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Abstract

Riboswitches were discovered in 2002 in bacteria as RNA-based intracellular sensors of vitamin 

derivatives. During the last decade, naturally occurring RNA sensor elements have been found to 

bind a range of small metabolites and ions and to exert regulatory control of transcription, 

translation, splicing, and RNA stability. Extensive biochemical, structural, and genetic studies 

have established the basic principles underpinning riboswitch function in all three kingdoms of life 

with implications for developing antibiotics, designing new molecular sensors, and integrating 

riboswitches into synthetic circuits.

Introduction

For many years, bacteria and phages were the source of RNA-based paradigms of gene 

regulation, ranging from transcription attenuation and thermosensing to small regulatory 

RNAs (sRNAs). Even after seemingly exhaustive genetic and genomic explorations, 

bacteria continue to instigate some major advances in RNA biology. A case in point are the 

regulatory networks in which specific regions of mRNAs termed riboswitches directly sense 

cellular metabolites to modulate transcription or translation of mRNAs, which typically 

encode proteins involved in the biogenesis or transport of the metabolites. Following their 

first description 10 years ago (Mironov et al., 2002; Nahvi et al., 2002; Winkler et al., 2002), 

riboswitches have become recognized as important and widespread elements in the control 

of gene expression in numerous evolutionarily distant bacteria, with counterparts in archaea, 

plants, fungi, and algae.

Methods developed in the early 1990s for invitro selection and evolution of RNA sequences 

demonstrated that RNAs could be generated to bind a wide range of protein and small-

molecule ligands (Ellington and Szostak, 1990; Robertson and Joyce, 1990; Tuerk and Gold, 

1990). These “aptamers” bind their ligands with high selectivity and affinity, on par with 

proteins, while working with only four ribonucleotide building blocks as opposed to 20 

amino acids. The discovery of riboswitches showed that organisms had capitalized on this 

ability of RNA and put it to good use.

Riboswitches are regions of mRNAs that contain specific evolutionarily conserved ligand-

binding (sensor) domains along with a variable sequence, termed the expression platform, 
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that enables regulation of the downstream coding sequences. The term “riboswitch” reflects 

the ability of these noncoding RNAs to function as genetic switches. When the metabolite 

abundance exceeds a threshold level, binding to the riboswitch sensor induces a 

conformational change in the expression platform, leading to modulation of downstream 

events (Figure 1). Switching RNA states as a way to control gene expression is shared by 

other mRNA-based regulators (attenuators) associated with metabolite sensors in a form of 

proteins (Gralla et al., 1974; Yanofsky, 1981) or tRNA (Grundy and Henkin, 1993). 

However, riboswitches are unique in their ability to directly bind diverse small molecules 

without intermediate molecules.

The discovery of riboswitches led to several questions. First, given the large assortment of 

metabolites in cells, how do riboswitches select their cognate ligands? Second, how is a 

metabolite binding signal communicated to the gene expression machineries? Riboswitches 

utilize different gene expression platforms and may follow different folding pathways to 

exert their function. Finally, how did riboswitches originate, and what is the relationship 

between riboswitches and other cellular regulatory mechanisms? These questions were the 

focus of numerous studies that resulted in the discovery of more than 20 classes of 

riboswitches distributed across many species, the determination of the X-ray structures of 

virtually all major validated riboswitch types, and the identification of the folding 

trajectories and ligand binding rules for several riboswitch classes. Here, we give a brief 

historical overview of riboswitches and highlight the diverse repertoire and structure/

functional complexity of these ubiquitous natural RNA sensors.

Discovery of Riboswitches

Many bacterial species are able to either transport small organic molecules from the 

environment or synthesize them from simple precursors. Each process requires a distinct set 

of proteins, and bacteria often use feedback control by the end products of enzymatic 

pathways to repress synthesis of excess protein or to activate genes necessary for next 

biosynthetic steps. Cellular metabolites are typically sensed by proteins, which then interact 

with DNA or RNA to control the production of relevant enzymes. Therefore, when 

inhibition of vitamin B1-, B2-, and B12-biosynthetic genes by thiamine, riboflavin, and 

cobalamin, respectively, was elucidated, substantial efforts were undertaken to identify the 

relevant protein repressors (Miranda-Ríos et al., 2001; Nou and Kadner, 1998). Such 

hypothetical modulators, however, were not found. The negative results, nevertheless, 

pointed to a regulatory role for conserved mRNA sequences (“boxes”) in the regulation and 

suggested the intriguing possibility that mRNAs directly sense vitamin derivatives (Gelfand 

et al., 1999; Miranda-Ríos et al., 2001; Perkins and Pero, 2002; Stormo and Ji, 2001). 

Moreover, in vivo probing revealed alternative conformations of the Salmonella 
typhimurium cob mRNA leader region in the presence or absence of adenosylcobalamin 

(AdoCbl). However, attempts to directly test binding of cobalamin to RNA failed (Ravnum 

and Andersson, 2001). Similar indirect results emerged looking at the Escherichia coli btuB 
mRNA where addition of AdoCbl caused reverse transcriptase to pause at a site near the 3′ 

end of the mRNA leader during in vitro primer extension (Nou and Kadner, 2000), likely 

reflecting stabilization of the mRNA structure by metabolite binding.
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Eventually, three vitamin derivatives, thiamine pyrophosphate (TPP) (Mironov et al., 2002; 

Winkler et al., 2002), flavin mononucleotide (FMN) (Mironov et al., 2002), and AdoCbl 

(Nahvi et al., 2002), were demonstrated to interact directly with their respective mRNAs to 

control the vitamin B1, B2, and B12 operons. These reports established that metabolite 

binding stabilizes the conformation of an evolutionarily conserved RNA sensor (natural 

aptamer) and induces folding of the nonconserved downstream RNA region (expression 

platform) to form a structure that affects transcription termination or translation initiation. 

Therefore, direct metabolite binding to RNA causes “riboswitching” between alternative 

mRNA conformations that alter gene expression.

Diversity of Riboswitches and Regulation Mechanisms

The first identifications of vitamin-specific riboswitches were followed by discoveries of 

many other riboswitch types. Currently, riboswitches are known to sense purines and their 

derivatives, protein coenzymes and related compounds, amino acids, and a phosphorylated 

sugar (Figure 1, top). Some riboswitches respond specifically to inorganic ligands, including 

metals (Mg2+ cations) (Cromie et al., 2006; Dann et al., 2007) that shield the negative 

charge of the sugar-phosphate backbone in RNA, and, most unexpectedly, to negatively 

charged fluoride anions (Baker et al., 2012).

Despite the plethora of riboswitch ligands, the regulatory activity of the vast majority of 

bacterial riboswitches is directed at either transcription or translation of metabolite transport 

and biosynthetic genes (Figure 1A). These regulatory activities are based on the ligand-

dependent formation of mutually exclusive RNA conformations. In the case of transcription, 

the structures serve as Rho-independent terminator and antiterminator hairpins. In 

controlling translation, the structures sequester or release ribosome-binding sites (RBS) 

(Figure 1A). A recent study also demonstrated the control of Rho-dependent transcription 

termination by riboswitches (Hollands et al., 2012). This type of regulatory mechanism is 

likely to be widespread because a number of riboswitches appear to lack Rho-independent 

terminators and RBS-sequestering hairpins.

An unconventional mechanism is used by the glmS riboswitch-ribozyme that couples 

metabolite sensing with mRNA cleavage. This noncoding RNA is typically found in Gram-

positive bacteria, where it interacts with glucosamine-6-phosphate (GlcN6P), which, after 

binding, cleaves the glmS mRNA within the riboswitch sequence (Figure 1B) (Winkler et 

al., 2004). RNase J then degrades the downstream cleavage product from the 5′-OH end, 

thus preventing translation of the mRNA (Collins et al., 2007). The glmS riboswitch-

ribozyme defies the conventional view that a riboswitch recognizes a single compound. This 

riboswitch can sense an array of related chemical compounds and thereby functions to assess 

the overall metabolic state of a cell (Watson and Fedor, 2011).

Some riboswitches are capable of a broad regulatory function. The second messenger cyclic 

di-guanosyl-5′-monophosphate (c-di-GMP) triggers a wide range of physiological changes, 

and its respective riboswitches are positioned near genes involved in motility, virulence, and 

other processes (Sudarsan et al., 2008). Some c-di-GMP riboswitches are located adjacent to 

group I self-splicing introns (Lee et al., 2010). These RNA regulators elicit control by a 
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complex cascade of events that requires collaboration of both RNA components: c-di-GMP 

binding to its aptamer induces folding changes that allow GTP to attack the intron’s 5′ splice 

site, resulting in self-excision of the intron, which brings two distantly located halves of the 

RBS together to produce a translatable mRNA (Figure 1C) (Chen et al., 2011). Such 

conjoined allosteric RNAs may constitute a two-input control system that senses c-di-GMP 

and GTP concentrations to trigger splicing events. This hypothesis awaits experimental 

validation.

Since the discovery of riboswitches, it has been speculated that these typical cis-regulatory 

elements can also function in trans as sRNAs. This appears to be true at least for the S-

adenosylmethionine (SAM) riboswitches SreA and SreB of Listeria monocytogenes (Loh et 

al., 2009) (Figure 1D). After SAM-dependent transcription termination, these riboswitches 

pair with the 5′ UTR of the mRNA-encoding virulence regulator PrfA and downregulate its 

expression, mainly at the translational level.

In eukaryotes, the uncoupling of transcription from translation and the presence of introns 

necessitate different means to control gene expression. Instead of targeting translation and/or 

transcription, eukaryotic TPP riboswitches regulate genes via alternative splicing—a process 

in which introns are excised and exons rejoined in different combinations to yield 

alternatively spliced mRNAs. “Normal” splicing occurs when a segment within a riboswitch 

sensor, located in the intergenic region or 3′ UTR, base pairs with a complementary portion 

overlapping one of the splice sites in the absence of TPP (Figure 2). The resulting splicing 

product is translated into the full-length protein. If TPP is present in cells at the threshold 

concentration, it binds to the sensor and makes a previously obscured splice site accessible 

to the splicing machinery. Depending on the species, the alternatively spliced mRNAs 

contain internal stop codons that either cause translation of aberrant peptides (filamentous 

fungi) (Cheah et al., 2007) (Figure 2A) or premature translation termination (green algae) 

(Croft et al., 2007) (Figure 2B). In higher plants, alternative splicing produces species with 

long 3′ UTRs that destabilize the transcripts (Bocobza et al., 2007; Wachter et al., 2007) 

(Figure 2C).

Although validated eukaryotic riboswitches have been restricted to TPP-dependent systems, 

a recent study suggested the presence of adenosine-binding RNA aptamers in vertebrate 

genomes (Vu et al., 2012). A biological role of these RNAs remains to be elucidated. Some 

eukaryotic mRNAs are capable of responding to environmental signals via binary 

conformational changes analogous to riboswitches. For instance, an RNA switch in the 3′ 

UTR of human vascular endothelial growth factor-A (VEGF) mRNA integrates signals from 

interferon-γ and hypoxia to regulate VEGF translation in myeloid cells (Ray et al., 2009). 

However, the conformational interplay is metabolite independent and is dictated by 

stimulus-responsive binding of proteins.

Riboswitches do not always function as single regulatory units. Two sensor domains or 

entire riboswitches in so-called tandem riboswitches are occasionally located adjacent to one 

another. For example, many glycine riboswitches consist of two glycine sensors separated 

by a short linker (Mandal et al., 2004) and are capable of intricate tertiary interactions 

(Butler et al., 2011; Huang et al., 2010). Even though two sensor domains could possibly 
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assist each other in folding and ligand binding (Kwon and Strobel, 2008; Mandal et al., 

2004), the physiological purpose of such duplication remains to be elucidated (Kladwang et 

al., 2012; Sherman et al., 2012). The biological role of tandem riboswitches with different 

specificities is more apparent (Sudarsan et al., 2006). They modulate gene expression only 

when both cognate compounds are present in cells, thus operating as a two-input logic gate. 

The riboswitch-mediated control can be embedded in a multilayered configuration of 

regulation with an intricate and highly coordinated interplay of multiple regulatory 

strategies. For example, L. monocytogenes SAM riboswitches function only at a 

temperature permissive for infection, when the adjacent RNA thermosensor is unfolded 

(Loh et al., 2009). Another example involves ethanolamine utilization in Enteroccus 
faecalis, where an AdoCbl riboswitch cooperates with a protein regulator that affects 

stability of transcription terminators (Fox et al., 2009).

Riboswitch Architectures

The exceptional selectivity of riboswitches is entirely encoded in their conserved sensing 

domains. These recognition sites vary greatly in the size and complexity of their secondary 

and tertiary structures. High-resolution structures of metabolite-sensing domains have been 

determined for practically all major riboswitch classes in complex with validated ligands 

and for several riboswitch subclasses. Even though riboswitches adopt very different 

conformations with similarities only between closely related purine riboswitches (Batey et 

al., 2004; Pikovskaya et al., 2011; Serganov et al., 2004), most riboswitch structures involve 

multihelical junctions and pseudoknots (knot-shaped conformations typically formed 

through base pairing between a loop of an RNA stem-loop structure and an outside region), 

as was earlier described for ribozymes (Lilley and Eckstein, 2008). Therefore, we propose 

that the vast majority of riboswitches can be sorted into two types based on structural 

principles. The first type encompasses riboswitches folded into multihelical junctions 

(Figures 3A and 3B), and the second type adopts various pseudoknot folds (Figure 3C).

“Junctional” riboswitches can be divided into two subtypes based on the location of a key 

junction with respect to the regulatory helix P1, which closes a metabolite-sensing domain 

and usually contains a segment involved in alternative pairing. In the first group (type Ia), a 

multihelical junction is positioned centrally and joins P1 with other stems, which typically 

form longdistance tertiary interactions stabilizing the overall conformation (Figure 3A), as 

observed in purine (Batey et al., 2004; Serganov et al., 2004) and TPP (Edwards and Ferré-

D’Amaré, 2006; Serganov et al., 2006; Thore et al., 2006) riboswitches. One of the stems 

can be much longer than the others and must fold back toward the junction to make tertiary 

interactions, as in a lysine riboswitch (Garst et al., 2008; Serganov et al., 2008). Metabolite-

binding pockets are formed within or adjacent to the junction so that ligand binding directly 

affects the stability of the junction and helix P1.

The second group (type Ib) is characterized by the “inverse” junctional architecture (Figure 

3B), in which a key multihelical junction is positioned on the periphery, far from helix P1. A 

stem, radiating from the junction, folds back toward P1 and stabilizes P1 through long-range 

tertiary interactions. Metabolites bind RNA in the junctional region and/or in the vicinity of 

P1 and affect formation of P1 through stabilization of the global conformation and tertiary 
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interactions. Typical type Ib RNAs are tetrahydrofolate (THF) (Huang et al., 2011; Trausch 

et al., 2011) and Mg2+ class II (Dann et al., 2007) riboswitches.

The type II group combines several metabolite-sensing RNAs, such as the SAM-II (Gilbert 

et al., 2008) and fluoride (Ren et al., 2012) riboswitches whose structures are entirely based 

on small pseudoknots. It should be noted that pseudoknots constitute integral and important 

parts of several junctional riboswitches and can participate in formation of metabolite-

binding pockets, as in the glmS riboswitch-ribozyme (Cochrane et al., 2007; Klein and 

Ferré-D’Amaré, 2006) and in long-distance tertiary contacts, as in the SAM-I riboswitch 

(Montange and Batey, 2006).

It is becoming clear that the type of riboswitch architecture and the ligand structure are not 

correlated. Moreover, the three classes of SAM riboswitches adopt different junctional and 

pseudoknot folds (Gilbert et al., 2008; Lu et al., 2008; Montange and Batey, 2006), 

emphasizing the extraordinary ability of RNA to adopt different configurations that 

recognize the same ligand. Remarkably, many riboswitches contain recurrent structural 

motifs that are present in other natural and artificial RNAs (Jaeger et al., 2009; Montange 

and Batey, 2006; Serganov et al., 2009). Like other functional RNAs, riboswitches use these 

motifs as basic building blocks to adopt complex spatial conformations.

Metabolite Recognition

Riboswitches recognize chemically diverse ligands and do not possess a uniform metabolite 

recognition feature. Nonetheless, metabolite binding by riboswitches follows several 

common trends. The majority of riboswitches form tight binding pockets that possess 

excellent shape complementarity to parts of their cognate ligands (Figure 3D), with small 

ligands completely encapsulated in such pockets. The pockets are usually lined by conserved 

nucleotides and non-canonical base pairs that belong to a widened irregular helix or to 

converging stems. Most ligands, with only a few exceptions (Huang et al., 2011; Johnson et 

al., 2012; Peselis and Serganov, 2012; Trausch et al., 2011), rely on heteroatom 

functionalities to form specific hydrogen bonds and electrostatic interactions with the RNA. 

Often, specific hydrogen bonds involve ligand edges and conserved nonpaired nucleotides 

of RNA (for example, G40 in aminopurine sensor, Figure 3D). Planar groups of ligands are 

typically involved in stacking interactions and are sandwiched between purines (e.g., G42 

and A43 in Figure 3D). Metal cations, Mg2+ or K+, can compensate for the negative charge 

of the ligand or its functional groups, including fluoride, carboxylate, and phosphate (PP in 

Figure 3D) moieties. Metal ions also mediate ligand-RNA interactions through direct and 

water-mediated coordination (Figure 3D). Observations of all these features in complexes 

between riboswitches and their cognate ligands have been supplemented by extensive 

information from X-ray structures of ligand-free riboswitches and riboswitches bound to 

near-cognate and noncognate ligands. These structures and related studies (Haller et al., 

2011; Stoddard et al., 2010) have shown that riboswitches appear to bind cognate ligands 

through a combination of the “conformational selection” and induced-fit mechanisms. They 

discriminate against similar compounds primarily via steric hindrance and formation of 

specific interactions. Interestingly, riboswitches from the same class can be tuned to sense 

different concentrations of a single metabolite (Tomsic et al., 2008). They can also operate 
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in thermodynamic and kinetic regimes—in other words, with and without equilibration 

between RNA and a cognate ligand (Lemay et al., 2011; Wickiser et al., 2005).

Origin of Riboswitches

The origin and evolution of riboswitches are among the most intriguing problems in the 

study of RNA. In vitro selection experiments revealed the relative ease with which RNA 

could be evolved to bind specific ligands, suggesting that it takes a relatively short time for 

natural selection to transform RNA sequences into metabolite-binding domains. Therefore, 

narrowly distributed riboswitches may have arisen late during evolution. Several such events 

could give rise to independent classes of riboswitches specific to the same compound, e.g., 

SAM (Corbino et al., 2005; Epshtein et al., 2003; Fuchs et al., 2006; McDaniel et al., 2003; 

Winkler et al., 2003). Alternatively, the presence of TPP riboswitches in all three kingdoms 

of life suggests an ancient origin of this riboswitch type. How early in evolution could 

riboswitches have appeared? According to the RNA world hypothesis (Gilbert, 1986), at 

some point, RNA evolved to act both as a carrier of genetic information and as a catalyst of 

chemical reactions. The catalytic capability of the glmS riboswitch-ribozyme and the ability 

of riboswitches to interact with “ancient” coenzymes, such as FMN, TPP, or SAM, which 

would have broadened the early repertoire of biochemical reactions, provide compelling 

reasons to suggest that riboswitch-like molecules were instrumental for the existence and 

evolution of the primordial RNA world (Breaker, 2006).

Future Challenges and Perspectives

Bioinformatic searches have identified many conserved mRNA elements that could 

potentially function as riboswitches but were missing their validated ligands (Weinberg et 

al., 2007, 2010). Some of these so-called “orphan” riboswitches are widespread in nature 

and may be associated with sensing of novel chemical cues (Breaker, 2011). For instance, 

recent studies suggested that the orphan ydaO motif is an ATP-sensing riboswitch (Watson 

and Fedor, 2012), whereas the yybP/ykoY motif is a pH sensor (Nechooshtan et al., 2009) 

that may also be involved in ATP sensing (Watson and Fedor, 2012). New riboswitches in 

bacteria and eukaryotes may not necessarily be highly conserved and could be present in 

genes expressed only under specific conditions in selected species, which would complicate 

their identification. One such example is the ATP-sensing virulence mRNA in Salmonella 
expressed under acidic pH (Lee and Groisman, 2012). Another hurdle in riboswitch 

validation is that the relationship between the structures of riboswitches and the nature of 

their cognate metabolites are not well understood, and growing evidence suggests that such 

interconnection may not exist. As a consequence, accumulated biochemical and structural 

information is not useful for predicting cognate metabolites for candidate riboswitches.

Despite technical limitations, we are beginning to understand the principles that confer 

specificity to metabolite binding by riboswitches as outlined above and have taken the first 

steps toward the manipulation of metabolite binding (Dixon et al., 2010) and the rational 

design of antibiotics that target riboswitches (Mulhbacher et al., 2010). Some riboswitches 

control vital metabolic and virulence genes in pathogenic species, and the identification of 

novel riboswitch-specific antibiotic scaffolds presents an attractive strategy for therapeutic 
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intervention. Additionally, riboswitches are potential targets for the construction of artificial 

genetic circuits that could be controlled by nonnatural compounds (Dixon et al., 2012). 

Understanding the regulatory and structural principles exploited by natural riboswitches will 

help in the development of synthetic riboswitches that respond to a particular ligand (Suess 

et al., 2004; Verhounig et al., 2010) and the useful reprogramming of bacteria, for instance, 

to seek and destroy an unwanted herbicide (Sinha et al., 2010). Future studies will explore 

the full potential of riboswitches for medicinal and biotechnological applications and will 

reveal a whole spectrum of molecular mechanisms employed by natural RNA sensors.
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Figure 1. Diversity of Riboswitches and Mechanisms of Gene Control in Bacteria
Mechanisms of modulation of gene expression are highly divergent in prokaryotes and 

involve control of transcription, translation, splicing, and mRNA stability.

(A) Various metabolites (violet, top) present in cells above threshold concentration can be 

directly sensed and specifically bound by sensor domains of riboswitches (white). 

Entrapment of a metabolite stabilizes the ligand-bound conformation of the riboswitch 

sensor and typically induces structural changes in the adjacent region (expression platform) 

that bears structural elements that stimulate (green) or repress (pink) gene expression. 
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GlnN6P, glucosamine-6-phosphate; 2′-dG, 2′ -deoxyguanosine; preQ1, pre-queuosine-1; c-

di-GMP, cyclic di-guanosyl-5′-monophosphate; Moco/Tuco, molybdenum and tungsten 

cofactors; SAH, S-adenosyl-L-homocysteine. Left: metabolite binding most often prevents 

formation of the antiterminator hairpin (complementary RNA regions in light blue) and 

promotes formation of the alternative Rho-independent termination hairpin (middle) or Rho 

binding site (bottom) that causes premature transcription termination. Center: in some cases, 

bound metabolites stabilize the antiterminator hairpin that allows RNA polymerase (Pol) to 

complete transcription of the gene (bottom). Right: expression of open reading frames 

(ORF) can be repressed by sequestration of the ribosome entry site (RBS or Shine-Dalgarno 

sequence, SD, dark blue) and blockage of translation initiation (middle). Metabolite binding 

to some riboswitches facilitates formation of the SD antisequester hairpin that opens up SD 

for ribosome binding and translation initiation (bottom).

(B) In gram-positive bacteria, bound GlcN6P induces cleavage by the glmS riboswitch-

ribozyme in the 5′ UTR. The 5′-OH of the resulting fragment stimulates degradation of the 

message by RNase J.

(C) C. difficile exploits an allosteric ribozyme-riboswitch that combines self-splicing and 

translation activation. Left: in the absence of c-di-GMP, the intron uses GTP cleavage site 2 

(black triangle, GTP2), thus yielding RNAs with truncated SDs that are not expressed. 

Right: binding of c-di-GMP to the riboswitch in the presence of GTP promotes cleavage at 

site 1 (green triangle, GTP1) and self-excision (green arrows) of the group I self-splicing 

intron using splicing sites shown in green circles. This self-cleavage brings together two 

halves of the SD, and the resulting mRNA is efficiently translated.

(D) In L. monocytogenes, the SreA and SreB riboswitches form antiterminator hairpins and 

allow normal transcription in the absence of SAM. Binding of SAM causes transcription 

termination. The resulting mRNA fragments base pair with the 5′ UTR of the mRNA and 

functions in trans as an antisense sRNA that destabilizes the target transcript, thus reducing 

protein production.
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Figure 2. TPP-Dependent Riboswitches in Eukaryotes
In some eukaryotes, TPP riboswitches modulate mRNA splicing by controlling accessibility 

to alternative splice sites. In the absence of TPP, the riboswitch is not folded, and 

complementary regions (light blue lines) of the riboswitch and the adjacent sequence 

interact with one another.

(A) In fungi, complementary base pairing results in preferential use of the distal set of 

splicing sites (black open circles) and elimination of the region between black dashed 

arrowed lines (left). The resulting mRNA is translated to yield full-length product. TPP 

binding to the riboswitch stabilizes the riboswitch fold, precludes the complementary base 

pairing, and opens different set(s) of splicing sites (green circles) that are otherwise 

sequestered. Splicing at the alternative splice sites removes sequences between the green 

arrowed lines. The resulting mRNAs retain micro ORFs, which preclude translation of the 

main ORF located downstream of the micro ORF (right).

(B) In algae, mRNA splicing in the absence of TPP eliminates a stop codon located within a 

riboswitch sequence. TPP binding promotes alternative splicing events that introduce a 

premature termination codon and disrupts translation of the ORF.

(C) In higher plants, sequestration of splice sites in the absence of TPP causes retention of 

the mRNA processing site (polyadenylation signal, yellow rhomb) and yields stable mRNA 

with a short 3′ UTR. TPP binding to the riboswitch sensor exposes the 5′ splice site, causing 

the removal of the fragment between the green arrows containing the polydenylation signal. 

The resulting mRNA contains long and less stable 3′ UTR, which compromises protein 

production.
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Figure 3. Structural Principles of Ligand Recognition by Riboswitches
(A–C) Schematic representations of a “straight” junctional fold (A), observed in type Ia 

riboswitches; an “inverse” junctional fold (B) from type Ib riboswitches; and a pseudoknot 

fold (C), which is characteristic for type II riboswitches. Pink and blue shading depict ligand 

binding sites and long-distance tertiary interactions, respectively. The magenta segment in 

helix P1 designates regions capable of alternative base pairing. Representative structures in 

ribbon representation for TPP (Serganov et al., 2006; Thore et al., 2006), THF (Huang et al., 

2011; Trausch et al., 2011), and fluoride (Ren et al., 2012) riboswitches are shown under the 

corresponding fold schematics. Ligands are in red surface representation. Mg2+ cations are 

depicted by green spheres. 3WJ, three-way junction; PK, pseudoknot.

(D) Recognition of TPP by the TPP riboswitch. PP, pyrophosphate; Thi, thiazole; and APy, 

aminopyrimidine moieties. Mg2+ cations are shown with coordination bonds depicted by 

green sticks. Water molecules are shown as red spheres.
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