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Abstract
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The last few decades have led to an explosion in our understanding of the major roles that small
regulatory RNAs (sRNAs) play in regulatory circuits and the responses to stress in many bacterial
species. Much of the foundational work has been carried out in Escherichia coli and Salmonella
enterica serovar Typhimurium. The studies in these organisms have provided an overview of how
the sRNAs function and their impact on bacterial physiology, serving as a blueprint for sRNA
biology in many other prokaryotes. They also have led to the development of new technologies. In
this chapter, we first summarize how these sRNAs have been identified, defining them in the
process. We discuss how they are regulated, how they act, and provide selected examples of their
roles in regulatory circuits and the consequences of this regulation. Throughout we summarize the
methodologies that were developed to identify and study the regulatory RNAs, most of which are
applicable to other bacteria. Newly updated databases of the known sRNAs in E. coli K-12 and S.
enterica typhimurium SL1344 serve as a reference point for much of the discussion and, hopefully,
as a resource for readers and for future experiments to address open questions raised in this review.
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INTRODUCTION
Historical Perspective
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The first chromosomally-encoded regulatory RNAs were, for the most part, found
serendipitously, either in early studies of different types of RNAs in E. coli (for example,
4.5S RNA, 6S RNA, 10Sa RNA = tmRNA, 10Sb RNA = RNase P RNA, and Spot 42 RNA),
or in in vitro and in vivo experiments originally aimed at nearby genes but leading to
identification of an unexpected transcript that proved to be a regulatory RNA (for example,
MicF, DsrA and OxyS) (reviewed in (1)). The first of these sRNAs that was studied in depth
was MicF, encoded divergently to ompC (encoding one of two major porins), which was
shown to down-regulate the expression of the other porin by base pairing with the ompF
mRNA (reviewed in (2)). Studies on the functions of these initially identified RNAs, as well
as regulatory RNAs controlling transposition and plasmid and phage replication, (reviewed
in (3, 4)) led to an interest in more global approaches to finding these RNAs, and, in
conjunction, the need to define what one was looking for. Fully sequenced bacterial
genomes were also just becoming available (5, 6), providing many options for new types of
genomic analysis. Over the past 20 years, new technologies, in particular RNA deep
sequencing (RNA-seq), have continued to improve our ability to define these intriguing
molecules and what they do. Parallel excitement about microRNAs (miRNAs) and later long
noncoding RNAs (lncRNAs) in the eukaryotic world, developed at the same time but
independently, contributed to both interest and development of technologies for detecting
and studying regulation by RNAs (reviewed in (7)).
Finding sRNAs

Author Manuscript

A short discussion of the initial ways in which global searches for regulatory RNAs were
carried out is useful for defining some of the characteristics of these molecules and
considering how much we can depend upon the definitions. The more sensitive and higher
throughput approaches now available still depend, to some extent, on those characteristics to
distinguish regulatory molecules from mRNAs, from ubiquitous low-level antisense
transcripts, and from cis-acting RNA elements structures. Many of the findings were carried
out simultaneously for both E. coli and S. enterica and if found for one organism were true
for the other. Thus, we will not differentiate between the species unless the findings only
pertain to one organism.

Author Manuscript

Initial Approaches—The initial set of sRNAs that provided a basis for more global
computational searches for sRNAs assumed the following properties: (1) expression from
dedicated promoters and from regions previously defined as “intergenic”, meaning not part
of an mRNA or operon; (2) small size (100–200 nt), (3) the presence of a Rho-independent
terminator, and (4) the apparent lack of open reading frames (ORFs). The initial searches
also made use of conservation in related species. Though sRNA sequence conservation did
not extend as broadly into different species as did protein conservation, it generally
encompassed much of the RNA, and, unlike that found between coding regions for the same
species, did not show variation at third (wobble) positions. Expression of the predicted
sRNAs was confirmed by northern analysis. These initial combined computational and
experimental screens (8–10) increased the set of likely sRNA candidates significantly and
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set the stage for their functional characterization. However, it is now known that not all of
the characteristics listed above, which were critical for the initial searches, are necessary for
defining these regulatory molecules. As we learn more, the sRNA definition may become
broader yet.
As a second initial approach, a number of research groups also created cDNA libraries of
RNAs selected for their small size, again with expression of predicted sRNAs confirmed by
northern analysis (11, 12). These studies provided the first hints that the sRNAs might not
only be transcribed from intergenic regions but could also correspond to the 5′ and 3′
untranslated regions (UTRs) of mRNAs (Fig. 1).

Author Manuscript

The availability of genome-wide RNA sequencing approaches, where sRNAs can be
detected as distinct signals (13, 14), have largely superseded these cloning-based
approaches, but still rely on the detection of short transcripts and do not always readily
distinguish functional RNAs from degradation products and transcriptional noise. Additional
evidence of specific transcription, for instance an increase in a short transcript in response to
expression of a specific transcription factor, can provide further evidence of a likely
functional sRNA (Fig. 1).

Author Manuscript

More Recent Approaches—A major step forward in identifying sRNAs and
subsequently also defining their functions was the identification of proteins, in particular the
RNA chaperone Hfq, that bound groups of sRNAs (8, 15, 16). These proteins will be
described in more detail below, but recognition that many of the sRNAs bound to and were
stabilized by Hfq provided a critical hook for further identification of additional Hfq-binding
sRNAs. Thus, co-immunoprecipitation (co-IP) with Hfq and high-throughput analysis of the
bound RNAs (17–19), and, more recently, crosslinking studies of RNAs associated with Hfq
(20–22), has significantly increased the detection of sRNAs in this family, and has
simultaneously provided a strong indication of how these sRNAs are likely to act (Fig. 2).

Author Manuscript

The enrichment via Hfq binding allows identification of sRNAs otherwise not easily
detected due to poor expression of the sRNA under the growth conditions examined. Hfq
binding also allows the relatively easy identification of sRNAs processed from mRNAs
(primarily but not exclusively from the 3′ UTR of mRNAs) or expressed from transcripts
that may have dedicated promoters internal to mRNAs. Enrichment by Hfq binding of some
regions suggests these are in fact sRNAs, usually accumulating because they are
significantly more stable than the mRNAs from which they may be derived (20, 22). Copurification approaches also reinforced and extended information from crystal structures,
allowing the identification of Hfq binding motifs. Hfq-binding sRNAs in particular seem to
require a factor-independent intrinsic terminator (stem-loop followed by a stretch of U
residues). For the 3′ UTR-derived sRNAs, the 3′ UTR provides the terminator for both the
sRNA and for the mRNA. Such a factor-independent terminator may not necessarily be a
requirement for sRNAs that do not bind Hfq, although it seems likely that the 3′stem-loop
of the terminator will protect the transcript from ribonucleases.
Other RNA-binding proteins are now known and have been used in parallel crosslinking or
immunoprecipitation experiments. For example, ProQ is another RNA chaperone that also
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binds sRNAs and impacts their activities, and CsrA is a post-transcriptional regulator that is
itself regulated by titrating sRNAs. Interactions with these proteins thus help to characterize
the likely functions of even more RNA transcripts (22–25).
In addition to sRNA identification through the enrichment with specific RNA-binding
proteins, a number of more global approaches to identify RNAs binding to multiple proteins
have recently been developed. These include Grad-seq, where all protein-RNA complexes
are resolved on gradients; RNAs and proteins found in the same fractions, and thus possibly
associating, are identified by RNA-seq and mass spectrometry, respectively (26). Other
newly-developed global approaches rely on crosslinking followed by extraction, like organic
phase separation, of the RNA-binding proteins and their crosslinked RNAs, again followed
by transcriptomic and proteomic analyses (27–29).

Author Manuscript

Core and Specialized sRNAs in Pathogenic Strains—While most studies of sRNAs
in E. coli have focused on the nonpathogenic laboratory K-12 strains, pathogenic E. coli
share these sRNAs and, in addition, encode sRNAs in their pathogenicity islands.
Microarrays and, more recently, RNA-seq, have improved the process of identifying
potential new sRNAs. For example, multiple potential RNAs, including many encoded by
lysogenic bacteriophage that are likely to vary from strain to strain, were identified in
enterohemorrhagic E. coli (EHEC) upon crosslinking with Hfq (21). While these additional
E. coli RNAs are not listed in Table S1, they are likely to play significant roles in
pathogenesis, as well as in modifying expression of core bacterial genes (reviewed in (30)).

Author Manuscript

S. enterica and E. coli share many conserved sRNAs. Beyond these, the sum of several
different dedicated searches has produced a detailed picture of S. enterica-specific sRNAs
that are encoded on either Salmonella pathogenicity islands (SPIs) or other genomic regions
not present in E. coli (31, 32). Many of these sRNAs show upregulation in media that reflect
conditions that activate this bacterium’s major virulence regions or stresses encountered in
the host environment (33). Examples of proven virulence-related functions of these sRNAs
will be discussed further below. It should be mentioned that some of the seemingly
virulence-associated sRNAs have homologs in many other bacteria and therefore broadly
conserved functions. For example, DapZ (STnc820) targets some of the same mRNAs as the
GcvB sRNA, which is a global post-transcriptional regulator of amino acid synthesis and
transport genes (19, 34). Similarly, IsrE (RyhB-2 or RfrA) is a functional paralog of the iron
starvation-responsive RyhB sRNA (35). The overarching conclusion from these studies is
that pathogenic and nonpathogenic bacteria of related species have the same core sRNAs
with additional sRNAs from pathogenicity islands and other integrated DNA elements
adding to the regulatory networks.

Author Manuscript

DEFINING sRNAS
Criteria for Annotation as an sRNA
Tables S1A and S2A show our current list of regulatory RNAs, defined as those detected as
a distinct band by northern analysis and/or for which we detect clear signal in our RNA-seq
datasets for E. coli K-12 and S. enterica serovar Typhimurium SL1344, respectively. Most of
these sRNAs have been detected as distinct bands by northern analysis. In addition, a
EcoSal Plus. Author manuscript; available in PMC 2020 September 01.
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number of newly detected sRNAs (studied in the authors’ labs) are included. Tables S1B and
S2B provide what we consider “candidate sRNAs” in E. coli and S. enterica, respectively,
detected by one means or another but not yet studied sufficiently to be added to the
confirmed list or currently assigned a different function such as a 5′ UTR. Some of these
candidates may graduate to the confirmed list as studies proceed. For E. coli K-12,
regulatory RNAs currently included in EcoCyc (36) are listed in either Table S1A or S1B.

Author Manuscript

The primary criterion for defining a new regulatory RNA, even in the absence of any
additional information, is the presence of an expressed transcript (Fig. 2). The increasing
application of RNA-seq approaches together with widespread sequencing of microbial
genomes means that, even for organisms without facile genetic analysis, transcriptome maps
can be obtained and used to annotate sRNAs. In the initial studies, detection of a defined
band by northern analysis provided the strongest evidence of the size of the likely regulatory
species and differentiated it from degradation products from mRNAs and other cellular
RNAs, less likely to be detected as defined bands (Fig. 2). Clearly as depth of sequencing
increases, the ability to detect an increasing number of transcripts provides ever more of a
challenge for distinguishing functionally relevant RNAs from “noise” and degradation
products. One example is understanding which of the extensive antisense transcripts
(asRNAs) detected in many studies (reviewed in (37)) comprise functional sRNAs. Only the
subset of antisense RNAs with demonstrated functions are listed in Tables S1A and S2A and
will be discussed here.
General sRNA Categories

Author Manuscript

The sRNAs that have been characterized thus far fall into several general categories. The
overwhelming majority of sRNAs act by base pairing with target mRNAs, leading to
changes in the translation or stability of the target(s); these will be the major focus of this
review. However, we first provide an overview of all major categories.
sRNAs with Specialized Functions: 4.5S RNA, RNase P RNA, tmRNA, 6S RNA
and Y-family RNAs—Four of the RNAs in Table S1A have rather specialized functions
and are discussed only briefly here, with references provided for more extensive
descriptions. All of these sRNAs are more broadly conserved than the other regulatory
RNAs we will discuss. Whether still other, as yet uncharacterized, less broadly conserved
sRNAs have similar specialized functions remains an open question.
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Three of these abundant transcripts are key components of larger protein complexes. These
include the 4.5S RNA, a component of the protein secretion apparatus (reviewed in (38)).
The RNA component of RNase P encoded by rnpB is a highly conserved ribozyme found in
both eukaryotes and prokaryotes, and is essential in E. coli, S. enterica and other bacteria
due to its role in tRNA processing (reviewed in (39)). tmRNA, named for having properties
of both tRNA and mRNA and encoded by ssrA, plays an interesting and important role in
translational quality control and is also widely conserved in bacteria (reviewed in (40)).
When translation stops on mRNAs without a translation termination codon or stalls at rare
codons, the tmRNA, with its cofactor protein SmpB, is recruited to the ribosome as a tRNA,
and then acts as a short mRNA, encoding an 11 amino acid sequence added to the end of
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translating protein, which is then released from the ribosome. Since this sequence encodes a
protein degradation signal, these stalled polypeptides are degraded upon completion. Thus,
tmRNA relieves ribosome stalling and ensures that incomplete proteins are destroyed rather
than accumulate. In some bacteria, tmRNA may also play a regulatory role. It is needed for
optimal synthesis of the stress-induced sigma factor σS (RpoS) in E. coli (41).

Author Manuscript

6S RNA binds to and regulates the activity of RNA polymerase (reviewed in (42)). Like the
three RNAs discussed above, 6S is broadly conserved. The structure of folded 6S mimics
that of the DNA at a promoter in an “open complex” and traps RNA polymerase with the
vegetative σ70 (RpoD) promoter recognition subunit. This helps cells transition into
stationary phase. When nutrients become abundant and cells transition from stationary phase
back into exponential phase, RNA polymerase is able to transcribe a short segment of the 6S
RNA, thus generating pRNAs. This leads to RNA polymerase release from the 6S RNA.
Whether the ~15–20 nt pRNAs themselves have a separate function is not known.
Two sRNAs with specialized functions, YrlA and YrlB, that are found in S. enterica (Table
S2A) and other bacteria but not in E. coli, are members of the Y-family of RNAs (reviewed
in (43)). These RNAs all have secondary structures with similarities to tRNAs, including
some tRNA nucleotide modifications, and bind the Rsr protein (related to the eukaryotic
Ro60 protein). The Yrl RNAs together with Rsr associate with polynucleotide
phosphorylase (PNPase), with the RNAs acting as both a tether between Rsr and PNPase
and a gate-keeper to modulate the access of other RNAs to PNPase.

Author Manuscript
Author Manuscript

Antisense RNAs: Antitoxin sRNAs, GadY, ArrS, RyeA, SraG and RyjB—Many
antisense transcripts are seen in RNA-seq experiments; however, only a few have been
shown to have regulatory consequences and are included here. Most of the antisense RNAs
included in Table S1A and S2A downregulate expression from genes that encode proteins,
frequently very small proteins, which are toxic at high levels (15 entries in Table S1A).
Given that they are usually encoded antisense to the toxin gene, they have the potential for
extended pairing with their target transcript, and are likely to be, as far as currently known,
very specific in their function. They have not been shown to require chaperones to act,
though a number of these RNAs have been shown to bind the protein ProQ (26). It is also
worth noting that there are multiple chromosomal copies of number of these toxin-antitoxin
(TA) systems for unknown reasons, including the five Sib and four Ldr antitoxin RNAs. In
many cases, the 5′ UTRs of the toxin mRNAs are quite long, with extensive secondary
structures and potential RNase cleavage and alternative ribosome binding sites (RBSs), such
that the regulation of toxin expression by the antitoxin sRNAs has the potential to be very
complex (reviewed in (44)). There are some antitoxin sRNAs encoded adjacent to the toxin
gene that recognize their target mRNAs with limited complementarity but apparently also do
not require chaperone proteins. One example is the IstR-tisAB pair, a well-characterized TA
system induced by DNA damage. Here, ~25 nt of the ~70 nt IstR sRNA base pairs with the
tisAB toxin mRNA, transcribed divergently from the opposite strand (45, 46).
Five other antisense RNAs are listed for E. coli. Two of these, GadY and ArrS, strongly bind
Hfq. While GadY has been shown to downregulate the antisense-encoded gadXW mRNA by
directing RNase III-mediated cleavage (47, 48) and ArrS is required for RNase III-
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dependent processing of one form of the antisense-encoded gadE mRNA (49), it also
appears that both of these sRNAs form pairs with trans-encoded targets (20). These
observations suggest that they are not simply antisense RNAs but may be better considered
Hfq-dependent base-pairing RNAs that happen to be antisense to one of their targets. The
RyeA sRNA, encoded opposite the Hfq-binding SdsR sRNA, also shows some binding to
Hfq. Given that RyeA seems to be blocking SdsR activity and prevents the cell death caused
by high levels of SdsR under some growth conditions, the RNA has been proposed to also be
an antitoxin RNA, with SdsR RNA as the toxin (50). However, SdsR clearly has regulatory
effects rather than simply functioning as a toxin; presumably RyeA acts to modulate these
effects as well (51, 52). Thus far, the only Hfq-independent antisense RNAs regulating
something other than a toxin are SraG, encoded antisense to the pnp-rpsO mRNA and
reported to downregulate levels of polynucleotide phosphorylase (PNPase) (53), and the
uncharacterized RyjB sRNA, encoded antisense to sgcA.

Author Manuscript

sRNAs That Act by Limited Base Pairing—The group of sRNAs that have been
characterized most extensively are the base-pairing sRNAs that bind to Hfq. On the order of
30 sRNAs clearly bind Hfq in E. coli and S. enterica, respectively (column Q in Tables S1A
and S2A). Base pairing with mRNAs usually leads to negative or, more rarely, to positive
regulation, and some major well-characterized targets are indicated in Tables S1A and S2A.
In the vast majority of cases, we would define these sRNAs as “trans-acting”, that is, genes
encoding the targeted mRNAs are generally located far from the gene encoding the sRNA.
Many sRNAs and mRNAs meet on Hfq, though the less well characterized ProQ protein
also binds sRNA-mRNA pairs, as discussed below. General approaches for characterizing
these sRNAs are summarized in Fig. 2.
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sRNA-BINDING PROTEINS
As already mentioned, important clues about possible functions of sRNAs often come from
the identification of associated proteins. The three sRNA-binding proteins that have been
studied most extensively in E. coli and S. enterica are Hfq, ProQ and CsrA. Hfq is
considered to be the main RNA chaperone that facilitates base pairing between the sRNAs
and their targets. ProQ may have a similar chaperone role for some RNA pairs, but initial
studies indicate binding by this protein can have other consequences. Both Hfq and ProQ
also stabilize sRNAs (Fig. 1) so that in many cases, sRNAs are destabilized in the
corresponding mutant backgrounds. CsrA, on the other hand, is primarily a regulator of
mRNA stability and translation, and sRNAs associated with CsrA modulate its activity,
titrating the protein away from its mRNA targets.
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A number of genome-wide approaches have been carried out to examine the set of RNAs
that co-purify with each of these proteins, initially using microarrays but subsequently using
deep sequencing to identify the RNAs. Results from a subset of these studies are included in
Tables S1A and S2A. A few caveats about interpreting these genome-wide data are
warranted. The signal for RNAs is impacted by the sequencing coverage for an experiment,
the abundance of the RNA, as well as the parameters used to analyze the data. For instance,
these experiments indicate that some particularly abundant sRNAs such as 6S RNA are
bound by many proteins in addition to RNA polymerase, but the signals may be due to nonEcoSal Plus. Author manuscript; available in PMC 2020 September 01.

HÖR et al.

Page 8

Author Manuscript

specific binding. Related to this, it should also be noted that binding does not necessarily
imply there is a consequence for either the RNA or the protein. Additionally, protein binding
and impact can change depending on growth conditions (25). The sRNAs for which there is
the highest confidence for specific binding by Hfq and ProQ are indicated in Tables S1A and
S2A (columns Q and R).
In this section, we describe general properties of Hfq, ProQ, and CsrA as well as some of the
RNases and other proteins that have been found to be associated with sRNAs (reviewed in
(54, 55)). Some of the sRNAs are bound by more than one protein but the implications of
this and possible competition between the proteins binding a given RNA are not well
understood.
Sm-like Protein Hfq
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Hfq, a homolog of eukaryotic Sm proteins and Lsm proteins that associate with splicing and
RNA complexes, was first characterized as a host factor required for Qβ replication (56).
Unlike the eukaryotic proteins, which commonly are hetero-heptamers, bacterial Hfq is a
homo-hexamer. Structural and mutational studies have shown that the Hfq hexamer has a
ring structure with multiple RNA-binding surfaces (reviewed in (57, 58)). These include
what is denoted the proximal face (where there is a binding site for a stretch of U residues
around the ring opening), the opposite distal face (which binds repeats of an ARN sequence,
where R = adenine/guanine and N = any nucleotide), the rim of the ring (which binds UArich sequences), and finally an intrinsically disordered C-terminal tail which extends from
the ring. All sRNAs bind to the proximal face of Hfq via the U-tail that comprises the Rhoindependent terminator of these sRNAs. The sRNAs additionally can interact with the rim or
the distal face, broadly classified as Class I or Class II sRNAs, respectively, based on their
stabilities in strains expressing Hfq mutants defective in one or the other binding surface
(59). However, it should be noted that there is a continuum of interactions, with some
sRNAs affected by mutations on all surfaces (60). Differential interactions with the Cterminal tail also are likely to have an impact (61). Many Hfq-bound mRNAs have an ARN
motif, which directs their binding to the distal face.
For sRNAs bound on the proximal and rim surfaces and mRNAs bound to the distal face, in
vitro annealing assays for Hfq chaperone activity indicate that charged arginine residues on
the Hfq rim promote base pairing (62). The C-terminal tail has been proposed to then
facilitate release of the RNA duplex (63).

Author Manuscript

It is worth noting some caveats, however. The levels and activities of some sRNAs such as
DsrA are less sensitive to the lack of Hfq, and there are some discrepancies between in vitro
and in vivo results. For example, despite the proposed in vitro functions of the C-terminal
tail, the lack of this sequence does not have strong functional consequences in vivo (61).
While it is clear there is competition between sRNAs for binding to Hfq and RNAs must
cycle on and off the chaperone, how this occurs is not fully elucidated (reviewed in (64)).
Similarly, there are conflicting reports about the subcellular localization of Hfq (65–67), a
feature that is bound to have an impact on the function of this chaperone.
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While the most attention was initially focused on the Hfq chaperone, it is clear that other
proteins bind sRNAs and may also promote base pairing. One of these proteins, ProQ,
contains an N-terminal FinO domain initially characterized for the plasmid-encoded FinO
protein that promotes pairing of plasmid-expressed RNAs. In ProQ, the FinO domain is
followed by a linker and C-terminal domain with structural similarity to Tudor domains
involved in binding to proteins with modified amino acids (reviewed in (68)). ProQ is so
named because mutations in the E. coli gene affect resistance to a toxic proline analog (69,
70). Crosslinking and co-IP experiments indicate that generally ProQ binds sRNAs distinct
from those bound by Hfq (23, 25, 26). The protein has been suggested to recognize more
structured RNA sequences than Hfq, and binding is frequently observed to be in the 3′
UTRs of mRNAs. However, given fewer in vivo and in vitro studies (71), many of the basic
features of ProQ binding to RNA are not well understood, including definition of all of the
RNA-binding surfaces and the recognition elements on RNAs.
Much also remains to be learned about the mechanism of ProQ action. The protein has been
reported to promote pairing of RaiZ sRNA with hupA mRNA as well as STnc540 sRNA
with mgtB mRNA in S. enterica (72, 73), but this activity has not been studied in detail. In
E. coli, fewer RNA-RNA pairs are found to be bound by ProQ than Hfq though interestingly
30% of these pairs are associated with both proteins (25). However, for the one E. coli pair
examined in detail, down-regulation of the target RNA required Hfq, while high levels of
ProQ blocked this regulation (25). Thus, competition between ProQ and Hfq, as well as
between ProQ and plasmid-encoded FinO-domain proteins for RNA-binding and function
are important questions for future studies.

Author Manuscript

RNA-Binding Protein CsrA
The gene for the mRNA-binding protein CsrA was identified in a genetic screen for mutants
defective in glycogen biosynthesis. Further studies revealed that while CsrA clearly impacts
carbon metabolism, it has a broad role in regulating biofilm formation, motility, quorum
sensing and virulence (reviewed in (74)). CsrA binds a wide variety of mRNAs,
predominantly in the 5′ UTR (24), where binding can have either negative effects, such as
blocking translation or increasing transcription attenuation, or positive effects, such as
increasing accessibility to a RBS. A range of structural and biochemical studies have shown
that CsrA exists as a dimer, where each monomer binds a motif that has a GGA sequence in
the loop of an RNA hairpin (75). However, aggregates, brought together by dimers binding
multiple GGA motifs on the same RNA, can form.

Author Manuscript

Unlike hfq and proQ, the csrA gene is essential in E. coli (76). The activity of the CsrA
protein is extensively regulated, in line with its central role in modulating critical cellular
activities as well as a role in pathogenesis. Two sRNAs, CsrB and CsrC, which each have
multiple GGA repeats, act by sequestering CsrA. Thus far, no other functions for these
sRNAs have been discovered. However, several Hfq-binding sRNAs such as McaS and
GadY also have been found to bind CsrA (22, 24). For McaS, studies showed that the sRNA
impacts the expression of two targets through Hfq-mediated base pairing and activates
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expression of another target by sequestering CsrA (77). Interestingly, parts of mRNAs, such
as the 5′ end of S. enterica fimAICDHF, additionally act to sequester the protein (78).
Ribonucleases and Other RNA-Binding Proteins
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Ribonucleases can play critical roles for regulatory RNAs in both processing and
degradation. Global RNA-seq experiments have documented that several sRNAs are bound
as well as processed by the endoribonucleases RNase E and RNase III. In one study,
crosslinking identified sRNAs associated with RNase E (79), while in other studies, the
comparisons of the RNA-seq data for wild type and mutant strains allowed the identification
of cleavage sites in sRNAs for RNase E (80) and RNase III (81, 82). Other RNases that have
not been studied as extensively but also impact sRNA-mediated actions are RNase II (23)
and PNPase (83, 84), which is part of the RNase E degradosome complex. Another protein
found to be associated with the GlmZ and GlmY sRNAs, RapZ, functions as an adaptor to
target these sRNAs to RNase E (85). It is likely that other RNase adapter proteins remain be
found; the CsrD protein, which accelerates RNase-dependent decay of CsrA-interacting
sRNAs is another candidate for such molecular function (86).
Additionally, other types of RNA-binding proteins undoubtedly bind to and impact sRNAs.
One such family are cold shock proteins (Csps) (87), which have been proposed to affect the
folding of RNAs, for instance during cold shock (88). With the development of new
approaches to globally identify proteins associated with RNAs (26–29), the study of these
sRNA binding proteins likely will be a fruitful area of research in the near future.

REGULATION OF sRNA LEVELS AND ACTIVITY
Author Manuscript

The levels of many sRNAs are highest under very specific growth conditions. All of the
sRNAs characterized initially are encoded as separate transcripts, where their expression is
strongly regulated by specific transcription factors. Later, it was found that sRNAs also
correspond to the 3′ UTRs of some mRNAs (reviewed in (89)). These can be transcribed
from promoters internal to the coding sequence or cleaved from the longer mRNA. There
also are hints of sRNAs being derived from 5′ UTRs (11, 20) and possibly even from within
coding sequences (90). To generate the specific small transcript in these cases, there need to
be promoters, terminators or ribonuclease cleavage sites internal or adjacent to the coding
sequence. Some sRNAs that are transcribed as defined RNAs also are cleaved to give
derivatives that are more active or have altered activity (Fig. 1).
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In addition to conditions and mechanisms that increase sRNA levels or activity, given that
sRNAs are regulators, there also need to be ways to eliminate or turn off the sRNA when the
inducing stress is no longer present. sRNAs were initially characterized as generally more
stable than mRNAs, based on their slow turnover in the presence of inhibitors of
transcription such as rifampicin (12). However, further work led to evidence for codegradation of sRNAs with mRNAs (59, 91). Regulation, both positive or negative, could
also include other forms of processing such as RNA modification or degradation of the U
tail; the latter is expected to greatly reduce Hfq binding (92).
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Many sRNAs are induced very highly as part of specific stress responses, frequently
reflecting transcriptional regulation (see column S in Tables S1A and S2A). Thus, for
example, RyhB is repressed by the Fur repressor and is only induced upon Fur deactivation
under conditions of low iron (93); OxyS is strongly induced by oxidative stress by the OxyR
activator (94). The expression of a number of other sRNAs is specifically controlled by
alternate sigma factors. For instance, MicA, RybB and MicL are all transcriptionally
activated in response to cell envelope stress in a σE-dependent manner (95) (see Table S1A).
Interestingly, many transcription or sigma factor binding sites in the promoters of sRNA
genes are close to the consensus, such that the sRNAs tend to be among the most rapidly and
strongly induced transcripts in response to the different stress conditions (95).

Author Manuscript

All Hfq-binding sRNAs have a strong Rho-independent terminator with a stem-loop and
stretch of U residues. While it might be assumed that the sRNAs end predominantly at the
most 3′- U residue, examination of the 3′ ends in global RNA-seq sets indicated that the
ends are far more variable. Additionally, it has been found that in the case of RyhB, the
length of the 3′ end is dependent on the growth condition, with stronger transcription
termination under stress conditions (96). There are also examples of sRNAs such as SroC,
where the sRNA is derived from the intergenic region of an operon and must be generated
by transcription termination that only occurs part of the time, such that the downstream
genes, gltJKL, are also transcribed (97). Since the shorter 3′ U tails or readthrough past the
U residues reduce or eliminate Hfq binding, changes in the sequence of the Rho-independent
terminator or growth conditions that change transcription termination can impact sRNA
activity (92).

Author Manuscript

RNA Modification
Generally, our knowledge on RNA modifications in bacterial transcripts other than rRNAs
and tRNAs has greatly lagged behind what is known for eukaryotes (reviewed in (98, 99)).
However, there is some recent evidence that bacterial sRNAs also are modified. For
example, sRNAs have been detected in genome-wide screens for RNAs with 5′ NAD caps
(100) and N6-methyladenosine (101). At least in vitro, a 5′ NAD cap, which is introduced
during transcription (102), impacts the ability of RNase E to cleave the transcript. While it is
tempting to speculate that different 5′ caps, RNA methylation or other modifications could
serve additional regulatory roles, physiological evidence for this is still lacking.
RNA Processing

Author Manuscript

As already mentioned, several sRNAs are derived from the 3′ UTRs of longer mRNAs (Fig.
1). In this case, cleavage is critical for their generation. For most sRNAs where this has been
examined, such as SdhX, the endoribonuclease RNase E is required for the cleavage (103,
104). Other sRNAs that are generated as defined short transcripts are also cleaved by RNase
E. For some sRNAs like ArcZ, this cleavage leads to increased base- pairing activity (80,
105), whereas for other sRNAs like SdsN and SdsR, this cleavage can lead to different forms
that have different sets of base-pairing targets (51, 106).
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Cleavage is also a key mechanism to downregulate an sRNA-mediated regulatory response.
Most sRNAs are relatively unstable when the transcription of the sRNA is specifically shut
off, but their target mRNAs are still being transcribed. In contrast, sRNAs are very stable
when cells are treated with rifampicin, which stops transcription of both the sRNA and target
mRNAs. This observation was interpreted as coupled degradation of the sRNA with its
target and was first shown for RyhB, where coupled RNase E-mediated degradation of the
sRNA with its targets downregulates the RyhB response (91). Presumably, the sRNA
degradation reflects loss of binding to Hfq after pairing. Further support for this model was
provided by studies in which the ability of the sRNA to pair was impaired by mutation of the
target mRNA-binding sites on Hfq; under these conditions, the unstable sRNA become
significantly more stable (59).

Author Manuscript

While co-degradation with the mRNA is a consequence for sRNA base pairing with a
number of mRNAs, this is not always the case and can vary between targets of the same
sRNA and among sRNAs. Generally speaking, Class I sRNAs, which bind to the proximal
face and rim of Hfq, are less stable and co-degraded with their targets, while a subset of
Class II sRNAs, which bind to the proximal and distal faces of Hfq, are more stable and less
likely to turnover upon mRNA pairing (59). For these sRNAs, other mechanisms must lead
to turnover, and that is the case for ChiX, a stable sRNA that becomes unstable when paired
with an RNA decoy (see below). In light of the impact of 3′ U tail length on Hfq binding
(92), it is also conceivable that sRNAs could be “turned off” by selective trimming of the 3′
ends.

Author Manuscript

RNase E is not the only ribonuclease involved in the co-degradation of sRNAs with targets.
For example, the MicA sRNA was reported to be co-degraded with the ompA mRNA by
RNase III (107). Similarly, RybB is similarly degraded by this double strand-specific
endoribonuclease in a manner that is dependent on Hfq but blocked by ProQ (25). Global
maps of RNase III cleavage events in E. coli under different growth conditions are available
(81, 82, 108) and lend themselves for interrogation of the impact of this enzyme on sRNAmediated regulation.
Competition, RNA Decoys, RNA Mimics and RNA Sponges

Author Manuscript

Given that many sRNAs are unstable in the absence of association with the corresponding
RNA-binding protein such as Hfq or ProQ, competition for binding to these proteins can
also have a profound effect on sRNA levels. Additionally, there are specific RNAs that base
pair with sRNAs or compete with RNase adaptor proteins that impact sRNA levels
(reviewed in (109)). During the characterization of one sRNA, ChiX, whose expression was
downregulated in the presence of chitosugars, it was found that the sRNA levels were not
controlled by changes in transcription, but rather were down regulated by base pairing with
the chbBCARFG mRNA. Base pairing with this “decoy” mRNA target, which likely
disrupts the terminator stem, led to degradation of ChiX; pairing with other targets, such as
the chiP mRNA encoding the chitoporin does not lead to degradation (110, 111). The GlmY
sRNA, which is a “mimic” of the base-pairing sRNA GlmZ represents yet another posttranscriptional regulatory mechanism to control sRNAs levels, in this case, in response to
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low glucosamine-6-phosphate levels (reviewed in (112)). In the absence of the inducer,
GlmZ is destabilized by the binding of the ribonuclease adaptor protein RapZ, which leads
to RNase E-dependent degradation. This degradation is prevented by GlmY, induced under
low glucosamine-6-phosphate. GlmY, due to its similarity to GlmZ, also binds RapZ and
thus titrates RapZ away from GlmZ (85).

Author Manuscript

Another sRNA, SroC, derived from the gltI-gltJ intergenic region, controls the levels of the
base-pairing RNA GcvB. The GcvB-SroC base pairing directs RNase E-mediated cleavage
of GcvB but not SroC, allowing SroC to recycle (97). The RNA-seq approaches are leading
to the identification of sRNAs or even tRNA fragments, such as a 3′ fragment derived from
tRNALeuZ (3ÉTSLeuZ) processing, that base pair with sRNAs at regions overlapping the
sequences involved in base pairing with targets. These “sponge” RNAs thus affect the levels
of the sRNAs or block their activities (20, 113) (Fig. 1). Interestingly, the reduction of RyhB
levels in a strain lacking poly(A) polymerase may be attributed to reduced degradation of
3ÉTSLeuZ RyhB sponge in this mutant background (114).
Ultimately, it is likely that the levels of a specific sRNA, especially over time and under
changing conditions, is determined by the competition for binding among a very intricate
network of mRNAs, sponge RNAs and RNA-binding proteins. Understanding the actual
intracellular levels of sRNAs under various conditions will be an important starting point for
future research on these issues.
Complication of Translation for Dual Function sRNAs

Author Manuscript

Although one initial criterion for the identification of sRNAs was that the transcripts are not
translated, further inspection of several of the annotated sRNAs has revealed that some basepairing sRNAs also serve as mRNAs encoding small proteins. In E. coli, the best
characterized example is SgrS, which encodes the 38 amino acid SgrT protein (reviewed in
(115)). Both SgrS and SgrT act to downregulate the PtsG transporter in response to sugar
phosphate stress, SgrS at the level of ptsG mRNA translation and SgrT at the level of PtsG
protein function. Undoubtedly, other base-pairing sRNAs similarly have dual function. The
presence of an adjacent or overlapping coding sequence likely will have consequences for
the base-pairing activity of an sRNA, in part due to occlusion by the binding of the large
ribosome complex. How translation affects base-pairing activity and what regulates whether
one or the other function predominates, has largely been unexplored.

MECHANISMS OF BASE-PAIRING sRNA ACTION
Author Manuscript

The consequences of sRNA base-pairing interactions with their target mRNAs has now been
examined in relative detail for quite a number of sRNA-mRNA pairs. The most frequent
outcome of the pairing is down regulation, though there are also multiple examples of
positive regulation (reviewed in (116)). The regulation can be at the level of translation or
mRNA stability, frequently both, but examples of pairing affecting transcription have also
recently come to light. In all cases, the RNA duplex formation seems to involve one
continuous stretch of base pairing of around 8 nt (denoted the seed region in the sRNA) but
can extend beyond this region of pairing. The seed region typically is the most conserved
region of an sRNA (117, 118). Similarly, the complementary recognition site in the target

EcoSal Plus. Author manuscript; available in PMC 2020 September 01.

HÖR et al.

Page 14

Author Manuscript

mRNA(s) generally shows high conservation (20, 119), a feature that can be used to improve
in silico target predictions (120).
While there usually is only one region of pairing between the sRNA and mRNA, in a few
cases, such as SgrS-manXYZ, MicF-lpxR and CpxQ-nhaB, the same sRNA base pairs with
two different regions of the same mRNA (121–123). Below we describe the bestcharacterized mechanisms of base- pairing sRNA action as well as a few interesting
variations.
Negative and Positive Regulation of Translation

Author Manuscript
Author Manuscript

Perhaps the most common way sRNAs act is by Hfq-mediated base pairing at or near the
Shine-Dalgarno sequence, thereby occluding the ribosome entry (Fig. 1). Systematic assays
of different positions of RybB-ompN pairing showed that occlusion can occur at sites as far
as five codons into the coding sequence (124). There are, however, different permutations of
sRNA-mediated translational repression. At many targets of GcvB, the sRNA downregulates
translation by base pairing upstream of the Shine-Dalgarno sequence at C/A-rich sequences
thought to be translational enhancers (117). Optimal translation of fepA and bamA requires
stem-loop structures and OmrA and OmrB repress these targets by disrupting these
structures (125). In other examples, such as SgrS and DicF repression of manX, the sRNAs
recruit or stabilize Hfq binding, and it is actually Hfq that occludes ribosome binding (126).
For OmrA- and OmrB-mediated repression of dgcM, Hfq binding leads to a change in the
dgcM 5′ UTR secondary structure which then allows sRNA base pairing to block translation
(127). Hfq also has been shown to repress translation without sRNAs, binding well upstream
of the Shine-Dalgarno sequence, acting to remodel the RNA (128). These examples
demonstrate the extent to which there is much still to be learned about ribosome entry and
translation initiation. The detailed mechanistic studies of how sRNA and Hfq operate to
inhibit repression continue to provide insight into how mRNA structure, “standby” RBSs,
and other proteins collaborate to regulate translation. In essence, while most sRNAs do
inhibit translation of their targets, they can achieve this by base pairing within a much larger
window than just the narrow region originally thought.

Author Manuscript

For the first characterized example of sRNA-mediated translational activation, the DsrA
RNA base pairs with a region of the rpoS mRNA, which otherwise forms a secondary
structure that blocks ribosome binding (129). Other examples of sRNAs that similarly
activate translation by preventing the formation of inhibitory secondary structures, such as
GlmZ-glmS and RyhB-shiA have been found (130, 131). In a different permutation, Hfq
binding blocks translation of the cirA mRNA, while RyhB base pairing with this mRNA
changes the secondary structure, thereby displacing Hfq and facilitating ribosome binding
(132). While not yet reported, it is conceivable that sRNA-Hfq-mRNA binding can have still
other effects on translation such as frameshifting or premature termination.
Negative and Positive Regulation of mRNA Stability
Decreased ribosome binding frequently leads to destabilization of the mRNA. This is the
reason for the success of the initial studies of sRNA function that relied on the differences in
RNA levels after a short pulse of overexpression of an sRNA to identify mRNA targets, even

EcoSal Plus. Author manuscript; available in PMC 2020 September 01.

HÖR et al.

Page 15

Author Manuscript

though the sRNAs primarily acted to block translation (Fig. 2). However, some examples
where sRNA base pairing directly leads to target mRNA cleavage have also been found. For
MicC base pairing internal to the ompD coding sequence, this interaction was found to
promote specific RNase E-mediated cleavage (133). In this case, the proximal 5′
monophosphate and other features provided by the sRNA serve to activate RNase E (134,
135). For sRNA-mediated down-regulation of csgD, base pairing with McaS, RprA or GcvB
sRNAs, which was observed to be quite a distance upstream of the Shine-Dalgarno
sequence, leads to mRNA cleavage in an AU-rich sequence in this long 5′ UTR (136).

Author Manuscript

sRNA-mRNA pairing can also impact target cleavage in a manner that results in stabilization
of the mRNA. One example is SgrS-directed interference with RNase E-mediated decay of
the pldB-yigL mRNA, resulting in a stabilized yigL product (137). In a different example,
RydC pairing with the cfa mRNA blocks RNase E-mediated degradation (138). As for
translation, other permutations of sRNA-Hfq-mRNA binding that promote or block the
actions of RNases can be imagined.
Negative and Positive Regulation of Transcription Termination

Author Manuscript

There have been a few examples of direct sRNA-mediated regulation of transcription,
specifically transcription termination (reviewed in (139)). In two cases, sRNA binding
affects the ability of Rho to access a rut (Rho-utilization site) on a transcript and bring about
termination. For the chiPQ mRNA, the effect is negative. ChiX base pairing with the ShineDalgarno sequence of chiPQ prevents ribosome binding. In turn there are fewer ribosome
blocking the rut site in the chiP coding sequence resulting in increased transcription
termination (140). For the rpoS mRNA, the effect is positive. DsrA, ArcZ and RprA binding
to the 5′ UTR blocks Rho access to rut sites, thus promoting transcription elongation (141).
In a final example, the SraL RNA has been reported to increase synthesis of Rho itself by
blocking premature termination (142). Again, one can envision still other mechanisms by
which sRNAs can affect transcription termination.

IMPACT OF sRNAS ON REGULATORY CIRCUITS

Author Manuscript

As described above, much is now known about the class of Hfq-binding sRNAs, how their
levels are regulated and at least some of their targets, with the potential for defining the
broader target sets. How does this regulation feed into cell physiology? Our expectation is
that the regulation of targets helps the cell to adapt to or recover from the stress that led to
induction of the sRNA and that the mRNAs targeted by the sRNA provide clues to its
physiological role. In the selected set of examples below, we discuss some evidence that this
is the case. However, for many other sRNAs, we do not currently understand the
physiological relevance of the sRNA-mediated regulation, showing that there is still much to
learn. We anticipate that as our understanding of the physiological significance of sRNAmediated regulation increases, so will our broader appreciation of bacterial physiology.
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Each regulatory network probably uses sRNAs in somewhat different ways, and new roles
for these sRNAs continue to be discovered. Nonetheless, it is worth emphasizing some of the
general properties of sRNA-based regulation (also discussed in (143, 144)).

Author Manuscript

The first general concept is that sRNAs can significantly expand a regulon. In these cases,
when a DNA-binding protein activates or represses transcription, it modulates expression not
only from genes where the protein directly binds, but also all those affected indirectly by the
regulated sRNA or sRNAs. These sRNAs can be considered the “non-coding arm” of the
regulon (with the protein-encoding genes regulated by the transcription factor being the
“coding arm”), as discussed for the σE response below. The effects of the sRNAs can create
a hierarchy of regulatory consequences. For instance, sRNA-mediated negative regulation,
causing degradation of mRNAs, can rapidly overcome regulation at the level of
transcription, turning off even well-expressed targets. This is further discussed below in the
context of the RyhB regulatory network.

Author Manuscript

In a number of instances, sRNAs are critical components of positive feedback loops,
reinforcing the transcriptional regulation of a set of genes by further regulating the same
targets at the translational level. This has been best studied in the case of Spot 42, a sRNA
negatively regulated by CRP and cAMP, discussed here. Equally or possibly more common,
however, are negative feedback loops, in which the sRNA carries out regulation that helps to
restore homeostasis, leading to less activity of the upstream transcription factor. This
negative feedback loop is indirect for the Fur-regulated RyhB RNA and the σE-regulated
MicA, RybB and MicL RNAs as discussed below, but is direct for EnvZ-OmpR and the
OmrA and OmrB sRNAs. OmrA and OmrB, whose expression is fully dependent upon
EnvZ and OmpR for their synthesis, base pair directly with the envZ-ompR mRNA to downregulate this two component system (145, 146). Intrinsic to many of these positive and
negative feedback circuits is another principle of sRNA-based regulation, their capacity to
change the sign of regulation for downstream genes. This is easiest to appreciate for
transcriptional regulation by specialized sigma factors whose molecular function is limited
to gene activation. If sigma factors positively regulate sRNAs, those sRNAs can then carry
out negative regulation (147).
Finally, and not surprisingly, sRNAs provide critical connections between different
regulatory cascades. For critical regulatory hubs, multiple sRNAs, each made in response to
a different environmental signal, can converge on a single target, at the same time providing
complex combinatorial inputs, as discussed below for σS.

Author Manuscript

Examples of sRNAs in Regulatory Networks
In the next section we describe some of the best understood sRNA-mediated changes to cell
physiology (Fig. 3). Most of the initial sRNA-mRNA pairs were identified during the
characterization of individual sRNAs. This is now changing with the development of
approaches that detect RNA-RNA proximity genome-wide (reviewed in (148)).
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Regulating Iron Acquisition and Homeostasis—Iron is a critical and often limiting
nutrient for all organisms, particularly for bacterial pathogens that must acquire the metal
ion from their hosts (reviewed in (149)). When iron is abundant, the Fur repressor effectively
shuts down expression of a large regulon that includes genes encoding iron acquisition
systems. When iron is limiting, Fur no longer binds DNA, and the regulon is induced. RyhB,
identified in the initial global searches for conserved sRNAs, is well-conserved in
enterobacteria, and was quickly recognized to have a consensus Fur site overlapping its
promoter (93). The Fur regulon had been extensively studied, and a number of genes
apparently positively regulated by the Fur repressor had been identified in E. coli. The
discovery of RyhB explained this conundrum; the positive regulation was indirect, due to
Fur repression of RyhB expression relieving RyhB negative regulation of these genes (93)
(Fig. 3a).

Author Manuscript
Author Manuscript

Many RyhB targets have now been identified (reviewed in (150)). Short-term overexpression
of RyhB followed by microarray analysis demonstrated that a fairly extensive set of genes
were negatively regulated, many encoding metabolic enzymes that use Fe-S clusters or
otherwise make use of iron. Since RyhB is only synthesized when iron is limiting, it can
rapidly decrease the demand for iron by down-regulating synthesis of non-essential proteins
that utilize iron. RyhB also contributes to the adaptation to iron starvation by positively
regulating expression of shiA, a gene encoding a permease for shikimate, needed for
siderophore synthesis (130), as well as the enterobactin biosynthesis operon, and revamping
cellular metabolism to ensure that serine is available for enterobactin synthesis (151).
Therefore, RyhB helps the cell reestablish homeostasis. If enough iron becomes available
due to the decrease in use and increased import, then Fur repression will be re-established.
RyhB is particularly critical for growth during severe iron limitation (152) though too much
RyhB is also detrimental under some growth conditions. RyhB basal levels are kept low not
only by Fur repression of synthesis but also by an RNA sponge, 3′ ETSleuZ, encoded by a
processing product of leuZ tRNA. This processing product keeps the basal level of RyhB
low, and thus prevents regulation of targets in the absence of the inducing signal (113).
Genes of succinate metabolism are repressed by RyhB, and cells mutant for the 3′ ETSleuZ
sponge grow less well on succinate. Intriguingly, a RyhB paralog (RyhB-2) is encoded on a
genetic island in S. enterica. While RyhB-1 and RyhB-2 have some overlapping targets,
there also appear to be unique sets that are only affected by one or the other sRNA (reviewed
in (153)).

Author Manuscript

Reinforcing Carbon Usage Hierarchy—Spot 42, encoded by the spf gene, was first
identified as a spot in a two-dimensional polyacrylamide gel of radioactively-labeled sRNAs
(154) and found to be negatively regulated by cyclic AMP (cAMP) and the transcriptional
regulator CRP (155, 156), decades before its function as an Hfq-binding pairing RNA was
defined (157, 158). cAMP sets cellular priorities for carbon metabolism; it is low when cells
grow on glucose but increases when cells catabolize less favored carbon sources. cAMPbound CRP binds DNA and positively regulates the synthesis of operons encoding proteins
that metabolize these less favored carbon sources. At the same time, CRP-cAMP negatively
regulates Spot 42 transcription, so the sRNA is abundant when cells grow on glucose but not
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when they grow on the less-favored carbon sources whose metabolism requires positive
regulation by CRP and cAMP (Fig. 3b).

Author Manuscript

While the first identified target of Spot 42 regulation was the gal operon, which has complex
CRP and cAMP regulation (reviewed in (159)), transient overexpression of Spot 42
identified many other regulatory targets (160). Most of these down-regulated genes were part
of catabolic pathways, positively regulated by CRP-cAMP. Therefore, cAMP impacts these
genes at two levels; by direct transcriptional regulation at the promoter and by repressing
Spot 42 synthesis, thereby indirectly increasing translation and mRNA stability. This implies
that in glucose media, Spot 42 reinforces that cAMP-CRP target genes need not be activated,
by repressing the basal level or leaky expression of genes in the CRP regulon. Consistent
with this hypothesis, higher basal levels of Spot 42 targets in glucose-grown cells and
changes in the kinetics of gene expression and repression upon changes in carbon sources
were observed when spf was mutated (160). Spot 42 also has been found to be
downregulated by an sRNA sponge, PspH, corresponding to the 3′ UTR of pspG (20), but
the physiological consequences of this have not been explored.

Author Manuscript

Other sRNAs are either also regulated by CRP and cAMP or impact the utilization of carbon
sources (reviewed in (161)), indicating strong selection for sRNA-mediated regulation of
carbon metabolism. While some regulators of these sRNAs as well as their targets are
known, the physiological consequences for metabolism are less well understood. For
example, transcription of CyaR and McaS is positively regulated by CRP-cAMP in E. coli,
such that these sRNAs have an expression pattern opposite that of Spot 42 (162, 163). The
two sRNAs each have a set of targets, mostly distinct from those for Spot 42 and from each
other, leading to significant specialization within the CRP regulon (162, 164). While there
are possible explanations for CyaR down-regulation of outer membrane proteins (OMPs)
and McaS upregulation of flagella synthesis upon glucose starvation, the physiological
consequences for carbon utilization have not been explored.

Author Manuscript

Responding to Cell Envelope Stress and Modulating Traffic to the Membrane
—Many of the first examples of sRNA targets were OMPs. To some extent, negative
regulation of OMPs may have been detected most easily because some initial experiments
used changes in protein levels to identify possible targets, and many OMPs are very
abundant and visible on protein gels (119). In addition, a major phenotype of cells deleted
for the RNA chaperone Hfq is induction of the σE regulon (165). σE (encoded by the rpoE
gene), a specialized sigma factor, which is the founding member of the ECF
(extracytoplasmic function) sigma factor family, regulates periplasmic proteins necessary for
protein folding or degradation and the machinery necessary for moving proteins through the
inner membrane and inserting them in the outer membrane (reviewed in (166)).
σE was known to be induced by overproduction of misfolded or unfolded outer membrane
proteins. Additionally, mRNAs for many OMPs are down regulated when σE is induced in a
manner dependent upon Hfq. Given that sigma factors only act positively, stimulating
transcription at a subset of promoters, the down regulation of OMPs suggested the existence
of downstream regulators, and the dependence on Hfq suggested these regulators might be
sRNAs. That proved to be the case. The σE regulon contains at least three sRNAs, MicA and
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RybB, which down-regulate OMPs (167–169), and MicL, which downregulates the major
outer membrane lipoprotein, Lpp (95) (Fig. 3c). Thus, the current picture is that, in the
absence of effective negative regulation of OMPs by the relevant sRNAs, robust
transcription and translation of OMPs leads to more transport of these proteins into the
periplasm than the uninduced machinery can handle. The resulting presence of unfolded
OMPs in the periplasm is sensed, and the σE response is induced, increasing the presence of
the OMP folding, secretion, and degradation machinery and, at the same time, increasing the
levels of expression of the repressing sRNAs.

Author Manuscript

Because induction of σE in the absence of Hfq occurs even in the absence of other inducing
signals, and because deletion of the genes encoding MicA and RybB lead to activation of the
σE response (169), basal levels of MicA, RybB and MicL likely are critical for proper
repression of the OMPs. Additionally, deletion of rpoE is lethal in E. coli, but lethality is
suppressed if either MicA or RybB is overexpressed (147). Therefore, sRNAs are a critical
part of the σE response, controlling trafficking to the membrane and providing a rapid and
effective feedback mechanism both to limit basal expression and to restore homeostasis
when the trafficking system is perturbed or stressed. The σE-regulated sRNAs also have
additional, non-OMP targets; for the most part the role of the regulation of these other
targets has not been studied extensively. As for RyhB, there seems to be a need to control
RybB activity under some conditions, as both 3′ ETSleuZ and RbsZ (corresponding to the 3′
UTR of rbsB) sponge RybB (25, 113).

Author Manuscript

It is worth noting that there is a parallel sRNA-dependent regulatory pathway, which
controls the levels of inner membrane proteins (IMPs) (123, 170). In this case, the cpxP
mRNA and CpxQ, an sRNA derived from the 3′ end of cpxP, are induced in response to
misfolded IMPs via the CpxA-CpxR two-component system (Fig. 3c). CpxQ down regulates
synthesis of a number of IMPs including the NhaB Na+/H+ antiporter, thus limiting the loss
of membrane potential. CpxQ also cross-connects the inner and outer membrane stress
responses by repressing synthesis of the σE-induced Skp. This periplasmic chaperone, which
binds unfolded OMPs, may accidentally mistarget OMPs into the inner membrane causing
depolarization. CpxQ counteracts this potential toxicity by downregulating Skp production.

Author Manuscript

Regulating the General Stress Response—All of the examples discussed above are
cases where the impact and activity of an upstream transcriptional regulator is expanded by
the effects of one or more downstream sRNAs. However, sRNAs also can target mRNAs
encoding transcriptional regulators, meaning that the whole regulon for that transcription
factor can be affected by the sRNA activity. In E. coli, three transcription regulators, σS,
CsgD and FlhDC, play critical roles in transitions from rapid and planktonic growth to
slower growth, frequently in a biofilm, and all are subject to complex levels of regulation,
including regulation by multiple sRNAs. In these examples, the physiological significance of
the regulation is not always apparent, but sRNAs provide opportunities for an abundance of
signals to affect transcription factor levels, both positively and negatively (Fig. 3d).
The most extensively studied example of this sort of convergent regulation is positive
regulation of the general stress response sigma factor σS (encoded by rpoS). σS plays a
central role in the transition from exponential growth to stationary phase growth, with
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increased σS accumulation leading to induction of a large number of genes that help the cell
cope with damage, extremes of temperature and pH, dwindling energy and resources
(reviewed in (171)). As already discussed, translation of the rpoS mRNA is inhibited by a
long 5′ UTR that folds to occlude ribosome entry. Induction of translation depends on any
of at least three sRNAs, each of which can pair with a region of the 5′ UTR to open up the
inhibitory RNA structure to allow translation. While the region of pairing within the rpoS 5′
UTR is the same for each sRNA (129, 172, 173), the sRNAs do not resemble each other and
are each expressed under a different stress condition. The first to be found, DsrA, is
expressed at low temperature (174, 175), as well as in response to increased levels of ppGpp
(176), both conditions under which σS levels increase. The second sRNA, RprA, is
positively regulated by the Rcs phosphorelay (172), activated when the cell surface is
perturbed by antimicrobials such as polymyxin, by antibiotics such as ampicillin, and by
interaction with a solid surface (reviewed in (177)). ArcZ, the third activating sRNA, is
negatively regulated by the two-component histidine kinase ArcB and response regulator
ArcA under anaerobic growth conditions (178). Both DsrA and ArcZ contribute
significantly to σS accumulation in growing cells and in cells entering stationary phase; loss
of Hfq or all three sRNAs leads to cells that have extremely low levels of σS (173). Each of
these sRNAs also regulates multiple additional targets, suggesting that the “global stress
response” due to σS induction will be somewhat different under different growth conditions
with different sub-programs controlled by sRNAs. Thus, the regulation provides a complex
combinatorial network, able to respond to multiple signals.

Author Manuscript

One of the genes dependent on σS is csgD, encoding a master regulator for curli synthesis
and thus one pathway of biofilm formation. While CsgD is regulated in a complex
transcriptional manner, it is also regulated by multiple sRNAs (reviewed in (179)). Most of
the sRNAs that negatively regulate csgD translation are not implicated in direct regulation of
rpoS. The exception is RprA, which positively regulates rpoS translation and negatively
regulates csgD (180). Therefore, under conditions of high expression of the Rcs
phosphorelay, RprA may allow induction of the σS response but block the branch of the
response that leads to curli-dependent biofilm formation.
Another mRNA that is affected by multiple sRNAs encodes the FlhDC transcription
regulators, which sit at the top of a cascade of genes necessary for motility. Negative
regulation by at least three sRNAs and positive regulation by another were found for the
flhDC transcript (162, 181). One of the sRNAs that downregulates flhDC is ArcZ, which
activates rpoS. Thus, in situations where ArcZ is well expressed, motility may be downregulated while σS is induced.
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As if this regulatory network is not sufficiently complex, the levels of a number of sRNAs
increase in stationary phase. One of them, SdsR, is clearly dependent on σS. Among other
targets, SdsR down regulates CRP and OmpD, the latter which is not present in E. coli (51,
182). As still more sRNAs are characterized, the web of connections between the key stress
transcription factors and sRNA undoubtedly will be found to be even more intricate.
Controlling Pathogenesis—The success of pathogens such as E. coli and S. enterica
depends not only on their ability to quickly adapt to the changing and often harsh
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environments during host infections, it also requires the precise timing of the expression of
their virulence factors and coordination of these processes with general gene expression. The
observations that inactivation of the hfq (reviewed in (183)) or proQ (73) genes attenuate
bacterial virulence have been taken as evidence that sRNAs are involved in bacterial
pathogenesis. sRNAs with direct and indirect functions in controlling virulence and host
survival have been discovered and characterized in both E. coli and Salmonella (reviewed in
(30, 184). Arguably, our knowledge is most advanced for the Hfq-associated sRNAs in S.
enterica, as we will illustrate with three examples showing sRNAs encoded in virulence
regions targeting both virulence factors and genes from the core genome, as well as a core
genome-encoded sRNA targeting virulence factors.
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One complex regulatory network is associated with PinT, the most highly upregulated sRNA
in the intracellular phase of S. enterica (185) (Fig. 3e). PinT is encoded on a horizontally
acquired locus and is activated by the PhoPQ two-component system together with the
physically unlinked SPI-2 locus, which encodes a type 3 secretion system (T3SS) required
for intracellular survival. The sRNA downregulates virulence factors (SopE, SopE2) from
the initial SPI-1 invasion gene program (185). At the same time, PinT down regulates the
two major SPI-1-encoded transcription factors HilA and RtsA, thus globally inhibiting
invasion gene expression (186). Finally, as the sRNA acts to shut off SPI-1 functions, PinT
delays the full expression of SPI-2 indirectly by inhibiting synthesis of the general
transcription factor CRP (185). Overall, PinT acts as a post-transcriptional timer, shaping the
transition from one virulence program (SPI-1, invasion) to the other (SPI-2, intracellular
lifestyle). Interestingly, in S. enterica, CRP-repressed Spot 42 acquired an additional
function of positively regulating hilD encoding the master regulator of virulence (187),
providing an example of a conserved sRNA influencing organism-specific regulons.
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InvR sRNA is encoded by SPI-1 and is co-activated with these SPI-1 genes for host cell
invasion. Surprisingly, however, the main target of InvR was found to be the ompD mRNA,
encoding Salmonella’s most abundant outer membrane porin. This led to a model whereby
InvR acts to limit the synthesis of an abundant membrane protein to support the insertion of
the bulky SPI-1 T3SS into the bacterial envelope (32). This hypothesis has been bolstered by
an independent observation that a synthetic minimal SPI-1 locus can only be introduced in
Salmonella if it also carries the invR region (188).
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Finally, SgrS provides another example of how a core genome-encoded sRNA was recruited
to regulate a horizontally acquired, S. enterica-specific virulence factor (189). SgrS base
pairs with the mRNA of the secreted effector protein, SopD, via the same seed region used
in E. coli and Salmonella for downregulation of the major glucose importer PtsG and other
targets. While the biological meaning of this regulation has remained somewhat unclear,
these studies revealed the intriguing ability of sRNAs to discriminate between a G-C pair (in
the productive SgrS-sopD duplex) and a G-U pair (in the nonproductive G-U pair in the
potential SgrS-sopD2 RNA). In general, Spot 42 and SgrS illustrate how pathogens utilize
conserved Hfq-associated sRNAs to integrate horizontally acquired genes into existing
posttranscriptional networks, just as conserved transcription factors are recruited for
transcriptional networks.
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The major hurdle for gauging the importance of sRNAs in virulence regulation has been a
lack of phenotypes of sRNA deletion strains in standard virulence assays or animal infection
experiments. However, recently developed molecular methods promise a much broader
assessment of their functions (reviewed in (190)). For example, Dual RNA-seq, providing
simultaneous transcriptomes of pathogen and host showed that PinT dramatically impacts
host cells, with ~10% of all host genes showing altered expression using infection with a
ΔpinT strain versus wild-type bacteria (185). Molecular readouts, including changes in the
host transcriptome, might provide more sensitive approaches to understanding sRNA
functions in host-pathogen interactions.

PERSPECTIVES
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This review gives an overview of what has been learned about sRNAs in E. coli and S.
enterica as well as provides resources for future studies of these regulators. Given the
relatively young age of the field of bacterial sRNAs, it is not surprising that, while much has
been discovered, many questions remain. These include, but are not limited to, the impact of
subcellular localization and competition among sRNAs, mRNAs, mRNA and tRNA
fragments and multiple RNA-binding proteins; novel mechanisms of regulating sRNA
activity and sRNA action; the physiological processes regulated by sRNAs; and processes in
which sRNAs still remain to be identified. We look forward to seeing what answers, as well
as unexpected new mechanisms and new questions, will come from continued studies of
sRNAs in the next 20 years.
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Figure 1. Overview of sRNAs sources, mechanisms by which their levels and activities are
regulated, and mechanisms of action.
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Figure 2. Approaches and methods for the characterization of base pairing sRNAs.

Results for some of the approaches (in italics) are shown for the MicL sRNA (95).
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Figure 3. Examples of regulatory networks in E. coli and S. enterica.
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(A) Response to low iron regulated by RyhB. (B) Bias toward glucose utilization regulated
by Spot 42. (C) OMP synthesis controlled by RybB, MicA and MicL and IMP synthesis
controlled by CpxQ. (D) Regulation of the general stress response by multiple sRNAs. (E)
Regulation of the transition between virulence programs in S. enterica by PinT.
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