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Expanding roles for metabolite-sensing regulatory RNAs
Michael D Dambach and Wade C Winkler
Metabolite-sensing regulatory RNAs, oft referred to as

riboswitches, are widely used among eubacteria for control of

diverse biochemical pathways and transport mechanisms.

Great strides have been made in understanding the general

structure and biochemistry of individual riboswitch classes.

However, along with these advancements, it has become clear

that metabolite-sensing riboswitches respond to an

increasingly structurally diverse range of metabolite and metal

ligands. Moreover, the recent accruement of new riboswitches

has uncovered individual examples and classes that utilize

unique regulatory strategies or employ a regulatory logic other

than simple feedback inhibition.
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Background
Since the initial description of the lac operon over 50 years

ago, genetic control in eubacteria has been presumed to

result mostly from protein factors as the agents of regu-

latory function. However, discoveries over the past 10

years have illuminated an ever-expanding role for non-

coding RNAs in the control of bacterial gene expression.

These RNAs employ a variety of mechanisms to exert

their regulatory functions but can be broadly segregated

into several distinct classes. Specifically, small noncoding

regulatory RNAs (sRNAs) are generally transcribed as

independent transcripts that interact with target mRNAs

through base-pairing interactions [1,2]. Other sRNAs

affect gene expression by associating with specific

RNA-binding proteins or with RNA polymerase [3,4].

By contrast, regulatory RNAs can also be enslaved within

the target transcript that they regulate (cis-acting regu-

latory RNAs). In bacteria, examples of the latter category

are largely located within the 50 untranslated region (50
www.sciencedirect.com
UTR) of the transcripts that they regulate. These cis-
acting regulatory elements individually respond to many

different types of effector signals, including fluctuations

in temperature, RNA-binding proteins and trans-encoded

RNAs (tRNAs or sRNAs) (Figure 1) [5–7]. Additionally, a

growing collection of metabolite-sensing regulatory

RNAs is important for regulation of fundamental bio-

chemical pathways and essential cellular functions.

Multiple classes of these metabolite-sensing RNAs, com-

monly called riboswitches, have been analyzed through

extensive biochemical, biophysical, and structural meth-

odology [8–10]. However, equally significant to these

biochemical advancements are recent discoveries that

highlight the diversity of their metabolic ligands, genetic

mechanisms, and regulatory logic. The intent of this

review is to briefly summarize these latter advancements

while speculating on what these insights may portend for

future riboswitch discoveries.

An increasingly structurally diverse repertoire
of riboswitch ligands
All riboswitches include an aptamer portion, an intri-

cately structured and highly selective receptor domain

that is conformationally altered upon ligand association.

For most riboswitches these conformational changes

result in sequestration of sequences involved in for-

mation of mutually exclusive secondary structures within

the downstream region. The latter secondary structure

elements oftentimes share a physical relationship to

either transcription termination signals or the ribosomal

binding region, suggesting a basic mechanism for ligand-

induced control of gene expression (Figure 2a and b).

However, for certain riboswitches, nucleotides from the

ribosomal binding region are intimately or directly

involved in ligand recognition. For these riboswitches,

metabolite association is directly coupled with gene

control.

Before 2006, 10 classes of metabolite-sensing ribos-

witches were discovered, individually responding to a

variety of metabolites [8,9,11]. Three of these classes

were found to respond to enzymatic cofactors (adenosyl-

cobalamin (AdoCbl), thiamine pyrophosphate (TPP), and

flavin mononucleotide (FMN)). Three separate ribos-

witch classes were found to respond to S-adenosylmethio-

nine (SAM). Riboswitches had also been identified that

sense amino acids (glycine and lysine) as well as an amino

sugar, glucosamine-6-phosphate (GlcN6P). Finally, a

riboswitch class had been demonstrated to respond to

either a guanine or adenine nucleobase. These discov-

eries spurred further development of bioinformatics-

based approaches for riboswitch identification, resulting
Current Opinion in Microbiology 2009, 12:161–169
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Figure 1

Regulation of bacterial gene expression by transcriptional and posttranscriptional mechanisms. (a) Simplified view of transcriptional regulation using

alternative sigma factors and DNA-binding transcription factors. Arrows point to the genetic outcome. Plus and minus signs indicate transcriptional

activation and repression, respectively. Sigma factors promote transcription initiation through sequence-specific DNA contacts. Sigma 54 is an

exception in that it requires a protein factor for transcriptional activation. Anti-sigma factors prevent sigma function. Transcription factors (‘TF’) can

individually activate or repress expression. Also, transcription factors can coordinate with one another to produce complex regulatory outcomes. (b)

Simplified view of posttranscriptional regulation. Plus and minus symbols indicate increased or decreased gene expression. Hairpin structures denote

individual cis-regulatory RNAs, which can respond to temperature, metabolites, metals, or trans-encoded polymers (RNAs or proteins). Alternatively,

two different metabolites can associate with the same cis-regulatory RNA [25�]. It is also possible that a particular, hypothetical cis-regulatory RNA

may respond to a combination of metals and metabolite concentrations. Metabolite-sensing riboswitches may be arranged in tandem to respond to

the same metabolite or to two different metabolite ligands [25�,28]. It is also possible for multiple, distinct posttranscriptional regulatory mechanisms to

cooperate in controlling downstream expression [30].
in discovery of a plethora of ‘orphan’ riboswitches that

closely resemble classical riboswitches but whose metab-

olite ligands remain unidentified. During the past several

years, analyses of these orphan RNAs have led to identi-

fication of seven new riboswitch classes that respond to

small organic molecules [12–19]. Four of these new

riboswitch classes sense nucleobase-containing ligands

(deoxyguanosine (dG), cyclic diguanosine monophos-

phate (cyclic di-GMP), preQ1—an intermediate of

queuosine biosynthesis). Two classes sense enzymatic

cofactors (S-adenosylhomocysteine (SAH), molybdenum

cofactor (Moco)) and the remaining class is proposed to

function as an additional amino acid sensor, responsive to

arginine.

A minimal natural aptamer domain

Riboswitch aptamer domains typically vary between �70

and 200 nt in length [6]. Indeed, on the basis of the

average size (�150 nt) of the first three biochemically

validated riboswitch classes (AdoCbl, TPP, FMN) one

might have assumed all aptamer domains would require
Current Opinion in Microbiology 2009, 12:161–169
similar lengths and secondary structure complexity.

However, recently, a few riboswitch aptamers have been

identified that appear to exhibit more simplified second-

ary structure arrangements and shorter sequence require-

ments. For example, an aptamer domain for one of the

SAM riboswitch classes is only �55 nt in length and has

been shown to adopt a common, compact H-type pseu-

doknot fold [20�]. More recently, a riboswitch class that

responds to an intermediate (7-aminomethyl-7-deaza-

guanine (preQ1)) in the biosynthesis of queuosine, a

hypermodified nucleoside in certain tRNAs, sets a new

standard for ‘small’ riboswitches as it requires only

�34 nt [13]. Yet, despite its relatively simple secondary

structure and short length this riboswitch can still attain

high selectivity and affinity (�50 nM) for the appropriate

ligand (preQ1). Small, simple motifs such as these RNA

elements are notoriously difficult to identify through

bioinformatics alone. Therefore, these discoveries signal

that it may be possible that many other small riboswitch

aptamers may still await discovery, perhaps even in-

cluding signal-responsive versions of similarly sized,
www.sciencedirect.com
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Figure 2

Genetic control by metabolite-sensing riboswitches. (a) Control of formation of an intrinsic transcription terminator by a metabolite-binding riboswitch.

‘M’ denotes the metabolite ligand. (b) Control of translation initiation efficiency by a metabolite-sensing riboswitch. (c) Control of mRNA stability by the

GlcN6P-sensing ribozyme as described in the text. ‘G’ denotes the GlcN6P riboswitch ligand. (d) An example of a TPP riboswitch that controls

alternative splicing of the NMT1 gene in Neurospora crassa [38��], as discussed in the text. ‘50 SS’ indicates the 50 splice sites. ‘BS’ indicates a branch

site. (e) As discussed in the text, a TPP riboswitch from the 30 UTR of Arabidopsis thaliana THIC controls mRNA processing and stability [39�]. Green

arrows signify regions where structural rearrangements occur upon TPP binding and that activate splicing elements. The red line identifies a region

where structural rearrangements occur upon TPP binding and that repress splicing elements.
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ubiquitous elements such as ribosomal frameshifting H-

type pseudoknot folds.

RNA-mediated metalloregulation

Most chemicals sensed by riboswitches are metabolic

byproducts and enzymatic cofactors. However, several

riboswitch classes sense metal ions as an important recog-

nition determinant of the appropriate metabolite ligands.

For example, molybdenum cofactor (Moco) is a tricyclic

pyranopterin that coordinates one atom of the transition

metal molybdenum and that participates in redox reac-

tions in the carbon, nitrogen, and sulfur metabolic cycles

[21]. Recently, a Moco riboswitch candidate was discov-

ered for regulation of (Moco) biosynthesis and availability

[12,15]. Interestingly, certain variants of the Moco-sen-

sing riboswitch are thought to specifically recognize tung-

sten cofactor (Tuco), which resembles Moco except for

substitution of tungsten for molybdenum. Similarly, che-

lation of the appropriate metal is important for ligand

recognition by AdoCbl-sensing riboswitches. However,

recent data also indicate that riboswitches can function as

direct sensors of intracellular metals, suggesting that

RNA polymers may functionally substitute for metallor-

egulatory proteins. Specifically, two separate Mg2+-

responsive RNA elements have been discovered within

the 50 UTR of transcripts encoding for Mg2+ transport

genes [22�,23��]. For Salmonella enterica, a Mg2+-respon-

sive regulatory RNA has been identified within the mgtA
50 UTR that may control feedback repression of down-

stream gene expression via Mg2+-induced transcription

termination [22�]. A structurally distinct Mg2+-responsive

regulatory RNA coined the M-box was identified in the

Bacillus subtilis mgtE 50 UTR [23��]. Association of Mg2+

with M-box RNAs induces a compacted tertiary structural

configuration that directly sequesters nucleotides other-

wise required for antiterminator helix formation. Func-

tional biochemical analyses reveal that at least six Mg2+

are required for this conformation (Wakeman CA and

Winkler WC, unpublished data), establishing the M-box

as a multi-ligand sensor. In total, structural and bio-

chemical analyses of the M-box RNA reveal that it shares

many common structural and mechanistic features with

metabolite-sensing riboswitches, suggesting that metal-

sensing aptamer domains may be indistinguishable from

those that respond to small organic molecules. Intrigu-

ingly, multiple additional classes of orphan riboswitches

are predicted to regulate metal transport genes suggesting

that there may be other classes of metalloregulatory

RNAs to be identified.

Combinatorial control by cis-acting regulatory RNAs

Enough riboswitch-based regulatory mechanisms have

been discovered that it is worthwhile to begin to compare

transcriptional and posttranscriptional strategies as genetic

regulatory solutions. For transcription initiation-based

mechanisms, complex regulatory outcomes can be easily

achieved using only a few accessory protein factors, such as
Current Opinion in Microbiology 2009, 12:161–169
sigma factors and DNA-binding transcription factors

(Figure 1). Combinations of these components allow for

control of expression in response to combinatorial signals

and with variations in individual parameters of the regu-

latory response (e.g. cooperativity, robustness, rapidity,

dynamic range, etc.). By contrast, most metabolite-sensing

riboswitches respond to a single metabolic cue and func-

tion through simple feedback inhibition. However, several

unique riboswitch arrangements have been uncovered

recently that hint at greater complexity. For example,

tandem arrangements of cis-acting regulatory RNAs have

been identified for multiple classes of metabolite-sensing

RNA elements and tRNA-sensing RNA elements

(Figure 1b) [24,25�,26��,27�,28]. The sequential arrange-

ment of fully intact riboswitches can alter the dynamic

range of the regulatory response such that the regulatory

response has digital-like character or a modest increase in

ligand sensitivity [24,25�,28]. In addition to shrinking the

dynamic range required for maximal gene expression

through tandem riboswitches that sense the same ligand,

the sequential arrangement of riboswitches responding to

different ligands can allow downstream genes to be inde-

pendently regulated by two chemical input signals [25�].
Moreover, it stands to reason that sequential or coordinated

regulatory RNAs need not be comprised only of metab-

olite-sensing RNAs. Indeed, it has now become clear that

multiple classes of posttranscriptional regulatory mechan-

isms can coordinate with one another to regulate gene

expression. For example, recent data on an ethanolamine

catabolic operon (eut) in Enterococcus, Listeria, and Clostri-
dium species revealed coordinated regulation of the eut
locus by multiple posttranscriptional mechanisms, in-

cluding an AdoCbl-activated riboswitch and an ethanola-

mine-activated RNA-binding protein [30]. A nearly

identical operon in Salmonella is also regulated in response

to adenosylcobalamin and ethanolamine but instead

through their association with a single DNA-binding tran-

scription factor [31]. Therefore, these data together are

beginning to demonstrate how transcriptional and post-

transcriptional regulatory mechanisms offer equivalent

solutions in different organisms for common sets of regu-

latory tasks.

An increasingly diverse repertoire of
riboswitch genetic mechanisms
Riboswitches elicit control of gene expression primarily

through the use of two mechanisms: transcription attenu-

ation and translation inhibition (Figure 2). For the former,

association of riboswitch ligands is coupled with a change

in secondary structure arrangement of the 50 UTR such

that a transcription termination signal is either promoted

or prevented, depending on whether the riboswitch acti-

vates or represses expression. Similarly, metabolite-

induced conformational changes can influence the

relative accessibility of the ribosome binding site in order

to control translation initiation efficiency. However, in

the past few years several riboswitch classes have been
www.sciencedirect.com
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demonstrated to control gene expression through other

mechanisms, broadening expectations for the functional

roles of metabolite-sensing RNAs.

Control of bacterial mRNA stability

An alternate genetic mechanism was proposed for the

glucosamine-6-phosphate (GlcN6P)-sensing RNA,

located upstream of the glmS gene [29]. Prior studies

revealed that GlcN6P promoted an autocatalytic, site-

specific cleavage event near the 50 terminus in vitro
[8,32,33]. A reciprocal relationship was observed be-

tween ribozyme self-cleavage and gene expression in
vivo, suggesting that the B. subtilis glmS ribozyme

regulated gene expression through feedback repression.

However, the underlying genetic mechanism was not

initially intuitively obvious. The most straightforward

expectation was that a rise in GlcN6P would induce self-

cleavage by the glmS ribozyme, which would then impart

a shortened half-life on the glmS transcript (Figure 2c).

However, ribozyme self-cleavage results in a 50 cleavage

product containing a 20, 30-cyclic phosphate and a down-

stream 30 cleavage product (corresponding to the glmS
transcript) containing a 50 hydroxyl group. In E. coli,
mRNAs containing a 50 hydroxyl group are degraded

poorly. Therefore, on the basis of current models for

mRNA degradation pathways in E. coli, the downstream

glmS transcript should be stabilized rather than destabi-

lized upon self-cleavage, in contrast to expectations for

negative feedback-based control of mRNA stability.

This conundrum was solved upon demonstration that

an RNase enzyme present in B. subtilis but absent in E.
coli is explicitly required for degradation of the 30 clea-

vage product upon glmS self-cleavage [34]. Destabiliza-

tion of the 30 cleavage product by the enzyme, RNase J,

was dependent upon the presence of a 50 hydroxyl;

RNAs with a 50 triphosphate group resulted in significant

intracellular accumulation. This contrasts with mRNA

degradation pathways in E. coli, which are mediated

largely by the endoribonuclease RNase E. RNase E

exhibits a preference for RNA substrates containing a

50 monophosphate groups and degrades only poorly

those with a 50 hydroxyl or triphosphate group [35,36].

Together these data suggest that recognition of the 50

terminus of bacterial transcripts is likely to be a rate-

limiting step in mRNA turnover for bacteria in general,

regardless of the identity of the central RNase that is

involved. With this knowledge, it should be possible to

hunt for more examples of natural signal-responsive

genetic ribozymes and begin the practical design of

synthetic versions.

Control of eukaryotic splicing

One of the major differences in genetic organization

between eubacteria and eukaryotes is the presence of

introns within pre-mRNAs, which must be excised in

order to yield functional transcripts. Alternative splicing is

the process in which introns are excised and exons are
www.sciencedirect.com
separated and rejoined in different combinations to pro-

duce alternative mRNA transcripts [37]. In most

instances regulation of splicing is dependent on the

interaction of RNA-binding proteins and pre-mRNA

sequences proximal to splice sites. However, for certain

fungal, plant, and algal species, alternative splicing of

genes involved in thiamine biosynthesis is directly con-

trolled by TPP riboswitches located within intronic

regions (Figure 2d, e). For Neurospora crassa, a total of

three genes are regulated thusly; two are repressed in

response to TPP, while expression of the third gene is

activated [38��,39�,40�,41�]. Binding of TPP to these

riboswitches alters availability of a nucleotide tract within

the riboswitch that could otherwise form base-pairing

interactions with a riboswitch-proximal splice site or

branch point components. In this manner, availability

of TPP controls whether or not an upstream open reading

frame (uORF) is formed, the presence of which decreases

expression of the downstream, main ORF. TPP also

controls formation of an uORF for regulation of thiamine

biosynthesis genes in the algal species, Chlamydomonas
reinhardti and Volvox carteri [42]. Finally, TPP ribos-

witches have also been found to control alternative spli-

cing of plant biosynthesis genes (Figure 2e) [39�,40�].
However, these TPP riboswitches are located within the

30 UTR of plant thiamine synthesis genes. Under low

thiamine conditions a short oligonucleotide stretch within

the riboswitch is capable of base pairing to a complemen-

tary sequence that overlaps the 50 splice site, thereby

preventing splicing at that site. This particular splicing

pattern then results in inclusion of an RNA processing site

that leads to a shortened 30 UTR, conditions that lead to

mRNA stabilization and increased translation of the

target gene. Upon an increase in TPP, the riboswitch

oligonucleotide tract cannot pair with the 50 splice site and

the altered splicing pattern leads to a loss of the 30 UTR

mRNA processing site and, ultimately, destabilization of

the overall transcript. At the heart of these mechanisms is

the ligand-mediated influence on mutually exclusive

base-paired regions, conceptually common among all

riboswitches. Therefore, discovery of these mechanisms

would suggest there is no reason not to anticipate that

other riboswitches could control eukaryotic alternative

splicing and stability.

An increasingly diverse repertoire of
riboswitch functional roles
Feedback inhibition

Most but not all riboswitches have been found to control

gene expression through feedback inhibition of biosyn-

thesis or transport genes (Figure 3). However, increas-

ingly diverse functional roles have been observed for a

subset of riboswitches as greater numbers of individual

examples and new classes are identified. Even novel

variations of simple feedback inhibition mechanisms

have been discovered in the past several years. For

example, rare representatives of a subclass of the
Current Opinion in Microbiology 2009, 12:161–169
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Figure 3

Applications and biological roles of riboswitch RNAs. Metabolite-sensing riboswitches have been discovered that respond to a variety of metabolites.

Most riboswitches are used in feedback loops for negative regulation of biosynthesis or transport genes. However, certain riboswitch classes respond

to stress signals or the availability of a key enzymatic cofactor or substrate. A particular riboswitch class responds to the second messenger, cyclic di-

GMP, for control of numerous fundamental cellular processes. In addition to these natural roles, riboswitches are also increasingly viewed as useful

tools in assisting the functional analyses of riboswitch-associated genes, as drug targets, and as scaffolds for construction of artificial or reengineered

riboswitches [45,46�,47].
well-characterized purine riboswitch structural element

were recently found upstream of ribonucleotide

reductase genes in Mollicute species [42]. These RNAs

resembled classical purine riboswitches except for carry-

ing certain key nucleotide substitutions within the

ligand-binding core. Biochemical tests of this riboswitch

variant revealed that it bound specifically the nucleo-

side deoxyguanosine. Therefore, it would appear that

for these microorganisms the purine riboswitch, which is

usually employed for feedback inhibition of purine

biosynthesis, evolved the capacity to recognize a struc-

turally related but distinct metabolite ligand for pseudo-

feedback regulation of ribonucleotide reductase

activity. This discovery highlights the evolutionary mal-

leability of riboswitch aptamer domains and genetic

mechanisms.

Sensing of key cofactors or metabolic substrates

A substantial proportion of proteins expressed within the

cell rely upon cofactors for catalysis. Many riboswitch

examples function as sensors of enzymatic cofactors. Yet,
Current Opinion in Microbiology 2009, 12:161–169
the majority of these riboswitches are used solely for

feedback regulation of cofactor biosynthesis or transport

genes. However, recent examples reveal riboswitches

that regulate expression of enzymes based on availability

of the cofactor to which they bind. In general, these latter

riboswitches are utilized for maximizing metabolic effi-

ciency by limiting expression of inefficient enzymes until

concentrations of key cofactors are sufficient. One such

example can be found with Bacillus clausii, which

expresses two different proteins designated metE and

metH for conversion of homocysteine to methionine

and a third gene, metK, for conversion of methionine to

SAM [25�]. Expression for all three genes is repressed by a

SAM-sensing riboswitch. Interestingly, in addition to the

SAM riboswitch the metE 50 UTR also contains an AdoCbl

riboswitch. This extra regulatory mechanism allows the

cell to repress metE under conditions of plentiful AdoCbl,

instead favoring expression of metK, which is more effi-

cient but is strictly dependent upon AdoCbl for catalysis

[25�]. Similarly, certain Moco-dependent enzymes are

also subject to regulation by the Moco riboswitch [15].
www.sciencedirect.com
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Another example of a riboswitch that regulates gene

expression in response to enzyme cofactor availability

is that of ribonucleotide reductase (RNR) in Streptomyces
coelicolor [42]. This organism possesses two RNRs

(termed class Ia and class II), although either enzyme

is sufficient for vegetative growth. The class Ia RNR

requires oxygen for activity while the class II does not

require oxygen but is dependent on AdoCbl. An AdoCbl

riboswitch present in the 50 UTR of the class Ia RNR is

responsible for signaling to the cell when AdoCbl levels

are sufficient that it should switch to the more efficient

class II enzyme.

Yet another example for how availability of cofactors can

be a driving force behind riboswitch evolution is the

discovery of a unique AdoCbl subclass for control of

ethanolamine catabolism (eut locus) in Enterococcus, Lis-
teria, and Clostridium species [30]. Unlike the classical

AdoCbl riboswitch the eut AdoCbl switch activates down-

stream eut expression in response to sufficient AdoCbl, a

key cofactor for the rate-limiting step in ethanolamine

catabolism.

Sensing of stress signals

Another theme in riboswitch-mediated regulation that

will undoubtedly continue to emerge is the sensing of

metabolites for control of different stress responses. For

example, glycine riboswitches are most often utilized by

bacteria for activation of genes encoding for glycine

catabolism or efflux upon encountering toxic levels of

glycine [24]. Most recently, this regulatory prowess was

shown to extend to control of central metabolism path-

ways as well [43,44]. Specifically, a glycine riboswitch was

recently found to control expression of malate synthase in

the marine bacterium, Candidatus Pelagibacter ubique.

This arrangement presumably allows the organism to

appropriately balance flux through the TCA cycle with

the glyoxylate cycle, with glycine serving as an indicator

of extracellular nutrient status.

S-adenosylhomocysteine (SAH) is another metabolite

that is toxic if allowed to accumulate intracellularly,

owing to inhibition of SAM-dependent methyltransfer-

ases. SAM riboswitches preferentially recognize SAM

over SAH. Recently, an RNA element was reported that

selectively binds SAH and upregulates genes involved in

the conversion of SAH to methionine [17]. This motif is

predominantly found in b and g-proteobacteria and in

nearly all cases resides in front of a four gene operon

encoding enzymes required for SAH detoxification. The

SAH element does not exhibit any sequence or secondary

structural similarities to the various SAM aptamers and is

able to discriminate SAH over SAM by more than 1000

fold [17], a remarkable feat when one considers that SAM

and SAH differ by only one methyl group and a positively

charged sulfur atom. More riboswitches dedicated to

stress response regulation are very likely to be identified.
www.sciencedirect.com
Indeed, multiple classes of orphan riboswitches also

appear to control stress response genes (e.g. metal efflux

genes) in response to unknown signals.

Sensing of second messenger metabolites

Arguably the most exciting new functional role for metab-

olite-sensing riboswitches is the demonstration of a ribos-

witch responding to a bacterial second messenger

molecule. Second messenger molecules are diffusible

agents affecting gene expression or protein activity for

many cellular responses by virtue of their intracellular

concentration, which is established by controlling the

activity of enzymes responsible for synthesis and degra-

dation of the messenger molecule. Bacteria employ an

array of second messengers, including cyclic di-guanosine

monophosphate (cyclic di-GMP). Many different phys-

iological and developmental processes, including regula-

tion of virulence factors, motility, DNA uptake factors,

and biofilm formation, are controlled by the synthesis and

breakdown of cyclic di-GMP. The mechanisms for

coupling cyclic di-GMP to these cellular responses are

largely unresolved. However, a recent report identified a

riboswitch class, known as the GEMM motif (for genes

for the environment, for membranes and for motility), as a

high affinity sensor for cyclic-di-GMP [18]. Biochemical

analysis found the riboswitch to contain a single, saturable

binding site, exhibiting a dissociation constant (KD) of

approximately 1 nM. In concordance with a role in cyclic

di-GMP signaling the GEMM riboswitch is predicted to

regulate many different genes, including those encoding

for flagellar assembly and regulation, competence factors,

virulence factors, membrane transporters, cyclic di-GMP

synthesis (GGDEF domain proteins), cyclic di-GMP

degradation (EAL domain proteins), and many proteins

of unknown function. Therefore, considering the excep-

tional ability of riboswitches in aiding prediction of func-

tion for unknown genes, the GEMM motif is likely to aid

functional analyses of genes involved in the transition

between motile and sessile lifestyles and in virulence

gene regulation. Interestingly, the GEMM riboswitch is

unusual in its application as both an ‘on’ switch and ‘off’’

switch. While this is rarely observed with other ribos-

witches, the GEMM riboswitch appears to be freely

interchangeable for metabolite-induced activation or

repression of downstream expression, even within the

same host cell. Remarkably, one organism, Geobacter
uraniumreducens, contains 25 separate transcriptional units

individually regulated by this riboswitch class. Of these,

five are preceded by a tandem arrangement of cyclic di-

GMP aptamers, raising the intriguing, albeit speculative

hypothesis that not all intracellular cyclic di-GMP ribos-

witches will provoke cellular responses at the same ligand

concentration, or with use of a similar dynamic range for

the regulatory response. Clearly, identification of GEMM

riboswitches in different bacterial species is going to

continue to provide unique insights into the study of

cyclic di-GMP regulation. However, a next challenge will
Current Opinion in Microbiology 2009, 12:161–169
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be in deciphering how these RNA elements are carefully

coordinated and what mechanisms are utilized for organ-

isms that appear to lack the GEMM motif but still utilize

cyclic di-GMP signaling pathways.

Conclusion
A first generation of riboswitch analysis resulted in the

discovery of several riboswitch classes and established

their general importance in regulation of important bio-

chemical pathways. This was rapidly followed by bio-

chemical advancements and atomic-resolution structures

of the molecular mechanisms used by riboswitches for

ligand discrimination and genetic control. Most of these

riboswitches were found to sense metabolic products for

feedback control of biosynthesis genes or transporters.

Recent discoveries have built upon all of these prior

findings by revealing that riboswitches are also used to

sense molecules outside of metabolic pathways, such as

second messenger metabolites or intracellular metals.

Recent discoveries have also broken boundaries by

demonstrating that certain riboswitches can employ

genetic mechanisms other than transcription attenuation

or translation inhibition. What will be most exciting in the

future will not simply be more discoveries of metabolite-

binding RNAs, indeed that has become an expectation,

but instead the investigation of their functional equival-

ency with protein-based mechanisms and unrelated post-

transcriptional mechanisms, and the full range of their

capabilities in controlling metabolic pathways.
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