
INTRODUCTION

Most bacteria live in ever�changing environmental

conditions and must quickly adjust their metabolism to

match nutrient availability and other environmental fac�

tors. Bacteria activate expression of genes to produce pro�

teins and RNAs needed to maximize adaptation to sur�

roundings. To save resources, bacteria also shut down

genes whose products are not required at the moment.

Gene control is often achieved through the feedback reg�

ulation by an end�product: when the molecule is synthe�

sized at the over�threshold concentration, the gene can be

turned off through sensing of the gene product. This type

of regulation, when a molecule controls its own produc�

tion, was termed autoregulation. Autoregulation does not

necessarily require changes in the environment.

Homeostatic maintenance of certain levels of a gene

product and prevention of accumulation of not needed

molecules could be equally important for cellular fitness.

Autoregulation can be achieved by the mechanisms act�

ing at different levels, including direct repression of tran�

scription or translation and many posttranscriptional and

posttranslational mechanisms, such as covalent modifica�

tions, inhibition of enzymatic activity, and others.

In addition to proteins being end�products, numer�

ous examples of feedback regulation include small

metabolites produced by proteins as end�products. In this

case, small molecules are sensed and bound to proteins,

and the resulting complexes modulate, for example, tran�

scription of genes through binding to transcriptional

operators [1]. In order to control expression of metabo�

lite�associated genes, cells would have to make dozens of

protein repressors and activators, one for each gene or

operon, to respond to a plethora of cellular metabolites.

While such approach is feasible, it would result in wasting

cellular resources. Can regulation by a small molecule

happen without an intermediary (sensing protein)?

The small molecule ppGpp can directly bind to

RNA polymerase, mRNA, and protein production

machinery and modulate their activity during adaptation

to starvation for amino acids (reviewed in [2]). However,

(p)ppGpp is a second messenger synthesized by special

enzymes and is not an end�product of amino acid�pro�

ducing enzymes. While direct binding to the polymerase
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and ribosome represents a convenient and efficient way

for gene expression control, these cellular machineries

cannot sense dozens of different cellular metabolites.

Can a small molecule bind to DNA or mRNA to modu�

late transcription or translation? While the double�

stranded genomic DNA does not have sufficient com�

plexity for specific recognition of small molecules, RNA

can fold into intricate three�dimensional structures

capable of specific binding of small compounds [3].

Therefore, modulation of gene expression by a small

molecule seems feasible, if the molecule binds to mRNA

and allosterically changes its structure to hide or expose

gene regulatory signals embedded into the mRNA

sequence. This idea led to the discovery of riboswitches

almost 20 years ago.

The term “riboswitches” was coined for regulatory

RNA regions capable of modulating gene expression

through direct sensing of cellular metabolites [4�6].

Riboswitches typically reside in the 5′�untranslated

regions (UTRs) of mRNAs upstream of the genes

involved in the metabolism or transport of riboswitch lig�

ands or related cellular metabolites [7]. The vast majority

of riboswitches provide feedback regulation by control�

ling the levels of transcription or translation. Ribo�

switches usually consist of two parts – evolutionarily con�

served metabolite�sensing “aptamer” domain and vari�

able adjacent “expression platform”, which carries gene

expression signals (Fig. 1). Various expression platforms

can accompany the same type of sensing domain but with

different outcomes of gene expression.

The ability of riboswitches to adopt two mutually

exclusive RNA conformations defines the basis for the

genetic response. Specific metabolite binding induces

folding of the metabolite sensor and expression platform

that prompts one genetic response, while adaptation of

the alternative conformation produces the opposite

effect on the gene expression (Fig. 1). Riboswitches

comprise over 40 classes that recognize ∼30 different

small molecules, ranging from ions to vitamins [8]. The

molecular basis for the sensor specificity is formation of

intricate three�dimensional structures tuned for exqui�

site recognition of a ligand or ligands and rejection of

similar metabolites and precursors [9]. Since aptamers

range from ∼30 to ∼250 nucleotides in size, their struc�

tures and metabolite recognition features vary dramati�

cally. On the contrary, expression platforms most often

fold into hairpins, which function as transcription termi�

nators, antiterminators, or ribosome sequestering struc�

tures.

Recent studies have identified (or suggested) con�

ceptually new riboswitch mechanisms and found many

variations of the common mechanisms, greatly expanding

the repertoire of riboswitch functioning. In this review, we

describe typical riboswitch mechanisms and discuss some

new findings and hypotheses to illustrate the versatility of

riboswitches in genetic control.

THE ROAD TO RIBOSWITCHES

Although identification of riboswitches has come to

many researchers as a surprise, a number of studies have

set the scene for their discovery. One of the influential

factors was the discovery of the feedback control by pro�

tein autorepressors, such as ribosomal proteins [10]. To

balance the biosynthesis of rRNA and ribosomal proteins

for the ribosome assembly, several ribosomal proteins,

synthesized in excess over rRNA, can bind to the 5′�UTR

of their own mRNA and prevent translation initiation

through sequestering the ribosome�binding site and the

initiation codon. The mRNA and rRNA targets of these

proteins bear some resemblance at either the sequence or

structural levels, but the rRNA binding affinity always

exceeds the mRNA binding affinity to ensure proper con�

trol [11]. The feedback control is not limited to proteins.

The so�called “T�box” mRNAs specifically bind tRNA

and, depending on the presence of a covalently attached

amino acid on the tRNA, facilitate the folding of the

downstream regions into transcription terminators or

antiterminators, reminiscent of the controlling elements

of transcriptional riboswitches [12]. Specific binding of

small molecules to RNA was not an entirely new observa�

tion as well. Recruitment of guanosine cofactor by the

self�splicing group I introns was described almost two

decades prior to the discovery of riboswitches [12].

In vitro selection of RNA aptamers specific to various

small molecules has reinforced the view that RNA can

selectively recognize small molecules with different char�

acteristics [13�15]. The binding of amino acids to mRNA

and their involvement in regulation was also observed in

attenuation, when proteins and small molecules collec�

tively re�shape the mRNA structure and cause transcrip�

tion termination [16].

Identification of first riboswitches was primarily

driven by observations that thiamine, riboflavin, and

cobalamin inhibit vitamin B1, B2, and B12 biosynthetic

genes, respectively. mRNAs of these genes contained

conserved regulatory mRNA sequences, or “boxes”;

however, no protein repressor specific for these boxes was

found [17, 18], suggesting direct binding of the vitamins

Fig. 1. Domains of a typical riboswitch. Metabolite�sensing

aptamer domain, expression platform, and open reading

frame (ORF) of the gene are shown with rectangles. Meta�

bolite (M) binding stabilizes an alternative conformation of the

riboswitch domains. Two riboswitch conformations elicit two

opposite regulatory responses (not shown).
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to mRNAs [17, 19�21]. After unsuccessful attempts

[22, 23], three vitamin derivatives, adenosylcobalamin

(AdoCbl) [4], thiamine pyrophosphate (TPP) [5, 6], and

flavin mononucleotide (FMN) [6], were convincingly

shown to bind their respective mRNAs, modulate RNA

conformation, and regulate gene expression. Examples

from other domains of life have followed the initial find�

ing of bacterial riboswitches although active eukaryotic

riboswitches scarcely distributed and only represented by

TPP binders [24�26]. In contrast, many bacterial species

possess riboswitches, many bacteria contain different

classes of riboswitches, and some species have a few

riboswitches of the same class involved in controlling dif�

ferent genes and operons [8].

CANONICAL RIBOSWITCH MECHANISMS

The first reports on the identification of riboswitches

have immediately suggested four major mechanisms of

gene expression control (Fig. 2) [7] for riboswitches that

contain a defined metabolite sensor and an expression

platform. Metabolite binding stabilizes the overall struc�

ture of the sensing domain and facilitates formation and

stabilization of a helix that usually closes the sensing

domain. This regulatory helix, designated as “Pairing 1”

(P1), involves a region, typically on the 3′�end, capable of

alternative base�pairing with a complementary down�

stream sequence when the metabolite is not bound. The

alternative base�pairing of the P1 segment is a quintes�

sence of the regulation for most riboswitches; however,

the cellular processes under control and machineries

involved differ dramatically. In bacteria, canonical

riboswitch mechanisms rely on the transcription termina�

tion and translation initiation.

The first two mechanisms count on the ability of the

RNA polymerase to “look back” at the transcribed

mRNA and terminate transcription after synthesizing an

intrinsic terminator, a self�complementary RNA region,

which folds into a hairpin followed by a stretch of uridines

(Fig. 2, a and b). Such intrinsic transcription terminators

can form in the presence or absence of a metabolite, lead�

ing to the transcription repression or activation, respec�

tively. Premature transcription termination prevents pro�

duction of mRNA for translation and therefore saves

nucleotides and other resources required for making

mRNA. Not surprisingly, transcription termination is the

prevailing mechanism of riboswitches and is often used

Fig. 2. Canonical mechanisms of riboswitches. a) Inhibition of gene expression through transcription termination mechanism. In the absence

of metabolite, the aptamer domain is not folded and the riboswitch forms an antiterminator hairpin. RNA polymerase (Pol) transcribes the

entire gene, turning expression of the gene on. Metabolite (M) binding stabilizes the ligand�bound form, closed by helix P1, and facilitates

formation of the intrinsic transcription terminator, thereby turning gene expression off. A fragment of the riboswitch (thick line) engages in

two alternative base�parings in the ligand�free and ligand�bound states of the riboswitch. b) Activation of gene expression through transcrip�

tion termination mechanism. In the absence of metabolite, the riboswitch forms transcription terminator. In the presence of metabolite, a frag�

ment participating in the formation of the terminator forms alternative pairing within P1 that locks the metabolite�bound aptamer.

c) Repression of translation by metabolite binding. The metabolite�free state allows ribosome binding to the Shine–Dalgarno sequence

(square with SD) and translation initiation. Upon ligand binding, the SD sequence is sequestered in the hairpin structure and translation can�

not initiate. d) Activation of translation. Metabolite binding leads to a regulatory response opposite to one in panel (c).



RIBOSWITCH MECHANISMS 965

BIOCHEMISTRY  (Moscow)   Vol.  86   No.  8   2021

for the negative feedback control. Interestingly, the

riboswitch�mediated transcriptional mechanism does not

involve true “switching” of the riboswitch and could be

described better as a “molecular fuse” [27]. Indeed, as

soon as the RNA commits to a regulatory pathway, the

process cannot be reverted. The RNA polymerase cannot

extend the terminated RNA and cannot stop transcrip�

tion after passing through the terminator sequence, if the

terminator hairpin is not formed.

The other two classical riboswitch mechanisms are

based on the fact that the 30S ribosomal subunit requires

base�pairing between 16S rRNA and a ribosome�binding

site (Shine–Dalgarno or SD sequence) and unpaired ini�

tiation codon, for efficient translation initiation

(Fig. 2, c and d). Engaging the SD sequence and the

translation initiation codon in base�pairing, for example,

within a hairpin, would prevent ribosome loading and

translation of the mRNA. Releasing the sequestered SD

sequence would allow the ribosome to bind and translate

mRNA. Regulation on the level of translation requires

transcription of at least the 5′ part of mRNA and appears

less economical than transcriptional control. However,

translational regulation has its own advantages. First, it

could allow controlling an individual gene in the poly�

cistronic mRNA, if the gene is translated from its own SD

sequence. Second, the response time for the translational

control could be very fast since the mRNA is already syn�

thesized. In the case of activation, translation can begin

instantly after releasing the SD sequence. Lastly, transla�

tional riboswitches could be true switches [28] binding

and releasing the metabolite and activating or repressing

translation of the same mRNA molecule depending on

fluctuations of the metabolite concentration. However,

riboswitches appear not to use this option routinely

because most riboswitches are kinetically and not ther�

modynamically driven; in other words, they require the

metabolite concentration higher than the KD for activa�

tion [27]. Kinetically driven translational riboswitches

can choose the regulatory path as soon as the 5′ portion of

the mRNA has been synthesized. On the contrary, reach�

ing thermodynamic equilibrium could be a long process,

approaching or exceeding the lifetime of mRNA and

making the response obsolete. Since transcription and

translation are coupled in bacteria, translation is initiated

soon after transcription initiation, prior to completion of

transcription.

TWEAKS IN CANONICAL

RIBOSWITCH MECHANISMS

Many riboswitches that employ canonical regulatory

mechanisms contain a separate aptamer domain and an

expression platform, each capable of folding alternatively

dependent on the availability of the riboswitch ligand.

Such double domain arrangement is not absolutely

required for efficient regulation as demonstrated by some

riboswitches that combine both elements while keeping

the “two state” regulatory response intact.

Because translation initiation does not require a

structure present in the mRNA, many translational

repressors are streamlined riboswitches, which lack a

dedicated hairpin sequestering or exposing the SD

sequence. In these riboswitches, the expression platform

does not exist and the SD sequence could be considered

an integral part of the ligand�bound aptamer domain. For

example, in the SAM�III riboswitch [29], the ligand

binding engages the SD sequence in base�pairing in the

junctional core [30]. The SD sequence becomes inacces�

sible for ribosome loading and translation cannot initiate.

Involvement of the SD sequence in the folding of the

ligand�bound riboswitch is especially important for

aptamers adopting the so�called pseudoknot structure. In

several riboswitches, such as SAM�II, biochemical and

structural studies confirmed the bioinformatically pre�

dicted long�range base�pairing between the SD sequence

and an internal loop in the middle of the aptamer

[31, 32]. This tertiary pairing result in the formation of

the pseudoknot structure that comprises two coaxially

stacked helices connected by two loops (Fig. 3a). Other

translational repressors predicted to form a similar long�

range pairing likely adopt pseudoknot structures upon lig�

and binding as well [33].

In contrast to translational riboswitches, examples of

streamlined transcriptional riboswitches are limited

[34, 35]. The guanidine�IV riboswitch exploits the loop of

an intrinsic terminator hairpin to form an aptamer struc�

ture by the long�range base�pairing with the internal loop

in the body of the aptamer (Fig. 3b) [34]. Therefore, lig�

and binding disrupts the terminator and switches tran�

scription on. In the absence of guanidine, formation of

the transcription terminator is not impeded and tran�

scription is aborted prematurely.

A riboswitch responding to the thiamin pyrophos�

phate (TPP) precursor HMP�PP exhibits even more

unusual architecture wherein a very small ligand�sensing

aptamer is almost entirely embedded within an otherwise

classic intrinsic transcription terminator stem (Fig. 3c)

[35]. The riboswitch uses the same RNA sequence to fold

into two mutually exclusive structures, the ligand�free

terminator configuration, aborting transcription prema�

turely, and the ligand�bound aptamer configuration, pre�

venting early transcription termination.

Some riboswitches identified in Gram�negative bac�

teria, unlike their counterparts in Bacillus subtilis, appear

to lack intrinsic terminators. Such riboswitches were

shown to control gene expression on the transcriptional

level but with the help of the termination factor Rho [36].

Rho is a general termination factor that travels with RNA

polymerase and is responsible for termination of ∼20% of

transcriptional units in Escherichia coli [37]. Rho inter�

rupts transcription of unprotected RNAs at sites that are
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generally rich in C residues and depleted in G residues. In

the E. coli flavin mononucleotide (FMN) riboswitch, sta�

bilization of the FMN�bound aptamer induces Rho�

dependent transcription termination downstream of the

aptamer and upstream of the protein�coding region

(Fig. 3d) [36]. Disruption of the aptamer in the absence

of FMN prompts an alternative conformation of the

untranslated region that eliminates Rho�dependent ter�

mination and allows transcription to proceed to the end

of the gene.

MULTI�LIGAND SENSING BY RIBOSWITCHES

Sensing more than one molecule of the ligand by a sin�
gle sensor. Many observations that a sensing domain of

the riboswitch binds a single metabolite molecule have

never excluded the possibility that the riboswitch can

sense two or more molecules of the ligand.

One of the first evidences emerged after biochemical

and structural characterization of the M�box (Mg�I)

riboswitch responding to Mg2+ cations [38, 39]. This large

RNA binds several Mg2+ cations for compaction and

genetic response but other cations can replace Mg2+

cations to stimulate RNA folding. A more selective NiCo

riboswitch responds to Ni2+ or Co2+ cations [40] and pos�

sibly to Fe2+ and Mn2+ [41]. The structure and biochemi�

cal data show that the riboswitch cooperatively binds four

Ni2+ or Co2+ cations although it is unclear whether all of

these sites are relevant at physiological metal concentra�

tions [40]. A distinct metal sensor, a Mn2+ riboswitch,

contains two adjacent metal binding sites, one for Mn2+

and another for Mg2+ [42]. Although Mn2+ cation at mil�

limolar concentrations can replace Mg2+ in its binding site

in vitro, this situation is not likely biologically relevant

since E. coli maintains intracellular concentration of Mn2+

at the low micromolar levels to avoid toxicity.

Multi�ligand binding is not restricted to metal

cations, which, because of small size, may have difficulty

in directing RNA folding if bound as a single molecule.

The THF�I riboswitch binds two tetrahydrofolate (THF)

molecules [43]. The riboswitch strategically places one

THF molecule in the hinged region to ensure parallel

alignment of the main stem with a branched off stem�

loop structure while the second THF molecule binds at

the tip of the stem�loop and mediates long�range contacts

with the main stem. These tertiary interactions stabilize

the P1 helix for the regulatory response.

Fig. 3. Streamlined and non�canonical mechanisms of riboswitches. a) Regulation of translation initiation by the SAM�II riboswitch [31, 101].

SAM binding stabilizes pseudoknot�based fold of the aptamer. The SD sequence participates in the formation of the pseudoknot and cannot

be accessed by the ribosome. In the absence of SAM, the pseudoknot is not formed and the ribosome can bind to the SD sequence and initi�

ate translation of the mRNA. b) A putative mechanism of transcription activation of the guanidine�IV riboswitch involving tertiary interac�

tions between aptamer domain and expression platform [34]. Upon ligand binding, a transcription terminator structure is disrupted by long�

range base�paring essential for the formation of the “aptamer” structure. Loops contain conserved nucleotides involved in tertiary interactions.

The transcription terminator normally folds in the absence of guanidine. c) Transcriptional activation by the HMP�PP riboswitch [35]. In the

absence of the ligand, the riboswitch folds into canonical transcription terminator. Ligand binding promotes formation of the alternative con�

formation that disrupts the terminator. Thick lines indicate key fragments involved in the formation of alternative structures. d) Putative mech�

anism of the Rho�dependent transcription repression of the E. coli FMN riboswitch [36]. In the FMN�bound conformation, factor Rho facil�

itates termination of transcription in the C�rich region downstream of the aptamer. In the absence of the ligand, a fragment in the 5′ half of

the aptamer pairs with the C�rich region thereby precluding transcription termination. Red triangles indicate a region recognized by Rho.
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The cyclic di�adenosine monophosphate (c�di�

AMP) riboswitch interacts with two molecules of c�di�

AMP in two binding sites positioned across a pseudosym�

metric square�shaped aptamer [44, 45] (Fig. 4a). Despite

similarity, the sites are not equal for ligand binding and

while disruption of one site eliminates binding to both

sites, mutation of another site only decreases binding to

the first site [44]. Depending on the expression platform,

the riboswitch represses transcription or translation.

A number of ligands need assistance from other small

molecules, typically metal cations, for efficient binding to

riboswitches. Practically all metabolites containing phos�

phates neutralize these moieties by Mg2+ cations, which

remain bound to a ligand and mediate its interactions

with the RNA [46�48]. Three Mg2+ cations encapsulate a

fluoride anion and help this small ligand direct folding of

the fluoride riboswitch [49]. K+ and Mg2+ cations facili�

tate binding of the carboxylate moiety of lysine and

glycine, respectively, to their cognate riboswitch�

es [50, 51].

While examples listed above are consistent with a

single�input signaling model, there are riboswitches

whose control depends or involves a dual input. A recent

study [52] showed that responsiveness of the B. subtilis

lysC lysine riboswitch to lysine heavily depends on subtle

changes in intracellular levels of Mg2+ cations. At the low

end of the physiological Mg2+ concentration range

(<1 mM), the aptamer remain unstructured and requires

higher lysine concentration for response. 1 mM increase

in the Mg2+ concentration pre�organizes the structure for

lysine binding so that the ligand can interact with the

riboswitch at two orders of magnitude lower concentra�

tion. Thus, changes in the levels of Mg2+ under, for exam�

ple, normal growth conditions and in stressed environ�

ments can determine activity of the riboswitch.

Riboswitch specificity often means that a riboswitch

binds to a cognate metabolite with the affinity higher than

to similar molecules. In cells, similar non�cognate ligands

are thought to be rejected by the riboswitch and the regu�

latory response is ascribed to the best riboswitch binder.

Nevertheless, at high concentrations, non�cognate lig�

ands can compete with a cognate ligand for riboswitch

binding. When bound, a non�cognate ligand may not

advance riboswitch folding to the ligand�bound state and

exert the corresponding regulatory response. An in vivo

study showed that activity of the B. subtilis glmS

riboswitch�ribozyme is modulated by both the cognate

ligand glucosamine�6�phosphate (GlcN6P), activating

the response, and its several precursors, inhibiting the

response [53]. Thus, in cells, even single�input

riboswitches may integrate information from an array of

chemical signals and respond based on the concentra�

tions of several compounds.

Sensing same ligands by multiple sensors. While most

riboswitches utilize a single aptamer to bind a ligand, a few

riboswitch classes regulate gene expression by using multi�

ple adjacent aptamers, each with a ligand�binding site,

followed by a single expression platform. Multiple

aptamer arrangements can achieve sharper, more digital

responses to changing ligand concentrations. The first

example of such riboswitches dates back to the early

2000s [54]. This study identified glycine�specific

riboswitches composed of two similar sensing domains in

tandem arrangement and suggested cooperative binding of

two glycine molecules, one molecule per sensor. Structural

and biochemical studies identified intermolecular interac�

tions between two modules [51, 55]. Although binding

cooperativity was challenged [56], a recent study con�

firmed existence of cooperativity that could be masked by

the difference in binding affinity of two sensors [57].

Several more riboswitches use multiple aptamers fol�

lowed by a single expression platform for regulation. Over

half of the glnA glutamine riboswitches (glutamine�I) are

arranged in tandem orientations, where two or three

aptamers are separated by small linker regions [58]. Many

glutamine�I riboswitches have similar linker sequences,

which are predicted to base�pair with the sequence down�

stream of the 3′ domain. The X�ray crystal structure

showed ligand binding in the junction connecting

riboswitch stems and their large rearrangement upon lig�

and binding [59]. Biochemical experiments did not find

evidence of cooperativity [58] and, while structural stud�

ies predict similar ligand binding to all aptamers of the

tandem riboswitches, benefits of having more than one

aptamer are not clear.

The guanidine�II riboswitch is composed of two

hairpins containing similar and highly conserved apical

loops, which bind free guanidine in cooperative man�

ner [60] (Fig. 4b). Structural studies of individual

aptamers revealed that each loop houses a guanidine

binding site and that guanidine binding facilitates homo�

dimerization of two aptamer domains via tertiary base

pairing between the loops [61, 62]. Formation of this lig�

and�dependent head�to�head dimer may explain the

cooperative binding of guanidine seen in biochemical

experiments with a full�length riboswitch [60] and sug�

gests the regulatory mechanism based on dimerization of

two aptamers within the same riboswitch [62, 63].

Guanidine�II appears to act as a translational ON

riboswitch. In the absence of guanidine, the SD sequence

is sequestered by base�pairing with a linker region and

nucleotides at the 5′�end of the first aptamer thereby pre�

venting translation initiation. Guanidine binding pro�

motes head�to�head dimerization of two aptamers and

enforces the spatial separation of the SD sequence from

the complementary anti�SD sequence. The unpaired SD

sequence can bind the ribosome and initiate translation.

As the guanidine�II riboswitch, the nicotinamide

adenine dinucleotide (NAD+) class I riboswitch is formed

by two hairpins; however, similar conserved regions are

located in the bulged loops (Fig. 4c) [64]. Structural stud�

ies revealed that NAD+ indeed binds the RNA in this
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Fig. 4. Mechanisms of multi�ligand sensing and regulation. a) Putative mechanism of the transcriptional control by c�di�AMP riboswitch

[44, 102]. The riboswitch requires binding of two c�di�AMP molecules for adopting a ligand�bound aptamer structure and terminating tran�

scription [44, 45]. b) Mechanism of translation activation of guanidine�II riboswitch [60�62]. Binding of two ligands to conserved apical loops

promotes formation of the head�to�head dimer that releases SD sequence for ribosome binding. c) Putative step�wise mechanism of transla�

tional repression by the NAD+�I riboswitch [66]. Since NAD+ is always present in cells, one NAD+ molecule can bind to a nascent transcript

as soon as aptamer 1 is transcribed. High NAD+ concentrations would prompt binding of NAD+ to aptamer 2, which has lower affinity for the

ligand, and sequestration of SD sequence within the aptamer structure. d) Hypothetical mechanism of the X. campestris SAM�I–tRNA

riboswitch [67]. Upon sensing various concentrations of SAM and tRNAfMet, the riboswitch could adopt four different states corresponding to

four regulatory responses. The RNA regions involved in most extensive conformational rearrangements are shown in lighter color.

e) Regulatory responses for the tandem guanine�PRPP riboswitch [68]. In the ligands�free form, the riboswitch activates transcription.

Binding of guanine in the absence of PRPP disrupts the PRPP aptamer and causes premature transcription termination. PRPP binding alone

or in the presence of guanine stabilizes the PRPP aptamer and prevents guanine binding, leading to uninterrupted transcription. f) Regulatory

responses of the SAM�I and AdoCbl riboswitch system [73]. The system turns on transcription when both ligands are absent. Binding of either

ligand or both ligands simultaneously aborts transcription and turns gene expression off. g) Regulatory responses of the TPP and HMP�PP

riboswitch system [35]. The TPP riboswitch represses transcription upon ligand binding while the HMP�PP riboswitch activates transcription

in the ligand�bound form. Therefore, the gene is expressed only in the absence of TPP and presence of HMP�PP. The ligand�free, TPP�bound

and TPP�bound/HMP�PP�bound states turn gene expression off.
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bulge [65, 66]. Bioinformatics revealed small differences

between two aptamers in the central regions and the orig�

inal study did not report NAD+ binding to the second

aptamer [64]. In the later work, binding to the second

aptamer was detected but with much lower affinity than

to the first aptamer [66]. The structures revealed that lig�

and binding stabilizes a tertiary contact between the lig�

and�binding site and the middle irregular region of the

RNA. This contact is missing in the second aptamer.

Interestingly, both aptamers recognize only the adenosine

moiety of the ligand, not the nicotinamide moiety, sug�

gesting that the structures of the individual domains may

not have captured all interactions with the ligand.

Perhaps the nicotinamide moiety of the ligand bound to

aptamer 1 could be recognized by aptamer 2. Since

NAD+ is always present in the cells, there is an intriguing

possibility that the riboswitch acts as a two�concentration

sensor [66]. At low concentrations, NAD+ bind to the

first aptamer, leaving aptamer 2 unbound and unstruc�

tured and the SD sequence exposed for translation. At

higher concentrations, NAD+ binds to aptamer 2 as well,

promoting base�pairing of the SD sequence and trigger�

ing translational repression.

Sensing different ligands by multiple sensors. Among

the most exciting findings in the riboswitch field are dis�

coveries of the two�input riboswitches, which possess sep�

arate binding sites for different ligands but work in con�

cert through a single expression platform. These findings

are especially interesting from the evolutionary perspec�

tive. Although gene duplication can position similar

aptamers next to each other, it is more difficult to imag�

ine how sensors with different specificities have evolved to

join and control the same expression unit.

An interesting dual�input mechanism was recently

proposed for a SAM�I riboswitch that regulates methion�

ine synthesis in Xanthomonas campestris (Fig. 4d) [67].

This riboswitch primarily responds to cellular S�adeno�

sylmethionine (SAM) at the translational level; however,

the expression platform also contains a binding site for

uncharged initiator Met tRNA. Binding of tRNA and

SAM appears to promote several alternative base pairings

and produce a number of regulatory responses. While

SAM binding sequesters the SD sequence and abolishes

translation, simultaneous tRNA binding sequesters the

anti�SD sequence and partially releases the SD sequence

for ribosome binding. Partial gene expression can also be

observed in the absence of both ligands while full dere�

pression apparently requires binding of tRNA in the

absence of SAM.

A complex regulatory outcome was also observed in

the riboswitch comprising a guanine sensor followed by a

sensor for phosphoribosyl pyrophosphate (PRPP)

[68] (Fig. 4e). The intervening sequence between these

aptamers is short and the 5′ region of the PRPP sensor

overlaps with the 3′ region of the preceding guanine sen�

sor. Therefore, guanine binding precludes formation of

the PRPP sensor and facilitates formation of the tran�

scription terminator, thereby shutting down transcrip�

tion. On the other hand, PRPP aptamer is “preformed”

in the absence of both guanine and PRPP [69, 70]. This

conformation of the aptamer precludes formation of the

terminator and allows transcription to proceed to the end.

In the presence of both ligands, PRPP dominates binding

to the riboswitch and prevents guanine binding, ensuring

uninterrupted transcription of the gene [68].

A special mechanism was demonstrated for a cyclic

di�GMP riboswitch, which is located upstream of group I

self�splicing intron [71]. This RNA regulator combines

self�splicing and translation activation to regulate down�

stream genes. C�di�GMP binding to its aptamer potenti�

ates folding of the intron core, binding of GTP to the

intron’s 5′ splice site, and self�excising of the intron.

Removal of the intron brings together two distantly posi�

tioned parts of the SD sequence to form a complete SD

sequence for translation initiation [71, 72]. In the absence

of c�di�GMP, GTP binds in the alternative site and a new

cleavage results in a truncated SD sequence, which does

not efficiently bind the ribosome and initiate translation.

COOPERATION OF INDEPENDENT

RIBOSWITCHES

Although the majority of riboswitches function as a

single regulatory unit, which comprises one or more

aptamers and a single expression platform or an equiva�

lent mRNA region, some riboswitches contain two inde�

pendent regulatory units in tandem arrangement [35, 73�

75]. Most often, these riboswitches contain sensors

responding to the same metabolite, for example, TPP,

followed by the same type of the expression platform,

such as transcription terminator [73]. Composite switch�

es reminiscent of the double TPP riboswitch likely enable

more digital response or greater responsiveness to

changes in metabolite concentration compared with lone

riboswitches. In some cases, sensors respond to different

ligands.

In the tandem SAM�I and AdoCbl riboswitch sys�

tem, binding of SAM or AdoCbl to their respective sen�

sors causes transcription termination in the individual

riboswitch that abolishes transcription of the gene.

Respectively, the gene is turned on only when both lig�

ands are present at the under�threshold concentrations in

cells (Fig. 4f).

The tandem TPP and HMP�PP riboswitch system

contains a repressing TPP riboswitch followed by an acti�

vating HMP�PP riboswitch. This system controls expres�

sion of the gene, which codes for an enzyme needed to

synthesize another precursor on the pathway to make

TPP [35]. Bacteria do not need to make TPP when it is

abundant; therefore, binding of TPP to its aptamer shuts

down expression of the downstream gene regardless of the
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concentration of HMP�PP (Fig. 4g). When TPP is

absent, the response could follow two scenarios. If HMP�

PP is also absent in cells, the gene is not expressed. High

concentrations of HMP�PP activate expression of the

gene.

Existence of riboswitch systems that join individual

regulatory units with different specificities into tandem

arrangements offers the possibility of integrating various

signals from the environment and intracellular milieu.

Each riboswitch unit senses one signal; however, the reg�

ulatory response is combinatorial. Such complex systems

could allow accurate regulation that depends on the pres�

ence of the end�products as well as metabolic state of the

cell or the presence of precursor molecules.

RNA DEGRADATION AS AN ADDITIONAL

MECHANISM OF RIBOSWITCHES

Undoubtedly, transcriptional and translational con�

trol play very important roles in gene regulation. In addi�

tion, changes in the lifetime of mRNA can greatly affect

production of proteins. In bacteria, mRNA stability is

governed by several ribonucleases and associated factors,

which vary across species [76]. In E. coli and other Gram�

negative bacteria, RNA degradation typically begins with

internal cleavage by RNase E, followed by 3′�end�

dependent exonuclease activity. In B. subtilis and other

Firmicutes, mRNA degradation involves a different

endonuclease RNase Y and the 5′ exonuclease RNase J.

Fig. 5. Involvement of RNA degradation in riboswitch response. a) Mechanism of the glmS riboswitch�ribozyme [80, 81]. In the absence of

GlcN6P, the gene is transcribed and translated. GlcN6P binding induces cleavage (arrow) in the site (star) upstream of the aptamer.

Exonuclease RNase J binds to the dephosphorylated 5′ end and digests the mRNA (line with arrows), turning gene expression off. b) Dual

mechanism of the E. coli lysC riboswitch controlling translation initiation and mRNA decay [85]. In the absence of lysine, the riboswitch folds

into the ON state that exposes the SD sequence for translation initiation and sequesters the RNase E cleavage sites. Upon ligand binding, the

aptamer domain adopts the OFF state that sequesters the SD sequence and exposes the RNase E sites for cleavage. Consecutively, the RNase E

is recruited to the 5′�monophosphorylated end of the RNA and makes further endonucleolytic cleavages (long arrows), followed by the 3′�
end�dependent exonucleolytic digestion (not shown). c) Involvement of RNA degradation in the mechanism of the Legionella pneumophila

sugE guanidine�III riboswitch. In the absence of the ligand, the 5′�end�bound RNase E can make endonucleolytic cleavages both upstream

and downstream of the aptamer because the ligand�free riboswitch does not stop the 5′�to�3′ search of the cleavage sites. The mRNA degrades

and the protein is not produced. Formation of the ligand�bound pseudoknot in the aptamer domain releases the SD sequence for translation

and impedes scanning by RNase E, preventing cleavages downstream of the aptamer domain. Therefore, the ligand�bound aptamer protects

translating ribosome from degradation, ensuring the ON status of the gene expression.
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Contribution of ribonucleases to riboswitch mechanisms

was noted long time ago but only recent studies revealed

that RNA degradation could be a major mechanism of

riboswitch action [77, 78] and not only the means for

RNA removal after completion of the regulatory

response [79].

The first association between a riboswitch and RNA

degradation machinery was established after the discovery

of the glmS riboswitch�ribozyme (Fig. 5a) [80, 81]. In

B. subtilis, glmS mRNA encodes a GlcN6P synthase. At

high concentrations, the end�product of the reaction,

GlcN6P, initiates negative feedback regulation [80].

Unlike in other riboswitches, GlcN6P binds to the pre�

formed aptamer [82, 83] and, instead of allosterically

modulating its structure, catalyzes mRNA cleavage reac�

tion upstream of the aptamer [80, 84]. The resulting RNA

product is no longer protected by the triphosphate on the

5′�end and undergoes rapid degradation by exonuclease

RNase J [81].

Another example illustrates a different involvement

of an RNase to the riboswitch mechanism [85]. Upon

lysine binding to the sensing domain of the E. coli lysC

riboswitch, the expression platform folds into the SD

sequestering hairpin that turns off translation and expos�

es two RNase E cleavage sites located in the expression

platform (Fig. 5b). These cleavages produce RNAs with

5′�monophosphorylated ends that appear to trigger accel�

erated degradation of the lysC coding region by RNase E.

In the absence of lysine, the riboswitch forms a SD anti�

sequestering hairpin that also sequesters RNase E cleav�

age sites, allowing translation initiation to proceed with�

out mRNA degradation. Thus, the lysine riboswitch is a

dual action regulator: two different mechanisms, transla�

tional suppression and RNA degradation, inhibit expres�

sion of lysC gene. A similar involvement of RNase might

contribute to genetic responses of other riboswitches [86].

In another system, metabolite binding causes an

opposite effect on RNA stability [87, 88]. Cyclic di�

GMP�dependent (c�di�GMP) Vc2 riboswitch appears to

downregulate Vibrio cholerae tfoY gene expression in

response to ligand binding through sequestering the SD

sequence and inhibiting translation [88�90]. c�di�GMP

binding to Vc2 also leads to the accumulation of the

upstream untranslated RNAs, probably functioning as

sRNAs in the control of cell motility [87]. Although the

molecular basis for stability of putative sRNAs is unclear,

stabilization of the aptamer by the bound c�di�GMP like�

ly engages the 3′�end in base�pairing and prevents access

of the 3′�end�dependent exonucleases.

A most recent study elegantly showed an entirely dif�

ferent mechanism employed by a riboswitch to regulate

gene expression [78] (Fig. 5c). This mechanism is based

on several findings related to the activity of RNase E. This

endoribonuclease cuts RNA at specific locations in sin�

gle�stranded regions [91] and its activity is greatly accel�

erated after recruitment to the 5′�monophosphorylated

RNA substrates via a pocket specific for 5′�monophos�

phorylated RNA [92, 93]. Once recruited, RNase E

searches for cleavage sites by scanning the mRNA from

5′� to 3′�ends. The enzyme by�passes small obstacles such

as orthogonally base�paired stem�loops but stops at larg�

er impediments such as bound proteins or structures con�

taining base�paired elements coaxial with the path of

scanning [78, 94]. Translation of the Legionella pneu�

mophila sugE transcript is controlled by the guanidine�III

riboswitch. Upon ligand binding, the aptamer domain

adopts a compact pseudoknot structure while the SD�

sequestering hairpin in the expression platform unfolds

and frees the SD sequence for ribosome binding [78]. In

addition, the ligand�bound pseudoknot in the aptamer

presents a significant impediment to scanning by

RNase E and protects downstream cleavage sites from the

nuclease access. As a result, stability of the sugE mRNA

increases. Since RNase E activity does not dependent on

the sequence context, this mechanism could be common

to many systems employing riboswitches, whose ligand�

bound aptamers interfere with scanning.

PROSPECTIVES

Relatively simple riboswitch mechanisms discussed

in this review do not provide a full picture of the multi�

tude of mechanisms used by riboswitches. Riboswitch�

mediated control can involve extra layers of sensing [95]

or represent more sophisticated multi�component regula�

tory responses involving non�coding RNA and proteins

[96, 97]. Given that bioinformatics searches have not

identified expression platforms for many putative

riboswitches, we can expect more riboswitch mechanisms

to be discovered in future. Could these new mechanisms

involve Rho�dependent transcription termination, RNA

degradation, or other means? New methodologies, such

as RNA�Seq, have already identified multiple small

RNAs potentially associated with riboswitches [98�100]

and one can expect a flow of studies deciphering sRNA�

related riboswitch mechanisms. Identification of cognate

ligands for many “orphan” riboswitches and discovery of

new riboswitch classes will also enrich the mechanistic

repertoire of riboswitches. These studies will further help

us understand regulatory responses and major players

involved in metabolic pathways and will provide the

molecular basis for interfering with the most critical cel�

lular processes in pathogenic bacteria.
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