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A Bacterial Pathogen Flips the Riboswitch
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Riboswitches are RNA structures traditionally viewed as acting in cis to regulate downstream gene expres-
sion in bacteria. In a recent issue of Cell, Loh and colleagues report on the ability of a riboswitch to act in trans
to modulate the expression of a critical bacterial virulence regulator.
Bacteria are masters of adaptability, re-

sponding to environmental changes with

a flexibility that can put eukaryotic organ-

isms to shame. Bacterial survival in dispa-

rate environments is dependent upon

changes in gene expression that are

responsive to fluctuations in available

nutrients or environmental stresses. While

attention has traditionally focused on the

ability of proteins to act as signaling mole-

cules responsive to environmental stimuli,

there is growing recognition of the impor-

tance of RNA molecules as mediators of

signal transduction and gene regulation

(Winkler and Breaker, 2005). RNA can be

produced rapidly, and molecules do not

require the extra energetic step of transla-

tion for functionality (Henkin, 2008). A

number of RNA-based regulatory mecha-

nisms have been described, including the

existence of mRNA leader sequences or

riboswitches that regulate the expression

of genes immediately downstream, as

well as small RNAs (sRNA) that bind

proteins or base pair with target RNA

molecules and can act either in cis or in

trans (Waters and Storz, 2009). Most of

these regulatory RNA molecules appear

to regulate gene expression by influ-

encing mRNA transcription and/or tran-

script stability, or by altering the efficiency

of translational initiation.

Riboswitches have been viewed as one

of the simplest forms of RNA regulatory

elements (Waters and Storz, 2009). Stu-

dies have shown them to be cis-encoded

and cis-acting, being located within the

50 untranslated region (50UTR) of the

mRNA molecules they regulate. The limi-

tation of acting in cis has been used as

a means of differentiating riboswitches

from sRNAs, which often act in trans by

base pairing with specific target RNAs or

through protein binding. The long leader

sequences that constitute the mRNA

riboswitches are capable of assuming
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structures that respond directly to tem-

perature changes or physiological cues.

These structures often directly bind

metabolites as a means of sensing avail-

able cell nutrients (Winkler and Breaker,

2005). Once a physiological signal has

been detected, a conformational shift

occurs in the RNA secondary structure

that serves to influence to expression of

the downstream genes.

The environmental bacterium Listeria

monocytogenes has often served as

a model system for the study of funda-

mental cellular processes, and it is now

serving as a vehicle for understanding

the regulation of gene expression by

RNA. L. monocytogenes is a ubiquitous

organism that survives primarily as a

saprophyte in soils but is capable of tran-

sitioning into a pathogen upon ingestion

by a susceptible human host (Freitag

et al., 2009). The ability of L. monocyto-

genes to cause disease is directly related

to the transcriptional induction of a

number of gene products required for

host cell invasion, cytosolic bacterial

replication, and spread to adjacent cells

(Scortti et al., 2007). The majority of

L. monocytogenes gene products thus

far associated with bacterial virulence

are regulated by a transcriptional acti-

vator known as PrfA (or positive regula-

tory factor A) (Freitag et al., 2009; Scortti

et al., 2007). The expression of PrfA-

dependent virulence factors is tempera-

ture regulated, such that increased levels

of gene expression occur at 37�C (host

temperature) versus temperatures of

30�C or below. The first identification

of a thermosensor riboswitch in L. mono-

cytogenes emerged from the work of

Johansson et al. (2002), who demon-

strated that transcripts directed by the

prfA P1 promoter form hairpin loops that

mask the ribosome binding site at

temperatures equal to or less than 30�C
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but not at 37�C, resulting in the tempera-

ture-dependent translation of prfA mRNA.

Increasing evidence supports the pre-

mise of critical roles played by regulatory

RNAs in the modulation of L. monocyto-

genes gene expression. Long UTRs

with extensive secondary structure are

present in the mRNAs of multiple virulence

genes (Shen and Higgins, 2005; Toledo-

Arana et al., 2009; Wong et al., 2004).

The recent publication of a complete

L. monocytogenes bacterial transcrip-

tome by Toledo-Arana et al. (2009) identi-

fied 29 previously unknown sRNAs and

40 putative riboswitches that appeared

to be differentially regulated as L. monocy-

togenes transitioned into different envi-

ronments. In a recent issue of Cell, Loh

et al. (2009) reveal a new role for a cis-

acting riboswitch as a trans-acting regula-

tory RNA that interacts with the 50UTR of

L. monocytogenes prfA, the master regu-

lator of virulence gene expression.

Loh et al. (2009) identified seven

putative S-adenosylmethionine (SAM)-

responsive riboswitches (SAM ribos-

witches), which they termed Sre for SAM-

riboswitch element. The typical small

molecule-binding riboswitch consists of

two separate elements: a ligand-binding

(or aptamer) domain and a gene expres-

sion (or platform) domain, both of which

are located immediately upstream of the

translational start of the gene subject to

riboswitch control (Henkin, 2008). The

aptamer domain of SAM riboswitches

binds SAM in a concentration-dependent

manner, whereas the expression platform

forms a secondary structure that func-

tions as a transcription antiterminator in

the absence of SAM and folds to terminate

transcription in the presence of SAM.

SAM riboswitches have been described

in numerous bacteria, and although

bacteria can contain more than one SAM

riboswitch, the affinity of the different
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Figure 1. Model of SreA cis and trans Regulation
(A) The SreA riboswitch is located immediately upstream of three genes, lmo2491-2418-2417. In the absence of the metabolite SAM, SreA forms an antitermi-
nation structure that allows transcription of the downstream genes.
(B) Binding of SAM to SreA alters its formation and a terminator structure is formed, resulting in the production of a short transcript lacking the downstream genes.
This small RNA is capable of binding the prfA mRNA at high temperature (37�C) leading to a reduction in PrfA protein synthesis. At low temperatures (%30�C), the
thermosensor element located in the 50UTR of prfA mRNA prevents both SreA binding and prfA mRNA translation.
riboswitches for SAM varies (Henkin,

2008). Each of the seven Sres (SreA–

SreG) identified by Loh et al. (2009) were

found to be located upstream of genes en-

coding proteins predicted to function in

methionine or cysteine metabolism and/

or transport. Although riboswitches have

been defined as acting strictly in cis, the

authors wished to explore the possibility

that the small RNA produced as a result

of riboswitch-induced transcript termina-

tion (Figure 1) might itself have the poten-

tial to function in trans on distally encoded

mRNAs.

The authors began by constructing

a deletion mutation in the largest and

most highly expressed SAM riboswitch,

SreA. Tiling array-based transcriptome

analysis was used to compare the DsreA

mutant to wild-type L. monocytogenes

grown in rich media. In the absence of

sreA, three genes showed a significant

increase in expression representing nega-

tive regulation by SreA, while six genes

had significant reductions in expression

levels representing positive regulation

by SreA. A representative gene subject

to negative SreA regulation (lmo2230,

encoding an arsenate reductase) and

one gene positively regulated by SreA

(lmo0049, encoding AgrD, a homolog
of a Staphylococcus aureus autoinducing

peptide) were selected for further analysis.

The potential for a direct role of SreA in

regulating the expression of lmo2230 and

lmo0049 was investigated. It was deter-

mined that plasmid-based expression

of the small SreA riboswitch transcript

in trans in the DsreA mutant could restore

the transcript levels of lmo2230 and

lmo0049 to those observed for wild-type

bacteria, indicating that SreA could in-

fluence the expression of genes other

than those located immediately down-

stream. Interestingly, the regulation of

lmo2230 and lmo0049 expression by

SreA appeared to be independent of SAM

binding.

An intriguing connection was then es-

tablished between SreA and the L. mono-

cytogenesmastervirulenceregulatorPrfA.

Transcriptome analyses previously indi-

cated that the expression of lmo2230

was PrfA-regulated and a comparison of

PrfA protein levels in wild-type and DsreA

strains indicated a 2-fold increase in the

amount of PrfA in strains lacking SreA,

and a 3-fold increase in strains lacking

both SreA and SreB. The increase in PrfA

protein synthesis was reflected at the

transcript level as measured by northern

blot analysis and quantitative RT-PCR
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(although this change was not evident in

the microarray data). The modest increase

in PrfA levels correlated with a corre-

sponding increase in the expression of

listeriolysin O (LLO), a PrfA-dependent

gene product required for bacterial viru-

lence. Loh and colleagues found yet

another link between prfA and sreA/sreB

when they identified a putative PrfA

binding site upstream of sreA as well as

sreB; the expression of both genes was

found to be reduced in a DprfA mutant

(Loh et al., 2009). A clue to the mechanism

of SreA regulation of PrfA protein pro-

duction came when the authors noticed

a sizeable stretch of complementary

nucleic acid sequence existing between

a defined region of sreA and the distal

end of the prfA 50UTR, suggesting the

possibility of a direct interaction between

prfA transcripts and SreA. Subsequent

experiments demonstrated that prfA

expression was reduced by the presence

of sreA both in an ectopic Escherichia

coli expression system and in in vitro

transcription/translation assays. Direct

binding of SreA to the prfA 50UTR was

visualized using an electromobility shift

assay with SreA binding dependent on

prfA 50UTR sequence complementarity.

As observed for lmo2230 and lmo0049,
November 19, 2009 ª2009 Elsevier Inc. 401
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SreA regulation of prfA was independent

of SAM binding.

The data presented by Loh and

colleagues presents the first example of

a trans acting SAM riboswitch based on

the ability of SreA to bind the 50UTR of

prfA and influence protein expression

(Loh et al., 2009). Interestingly, SreA regu-

lation was only evident at 37�C, suggest-

ing that the prfA mRNA thermosensor

represents the predominant form of regu-

lation at low temperatures, with SreA

capable of functioning at temperatures

that are relevant to bacterial infection of

mammalian hosts (Figure 1). SreA binding

to the 50UTR of prfA was postulated to

result in a reduction in prfA mRNA transla-

tion, although the mechanism behind this

reduction remains to be determined. As

PrfA is also capable of inducing the

expression of sreA, there exist additional

layers of complexity within the SreA-PrfA

regulatory loop. The full impact of the

interaction between SreA and the prfA

50UTR on bacterial virulence remains to
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be determined, but meanwhile SreA

regulation would appear to represent yet

another mechanism used by L. monocy-

togenes to carefully modulate PrfA acti-

vity (in addition to the previously estab-

lished mechanisms of transcriptional and

posttranslation regulation). The potential

link forged between nutrient availability

and bacterial pathogenesis deserves

further investigation, especially given

the surprising lack of a requirement for

SAM binding by SreA. Clearly, much

remains to be explored with regards to

the regulation of gene expression by

RNA molecules in L. monocytogenes.

Fortunately, the relative ease of genetic

manipulation of this organism combined

with the existence of its complete tran-

scriptome has set the stage for new

intriguing discoveries.
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