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A B S T R A C T   

Riboswitches are functional RNA elements that regulate gene expression by directly detecting metabolites. 
Twenty years have passed since it was first discovered, researches on riboswitches are becoming increasingly 
standardized and refined, which could significantly promote people’s cognition of RNA function as well. Here, 
we focus on some representative orphan riboswitches, enumerate the structural and functional transformation 
and artificial design of riboswitches including the coupling with ribozymes, hoping to attain a comprehensive 
understanding of riboswitch research.   

1. Introduction 

Ever since the Genetic Central Dogma came out, we’ve known what 
role does RNA play in the cellular world, while DNA carries the genetic 
information, protein performs specific biological functions, we had al-
ways thought that RNA was just the intermediate between DNA and 
protein, which existed as a communication tool for genetic information. 
Thoughts have been proved wrong as the multiple functions of RNA was 
found, earlier the discovery of RNA virus and ribozyme (catalytic RNA) 
[1] showed that RNA fulfilled the function of DNA and protein, which 
greatly increased the enthusiasm of scholars for RNA researches, more 
and more interesting functions of RNA were found including 
riboswitches. 

In 2002, Ronald R. Breaker’ team firstly discovered a special RNA 
structure in the 5′-untranslated region(5′-UTR) of the btuB (encoding 
cobalamin transport protein) gene in Escherichia coli was responded to 
adenosylcobalamin (AdoCbl, also called vitamin B12) [2] specifically, 
this binding leads to a structural change of the mRNA and thus controls 
downstream gene expression. At the same year, the RNA responded to 
thiamine pyrophosphate (TPP, derivative of vitamin B1) [3] and flavin 
mononucleotide (FMN, derivative of vitamin B2) [4] were found soon, 
these RNA sequences were called as riboswitches later, it declared that 
riboswitches had entered people’s perspective formally. 

Riboswitches are RNA elements mostly found in the 5′-UTR of 

bacterial mRNAs, where they sense concentration change of specific 
metabolites, usually called ligands, and regulate downstream gene 
expression in cis through tertiary structure changes of mRNAs, the 
controlled genes are always related to metabolic reaction of ligands [5]. 
The whole process does not involve protein to participate generally. 
However, exceptions are that we can find riboswitches exist in 3′-UTR of 
eukaryotic mRNAs [6], and sometimes riboswitches can act in trans [7, 
8] too. 

Riboswitches are constituted of two structure domains: aptamer and 
gene expression platform, these two domains partially overlap each 
other. Aptamer is a highly conserved domain responsible for ligand 
binding, it can fold spontaneously and orderly into a unique tertiary 
structure soon after being transcribed, gene expression platform is a less 
conserved domain responsible for controlling gene expression. The 
binding between ligand and aptamer induces a conformational change 
which would be transmitted to expression platform, leading to the 
change of the gene expression levels and presenting gene inhibition or 
expression [3,9,10]. 

Riboswitch aptamers are one of the most highly conserved sequences 
among biological sequences, which embodies they only need four 
common nucleotides to form highly selective binding sites with ligand 
[11]. Aptamers’ conserved features include primary structure nucleo-
tide sequences [12], secondary structure such as base-paired stems and 
pseudoknots [13], super-secondary structure such as K-turn motif [14], 
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special loop motif [15,16] and other structures. Plentiful riboswitches 
have been reported in bacteria, archaea, and eukaryotes to respond 
diverse molecules since its first discovery. Riboswitches are roughly 
divided into six categories according to the ligand which is sensed by the 
aptamer [11,17], the largest category is coenzymes, following are 
nucleotide derivatives, signaling molecules, ions, amino acids and other 
metabolites, most of them, you can tell, are RNA or RNA precursors 
derived compounds (Fig. 1). Recently, a representative and compre-
hensive map of riboswitch diversity and distribution was successfully 
drawn according to ligands [17], researchers have systematically 
analyzed the identified riboswitch classes using computational algo-
rithms to generate refined consensus sequence and structural models, 
the phylogenetic distributions of each class were established subse-
quently. Furthermore, Infernal [18] and RNAMotif [19] were employed 
to perform homology searches to find more unknown riboswitches. The 
TPP, cobalamin and FMN riboswitches rank the top three positions 
based on the statistical results. 

In bacteria the regulation of gene expression based on riboswitches is 
mainly accomplished through two mechanisms, termination of tran-
scription and prevention of translation [20]. In the case of control at the 
transcriptional level, the binding of ligand affects the formation of 
terminator or anti-terminator structure downstream, mostly an intrinsic 
terminator works enough [4,21], but some riboswitches can utilize 
Rho-dependent terminators and require assistance of Rho factor protein 
to terminate transcription efficiently [22,23], this discovery reveals that 
protein may also be involved in the riboswitches. In the other case of 
control at the translational level, the binding of ligand affects the ribo-
some binding site (RBS) releasing or sequestering [4], so that the access 
and recognition of ribosome would be influenced (Fig. 2a). Some com-
plex riboswitches such as ribB FMN riboswitch in E. coli was proved can 
operate at both transcriptional and translational levels [24]. Two rare 
and novel mechanisms besides above two were found with the deep-
ening of researches, one is metabolite-induced self-cleaving ribozyme 
represented by glucosamine-6-phosphate (GlcN6P) riboswitches [25], 
located at 5′-UTR of glmS mRNA, which can be activated in the presence 
of GlcN6P (the metabolic product of GlmS enzyme) and cleaves itself. 
The other one is trans-acting inhibitory riboswitches [7,8], a trans-acting 
small RNA called eutX contains an AdoCbl riboswitch to regulate genes 
expression of ethanolamine utilization in Enterococcus faecalis (Fig. 2b). 
Different from prokaryotes, TPP riboswitch is the only riboswitch found 
in eukaryotes. In fungi such as Neurospora crassa [26] and algae such as 
Chlamydomonas reinhardtii [27], TPP riboswitch locates in the intron of 
relevant gene, and in plants such as Arabidopsis thaliana it locates up-
stream of polyA tail in 3′-UTR of mRNA [26], implying that the ribos-
witch is involved in mRNA splicing and processing [26,28]. In general, 
most of riboswitches regulate gene expression of enzymes and transport 
protein of metabolites through negative feedback control [20,29]. 

2. The diversity of riboswitches 

Coenzymes are the most enormous family of all ligands, owning the 
largest number of ligands and the number of distributions, statistics 
shows that the five most common ligands are all coenzymes [17]. Re-
views about them are massive [9,11,17,20,30,31] so below we focus on 
those who are less concluded or been called orphan riboswitches for a 
long time. 

2.1. Coenzymes riboswitches 

In the big family of coenzymes, nicotinamide adenine dinucleotide 
(NAD+) is an extreme vital and ubiquitous existence, but the riboswitch 
responds to it is elusive, recently the nadA motif was finally been proved 
to bind NAD+ [32], surprisingly the structural analysis showed that the 
natural nadA motif contained a tandem aptamer domain with high de-
gree of similarity, the first aptamer was observed to bind the adenosine 
5′-diphosphate (5′-ADP) moiety of NAD+ while the second was not, the 

structure of binding was also revealed [33]. Besides, Aiming Ren veri-
fied that the second aptamer binds NAD+ in a apparently higher con-
centration compared to aptamer 1 [34], while the apparent dissociation 
constant (Kd) of ADP and aptamer 1 or aptamer 2 were 94 μM and 3370 
μM respectively, which displayed a novel putative mechanism that the 
nadA NAD + riboswitch aptamer 1 could be activated at low NAD+

concentration but trigger translational repression at high NAD+ con-
centration eventually. However, the author remained suspicion that it 
may have a stronger ligand in consideration of ydaO motif talked about 
later [35,36]. 

Tetrahydrofolate (THF) is a coenzyme of one-carbon metabolism. 
The THF riboswitches are tending to become active since the discovery 
of a second class of THF riboswitches (THF-II). Previous studies have 
shown that the first class of THF riboswitches (THF-I) possesses the 
ability to bind two THF molecules with a single aptamer at different 
sensitivity levels, structural analysis reveals that a three-way junction 
and a pseudoknot participate the recognition of the reduced pterin 
moiety [37]. The THF-II riboswitch was firstly reported four years ago, 
and it mostly exists in Gram-negative Rhizobial bacteria while THF-I 
mainly exists in Gram-positive bacteria [38]. The THF-II riboswitch 
was demonstrated to undergo only local conformational changes after 
ligand binding, which provides a unique viewpoint on the regulatory 
mechanism of riboswitches [39,40]. 

Molybdenum cofactor (Moco) is a tricyclic pyranopterin containing a 
molybdenum atom, and is widely applied in key redox reactions in the 
metabolic cycles. The moaA motif was identified as Moco riboswitch in 
2008 [41], however, few studies have been reported due to its highly 
oxygen sensitivity. The latest researches have revealed specific 
Mg2+-binding pockets, indicating that the phosphate group of Moco is 
involved in ligand recognition [42]. Surprisingly, the absence of P3 
element in Moco riboswitch causes it to bind Tungsten cofactor (Wco), 
which is almost identical in structure and function to Moco [9,41]. 

2.2. Nucleotide derivatives riboswitches 

Nucleotide derivatives ligands includes theophylline, guanine, 
adenine, preQ1 and lately found xanthine etc. Barry Polisky has already 
identified a specific short oligonucleotide which showed great affinity to 
theophylline through SELEX (Systematic Evolution of Ligands by 
Exponential Enrichment) back in 1994 [43], today we know it is 
theophylline aptamer, which has been shown to have a 10000-fold 
stronger affinity for theophylline than caffeine, which only adds a 
methyl group to the theophylline chemical structure. The conserved 
RNA motif G box upstream of the xpt-pbuX operon in Bacillus subtilis was 
identified to be guanine riboswitch [44], it discriminates against 
adenine by 60000-fold. Soon after that they found adenine riboswitch 
which recognized adenine and discriminated against guanine by over 
30-fold [21], however, it merely carries a C→U mutation in the core of 
the aptamer conserved sequence, implying that this residue is involved 
in ligand recognition. As can be seen from the above two specific ex-
amples, one group difference in ligand or one nucleotide difference in 
aptamer could cause huge functional divergence of riboswitches, this 
result greatly shows the high precision of riboswitches. Prequeuosine-1 
(preQ-1) is an intermediate metabolite of rare nucleoside queuosine 
[45], the preQ-1 riboswitch was modified and verified successfully to 
shut down gene expression by induction in Mycobacterium smegmatis 
[46]. Researches are also developed on transcription-translation 
coupling mechanism using preQ-1 riboswitch [47], hoping to provide 
new inspiration to antibiotics design. An orphan riboswitch candidate 
previously reported named NMT1 motif [48] was identified to bind 
xanthine and uric acid instead of TPP related metabolites [49], it 
recognized ligand through Mg2+ mediated and was used to detect 
oxidized purines intracellularly [50]. 
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Fig. 1. Structure of ligands involved in this review. (A) coenzymes (B) nucleotide derivatives (C) signaling molecules (D) ions (E) amino acids (F) others. Colored 
shadow area represents proposed interaction sites with aptamers based on analysis of ligand analogues, red represents van der Waals force sites or steric clash, blue 
represents hydrogen bond or metal coordination sites. The coenzymes, nucleotide derivatives and signaling molecules could be regarded as RNA or RNA precursors 
derivatives. Information sources, SAM [146], TPP [3], FMN [144], NAD+ [32], THF [38], Moco [42], Wco [42], theophylline [43], guanine [44], adenine [21], 
xanthine [49], preQ1 [45], c-di-AMP [36], c-di-GMP [54], c-AMP-GMP [56], lysine [64], glycine [67], glutamine [70], guanidine [72]. 
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2.3. Signaling molecules riboswitches 

As early as in 1993, Jack W. Szostak already found an RNA aptamer 
that bound ATP through selection from random RNA pools on a solid 
support in vitro [51], however, the ydaO motif was regarded as ribos-
witch candidate in 2010 [52] and was not identified to bind ATP until 
2012 [35], when Martha J Fedor developed an alternative and efficient 
method to select native ATP aptamer from candidates of B. subtilis, 
which utilized the principal that the binding between purine and purine 
aptamers was more easily crosslinked through ultraviolet (UV) irradia-
tion and became more stable, easier to analyze. Intriguingly, the ydaO 
motif has been elucidated to have a 1-million-fold stronger affinity to 
second messenger cyclic di-adenosine monophosphate (c-di-AMP) than 
ATP [36], it was proved that the c-di-AMP bound the ydaO riboswitch in 
two pseudo-symmetry-related pockets later soon [53]. 

Another second messenger cyclic di-guanosine monophosphate (c-di- 
GMP) also can bind the GEMM motif to regulate gene expression in 
pathogenic bacterium Vibrio cholerae [54], moreover, this binding is 
nearly 800-fold tighter than its binding with an E. coli c-di-GMP receptor 
PilZ protein [55]. Unexpectedly, the GEMM-I aptamer found in Geo-
bacter metallireducens has an over 1000-fold selectivity for cyclic 

AMP-GMP over c-di-GMP [56]. To researchers’ great delight, a natural 
triple-tandem c-di-GMP riboswitch was characterized in Bacillus thur-
ingiensis to control gene expression in a more strict and digital way [57], 
it was also the first report on triple-tandem riboswitch structure ever, 
and was employed to verify putative diguanylate cyclase (DGCs) using a 
dual-fluorescence reporter. 

2.4. Ions riboswitches 

A widely distributed riboswitch candidate known as yybP-ykoY motif 
was confirmed as Mn2+ riboswitch controlling Mn2+ regulatory protein 
and transporter protein [58,59], the aptamer has two metal binding 
sites, one can recognize Mg2+ or Mn2+ while the other one strongly 
tends to bind Mn2+. The same year another highly selective riboswitch 
for metal ions named CoNi riboswitch was found to maintain transition 
metal ions homeostasis intracellularly [60], whose high selectivity re-
flects in recognizing Co2+ and Ni2+ cooperatively and discriminating 
other metal ions. It is not similar with Mg2+ riboswitch which can also 
bind other divalent metal ions such as Ca2+, Mn2+ [61]. 

Plenty of riboswitches in response to transition metal cations have 
been reported. In contrast, riboswitches which sense alkali metal cations 

Fig. 2a. Two main regulatory mechanisms of riboswitches. (A) Transcriptional level, ribD FMN riboswitch of Bacillus subtilis [4], (B) Translational level, ypaA FMN 
riboswitch of B. subtilis [4]. Blue sequence in beige box represents anti-terminator sequence or anti-RBS-sequestor sequence, in pale pink box represents sequence 
paired with anti-terminator sequence or anti-RBS-sequestor sequence, red sequence represents RBS. Riboswitches regulate gene expression through influencing 
terminator or RBS structure when bound to ligands. 
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like Na+ and K+ are rarely discovered, although both ions exist in all 
cells at higher levels. This gap was not filled until the DUF1646 motif 
was confirmed as Na+ riboswitch last year [62]. Most of the genes 
regulated by Na+ riboswitch were noted as metal ion transporters. 
Interestingly, Na+ riboswitch could form tandem structure with 
c-di-AMP riboswitch to regulate gene expression during osmotic stress. 
Almost at the same time, the nahA-I and nahA-II motifs were confirmed 
as Li+ riboswitches, although Li+ is far less abundant than Na+ and K+, 
the Li+ riboswitch reveals the only known mechanism by which bacteria 
sense and respond to high concentration of toxic Li+ [63]. 

2.5. Amino acids riboswitches 

At present, only three kinds of amino acids ligands have been found. 
The lysine riboswitch is the first non-nucleotide metabolites riboswitch 
discovered, suggesting that RNA aptamer has the ability to recognize 
linear small molecular metabolites too [29,64]. It owns one of the most 
enormous structures demonstrated clearly [65,66]. Notably, the lysC 
lysine riboswitch in E. coli behaves an extra regulatory mode except 
prevention of translation [66], the binding of lysine would expose two 
RNase E cleavage sites (5′-UCUUCC-3′) in the expression platform to be 
targeted at RNase E recognition and accelerate mRNA degradation, 
conspicuously decreasing mRNA level. The second riboswitch glycine 
riboswitch located in 5′-UTR of gcvT operon (encoding required enzymes 
of glycine cleavage system) is a naturally rare ON type riboswitch con-
taining a tandem aptamer structure [67], each aptamer could bind 
glycine and this binding is cooperative, ensuring its sensitivity to initiate 
gene expression in a narrow range of glycine concentration [68]. 

Researches have shown that the aptamer closer to the gene expression 
platform is more influential on downstream gene regulation [69]. 
Glutamine riboswitch is the third amino acids riboswitch, it only exists 
in cyanobacteria and marine metagenomic sequences to regulate nitro-
gen metabolism at present [70], interestingly, natural glnA glutamine 
riboswitches often form in tandem even triple structures. The binding 
between glnA aptamer and glutamine is less more tightly compared with 
other riboswitches while its Kd is up to 575 μM [4,44], but highly se-
lective. A brand-new mechanism was proposed that the high selectivity 
was maintained in spite of low affinity through specific conformation for 
glutamine recognition at the expense of energy [71], corresponding the 
high intracellular concentration of glutamine naturally. 

2.6. Other riboswitches 

Guanidine has not always been regarded as a mainstream metabolite 
for a long time though its derivatives such as arginine is widely spread 
intracellularly. A skeptical RNA motif named ykkC motif without char-
acterization across a long time was finally validated to regulate gene 
expression through binding guanidine [72], indicating that bacteria can 
synthesize, sense and respond to guanidine. It was thought once that 
there were three kinds of guanidine riboswitches found based on 
different binding pockets [73]. But interestingly, variants of ykkC motif 
were subdivided into at least 5 different types responded to guanosine 
tetraphosphate (ppGpp), phosphoribosyl pyrophosphate (PRPP) and 
nucleoside diphosphates [74] etc. 

Fig. 2b. Two rare regulatory mechanisms of riboswitches. (C) glmS ribozyme (GlcN6P riboswitch) of B. subtilis [147], grass green line represents self-cleaving site of 
ribozyme. glmS ribozyme performs self-cleaving when bound to GlcN6P, causing mRNA degradation and transcription termination. (D) AdoCbl-riboswitch-containing 
regulatory RNA EutX of Enterococcus faecalis [7,8], blue line represents terminator stem sequence. The eut genes is only expressed when ethanolamine and AdoCbl are 
present simultaneously, AdoCbl riboswitch acts as part of trans-acting regulatory RNA EutX. 
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3. Structural and functional transformation 

3.1. Functional reversal, dual selection based on tetA gene 

The vast majority of natural riboswitches are OFF type riboswitches 
which means they inhibit gene expression when bound to ligands [4,66]. 
Nevertheless, it’ s commonly required that genetic elements can activate 
gene expression when bound to ligands in researches, so here comes the 
problem that how to reverse natural OFF type riboswitches to needed 
ON type riboswitches? Justin P. Gallivan put forward a method con-
cerning with randomizing the linker between aptamer and RBS region to 
construct screening library [75], through blue-white screening, superior 
riboswitches with higher activation ratios (ARs) were selected. The same 
year Yohei Yokobayashi firstly used a tetracycline resistance gene tetA as 
a positive and negative screening marker, the resistance to tetracycline 
acts as a positive marker, and its sensitivity to Ni2+, Cd2+ which could 
kill the cells acts as a negative marker [76]. He successfully selected 
several TPP ON type riboswitches through repeated positive and nega-
tive screening from riboswitch mutant libraries [77,78], each screening 
could be regarded as an enrichment of targets. 

This screening method with high efficiency was employed in many 
fields, such as screening of mutant enzymes. An example is superior 
mutant chimeric aspartate kinase BT screening with lysine riboswitch 
from evolutional strains [79], the best selected mutant showed 160% 
increased activity in vitro compared with wild-type enzyme, increased 
lysine production from 0 to 268 mg/L. Another example is evolution 
screening of alanine-glyoxylate aminotransferase with glycine ribos-
witch [80], they obtained mutant enzymes which increase the enzyme 
activity by 58% and 73%, besides, all applied to improve 5-aminolevu-
linic acid (5-ALA) titer effectively. Secondly is used in metabolic engi-
neering regulation such as construction of lysine ON type riboswitch 
which was applied to enhance lysE (encoding lysine transport protein) 
gene expression, achieved a 21% increase in the yield of lysine [81], 
construction of glycine OFF type riboswitch which repressed gene 
expression up to 10.2-fold and was applied to downregulate hemB 
(encoding 5-ALA dehydratase) gene expression to improve 5-ALA titer 
by 11% [69], or even used to identify the best insertion site in genome 
for target genes through growth monitoring [82]. From above examples 
we can see its powerful function. 

3.2. Functional reversal, Automated design 

The above method involves repetitive screening which is time- 
consuming and labor-consuming, therefore several superior ap-
proaches using fully automated design were exploited and tested. The 
first declaimed method regards translational regulation process as a 
biophysical model analyzed by means of dynamics and thermodynamics 
[83]. Input aptamer, ligand-binding structure and output protein’ s 
coding sequence, the algorithm would output the optimal pre- and 
post-aptamer sequence. Using this algorithm they successfully designed 
62 synthetic riboswitches based on 6 RNA aptamers, including aptamers 
which respond to 3 non-ideal ligands dopamine, thyroxine and 2,4-dini-
trotoluene, the tested best sample achieved a 383-fold activation of gene 
expression. It is capable to convert any RNA aptamers into synthetic 
riboswitches, making a big step in biosensors based on riboswitches. 

Another novel tool called RiboLogic was characterized too [84], It 
requires an aptamer segment and design constraints as input, uses 
binding of MS2 RNA hairpin segment to a fluorescently tagged MS2 viral 
coat protein as an output. The computer would optimize the adjacent 
sequence of aptamer and MS2 RNA hairpin to simulate the binding with 
ligand and calculate scores, return the qualified sequence at last. The 
output RNA sequences were performed RNA-MaP (RNA on a massively 
parallel array) owing to its great amount. The tested riboswitches own 
ARs of up to 20, which provides a new design inspiration for riboswitch 
reformation. Nowadays many algorithms, websites and software are 
developed to predict and simulate RNA higher structure and the binding 

with ligands, providing great convenience to biological researches [85, 
86]. 

3.3. Cascade structure 

Considering some riboswitches have low multiple responsiveness 
and undetectable signal output, a 2-aminopurine (2-AP) riboswitch was 
coupled with quorum sensing system [87], the 2-AP riboswitch activates 
rhlI (encoding acyl homoserine lactone synthetase, AHL synthetase) 
gene expression to synthesize signal molecules AHL of quorum sensing 
system when bound to ligand, AHL binds cognate transcription factor 
RhlR and together initiate reporter gene expression with Rhl promoter. 
The signal was amplifying conspicuously through cascade system, the 
AR was lifted from 3.7 to 15.5. Similarly, the strategy was adopted 
merely with a special exogenous SP6 RNA polymerase and SP6 promoter 
instead of AHL synthetase and Rhl promoter [88], increasing AR by 
4-fold. 

Another innovative signal amplification approach was established by 
controlling plasmid copy number [89]. Two theophylline ON type 
riboswitches controlled nluc (encoding NanoLuc luciferase) and repL 
gene expression located in the same plasmid, repL encodes a 
phage-derived replication protein which could promote plasmid repli-
cation. The AR of cascade system reached up to 3900, displaying huge 
success (Fig. 3). 

3.4. Tandem structure 

In general cognition, riboswitch functions depending on an aptamer 
to identify ligand and a gene expression platform to regulate gene 
expression, whereas the discovery of natural tandem glycine riboswitch 
[67] prominently enriched the form and complexity of riboswitch 
regulation, the structure that two aptamers binding to the same ligand 
cooperatively could upgrade the sensitivity and performance of ribos-
witch. Subsequently the second tandem riboswitch was found could 
bind two ligands, SAM and AdoCbl with two separated gene expression 
platform located in 5′-UTR of metE mRNA in Bacillus clausii [90], the 
whole riboswitch works similar to a Boolean NOR logic gate which 
means each ligand binding could inhibit gene expression, plus, their 
binding does not impact each other. The regulation mechanism is 
described in Fig. 4b, the SAM synthetic pathway involves three enzymes 
encoded by metE, metH and metK gene, which SAM has consistent 
negative feedback inhibition on, the metE and metH encode a group of 
isoenzymes while MetH needs coenzyme methylcobalamin (MeCbl, 
works as AdoCbl), the high concentration of AdoCbl represses metE gene 
expression so that MetH could catalyze reaction more effectively. 
Differing from the tandem glycine riboswitch, the third found TPP 
tandem riboswitch in Bacillus anthracis has two intact riboswitch units 
which can bind and respond to TPP independently [91]. Recently re-
searchers found another natural tandem guanine and phosphoribosyl 
pyrophosphate (PRPP) riboswitch works as a Boolean IMPLY logic gate 
in Bacillus megaterium [92]. And the tandem NAD+ riboswitch is 
described before (Fig. 4a). 

The natural tandem riboswitches’ discoveries inspire researchers’ 
enthusiasm on synthetic complex riboswitches. In fact, as early as in 
2001, a FMN aptamer and theophylline aptamer were attached to a 
hammerhead ribozyme through modular rational design [93]. Yohei 
Yokobayashi used dual selection based on tetA gene to separate two 
synthetic tandem riboswitches containing theophylline and TPP 
aptamers function as Boolean logics AND and NAND gates [94], Mario 
Morl developed a computational design method on the basis of sec-
ondary structure and folding prediction to functionalize tetracycline and 
streptomycin riboswitches [95], he combined a tetracycline riboswitch 
with a theophylline riboswitch into a Boolean logic AND gate with 
10.4-fold and 7.7-fold intact AR (Fig. 4a). 

A tandem strategy with band-pass effect deserves attention, it was 
original came up with a combination of TPP ON type and TPP OFF type 
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riboswitches [96], making the system only responds to TPP in a suitable 
concentration range while silences in higher or lower concentration. 
Another method chose to split reporter green fluorescent protein (GFP) 
into two fragments [97], one was attached to maltose binding protein 
(MBP), the protein complementation of two GFP fragments could make 
cells fluorescence regulated by two opposite TPP riboswitches, this 
structure was seemed as a differential Boolean logic AND gate. 

3.5. Other structural transformation 

Most of riboswitches are cis-acting gene regulatory elements, but 
they can be redesigned to perform trans-acting regulation through 
rational design. In a specific example, a theophylline aptamer was linked 
to an antisense stem and an aptamer stem, once the aptamer binds the 
ligand, the formation of aptamer stem compels the antisense stem to 
become a single strand which pairs with the region near the start code of 
regulated gene mRNA and hinders translation [98]. 

The secondary structure of riboswitches folding is essential for reg-
ulatory function. Some researches focused on the intrinsic terminator 
structures of transcriptional controlling riboswitches. For example, a 
theophylline aptamer was linked to a computer-designed spacer 
sequence followed by an aptamer-complementary sequence [99], the 
partial sequence of aptamer and complementary sequence form the 
terminator while spacer serves as loop area, a series of synthetic ribos-
witches with differentiated sensitivities and responsiveness were con-
structed, declaring success of the spacer design strategy based on 
computer design. Researchers even concluded two influential parame-
ters, terminator hairpin stability and folding traps, and gave a regular 
procedure [100], other design principles were also come up with from 
dynamics perspective [101], 

For translational controlling riboswitches, the RBS sequestor struc-
tures were also paid attention to, even 1 nucleotide slide with RBS re-
gion matching could cause gene expression changes and was validated in 
construction of FMN-aptamer allosteric ribozymes [102]. According to 
the principle, a kindred riboswitch was constituted of a theophylline 
aptamer and a communication module which executed helix slipping 

[103], the communication module was inserted next to RBS to produce 1 
nucleotide shift of critical distance for ribosome binding through helix 
slipping. It turned out the first synthetic riboswitches using slipping 
mechanism. Moreover, evidence have shown that the RBS complemen-
tary to ribosome and the spacing between RBS and start codon also in-
fluence gene expression [104], the ARs of modified riboswitches ranged 
from almost 0 to 450-fold through induction time and dose optimization. 

In addition to mutant screening in vivo, a kinetic trapping mechanism 
was proposed during transcription of theophylline riboswitch which 
showed the potential of screening for novel synthetic riboswitches in 
vitro [105], the greatest advantage of screening in vitro is that it relieves 
the limitation of extensive libraries screening in bacterial trans-
formation. It is worth celebrating that screening in cell-free protein 
expression systems (CFPS) eventually realized six years later [106], re-
searchers selected two kinds of CFPS, extract of E. coli made by them-
selves and commercial PURE CFPS, displaying a similar and feasible 
result, signing initial success of screening in vitro. 

4. Regulation of riboswitches coupled with ribozymes 

Ribozymes are small RNA molecular with catalytic power firstly 
found in tetrahymena by Thomas R. Cech [1], this discovery changed the 
biologists’ understanding of RNA function. At present ribozymes are 
mainly divided into two major categories, splicing ribozymes and 
cleaving ribozymes [107], which can be subdivided into hammerhead 
ribozyme (HHRz) [108–110], glmS GlcN6P riboswitch [25], and lately 
found twister ribozyme [111], hatchet ribozyme and pistol ribozyme 
[112] and so on. The self-cleaving HHRz is researched most thoroughly 
and applied most widely [113]. Ribozymes are often introduced to fuse 
aptamers of riboswitches, this kind of aptamers-based ribozymes are 
also called aptazymes or allosteric ribozymes for synthetic riboswitches 
study, such as theophylline aptazymes [88,114,115], TPP aptazymes 
[116], FMN aptazymes [102,117]. 

Fig. 3. Cascade structure of riboswitches. Theophylline riboswitch controlling signal amplification in Escherichia coli [89]. The repL gene encodes a plasmid 
replication protein RepL, nluC encodes NanoLuc luciferase, the activation ratio (AR) of this system achieves up to 3900. 
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4.1. Aptazymes based on hammerhead ribozyme (HHRz) 

Similar to regular riboswitches, the aptazymes are used in many 
same fields. In eukaryotic cells, aptazymes are mainly inserted in 3′-UTR 
of mRNA due to the insertion in 5′-UTR would hinder normal gene 
expression without ligands [109], the mRNA of eukaryotic cells carries a 
polyA tail which is requisite for translation, the activated ribozymes 
components perform self-cleaving to prevent translation. For example, a 
theophylline aptazyme was applied in superior mutant caffeine deme-
thylase screening in Saccharomyces cerevisiae [118], the best mutant had 

an increase product selectivity by 22-fold and enzyme activity in vivo by 
33-fold. And it was reported that a tetracycline-dependent aptazyme 
was testified to promote gene expression by 8.8-fold in human cells with 
great advantages such as performing independently, low background 
activity etc [108] (Fig. 5). 

Most natural ribozymes are cis-acting elements performing self- 
cleaving process. However, self-cleaving ribozymes could act in trans 
through artificial designs [110,119]. In E. coli, HHRz was designed to 
display trans-cleaving to silence gene expression [110]. The HHRz was 
fused into the anticodon loop of tRNA to prevent digestion, an enhanced 

Fig. 4a. Tandem structure of riboswitches. (A) metE tandem SAM-AdoCbl riboswitches of Bacillus clausii [90] (B) codA tandem guanine-PRPP riboswitches of Bacillus 
megaterium [92] (C) nadA tandem NAD+ riboswitches of Acidobacterium capsulatum [34] (D) artificial synthetic tandem tetracycline-theophylline riboswitches 
through computational design in E. coli [95]. Blue line represents terminator stem sequence, red line represents RBS, dashed line represents interaction between 
two loops. 
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green fluorescent protein gene egfp was fused to a toxin protein gene 
ibsC, the high activated HHRz cleaved the mRNA of egfp plus ibsC to 
inhibit translation. The selected superior variants were evaluated 
quantitatively and the best candidate was testified to silence gene 
expression in cancer cells and zebrafish efficiently. 

Aptazymes are also used as biosensors. Martin Held developed a 
high-throughput screening method using mixed cultivation in nanolitre 
reactors (nLRs) [120]. The mixed cultivation contains riboflavin pro-
ducer cells of B. subtilis and engineered sensor cells of E. coli in gel 
capsules, the riboflavin secreted by producer cells would be transported 
into sensor cells and converted into FMN in vivo, FMN triggered FMN 
aptazyme and activated GFP gene expression. The high-yield strain was 
selected through GFP fluorescence. It also provided design principles for 
application of microcompartmentalization (Fig. 5). 

For the Boolean logic gates concerned with in the construction of 
riboswitch regulatory system in eukaryotic cell, Christina D. Smolke 
summarized and elaborated a universal approach to execute higher- 
order cellular information processing in detail [121], they proposed a 
general framework including three basic components, a sensor derived 
from an aptamer, an actuator derived from a hammerhead ribozyme and 
a transmitter for connection between sensor and actuator. The whole 
system locates in 3′-UTR of mRNA, the sensor binds specific ligand, and 
causes a conformational change of actuator through transmitter, this 
change influences the activity of actuator, the activated actuator per-
forms self-cleavage and inactivates mRNA therefore prevent translation. 
Higher-order and complex devices could assembly from general frame-
works, and represent multiple processing effects analogy to Boolean 
logic gates. 

4.2. Aptazymes based on other ribozymes 

Other ribozymes are also applied in artificial riboswitches design. 
For example, the previously uncharacterized active site buried in a 
double-pseudoknot structure of twister ribozyme offered a novel insight 
into catalytic mechanism of ribozymes [111]. Twister ribozyme was 
employed as an expression platform to regulate gene expression in E. coli 
and yeast [122], it is unique that twister ribozyme could fuse regulated 
mRNA with two different independent positions, and aptamers too. 
Three aptamers responded to theophylline, TPP and neomycin were 
linked to display gene expression regulation, besides, two-input twister 
ribozyme riboswitches acted as various Boolean logic gates were 
screened by communication module randomization, displaying great 
vitality. There were also guanine aptazyme based on twister ribozyme 
reported to activate gene expression in mammalian cells and optimize its 
performance by fine-tuning the key stem structure [123], yielding an AR 
of greater than 6 (Fig. 5). 

The hatchet ribozyme and pistol ribozyme were discovered through 
comparative genome analysis [112]. Researchers once failed in apta-
zymes construction of natural pistol ribozyme, which promoted they to 
develop artificial circularly permuted pistol ribozyme as a novel quali-
fied expression platform and testify in mammalian cells [124], the AR 
achieved up to 8.6 and this work added a new member to limited 

ribozyme scaffold toolbox. 

5. Novel regulation mechanisms mediated by riboswitches 

Strictly speaking, riboswitches are metabolite-responsive RNA 
sequence to regulate gene expression without protein participation [29]. 
However, discoveries of some fresh RNA regulatory elements blurred the 
boundary, among which were RNA thermosensors located in 5′-UTR of 
prfA mRNA in Listeria monocytogenes [125], and T-box RNAs found up-
stream of amino acids related genes in Gram-positive bacteria [126]. 
The T-box RNAs could recognize specific cognate tRNA through anti-
codon and other features, detect the aminoacylation status of tRNA to 
regulate downstream gene expression, this interaction is far more 
complex than regular riboswitches, which greatly broadened people’ s 
understanding of RNA interaction (Fig. 6). 

Based on its high sensitivity to ligands, riboswitches are often 
applied in conjunction with other regulatory elements in artificial 
design. A widely researched structure in retroviruses called − 1 pro-
grammed ribosomal frameshifting (− 1 PRF) was combined with 
aptamers in tandem [127], − 1 PRF allows translation complex to slip 
back by one nucleotide and continue translation in a new reading order 
[128], the binding of ligand would decide the downstream gene reading 
order directly. Other combined examples such as RNA interference was 
also reported earlier [129]. 

6. Applications and challenges 

Riboswitches are simple and efficient gene regulatory elements, so 
far researchers have been discovered almost 40 kinds of riboswitches 
widely distributed in three domains of biology [17,20], it was reported 
that at least 2% of genes were controlled by riboswitches in B. subtilis 
[44]. After rapid development in twenty years, riboswitches are 
becoming an essential constituent in RNA study, its modularization and 
programmability endows infinite potential of application. Here we focus 
on some representative application fields. 

6.1. Biosensors based on riboswitches 

Riboswitches are inborn metabolite sensors owning the potential of 
detecting various chemical substance. The primary application must be 
biosensors. Riboswitches biosensors have more extensive detecting 
range and higher accuracy compared with traditional biosensors, 
therefore achieve rapid development in recent years. First, riboswitches 
have broad applications in metabolic engineering [69,81,82,130]. 
Riboswitches are essential for proper expression of downstream regu-
lated genes, study have shown that the titer of a B. subtilis riboflavin 
producing strain reduces because of the deletion of rib operon FMN 
riboswitch, due to the transcriptional level of rib genes declines [131], 
indicating that the genes are strictly regulated. In order to make great 
use of riboswitches for metabolic engineering serving, a rational design 
approach of deleting a key nucleotide sequence participates in tran-
scriptional terminator was employed in transcriptional xpt-pbuX purine 

Fig. 4b. Metabolic principle of metE tandem SAM-AdoCbl riboswitches in B. clausii [90]. Red line represents inhibition effects. Product SAM has consistent negative 
feedback inhibition on metH, metE and metK through riboswitches, meanwhile adequate AdoCbl inhibits metE expression due to MetH is available for catalysis. 
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riboswitch and rib operon FMN riboswitch in B. subtilis [132], the sec-
ondary structures of riboswitches were depicted by NUPACK program 
[133], resulting the growth, gene expression and product synthesis of 
strains get a significant increase. The lysine riboswitch has been applied 
in many aspects in metabolic engineering. For example, to enhance 
product synthetic pathway reflux, two lysine OFF type riboswitches 
were introduced to downregulate gltA (encoding citrate synthase) gene 
expression to reduce tricarboxylic acid (TCA) cycle reflux in 

Corynebacterium glutamicum, the better one caused lysine production to 
increase by 63% [134]. 

Lately the CoNi riboswitch was applied in detecting Co2+/Ni2+

transport protein in E. coli [135], the CoNi riboswitch promotes mCherry 
gene expression when bound to Co2+/Ni2+, the deletion of assumed 
gene encoding Co2+/Ni2+ transport protein will elevate the intracellular 
concentration of Co2+/Ni2+ and make the cell fluoresce. It shows that 
riboswitches have great potential in detecting metal ions. 

Fig. 5. Aptazymes structure. (A) FMN aptazyme 
construction in E. coli [120], light green line repre-
sents linker between aptamer and ribozyme, grass 
green line represents self-cleaving site, red line rep-
resents RBS. FMN induces ribozyme to cleave itself 
and promotes gene expression. (B) Tetracycline 
aptazyme construction in mammalian cells [108]. 
hRluc encodes Renilla luciferase. Tetracycline stables 
ribozyme structure and the intact mRNA with polyA 
could proceed smoothly. (C) Guanine aptazyme con-
struction in mammalian cells [123]. Same as (B).   

J. Xu et al.                                                                                                                                                                                                                                       



Synthetic and Systems Biotechnology 8 (2023) 357–370

367

Based on biosensors, riboswitches are applied in cell activity control 
[136] and biological imaging [10,137,138] etc. A theophylline ribos-
witch was used to regulate flagellar sigma factor fliA to show a faster 
predation kinetics in Bdellovibrio bacteriovorus [136]. And riboswitch 
biosensors using fluorescence signals are usually applied in biological 
imaging to track cells real-time quantitatively [138]. For example, a 
biosensor consisting of a c-di-GMP riboswitch with a spinach aptamer 
could respond to c-di-GMP and produce fluorescent signals in both 
aerobic and anaerobic conditions [137]. Moreover, biosensors respond 
to theophylline [139], lysine [79,81,134] and tetracycline [108] have 
already developed in food sample detection [140], mutant enzymes 
screening [79,80] and many other fields. 

6.2. Targets of antibacterial drugs 

The second major application is to be used as the targets of anti-
bacterial drugs in drug design. Former researches have been elucidated 
that thiamine analog pyrithiamine exerts efficacy mediated by inter-
fering with the normal function of TPP riboswitches in microbes [141]. 
Ronald R. Breaker investigated the phylogenetic distributions of ribos-
witches in 2017 and listed the whole riboswitch classes in overall bac-
terial groups [17], from which we can see riboswitches are broadly 
distributed among various bacterial groups. The idea of antibacterial 
drug design was discovered in nature too. A natural riboflavin analog 
roseoflavin produced by Streptomyces davawensis was proved to own the 
potential as antibacterial drugs aiming at FMN riboswitch [142], later 
researchers studied ribocil [143] and 5FDQD (5-(3-(4-fluorophenyl) 
butyl)-7,8-dimethylpyrido[3,4-b]- quinoxaline-1,3(2H,5H)-dione, a 
roseoflavin analog) [144], trying to find superior antibacterial drugs. 
There was a breakthrough that GlcN6P analog carba-GlcN6P was pro-
posed as potential medicine targeting glmS GlcN6P riboswitch for 
Staphylococcus auresus because of its multiple drugs resistance [145]. 
The above examples all show the great potential of riboswitches in drug 
design. 

6.3. Challenges of applications 

Based on a study on riboswitch diversity and distribution from bio-
informatics searching and analysis, Ronald R. Breaker and his team 

predicted there were massive unknown different riboswitches remaining 
to be discovered [17], unluckily most of them were extremely rare. 
Besides for those known riboswitch study as mentioned before, one 
nucleotide difference could affect riboswitch function, variants of one 
riboswitch could have thousands of differences in structure and func-
tion. So the urgent challenge is to find a more rational approach which 
could match sequence, structure and function according to existing re-
searches [138]. 

The second challenge to limit its application is riboswitches are 
specific ligand-dependent biosensors, indicating we must consider 
whether there are such aptamers to respond to the detected metabolites, 
and how to find, optimize them [140]. At this present time this work still 
depends a lot of labor time with low effectiveness. 

7. Conclusion 

Riboswitches are powerful gene regulatory elements. In this review, 
starting from the discovery history and structure, we have introduced 
the diversity, structural and functional transformation including 
coupling with ribozymes and applications in detail. We summarized all 
the regulatory mechanisms, adopted the latest and authoritative classi-
fication methods, each category covered some representative and newly 
discovered riboswitches. Following we displayed researchers’ trans-
formation, enabling riboswitches to achieve finer control and simpler 
artificial design. In the end, we discussed current applications and 
challenges of riboswitches. 

The researches of riboswitches show how powerful RNA can be, 
simple RNA motif possess the ability to detect metabolites, achieve gene 
expression regulation in the absence of protein, this ability would 
change even one nucleotide change in primary structure, displaying 
amazing potential in detection. And artificial design could create many 
aptamers in response to uncharacterized metabolites, endowing infinite 
possibilities of metabolites detection. As new biological and bio-
informatical strategies are applied, researches on riboswitches will 
become more sophisticated and automated, we believe that more and 
more novel synthetic riboswitches will be developed and widely used in 
lives. 

Fig. 6. Novel regulatory mechanism of riboswitches. tyrS T-box RNAs of B. subtilis [126]. Blue line represents terminator stem sequence, other colored line represents 
interaction sites. The unaminoacylated tRNA induces formation of anti-termination to promote gene expression and improves synthesis of matching amino acids. 

J. Xu et al.                                                                                                                                                                                                                                       



Synthetic and Systems Biotechnology 8 (2023) 357–370

368

Declaration of competing interest 

The authors declare that they have no competing financial interests 
or personal relationships that could have appeared to influence the 
content reported in this review. 

Acknowledgements 

This work was supported by the National Key Research and Devel-
opment Program of China (2021YFC2100700) and the National Natural 
Science Foundation of China (Grant NSFC-22278313). 

References 

[1] Kruger K, Grabowski PJ, Zaug AJ, Sands J, Gottschling DE, Cech TR. Self-splicing 
RNA: autoexcision and autocyclization of the ribosomal RNA intervening 
sequence of Tetrahymena. Cell 1982;31:147–57. https://doi.org/10.1016/0092- 
8674(82)90414-7. 

[2] Nahvi A, Sudarsan N, Ebert MS, Zou X, Brown KL, Breaker RR. Genetic control by 
a metabolite binding mRNA. Chem Biol 2002;9:1043–9. https://doi.org/ 
10.1016/s1074-5521(02)00224-7. 

[3] Winkler W, Nahvi A, Breaker RR. Thiamine derivatives bind messenger RNAs 
directly to regulate bacterial gene expression. Nature 2002;419:952–6. https:// 
doi.org/10.1038/nature01145. 

[4] Winkler WC, Cohen-Chalamish S, Breaker RR. An mRNA structure that controls 
gene expression by binding FMN. Proc Natl Acad Sci U S A 2002;99:15908–13. 
https://doi.org/10.1073/pnas.212628899. 

[5] Jones CP, Ferre-D’Amare AR. Long-range interactions in riboswitch control of 
gene expression. In: Dill KA, editor. Annual review of biophysics, vol. 46; 2017. 
p. 455–81. 

[6] Li S, Breaker RR. Eukaryotic TPP riboswitch regulation of alternative splicing 
involving long-distance base pairing. Nucleic Acids Res 2013;41:3022–31. 
https://doi.org/10.1093/nar/gkt057. 

[7] DebRoy S, Gebbie M, Ramesh A, Goodson JR, Cruz MR, van Hoof A, et al. 
A riboswitch-containing sRNA controls gene expression by sequestration of a 
response regulator. Science 2014;345:937–40. https://doi.org/10.1126/ 
science.1255091. 

[8] Mellin JR, Koutero M, Dar D, Nahori M-A, Sorek R, Cossart P. Sequestration of a 
two-component response regulator by a riboswitch-regulated noncoding RNA. 
Science 2014;345:940–3. https://doi.org/10.1126/science.1255083. 

[9] Roth A, Breaker RR. The structural and functional diversity of metabolite-binding 
riboswitches. Annu Rev Biochem 2009;78:305–34. https://doi.org/10.1146/ 
annurev.biochem.78.070507.135656. 

[10] Yu Q, Ren K, You M. Genetically encoded RNA nanodevices for cellular imaging 
and regulation. Nanoscale 2021;13:7988–8003. https://doi.org/10.1039/ 
d0nr08301a. 

[11] Breaker RR. Prospects for riboswitch discovery and analysis. Mol Cell 2011;43: 
867–79. https://doi.org/10.1016/j.molcel.2011.08.024. 

[12] Gelfand MS, Mironov AA, Jomantas J, Kozlov YI, Perumov DA. A conserved RNA 
structure element involved in the regulation of bacterial riboflavin synthesis 
genes. Trends Genet 1999;15:439–42. https://doi.org/10.1016/s0168-9525(99) 
01856-9. 

[13] Garst AD, Edwards AL, Batey RT. Riboswitches: structures and mechanisms. Cold 
Spring Harbor Perspect Biol 2011;3. https://doi.org/10.1101/cshperspect. 
a003533. 

[14] Heppell B, Lafontaine DA. Folding of the SAM aptamer is determined by the 
formation of a K-turn-dependent pseudoknot. Biochemistry 2008;47:1490–9. 
https://doi.org/10.1021/bi701164y. 

[15] Lussier A, Bastet L, Chauvier A, Lafontaine DA. A kissing loop is important for 
btuB riboswitch ligand sensing and regulatory control. J Biol Chem 2015;290: 
26739–51. https://doi.org/10.1074/jbc.M115.684134. 

[16] Fujita Y, Tanaka T, Furuta H, Ikawa Y. Functional roles of a tetraloop/receptor 
interacting module in a cyclic di-GMP riboswitch. J Biosci Bioeng 2012;113: 
141–5. https://doi.org/10.1016/j.jbiosc.2011.10.004. 

[17] McCown PJ, Corbino KA, Stav S, Sherlock ME, Breaker RR. Riboswitch diversity 
and distribution. RNA 2017;23:995–1011. https://doi.org/10.1261/ 
rna.061234.117. 

[18] Nawrocki EP, Eddy SR. Infernal 1.1: 100-fold faster RNA homology searches. 
Bioinformatics 2013;29:2933–5. https://doi.org/10.1093/bioinformatics/btt509. 

[19] Macke TJ, Ecker DJ, Gutell RR, Gautheret D, Case DA, Sampath R. RNAMotif, an 
RNA secondary structure definition and search algorithm. Nucleic Acids Res 
2001;29:4724–35. https://doi.org/10.1093/nar/29.22.4724. 

[20] Pavlova N, Kaloudas D, Penchovsky R. Riboswitch distribution, structure, and 
function in bacteria. Gene 2019;708:38–48. https://doi.org/10.1016/j. 
gene.2019.05.036. 

[21] Mandal M, Breaker RR. Adenine riboswitches and gene activation by disruption 
of a transcription terminator. Nat Struct Mol Biol 2004;11:29–35. https://doi. 
org/10.1038/nsmb710. 

[22] Hollands K, Proshkin S, Sklyarova S, Epshtein V, Mironov A, Nudler E, et al. 
Riboswitch control of Rho-dependent transcription termination. Proc Natl Acad 
Sci U S A 2012;109:5376–81. https://doi.org/10.1073/pnas.1112211109. 

[23] Bastet L, Chauvier A, Singh N, Lussier A, Lamontagne A-M, Prevost K, et al. 
Translational control and Rho-dependent transcription termination are intimately 
linked in riboswitch regulation. Nucleic Acids Res 2017;45:7474–86. https://doi. 
org/10.1093/nar/gkx434. 

[24] Pedrolli D, Langer S, Hobl B, Schwarz J, Hashimoto M, Mack M. The ribB FMN 
riboswitch from Escherichia coli operates at the transcriptional and translational 
level and regulates riboflavin biosynthesis. FEBS J 2015;282:3230–42. https:// 
doi.org/10.1111/febs.13226. 

[25] Winkler WC, Nahvi A, Roth A, Collins JA, Breaker RR. Control of gene expression 
by a natural metabolite-responsive ribozyme. Nature 2004;428:281–6. https:// 
doi.org/10.1038/nature02362. 

[26] Sudarsan N, Barrick JE, Breaker RR. Metabolite-binding RNA domains are present 
in the genes of eukaryotes. RNA 2003;9:644–7. https://doi.org/10.1261/ 
rna.5090103. 

[27] Croft MT, Moulin M, Webb ME, Smith AG. Thiamine biosynthesis in algae is 
regulated by riboswitches. Proc Natl Acad Sci U S A 2007;104:20770–5. https:// 
doi.org/10.1073/pnas.0705786105. 

[28] Wachter A, Tunc-Ozdemir M, Grove BC, Green PJ, Shintani DK, Breaker RR. 
Riboswitch control of gene expression in plants by splicing and alternative 3 ’ end 
processing of mRNAs. Plant Cell 2007;19:3437–50. https://doi.org/10.1105/ 
tpc.107.053645. 

[29] Mandal M, Breaker RR. Gene regulation by riboswitches. Nat Rev Mol Cell Biol 
2004;5:451–63. https://doi.org/10.1038/nrm1403. 

[30] Zheng L, Song Q, Xu X, Shen X, Li C, Li H, et al. Structure-based insights into 
recognition and regulation of SAM-sensing riboswitches. Sci China Life Sci 2023; 
66:31–50. https://doi.org/10.1007/s11427-022-2188-7. 

[31] Bocobza S, Adato A, Mandel T, Shapira M, Nudler E, Aharoni A. Riboswitch- 
dependent gene regulation and its evolution in the plant kingdom. Genes Dev;21: 
2874-2879.doi:10.1101/gad.443907. 

[32] Malkowski SN, Spencer TCJ, Breaker RR. Evidence that the nadA motif is a 
bacterial riboswitch for the ubiquitous enzyme cofactor NAD(+). RNA 2019;25: 
1616–27. https://doi.org/10.1261/rna.072538.119. 

[33] Huang L, Wang J, Lilley DMJ. Structure and ligand binding of the ADP-binding 
domain of the NAD(+) riboswitch. RNA 2020;26:878–87. https://doi.org/ 
10.1261/rna.074898.120. 

[34] Chen H, Egger M, Xu X, Flemmich L, Krasheninina O, Sun A, et al. Structural 
distinctions between NAD(+) riboswitch domains 1 and 2 determine differential 
folding and ligand binding. Nucleic Acids Res 2020;48:12394–406. https://doi. 
org/10.1093/nar/gkaa1029. 

[35] Watson PY, Fedor MJ. The ydaO motif is an ATP-sensing riboswitch in Bacillus 
subtilis. Nat Chem Biol 2012;8:963–5. https://doi.org/10.1038/nchembio.1095. 

[36] Nelson JW, Sudarsan N, Furukawa K, Weinberg Z, Wang JX, Breaker RR. 
Riboswitches in eubacteria sense the second messenger c-di-AMP. Nat Chem Biol 
2013;9:834. https://doi.org/10.1038/nchembio.1363. 

[37] Trausch JJ, Ceres P, Reyes FE, Batey RT. The structure of a tetrahydrofolate- 
sensing riboswitch reveals two ligand binding sites in a single aptamer. Structure 
2011;19:1413–23. https://doi.org/10.1016/j.str.2011.06.019. 

[38] Chen X, Arachchilage GM, Breaker RR. Biochemical validation of a second class of 
tetrahydrofolate riboswitches in bacteria. RNA 2019;25:1091–7. https://doi.org/ 
10.1261/rna.071829.119. 

[39] Zhang M, Liu G, Zhang Y, Chen T, Feng S, Cai R, et al. The second class of 
tetrahydrofolate (THF-II) riboswitches recognizes the tetrahydrofolic acid ligand 
via local conformation changes. Int J Mol Sci 2022;23. https://doi.org/10.3390/ 
ijms23115903. 

[40] Xu L, Xiao Y, Zhang J, Fang X. Structural insights into translation regulation by 
the THF-II riboswitch. Nucleic Acids Res 2023;51:952–65. https://doi.org/ 
10.1093/nar/gkac1257. 

[41] Regulski EE, Moy RH, Weinberg Z, Barrick JE, Yao Z, Ruzzo WL, et al. 
A widespread riboswitch candidate that controls bacterial genes involved in 
molybdenum cofactor and tungsten cofactor metabolism. Mol Microbiol 2008;68: 
918–32. https://doi.org/10.1111/j.1365-2958.2008.06208.x. 

[42] Amadei F, Reichenbach M, Gallo S, Sigel RKO. The structural features of the 
ligand-free moaA riboswitch and its ion-dependent folding. J Inorg Biochem 
2023:242. https://doi.org/10.1016/j.jinorgbio.2023.112153. 

[43] Jenison RD, Gill SC, Pardi A, Polisky B. High-resolution molecular discrimination 
by RNA. Science 1994;263:1425–9. https://doi.org/10.1126/science.7510417. 

[44] Mandal M, Boese B, Barrick JE, Winkler WC, Breaker RR. Riboswitches control 
fundamental biochemical pathways in Bacillus subtilis and other bacteria. Cell; 
113:577-586.doi:10.1016/s0092-8674(03)00391-x. 

[45] Roth A, Winkler WC, Regulski EE, Lee BWK, Lim J, Jona I, et al. A riboswitch 
selective for the queuosine precursor preQ(1) contains an unusually small 
aptamer domain. Nat Struct Mol Biol 2007;14:308–17. https://doi.org/10.1038/ 
nsmb1224. 

[46] Van Vlack ER, Topp S, Seeliger JC. Characterization of engineered PreQ1 
riboswitches for inducible gene regulation in mycobacteria. J Bacteriol 2017;199. 
https://doi.org/10.1128/jb.00656-16. 

[47] Chatterjee S, Chauvier A, Dandpat SS, Artsimovitch I, Walter NG. A translational 
riboswitch coordinates nascent transcription-translation coupling. Proc Natl Acad 
Sci U S A 2021:118. https://doi.org/10.1073/pnas.2023426118. 

[48] Weinberg Z, Lunse CE, Corbino KA, Ames TD, Nelson JW, Roth A, et al. Detection 
of 224 candidate structured RNAs by comparative analysis of specific subsets of 
intergenic regions. Nucleic Acids Res 2017;45:10811–23. https://doi.org/ 
10.1093/nar/gkx699. 

[49] Yu D, Breaker RR. A bacterial riboswitch class senses xanthine and uric acid to 
regulate genes associated with purine oxidation. RNA 2020;26:960–8. https:// 
doi.org/10.1261/rna.075218.120. 

J. Xu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/0092-8674(82)90414-7
https://doi.org/10.1016/0092-8674(82)90414-7
https://doi.org/10.1016/s1074-5521(02)00224-7
https://doi.org/10.1016/s1074-5521(02)00224-7
https://doi.org/10.1038/nature01145
https://doi.org/10.1038/nature01145
https://doi.org/10.1073/pnas.212628899
http://refhub.elsevier.com/S2405-805X(23)00038-8/sref5
http://refhub.elsevier.com/S2405-805X(23)00038-8/sref5
http://refhub.elsevier.com/S2405-805X(23)00038-8/sref5
https://doi.org/10.1093/nar/gkt057
https://doi.org/10.1126/science.1255091
https://doi.org/10.1126/science.1255091
https://doi.org/10.1126/science.1255083
https://doi.org/10.1146/annurev.biochem.78.070507.135656
https://doi.org/10.1146/annurev.biochem.78.070507.135656
https://doi.org/10.1039/d0nr08301a
https://doi.org/10.1039/d0nr08301a
https://doi.org/10.1016/j.molcel.2011.08.024
https://doi.org/10.1016/s0168-9525(99)01856-9
https://doi.org/10.1016/s0168-9525(99)01856-9
https://doi.org/10.1101/cshperspect.a003533
https://doi.org/10.1101/cshperspect.a003533
https://doi.org/10.1021/bi701164y
https://doi.org/10.1074/jbc.M115.684134
https://doi.org/10.1016/j.jbiosc.2011.10.004
https://doi.org/10.1261/rna.061234.117
https://doi.org/10.1261/rna.061234.117
https://doi.org/10.1093/bioinformatics/btt509
https://doi.org/10.1093/nar/29.22.4724
https://doi.org/10.1016/j.gene.2019.05.036
https://doi.org/10.1016/j.gene.2019.05.036
https://doi.org/10.1038/nsmb710
https://doi.org/10.1038/nsmb710
https://doi.org/10.1073/pnas.1112211109
https://doi.org/10.1093/nar/gkx434
https://doi.org/10.1093/nar/gkx434
https://doi.org/10.1111/febs.13226
https://doi.org/10.1111/febs.13226
https://doi.org/10.1038/nature02362
https://doi.org/10.1038/nature02362
https://doi.org/10.1261/rna.5090103
https://doi.org/10.1261/rna.5090103
https://doi.org/10.1073/pnas.0705786105
https://doi.org/10.1073/pnas.0705786105
https://doi.org/10.1105/tpc.107.053645
https://doi.org/10.1105/tpc.107.053645
https://doi.org/10.1038/nrm1403
https://doi.org/10.1007/s11427-022-2188-7
https://doi.org/10.1261/rna.072538.119
https://doi.org/10.1261/rna.074898.120
https://doi.org/10.1261/rna.074898.120
https://doi.org/10.1093/nar/gkaa1029
https://doi.org/10.1093/nar/gkaa1029
https://doi.org/10.1038/nchembio.1095
https://doi.org/10.1038/nchembio.1363
https://doi.org/10.1016/j.str.2011.06.019
https://doi.org/10.1261/rna.071829.119
https://doi.org/10.1261/rna.071829.119
https://doi.org/10.3390/ijms23115903
https://doi.org/10.3390/ijms23115903
https://doi.org/10.1093/nar/gkac1257
https://doi.org/10.1093/nar/gkac1257
https://doi.org/10.1111/j.1365-2958.2008.06208.x
https://doi.org/10.1016/j.jinorgbio.2023.112153
https://doi.org/10.1126/science.7510417
https://doi.org/10.1038/nsmb1224
https://doi.org/10.1038/nsmb1224
https://doi.org/10.1128/jb.00656-16
https://doi.org/10.1073/pnas.2023426118
https://doi.org/10.1093/nar/gkx699
https://doi.org/10.1093/nar/gkx699
https://doi.org/10.1261/rna.075218.120
https://doi.org/10.1261/rna.075218.120


Synthetic and Systems Biotechnology 8 (2023) 357–370

369

[50] Xu X, Egger M, Chen H, Bartosik K, Micura R, Ren A. Insights into xanthine 
riboswitch structure and metal ion-mediated ligand recognition. Nucleic Acids 
Res 2021;49:7139–53. https://doi.org/10.1093/nar/gkab486. 

[51] Sassanfar M, Szostak JW. An RNA motif that binds ATP. Nature 1993;364:550–3. 
https://doi.org/10.1038/364550a0. 

[52] Block KF, Hammond MC, Breaker RR. Evidence for widespread gene control 
function by the ydaO riboswitch candidate. J Bacteriol 2010;192:3983–9. https:// 
doi.org/10.1128/jb.00450-10. 

[53] Ren A, Patel DJ. c-di-AMP binds the ydaO riboswitch in two pseudo-symmetry- 
related pockets. Nat Chem Biol 2014;10:780–6. https://doi.org/10.1038/ 
nchembio.1606. 

[54] Sudarsan N, Lee ER, Weinberg Z, Moy RH, Kim JN, Link KH, et al. Riboswitches in 
eubacteria sense the second messenger cyclic di-GMP. Science 2008;321:411–3. 
https://doi.org/10.1126/science.1159519. 

[55] Ryjenkov DA, Simm R, Romling U, Gomelsky M. The PilZ domain is a receptor for 
the second messenger c-di-GMP - the PilZ domain protein YcgR controls motility 
in enterobacteria. J Biol Chem 2006;281:30310–4. https://doi.org/10.1074/jbc. 
C600179200. 

[56] Kellenberger CA, Wilson SC, Hickey SF, Gonzalez TL, Su Y, Hallberg ZF, et al. 
GEMM-I riboswitches from Geobacter sense the bacterial second messenger cyclic 
AMP-GMP. Proc Natl Acad Sci U S A 2015;112:5383–8. https://doi.org/10.1073/ 
pnas.1419328112. 

[57] Zhou H, Zheng C, Su J, Chen B, Fu Y, Xie Y, et al. Characterization of a natural 
triple-tandem c-di-GMP riboswitch and application of the riboswitch-based dual- 
fluorescence reporter. Sci Rep 2016;6. https://doi.org/10.1038/srep20871. 

[58] Dambach M, Sandoval M, Updegrove TB, Anantharaman V, Aravind L, Waters LS, 
et al. The ubiquitous yybP-ykoY riboswitch is a manganese-responsive regulatory 
element. Mol Cell 2015;57:1099–109. https://doi.org/10.1016/j. 
molcel.2015.01.035. 

[59] Price IR, Gaballa A, Ding F, Helmann JD, Ke A. Mn2+-Sensing mechanisms of 
yybP-ykoY orphan riboswitches. Mol Cell 2015;57:1110–23. https://doi.org/ 
10.1016/j.molcel.2015.02.016. 

[60] Furukawa K, Ramesh A, Zhou Z, Weinberg Z, Vallery T, Winkler WC, et al. 
Bacterial riboswitches cooperatively bind Ni2+ or Co2+ ions and control 
expression of heavy metal transporters. Mol Cell 2015;57:1088–98. https://doi. 
org/10.1016/j.molcel.2015.02.009. 

[61] Dann III CE, Wakeman CA, Sieling CL, Baker SC, Irnov I, Winkler WC. Structure 
and mechanism of a metal-sensing regulatory RNA. Cell 2007;130:878–92. 
https://doi.org/10.1016/j.cell.2007.06.051. 

[62] White N, Sadeeshkumar H, Sun A, Sudarsan N, Breaker RR. Na+ riboswitches 
regulate genes for diverse physiological processes in bacteria. Nat Chem Biol 
2022;18:878. https://doi.org/10.1038/s41589-022-01086-4. 

[63] White N, Sadeeshkumar H, Sun A, Sudarsan N, Breaker RR. Lithium-sensing 
riboswitch classes regulate expression of bacterial cation transporter genes. Sci 
Rep 2022;12. https://doi.org/10.1038/s41598-022-20695-6. 

[64] Sudarsan N, Wickiser JK, Nakamura S, Ebert MS, Breaker RR. An mRNA structure 
in bacteria that controls gene expression by binding lysine. Genes Dev 2003;17: 
2688–97. https://doi.org/10.1101/gad.1140003. 

[65] Blouin S, Chinnappan R, Lafontaine DA. Folding of the lysine riboswitch: 
importance of peripheral elements for transcriptional regulation. Nucleic Acids 
Res 2011;39:3373–87. https://doi.org/10.1093/nar/gkq1247. 

[66] Caron M-P, Bastet L, Lussier A, Simoneau-Roy M, Masse E, Lafontaine DA. Dual- 
acting riboswitch control of translation initiation and mRNA decay. Proc Natl 
Acad Sci U S A 2012;109:E3444–53. https://doi.org/10.1073/pnas.1214024109. 

[67] Mandal M, Lee M, Barrick JE, Weinberg Z, Emilsson GM, Ruzzo WL, et al. 
A glycine-dependent riboswitch that uses cooperative binding to control gene 
expression. Science 2004;306:275–9. https://doi.org/10.1126/science.1100829. 

[68] Butler EB, Xiong Y, Wang J, Strobel SA. Structural basis of cooperative ligand 
binding by the Glycine riboswitch. Chem Biol 2011;18:293–8. https://doi.org/ 
10.1016/j.chembiol.2011.01.013. 

[69] Zhou L, Ren J, Li Z, Nie J, Wang C, Zeng A-P. Characterization and engineering of 
a Clostridium Glycine riboswitch and its use to control a novel metabolic pathway 
for 5-aminolevulinic acid production in Escherichia coli. ACS Synth Biol 2019;8: 
2327–35. https://doi.org/10.1021/acssynbio.9b00137. 

[70] Ames TD, Breaker RR. Bacterial aptamers that selectively bind glutamine. RNA 
Biol 2011;8:82–9. https://doi.org/10.4161/rna.8.1.13864. 

[71] Ren A, Xue Y, Peselis A, Serganov A, Al-Hashimi HM, Patel DJ. Structural and 
dynamic basis for low-affinity, high-selectivity binding of L-glutamine by the 
glutamine riboswitch. Cell Rep 2015;13:1800–13. https://doi.org/10.1016/j. 
celrep.2015.10.062. 

[72] Nelson JW, Atilho RM, Sherlock ME, Stockbridge RB, Breaker RR. Metabolism of 
free guanidine in bacteria is regulated by a widespread riboswitch class. Mol Cell 
2017;65:220–30. https://doi.org/10.1016/j.molcel.2016.11.019. 

[73] Sherlock ME, Breaker RR. Biochemical validation of a third guanidine riboswitch 
class in bacteria. Biochemistry 2017;56:359–63. https://doi.org/10.1021/acs. 
biochem.6b01271. 

[74] Sherlock ME, Sadeeshkumar H, Breaker RR. Variant bacterial riboswitches 
associated with nucleotide hydrolase genes sense nucleoside diphosphates. 
Biochemistry 2019;58:401–10. https://doi.org/10.1021/acs.biochem.8b00617. 

[75] Lynch SA, Desai SK, Sajja HK, Gallivan JP. A high-throughput screen for synthetic 
riboswitches reveals mechanistic insights into their function. Chem Biol 2007;14: 
173–84. https://doi.org/10.1016/j.chembiol.2006.12.008. 

[76] Nomura Y, Yokobayashi Y. Dual selection of a genetic switch by a single selection 
marker. Biosystems 2007;90:115–20. https://doi.org/10.1016/j. 
biosystems.2006.07.006. 

[77] Nomura Y, Yokobayashi Y. Reengineering a natural riboswitch by dual genetic 
selection. J Am Chem Soc 2007;129:13814. https://doi.org/10.1021/ja076298b. 

[78] Muranaka N, Sharma V, Nomura Y, Yokobayashi Y. An efficient platform for 
genetic selection and screening of gene switches in Escherichia coli. Nucleic Acids 
Res 2009;37. https://doi.org/10.1093/nar/gkp039. 

[79] Wang J, Gao D, Yu X, Li W, Qi Q. Evolution of a chimeric aspartate kinase for L- 
lysine production using a synthetic RNA device. Appl Microbiol Biotechnol 2015; 
99:8527–36. https://doi.org/10.1007/s00253-015-6615-0. 

[80] Hong K-Q, Zhang J, Jin B, Chen T, Wang Z-W. Development and characterization 
of a glycine biosensor system for fine-tuned metabolic regulation in Escherichia 
coli. Microb Cell Factories 2022;21. https://doi.org/10.1186/s12934-022-01779- 
4. 

[81] Zhou L-B, Zeng A-P. Engineering a lysine-ON riboswitch for metabolic control of 
lysine production in Corynebacterium glutamicum. ACS Synth Biol 2015;4: 
1335–40. https://doi.org/10.1021/acssynbio.5b00075. 

[82] Xu X, Rao Z-M, Xu J-Z, Zhang W-G. Enhancement of L-pipecolic acid production 
by dynamic control of substrates and multiple copies of the pipA gene in the 
Escherichia coli genome. ACS Synth Biol;11:760-769.doi:10.1021/ 
acssynbio.1c00467. 

[83] Borujeni AE, Mishler DM, Wang J, Huso W, Salis HM. Automated physics-based 
design of synthetic riboswitches from diverse RNA aptamers. Nucleic Acids Res 
2016;44:1–13. https://doi.org/10.1093/nar/gkv1289. 

[84] Wu MJ, Andreasson JOL, Kladwang W, Greenleaf W, Das R. Automated design of 
diverse stand-alone riboswitches. ACS Synth Biol 2019;8:1838–46. https://doi. 
org/10.1021/acssynbio.9b00142. 

[85] Antunes D, Jorge NAN, Caffarena ER, Passetti F. Using RNA sequence and 
structure for the prediction of riboswitch aptamer: a comprehensive review of 
available software and tools. Front Genet;8:231.doi:10.3389/fgene.2017.00231. 

[86] Lorenz R, Bernhart SH, Siederdissen CHZ, Tafer H, Flamm C, Stadler PF, et al. 
ViennaRNA package 2.0. Algorithm Mol Biol 2011;6. https://doi.org/10.1186/ 
1748-7188-6-26. 

[87] Goodson MS, Bennett AC, Jennewine BR, Briskin E, Harbaugh SV, Kelley- 
Loughnane N. Amplifying riboswitch signal output using cellular wiring. ACS 
Synth Biol 2017;6:1440–4. https://doi.org/10.1021/acssynbio.6b00191. 

[88] Ogawa A, Maeda M. An artificial aptazyme-based riboswitch and its cascading 
system in E. coli. Chembiochem 2008;9:206–9. https://doi.org/10.1002/ 
cbic.200700478. 

[89] Dwidar M, Yokobayashi Y. Riboswitch signal amplification by controlling plasmid 
copy number. ACS Synth Biol 2019;8:245–50. https://doi.org/10.1021/ 
acssynbio.8b00454. 

[90] Sudarsan N, Hammond MC, Block KF, Welz R, Barrick JE, Roth A, et al. Tandem 
riboswitch architectures exhibit complex gene control functions. Science 2006; 
314:300–4. https://doi.org/10.1126/science.1130716. 

[91] Welz R, Breaker RR. Ligand binding and gene control characteristics of tandem 
riboswitches in Bacillus anthracis. RNA 2007;13:573–82. https://doi.org/ 
10.1261/rna.407707. 

[92] Sherlock ME, Sudarsan N, Stav S, Breaker RR. Tandem riboswitches form a 
natural Boolean logic gate to control purine metabolism in bacteria. Elife 2018;7. 
https://doi.org/10.7554/eLife.33908. 

[93] Jose AM, Soukup GA, Breaker RR. Cooperative binding of effecters by an 
allosteric ribozyme. Nucleic Acids Res 2001;29:1631–7. https://doi.org/ 
10.1093/nar/29.7.1631. 

[94] Sharma V, Nomura Y, Yokobayashi Y. Engineering complex riboswitch regulation 
by dual genetic selection. J Am Chem Soc 2008;130:16310–5. https://doi.org/ 
10.1021/ja805203w. 

[95] Domin G, Findeiss S, Wachsmuth M, Will S, Stadler PF, Moerl M. Applicability of 
a computational design approach for synthetic riboswitches. Nucleic Acids Res 
2017;45:4108–19. https://doi.org/10.1093/nar/gkw1267. 

[96] Muranaka N, Yokobayashi Y. A synthetic riboswitch with chemical band-pass 
response. Chem Commun 2010;46:6825–7. https://doi.org/10.1039/ 
c0cc01438a. 

[97] Muranaka N, Yokobayashi Y. Posttranscriptional signal integration of engineered 
riboswitches yields band-pass output. Angew Chem Int Ed 2010;49:4653–5. 
https://doi.org/10.1002/anie.201001482. 

[98] Bayer TS, Smolke CD. Programmable ligand-controlled riboregulators of 
eukaryotic gene expression. Nat Biotechnol 2005;23:337–43. https://doi.org/ 
10.1038/nbt1069. 

[99] Wachsmuth M, Findeiss S, Weissheimer N, Stadler PF, Moerl M. De novo design of 
a synthetic riboswitch that regulates transcription termination. Nucleic Acids Res 
2013;41:2541–51. https://doi.org/10.1093/nar/gks1330. 

[100] Wachsmuth M, Domin G, Lorenz R, Serfling R, Findeiss S, Stadler PF, et al. Design 
criteria for synthetic riboswitches acting on transcription. RNA Biol 2015;12: 
221–31. https://doi.org/10.1080/15476286.2015.1017235. 

[101] Beisel CL, Smolke CD. Design principles for riboswitch function. PLoS Comput 
Biol 2009;5. https://doi.org/10.1371/journal.pcbi.1000363. 

[102] Soukup GA, Breaker RR. Engineering precision RNA molecular switches. Proc 
Natl Acad Sci U S A 1999;96:3584–9. https://doi.org/10.1073/pnas.96.7.3584. 

[103] Suess B, Fink B, Berens C, Stentz R, Hillen W. A theophylline responsive 
riboswitch based on helix slipping controls gene expression in vivo. Nucleic Acids 
Res 2004;32:1610–4. https://doi.org/10.1093/nar/gkh321. 

[104] Cui W, Cheng J, Miao S, Zhou L, Liu Z, Guo J, et al. Comprehensive 
characterization of a theophylline riboswitch reveals two pivotal features of 
Shine-Dalgarno influencing activated translation property. Appl Microbiol 
Biotechnol 2017;101:2107–20. https://doi.org/10.1007/s00253-016-7988-4. 

J. Xu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1093/nar/gkab486
https://doi.org/10.1038/364550a0
https://doi.org/10.1128/jb.00450-10
https://doi.org/10.1128/jb.00450-10
https://doi.org/10.1038/nchembio.1606
https://doi.org/10.1038/nchembio.1606
https://doi.org/10.1126/science.1159519
https://doi.org/10.1074/jbc.C600179200
https://doi.org/10.1074/jbc.C600179200
https://doi.org/10.1073/pnas.1419328112
https://doi.org/10.1073/pnas.1419328112
https://doi.org/10.1038/srep20871
https://doi.org/10.1016/j.molcel.2015.01.035
https://doi.org/10.1016/j.molcel.2015.01.035
https://doi.org/10.1016/j.molcel.2015.02.016
https://doi.org/10.1016/j.molcel.2015.02.016
https://doi.org/10.1016/j.molcel.2015.02.009
https://doi.org/10.1016/j.molcel.2015.02.009
https://doi.org/10.1016/j.cell.2007.06.051
https://doi.org/10.1038/s41589-022-01086-4
https://doi.org/10.1038/s41598-022-20695-6
https://doi.org/10.1101/gad.1140003
https://doi.org/10.1093/nar/gkq1247
https://doi.org/10.1073/pnas.1214024109
https://doi.org/10.1126/science.1100829
https://doi.org/10.1016/j.chembiol.2011.01.013
https://doi.org/10.1016/j.chembiol.2011.01.013
https://doi.org/10.1021/acssynbio.9b00137
https://doi.org/10.4161/rna.8.1.13864
https://doi.org/10.1016/j.celrep.2015.10.062
https://doi.org/10.1016/j.celrep.2015.10.062
https://doi.org/10.1016/j.molcel.2016.11.019
https://doi.org/10.1021/acs.biochem.6b01271
https://doi.org/10.1021/acs.biochem.6b01271
https://doi.org/10.1021/acs.biochem.8b00617
https://doi.org/10.1016/j.chembiol.2006.12.008
https://doi.org/10.1016/j.biosystems.2006.07.006
https://doi.org/10.1016/j.biosystems.2006.07.006
https://doi.org/10.1021/ja076298b
https://doi.org/10.1093/nar/gkp039
https://doi.org/10.1007/s00253-015-6615-0
https://doi.org/10.1186/s12934-022-01779-4
https://doi.org/10.1186/s12934-022-01779-4
https://doi.org/10.1021/acssynbio.5b00075
https://doi.org/10.1093/nar/gkv1289
https://doi.org/10.1021/acssynbio.9b00142
https://doi.org/10.1021/acssynbio.9b00142
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1021/acssynbio.6b00191
https://doi.org/10.1002/cbic.200700478
https://doi.org/10.1002/cbic.200700478
https://doi.org/10.1021/acssynbio.8b00454
https://doi.org/10.1021/acssynbio.8b00454
https://doi.org/10.1126/science.1130716
https://doi.org/10.1261/rna.407707
https://doi.org/10.1261/rna.407707
https://doi.org/10.7554/eLife.33908
https://doi.org/10.1093/nar/29.7.1631
https://doi.org/10.1093/nar/29.7.1631
https://doi.org/10.1021/ja805203w
https://doi.org/10.1021/ja805203w
https://doi.org/10.1093/nar/gkw1267
https://doi.org/10.1039/c0cc01438a
https://doi.org/10.1039/c0cc01438a
https://doi.org/10.1002/anie.201001482
https://doi.org/10.1038/nbt1069
https://doi.org/10.1038/nbt1069
https://doi.org/10.1093/nar/gks1330
https://doi.org/10.1080/15476286.2015.1017235
https://doi.org/10.1371/journal.pcbi.1000363
https://doi.org/10.1073/pnas.96.7.3584
https://doi.org/10.1093/nar/gkh321
https://doi.org/10.1007/s00253-016-7988-4


Synthetic and Systems Biotechnology 8 (2023) 357–370

370

[105] Mishler DM, Gallivan JP. A family of synthetic riboswitches adopts a kinetic 
trapping mechanism. Nucleic Acids Res 2014;42:6753–61. https://doi.org/ 
10.1093/nar/gku262. 

[106] Chushak Y, Harbaugh S, Zimlich K, Alfred B, Chavez J, Kelley-Loughnane N. 
Characterization of synthetic riboswitch in cell-free protein expression systems. 
RNA Biol 2021;18:1727–38. https://doi.org/10.1080/15476286.2020.1868149. 

[107] Micura R, Hoebartner C. Fundamental studies of functional nucleic acids: 
aptamers, riboswitches, ribozymes and DNAzymes. Chem Soc Rev 2020;49: 
7331–53. https://doi.org/10.1039/d0cs00617c. 

[108] Beilstein K, Wittmann A, Grez M, Suess B. Conditional control of mammalian gene 
expression by tetracycline-dependent hammerhead ribozymes. ACS Synth Biol 
2015;4:526–34. https://doi.org/10.1021/sb500270h. 

[109] Wittmann A, Suess B. Selection of tetracycline inducible self-cleaving ribozymes 
as synthetic devices for gene regulation in yeast. Mol Biosyst 2011;7:2419–27. 
https://doi.org/10.1039/c1mb05070b. 

[110] Huang X, Zhao Y, Pu Q, Liu G, Peng Y, Wang F, et al. Intracellular selection of 
trans-cleaving hammerhead ribozymes. Nucleic Acids Res 2019;47:2514–22. 
https://doi.org/10.1093/nar/gkz018. 

[111] Liu Y, Wilson TJ, McPhee SA, Lilley DMJ. Crystal structure and mechanistic 
investigation of the twister ribozyme. Nat Chem Biol 2014;10:739–44. https:// 
doi.org/10.1038/nchembio.1587. 

[112] Weinberg Z, Kim PB, Chen TH, Li S, Harris KA, Luense CE, et al. New classes of 
self-cleaving ribozymes revealed by comparative genomics analysis. Nat Chem 
Biol 2015;11. https://doi.org/10.1038/nchembio.1846. 606-U111. 

[113] Martick M, Scott WG. Tertiary contacts distant from the active site prime a 
ribozyme for catalysis. Cell;126:309-320.doi:10.1016/j.cell.2006.06.036. 

[114] Win MN, Smolke CD. A modular and extensible RNA-based gene-regulatory 
platform for engineering cellular function. Proc Natl Acad Sci U S A 2007;104: 
14283–8. https://doi.org/10.1073/pnas.0703961104. 

[115] Soukup GA, Emilsson GAM, Breaker RR. Altering molecular recognition of RNA 
aptamers by allosteric selection. J Mol Biol 2000;298:623–32. https://doi.org/ 
10.1006/jmbi.2000.3704. 

[116] Wieland M, Benz A, Klauser B, Hartig JS. Artificial ribozyme switches containing 
natural riboswitch aptamer domains. Angew Chem Int Ed 2009;48:2715–8. 
https://doi.org/10.1002/anie.200805311. 

[117] Araki M, Okuno Y, Hara Y, Sugiura Y. Allosteric regulation of a ribozyme activity 
through ligand-induced conformational change. Nucleic Acids Res 1998;26: 
3379–84. https://doi.org/10.1093/nar/26.14.3379. 

[118] Michener JK, Smolke CD. High-throughput enzyme evolution in Saccharomyces 
cerevisiae using a synthetic RNA switch. Metab Eng 2012;14:306–16. https://doi. 
org/10.1016/j.ymben.2012.04.004. 

[119] Webb C-HT, Luptak A. Kinetic parameters of trans scission by extended HDV-like 
ribozymes and the prospect for the discovery of genomic trans-cleaving RNAs. 
Biochemistry 2018;57:1440–50. https://doi.org/10.1021/acs.biochem.7b00789. 

[120] Meyer A, Pellaux R, Potot S, Becker K, Hohmann H-P, Panke S, et al. Optimization 
of a whole-cell biocatalyst by employing genetically encoded product sensors 
inside nanolitre reactors. Nat Chem 2015;7:673–8. https://doi.org/10.1038/ 
nchem.2301. 

[121] Win MN, Smolke CD. Higher-order cellular information processing with synthetic 
RNA devices. Science 2008;322:456–60. https://doi.org/10.1126/ 
science.1160311. 

[122] Felletti M, Stifel J, Wurmthaler LA, Geiger S, Hartig JS. Twister ribozymes as 
highly versatile expression platforms for artificial riboswitches. Nat Commun 
2016;7. https://doi.org/10.1038/ncomms12834. 

[123] Mustafina K, Fukunaga K, Yokobayashi Y. Design of mammalian ON-riboswitches 
based on tandemly fused aptamer and ribozyme. ACS Synth Biol 2020;9:19–25. 
https://doi.org/10.1021/acssynbio.9b00371. 

[124] Mustafina K, Nomura Y, Rotrattanadumrong R, Yokobayashi Y. Circularly- 
permuted pistol ribozyme: a synthetic ribozyme scaffold for mammalian 
riboswitches. ACS Synth Biol 2021;10:2040–8. https://doi.org/10.1021/ 
acssynbio.1c00213. 

[125] Johansson J, Mandin P, Renzoni A, Chiaruttini C, Springer M, Cossart P. An RNA 
thermosensor controls expression of virulence genes in Listeria monocytogenes. Cell 
2002;110:551–61. https://doi.org/10.1016/s0092-8674(02)00905-4. 

[126] Kreuzer KD, Henkin TM. The T-box riboswitch: tRNA as an effector to modulate 
gene regulation. Microbiol Spectr 2018;6. https://doi.org/10.1128/ 
microbiolspec.RWR-0028-2018. 

[127] Anzalone AV, Lin AJ, Zairis S, Rabadan R, Cornish VW. Reprogramming 
eukaryotic translation with ligand-responsive synthetic RNA switches. Nat 
Methods 2016;13:453. https://doi.org/10.1038/nmeth.3807. 

[128] Jacks T, Madhani HD, Masiarz FR, Varmus HE. Signals for ribosomal 
frameshifting in the Rous sarcoma virus gag-pol region. Cell 1988;55:447–58. 
https://doi.org/10.1016/0092-8674(88)90031-1. 

[129] Chen Z, Liu Y, He A, Li J, Chen M, Zhan Y, et al. Theophylline controllable RNAi- 
based genetic switches regulate expression of lncRNA TINCR and malignant 
phenotypes in bladder cancer cells. Sci Rep 2016;6. https://doi.org/10.1038/ 
srep30798. 

[130] Liu D, Evans T, Zhang F. Applications and advances of metabolite biosensors for 
metabolic engineering. Metab Eng 2015;31:35–43. https://doi.org/10.1016/j. 
ymben.2015.06.008. 

[131] Shi T, Wang Y, Wang Z, Wang G, Liu D, Fu J, et al. Deregulation of purine 
pathway in Bacillus subtilis and its use in riboflavin biosynthesis. Microb Cell 
Factories 2014;13. https://doi.org/10.1186/s12934-014-0101-8. 

[132] Boumezbeur A-H, Bruer M, Stoecklin G, Mack M. Rational engineering of 
transcriptional riboswitches leads to enhanced metabolite levels in Bacillus 
subtilis. Metab Eng 2020;61:58–68. https://doi.org/10.1016/j. 
ymben.2020.05.002. 

[133] Zadeh JN, Steenberg CD, Bois JS, Wolfe BR, Pierce MB, Khan AR, et al. NUPACK: 
analysis and design of nucleic acid systems. J Comput Chem 2011;32:170–3. 
https://doi.org/10.1002/jcc.21596. 

[134] Zhou L-B, Zeng A-P. Exploring lysine riboswitch for metabolic flux control and 
improvement of L-lysine synthesis in Corynebacterium glutamicum. ACS Synth Biol 
2015;4:729–34. https://doi.org/10.1021/sb500332c. 

[135] Wang X, Wei W, Zhao J. Using a riboswitch sensor to detect Co2+/Ni2+ transport 
in E. coli. Front Chem 2021;9. https://doi.org/10.3389/fchem.2021.631909. 

[136] Dwidar M, Yokobayashi Y. Controlling Bdellovibrio bacteriovorus gene expression 
and predation using synthetic riboswitches. ACS Synth Biol 2017;6:2035–41. 
https://doi.org/10.1021/acssynbio.7b00171. 

[137] Wang XC, Wilson SC, Hammond MC. Next-generation RNA-based fluorescent 
biosensors enable anaerobic detection of cyclic di-GMP. Nucleic Acids Res 2016; 
44. https://doi.org/10.1093/nar/gkw580. 

[138] Wu Y, Zhu L, Li S, Chu H, Wang X, Xu W. High content design of riboswitch 
biosensors: all-around rational module-by-module design. Biosens Bioelectron 
2023:220. https://doi.org/10.1016/j.bios.2022.114887. 

[139] Wrist A, Sun W, Summers RM. The theophylline aptamer: 25 Years as an 
important tool in cellular engineering research. ACS Synth Biol 2020;9:682–97. 
https://doi.org/10.1021/acssynbio.9b00475. 

[140] Dong X, Qi S, Khan IM, Sun Y, Zhang Y, Wang Z. Advances in riboswitch-based 
biosensor as food samples detection tool. Compr Rev Food Sci Food Saf 2022. 
https://doi.org/10.1111/1541-4337.13077. 

[141] Sudarsan N, Cohen-Chalamish S, Nakamura S, Emilsson GM, Breaker RR. 
Thiamine pyrophosphate riboswitches are targets for the antimicrobial compound 
pyrithiamine. Chem Biol 2005;12:1325–35. https://doi.org/10.1016/j. 
chembiol.2005.10.007. 

[142] Langer S, Hashimoto M, Hobl B, Mathes T, Mack M. Flavoproteins are potential 
targets for the antibiotic roseoflavin in Escherichia coli. J Bacteriol 2013;195: 
4037–45. https://doi.org/10.1128/jb.00646-13. 

[143] Howe JA, Xiao L, Fischmann TO, Wang H, Tang H, Villafania A, et al. Atomic 
resolution mechanistic studies of ribocil: a highly selective unnatural ligand 
mimic of the E. coli FMN riboswitch. RNA Biol 2016;13:946–54. https://doi.org/ 
10.1080/15476286.2016.1216304. 

[144] Vicens Q, Mondragon E, Reyes FE, Coish P, Aristoff P, Berman J, et al. Structure- 
activity relationship of flavin analogues that target the flavin mononucleotide 
riboswitch. ACS Chem Biol 2018;13:2908–19. https://doi.org/10.1021/ 
acschembio.8b00533. 

[145] Machtel P, Bakowska-Zywicka K, Zywicki M. Emerging applications of 
riboswitches - from antibacterial targets to molecular tools. J Appl Genet 2016; 
57:531–41. https://doi.org/10.1007/s13353-016-0341-x. 

[146] Wang JX, Breaker RR. Riboswitches that sense S-adenosylmethionine and S- 
adenosylhomocysteine. Biochem Cell Biol 2008;86:157–68. https://doi.org/ 
10.1139/o08-008. 

[147] Klein DJ, Ferre-D’Amare AR. Structural basis of glmS ribozyme activation by 
glucosamine-6-phosphate. Biophys J 2007:350A [A]. 

J. Xu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1093/nar/gku262
https://doi.org/10.1093/nar/gku262
https://doi.org/10.1080/15476286.2020.1868149
https://doi.org/10.1039/d0cs00617c
https://doi.org/10.1021/sb500270h
https://doi.org/10.1039/c1mb05070b
https://doi.org/10.1093/nar/gkz018
https://doi.org/10.1038/nchembio.1587
https://doi.org/10.1038/nchembio.1587
https://doi.org/10.1038/nchembio.1846
https://doi.org/10.1073/pnas.0703961104
https://doi.org/10.1006/jmbi.2000.3704
https://doi.org/10.1006/jmbi.2000.3704
https://doi.org/10.1002/anie.200805311
https://doi.org/10.1093/nar/26.14.3379
https://doi.org/10.1016/j.ymben.2012.04.004
https://doi.org/10.1016/j.ymben.2012.04.004
https://doi.org/10.1021/acs.biochem.7b00789
https://doi.org/10.1038/nchem.2301
https://doi.org/10.1038/nchem.2301
https://doi.org/10.1126/science.1160311
https://doi.org/10.1126/science.1160311
https://doi.org/10.1038/ncomms12834
https://doi.org/10.1021/acssynbio.9b00371
https://doi.org/10.1021/acssynbio.1c00213
https://doi.org/10.1021/acssynbio.1c00213
https://doi.org/10.1016/s0092-8674(02)00905-4
https://doi.org/10.1128/microbiolspec.RWR-0028-2018
https://doi.org/10.1128/microbiolspec.RWR-0028-2018
https://doi.org/10.1038/nmeth.3807
https://doi.org/10.1016/0092-8674(88)90031-1
https://doi.org/10.1038/srep30798
https://doi.org/10.1038/srep30798
https://doi.org/10.1016/j.ymben.2015.06.008
https://doi.org/10.1016/j.ymben.2015.06.008
https://doi.org/10.1186/s12934-014-0101-8
https://doi.org/10.1016/j.ymben.2020.05.002
https://doi.org/10.1016/j.ymben.2020.05.002
https://doi.org/10.1002/jcc.21596
https://doi.org/10.1021/sb500332c
https://doi.org/10.3389/fchem.2021.631909
https://doi.org/10.1021/acssynbio.7b00171
https://doi.org/10.1093/nar/gkw580
https://doi.org/10.1016/j.bios.2022.114887
https://doi.org/10.1021/acssynbio.9b00475
https://doi.org/10.1111/1541-4337.13077
https://doi.org/10.1016/j.chembiol.2005.10.007
https://doi.org/10.1016/j.chembiol.2005.10.007
https://doi.org/10.1128/jb.00646-13
https://doi.org/10.1080/15476286.2016.1216304
https://doi.org/10.1080/15476286.2016.1216304
https://doi.org/10.1021/acschembio.8b00533
https://doi.org/10.1021/acschembio.8b00533
https://doi.org/10.1007/s13353-016-0341-x
https://doi.org/10.1139/o08-008
https://doi.org/10.1139/o08-008
http://refhub.elsevier.com/S2405-805X(23)00038-8/sref147
http://refhub.elsevier.com/S2405-805X(23)00038-8/sref147

	Riboswitches, from cognition to transformation
	1 Introduction
	2 The diversity of riboswitches
	2.1 Coenzymes riboswitches
	2.2 Nucleotide derivatives riboswitches
	2.3 Signaling molecules riboswitches
	2.4 Ions riboswitches
	2.5 Amino acids riboswitches
	2.6 Other riboswitches

	3 Structural and functional transformation
	3.1 Functional reversal, dual selection based on tetA gene
	3.2 Functional reversal, Automated design
	3.3 Cascade structure
	3.4 Tandem structure
	3.5 Other structural transformation

	4 Regulation of riboswitches coupled with ribozymes
	4.1 Aptazymes based on hammerhead ribozyme (HHRz)
	4.2 Aptazymes based on other ribozymes

	5 Novel regulation mechanisms mediated by riboswitches
	6 Applications and challenges
	6.1 Biosensors based on riboswitches
	6.2 Targets of antibacterial drugs
	6.3 Challenges of applications

	7 Conclusion
	Declaration of competing interest
	Acknowledgements
	References


