mRNA (Vogel et al., 2003). Expression of thiB and
ribB is controlled at the post-transcriptional level by
riboswitches, i.e., metabolite-sensing RNA elements, that
are located in the 5" UTR of these mRNAs (Winkler et al.,
2002; Rodionov et al., 2002; Vitreschak et al., 2002; Miro-
nov et al., 2002). The sequences of SroA and SroG RNAs
correspond to the riboswitch elements of thiB and ribB
mMRNA, respectively. This suggests that these small RNA
species may be aptamers; that is, they too may be able
to bind the metabolites that control the expression of
their parental mMRNAs (thiamine or riboflavin derivatives).
If such aptamer function were demonstrated in vivo, our
understanding of sRNA-mediated regulation in bacteria
would be greatly enhanced. UTR-derived sRNAs were
also reported by Kawano et al. (2005), including a very
abundant 35-nt fimA-derived RNA species. Interestingly,
a number of 3" UTR-derived small RNAs showed different
expression from their parental mMRNAs, which suggests
that these molecules could have independent functions.
It is unlikely that such diverse processed sRNA species
would have been found by other methods.

Another strength of cloning-based approaches is their
ability to identify sSRNAs from intergenic regions that are
not conserved in species related to E. coli, e.g., Salmo-
nella, since such candidates would not rank highly in
screens having sRNA gene conservation as the main
criterion. For example, the 161-nt RNA, SroH, is encoded
within the long htrC-thiH IGR of E. coli, sharing a bidi-
rectional transcription terminator sequence with the htrC
gene (Vogel et al., 2003). The small heat-shock gene,
htrC, is not found in other enterobacteria besides E. coli
OH157 strains, and neither is sroH. In addition to the
conservation criterion, many global screens that were
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Figure 4 Shotgun cloning (RNomics) of small-sized RNAs in E. coli.

The two RNomics screens (left panel: Vogel et al., 2003; right panel: Kawano et al., 2005) in E. coli differed in the size range of cloned
RNAs and the methods for cDNA cloning and library screening. RNAs were extracted from a size range of 50-500 nt (Vogel et al.,
2003) or 30-65 nt (Kawano et al., 2005). Furthermore, the first approach used C-tailing followed by reverse transcription in cDNA
library construction. In the second approach, the extracted RNAs were first ligated to specialized 5’ and 3’ RNA adapter molecules,
then reverse-transcribed and PCR-amplified. The PCR products were then concatenated before cloning to reduce the library size. In
addition, Vogel et al. (2003) pre-selected cDNA clones prior to sequencing by spotting on high-density filters and hybridization with

rRNA and tRNA probes.

based on sRNA gene prediction set a minimum length of
IGRs to be inspected, typically 180 bp (Wassarman et
al., 2001). However, the cloning-based approaches iden-
tified sRNAs from smaller IGRs, including the 140-nt
RyfD RNA that originates in the 129-bp IGR between
clpB and yfiH (Kawano et al., 2005). This abundant RNA
partially overlaps the c/lpB 5" UTR and coding region, yet
it seems to be expressed independently. Cis-encoded
antisense RNAs were another prominent class of small
RNA molecules found by Kawano et al. (2005). Among
these were many known RNAs associated with repe-
titive elements, such as LDR or hok/sok (Pedersen and
Gerdes, 1999; Kawano et al., 2002), as well as new anti-
sense RNAs, such as RyiC, which may control expres-
sion of the damage-inducible yjilW gene.

Generally speaking, which bacterial RNA fragments
can we expect to find in random cloning approaches?

Closer inspection of the E. coli cDNA sequences, with
regard to their genomic origin, reveals interesting pat-
terns. Vogel et al. (2003) sequenced a total of approxi-
mately 3000 clones (1000 clones from each of three
growth phases; see above). Following removal of short
sequences (ca. 50%), those remaining were automati-
cally assembled into 451 contigs, that is groups of
sequences that overlap and map to the same region
of the E. coli genome. Of these, 78% were fragments
of mMRNAs of known genes and annotated ORFs of
unknown function, including 5’ and 3’ UTRs. Because
cDNA cloning was directional, a further 5% of the contigs
were classified as antisense transcripts of mMRNA coding
regions. Since these antisense fragments were excluded
from further analysis, it is still unclear whether they are
bona fide antisense RNAs, or should be considered as
‘noise’ resulting from the global low-level antisense tran-
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scription observed by others in E. coli (Selinger et al.,
2000). IGR-derived fragments accounted for 17%. Con-
sidering that less than 11% of the annotated E. coli
genome sequence lies outside protein, tRNA and rRNA
coding regions (Blattner et al., 1997), the library clearly
exhibited a slight bias towards sequences from the inter-
genic space. In contrast, Kawano et al. (2005) observed
a high proportion of tRNA and rRNA fragments (ca. 39%)
in their two libraries. This difference may be attributed
to the fact that rapid pre-screening of the libraries by
filter hybridization (see above) could not be performed
because the individual cDNA clones contained concat-
enated sequences corresponding to more than one RNA
fragment.

When weighing the advantages of an RNomics screen,
namely identification of non-conventional RNAs from
UTRs, against the disadvantages, such as the low per-
centage of actual sRNA clones in the libraries, it should
also be considered that the methodology could be con-
siderably improved. In addition, with an ever-increasing
capacity for sequencing and automated handling of
cDNA clones, the costs of library screening will certainly
be reduced to a level at which RNomics becomes a rapid
and affordable way to obtain an initial glimpse of the
RNome of a bacterium. Regarding cDNA library con-
struction, not all RNAs are equally amenable to linker
ligation or C-tailing, and this is expected to skew the rep-
resentation of some abundant but highly structured
sRNAs in the cDNA library. For example, 6S RNA was
poorly represented, even in the stationary phase library,
corresponding to the growth phase in which 6S RNA
accumulates to approximately 10 000 molecules per cell
(Wassarman and Storz, 2000; Vogel et al., 2003). Opti-
mizing the individual enzymatic steps, e.g., by using a
thermostable reverse transcriptase to perform cDNA syn-
thesis at elevated temperature, may overcome the limi-
tations imposed by stable RNA structures. We have also
observed that many sRNA transcripts retain a 5’ triphos-
phate (Argaman et al., 2001; Vogel et al., 2003). This sug-
gests that if cDNA cloning involves 5’ adapter ligation,
conversion of the non-linkable 5’ triphosphates to 5’
monophosphates with tobacco acid pyrophosphatase
may increase the retention of primary sRNA transcripts.
Further improvement can be expected by affinity-based
removal of rRNA from the total RNA pool prior to cloning.
As noted above, in spite of RNA extraction from gels
(lower cut-off of 50 nt), approximately half of the cDNA
inserts sequenced by Vogel et al. (2003) were too small
to be mapped unambiguously to a single E. coli locus.
To increase the number of meaningful cDNAs, it could be
helpful to clone the RNA only after repeated gel extrac-
tion, or to include another pre-fractionation step, e.g., on
columns or in sucrose gradients.

Expression of most sRNAs is limited to specific growth
conditions, and this was largely reflected in the repre-
sentation of individual sRNAs in the libraries prepared
from different growth phases. For example, the stationary
phase-specific RNA, RyeB, was found in 0, 1, and 59
clones from lag, exponential, and stationary phase librar-
ies, respectively, whereas sRNAs that are specifically
stress-induced, such as OxyS RNA, were entirely absent
from these libraries (Vogel et al., 2003). However, consid-
ering that such regulators may be highly expressed upon

induction, e.g., OxyS RNA with 4500 copies per cell
(Altuvia et al., 1997), these molecules may be greatly
enriched in cDNA libraries prepared from the relevant
stress conditions.

Beyond E. coli, the only other bacterial RNomics
screen conducted thus far was of Aquifex aeolicus, a
hyperthermophilic bacterium often referred to as being at
the origin of the eubacterial phylogenetic tree (Willkomm
et al.,, 2005). The initial motivation for this work came
from the perplexing observation that a gene encoding
RNase P RNA, which is essential in all bacteria investi-
gated to date, could not be found in this genome. Shot-
gun cloning allowed the detection of approximately half
a dozen sRNA candidates, some from the intergenic
space and some that were antisense RNAs. With the
exception of housekeeping sRNAs, these candidates
were the first to be described in hypothermophilic eubac-
teria, and included the A. aeolicus 6S RNA homolog.
Although the A. aeolicus genome shows a relatively low,
and otherwise unbiased, GC content of ca. 44%, some
of the sRNAs identified from IGRs exhibit high GC values
similar to those of stable RNAs (rRNA, tmRNA, tRNA:
>65%). For example, 6S RNA has a GC content of 60%,
indicating that this feature may be used to search for new
sRNAs in thermophilic eubacteria. In stark contrast to the
E. coli study by Vogel et al. (2003) that used the same
cloning procedure, 6S RNA clones were highly repre-
sented in the A. aeolicus library (approx. 10% of the total,
including tRNA and rRNA clones). Both 6S RNA species
share a tight rod-like structure, and the A. aeolicus mol-
ecule has an even higher GC content than that of E. coli,
hence ruling out the possibility of impaired cDNA syn-
thesis of E. coli 6S RNA. Whether the reason for this
discrepancy originates in an extremely high copy number
of A. aeolicus 6S RNA or stems from possible overrepre-
sentation of individual abundant RNAs encoded by small
genomes (A. aeolicus, 1.6 Mb vs. E. coli, 4.6 Mb) remains
unclear. Nevertheless, the existence of an A. aeolicus 6S
RNA gene is certainly an exciting discovery and may
have further implications for clarifying the evolutionary
history of this organisms. If there was an entirely unex-
pected result of this global screen, it is that an A. aeolicus
RNase P RNA still remains at large.

Biocomputational screens: bits made the news

Computer-based prediction of protein-coding genes is a
standard procedure for annotating bacterial genome
sequences. In addition to searching for the longest pos-
sible reading frame, such predictions of mMRNA genes are
frequently supported by the existence of orthologs in
related bacteria, and by the occurrence of putative ribo-
some-binding sites in the vicinity of the predicted start
codon. As discussed above (see Introduction), sRNA
genes are seldom so luxuriously appointed with identifi-
ers. Fortunately, the ever-increasing number of complet-
ed bacterial genome sequences has been paving the way
for computer-based sRNA searches at the genomic level.

In 2001, three biocomputation-driven studies quadru-
pled overnight the number of known E. coli SRNAs (Arga-
man et al., 2001; Rivas et al., 2001; Wassarman et al.,
2001). The common denominator was that these groups
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Figure 5 Biocomputational prediction of E. coli sSRNAs by Argaman et al. (2001).

This sRNA prediction strategy was based on the following criteria: transcription features of non-coding RNA genes; sequence con-
servation of IGRs; and the genomic location of putative SRNA genes. IGRs of E. coli were scanned for sequence matches with the
o’° promoter consensus (upper left) and Rho-independent terminator sequences (GC-rich stem-loops followed by at least four U
residues; upper right). Sequences containing a predicted promoter and terminator, separated by 50-400 bp, were compared to the
genomes of Salmonella, Yersinia, and Klebsiella. High conservation of the predicted sRNA gene in other bacterial genomes and less
conservation of the flanking regions was used as an additional criterion for a good sRNA candidate (lower left). Furthermore, the
genomic arrangement of putative sSRNA candidates was evaluated for the purpose of excluding conserved mRNA leaders or trailers

from the final sSRNA candidate list (lower right).

based their sSRNA gene predictions on sequence con-
servation between E. coli IGRs and those of the closely
related enterobacteria Salmonella typhimurium and Yer-
sinia pestis, for which complete genome sequences had
been published. A partial genome sequence was avail-
able for Klebsiella pneumoniae, and it also supported
these predictions. The precise approach, however, dif-
fered and each is discussed in more detail below.
Argaman et al. (2001) extracted IGRs from the anno-
tated E. coli genome and subjected them to a predictive
scheme with four main criteria (Figure 5) derived from the
characteristics of the 10 E. coli sSRNA genes known at
the time (Wassarman et al., 1999). First, promoters were
predicted that would match the consensus sequence
recognized by the vegetative sigma factor, ¢7°. Second,
the IGRs were inspected for strong Rho-independent ter-
mination signals, defined as GC-rich (>60%) hairpin
structures with a stem of 5-10 bp and a loop of 3-8 nt
followed by a stretch of >4 uridines. Third, E. coli IGRs
that contained a promoter and a terminator on the same
strand, and within a distance of 50-400 bp, were select-
ed and compared to the genomes of the bacteria listed
above by BLASTN searches. Conserved IGRs were
extracted based on statistically significant alignment
scores (E<0.001). An upper limit of 400 bp was set
according to the size of the longest E. coli sSRNAs known
at that time (M1 RNA, 377 nt; CsrB, 369 nt; tmRNA, 363
nt). Finally, the genomic locations of sSRNA candidates
were evaluated: putative sSRNA genes that were oriented
in the opposite direction to both adjacent genes scored

higher because these could not be conserved mRNA
leaders or trailers. Application of all these criteria resulted
in the prediction of 24 putative sRNA genes. The pro-
moter algorithm based on the o7° consensus gave redun-
dant results; that is, multiple promoters were predicted
for most candidate genes, but the majority of these pro-
moters found no support in subsequent biochemical
analysis. Thus, the final candidate list was assembled by
assigning higher weighting coefficients to the terminator
sequence, degree of conservation and gene orientation.
In Northern hybridizations with RNA from 10 different
growth points and/or conditions, 14 of 23 candidates
were shown to be new sRNAs. As an aside, a high-rank-
ing candidate gene that failed in this first validation round
was later shown to encode the SOS response-related
IstR RNAs (Vogel et al., 2004). The high number of true
positives in this screen may be attributed to the rather
stringent application of prediction criteria. In other words,
the list of candidates to be tested was deliberately kept
short and free of seemingly non-canonical sRNAs. For
example, most candidates genes were free-standing and
possessed a Rho-independent terminator, so that many
sRNAs with 3’ ends generated either by processing, e.g.,
6S RNA, or by Rho-dependent termination would not
easily be selected in this approach.

Wassarman et al. (2001) took a similar route by extract-
ing all 1087 E. coli IGR sequences longer than 180 bp,
comparing these to Salmonella and Klebsiella IGRs, and
evaluating transcription signals and sRNA gene orienta-
tion for those with a high degree of sequence conser-
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vation. These predictions were supplemented by experi-
ments in which putative sRNA transcripts were detec-
ted by means of E. coli microarrays. Finally, 59 sRNA
candidates were listed, and 23 of these were confirmed
on Northern blots. Of these, 17 were considered to be
new sRNA genes, while the remaining six were reclassi-
fied as small protein-coding genes, based on reading
frame conservation and the presence of putative Shine-
Dalgarno sequences.

Rivas et al. (2001) also relied on sRNA conservation
across related genomes, but introduced a conceptual
change by scoring conservation of RNA secondary struc-
ture rather than of primary sequence. Interestingly, the
authors had previously observed that secondary struc-
ture alone does not generally suffice for the prediction of
non-coding RNAs in a single genome (Rivas and Eddy,
2000). Thus, they then combined structure prediction
with comparative analysis of E. coli, Salmonella and
Klebsiella genomes. The program implemented, QRNA,
searches for mutational patterns in pairwise sequence
alignments that would distinguish conserved RNA sec-
ondary structure from the background of other conserved
sequence elements, such as transcription factor-binding
sites. In contrast to the patterns of synonymous codon
substitutions in conserved protein-coding regions, struc-
tural RNAs are revealed through compensatory mutations
that are consistent with maintaining predicted secondary
structure elements. QRNA predictions in E. coli yielded a
total of 275 candidate RNAs after removal of known reg-
ulatory and repetitive elements. Of these final candidate
genes, 49 were assayed experimentally and 11 of these
were found to express small transcripts. In this case,
Northern analysis was limited to a single growth condi-
tion, the exponential phase. Because many sRNAs are
known to be expressed in stationary phase or under spe-
cific stress conditions, a broader set of growth conditions
(Argaman et al., 2001; Wassarman et al., 2001) may be
likely to increase the number of confirmed candidates.
On the other hand, this method does not distinguish
independent sRNA genes from conserved cis-regulatory
mRNA structures, and for this reason the authors cau-
tiously pointed out that the high number of sRNA can-
didates is preliminary and requires further validation.

In the main, the three biocomputational screens dis-
cussed so far required that sRNAs be conserved. How
important is the conservation criterion? Researchers
interested in bacteria that are more distantly related to E.
coli will not always have complete genome sequences of
closely related species available. In this regard, another
sRNA search in E. coli that relied solely on transcription
signal prediction offered much insight (Chen et al., 2002).
Here, the search strategy was confined to predicting
intergenic pairs of o7°-type promoter/Rho-independent
terminator pairs. Such pairs were required to lie on the
same strand within 45-350 bp of one another. Starting
with 227 sRNA candidates, 51 were subsequently
removed as putative short protein-coding genes. It
should be noted that approximately 50% of these ORFs
were missing in the complete genome annotation, where-
as the remaining ones were annotated, albeit inconsis-
tently, in various E. coli databases. A further 32 loci were
filtered out as orphan tRNA genes, short leaders, tRNA/

rRNA operon fragments, or known sRNA genes. Of 144
final candidates, eight were experimentally tested by
Northern analysis, and seven were found to be new
sRNA species. Interestingly, a mere 10 of the 40 sRNAs
known at the time were recognized by the search algo-
rithm. However, novel sRNA genes were found and most
of them had no overlap with the untested predictions of
previous global screens. Disregarding the conservation
aspect also seems to have strengthened the prediction
of sRNA genes that are specific to E. coli K12 and
closely related pathogenic E. coli strains. A note of cau-
tion should be inserted here: in the absence of support
from phylogenetic conservation, experimental validation
should be even more rigorous before it can be assumed
that such species-specific sSRNAs are functional. In fact,
two of these sRNAs, since renamed GadY and MicC,
have recently been assigned regulatory roles (Chen et al.,
2004; Opdyke et al., 2004).

An sRNA search in Vibrio genomes integrated many
features of the prior E. coli screens, and added yet an-
other layer (Lenz et al., 2004). The Bassler group had
observed that the quorum-sensing master regulator,
LuxR, was controlled post-transcriptionally by Hfg. Con-
sequently, they hypothesized that this specific Hfq effect
reflected the action of one or more unknown sRNAs. Fur-
ther results indicated that such sRNAs would be activat-
ed by the sigma factor, 0. Therefore, a computer-based
method was developed to scan Vibrio cholerae IGRs for
pairs of ¢% binding sites and Rho-independent termi-
nators, followed by conservation analysis in two other
Vibrio species. The result was the discovery of four novel
sRNAs that are almost identical and are conserved in all
three Vibrio species investigated. The extent of functional
redundancy among these RNAs came as a surprise: to
eliminate Hfg-directed quorum-sensing repression, all
four genes had to be deleted simultaneously.

Similarly, functional evidence that pointed to the
involvement of a hidden sRNA led to the discovery of
Pseudomonas homologs of the E. coli RNA, RyhB (Wil-
derman et al., 2004). Iron homeostasis is regulated in
many prokaryotes by the Fur protein (ferric uptake reg-
ulator). Fur acts as a transcriptional repressor unless iron
becomes scarce, in which case Fur-repressed genes,
e.g., those involved in iron acquisition, are upregulated.
It had long remained a mystery as to why iron depletion
and the concomitant alleviation of Fur repression also
caused downregulation of a number of genes. Identifi-
cation of the Fur-regulated sRNA, RyhB, of E. coli pro-
vided an explanation for this apparent paradox (Massé
and Gottesman, 2002). Upon iron depletion, RyhB is
derepressed and then acts as an antisense RNA to a
number of mMRNAs. The ryhB gene, along with its pro-
moter and Fur-binding site, is well conserved in entero-
bacteria, but could not be found in Pseudomonas
aeruginosa, another organism in which positive regulation
by Fur had been observed and left unexplained (Ochsner
et al., 2002). Encouraged by the obvious parallel between
the iron regulatory processes in Pseudomonas and E.
coli, a pattern-based search was derived to scan Pseu-
domonas IGRs for Fur-regulated sRNA genes. Wilderman
et al. (2004) used the pattern search program PATSCAN
to scan for the following characteristics of the E. coli ryhB



gene: a Fur-box consensus (searching for an identity
match of >14/19 bp), a potential Rho-independent ter-
minator (7-12-bp stem closed by a 5-9-nt loop and
immediately followed by a run of >3 uridines), and a
<200-bp spacer separating these two elements. This
pattern search yielded three candidate genes, two of
which, prrF1 and prrF2, are identical in all but five resi-
dues, and are expressed in a Fur-dependent manner. As
with E. coli ryhB deletion, a prrF1-prrF2 double deletion
offsets sodB mRNA downregulation under low iron con-
ditions. In addition, PrrF1 and PrrF2 RNAs show a stretch
of complementarity with the translation initiation region
of sodB mRNA, further suggesting that these newly dis-
covered sRNAs are functional homologs of RyhB.

An automated sRNA screening procedure for the
extraction, selection and visualization of candidate IGRs
has now been implemented in the software package
Intergenic Sequence Inspector, or ISI (Pichon and Felden,
2003). This program filters IGRs according to variable
input parameters, including length or GC content, and
can select those with significant sequence conservation
among phylogenetically related bacteria. In addition to a
multiple sequence alignment output, secondary structure
predictions and known locations of putative promoters
and terminators can be included in the visualization.
Besides all the previously characterized E. coli sRNAs,
ISI is reported to have identified additional candidates.
Subsequent characterization of one candidate, which is
conserved in 21 strains of Escherichia, Salmonella, and
Shigella, revealed that this novel RNA, RydC, folds into
a pseudoknot and regulates expression of an ABC trans-
porter gene (Antal et al., 2005). Interestingly, RydC RNA
was independently identified by microarray analysis of
RNAs that co-immunoprecipitate with Hfq (Zhang et al.,
2003).

Two additional bioinformatic approaches to identify
sRNAs in E. coli have to be mentioned, although both
studies primarily focused on the development of novel
algorithms and included little or no experimental valida-
tion of the resulting predictions. In one of these studies
(Carter et al., 2001), a machine learning approach that
made use of neural networks and support vector
machines was developed to extract the shared features
of known sRNAs for the prediction of new candidates in
several prokaryotic and archaeal genomes. Similar to
QRNA (Rivas et al., 2001), this approach seems to be
less dependent on prior knowledge of the specific RNA
gene features of a given organism. The underlying algo-
rithm uses both compositional parameters (nucleotide
and dinucleotide composition) and structural motif para-
meters to discriminate functional RNAs from random
non-coding sequences. The output of this screen took
the form of 562 sequence windows, each of which was
80 bp long and was likely to encode a functional RNA.
Disregarding consecutive windows and predictions on
both strands, ca. 370 novel sRNA candidates in the E.
coli genome were predicted. More recently, boosted
genetic programming was used to create sRNA classifi-
ers to select non-coding functional RNA sequences from
intergenic sequences (Saetrom et al., 2005). This predic-
tion covered 152 of the previously known or predicted
sRNAs and yielded 135 novel candidates. The authors
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sought to validate 16 candidates experimentally: prelim-
inary results of low-stringency Northern hybridizations
indicate that some of these candidates are indeed
sRNAs.

Following the aforementioned studies in E. coli, bio-
computational approaches were taken to scan the
genomes of entirely unrelated bacteria. These included
four marine cyanobacteria of the Prochlorococcus-Syne-
chococcus lineage, two of which had compact and small
genomes of approximately 1.7 Mb (Axmann et al., 2005).
It had previously been assumed that certain features of
single functional RNAs, e.g., folding free energy, did not
suffice as a statistically significant criterion for finding
non-coding RNAs in whole genome sequences (Rivas
and Eddy, 2000). However, it was later shown that ther-
modynamic stability values derived from the consensus
folding of aligned related sequences allows effective pre-
diction of functional RNAs (Washietl and Hofacker, 2004;
Washietl et al., 2005). Using this strategy, Axmann et al.
(2005) first performed BLASTN searches to detect local
sequence conservation in IGRs of >50 nt among three
Prochlorococcus genomes and one Synechococcus
genome. Sequences that overlapped by >85% in the
four genomes were extracted and subjected to further
rounds of alignment using BLASTN and CLUSTALW
(Thompson et al., 1994). The resulting alignments were
then scored by ALIFOLDZ, with structures being calcu-
lated at the approximate habitat temperature (24°C) of
the cyanobacteria studied. Expression analysis of the
highest-scoring candidate regions under various growth
and stress conditions confirmed seven new sRNAs in
Prochlorococcus marinus, several of which had homo-
logs in the other three strains. Four of these new sRNAs
that are highly similar in structure constitute a rapidly
evolving gene family with different numbers and loca-
tions of genes in these four genomes. In addition, these
searches also uncovered new cyanobacterial 6S RNA
orthologs, i.e., in addition to the 6S RNA-like genes pre-
viously reported in other Synechococcus strains (Wata-
nabe et al., 1997).

Borrelia burgdorferi, which causes Lyme disease, also
has a small genome (1.6 Mb). However, application of
four different search methods only yielded two new
sRNAs in addition to the previously annotated tmRNA
and RNase P RNA genes ((")stberg et al., 2004). First,
searches for homologs of 62 E. coli sSRNAs suggested a
single candidate gene (by similarity to micC), the expres-
sion of which could not be confirmed on Northern blots.
Likewise, comparative analysis of B. burgdorferi IGRs of
>150 bp with all available microbial genomes yielded
candidates that later failed to show transcripts in
Northern hybridizations. The authors then resorted to a
novel method in which they searched for sequence com-
plementary between Borrelia IGRs and orthologs of
genes that are sRNA targets in other bacteria. As dis-
cussed previously, E. coli rpoS mRNA is regulated by
several sRNAs, of which RprA and DsrA bind to rpoS 5'
UTR with imperfect sequence complementarity. Reason-
ing that Borrelia rpoS may be regulated in a similar fash-
ion, BLASTN searches were performed with the goal of
detecting similarity with intergenic sequences. Out of four
candidate IGRs, one was found to express a ca. 200-nt
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RNA, RrbA, which may act in antisense fashion to the
rpoS message during exponential phase. Lastly, there
were a number of loci that had been annotated in the
Borrelia genome as redundant homologs of well-known
RNA genes. Reinspection of these loci, however,
revealed that several annotated RNase P RNA genes may
in fact be repetitive elements, whereas one locus that had
been postulated as a secondary tmRNA gene may actu-
ally express a >200-nt RNA (BsrA) of unrelated function.

The fact that so few sRNAs were identified in B. burg-
dorferi is surprising. One explanation offered by the
authors (Ostberg et al., 2004) is that this organism also
lacks two proteins, Hfg and RNase E, that facilitate sSRNA
function in other bacteria. However, a clear correlation
between the presence of hfg and sRNA genes was not
observed in the cyanobacteria study by Axmann et al.
(2005). Furthermore, Helicobacter pylori, another bacte-
rium with an equally small genome (1.6 Mb), does seem
to possess a number of small RNAs despite having nei-
ther Hfg nor RNase E (own unpublished results). It has
been hypothesized that a disproportionately large num-
ber of sSRNAs reflects increased regulatory complexity in
organisms with larger genomes (Mattick, 2001; Mattick
and Gagen, 2001). Conversely, bacteria with small ge-
nomes may rely less on sRNAs as regulators. Hence,
future screens will also have to clarify the intriguing ques-
tion of whether sRNA genes are truly underrepresented
in streamlined bacterial genomes.

Homology searches: ‘O Brother, Where Art
Thou?’

Since many of the global E. coli sSRNA screens took
advantage of sequence conservation in related entero-
bacteria (Argaman et al., 2001; Rivas et al., 2001; Was-
sarman et al., 2001), these studies en passant set the
blueprint for sRNA identification in species such as Sal-
monella and Yersinia. This extended pool of entero-
bacterial sSRNAs may give valuable leads as to how to
improve predictions of sRNAs across subdivisions of
bacteria. To this end, Hershberg et al. (2003) sought to
extract the shared features of 55 sRNA genes of E. coli
and their orthologs in other bacteria. All of these genes
were located in IGRs, biased towards longer IGRs
(8300-900 nt), and typically occurred once per IGR. How-
ever, it is important to note that the majority of these
sRNAs had been found in IGR-specific screens, and this
may add to the observed bias. GC-content analysis
showed that all SRNA genes are more GC-rich than the
average intergenic space, but have lower GC values than
tRNAs and rRNAs. Exceptions include certain abundant
and/or housekeeping RNAs (tmRNA, 6S RNA, 4.5 S RNA,
RNase P RNA), for which GC values exceed the average
for tRNAs and rRNAs. Conservation analysis by means
of BLASTN searches of more than 100 completed bac-
terial genomes did not yield significant sequence simi-
larity for most of these 55 E. coli sSRNAs beyond Yersinia
pestis. No sequence similarity was found in archaea.
Conservation of sRNA flanking genes decreases with
phylogenetic distance, that is, it is highest in closely relat-
ed Shigella and Salmonella species and lower in the more

distant Yersinia. In turn, this suggests that an sRNA gene
is more likely to be found in distantly related bacteria
when both flanking genes are also conserved. The cor-
relation observed between sRNA gene conservation and
the evolutionary distance of compared organisms was
subsequently confirmed by an independent study (Zhang
et al.,, 2004). Interestingly, sRNA and protein-coding
genes were found to evolve at the same rate in bacteria.
In contrast, tRNA genes tend to be more conserved than
other genomic regions, and loci of unknown function
evolve much faster than the average. Zhang et al. (2004)
also made use of this statistical bias in calculating the
total number of E. coli SRNAs; their estimate was close
to 200.

A recent study in Vibrio cholerae (Davis et al., 2005)
illustrates the degree of sRNA sequence deviation in
loosely related bacteria. Of the 55 E. coli sSRNAs inves-
tigated, only seven were found to have homologs in V.
cholerae. One of the these, RyhB, was analyzed in more
detail. In E. coli, the ryhB gene is transcribed into a 90-
nt RNA in a Fur-dependent manner (Massé and Gottes-
man, 2002), and RyhB RNA abundance is dependent on
Hfq (Massé et al., 2003). Both of these features also
apply to Vibrio RyhB RNA, but Northern analysis showed
that it is a considerably longer (approx. 225 nt) transcript.
Sequence inspection revealed that the Vibrio ryhB gene
carries a ca. 60-nt extension at each end compared with
its E. coli counterpart, and the actual sequence similarity
between E. coli and Vibrio is limited to a central 28-bp
region. Sequence identity is also low among related Vib-
rio species, and comes down to a ca. 60-bp stretch. Sev-
eral of the genes that are regulated by RyhB in E. coli
were found to be differentially expressed in a ryhB
mutant of Vibrio. Thus, despite limited sequence similar-
ity, the two RNAs can be assumed to be functional
homologs.

If primary sequence conservation turns out to be a
poor guide for finding a long-lost sSRNA relative, what will
be the alternative? Functional RNAs often maintain a par-
ticular secondary structure that is not necessarily reflect-
ed by primary sequence conservation. For example,
homologous sequences of E. coli 6S RNA were, until
recently, only known in the y-subdivision of proteobac-
teria. 6S RNA folds into a rod-like structure that is
required for binding to the o7°-containing RNAP holoen-
zyme (Wassarman and Storz, 2000; Trotochaud and
Wassarman, 2005). This extended hairpin structure is
thought to mimic the DNA template of the open promoter
complex of RNAP (Barrick et al., 2005; Trotochaud and
Wassarman, 2005). A comprehensive screen recently
identified multiple 6S RNA homologs in >100 bacterial
species of diverse eubacterial lineages (Barrick et al.,
2005). This screen was based on a covariance model of
6S RNA structure, a probabilistic model for flexible
description of secondary structure and primary sequence
consensus of an RNA family, which was used as a query
in sequence databases searches for additional members
of the RNA family of interest. The search also indicated
that a number of abundant Bacillus and Synechococcus
RNAs of previously unknown function are in fact 6S
RNA homologs (Watanabe et al., 1997; Ando et al., 2002;
Suzuma et al., 2002). These Bacillus RNAs were inde-



pendently confirmed as 6S RNA homologs through
biochemical analysis by others (Trotochaud and Wassar-
man, 2005). Strikingly, primary sequence similarity
between E. coli 6S RNA and each of the two Bacillus
species is as low as ~46%, yet they qualify as structural
homologs because key secondary structure elements
and functionally important residues are conserved. Mul-
tiple iterations of alignments of high-scoring 6S RNA
candidate loci, as well as inclusion of candidates with
slightly deviating structures, significantly improved the
covariance model and led to a final curated alignment
that contained 121 sequences. The final covariance
model predicts hundreds of additional 6S RNA sequenc-
es in microbial genomes (Barrick et al., 2005).

Other than conserved RNA structure, regulatory
aspects of an sRNA gene could give hints as to how to
find homologous genes in either the same or a different
organism. We have already discussed that a Fur box
upstream of ryhB helped to identify the PrrF RNAs in
Pseudomonas aeruginosa (see previous section). Simi-
larly, a short palindromic element played a role in finding
the second RNA that counteracted the global regulator,
RsmA, in Pseudomonas strains (Valverde et al., 2003).
Following the observation that inactivation of the primary
rsmZ gene was not enough to abrogate repression of the
RsmA target genes, the existence of an additional,
hidden RsmZ-like RNA was hypothesized. Several
Pseudomonas genomes carry a well-conserved thermo-
regulatory region (TRR) that shares striking similarity with
the palindromic upstream activating region of the rsmZ
promoter. In addition, the TRR locus contains a number
of GGA repeats that are the hallmark of CsrA/RsmA-
antagonizing RNAs (Romeo, 1998; Valverde et al., 2004).
Probing of the TRR locus in P. fluorescens CHAO
revealed the ca. 120-nt RsmY RNA, which was subse-
quently shown to act in concert with RsmZ on RsmA
protein (Valverde et al., 2003).

Finally, homology searches should take into consider-
ation the fact that, like proteins, some regulatory RNAs
carry functional domains that can become scrambled or
even split into individual pieces that are then encoded by
separate loci. For example, circularly permuted tmRNA
genes were recently reported to exist in Caulobacter and
cyanobacteria. In these cases, a segment normally found
at the 3’ end of tmRNA genes is located upstream of the
segment normally at the 5 end. The two conserved
tmRNA segments are linked by a short non-conserved
sequence (Keiler et al., 2000; Gaudin et al., 2002) that is
excised post-transcriptionally to yield the standard tRNA
acceptor stem terminus, thus resulting in a two-piece
mature tmRNA.

Microarray detection: sRNAs lighten up

Microarrays have become the method of choice for mon-
itoring MRNA expression profiles at the genome level.
They could also represent a means for studying sRNA
expression or even for finding new sRNA transcripts. The
main caveat in this case, however, seems to be current
microarray design: most of the commercially available
arrays are limited to ORFs and at best include tRNA
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and rBNA genes. In other words, transcripts from IGRs,
where most of the sRNA genes reside, will not be detect-
ed. This aspect of microarrays is being improved. Selin-
ger et al. (2000) introduced a high-density oligo-
nucleotide probe array for E. coli that not only carries
strand-specific probes for all mRNA, tRNA, and rRNA
regions, but also covers IGRs of >40 bp; the latter
regions have one probe for every six bases on both
strands. Although this study primarily focused on the
sensitivity and reproducibility of mRNA-level profiling, it
provided preliminary data on some intergenic and anti-
sense RNAs that were detected en passant. Subse-
quently, Wassarman et al. (2001) supplemented their
biocomputational sRNA prediction by using the same
type of array and specifically analyzing intergenic tran-
scriptional output.

These authors discussed several problems associated
with reliable detection of small structured RNAs on
microarrays, including probe preparation. Frequently,
only a few oligonucleotides within the range of a given
sRNA transcript region yield a signal peak, even though
the same sRNA locus gives a strong and distinct band
on Northern blots (compare Figures 2 and 3 in Wassar-
man et al.,, 2001). These technical difficulties notwith-
standing, microarray signals paralleled Northern blot
results for at least one-third of the confirmed sRNAs. In
another study that used the same E. coli high-density
arrays, transcripts were occasionally detected on the
strand opposite an experimentally validated sRNA region
(Tjaden et al., 2002). Whether these signals account for
as yet unknown sRNA antisense transcripts or represent
experimental noise remains undetermined.

The power of these microarrays cannot be overstated.
The extraordinarily high probe density may facilitate
detection of 3’ or 5 UTR RNA fragments that accumulate
after the processing of mMRNA transcripts (Tjaden et al.,
2002). The same study, however, emphasized the need
to validate initial microarray results by independent
experimental techniques such as Northern hybridization
or RNase protection assays. Nine new intergenic sRNAs
were predicted based on their transcript intensity and
growth-dependent expression. There also appeared to
be some sequence homology of these E. coli loci with
corresponding regions in Salmonella typhimurium. How-
ever, to create sSRNA deletion strains in Salmonella, we
revisited these nine candidates and failed to identify sta-
tistically significant sequence similarity for six of them
(C0614, C0465, C0299, C0293, C0719, CO067), while
another two seem to represent highly repetitive elements
(Co664, C0362).

We nevertheless expect that microarrays will become
a standard tool for both the identification and expression
profiling of bacterial sSRNAs. Species-specific arrays with
at least some IGR coverage (>150 bp) are now available
for other model bacteria, including B. subtilis, Pseudo-
monas aeruginosa, and Staphylococcus aureus (C. Rose-
now, Affymetrix, personal communication). In addition,
the problems inherent to labeling and cDNA synthesis of
small structured RNAs to be used as samples on
microarrays can be bypassed if alternative RNA detection
methods are used. In such one approach, Zhang et al.
(2003) immunoprecipitated Hfg protein (see below) and
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directly detected the sRNAs bound to this protein on
microarrays with antibodies specific for RNA:DNA
hybrids. The highly improved sensitivity of this method is
demonstrated by the detection OxyS RNA, which is pres-
ent in very low concentrations under the growth condi-
tions used in this study. Unfortunately, as of the time
of writing, it is unclear whether these antibodies will
become commercially available.

Co-purification with proteins: looking for
intimate pairs

In a cellular environment, many sRNAs can be assumed
to form complexes with proteins at various points in their
life cycle. RNA-binding proteins may help an sRNA fold
into its active conformation, shield it from nucleases prior
to reaching a target, or promote its annealing with target
mRNAs. Other sRNAs interact with proteins to directly
regulate their activity. With these scenarios in mind, puri-
fication of ribonucleoprotein complexes via the protein
partners should facilitate the isolation of new sRNAs.
Indeed, several sSRNAs have been discovered by co-puri-
fication with the abundant RNA-binding proteins CsrA,
Hfq, and with RNA polymerase. In E. coli, His-tagged
CsrA protein was observed to purify as a globular ribo-
nucleoprotein complex that, in addition to 18 CsrA subu-
nits, contained a 366-nt RNA (Liu et al., 1997). This
unknown RNA, later named CsrB, was poly(A)-tailed,
cloned as cDNA, sequenced and mapped to the E. coli
genome by BLASTN searches. Similarly, RsmZ RNA of
Pseudomonas fluorescens was later identified through
co-purification with the CsrA homolog of this organism,
RsmA (Heeb et al., 2002). The two RNAs, CsrB and
RmsZ, are functional homologs since their primary func-
tion lies in antagonizing CsrA and RsmA, respectively. As
mentioned before (see genetic approaches), the genes of
the CsrB-like RNA family show poor sequence similarity.
Hence, co-purification with interacting proteins could be
an alternative strategy for finding sRNAs with primary
sequences that have diverged to such an extent that they
are unidentifiable by BLASTN searches.

To date, the Sm-like protein, Hfq, is the best charac-
terized sRNA binder and has been suggested to interact
with more than one-third of the sRNAs known in E. coli
(Zhang et al., 2003; Valentin-Hansen et al., 2004). Immu-
noprecipitation of Hfg followed by microarray detection
of the RNAs bound to the protein was recently used as
a new screening approach. In this way, half a dozen new
sRNAs were found in E. coli (Zhang et al., 2003). Similar
approaches for finding Hfg-binding sRNAs have been
taken for the bacterial pathogens Listeria monocytogenes
and Pseudomonas aeruginosa (U. Blasi and B. Kallipoli-
tis, personal communication). Interestingly, hfq deletion
strains of these bacteria show reduced virulence (Sonn-
leitner et al., 2003; Christiansen et al., 2004). There is also
an earlier report that antibodies against eukaryotic
snRNP (small nuclear ribonucleoprotein) immunoprecipi-
tated small RNAs (140-240 nt) in the cyanobacterium
Synechococcus leopoliensis and in B. subtilis (Kovacs et
al., 1993). It is tempting to speculate that these antibod-
ies actually precipitated Synechococcus and Bacillus Hfg
homologs, which may share epitopes with the Sm pro-

teins of eukaryotic snRNPs. Somewhat weakening this
speculation is the fact that no sRNAs were co-immuno-
precipitated in E. coli extracts. Unfortunately, this inter-
esting observation does not seem to have been followed
up, and the RNAs remain unidentified.

Since species-specific Hfq antibodies may not always
be available, affinity tags such as FLAG and (His), provide
epitopes that can be targeted by specific antibodies.
Alternatively, RNAs may be cloned directly from Hfq pro-
tein purified via its affinity tag. As a proof of principle,
Vibrio cholera RyhB RNA was observed to remain bound
to His-tagged Hfq in the course of affinity purification on
nickel agarose columns (Davis et al., 2005).

All of the aforementioned studies isolated Hfg-binding
RNAs from bacterial extracts, and hence required that
the sRNAs be expressed under the condition sampled.
The Schroeder laboratory, however, opted for an in vitro
SELEX approach that would in principle cover all sSRNAs
that are encoded by a given genome (C. Lorenz and R.
Schroeder, personal communication). Here, a represen-
tative library of the E. coli genome was constructed from
random sequences of 50-500 bp (Singer et al., 1997).
These fragments were in vitro transcribed with T7 RNA
polymerase, incubated with Hfg, and selected for Hfqg
binding on filters. Taking the standard SELEX route, the
retained RNA was converted into cDNA and subjected to
additional (eight) rounds of selection, resulting in a pool
of RNAs that bound Hfq with K values of 5-50 nm. Sub-
sequently, specific Hfq interaction of the thus enriched
RNAs was determined in vivo using a yeast three-hybrid
screen (Bernstein et al., 2002). Preliminary results sug-
gest that these experiments identified a number of novel
Hfg-binding RNAs, including antisense RNAs and can-
didate sRNAs from intergenic regions.

Aside from CsrA and Hfq, there are many more RNA-
binding proteins that could also be exploited for the pur-
pose of identifying new sRNAs. Specifically, Bacillus
homologs of 6S RNA were identified by means of anti-
bodies that targeted either the a subunit of RNAP or the
primary sigma factor, o* (Trotochaud and Wassarman,
2005). 6S RNA had previously been shown to associate
with RNAP in E. coli (Wassarman and Storz, 2000).
Examples of other abundant proteins that form complex-
es with RNA and/or DNA and, like Hfqg, are present in
>10 000 copies per cell, include the RNA chaperone
StpA, the histone-like protein HU, and the transcriptional
regulator H-NS (Ali et al., 1999). In addition, CspA and
CspA-like cold shock proteins comprise a large family of
RNA-binding proteins that are involved in post-transcrip-
tional regulation in bacteria. Whether all these proteins
have intimate relationships with small RNAs remains to
be determined. However, this strategy holds promise:
when photolyases (proteins involved in DNA damage
repair) of Vibrio cholerae were purified, it was observed
that one of these proteins invariably associates with
~70-nt RNA(s) of yet unknown sequence and function
(Worthington et al., 2003).

Conclusions

In many respects, sRNA screens in the model bacterium
Escherichia coli have set a blueprint for the global and



functional identification of sSRNAs in the many microbes
that have yet to be studied. Which approach to use when
embarking on a new global search, or when hunting for
a specific sSRNA, will depend on a researcher’s taste and
laboratory design. Considering that significant overlap
exists in the methodology used so far, researchers inter-
ested in bacteria should also keep an eye on the tech-
niques being developed to identify non-coding RNA
regulators in eukaryotes and archaebacteria. For exam-
ple, the base composition analysis that successfully
identified non-coding RNAs in Al-rich archaebacteria
(Schattner, 2002; Klein et al., 2002) may well be appli-
cable to hyperthermophilic eubacteria. We also expect
that the rapidly growing list of completed bacterial
genomes will fill the phylogenetic gaps between distantly
related organisms, and will thereby greatly facilitate SRNA
discovery using conservation criteria. Hopefully, future
genome annotations will increasingly take into consid-
eration the fact that conserved genomic loci with poor
coding potential are likely to harbor genes that encode
small RNAs. Along similar lines, it will be interesting to
observe how many of the hitherto annotated species-
specific ORFs of unknown function in fact express non-
coding RNAs.

Much effort is now devoted to dissecting the functional
roles of the recently discovered sRNAs. By studying the
details of how bacterial small RNAs exert their regulatory
functions at the molecular level, we will learn more about
structure-function relationships, which could help to
improve sRNA predictions.

For the moment, a unified nomenclature for bacterial
sRNAs remains an unresolved issue. Many E. coli sSRNAs
were discovered in parallel in different laboratories, and
hence named independently (for examples, see Table 1
in Hershberg et al., 2003). Introducing a nomenclature
similar to the system established for eukaryotic micro-
RNAs (Ambros et al., 2003) could be one way to get
around the confusion that is often caused by multiple
names for the same sRNA. This is also desirable as we
anticipate the discovery of many more sRNAs by global
screens in other model bacteria. As for E. coli, Wassar-
man et al. (2001) introduced a nomenclature to name
sRNAs of unknown function in a manner similar to the
protein-coding ORFs of unidentified function. The fact
that genomic annotation of sRNA genes and candidate
loci is lagging is both good and bad. One argument in
favor of a delay is that the vast majority of predicted
sRNAs indeed require further analysis before being
regarded as functional RNAs. However, if a genomic
locus with no apparent protein-coding potential emerges
in a functional screen unrelated to non-coding RNAs, it
would certainly help if there were a quick link to the list
of the ca. 1000 potential sSRNA candidates. Outside of
standard genome annotations, the Rfam database (http:
//www.sanger.ac.uk/Software/Rfam/; Griffiths-Jones et
al., 2003) keeps track of bacterial sSRNAs.

Within the last 5 years, the number of small non-coding
RNAs known in bacteria has increased in a way that can
be likened to an explosion. Adding to this is the diversity
of regulatory roles that old and new sRNAs have been
found to play. Nevertheless, our understanding of sRNA-
mediated regulation in bacteria is still limited and this
field promises to keep us busy searching for new sRNA
molecules and their functions in the years to come.
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