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PERSPECTIVE

Riboswitches as therapeutic targets: promise of a new era of antibiotics
Emily Ellinger, Adrien Chauvier, Rosa A. Romero, Yichen Liu, Sujay Ray and Nils G. Walter

Single Molecule Analysis Group and Center for RNA Biomedicine, Department of Chemistry, University of Michigan, Ann Arbor, MI, USA

ABSTRACT
Introduction: The growth of antibiotic resistance among bacterial pathogens is an impending global 
threat that can only be averted through the development of novel antibacterial drugs. A promising 
answer could be the targeting of riboswitches, structured RNA elements found almost exclusively in 
bacteria.
Areas covered: This review examines the potential of riboswitches as novel antibacterial drug targets. 
The limited mechanisms of action of currently available antibiotics are summarized, followed by a 
delineation of the functional mechanisms of riboswitches. We then discuss the potential for developing 
novel approaches that target paradigmatic riboswitches in the context of their bacterial gene expres-
sion machinery.
Expert opinion: We highlight potential advantages of targeting riboswitches in their functional form, 
embedded within gene expression complexes critical for bacterial survival. We emphasize the benefits 
of this approach, including potentially higher species specificity and lower side effects.
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1. Introduction: the threat of antibiotic resistance

Over the past century, the vast improvement of healthcare 
and related sectors is partly attributed to the development 
of antibiotics, which contributed to an increase in the global 
life expectancy from 32 to 72.6 years from 1900 until the 
present day [1]. Unfortunately, the rise of bacterial drug 
resistance is now posing a serious public health threat to 
this achievement of modern science. Antibiotic resistance is 
a naturally occurring, evolutionary process in which over 
time bacteria adapt to and withstand the effects of antibio-
tics. This evolution has been accelerated by the misuse of 
antibiotics through over-prescription, patient noncompli-
ance with prescription guidelines, and the use of clinical 
antibiotics in animal agriculture [2]. The resulting rapid 

growth of antibiotic resistance has led to the spread of 
‘superbugs’ such as Methicillin-resistant Staphylococcus aur-
eus (MRSA) and Clostridium difficile (C. difficile). In 2019 
alone, an estimated 1.27 million deaths were attributed to 
antimicrobial resistance with over 100,000 of those resulting 
directly from MRSA [3]. Accordingly, the World Health 
Organization (WHO) has classified antibiotic resistance as 
one of the major threats to global health and food security 
[4], and the US Centers for Disease Control and Prevention 
(CDC) list many pathogens as ‘urgent’ or ‘serious’ threats [5]. 
Reminded of the devastating effects of a global pandemic, 
so recently caused by the SARS-CoV-2 virus, now renders 
taking action against the expected bacterial ‘shadow pan-
demic’ even more urgent [6].
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The current crisis of antimicrobial resistance has been 
amplified by the relative paucity of new drug development 
[2]. One of the major challenges facing the development of 
new antibacterials is the lack of financial incentives. The short 
treatment course during acute infection combined with the 
long and expensive development process compares unfavor-
ably for the pharmaceutical industry with the profitability of 
drugs against chronic diseases. Consequently, the allocation of 
resources toward new antibiotics is vastly underwhelming. 
One striking example is the United Kingdom, which despite 
being one of the largest investors of antimicrobial resistance 
research among JPIAMR (Joint Programming Initiative on 
Antimicrobial Resistance) countries, allocated a mere 1% of 
its total research funding toward this crucial goal between 
2007 and 2013 [7]. The US government has become 

increasingly creative to provide stronger incentives, including 
the 2012 Generating Antibiotic Incentives Now Act; the 2016 
implementation of the nonprofit public–private partnership 
CARB-X; the launch in 2016 of the 21st Century Cures Act; 
and the push for a drug development subscription program 
through the 2020 Pioneering Antimicrobial Subscriptions to 
End Upsurging Resistance or Pasteur Act, currently debated in 
a gridlocked congress [8]. So far, none of these efforts has 
made a significant difference in the goal of staying ahead of 
bacterial evolution so that the need for critical government 
support for antibiotics research remains. If antimicrobial resis-
tance is not sufficiently confronted, it is estimated that 10 
million annual deaths worldwide will occur by 2050, with a 
total healthcare cost of up to 100 trillion dollars, more than 
the yearly GDP of most countries [9].

Current antibacterial agents function through five major 
mechanisms, including through the disruption of membrane 
structure, inhibition of specific metabolic pathways, or of cell 
wall, DNA or protein biosynthesis, with a majority of antibio-
tics targeting the ribosome while translating messenger RNAs 
(mRNAs) into protein [10]. Bacteria have demonstrated the 
ability to develop resistance against various modes of antibac-
terial action. This includes instances such as β-lactamase 
enzymes inactivating antibiotics that would usually prevent 
cell wall biosynthesis to changes in bacterial membrane pro-
teins to reduce the amount of antibiotics passing into the 
bacterium or to accelerate drug export [10]. Consequently, 
the development of new antibacterial modes of action has 
to be a worldwide priority.

One underexplored mechanism for expanding the clinical 
arsenal of antibiotics is the targeting of riboswitches. 

Figure 1. The frequency of riboswitch classes found within the high priority pathogens as identified by the WHO and/or CDC based on their drug resistance. Critical 
threats are shown in red and serious threats are shown in orange. Pathogens are listed from left to right in the order of family, genus, and species.

Article highlights

● Antibiotic resistance is a growing worldwide public health threat that 
demands the development of novel antibacterial drugs.

● Riboswitches are predominantly found within bacteria where they 
control gene expression through transcription or translation, offering 
an unprecedented target for antibacterials.

● Riboswitches are broadly found within most high priority pathogens 
listed by the CDC and WHO.

● The lysine, FMN, TPP, and guanine riboswitches are paradigms that 
show promise for developing antibacterials based on either small 
molecules or RNA therapeutics.

● The interdependence and physical proximity of riboswitches and 
conserved gene expression complexes involving the bacterial RNA 
polymerase and ribosome offers an opportunity for developing anti-
biotics of either broad or narrow specificity.
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Riboswitches are widespread RNA structural motifs found in 
the 5’ untranslated regions (5’ UTRs) of mRNAs that in bacteria, 
including many that are pathogenic (Figure 1 and Table 1), 
function to regulate transcription, translation, or RNA decay 
[11,12]. In some bacteria, riboswitches control more than 4% 
of genes, including those coding for many essential cell pro-
ducts [13]. Two major mechanisms riboswitches exploit to 
regulate gene expression involve conformational changes 
that either cause bacterial RNA polymerase (RNAP) to end 
transcription or prevent translation initiation by sequestering 
the ribosome binding site [14,15]. Since the transcription and 
translation machineries are highly conserved among bacteria, 
but riboswitches are absent in mammals, the application of a 
drug that targets a riboswitch or a riboswitch-protein interface 
promise to knock out necessary gene expression across bac-
terial species while leaving human cells unaffected. 
Conversely, the diversity of RNA sequences of related ribos-
witches among bacteria may also offer an angle to target 
specific pathogens, without harming the beneficial micro-
biome [16,17].

This review first details the mechanisms of antibiotics currently 
on the market, then outlines how antibacterials designed to target 
riboswitches could improve the drug effectiveness while retaining 
high specificity against pathogenic bacterial strains.

2. Antibiotic classes currently on the market

Currently available antibiotics interfere with vital biological path-
ways, thereby leading to bacterial cell death to treat acute infec-
tions. The historically first example of an antibiotic was Penicillin, a 
type of β-lactam antibiotic discovered in 1928 by Scottish scientist 
Alexander Fleming in the mold Penicillium notatum to fend off 
bacterial competitors. Fleming thus laid the roots for the ‘miracle 
drug’ that in 1942 pulled Anne Miller, a 33-year-old patient in a 
Connecticut hospital, back from certain death after a streptococcal 
infection following a miscarriage [18]. By 1945, US manufacturers 
were producing 646 billion ‘units’ – a standard adult dose today is 
between 200,000 and 500,000 units – of the new wonder drug 

every month, saving thousands of soldiers from an excruciating 
death by infection during World War II. The same year, Fleming 
shared into the Nobel Prize in Physiology or Medicine [18]. β- 
lactam antibiotics interfere with enzymes that are essential to 
synthesizing the bacterial cell wall [19,20].

Many antibiotics, often similarly initially isolated from 
fungi, have aimed at targeting bacterial translation and tran-
scription. Among these processes, the bacterial ribosome is a 
major target for antibiotic development, through either its 
small 30S or large 50S subunit [10,21]. For the 30S subunit, 
antibiotics such as streptomycin or doxycycline typically inhi-
bit or interfere with tRNA binding or the ability of tRNAs to 
move through the assembled ribosome [21]. 
Complementarily, antibiotics targeting the 50S subunit such 
as clindamycin or erythromycin redistribute or inhibit the 
loading of charged tRNAs or the movement of the nascent 
polypeptide chain through the ribosomal tunnel [21]. By 
comparison, fewer antibiotics target transcription, but one 
of significance is rifamycin, which inhibits the bacterial RNA 
polymerase and has been used to treat tuberculosis [22]. 
Finally, a recent, still less commonly used treatment is bacter-
iophage therapy wherein a naturally occurring virus (phage) 
is used to infect a bacterium. Following injection and replica-
tion of its phage genome in the cell, new phage particles 
form, leading to the lysis of the bacterium and autonomous 
phage spreading across a large bacterial population [23].

Today, the challenge of antibiotic resistance is decreasing the 
effectiveness of many commercial antibiotics. For example, rifamy-
cins were given in combination with other antibiotics to increase 
the potency and shorten the length of a treatment, until single 
(and sometimes double) point mutations in the rpoB gene encod-
ing the RNAP’s beta subunit of clinical Mycobacterium tuberculosis 
strains altered the drug’s binding site and led to resistance 
[10,22,24,25]. As antibiotic resistance continues to grow, there is 
a critical need for innovative strategies and novel solutions to 
overcome this pressing public health threat.

Next, we will discuss the potential of riboswitches to serve 
as antibacterial targets.

Table 1. High priority pathogens as identified by the WHO and/or CDC based on their drug-resistance, and the riboswitches within those families or species.

Threat level Genus/Family Riboswitches

CDC Urgent Threat Acinetobacter (−) AdoCbl, Fluoride, FMN, Glycine, Guanidine-I, Guanidine-II, SAH, TPP
CDC Serious Threat, WHO High Threat Campylobacter (−) Guanidine-I, FMN, TPP
CDC Serious Threat Candida (+) TPP
CDC Urgent Threat, WHO Critical Threat Enterobacteriaceae (−) Fluoride, FMN, Glycine, Guanidine-I/II, Lysine, Magnesium, Manganese, Moco, TPP, ZTP
CDC Serious Threat Enterococcaceae (+) AdoCbl, Fluoride, FMN, GlcN6P, Glycine, Guanidine-I, Lysine, PreQ1-I, PreQ1-II, THF, TPP
CDC Serious Threat, WHO High Threat Salmonella (−) FMN, Guanidine-II, Magnesium, Manganese, Moco, TPP
CDC Serious Threat Shigella (−) FMN, Guanidine-II, Lysine, Magnesium, Moco, TPP

WHO Critical Threat Acinetobacter baumannii (−) Fluoride, FMN, Glycine, Manganese, TPP
CDC Urgent Threat Candida auris (−) ?
CDC Urgent Threat Clostridioides difficile (+) C-di-GMP-I, C-di-GMP-II, FMN
WHO High Threat Enterococcus faecium (+) Fluoride, FMN, GlcN6P, Lysine, PreQ1, THF, TPP
WHO High Threat Helicobacter pylori (−) ?
CDC Serious Threat Mycobacterium tuberculosis (+) Glycine
CDC Urgent Threat, WHO High Threat Neisseria gonorrhoeae (−) Glycine, SAM-I/IV, PreQ1, TPP
WHO Critical Threat, CDC Serious Threat Pseudomonas aeruginosa (−) Fluoride, FMN, Guanidine-II, Manganese, TPP
CDC Serious Threat Salmonella serotype typhi (−) AdoCbl, FMN, Magnesium, Moco, TPP
CDC Serious Threat, WHO High Threat Staphylococcus aureus (+) FMN, GlcN6P, Glycine, Guanidine-I, Lysine, Manganese, SAM, TPP
CDC Serious Threat Streptococcus pneumoniae (+) FMN, Glycine, PreQ1-II, TPP

Abbreviations: (−), gram negative; (+), gram positive; ?, no riboswitches known yet; AdoCbl, Adenosylcobalamin or coenzyme B12; C-di-GMP, Cyclic-di-GMP; Moco, 
molybdenum cofactor; ZTP, 5-aminoimidazole-4-carboxamide ribonucleosides-5’-triphosphate; GlcN6P, Glucosamine-6-phosphate activated ribozyme; THF, tetra-
hydrofolate, SAM, S-adenosylmethionine. 
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3. Riboswitches as a unique Achilles’ heel of bacteria

3.1. Classes and functional mechanisms of riboswitches

Riboswitches are structured non-coding RNA elements com-
monly embedded in the 5’ UTRs of mRNA that regulate 
downstream genes in response to the binding of small 
molecules or ions. They are important for efficient resource 
allocation during times of stress and changing environmen-
tal conditions [26]. Riboswitches consist of two domains, an 
aptamer domain that binds a ligand(s) and an expression 
platform involved in the regulation of gene expression. The 
binding of a ligand to the aptamer domain triggers a con-
formational change within the expression platform (which 
are often overlapping) that either terminates or promotes 
the expression of downstream genes [11,27,28] (Figure 2). 
Currently, 55 classes of riboswitches are known, distin-
guished by the specific ligand they bind, with many more 
‘boutique’ classes expected to be found in individual bacter-
ial strains adapted to unique environmental niches [29]. 
Riboswitches are further stratified based on their mechanism 
of regulation; most control gene expression at the level of 
transcription or translation (Figure 2), which can eventually 
lead to RNA degradation [11,12,27]. Intriguingly, transcrip-
tional riboswitches are found primarily in Gram-positive bac-
teria. In contrast, translational riboswitches are confined 
mainly to Gram-negative bacteria that also contain the 

conserved Rho protein, which serves as a transcription ter-
minator. Translational riboswitches have been found to trig-
ger Rho-dependent transcription termination thus regulating 
both transcription and translation in Gram-negative bac-
teria [30].

Riboswitches are further characterized by their effect on 
downstream genes upon ligand binding; OFF-switches termi-
nate transcription or translation of a gene encoded by the 
mRNA upon binding of their ligand, whereas ON-switches 
promote the expression of downstream genes [31]. Most 
OFF-switches regulate genes related to the production of 
essential metabolites so that the termination of gene expres-
sion can be exploited as antibacterial drug target, while ON- 
switches commonly regulate genes involved in the production 
of export proteins for their cytotoxic ligands.

In the following, we focus on the potential of riboswitches 
as novel antibacterial targets before we turn to specific ribos-
witches whose functional disruption by drugs has been shown 
to result in bacterial cell death.

3.2. Riboswitches offer a new avenue for antibiotic drug 
development

Most antibiotics have been developed against protein tar-
gets (exception being those targeting the ribonucleopro-
tein complex of the ribosome); however, as we look toward 

Figure 2. Riboswitches can regulate bacterial gene expression at either the level of transcription or translation. Upon binding of a ligand to the aptamer domain of a 
riboswitch there is a conformational change in the expression platform. In transcriptional OFF-switches, the RNA polymerase (RNAP) is dislodged, leading to 
transcription termination. In translational OFF-switches, the ribosome binding site (RBS), shown in pink, is sequestered, preventing ribosome binding and translation. 
Figure created with BioRender.
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finding novel, innovative strategies for drug discovery, RNA 
targets may hold the key to a new era of antibiotics [32]. 
Specifically, most high-priority pathogens listed by the 
CDC and WHO contain riboswitches (Figure 1 and Table 
1) [5,33], with the thiamine pyrophosphate (TPP) ribos-
witch alone found in nearly all of them [18]. For example, 
MRSA is a ‘serious’ threat recognized by the CDC and 
known to contain multiple riboswitches, including those 
binding TPP, lysine, and flavin mononucleotide (FMN) [18].

Unlike the two fully complementary strands of DNA, RNA is 
normally created as a single strand that can form intricate 
secondary and tertiary structures, allowing for an extensive 
range of functions that offer target potential for designing 
antibiotics [34]. Since riboswitches are predominant in bac-
teria, but absent in mammals (as far as we know), manipulat-
ing gene expression through riboswitches is a particularly 
promising strategy for antibacterial drug development [35– 
38]. Riboswitches highly selectively bind a diverse range of 
ligands including amino acids, coenzymes, nucleotide deriva-
tives, metal cations, and halide anions [31,39,40], demonstrat-
ing that they can bind small drug-like molecules. They are 

essential for maintaining the biological viability of microbes 
in changing environments as gene regulation in response to 
specific levels of ligand in the cell is crucial for maintaining 
viability [29].

The major advantage of drug-targeting riboswitches is 
that they are not found in higher eukaryotes, except for 
the TPP riboswitch involved in alternative splicing in 
plants and fungi [29], so that drugs targeting them are 
expected to exhibit relatively low mammalian cytotoxicity 
[41,42]. Riboswitches in principle can be targeted in multi-
ple ways, including with synthetic small molecules that 
mimic the native ligand effect and thus trigger gene 
regulation independently of the cell’s needs; by blocking 
their ribosome binding site with a single-stranded anti-
sense RNA; or by disrupting interactions between the 
riboswitch and its protein partners (Figure 3). In addition 
to targeting the RNAP or ribosome as illustrated by the 
mechanisms of many antibiotics on the market (Figure 3 
(b)), gene expression could also be disrupted at the inter-
face of riboswitches and the transcription or translation 
machinery.

Figure 3. Mechanism of targeting riboswitches with antibiotics to interfere with the transcription and/or translation machinery. (a) Both transcriptional and 
translational riboswitches can be targeted with synthetic ligand mimics to prevent gene expression by dislodging the RNAP or sequestering the RBS. Additionally, 
antisense oligonucleotides can be designed to sequester the ribosome binding site of translational riboswitches to prevent translation initiation. (b) Antibiotics have 
traditionally been used to target protein complexes such as the ribosome, protein cofactors, or RNAP. The interfaces between these protein complexes (yellow 
double-arrow) and their riboswitches could be targeted with novel antibiotics. Figure created with BioRender.
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Progress has been made particularly in the first modality of small 
molecules, such as vitamin and amino acids derivatives that inhibit 
bacterial growth by targeting riboswitches [37,41,43]. For example, 
roseoflavin, L-aminoethylcysteine and DL-4-oxalysine have been 
found to inhibit Gram-positive bacteria by repressing genes regu-
lated by riboswitches that change conformation upon binding 
chemically related metabolite and cofactor ligands [43], whereas 
ribocil and its derivatives target the FMN riboswitch and so inhibit 
Gram-negative bacteria [44,45]. These are all cases of a ligand mimic 
that binds to a riboswitch, through which it is possible to suppress 
the expression of genes essential for bacterial growth (Figure 3a).

In the following, we highlight transcriptional riboswitches 
targeted in antibiotic development, where a synthetic ligand 
mimic has been found to successfully deregulate downstream 
gene transcription and thus inhibit bacterial growth.

3.3. The TPP riboswitch

The TPP riboswitch regulates the expression of thiamine meta-
bolism genes upon binding thiamine pyrophosphate, a deri-
vative of vitamin B1 [41,46,47]. Since thiamine is an essential 
cofactor for central metabolic pathways such as sugar and 
protein biosynthesis, this RNA can be a potential target for 
antibacterial drug development [41]. The TPP riboswitch is the 
most abundant riboswitch found in bacteria as well as the 
only one discovered (so far) in eukaryotes. Bacterial TPP ribos-
witches typically control gene expression at the level of tran-
scription, where the binding of TPP triggers a conformational 
change in the riboswitch that suppresses transcription 
[41,47,48] (Figure 4(a)).

Several analogs of thiamine, including pyrithiamine (PT) and 
pyrithiamine pyrophosphate (PTPP), have been investigated for 

Figure 4. Chemical structures of native and synthetic ligands and their riboswitch binding. (a) the chemical structures of TPP, PTPP, and a structural schematic of the 
ligand bound TPP riboswitch. (b) the chemical structures of lysine, AEC, and a structural schematic of the ligand bound lysine riboswitch. (c) the chemical structures 
of guanine, 6-N-HAP, and a structural schematic of the ligand bound guanine riboswitch. (d) the chemical structures of FMN, 5FDQD, ribocil, and a structural 
schematic of the ligand bound FMN riboswitch.
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their impact on gene expression using coupled in vitro tran-
scription-translation assays. To this end, the luciferase gene was 
cloned downstream of the riboswitch, and the level of gene 
expression was measured following an incubation period with a 
given ligand analog concentration. For the readout, the lumi-
nescence of the sample was assessed upon the addition of a 
luciferase substrate. Notably, these analogs have demonstrated 
toxicity against some bacteria and fungi [31,32,48,49] (Figure 4 
(a)). However, bacterial resistance has emerged in the form of 
several mutations in the sequence of the TPP riboswitch, attest-
ing to the speed with which such evolutionary adaptation can 
occur [31]. Thus, antibacterial approaches need to be devel-
oped that are less prone to trigger fast resistance.

Fragment-based drug screening has also been applied to 
identify potential compounds that can bind to the TPP ribos-
witch, but the fragments identified were unable to reduce the 
expression of downstream genes [31]. Other than ligand 
mimics, an engineered chimeric antisense oligonucleotide 
(ASO) was recently found to suppress pathogenic bacterial 
growth upon transport into the cell via the cell-penetrating 
peptide (CPP) pVEC. Specifically, the pVEC-ASO-1 binds to the 
TPP aptamer domain, causing the degradation of the embed-
ding mRNA via RNase H cleavage [50]. The engineered ASO 
was shown to inhibit the growth of the food poisoning bac-
terium Listeria monocytogenes (L. monocytogenes), with no 
effect on Escherichia coli (E. coli) that lacks this TPP riboswitch 
[50]. Given that ASOs can rapidly be engineered based on 
sequence information alone, and will target a large region of 
sequence, they represent a novel class of ‘information drugs’ 
that may be harder to counter by bacterial mutations.

3.4. The lysine riboswitch

Another example that highlights the opportunity of ribos-
witches as antibiotic targets is the lysine riboswitch. This 
RNA motif controls transcription of the LysC genes, which 
encode aspartokinase II, the vital enzyme responsible for the 
first step in the metabolic biosynthesis of lysine, threonine, 
and methionine [51]. The binding of lysine stabilizes the tran-
scription terminator, repressing transcription (Figure 4(b)). The 
previously discovered antibacterial compounds L-aminoethyl-
cysteine (AEC) and DL-4-oxalysine bind to the lysC lysine 
riboswitch from Bacillus subtilis (B. subtilis, Figure 4(b)), leading 
to a decrease in transcription [51–53]. Soon mutations primar-
ily in the aptamer domain of the B. subtillis and E. coli lysC 
riboswitches were discovered that cause resistance to AEC 
[54,55]. Later it was recognized that AEC also functions as 
amino acid substrate for lysyl-tRNA synthetase (LysRS) so 
that it becomes incorporated into proteins, leading to cyto-
toxicity, whereas mutations in the lysine riboswitch are 
responsible for acquiring resistance [56–58]. These findings 
indicate that off-target effects of riboswitch ligand mimics 
must not be overlooked, and that future antibiotics against 
the lysine riboswitch may need to be designed considering 
both targets for effective treatment [32,58]. By analyzing the 
crystal structures of the riboswitch, it was revealed that the 
ligand binding pocket has two openings situated at the C4 
and N7 positions of the bound lysine, which can be used to 

expand the pharmacophore features for effective drug design 
[59,60].

3.5. The guanine riboswitch

The guanine riboswitch is a member of the purine sensing 
class and predominantly found in Gram-positive bacteria 
[61,62]. Four highly conserved guanine riboswitches in B. sub-
tilis regulate vital genes including xpt-pbuX, pbuG, nupG, and 
the pur operon involved in purine transport, metabolism, and 
de novo purine biosynthesis [62,63]. When guanine is bound, 
the expression of the downstream genes is repressed [64]. 
There have been advances in antibiotic compounds targeting 
the guanine riboswitch, such as 6-N-hydroxylaminopurine (6- 
N-HAP) and 2,5,6-triaminopyrimidine-4-one (PC1), demonstrat-
ing its potential as a target [62,65] (Figure 4(c)). For example, 
in 2009 the Breaker group identified the antimicrobial guanine 
analog 6-N-HAP, which targets the B. subtilis xpt-pbuX guanine 
riboswitch [62] (Figure 4(c)). While the mechanism of action is 
unclear, upon 6-N-HAP binding the researchers observed a 
significant reduction in the expression of a reporter gene 
controlled by the xpt-pbuX guanine riboswitch. In 2010, the 
Johansson group discovered that 6-N-HAP also affects two L. 
monocytogenes guanine riboswitches that regulate genes 
lmo0573 and lmo1885, which code for a xanthine/uracil per-
mease and a xanthine phosphoribosyl transferase, respectively 
[66]. They concluded that 6-N-HAP led to an increase in tran-
scription termination of downstream genes. Intriguingly, 6-N- 
HAP not only impedes the expression of virulence factors but 
also boosts the bacterial mutation frequency by inducing an 
SOS response.

Another antimicrobial compound, the guanine analog PC1, 
identified by the Lafontaine group, selectively kills bacteria 
containing a guanine riboswitch that regulates the guaA 
gene coding for GMP synthetase in pathogenic 
Staphylococcus aureus (S. aureus) and C. difficile [65]. Similar 
to 6-N-HAP, validating the mode of action of PC1 remained 
challenging. Importantly, the authors showed that the selec-
tive antibacterial activity of PC1 in S. aureus does not cause 
toxicity in mice while reducing S. aureus infection in their 
mammary glands [65]. In addition, they suggested that resis-
tance against PC1 is likely to be infrequent due to the essential 
nature of regulation of guaA by the guanine riboswitch. The 
potential of PC1 as an antibiotic was further demonstrated in 
2013, when PC1 was used to treat cows infected with S. aureus 
[67]. PC1 showed an initial decrease in bacterial titer, which 
however was not maintained four weeks after treatment.

3.6. The FMN riboswitch

Rational drug design to develop synthetic ligands has also been 
applied to the FMN riboswitch. Biosynthesis and transport of 
riboflavin, which is a precursor of FMN, is carried out by a group 
of genes including ribD, ribE, ribA, ribH, and ypzK/ribT, known 
as the ribD operon [68,69]. The identification of roseoflavin, a 
chemical analog of FMN with antibiotic properties, led to the 
discovery of other riboflavin analogs with antibiotic potential, 
such as 5-(3-(4-fluorophenyl)butyl)-7,8-dimethylpyrido[3,4-b] 
quinoxaline-1,3(2 H,5 H)-dione (5FDQD) [68,70] (Figure 4(d)). 
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Independently, Merck discovered that the chemically unrelated 
small molecule ribocil also binds the ligand pocket of the FMN 
riboswitch but quickly triggers RNA mutations, leading the 
company to abandon this drug [45] (Figure 4(d)). More recently, 
new approaches using ASOs have begun to be applied [69], in 
particular to S. aureus, L. monocytogenes, and E. coli FMN ribos-
witches that utilize either the transcriptional or translational 
mechanisms of gene regulation (Figure 2). As for the TPP 
riboswitch, ASOs were designed to target the aptamer domain 
in the FMN riboswitch, common between the ribD operon and 
ypaA gene, leading to RNase H degradation of the correspond-
ing mRNAs [69]. ASO was again delivered using the CPP pVEC, 
which passes through both prokaryotic and eukaryotic mem-
branes and is not itself toxic. This work demonstrated that the 
ASO at a dose of 700 nM (4.5 μg/mL) inhibits bacterial growth 
to 80% and is not toxic to human cell lines [69].

Next, we will propose that targeting the interface of ribos-
witches and protein complexes is another mechanism that could 
be used to disrupt gene expression in pathogenic bacteria.

4. Riboswitches and their protein interfaces as 
potential drug targets

High-resolution structures of riboswitches showing their 
ligand binding pockets as well as their switching regions can 
be a boon for the development of new antibiotics. Indeed, the 
previous section showcased how ligand analogs mimic the 
presence of the essential ligand and derail bacterial gene 

expression [45,52,65,68,70–73]. However, this strategy has sev-
eral caveats. First, high concentrations of these drugs are 
needed as they typically need to reach similar cellular levels 
as the actual ligand to trigger the riboswitch. Second, these 
antibiotics only target the RNA motif in isolation, precariously 
ignoring the critical interactions between the riboswitch and 
the gene expression machinery of the cell. In fact, essentially 
all cellular RNAs function as part of ribonucleoprotein com-
plexes. Riboswitches are no exception in that they affect their 
own transcription and the translation of the downstream 
genes (Figures 1 and 2). Third, as the example of the lysC 
riboswitch demonstrates, small ligand mimics can easily have 
unintended off-target effects that make the clinical result of 
such compounds difficult to predict. Fourth, mutations in the 
riboswitch sequence can quickly confer resistance as found in 
multiple of the cases discussed above.

A larger molecule instead would overcome many of the 
drawbacks of small-molecule ligand mimics, as long as it can 
still cross the cellular membrane. For example, an antibiotic 
that bridges the riboswitch:protein interfaces involved in gene 
regulation could lower the risk of antibiotic escape and poten-
tially have more predictability in a clinical context. Such anti-
biotics could either be developed with a broad range of 
targets because of conservation of the targeted RNAP and 
ribosome surfaces, or be made more narrowband if using 
specific riboswitch features not confined to the ligand binding 
pocket. That is, such antibacterials have the potential to 
achieve high species specificity and low microbiome toxicity 

Figure 5. Additional mechanisms of riboswitch-mediated gene regulation involving Rho and RNase E. (a) in the ligand-free riboswitch, a rut site (blue) is sequestered 
but becomes exposed upon ligand binding, leading to termination by Rho factor which can dislodge the RNAP. (b) in the ligand-free riboswitch, an RNase E 
recognition site (red) is sequestered but becomes exposed upon ligand binding, leading to mRNA degradation by RNase E. Figure created with Biorender.

440 E. ELLINGER ET AL.



because riboswitches are evolved to operate under the speci-
fic cellular and environmental conditions of each bacterial 
species.

Recent studies have unveiled additional mechanisms of 
gene regulation that are mediated by riboswitches in response 
to their ligand and could be exploited for the design of more 
specific drugs targeting a specific bacterial phylum or species 
[74,75] (Figure 5). For instance, the TPP, FMN, and magnesium- 
sensing riboswitches have been found to trigger transcription 
termination in response to their respective ligands through 
the Rho transcription factor [76–78] (Figure 5(a)). Since this 
mechanism involves the sequestration or accessibility of the 
Rho binding site (i.e. Rho utilization site or rut sequence) as a 
function of riboswitch folding, it contrasts with polarity reg-
ulation in which the absence of translation of the nascent 
mRNA allows Rho-dependent transcription termination [30]. 
Bicyclomycin is a compound that specifically inhibits Rho 
activity [79,80], however, because of its low specificity toward 
a particular bacterial phylum, future avenues are needed that 
target Rho factor only in pathogenic bacteria and not in the 
commensal, beneficial species found in the human gut micro-
biome [81,82].

In another example of a so far understudied riboswitch 
mechanism, folding of the lysine and guanidinium-sensing 
riboswitches directly controls the accessibility of the mRNA 
degrading RNase E to its canonical recognition sequences, 
analogous to the rut sequence (Figure 5(b)). Interestingly, 
natural and synthetic compounds inhibiting RNase E activity 
have been identified [83] and one of them (glucosamine-6- 
phosphate) is also the natural ligand of the glmS riboswitch 
[84,85], suggesting that this particular riboswitch could be 
used to deliver such compounds.

Finally, the ligand-bound state of the fluoride-sensing 
riboswitch from B. cereus has been found to interfere with 
the activity of the essential transcription factor NusA through 
binding site sequestration [86]. As an essential transcription 
factor, NusA is important for the regulation of several steps of 
the transcription cycle [87], while also being involved in an 
‘immune system’ within E. coli suppressing the activity of 
foreign genes [88] and favoring DNA repair [89], making this 
transcription factor an attractive target for the design of high- 
specificity antibiotics.

Taken together, because riboswitches fine-tune gene 
expression through terminating transcription, inhibiting trans-
lation initiation, as well as modulating essential protein cofac-
tor recruitment (Figure 5), multiple mechanisms could 
potentially be exploited simultaneously through the design 
of high-specificity antibiotics targeting the mRNA-protein 
interfaces invoked by specific sets of genes (Figure 3(b)).

5. Conclusions

The risk of antibiotic resistance is a slow-motion public health 
crisis, as bacterial adaptation to the deployment of antibiotics 
will continue to result in a declining drug efficacy. 
Riboswitches provide a new avenue to explore for the devel-
opment of antibacterials that may have few adverse effects on 
humans and animals, as they are primarily present in bacteria 
and offer unique mechanisms to target. Since many 

riboswitches are distributed across the high-priority patho-
gens identified by the WHO and CDC (Figure 1 and Table 1), 
anti-riboswitch drugs have the potential to address antibiotic 
resistance where it matters most [18]. Such antibacterials can 
function as ligand mimics that decrease critical gene expres-
sion as demonstrated for the guanine and lysine riboswitches. 
While this method has drawbacks, such as the tendency of 
riboswitch sequences to accumulate mutations that reduce 
drug binding affinity, there are other riboswitch targeting 
mechanisms that are less prone to mutational escape. New 
drug designs include ASOs that have been shown to decrease 
translation of TPP and FMN riboswitch containing mRNAs. 
Another promising mechanism may be to target the interface 
between riboswitches and protein complexes such as the 
ribosome, RNAP, or transcription factors. This approach may 
hold the advantage of reducing the likelihood of antibiotic 
escape, as well as enabling the design of antibiotics of high 
species specificity. In fact, while the large gene expression 
machineries are conserved across many bacterial species, 
riboswitches are often species-specific in sequence, allowing 
for the development of antibacterial agents that can be either 
broad- or narrowband. This is a significant advantage over 
many of the currently available small-molecule antibiotics, 
which often lack this level of specificity and can easily be 
overcome by bacterial resistance. More investment into new 
approaches is needed if we want to have a chance to win the 
arms race between antibiotic development and bacterial 
resistance.

6. Expert opinion

Since riboswitches are embedded near the 5’ end of mRNAs, 
they bind their respective ligand and change conformation 
while they are still being synthesized by RNAP [90], allowing 
for a dynamic response to a bacterial cell’s physiological 
conditions. Due to their narrow temporal window for gene 
regulation, riboswitches have the ability to interact with the 
nearby RNAP and its accessory proteins, as well as the 
pioneering ribosome, providing an underexplored mechan-
ism to be exploited for the design of antibiotics. As a gate-
way for the regulation of transcription processivity, the 
positively charged RNA exit channel of RNAP constitutes an 
attractive platform in which nascent transcripts could estab-
lish key contact points to regulate the efficiency of RNA 
synthesis. Within the RNA exit channel, subdomains such as 
the ß-Flap or the Zinc Binding Domain (ZBD) have been 
found to participate in numerous regulatory pathways dur-
ing the transcription cycle [91–96]. Even though the core 
RNAP structure is very well conserved in all domains of life, 
particular residues have been found only in bacteria [97] and 
could constitute a specific interface targeted by specific 
riboswitch features as well as future antibiotics. That is, 
going beyond directly targeting the ligand binding pocket, 
exploiting riboswitch interactions with the gene expression 
machinery presents a potentially fertile ground for novel 
drug design.

Recent work on a preQ1-sensing transcriptional riboswitch 
from B. subtilis identified specific interactions between RNA 
and RNAP involved in riboswitch function [98]. In this work, 
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the Walter group characterized the riboswitch folding 
dynamics in the presence of both RNAP and DNA template. 
The authors found that RNA polymerase pauses just down-
stream of the riboswitch aptamer so that the proximity of 
RNAP profoundly affects riboswitch folding. Conversely, the 
ligand-free RNA nestled into the exit channel extends RNAP 
pausing; only upon ligand binding is the pause released. More 
recently, determination of the cryo-electron microscopy (cryo- 
EM) structure of the paused elongation complex, combined 
with Molecular Dynamic Flexible Fitting (MDFF), revealed the 
specific RNA-RNAP interactions responsible for pausing and 
unpausing [99]. Notably, many of the close contacts between 
riboswitch and RNAP involve protein domains conserved 
across all domains of life and/or within the bacterial phylum, 
however, others could be species specific, giving rise to oppor-
tunities for either broad- or narrowband antibacterial 
compounds.

Another mechanism to potentially be exploited for drug 
design is invoked by translational riboswitches in the form of 
transcription-translation coupling into the pioneering expres-
some complex [100]. In bacteria, because of the lack of cellular 
compartmentalization RNAP is closely followed by the pio-
neering ribosome, allowing the translation of an mRNA into 
protein concomitantly with RNA synthesis [101]. While still in 
debate for some bacterial species [102], this process involves a 
physical contact between elongating RNAP and ribosome 
[103–105]. Disturbing this RNAP-ribosome interface could 
lead to disruption of the coupling and premature transcription 
termination [30] or mRNA degradation [106], and ultimately 
bacterial cell death.

In recent work, a preQ1-sensing translational riboswitch 
from B. anthracis was found to modulate transcription-trans-
lation coupling upon ligand binding by altering the likeli-
hood of ribosome recruitment [107]. By surveying riboswitch 
transcription in real-time, the Walter group found that the 
ribosome positively promotes transcription elongation in the 
absence of ligand. In contrast, the presence of cognate 
ligand led to a similar RNAP transcription rate with and with-
out ribosome, suggesting that translation initiation in the 
wake of RNAP is controlled by ligand binding to the ribos-
witch. These findings open the door to the design of new 
antibiotics targeting the ribosome-RNAP, riboswitch-ribo-
some, riboswitch-RNAP or riboswitch-RNAP-ribosome 
interfaces.

Taken together, the many avenues offered by riboswitch- 
directed drug design may herald a new golden age for anti-
biotics, which would be much needed in the face of largely 
unmitigated bacterial drug resistance.

Acknowledgments

The authors would like to thank members of the Walter laboratory for 
insightful comments on the manuscript.

Funding

This manuscript was funded by NIH grant 1R35 GM131922 and NSF grant 
MCB 2140320 to NG Walter, as well as a Rackham Merit Fellowship and a 

Michigan Predoctoral Training in Genetics (5T32GM007544-43) fellowship 
to R Romero.

Declaration of interest
The authors have no relevant affiliations or financial involvement with any 
organization or entity with a financial interest in or financial conflict with 
the subject matter or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or options, expert 
testimony, grants or patents received or pending, or royalties. An inven-
tion disclosure has been filed with the University of Michigan.

Reviewer disclosures
Peer reviewers on this manuscript have no relevant financial or other 
relationships to disclose.

ORCID
Nils G. Walter http://orcid.org/0000-0002-7301-1275

References

1. Roser M, Ortiz-Ospina E, Ritchie H. Life Expectancy 2013 [2023 Mar 
13]. Available from: https://ourworldindata.org/life-expectancy

2. Gonzalez-Zorn B, Escudero JA. Ecology of antimicrobial resistance: 
humans, animals, food and environment. Int Microbiol. 2012 Sep;15 
(3):101–109. doi: 10.2436/20.1501.01.163

3. Murray C, Ikuta KS, Sharara F. Global burden of bacterial antimicro-
bial resistance in 2019: a systematic analysis. Lancet. 2022;399 
(10325):629–655. doi: 10.1016/S0140-6736(21)02724-0

4. WHO. Antibiotic Resistance 2020 [cited 2023 Mar 13]. Available 
from: https://www.who.int/news-room/fact-sheets/detail/antibio 
tic-resistance

5. CDC. Antibiotic resistance threats in the United States. Atlanta (GA): 
U.S. Department of Health and Human Services, CDC; 2019.

6. Morens DM, Fauci AS. Emerging pandemic diseases: how we got to 
COVID-19. Cell. 2020 Sep 3;182(5):1077–1092.

7. Kelly R, Zoubiane G, Walsh D, et al. Public funding for research on 
antibacterial resistance in the JPIAMR countries, the European 
Commission, and related European Union agencies: a systematic 
observational analysis. Lancet Infect Dis. 2016 Apr;16(4):431–440.

8. Congress should not wait around for the end of the antibiotic era. 
The Washington Post; 2023 [cited Apr 6 2023]. Available from: 
https://www.washingtonpost.com/opinions/2023/01/18/drug-resis 
tant-bacteria-antibiotics-congress/

9. O’Neill J Tackling drug-resistant infections globally: final report and 
recommendations United Kingdom: review on antimicrobial resis-
tance; 2016 [cited 2023]. Available from: https://wellcomecollec 
tion.org/works/thvwsuba

10. Abushaheen MA, Muzaheed M, Fatani AJ, et al. Antimicrobial resis-
tance, mechanisms and its clinical significance. Dis Mon. 2020 
Jun;66(6):100971.

11. Mandal M, Breaker RR. Gene regulation by riboswitches. Nat Rev 
Mol Cell Biol. 2004 Jun;5(6):451–463. doi: 10.1038/nrm1403

12. Richards J, Belasco JG. Riboswitch control of bacterial RNA stability. 
Mol Microbiol. 2021 Aug;116(2):361–365. doi: 10.1111/mmi.14723

13. Winkler WC, Breaker RR. Regulation of bacterial gene expression by 
riboswitches. Annu Rev Microbiol. 2005;59:487–517. doi: 10.1146/ 
annurev.micro.59.030804.121336

14. Ray S, Dandpat SS, Chatterjee S, et al. Precise tuning of bacterial 
translation initiation by non-equilibrium 5’-UTR unfolding observed 
in single mRnas. Nucleic Acids Res. 2022 Aug 26;50(15):8818–8833.

15. Tucker BJ, Breaker RR. Riboswitches as versatile gene control ele-
ments. Curr Opin Struct Biol. 2005 Jun;15(3):342–348. doi: 10.1016/ 
j.sbi.2005.05.003

442 E. ELLINGER ET AL.

https://ourworldindata.org/life-expectancy
https://doi.org/10.2436/20.1501.01.163
https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://www.washingtonpost.com/opinions/2023/01/18/drug-resistant-bacteria-antibiotics-congress/
https://www.washingtonpost.com/opinions/2023/01/18/drug-resistant-bacteria-antibiotics-congress/
https://wellcomecollection.org/works/thvwsuba
https://wellcomecollection.org/works/thvwsuba
https://doi.org/10.1038/nrm1403
https://doi.org/10.1111/mmi.14723
https://doi.org/10.1146/annurev.micro.59.030804.121336
https://doi.org/10.1146/annurev.micro.59.030804.121336
https://doi.org/10.1016/j.sbi.2005.05.003
https://doi.org/10.1016/j.sbi.2005.05.003


16. Turnbaugh PJ, Ley RE, Hamady M, et al. The human microbiome 
project. Nature. 2007 Oct 18;449(7164):804–810.

17. Becattini S, Taur Y, Pamer EG. Antibiotic-induced changes in the 
intestinal microbiota and disease. Trends Mol Med. 2016 Jun;22 
(6):458–478. doi: 10.1016/j.molmed.2016.04.003

18. Falvey KL. Medicine at Yale: the First 200 Years. New Haven (CT): 
The Yale School of Medicine; 2010.

19. Tenover FC. Mechanisms of antimicrobial resistance in bacteria.Am 
J Infect Control. 2006 [2006Jun 1];34(5, Supplement):S3–S10. doi:  
10.1016/j.ajic.2006.05.219

20. McManus MC. Mechanisms of bacterial resistance to antimicrobial 
agents. Am J Health Syst Pharm. 1997 Jun 15;54(12):1420–1433.

21. Wilson DN. Ribosome-targeting antibiotics and mechanisms of 
bacterial resistance. Nat Rev Microbiol. 2014 Jan;12(1):35–48. doi:  
10.1038/nrmicro3155

22. Adams RA, Leon G, Miller NM, et al. Rifamycin antibiotics and the 
mechanisms of their failure. J Antibiot (Tokyo). 2021 Nov;74 
(11):786–798.

23. Kortright KE, Chan BK, Koff JL, et al. Phage therapy: a renewed 
approach to combat antibiotic-resistant bacteria. Cell Host 
Microbe. 2019 Feb 13;25(2):219–232.

24. Rothstein DM. Rifamycins, alone and in combination. Cold Spring 
Harb Perspect Med. 2016 Jul 1;6(7):a027011.

25. Goldstein BP. Resistance to rifampicin: a review. J Antibiot (Tokyo). 
2014 Sep;67(9):625–630. doi: 10.1038/ja.2014.107

26. Garst AD, Edwards AL, Batey RT. Riboswitches: structures and 
mechanisms. Cold Spring Harb Perspect Biol. 2011 Jun 1;3(6): 
a003533.

27. Serganov A, Nudler E. A decade of riboswitches. Cell. 2013 Jan 
17;152(1–2):17–24.

28. Henkin TM. Riboswitch RNAs: using RNA to sense cellular metabo-
lism. Genes Dev. 2008 Dec 15;22(24):3383–3390.

29. Breaker RR. The biochemical landscape of riboswitch ligands. 
Biochemistry. 2022 Feb 1;61(3):137–149.

30. Bastet L, Chauvier A, Singh N, et al. Translational control and rho- 
dependent transcription termination are intimately linked in ribos-
witch regulation. Nucleic Acids Res. 2017 Jul 7;45(12):7474–7486.

31. Panchal V, Brenk R. Riboswitches as drug targets for antibiotics. 
Antibiotics (Basel). 2021 Jan 5;10(1):45.

32. Giarimoglou N, Kouvela A, Maniatis A, et al. A riboswitch-driven era 
of new antibacterials. Antibiotics (Basel). 2022 Sep 13;11(9):1243.

33. WHO. WHO publishes list of bacteria for which new antibiotics are 
urgently needed 2017. Media Centre. News Release. [cited 2023 
Mar 13] Available from: https://www.who.int/news/item/27-02- 
2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are- 
urgently-needed

34. Hong W, Zeng J, Xie J. Antibiotic drugs targeting bacterial RNAs. 
Acta Pharm Sin B. 2014 Aug;4(4):258–265. doi: 10.1016/j. 
apsb.2014.06.012

35. Rekand IH, Brenk R. Ligand design for riboswitches, an emerging 
target class for novel antibiotics. Future Med Chem. 2017 Sep;9 
(14):1649–1663. doi: 10.4155/fmc-2017-0063

36. Mulhbacher J, St-Pierre P, Lafontaine DA. Therapeutic applications 
of ribozymes and riboswitches. Curr Opin Pharmacol. 2010 Oct;10 
(5):551–556. doi: 10.1016/j.coph.2010.07.002

37. Pavlova N, Penchovsky R. Bioinformatics and genomic analyses of 
the suitability of eight riboswitches for antibacterial drug targets. 
Antibiotics (Basel). 2022 Aug 31;11(9):1177.

38. Mehdizadeh Aghdam E, Hejazi MS, Barzegar A. Riboswitches: from 
living biosensors to novel targets of antibiotics. Gene. 2016 Nov 
5;592(2):244–259.

39. Peselis A, Serganov A. Themes and variations in riboswitch struc-
ture and function. Biochim Biophys Acta Gene Regul Mech. 2014 
Oct;1839(10):908–918. doi: 10.1016/j.bbagrm.2014.02.012

40. McCown PJ, Corbino KA, Stav S, et al. Riboswitch diversity and 
distribution. RNA. 2017 Jul;23(7):995–1011.

41. Machtel P, Bąkowska-Żywicka K, Żywicki M. Emerging applications 
of riboswitches - from antibacterial targets to molecular tools. J 
Appl Genet. 2016 Nov;57(4):531–541. doi: 10.1007/s13353-016- 
0341-x

42. Wachter A, Tunc-Ozdemir M, Grove BC, et al. Riboswitch Control of 
Gene Expression in Plants by Splicing and Alternative 3′ End 
Processing of mRNAs. The Plant Cell. 2007;19(11):3437–3450. doi:  
10.1105/tpc.107.053645

43. Deigan KE, Ferre-D’Amare AR. Riboswitches: discovery of drugs that 
target bacterial gene-regulatory RNAs. Acc Chem Res. 2011 Dec 
20;44(12):1329–1338.

44. Motika SE, Ulrich RJ, Geddes EJ, et al. Gram-Negative antibiotic 
active through inhibition of an essential riboswitch. J Am Chem 
Soc. 2020;142(24):10856–10862. doi: 10.1021/jacs.0c04427

45. Howe JA, Wang H, Fischmann TO, et al. Selective small-molecule 
inhibition of an RNA structural element. Nature. 2015 Oct 29;526 
(7575):672–677.

46. Sudarsan N, Cohen-Chalamish S, Nakamura S, et al. Thiamine pyr-
ophosphate riboswitches are targets for the antimicrobial com-
pound pyrithiamine. Chem Biol. 2005 Dec;12(12):1325–1335.

47. Serganov A, Polonskaia A, Phan AT, et al. Structural basis for gene 
regulation by a thiamine pyrophosphate-sensing riboswitch. 
Nature. 2006 Jun 29;441(7097):1167–1171.

48. Chen L, Cressina E, Dixon N, et al. Probing riboswitch–ligand inter-
actions using thiamine pyrophosphate analogues. Org Biomol 
Chem. 2012;10(30):5924–5931. doi: 10.1039/c2ob07116a

49. Penchovsky R, Stoilova CC. Riboswitch-based antibacterial drug dis-
covery using high-throughput screening methods. Expert Opin Drug 
Discov. 2013 Jan;8(1):65–82. doi: 10.1517/17460441.2013.740455

50. Traykovska M, Otcheva LA, Penchovsky R. Targeting TPP ribos-
witches using chimeric antisense oligonucleotide technology for 
antibacterial drug development. ACS Appl Bio Mater. 2022;5 
(10):4896–4902. doi: 10.1021/acsabm.2c00628

51. Sudarsan N, Wickiser JK, Nakamura S, et al. An mRNA structure in 
bacteria that controls gene expression by binding lysine. Genes 
Dev. 2003 Nov 1;17(21):2688–2697.

52. Blount K, Wang J, Lim J, et al. Antibacterial lysine analogs that 
target lysine riboswitches. Nat Chem Biol. 2007;3(1):44–49. doi:  
10.1038/nchembio842

53. Shiota T, Folk JE, Tietze F. Inhibition of lysine utilization in bacteria 
by S-(β-aminoethyl)cysteine and its reversal by lysine peptides. 
Arch Biochem Biophys. 1958;77(2):372–377. doi: 10.1016/0003- 
9861(58)90084-5

54. Lu Y, Chen NY, Paulus H. Identification of aecA mutations in Bacillus 
subtilis as nucleotide substitutions in the untranslated leader 
region of the aspartokinase II operon. J Gen Microbiol. 1991 
May;137(5):1135–1143. doi: 10.1099/00221287-137-5-1135

55. Patte JC, Akrim M, Méjean V. The leader sequence of the 
Escherichia coli lysC gene is involved in the regulation of LysC 
synthesis. FEMS Microbiol Lett. 1998 Dec 1;169(1):165–170.

56. Hirshfield IN, Tomford JW, Zamecnik PC. Thiosine-resistant mutants 
of Escherichia coli K-12 with growth-medium-dependent lysyl-Trna 
synthetase activity.II. evidence for an altered lysyl-Trna synthetase. 
Biochimica Et Biophysica Acta (BBA) - Nucleic Acids And Protein 
Synthesis. 1972 Feb;259(3):344–356. doi: 10.1016/0005-2787(72) 
90309-7

57. Di Girolamo M, Busiello V, Coccia R, et al. Aspartokinase III repres-
sion and lysine analogs utilization for protein synthesis. Physiol 
Chem Phys Med NMR. 1990;22(4):241–245.

58. Ataide SF, Wilson SN, Dang S, et al. Mechanisms of resistance to an 
amino acid antibiotic that targets translation. ACS Chem Biol. 2007 
Dec 21;2(12):819–827.

59. Garst AD, Héroux A, Rambo RP, et al. Crystal structure of the lysine 
riboswitch regulatory mRNA element. J Biol Chem. 2008 Aug 
15;283(33):22347–22351.

60. Serganov A, Huang L, Patel DJ. Structural insights into amino acid 
binding and gene control by a lysine riboswitch. Nature. 2008 Oct 
30;455(7217):1263–1267.

61. Mulhbacher J, Lafontaine DA. Ligand recognition determinants of 
guanine riboswitches. Nucleic Acids Res. 2007;35(16):5568–5580. 
doi: 10.1093/nar/gkm572

62. Kim JN, Blount KF, Puskarz I, et al. Design and antimicrobial action 
of purine analogues that bind guanine riboswitches. ACS Chem 
Biol. 2009 Nov 20;4(11):915–927.

EXPERT OPINION ON THERAPEUTIC TARGETS 443

https://doi.org/10.1016/j.molmed.2016.04.003
https://doi.org/10.1016/j.ajic.2006.05.219
https://doi.org/10.1016/j.ajic.2006.05.219
https://doi.org/10.1038/nrmicro3155
https://doi.org/10.1038/nrmicro3155
https://doi.org/10.1038/ja.2014.107
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://doi.org/10.1016/j.apsb.2014.06.012
https://doi.org/10.1016/j.apsb.2014.06.012
https://doi.org/10.4155/fmc-2017-0063
https://doi.org/10.1016/j.coph.2010.07.002
https://doi.org/10.1016/j.bbagrm.2014.02.012
https://doi.org/10.1007/s13353-016-0341-x
https://doi.org/10.1007/s13353-016-0341-x
https://doi.org/10.1105/tpc.107.053645
https://doi.org/10.1105/tpc.107.053645
https://doi.org/10.1021/jacs.0c04427
https://doi.org/10.1039/c2ob07116a
https://doi.org/10.1517/17460441.2013.740455
https://doi.org/10.1021/acsabm.2c00628
https://doi.org/10.1038/nchembio842
https://doi.org/10.1038/nchembio842
https://doi.org/10.1016/0003-9861(58)90084-5
https://doi.org/10.1016/0003-9861(58)90084-5
https://doi.org/10.1099/00221287-137-5-1135
https://doi.org/10.1016/0005-2787(72)90309-7
https://doi.org/10.1016/0005-2787(72)90309-7
https://doi.org/10.1093/nar/gkm572


63. Johansen LE, Nygaard P, Lassen C, et al. Definition of a second 
Bacillus subtilis pur regulon comprising the pur and xpt-pbuX 
operons plus pbuG, nupG (yxjA), and pbuE (ydhL). J Bacteriol. 
2003 Sep;185(17):5200–5209.

64. Batey RT, Gilbert SD, Montange RK. Structure of a natural 
guanine-responsive riboswitch complexed with the metabolite 
hypoxanthine. Nature. 2004 Nov 18;432(7015):411–415.

65. Mulhbacher J, Brouillette E, Allard M, et al. Novel riboswitch ligand 
analogs as selective inhibitors of guanine-related metabolic path-
ways. PLOS Pathogens. 2010;6(4):e1000865. doi: 10.1371/journal. 
ppat.1000865

66. Krajewski SS, Isoz I, Johansson J. Antibacterial and antivirulence 
effect of 6-N-hydroxylaminopurine in listeria monocytogenes. 
Nucleic Acids Res. 2017 Feb 28;45(4):1914–1924.

67. Ster C, Allard M, Boulanger S, et al. Experimental treatment of 
staphylococcus aureus bovine intramammary infection using a 
guanine riboswitch ligand analog. J Dairy Sci. 2013 Feb;96 
(2):1000–1008.

68. Lee ER, Blount KF, Breaker RR. Roseoflavin is a natural antibacterial 
compound that binds to FMN riboswitches and regulates gene 
expression. RNA Biol. 2009 Apr;6(2):187–194. doi: 10.4161/ 
rna.6.2.7727

69. Traykovska M, Penchovsky R. Engineering antisense oligonucleo-
tides as antibacterial agents that target fmn riboswitches and 
inhibit the growth of staphylococcus aureus, listeria monocyto-
genes, and Escherichia coli. ACS Synth Biol. 2022 May 20;11 
(5):1845–1855.

70. Blount Kenneth F, Megyola C, Plummer M, et al. Novel ribos-
witch-binding flavin analog that protects mice against clostri-
dium difficile infection without inhibiting cecal flora. Antimicrob 
Agents Chemother. 2015;59(9):5736–5746. doi: 10.1128/ 
AAC.01282-15

71. Rizvi NF, Howe JA, Nahvi A, et al. Discovery of selective RNA- 
binding small molecules by affinity-selection mass spectrometry. 
ACS Chem Biol. 2018 Mar 16;13(3):820–831.

72. Wang H, Mann PA, Xiao L, et al. Dual-targeting small-molecule 
inhibitors of the staphylococcus aureus fmn riboswitch disrupt 
riboflavin homeostasis in an infectious setting. Cell Chem Biol. 
2017 May 18;24(5):576–88 e6.

73. Yan L-H, Le Roux A, Boyapelly K, et al. Purine analogs targeting the 
guanine riboswitch as potential antibiotics against clostridioides 
difficile. Eur J Med Chem. 2018 Jan;143:755–768.

74. DebRoy S, Gebbie M, Ramesh A, et al. Riboswitches. A ribos-
witch-containing sRNA controls gene expression by sequestra-
tion of a response regulator. Science. 2014 Aug 22;345 
(6199):937–940.

75. Mellin JR, Koutero M, Dar D, et al. Riboswitches. sequestration 
of a two-component response regulator by a riboswitch-regu-
lated noncoding RNA. Science. 2014 Aug 22;345(6199):940– 
943.

76. Chauvier A, Picard-Jean F, Berger-Dancause J-C, et al. 
Transcriptional pausing at the translation start site operates as a 
critical checkpoint for riboswitch regulation. Nat Commun. 2017 
Jan 10;8(1):13892.

77. Hollands K, Proshkin S, Sklyarova S, et al. Riboswitch control of rho- 
dependent transcription termination. Proc Natl Acad Sci U S A. 
2012 Apr 3;109(14):5376–5381.

78. Hollands K, Sevostiyanova A, Groisman EA. Unusually long-lived 
pause required for regulation of a rho-dependent transcription 
terminator. Proc Natl Acad Sci, USA. 2014 May 13;111(19):E1999– 
E2007.

79. Carrano L, Bucci C, De Pascalis R, et al. Effects of bicyclomycin on 
RNA- and ATP-binding activities of transcription termination factor 
rho. Antimicrob Agents Chemother. 1998 Mar;42(3):571–578.

80. Kohn H, Widger W. The molecular basis for the mode of action of 
bicyclomycin. CDTID. 2005 Sep;5(3):273–295. doi: 10.2174/ 
1568005054880136

81. Opperman T, Richardson JP. Phylogenetic analysis of sequences 
from diverse bacteria with homology to the Escherichia coli rho 

gene. J Bacteriol. 1994 Aug;176(16):5033–5043. doi: 10.1128/ 
jb.176.16.5033-5043.1994

82. D’Heygère F, Rabhi M, Boudvillain M. Phyletic distribution and 
conservation of the bacterial transcription termination factorrho. 
Microbiology (Reading). 2013 Jul;159(Pt 7):1423–1436. doi: 10.1099/ 
mic.0.067462-0

83. Mardle CE, Goddard LR, Spelman BC, et al. Identification and ana-
lysis of novel small molecule inhibitors of RNase e: implications for 
antibacterial targeting and regulation of RNase E. Biochem Biophys 
Rep. 2020 Sep;23:100773.

84. Tinsley RA, Furchak JR, Walter NG. Trans-acting glmS catalytic 
riboswitch: locked and loaded. RNA. 2007 Apr;13(4):468–477. doi:  
10.1261/rna.341807

85. Andreasson JOL, Savinov A, Block SM, et al. Comprehensive 
sequence-to-function mapping of cofactor-dependent RNA cat-
alysis in the glmS ribozyme. Nat Commun. 2020 Apr 3;11 
(1):1663.

86. Chauvier A, Ajmera P, Yadav R, et al. Dynamic competition between 
a ligand and transcription factor NusA governs riboswitch- 
mediated transcription regulation. Proc Natl Acad Sci, USA. 2021 
Nov 23;118(47):e2109026118.

87. Mooney RA, Davis SE, Peters JM, et al. Regulator trafficking on 
bacterial transcription units in vivo. Mol Cell. 2009 Jan 16;33 
(1):97–108.

88. Cardinale CJ, Washburn RS, Tadigotla VR, et al. Termination factor 
rho and its cofactors NusA and NusG silence foreign DNA in E. coli. 
Science. 2008 May 16;320(5878):935–938.

89. Epshtein V, Kamarthapu V, McGary K, et al. UvrD facilitates DNA 
repair by pulling RNA polymerase backwards. Nature. 2014 Jan 
16;505(7483):372–377.

90. Wickiser JK, Winkler WC, Breaker RR, et al. The speed of RNA 
transcription and metabolite binding kinetics operate an FMN 
riboswitch. Mol Cell. 2005 Apr 1;18(1):49–60.

91. King RA, Markov D, Sen R, et al. A conserved zinc binding domain 
in the largest subunit of DNA-dependent RNA polymerase modu-
lates intrinsic transcription termination and antitermination but 
does not stabilize the elongation complex. J Mol Biol. 2004 Sep 
24;342(4):1143–1154.

92. Shi W, Zhou W, Zhang B, et al. Structural basis of bacterial σ(28) 
-mediated transcription reveals roles of the RNA polymerase zinc- 
binding domain. Embo J. 2020 Jul 15;39(14):e104389.

93. Nickels BE, Garrity SJ, Mekler V, et al. The interaction between σ 70 
and the β-flap of Escherichia coli RNA polymerase inhibits exten-
sion of nascent RNA during early elongation. Proc Natl Acad Sci 
USA. 2005 Mar 22;102(12):4488–4493.

94. Toulokhonov I, Landick R. The flap domain is required for pause 
RNA hairpin inhibition of catalysis by RNA polymerase and can 
modulate intrinsic termination. Mol Cell. 2003 Nov;12(5):1125– 
1136. doi: 10.1016/S1097-2765(03)00439-8

95. Kuznedelov KD, Komissarova NV, Severinov KV. The role of the 
bacterial RNA polymerase β subunit flexible flap domain in tran-
scription termination. Dokl Biochem Biophys. 2006 Sep;410(1):263– 
266. doi: 10.1134/S1607672906050036

96. Mishra S, Sen R. N protein from lambdoid phages transforms NusA 
into an antiterminator by modulatingnusA-RNA polymerase flap 
domain interactions. Nucleic Acids Res. 2015 Jul 13;43(12):5744– 
5758.

97. Ebright RH. RNA polymerase: structural similarities between bacter-
ial RNA polymerase and eukaryotic RNA polymerase II. J Mol Biol. 
2000 Dec 15;304(5):687–698.

98. Widom JR, Nedialkov YA, Rai V, et al. ligand modulates cross- 
coupling between riboswitch folding and transcriptional pausing. 
Mol Cell. 2018 Nov 1;72(3):541–52 e6.

99. Chauvier A, Porta J, Deb I, et al. Structural basis for control of 
bacterial RNA polymerase pausing by a riboswitch and its 
ligand. Nat Struct Mol Biol. 2023 Jun 1. doi: 10.1038/s41594- 
023-01002-x

100. Conn AB, Diggs S, Tam TK, et al. Two old dogs, one new trick: a 
review of RNA polymerase and ribosome interactions during 

444 E. ELLINGER ET AL.

https://doi.org/10.1371/journal.ppat.1000865
https://doi.org/10.1371/journal.ppat.1000865
https://doi.org/10.4161/rna.6.2.7727
https://doi.org/10.4161/rna.6.2.7727
https://doi.org/10.1128/AAC.01282-15
https://doi.org/10.1128/AAC.01282-15
https://doi.org/10.2174/1568005054880136
https://doi.org/10.2174/1568005054880136
https://doi.org/10.1128/jb.176.16.5033-5043.1994
https://doi.org/10.1128/jb.176.16.5033-5043.1994
https://doi.org/10.1099/mic.0.067462-0
https://doi.org/10.1099/mic.0.067462-0
https://doi.org/10.1261/rna.341807
https://doi.org/10.1261/rna.341807
https://doi.org/10.1016/S1097-2765(03)00439-8
https://doi.org/10.1134/S1607672906050036
https://doi.org/10.1038/s41594-023-01002-x
https://doi.org/10.1038/s41594-023-01002-x


transcription-translation coupling. Int J Mol Sci. 2019 May 27;20 
(10):2595.

101. Proshkin S, Rahmouni AR, Mironov A, et al. Cooperation between 
translating ribosomes and RNA polymerase in transcription elonga-
tion. Science. 2010 Apr 23;328(5977):504–508.

102. Johnson GE, Lalanne JB, Peters ML, et al. Functionally uncoupled 
transcription-translation in Bacillus subtilis. Nature. 2020 Sep;585 
(7823):124–128.

103. Webster MW, Takacs M, Zhu C, et al. Structural basis of transcrip-
tion-translation coupling and collision in bacteria. Science. 2020 
Sep 11;369(6509):1355–1359.

104. Kohler R, Mooney RA, Mills DJ, et al. Architecture of a transcrib-
ing-translating expressome. Science. 2017 Apr 14;356 
(6334):194–197.

105. Wang B, Artsimovitch I. NusG, an ancient yet rapidly evolving 
transcription factor. Front Microbiol. 2020;11:619618. doi: 10.3389/ 
fmicb.2020.619618

106. Deana A, Belasco JG. Lost in translation: the influence of ribosomes on 
bacterial mRNA decay. Genes Dev. 2005 Nov 1;19(21):2526–2533.

107. Chatterjee S, Chauvier A, Dandpat SS, et al. A translational ribos-
witch coordinates nascent transcription-translation coupling. Proc 
Natl Acad Sci USA. 2021 Apr 20;118(16):e2023426118.

EXPERT OPINION ON THERAPEUTIC TARGETS 445

https://doi.org/10.3389/fmicb.2020.619618
https://doi.org/10.3389/fmicb.2020.619618

	Abstract
	1.  Introduction: the threat of antibiotic resistance
	2.  Antibiotic classes currently on the market
	3.  Riboswitches as a unique Achilles’ heel of bacteria
	3.1.  Classes and functional mechanisms of riboswitches
	3.2.  Riboswitches offer a new avenue for antibiotic drug development
	3.3.  The TPP riboswitch
	3.4.  The lysine riboswitch
	3.5.  The guanine riboswitch
	3.6.  The FMN riboswitch

	4.  Riboswitches and their protein interfaces as potential drug targets
	5.  Conclusions
	6.  Expert opinion
	Acknowledgments
	Funding
	Declaration of interest
	Reviewer disclosures
	References

