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Summary
Originally described as a repressor of gene expression in the stationary phase of growth, CsrA
(RsmA) regulates primary and secondary metabolic pathways, biofilm formation, motility,
virulence circuitry of pathogens, quorum sensing, and stress response systems by binding to
conserved sequences in its target mRNAs and altering their translation and/or turnover. While the
binding of CsrA to RNA is understood at an atomic level, new mechanisms of gene activation and
repression by this protein are still emerging. In the γ-proteobacteria, small noncoding RNAs
(sRNAs) use molecular mimicry to sequester multiple CsrA dimers away from mRNA. In
contrast, the FliW protein of Bacillus subtilis inhibits CsrA activity by binding to this protein,
thereby establishing a checkpoint in flagellum morphogenesis. Turnover of CsrB and CsrC sRNAs
in Escherichia coli requires a specificity protein of the GGDEF-EAL domain superfamily, CsrD,
in addition to the housekeeping nucleases RNase E and PNPase. The Csr system of E. coli
contains extensive autoregulatory circuitry, which governs the expression and activity of CsrA.
Interaction of the Csr system with transcriptional regulatory networks results in a variety of
complex response patterns. This minireview will highlight basic principles and new insights into
the workings of these complex eubacterial regulatory systems.
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Introduction
A plethora of posttranscriptional regulators

DNA binding proteins and other transcription factors play important roles in the global
regulatory networks that coordinate bacterial metabolism and physiology in response to the
environment (reviewed in Ishihama, 2010). In addition, posttranscriptional regulation plays
a major part in coordinating gene expression networks. Two kinds of posttranscriptional
systems predominate in the γ-proteobacteria: trans-acting RNAs that use an RNA chaperone
protein, Hfq, to pair with mRNA targets (Gottesman and Storz, 2011), and the Csr (carbon
storage regulator) or Rsm (repressor of stationary phase metabolites) systems, which exploit
a sequence-specific RNA binding protein, referred to as CsrA, RsmA, or RsmE, to alter the
translation and/or stability of mRNA targets (Babitzke and Romeo, 2007; Romeo, 1998).
Noncoding sRNAs (CsrB and CsrC in E. coli) containing multiple CsrA binding sites, which
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mimic the binding sites of mRNAs, sequester and antagonize CsrA (Liu et al., 1997;
Weilbacher et al., 2003). The mRNA binding protein Crc (catabolite repression control) of
pseudomonads is also a global regulator of carbon metabolism and other processes (Moreno
et al., 2007) whose activity is governed by binding to antagonistic sRNAs (Sonnleitner et al.,
2009; Moreno et al., 2012). Because CsrA and Crc share no amino acid sequence similarity
and their binding specificities are unrelated, this efficient strategy for global regulation has
apparently evolved more than once. RNA-based regulatory mechanisms such as ligand-
binding riboswitches, attenuators, and cis-acting sRNAs mediate localized effects on gene
expression (Waters and Storz, 2009; Breaker, 2011; Gollnick and Babitzke, 2002). Recent
studies have identified the CRISPR-Cas systems (clustered regularly interspaced short
palindromic repeats-CRISPR associated genes) as adaptive immune systems of bacteria and
archea (Bhaya et al., 2011). These systems incorporate short DNA fragments from invading
bacteriophage or plasmids into the bacterial CRISPR locus. Transcripts derived from the
CRISPR locus are processed into small noncoding RNAs that can direct an attack on
invading elements. Host genetic information is occasionally incorporated into CRISPR loci,
leading to speculation that CRISPR-Cas systems may also contribute to posttranscriptional
regulation (Bhaya et al., 2011).

γ-proteobacterial Csr/Rsm systems: Once novel, still unfolding regulatory paradigm
In the natural environment, bacteria must cope with wide swings in nutrient availability
(Matin et al, 1989; Kolter et al., 1993). This feast or famine existence requires readjustments
in global gene expression patterns that favor rapid growth or stress resistance, respectively.
Early attempts to understand the underlying mechanisms for the response of E. coli to
stationary phase growth conditions led to the recognition of the sigma factor RpoS or σs,
which serves as a central activator of general stress responses and stationary phase gene
expression (Battesti et al., 2011; Klauk et al., 2007), and its apparent doppelgänger or “evil
twin” CsrA, which represses stationary phase gene expression and activates genes needed
for growth (Romeo et al., 1993; Sabnis et al., 1995; Yang et al., 1996; Wei et al., 2001).
Shortly after CsrA was discovered, its orthologue, RsmA of Erwinia carotovora, was found
to be involved in host interactions of this plant pathogen, quorum sensing pathways, and
motility (Chatterjee et al., 1995; Mukherjee et al., 1996). These findings opened the way for
studies of diverse regulatory roles of CsrA in many species of bacteria.

A few seminal observations provided the basic understanding of how CsrA works as a
posttranscriptional regulator: It greatly accelerates the turnover of mRNA for glycogen
biosynthesis, glgC, utilizing a cis-acting region that overlaps the ribosome binding site of
this transcript (Liu et al., 1995). Purified CsrA binds specifically to glgC mRNA and inhibits
its translation in vitro (Liu and Romeo, 1997; Baker et al., 2002). In addition, the purified
CsrA protein was found to reside in large ribonucleoprotein complexes with a noncoding
RNA, CsrB, which sequesters and antagonizes CsrA (Liu et al., 1997). Thus, the basic
model for the γ-proteobacterial Csr system was established (Romeo, 1998; Fig. 1).

CsrA-RNA interactions
Soon after the identification of CsrA as a pleiotropic regulator of carbon metabolism and
cell surface properties (Romeo et al., 1993; Sabnis et al., 1995), it was found to be an
mRNA binding protein (Liu and Romeo, 1997). CsrA binds to several sites in the CsrB and
CsrC sRNAs (Liu et al., 1997; Weilbacher et al., 2003) and multiple sites in most of its
target mRNAs (e.g. Baker et al., 2002; Dubey et al., 2003; reviewed in Babitzke and Romeo,
2007). Although considerable sequence variation exists among the known CsrA binding
sites, a GGA motif was identified as a highly conserved element. The critical nature of the
GGA motif was confirmed by studies using SELEX (systematic evolution of ligands by
exponential enrichment). The SELEX-derived consensus was determined to be

Romeo et al. Page 2

Environ Microbiol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RUACARGGAUGU, with the GGA motif being 100% conserved (Dubey et al., 2005).
Each of the SELEX-derived RNAs contained the GGA motif in the loop of a predicted RNA
hairpin (Dubey et al., 2005), an arrangement that has been observed for several naturally
occurring CsrA binding sites (Liu et al., 1997; Babitzke and Romeo, 2007).

CsrA functions as a homodimer with an identical RNA binding surface located on each side
of the dimer (Dubey et al., 2003; Mercante et al., 2006; Schubert et al., 2007). CsrA
comprises a novel RNA-binding fold, formed by the interdigitation of the five β-strands of
each of the subunits, and stabilized by a hydrophobic core (Gutierrez et al., 2005; Rife et al.,
2005). Two identical RNA binding surfaces of CsrA are formed primarily by the first and
last β-strands of opposite polypeptides, which lie parallel to each other on opposite sides of
the dimer. Several amino acid residues of the β-strands are involved in RNA binding, with
R44 being the most important (Mercante et al., 2006). An NMR structure of a CsrA
orthologue (RsmE) complexed with RNA confirmed and extended the findings from several
previous biochemical studies, including the identification of amino acid contacts with the
conserved GGA motif. The RsmE-RNA structure revealed a protein dimer bound to two
separate RNA molecules (Schubert et al., 2007). It was recently shown that CsrA is capable
of binding simultaneously to two sites within a single transcript if the two sites were
separated by 10 to >63 nt, although binding was weak with <18 nt spacing. The ability of a
CsrA dimer to bridge two sites within a single transcript was shown to be important for
controlling gene expression (Mercante et al., 2009). This property of CsrA is relevant for
virtually all CsrA-dependent regulatory mechanisms and is crucial for interactions with
complex RNA structures.

CsrA-mediated Repression and Activation Mechanisms
CsrA-mediated repression typically involves CsrA binding to multiple sites in the
untranslated leader and/or initially translated region of target transcripts, one of which
overlaps the cognate Shine-Dalgarno (SD) sequence (Babitzke and Romeo, 2007). Thus,
bound CsrA represses translation by competing with ribosome binding (Baker et al., 2002;
Dubey et al., 2003). Translational repression by CsrA may lead to destabilization of the
mRNA, although this is not always the case (Baker et al., 2007; Pannuri et al. 2012). CsrA-
mediated activation has not been extensively studied, but also involves binding to the
untranslated mRNA leader, with consequent effects on RNA turnover and/or translation
(Wei et al., 2001; unpublished studies).

General mechanism of CsrA-mediated translational repression
The general mechanism of CsrA-mediated repression was first identified for the glycogen
biosynthetic gene, glgC (Baker et al., 2002; Mercante et al., 2009). CsrA binds to four sites
in the untranslated leader of the glgCAP operon transcript, with the last (promoter distal) site
overlapping the glgC SD sequence. Bound CsrA represses translation by competing with
ribosome binding, leading to rapid degradation of the polycistronic transcript (Romeo, 1998;
Baker et al., 2002; Mercante et al., 2009). Of particular interest, CsrA inhibits its own
expression by essentially the same translation repression mechanism (Yakhnin et al.,
2011b).

While mechanistic information on CsrA-mediated translational repression has largely been
derived from E. coli studies, it appears that this general repression mechanism is conserved
in several other Gram-negative organisms. For example, CsrA of Salmonella enterica
serotype Typhimurium (S. Typhimurium) represses translation of hilD by binding to this
gene’s SD sequence and translation initiation codon, leading to accelerated mRNA turnover
(Martínez et al., 2011). As HilD activates expression of hilA and ssrAB, the genes encoding
critical regulators of Salmonells pathogenicity islands 1 (SPI-1) and 2 (SPI-2), CsrA plays
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an important role in controlling S. Typhimurium pathogenesis (Martínez et al., 2011). In
another example, the CsrA homologs of Pseudomonas fluorescens, RsmA and RsmE,
repress translation of hcnA, a gene encoding hydrogen cyanide synthase subunit A (Lapouge
et al., 2007). Although not studied in mechanistic detail, it appears that CsrA-mediated
translational repression is a common regulatory mechanism in a variety of organisms.

Several deviations from the general translational repression mechanism have been identified.
For example, CsrA inhibits hfq translation by binding to a single site overlapping its SD
sequence (Baker et al., 2007). Interestingly, Hfq is another global posttranscriptional
regulatory factor. This protein acts as an RNA chaperone to promote sRNA-mRNA base
pairing, thereby affecting the stability and/or translation of the target mRNAs (reviewed in
Gottesman, 2004; Vogel and Luisi, 2011). cstA, a gene encoding a peptide transporter that is
induced upon carbon starvation, is regulated by a slightly different mechanism. In this case,
two of the four CsrA binding sites in cstA mRNA lie downstream from the translation
initiation codon (Dubey et al., 2003). As described below, CsrA can also repress translation
without contacting the SD sequence of the target transcript.

Repression of quorum sensing by binding exclusively to the sdiA mRNA coding region
Bacteria have the ability to regulate gene expression in response to population density by a
process known as quorum sensing. A common quorum sensing system in Gram-negative
bacterial species involves the synthesis and detection of N-acyl-L-homoserine lactones
(AHL). Since AHLs can freely diffuse across cell membranes, as the bacterial population
increases, the concentration of AHLs in the cellular environment increases. Once a critical
level of AHL is reached, AHL reenters the cell and is detected by a response regulator,
thereby altering expression of target genes. Although E. coli does not synthesize AHLs, it
contains an AHL receptor homolog (SdiA), which appears to sense and respond to AHLs
produced by other bacterial species (reviewed in Ng et al., 2009; Smith et al., 2011; Soares
and Ahmer, 2011). CsrA represses translation of sdiA by binding two sites in the sdiA
transcript. In contrast to all other known CsrA-regulated genes, CsrA inhibits translation by
interacting solely within the early coding region of the sdiA mRNA, without binding to or
otherwise occluding the sdiA SD sequence (Yakhnin et al., 2011a).

Repression of Pseudomonas aeruginosa biofilm formation by modifying RNA structure
An important microbial survival strategy is to form surface-associated multicellular
communities known as biofilms (Costerton et al., 1999). Biofilms provide protection against
stresses, predation, the immune system, and antimicrobial compounds (Wang et al., 2005
and references therein). Biofilm formation is regulated in response to environmental
conditions and cues, although the specifics vary considerably among different species
(Goller and Romeo, 2008). This complex process requires the establishment of cell-cell and
cell-surface attachments, which are mediated by proteins, polysaccharides and nucleic acids
(Petrova and Sauer, 2012; Karatan and Watnick, 2009). Following the demonstration that E.
coli CsrA inhibits biofilm formation in E. coli (Jackson et al, 2002; Wang et al., 2005),
RsmA of Pseudomonas aeruginosa was found to bind to psl mRNA and thereby represses
genes necessary for synthesis of the biofilm polysaccharide, Psl (Irie et al., 2010). All
previously known translational repression mechanisms involved CsrA binding directly to the
SD sequence. However, in this case, RsmA repressed translation by stabilizing a hairpin
structure that sequesters the pslA SD sequence. RsmA binds to the loop of this structure,
reflecting the fact that the highest affinity CsrA binding sites are in the loops of RNA
hairpins (Liu et al., 1997; Dubey et al., 2005), and that RNA binding affects secondary
structure, causing RNA bending (Schubert et al., 2007).

Romeo et al. Page 4

Environ Microbiol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CsrA-mediated activation mechanisms
For several years, CsrA has been known to activate gene expression (Romeo, 1998). For
example, CsrA activates expression of the E. coli flhDC operon by binding to and stabilizing
the mRNA (Wei et al., 2001; unpublished results). FlhD4C2 is a hexameric DNA binding
protein that plays a critical role in activating flagellum biosynthesis and chemotaxis (Wang
et al., 2006; reviewed in Smith and Hoover, 2009). CsrA binds to two sites centered at +5
and +50 of the 198-nt untranslated flhDC leader transcript. Bound CsrA protected the flhDC
mRNA from in vitro cleavage by RNase E, an essential endoribonuclease that exhibits
partial 5′ end dependence. The major RNase E cleavage sites were ≥ 50 nt downstream from
the distal CsrA binding site. Thus, bound CsrA appears to stabilize flhDC mRNA by
inhibiting RNase E interaction with the 5′ end of the transcript, rather than by directly
shielding the RNA (unpublished results).

The molybdenum cofactor, MOCO, serves as a redox center for enzymes of anaerobic
metabolism. moaA is one of several genes needed for MOCO synthesis. The untranslated
leader of moaA mRNA is an apparent MOCO-sensing riboswitch, in which bound MOCO is
thought to stabilize an RNA structure that inhibits translation (Regulski et al., 2008). moaA
was identified as a CsrA target by RNA-seq studies (Edwards et al., 2011). CsrA binds to
the highly structured moaA leader and causes RNA structural changes that apparently result
in activation of moaA translation (Patterson-Fortin, Vakulskas, Baker, Bhardwaj, Babitzke
and Romeo, unpublished results). To our knowledge, this is the only known example of a
riboswitch aptamer that interacts with two different regulatory factors.

Autoregulatory circuitry of the E. coli Csr system
The discovery that CsrB and CsrC sRNAs sequester and antagonize CsrA was central to
understanding how the Csr system functions (Liu et al., 1997; Weilbacher et al., 2003). This
kind of regulation is possible because the affinity of CsrA for CsrB/C is higher than for most
mRNA targets and the concentration of CsrA in the cell (6 to 17 μM) is much greater than
its dissociation constant (Kd) for target RNAs (Gudapaty et al., 2001). Thus, the relative
amount of CsrA that is not bound to RNA should be low, and the level of CsrA that is
available for binding mRNA targets is determined by the amount of CsrB/C in the cell.
Studies of the expression of the Csr components and their genetic interactions in E. coli Csr
revealed that CsrA indirectly activates the transcription of its antagonistic sRNAs, CsrB/C,
an effect that is directly mediated via the BarA-UvrY two component signal transduction
system (TCS) (Gudapaty et al., 2001; Suzuki et al., 2002; Weilbacher et al., 2003). This
TCS regulates transcription of Csr sRNAs in many other γ-proteobacterial species, where it
is known by a variety of other names (reviewed in Lapouge et al., 2007; Heroven et al.,
2012; Babitzke and Romeo, 2007; Molofsky and Swanson, 2004; Mikkelsen et al.,2011).
Signaling by the membrane-bound BarA sensor-kinase and its homologues is somehow
triggered by products of carbon metabolism such as acetate, short chain carboxylic acids,
and perhaps TCA cycle intermediates in some species (Chavez et al., 2010; Takeuchi et al.,
2011). These findings suggest that the Csr system responds to the metabolic state of the
bacterium and to products that are common in the lumen of the mammalian intestine
(discussed in Chavez et al., 2010; Edwards et al., 2011). The central negative feedback loop
of the Csr system suggests a homeostatic circuit for control of CsrA activity (Fig. 2). An
interesting consequence of this circuitry is that disruption of the gene for either of the
regulatory RNAs causes a compensatory increase in the other RNA (Weilbacher et al.,
2003). Compensatory regulation was later documented in other Csr systems (reviewed in
Heroven et al., 2012), as well as distinct bacterial circuits that make use of redundant
regulatory sRNAs, e.g. the Qrr 1–4 RNAs of the Vibrio cholerae quorum sensing circuitry
(Svenningsen et al., 2009).
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The Csr system also contains additional autoregulatory loops. CsrA directly represses its
own translation, while at the same time it indirectly activates its transcription (Yakhnin et
al., 2011). Repression involves binding of CsrA to four sites in the csrA mRNA leader,
including the SD sequence, which prevents ribosome loading and translation. Thus, CsrA-
mediated autorepression provides a rapid mechanism to reduce CsrA synthesis when the
concentration of free CsrA reaches a critical level in the cell. Five promoters, two of which
use the alternative sigma factor σs, drive transcription of csrA. Transcription of P3 is CsrA
activated, σs-dependent, and is primarily responsible for the increase in CsrA that occurs
when cells enter the stationary phase of growth. Furthermore, CsrA activates the gene for σs

when cells are at low temperature and in the exponential phase of growth (unpublished
observations). This should create a positive feedback circuit for signal amplification, i.e.
csrA induction, under σs-responsive stresses.

Turnover of CsrB/CsrC sRNAs requires a novel protein, CsrD
RNA synthesis and turnover determine transcript levels and both processes are important in
the regulation of gene expression. RNA decay is highly coordinated, and may be affected by
several factors, including a variety of endo- and exonucleases, RNA binding proteins,
noncoding complementary RNAs, and the translational status of a message (reviewed in
Arraiano et al., 2010; Belasco, 2010; Kaberdin and Bläsi, 2006; Kushner, 2002). In E. coli,
RNA decay is often initiated by RNase E, an endoribonuclease that preferentially binds to
the 5′ monophosphorylated terminus of transcripts, with cleavage occurring in A/U-rich
regions adjacent to stem-loop structures. The resulting cleavage products serve as substrates
for rapid degradation by the processive 3′ to 5′ exoribonucleases polynucleotide
phosphorylase (PNPase) and RNase II. RNase E also provides a scaffold for assembly of the
degradosome, a protein complex consisting of RNase E, PNPase, the RNA helicase RhlB,
and enolase, which couples endonucleolytic cleavage with exonucleolytic decay (Carpousis
et al., 2007).

Recently, a novel regulator of RNA turnover, CsrD, was found to be essential for decay of
CsrB and CsrC in E. coli (Suzuki et al., 2006). CsrD destabilizes CsrB/C sRNAs in an
RNase E-dependent fashion, increasing CsrA availability in the cell and affecting the
expression of all CsrA-regulated genes that were tested. Though a member of the GGDEF-
EAL domain family of proteins, which typically synthesize (GGDEF) or degrade (EAL) the
secondary signaling molecule c-di-GMP, CsrD does not produce, degrade or respond to this
nucleotide. CsrD contains two predicted N-terminal spanning domains followed by coiled-
coil, GGDEF and EAL domains. The latter domains are essential for in vivo activity, while
the membrane spanning regions are dispensable if the protein is overexpressed. Although the
molecular mechanism of CsrD-dependent RNA cleavage has not been defined, CsrD does
not appear to be a ribonuclease. CsrD binds to CsrB and CsrC RNAs, albeit without
apparent specificity. A working model is that CsrD binding imparts structural changes in
CsrB/C, resulting in sRNAs that are no longer refractory to RNase E turnover. Whether
RNA binding specificity requires additional factors or conditions is unknown. Preliminary
microarray experiments suggest that although CsrD is quite specific, a small number of
novel sRNA targets may exist (Vakulskas and Romeo unpublished). CsrD homologues are
apparent in Enterobacteriaceae and closely allied families, but are not characteristic of all γ-
proteobacteria. CsrA represses csrD expression in E. coli as well as Salmonella, indicative
of an additional negative feedback loop of the Csr system (Jonas et al., 2008; Suzuki et al.,
2006). However, CsrA effects on csrD expression are weak (2-fold) and CsrA has modest or
no effect on CsrB and CsrC turnover in vivo (Gudapaty et al., 2001; Suzuki et al., 2006).
Thus, the biological significance of this autoregulatory loop is not clear.
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Approaches to determine the complete Csr regulon
The initial studies of CsrA (RsmA) suggested that it is global repressor of genes that are
expressed in the stationary phase of growth (Romeo et al. 1993; Yang et al. 1996; Chatterjee
et al., 1995). Soon it became apparent that CsrA also activates expression of genes expressed
during exponential growth such as glycolytic genes and flhDC (Sabnis et al., 1995; Wei et
al., 2001). Furthermore, candidate gene studies and other approaches revealed regulatory
roles for CsrA in a variety of proteobacterial processes, which were of special interest to the
investigators, e.g. biofilm formation, motility, metabolism, pathogenesis, quorum sensing
(reviewed in Romeo 1996; 1998; Molofsky and Swanson 2004; Babitzke and Romeo 2007;
Lapouge et al., 2007; Lucchetti-Miganeh et al., 2008; Timmermans and Van Melderen,
1010; Heroven et al., 2012). With the advent of microarray studies, comparison of csrA
mutant vs. wild-type strains provided for the systematic examination of the global effects of
CsrA in S. Typhimurium and Pseudomonas aeruginosa, which suggested that CsrA affects
hundreds of different RNAs, amounting to >10% of the detectable transcripts (Lawhon et
al., 2003, Brencic and Lory, 2009; Burrows et al., 2006). Because CsrA is a regulator of
regulators, recent studies have used “timed arrays”, aimed at distinguishing direct vs.
indirect targets in E. coli (Jonas et al., 2008). For this approach, the csrA gene was induced
in a csrA deficient strain background and response of the transcriptome was monitored with
respect to the time of induction. As expected, known direct targets of CsrA regulation
responded rapidly to csrA induction, while indirect targets responded in delayed fashion.
This study revealed that mRNAs for GGDEF domain proteins, which synthesize the
secondary messenger c-di-GMP, are direct targets of CsrA.

Although the timed array approach represented an improvement for discovering CsrA
targets, it has limitations. For example, RNA binding and translational repression by CsrA
does not invariably cause decay of target mRNAs (Baker et al. 2007; Pannuri et al., 2012)
and analysis of low abundance transcripts is problematic. To address these limitations,
RNA-seq experiments were used to identify the direct RNA targets of CsrA (Edwards et al.,
2011). In this study, RNA that copurified with a His6-tagged CsrA protein was analyzed by
high throughput sequencing. Altogether, 721 probable direct targets of CsrA binding were
identified, representing >15% of E. coli genes (Edwards et al., 2011). The transcripts reside
within 20 E. coli COGs (clusters of orthologous groups of proteins), representing virtually
all of the major physiological and macromolecular processes of this bacterium (Edwards et
al. 2011). Importantly, numerous regulatory genes are represented among the bound RNAs,
suggestive of widespread indirect effects of CsrA on the expression of genes that may or
may not also be direct regulatory targets. While confirmatory studies are still needed to
establish the biological relevance of most of these binding interactions, this study provided
groundwork for elucidating new molecular mechanisms of CsrA action and new global
regulatory circuits that interact with the Csr system, necessary for defining the systems
biology of E. coli.

Interaction of Csr with other regulatory systems generates diverse
regulatory circuits

CsrA (RsmA) was reported to affect Erwinia carotovora N-acyl-homoserine lactone
production as early as 1995 (Chatterjee et al., 1995) and was shown to directly activate
expression of the E. coli flhDC genes (Wei et al., 2001), which encode a DNA binding
protein that initiates a regulatory cascade for the expression of genes required for motility
and chemotaxis (Smith and Hoover, 2009). Subsequently, CsrA was found to regulate a
variety of regulators in several species. A limited number of biological response pathways
that have been dissected in detail reveal that CsrA is involved in diverse regulatory circuitry
patterns, described below. In view of the many regulatory mRNAs that are likely direct
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targets of CsrA binding in E. coli (Edwards et al., 2011), other circuitry patterns involving
the Csr system are likely to emerge.

Multitier regulation of biofilm formation and PGA synthesis
CsrA represses biofilm formation in a variety of bacteria (Jackson et al., 2002; Irie et al.
2010). In E. coli and other species, the polysaccharide Poly-β-1,6-GlcNAc (PGA) promotes
attachment to solid surfaces, cell-cell adherence, and stabilizes the biofilm structure (Wang
et al., 2004; Itoh et al., 2005). The pgaABCD operon is required for PGA synthesis (PgaC
and PgaD) and secretion (PgaA and PgaB) (Itoh et al., 2008). CsrA inhibits PGA synthesis
and biofilm formation by cooperatively binding to six sites in the pgaABCD mRNA leader,
competing with the ribosome for binding, and repressing translation of pgaA (Wang et al.,
2005). RNA decay studies showed that CsrA also destabilizes the pgaABCD transcript,
which is probably a consequence of translational inhibition (Fig. 3A).

In addition to its direct interaction with pgaABCD mRNA, there are at least two other ways
in which CsrA represses PGA production and biofilm formation by E. coli (Fig. 3A). The
LysR family DNA binding protein NhaR activates transcription of the pgaABCD promoter
in response to elevated pH or high [Na+] (Goller et al., 2006). CsrA binds to two sites within
the 59 nt intervening RNA segment separating nhaA, encoding a sodium-proton antiporter,
and nhaR of the nhaAR operon, and represses translation of nhaR by competing with
ribosome binding. Interestingly, CsrA does not bind to the nhaA leader or directly affect
nhaA expression (Pannuri et al., 2012). The nucleotide c-di-GMP is a widespread bacterial
secondary messenger that activates the production of surface adhesins and biofilm
formation, and inhibits motility by binding to and regulating transcription factors,
glycosyltransferases, and/or riboswitches (Hengge, 2009; Römling et al., 2005). Biofilm
formation and synthesis of PGA by E. coli is also activated by c-di-GMP, although the
precise mechanism(s) responsible for this effect remain unresolved (Suzuki et al., 2006;
Tagliabue et al., 2010; Boehm et al. 2009). CsrA regulates the expression of several genes
involved in c-di-GMP synthesis or turnover, repressing genes for c-di-GMP synthesis and
reducing the intracellular concentration of c-di-GMP (Jonas et al., 2008; 2010). Thus, CsrA
represses biofilm formation and PGA synthesis at multiple levels by (i) binding to the
pgaABCD leader, inhibiting pgaA translation and causing pgaABCD mRNA destabilization,
(ii) repressing c-di-GMP production, and (iii) repressing translation of nhaR, an activator of
pgaABCD transcription. Since CsrA copurified with mRNAs representing both the
structural and regulatory genes for a variety of processes (Edwards et al., 2011), we propose
that multi-level regulation by CsrA is a pervasive feature of E. coli genetic circuitry, which
helps to coordinate multiple influences on a given pathway or process.

Reciprocal regulatory interactions between the Csr and stringent response regulatory
systems

The results of RNA-seq studies indicated that E. coli CsrA is a regulator of many other
regulatory genes, including relA, dksA and spoT of the stringent response system (Edwards
et al., 2011). This system mediates the stress response to amino acid starvation and depletion
of other nutrients by the production of a nucleotide secondary messenger, ppGpp, which
binds to RNA polymerase and positively or negatively regulates transcription (Potrykus and
Cashel, 2008; Barker et al., 2001). The RelA protein synthesizes ppGpp, SpoT both
synthesizes and hydrolyzes ppGpp, while DksA binds to RNA polymerase and often, though
not invariably, potentiates effects of ppGpp on transcription. A comparison of the transcripts
that responded to ppGpp and/or DksA in microarray analyses to the RNAs that copurified
with CsrA in the RNA-seq studies revealed extensive overlap, indicating that numerous
genes are regulated by both systems (Edwards et al., 2011). By tracing the regulatory
interactions between the genes of the Csr and stringent response systems the latter study
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revealed that during the stringent response, ppGpp accumulation induces synthesis of CsrB
and CsrC RNAs, which bind to CsrA and inhibit its activity. Because CsrA and ppGpp are
known to exhibit opposite effects on the expression of specific genes, this regulation allows
the Csr system to posttranscriptionally reinforce the direct transcriptional effects of ppGpp
at a posttranscriptional level (Fig. 3B). The strong positive effect of ppGpp on csrB and csrC
expression explains the earlier observation that addition of amino acids to minimal media
causes a drastic decrease in CsrB/C RNA levels (Jonas and Melefors, 2009). In addition,
CsrA posttranscriptionally represses relA expression. Thus, a positive feedback loop exists
for enhancing relA expression and ppGpp levels during the stringent response (Fig. 3B). We
predict that similar reciprocal interactions between the Csr system and other stress
responsive transcriptional regulatory systems may serve to link the expression of CsrA
regulated genes to a variety of stress responses. Thus, while CsrA and σs often have
opposite effects on gene expression, the role of the Csr system may be similar that of σs in
governing the expression of its regulon in response to numerous distinct stress conditions
(Klauck et al., 2007).

See-saw regulation of enteric pathogenicity
While there are now numerous examples in which the Csr system affects expression of
bacterial virulence factors, the first evidence of its involvement in mammalian infection was
from studies of S. Typhimurium (Altier et al., 2000). A notable observation from this work
was that both a CsrA deficiency and CsrA excess disrupted the expression of virulence
factors involved in invasion. Recently, this phenomenon, “see-saw” expression, was
observed in enteropathogenic E. coli (EPEC), and the circuitry responsible for this pattern
was identified (Bhatt et al., 2009). EPEC causes infantile diarrhea by attaching to intestinal
microvilli and forming actin-filled protrusions known as pedestals (Chen and Frankel,
2005). The Lee virulence locus of this bacterium contains several operons required for
expression of a type III secretion system (TTSS) that is necessary for actin pedestal
formation and virulence (McDaniel and Kaper, 1997; Bhatt et al., 2011). CsrA binds to and
activates expression of mRNAs encoding secreted proteins and components of the TTSS.
Thus, CsrA is required for expression of TTSS structural genes and pedestal formation.
CsrA also bound to mRNA of a regulatory operon, grlRA, which encodes an activator of
Lee locus gene expression, GrlA. Overexpression of CsrA globally repressed Lee locus gene
expression via effects on grlRA, suggesting a two-tier model for see-saw regulation in this
bacterium (Fig. 3C). Although its biological significance is yet to be established, the see-saw
pattern of regulation in enteric pathogens raises the possibility that the Csr system acts as
both an activator and repressor of virulence gene expression, perhaps to coordinate virulence
gene expression in the microenvironmental conditions of the mammalian host.

A novel model for Csr circuitry: FliW is an anti-CsrA protein in Bacillus subtilis that
creates a checkpoint in flagellum biosynthesis

While the Csr system has been studied extensively in Gram-negative organisms,
comparatively little is known about the Csr circuitry and the function of CsrA in Gram-
positive bacteria. In the one Gram-positive organism in which CsrA has been studied, it was
shown that CsrA represses expression of hag, the gene encoding flagellin of B. subtilis, by
binding to two sites in the hag leader RNA (Yakhnin et al., 2007). As one of these sites
overlaps the hag SD sequence, CsrA represses translation by essentially the same
mechanism as for E. coli and other Gram-negative species (Yakhnin et al., 2007). Of
particular interest, FliW of B. subtilis was shown to function as the first known protein
antagonist of CsrA activity in any species. FliW, CsrA and Hag proteins participate in a
protein partner switching mechanism to control Hag synthesis (Mukherjee et al., 2011; Fig.
4). Following completion of the flagellar hook, secretion of Hag releases FliW from a FliW-
Hag complex. FliW then binds to CsrA, which relieves CsrA-mediated repression of hag
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translation such that Hag synthesis is highest when it is needed for flagellar assembly. Thus,
Hag homeostatically restricts its own translation (Mukherjee et al., 2011). Phylogenetic
analyses of the genetic neighborhood of CsrA and FliW suggest this model for CsrA
regulation may apply to many other bacterial groups, and might even be a more ancient
regulatory system than the γ-proteobacterial sRNA model (Mukherjee et al., 2011). Despite
the presence of a protein antagonist of CsrA activity in B. subtilis, a gene predicted to
encode a CsrB-like sRNA has been identified (Kulkarni et al., 2006); however, it is not yet
known whether this gene encodes an sRNA antagonist of CsrA activity.

Concluding Remarks
The Csr systems of γ-proteobacteria make use of noncoding RNAs that sequester multiple
copies of CsrA and thus inhibit the activity of this global regulatory mRNA binding protein.
This rapid and efficient strategy for genetic regulation surfaced at least twice during
eubacterial evolution, but is yet unknown in eukaryotic organisms or Achaea. While the
basic components of the Csr system and the structural biology of CsrA-RNA binding have
been described, new molecular mechanisms of CsrA action are still being uncovered. We
expect a variety of different CsrA-dependent activation and repression mechanisms to be
described in the near future.

Microarray technology and RNA-seq approaches have proven to be useful for gaining a
broad overview of the CsrA regulon. Results from such studies suggest that the Csr system
not only directly regulates the expression of hundreds of structural genes, but also dozens of
genes encoding regulatory factors. The findings from these approaches have provided clues
for deciphering novel patterns of regulatory circuitry in E. coli. The finding that the Csr and
stringent response systems exhibit reciprocal regulatory effects on each other, which
posttranscriptionally reinforce transcriptional regulation by the stringent response, was an
unanticipated discovery. Do similar reciprocal interactions occur between Csr and other
regulatory systems whose genes are part of the csrA regulon? This would imply that the Csr
system serves as a global, posttranscriptional regulator of stress responses.

The Csr system of E. coli, and perhaps other γ-proteobacteria, contains multiple
autoregulatory loops, designed to provide precise control of CsrA levels and activity. In
contrast, little is known about the workings of the Csr systems of other bacteria. Bacillus
subtilis, the only Gram-positive bacterium in which CsrA has been studied to date, uses an
anti-CsrA protein factor, FliW, to control flagellum synthesis. Does this species also express
one or more CsrA-antagonistic RNAs? Do many other species express anti-CsrA FliW
proteins, as suggested by phylogenetic analyses? Additional studies will be required to
determine the phylogenetic distribution of the sRNA-based model for controlling CsrA
activity, the FliW model, or perhaps undiscovered regulatory mechanisms.

The recent finding that the rapid turnover of CsrB/C by RNase E and PNPase requires a
specificity factor (CsrD), which is not involved in most other RNase E decay pathways,
suggests a novel point of regulation in the Csr system. This protein is not a nuclease, and
although it contains GGDEF and EAL domains, does not produce, degrade, or mediate a
response to c-di-GMP. The precise molecular mechanism of CsrD in E. coli is an important
open question. Whether species that express Csr RNAs, but lack apparent CsrD homologues,
employ related strategies for triggering decay of these RNAs also remains to be determined.
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Fig. 1.
Outline of the E. coli Csr system. Binding of the CsrA dimer to an mRNA can block
translation (shown), destabilize, or stabilize the mRNA. Noncoding RNAs (CsrB and CsrC)
containing multiple CsrA binding sites within the loops of predicted stem-loops compete
with mRNAs for CsrA binding, thus antagonizing CsrA activity. Free CsrA is regenerated
by the turnover of CsrB/C RNAs, which requires RNase E, polynucleotide phosphorylase
(PNPase) and CsrD, an atypical GGDEF-EAL domain protein.
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Fig. 2.
Autoregulatory loops of the Csr system. CsrA binds to its own mRNA and inhibits
translation initiation. It also indirectly activates its own transcription at P3, an RpoS-
dependent promoter. CsrA also activates the expression of its two RNA antagonists, CsrB
and CsrC, via the BarA-UvrY two-component signal transduction system. Phosphorylated
UvrY directly activates transcription of csrB and csrC. The sRNAs CsrB and CsrC contain
several CsrA binding sites such that each sRNA is capable of sequestering several CsrA
dimers. CsrA modestly represses expression of CsrD, a protein that is required for
degradation of CsrB and CsrC by RNase E and PNPase (from Yakhnin et al., 2011).
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Fig 3.
Interactions of the Csr system with other E. coli regulatory systems shape diverse circuitry.
A. CsrA posttranscriptionally represses several steps in the synthesis of the biofilm
polysaccharide β-1,6-N-acetylglucosamine, tightening the regulation of biofilm formation.
(from Pannuri et al. 2011).
B. The Csr and stringent response systems interact to reinforce transcriptional control by
ppGpp, as well as relieve repression of relA and ppGpp synthesis by CsrA during the
stringent response (from Edwards et al. 2011).
C. Expression of pathogenicity genes in the Lee locus is compromised by both low and high
activity of CsrA due to its opposing effects on structural genes and the GrlA regulator (Bhatt
et al. 2009). The effect of CsrA on escD (?) is indirect.
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Fig 4.
A partner-switching mechanism involving B. subtilis CsrA, FliW and Hag proteins create a
morphogenetic checkpoint for flagellum biosynthesis. CsrA protein represses translation of
hag mRNA encoding flagellin. FliW competitively binds to Hag or CsrA, depending on the
intracellular concentration of Hag. Prior to the completion of the flagellum secretion channel
or upon capping of the pore, high intracellular levels of Hag occupy FliW and CsrA is free
to block Hag translation. When the flagellum channel is open and Hag protein is being
actively secreted, intracellular Hag levels drop and FliW is free to bind to CsrA,
derepressing the synthesis of Hag protein (Mukherjee et al., 2011).
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