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SUMMARY

Small RNA regulators (SRNAs) have been identified in a wide range of bacteria and found to
play critical regulatory roles in many processes. The major families of SRNAs include true anti-
sense RNAs, synthesized from the strand complementary to the mRNA they regulate, SRNAs
that also act by pairing but have limited complementarity with their targets, and sRNAs that
regulate proteins by binding to and affecting protein activity. The SRNAs with limited comple-
mentarity are akin to eukaryotic microRNAs in their ability to modulate the activity and stabil-
ity of multiple mRNAs. In many bacterial species, the RNA chaperone Hfq is required to
promote pairing between these sSRNAs and their target mRNAs. Understanding the evolution
of regulatory sSRNAs remains a challenge; sSRNA genes show evidence of duplication and hor-
izontal transfer but also could be evolved from tRNAs, mRNAs or random transcription.
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1 INTRODUCTION

In the third edition of The RNA World book, we described
how many small RNA regulators (sRNAs), ranging in
length from approximately 50 to 500 nucleotides, were
found in bacteria, and summarized what was then known
about the functions of the sSRNAs. As has been seen for
regulatory RNAs in eukaryotes, many bacterial sSRNAs act
by base pairing, having either extensive or more limited
complementarity with their target mRNAs. However,
others modulate the activity of proteins by mimicking sec-
ondary structures of other nucleic acids. The pace of SRNA
discovery in awide range of bacteria has continued to accel-
erate and the functions of increasing numbers of SRNAs are
being elucidated. Here we cite reviews that discuss older
work and emphasize what has been found in the past 5
yr. We will focus on the sRNAs encoded on bacterial chro-
mosomes, particularly in the model organisms Escherichia
coli, Salmonella enterica and Staphylococcus aureus, but will
point out parallels to phage and plasmid-encoded sRNAs.
We also will focus on RNA regulators that act as independ-
ent transcripts as opposed to riboswitches, which are part
of the mRNA they regulate and are described in (Breaker,
Riboswitches and the RNA World). CRISPR RNAs, which
are central to a defense against foreign DNA in many bac-
teria and archaea, are yet another class of sSRNAs that will
not be covered here because they are the topic of (Jone,
Brouns and van der Oost, RNA in Defense: CRISPRS protect
prokaryotes against alien nucleic acids).

2 HOW MANY sRNAs ARE THERE?

The initial screens for sSRNA genes in bacteria relied primar-
ily on computational searches of intergenic regions for
conserved sequences or orphan promoter and terminator
sequences (reviewed in Livny and Waldor 2007). However,
with the advances in whole genome expression profiling
using tiling arrays or deep sequencing, approaches that
rely on direct detection are superseding the computational
approaches (reviewed in Sharma and Vogel 2009). Never-
theless, despite the many searches that have now been con-
ducted, the exact number of sRNAs present is still not
known for any bacterium. A number of 80— 100 is generally
cited for E. coli (compared with around 4300 proteins);
whereas numbers two or three times higher have been re-
ported for other bacteria. Unless a large class of sSRNAs
has been missed (for instance, sRNAs derived from
mRNAs), it seems likely that bacteria will have on the order
of a few hundred rather than thousands of sRNAs.

Part of the challenge in establishing the true number of
regulatory sRNAs is that many short transcripts have only
been detected by one approach and have not been shown
to have functions. For example, there are reports of tens or

hundreds of antisense RNAs encoded opposite annotated
protein-coding genes, based on detection by microarray
analysis or deep sequencing (Georg et al. 2009; Guell
et al. 2009; Toledo-Arana et al. 2009; Sharma et al. 2010).
Chromatin immunoprecipitation experiments similarly
suggest that E. coli RNA polymerase is transcribing the
strands opposite a number of protein-coding genes (Peters
et al. 2009). However, few of these signals—some of which
potentially could be caused by cross hybridization or spu-
rious cDNA synthesis by reverse transcriptase—have been
verified in independent experiments, particularly in ex-
periments with control strains in which the putative gene
or promoter has been deleted. In addition, only a limited
number of antisense SRNAs have been assigned functions.
On the other hand, some sRNAs with true regulatory func-
tions might still be missed because they are only expressed
under very specific conditions, their structures make them
recalcitrant to the predominant methods of detection, or
they are processed from mRNAs and hard to distinguish
from 5 or 3’ UTRs.

With increased sSRNA detection and characterization
in a wide range of bacteria, we will undoubtedly be able
to obtain more definitive answers to questions about the
number of sSRNAs across bacterial species and whether, as
we would predict, all bacteria have sSRNA regulators.

3 TRUE ANTISENSE sRNAs

As mentioned earlier, and as has also been noted for eukary-
otic organisms, large numbers of antisense RNAs, also re-
ferred to as cis-encoded RNAs, are being reported to be
transcribed opposite annotated genes and thus share exten-
sive complementarity with the corresponding transcripts
(Georg et al. 2009; Guell et al. 2009; Toledo-Arana et al.
2009; Sharma et al. 2010). However, clear physiological roles
have only been established for a small number of antisense
sRNAs. Nevertheless, these examples serve as models for
what a cis-encoded antisense sRNA is likely to do.

Thus far, the most prevalent role for antisense sSRNAs
in bacteria has been the repression of genes that encode
potentially toxic proteins (reviewed in Gerdes and Wagner
2007; Fozo et al. 2008). This was one of the first functions
described for the plasmid-encoded sRNAs, where antisense
sRNAs control the expression of small hydrophobic pro-
teins, such as the 50-amino-acid Hok protein encoded on
the E. coli R1, R100, and F plasmids and the 33 amino
acid Fst protein encoded on the Enterococcus faecalis plas-
mid pADI. Bacterial chromosomes have also been found
to encode homologs of these proteins and their corre-
sponding antisense sRNAs. In addition, an increasing
number of other small hydrophobic protein-antisense
sRNA pairs are being discovered in a variety of organisms,
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often tandemly duplicated in the same region of the chro-
mosome (Fozo et al. 2010; Sharma et al. 2010). The phys-
iological roles of these gene pairs are not yet known, but
in all cases that have been examined, the antisense SRNA re-
presses synthesis of the corresponding protein, which is
toxic at high levels. The mechanism by which repression
occurs has only been characterized for a limited number
of pairs and generally appears to involve a block in transla-
tion. However, the mechanism may vary between toxin-
antitoxin pairs because the antisense SRNA can overlap
the 5’ end of the mRNA, the entire mRNA, or the 3’ end
of the mRNA. In many cases both the toxin mRNA and
antisense SRNA are predicted to have extensive secondary
structures (reviewed in Gerdes and Wagner 2007; Weaver
2007) raising questions about the mechanism of base pair-
ing. The antisense sSRNAs appear to be critical for keeping
the basal level expression of the toxins low, and where it has
been examined, the levels of the antisense sSRNA have been
reported to be in excess of the mRNA. Thus, another open
question is under what conditions antisense regulation is
overcome to allow toxin synthesis.

Another role of characterized antisense sSRNAs is the di-
rected cleavage of the mRNA encoded on the opposite
strand. The first such sRNA to be characterized was
the OOP RNA of the bacteriophage N, where a 77-nucleotide
sRNA encoded opposite the cII-O mRNA of A represses
cIl expression by directing cleavage of this transcript in a
mechanism that is partially dependent on RNase III
(Krinke and Waulff 1987; Krinke and Wulff 1990). The
E. coli GadY RNA encoded opposite the gadX-gadW
mRNA may similarly be directing cleavage of the mRNA,
in this case leading to increased levels of the gadX transcript
(Opdyke et al. 2004; Tramonti et al. 2008). In contrast, the
antisense IsrR RNA of Synechocystis negatively impacts the
levels of the oppositely encoded isiA mRNA (Duhring et al.
2006). IsrR synthesis is repressed by iron stress, allowing
isiA accumulation and translation under these conditions.
In addition to blocking translation and directing mRNA
processing, one can imagine that simply the act of tran-
scribing the antisense RNA might impact transcription of
the mRNA encoded opposite.

4 BASE PAIRING sRNAs WITH LIMITED
COMPLEMENTARITY

The most well studied bacterial sSRNA regulators are those
that act by base pairing but only have limited complemen-
tarity with their target RNAs because they are encoded at
a different genomic location. They have sometimes been re-
ferred to as trans-encoded sRNAs, to distinguish them from
the antisense, cis-encoded sRNAs. Almost all of the SRNAs
that fall into this class are expressed under specific growth
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conditions ranging from limiting iron, oxidative stress,
and anaerobic conditions to cell envelope stress, low mag-
nesium, or high glucose-6-phosphate concentrations and
glucose starvation. These observations have led to the
expectation that base-pairing sSRNAs with limited comple-
mentarity with their targets will be found to be associated
with almost every global response in bacteria. In the past 5
yr, there has been significant progress in characterizing the
mechanisms of action and physiological roles of this class
of sSRNA.

4.1 Mechanisms

These base-pairing sSRNAs are reminiscent of eukaryotic
microRNAs (miRNAs) and small interfering RNAs (si-
RNAs) in their ability to modulate mRNA stability and
translation. However, they differ in the details of how they
are generated and where they pair with their target mRNAs.
The bacterial base pairing sSRNAs are generally transcribed
as single entities around 100 nucleotides in length. Unlike
miRNAs and siRNAs, they usually are not processed,
although for a few sRNAs, cleavage to a shorter form does
occur. In addition, bacterial sSRNAs frequently base pair
with the 5 end, rather than with the 3’ end, of target
mRNAs. In most cases, the bacterial SRNAs also appear to
act stoichiometrically, being degraded along with the
mRNA after pairing.

Outcomes of productive base pairing. Pairing between
sRNA and mRNA generally involves at least a seed region of
6—8 contiguous base pairs, although significantly longer
pairing regions have been predicted in some cases (but
rarely tested). Within the sRNA, it is common for the
region involved in base pairing, often with multiple targets,
to be highly conserved. For instance, the Salmonella and
E. coli GevB RNAs have a conserved G/U rich, single-
stranded region, which is required for base pairing with
C/A-rich sequences in the 5" untranslated regions of the
target mRNAs (Sharma et al. 2007).

Base pairing between sRNAs and mRNAs can have a
number of regulatory outcomes. Many of the sSRNAs base
pair at the ribosome binding site, thus blocking transla-
tion by preventing ribosome binding. However, systematic
shifting of the region involved in Salmonella RybB RNA
pairing with the ompN mRNA showed that RybB RNA
can block translation even when the region of pairing is as
far as the fifth codon into the open reading frame (ORF)
(Bouvier et al. 2008). Translation can also be blocked
when the region of pairing is 50 or more nucleotides up-
stream of the ribosome binding site (Sharma et al. 2007).
In most cases where ribosome binding is blocked, an as-
sociated decrease in the stability of the mRNA is also
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observed, possibly as an indirect result of blocking ribo-
some entry. There are, however, target mRNAs in which
base pairing occurs downstream of the Shine-Dalgarno se-
quence such that ribosome binding would not be blocked.
For example, base pairing between the Salmonella MicC
and the ompD mRNA within codons 23-26 accelerates
RNase E-dependent decay of the mRNA without blocking
ribosome binding (Pfeiffer et al. 2009). In another example,
base pairing between E. coli RyhB and the iscRSUA mRNA
in the iscR-iscS intergenic region leads to degradation of the
downstream region of the polycistronic mRNA (Desnoyers
et al. 2009).

In addition to repressing translation, sSRNAs can also
activate translation, in many cases by preventing or over-
coming the formation of an inhibitory secondary structure
(Morfeldt et al. 1995; Majdalani et al. 2005; Prévost et al.
2007). Binding of the sRNA leads to remodeling of the
mRNA structure, uncovering the ribosome binding site
and allowing translation. In some of these cases, binding
of the sSRNA can be quite distant from the start of trans-
lation, making it more difficult to identify targets com-
putationally. In addition, because many targets are found
by changes in mRNA abundance in microarrays, targets
for positive regulation, which may only show a modest in-
crease in mRNA stability, may be missed. Nonetheless, a
growing number of SRNAs have been found to have positive
effects on some targets while negatively regulating others
(Morfeldt et al. 1995; Lease et al. 1998; Huntzinger et al.
2005; Prévost et al. 2007).

The interactions among and competition between
sRNAs, ribosomes, ribonucleases, and the RNA chaperone
Hfq and the target mRNAs, as well as the structures of both
RNAs are all likely to influence how effective regulation is
going to be, but are not well understood. It is interesting
to note that effective SgrS repression of the ptsG mRNA re-
quires either membrane localization of the target mRNA
or a reduction in translation, suggesting that associated
changes in mRNA structure or the slower binding of ribo-
somes is needed for SgrS accessibility to the region of pair-
ing (Kawamoto et al. 2005). It is also intriguing that a
surprising number of mRNAs are the targets of multiple
sRNAs; perhaps only a subset of mRNAs have features
(such as an Hfq binding site) that allow them to be regu-
lated by base pairing sRNAs.

Role of Hfq. Although complex protein machineries are
required for miRNA and siRNA processing and to effect
the functions of these eukaryotic regulators, the majority
of the sSRNAs that act via limited base pairing in enteric bac-
teria have only been found to require the RNA chaperone
Hfq, a close relative of the Sm/Lsm family of proteins in-
volved in splicing and mRNA decay (reviewed in Brennan

and Link 2007). Hfq binds both sRNAs and mRNAs,
and, in vitro, stimulates their pairing. However, a number
of questions remain about how this doughnut-shaped
hexamer facilitates interactions between RNAs.

When and where is Hfq bound? The sites of Hfq bind-
ing on both sRNAs and target mRNAs have only been
mapped for a limited number of transcripts, but thus far
all are AU-rich single stranded regions. One binding study
of the rpoS mRNA leader showed that Hfq binds to two
sites, one near the region of base pairing with the DsrA
RNA as well as another site significantly further upstream
(Soper and Woodson 2008). The high affinity upstream
Hfq binding site was found to significantly increase the
rate of DsrA binding to rpoS. This has led to the model
that once base-pairing between DsrA and rpoS mRNA is es-
tablished, the second binding site stabilizes the base-paired
complex by titrating Hfq away from the sSRNA. Several mu-
tational studies indicate that both the proximal and distal
face of the Hfq ring bind to RNA (reviewed in Brennan
and Link 2007). This view is now supported by structural
studies. A previous structure of S. aureus Hfq bound to
AU;5G shows the RNA bound to the proximal face encir-
cling the pore (Schumacher et al. 2002), whereas the RNA
is bound to the distal face in a recent structure of E. coli Hfq
bound to A5 (Link et al. 2009).

How does Hfq act to facilitate base pairing? Hfq binding
has been shown to affect RNA secondary structure and has
also been proposed to increase the local concentration of
mRNA and sRNA by binding both transcripts (reviewed in
Brennan and Link 2007). It is not yet known which mech-
anism facilitates SRNA-mRNA pairing or whether both are
used together or independently. Hfq has also been reported
to interact with ribosomes and with the RNase E endonu-
clease responsible for degrading the regulated mRNAs; to
what extent these interactions are critical for Hfq action
are not clear. It seems likely that the coming years will
lead to a much better understanding of the mechanism of
Hfq-stimulated pairing and regulation.

Hfq-independent base pairing. Unlike in enteric bacte-
ria, several of the base pairing sSRNAs characterized in
Gram-positive bacteria such as S. aureus and Bacillus sub-
tilis do not require Hfq for function, even when Hfq is
present in the organism (Silvaggi et al. 2005; Boisset et al.
2007; Heidrich et al. 2007). However, Hfq does bind sSRNAs
in Listeria monocytogenes and hfqg mutants do affect gene
expression in both B. subtilis and L. monocytogenes, sug-
gesting a possible role in RNA folding or pairing
(Christiansen et al. 2004; Christiansen et al. 2006; Heidrich
et al. 2006; Nielsen et al. 2009). It is not yet completely clear
why Hfq is required in some cases of limited base pairing
and not others. Possibly, more extended pairing and a
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higher proportion of G:C base pairs obviate the need for
Hfq for a subset of sSRNAs. Alternatively, another RNA
chaperone may be playing a parallel role in these cases, as
has been proposed for three small basic proteins in
B. subtilis (Gaballa et al. 2008). This may well be the case
in other bacterial species in which sRNAs, but not Hfq,
have been found.

4.2 Physiological Roles

The anticipation that base pairing sSRNAs would have a
variety of physiological roles has been met; both the roles
in previously known responses have expanded and new
roles have been found.

Repression of outer membrane protein synthesis. In
the third edition of The RNA World, we noted that
the expression of several membrane proteins in E. coli is
controlled by sRNAs. The list of sSRNAs that modulate the
expression of membrane proteins, particularly outer mem-
brane B-barrel proteins, many of which function as porins,
has continued to expand (Table 1). In E. coli and Salmonel-
la, all the major outer membrane porins have been found to
be down-regulated by one or more sRNAs (reviewed in
Guillier et al. 2006; Vogel and Papenfort 2006), and new
studies of sSRNAs continue to uncover additional examples
of regulation of outer membrane porins (Johansen et al.
2008; Papenfort et al. 2008; De Lay and Gottesman 2009;
Figueroa-Bossi et al. 2009; Overgaard et al. 2009). Why
outer membrane proteins are such predominant targets
of sRNA regulation is still not completely clear, especially
because many porin proteins are thought to be stable. How-
ever, given the abundance of examples, there must be a
regulatory advantage to this mode of regulation.

The synthesis of the porin-regulating sSRNAs is induced
by various growth conditions and regulators (Table 1). For
example the micA and rybB genes are transcribed by o*, a
sigma factor that regulates genes involved in both the traf-
ficking of outer membrane proteins through the periplasm
and quality control when the periplasm accumulates un-
folded proteins (Johansen et al. 2006; Papenfort et al.
2006; Thompson et al. 2007; Udekwu and Wagner 2007).
These findings have led to the satisfying model that disrup-
tions to the integrity of the outer membrane lead to the in-
duction of sRNAs that are capable of down-regulating the
expression of porins, thereby easing the strain on the traf-
ficking machinery and the membrane. The regulatory cir-
cuits for some of the other sRNAs in this group, such as
CyaR, whose levels increase on glucose starvation, have less
obvious connections to membrane stress, but nevertheless
may help to down-regulate the 6" response by keeping syn-
thesis of outer membrane porins low.
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Remodeling metabolism. Another theme that is becom-
ing more and more prevalent among the targets of base
pairing sRNAs is metabolic remodeling upon environ-
mental shifts. One of the clearest examples of this comes
from the Fur-regulated RyhB RNA in E. coli, whose levels
increase in response to low iron and which represses the
synthesis of many nonessential iron-containing enzymes
such as aconitase B and succinate dehydrogenase. This
allows the limited iron in the cell to be used by the critical
enzymes (reviewed in Massé et al. 2007). Other sSRNAs have
also been found to impact what metabolic enzymes are
synthesized. For example, the CRP-regulated Spot42
RNA, whose levels are repressed during glucose starvation,
is responsible for the discordant regulation of genes in
the galactose operon (Moller et al. 2002). Similarly, the
FNR-regulated FnrS RNA, whose levels are induced by
low oxygen, represses the expression of enzymes such as lac-
tate dehydrogenase that are not needed during anaerobic
growth (Boysen et al. 2010; Durand and Storz 2010).

Modulating the synthesis of key transcription factors.
The rpoS gene encoding the stationary phase sigma factor
o® in E. coli was one of the first targets of base pairing
sRNA targets to be characterized, being positively regulated
by DsrA and RprA and negatively regulated by OxyS
(reviewed in Majdalani et al. 2005). Yet another sRNA,
denoted ArcZ, has recently been found to increase the levels
of ¢° (Mandin and Gottesman, submitted). DsrA and
RprA are induced in response to low temperature and cell
surface stress, respectively, whereas OxyS is induced by
oxidative stress and ArcZ is repressed under anaerobic
conditions. Thus, the sRNAs can finely tune o° synthesis
in response to a range of environmental signals (Fig. 1).
Another transcription factor whose synthesis is under the
control of multiple sSRNAs is the LuxR regulator of quorum
sensing in Vibrio harveyi and its homolog HapR in
V. cholerae. In this case the Qrr RNAs (five in V. harveyi
and four in V. cholerae), which repress translation, are all
homologous, but again the redundancy allows for nuanced
regulation (Lenz et al. 2004; Tu and Bassler 2007; Svenning-
sen et al. 2008; Tu et al. 2008; Svenningsen et al. 2009). In
S. aureus, RNA III has a significant impact on virulence
by repressing the synthesis of Rot, a repressor of exotoxin
genes (Boisset et al. 2007). sRNAs also directly negatively
regulate a number of two-component systems; OmrA
and OmrB repress ompR expression as part of a negative
feed-back loop (Guillier and Gottesman 2008) and the
o"- regulated MicA RNA connects one regulatory input
(outer membrane stress) to another (the PhoPQ regulon)
(Cornaertetal. 2010) (Fig. 1). We predict that the intercon-
nections between sRNAs and transcription regulators will
only increase as more sSRNA targets are identified.
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Table 1. Physiological roles of Hfg-binding RNAs in E. coliand S. typhimurium

RNA
name Length Regulation Physiological Response* References
MicF 93 Induced by high osmolarity; Repression of porin synthesis (ompF) (Andersen and Delihas 1990; Coyer
Activated by OmpR, SoxS, MarA et al. 1990)
MicC 109 Increased at low temperature; Repression of porin synthesis (ompC, (Chen et al. 2004)
Repressed by OmpR ompD)
MicA 72 Cell envelope stress; Repression of porin synthesis and (Rasmussen et al. 2005; Udekwu et al.
oF-regulated PhoPQ (ompA, ompX, phoP) 2005; Cornaert et al. 2010)
RybB 80 Cell envelope stress; Repression of porin synthesis (ompC, (Johansen et al. 2006; Papenfort et al.
o"-regulated ompW) 2006; Thompson et al. 2007)
RseX 91 Not reported Repression of porin synthesis (ompC, (Douchin et al. 2006)
ompA)
MicM/ 85 Repressed by chitosugars; Repression of chitoporin synthesis (Figueroa-Bossi et al. 2009; Overgaard
ChiX chbBCARFG decoy mRNA (chiP) (also dpiBA) et al. 2009)
stimulates degradation
CyaR 87 Induced by low glucose; Activated by Repression of porin synthesis and group (Johansen et al. 2008; Papenfort et al.
CRP (O'E—regulated) behavior (ompX, luxS, nadE) 2008; De Lay and Gottesman 2009)
OmrA 88 Induced by high osmolarity; Repression of outer membrane protein  (Guillier and Gottesman 2006; Guillier
Activated by OmpR synthesis (cirA, fecA, fepA, ompT, gntB,  and Gottesman 2008)
ompR)
OmrB 82 Induced by high osmolarity; Repression of outer membrane protein  (Guillier and Gottesman 2006; Guillier
Activated by OmpR synthesis (cirA, fecA, fepA, ompT, gntP, and Gottesman 2008)
ompR)
GevB 205 Induced by high glycine levels; Repression of peptide transport (oppA,  (Urbanowski et al. 2000; Sharma et al.
Activated by GevB dppA, gltl, livK, liv], argT, cycA, sstT) 2007; Pulvermacher et al. 2009a;
Pulvermacher et al. 2009b)
RydC 64 Not reported Repression of putative ABC transporter (Antal et al. 2005)
(yefABEF)
MgrR 99 Induced by low magnesium; Repression of LPS modification gene (Moon and Gottesman 2009)
Activated by PhoP (eptB, ygdQ)
SgrS 227 Induced by glucose-phosphate or Protection against glucose-phosphate (Vanderpool and Gottesman 2004;
analogs; Activated by dedicated stress ( ptsG) Wadler and Vanderpool 2007)
SgrR Bifunctional RNA
GlmZ 207 Repressed by high nitrogen; GImY  Induction of GlcN-6-P synthase (Kalamorz et al. 2007; Reichenbach
decoy sRNA blocks degradation (discoordinate regulation of glmUS et al. 2008; Urban and Vogel 2008)
operon)
Spot42 109 Repressed by low glucose; Repression of galactokinase blocks (Moller et al. 2002)
Repressed by CRP degradation (discoordinate regulation
of galETKM operon)
GadY 105, 90, Induced in stationary phase; Activation of acid response (gadX) (Opdyke et al. 2004; Tramonti et al.
59 o°-regulated 2008)
RyhB 90 Induced by limiting iron; Iron-sparing (sodB, sdhC, frdA, (Massé and Gottesman 2002; Massé
Repressed by Fur activates shiA) et al. 2005; Prévost et al. 2007)
FnrS 113 Induced under anaerobic conditions; Repression of unneeded enzymes (sodB, (Durand and Storz 2010; Boysen
Activated by FNR, ArcA and CRP maeA, gpmA, folE, folX) et al. 2010)
OxyS 109 Induced by oxidative stress; Repression of unneeded activities ( fhlA, (Altuvia et al. 1997; Altuvia et al. 1998)
Activated by OxyR yobF-cspC, ybaY wrbA, rpoS)
ArcZ 120,50 Induced under aerobic conditions;  Activation of ¢ repression of (Papenfort et al. 2009; Mandin and
Repressed by ArcA alternative activities (rpoS, sdaCB, Gottesman 2010)
tpx)
DsrA 87 Increased at low temperature Activation of 0% repression of hns (rpoS, (Sledjeski and Gottesman 1995;
hns) Sledjeski et al. 1996; Majdalani et al.
1998; Lease and Belfort 2000)
RprA 105 Induced by cell surface stress; Activation of ¢® (rpoS) (Majdalani et al. 2001; Majdalani et al.
Activated by RcsB 2002)
DicF 53 Not reported (cryptic prophage Inhibition of cell division ( ftsZ) (Bouché and Bouché 1989; Faubladier

gene)

et al. 1990; Tetart and Bouché 1992)

* Some, but not all, published targets of these SRNAs are listed in parentheses.
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Figure 1. Regulatory circuits for base pairing sSRNAs. sSRNAs are shown as red boxes, and the transcription regulators
known to regulate their synthesis as blue ovals. Both positive and negative regulators are shown. Feedback regulation
can be direct (as for OmrA and OmrB regulation of OmpR) or indirect (as for RyhB regulation of Fur).

4.3 Variations

With the characterization of an increasing number of base
pairing sRNAs, more and more regulatory variations are
being discovered; here three are described in more detail.

Dual functions as mRNA and sRNA:SgrS and RNAIII.
First, not all base pairing sSRNAs are “noncoding.” The
E. coli SgrS RNA was initially identified as an Hfq binding
sRNA whose expression was induced by the presence of
sugar phosphates and which base paired with and blocked
translation of ptsG mRNA, encoding a sugar phosphate
transporter (reviewed in Vanderpool 2007). However, it
was noted that the SRNA is unusually long for a base pair-
ing sRNA and further inspection of the sequence revealed
that SgrS also encodes a 43 amino acid protein denoted
SgrT (Wadler and Vanderpool 2007). Because expression
of just the small protein has some of the same effects as ex-
pression of the noncoding region of SgrS involved in base
pairing (such as decreased glucose uptake), it was hy-
pothesized that SgrT reinforces the regulation brought
about by the sRNA; SgrS inhibits PtsG synthesis by base
pairing with the ptsG mRNA whereas SgrT inhibits the
activity of the pre-existing transporter. Interestingly, a phy-
logenetic analysis of SgrS from a variety of related bacteria
showed that the most conserved feature of the SRNA is the
region of base pairing whereas the region encoding the
small protein is much more variable (Horler and
Vanderpool 2009).

The S. aureus RNA 111 is one of the longest base pairing
sRNAs and also encodes a small protein, in this case the
exotoxin hemolysin § (reviewed in Romby and Charpentier
2009). Here again, the base pairing function and mRNA
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function of the sSRNA are complementary, with pairing
indirectly leading to increased synthesis of exotoxins by
repressing expression of Rot (Boisset et al. 2007). These
two examples open up the likelihood that RNAs now con-
sidered to be only mRNAs might in fact be bifunctional,
also having a role as regulatory RNAs. This possibility sig-
nificantly complicates the search strategies for regulatory
RNAs, because we do not currently know how to distin-
guish a bifunctional RNA from an mRNA.

Base-pairing riboswitch: SreA, SreB. Bifunctional RNAs
exist in other forms as well. As described in (Breaker,
Riboswitches and the RNA World), riboswitches are leader
sequences that control expression of the downstream genes
through metabolite (ranging from flavin mononucleotide
to molybdenum cofactor) induced changes in secondary
structures. The changes in mRNA structure can alter ribo-
some binding or transcription termination. The short tran-
scripts generated by riboswitch promoted transcription
termination have been detected in a number of sSRNA
screens, raising the possibility that they also could act in
trans (Vogel et al. 2003; Kawano et al. 2005a). Recently
S-adenosylmethionine riboswitches of Listeria monocyto-
genes, denoted SreA and SreB, have been reported to base
pair with the mRNA encoding the PrfAvirulence regulator,
leading to an approximately twofold reduction in the
levels of this regulator (Loh et al. 2009). This example raises
the possibility that other riboswitches have additional
functions.

Regulating sRNA levels by mimics: chbBC and GImY.
Although the synthesis of many base-pairing sRNAs is
regulated by specific transcription factors, this is not the
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only means by which the levels of the sSRNAs can be con-
trolled. The E. coli and S. enterica sSRNA, alternatively called
ChiX and MicM, was shown to strongly repress expression
of the mRNA encoding the ChiP chitoporin (also denoted
YbfM) (Rasmussen et al. 2009). Surprisingly, genetic
screens for regulators of ChiX did not result in the iden-
tification of transcription factors. Instead an inter-
genic region in the ¢chhBCARFG (chitobiose use) operon
was found to modulate ChiX levels (Figueroa-Bossi et al.
2009; Overgaard et al. 2009). Further characterization of
this region revealed that ChiX can base pair with the
mRNA in the chbBC intergenic region and that this base
pairing triggers decay of ChiX. Thus ChiX levels are regu-
lated by an “mRNA target mimic” that promotes degrada-
tion of the sRNA. In a slightly different twist, the levels
of the GImZ RNA, which base pairs with the gl US mRNA
to promote translation of the glmS-encoded GlcN-6-P syn-
thase, are modulated by the GImY “sRNA mimic” (Kala-
morz et al. 2007; Urban and Vogel 2008). In this case,
high levels of the GImY RNA appear to titrate a factor re-
sponsible for GImZ degradation (Reichenbach et al. 2008;
Urban and Vogel 2008). In both examples, the transcrip-
tion of the mimics, chhBCARFG and glmY, is controlled
by environmental signals sensed by transcription regulators
(Figueroa-Bossi et al. 2009; Reichenbach et al. 2009).

Regulation of sSRNAs solely by target mimics may be
rare, but if the sSRNAs are generally used stoichiometrically
(Massé et al. 2003), all mRNA targets will act as competi-
tors with one another, unless the sSRNA is in excess. Thus,
it seems quite possible that hierarchies of mRNA regulation
exist, and are not fully appreciated under the usual labora-
tory test conditions of sSRNA overproduction.

5 sRNAs THAT MODIFY PROTEIN ACTIVITY

In addition to acting by base pairing, sSRNAs can interact
with proteins, modifying their activities by mimicking
and thus competing with RNA or DNA targets. In bacteria,
two families of regulatory sRNAs that act by mimicking
other nucleic acids have been characterized most exten-
sively and will be discussed here. The first, exemplified by
the E. coli 6S RNA, mimics a DNA promoter open complex
and interacts with RNA polymerase. The second, the
sRNAs that regulate the CsrA/RsmA family of translation
regulatory proteins by competing with mRNA targets,
will be referred to here as the CsrB family of sSRNAs.

5.1 6S sRNA

Although the E. coli 6S RNAwas first identified as a distinct
RNA species in 1967, the function of this sSRNA was not
understood until more than 30 years later, when 6S was

found to bind tightly to the RNA polymerase holoenzyme
containing ¢’ but not the related ¢° holoenzyme (re-
viewed in Wassarman 2007). Binding of 6S inhibits RNA
polymerase activity in vitro. In vivo, it preferentially in-
hibits a subset of promoters (those with weak -35 regions)
(Cavanagh et al. 2008). The 6S structure, determined both
by probing experiments and by comparing the 65S RNA in a
variety of bacteria (see the following), is a double-stranded
RNA hairpin with a critical bubble that mimics the DNA in
an open complex promoter, binding at the active site of
RNA polymerase. Evidence that this sRNA can mimic
DNA is provided by the finding that, both in vitro and in
vivo, RNA polymerase can synthesize a short transcript en-
coded by the 6S RNA, starting within the bubble (Wassar-
man and Saecker 2006; Gildehaus et al. 2007; Sharma et al.
2010). Interaction of the 6S RNA with RNA polymerase re-
quires region 4.2 of ¢’° (Cavanagh et al. 2008). The same
region of 6”* is involved in binding to the -35 region of pro-
moter DNA, although the amino acids required for the in-
teractions with the promoter DNA and 6S RNA are
somewhat distinct (Klocko and Wassarman 2009).

Unlike most other E. coli regulatory sRNAs, 6S is pro-
cessed from a longer mRNA, although the function of
the downstream gene (ygfA) is unknown. The RNA accu-
mulates in stationary phase and acts as one of the multiple
regulatory inputs for down-regulating vegetative genes and
allowing preferential expression of stationary phase genes
(transcribed by RNA polymerase containing ). Recovery
from 6S inhibition appears to be caused by the release of
6S from RNA polymerase on transcription from the inhib-
ited complex; it may be that this is the purpose of this
transcription. Alternatively or in addition, the short 6S
templated RNAs, termed pRNAs, may have independent
functions. In vitro, transcription from 6S requires high
levels of nucleotides and therefore may only occur during
the transition from stationary phase into exponential
growth when nucleotide levels rise. Once released, 6S be-
comes sensitive to degradation (Wassarman and Saecker
2006; Wassarman 2007; Wurm et al. 2010).

6S RNAs are found fairly broadly in other bacterial spe-
cies, including Gram-positive as well as Gram-negative
bacteria (Barrick et al. 2005; Trotochaud and Wassarman
2005; Shi et al. 2009). However, primary sequence conser-
vation is very limited. Thus computational searches for 6S
homologs have depended on both secondary structure con-
servation and the linkage to the downstream ygfA ORE
found in some but not all organisms. Because 6S RNA is
generally 180—200 nucleotides, not overlapping in size
with tRNAs, it has also been possible to find 6S as
an abundant and stable RNA (as it was first found in
E. coli) or by its ability to bind to RNA polymerase
(Watanabe et al. 1997; Trotochaud and Wassarman 2005;
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Wilkomm et al. 2005). Some organisms have multiple 6S
RNAs (Barrick et al. 2005). For example, two 6S-like
RNAs are present in B. subtilis, both able to bind the vege-
tative RNA polymerase (Trotochaud and Wassarman
2005), whereas Clostridium has three 6S-like RNAs (Barrick
et al. 2005). The purpose of multiple RNAs is not yet
known, but it is certainly possible that 6S-like RNAs in oth-
er organisms will bind different forms of RNA polymerase,
opening up the possibility of a broader role for 6S-like
RNA:s.

5.2 CsrB Family of RNAs

The CsrB family of sSRNAs counteracts the activities of the
small CsrA protein and its homologs (such as RsmA) by
titrating them away from their mRNA binding sites. In
E. coli, CsrA was first identified as a critical posttranscrip-
tional regulator of the switch between gluconeogenesis
and glycolytic growth, inhibiting glycogen synthesis (re-
viewed in Babitzke et al. 2009). Most of the studied regula-
tion by CsrA is negative; the protein inhibits translation,
usually by binding near and thus blocking the binding
site. There are reported cases of positive regulation that
appear to be direct because they occur in a coupled tran-
scription/translation system (Wei et al. 2001), but the
mechanism for positive regulation has not been reported.
Binding of CsrA may block other negative translational
regulators from binding or may remodel the mRNA. The
CsrA protein has a preference for binding GGA in the
loop of an RNA hairpin (Dubey et al. 2005; Gutierrez
et al. 2005; Heeb et al. 2005; Schubert et al. 2007), and tar-
get mRNAs frequently contain multiple binding motifs.

Although synthesis of the family of CsrA proteins may
change with environmental conditions (Cui et al. 2005),
the major regulation appears to be via inhibition of CsrA
activity by the CsrB family of RNAs. These RNAs contain
as many as 18 CsrA binding motifs. When they are present
at high levels, CsrA binds to them and therefore is not avail-
able for interacting with the target mRNAs. Thus, mu-
tations in c¢srB and csrC, the genes for the two E. coli
sRNAs in this family, lead to stringent repression of CsrA
targets, and overexpression of CsrB (the more abundant
of the two sRNAs) mimics a csrA mutation, leading to
increased glycogen synthesis (reviewed in Babitzke and
Romeo 2007).

Synthesis of the CsrB and CsrC RNAs is dependent on
the two-component system BarA /UvrY, and this regulatory
cascade is conserved in many bacteria, although the signals
feeding into this cascade are not well defined. Additionally,
the stability of CsrB and CsrC is regulated. The turnover
of the sSRNAs is generally fairly rapid (half-life of 2 minutes
for CsrB, around 4 min for CsrC in E. coli), but these SRNAs

Cite as Cold Spring Harb Perspect Biol 2011;1:a003798

Bacterial SRNA Regulators

are fully stabilized in cells mutant for either RNase E, the
essential endonuclease involved in degradation of many
mRNAs, or CsrD, a protein with homology to, but lacking
the activity of, proteins associated with synthesis and deg-
radation of the signaling molecule cyclic diGMP (Suzuki
et al. 2009). The effects of CsrD in destabilizing these
RNAs appear to be fairly specific, raising a number of ques-
tions about how this occurs, as well as the question of
whether or not this is a regulatory point and if so, what
regulates CsrD (Suzuki et al. 2009).

CsrA-like proteins are fairly widespread, found in both
Gram-negative and Gram-positive bacteria, sometimes in
more than one copy, although the majority of studies
have been with the Gram-negative proteins (White et al.
1996). The CsrB/Rsm RNAs have been found in Entero-
bacteria, Pseudomonads, and Legionella (Kulkarni et al.
2006; Babitzke and Romeo 2007; Sahr et al. 2009); possibly
they are more widespread but have diverged sufficiently to
make identification of the equivalent RNAs difficult in
more distantly related species. The network of CsrA-like
proteins, the BarA /UvrY family of two-component regula-
tors, and downstream sRNA regulators seem to play central
roles in the selection of bacterial life-styles between swarm-
ing, free-swimming, and biofilm formation, as well as mod-
ulating virulence, although the precise roles vary between
bacterial species. Much remains to be understood about
this network, including how environmental signals im-
pinge on it to up-regulate or down-regulate the sSRNAs by
transcription or RNA turnover.

5.3 More sRNAs that Regulate Proteins?

As additional sRNA regulators are characterized, it seems
likely that more will be found to interact with and regulate
proteins, as has been found with the 6S and CsrB RNAs.
Certainly there are a large number of known RNA-binding
proteins involved in translation, RNA splicing, and traffick-
ing, and generally affecting mRNA fates; many more are
likely to exist. It is easy to imagine that sSRNAs will be found
that regulate these proteins. Other sSRNAs may well mimic
DNA, as 6S does, and therefore may act as regulators of a
variety of DNA binding proteins. In principle, regulatory
sRNAs could also fold into a form that can interact with
proteins in other ways, such as acting as a scaffold or tether
to bring proteins together.

6 sRNAs WITH INTRINSIC ACTIVITIES

Bacteria also have a small number of sSRNAs with known ac-
tivities that do not involve pairing or the regulation of pro-
teins. The ribozyme RNase P has been well characterized
(reviewed in Gopalan and Altman 2006; Altman 2007).
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A detailed description of 4.5S, the RNA component of bac-
terial signal recognition particle can also be found else-
where (reviewed in Egea et al. 2005). Here we will discuss
tmRNA (also denoted 10Sa and SsrA RNA), which is wide-
spread within bacteria, is also found in some eukaryotic
organelles, and carries out both quality control and regula-
tory roles.

tmRNA was named for its hybrid characteristics; it has
both a tRNA-like domain that is charged by alanine synthe-
tase and an mRNA segment encoding a short ORF that is
used as an extension for cotranslational tagging of proteins
(reviewed in Moore and Sauer 2007). The mechanism by
which tmRNA is recruited to a ribosome when translation
stalls and /or the mRNA end lacks a translation termination
codon is well studied. On recognizing a stalled ribosome,
tmRNA acts first like a tRNA, adding an alanine to the
stalled polypeptide chain, and then like a mRNA by encod-
ing a short amino acid tag (10 amino acids in E. coli).
Because the short ORF ends in a termination codon, it al-
lows release of the polypeptide and re-use of the stalled
ribosome. The amino acid tag on the released polypep-
tide is efficiently recognized by a number of bacterial
ATP-dependent proteases, particularly ClpXP. This leads
to rapid degradation of the tagged protein and therefore
rescue from protein fragments that might otherwise accu-
mulate (reviewed in Moore and Sauer 2007; Keiler 2008).
One of the tmRNA roles is reducing stress associated
with ribosome stalling/sequestration. This is reflected in
the induction of the heat-shock response in cells mutant
for tmRNA and in an increased need for tmRNA in re-
sponse to antibiotics or genetic changes that lead to more
stalled ribosomes (reviewed in Keiler 2008). In Neisseria
and Helicobacter, tmRNA is essential (Huang et al. 2000;
Thibonnier et al. 2008).

However, recent findings in a number of systems sug-
gest that tmRNAs also may play specific regulatory roles.
For example, in Yersinia, the lack of tmRNA is accompanied
by avirulence and a defect in the transcription of effector
proteins (Okan et al. 2006). In Caulobacter crescentus, a
bacterium with a complex developmental cycle, tmRNA ex-
pression is regulated with the cell cycle and tmRNA mu-
tants have aberrant timing of DNA replication (Keiler
and Shapiro 2003). This disruption seems to be because
of misregulation of dnaA transcription, encoding a key reg-
ulator of DNA replication; it may be that an unidentified
transcription factor is inappropriately synthesized in the
tmRNA mutants (Cheng and Keiler 2009).

There are several possibilities for how tmRNAs might
play specific roles in regulation. It is known that some
OREFs contain sequences that promote tmRNA-dependent
tagging and therefore degradation (Roche and Sauer 2001;
Sunohara et al. 2002). Conceivably, the absence of tagging
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leads to overproduction of the untagged protein under in-
appropriate conditions. Another route to tagging and
therefore tmRNA-dependent degradation has been studied
in the lacI gene encoding the Lac repressor. In this case, the
Lac repressor binds near and within the lacI gene, blocking
full transcription and therefore translation to the end of
the gene; this then leads to tagging and degradation of
the partially translated protein (Abo et al. 2000). These
regulatory mechanisms do not require changes in the levels
of tmRNA action, but rather that tmRNA maintains low
levels of specific proteins. If tmRNA is transmitting regula-
tory information, we would guess that this is at the level
of general translational stress (stalled ribosomes), possi-
bly leading to changing efficiencies of tagging of a given
protein.

7 EVOLUTIONARY CONSIDERATIONS

One interesting question for bacterial sSRNAs is whether
they have their origins in the RNAworld or are newly evolv-
ing regulators. Although one can imagine that base pairing
between RNAs was one of the earliest forms of regulation,
the question of whether any of the bacterial sSRNAs date
from the RNA world cannot yet be answered. However,
the rapid accumulation of genome sequence information
together with the interest in uncovering sRNAs in a wide
range of bacteria have provided glimpses into the evolution
of these RNAs that may help to discern their history.

The protein-binding regulatory 6S and CsrB RNAs, as
well as the functional RNase P RNA, SRP/4.5S, and
SsrA/tmRNAs, are more broadly conserved than those
that act by base pairing. These RNAs are a bit larger, and,
in the case of 6S RNA and tmRNA, there are constraints
on structure which have facilitated the tracking of these
sRNAs in different species. The ability to find 6S-like
RNAs over a wide range of bacteria both supports an early
evolutionary origin for this regulatory RNA and points out
the difficulties in tracing the evolution of sSRNAs. Although
the structure of 6S is reasonably well conserved, the se-
quence is not (only 23% of positions conserved at >80%
throughout eubacteria) (Barrick et al. 2005). The linkage
of this sSRNA to a protein-coding gene in many organisms,
more easily identified by homology, allowed the robust de-
velopment of a structural model, therefore facilitating fur-
ther searches for RNAs unlinked to this ORE

7.1 Recent Evolution

For the Hfg-binding sRNAs, evolution of the regulatory
RNAs appears to be rapid. As a result, neither sequence
similarities nor structural similarities are sufficient to
provide a clear picture of their evolution, even between
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relatively closely related species (such as in Gram-negative
v-Proteobacteria). Nevertheless some general constraints
on, or contributions to, their evolution can be noted.

Constraints imposed by the targets. The Hfq-binding
sRNAs have to pair with specific mRNA targets, and so
the evolution of the sSRNA and the targets must be linked.
The observation that many, but not all, of these sSRNAs
contain a highly conserved core region, and that this region
is frequently involved in pairing with targets (Sharma et al.
2007), supports the idea that pairing helps constrain evolu-
tion. For sRNAs with many targets, it may be that some
particular target or targets are particularly critical and
therefore may correlate better in terms of pairing with the
sRNA. In this context, it is intriguing that a number of
mRNAs are the targets of multiple sSRNAs. This overlap
complicates the possibilities for evolution and suggests
that these multiple sSRNAs may have a common ancestor.

Conserved regulation. The regulators controlling the ex-
pression of the sSRNAs are other factors that can be used to
trace the evolution of sRNAs. The most broadly studied
class of potentially related base-pairing sRNAs are those
regulated by iron availability via the Fur repressor. This re-
pressor and the sites to which it binds are strikingly well
conserved from Gram-negative to Gram-positive bacteria
(reviewed in Carpenter et al. 2009). It is becoming increas-
ingly apparent that one or more sRNA is part of the Fur reg-
ulon in many organisms. The E. coli RyhB RNA was the first
example of a Fur-regulated RNA found. Other Enterobac-
terial species have sSRNAs clearly related to RyhB, sharing
the Fur binding site in the promoter and a conserved
core region involved in pairing to many but not all of the
same targets (reviewed in Gottesman et al. 2007). Second
copies of RyhB-like RNAs are found in some of these spe-
cies. In organisms such as Pseudomonas, the Fur-regulated
sRNAs, called PrrE have Fur binding sites in the promoter
and regulate similar types of genes to those regulated in
E. coli, but have no obvious sequence similarity to the other
RyhB RNAs (Wilderman et al. 2004). Either these SRNAs
evolved independently, certainly a possibility, or they
have diverged significantly. More recently, Fur-regulated
sRNAs have been found in Neisseria and B. subtilis; again,
these SRNAs bear no sequence similarity to RyhB beyond
the Fur binding sites (Mellin et al. 2007; Gaballa et al.
2008), also suggesting either independent evolution or rap-
id divergence.

Gene duplication. Similar to eukaryotic miRNAs, where
proliferation of related families has occurred, there is evi-
dence of sSRNA gene duplication in bacteria. As mentioned
earlier, two Fur-regulated sSRNAs with significant overlap in
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sequence are found in some bacteria. In most Pseudomo-
nads, the two prrF genes are located at two different chro-
mosomal locations. In P aeruginosa, however, the two
highly similar genes are located adjacent to each other.
One evolutionary scenario is that the original prrF gene du-
plicated and then moved to a new site. In an ancestor of
P, aeruginosa, one of these copies was lost or did not survive
the move, and the original gene then duplicated more re-
cently (Gottesman et al. 2007). There are other duplicated
sRNAs as well. The highly similar omrA and omrB genes are
adjacent and commonly regulated in E. coli. Vibrio species
have four to five copies of the Qrr genes, at separate chro-
mosomal locations, with varying degrees of divergence
(Lenz et al. 2004). Thus duplication of genes has played a
role in the distribution of the several of the sSRNAs. Having
more than one copy of an sSRNA gene can have regulatory
implications, allowing for increased induction or differen-
tial regulation of the copies.

Conserved gene neighborhood. Given the lack of se-
quence similarity between similarly regulated sSRNAs with
related functions, the use of gene context is proving to be
another means of investigating the functional conservation
of sRNAs. For example, tracking of the Hfq-binding GevB
RNA has been simplified because it is always found diver-
gently transcribed from its transcription regulator, GevA.
GevB is found throughout +y-Proteobacteria, except for
Pseudomonads (Sharma et al. 2007). Spot42, a conserved
sRNA found by homology only in Enterobacterial species,
occupies an intergenic region between two highly con-
served protein-coding genes; in Pseudomonas, this same in-
tergenic neighborhood encodes an sRNA of unknown
function, with no sequence similarity to Spot42 (Gottes-
man et al. 2007). One explanation is that Spot42 and this
sRNA are evolutionarily related but have diverged rapidly.
Alternatively, this is a location into which sRNA genes
are inserted from different (and unknown) sources. The
characterization of more mRNA targets of both of these
sRNAs may give insights into whether they are indeed
related.

Horizontal transfer. Are sSRNAs more or less likely than
other genes to be part of mobile genetic elements, and
might they be subject to horizontal transfer? In E. coli,
DicE an Hfq-binding sRNA, is found within a cryptic
prophage, but regulates the host ftsZ gene (Bouché and
Bouché 1989). IpeX, an Hfg-independent sRNA that
regulates porin genes, was also found to be encoded in a
cryptic E. coli prophage (Castillo-Keller et al. 2006). In spe-
cific searches for sRNAs in pathogenicity islands in
S. enterica, a number of such regulatory RNAs were found,
including a second copy of a Fur-regulated RyhB-like SRNA
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(Padalon-Brauch et al. 2008). Both the RyhB-related sSRNA
and at least one other pathogenicity island sRNA, InvR,
regulate genes encoded in the core genome (Pfeiffer et al.
2007). Pathogenicity island sRNAs have also been discov-
ered for S. aureus (Pichon and Felden 2005) and are likely
to be present in other pathogens. The reciprocal case where
a host-encoded sRNA regulates the expression of an
island-encoded gene has been found as well (Papenfort
and Vogel, unpublished). A number of the chromosomally
located sRNAs lie adjacent to regions into which phage
or transposons have been shown to insert, suggesting that
they may either be picked up by these elements when
the elements excise, or that they were first brought into
the genome with these elements (De Lay and Gottesman
2009).

It is worth remembering that antisense sSRNAs are inti-
mately involved in regulating both plasmid copy number
and plasmid conjugation (reviewed in Wagner et al. 2002;
Brantl 2007). As in eukaryotes, where RNA interference
plays a critical role in limiting the spread of transposable el-
ements, transposons in bacteria are also limited in their ac-
tivity by antisense RNAs. Thus, the elements for horizontal
transfer carry within them regulatory sRNAs that could
evolve to have complementarity with targets other than
the mobile elements.

7.2 Speculation on Deeper Evolution

The examples described in the previous section provide a
glimpse at the recent evolution of the base-pairing sRNAs
in bacteria, and suggest that the constraints on their evolu-
tion are loose enough so that they change sequence and
structure relatively rapidly. Given a rapid rate of change,
it is not yet possible to develop hard evidence for original
sources of these sSRNAs, leaving us free to speculate. There
is no reason to assume a single evolutionary pathway for
the rather divergent sRNAs already identified in bacteria,
so all (or none) of the possibilities may turn out to be
correct.

Capture of random transcription for the purpose
of regulation. As more deep sequencing and tiling array
analysis is performed, a certain level of what might be
considered transcriptional “noise,” low-level transcription
antisense to genes and within spacer regions, with no as-
signed function thus far, is apparent. The hypothesis that
there is low level transcription that does not lead to produc-
tive transcripts is supported by the finding of antisense pro-
moter activity without the detection of stable transcripts
(Kawano et al. 2005b). It is relatively easy to imagine that
if some low-level promoter activity were sufficient to give
advantageous regulation under some condition, both the
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promoter and the RNA might evolve into a highly ex-
pressed regulatory sSRNA.

Capture of transcripts of other function: sSRNA-tRNA
connections. Another possible source of regulatory
sRNAs is tRNAs, or the ancestors of tRNAs. These are
folded, stable RNAs of about the same size as many of the
regulatory RNAs. Several characteristics are suggestive of
a relationship between regulatory sRNAs and tRNAs. As
for tRNAs, both tmRNA (clearly tRNA-related) and
E. coli CyaR, an Hfq-dependent sRNA, act as attachment
sites for phage integration (Kirby et al. 1994; De Lay and
Gottesman 2009). Because it is not really clear why tRNA
genes are used this way, the implications of this are not
known (Campbell 1992). In eukaryotic cells, retrotranspo-
sons make use of tRNA primers. A number of studies have
suggested that specific tRNAs also interact with Hfq, possi-
bly because Hfq modulates their processing (Zhang et al.
2003; Lee and Feig 2008). This ability of tRNAs to bind
Hfq could be considered support for a common ancestry.
One prediction is that tRNAs (or more specifically tRNA
fragments) will be found to have regulatory roles. This pre-
diction is supported by recent studies in eukaryotic cells
(Cole et al. 2009; Lee et al. 2009; Thompson and Parker
2009); investigations of functions for tRNA fragments in
bacteria have not yet been reported. A second prediction
is that genes which appear to be similar to, but not quite
like, tRNAs will be shown to be regulatory sRNAs rather
than functional tRNAs.

Capture of transcripts of other function: sRNA-
mRNA connections. A third possible source for regula-
tory sRNAs are mRNAs. The sRNAs that also encode
proteins and the bifunctional riboswitches recently de-
scribed in L. monocytogenes (see earlier) provide examples
for what precursors for free-standing regulatory sRNAs
might be. In E. coli, mRNAs that are targets for Hfq-de-
pendent sSRNA regulation all appear to have Hfg-binding
sites; it is not difficult to imagine that an Hfg-binding
UTR or intergenic region could be both the target of regu-
lation and, under other conditions, the regulator. An exam-
ple of an mRNA regulator has already been described (see
earlier discussion, section on RNA mimics). Separation
from the mRNA or loss of the downstream ORF might
then lead to what we now detect as a free-standing sRNA.
This model might predict that further sequencing will
reveal cases where sequences similar to sRNAs are found
as UTRs or within mRNAs. Certainly, in the eukaryotic
RNAworld, the appearance of miRNAs encoded within in-
trons is consistent with the possibility that pieces of evolv-
ing mRNAs may become regulatory sSRNAs, or vice versa.
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8 PERSPECTIVES

Although regulatory RNAs have been a major topic of in-
terest in eukaryotic cells, studies of bacterial SRNAs have
been equally exciting. Exactly why the cell regulates a given
gene or set of genes via regulatory RNAs, rather than at the
level of transcription initiation, is not yet understood, but
the availability of multiple sSRNAs, identification of their
upstream regulators and of their targets, is allowing in-
vestigators to begin to test the advantages of SRNA as reg-
ulators in mathematical models (Levine and Hwa 2008;
Mehta et al. 2008; Mitarai et al. 2009). In many instances,
it may not be a question of one type of regulation over an-
other, but that the requirement for many bacteria to re-
spond rapidly to changing environments has led to
multiple levels of regulation, among them the very versatile
and easily adaptable regulatory sRNAs.
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