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Abstract

Riboswitches are cis-acting gene regulatory elements and constitute potential targets for new
antibiotics. Recent studies in this field have begun to explore these targets for drug discovery.
New ligands found by fragment screening, design of analogs of the natural ligands or
serendipitously by phenotypic screening have shown antibacterial effects in cell assays
against a range of bacteria strains and in animal models. In this review, we highlight the most
advanced drug design work of riboswitch ligands and discuss the challenges in the field with

respect to the development of antibiotics with a new mechanism of action.
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Background

There is an urgent need for new antibiotics to prevent a looming antibiotic crisis. The grim
reality is that the antibiotics of today are losing effectiveness faster than they are being
replaced by new treatment options [1-3]. Infections caused by multiple drug resistant
bacteria, which are difficult or impossible to treat are tremendously increasing [3].
Accordingly, new antibiotics, preferable with new chemotypes to avoid evolved resistance

mechanisms are in high demand [4].

A potential new target class for antibiotics are riboswitches. Riboswitches are noncoding
RNAs that function as genetic switches and are mostly found in bacteria [5]. Thus, they have
been proposed as alternative RNA targets for antibiotics [6—11]. These cis-acting gene
regulatory elements are located in the 5' untranslated region of mRNAs and consist of an
aptamer domain that specifically binds a small molecule ligand, and an expression platform
that controls the expression of the downstream gene(s) [5]. When the concentration of the
recognized metabolite exceeds a threshold level, it binds to the aptamer domain and induces a
conformational change in the expression platform. This in turn leads to modulation of
downstream gene expression (Fig. 1). Hence, the ligand-dependent formation of mutually
exclusive RNA conformations (“riboswitching”) is the underlying principle of riboswitch
activity [12]. The vast majority of bacterial riboswitches regulate the expression of genes for
transport and biosynthesis of the respective natural ligand. In this regard, metabolite binding
serves as a feedback signal to control RNA transcription or translation initiation. In the case
of transcription regulation, the formed structures serve as either terminator or antiterminator
hairpins (Fig. la and c). In controlling translation, the structures sequester or release
ribosome-binding sites (RBS) (Fig. 1b and d). Consequently, depending on the riboswitch,
expression of the regulated genes is either repressed (Fig. 1a and b) or activated (Fig. 1c and

d).

About 30 riboswitch classes have been reported so far and it appears that the limit has not yet
been reached [11,13—15]. The different classes are defined based on the natural ligand and the
fold of the RNA structure. Typically, riboswitches control the expression of primary
metabolic genes and often the recognized ligand is a product or precursor of the biosynthetic
pathway they control. The plethora of natural riboswitch ligands includes purines and their

derivatives, coenzymes, amino acids, a phosphorylated sugar, inorganic ligands including



metal cations, and fluoride anions (see also Table 1) [5,13]. Riboswitches have almost
exclusively been found in bacteria, including pathogenic species such as Mycobacterium
tuberculosis, Staphylococcus aureus, Streptococcus pneumoniae, Vibrio cholera, Escherichia
coli, Haemophilus influenza, and Pseudomonas aerugionosa [8,11]. To date, the only
confirmed riboswitch in eukaryotes is the thiamine pyrophosphate (TPP) riboswitch, which
was found in fungi and in plant besides being present in bacteria [16]. Recently, metabolite
binding RNA aptamers have also been found in humans, albeit their biological role remains

unclear [17,18].

The metabolite-sensing aptamer structures of at least one representative of almost all known
riboswitch classes have been determined [9,19-32]. The revealed architectures are very
diverse with only the structures of the related adenine, guanine and 2'-deoxyguanosine
riboswitches being similar. Nevertheless, the structures can be divided into two large groups
based on their folding principles: pseudoknotted and junctional riboswitches. Pseudoknotted
riboswitches contain a knot-shaped conformation formed through base pairing between a loop
of an RNA stem-loop structure and an outside region. In contrast, junctional riboswitches
contain a multihelical junction, which connects various numbers of helices. However, even
within these groups the locations of the ligand binding sites are not necessarily conserved. In
addition, the same ligand can be recognized by several folds. For instance, crystal structures
of four different S-adenosylmethionine (SAM)-riboswitch classes (I, II, III, and I/IV) and
three different preQ,-riboswitch classes (I, II, and III) were reported [24,31,33-37]. In both
cases, the structures of the different classes revealed a different fold and in some instances

also the ligand adopted a different conformation.

Riboswitches typically bind their natural ligands tightly with binding constants in the low
nanomolar range and discriminate strongly between their natural ligands and related
compounds [7]. This is achieved via several different strategies [19]. Some riboswitches such
as the lysine and purine riboswitches almost entirely encapsulate the ligand and thus use
shape discrimination to prevent binding the wrong compound. Further, the ligands typically
form numerous hydrogen bonds with the RNA, either directly or water-mediated, which also
contributes to binding affinity and specificity. For example, replacing U74 in the adenine
riboswitch with cytosine resulting in a different arrangement of hydrogen-bond donor and
acceptor groups switches specificity to a guanine [38]. The hydrogen bonds can be formed

either to the bases using the Watson-Crick or non-Watson-Crick edges for interactions or to



the sugar and phosphate moieties of the RNAs. They can also contribute to binding the
negatively charged carboxylate groups of lysine and glycine without involving charge-
balancing ions [39,40]. In addition, metal ions such as Mg* or K" have been found in
riboswitch binding sites to facilitate binding of ligands bearing negatively charged phosphate
groups as for example TPP or flavin mononucleotide (FMN) (Fig. 2 and 5) [41,42]. Positively
charged groups have been found to interact directly or water-mediated with the negatively
charged phosphate groups or to form charge-assisted hydrogen bonds to other polar groups of
the RNA. Finally, n-n stacking of aromatic ligands with the RNA bases is another important

interaction contributing to binding affinity.

Several riboswitches have been suggested or validated as targets for antibiotics (Table 1)
[8,43]. To be suitable as a drug target, the riboswitch has to occur in pathogenic bacteria,
downregulate the expression of at least one essential gene or a combination of genes that
collectively are essential and posses a druggable binding site. In the following, the most

advanced drug discovery efforts towards riboswitch ligands are presented.

Targeting the TPP riboswitch

The TPP riboswitch is the most wide spread riboswitch known to date (Table 1) and among
the first discovered riboswitches [44]. The natural ligand TPP is the phosphorylated form of
vitamin B1 (thiamine), an essential cofactor for carbohydrate metabolism (Fig. 2c). Most
bacteria can synthesize thiamine de novo or import it, however, phosphorylation has to occur
intracellular [45]. Binding of TPP to the riboswitch leads to a reduced expression of genes
that are involved in thiamine biosynthesis and import of its precursors, thiamine, thiamine

monophosphate, and TPP, respectively [45,46].

It was shown that the antibiotic compound pyrithiamine (PT, Fig. 2¢) most likely acts via the
TPP riboswitch [45]. Like thiamine, PT is phosphorylated intracellularly. The resulting
compound pyrithiamine pyrophosphate (PTPP) is believed to be the active drug. PTPP has a
comparably binding affinity to the TPP riboswitch as TPP (160 vs. 50 nM for the B. subtilis
riboswitch). Further, PT was shown to inhibit expression of reporter genes driven by TPP
riboswitches in a cell assay. In addition, in a PT-resistant E. coli strain, mutations in the
aptamer region of a TPP riboswitch were found, which abolished PTPP binding to this

aptamer in vitro, suggesting that this riboswitch is a target for PT.



The crystal structure of the TPP riboswitch was determined with 2.05 A resolution [42]. In the
structure, the 4-amino-2-methylpyrimidinyl-part of TPP is intercalated between the bases of
G42 and A43 and forms hydrogen bonds to a non-Watson-Crick edge of the side chain of G40
and to the ribose moiety of G19 (Fig. 2a). The pyrophosphate moiety is coordinated to two
magnesium ions and forms hydrogen bonds with surrounding nucleotides and water

molecules while the thiazole group does not appear to make specific contacts.

Two strategies were used for the design of TPP riboswitch ligands. One the one hand side,
analogs of TPP were explored and on the other side, novel binders were identified using

fragment screening.

Mayer et al. investigated TPP analogs as TPP riboswitch ligands [47]. Specifically, they
focused on compounds that contained a triazole group instead of the thiazole group present in
TPP. Using a cell assay based on a reporter gene, the most potent compound triazolethiamine
(TT, Fig. 2c) had an ICs, value of 8.4 uM compared to 0.015 uM found for thiamine. Like
thiamine, TT most likely needs to become phosphorylated in the cell for activity. To
circumvent the dependency on enzymes for activation, additional analogs containing a
phosphate mimetic group were designed (e.g. 16 in Fig. 2¢) . While these compounds do
indeed not require activation, their activity appears to be rather weak (the cell assay was

conducted at a compound concentration of 500 pM) necessitating further optimization.

In a more extended study, structure-activity relationships (SAR) for both ring systems of TPP
and the tail were established [48]. As expected, based on the binding mode of TPP (Fig. 2a),
varying the 4-amino-2-methylpyrimidinyl-part had a strong influence on binding affinity
suggesting that the hydrogen bonds to G40 are essential for tight binding ligands. In contrast,
varying the thiazole ring had less effect on binding, but showed a preference for positively
charged heterocycles in this position. The requirement for a positive charge is probably due to
the electron withdrawing character of a positively charged ring system, which increases
binding affinity of the adjacent 4-amino-2-methylpyrimidinyl moiety as also seen with
fragment-sized ligands (see below). Further, a negatively charged tail was found to
substantially improve binding affinity (up to 200 fold) whereas trianionic moieties were more
potent than dianionic or monoanionic ones. In addition, the pK, of this group appeared to be
important with the best ligand being a methylene phosphonate (K; = 9 nM, 20 in Fig. 2c¢),

which also had the least acidic protons in the investigated series. This might be due to



favorable interactions of groups containing a less stabilized charge with the magnesium ions
in the binding site. Finally, the effect of the compounds on gene expression in an in vitro
system were studied. Encouragingly, a correlation between binding affinity and a decrease of
expression of a reporter gene was found. The most potent compound and TPP, which have
comparable binding affinities, reduced gene expression to the same extend while weaker

compounds showed a smaller effect.

A fragment screening campaign for TPP riboswitch ligands was also reported [49]. As initial
screening method equilibrium dialysis with *H-thiamine as reporter ligand was used. Out of a
library of ~1,300 compounds, 20 hits were identified. Binding was confirmed using NMR
analysis, isothermal titration calorimetry (ITC) and counter screening against the unrelated
lysine riboswitch. Thus, 10 compounds, which were selective for the TPP riboswitch and
displayed binding affinities between 50-670 uM, were discovered. All of the hits contained
heterocycles, but were otherwise structurally diverse (e.g. F1-4 in Fig. 2¢). The most potent
compounds were also evaluated for their effect on gene expression in an in vitro system. None
of them reduced gene expression significantly. One explanation could be that the compounds
did not induce the conformational change required for switching. Another possibility is that
binding affinity to the longer RNA strand present in the in vitro system is reduced compared
to binding to the isolated aptamer region. Subsequently, the crystal structures of four of the
fragments spanning the whole range of binding affinities in complex with the TPP riboswitch
were determined (F1-4 in Fig. 2c) [50]. All of them were found to bind in the
aminopyrimidine-binding site (Fig. 2b). Further, crystal structure analysis revealed that all
four fragments induced an alternative conformation of the TPP riboswitch due to a rotation of

G72, which could be exploited for the development of tightly binding ligands.
Targeting the guanine riboswitch

The guanine riboswitch is wide spread in bacteria (Table 1). In Bacillus subtilis, four
conserved guanine riboswitches are present that collectively regulate the expression of genes
responsible for purine transport, metabolism and de novo purine synthesis [51]. None of the
genes on its own is essential but it was shown that suppressing the expression of these genes
collectively results in inhibition of bacterial growth. Further, in S. aureus two essential genes

are under the control of the guanine riboswitch [52].



Based on the crystal structure of the guanine riboswitch (Fig. 3a) it was hypothesized that
ligands with substituents at the C2 and C6 position of guanine could be accommodated in its
binding site [51]. Such compounds were subsequently either purchased or synthesized and
assayed for riboswitch binding (e.g. G4 and G7 in Fig. 3b). The compounds had binding
affinities in the low micromolar to high picomolar range, with one of the analogs (G4)
binding even stronger to the riboswitch than the natural ligand guanine (K;= 0.5 nM vs. 5 nM
for guanine). Five of the compounds also inhibited bacterial growth of B. subtilis cultures in
glucose-minimal medium when assayed at 100 uM, but only one of them (G7) was shown to

act at least partially via binding to the guanine riboswitch.

Batey et al. established that pyrimidine derivatives bind strongly to the guanine riboswitch
[53]. Based on this observation, Lafontaine et. al. designed pyrimidine analogs with the
potential to bind to this riboswitch. One of the compounds (PCI1, Fig. 3b) had a binding
affinity of about 100 nM for the guanine riboswitch, suppressed the expression of a reporter
gene in B. subtilis and had antibiotic effects against nine different bacteria strains, including
multi drug resistant S. aureus. It was further established that the antibiotic effect is probably
due to inhibition of the expression of guad, a gene coding for a GMP synthetase.
Interestingly, the authors were not able to raise bacteria resistant against PC1 suggesting that
maintaining a functional guaA-regulated riboswitch is a vital process. Finally, the antibiotic
effect of PC1 was also demonstrated in mice and in cows [54]. However, recently it was
questioned whether PC1 indeed acts via riboswitch binding [55]. In contrast to Lafontaine et
al. Tan et al. showed that guaA is not under the control of guanine riboswitch in S. aureus.
Further,gene expression of guad was not reduced when culturing S. aureus in the presence of
PCI1. Finally, supplementing the media with guanine did not recover growth in the presence of

PC1. This suggested that PC1 might actually have a different target.
Targeting the gImS riboswitch

The glmS riboswitch is unique among riboswitches as it is actually a metabolite-depending
ribozyme [56,57]. The natural ligand of the g/mS riboswitch is glucosamine 6-phosphate
(GIcN6P) which acts as co-factor (Fig. 4b) [58]. Binding of GIcN6P to the g/msS ribozyme
leads to self-cleavage at a specific site located at the 5’ terminus of the aptamer domain

resulting in upstream and downstream products with 2',3'-cyclic phosphate and 5’ OH termini,



respectively. It was shown for B. subtilis, that the newly formed 5’ OH terminus is recognized

by RNase J1 resulting in degradation of the downstream gene g/msS [59].

The glmS gene encodes the essential enzyme glutamine-fructose-6-phosphate-
aminotransferase (also called GIcN6P synthase) which is part of the UDP-N-acetyl-d-
glucosamine (UDP-GIcNAc) biosynthesis pathway. GIcN6P synthase uses fructose-6-
phosphate and glutamine as substrates to produce GlcN6P. This amino sugar can then be used
for the synthesis of UDP-GIcNAc which is an essential precursor for cell wall peptidoglycan.
The glmS riboswitch is widely spread among mainly Gram-positiv bacteria, including

pathogenic ones (Table 1) and was therefore suggested as a target for antibiotics [60,61]

Several crystal structures of the g/msS riboswitch were determined with and without bound
ligands [62—65]. The binding site is relatively small and solvent exposed (Fig. 4a). The
phosphate group of GIcN6P forms hydrogen-bonds with hydrated magnesium ions which

presumably screen the negatively charge of the ligand.

In the context of drug discovery for antibiotics, activators of the g/mS ribozyme are of most
interest to prevent expression of g/lmS. With this respect, several groups investigated SAR
around GIcN6P [66—69]. Combined, rather tight SAR was found which might be caused by
the small binding pocket (Fig. 4b). Removing the phosphate group of GIcN6P led to reduced
ribozyme activity while removing the amine group or opening the pyranose ring diminished
the activity [66,68]. Further, replacing the phosphate group of GIcN6P with a phosphonate or
malonyl ether group resulted in about 20 fold higher catalytic efficiency of the ribozyme
compared to GlcN but the compounds were only about 1/7 as active as the natural ligand
GIcN6P. Based on docking results and comparison with further analogues, it was concluded
that positioning via Mg coordination is important for activity [67]. A variant with a cyclic
phosphate was also not effective in inducing g/mS riboswitch hydrolysis [69]. Removing the
hydroxy group at the 1-position still led to activated ribozyme but only to about 1/70th of the
activity exhibited by GIcN6P [68]. Removing further hydroxyl groups diminished activity
[69]. In addition, inverting the stereochemical configuration of the hydroxyl group in the three
position but not in the 4-postion is tolerated [68]. Likewise, inverting the stereochemical
configuration of the amino group still led to activated ribozyme, but only to about 1/35th of
that of the natural ligand. Methylation of the amine group was also tolerated, but

trimethylation or acteylation was not. Methylation of the hydroxyl groups also diminished



activity [69]. Carba-GIcN6P (CGIcN6P) activated the g/mS riboswitch from Staphylococcus
aureus to a similar extend as GIcN6P while activation of the B. subtilis ribozyme was less

pronounced (Fig. 4b).

Recently, Mayer et al. showed that carbo-GlcN (CGIcN) has antibiotic activity against B.
subtilis and S. aureus with a minimal inhibitory concentration (MIC) of 32 and 133 pug mL ™!,

respectively (70 Further, they demonstrated that its activity depended on the
phosphoenolpyruvate sugar transferase system (PTS) suggesting that CGIcN6P is the active
compound in cells. They also showed that the amount of g/mS mRNA and ribozyme was
reduced after CGIcN addition. Using reporter genes indicative of cell envelope stress, they
could also show that CGIcN treated cells sense cell-envelope-related stress suggesting that the
compound interferes with cell-wall biosynthesis. Taken together, it appears that the antibiotic
activity of CGIcN is due to g/mS riboswitch activation. However, the MIC against S. aureus is

rather high necessitating further optimization.
Targeting the FMN riboswitch

FMN (Fig. 5b), the phosphorylated version of riboflavin and a precursor for flavin adenine
dinucleotide (FAD), often serves as a prosthetic group for oxidoreductase proteins. FMN also
binds to the FMN riboswitch, which was among the first discovered riboswitches [71]. This
riboswitch is present in Gram-positive and -negative bacteria (Table 1). In B. subtilis two
FMN riboswitches were found, controlling the expression of the ribDEAHT operon (ribD)
and ypad, which encode several FMN biosynthetic enzymes and a riboflavin transport
protein. While the former riboswitch causes premature transcription termination, the later
precludes access to the ribosome-binding site of ypad mRNA. These riboswitches
discriminate strongly between FMN and riboflavin, which display K, values of 5 and 3000
nM, resp. [71] Interestingly, it was found that binding of the protein RibR to these
riboswitches leads to gene expression, even in the presence of high concentrations of FMN
[72]. This presumably allows fine-tuning of the riboflavin metabolism and coupling it with
the sulfur metabolism. Further, in E. coli expression of the essential gene ribB coding for the
riboflavin biosynthetic enzyme 3,4-dihydroxy-2-butanone-4-phosphate synthase is also under
the control of an FMN riboswitch [73]. Unusually, this riboswitch operates at both the

transcriptional and translational level.
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The natural compound roseoflavin (RoF, Fig. 5b), isolated from Streptomyces davawensis,
has antibacterial properties against Gram-positive bacteria and acts via FMN riboswitch
binding, most likely after phosphorylation [74—76]. With a K, of around 100 nM, RoF has a
30-fold higher affinity to the riboswitch than its structural analog riboflavin [74]. It was
demonstrated, that roseoflavin downregulates the expression of a reporter gene via riboswitch
binding. Further, mutants resistant against roseoflavin were found to have mutations in the
FMN aptamer region, suggesting that this is a target for the antibiotic. In addition, it was
demonstrated that RoF inhibits growth of Listeria monocytogenes and blocks the expression
of the gene located downstream of the FMN riboswitch, a riboflavin transporter [76]. Base-
substitution mutations in the aptamer region of the FMN riboswitch allowed the bacteria to
grow in the presence of RoF, showing that the compound targets the FMN riboswitch directly.
Gram-negative bacteria are not sensitive for RoF, which is most likely due to the lack of
uptake systems. However, using an E. coli strain engineered to increase flavin uptake, RoF
was shown to downregulate the expression of 7ibB via riboswitch binding [73]. This indicated
that also in Gram-negative bacteria the FMN riboswitch might be a suitable target for

antibiotics, as long as the compound does not require uptake via the flavin transporter.

In an attempt to develop antibiotics acting via the FMN riboswitch, the roseoflavin analog
SFDQD was discovered (Fig. 5b) [77]. SFDQD binds to the riboswitch with similar affinity as
FMN and has a comparable MIC for Clostridium difficile as the antibiotics vancomycin and
metronidazole but appeared to be more rapidly bactericidal. Moreover, mouse experiments
demonstrated the ability of SFDQD to cure C. difficile-infections as effectively as fidaxomicin

and vancomycin while only modestly influencing the endogenous intestinal flora.

By searching for compounds interfering with the riboflavin biosynthetic pathway another
FMN riboswitch ligand was discovered serendipitously [78]. A phenotypic screen of an
engineered E. coli strain with a library of small molecules provided a target-specific inhibitor.
Subsequently, resistant bacteria were raised against the compound, which was later named
ribocil (Fig. 5b). Remarkably, all mutants contained base pair changes mapping to the FMN
riboswitch within 7ibB, mostly in the aptamer region suggesting that this riboswitch is the
target for the hit and confirming the hypothesis that the FMN riboswitch is a suitable target in
Gram negative bacteria [57]. Ribocil contains two substituted pyrimidine rings that are
bridged through a methylene and piperidine unit, and is structurally quite dissimilar to the flat,

conjugated three-ring system found in FMN (Fig. 5b). Two enantiomeric forms exist, ribocil-
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A (R) and ribocil-B (S), and it was established in the same study that the latter form is nearly
fully responsible for the inhibitory activity. A 2.93 A co-crystal structure was obtained with
the Fusobacterium nucleatum FMN riboswitch aptamer, revealing that ribocil-B adopts a U-
shaped conformation (Fig. 5a). Modeling studies suggested that both enantiomers could bind
similarly into the riboswitch pocket, however, the calculated strain energy is much higher for
the R-enantiomer, which is consistent with the observed difference in binding affinity [63].
The determined binding mode of ribocil-B is distinct from the binding mode of FMN.
Previously, it was postulated that a double hydrogen bond to A99 and the interactions of the
phosphate group of FMN are crucial for tight binding (Fig. 5a) [55]. In contrast, ribocil does
not contain a phosphate mimic group and interacts to A99 only via a single hydrogen bond. In
addition, ribocil, like FMN, forms a hydrogen bond with A48. Based on this hydrogen-
bonding pattern it was suggested that the pyrimidinone tautomer is the preferred form for
binding to the riboswitch (Fig. 5b) [79]. SAR was also established around ribocil. It was
determined that the hydroxy-pyrimidine piperidine scaffold is essential for binding, and that
only substitution on the 3-position with a hydroxyl group allowed for binding. Removing
either the thiophene or methylamino-pyrimidine ring led to a complete loss of compound
activity. While little variation of the thiophene ring was tolerated, variation of the pyrimidine
ring allowed for more leeway. This led to ribocil-C, in which the methylamino-pyrimidine
group was replaced with an N-(2-pyrimidine) imidazole group. This compound displayed
approximately a 4-fold greater potency against a drug-efflux pump negative E. coli strain than

ribocil-B and was active in a mouse model using the same strain for infection.
Conclusions

The selected examples clearly demonstrate the potential of riboswitches as drug targets for
antibiotics. A wealth of crystal structures contributed to elucidate the binding modes of the natural
ligands. For the TPP, guanine, g/mS and FMN riboswitches potent ligands were developed.
Different strategies were used for the discovery of the compounds, including design of
analogues of the natural ligands, fragment screening and phenotypic screening. The most
advanced target is clearly the FMN riboswitch. For two different compound series, efficacy in
animal models was demonstrated. For a further target, the the guanine riboswitch, ligand
efficacy in an animal model was shown. However, recent studies question whether the

compound really acts on target.
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Future perspective

There are several challenges to overcome in the field. One issue is the relationship between
affinity to the aptamer domain in vitro and activity in vivo. Due to the wealth of crystal
structures, it 1s now relatively well understood how the metabolites are recognized by the
riboswitches. In contrast, it is less clear how ligand binding influences mRNA transcription
and translation on a molecular basis [80,81]. A correlation between binding affinity and
regulatory response was not always found suggesting that certain aspects of the effector’s
interaction with the RNA must be preserved for a chemical analog to be able to regulate a
riboswitch [82]. Further, it was shown that some riboswitches function as kinetically driven
switches, rather than reaching thermodynamic equilibrium. In these cases, the concentration
of ligand needed to efficiently trigger riboswitch function may be much higher than the K,
value measured in vitro [81]. A better understanding on the molecular level on how ligand
affinity and riboswitch activity are linked will certainly benefit the design of more active

compounds.

Further, there is a need to more thoroughly explore the chemical space of riboswitch ligands
to support drug discovery, which in turn requires establishing screening methodology for
riboswitches. Ribocil, which is chemically distinct form the natural ligand of the FMN
riboswitch (Fig. 5b), was discovered serendipitously in a phenotypic screen [78]. A fragment-
based approach built on equilibrium dialysis and NMR was very successful in revealing
diverse ligands for the TPP riboswitch [50]. In principle, it should also be possible to develop
fragment-screening assays based purely on NMR or surface plasmon resonance (SPR),
however, no examples for riboswitches have been reported so far [83]. Computational
methods for drug discovery for RNA-binding ligands are less established than for protein
targets but appear to be very promising for hit discovery [83]. For instance, we recently
reported on the discovery of new scaffolds for a purine riboswitch using molecular docking
[84,85]. Furthermore, fluorescent analogs of SAM and lysine were developed, which can be
used for high-throughput screening based on ligand displacement [86,87]. The riboswitch
glmS is also a ribozyme. Two high-throughput assays, based on fluorescence resonance
energy transfer (FRET) and fluorescence polarizations, have been developed to screen for
compounds that activate g/mS ribozyme cleavage [88,89]. In an alternative strategy, an

allosteric ribozyme was generated by conducting in vitro selection on a parental population of
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RNAs formed by fusing a c-di-GMP-I riboswitch aptamer to a hammerhead ribozyme [90]. It
was demonstrated, that this construct could discriminate against c-di-GMP analogs suggesting
that the assay could be adopted for a high-throughput approach. In the light of the potential
lack between compound affinity and regulatory response discussed above, it might also be
advantageous to not only monitor riboswitch binding, but to also determine the effect of the
screening compounds on transcription regulation. A suitable assay was developed by
Lafontaine et al. [91]. In this approach, a nucleic acid molecule possessing a stem—loop
structure was labeled with a fluorophore and a quencher on either end resulting in a so called
beacon. The stem-loop structure of the beacon was chosen to be complementary to a sequence
in the elongated riboswitch RNA. Upon binding the beacon to the RNA fluorescence
increases and thus the amount of elongated RNA can be detected. Out of the methods
described above, only for the fragment-based screening approach developed for the
identification of novel TPP riboswitch ligands, the virtual screening for the purine riboswitch,
and one of the g/mS assays screening results have been reported to date [49,84,89]. It will be

exciting to see how the remaining assays perform when applied to riboswitch drug discovery.

The call on druggability of riboswitches is also still open. Interestingly, opposed to what
might have been expected based on the negatively charged character of RNA, the ligands for
the here presented riboswitches are not overly positively charged. In contrast, for the TPP
riboswitch, some of the discovered ligands are negatively charged, resembling the negatively
charged metabolite recognized by this receptor (Fig. 2). In this case, the charge is presumably
stabilized by magnesium ions present in the binding sites. From a medicinal chemistry point
of view, these compounds are clearly less suited as drug leads, as issues with drug uptake are
likely to occur. Prodrug strategies or active transport mechanisms could potentially be used to
circumvent this issue [47]. However, this would make the compounds potentially more
vulnerable to resistance development and restrict the available chemical space. Based on SAR
studies, it was also hypothesized that the negatively charged phosphate group of FMN is
important for tightly binding ligands [71]. Encouragingly, the potent FMN riboswitch ligands
ribocil and SFDQD have drug-like properties, demonstrating at least the druggability for this
riboswitch [77,78]. This raises hopes that drug-like compounds can also be developed for
other riboswitches for which a charged group in the metabolite was shown to be a prerequisite
for high potency, e.g. the TPP and SAM riboswitch,. Further, some of the riboswitches

recognize rather small metabolites and in turn have small binding sites, including the purine,
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lysine and preQl riboswitches. This spacial restriction might be detrimental for the
development of tightly binding ligands with favorable physico-chemical properties. However,
for the guanine riboswitch it was already shown that substituents at the C2-position are
tolerated, suggesting spacial rearrangements of this rather tight appearing part of the binding
site (Fig. 3a). For the larger TPP binding site a conformational adaption upon binding
fragments was observed (Fig. 2a). Exploring the plasticity of riboswitch binding sites further

will therefore be crucial to facilitate the design of drug-like ligands.

Finally, the resistance potential for antibiotics targeting riboswitches is unclear. Such
antibiotics would most likely act by gene repression. This raises the question if bacteria could
escape such an antibiotic by simply mutating the aptamer region and thus consecutively
switching the regulated gene(s) on. For the FMN riboswitch ligand SFDQD, a low frequency
of resistance development for C. difficile was found [77] while for ribocil resistance
development differed from species to species [78]. The guanine riboswitch ligand PC1 was
only assessed against S. aureus for establishing its resistance potential. In this case, no
resistant mutants could be raised [52]. Collectively, these data point in the direction that
resistance development cannot be generalized but is species-dependent. However more

experiments with diverse ligands and bacteria strains are needed to investigate this further.

Riboswitches were discovered only 15 years ago. Early on, it was speculated about their
potential as targets for antibiotics. The success stories of developing riboswitch ligands
presented here, most remarkable the serendipitous discovery of ribocil, underline this
potential. The coming years will show if these targets live up to their promises and urgently

needed new antibiotics acting via riboswitch binding will be developed.

Executive summary

Background

* Riboswitches constitute promising drug targets for new antibiotics.
Targeting the TPP, guanine, g/mS and FMN riboswitch
* For the TPP, guanine, g/mS and FMN riboswitches potent ligands were developed.

* For FMN riboswitch ligands, it was shown that the compounds act on target in cell

models and efficacy in animal models was also demonstrated.
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* For a guanine riboswitch ligand efficacy in an animal model was shown. However,

recent studies question whether the compound acts on target.
Future perspective

* Further work is needed to elucidate the relationship between binding affinity and gene
regulation on a molecular level, explore the chemical space of riboswitch ligands and

to assess their druggabilty and resistance potential.
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Tables

Table 1: Occurrence of riboswitches in pathogenic bacteria. Table, compiled with data from [8] and [92] was taken

from [43] (Biophysics of Infection / Biophysical Approaches to Bacterial Gene Regulation by Riboswitches, 2016, 157-

191, Perez-Gonzalez C, Grondin JP, Lafontaine DA, Carlos Penedo J., ©Springer International Publishing

Switzerland 2016) with permission of Springer.
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Fig. 1 Most common mechanisms of riboswitch-mediated control of gene expression. Bacterial riboswitches repress or activate
their genes depending on the conformation of the corresponding leader RNA sequence (shown by the line growing from the 5
end). In response to the change of the metabolite concentration they control transcription termination (a, ¢) or translation
initiation (b, d), or both if the stem—loop structure of the terminator also serves as a sequestor of the ribosome-binding site
(RBS). In each case, the binding of a specific metabolite (m) to the conserved RNA-sensor domain stabilizes the riboswitch
structure (shown as a hypothetical three-stem structure) thus preventing the formation of an alternative RNA structure that
could be an antiterminator (a), antisequestor (b), terminator (c) or sequestor of RBS (d). The ribosome is shown in pale blue.
The complementary RNA regions are indicated in green and blue (Figure adapted from [93] (Trends Biochem. Sci, 29(1),
Nudler E, Mironov AS, The riboswitch control of bacterial metabolism, 11-17, 2004) with permission from Elsevier).
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Fig. 2 Crystal structure and ligands of the TPP riboswitch. a) Binding site of the TPP riboswitch (gray carbon atoms) in
complex with TPP (green carbon atoms, PDB code 2GDI). The solvent accessible surface area is shown in light brown, the
magnesium ions as pink spheres and hydrogen bonds are indicated as dashed lines. Water molecules are omitted for clarity.
The 4-amino-2-methylpyrimidinyl-part of TPP is intercalated between the based of G42 and A43 and forms hydrogen bonds
to a none-Watson-Crick edge of the side chain of G40 and to the ribose moiety of G19. The pyrophosphate moiety is
coordinated to two magnesium ions and forms hydrogen bonds with surrounding nucleotides and water molecules while the
thiazole group does not appear to make specific contacts. b) Superposition of the binding sites four fragment bound
structures of the TPP riboswitch (cyan, pink, yellow, and light brown carbon atoms, PDB codes 4YNYA, 4YNB, 4YNC, and
4YND) with the structure of the TPP complex (TPP with green carbon atoms and binding site with gray carbon atoms). The
fragments bind into the 4-amino-2-methylpyrimidinyl sub pocket and induce and alternative conformation of G70. c)
Chemical structures of TPP riboswitch ligands. (Figure 2a and b was made using PyYMOL [94].)
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Fig. 3 Crystal structure and ligands of the guanine riboswitch. a) Binding site of the guanine riboswitch in complex with
guanine (PDB code 1Y27). The solvent accessible surface area is shown in light brown, the ligand with green carbon atoms
and the RNA with gray carbon atoms. Hydrogen bonds are indicated as dashed lines. Based on the determined binding
mode, substituting at the C2 and C6 position of guanine appears to be feasible without interfering with ligand binding. b)
Chemical structures of guanine riboswitch ligands. (Figure 3a was made using PyMOL [94].)
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Fig. 4 Crystal structure and ligands of the g/mS riboswitch. a) Binding site of the g/msS riboswitch in complex with GIcN6P
(PDB code 2NZ4). The solvent accessible surface area is shown in light brown, the ligand with cyan carbon atoms, the RNA
with gray carbon atoms, magnesium ions as green spheres and water molecules as red spheres. Hydrogen bonds are
indicated as dashed lines. GIcN6P binds into a small and solvent exposed pocket. The phosphate group forms hydrogen-
bonds to hydrated magnesium ions. b) Chemical structures of glmsS riboswitch activators together with key SAR findings.

(Figure 4a was made using PyMOL [94].)
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Fig. 5 Crystal structure and ligands of the FMN riboswitch. a) Binding site of the FMN riboswitch (gray carbon atoms) in
complex with ribocil (yellow carbon atoms, PDB code 5C45) superimposed with the binding mode of FMN (magenta
carbon atoms, PDB code 2YIE). Hydrogen bonds are indicated as dashed lines. b) Chemical structures of FMN riboswitch
ligands (RoF = roseoflavin, RoF-P = phosphorylated roseoflavin). (Figure 5a was made using PyMOL [94].)
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	Riboswitches are cis-acting gene regulatory elements and constitute potential targets for new antibiotics. Recent studies in this field have begun to explore these targets for drug discovery. New ligands found by fragment screening, design of analogs of the natural ligands or serendipitously by phenotypic screening have shown antibacterial effects in cell assays against a range of bacteria strains and in animal models. In this review, we highlight the most advanced drug design work of riboswitch ligands and discuss the challenges in the field with respect to the development of antibiotics with a new mechanism of action.
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