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Abstract 
 
The targeting of RNA molecules represents a frontier in drug discovery to be poised to 
revolutionize the treatment of bacterial and viral infections. While traditional drug 
development has predominantly focused on protein targets, the distinctive structures 
and functions of bacterial and viral RNA offer hitherto unexploited prospects for 
therapeutic intervention. However, the transition from concept to clinical application is 
beset with challenges. RNA’s inherent instability, diverse conformational dynamics and 
intricate cellular interactions present significant challenges in the identification and 
optimization of effective small molecules binders. This dissertation explores the high 
stakes of RNA-targeted drug discovery, highlighting the transformative potential of 
such approaches in combating infectious diseases. 
A critical element of this undertaking is the utilization of sophisticated biophysical 
techniques to elucidate the interactions between small molecules and RNA targets. 
Microscale thermophoresis (MST), isothermal titration calorimetry (ITC), surface 
plasmon resonance (SPR), and Förster resonance energy transfer (FRET) assays 
emerge as indispensable techniques for this endeavor. MST impresses with a rapid 
and sample-saving affinity determination, ITC provides quantitative insights into 
binding thermodynamics, SPR offers real-time interactions kinetics, and FRET enables 
the visualization of conformational changes within RNA complexes. 
In this dissertation, significant strides in this field are presented. The preQ1 riboswitch 
has been a focal point, where an MST assay was employed to validate protein-based 
docking programs for RNA docking, thereby identifying small molecule binders for this 
RNA target. Moreover, an MST assay utilizing non-covalent dyes for studying RNA–
ligand interactions was devised to augment the sensitivity and adaptability of this 
methodology. The investigation into HCV-IRES binding events using FRET yielded 
significant insights into the conformational changes that occur upon small molecule 
binding to this target. Furthermore, the relationship between charge and binding affinity 
and kinetics was investigated for the preQ1 and SAM-VI riboswitch through a 
combination of MST, (kin)ITC, and SPR, revealing intricate interaction mechanisms. A 
structure-activity relationship (SAR) study on SAM-I and SAM-VI riboswitches with 
SAM analogues provided further insights into the subtle interplay between ligand 
structure and RNA binding efficacy.
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Zusammenfassung 
 
Das gezielte Adressieren von RNA-Molekülen birgt ein großes Potenzial in der 
Arzneimittelforschung, bereit die Behandlung bakterieller und viraler Infektionen weiter 
voranzutreiben. Während sich die traditionelle Arzneimittelentwicklung vorwiegend auf 
Protein-Zielstrukturen konzentriert hat, eröffnen die einzigartigen Strukturen und 
Funktionen bakterieller und viraler RNA bislang ungenutzte Möglichkeiten für 
Therapieansätze. Der Übergang von Konzept zu klinischer Anwendung ist allerdings 
mit erheblichen Herausforderungen verbunden. Die intrinsische Instabilität von RNA-
Molekülen, ihre vielfältigen dynamischen Konformationen sowie komplexe 
Interaktionen auf zellulärer Ebene erschweren die Identifikation und Optimierung von 
RNA-bindenden small Molecules. Diese Dissertation widmet sich den großen 
Herausforderungen der auf RNA als Zielstruktur ausgelegten Wirkstoffforschung und 
hebt das transformative Potenzial solcher Ansätze im Kontext der Bekämpfung von 
Infektionskrankheiten hervor.  
Ein wesentlicher Aspekt dieses Ansatzes ist die Nutzung biophysikalischer Techniken, 
um die Interaktionen zwischen small Molecules und RNA-Zielstrukturen zu erforschen. 
Microscale Thermophoresis (MST), Isothermale Titrationskalorimetrie (isothermal 
titration calorimetry, ITC), Oberflächenplasmonenresonanz (surface plasmon 
resonance, SPR) und Förster-Resonanz-Energie-Transfer (FRET) erweisen sich 
dabei als unabdingbare Methoden. MST ermöglicht eine schnelle und 
materialsparende Methode zur Affinitätsbestimmung, ITC liefert quantitative Einblicke 
in die Bindungsthermodynamik, SPR bietet Echtzeit-Kinetiken von Interaktionen und 
FRET ermöglicht die Verfolgung von Konformationsänderungen von RNA-Komplexen. 
In dieser Dissertation werden bedeutende Fortschritte auf diesem Gebiet präsentiert. 
Ein Schwerpunkt war der preQ1 Riboswitch, bei dem ein MST-Assay zur Validierung 
proteinbasierter Docking-Programme eingesetzt wurde, wodurch neue small 
Molecules, die an diese RNA binden, identifiziert wurden. Darüber hinaus wurde ein 
auf nicht-kovalenten Farbstoffen basierender MST-Assay entwickelt, um die 
Sensibilität und Anwendbarkeit dieser Methodik zu erhöhen. Die Untersuchung von 
Hepatitis-C-Virus internal ribosome entry site (HCV IRES)-Bindungsereignissen mit 
Hilfe von FRET hat bedeutende Einblicke in die Konformationsänderungen der RNA, 
die durch die Bindung von small Molecules auftreten, geliefert. Des Weiteren wurde 
die Beziehung zwischen Ladung und Bindungsaffinität und -kinetik für den preQ1 
Riboswitch und den SAM-VI Riboswitch untersucht. Dafür wurden die Methoden MST, 
(kin)ITC und SPR angewandt und thermodynamische und kinetische Bindungsprofile 
charakterisiert. Zusätzlich wurde die Struktur-Wirkungsbeziehung für die SAM-I und 
den SAM-VI Riboswitches genauer untersucht. Als potenzielle Liganden wurden SAM-
Analoga verwendet, um tiefere Einblicke in das subtile Zusammenspiel zwischen 
Ligandenstruktur und RNA-Bindungseffizienz zu gewinnen.
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1. Introduction 
 

The objective of this thesis was the biophysical characterization of various RNA–small 

molecule interactions regarding fundamental research in structure-based drug design. 

This thesis is structured into 4 topics: 

(A) The general process of targeting RNA, including different approaches and 

methodologies. 

(B) Antibiotic drug discovery with focus on riboswitches as bacterial RNA targets. 

(C) Anti-viral drug discovery with focus on the hepatitis C virus internal ribosome 

entry site (HCV IRES) as model system for viral RNA targeting. 

(D) Biophysical assay methods to investigate and characterize those RNA-ligand 

interactions: Microscale thermophoresis (MST), isothermal titration calorimetry 

(ITC), Förster resonance energy transfer (FRET), and surface plasmon 

resonance (SPR). 

 

1.1. Targeting RNA with Small Molecules – General Process and 
Challenges 

 

Targeting RNA has emerged as a promising strategy for therapeutic intervention, 

offering precise modulation of RNA function, stability, and gene expression with 

potential applications across various human diseases, including bacterial or viral 

infections, cancer, and neurological disorders. The discovery of RNA’s diverse roles 

beyond its canonical function as a messenger between DNA and protein has spurred 

significant interest in targeting RNA for therapeutic purposes.1,2 The establishment of 

small molecules as RNA modulators would result in a significant increase in the 

number of druggable macromolecules, as many of the approximately 3,000 disease-

related human proteins are currently considered undruggable (Figure 1). This is since 

they lack distinct binding sites for high affinity and specificity small molecule binding.3– 5 

Consequently, by targeting mRNA, these undruggable protein gene products can be 

influenced by modulating the translation efficiency.5 However, recent approaches also 

target non-coding (nc) RNA if those structures are found to be relevant for the survival 

of the pathogenic organisms or processes.1,6 
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Figure 1: RNA-targeted parts of the human genome relevant for potential drug development. ~ 70% of the human 
genome is transcribed into ncRNAs, including microRNAs or long ncRNAs as relevant drug targets. Only ~ 1.5% of 

the human genome is transcribed into protein coding RNAs with only 0.2% of the genome refers to disease-related 

proteins (~ 15% of the proteome). Currently, ~ 5% of the proteome is targeted by existing drugs and ~ 10% 
represent relevant proteins that might be druggable as mRNA. ~ 85% of the proteome is undruggable. This figure 

was created with BioRender.com according to reference 5. 

 

1.1.1. The Relevance of Disease-Related RNAs 
 

The etiology of human diseases can be attributed to a multitude of factors, including 

the involvement of RNA molecules. External sources may include bacteria or viruses, 

which are involved in infection incidents. It is often the case that cancer, metabolic or 

neurogenetic disorders originate from human RNAs. The typical classification of RNA 

molecules is according to their capacity to code for proteins. Messenger RNAs 

(mRNAs) undergo translation into proteins, while transfer RNAs (tRNAs) and ribosomal 

RNAs (rRNAs) are non-coding RNAs (ncRNAs). However, mRNAs also contain 

untranslated regions (UTRs) and are derived from pre-mRNAs through intron splicing. 

A significant number of ncRNAs are involved in pivotal cellular processes, including 

amino acid transport for protein translation, peptide polymerization catalysis, 

transcription regulation, and signaling pathways.1 Some functional RNAs are found 

almost exclusively in a particular group of organisms. A prominent example of these 

RNAs are riboswitches, which are found in the 5’-UTR of bacterial mRNAs and act as 
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control elements for translation and transcription.7–9 The designation of riboswitches 

as targets, as exemplified by pre-queuosine-1 (preQ1) riboswitches, provides a 

preliminary framework for the rational design of ligands for these structures.9,10 Despite 

the plethora of antibiotic drugs currently available on the market, the potential for toxic 

side effects (e.g., aminoglycosides11,12, fluoroquinolones13) and the emergence of 

antibiotic resistance necessitates continued vigilance with regard to alternative 

antibiotic targets.9,14,15 

In contrast to riboswitches, relevant viral RNAs lack natural ligands. Their functions 

rely for example on replication initiation by interacting with specific proteins.10,16 

However, the highly conserved tertiary structure of viral ncRNA might possess pockets 

for small molecule ligand binding, which renders them an attractive target for further 

investigation.1,10,16 The most advanced studies in this field are on the hepatitis C virus 

(HCV)17–21 and human immunodeficiency viruses (HIV)16,22,23. Promising antiviral 

therapeutic strategies include the use of antisense oligonucleotides (ASOs) and 

clustered regularly interspaced short palindromic repeats (CRISPR) gene editing as 

future perspectives fighting viral infections.24,25 These approaches are additional to 

long-time established nucleoside and non-nucleoside structured drugs, which affect 

viral proteins such as RNA polymerase. 

Targeting human RNAs for cancer or neurogenic disease treatment (e.g., spinal 

muscular atrophy (SMA)) is a more recent approach. The relevant targets include micro 

RNAs (miRNAs), long non-coding RNAs (lncRNAs), pre-mRNAs, as well as distinct 

sequence motifs such as short tandem repeats or repeat expansions.1 As with the 

targeting of viral RNA, the two common approaches are the use of RNA-based drugs 

(e.g., ASOs, small interfering RNAs, and CRISPR technologies)26–28 and non-RNA-

based drugs (e.g., small molecules).29–31 While ASOs, siRNAs and CRISPR editing 

have greatly advanced chemical biology, their clinical usefulness has been hindered 

by delivery challenges and notable adverse effects. In contrast, small molecules 

present a promising alternative, offering potential advantages such as oral 

bioavailability, the ability to penetrate the blood-brain-barrier and the independency 

from primary RNA sequences. Leveraging insights from medicinal chemistry, these 

molecules can be systematically optimized to enhance affinity, pharmacokinetic 

properties, and selectivity, underscoring their significance in therapeutic 

development.2,32 In 2020, these approaches led to the approval of risdiplam (Figure 

2 A) for the treatment of SMA, the first small molecule drug targeting other RNA than 
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the ribosome.33 SMA is characterized by a deficiency in the human survival of motor 

neuron (SMN) protein, which is caused by a mutation or deletion of the related SMN1 

gene (Figure 2 B). The SMN2 gene also produces SMN, although at levels that are 

insufficient for the maintenance of normal function. This is due to a point mutation that 

results in the exclusion of exon 7 in the majority of mature SMN2 transcripts, thereby 

leading to the production of unstable SMN proteins (Figure 2 C). Risdiplam acts as a 

splicing modulator of the SMN2 pre-mRNA. By binding to two sites within the SMN2 

exon 7 the inclusion of this exon in the mature transcript is promoted resulting in the 

production of sufficient functional SMN proteins to compensate for the loss of SMN1 

gene (Figure 2 D).29,34 

 

A 

 
B 

 
C 

 
D 

 
Figure 2: Structure and mechanism of action of the splicing modulator risdiplam. A, Structure of risdiplam. B, 

Sufficient functional SMN protein production in healthy humans by SMN1 pre-mRNA splicing. C, Deletion, or 

mutation of the SMN1 gene in SMA patients leads to insufficient functional SMN protein production by SMN2 pre-
mRNA due to exclusion of exon 7 during splicing. D, Treatment with risdiplam leads to inclusion of the exon 7 in 

SMN2 pre-mRNA splicing process and production of sufficient levels of functional SMN protein. This figure was 

compiled according to references 29,34 . Panel A was created with ChemDraw 20, panels B–D were created with 
BioRender.com. 



Introduction 

 

 5 

Currently, druggable and potential druggable RNA targets include bacterial 

ribosomes35–39, viral RNA motifs19–21,40, bacterial riboswitches41–44, precursor 

mRNA29– 31, and miRNAs44–48 (Table 1). These RNAs exhibit highly structured and 

functional sites for small molecule binding besides the abundance in the target 

pathogens and cells.32 Nevertheless, identification of RNAs and targeting those 

structures selectively remains a challenge due to their high chemical similarity as well 

as the limited chemical functionality and highly dynamic structure.49,50  

 
Table 1: List of potential/approved drugs and their target RNAs, type, (potential) application and current 

development status. This table was compiled according to reference 32. 

Target RNA Compound (Class) Type 
(Potential) 
Application 

Current 
Status 

Ribosomal 

RNA 

• Aminoglycosides 

• Macrolides 

• Oxazolidinones 

• Tetracyclines 

Small 

molecules 
Antibiotic Approved 

SMN2 pre-

mRNA 
• Risdiplam 

Small 

molecule 
SMA-treatment Approved 

HCV IRES • Benzimidazoles 
Small 

molecules 
HCV infections 

Preclinical 

development 

FMN 

Riboswitch  
• Ribocils 

Small 

molecules 
Antibiotic 

Preclinical 

development 

Pri-miRNA • Targaprimir-96 ASO Anticancer 
Preclinical 

development 

Pre-miRNA • Targapremir-210 ASO Anticancer 
Preclinical 

development 

 

  



Introduction 

 

 6 

1.1.2. Target Identification and Validation 
 

The identification of disease related RNAs can be challenging, particularly when there 

is no prior knowledge of their structure. Currently, there are several experimental and 

computational strategies for identifying these RNAs. These approaches are more 

concerned with the RNA’s effect in cells than with its physical structure so that there is 

no structure model needed initially. The process of finding relevant RNAs involve 

transcriptomic analyses, functional genomics studies, or bioinformatics to pinpoint 

relevant RNA targets.51 Advances in sequencing technologies, such as RNA 

sequencing (RNA-seq), have enabled the discovery of novel RNA species and their 

regulatory roles. The sequenced RNA populations in a diseased tissue sample can be 

compared to RNAs in healthy tissues. Thus, differentially expressed RNAs potentially 

associated with the disease can be identified. While less comprehensive than RNA-

seq, microarrays can be used to profile the expression of thousands of known RNA 

sequences simultaneously, identifying those differentially expressed in disease 

conditions. In this field, computational methods employ known genomic data to predict 

RNA sequences associated with disease processes. Subsequently, the identified RNA 

must be validated. This entails confirming the involvement of the identified RNA in the 

disease process and its functional role, which could be targeted for therapeutic 

intervention. For this, the expression of the RNA is analyzed. The most common 

methods for this purpose are quantitative polymerase chain reaction (qPCR), northern 

blotting, and in situ hybridization. Functional studies, including knockdown or 

overexpression experiments, can be employed to observe phenotypic changes that 

are directly linked to specific RNAs. Furthermore, functional assays such as reporter 

assays or rescue experiments, can be carried out. High-throughput screenings (HTS) 

are frequently employed for target validation. HTS involves testing large libraries of 

molecules or genetic constructs (e.g., siRNAs) to identify those that produce a desired 

effect in a biological assay. HTS screens often utilize RNA interference (RNAi) or 

clustered regularly interspaced short palindromic repeats (CRISPR) systems, which 

target specific RNA sequences rather than structures. The efficacy of these models is 

contingent upon the complementarity of the target RNA sequence. Given that the 

primary objective of HTS in this instance is to observe phenotypic changes, the 

structure of the RNA is not a relevant factor. Recent studies employed phenotypic 

screenings of large compound libraries to identify potential small molecule drugs. 
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Subsequent analysis revealed that these drugs target specific RNAs.30,31,41 Phenotypic 

screening represents a target agnostic approach used in drug discovery to identify 

potential therapeutic compounds based on their effects on observable phenotypes or 

characteristics of cells, tissues, or whole organisms. Unlike target-based screening, 

where compounds are tested for their ability to interact with a specific molecular target, 

believed to be involved in a disease process, phenotypic screening focuses on the 

overall functional outcome of drug treatment. Relevant cellular models, such as cell 

lines, or organoids, are selected to reflect the physiological context of the target 

disease or pathway. Assays are designed to measure specific phenotypic endpoints, 

often utilizing imaging, flow cytometry or fluorometric biological assays.2,52 Currently, 

there is one RNA-targeting drug on the market that was developed using phenotypic 

screening: the splicing modulator risdiplam for the treatment of spinal muscular atrophy 

(SMA).29–31 The non-approved ribocil, which targets the FMN riboswitch, was also 

discovered by phenotypic screening of the bacterial riboflavin pathway.41 Another 

approach for target validation in cells is chemical cross-linking and isolation by pull-

down (Chem-CLIP). A small molecule of interest is modified to include a chemical 

reactive group, the cross-linker, that forms a covalent bond with its target RNA upon 

interaction. This step captures the small molecule in direct contact with its target RNA. 

Additionally, the small molecule is tagged with a label (e.g., hemagglutinin or biotin) 

that can be recognized by specific antibodies or streptavidin. After cross-linking, the 

complex is isolated from the cell using immunoprecipitation, which involves pulling-

down the labelled complex via an antibody (e.g., anti-hemagglutinin antibody) or affinity 

tag (e.g., streptavidin-biotin). After complex isolation, the bound RNA can be identified 

by techniques like RNA-seq for exact determination.45,53–56 

 

1.1.3. Identification of Small Molecules – Common Strategies 
 

Traditionally, RNA-binding small molecules are identified using HTS of large 

compound libraries against the RNA target. Several well-described in vitro methods, 

including fluorescence-based and label-free methods, as well as DNA-encoded library 

(DEL) screenings, and computational methods can be used to identify potential small 

molecule RNA binders.2,6 The interest in the development of small molecules that 

target RNA for the treatment of various human diseases has grown considerably in 

recent years.2,32,57 Given that there are RNA-targeting drugs on the market that do not 



Introduction 

 

 8 

adhere to Lipinski’s rule of five, which were subsequently found to have severe off-

target effects (e.g., aminoglycosides), the latest approaches in this field have focused 

on following these conventional rules.2,32,58 An example of successful adaptation of the 

protein drug discovery concept is linezolid (target-RNA: 50S ribosomal subunit. 

Linezolid exhibits selective binding to a distinct binding pocket in the target RNA, with 

molecular weight below 500 Da and low tPSA values, which are indicative of good 

membrane permeability.5,35 Linezolid was identified using traditional drug discovery 

methods, particularly screening large compound libraries and medicinal chemistry for 

improvement of potency, selectivity, and other drug-like properties.35,59 Ribocil (target-

RNA: FMN riboswitch)41,60 and risdiplam (target-RNA: SMN2-pre-mRNA)30,31, which 

were discovered more than one decade later, were identified by phenotypic screening 

and subsequent optimization strategies. These examples illustrate that RNA-binding 

small molecules are predominantly identified through HTS screens, whereas rational 

drug design represents an exception.1  

The most performed assay types to identify small molecule binding to RNA are 

fluorescence-based assays adapted from protein interaction studies.6 Commonly, the 

RNA is labelled at its 3’- or 5’-terminus with a fluorescent probe, such as cyanine (Cy3, 

Cy5) or Alexa Fluor dyes or alternatively with modified nucleotides. Upon ligand 

binding, physical properties of the target RNA change and subsequently can be 

monitored by the fluorescence signal. These fluorescence-based assays offer high 

sensitivity, specificity, and scalability, making them valuable tool for identifying small 

molecules that bind RNA (Figure 3). As each assay has advantages and limitations, 

the choice depends on specific requirements of the screening experiment.2 

Fluorescence indicator displacement (FID) assays (Figure 3 A) utilize the displacement 

of a fluorescent intercalator dye, such as TO-PRO-1 or Sybr dyes, by a small molecule. 

When a small molecule binds to the RNA, it displaces the intercalator dye, leading to 

changes in fluorescence signal.61 Another method is the measurement of changes in 

fluorescence using the 2-aminopurine (2-AP) assay (Figure 3 B). In this assay, internal 

adenine residues of the target RNA are replaced with 2-AP, a fluorescent analogue of 

adenine, whose fluorescence is highly sensitive to its microenvironment. This 

sensitivity is exploited to detect binding events. Both assays require sample amounts 

typically in the nM to µM range and provide a fluorescence intensity read-out.  

FRET assays (Figure 3 D) utilize the transfer of energy between two fluorescent 

molecules, a donor, and an acceptor, when they are in close proximity. In RNA-binding 
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assays, the RNA is typically labelled with a donor fluorophore (e.g., Cy3) at one end 

and an acceptor fluorophore (e.g., Cy5) at the other end. Due to conformational 

changes in the RNA structure upon ligand binding, changes in the FRET signal are 

observed.1,2,6 As the fluorescent read-out depends on the distance of the reporter dyes, 

this method is more restricted than other fluorescence-based methods. 

Fluorescence polarization (FP) assays (Figure 3 E) measure changes in the rotational 

speed of fluorescently labelled RNA upon binding to a small molecule. When a small 

molecule binds to the RNA, it alters the rotational speed, resulting in changes in 

polarization. While having a low sample requirement (nM to µM), FP is restricted by 

the size of the interacting molecules.  

MST assays (Figure 3 F) are based on the altered molecular movement in a 

microscopic temperature gradient. The thermophoresis depends strongly on properties 

such as size, charge, hydration shell and conformation, which are influenced by ligand 

binding and is tracked via fluorescence over time.6,62 MST has the great advantage of 

requiring minimal sample amount (pM to nM). The observed thermophoretic movement 

strongly depends on the interaction, making MST a screening method that might not 

be suitable in general.  

An additional approach in this field is the use of small molecule microarrays (SMMs) 

with labelled RNA (Figure 3 C). A microarray is a high-throughput experimental tool for 

the simultaneous analysis of the expression levels or presence of thousands of genes 

or other biomolecules in a sample. In a small molecule microarray (SMM), the small 

molecules are immobilized onto a solid support, such as a glass slide, each spot on 

this microarray represents a different compound. The sample containing the target 

RNA is applied to the array and subsequently incubated under conditions that allow 

binding interactions between the RNA and immobilized small molecules. Following the 

removal of unbound components, the array is subjected to analysis in order to identify 

and quantify binding events. Detection methods vary depending on the target and 

experimental goals, in most cases the RNA is fluorescently labelled. Recently, the 

SMM technology was successfully employed to identify binders for the preQ1 

riboswitch63 and the human immunodeficiency virus (HIV) transactivating response 

(TAR) region22. 
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Figure 3: Fluorescence-based assay types for identification of small molecule RNA binders. A, FID, a non-selective 

RNA-binding dye is displaced by a ligand resulting in loss of fluorescence signal. B, 2-AP assay, ligand binding 
changes the microenvironment of the modified nucleotide 2-AP resulting in loss of fluorescence signal. C, SMM 

screening, a panel of small molecules is immobilized on a surface and incubated with labelled RNAs. After a 

washing process, the bound molecules can be identified. D, HCV IRES FRET assay, the RNA is labelled with donor 
and acceptor dye. Due to ligand binding a conformational change induced a change in FRET signal. E, FP, plane 

polarized light is used to measure the molecular rotation of a labelled sample. F, MST, measurement of the 

thermophoretic movement of a labelled sample in a temperature gradient which depends on molecular properties. 
This figure was compiled according to references 2,6. This figure was created with BioRender.com. 
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Alternatively, label-free screening methods include mass spectrometry (MS) and DEL, 

as well as SPR, which is discussed in more detail below. 

MS is a technique employed to ascertain the mass-to-charge ratio of ions, thereby 

furnishing data regarding the molecular composition and structure of analytes present 

in a sample.2 Affinity selection mass spectrometry (AS-MS) provides a label-free 

variant of MS utilized for the direct identification of target-ligand complexes through 

mass spectrometry following the separation of unbound ligands using size-exclusion 

chromatography (SEC). While extensively applied in protein studies, its utilization in 

RNA target identification is relatively recent. This method was established by Rizvi et 

al. who demonstrated the feasibility of this application by screening a large compound 

library against the FMN riboswitch and identified a few specific hits.60 A modified 

version of AS-MS, the automated ligand identification system (ALIS), indirectly detects 

target-ligand interactions by dissociating the formed complex prior to liquid 

chromatography-mass spectrometry (LC-MS) to identify the bound ligand.64 The 

extremely low sample requirement (fM to nM) is in stark contrast to the more complex 

preparation. 

DNA-encoded libraries (DEL) are large collections of small molecule compounds, each 

of which is covalently linked to a unique DNA-sequence, first introduced in 1992.65 DEL 

technology offers a powerful and efficient approach for screening large chemical 

spaces to identify potential RNA binding small molecules. The DNA-tagged small 

molecule library is incubated with the RNA of interest. The binding of small molecules 

to RNA results in the formation of complexes, in contrast to the unbound molecules. 

This process of separation due to complex formation is known as affinity selection. 

Subsequently, the mixture is partitioned to separate bound complexes from unbound 

molecules. Bound complexes retain the DNA-“barcodes”, while unbound molecules 

are removed. The DNA-“barcodes” of bound molecules are then amplified using 

polymerase-chain reaction (PCR) to increase their concentration for downstream 

analysis. The identified hit molecules are then synthesized “off-DNA” and validated 

using secondary assays like fluorescence-based assays and can further undergo 

optimization processes. The identification of RNA-binding small molecules remains a 

challenging task due to the high risk of false positive DNA-RNA binding events. This 

issue can be addressed by statistical differentiation of DNA-RNA and small molecule-

RNA interactions, which allows for the identification of true positive signals during DEL 
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selection.2,66 Two recent studies have demonstrated the capacity of DELs to identify 

small molecules that bind to their target RNA with high affinity and selectivity.67,68 

Furthermore, SPR can be utilized as a screening method to identify small molecules 

that bind to a specific RNA.69,70 Surface Plasmon Resonance (SPR) occurs when 

polarized light interacts with a metal surface situated at the junction between material 

with distinct refractive indices. When the angle of incidence is precise, electrons 

positioned on the metal surface become excited and oscillate, absorbing a portion of 

the light while reflecting the remainder. Altering the composition of one of the surfaces 

affects its refractive index, consequently modifying the resonance angle at which light 

is absorbed.6,70  

 

1.1.4. Determination of RNA Structures 
 

Structure-based design requires knowledge of the architecture and 3D structure of 

RNA molecules to design small molecules that can interact with specific binding sites 

or functional regions. This understanding can be used to design small molecules that 

complement or disrupt these structures, modulating their function. 

RNA architecture can be divided into primary, secondary, and tertiary structure. The 

primary structure is represented by the nucleotide sequence consisting of the four 

nucleobases adenine (A), cytosine (C), guanine (G) and uracil (U). These aromatic 

nitrogen-containing bases are linked to ribose groups by phosphodiester bonds, the so 

called negatively charged “backbone” (Figure 4 A).1 RNA can adopt a variety of 

secondary structures, including bulges, helices, loops, and stems (Figure 4 E). This 

huge structural variability is referred to different interactions such as Watson-Crick-

Franklin (WCF) hydrogen bonding, stacking between planar nucleobase surfaces or 

Hoogsteen-sugar edge conformations (Figure 4 B). Additionally, the glycosidic bond 

can be orientated cis or trans (Figure 4 C). Spatial interactions of secondary structure 

elements enable the formation of tertiary structures, such as multiway-junctions and 

pseudoknots (Figure 4 D). In addition, quaternary structures, which are known as RNA 

complexes, can be formed.1,71,72 In particular, larger, macromolecular RNA can form 

pockets for high affinity small molecule binding. Given that RNA is composed of only 

four nucleotide building blocks (A, U, C and G), it appears to be less variable than 

protein structures which consist of 20 proteinogenic amino acids. However, numerous 
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additional interactions are feasible via the nucleobase, ribose, and phosphate 

backbone than initially apparent.49  

 

A 

 

B 

 

 
 
 
 
E 

 

C 
 

 

D 

 
Figure 4: RNA primary, secondary and tertiary structures. A, Nucleotide building blocks of RNA primary structure. 
Each consists of a ribose sugar, phosphodiester groups, which connect the 5’- and 3’-hydroxyl groups of the ribose 

sugars and adenine (A, pink), guanine (G, purple), cytosine (C, light blue), or uracil (U, dark blue) nucleobases. B, 

Interaction sides of nucleotides. Purine nucleotides can interact via Hoogsteen, Watson-Crick or sugar edges (top); 
pyrimidine nucleotides can interact via CH, Watson-Crick or sugar edge (bottom). C, Cis- (top) and trans- (bottom) 

orientation of the glycosidic bond (red). D, Example of canonical secondary structure elements, which can be 

observed in various RNAs. Solid lines represent A–U and G–C Watson-Crick-Franklin base pairs, bulges represent 
wobble base pairs. E, Pseudoknot, and multiway junction as examples of tertiary structures. Pseudoknot structure 

in the fluoride riboswitch (PDB: 3VRS, left) and three-way junction in the glycine riboswitch (PDB: 3OX0, right). 

Panels A–C were created with Chemdraw 20, panel D was created with the PyMOL Molecular Graphics System, 
Version 3.0 Schrödinger, LLC, and panel E was created with BioRender.com.  
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Additionally, eukaryotic RNA can adopt post-transcriptional modifications, such as 

N6- methyladenosine (m6A), pseudouridine (Ψ) and 5-methylcytidine (m5C).73,74 

Currently, there are more than 170 RNA modifications reported.75 These small 

chemical changes strongly influence RNA folding and function. Thus, a dysregulation 

in those modifications is involved into the pathogenesis of various human diseases, 

including cancer, neurological and metabolic disorders.73,74  

The high dynamic variability of RNAs presents a significant challenge to their exact 

structural determination, which may appear to be a relatively straightforward process 

at first glance.2,76 

Techniques such as nuclear magnetic resonance (NMR) spectroscopy, X-ray 

crystallography, and cryo-electron microscopy (cryo-EM) are extensively used to 

determine RNA structures. While cryo-EM traditionally studies large molecules2,76, 

efforts are ongoing to develop approaches for smaller RNA structures77.  

RNA structures can also be predicted using computational methods such as RNAfold 

(secondary structure) and FARFAR2 (tertiary structure).2 Typically, the RNA structures 

are investigated by NMR spectroscopy or X-ray crystallography. Subsequently, 

computational docking studies and bioassays are used to identify small molecule 

binders.2,78 Furthermore, computational tools can be used to simulate their molecular 

dynamics from NMR or crystal structure models.2 

Computational methods utilize algorithms such as free energy minimization and 

phylogenetic comparison to predict RNA structures from sequence data. Free energy 

minimization calculates the minimum free energy structure, along with suboptimal 

structures, based on experimentally obtained thermodynamic parameters. Programs 

like RNAfold can predict base pairs with an accuracy of approximately 70%.2,5 

Experimental techniques, including chemical modifications of unpaired bases with 

dimethyl sulfate (DMS) and Selective 2’-Hydroxyl Acylation analyzed by Primer 

Extension (SHAPE) probing, enhance prediction reliability.79–81 These techniques 

provide insights into RNA structural profiles and conformational changes under 

different biological conditions.  

Genetic differences that preserve RNA secondary structure, known as covariations, 

offer insights into RNA structure. Covariation-based prediction methods, although 

challenging due to dataset size and complexity, enhance accuracy when coupled with 

other prediction methods like homology modelling and free energy minimization. 

Tertiary RNA structures can be predicted using programs like FARFAR2.2,82 These 
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methods, though less mature compared to protein structure prediction, show promise 

in predicting 3D RNA structures from sequence data.2 

Subsequently, these structure models can be used for structure-based virtual 

screening and docking. This approach is also adapted from protein-based drug 

discovery and is still less common than the traditional strategies for identification of 

small molecules. A reason might be that there are less 3D structures available for 

RNAs than for proteins.76 Additionally, there are several difficulties to be considered 

similar to protein studies, including the tautomeric42 and protonation83 states of the 

ligands, the RNA’s dynamics84, and solvation85. 

The collected data in this process are essential for the identification of high-specificity 

and high-affinity druggable RNA structures. Once target RNA structures are identified, 

various RNA-targeting molecules can be designed and optimized to selectively interact 

with them.2,5,32,86  

 

1.1.5. Structure-Based Small Molecule Design and Optimization 
 

In comparison to proteins, RNA is relatively hydrophilic due to its phosphate backbone. 

This negative charged phosphate groups generates a substantial electrostatic 

potential, which exerts a considerable influence on its surrounding ionic atmosphere 

and necessitates the presence of cations such as Mg2+ for folding.87–89 As described 

in several electrostatic theory models, polyelectrolyte molecules such as RNA favor 

the surrounding of ions for neutralization.87,89–91 Therefore, positively charged (small) 

molecules can interact with the negatively charged RNA backbone with high affinity 

but low selectivity which can result in toxic off-target effects and low cellular uptake 

due to the positive charge.5 The antibiotic class of aminoglycosides represents a 

category of basic RNA-binding molecules. The first member of this class, streptomycin 

(Figure 5), was introduced in 1944 as an anti-tuberculosis agent. Aminoglycosides 

consist of a core amino sugar moiety connected by glycosidic linkers to a dibasic 

aminocyclitol moiety, which binds with high affinity to the A-site of 16S ribosomal RNA 

of 30S subunits. Subsequently, the protein synthesis is altered resulting in the 

assembly of polypeptides that damage the bacterial cells.11 With molecular weights 

greater than 500 Da and their basic properties, aminoglycosides violate the Lipinski 

rule of five and lack selectivity, which results in suboptimal pharmacological 

properties.32,58,92 Further serious side effects of aminoglycosides are nephrotoxicity 
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after glomerular filtration in the proximal convoluted tubule and ototoxicity by damaging 

the sensory hair cells.12 

 

 
Figure 5: Structure of the aminoglycoside antibiotic streptomycin. This figure was created with Chemdraw 20. 

Nevertheless, the design of tight and selective RNA-binding small molecules that 

exploit the negatively charged phosphodiester backbone in combination with the 

binding site, is still a promising strategy.93 Typically, the association rates of small 

molecules binding to RNA are slow compared to their diffusion, or in a broader context, 

compared to protein-ligand binding.94 This strategy is known as electrostatic anchoring 

and has been well-studied for protein interactions with charged molecules.95–98 By 

attaching a positively charged moiety to a known selective RNA binder, this may 

enhance the association speed.10,93,99,100 The positive charge simultaneously anchors 

the molecule strongly to the RNA surface.93,99 However, a remaining challenge for this 

concept is to find a balance between charge and selectivity. The small molecule must 

fit well in the binding pocket after electrostatic attraction and subsequently be 

anchored. It can be postulated that otherwise the charge will dominate the interaction 

resulting in a loss of selectivity and a fast on/fast off kinetic behavior. However, this 

assumption still needs to be corroborated. 

Furthermore, fragment-based ligand discovery (FBLD) can be used within a rational 

and systematic structure-based approach to identify binders. This strategy involves 

screening libraries of small, low molecular weight (≤ 300 g/mol) compounds, known as 

fragments, to identify those that bind to specific regions or motifs within the RNA 

molecule. Instead of screening large, diverse compound libraries, FBLD screens a 

smaller library of fragments. These fragments are designed to cover a broad range of 

chemical space while maintaining drug-like properties. Given that they are fragments, 

their binding affinity is often relatively low, requiring sensitive biophysical methods such 

as NMR, SPR, and X-ray crystallography for detection. Fragments, that bind to the 

target RNA are identified as hits and subsequently characterized based on their 
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binding affinities, binding modes, and structural features. As a second step, chemical 

modifications involving addition of functional groups, known as fragment growing or 

linking fragments together are performed. The synthetical extension of fragments can 

enhance their fit into distinct binding sites. If two fragments bind into the same pocket 

at different positions, they can be linked synthetically using flexible or rigid chemical 

linkers for optimal positioning into the binding site. This process leads to optimization 

of affinity, pharmacokinetics, and selectivity, maintaining favorable drug-like 

properties.2,101,102  

These properties include the key metrics ligand efficiency (LE), ligand-lipophilicity 

efficiency (LLE), and fit quality (FQ).103,104 LE measures the binding affinity of a ligand 

relative to its molecular size, whereas affinity solely quantifies the strength of an 

interaction without considering the size of the ligand. Smaller fragments typically 

exhibit reduced binding affinities compared to larger molecules due to the limited 

number of interactions with the target. LE addresses this discrepancy by evaluating 

the contribution of each heavy atom to the overall affinity, providing a more accurate 

representation of the fragment’s utilization of its heavy atoms. LE is expressed as the 

binding energy (∆G) per heavy atom (HA) in units of kcal/mol per non-hydrogen atom 

(equation (1)). This metric helps identifying fragments that make efficient use of their 

size to achieve strong interactions with the target molecule.103–105 The recommended 

range for fragment hits during optimization is an LE value ≥ 0.3 kcal/mol.103 

 

𝐿𝐸 = − !"
#$
= − %&∙()	(,!)

#$
              (1) 

 

LLE is a measure that balances binding affinity with lipophilicity, promoting the 

selection of compounds that achieve high affinity without excessive lipophilicity, which 

can lead to poor solubility and undesirable pharmacokinetic properties. This is an 

important parameter during optimization campaigns, as the affinity often is enhanced 

through the introduction of lipophilic moieties. LLE is expressed as the difference 

between the pIC50 and the logP value (equation (2)).103,104,106 The recommended range 

for fragment hits during optimization is an LLE value ≥ 3.103 

 

𝐿𝐿𝐸 = 𝑝𝐼𝐶./ − 𝑙𝑜𝑔𝑃              (2) 
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FQ evaluates how well the observed binding affinity scales with its molecular size, 

helping to prioritize compounds that show efficient use of molecular weight in 

enhancing affinity.103,104,107 It compares the actual LE to the expected efficiency based 

on its molecular weight. To obtain FQ, the LE is divided by the calculated maximal 

achievable LE (LE_Scale; equation (3)).103,104,107 LE_Scale can be calculated in 

different ways108–110. The recommended range for fragment hits during optimization is 

an FQ value of 0.8–1. A high FQ indicates that a compound uses its size effectively to 

achieve binding, making it a valuable metric in FBLD where efficient growth from 

fragments to drug-like molecules is critical.103 

 

𝐹𝑄 = 01
01_34567

                (3) 

 

Throughout FBLD, as fragments are optimized, the aim is to improve affinity while 

maintaining or improving LE, LLE, and FQ. This ensures that the final compounds are 

both potent and developable, minimizing undesired properties like high lipophilicity or 

molecular weight.103,104 In recent times, there has been a notable increase in the 

number of RNA-binding small molecules, which have been identified by FBLD as a 

valuable addition to the toolbox of fundamental methods in this research field aimed at 

combating human diseases.55,111–116 

 
1.2. Antibiotic Drug Discovery 
 

1.2.1. Antibiotics and Multi-Drug Resistance 
 

Nature has served as an enduring wellspring of medicinal resources throughout 

history, yielding numerous beneficial bioactive compounds derived from plant origins. 

However, the beginning of the 20th century marked a pivotal juncture with the emerge 

of penicillins, catalyzing a paradigm shift in pharmaceutical exploration towards 

microbial reservoirs. A significant proportion of pharmaceutical agents have since 

evolved from bacterial secondary metabolites. These drugs, have found diverse 

applications, encompassing diagnostic, palliative, therapeutic and prophylactic 

interventions against various diseases.117 The zenit of microbial product screening, 

spanning the golden era from the 1930s to 1970s, witnessed exhaustive efforts 

involving the screening of millions of microorganisms.118 This leaded to a plethora of 
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microbial metabolites, constituting a vast reservoir of therapeutic entities fighting 

bacterial infections, notably including widely prescribed antibacterial therapeutics such 

as described in table 2.118–120 

 
Table 2: Overview of the most important currently approved antibiotic drug classes, their main targets and effect on 

the microorganisms. The table was compiled according to classification from Lewis et al.121 

Bacterial Target Antibiotic Class Effect 

Folic acid metabolism 
• Sulphonamides 

• Trimethoprim 

Bacteriostatic 

Protein synthesis (30S 

ribosomal subunit) 

• Spectinomycin 

• Tetracyclines 

Protein synthesis (50S 

ribosomal subunit) 

• Chloroamphenicol 

• Macrolides 

• Oxazolidinones 

Cell wall synthesis 

• Carbapenems 

• Cephalosporins 

• Glycopeptides 

• Monobactams 

• Penicillins 

Bactericidal 
Cell membrane • Polymyxins 

DNA gyrase • Quinolones 

 

Protein synthesis (30S 

ribosomal subunit) 

 

• Aminoglycosides 

RNA polymerase • Ansamycines 

 

However, the success of this golden age has gradually faded as the effectiveness of 

traditional antibiotics has been surpassed by the persistent development of antibiotic 

resistance among pathogenic microorganisms.122,123 There are many mechanisms of 

bacterial drug resistance, including enzymatic degradation (e.g., β-lactamases) and 

target alteration (e.g., topoisomerases) as most prominent examples.124 An increasing 

number of pathogens are multidrug resistant (MDR), withstanding potentially lethal 
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doses of at least three antibiotic classes in vitro. This group of bacteria is called 

ESAKPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species) 

pathogens and responsible for most hospital-acquired infections.15,123 

The transition of the industry from modifying existing antibiotics to pursuing novel 

therapeutic agents capable of tackling resistant pathogens has been filled with 

persistent setbacks and disillusionment. The escalating crisis of antibiotic resistance 

poses an imminent threat to global public health, transcending socio-economic 

boundaries and geographical divides.122,123 Clinical isolates of numerous pathogenic 

bacterial species, including Mycobacterium tuberculosis, Pseudomonas aeruginosa, 

and Staphylococcus aureus, exhibited alarming levels of resistance to conventional 

antibiotics, rendering once effective treatments obsolete.125 In recent years, there has 

been a significant increase in global initiatives to combat antibiotic resistance. These 

efforts are led by prominent health organizations such as the World Health 

Organization (WHO) or the European Society for Clinical Microbiology and Infectious 

Diseases (ESCMID).123 The WHO publishes a list of priority pathogens in order to 

guide and promote research and development of new antibiotic agents, including 

pathogenic bacteria from the ESKAPE group.126 In contrast, pharmaceutical 

companies increasingly reduce their effort developing novel antibiotic drugs. This 

circumstance can be explained by several economic considerations.121,127 Novel 

antibacterial drugs yield a comparatively modest return on investment in contrast to 

other drug classes like antihypertensive or cholesterol-lowering medicals. They are 

predominantly for the management of severely ill patients (last-resort antibiotics), they 

are no permanent medications leading to brief treatment duration, and their clinical 

efficacy is frequently compromised by the swift emerge of resistance, curtailing their 

utility over time.124,128 

 
1.2.2. Perspectives for Novel Antibiotic Drugs 
 

In April 2024 after 17 years of development, the FDA approved ceftobiprole (Zevtera®) 

for the treatment of Staphylococcus aureus bloodstream infections (SAB), acute 

bacterial skin and skin structure infections (ABSSSI) and community-acquired bacterial 

pneumonia (CABP).129 This fifth-generation cephalosporin antibiotic is effective against 

Gram-positive pathogens, including methicillin-resistant Staphylococcus aureus 
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(MRSA), and Gram-negative pathogens, such as Pseudomonas aeruginosa and 

Haemophilus influenzae, but only those without extended-spectrum β-lactamase.130 

Over the past 25 years, two novel classes of antibiotic drugs have been identified and 

approved: oxazolidinones (including linezolid) and cyclic lipopeptides (including 

daptomycin). However, these drugs are only active against Gram-positive bacteria. 

Other newly approved antibacterial drugs are new generation derivatives of the major 

antibiotic classes, such as ceftobiprole (a cephalosporin) and eravacycline (a 

tetracycline), which delay the development of resistance rather than eliminating it.131 

Developing new classes of antibiotics with a lower risk of resistance development 

remains a challenging task. One approach is to design small molecule ligands that 

target RNA structures in bacteria. Therefore, structures, that only occur in bacteria, 

such as riboswitches, are promising targets for fighting bacterial infections because 

they are sensitive to small molecules and are responsible for the synthesis or transport 

of metabolites essential for bacterial survival. Several compounds have been found to 

exhibit antibacterial activity through interaction with riboswitch structures, 

demonstrating this principle of action.7,14,132,133 

 

1.3. Riboswitches 
 

1.3.1. Gene Control Mechanisms of Riboswitches 
 

Riboswitches are RNA-based regulatory elements sensing small molecules or 

elemental ions and undergo structural changes modulating the expression of the 

relevant genes. Bacterial riboswitches are typically located in the 5‘-untranslated 

region (5‘-UTR) of certain mRNAs and consist of at least one conserved aptamer 

domain and a flexible downstream overlapping expression platform. The aptamer 

region binds selective to the target ligand and interfaces to the expression platform to 

affect gene expression. Thus, the aptamer region is highly conserved among different 

species, while the non-conserved expression platform undergoes a conformational 

change upon ligand binding. Subsequently, this formed structure directly affects the 

transcription termination or the translation initiation (Figure 6). Therefore, the term 

“riboswitch” is associated with a ribonucleic acid structure that can switch on or off 

transcription or translation in response to a ligand-induced conformational change. 

Many bacteria obtain essential metabolites by transport from their environment or de 
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novo synthesis from precursor molecules, such as preQ1. Distinct proteins are 

necessary for these processes. Riboswitches usually modulate the expression of 

genes coding for these proteins involved in transport or synthesis of metabolites, which 

are usually necessary for bacterial survival. Therefore, their specific ligand often is a 

precursor or product of the pathway they control. OFF-switches are often part of a 

feedback loop where the concentration of the ligand controls its own production or 

uptake: When the intracellular ligand concentration exceeds a specified threshold 

concentration, it binds to its riboswitch, initiating the control mechanism. Conversely, 

when the concentration is below the threshold, the gene expression remains 

unaffected.8,134–137  

The most common mechanisms of gene expression modulation are transcriptional 

control and translational control. However, mRNA degradation and alternative splicing 

mechanisms have also been reported.136,138–140  

The designation of OFF- or ON-switch is dependent on the relative promotion or 

prevention of transcription or translation. A transcriptional OFF-riboswitch, such as the 

coenzyme B12 or preQ1 riboswitch, functions by forming an intrinsic terminator stem in 

the ligand-bound state. An intrinsic terminator represents an extension of the stem loop 

typically comprised by six or more U residues. Consequently, transcription is 

terminated prior to the production of the coding region of mRNA, thereby preventing 

gene expression (Figure 6 A). Conversely, when ligand concentrations are below a 

certain threshold, transcription of the complete mRNA occurs because the expression 

platform includes an anti-terminator stem. Transcriptional ON-switches, such as the 

adenine-specific riboswitch, operate in reverse by forming an anti-terminator stem in 

the ligand-bound state to promote transcription (Figure 6 A). However, this type of 

riboswitch is not as prevalent as transcriptional OFF-switches because there is a higher 

priority preventing cells from accumulating excess amounts of metabolites. The control 

mechanism at the translational level functions by affecting the mRNA structure. These 

conformational changes can either lock or open the access to the ribosome-binding 

site (RBS), thereby preventing or promoting the initiation of protein translation (Figure 

6 B).134,136 
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Figure 6: Common gene control mechanisms of riboswitches in bacteria. A, Transcriptional control mechanisms: 

Ligand (pink) binding stabilizes the antiterminator hairpin to allow the RNA polymerase (RNAP) the termination of 

transcription (top). Ligand binding promotes the formation of a terminator hairpin (Rho-independent: bottom left, 
Rho-dependent: bottom right) to stop transcription at a premature level. Complementary regions are shown in light 

blue. B, Translational control mechanisms: Ligand binding promotes the formation of a SD-antisequester hairpin 

for ribosome (brown) binding and translation initiation (top). Ligand binding causes the sequestration of the SD 
sequence (blue) and the repression of ORF expression, leading to translation inhibition (bottom). Complementary 

regions are shown in light blue. This figure was compiled with BioRender.com according to reference 136. 

Recent studies have demonstrated that the function of transcriptional riboswitches 

underlies also significant kinetic control. For transcription control, the ligand must bind 

and affect the expression platform structure before the RNA polymerase proceeds 

through it. This results in 5’-UTR transcriptional pausing for ligands with slow 

association rates, which permits ligand-dependent structural rearrangements.141–143 

These mechanisms have been elucidated with several biophysical techniques, which 

have revealed the kinetic impact on folding and base-pairing, as influenced by the 

ligand.144–146 
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1.3.2. Riboswitch Classification System 
 

Since the first riboswitches were experimentally validated in 2002147–150, the collection 

of different riboswitch structures has been steadily growing. Riboswitches can be 

organized into distinct classes based on their ligand and folding of the aptamer region. 

The structure of these highly conserved regions can be studied by X-ray 

diffraction.136,137,151,152 Currently, there are approximately 400 PDB (Protein Data Bank) 

entries for riboswitch structures.153 Riboswitches are mainly sorted into two groups 

(types) depending on the architecture of their conserved aptamer domains, while the 

majority of them possess multihelical junctions and pseudoknot structures (Figure 7). 

Junctional riboswitches include riboswitches folded into multihelical junctions, such as 

TPP riboswitches.154 This type is divided into two subtypes Ia (Figure 7 A) and Ib 

(Figure 7 B) depending on the position of their key junction in relation to the regulatory 

helix P1. In type Ia, the junction is centrally positioned, joining the helix, while in type 

Ib the junction is located in the periphery, far from the helix.136,137  

Type II includes riboswitches based on pseudoknot structures (Figure 7 C), such as 

preQ1155–157 and fluoride158 riboswitches.136,137 Pseudoknots are formed by Watson-

Crick base-pairing between a stem-loop region and an external region resulting in a 

knot-shaped conformation. Pseudoknots always consist of at least two stems.159 

The architecture of the riboswitches is not correlated with their ligand. This is evident 

in the SAM sensing riboswitches which contain different junctional and pseudoknot 

structures.135,160–162 
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Figure 7: Riboswitch classification system. A, Schematic presentation of a type Ia junctional riboswitch with a 

centrally “straight” to P1 positioned key junction. B, Schematic presentation of a type Ib junctional riboswitch with a 
preipheric “inverse” to P1 positioned key junction. C, Schematic presentation of a type II pseudoknot riboswitch. D, 

The TPP riboswitch (shown as cartoon, grey) bound to TPP (shown as sticks, green) as a member of type Ia 

junctional riboswitches; PDB: 2GDI. E, The THF riboswitch (shown as cartoon, grey) bound to THF (shown as 
sticks, green) as a member of type Ib junctional riboswitches; PDB 4LVV. F, The fluoride riboswitch (shown as 

cartoon, grey) bound to fluoride (shown as sticks, green) as a member of type II pseudoknot riboswitches; PDB: 

4ENC. Ligand binding sites are colored in blue and long-distance tertiary interactions are colored in violet. This 
figure was compiled according to reference 136. Panels A–C were created with BioRender.com, and panels D–F 

were created with the PyMOL Molecular Graphics System, Version 3.0 Schrödinger, LLC. 

Riboswitches sense a wide range of different ligands, including ions such as fluoride, 

amino acids, sugars, enzymatic cofactors (e.g., SAM), and RNA-associated molecules 

(e.g., preQ1). The sensed molecules have in common that they are involved into 

essential biological processes and functions that ensure bacterial survival. Currently, 

there are 56 different classes of riboswitches found based on their aptamer architecture 

and natural ligands, while the biggest class are the cofactor-binding riboswitches, 

including AdoCbl-, SAM- and TPP- riboswitches (Table 3).163  
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Table 3: List of different well-studied riboswitch classes, containing at least one example per ligand type, number 

of representatives for each class (count), control mechanism, fold type, and proven prevalence in relevant human 
pathogenic bacteria. Notes: (i) SAM-I and -IV are listed in one line due to their highly similar architecture. (ii) B. 

angulatum (Ba, SAM-VI) is not a human pathogen, as surrogate structure of SAM-III, SAM-VI serves as a model 

system. This table was compiled according to Breaker163 and the specified references. 
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Table 3: List of different well-studied riboswitch classes, containing at least one example per ligand type, number 

of representatives for each class (count), control mechanism, fold type, and proven prevalence in relevant human 
pathogenic bacteria. Notes: (i) SAM-I and -IV are listed in one line due to their highly similar architecture. (ii) B. 

angulatum (Ba, SAM-VI) is not a human pathogen, as surrogate structure of SAM-III, SAM-VI serves as a model 

system. This table was compiled according to Breaker163 and the specified references. 
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Table 3: List of different well-studied riboswitch classes, containing at least one example per ligand type, number 

of representatives for each class (count), control mechanism, fold type, and proven prevalence in relevant human 
pathogenic bacteria. Notes: (i) SAM-I and -IV are listed in one line due to their highly similar architecture. (ii) B. 

angulatum (Ba, SAM-VI) is not a human pathogen, as surrogate structure of SAM-III, SAM-VI serves as a model 

system. This table was compiled according to Breaker163 and the specified references. 
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1.3.3. Riboswitches as Antibiotic Drug Targets 
 

Riboswitches are found ubiquitously in bacteria due to their role as control elements 

for essential metabolic pathways. The fact that they often show high-affinity binding to 

specific ligands makes them a promising target for designing novel antibacterial drugs.9 

Moreover, riboswitches are found almost exclusively in bacteria. The TPP riboswitch 

is the only class known for being present in eukaryotes.9 There is an increasing number 

of riboswitches with different ligands, but they do not occur simultaneously in all 

bacteria. Therefore, a selective selection of potential targets can be made based on 

existing riboswitch structures in relevant human pathogens. The most widely spread 

riboswitches in human pathogens are TPP- and FMN-riboswitches, found in almost all 

relevant pathogenic bacteria, including WHO’s priority pathogens P. aeruginosa, S. 

aureus, and E. faecium.166 

Crucial detailed structural and biochemical knowledge has advanced over time, with to 

date 399 crystal structures now available in the PDB153, revealing diverse architectural 

characteristics. Riboswitches have evolved distinct strategies for achieving high 

specificity, such as shape complementarity and hydrogen bonding with ligands. These 

strategies allow for precise and efficient regulation of gene expression. Interactions 

with nucleobases, ribose, and phosphate groups, as well as aromatic rings, contribute 

to the diversity of ligand binding. Therefore, small molecules similar to the natural 

ligand often show binding to the target riboswitch, but with decreased affinity.7,14,132,133 

However, several challenges remain in harnessing riboswitches as drug targets. A 

critical requirement for antibiotic drugs targeting riboswitches is that they selectively 

inhibit bacterial riboswitches while not affecting human cellular functions. This 

necessitates identifying riboswitches that control the expression of genes crucial for 

bacterial survival but are absent of functionally distinct in human cells. In contrast, 

some human enzymes utilize the same metabolites as bacterial riboswitches for their 

cofactors.14 Two prominent examples are the binding of S-adenosylmethionine (SAM) 

by both bacterial SAM riboswitches and human methyltransferases as well as thiamine 

pyrophosphate (TPP) riboswitches and TPP-binding proteins. Fortunately, the 

recognition of the metabolite differs between riboswitches and proteins. This allows for 

the rational design of riboswitch-targeting compounds that selectively affect their 

intended target.154,179 Chemical dissimilarity to the metabolite can enhance this 

selectivity and reduce off-target effects. 
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When selecting the target riboswitch, it is also crucial to consider that the metabolite, 

whose synthesis, or transport is regulated, cannot be obtained from the host tissue 

cells. Therefore, the Flavin mononucleotide (FMN) riboswitch is a promising target in 

Gram-negative pathogens since the FMN riboswitch regulates the enzymes for FMN 

de novo synthesis by co-transcriptional repression of the rib-genes as well as the 

expression of riboflavin-transporter for external uptake.14,180 By screening a small 

molecule library containing 57000 compounds, ribocil was identified binding to the 

FMN riboswitch.41 This hit compound was further improved leading to ribocil-c (Figure 

8 B) with a KD-value in low nanomolar range against the E. coli FMN riboswitch.42 This 

small molecule compound bears no chemical similarity to the natural ligand FMN 

(Figure 8 A), but shares critical interactions with the binding site.41 

 
A 

 

B 

 
Figure 8: Structures of the natural FMN riboswitch ligand FMN (A) and its synthetic ligand ribocil-c (B). This figure 

was created with ChemDraw 20. 

It is important to note that not all riboswitches are equally promising for drug discovery, 

as their presence in pathogenic bacteria and suitability as drug targets may vary. While 

some riboswitches have potential for broad-spectrum antibiotics due to their presence 

in multiple pathogenic bacteria, others may be better suited for narrow-spectrum 

antibiotics to minimize harm to the microbiome and reduce the development of 

resistance. Riboswitches must have a binding site that can accommodate drug-like 

ligands with high affinity, making riboswitches with binding pockets that are too small, 

too polar or too solvent-exposed difficult to target.9  

  



Introduction 

 

 31 

1.4. PreQ1 Riboswitches 
 

1.4.1. Structural Features and Ligand Recognition 
 

The discovery of the preQ1 riboswitch structure in 2007 by Roth et al.181 represents a 

significant milestone in understanding RNA-mediated gene regulation. This exploration 

culminated the discovery of three distinct structural classes of preQ1 riboswitches (I–

III) and their subtypes. Each class has unique structural features and regulation 

mechanisms. However, they all share a common feature: the use of a conserved 

cytidine forming Watson-Crick interactions with the guanine-like face of preQ1 for tight 

binding.157,176,181–184 These findings underscore the intricate sophistication of RNA-

based regulatory systems and their pivotal role in cellular processes. Class I preQ1 

riboswitches are among the smallest known riboswitches with an aptamer region of a 

minimum of 34 nucleotides.181–183 They are also the most widely distributed preQ1 

riboswitch class.183 To date, three subtypes with different length and nucleotide 

composition in the loop region of the hairpin have been identified. Although the 

nucleotides in this loop vary, the binding of preQ1 occurs in all three subtypes through 

a cis-Watson-Crick interaction between preQ1 and a conserved cytidine at the end of 

the loop (Figure 9 A, B).155,156,181–183 In contrast, class II preQ1 riboswitches are 

distinguished by a larger and more complex structure than preQ1-I riboswitches. The 

aptamer region of class II riboswitches is on average 58 nucleotides in length and 

forms up to five base-paired pseudoknot substructures. The recognition of preQ1 is 

also driven by a conserved loop cytidine, similar to that observed in class I 

riboswitches. However, in class II, a trans-Watson-Crick interaction is used for ligand 

binding (Figure 9 C, D).157,176 The most recent class III represents the largest aptamer 

region among preQ1 riboswitches forming multiple substructures to create a 

sophisticated binding pocket. PreQ1 binds tightly with low nanomolar affinity in a three-

way helical junction forming trans-Watson-Crick interaction with a conserved cytidine 

(Figure 9 E, F).183,184 
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Figure 9: Structural features of the three preQ1 riboswitch classes I–III. A, Secondary structure of a class I (type 2) 

preQ1 riboswitch (PDB: 3FU2) with the conserved nucleotides colored in orange and the cis-acting cytosine colored 

in magenta. B, Tertiary structure of a class I (type 2) preQ1 riboswitch (PDB: 3FU2). The conserved nucleotides are 
colored in orange (shown as cartoon), the cis-acting cytosine is colored in magenta (shown as sticks) and the ligand 

preQ1 is colored in green (shown as sticks). C, Secondary structure of a class II preQ1 riboswitch (PDB: 4JF2) with 

conserved nucleotides colored in orange and the trans-acting cytosine colored in magenta. D, Tertiary structure of 
a class II preQ1 riboswitch (PDB: 4JF2). The conserved nucleotides are colored in orange (shown as cartoon), the 

trans-acting cytosine is colored in magenta (shown as sticks) and the ligand preQ1 is colored in green (shown as 

sticks).   
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Figure 9: Structural features of the three preQ1 riboswitch classes I–III. E, Secondary structure of a class III preQ1 

riboswitch (PDB: 4RZD) with conserved nucleotides colored in orange and the trans-acting cytosine colored in 
magenta. F, Tertiary structure of a class III preQ1 riboswitch (PDB: 4RZD). The conserved nucleotides are colored 

in orange (shown as cartoon), the trans-acting cytosine is colored in magenta (shown as sticks) and the ligand 

preQ1 is colored in green (shown as sticks). This figure was compiled according to references 183,184. Panels A, C, 
and E was created with the forna web tool.185 Panels B, D, and F was created with the PyMOL Molecular Graphics 

System, Version 3.0 Schrödinger, LLC. 

 

1.4.2. Regulation Mechanisms 
 

As a member of riboswitches involved in the regulation of the purine metabolism, preQ1 

riboswitches control the biosynthesis and transport of preQ1, a precursor of the 

hypermodified guanine derivate queuosine (Q) both at transcriptional and translational 

level.156,157,176,181,183,184,186,187 PreQ1 is only synthesized de novo from GTP in a 

multistep enzymatic pathway in procaryotes, while eucaryotes receive queuosine 

directly from scavenge pathways. PreQ1 is incorporated into tRNAs at the wobble 

position of anticodons containing the GUN sequence. This posttranscriptional 

exchange of guanine with preQ1 is catalyzed by tRNA-guanine transglycosylase 

(TGT). Once preQ1 is attached to tRNAs, it serves as a precursor for Q biosynthesis, 

including the modification forming epoxyqueuosine (oQ), which is further transformed 

into Q (Figure 10). Queuosine-modified tRNAs play important roles in translation as Q 

enhances the accuracy and efficiency of protein synthesis by promoting correct codon-

anticodon interactions and improving the decoding of degenerate codons. This 
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modification is particularly relevant for organisms, that lack certain aminoacyl-tRNA 

synthetases or have specialized translational needs. Queuosine-modified tRNAs also 

are implicated in various cellular processes, including the regulation of gene 

expression, stress response, and adaptation to environmental changes. The absence 

of queuosine biosynthesis or salvage enzymes can lead to deleterious phenotypes in 

organisms, highlighting the importance of preQ1 metabolism in cellular 

physiology.181,187–190 

Figure 10: Synthesis of a queuosine-modified tRNA starting from GTP with the intermediates preQ0 and preQ1. This 

figure was created with ChemDraw 20. 

The control mechanism of this pathway is created by a negative feedback loop that 

depends on intracellular preQ1 concentrations.155–157,176,181–184,186,187 In several 

members of class I, such as Bacillus subtilis (Bs), this occurs at the level of 

transcription. Binding of preQ1 to the aptamer rearranges the downstream expression 

platform to form a terminator stem that aborts the transcription. Consequently, the 

region of the mRNA that encodes for enzymes required for preQ1 synthesis, is not 

made.63,155,156,181–183,187,191 However, there are also members of class I that have also 

been reported (e.g., Thermoanaerobacter tengcongensis, Tte63,186,191 and Escherichia 

coli, E. coli192) to affect translation initiation in a manner similar to members of class II 

and III, which exclusively switch off translation. In this case, the ribosome-binding site 

(RBS) or Shine Dalgarno sequence (SDS) at the end of the expression platform is 

exposed for translation in the unbound state. Binding of preQ1 results in conformational 

changes that modulate the interactions of the nucleobases, leading to the 

sequestration of the SDS. Consequently, the initiation of translation of proteins 
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required for preQ1 synthesis is inhibited.157,176,184,187 In Tte preQ1-I riboswitches, the L2 

loop and S2 stem of the pseudoknot exhibit reduced base pairing and less same strand 

stacking interactions in the ligand-free state. This leads to the exposure of the SDS 

and promotion of protein translation. Upon binding of preQ1, the nucleobases of L2 and 

S2 are allowed for base pairing and stacking interactions with L2 in a spine-like 

conformation. This rearrangement of the expression platform results in the formation 

of an anti-SDS strand, which prevents translation initiation.186,191 

Despite their different regulation mechanisms, the Bs and Tte preQ1 riboswitch ligand 

recognition pattern is very similar: Both riboswitches form distinct binding pockets from 

bases of the same loop and stem regions to bind preQ1 (Figure 11).187 

 

A 

 

B 

 

Figure 11: Tertiary structure, binding pocket composition and ligand recognition of the Tte (PDB: 3Q50) and Bs 
(PDB: 3FU2) preQ1 riboswitch aptamers. A, Tertiary structure of the Tte preQ1 riboswitch aptamer (shown as 

cartoon) in complex with preQ1 (shown as sticks). B, Tertiary structure of the Bs preQ1 riboswitch aptamer (shown 

as cartoon) in complex with preQ1 (shown as sticks). This figure was created with the PyMOL Molecular Graphics 
System, Version 3.0 Schrödinger, LLC. 
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Figure 11: Tertiary structure, binding pocket composition and ligand recognition of the Tte (PDB: 3Q50) and Bs 

(PDB: 3FU2) preQ1 riboswitch aptamers. C, Tte binding pocket “floor”: P1–L3 A28–C16–G5–A27 base quartet. D, 

Bs binding pocket “floor”: P1–L3 A29–C18–G5–A28 base quartet. E, Tte ligand recognition: preQ1 forms hydrogen 
bonding interactions with U6 of L1, C15 of L2, and A29 of L3. F, Bs ligand recognition: preQ1 forms hydrogen 

bonding interactions with U6 of L1, C17 of L2, and A30 of L3. This figure was created with the PyMOL Molecular 

Graphics System, Version 3.0 Schrödinger, LLC. 
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Figure 11: Tertiary structure, binding pocket composition and ligand recognition of the Tte (PDB: 3Q50) and Bs 

(PDB: 3FU2) preQ1 riboswitch aptamers. G, Tte binding pocket “ceiling”: L2–P2–L1 A14–G11–C30–C7 base 
quartet. H, Bs binding pocket “ceiling”: L2–P2 A15–G11–C31 base triple. This figure was created with the PyMOL 

Molecular Graphics System, Version 3.0 Schrödinger, LLC. 

 
1.4.3. PreQ1 Riboswitches as Potential Drug Targets 
 

After their discovery in 2007181, several classes of preQ1 riboswitches were unearthed 

across various bacterial species, showcasing their widespread occurrence and 

functional diversity.157,176,183,184,191 PreQ1 riboswitches control pathways associated 

with the synthesis of the hypermodified guanine base queuosine, which is known for 

its important role in bacterial survival strategies.155,181,187,188,192 PreQ1 riboswitch 

classes are widely spread among different bacteria, including relevant human 

pathogens carrying multidrug resistance such as Enterococcus faecalis, Haemophilus 

influenzae, Neisseria gonorrhoeae9 (class I), and Streptococcus pneumoniae176,187 

(class II).183 The preQ1 pathway represents an attractive point of attack since preQ1 is 

exclusively synthesized in bacteria187 to further generate queuosine, and this pathway 

is controlled by riboswitches, which are not found in eukaryotic cells resp. humans.8 

Therefore, preQ1 riboswitches fulfill important criteria of potential drug targets: The 

metabolite, whose pathway is controlled, cannot be obtained from the environment, 

human queuosine pathways are not affected since they work in a different way, and 

molecular recognition patterns are well studied by now allowing the design of binding 

small molecules.9 
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1.4.4. PreQ1 Riboswitch as Model System 
 

The class I preQ1 riboswitches represent an excellent model system to study RNA-

small molecule interactions due to its predictable highly conserved aptamer structure 

which is responsible for ligand binding.63,155,156,181–183,187 These structures have been 

extensively studied by X-ray crystallography and NMR. To date, there is a huge 

number of PDB entries that provide deep insights in the unique structural features of 

several preQ1 riboswitches.155,156,182,192 Another important point making this riboswitch 

a good model system, is its accessibility for experimental manipulation such as side 

directed mutagenesis and chemical modifications.63,156,182 The preQ1 riboswitch shows 

also a good assayability and reproducibility, proven by the employment of a large set 

of diverse biophysical methods.63,181,193–195 These methods include equilibrium dialysis, 

fluorescence intensity assays, in-line probing, ITC and, MST. 

The class I Bs preQ1 riboswitch aptamer is one of the most studied preQ1 riboswitch 

structures with available crystal structures in the unbound state and bound state with 

different ligands allowing insights in the folding and ligand binding of this 

riboswitch.63,155,156,181–183,187,191  

In this context, the aim of this dissertation is the elucidation of challenges in targeting 

RNA with small molecules at the level of fundamental research using the well-studied 

bs-preQ1 riboswitch as a model system. The following publication is part of the results 

obtained in this preQ1 riboswitch project: 

 

Kallert, E.; Fischer, T. R.; Schneider, S.; Grimm, M.; Helm, M.; Kersten, C. Protein-

Based Virtual Screening Tools Applied for RNA–Ligand Docking Identify New Binders 

of the PreQ1-Riboswitch. J. Chem. Inf. Model. 2022, 62(17), 4134–4148. 
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1.5. SAM Riboswitch Family 
 

1.5.1. Biological Functions and Relevance 
 

S-adenosylmethionine (SAM) is the key metabolite in sulfur metabolism and an 

essential compound involved in numerous biological processes.196,197 SAM is 

synthesized from adenosine triphosphate (ATP) and methionine catalyzed by SAM 

synthetase.198 Primarily, SAM is used as a cofactor in biochemical methylation 

reactions, such as tRNA methylation, which are catalyzed by methyltransferases 

(Figure 12). The transfer of the methyl group from SAM to a substrate results in the 

formation of S-adenosylhomocysteine (SAH). Consequently, the positively charged 

sulfonium is turned into a neutral thioether.199 Due to the importance of SAM for cellular 

processes, the associated riboswitch classes are the largest group of riboswitches 

sensing a single ligand in bacteria. The SAM riboswitch family is involved in the 

regulation of the SAM biosynthesis and consequently in the maintenance of its cellular 

levels. Hence, the discrimination against SAH assumes pivotal importance in bacterial 

viability, as failure to do so may lead to the downregulation of SAM synthetase 

expression in cells. This is attributable to the functional mechanism of most SAM 

riboswitches acting as translational or transcriptional OFF switches.200,201 To date, 

seven types of SAM-sensing riboswitches are known161,202–208, which can be divided 

into four classes based on their binding pocket similarity160,161 (Table 4). Those 

riboswitches exhibit a pronounced discrimination between SAM and SAH.160,209 Based 

on their structural similarity, the positive charge of SAM is favored for ligand 

binding.160,210,211 Furthermore, a so called charge-assisted chalcogen bond, in which 

oxygen atoms of RNA bases interact with the σ-hole of the SAM sulfur atom is also 

discussed in the literature for the SAM-I, SAM-I/IV, SAM-II, SAM-III and SAM-V 

riboswitches.212 

Additionally, one SAH-sensing riboswitch and one riboswitch that binds SAM and SAH 

with comparative affinity, are reported (Table 4).  
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Figure 12: SAM-dependent enzymatic methylation reaction. Blue: adenosyl-moiety, green: positively charged 

sulfonium moiety (SAM) and neutral thioether moiety (SAH), magenta: methionine-tail, red: transferred methyl 

group. This figure was created with Chemdraw 20. 

Table 4: Organization of SAM/SAH-binding riboswitch classes and types. Members of each class appear to form 

nearly the same binding pocket for ligand recognition. This table was compiled according to reference 161. 

Class Types Favored Ligand 

SAM-I SAM-I, SAM-IV, SAM-I/IV SAM 

SAM-II SAM-II, SAM-V SAM 

SAM-III SAM-III SAM 

SAH SAH SAH 

SAM-SAH SAM-SAH SAM, SAH 

SAM-VI SAM-VI SAM 

 

1.5.2. SAM-I Riboswitches – Structure, Ligand Recognition and Distribution 
 

The SAM-I riboswitch was first described as “S-box regulon” in 1998 by Grundy and 

Henkin.213 Five years later, Winkler et al. identified this RNA element as a SAM-

responsive riboswitch.202 Montange and Batey resolved the tertiary structure of the Tte 

SAM-I riboswitch by X-ray crystallography in 2006.179 The SAM-I riboswitch belongs to 

the class of the same name, which also includes the SAM-IV and SAM-I/IV 

riboswitches. The three members of this class exhibit a high degree of structural 

similarity and SAM-binding interactions.160,161 However, the SAM-I riboswitches are the 

most prevalent members of the SAM-I class and are typically found in Gram-positive 

bacteria, where they function as control elements for transcription termination.160,202  

The tertiary structure of the Tte SAM-I riboswitch mainly consists of four stems (P1–

P4), which form two coaxially stacked helices (P1/4 and P2/3). These are connected 

to one central four-way junctional internal loop L1 (Figure 13 A, B). An additional 

pseudoknot-stem is formed by long-range interactions of the kink-turn of P2 and C65–

G68 within J3/4. This pseudoknot between P2 and P4 stabilizes the tertiary structure. 

Furthermore, the canonical (A85–U64) and non-canonical (A85·A24) also contribute 
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to the structure of the SAM-I riboswitch. The SAM-binding pocket is located between 

the minor grooves of P1 and P3. The pocket is capped by the junctional region J1/2. 

The parallel-folded methionine- and adenine-moieties are anchored in the binding 

pocket by distinct interactions (Figure 13 C, D). The methionine-tail interacts with the 

triple base pair (G58–C44)·G11 from P3 and J1/2 (Figure 13 D). The adenine forms 

hydrogen bonding interactions with A45 and U57, as well as stacking interactions with 

C47–G56 from P3 (Figure 13 C). Additionally, the ribose moiety of SAM forms a 

hydrogen bond with the ribose of C47 by adopting a C3’-endo sugar pucker 

conformation (Figure 13 C). The positively charged sulfonium group is recognized by 

U7 and U88 of P1 (Figure 13 E). This electrostatic interaction is the basis for 

discrimination between SAM and SAH.179,211 

At low intracellular SAM levels, the formation of a transcription antiterminator stem-

loop is favored. In contrast, at high SAM levels, an alternative terminator structure is 

formed. In this structure, one of the antiterminator stems is not part of P1, which leads 

to transcription termination.202 

 

A 

 

B 

 
Figure 13: Structure and ligand recognition of the Tte SAM-I riboswitch (PDB: 2GIS). A, Sequence and secondary 
structure of SAM-I riboswitch. B, The tertiary structure of SAM-I riboswitch (shown as cartoon) complexed with SAM 

(shown as sticks). Panel A was created with the forna web tool185, panel B was created with the PyMOL Molecular 

Graphics System, Version 3.0 Schrödinger, LLC. 
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C 

 

D 

 
E 

 
Figure 13: Structure and ligand recognition of the Tte SAM-I riboswitch (PDB: 2GIS). C, The adenine moiety of SAM 

forms hydrogen bond interactions with A45 and U57 from P2 and stacking interactions with C47. The ribose moiety 

forms one hydrogen bond with the ribose of C47. D, The methionine moiety of SAM is recognized by the base triple 
(G58–C44)·G11. E, Electrostatic interactions between the positively charged sulfonium moiety of SAM and O2 of 

U7 and U88. Panels C–E were created with the PyMOL Molecular Graphics System, Version 3.0 Schrödinger, LLC. 

 

1.5.3. SAM-I Riboswitch as Potential Drug Target 
 

The SAM-I riboswitch represents a promising potential drug target for the treatment of 

bacterial infections. The Tte SAM-I riboswitch, which has been extensively 

studied179,202,211, exhibits a high degree of sequence similarity found in the S. aureus 

genome.214 This bacterium belongs to the WHO’s priority group of human 

pathogens.126 Given the sequence similarity, it can be assumed that the tertiary 

structures of the two riboswitches are also similar, as are their ligand recognition 
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capabilities. The deep structural knowledge may facilitate the design of small 

molecules that bind with high affinity and specificity to the SAM-I riboswitch. In this 

regard, this thesis includes a small SAR study to elucidate the interaction between the 

SAM-I riboswitch and various SAM analogue compounds as well as several amino 

acids. These preliminary data provide a starting point for further investigations about 

the binding behavior of the SAM-I riboswitch. This includes a virtual screening of small 

molecules distinct from the SAM/SAH structural motif based on the results of the SAR 

study. Subsequently, identified hits should be synthesized and derivatized in order to 

obtain potent small molecule binders of the SAM-I riboswitch. 

 

1.5.4. SAM-VI Riboswitch – Structure, Ligand Recognition and Distribution 
 

The SAM-VI riboswitch represents the sixth SAM riboswitch class. It was found in 2018 

by comparative sequence analysis of the Bifido-metK gene. This gene encodes for the 

SAM synthetase which catalyzes SAM synthesis from methionine and ATP and is 

predominantly found in Bifidobacteriae.161 The tertiary structure of the Ba SAM-VI 

riboswitch consists of three stems (P1, P2 and P3) which are connected by a central 

three-way junction (Figure 14 A). P1 and P2 are arranged coaxial and are fixed by 

stacking interactions between one junctional Watson-Crick base pair (G7– G33) and 

the adenine moiety of bound SAM which is recognized by U8 from stem P2 

(Figure 14 D). P3 is arranged almost orthogonally to the coaxial P1–P2 unit and is 

connected to P1 via the SDS. The positively charged sulfonium moiety is recognized 

by oxygens of U6 and U8 (Figure 14 B).161,162 Due to the spatial proximity of the junction 

to a chain of the P2 double helix, H-bonds are formed between junctional bases A37–

U39 and G7–C10 of P2, including the ribose 2’-OH groups (Figure 14 C). This distinct 

motif is known as the ribose zipper.162,215 

The SAM binding site is located at the junction between P1 and P2 in the large groove 

that forms the coaxial unit from these two stems. This binding pocket consists of the 

Watson-Crick base pair G9–C32 from P2, the non-canonical trans Watson-Crick base 

pair G7–G33, four continuously stacked bases (A34, A36, A37 and G38), and the 

junctional U8 interacting with the SAM adenine moiety. Additionally, the adenine forms 

π–π stacking with G9–C32 and G33 of the riboswitch, while the methionine is 

overhanging the binding site.162 
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At low intracellular SAM levels, the SAM-VI riboswitch establishes a co-transcriptional 

P0 stem with the 5’-end of the mRNA not originating from the riboswitch. Following the 

conformational selection, SAM does not bind to P0. SAM binding only occurs when the 

transcript reaches a length at which the P1 stem can be fully formed. Subsequently, 

by refolding the stem into P1, the Shine-Dalgarno sequence is blocked and thus 

translation is prevented.162   

A 

 

B 
 
 

 

C 

 

D 

 

Figure 14: Structure and molecular recognition of the SAM-VI riboswitch (PDB: 6LAS). A, Tertiary structure of SAM-

VI riboswitch (shown as cartoon) in complex with SAM (shown as sticks). B, Electrostatic interaction between the 

positively charged sulfonium moiety of SAM and O4 of U6 and U8 in the binding pocket. C, Hydrogen bonding 
interactions between SAM and U8, G33, A36 and A37 with G38 interacting with U8 in the binding pocket. D, The 

adenine moiety of SAM pairs with U8 and becomes stacked between G9–C32 and G7·G33 in the binding pocket. 

This figure was created with the PyMOL Molecular Graphics System, Version 3.0 Schrödinger, LLC. 
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1.5.5. SAM-VI Riboswitches as Model System for SAM-III Riboswitches 
 

When the SAM-VI riboswitch aptamer structure was discovered, it seemed to show 

some similarity to the previously reported SAM-III riboswitch aptamer.152,177 Both 

secondary structure models consist of three-way junctions (P1, P2 and P3) with a short 

P3 stem which is linked to P1 by the SDS (Figure 15). In addition, five nucleotides 

contacting SAM in the binding pocket are identical and in equivalent positions, 

assuming that SAM binding operates under similar interactions in both riboswitch 

models and discriminates strongly between SAM and SAH (Figure 15 A, B). However, 

the binding pockets of the two riboswitches in the center of the three-stem junction 

differ in the number of nucleotides. While SAM-VI has six highly conserved nucleotides 

in J2–3, SAM-III has only three. Additionally, the SAM-VI secondary structure does not 

exhibit a bulge in P2, which is known to be essential for the formation of the binding 

site in SAM-III. This indicates that the architecture of the binding site, may be distinct, 

despite the similarities in the interactions utilized for SAM binding. In comparison to 

SAM-III, SAM-VI incorporates the start codon AUG directly into the terminal region of 

P1 and comprises a greater number of conserved nucleotides.161,162 

In the SAM III riboswitch binding pocket, the adenine moiety of SAM forms hydrogen 

bonding interactions with the G26 sugar edge and A73 (Figure 15 E). In the SAM VI 

riboswitch binding pocket, the equivalent base is G7 which forms hydrogen bonding 

with G33 and stacking with the adenine moiety. A36 interacts with the N1 of adenine 

as an equivalent of A73 in the SAM III pocket (Figure 15 F). While the ribose moiety of 

SAM is recognized by a single hydrogen bond with G33 phosphate in the SAM VI 

pocket, the SAM III riboswitch forms two hydrogen bonds between the ribose and the 

phosphate and N7 of G89 (Figure 15 G, H). The sulfonium moiety forms electrostatic 

interactions with both riboswitches: In the SAM III binding pocket, G71 and U72 are 

involved, U6 and U8 interact in the SAM VI riboswitch (Figure 15 I, J).162 

 



Introduction 

 

 46 

A 

 

B 

C 

 

D 

 
Figure 15: Sequence, tertiary structure and binding pocket comparison of the SAM-III (PDB:3E5C) and the SAM-VI 

(PDB: 6LAS) riboswitch. Both riboswitches exhibit a high sequence similarity in the binding pocket, with five 

conserved nucleotides each (red) which are identical in both riboswitches and form interactions with SAM. A, 
Sequence of the SAM-III riboswitch; green: stem P1, orange: stem P2, magenta: stem P3, teal: junctional region, 

red: conserved nucleotides forming interactions with SAM. B, Sequence of the SAM-VI riboswitch; green: stem P1, 

orange: stem P2, magenta: stem P3, blue: U1A binding loop, teal: junctional region, red: conserved nucleotides 

forming interactions with SAM. C, Tertiary structure of the SAM III riboswitch (shown as cartoon) complexed with 
SAM (shown as sticks). D, Tertiary structure of the SAM VI riboswitch (shown as cartoon) complexed with SAM 

(shown as sticks). Panels A and B were created with the forna web tool.185 Panels C and D were created with the 

PyMOL Molecular Graphics System, Version 3.0 Schrödinger, LLC. 
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Figure 15: Sequence, tertiary structure and binding pocket comparison of the SAM-III (PDB:3E5C) and the SAM-VI 

(PDB: 6LAS) riboswitch. Both riboswitches exhibit a high sequence similarity in the binding pocket, with five 
conserved nucleotides each (red) which are identical in both riboswitches and form interactions with SAM. E, 

Recognition of the adenine moiety of SAM by G26 and A73 in the SAM III binding pocket. F, Recognition of the 

adenine moiety of SAM by G7, G33 and A36 in the SAM VI binding pocket. G, Hydrogen bonding between G89 of 
SAM III and the ribose moiety of SAM. H, Hydrogen bonding between G33 of SAM VI and the ribose moiety of SAM 

VI. I, Electrostatic interactions between G71 and U72 oxygens of SAM III and the charged sulfonium moiety of SAM. 

J, Electrostatic interactions between U6 and U8 oxygens of SAM VI and the charged sulfonium moiety of SAM. 
Panels E–J were created with the PyMOL Molecular Graphics System, Version 3.0 Schrödinger, LLC. 
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Due to the similarities in their structural and functional characteristics, the SAM-VI 

riboswitch can serve as a model system with enhanced assayability for the SAM-III 

riboswitch in fundamental research. This may facilitate a more profound 

comprehension of the folding dynamics and ligand recognition processes pertinent to 

SAM-III, which could inform the further development of novel antibiotic active 

substances. This riboswitch is present in human pathogens such as E. faecalis177,178, 

and the binding pocket is highly conserved, suggesting its potential as a target for the 

development of new antibiotics. 

 

1.6. Antiviral Drug Discovery 
 

1.6.1. Antiviral Drugs and Their Limitation 
 

Antiviral drug discovery has become increasingly important in recent decades as 

viruses, notably RNA viruses, are predominant among the WHO’s current list of ten 

global health threats. The emergence of novel viral pathogens, such as human 

immunodeficiency virus (HIV), severe acute respiratory syndrome coronavirus (SARS-

CoV-1), Middle East respiratory syndrome coronavirus (MERS-CoV), dengue virus 

(DENV) and more recently, SARS-CoV-2 causing the 2019 pandemic, has highlighted 

the urgent need for effective antiviral therapies. These viruses can cause devastating 

epidemics and pandemics, underscoring the critical importance of developing drugs 

combating them. Particularly, globalization and international travel facilitate the rapid 

spread of viral infections.216 Although significant progress has been made in exploring 

potential targets and discovering antiviral agents, many viral diseases with high 

mortality rates still exist.216,217 

The two strategies combating viral diseases primarily involve prevention through 

vaccines and treatment using antiviral drugs, typically small molecules, and antibodies. 

Despite more than 200 viruses known to infect humans, with 80% naturally persistent 

in animals, as of 2019, there were only 87 approved vaccines targeting less than 20 

human viruses, mainly influenza. The economic risk associated with developing 

vaccines for viral diseases is high due to the lengthy development process and 

relatively low success rates, as seen with vaccines like Dengvaxia®.218,219 The 

coronavirus disease 2019 (COVID-19) pandemic has spurred a global effort to develop 

a vaccine, although challenges remain due to the rapid emergence of SARS-CoV-2 
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and the logistical hurdles of mass production. In absence of a vaccine, effective 

treatments are crucial during viral outbreaks. Antibody and antiviral drug therapies are 

currently explored, although challenges such as resistance and antibody-dependent 

enhancement (ADE) need to be addressed.216  

There are two most common approaches in antiviral drug discovery: targeting viral 

proteins ensuring viral survival as direct inhibition and targeting host factors which are 

essential for incidence of infection leading to an indirect inhibition mechanism. Most of 

these drugs addresses viral targets, which can be divided into five classes, including 

viral polymerases, proteases, integrases, structural and accessory proteins, 

summarized in Table 5.217,220 In 2021, there are 118 antiviral therapies approved by 

the FDA, with 72% being monotherapies and the remaining being combination 

therapies of 2–4 drugs. More than 80% of these therapy options are directed against 

viral components.24 

 
Table 5: Overview of human viruses which currently can be treated with antiviral drugs. 1–2 examples of approved 

small molecule drugs for each target are listed. The table was compiled according to references 24,217,220,221. 

Human Virus Viral Target Approved Drug(s) 

Hepatitis B virus (HBV) • DNA polymerase • Entecavir, tenofovir 

Hepatitis C virus 

(HCV) 

• NS3/4A protease • Grazoprevir, simeprevir 

• NS5A phosphoprotein • Daclatasvir, elbasvir 

• NS5B polymerase • Dasabuvir, sofosbuvir 

Herpes simplex virus 

(HSV) 
• DNA polymerase • Brivudine, acyclovir 

Human 

cytomegalovirus 

(HCMV) 

• DNA polymerase • Foscarnet, ganiciclovir 

• Terminase • Letermovir 

Human 

immunodeficiency 

virus (HIV) 

• Protease • Fosamprenavir, ritonavir 

• Reverse trancriptase • NRTIs: Emtricitabine, 

tenofovir 

• NNRTIs: Efavirenz, 

nevirapine 

• Integrase • Elvitegravir, raltegravir 
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Table 5: Overview of human viruses which currently can be treated with antiviral drugs. 1–2 examples of approved 

small molecule drugs for each target are listed. The table was compiled according to references 24,217,220,221. 

Human Virus Viral Target Approved Drug(s) 

Human influenza virus 

• RNA polymerase • Baloxavir marboxil 

• Neuraminidase • Oseltamivir, zanamivir 

• Matrix protein 2 • Rimantadine 

Respiratory syncytial 

virus (RSV) 

• RNA polymerase • Ribavirin 

• Fusion glycoprotein • Palivizumab 

Severe acute 

respiratory syndrome 

coronavirus type 2 

(SARS-CoV-2) 

• Main protease Mpro • Nirmatrelvir221 

Varicella-zoster virus 

(VZV) 
• DNA polymerase • Brivudine, acyclovir, 

valaciclovir 

 

Like bacteria, viruses can develop resistance to antiviral medications over time.220 The 

widespread use of antiviral drugs, particularly in the context of chronic infections such 

as HCV and HIV, has led to the emerge of drug-resistant strains. The common 

resistance mechanisms are mutations in the viral genome that cause the target 

structure to escape the drug. For instance, resistance of HCV against NS5A inhibitor 

daclatasvir rises from mutations in the NS5A region of the viral genome.222 

Certain viral infections such as HIV, hepatitis B and C, and herpesviruses, can 

establish long-term, chronic infections in individuals. While existing antiviral therapies 

can effectively suppress viral replication and improve clinical outcomes, they are often 

unable to eliminate the virus from the host’s body. Most viral infections can also coexist 

with other infectious diseases or underlying health conditions, leading to complex 

clinical scenarios (e.g., acquired immunodeficiency syndrome (AIDS)).220 Effective 

antiviral drugs are essential for managing these co-infections and reducing the risk of 

complications in vulnerable populations. 

In summary, the increasing prevalence of viral threats, coupled with challenges such 

as drug resistance and chronic infections, undergoes the critical importance of antiviral 

drug discovery in safeguarding public health and combating infectious diseases. 
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1.6.2. Viral RNAs as Drug Targets 
 

Currently, all approved antiviral drugs target viral proteins, including proteases, 

integrases, neuraminidases, and RNA polymerases (Table 5). Thus, the resistance 

rate increases since there are mutations in the viral genome coding for the target 

proteins.222 A novel approach in antiviral drug development is directly targeting viral 

ncRNA with small molecules, particularly highly conserved regions to reduce the 

degree of freedom for mutations that are compatible with virus functions. Small 

molecules binding to ncRNA might modulate stability, interactions, and structural 

features like conformation in order to inhibit essential viral processes. As of the current 

time, there are multiple studies demonstrating this concept for various viruses, 

including HIV and HCV. However, target selectivity remains still a huge challenge in 

this field. Therefore, the fundamental research on the mechanisms of action of these 

viral ncRNAs is crucial for the development of novel antiviral therapeutics against 

clinically relevant viruses like bloodborne viruses (HIV, HBV, and HCV), and insect-

borne viruses (dengue and zika virus) as well as filoviruses like Ebola and Marburg.16 

 

1.7. Hepatitis C Virus 
 

1.7.1. Prevalence and Risk Factors 
 

Hepatitis C is a liver inflammation caused by infection with the hepatitis C virus (HCV). 

The disease can be acute or become a chronic manifestation leading to serious lifelong 

illness including liver cirrhosis and cancer. HCV is primarily transmitted through 

exposure to infected blood, such as through unsafe injection practices, healthcare 

procedures, blood transfusions, and sexual practices. The WHO reports that 50 million 

people worldwide are affected by chronic HCV infection, resulting in over 200,000 

deaths due to liver cirrhosis and hepatocellular carcinoma in 2022. While effective 

medications such as sofosbuvir exist for HCV infection, there is currently no vaccine 

for prevention. Unfortunately, access to diagnosis and treatment remains limited, with 

only 36% of those affected knowing their diagnosis and even fever (20%) having 

received treatment with direct acting antivirals (DAAs). This highlights the necessity for 

additional strategies to address the lack of access to healthcare, particularly in 

countries with a high prevalence of HCV.223   
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1.7.2. Organization of the HCV Genome 
 

HCV represents an enveloped positive single-stranded RNA virus belonging to the 

genus Hepacivirus of the Flaviviridae family, with a genome spanning approximately 

9600 nucleotides organized in a linear, uncapped structure. Central to its genetic 

makeup is a lengthy open reading frame (ORF), flanked by short highly structured UTR 

at both its 5’- and 3’-ends. The 5’-UTR, comprising roughly 340 nucleotides, 

encompasses the pivotal internal ribosome entry site (IRES), crucial for initiating the 

translation of the viral genome. Conversely, the 3’-UTR consists of three distinct 

segments: a variable region spanning approximately 40 nucleotides downstream of the 

HCV coding sequence, a poly(U/UC) tract of variable length, and a notably conserved 

sequence of 98 nucleotides recognized as the X-tail. Both the poly(U/UC) tract and the 

X-tail play indispensable roles in HCV replication and infectiveness. The expression of 

viral proteins is orchestrated through a polyprotein precursor, subsequently undergoing 

proteolytic cleavage to yield structural proteins (core, envelope proteins E1 and E2) 

and non-structural (NS) proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B), 

alongside the hydrophobic peptide p7. Notably, a cis-acting RNA element (CRE) is 

situated within the 3’-terminal coding region of NS5B, facilitating long distance RNA-

RNA interactions with the X-tail, a necessity for efficient viral replication.224 
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Figure 16: Schematic of the HCV genome. The IRES is located within the 5’-UTR (left) and carries the four for 

replication essential subdomains II–IV. Domain IV carries the start codon AUG followed by the coding region 
(colored). The 3’-UTR carries the UGA stop codon, followed by a poly(U/UC) tract and a conserved X-tail. This X-

tail forms long-distance RNA–RNA interactions with the CRE, which is located at the 3’-end of the NS5B coding 

region immediately upstream of the stop codon. This figure was created with BioRender.com according to 
references224,225. 

 

1.7.3. HCV IRES 
 

The translation of the HCV genome is regulated by an IRES element located in the 

5’- UTR. The IRES binds directly with high affinity to the 40S ribosomal subunit and 

requires only the two eukaryotic initiation factors eIF220 and eIF3 for assembling into 

translation-competent ribosomes directly located at the start-codon.226 This leads to a 

5’-cap-independent translation mechanism. The 5’-UTR of the HCV can be divided into 

four distinct domains (I-IV) connected by flexible linkers. Domain I contains the stem 

loop, which is not related to IRES activity. Domain II mediates the release of eIF2 and 

participates in the formation of translation-competent ribosomes.226 For this process, 

the L-shape of subdomain II is crucial since it steers the apical hairpin loop IIb in the 

direction of the ribosomal E site near the active site. Once the ribosome is associated, 

a conformational change closes the mRNA binding cleft.21,40,227 This conformational 

change (Figure 17 B, C) has been exploited in various studies in order to develop small 
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molecule inhibitors (e. g., the benzimidazole compound40 shown in figure 17 A) that 

binds selectively to the subdomain IIa.17–21,40,228–231 

Domain III is capable of binding to eIF3 and ribosomal subunits226, whereas domain IV 

contains the start codon, which is exposed during initiation assembly.17 Domains II-IV 

consist of independently folding structures essential for virus activity and survival.17  

A 

 
B 

 

C 

 
Figure 17: Conformational change of the HCV IRES tertiary structure upon ligand binding. A, Structure of the 
literature-known40 HCV IRES subdomain IIa binder. B, “Kinked” tertiary structure (PDB: 2NOK). C, “Straight” tertiary 

structure (shown as cartoon) complexed with the benzimidazole inhibitor (shown as sticks; PDB: 3TZR). Panel A 

was created with ChemDraw 20, panels B and C were created with the PyMOL Molecular Graphics System, Version 
3.0 Schrödinger, LLC. 
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1.7.4. HCV IRES as Potential Drug Target 
 

As the IRES subdomain IIa is the most conserved sequence of the HCV genome, it 

became a promising drug target. This conservation implies that any drug targeting this 

region has the potential to be effective against a broad spectrum of HCV genotypes, 

as well as limited potential for resistance. Any mutations, that may confer resistance to 

drugs targeting IIa are likely to come with a significant fitness cost to the virus.232 The 

subdomain IIa plays a crucial role in the initiation of translation during the viral 

replication process. It functions by interacting with the host ribosome and other cellular 

factors to facilitate the translation of viral RNA into proteins essential for viral 

replication.19–21 Although IIa interacts with host cellular components, it possesses 

distinct structural and functional features compared to host RNA elements involved in 

translation initiation.225 This distinction allows for the development of specific inhibitors 

that selectively target viral RNA without showing significant cytotoxicity.17,229,230 

Several studies have demonstrated the feasibility of targeting subdomain IIa with small 

molecule inhibitors in vitro and in animal models, showing promising antiviral 

activity.17– 21,40 These findings provide strong foundation for further development and 

optimization of drugs targeting this region for clinical use. 

Overall, the combination of its essential role in viral replication, high conservation, 

distinctiveness from host cellular machinery, limited potential for resistance, 

accessibility to small molecule inhibitors, and demonstrated druggability show that the 

HCV-IRES subdomain IIa is an attractive and promising drug target for the treatment 

of hepatitis C infections. 

 

1.7.5. HCV IRES as a Model System 
 

Although IRES elements have similar functions for viral replication, they lack of 

universal conserved features. In contrast to bacterial riboswitches, viral RNAs do not 

have native small molecule ligands. Viral RNAs mainly interact with proteins to 

maintain their function, and host factors for translation.233 Consequently, there is not 

per se a defined binding site, but highly conserved structural features such as IRES 

elements that possess distinct “pockets” due to their folding.16 Due to a drastic 

conformational change of IIa upon ligand binding resulting in translation inhibition, this 

RNA is an attractive target for rational drug design.17–21  
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The HCV IRES can be used as model system due to its extensively investigation since 

discovery, resulting in a wealth of structural and functional data that serve as a solid 

foundation for further studies. The HCV IRES structure is relatively compact compared 

to other viral IRES elements, making it more amenable to structural studies for 

developing small molecules.234 Currently, there are several small molecule inhibitors 

against the HCV IRES subdomain IIa reported, providing a good starting point for 

further improvements and new investigations.17,21,228–230 

In this regard, the aim of this dissertation is the proof-of-concept for structure-based 

ligand design for RNA targets using computer-aided drug design (CADD) and 

fluorescence-based assays for subsequent in vitro binding studies. 

The following publication is part of the results obtained in this project: 

 

Kallert, E.; Almena-Rodriguez, L.; Husmann, J.- Å.; Blatt, K.; Kersten, C. Structure-

based virtual screening of unbiased and RNA-focused libraries to identify new ligands 

for the HCV IRES model system. RSC Med. Chem. 2024, 15(5), 1527–1538. 

 

1.8. Unveiling RNA–Small Molecule Interactions Using Biophysical 
Methods 

 

1.8.1. Challenges in Assay Development 
 

Understanding the intricacies of molecular interactions lies at the heart of numerous 

scientific endeavors, spanning fields from biochemistry to pharmacology. 

Consequently, the utilization of biophysical methods to characterize molecular 

interactions is of critical significance in order to achieve a more profound 

understanding. The established methods for studying RNA-small molecule interactions 

include microscale thermophoresis (MST)194, isothermal titration calorimetry 

(ITC)235,236, surface plasmon resonance (SPR)237,238, and FRET applications19,23, in 

addition to in-line probing148,239, chemical probing22,240, circular dichroism241, FID61, 

NMR112,242, electrophoretic mobility shift243 and size exclusion filtration177. However, 

the latter are not discussed in detail in this thesis. 

The primary objective of assays studying those interactions is the measurement of 

binding events. For further investigations and validation of detected binding molecules, 

the knowledge of the RNA’s function (e.g., influence of transcription or translation) is 
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crucial. In comparison to functional assays, such as those applied for enzymatic 

reactions, binding assays are more challenging. For enzymatic assays, there is always 

a substrate used which serves as a positive control. It is also the case that several 

RNAs (e.g., riboswitches) also bind to natural ligands, which can serve as positive 

control for assay validation. However, for RNAs that lack natural ligands (e.g., viral 

RNAs like HCV IRES), the development of accurate binding assays is quite 

challenging, especially in the absence of a reported binder that can be used as a 

positive control. Any signals that can be interpreted as binding in comparison to 

negative control signals, must be validated. For this purpose, assays with appropriate 

read-outs are necessary. Binding events that affect the transcription of DNA into RNA, 

are typically validated using gel electrophoresis63,148,150 or promoter reporter 

assays.144,244 Those assays rely on DNA templates with a reporter gene (e.g., β-

galactosidase, luciferase) downstream of a promoter. The reporter gene product is 

then quantified, providing a measure of transcriptional activity.144,244 To confirm effects 

at translational level, protein synthesis using recombinant elements (PURE)245 or 

fluorescent reporter assays246–250 can be applied. PURE systems allow the 

quantification of synthesized proteins using radioactive or fluorescent labels.245 

Reporter assays are based on mRNA constructs encoding a reporter protein (e.g., 

luciferase18,247,248, green fluorescent protein (GFP)246,247), whose fluorescence can 

serve as a measure of translation efficiency. But also, dual read-out assays are 

possible: Bains et al. reported a system using fluorogenic Mango-(IV) RNA that shows 

fluorescence upon binding to thiazole orange (TO) and shifted green fluorescent 

protein (sGFP). The function of transcriptional and translational riboswitches was 

confirmed using this assay.246 

Additionally, the use of RNA-containing samples in binding assays presents several 

challenges. RNA molecules in aqueous solutions are inherently labile and prone to 

degradation in several manners.251 In comparison to DNA, RNA is more reactive due 

to its 2’-hydroxyl group, which can be deprotonated. This so-generated nucleophile can 

readily attack the 5’-phosphodiester group resulting in backbone cleavage.252–255 This 

hydrolysis process is catalyzed by water, RNases, divalent cations and Brønsted acids 

and bases, which highlights the problem of stability in solution.254,255 Besides hydrolytic 

processes, RNA degradation can also occur through oxidation with reactive oxygen 

species.256 Additionally, the single stranded conformation is less stable than the double 

stranded DNA.257 With regard to assay performance, buffering species, salt, pH and 
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temperature are also critical factors for physical RNA stability.251,253,258 It has been 

reported that Tris-HCl, Tris-borate and sodium borate are buffer species that 

significantly enhance RNA degradation in the presence of Mg2+ at temperatures above 

37 °C.253 Additionally, high Mg2+ concentrations result in degradation by forming 

insoluble aggregates with RNA.251,253,258 This evidence demonstrates the significance 

of monitoring the Mg2+ concentration, as this cation is essential for RNA folding87–89 

and therefore indispensable in assay buffers. Since it is well established that acids and 

bases promote RNA hydrolysis, it is important to choose an appropriate pH 

value.251,253,255,257 Consequently, a meticulous selection of buffer composition and pH 

value is imperative. 

Typically, DMSO is employed as co-solvent for the solubilization of hydrophobic 

compounds due to its miscibility with water and lack of reactivity.259 It is well-

established that high DMSO concentrations (> 75%) exert a significant influence on 

RNA structure and folding energetics.260,261 For binding assays, a commonly utilized 

maximum DMSO content is 10%. However, recent studies have demonstrated that 

DMSO concentrations above 5% destabilize noncanonical residues within bulges and 

loops resulting in a significant reduction in binding affinities.262,263 This directly affects 

considerations in drug discovery with regard to hydrophobic compounds. It is essential 

to strike a balance between lipophilicity and solubility in appropriate solvents. 

The characterization of RNA conformational dynamics and an understanding of their 

impact on small molecule interactions is of paramount importance for the accurate 

interpretation of binding assay results. The selection of an appropriate assay method 

for the study of RNA-small molecule interactions is contingent upon factors such as 

the binding affinity range, sample requirements, and the desired output parameters.  

Each assay method possesses its own set of advantages and limitations, and the 

selection of the most suitable method requires careful consideration of the specific 

characteristics of the RNA sample and research objectives.  

In the event of a limited sample quantity, it is advisable to employ spectroscopic assays 

such as MST, SPR or FRET-based plate reader assays in preference over ITC. 

However, MST and FRET assays are fluorescence-based methods, and it is therefore 

crucial to select an appropriate labeling method to avoid any risk of altering the binding 

event or read-out interference. Traditionally, RNA molecules are covalently labeled 

with a fluorescent probe at either their 3’- or 5’end. These dyes may alter the physical 
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properties of the RNA, potentially influencing the interaction with the ligand, particularly 

when this binding occurs near the labelled position.  

In the case of SPR, one interaction partner (e.g., RNA) must be immobilized on a metal 

surface. It is important to select an immobilization method that avoids affecting RNA 

activity or accessibility to small molecules. The selection of the buffer needs to be 

adjusted to the nature of the ligand and the RNA sequence. Increasing the ionic 

strength may result in a decrease of binding affinity of positively charged ligands to the 

negatively charged RNA due to shielding effects. Additionally, the regeneration 

conditions must be harsh enough to remove formed complexes, but mild enough to 

keep the RNA unharmed. As for many molecules DMSO is added as a co-solvent, a 

buffer correction has to be applied to compensate the change in the refractive index.264 

Nevertheless, SPR is one of the most frequently employed spectroscopic techniques 

for the study of the kinetics of biomolecular interactions.265  

MST has the significant advantage of requiring an extremely low sample volume 

(≤ 10 µL) and being an immobilization-free method. However, it should be noted that 

careful considerations must be made when the expected affinity is in the high 

micromolar range or kinetic properties are of interest. The accurate determination of 

affinities necessitates the presence of sufficient ligand concentrations above their KD 

values to achieve saturation binding. For low-affinity ligands, there is the possibility of 

solubility issues at those high concentrations, which may result in aggregation and 

undetectable signals. Furthermore, MST does not provide kinetic data, as it is an 

equilibrium-based technique.62,265,266 

FRET assays have been employed in numerous studies investigating RNA 

interactions.2,18,19,267–270 For instance, the binding of aminoglycosides to the bacterial 

ribosome has been examined using constructs comprising an isosteric nucleoside 

analogue as donor and tagging the antibiotics with an acceptor.267 It is also possible to 

exploit conformational changes of RNA molecules upon ligand binding. For this 

purpose, the RNA is labelled with donor and acceptor fluorophore and due to 

conformational change, the FRET signal might increase or decrease.18,19,269 Designing 

an appropriate FRET system is a complex process that requires careful consideration 

of numerous factors. This includes the development of a structural model (typically 

databanks such as the PDB are helpful for this purpose), selecting the FRET pair, and 

implementing a labelling strategy that yields the desired positioning. Furthermore, the 

estimated FRET efficiency and mechanism must be confirmed.271 For instance, for 
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FRET assays that rely on the conformational change of the RNA target, it is essential 

to design appropriate constructs to accurately report the interaction of interest. The 

RNA must be adjusted in a length to allow the FRET pair to move in or out of its Förster 

radius. This implies that the FRET pair must be chosen carefully, depending on the 

required radius. Additionally, it is important to ensure that the labelling does not 

negatively affect the folding of the RNA or its interaction with other molecules.19 

Consequently, this method may not be suitable in general.  

The ITC represents the only label-free method of these four assays, which are 

discussed below. This method provides thermodynamic and, in some cases, kinetic 

parameters with high reliability.272 In contrast to other methods, it requires a high 

sample volume, especially for weaker binding events, might show lower sensitivity, and 

is time-consuming.236 However, it is essential to consider a number of variables that 

may impact the outcome of ITC experiments and subsequent interpretation. To prevent 

erroneous calculations, it is imperative to ascertain the precise concentration of the 

RNA within the cell and the ligand in the syringe as well as the correct folding of the 

RNA.235,273 Furthermore, an appropriate concentration ratio between RNA and ligand 

must be selected to achieve saturation within a reasonable number of injections. When 

preparing samples using organic co-solvents such as DMSO, it is of the utmost 

importance to ensure that all buffer components are perfectly matched. In the event of 

a discrepancy in the concentration between the cell and the syringe, the result is likely 

to be a significant heat effect.236,273 Additionally, it is crucial to be aware that certain 

interactions may result in a protonation change when selecting the buffer medium. 

Typically, the protons are released or absorbed by the buffering agent. In this instance, 

a buffer ionization correction must be conducted in order to obtain the true binding 

enthalpy of an interaction.236,274 Therefore, it is advisable to perform ITC experiments 

after narrowing the number of small molecules of interest. The wealth of information 

that can be obtained in a single experiment renders this method the current 

predominant approach in RNA-small molecule binding studies.265 

To address these challenges, it is necessary to employ rigorous sample preparation 

techniques, meticulous experimental design, and strict validation of assay conditions 

to ensure the reliability and reproducibility of binding assay results involving RNA-

containing samples. 
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1.8.2. Microscale Thermophoresis 
 

Microscale Thermophoresis (MST) stands as a testament to the ingenuity of modern 

biophysical techniques, offering a sophisticated means to probe molecular interactions 

in solution. Its emergence has reshaped the landscape of biochemical and biophysical 

research, providing scientists with a highly effective instrument for studying various 

biomolecular interactions in solution, with minimal sample volume required.62,266 The 

essence of MST lies in its exploitation of the thermodynamic phenomenon known as 

thermophoresis, whereby molecules migrate in response to a temperature gradient, 

reflecting their intrinsic properties and interactions.62,266,275 This technique has 

garnered significant attention due to its inherent advantages, including high sensitivity, 

minimal sample consumption, and versatility across a spectrum of biomolecular 

systems.62,266 Recently, MST has found wide-ranging applications in various fields, 

including biochemistry, biophysics, and drug discovery.194,276–279 Moreover, this 

method has been employed in fragment-based drug discovery, screening small 

molecule libraries for potential drug candidates, and optimizing lead compounds for 

binding affinity and specificity.280,281 

The thermophoresis is described as the mobility of the molecules in response to a 

temperature gradient (usually 2–5 °C) and was first described in the 19th century by 

Ludwig.282 A few years later, the Swiss scientist Soret described the phenomenon of a 

salt solution in a tube with different temperatures at each end, which does not contain 

an overall equivalent concentration. The solution was found to be more concentrated 

in the region of the tube with lower temperature, which suggests a temperature-

dependent movement of the salt molecules.283,284 Thermophoresis can be 

mathematically described as a Soret coefficient ST of the free molecules in solution: 

 

𝑆& =
$
8&
∙ (−∆𝑆9:;(𝑇) +

<="##
$

>??%&
∙ 𝜆@#            (4) 

 

where the ST correlates linearly with the surface area of the molecules A and the Debye 

radius λDH, a measure of a charged molecule’s net electrostatic effect in solutions285. 

σeff is the effective charge, ΔShyd is the hydration shell effect, ε is the dielectric constant, 

and β is temperature derivative of ε.275 Consequently, MST strongly depends on 

inherent molecular properties such as charge, shape and size, but also on external 
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factors like salt concentration, which are affected by binding events.62,265,266,275 To 

visualize the thermophoretic movement in the heated spot, a molecule must be labelled 

with a fluorescent reporter. The sample containing the molecules of interest are placed 

in a microliter-scale capillary and then a temperature gradient is applied by heating 

with an IR-laser (Figure 18 A).62,266,286 The MST signal can be separated into two 

different effects by time: fast T-Jump (< 1 s and slower thermophoresis (> 1 s). The T-

Jump is characterized by its fast and strong decrease in fluorescence based on the 

temperature-related intensity change (TRIC) of the fluorescent dye, whereas the 

thermophoresis is more related to the binding event. When the binding event leads to 

a change of the internal state of the labelled molecule, the T-Jump signal might be 

affected and is used to investigate the interaction (Figure 18 B).62,266 
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A 

 
B 

 
Figure 18: MST experimental setup and results explanation. A, IR-laser induced temperature gradient leads to 

thermophoretic movement of molecules in the capillary. Homogenous distribution of the molecules in solution (A), 
fast movement of the molecules along the temperature gradient (B, “T-jump”), all molecules are moved out of the 

heated region (C, steady-state), “backdiffusion” of molecules to homogenous distribution when the laser is switched 

off (D). B, Unbound molecules move faster than bound molecules along the temperature gradient (left). Plotting of 

the ligand concentration against the change in normalized fluorescence at a specific time during thermophoresis 
leads to affinity determination (right). This figure was created with BioRender.com according to reference 286  

Traditionally, the target RNA is covalently labelled with reporter dyes such as cyanine 

or fluorescein derivatives attached to the 3’ or 5’-end or to modified 

nucleosides.56,194,287,288 This method prevents steric interactions of the fluorophore with 

the investigated interface but might lead to a decrease of the T-Jump effects.286,289 
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Alternatively, RNA can be labelled with non-covalent fluorescent dyes such as from 

the Sybr or Syto series to study interactions. Due to the statistical binding of these dyes 

to nucleic acids290, the investigated interface is not affected. 

In this regard, the aim of this thesis is to introduce a novel non-covalent labelling 

technique for MST demonstrating the usefulness of this method studying small 

molecule RNA interactions. This includes a broad spectrum of RNA structures with 

different size and folding as well as ligands with different molecular properties. 

The following publication is part of this RNA-MST project: 

 

Kallert, E.; Behrendt, M., Frey, A.; Kersten, C.; Barthels, F. Non-covalent dyes in 

microscale thermophoresis for studying RNA ligand interactions and modifications. 

Chem. Sci. 2023, 14(36), 9827–9837. 

 

Additionally, MST experiments were employed within the preQ1, HCV IRES and 

electrostatic anchoring projects as part of this thesis.  

Furthermore, MST experiment were conducted to obtain binding constants for the 

SAM-I and SAM-VI riboswitch within a structure/activity relationship study using SAH-

analogue compounds. This project will be continued beyond the scope of this thesis 

and is not yet ready for publication. 

 

1.8.3. Isothermal Titration Calorimetry 
 

Among the techniques available for probing molecular interactions, ITC stands out as 

a powerful and versatile tool. ITC offers unique insights into the thermodynamic and – 

in some cases, kinetic parameters272,291,292 governing binding events between 

biomolecules, small molecules, or macromolecules.236,274,293 While the first 

measurements of reaction enthalpies go back to the 18th century294, the origins of the 

ITC can be traced back to the 1960s.295–298 These developments were crucial in 

demonstrating the potential of calorimetry to measure heat changes associated with 

molecular interactions. Throughout the 1980s and 1990s, significant advancements 

were made in ITC technology, including improvements in sensitivity, data analysis 

software, and automation.293 Hence, the application of ITC has surged, driven by its 

ability to provide direct, label-free measurements with high sensitivity and precision. 

Fundamentally, ITC operates on the principle of quantifying heat changes associated 
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with a chemical process occurring at constant temperature. When a ligand is titrated 

into a solution containing its target, heat is either released or absorbed depending on 

the nature of the interaction. By monitoring the heat flow accompanying the titration of 

a ligand into a solution containing its target, ITC enables the determination of 

thermodynamic parameters such as binding affinity (KD), stoichiometry (n), enthalpy 

(ΔH), and entropy (ΔS) of the interaction. The binding isotherm can be obtained by 

plotting the integrated peak intensities against the molar ratio. The inflection point 

provides the stoichiometry (n) and the slope of the inflection point is equal to the KD 

value. The Gibb’s free energy (ΔG) is correlated to the affinity via the following 

equation, with R as the universal gas constant and T as the absolute temperature in 

Kelvin.235,236,274,293 

 

∆𝐺 = 𝑅 ∙ 𝑇 ∙ ln	(𝐾@)              (5) 

 

The Gibb’s free energy can also be described as the sum of the changes in enthalpy 

(ΔH) and the negative product of the change in the system's entropy and temperature 

(– TΔS). The binding enthalpy (ΔH) is obtained from the heat changes of the first 

injections before saturation. From this relationship, the entropy (ΔS) can be 

calculated.235,236,274,293 

 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆              (6) 
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Figure 19: ITC experimental setup and analysis. A, Schematic diagram of a typical isothermal titration calorimeter 

with sample and reference cell in an adiabatic jacket. B, Example ITC data. The raw data (left) can be expressed 

as thermogram where the integrated peak intensities are plotted against the molar ratio of titrant and titrate (right). 

From the thermogram the binding enthalpy ΔH (orange), affinity (magenta) and stoichiometry (teal) can be obtained 
directly. This figure was created with BioRender.com. 

A more recent approach is the kinetic ITC (kinITC), which allows the simultaneous 

measurement of both the thermodynamic and kinetic profile of a reaction. kinITC 

extends the method’s capability by analyzing the time course of the heat flow to extract 

kinetic information about the binding interaction, specifically the association (kon) and 

dissociation (koff) rate constants. A simple one-step kinetic reaction is represented by 

A + B ⇌ C with an equilibrium dissociation constant KD linking thermodynamics and 

kinetics (equation (5) and (7)).272,291,292,299 
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The heat evolved during the formation of one mole product C at a constant pressure is 

equivalent to the molar variation of enthalpy of the reaction, designated as ΔH. A 

significant aspect of ITC is that the instrument does not directly measure the total heat 

(Q) evolved during the reaction; rather, it measures the rate of production or absorption 

of heat during the reaction. Consequently, the primary signal is the heat power (Ps). By 

integration, Q can be obtained272,291: 

 

𝑃A(𝑡) =
;B
;C

               (8) 

 

As ΔH can be described as the heat evolved during product formation, a direct link 

between the heat power and production rate of C can be made272,291: 

 

𝑃A(𝑡) = 𝑉4766 ∙ ∆𝐻 ∙
;[E]
;C

             (9) 

 

Where Vcell is the volume of the reaction cell. Thus, as Ps(t), ΔH and Vcell are known, 

the rate of production can be obtained. The kinetics resp. the production rate of a one-

step reaction is characterized by kon and koff272,291: 

 
;[E]
;C

= 𝑘GH[𝐴][𝐵] − 𝑘GII[𝐶]           (10) 

 

with A being the compound in the cell and B the compound in the syringe. 

Equation (10) can be transformed into to permit the manipulation of molar fractions 

with a clear meaning, rather than absolute concentrations.272,291 

 
;[E]
;C

= 𝑘GH[𝐴]/ ∙ 𝐴𝐵 − 𝑘GII[𝐶]          (11) 

 

where [A]0 is the total concentration of the titrand in the cell, A = [A|/[A]0, B = [B]/[A]0, 

and C = [C]/[A]0.272,291 

The determination of on- and off-rates is based on the equilibration time curve (ETC). 

The equilibration time of each injection is plotted against the stoichiometric ratio of the 
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titrand and titrator. Typically, the equilibration time slows down close to mid-titration of 

a reaction described by equation (11) when [A] = [B], because the concentrations of 

both reactants are low. This was also proven by Burnouf et al.272, who demonstrated 

that the characteristic time of return to baseline τ for any injection can be described as 
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(/$           (12) 

 

where s = [A]0/KD is the Wiseman parameter and B0 = [B]0/[A]0 is the stoichiometric 

ratio. While the concentration of B (titrator, syringe) and the stoichiometric ratio B0 

increase from injection to injection, the concentration of A (titrand, cell) only decreases 

slightly by dilution. Assuming that [A]0 is constant, equation (12) shows that τ reaches 

its maximum at B0 = 1 – 1/s which is related to mid-titration’s equal concentrations of 

A and B. As the KD value is known from the thermodynamic ITC results, it can serve 

as a constrain determining kon from equation (12).272,291 

 

 
Figure 20: Determination of the kinetic parameters kon and koff from an ITC experiment. Middle: Raw data of an ITC 

experiment with 19 injections that exhibit longer equilibration times around the mid-titration. Left: KD determination 

of the interaction from the slope. The thermogram is obtained by integration of the area of the injection peaks and 
plotted against the molar ratio. Right: ETC obtained by plotting the equilibration time of each injection against the 

molar ratio to calculated koff. The association rate kon can be determined by the dependency of koff and 

KA: kon = KA · koff. This figure was created with BioRender.com. 

This holistic characterization offers profound insights into the driving forces and kinetic 

properties governing molecular interactions. The versatility of ITC extends across a 

spectrum of applications, including studies of RNA-small molecule interactions up to 

macromolecular interactions involving enzymes.162,193,211,235,236,300–302 RNA-small 

molecule interactions frequently accompany conformational changes with significant 

enthalpies, rendering them especially well-suited for ITC analysis.235 Moreover, its 

capacity to discern subtle changes in binding affinity due to modifications in molecular 
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structure or environmental condition renders ITC invaluable in drug discovery, rational 

design of therapeutics, and elucidation of biological pathways.300,303 

In this thesis, ITC experiments were employed to investigate the thermodynamic and 

kinetic binding properties of charged molecules to the Tte preQ1 riboswitch and the Ba 

SAM-VI riboswitch within the electrostatic anchoring project. 

ITC was also used within the SAR study for the SAM-I and SAM-VI riboswitches. The 

data for the SAM-VI riboswitch were obtained previously from the electrostatic 

anchoring project. For the SAM-I riboswitch, first ITC experiments were established 

using the positive controls SAM and SAH. 

 

1.8.4. Förster Resonance Energy Transfer (FRET) 
 

Over the past two decades, a large number of FRET applications have been 

established due to the technique’s capacity to provide information about intra- and 

intermolecular changes that occur upon binding events by measuring distances in the 

nanometer range.271 FRET relies on the non-radiative transfer of energy between two 

chromophores, typically fluorophores like Cy3 and Cy5. The excitation energy of one 

fluorophore (donor) is transferred to another nearby fluorophore (acceptor) through 

dipole-dipole coupling. The efficiency of FRET depends on several factors. There must 

be a spectral overlap between the donor emission and the acceptor absorption to 

provide the required energetic resonance. This spectral overlap (J) can be described 

by the integral 

 

𝐽 = ∫ 𝐼@H ∙ 𝜀$ ∙ 𝜆> ∙ 𝑑𝜆            (13) 

 

where ID is the normalized donor emission intensity, εA is the molar extinction 

coefficient of the acceptor and λ the wavelength. In addition to a good spectral overlap, 

the acceptor molecule must have a large extinction coefficient. Another requirement 

for FRET is the distance between the two fluorophores. This so called Förster radius 

R0 corresponds to the donor-acceptor distance resulting in 50% energy transfer 

efficiency. R0 depends on the spectral overlap, the orientation of the transition dipole 

moments (κ2), donor quantum yield (ΦD), and the refractive index of the used medium 

(n).271,304  
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This dependency can be described as 

 

𝑅/S = 0.021 ∙ 𝐽 ∙ 𝜅T ∙ Φ@ ∙ 𝑛Q>          (14) 

 

At distances typically within 0.1–10 nm, FRET efficiency (EFRET) follows an inverse 

sixth power relationship with distance (equation (15)), making it highly sensitive to 

molecular interactions and conformational changes.271,304 

The FRET efficiency can be calculated from the single donor-acceptor distance R, the 

Förster Radius R0, and the number of acceptors a271,304: 

 

𝐸U%1& =
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Figure 21: A, Overlap (magenta) of donor emission (green) and acceptor absorption (yellow) spectra. B, FRET 
efficiency over distance with a decrease of the dynamic range from the optimal green zone to the yellow to the red 

and violet zones. This figure was created with BioRender.com according to reference 271. 

However, to investigate small molecule-RNA interactions, there are two common 

approaches of using FRET based assays: labelling both the small molecule and RNA 

or labelling only the RNA with donor and acceptor dye at specific sites.50 When two 

labelled molecules are used, the distance between donor and acceptor decreases 

upon ligand binding. This intermolecular event results in an increase of FRET 

efficiency. This assay type was used for the screening against the bacterial rRNA A-

site.267 FRET experiments that involve only one labelled molecule (e.g., RNA) are 

commonly employed to monitor intramolecular conformational changes that occur 

when a ligand binds. By meticulously affixing donor and acceptor fluorophores at 
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distinct positions, open and close states can be ascertained by changing FRET 

efficiency.18,19,145,184 Therefore, FRET can facilitate the screening of small molecule 

libraries to identify compounds that selectively bind to RNA targets of interest. By 

monitoring the changes in FRET signals upon small molecule binding, high-throughput 

assays can be developed for drug discovery and lead optimization campaigns targeting 

RNA-mediated diseases such as viral infections, cancer, and neurodegenerative 

disorders.50 

In this thesis, FRET was employed within the HCV IRES project to identify small 

molecules that bind to the HCV IRES. By labelling the RNA with the donor/acceptor 

pair Cy3/Cy5, the conformational change upon ligand binding was investigated by a 

decreasing FRET signal. 

 

1.8.5. Surface Plasmon Resonance (SPR) 
 

First introduced in the 1980s for biosensing purposes305, surface plasmon resonance 

(SPR) has emerged as a pivotal technique for probing molecular interactions, 

particularly in the realm of RNA-small molecule interactions.264,306,307 SPR offers an 

optical, label-free technique for investigating various biomolecular interactions in real-

time, providing insights into affinity, kinetic, and specificity properties.69,70,264,308 

Recently, the interest in developing SPR assays to investigate RNA-small molecule 

interactions has increased.264 Understanding the dynamics of these interactions is 

crucial for elucidating RNA function, designing RNA-targeted therapeutics, and 

unraveling the intricate mechanisms underlying gene expression regulation.1 SPR 

enables the study of various molecular interactions, thin film characterization, and 

label-free detection with remarkable sensitivity and precision.69,70 From studying RNA-

small molecule interactions156,306 over monitoring DNA hybridization events309 to 

protein-small molecule310,311, and protein-protein interactions312,313, SPR offers 

unparalleled sensitivity and specificity, making it an indispensable tool in drug 

discovery, clinical diagnostics, and fundamental biological research.69,70 Moreover, the 

development of functionalized surfaces and biosensor arrays has extended the 

applicability of SPR to multiplexed analysis and high-throughput screening.1,69,308 

At the heart of SPR lies the interaction between electromagnetic waves and free 

electrons at the interface of a metal and a dielectric medium. When light moves from a 

medium with a higher density to one with a lower density, the incident angle changes. 
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At a specific angle, the light undergoes total internal reflection. In SPR, total reflected 

polarized light hits a metal surface (typically a gold surface) that is placed between two 

different media (air and sensor medium). At specific conditions, some part of the 

polarized light is absorbed by electrons in the metal surface. As a result of this energy 

absorption, the electrons begin to oscillate, forming the surface plasmon. The SPR 

angle is dependent on the refractive indices of the sensor medium and metal surface. 

Due to a binding event, the refractive index of the sensor medium changes, which 

affects the SPR angle and the production of plasmon.69,70,308  

A 

 
B 

 
Figure 22: Concept of a SPR experiment for studying RNA-small molecule interactions. A, Typical SPR setup with 
the immobilized ligand on a gold surface, flow cell with analyte, light source, prism and detector. B, Streptavidin-

functionalized sensor chip for immobilization of biotinylated ligands, e.g., biotinylated RNA. This figure was created 

with BioRender.com according to references 69,306. 
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A 

 

B 

 
Figure 23: Output of a SPR experiment. A, Spectrum of reflected light before (I) and after (II) refractive index change. 

B, Typical sensorgram with refractive index changes during association, equilibrium, and dissociation over time. 
This figure was created with BioRender.com according to references 69,306. 

Experimental setups for SPR typically involve a prism-coupled configuration or a 

grating-coupled configuration, where light is incident at an angle conductive SPR 

excitation.308,314 First, (bio)molecules of interest (e.g., RNA, protein) are immobilized 

on the metal surface, either by covalent attachment (e.g, by amide-coupling) or 

capturing (e.g., biotin/streptavidin sensor, protein L/antibody sensor). Then, a solution 

of a (potential) interaction partner is placed into a flow channel allowing the contact 

with the coated surface. Any interaction between analyte and ligand results in a change 

in the refractive index and affects the production of the evanescent wave of the 

plasmon.264 The interaction between the evanescent wave and the sample on the 

metal surface induces changes in the reflectance or transmission spectra, providing 

valuable information about the sample properties.314,315 The read-out of SPR 

experiments are sensorgrams with response units (RU) plotted against the time. 1 RU 

is equivalent to a critical angle shift (10–4 °) of the incident light. At the beginning of any 

experiment, the starting critical angle resp. RU value is determined.69 By fitting the 

sensorgrams in an appropriate binding model, the association and dissociation rates 

and subsequent, the KD (equation 7) value can be calculated. kon can be obtained from 

the increase in the RU signal during the association phase. koff is determined from the 

rate of decrease in the RU signal during the dissociation phase.69,264 
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For a reaction type with kon- and koff-rates and a resulting KD (equation 7), the 

equilibrium binding affinity KA is defined as264: 

 

𝐾$ =
[E]

[$][O]
= 8&'

8&##
= J

,!
           (16) 

 

Where [A] is the concentration of the injected ligand, [B] is the concentration of the 

unbound immobilized molecule, and [C] is the concentration of the bound complex. 

The association is described as the increase of [C] as a function of time264:  
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;C

= 𝑘GH ∙ [𝐴][𝐵] + 𝑘GII[𝐶]          (17) 

 

The dissociation is described as the decrease of [C] as a function of time264: 
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If a saturation is reached, the KD can be calculated from the SPR response in the 

steady-state plateau (assuming a 1:1 binding model)264: 
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Where Afree is the free ligand concentration in equilibrium with the complex, RUobs is 

the observed RU in the plateau region, and RUmax is the predicted maximum RU for a 

1:1 binding. Afree is constant as the free ligands are in flow. 

The RUmax can be calculated from the molecular weights of the ligand molecule (MWlig) 

and the immobilized molecule (MWimm) and the RU value of the immobilized molecule 

(RUimm)264: 

 
%V/01
%V2//

= WX324
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            (20) 

 

In addition to the theoretical calculation, RUmax can be determined experimentally. In 

cases where the experimental RUmax is greater than the theoretical RUmax, it can be 
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assumed that there is more than one binding site, as equation (17) applies for a 1:1 

binding model.264  

A typical sensorgram shows a rapid increase in RU during the analyte injection 

(association phase), followed by a plateau if equilibrium is reached, and then a gradual 

decrease in RU once the injection stops (dissociation phase). Sensorgrams showing 

both fast association and dissociation phases, suggest a non-specific binding. This 

phenomenon can be observed by electrostatic interactions between charged 

molecules, e. g., aminoglycosides and ribosomal RNA.238 

A 

 

B 

 
Figure 24: Sensorgrams of specific and non-specific binding between two interaction partners. A, Specific binding 

sensorgram with moderate association (blue) and dissociation (violet) rates. B, Un-specific binding sensorgram with 

typical fast association (blue) and dissociation (violet) rates. This figure was created with BioRender.com. 

To investigate RNA–small molecule interactions, the RNA molecules are typically 

immobilized onto a metal surface by streptavidin-biotin capturing. The small molecules 

are then allowed to flow over the sensor surface.306 The resulting binding events induce 

alterations in the SPR signal, manifested as shifts in resonance angle or changes in 

reflectance intensity.70,306 

In this thesis, SPR experiments were thankfully conducted and carefully evaluated by 

Kirsten Schaubruch and Prof. Dr. Ralf Heermann within the electrostatic anchoring 

project. The aim was to obtain thermodynamic and kinetic binding properties of 

differently charged small molecules to the Tte preQ1 riboswitch and the Ba SAM-VI 

riboswitch. 

 



List of Publications 

 

 76 

2. List of Publications and Manuscripts 
 

2.1. Publications and Manuscripts as Part of this Doctoral Thesis 
 

(1) Kallert, E.; Fischer, T. R.; Schneider, S.; Grimm, M.; Helm, M.; Kersten, C. Protein-

Based Virtual Screening Tools Applied for RNA–Ligand Docking Identify New 

Binders of the PreQ1-Riboswitch. J. Chem. Inf. Model. 2022, 62(17), 4134–4148. 

 

Own contributions as part of this doctoral thesis: Within this publication, covalent MST 

assay was established and evaluated to discover novel binders for the preQ1 

riboswitch. MST measurements were carried out using a Monolith NT.115 instrument 

(NanoTemper Technologies, Munich, Germany) using standard coated capillaries, the 

results were analyzed using the MO Affinity software (version 2.3). 

 

Other contributions: Within this publication, molecular and structure-based virtual 

screening were conducted using LeadIT, FlexX, DOCK, FRED, HYBRID and rDOCK 

to identify potential binders the preQ1 riboswitch. 

 

(2) Kallert, E.; Behrendt, M., Frey, A.; Kersten, C.; Barthels, F. Non-Covalent Dyes in 

Microscale Thermophoresis For Studying RNA Ligand Interactions and 

Modifications. Chem. Sci. 2023, 14(36), 9827-9837. 

 

Own contributions as part of this doctoral thesis: Within this publication, different RNA 

oligos were divided into distinct classes using the RNAfold webserver (ViennaRNA 

web services). RNA- and dye-dependent effects were investigated by non-covalent 

MST with the different oligo classes. Riboswitch aptamers were prepared and labelled 

with non-covalent dyes for studying ligand binding in MST. Modified RNAs were 

labelled with non-covalent dyes for investigation of modifications. Additionally, 

antibody-assisted detection of the labelled modified RNAs was conducted. MST 

measurements were carried out using a Monolith NT.115 instrument (NanoTemper 

Technologies, Munich, Germany) using standard coated capillaries, the results were 

analyzed using GraphPad Prism 7.01 (GraphPad Software, Boston, MA, USA). 
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Other contributions: Within this publication, fluorescence measurements were carried 

out on a Tecan Spark 10 M plate reader (Tecan Group AG, Männedorf, Switzerland). 

All oligo MST data were analyzed, and a METTL3/14 MST enzyme assay was 

established. Additionally, a 3H-based enzyme assay was conducted as control 

experiment. Furthermore, a covalent MST assay for the SAM-VI and preQ1 riboswitch 

was conducted.  

 

(3) Kallert, E.; Almena-Rodriguez, L.; Husmann, J.- Å.; Blatt, K.; Kersten, C. Structure-

Based Virtual Screening of Unbiased and RNA-Focused Libraries to Identify New 

Ligands For the HCV IRES Model System. RSC Med. Chem. 2024, 15(5), 1527–

1538. 

 

Own contributions as part of this doctoral thesis: Within this publication, FRET and 

covalent MST assays were established in order to investigate the interaction between 

HCV IRES and potential ligands as well as their selective binding to this RNA motif. 

MST measurements were carried out using a Monolith NT.115 instrument 

(NanoTemper Technologies, Munich, Germany) using standard coated capillaries. 

FRET measurements were carried out using a Tecan Spark 10 M plate reader (Tecan 

Group AG, Männedorf, Switzerland). The results were analyzed using GraphPad Prism 

8.0 (GraphPad Software, Boston, MA, USA). 

 

Other contributions: Within this publication, virtual screening of unbiased and RNA-

focused libraries was conducted. MST and FRET assay screening and affinity 

measurements were provided as well as the MST selectivity assay. MST 

measurements were carried out using a Monolith NT.115 instrument (NanoTemper 

Technologies, Munich, Germany) using standard coated capillaries. FRET 

measurements were carried out using a Tecan Spark 10 M plate reader (Tecan Group 

AG, Männedorf, Switzerland). The results were analyzed using GraphPad Prism 8.0 

(GraphPad Software, Boston, MA, USA). 

 

Elisabeth Kallert and Laura Almena-Rodriguez contributed equally to this 

manuscript. 
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(4) Almena-Rodriguez, L.; Kallert, E.; Husmann, J.-Å.; Schaubruch, K.; Schwickert, 

M.; Hoba, S. N.; Heermann, R.; Kersten, C. Electrostatic Anchoring in RNA-Ligand 

Design – Dissecting the Effects of Positive charges on Affinity, Selectivity, Binding 

Kinetics and Thermodynamics.  

 

Manuscript (4) is a draft version in which parts especially concerning SPR 
measurements still need to be added by other authors. 
 

Own contributions as part of this doctoral thesis: Within this publication, MST and ITC 

experiments were established to investigate the influence of charge-carrying ligands 

to binding affinities (MST) thermodynamics and kinetics (ITC). MST measurements 

were carried out on a Monolith NT.115 instrument (NanoTemper Technologies, 

Munich, Germany) using standard coated capillaries and the results were analyzed 

using GraphPad Prism 8.0 (GraphPad Software, Boston, MA, USA). ITC 

measurements were carried out on a MicroCal PEAQ-ITC automated system (Malvern 

Panalytical, Malvern, UK) and the results were analyzed using the MicroCal PEAQ-

ITC Analysis software and the AFFINIMETER Web tool (Software 4 Science 

Developments, Santiago de Compostela, Spain). 

 

Other contributions: Within this manuscript, the SAM analogues, dibenzofuran and 

carbazole derivatives were synthesized. The purity of each compound was confirmed 

by LC-MS and NMR spectroscopy. SPR measurements were established using the 

Biacore T200 (Cytiva, Marlborough, MA, USA) and analyzed with the software (version 

3.2.1) provided by the manufacturer. Additionally, SPR measurements were analyzed 

by interaction map analysis using the Trace Drawer software 1.10.1 (Ridgeview AB, 

Uppsala, Sweden). 

 

Laura Almena-Rodriguez and Elisabeth Kallert contributed equally to this 

manuscript. 
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2.2. Publication Beyond This Doctoral Thesis 
 

(5) Barthels, F.; Hammerschmidt, SJ.; Fischer, TR.; Zimmer, C.; Kallert, E.; Helm, M.; 

Kersten, C.; Schirmeister, T. A low-cost 3D-printable Differential Scanning 

Fluorometer for Protein and RNA Melting Experiments. HardwareX, 2022, 11, 

e00256. 



Discovery of Novel Binders for the PreQ1 Riboswitch by MST 

 

 80 

3. Discovery of Novel Binders for the PreQ1 Riboswitch by MST 
 

3.1. Context, Project Summary, and Own Contribution 
 

Recently, the increasing number of multi-drug resistant bacteria including the ESKAPE 

pathogens has been underlined the relevance of the discovery of novel antibacterial 

therapeutics.15 Therefore, bacterial RNA is a promising target for the development of 

small molecules modulating their function to fight bacterial infections. Currently, many 

of the approved drugs have several problems, e. g., toxic side effects of 

aminoglycosides, and systemic drug delivery issues of siRNAs or ASOs.2,32 

Consequently, selective small molecules represent a promising concept to overcome 

these issues.2 For this purpose, various strategies can be adopted from the protein-

targeting field, including structure-based small molecule design using computational 

methods alongside biophysical assays.2 We evaluated the capabilities of protein-

based docking programs in RNA-ligand interactions using the well-studied Bs preQ1 

riboswitch63,155,156,181–183,191 as a model system. Our results demonstrated that these 

programs could reproduce native binding modes of small molecule-RNA ligands and 

distinguish between known binders and decoys. However, challenges such as 

protomer and tautomer selections, target dynamics, and explicit solvent presence are 

similar to those in protein-ligand docking. A prospective virtual screening was 

performed using the tools FRED, HYBRID and FlexX on the preQ1 riboswitch aptamer 

domain. 23 hit compounds were selected based on their docking scores and for 

mimicking key interactions of the native ligand. By employing MST, we identified six 

binders with potencies ranging from 29.5 nM to 11.0 µM out of the 23 hits. This 

highlights the significant role of biophysical assays, particularly MST, in validating and 

characterizing the binding of RNA-targeting ligands identified through VS. This 

validation step is crucial for verifying the efficacy of the computationally identified hits 

and ensuring they interact with the RNA target as predicted by the docking studies. 

With this study, we contributed to the research field in structure based-small molecule 

design for targeting RNA and demonstrated the feasibility of structure-based VSs 

against RNA targets. 
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Own contributions: MST assay establishment, MST screening and affinity 

measurements, MST data evaluation, HPLC-ESI/MS purity determinations, writing of 

the original draft & editing of the manuscript. 

 
Contributions from other authors: Molecular docking and structure-based virtual 

screening, writing of the original draft & editing of the manuscript. 

 

This work has been published in: Journal of Chemical Information and Modeling 

(impact factor: 5.6). 

 

Article reprinted with permission from J. Chem. Inf. Model. 2022, 62(17), 4134–4148. 

‘Protein-Based Virtual Screening Tools Applied for RNA−Ligand Docking Identify New 

Binders of the preQ1-Riboswitch.’ ©2022 American Chemical Society. 
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3.2. Publication 
 

The following publication quoted (within “”) from page 82 to page 131 is exactly the 

same as the manuscript cited on page 76: “ 
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4. Non-Covalent MST as a New Method for RNA-Ligand 
Interaction Studies 

 

4.1. Context, Project Summary, and Own Contribution 
 

The interest in RNA as a therapeutic target has been on the rise recently, driven by its 

central role in various disease-relevant biological processes.2,100 For the accurate 

characterization of RNA-ligand interactions a wide range of biophysical methods can 

be employed. Especially for fundamental research, fast, simple and low sample 

consuming methods are favored.2 MST has become one of the most attractive novel 

methods for studying those interactions in recent years.280 Based on the 

thermophoretic behavior of molecules along a temperature gradient, this method is 

extremely sensitive to small changes in physicochemical properties that occur upon 

binding events. As the thermophoresis is detected by fluorescence, the RNA of interest 

must be labelled with a fluorescent probe.62,286 Traditionally, RNA labelling is done by 

covalent attachment of fluorescent dyes such as Cy5 at the 3’- or 5’-end of the RNA 

construct.56,194,287,288 With this, several issues come along the way, including the steric 

prevention of interactions.286,289 To overcome those issues, we developed and 

validated an alternative MST assay protocol using non-covalent RNA-sensitive dyes. 

Mixing those dyes with RNA immediately leads to the statistical binding of one 

fluorophore per RNA molecule.290 First, we investigated RNA- and dye-dependent 

effects on thermophoresis by using RNA oligos of different length and structure 

complexity as well as a set of seven dyes from the Syto and Sybr series. From these 

experiments, we concluded that there is no prediction of MST parameters based on 

the RNA sequence. Additionally, we found the most suitable dyes for MST experiments 

by evaluating their photobleaching rate, tendency forming aggregates and dissociation 

from the RNA complex during thermophoresis. Subsequently, we validated the method 

using literature known RNA-binding small molecules. We investigated interactions with 

different RNA-ligand size ratios to confirm the broad range application of the method. 

For instance, we used aptamers of the preQ1 riboswitch, the fluoride riboswitch, and 

the adenosyl cobalamin riboswitch as well as tRNAAsp binding to the DNMT2 

methyltransferase. These experiments prove that the assay can be easily applied to 

screen (small) molecule libraries against various RNA targets due to its fast and simple 
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“mix and measure” protocol. Therefore, it provides a robust platform for understanding 

RNA-small molecule interactions crucial for the design of RNA-targeted drugs.  

 

Own contribution: Oligo structure analysis and categorization in distinct classes, 

preparation of riboswitch aptamers; MST measurements with seven different non-

covalent dyes, oligo/functional RNA/RNA modification MST measurements, MST data 

evaluation, writing of the original draft & editing of the manuscript. 

 
Contributions from other authors: MST-based METTL3/14 enzyme assay, 3H-

based enzyme assay, evaluation of oligo MST data, covalent MST assay, writing of 

the original draft & editing of the manuscript. 

 

This work has been published in Chemical Science (impact factor: 7.6). 

 

Article reprinted with permission from Chem. Sci. 2023, 14(36), 9827–9837. ‘Non-

covalent dyes in microscale thermophoresis for studying RNA ligand interactions and 

modifications.’ ©2022 The Royal Society of Chemistry. 
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4.2. Publication 
 

The following publication quoted (within “”) from page 134 to page 153 is exactly the 

same as the manuscript cited on page 76: “ 
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5. Biophysical Investigation of HCV IRES-Ligand Interactions 
 

5.1. Context, Project Summary, and Own Contribution 
 

Given the continued prevalence of severe viral infections such as chronic hepatitis C, 

which is exacerbated by the emergence of drug resistance, there is an urgent need for 

novel strategies in antiviral drug discovery.216,217 Similarly, as in bacteria, viral RNA 

also contains highly conserved regions which can serve as potential targets for small 

molecules.16 We previously demonstrated that the integration of computational and 

biophysical experimental techniques provides a robust pipeline for RNA-targeted drug 

discovery (Chapter 3). Nevertheless, this approach is still in its nascent stages. 

Consequently, we employed this methodology to identify and characterize small 

molecules targeting the HCV IRES structure. This RNA motif represents an optimal 

model system as it is highly conserved, essential for the viral replication system, and 

has a solved crystal structure. We validated the top hits from the VS of RNA-focused 

and non-biased libraries by FRET and MST assay, ensuring their efficacy in binding to 

the HCV IRES. The distinctive ligand-induced conformational change of this RNA motif 

was exploited to study its interactions with small molecules by FRET assay. 

Furthermore, we performed an MST assay to corroborate the findings of the FRET 

assay. We identified ten selective hit molecules with potencies in the high to medium 

micromolar range. Among those compounds, we identified a 2-guanidino-quinazoline 

moiety as a suitable motif for selective binding to the HCV IRES. Compared to 

previously reported binders, those molecules provide moderate lipophilicity and 

reduced basicity making them a potential starting point for further optimization 

campaigns. In this regard, we were able to contribute to the field of structure-based 

small molecule design against highly relevant viral RNA targets. 
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Own contribution: MST and FRET assay establishment, screening and affinity 

measurements, MST selectivity assay, FRET competition selectivity assay, data 

evaluation, HPLC-ESI/MS purity determinations, writing of the original draft & editing 

of the manuscript. 

 

Contributions of other authors: Virtual screening, MST and FRET assay screening 

and affinity measurements, MST selectivity assay, data evaluation, writing of the 

original draft & editing of the manuscript. 

 

Elisabeth Kallert and Laura Almena-Rodriguez contributed equally to this 

manuscript. 

 

This work has been published in RSC Medicinal Chemistry (impact factor: 4.1). 

 

Article reprinted with permission from RSC Med. Chem. 2024. ‘Structure-based virtual 

screening of unbiased and RNA focused libraries to identify new ligands for the HCV 

IRES model system.’ ©2024 The Royal Society of Chemistry. 
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5.2. Publication 
 

The following publication quoted (within “”) from page 156 to page 239 is exactly the 

same as the manuscript cited on page 77: “ 
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6. Electrostatic Anchoring – Exploring the Impact of Charge to 
RNA–Small Molecule Binding Affinity, Kinetics, 
Thermodynamics and Selectivity 

 

6.1. Context, Project Summary, and Own Contribution 
 

In the context of RNA’s growing potential as a promising drug target for a range of 

diseases, the principle of electrostatic anchoring has emerged as a rational approach, 

given the charged nature of RNA molecules.100 The concept is not novel in the context 

of the antibiotic aminoglycoside group, but further development is required with a 

strong focus on pharmacological properties, such as absorption and toxicity.3,5,10 The 

incorporation of positively charged groups has been demonstrated to significantly 

enhance the affinity via a fast association with RNA molecules.93,99 However, this 

approach can also lead to a loss in selectivity, which may consequently result in toxic 

side effects. To address these challenges, RNA-binding small molecules can be 

derivatized with charged moieties to facilitate anchoring in the binding site, enhance 

the association rate and consequently their affinity. 

We investigated the impact of charge on RNA–small molecule binding kinetics and 

affinity on two different RNA targets: The Tte preQ1 riboswitch and the Ba SAM-VI 

riboswitch. Both riboswitches are capable of discriminating between charged (preQ1, 

SAM) and uncharged (preQ0, SAH) natural ligands, thereby serving as suitable model 

systems for the experiments described herein. We initially determined the kinetic and 

thermodynamic binding profiles of the natural ligands using ITC, SPR and MST assays. 

For both riboswitches, we observed enhanced association rates of the charged 

ligands, while the dissociation rates remained in the same order of magnitude. 

Consequently, the enhanced association is the primary factor contributing to the 

enhanced affinities of those charged ligands. Furthermore, we sought to determine if 

there exists a limit in the proportionality between kon and net charge. To this end, we 

investigated the binding profiles of small molecules with increasing net charges (0, +1, 

+2, and +3). 
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The results of our experiments demonstrated a correlation between charge, 

association speed, and affinity. The results also demonstrated a discernible proclivity 

for selectivity to diminish with rising net charge, in conjunction with a constraint on the 

value of kon. This suggests that the principle of electrostatic anchoring may be an 

effective strategy to improve the pharmacokinetic profiles of actual known RNA-binding 

small molecules when a positive charge is introduced. Therefore, this concept may not 

be universally applicable, as we observed non-specific and non-selective binding for 

small molecules with increased positive charge. In conclusion, the consistent data from 

three different biophysical assays (ITC, SPR, and MST), demonstrated that the 

development of small molecules for RNA targeting requires a delicate balance between 

affinity and selectivity. Our study contributed to the field of rational RNA-targeted drug 

design and highlighted the impact of charge on selectivity and affinity for those binding 

events. 

 

Own contribution: Preparation of the SAM-VI riboswitch aptamer, MST assay 

establishment and affinity measurements, ITC assay establishment and 

measurements, MST and ITC data evaluation (affinity, thermodynamic and kinetic 

properties), writing of the original draft & editing of the manuscript. 

 
Contributions of other authors: Synthesis and analytics of all compounds, SPR 

assay establishment and measurements, SPR data evaluation, interaction map 

analysis, writing of the original draft & editing of the manuscript. 

 

Laura Almena-Rodriguez, L. and Elisabeth Kallert contributed equally to this 

manuscript. 

 

The following manuscript is a draft version to which sections concerning SPR 
methodology and analysis still need to be added. The illustrations of the 
sensorgrams in the manuscript and supplementary information are also 
preliminary. Prof. Dr. Ralf Hermann and Kirsten Schaubruch are currently 
working on this part of the manuscript. 
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6.2. Draft Manuscript 
 

Electrostatic Anchoring in RNA-Ligand Design – Dissecting the Effects of 
Positive Charges on Affinity, Selectivity, Binding Kinetics and 
Thermodynamics 
 

Laura Almena Rodriguez1,‡, Elisabeth Kallert1,‡, Jan-Åke Husmann1, Kirsten 

Schaubruch2 , Marvin Schwickert1, Sabrina N. Hoba1, Ralf Heermann2, Christian 

Kersten1,3,* 
1 Institute of Pharmaceutical and Biomedical Sciences, Johannes Gutenberg-

University, Staudingerweg 5, 55128 Mainz, Germany. 
2 Institute of Molecular Physiology, Microbiology and Biotechnology, Johannes Gutenberg-University, 

Hanns-DieterHüsch-Weg 17, 55128 Mainz, Germany  

3 Institute for Quantitative and Computational Biosciences, Johannes Gutenberg-University, BioZentrum 

I, Hanns-Dieter-Hüsch Weg 15, 55128 Mainz, Germany 
‡ LAR & EK contributed equally to this manuscript 

*correspondence: kerstec@uni-mainz.de 

 

KEYWORDS: RNA-binding small molecules, binding thermodynamics, binding 

kinetics, selectivity, rational ligand design, riboswitches, electrostatic interactions, RNA 

 

INTRODUCTION  
 

In recent years, interest in the use of ribonucleic acids (RNAs) as a therapeutic agent, 

as well as their potential as a drug target has been growing. This has been reflected in 

the development of new vaccines, antisense oligonucleotides (ASOs), and small 

interfering RNAs (siRNAs). Fruther, targeting bacterial riboswitches, viral RNA, or 

human dysregulated RNA elements holds the potential for novel antibiotics, antivirals, 

and treatments for previously untreatable diseases.1–3 However, oligonucleotide-

based therapeutic agents encounter several challenges, including delivery issues and 

the occurrence of adverse effects.4,5 In contrast, small molecules offer superior 

pharmacokinetic properties and the potential for chemical optimization campaigns.1,5 

Further, the development of RNA-binding small molecules would significantly expand 
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the number of potential drug targets. At present, approximately 3,000 disease-related 

human proteins are known, many of them considered undruggable. However, targeting 

those proteins at the messenger RNA (mRNA) level with small molecules represents 

a promising approach.6,7 In 2020, risdiplam, the first small molecule to target RNA other 

than the bacterial ribosome, received FDA approval. Risdiplam binds the survival 

motor neuron 2 (SMN2) pre-mRNA as a splicing modulator for the therapy of spinal 

muscular atrophy (SMA) and was identified in a phenotypic screening.8–10 While 

several examples of RNA-binding small molecules were reported, optimization often 

proofed to be difficult.7 One general challenge in RNA hit optimization and affinity 

enhancement is the requirement of a high information content at the target site arising 

from unpaired bases and a subsequent complex tertiary structure.7,11 Based on this 

theory, high information content RNAs tend to be more likely to accommodate more 

potent ligands. Likewise, these regions are rare which also should result in selectivity, 

particularly in the cellular context where numerous similar low information content RNA 

motifs are present, but a structurally similar high information content RNA off-target is 

unlikely. By acquiring knowledge about the structural properties and potential unique 

binding sites of a target RNA, ligands can be rationally optimized.7,11 However, there 

is currently no guideline on how to design selective, drug-like12,13 RNA-targeting small 

molecules, especially for lower information content targets. Affinity optimization was 

addressed through a variety of different strategies in these cases, but no universal 

approach has been identified.1–3  

Different strategies are under elucidation to overcome limited affinity. Ribonucleic 

targeting chimeras (RiboTACs)5,14–19 and proximity-induced nucleic acid degraders 

(PINADs)20 aim for the degradation of the target RNA requiring only sub-stoichiometric 

amounts of ligands like it is established for proteins in form of proteolysis targeting 

chimeras (PROTACs).5,14–22 An intuitive concept to increase RNA-ligand affinity, is the 

conjugation of RNA-binding motifs with positively charged groups to interact with the 

negatively charged RNA backbone. Plain attractive forces of ionic interactions are 

masked by a diffuse ion atmosphere around nucleic acids.23–25 Still, statistical 

evaluation of RNA-binding small molecules indicated beneficial effects arising from 

positively charged groups.26,27 This concept was further explored by Maria Duca and 

coworkers using aminoglycoside-conjugates.28–31 Aminoglycosides are known 
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antibiotics targeting the bacterial ribosome. Polar interactions between their amino and 

hydroxyl groups with the RNA backbone or nucleobases can likely occur28 and play a 

leading role in short-range interactions,32–34 but also in the diffusion towards the 

ribosomal A-site.35,36 A correlation between higher charge and improved affinity or 

activity to its target was shown using computational33,37 and experimental34,38 methods. 

The polycationic character of aminoglycosides enhances binding but reduces their 

specificity causing severe side-effects like nephrotoxicity or ototoxicity.39–41 This is also 

reflected in the re-occurrence of aminoglycosides as ligands for multiple unrelated 

RNA targets.29,31,42–46 In the attempts to target other RNAs and to exploit their beneficial 

electrostatic interactions, aminoglycosides have been conjugated with various specific 

RNA-ligands to increase their selectivity and affinity.28 Exemplarily, neomycin was 

linked to an aminophenyl-thiazole-based artificial nucleobase resulting in an improved 

oncogenic pre-microRNA (miRNA) binder (Figure 1A).31 This artificial nucleobase was 

designed to specifically interact with T-A pairs.47,48 Aminoglycoside conjugates were 

also found to target viral30,43,49 and oncogenic29,31,50–52 RNAs and to be sufficiently 

selective in cellular assays.29,31,50,51 The implementation of basic amino acids showed 

similar beneficial effects.29,30 For example, basic amino acids were linked to an artificial 

nucleobase to bind to the human immunodeficiency virus trans-activation response 

elements (HIV TAR, (Figure 1B).30 Likewise, functionalized polyamines were identified 

to inhibit biogenesis of oncogenic pre-miRNAs in a screening. The highly active 

polyamine (Figure 1C) affected only a small set of oncogenic miRNAs and showed 

specific inhibition of cancer cell proliferation.53 Implementing cationic moieties, like 

spermidines,53,54 within RNA-targeting ligands can thus be used to increase affinity 

while not necessarily resulting in unselective, promiscuous binders.3 
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A 

 
neomycin: KD (pre-miRNA-372)= 7400 ± 120 nM31 

conjugate: KD (pre-miRNA-372)= 16 ± 8.8 nM31 

 
B 

 
art. nucleobase: KD (HIV-1 TAR) = nb30 

conjugate: KD (HIV-1 TAR) = 8 ± 1 µM30 

 
C 

 
KD (pre-miRNA-372)= 0.15 ± 0.01 µM53 

 

Figure 1. Molecular structures and binding constants KD of A, Neomycin-nucleobase conjugate binding to pre-

miRNA-372,31 B, Artificial (art.) nucleobase basic amino acid conjugate binding to HIV-1 TAR RNA,30 and C, A 
polyamine binding to pre-miRNA-372.53 Polycationic moieties are highlighted in blue. 

 

RNA-small molecule interactions are commonly described by binding affinities or 

biological activity. However, the additional determination of kinetic and thermodynamic 

parameters provides insights into fundamental principles of molecular recognition 

between RNA and small molecules.55 Binding of some polycationic molecules, like the 

aminoglycoside neomycin56 or polyamide amino acids57, to their target RNA were 
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found to be enthalpy-driven. It was suggested that their polycationic moieties are 

involved in specific noncovalent interactions.55,57 Polyamines were found to modulate 

RNA functions via specific interactions and to play a structural role distinct from divalent 

cations.58 Comparing the thermodynamic binding profiles of similar compounds can 

give insight into the energetic contributions of small structural ligand changes, which 

can guide rational design.59 The binding profiles of RNA ligands for on- and off-targets 

can help to explain selectivity patterns.60 In addition, for bacterial riboswitches that are 

under kinetic control, a fast-associating ligand will likely be more efficient, since it has 

to compete with the natural ligand.61 

The influence of cationic moieties within non-aminoglycoside RNA-binding small 

molecules on their kinetic profiles was evaluated in a few studies.62–64 Wedekind and 

coworkers compared the natural ligands pre-queuosine-1 (preQ1) and preQ0 

(Figure 1 A) binding to the thermoanaerobacter tengcongensis (Tte) preQ1 riboswitch 

aptamer. PreQ1 bears a methylamine group, which is replaced by a nitrile group in the 

case of preQ0. Thus, preQ1 is positively charged under physiological pH in contrast to 

preQ0 which is neutral. The association rate of preQ1 was found to be 12-fold faster 

than preQ0 while dissociation rates were similar. This results in the higher affinity 

observed for preQ1.62 Micura and coworkers synthesized amino- and azido-

functionalized derivatives of preQ1 and tested them in in vitro and in vivo assays. 

Amino-functionalized derivatives showed enhanced kon-values and affinities in 

agreement with the expectation of adding electrostatic interactions.63 For the 

tetrahymena group I ribozyme, one hydroxy group of the cofactor guanosine was 

exchanged with an amino moiety (Figure  1B). It was hypothesized that the introduced 

basic group replaces a magnesium ion from the binding site. This led to a faster 

association rate and longer residence times of an early binding complex, which were 

necessary to enhance productive binding. Herschlag and coworkers termed this 

cationic group a “molecular anchor”. The strategy was proposed to be a universal 

principle to enhance association rates for well-placed anchors.64 In a more poetical 

way, this effect of electrostatic anchoring can be regarded as a type of “Circe effect”.65 

This effect describes attractive long-range interactions to conduct a substrate into the 

active site of an enzyme, where it will be converted. It was defined by William P. Jencks 

and is named after Circe, a goddess in Greek mythology, luring men and turning them 
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into pigs. In case of RNA-binding small molecules this effect applies to the association 

towards the binding site without the following conversion.  

Consequently, introduction of positive charges into RNA-ligands might be a promising 

design strategy to improve affinity by enhanced association rates. However, 

conjugation of RNA-ligands to poly-cationic moieties like aminoglycosides may not 

hold up as a universal RNA-ligand design concept due to toxicity, selectivity or 

pharmacokinetic issues. A deeper understanding of how positively charged moieties 

impact RNA-ligand binding affinity, selectivity, kinetics and thermodynamics is required 

to improve current design and development concepts for RNA-targeting small 

molecules. Therefore, we used the preQ1 riboswitch and SAM-VI riboswitch aptamers 

as model systems to investigate the impact of ligand charges on affinity, binding 

kinetics, thermodynamics and selectivity. Surface plasmon resonance (SPR) 

spectroscopy, isothermal titration calorimetry (ITC) and microscale thermophoresis 

(MST) were used to examine the effects of electrostatic interactions on binding 

behavior. We aim to answer the questions: (1) Are positively charged groups generally 

leading to more potent RNA-ligands, (2) do these additional charges impair selectivity, 

(3) (how much) do positive charges enhance association rates, (4) what are the 

resulting thermodynamic binding profiles and (5) can general design principles around 

charged moieties be deduced for the development of RNA-binding small molecules? 

 

A 

 

 

 

B 

 

 

 

PreQ062 
KD = 35.10 ± 6.07 nM 

kon = (0.65 ± 0.13) ·104 M-1s-1 

koff = (2.22 ± 0.14) ·10-4 s-1 

PreQ162 
KD = 2.05 ± 0.29 nM 

kon = (7.77 ± 3.45) ·104 M-1s-1 

koff = (1.53 ± 0.47) ·10-4 s-1 

Guanosine (G)64 
KD = 110 µM 

kon = 4.0·105 M-1min-1 

koff = 44 min-1 

G (2'H, 3'NH3+)64 
KD = 0.094 µM 

kon > 2.1·107 M-1min-1 

koff > 2 min-1 
Figure 2. Molecular structures, binding constants KD and kinetic parameters kon/koff of A, PreQ1 compared to preQ0 

binding to the Tte preQ1 riboswitch62 and B, Guanosine and its amine derivative binding to tetrahymena group I 

ribozyme.64  
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RESULTS AND DISCUSSION 
 

Rational design of charged ligands. Several RNA motifs are capable to discriminate 

between charged and uncharged natural ligands, including preQ1 and SAM 

riboswitches, which strongly discriminate between preQ1 and preQ0 (Figure 2A),62 and 

S-adenosyl methionine (SAM) and S-adenosyl homocysteine (SAH), respectively 

(Figure 3A)66,67 Therefore, these RNAs can serve as ideal model systems for the 

investigation of charge effects on binding behavior. Particularly, the enhancement of 

association rates as a direct consequence of increased positive ligand charges was 

investigated. In this study, we selected two well-studied riboswitches for analysis: the 

Tte preQ1 and the Bifidobacterium angulatum (Ba) SAM-VI riboswitch aptamer 

domains. We modified reported ligands of the respective riboswitches (Figure 3) to 

elucidate the impact of charges on binding affinity, selectivity, kinetics and 

thermodynamics. Charged moieties were added at ligand moieties oriented out of the 

binding site to minimize effects via direct ionic interactions with binding site residues 

and to better describe long-range attraction and solvent-exposed interactions.  
A 

 

 

 

+1 
SAM 

KD = 0.33 ± 0.06 µM66 

kon = (2.46 ± 0.07) · 104 M–1s–1 66 

0 
SAH 

KD = 10.9 ± 1.3 µM66 

kon = (5.50 ± 0.27) · 103 M–1s-1 66 

  
+1 
1 

+2 
2 

Figure 3. Polycationic small molecules under elucidation. A, Ligands of the Ba SAM-VI riboswitch. Formal charges 
are shown in blue. 
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B 

 

 

 
 
 

+1 
X = O 3 

KD = 0.5 ±  0.2 µM68 

X = NH 4 

+2 
X = O 5 

X = NH 6 

 

+3 
X = O 7 

X = NH 8 

Figure 3. Polycationic small molecules under elucidation. B, Synthetic ligands of the Tte preQ1 riboswitch. Formal 

charges are shown in blue. 

 

The SAM-VI riboswitch belongs to the widespread family of SAM-sensing riboswitches, 

which are involved in the regulation of SAM metabolism.66,69 SAM is a ubiquitous 

methylation cofactor, and these riboswitches are found in the majority of known 

bacterial species.70,71 SAM riboswitches strongly discriminate between the positively 

charged SAM and its neutral methylation side product SAH. For example, the Ba SAM-

VI riboswitch has a 33-fold higher affinity to SAM compared to SAH.66,67 Previously, it 

was demonstrated that the positively charged sulfonium moiety of SAM is the primary 

factor responsible for its selective binding to the associated riboswitches.66,72–74 The 

SAM-binding site of the SAM-VI riboswitch lies at the junction between stems P1 and 

P2. The binding pocket consists of the canonical Watson-Crick base pair G9–C32 and 

the non-canonical trans Watson-Crick base pair G7–G33. Additionally, the four 

continuously stacked bases A34, A36, A37, and G38 and the junctional U8 form a 

unique binding pocket. SAM adopts an extend conformation with the methionine tail 

exceeding the binding site. The adenine moiety forms hydrogen bonds with the 

Watson-Crick edge of U8, A36 and A37 as well as stacking interactions with G9–C32 

and G33.66 Notably, the positively charged sulfonium moiety does not directly interact 

with binding site residues (Figure 4A).66 The closest potential interacting atoms are 

oxygens (O4) of U6 and U8 which might occasionally interact by charge-assisted 

R=

X



Electrostatic Anchoring – Exploring the Impact of Charge to RNA–Small Molecule 

Binding Affinity, Kinetics, Thermodynamics and Selectivity 

 

250 

 

chalcogen bonds as described for SAM-I riboswitches.75 To investigate the influence 

of charges on binding behavior in detail, the overall neutral, zwitterionic SAH, SAM and 

its aza-analogue compound 1 carrying one positive net charge, and 2 which carries 

two positive net charges due to removal of the carboxylic acid were tested (Figure 3A). 

Even though the SAM-VI riboswitch strongly discriminates between SAM and SAH, 

none of the modified groups directly interacts with the riboswitch’s buried binding site 

(Figure 4A). 

The second model system is the Tte preQ1 riboswitch aptamer. Additional to its 

discrimination of the natural ligands preQ1 (one positive net charge) and preQ0 

(neutral),62 Connelly et al. reported the selective binding of dibenzofuran- and 

carbazole-based ligands with sub-micromolar potency (compound 3, Figure 3B).68 

PreQ1 and preQ0 were used for assay establishment. The high affinity and association-

rate of preQ1 (KD = 2.1 nM, kon = 7.8·104 1/Ms)62 limits further elucidation of additional 

charges as higher affinities and association rates are at the resolution limit of the 

assays used.76,77 Therefore, polycationic derivatives of the lower-affinity, synthetic 

ligands were obtained and tested (3–8, Figure 3B). The Tte preQ1 riboswitch binding 

pocket consists of the base quartets A28–C16–G5–A27 forming the “floor” and A14–

G11–C30–C7 forming the “ceiling”. PreQ1 stacks in between these residues and 

interacts via additional hydrogen bonds to U6, C15 and A29 (Figure 4B). PreQ0 differs 

from preQ1 with a nitrile moiety instead of an amino group. This amino group contributes 

to the stability of the RNA-preQ1 complex by hydrogen bonds with G11. The loss of 

this charged group results in a reduced affinity and association rate.62,68 The 

dibenzofuran ligand 3 is positioned similar to preQ1 in the binding pocket (Figure 4C). 

The dibenzofuran ring is stacked between G11 “ceiling” and G5–C16 “floor”. The furan 

oxygen atom forms a hydrogen bond to A29.68 Differently from the native ligand’s 

binding mode, C15 is rotated to form a face-to-edge π-stacking interaction with 

compound 3 instead of the Watson-Crick-like pair found in the preQ1-complex. Like for 

the SAM-VI riboswitch, the sidechain of ligand 3 is oriented out of the binding site 

(Figure 4C) making it an ideal attachment point for additional basic centers (ligands 5–

8). 
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A 

 
B 

 
C 

 
Figure 4. A, Ba SAM-VI riboswitch in complex with SAM (PDB-ID: 6LAS). Distances between sulfonium ion and 

oxygen atoms (O4) of U6 and U8, respectively, are depicted as magenta dashed lines with distances in Å.316 B, 

Tte preQ1 riboswitch in complex with preQ1 (PDB-ID: 3Q50).317 C, PreQ1 riboswitch in complex with synthetic 
ligand 3 (PDB-ID: 6E1S).317 Ligands are depicted with green, RNA with white carbon atoms. Polar interactions are 

shown as yellow dotted lines. 
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SAM-VI riboswitch binding studies. SPR, MST and ITC experiments of SAM, SAH, 

compounds 1 and 2 with the Ba SAM-VI riboswitch aptamer domain were performed 

(Table 1). Results for the reference ligands SAM and SAH are in good agreement with 

literature reported values (Figure 3A) and variations between SPR, MST and ITC are 

within the usual range when comparing different assay methods.78–80 In contrast to the 

zwitterionic, net neutral SAH, SAM carries an additional methyl group at the sulfur atom 

and a formal charge of +1. Strong discrimination between SAM and SAH was observed 

across the different assays. Discrimination factors for the binding affinities showed that 

SAH binds between 21-fold and 49-fold weaker than SAM. These results are in good 

agreement with previously reported ITC data showing a discrimination factor of 3366 in 

KD-values. Either the additional positive charge or the methyl group or a combination 

thereof is responsible for the observed discrimination between SAM and SAH. Lim et 

al. reported previously, that the positively charged sulfonium moiety is the key factor of 

SAM selectivity in SAM-I riboswitches as binding modes of SAM and SAH are highly 

similar.72 Likewise, similar ligand conformations for SAM and SAH are also found for 

the SAM-VI riboswitch (Figure 3A, Figure S23). The aza-derivative of SAH, 1 carries 

one positive formal charge like SAM, but lacks the sulfur methyl group. The binding 

affinity of compound 1 with a KD-value of 55.5 µM was comparable to SAH (34.4 µM) 

in MST. For ITC a higher (3.86 µM) and in SPR a slightly higher affinity (12.3 µM) than 

SAH (KD = 15 µM in ITC and 150 µM in SPR, respectively) was observed. The 

exchange of sulfur for nitrogen and with it introducing an additional positive charge 

compared to SAH, did still result in lower binding affinities compared to SAM (KD-values 

between 0.7 µM in MST and ITC, and 3.7 µM in SPR). A charge-assisted chalcogen 

bond is discussed as the driving factor of the tight binding of SAM to various SAM 

riboswitches. The Coulombic attraction between the positive charge of the sulfonium 

ion and an electron donor is enhanced by the interaction between the sulfur σ-hole and 

the electron donor. In the case of the Ba SAM-VI riboswitch, oxygen atoms (O4) of U6 

or U8 could potentially act as the electron donor atoms (Figure 4A).75 This might 

explain the higher affinity of SAM compared to its aza-analogue 1 despite the same  

formal charge of +1. However, different size between sulfur and nitrogen and the 

presence of a methyl group may also contribute to affinity. Further the sulfonium ion is 

permanently charged while ammonium could be partially de-protonated (pKa-values of 
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7.6 and 7.8 for 1 and 2, respectively, calculated using MOE2022.02). Compound 2 

lacks the carboxylate functionality of the other SAM-derivatives resulting in two positive 

formal charges. The binding affinities determined with all three methods (SPR, MST, 

ITC) were comparable with values in the one-digit micromolar range. Compound 2 

showed enhanced affinity compared to the net uncharged SAH and 1 (formal charge 

+1). Thus, the series SAH, compound 1 and 2 revealed a trend in terms of increased 

affinity by higher formal charges with SAM being superior to non-sulfonium-containing 

molecules. 

Comparison of the kinetic parameters determined by SPR and kinITC (Table 1, Figures 

S1, S2, S15, and S16) showed similar trends in binding kinetics. Especially in SPR, 

the gold standard method for determination of binding kinetics, the sum of formal 

charges correlated with faster association rates. SAH showed a kon-value of 

3.9·102 1/Ms, which was increased up to 1.3·104 1/Ms for compound 2. Additional 

positively charged moieties seem to be responsible for this effect. Notably, increasing 

formal charges from +1 in compound 1 to +2 in compound 2 had only minor impact 

(kon-factor 4.4 in SPR). In kinITC, the association rates showed overall similar trends, 

with SAH being the slowest one binding, even though absolute kon-values differ from 

SPR (kon = 3.9·102 1/Ms in SPR, 3.4·103 1/Ms in kinITC). Here, the effect of additional 

charges was also less pronounced for the exchange from +1 to +2 formal charge 

resulting in overall similar kon-values for SAM, 1 and 2. The dissociation rates were 

broadly similar across both methods and all compounds showed koff-values between 

0.98·10-2 1/s and 5.57·10-2 1/s. Thus, different binding affinities can be primarily 

attributed to differences in increased association rates as observed in SPR.  

The binding of all SAM-VI riboswitch ligands was highly enthalpy-driven with ΔH 

ranging from – 67.4 kJ/mol (SAM) to –108 kJ/mol (1). Highest enthalpic contributions 

were observed for compounds 1 and 2. Overall, binding of compounds 1 and 2 results 

in an only moderate increase of ΔG compared to SAH due to a higher entropic penalty 

(– TΔS = +77.2 kJ/mol for 1 and +54.5 kJ/mol for 2, respectively) indicative for a strong 

enthalpy-entropy compensation event.81,82 Similar enthalpy-entropy compensation 

effects were described for other polycationic compounds binding to RNA.57,83,84 The 

replacement of sulfur (SAM, SAH) by nitrogen in compounds 1 and 2 resulted in an 

increased enthalpic contribution with comparable binding free energies and 
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dissociation constants to SAM. This more exothermic process indicates strong RNA-

ligand interactions at the cost of entropy, suggesting a higher intrinsic stability of the 

formed complex.  

Pan-RNA promiscuity and selectivity was investigated by testing SAM, SAH, 1 and 2 
against the structurally unrelated Tte preQ1 riboswitch by SPR and MST (Table 1). In 

MST, all SAM-VI riboswitch ligands were selective with respect to their target. In SPR, 

binding of compound 2 to the preQ1 riboswitch was observed. However, differently 

from the on-target binding sensorgrams (Figure 5A), the off-target sensorgrams 

showed fast-on/fast-off characteristics which are indicative for loose, unspecific binding 

events (Figure 5B).85 In contrast, the sensorgrams of compound 2 binding to the SAM-

VI riboswitch showed the typical shape for specific binding interactions with higher 

response units (Figure 5A). The effect of fast-on/fast-off rates was only observed for 

the highest charged compound 2 (Figure 5B). Thus, a correlation between unspecific 

binding and the sum of positive formal charges of the molecule can be assumed. In 

agreement with MST, steady-state evaluation of the SPR data revealed saturation of 

compound 2 binding to the SAM-VI riboswitch (Figure 5C). For this ligand 2, no 

saturation of the off-target could be reached (Figure 5D). This suggests accumulation 

of the compound on the off-target’s surface, eventually by loose, rather unspecific ionic 

interactions. 

A 

 

B 

 
C 

 

D 

 
Figure 5. A, Representative SPR-sensorgram of 2 binding to the SAM-VI riboswitch (KD = 4.17 µM). B, 

Representative SPR-sensorgram of 2 showing loose, unspecific preQ1 riboswitch binding. C, SPR steady-state 

response of 2 binding to the SAM-VI riboswitch reaching saturation (KD = 8.64 µM). D, SPR steady-state response 

of 2 binding to the preQ1 riboswitch showing no saturation within tested concentrations (KD = not determinable).
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PreQ1 riboswitch binding studies. For the Tte preQ1 riboswitch aptamer binding of 

preQ1, preQ0 and synthetic ligands 3–8 was investigated by SPR, MST and ITC (Table 

2). We observed an enhanced affinity of the positively charged preQ1 over the neutral 

preQ0 with high consistency in all experiments as described in literature.62 PreQ1 

showed a 3-fold higher affinity compared to preQ0 in SPR analysis, with being 6-fold in 

MST and 4-fold in ITC.  

Further, the kinetic binding parameters showed association rate constants of the 

positively charged preQ1 to be 2-fold higher in SPR and in kinITC compared to the 

uncharged preQ0. As described previously, koff-values for preQ1 and preQ0 were similar 

and the higher potency of preQ1 can be annotated to faster association. Again, 

absolute values differ between SPR and kinITC which might be due to fundamental 

differences in the assays including immobilization for SPR or high concentrations in 

ITC experiments. Still, relative values between preQ1 and preQ0 agree with literature.62 

The enhanced on-rate while maintaining similar off-rates resulted in the observed 

higher binding affinity of preQ1 over preQ0 which was attributed to the different ligand 

charge. 

Sensorgrams of preQ1 binding to its riboswitch showed better fits when using a 

heterogeny target model compared to the standard 1:1 binding model. Additionally, the 

theoretically calculated maximal response units (47 RU, Figure S1 F) were exceeded 

(70 RU, Figure S1 F), indicating binding of more than one molecule per riboswitch. 

This suggests that the Tte preQ1 riboswitch may have at least two binding sites. The 

recently published crystal structure of the structurally similar Carnobacterium 

antarcticum preQ1 riboswitch showed two bound preQ1 molecules (Figure S24, PDB 

8FB3).86 Probably, a similar second binding event is also possible in the Tte preQ1 

riboswitch.  

The 1:1 binding model underlies the steady-state analysis, thus not representing the 

best fitting model for preQ1. This can be the reason, why our binding affinities 

determined by steady-state analysis of the SPR data were similar and did not show 

discrimination between both natural ligands. 

The natural ligands preQ1 and preQ0 showed thermodynamic binding profiles with 

large enthalpic contributions of –150 kJ/mol and –129 kJ/mol, respectively (Table 2). 

As described for the SAM-VI riboswitch, the highly exothermic binding is compensated 
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by an entropic penalty of –TΔS = +106 kJ/mol for preQ1 and –TΔS = +88.5 kJ/mol for 

preQ0. The substitution of the nitrile group in preQ0 by the more flexible methylamino 

group in preQ1 resulted in slightly favorable enthalpic and unfavorable entropic 

contributions. The positively charged amine group is involved in specific polar 

interactions (Figure 4B), but rigidification upon binding. This is similar to the results 

obtained for the SAM-VI riboswitch where additional charges also led to more favorable 

binding enthalpy partially compensated by unfavorable entropy.  

The synthetic dibenzofuran ligand 3 with one positive charge was reported to bind the 

Tte preQ1 riboswitch with KD = 0.5 ± 0.2 µM.68 Several dibenzofuran and carbazole 

derivatives with one positive charge showed similar affinities.68,87,88 We selected 

dibenzofuran 3 and the carbazole analog 4, both carrying one positive charge, as 

starting points for further polycationic derivatives 5–8 (Figure 3B). In SPR, 

sensorgrams showed fast-on-fast-off shapes, while steady-state KD-evaluation 

showed no saturation in dose-response curves (Figure S1 G, H). For MST poor signal 

to noise-ratios were observed prohibiting accurate determination of KD-values (Figure 

S3 C–H, Figure S5 C–H). Likewise, ITC showed no heat signals beyond ligand dilution 

during titrations (Figure S11 G–L). The reason why no binding was detected for 3–8 in 

these methods (MST, ITC and steady-state SPR signals) might lie in a loose binding 

behavior like described for unspecific binding of 2 to the preQ1 riboswitch (Figure 5B, 

D). Probably, the positive charge and intercalation properties of the three-membered 

ring systems are responsible for unspecific interactions. These results do not 

necessarily contradict the results published previously.68,87 Possibly, the unspecific 

contributions overlap the specific ones in a manner that only the unspecific binding can 

be observed in SPR where a high negative charge density on the sensor surface is 

facing a (poly)cationic ligand. The synthesized multibasic dibenzofuran and carbazole 

derivatives 5 and 6 with two positive charges and 7 and 8 with three positive charges 

were designed following the findings in spermidine-like RNA binders.53,54 No binding 

was detected for these polycationic compounds in MST and ITC. The SPR 

sensorgrams and steady-state evaluation were similar to the one-basic compounds 3 

and 4, showing unspecific loose binding without reaching saturation (Figure S1 I–L). 

Especially for the three-basic compound 8, the theoretically calculated maximal 

response units (234 RU, Figure S1 L) were exceeded (Figure S1 L), indicating binding 
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of more than one molecule. This suggests accumulation of the compound on the 

target’s surface by electrostatic interactions and/or intercalation.  

For selectivity studies, binding of Tte preQ1 riboswitch ligands to the SAM-VI riboswitch 

were investigated using SPR and MST (Table 2). In MST, preQ1 and preQ0 were 

selective for the Tte preQ1 riboswitch showing no binding to the Ba SAM-VI riboswitch. 

Further, no binding was detected in steady-state evaluation of SPR. The sensorgrams 

of preQ1 showed partially fast-on/fast-off shapes and low response units (5 RU vs. 

maximal 40 RU calculated, Figure S1F) similar to the ones of compound 2 against its 

off-target (Figure 5B) in contrast to the sensorgrams involving its target (preQ1 

riboswitch, Figure S1F). The single positive charge of preQ1 probably increases the 

possibility of weak loose binding events in SPR. Dibenzofuran and carbazole 

derivatives 3–8 did not show binding in the MST assay but showed sensorgram shapes 

of unspecific loose binding to the SAM-VI riboswitch similar to their proposed target, 

the preQ1 riboswitch. In case of the highest-charged compounds, the theoretically 

calculated maximal response units (7: 200 RU, 8: 190 RU, Figure S1K,L) were 

exceeded (7: 458RU, 8: ; Figure S1K,L) in case of the highest-charged compounds. 
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CONCLUSIONS 
 

We investigated the addition of positive ligand charges as a design strategy in RNA-

binding small molecule drug discovery. In this regard, the impact of additional ligand 

charges on binding affinity, kinetics, thermodynamics and selectivity was examined 

using the Tte preQ1 and Ba SAM-VI riboswitch aptamer domains as model systems. 

Combined methods of SPR, ITC and MST were used to examine the effects of 

protonated amines as “electrostatic anchors” on binding characteristics. For the SAM-

VI riboswitch, the natural ligands SAM and SAH as well as synthetic positively charged 

SAM-analogs 1 and 2 were tested (Figure 3A). For the Tte preQ1 riboswitch, preQ1 and 

preQ0 as natural binders (Figure 2A), and synthetic dibenzofuran and carbazole 

derivatives (Figure 3B) were analyzed. Our results for reported ligands agree with 

previous findings62,66,69, which validated the methods under investigation. Overall, the 

addition of positively charged moieties had only minor effects on the binding affinities 

and association rates (Tables 1 and 2). For both compound series, SAM, SAH, 

compounds 1 and 2, and preQ0, preQ1, only a slight trend that higher positive charges 

can lead to enhanced association rates, and thus affinity to the RNA targets, was 

observed. These changes were only moderate and cannot be considered as a 

universal design principle to overcome affinity cliffs.  

Thermodynamic binding profiles of all ligands were dominated by enthalpy, partially 

compensated by unfavorable entropy terms. This observation was more pronounced 

for ligands carrying multiple positive charges. Like for protein-ligand interactions, this 

suggests that strong interactions like salt bridges reduce flexibility of interacting 

moieties for both ligand and target resulting in an entropic penalty.55,84,92 As a 

consequence, this enthalpy-entropy compensation leads to smaller changes in ΔG and 

affinity than additional interaction sites might suggest. 

In the selectivity study, all ligands of a particular target, SAM, SAH, 1 and 2 for the 

SAM-VI riboswitch, and preQ1 and preQ0 for the preQ1 riboswitch, discriminated their 

target from the respective off-target. Compounds 3–8 from the dibenzofuran and 

carbazole series showed no binding in ITC and MST. For these synthetic, putative 

preQ1 riboswitch ligands, however, fast association and dissociation rates were 

observed in SPR experiments for both riboswitches. The shapes of SPR sensorgrams 
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and the steady-state analysis of SPR data showed clear differences for specific ligands 

compared to such a loose binding behavior. Compounds, which did not bind in MST 

and are positively charged, had a higher probability to be identified as fast-on/fast-off 

loose binders85 in SPR. Therefore, a caveat arises for SPR-screenings against RNA-

targets: Sensorgrams of loose and likely unspecific binders showed fast-off/fast-on 

rates, and no saturation of the target for steady-state analysis was reached. This was 

also the case for the SAM-VI riboswitch ligand 2 binding to the preQ1 riboswitch off-

target. We hypothesize this loose, unspecific binding is caused by the high ligand 

charges leading to surface interactions between protonated amine moieties of the 

ligand with the phosphate-backbone of immobilized RNA. This behavior further 

suggests accumulation of the compounds on the target’s surface probably by 

electrostatic interactions like the “ion atmosphere” found around nucleic acids.23–25 For 

3–8 this effect might be further enhanced by intercalation of the three-ring core scaffold 

overshadowing the previously reported specific interactions68,87 with the preQ1 

riboswitch. Similarly, increased potency by acridine-conjugation was described 

previously for multiple unrelated RNA-targets.93,94 However, such loose binding events 

to the off-targets probably might also be an artifact of immobilization-based techniques 

like SPR, as no binding was observed via MST and ITC for these compounds. Hence, 

it may not have biological relevance through RNA interaction competition. Poly-cationic 

compounds still can be selective for their target.29,31,50,51,53 Consequently, ligands 

carrying one or probably more positive charges are no exclusion criterium per se when 

it comes to binding affinity and selectivity. Still, negative pharmacokinetic effects on 

permeability and cellular uptake63 must be considered in RNA-targeting drug design. 

Subsequently, our findings demonstrate that introducing a positive ligand charge for 

specific interactions does not need to be generally avoided. The designed ligands of 

this study introduced positive charges mostly in molecular regions oriented away from 

the binding site. This aimed to minimize specific interactions with binding site residues 

and to elucidate the impact of long-range ionic interactions in sense of electrostatic 

anchoring or enhanced association in a Circe-like effect. Overall, charge influence on 

affinity and association rates was low, but larger affinity gains can be obtained when 

placing direct ionic interactions or charge-assisted hydrogen bonds. An example can 

be found in the amine-substituted guanosine-derivative (Figure 2B) binding to the 
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tetrahymena group I ribozyme with a 1000-fold affinity increase.64 Another example is 

the here and previously described discrimination of preQ1 riboswitches between preQ1 

and preQ0.62,95 Within the series of SAM-derivatives, the biggest affinity increase was 

reached from SAH when exchanging neutral sulfur to a sulfonium ion in SAM and partly 

when changed to a protonatable amine (compound 1). Even though no direct 

interaction is indicated by the SAM-VI riboswitch – SAM complex structure, one could 

speculate if the flexibility of the amino acid substructure and the intrinsic flexibility of 

RNA are sufficient to occasionally form specific interactions between RNA and the 

sulfonium or ammonium groups. A likely interaction partner for a charge-assisted 

chalcogen bond with SAM as described previously for the SAM-I riboswitch75, or ion-

dipole interaction with compounds 1 and 2 would be oxygen (O4) of the U6 or U8 

residues (Figure 4A). Further examples, where charged ligand moieties led to potent 

ligands are described for pre-miRNA-37231 (Figure 1A), the thiamine pyrophosphate 

(TPP) riboswitch96, the hepatitis C virus internal ribosome entry site (HCV IRES)97,98 

and myotonic dystrophy type 2 (DM2)-causing CCUG-repeats.45 

In summary, our kinetic and thermodynamic in vitro studies provide valuable insights 

into molecular recognition between RNA and small molecules to answer the initially 

raised questions: (1 - affinity) The implementation of solvent exposed, positively 

charged moieties leads only to minor increases in potency insufficient to overcome 

affinity cliffs. Differently, purposefully placed moieties forming ion-ion or ion-dipole 

interactions can have larger impact.62,64,66,69 (2 - kinetics) Small to moderate 

improvements in affinity from ligand charges seem to arise from faster association 

rates agreeing with electrostatic anchoring and a Circe-like effect. (3 - selectivity) No 

general loss of selectivity and off-target (pan-RNA) binding was observed with up to 

+3 formal charges (compounds 7, 8) in MST for our model systems. SPR sensorgrams 

showed fast-on/fast-off kinetics and loose unspecific binding of multi-basic 

compounds. This behavior can be identified from the sensorgrams (fast-on/fast-off) 

while saturation in dose-response curves is not reached. Awareness and testing with 

orthogonal methods can protect against following-up false positive multi-charged hits 

in SPR screenings against RNA. Vice versa, the implementation of a well-placed 

charged moiety does not impair selectivity per se. (4 - thermodynamics) All 

thermodynamic binding profiles were dominated by high enthalpic contributions and 
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unfavorable entropy. This enthalpy-entropy compensation is also well described for 

proteins where enthalpically strong ion-ion and ion-dipole interactions result in an 

entropic penalty.55,84,92 (5 - design strategy) Taken together, implementation of 

positively charged groups cannot serve as a universal strategy for RNA-ligand design. 

The low contribution to affinity is insufficient to overcome affinity cliffs (1) even though 

association rates are slightly enhanced (2). However, a well-placed charged moiety 

could enhance potency without necessarily having negative impact on selectivity (3). 

Still, physicochemical properties and their effect on pharmacokinetics must be 

considered in hit to lead optimization. These findings contribute to a better 

understanding of RNA-small molecule recognition and provide a piece to the puzzle of 

how to design and optimize selective drug-like RNA-ligands. 

 

EXPERIMENTAL SECTION 
 
General synthetic methods 
 
All reagents and solvents were commercial grade and used without further purification. 

Reaction progress was monitored by thin layer chromatography (TLC) using Alugram 

Xtra F254 silica plates from Machery-Nagel. In addition, high-performance liquid 

chromatography/electron spray ionization mass spectrometry (HPLC/ESI-MS) was 

used to control reaction’s conversion and to determine the identity as well as the purity 

of compounds tested in the assay. An Agilent 1100 series HPLC system and either an 

Agilent Zorbax SB-Aq (4.6 mm x 150 mm, 5 µm) or Poroshell 120 EC-C18 (2.10 mm x 

150 mm, 4 µM) column coupled to an Agilent 1100 series LC/MSD Trap with ESI, was 

used. The measurements were conducted with a gradient of acetonitrile and water 

(+0.1% formic acid) with 10%–90% acetonitrile over 10 min with a flow rate of 

0.7 mL/min unless otherwise stated. Signals were detected at 254 nm with 

quantification by area under curve (AUC) and masses were determined in positive 

ionization mode (ESI). For the determination of purity and identity for the most polar 

compounds 7 and 8, a Waters Alliance e2695 HPLC system and a MZ-Aqua Perfect 

C18 (4.6 x 250 mm, 10 µm) analytical HPLC column coupled to a Waters ACQUITY 

QDa single quadrupole detector with ESI was used. Column chromatography was 
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performed with silica gel 60 (40–63 µm) from Machery-Nagel. Flash column 
chromatography was performed with the Biotage IsoleraTM One system. For 

reversed-phase flash chromatography prepacked columns of the type Biotage®Sfär 

C18 Duo from Biotage® were used. In the case of normal-phase flash 

chromatography, columns were self-packed with silica gel 60 (15–40 µm) from Merck 

KGaA. Preparative HPLC purification was performed with a Varian PrepStar system 

(model 218) with a MZ-Aqua Perfect C18 20 x 250 mm, 7 µm preparative LC column 

and acetonitrile/water +0.1% trifluoroacetic acid as mobile phase. Melting points (mp) 
(uncorrected) were measured with an MPM-H3 using semi-open capillaries. Proton 

(1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra were recorded on 

Bruker Fourier 300 MHz (300 MHz for 1H and 75 MHz for 13C). The chemical shift was 

abbreviated to δ and has the unit ppm. The chemical shifts were referenced to the 

solvent peaks in 1H: δ = 7.26 (CDCl3), 2.50 (DMSO-d6), 3.31 (CD3OD) ppm and in 13C: 

δ = 77.16 (Chloroform-d), 39.52 (DMSO-d6), 49.00 (CD3OD) ppm purchased from 

Deutero GmbH. In addition, the following abbreviations for the multiplicities of the 

peaks were defined: s (singlet), d (doublet), dd (doublet of doublet), t (triplet), td (triplet 

of doublet), q (quartet), p (pentet), and m (multiplet). Coupling constant J was given in 

Hz and denoted together with the number of signaling hydrogen atoms for 1H-NMR 

spectra. MestReNova 12.0.4-22023 NMR spectrum processing program from 

Mestrelab Research was used to evaluate the NMR spectra and to determine the purity 

of the compounds through LC-MS. The purity of all compounds tested in biochemical 

assays was ≥95% as determined by LC-MS. NMR spectra and LC-MS traces for the 

tested compounds were included in the SI (Figures S17–22). 

 
General method A: Molecular weight determination for trifluoroacetate salts. The 

molecular weights of trifluoroacetate salt compounds 5–8 (two benzofurans and two 

carbazoles) were determined using the corresponding LC system. Compounds 3d and 

4a were used as reference for the respective compound class. First, the reference 

compound and the undetermined compound were mixed in a 1:1 ratio in methanol 

assuming the molecular weight of the free base. The percentual ratio of both 

compounds in the sample were evaluated by calculating the AUCs at 254 nm 

wavelength. The molecular weight of the tested compound was recalculated with the 
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determined ratio. For confirmation, a new mixed 1:1 sample was prepared including 

the determined molecular weight. The ratio of the new determined AUCs at 254 nm 

had to be between 0.8 and 1.2. Different absorption properties of the reference 

compounds and the tested compounds at 254 nm were neglected. The aliphatic amine 

tail was assumed to not influence absorption at 254 nm wavelength. The hydrochloride 

salts of the final compounds 3 and 4 were evaluated, too, for further validation of this 

method and could confirm their molecular weights. 

 

General method B: Amide couplings. The desired Boc-protected amino acid 

(1.20 equiv) and benzotriazol-1-yloxy(dimethylamino)methylidene]-dimethylazanium 

tetrafluoroborate (TBTU) (3.00 equiv) were suspended in DCM (0.6 M) and cooled to 

0 °C under inert gas atmosphere. N,N-Diisopropylethylamine (DIPEA) (4.00 equiv) 

was added dropwise and the mixture was stirred for 1 h. The carbazole or benzofuran 

amine (1.00 equiv) was added portionwise and the mixture was allowed to reach room 

temperature and was stirred for 23 h. The reaction was quenched with saturated 

sodium bicarbonate solution. The aqueous layer was extracted with DCM unless 

otherwise stated. Combined organic layers were washed with aqueous saturated 

sodium chloride solution, dried over sodium sulfate, filtered, and concentrated under 

reduced pressure. Crude product was purified via column chromatography with either 

a cyclohexane-ethyl acetate or DCM-methanol system. 

 

General method C: Boc deprotection. Deprotection was performed according to Han 

et al. reaction conditions.318 The Boc protected compound (1.00 equiv) was dissolved 

in 1,4-dioxane, treated with 4 M HCl in 1,4-dioxane (20.0 eq) and stirred overnight 

under inert gas atmosphere. Ammonium salt precipitation was completed with cold 

petroleum ether and product isolation was done via vacuum filtration unless otherwise 

stated. 
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Synthesis SAH analogs 1 and 2 
 
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)butanoic acid trifluoroacetate salt 
(1). Complete synthesis and analytical data of SAH analog 1 was reported by 

Schwickert et al.100. Same batch was used. 99% purity. 

(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-aminopropyl)-
amino)methyl)tetrahydrofuran-3,4-diol trifluoroacetate salt (2). Complete 

synthesis and analytical data of SAH analog 2 was reported by Schwickert et al.100. 

Same batch was used. 99% purity. 
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Scheme 1. Synthesis of compounds 3–8. 

 
Reagents and conditions: (i) acetyl chloride, AlCl3, chloroform, rt, 4 h; (ii) 2,2,2-trifluoroacetic acid, 3-

chloroperoxybenzoic acid, DCM, 0 °C→rt, 3 d; (iii) sodium methanolate, methanol, 0 °C→rt, 1 h; (iv) NaH, THF, 

0 °C, 10 min, then iodomethane, rt, 1 h; (v) sodium methanolate, CuI, DMF, rt→120 °C; (vi) 47% HBr, acetic acid 
glacial, reflux, 6 h; (vii) 1,2-dibromoethane, K2CO3, acetonitrile, 80 °C, 22–24 h; (viii) propane-1,3-diamine, 

acetonitrile, 80 °C, 3 h; (ix) Boc2O, triethylamine, DCM, 0 °C→rt, 2 h; (x) K2CO3, acetonitrile, 80 °C, 18–20 h; (xi) 

4 M HCl in 1,4-dioxane, rt, 3–20 h; (xii) 3-(tert-butoxycarbonylamino)propionic acid, TBTU, DIPEA, DCM, 0 °C→rt, 
23 h; (xiii) 4 M HCl in 1,4-dioxane, rt, 1.5–20 h; (xiv) 4-(tert-butoxycarbonylamino)butyric acid, TBTU, DIPEA, DCM, 

0 °C→rt, 23 h; (xv) 4 M HCl in 1,4-dioxane, rt, 1–20 h; (xvi) 1 M THF-BH3, THF, 0 °C→60 °C, 3 d.  
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Synthesis preQ1-related compounds 3–8 
 
1-Dibenzofuran-2-ylethanone (3a). Synthesis was performed according to 

Chiranjeevi et al.101 instructions. A solution of acetyl chloride (1.12 g, 1.02 mL, 

14.3 mmol, 1.20 equiv) and anhydrous trichloroalumane (1.90 g, 14.2 mmol, 

1.20 equiv) in chloroform (20.0 mL) was added dropwise to a stirred solution of 

dibenzofuran (2.00 g, 11.9 mmol, 1.00 equiv) in chloroform (20.0 mL) under inert gas 

atmosphere. The reaction mixture was stirred at room temperature for 4 h. The reaction 

mixture was poured over ice and the precipitated aluminum hydroxide was dissolved 

with concentrated hydrochloric acid. The aqueous layer was extracted with chloroform 

(2x 20.0 mL). The combined organic layers were dried with sodium sulfate, filtered and 

concentrated under reduced pressure. The crude product was purified via column 

chromatography (cyclohexane:ethyl acetate; 5:1). Target compound 3a (1.19 g, 

5.66 mmol, 48% yield) was isolated as a colorless solid. Mp: 77–79 °C. 1H-NMR 

(300 MHz, CDCl3): δ = 8.61 – 8.54 (m, 1H), 8.09 (dd, J = 8.6, 1.8 Hz, 1H), 8.03 – 7.94 

(m, 1H), 7.62 – 7.54 (m, 2H), 7.54 – 7.45 (m, 1H), 7.42 – 7.33 (m, 1H), 2.70 (s, 3H). 
13C-NMR (75 MHz, CDCl3): δ = 197.4, 159.0, 157.0, 132.6, 128.1, 124.7, 123.9, 123.5, 

121.7, 121.0, 112.1, 111.7, 26.9. MS (ESI): found: m/z = 211.0 [M+H+], calculated: 

m/z = 211.1 [M+H+]. 

 

Dibenzofuran-2-yl acetate (3b). Synthesis was performed according to Chiranjeevi et 

al.101 instructions. A solution of 1-dibenzofuran-2-ylethanone (3a) (1.60 g, 7.61 mmol, 

1.00 equiv) in dry DCM (25.0 mL) was cooled to 0 °C under inert gas atmosphere. 

2,2,2-trifluoroacetic acid (3.55 g, 2.40 mL, 31.2 mmol, 4.09 equiv) was added 

dropwise, followed by a solution of 3-chloroperoxybenzoic acid (3.41 g, 15.2 mmol, 

2.00 equiv) in DCM (13.0 mL), which was added carefully. After addition, the mixture 

was allowed to reach room temperature and was stirred for 3 d. The reaction was 

quenched with aqueous FeSO4 heptahydrate (around 2.5 g) solution and basified with 

saturated sodium bicarbonate solution under gas evolution. Emerging solid was filtered 

over Celite® and the filtrate was washed with saturated sodium bicarbonate solution. 

The aqueous layer was extracted with DCM (2x 25.0 mL) and the combined organic 

layers were washed with saturated sodium chloride solution, dried with sodium sulfate, 
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filtered and concentrated under reduced pressure. The dark brown crude product was 

purified via column chromatography (cyclohexane:ethyl acetate; 7:1). The content of 

isomeric 1-(dibenzo[b,d]furan-3-yl)ethan-1-one was reduced by recrystallization from 

methanol (15 mL) from 10% to 3% isomeric 1-(dibenzo[b,d]furan-3-yl)ethan-1-one. 

The target compound 3b (1.16 g, 4.95 mmol, 65% yield) was isolated as beige solid. 

Mp: 113–115 °C. 1H-NMR (300 MHz, CDCl3): δ = 7.95 – 7.87 (m, 1H), 

7.72 – 7.67 (m, 1H), 7.61 – 7.53 (m, 2H), 7.52 – 7.43 (m, 1H), 7.39 – 7.30 (m, 1H), 

7.17 (dd, J = 8.8, 2.4 Hz, 1H), 2.36 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ = 170.1, 

157.1, 153.8, 146.3, 127.8, 125.1, 124.1, 122.9, 121.0, 120.8, 113.7, 112.2, 112.0, 

21.3. MS (ESI): found: m/z = 184.9 [M-Acetyl+H+], calculated: m/z = 227.1 [M+H+], 

m/z = 185.1 [M-Acetyl+H+]. 

 

2-Dibenzofuranol (3c). Synthesis was performed according to Chiranjeevi et al.101 

instructions. A suspension of dibenzofuran-2-yl acetate (3b) (1.10 g, 4.86 mmol, 

1.00 equiv) in methanol (19.0 mL) was added dropwise to a suspension of freshly 

prepared sodium methanolate in methanol (559 mg elementary sodium in 12.0 mL 

methanol) under ice cooling under inert gas atmosphere. The mixture was allowed to 

reach room temperature. After 1 h, the reaction was quenched with 2 M HCl solution 

(8.00 mL). Methanol was evaporated under reduced pressure and the remaining 

residue was taken in water. The aqueous layer was acidified with concentrated HCl to 

protonate the product. Then it was extracted with chloroform (3x) and the organic layer 

was washed with saturated sodium chloride solution, dried with sodium sulfate, filtered 

and concentrated under reduced pressure. The target compound 3c (876 mg, 

4.75 mmol, 98% yield) was isolated as pale-yellow solid. Mp: 130–132 °C. 1H-NMR 

(300 MHz, CDCl3): δ = 7.91 – 7.84 (m, 1H), 7.55 (dt, J = 8.3, 0.9 Hz, 1H), 7.49 – 7.40 

(m, 2H), 7.40 – 7.35 (m, 1H), 7.35 – 7.28 (m, 1H), 6.97 (dd, J = 8.8, 2.6 Hz, 1H), 4.95 

(s, 1H). 13C-NMR (75 MHz, CDCl3): δ = 127.4, 125.2, 124.3, 122.6, 120.8, 115.4, 112.3, 

111.9, 106.4. MS (ESI): found: m/z = 184.9 [M+H+], calculated: m/z = 185.1 [M+H+]. 

 
2-Methoxydibenzofuran (3d). Synthesis was performed according to Yempala et 

al.102 instructions. Sodium hydride (15.6 mg, 391 μmol, 1.20 equiv) was added to a 

solution of 2-dibenzofuranol (3c) (60.0 mg, 326 μmol, 1.00 equiv) in dry THF (1 mL) 
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under ice cooling and inert gas atmosphere and stirred for 10 min. After, iodomethane 

(55.5 mg, 24.3 μL, 391 μmol, 1.20 equiv) was added and was allowed to reach room 

temperature and was stirred for 1 h. Further 0.60 equiv iodomethane were added and 

stirred for 1 h. The reaction was quenched with 5 mL water and the aqueous layer was 

extracted with DCM (3x 15.0 mL). Combined organic layers were washed with 

aqueous saturated sodium chloride solution, dried over sodium sulfate, filtered, and 

concentrated under reduced pressure. The crude product was purified via flash 

chromatography (cyclohexane:ethyl acetate; gradient 0% to 100% ethyl acetate) and 

was applied as dry load. The target compound 3d (23.7 mg, 118 μmol, 36% yield) was 

isolated as pink solid. Mp: 47–49 °C. 1H-NMR (300 MHz, CDCl3): δ = 7.96 – 7.88 

(m, 1H), 7.56 (dt, J = 8.3, 1.0 Hz, 1H), 7.51 – 7.39 (m, 3H), 7.33 (td, J = 7.5, 1.1 Hz, 

1H), 7.06 (dd, J = 8.9, 2.6 Hz, 1H), 3.92 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ = 157.1, 

156.0, 151.0, 127.2, 124.8, 124.6, 122.5, 120.7, 115.3, 112.2, 111.9, 103.9, 56.2. MS 
(ESI): found: m/z = 199.0 [M+H+], calculated: m/z = 199.1 [M+H+]. 

 

3-Methoxy-9H-carbazole (4a). Synthesis was performed according to Ku et al.103 

instructions. A solution of 3-bromo-9H-carbazole (2.00 g, 8.13 mmol, 1.00 equiv) in dry 

DMF (11.0 mL) was added to a suspension of freshly prepared sodium methanolate 

(3.10 g elementary sodium in 20.0 mL methanol; excess of methanol was removed 

under reduced pressure) in dry DMF (20.0 mL). Copper(I)iodide (3.10 g, 16.3 mmol, 

2.00 equiv) was added and the mixture was stirred for 15 min at room temperature 

while several color changes were observed. Afterwards, the dark green mixture was 

heated to 120 °C and refluxed for 22 h under inert gas atmosphere. The reaction 

mixture was filtered over silica gel, which was rinsed several times with ethyl acetate 

(in total 150 mL). The organic phase was washed with water and the resulting 

precipitate was filtered off over silica gel. The filtrate was washed with saturated 

sodium chloride solution (3x 30.0 mL, 5x 10.0 mL) and the organic layer was dried with 

sodium sulfate, filtered and concentrated under reduced pressure. The brown crude 

product was purified via column chromatography (cyclohexane:ethyl acetate; 5:1). The 

target compound 4a (1.36 g, 6.88 mmol, 85% yield) was isolated as beige solid. Mp: 

145–147 °C. 1H-NMR (300 MHz, CDCl3): δ = 8.07 (dt, J = 7.8, 1.0 Hz, 1H), 7.88 (s, 1H), 

7.60 (d, J = 2.5 Hz, 1H), 7.49 – 7.36 (m, 2H), 7.32 (dd, J = 8.8, 0.6 Hz, 1H), 7.29 – 7.21 
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(m, 1H), 7.10 (dd, J = 8.8, 2.5 Hz, 1H), 3.96 (s, 3H). 13C-NMR (75 MHz, CDCl3): 

δ = 154.0, 140.4, 134.5, 125.9, 123.9, 123.5, 120.4, 119.2, 115.2, 111.4, 110.9, 103.3, 

56.2. MS (ESI): found: m/z = 198.0 [M+H+], calculated: m/z = 198.1 [M+H+]. 

9H-Carbazol-3-ol (4b). Synthesis was performed according to Milne et al104. 

instructions. A mixture of 3-methoxy-9H-carbazole (4a) (1.30 g, 6.59 mmol, 

1.00 equiv), 47% hydrobromic acid (2.90 mL) and acetic acid glacial (24.0 mL) was 

heated to reflux (at 135 °C) under inert gas atmosphere. The progress of the reaction 

was monitored by TLC every hour. After 6 h, the reaction mixture was cooled to room 

temperature and acetone (20.0 mL) and water (10.0 mL) were added. The aqueous 

layer was extracted with DCM (1x 20.0 mL, 4x 10.0 mL) and concentrated under 

reduced pressure. The residue was taken in a water/ acetonitrile mixture and 

lyophilized overnight. The crude product was purified via column chromatography 

(cyclohexane:ethyl acetate; 5:1 to 2:1). Traces of starting material were removed by 

washing the solid with chloroform (3x 3.00 mL). The target compound 4b (956 mg, 

5.22 mmol, 79% yield) was isolated as pale green solid. Mp: > 255 °C under 

decomposition. 1H-NMR (300 MHz, DMSO-d6): δ = 10.87 (s, 1H), 8.92 (s, 1H), 7.98 

(d, J = 7.8 Hz, 1H), 7.47 – 7.36 (m, 2H), 7.36 – 7.26 (m, 2H), 7.15 – 7.00 (m, 1H), 6.91 

(dd, J = 8.6, 2.4 Hz, 1H). 13C-NMR (75 MHz, DMSO-d6): δ = 150.4, 140.4, 133.8, 125.2, 

123.1, 122.3, 120.1, 117.7, 115.0, 111.3, 110.8, 104.9. MS (ESI): found: m/z = 183.8 

[M+H+], calculated: m/z = 184.1 [M+H+]. 

Synthesis of 5a and 6a was performed according to Pájaro et al.105 reaction conditions. 

2-Dibenzofuranol (3c) or 9H-carbazol-3-ol (4b) (100 mg, 1.00 equiv) was added 

portionwise to a suspension of 1,2-dibromoethane (5.00 equiv) and anhydrous 

potassium carbonate (3.00 equiv) in dry acetonitrile (2 mL) heated at 80 °C under inert 

gas atmosphere. After addition, the mixture was heated to 80 °C and stirred for 22–

24 h. The mixture was filtered and the filtrate was concentrated under reduced 

pressure. Crude product was purified via column chromatography (cyclohexane:ethyl 

acetate).  

2-(2-Bromoethoxy)dibenzofuran (5a). Crude product was purified via column 

chromatography (cyclohexane:ethyl acetate; 20:1) yielding 5a (96.4 mg, 318 μmol, 

59% yield) as colorless solid. Mp: 69–71 °C. 1H-NMR (300 MHz, CDCl3): 

δ = 7.94 – 7.87 (m, 1H), 7.56 (dt, J = 8.3, 0.9 Hz, 1H), 7.50 – 7.42 (m, 3H), 7.37 – 7.30 
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(m, 1H), 7.07 (dd, J = 8.9, 2.7 Hz, 1H), 4.38 (t, J = 6.3 Hz, 2H), 3.69 (t, J = 6.3 Hz, 2H). 
13C-NMR (75 MHz, CDCl3): δ = 157.1, 154.4, 151.5, 127.4, 124.9, 124.4, 122.7, 120.7, 

116.0, 112.4, 111.9, 105.7, 69.2, 29.4. MS (ESI): found: not ionizable, calculated: 

m/z = 291.0 [M+H+]. 

3-(2-Bromoethoxy)-9H-carbazole (6a). Crude product was purified via column 

chromatography (cyclohexane:ethyl acetate; 4:1) yielding 6a (81.9 mg, 282 μmol, 52% 

yield) as colorless solid. Mp: 134–136 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 11.08 

(s, 1H), 8.15 – 8.05 (m, 1H), 7.74 (d, J = 2.5 Hz, 1H), 7.53 – 7.31 (m, 3H), 7.17 – 7.04 

(m, 2H), 4.40 (t, J = 5.5 Hz, 2H), 3.84 (t, J = 5.5 Hz, 2H). 13C-NMR (75 MHz, DMSO- d6): 

δ = 151.5, 140.5, 134.9, 125.5, 122.8, 122.4, 120.3, 118.1, 115.3, 111.6, 111.0, 104.8, 

68.7, 31.8. MS (ESI): found: m/z = 289.8/291.8 [M+H+], calculated: m/z = 290.0/292.0 

[M+H+]. 

Synthesis of 5 and 6 was performed according to Zhang et al.106 reaction conditions. 

A solution of propane-1,3-diamine (10.0 equiv) in acetonitrile (3 M) was prepared and 

heated to 80 °C. Then a solution of 2-(2-bromoethoxy)dibenzofuran (5a) or 3-(2-

bromoethoxy)-9H-carbazole (6a) (1.00 equiv) in acetonitrile (1 M) was added dropwise 

under inert gas atmosphere. After addition, the mixture was stirred at that temperature 

for 3 h. The reaction mixture was concentrated under reduced pressure. The crude 

product was purified via preparative HPLC (gradient 10–100% acetonitrile in 

water+0.1% TFA, eluates at 40-50%). The molecular weight was determined according 

to general method A.  

N1-(2-(Dibenzo[b,d]furan-2-yloxy)ethyl)propane-1,3-diamine trifluoroacetate salt 
(5). 5a (35.0 mg, 120 μmol, 1.00 equiv) yielded the target compound 5 as colorless 

solid (600.4 g/mol (~3xTFA), 40.4 mg, 0.067 mmol, 49.0% yield). Mp: 179–181 °C. 

1H- NMR (300 MHz, DMSO-d6): δ = 8.10 (d, J = 7.7 Hz, 1H), 7.76 (s, 1H), 7.64 

(t, J = 7.9 Hz, 2H), 7.50 (t, J = 7.8 Hz, 1H), 7.38 (t, J = 7.6 Hz, 1H), 7.17 

(d, J = 8.9 Hz, 1H), 4.43 – 4.28 (m, 2H), 3.43 – 3.39 (m, 2H), 3.23 – 3.07 (m, 2H), 

3.02 – 2.85 (m, 2H), 2.12 – 1.90 (m, 2H). 13C-NMR (75 MHz, DMSO-d6): δ = 156.4, 

154.3, 150.6, 127.9, 124.4, 123.9, 123.1, 121.3, 116.3, 112.5, 111.9, 105.7, 64.4, 46.4, 

44.6, 36.4, 23.9. MS (ESI): found: m/z = 285.1 [M+H+], calculated: m/z = 285.2 [M+H+]. 

99% purity. 
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N1-(2-((9H-Carbazol-3-yl)oxy)ethyl)propane-1,3-diamine trifluoroacetate salt (6). 
6a (76.0 mg, 262 μmol, 1.00 equiv) yielded the target compound 6 as colorless solid 

(855.8 g/mol (~5x TFA), 38.5 mg, 0.045 mmol, 17% yield). Mp: >194 °C under 

decomposition. 1H-NMR (300 MHz, DMSO-d6): δ = 11.20 (s, 1H), 8.08 

(d, J = 7.7 Hz, 1H), 7.75 (d, J = 2.4 Hz, 1H), 7.45 (t, J = 8.5 Hz, 2H), 7.36 

(t, J = 7.5 Hz, 1H), 7.17 – 7.05 (m, 2H), 4.33 (t, J = 4.9 Hz, 2H), 3.59 – 3.26 (m, 2H), 

3.15 (t, J = 7.6 Hz, 2H), 2.94 (t, J = 7.5 Hz, 2H), 2.01 (p, J = 7.5 Hz, 2H). 
13C- NMR (75 MHz, DMSO-d6): δ = 151.8, 140.9, 135.5, 126.0, 123.2, 122.8, 120.6, 

118.5, 115.8, 112.1, 111.5, 105.1, 64.8, 46.7, 44.8, 36.7, 24.2. MS (ESI): found: 

m/z = 284.1 [M+H+], calculated: m/z = 284.2 [M+H+]. 100% purity. 

tert-Butyl N-(2-bromoethyl) carbamate (3e). A solution of di-tert-butyldicarbonate 

(3.20 g, 14.6 mmol, 1.00 equiv) in DCM (10.0 mL) was added dropwise to a solution of 

2-bromoethylamine hydrobromide (3.00 g, 14.6 mmol, 1.00 equiv) triethylamine 

(1.48 g, 2.03 mL, 14.6 mmol, 1.00 equiv) in DCM (30.0 mL) under ice cooling and inert 

gas atmosphere. After addition, the mixture was allowed to reach room temperature 

and was stirred for 2 h. The organic phase was washed with 1 M HCl (3x 20.0 mL), 

saturated sodium bicarbonate solution (3x 20.0 mL), aqueous saturated sodium 

chloride solution (1x 20 mL), dried over sodium sulfate, filtered, and concentrated 

under reduced pressure. The crude product of 3e (2.967 g) showed around 20% di-

tert-butyldicarbonate contamination and was used without further 

purification.1H- NMR (300 MHz, CDCl3): δ = 4.99 (s, 1H), 3.57 – 3.46 (m, 2H), 

3.46 – 3.38 (m, 2H), 1.43 (s, 9H). 13C-NMR (75 MHz, CDCl3): δ = 155.7, 79.9, 42.5, 

32.8, 28.4. MS (ESI): found: m/z = 167.7/169.8 [M-tert-butyl+H+], calculated: 

m/z = 224.0/226.0 [M+H+], m/z = 168.0/170.0 [M-tert-butyl+H+]. 

Synthesis of 3f and 4c was performed according to Pájaro et al.105 reaction conditions. 

2-Dibenzofuranol (3c) or 9H-carbazol-3-ol (4b) (1.00 equiv), 

tert- butyl- N- (2- bromoethyl)carbamate (3e) (3.00 equiv, 80% purity) and anhydrous 

potassium carbonate (5.00 equiv) were mixed in dry acetonitrile (3c/4b 0.3 M). The 

mixture was heated at 80 °C and stirred for 18–20 h. The mixture was concentrated 

under reduced pressure. The residue was taken in water and was extracted with DCM. 

Combined organic layers were washed with water and aqueous saturated sodium 

chloride solution, dried over sodium sulfate, filtered, and concentrated under reduced 
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pressure. The crude product was purified via flash chromatography or column 

chromatography.  

tert-Butyl (2-(dibenzo[b,d]furan-2-yloxy)ethyl)carbamate (3f). 3c (750 mg, 

3.26 mmol, 1.00 equiv) was used. Crude product was purified via flash 

chromatography (cyclohexane:ethyl acetate; gradient 5% to 12% ethyl acetate). Mixed 

product fractions with contamination of tert-butyl N-(2-bromoethyl)carbamate were 

purified via column chromatography (cyclohexane:ethyl acetate; 7:1) yielding target 

compound 3f as pale-yellow oil (425 mg, 1.30 mmol, 40% yield). 1H-NMR (300 MHz, 

CDCl3): δ = 7.79 – 7.72 (m, 1H), 7.45 – 7.27 (m, 3H), 7.24 (s, 1H), 7.23 – 7.12 (m, 1H), 

6.89 (dd, J = 8.9, 2.6 Hz, 1H), 5.03 (s, 1H), 3.97 (t, J = 5.2 Hz, 2H), 3.47 

(d, J = 5.7 Hz, 2H), 1.37 (s, 9H). 13C-NMR (75 MHz, CDCl3): δ = 157.0, 156.0, 154.8, 

151.1, 127.2, 124.8, 124.4, 122.5, 120.6, 115.6, 112.2, 111.8, 104.8, 79.6, 68.2, 40.4, 

28.5. MS (ESI): found: m/z = 350.1 [M+Na+], calculated: m/z = 328.2 [M+H+], 

m/z = 350.1 [M+Na+]. 

tert-Butyl (2-((9H-carbazol-3-yl)oxy)ethyl)carbamate (4c). 4b (642 mg, 2.80 mmol, 

1.00 equiv) was used. The crude product was purified via column chromatography 

(cyclohexane:ethyl acetate; 3:1). The target compound 4c (350 mg, 1.07 mmol, 38% 

yield) was isolated as yellow solid. Mp: 154–158 °C. 1H-NMR (300 MHz, DMSO-d6): 

δ = 11.01 (s, 1H), 8.13 – 8.03 (m, 1H), 7.69 (d, J = 2.5 Hz, 1H), 7.47 – 7.30 (m, 3H), 

7.14 – 7.07 (m, 1H), 7.03 (dd, J = 8.7, 2.5 Hz, 1H), 4.05 (t, J = 5.9 Hz, 2H), 3.40 – 3.31 

(m, 2H), 1.40 (s, 9H). 13C-NMR (75 MHz, DMSO-d6): δ = 155.7, 152.0, 140.4, 134.7, 

125.4, 122.8, 122.4, 120.2, 118.0, 115.3, 111.5, 110.9, 104.2, 77.7, 67.3, 39.7, 28.2. 

MS (ESI): found: m/z = 227.0 [M-Boc+H+], calculated: m/z = 327.2 [M+H+], m/z = 227.1 

[M-Boc+H+]. 

2-Dibenzofuran-2-yloxyethylamine hydrochloride (3). Synthesis was performed 

according to general method C. 3f (1.73 g, 5.29 mmol, 1.00 equiv) was used. The 

target compound 3 (1.31 g, 4.97 mmol, 94% yield) was isolated as colorless solid. Mp: 

> 260 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 8.45 (s, 3H), 8.15 (d, J = 7.6 Hz, 1H), 

7.81 (d, J = 2.6 Hz, 1H), 7.65 (t, J = 8.5 Hz, 2H), 7.51 (t, J = 7.7 Hz, 1H), 7.38 

(t, J = 7.4 Hz, 1H), 7.17 (dd, J = 9.0, 2.7 Hz, 1H), 4.32 (t, J = 5.2 Hz, 2H), 3.25 (s, 2H). 
13C-NMR (75 MHz, DMSO-d6): δ = 156.2, 154.3, 150.3, 127.6, 124.2, 123.8, 122.9, 
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121.3, 116.3, 112.3, 111.7, 105.5, 65.2, 38.3. MS (ESI): found: m/z = 228.0 [M+H+], 

calculated: m/z = 228.1 [M+H+]. 100% purity. 

2-((9H-Carbazol-3-yl)oxy)ethan-1-amine hydrochloride (4). Synthesis was 

performed according to general method C. 4c (1.02 g, 3.13 mmol, 1.00 equiv) was 

used. The target compound 4 (629 mg, 2.39 mmol, 76% yield) was isolated as 

colorless solid. Mp: > 260 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 11.21 (s, 1H), 8.42 

(s, 3H), 8.09 (d, J = 7.8 Hz, 1H), 7.75 (d, J = 2.4 Hz, 1H), 7.50–7.38 (m, 2H), 7.41 – 7.29 

(m, 1H), 7.17–7.05 (m, 2H), 4.29 (t, J = 5.2 Hz, 2H), 3.24 (q, J = 5.3 Hz, 2H). 

13C- NMR (75 MHz, DMSO-d6): δ = 151.4, 140.4, 135.0, 125.5, 122.7, 122.4, 120.3, 

118.1, 115.5, 111.7, 111.1, 104.6, 65.2, 38.5. MS (ESI): found: m/z = 227.0 [M+H+], 

calculated: m/z = 227.1 [M+H+]. 100% purity. 

tert-butyl (3-((2-(dibenzo[b,d]furan-2-yloxy)ethyl)amino)-3-oxopropyl)carbamate 
(7a). Synthesis was performed according to general method B. 3 (377 mg, 1.43 mmol, 

1.00 equiv) was used. Crude product was purified via column chromatography 

(cyclohexane:ethyl acetate; 1:2). The target compound 7a (485 mg, 1.22 mmol, 85% 

yield) was isolated as colorless solid. Mp: 117–119 °C. 1H-NMR (300 MHz, CDCl3): 

δ = 7.92 – 7.85 (m, 1H), 7.57 – 7.38 (m, 4H), 7.31 (td, J = 7.5, 1.1 Hz, 1H), 7.01 

(dd, J = 8.9, 2.6 Hz, 1H), 6.33 (s, 1H), 5.18 (s, 1H), 4.12 (t, J = 5.1 Hz, 2H), 3.70 

(q, J = 5.3 Hz, 2H), 3.42 (t, J = 6.1 Hz, 2H), 2.52 – 2.38 (m, 2H), 1.41 (s, 9H). 
13C- NMR (75 MHz, CDCl3): δ = 171.8, 157.0, 156.2, 154.7, 151.2, 127.4, 124.9, 124.4, 

122.6, 120.7, 115.6, 112.3, 111.9, 105.0, 79.5, 67.7, 39.2, 36.9, 36.4, 28.5. MS (ESI): 
found: m/z = 299.1 [M-Boc+H+], calculated: m/z = 399.2 [M+H+], m/z = 299.1 

[M- Boc+H+]. 

tert-Butyl (3-((2-((9H-carbazol-3-yl)oxy)ethyl)amino)-3-oxopropyl)carbamate 
(8a). Synthesis was performed according to general method B. 6 (319 mg, 1.21 mmol, 

1.00 equiv) was used. Crude product was purified via column chromatography 

(cyclohexane:ethyl acetate; 1:2). The target compound 8a (430 mg, 920 μmol, 76% 

yield) was isolated as colorless solid. Mp: 149–152 °C.1H-NMR (300 MHz, DMSO-d6): 

δ = 11.02 (s, 1H), 8.15 (t, J = 5.5 Hz, 1H), 8.08 (d, J = 7.8 Hz, 1H), 7.70 (d, J = 2.5 Hz, 

1H), 7.48 – 7.29 (m, 3H), 7.16 – 6.99 (m, 2H), 6.74 (t, J = 5.8 Hz, 1H), 4.07 

(t, J = 5.8 Hz, 2H), 3.48 (q, J = 5.7 Hz, 2H), 3.24 – 3.10 (m, 2H), 2.30 (t, J = 7.3 Hz, 2H), 

1.37 (s, 9H). 13C-NMR (75 MHz, DMSO-d6): δ = 170.7, 155.5, 152.0, 140.4, 134.7, 
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125.4, 122.8, 122.4, 120.3, 118.0, 115.3, 111.6, 111.0, 104.3, 77.6, 67.2, 38.4, 36.8, 

35.8, 28.2. MS (ESI): found: m/z = 298.1 [M-Boc+H+], calculated: m/z = 398.2 [M+H+], 

m/z = 298.2 [M-Boc+H+].  

3-Amino-N-(2-(dibenzo[b,d]furan-2-yloxy)ethyl)propenamide hydrochloride (7b). 
Synthesis was performed according to general method C. 7a (453 mg, 1.14 mmol, 

1.00 equiv) was used and the reaction was stirred for 1.5 h. The solvent was removed 

under reduced pressure and the residue was lyophilized in water. The target 

compound 7b (379 mg, 1.13 mmol, quantitative) was isolated as colorless solid. Mp: 

171–173 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 8.54 (t, J = 5.5 Hz, 1H), 8.22 – 8.07 

(m, 4H), 7.75 (d, J = 2.7 Hz, 1H), 7.66 – 7.55 (m, 2H), 7.53 – 7.44 (m, 1H), 7.36 

(td, J = 7.5, 1.0 Hz, 1H), 7.10 (dd, J = 8.9, 2.7 Hz, 1H), 4.11 (t, J = 5.7 Hz, 2H), 3.51 

(q, J = 5.7 Hz, 2H), 3.00 (t, J = 7.1 Hz, 2H), 2.59 (t, J = 7.1 Hz, 2H). 
13C- NMR (75 MHz, DMSO-d6): δ = 169.8, 156.2, 154.8, 150.1, 127.5, 124.2, 123.9, 

122.8, 121.3, 116.0, 112.2, 111.7, 105.3, 67.1, 39.0, 38.4, 35.3, 32.1. MS (ESI): found: 

m/z = 299.0 [M+H+], calculated: m/z = 298.7 [M+H+]. 

N-(2-((9H-Carbazol-3-yl)oxy)ethyl)-3-aminopropanamide hydrochloride (8b). 
Synthesis was performed according to general method C. 8a (400 mg, 1.01 mmol, 

1.00 equiv) was used. The solvent was removed under reduced pressure and the 

residue was lyophilized in water. The target compound 8b (318 mg, 953 μmol, 95% 

yield) was isolated as colorless solid. Mp: 175–177 °C. 1H-NMR (300 MHz, DMSO-d6): 

δ = 11.16 (s, 1H), 8.51 (t, J = 5.6 Hz, 1H), 8.20 – 8.02 (m, 4H), 7.70 (d, J = 2.4 Hz, 1H), 

7.49 – 7.29 (m, 3H), 7.14 – 6.99 (m, 2H), 4.09 (t, J = 5.7 Hz, 2H), 3.51 

(q, J = 5.7 Hz, 2H), 3.01 (q, J = 6.3 Hz, 2H), 2.59 (t, J = 7.1 Hz, 2H). 
13C- NMR (75 MHz, DMSO-d6): δ = 169.7, 151.9, 140.4, 134.7, 125.4, 122.8, 122.4, 

120.3, 118.0, 115.3, 111.6, 111.0, 104.2, 67.1, 38.5, 35.3, 32.1. MS (ESI): found: 

m/z = 298.1 [M+H+], calculated: m/z = 298.2 [M+H+]. 

tert-Butyl (4-((3-((2-(dibenzo[b,d]furan-2-yloxy)ethyl)amino)-3-
oxopropyl)amino)-4-oxobutyl)carbamate (7c). Synthesis was performed according 

to general method B. 7b (330 mg, 986 μmol, 1.00 equiv) was used. Crude product was 

purified via column chromatography (DCM:methanol; 20:1). The target compound 7c 

(428 mg, 885 μmol, 90% yield) was isolated as colorless solid. Mp: 119–121 °C. 
1H- NMR (300 MHz, CDCl3): δ = 7.90 – 7.84 (m, 1H), 7.54 – 7.36 (m, 4H), 7.33 – 7.25 
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(m, 1H), 6.99 (dd, J = 8.9, 2.6 Hz, 1H), 6.95 – 6.72 (m, 2H), 4.91 (s, 1H), 4.10 

(t, J = 5.2 Hz, 2H), 3.67 (q, J = 5.4 Hz, 2H), 3.52 (q, J = 5.9 Hz, 2H), 3.07 

(t, J = 6.7 Hz, 2H), 2.47 (t, J = 6.1 Hz, 2H), 2.16 (t, J = 7.1 Hz, 2H), 1.74 

(t, J = 6.9 Hz, 2H), 1.40 (s, 9H). 13C-NMR (75 MHz, CDCl3): δ = 173.1, 172.0, 157.0, 

156.4, 154.7, 151.2, 127.4, 124.9, 124.3, 122.6, 120.6, 115.6, 112.3, 111.8, 105.0, 

79.4, 67.6, 39.2, 35.8, 33.7, 28.5, 26.2. MS (ESI): found: m/z = 484.1 [M+H+], 

calculated: m/z = 484.2 [M+H+]. 

tert-Butyl (4-((3-((2-((9H-carbazol-3-yl)oxy)ethyl)amino)-3-oxopropyl)amino)-4-
oxobutyl)carbamate (8c). Synthesis was performed according to general method B. 

8b (279 mg, 836 μmol, 1.00 equiv) was used. The aqueous layer was extracted with 

DCM (1x 20.0 mL). Next, a mixture of chloroform and isopropanol (2:1) was used to 

extract the aqueous phase (3x 20.0 mL). Combined organic layers were washed with 

aqueous saturated sodium chloride solution, dried over sodium sulfate, filtered, and 

concentrated under reduced pressure. Crude product was purified via column 

chromatography (DCM:methanol; 15:1). The target compound 8c (359 mg, 744 μmol, 

89% yield) was isolated as colorless/pale yellow solid. Mp: 160–163 °C.  

1H- NMR (300 MHz, DMSO-d6): δ = 11.02 (s, 1H), 8.16 (t, J = 5.6 Hz, 1H), 8.08 

(d, J = 7.8 Hz, 1H), 7.84 (t, J = 5.7 Hz, 1H), 7.70 (d, J = 2.4 Hz, 1H), 7.48 – 7.29 

(m, 3H), 7.15 – 7.00 (m, 2H), 6.77 (t, J = 5.7 Hz, 1H), 4.08 (t, J = 5.8 Hz, 2H), 3.49 

(q, J = 5.7 Hz, 2H), 3.34 – 3.21 (m, 2H), 2.89 (q, J = 6.6 Hz, 2H), 2.31 (t, J = 7.0 Hz, 2H), 

2.04 (t, J = 7.5 Hz, 2H), 1.58 (p, J = 7.3 Hz, 2H), 1.36 (s, 9H). 
13C- NMR (75 MHz, DMSO-d6): δ = 171.9, 170.8, 155.6, 152.0, 140.4, 134.7, 125.4, 

122.8, 122.5, 120.3, 118.0, 115.3, 111.6, 111.0, 104.3, 77.4, 67.2, 39.5, 38.5, 35.4, 

35.3, 32.9, 28.3, 25.9. MS (ESI): found: m/z = 483.1 [M+H+], calculated: m/z = 483.3 

[M+H+]. 

4-Amino-N-(3-((2-(dibenzo[b,d]furan-2-yloxy)ethyl)amino)-3-
oxopropyl)butanamide hydrochloride (7d). Synthesis was performed according to 

general method C. 7c (100 mg, 207 μmol, 1.00 equiv) was used and the reaction was 

stirred for 1 h. Solvent was concentrated under reduced pressure and the residue was 

lyophilized in water. The target compound 7d (86.0 mg, 205 μmol, quantitative) was 

isolated as colorless solid. Mp: 206–209 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 8.28 

(t, J = 5.6 Hz, 1H), 8.19 – 8.04 (m, 5H), 7.75 (d, J = 2.6 Hz, 1H), 7.61 
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(dd, J = 16.3, 8.6 Hz, 2H), 7.54 – 7.43 (m, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.10 

(dd, J = 9.0, 2.7 Hz, 1H), 4.10 (t, J = 5.8 Hz, 2H), 3.48 (q, J = 5.7 Hz, 2H), 3.28 

(q, J = 6.7 Hz, 2H), 2.75 (t, J = 7.5 Hz, 2H), 2.32 (t, J = 7.1 Hz, 2H), 2.18 

(t, J = 7.2 Hz, 2H), 1.78 (p, J = 7.3 Hz, 2H). 13C-NMR (75 MHz, DMSO-d6): δ = 171.3, 

170.8, 156.1, 154.8, 150.1, 127.5, 124.2, 123.9, 122.8, 121.2, 116.0, 112.1, 111.6, 

105.3, 67.2, 38.4, 38.3, 35.4, 35.3, 32.1, 23.2. MS (ESI): found: m/z = 384.1 [M+H+], 

calculated: m/z = 384.2 [M+H+]. 

N-(3-((2-((9H-Carbazol-3-yl)oxy)ethyl)amino)-3-oxopropyl)-4-aminobutanamide 
hydrochloride (8d). Synthesis was performed according to general method C. 8c 

(320 mg, 663 μmol, 1.00 equiv) was used. Solvent was concentrated under reduced 

pressure and the residue was lyophilized in water. The target compound 8d (275 mg, 

656 μmol, quantitative) was isolated as colorless solid. Mp: 240–243 °C. 
1H- NMR (300 MHz, DMSO-d6): δ = 11.13 (s, 1H), 8.26 (s, 1H), 8.20 – 7.97 (m, 5H), 

7.70 (d, J = 2.4 Hz, 1H), 7.49 – 7.26 (m, 3H), 7.17 – 6.97 (m, 2H), 4.07 

(t, J = 5.8 Hz, 2H), 3.48 (q, J = 6.0 Hz, 2H), 3.28 (q, J = 6.7 Hz, 2H), 2.85 – 2.64 

(m, 2H), 2.32 (t, J = 7.1 Hz, 2H), 2.18 (t, J = 7.2 Hz, 2H), 1.79 (p, J = 7.4 Hz, 2H). 
13C- NMR (75 MHz, DMSO-d6): δ = 171.3, 170.8, 152.0, 140.4, 134.7, 125.4, 122.8, 

122.4, 120.3, 118.0, 115.3, 111.6, 111.0, 104.3, 67.2, 38.4, 35.4, 35.4, 32.1, 23.2. 

MS (ESI): found: m/z = 383.1 [M+H+], calculated: m/z = 383.2 [M+H+]. 

Synthesis of 7 and 8 was performed according to Pirali et al.107 reaction conditions. 

Tetrahydrofuran-BH3 complex (1.00 M in THF, 20.0 equiv) was added dropwise to a 

solution of amide 7d or 8d (50.0 mg, 1.00 equiv) in dry THF (0.5 mL) under ice cooling 

and inert gas atmosphere. After addition, the mixture was let to reach room 

temperature and was stirred for 3 d at 60 °C. The reaction mixture was quenched with 

methanol (gas evolution) and the solvent was evaporated. The resulting borane-amine 

complex was dissolved differently. 

N1-(3-((2-(dibenzo[b,d]furan-2-yloxy)ethyl)amino)propyl)butane-1,4-diamine 
trifluoroacetate salt (7). The mixture was taken in 2.4 mL water. 0.6 mL TFA was 

added (in total 20 vol%) and the mixture stirred for 30 min to destroy the borane-amine 

complex. The solution was lyophilized and the crude product was purified via reversed 

phase flash chromatography (acetonitrile:water 0.1% TFA; gradient 0%–25% 

acetonitrile). The product was further purified via preparative HPLC (gradient 10–100% 
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acetonitrile in water+0.1% TFA, eluates at 30%). The molecular weight was determined 

according to the described general method A. The target compound 7 (874.6 g/mol (~5 

xTFA), 54.8 mg, 0.063 mmol, 53%) was isolated as colorless solid. Mp: 233–236 °C. 
1H-NMR (300 MHz, CD3OD): δ = 8.01 (dd, J = 7.7, 1.3 Hz, 1H), 7.67 (d, J = 2.6 Hz, 1H), 

7.59 – 7.44 (m, 3H), 7.36 (td, J = 7.4, 1.2 Hz, 1H), 7.19 (dd, J = 8.9, 2.6 Hz, 1H), 4.42 

(t, J = 5.1 Hz, 2H), 3.56 (t, J = 4.9 Hz, 2H), 3.36 – 3.25 (m, 2H), 3.25 – 3.15 (m, 2H), 

3.11 (t, J = 7.4 Hz, 2H), 3.00 (t, J = 7.1 Hz, 2H), 2.33 – 2.15 (m, 2H), 1.91 – 1.70 

(m, 4H). 13C-NMR (75 MHz, CD3OD): δ = 158.4, 155.6, 152.8, 128.6, 126.1, 125.5, 

123.8, 121.8, 117.0, 113.2, 112.6, 106.3, 65.3, 48.4, 48.3, 46.0, 45.8, 40.0, 25.6, 24.2, 

24.0. MS (ESI): found: m/z = 356.0 [M+H+], calculated: m/z = 356.2 [M+H+]. 98% purity. 

N1-(3-((2-((9H-Carbazol-3-yl)oxy)ethyl)amino)propyl)butane-1,4-diamine 
trifluoroacetate salt (8). The mixture was taken in 2.4 mL water. 0.6 mL TFA were 

added (in total 20 vol%) and the mixture was stirred in total for 6 h to destroy the amine-

borane complexes, which was not completed. The mixture was lyophilized and taken 

in 2.2 mL water and 0.4 mL 10% sodium hydroxide solution. Stirring for 30 min resulted 

in gas evolution and completely dissolved amine-borane complexes. The mixture was 

lyophilized and the crude product was purified via flash chromatography reversed 

phase (acetonitrile:water 0.1% TFA; gradient 0%–25% acetonitrile). Crude product 

was further purified via HPLC (gradient 5–100% acetonitrile in water+0.1% TFA, 

eluates at 10–20%). The molecular weight was determined according to the described 

general method A. The target compound 8 (827.2 g/mol (ca. 5x TFA), 41.0 mg, 

0.050 mmol, 42% yield) was isolated as colorless solid (pale brown in solution). Mp: 

211–213 °C. 1H-NMR (300 MHz, DMSO-d6): δ = 11.18 (s, 1H), 8.07 (d, J = 7.8 Hz, 1H), 

7.74 (d, J = 2.5 Hz, 1H), 7.52 – 7.29 (m, 3H), 7.18 – 7.05 (m, 2H), 4.34 (t, J = 4.9 

Hz, 2H), 3.60 – 3.30 (m, 2H), 3.15 (t, J = 7.7 Hz, 2H), 3.04 (t, J = 7.7 Hz, 2H), 2.94 

(t, J = 7.2 Hz, 2H), 2.82 (t, J = 7.0 Hz, 2H), 2.15 – 1.96 (m, 2H), 1.63 (m, 4H). 
13C- NMR (75 MHz, DMSO-d6): δ = 151.4, 140.5, 135.1, 125.6, 122.8, 122.4, 120.2, 

118.1, 115.4, 111.7, 111.1, 104.7, 64.4, 46.3, 46.1, 44.4, 43.9, 38.2, 24.1, 22.6, 22.3. 

MS (ESI): found: m/z = 355.0 [M+H+], calculated: m/z = 355.3 [M+H+]. 97% purity. 
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RNA oligonucleotides. RNA oligonucleotides except for the label-free Ba SAM-VI 

riboswitch which was prepared by polymerase chain reaction (PCR, see below) and in 

vitro transcription (IVT, see below), were purchased from Biomers.net GmbH (Ulm, 

Germany) (5’-biotin-Ba SAM-VI riboswitch, 5’-biotin-Tte preQ1 riboswitch, Tte preQ1 

riboswitch) and Integrated DNA Technologies (Coralville, IA, USA) (5’-Cy5-Tte preQ1 

riboswitch, 5’-Cy5-Ba SAM-VI riboswitch) in HPLC-purified quality (for oligo sequences 

see Tables S6 and S7). The concentrations of RNA were determined using a 

NanoDrop2000 (ThermoFisher Scientific, Waltham, MA, USA). All experiments were 

performed under RNase-avoiding conditions. All experiments including Cy5- and 

biotin-labelled RNA were performed under light protection. 

Polymerase chain reaction. The DNA template for the IVT was amplified using PCR. 

The PCR reaction mixture contained 10 nM of template DNA, 2 µM of each forward 

and reverse primer, 400 µM dNTP Mix (New England Biolabs GmbH, Frankfurt, 

Germany)), 3 mM MgCl2, 0.05 U mL−1 Taq DNA Polymerase (New England Biolabs 

GmbH, Frankfurt, Germany) and 1× standard Taq reaction buffer (New England 

Biolabs GmbH, Frankfurt, Germany) in a final volume of 200 µL. The reaction was 

performed using a 3Prime thermal cycler (Cole-Parmer Ltd, Stone, St, UK) with the 

following cycle parameters: initial denaturation (95 °C, 30 s), followed by 30 cycles of 

denaturation (95 °C, 30 s), annealing (temperature depends on the primer sequence 

and was determined by NEB Tm calculator, 30 s) and extension (72 °C, 45 s), and a 

final extension (72 °C, 4 min). The PCR product homogeneity was determined on a 

10% native PAGE gel to confirm the size and purity. 
In vitro transcription. The crude PCR products were used as templates for IVT using 

the T7 polymerase system. The IVT reaction mixture contained 400 µL PCR product, 

(without further purification), 7.5 mM of each NTP (Jena Bioscience, Jena, Germany), 

10 mM DTT, 30 mM MgCl2, 5 µL HighYield T7 RNA polymerase mix (Jena Bioscience, 

Jena, Germany) and 1× HighYield T7 reaction buffer (Jena Bioscience) in a final 

volume of 1 mL. The reaction was incubated at 37 °C for 4 hours. The formed 

pyrophosphate was removed by centrifugation at 14,000 g for 5 min directly after 

transcription and the cleared supernatant was transferred to a micro reaction tube for 

further sample processing. To remove the PCR- and IVT-enzymes, phenol/chloroform 

extraction was performed twice using ROTI® phenol/chloroform/isoamyl alcohol (Carl 
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Roth, Karlsruhe, Germany) and the standard protocol from the supplier. For further 

purification and concentration of the RNA the RNA Clean & Concentrator-5 kit (Zymo 

Research Europe GmbH, Freiburg, Germany) including DNase I was used. The RNA 

product was determined on a 10% denaturing PAGE gel to confirm size and purity. 

Isothermal titration calorimetry. ITC experiments were performed on an MicroCal 

PEAQ-ITC Automated calorimeter (Malvern Panalytical, Malvern, UK) at 20 °C. Prior 

to titration, the RNA was desalted using Zebra spin desalting columns (ThermoFisher 

Scientific, Waltham, MA, USA) following the standard protocol from the supplier, and 

lyophilized. RNA was resolved in ITC buffer (50 mM HEPES pH 7.0, 100 mM NaCl, 

6 mM MgCl2 for Tte preQ1 riboswitch and 40 mM HEPES pH 7.0, 50 mM KCl, 10 mM 

MgCl2 for Ba SAM-VI riboswitch). For refolding, the RNA was heated to 75 °C for 5 min 

and cooled down to room temperature for 20 min. For the Tte preQ1 riboswitch 

experiments, the RNA was diluted to 20 µM in ITC buffer, preQ1 and preQ0 were diluted 

to 200 µM in ITC buffer. For each experiment, 19 ligand injections in a volume of 

2.0 µL, with a 0.5 µL s–1 rate, 150 s intervals between injections and a reference power 

of 41.9 µW were performed. For the Ba SAM-VI riboswitch experiments, the RNA was 

diluted to 15 µM (SAM, MS02, MS04 measurements) and 30 µM (SAH measurements) 

in ITC buffer. SAM, 1 and 2 were diluted to 150 µM in ITC buffer, SAH was diluted to 

300 µM in ITC buffer. For each experiment, 13 ligand injections in a volume of 3.0 µL, 

with a 0.5 µL s–1 rate, 150 s intervals between injections and a reference power of 

41.9 µW were performed. All experiments contained a final DMSO concentration of 

0.2%. Due to high sample consumption, thermodynamic profiles are not corrected for 

buffer ionization effects.78,108 Integrated heat data were analyzed using a one-site 

binding model via the MicroCal PEAQ-ITC Analysis Software (version 1.21), provided 

by the manufacturer. Kinetic data were analyzed using the AFFINImeter web tool 

(Software 4 Science Developments). All ITC experiments were independently repeated 

three times. 
Microscale Thermophoresis. MST experiments were performed on a Monolith 

NT.115 (NanoTemper Technologies, Munich, Germany) using standard uncoated 

capillaries as described previously.109–111 Briefly, for refolding, the 5’-Cy5-labelled RNA 

was heated to 75 °C for 5 min in MST buffer (50 mM Tris-HCl, pH 7.5, 100 mM KCl, 

25 mM MgCl2) and cooled down to room temperature for 20 min. The RNA was diluted 
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to 20 nM in MST buffer and supplemented with ligands in appropriate concentrations 

ranging from 1 mM to 0.1 nM in 3.16-fold (semi-logarithmic) dilution series. Cross-

selectivity experiments were performed under the same conditions, but with ligand 

concentrations of 1 mM, 100 µM, 1 µM, 100 nM and 1 nM. For each experiment, one 

DMSO negative control was carried out. Final DMSO concentration was always 2%. 

MST measurements were analyzed using the NT analysis software (version 1.5.41) 

and exported for statistical analysis and plotting in GraphPad Prism (version 8.0.1, 

GraphPad Software, Boston, MA, USA, https://www.graphpad.com).  
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chromatography; Tm, melting temperature; TPP, thiamine pyrophosphate; Tris-HCl, 

Tris(hydroxymethyl)aminomethane hydrochloride; Tte, Thermoanaerobacter 

tengcongensis. 
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1. SPR Experiments 
 
Table S1. Binding affinities and kinetic parameters from SPR measurements for SAM, SAH, 1, and 2 against the 

Ba SAM-VI riboswitch, 1:1 binding fit model. 

SAM-VI SPR 

Compound KD [µM] kon [1/Ms] koff [1/s] KD,SS [µM] 

SAM 

3.02 2.51 ·103 7.59 ·10-3 5.27 

3.74 4.76 ·103 1.78 ·10-2 4.83 

3.51 2.52 ·103 8.85 ·10-3 5.17 

3.63 2.38 ·103 8.64 ·10-3 4.60 

3.47 2.44 ·103 8.46 ·10-3 4.68 

3.78 3.72 ·103 1.40 ·10-2 5.15 

3.36 2.61 ·103 8.78 ·10-3 4.67 

3.21 2.60 ·103 8.34 ·10-3 4.85 

2.39 2.90 ·103 6.93 ·10-3 3.40 

2.96 3.16 ·103 9.36 ·10-3 3.54 

2.86 3.14 ·103 8.98 ·10-3 3.69 

SAM 
Average 

3.72±0.41 (2.98±0.68) ·103 (9.80±3.06) ·10-3 4.53±0.64 

SAH 

64.9 6.95 ·102 4.51 ·10-2 58.3 

172 2.86 ·102 4.92 ·10-2 102 

164 2.93 ·102 4.82 ·10-2 105 

167 2.90 ·102 4.85 ·10-2 127 

79.0 5.38 ·102 4.25 ·10-2 80.0 

128 4.74 ·102 6.04 ·10-2 89.2 

192 3.29 ·102 6.31 ·10-2 141 

189 3.16 ·102 5.97 ·10-2 157 

171 3.35 ·102 5.73 ·10-2 160 

168 3.70 ·102 6.21 ·10-2 140 

149 3.75 ·102 5.60 ·10-2 137 

156 3.61 ·102 5.61 ·10-2 154 

SAH 
Average 

150±39 (3.88±1.18) ·102 (5.40±0.67) ·10-2 121±32 
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Table S2. Binding affinities and kinetic parameters from SPR measurements for preQ0 and preQ1 against the Tte 
preQ1 riboswitch, 1:1 binding fit model. 

1 

14.2 2.72 ·103 3.88 ·10-2 24.4 

14.0 2.73 ·103 3.83 ·10-2 25.3 

14.2 2.77 ·103 3.93 ·10-2 26.0 

11.8 2.95 ·103 3.48 ·10-2 17.6 

11.8 3.00 ·103 3.54 ·10-2 18.5 

11.6 3.05 ·103 3.53 ·10-2 20.0 

11.3 3.05 ·103 3.44 ·10-2 18.4 

11.0 3.12 ·103 3.41 ·10-2 18.2 

11.2 3.11 ·103 3.47 ·10-2 18.3 

1 

Average 
12.3±1.3 (2.94±0.15) ·103 (3.61±0.19) ·10-2 20.7±3.3 

2 

6.88 7.16 ·103 4.93 ·10-2 37.8 

5.70 8.64 ·103 4.93 ·10-2 33.8 

6.40 8.46 ·103 5.41 ·10-2 34.7 

3.09 1.49 ·104 4.59 ·10-2 6.02 

3.10 1.48 ·104 4.59 ·10-2 6.05 

3.28 1.48 ·104 4.85 ·10-2 5.99 

3.00 1.50 ·104 4.49 ·10-2 6.15 

2.96 1.55 ·104 4.60 ·10-2 6.16 

3.08 1.58 ·104 4.87 ·10-2 6.29 

2 

Average 
4.17±1.56 (1.28±0.34) ·104 (4.81±0.27) ·10-2 15.9±13.8 

Tte preQ1 SPR 

Compoun
d 

KD [nM] kon [1/Ms] koff [1/s] KD,SS [nM] 

preQ0 

64.3 3.18 ·103 2.05 ·10-4 633 

107 3.13 ·103 3.35 ·10-4 769 

107 3.11 ·103 3.32 ·10-4 761 

88.3 3.17 ·103 2.80 ·10-4 939 

95.2 3.81 ·103 3.63 ·10-4 754 
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89.8 3.80 ·103 3.41 ·10-4 783 

53.2 4.26 ·103 2.26 ·10-4 641 

85.5 3.99 ·103 3.41 ·10-4 829 

83.1 4.06 ·103 3.38 ·10-4 839 

21.7 1.45 ·104 3.14 ·10-4 313 

19.4 1.59 ·104 3.08 ·10-4 300 

preQ0 

Average 
74.0±29.4 (5.72±4.49) ·103 (3.07±0.48) ·10-4 687±197 

preQ1 

26.6 1.04 ·104 2.77 ·10-4 389 

19.1 1.05 ·104 2.00 ·10-4 410 

18.5 1.03 ·104 1.90 ·10-4 431 

26.3 9.60 ·103 2.52 ·10-4 474 

21.6 1.00 ·104 2.17 ·10-4 446 

23.0 9.65 ·103 2.22 ·10-4 528 

44.0 9.81 ·103 4.32 ·10-4 396 

47.4 9.99 ·103 4.74 ·10-4 455 

40.1 1.00 ·104 4.03 ·10-4 482 

35.8 1.15 ·104 4.10 ·10-4 309 

32.8 1.20 ·104 3.94 ·10-4 297 

34.9 1.17 ·104 4.07 ·10-4 329 

26.1 1.12 ·104 2.91 ·10-4 329 

19.5 1.19 ·104 2.32 ·10-4 300 

19.1 1.18 ·104 2.27 ·10-4 327 

21.4 1.02 ·104 2.18 ·10-4 736 

14.1 1.19 ·104 1.67 ·10-4 712 

14.1 1.19 ·104 1.68 ·10-4 768 

23.5 9.61 ·103 2.25 ·10-4 838 

19.2 1.14 ·104 2.19 ·10-4 777 

24.7 1.01 ·104 2.49 ·10-4 914 

28.4 1.11 ·104 3.14 ·10-4 265 

15.7 1.23 ·104 1.94 ·10-4 254 

15.3 1.20 ·104 1.83 ·10-4 284 
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42.5 9.29 ·103 3.94 ·10-4 593 

10.6 1.12 ·104 1.19 ·10-4 579 

11.0 1.09 ·104 1.20 ·10-4 668 

19.5 1.05 ·104 2.04 ·10-4 607 

14.4 1.32 ·104 1.90 ·10-4 572 

15.3 1.31 ·104 2.00 ·10-4 619 

preQ1 
Average 

24.1±9.9 (1.10±0.11) ·104 (2.60±0.96) ·10-4 503±184 

preQ1 
het? 
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Figure S1. Representative SPR sensorgrams for SAM (A), SAH (B), 1 (C), 2 (D), preQ0 (E), preQ1 (F), 3 (G), 4 (H), 
5 (I), 6 (J), 7 (K) and 8 (L) binding to the Ba SAM-VI riboswitch (left panel) and binding to the Tte preQ1 riboswitch 

(right panel). black; red 1:1 binding mode fit. 
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A B 

 

 
C  

 

 

  

Figure S2.  Representative SPR sensorgram for preQ1 binding to the Tte preQ1 riboswitch analyzed with a 1:1 

binding mode fit (A) or a heterogeny target model fit (B). IM analysis of the same dataset (C). 
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2. MST Experiments 
 

A 

 

B 

 

C 

 

D 

 
E 

 

F 

 

G 

 

H 

 
Figure S3. MST results for preQ1 (A), preQ0 (B), 3 (C), 4 (D), 5 (E), 6 (F), 7 (G), and 8 (H) binding to the Tte preQ1 

riboswitch. Aggregation at high concentrations is colored in red. 
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Figure S4. MST results for SAM (A), SAH (B), 1 (C), and 2 (D) binding to the Ba SAM-VI riboswitch. 

 

A 

 

B 

 

C 

 

D 

 
E 

 

F 

 

G 

 

H 

 
Figure S5. MST selectivity results at concentrations of 1 nM–1 mM for preQ1 (A), preQ0 (B), 3 (C), 4 (D), 5 (E), 6 

(F), 7 (G), and 8 (H) binding to the Ba SAM-VI riboswitch. Aggregation at high concentrations is colored in red. 
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Figure S6. MST selectivity results at concentrations of 1 nM–1 mM for SAM (A), SAH (B), 1 (C), and 2 (D) binding 
to the Tte preQ1 riboswitch. 
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Figure S7. MST dose-response results for preQ1 (A), preQ0 (B), 3 (C), 4 (D), 5 (E), 6 (F), 7 (G), and 8 (H) binding 

to the Tte preQ1 riboswitch. 
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Figure S8. MST dose-response curves for SAM (A), SAH (B), 1 (C), and 2 (D) binding to the Ba SAM-VI riboswitch. 
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Figure S9. MST selectivity dose-response results for preQ1 (A), preQ0 (B), 3 (C), 4 (D), 5 (E), 6 (F), 7 (G), and 8 
(H) not binding to the Ba SAM-VI riboswitch. 
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Figure S10. MST selectivity dose-response results for SAM (A), SAH (B), 1 (C), and 2 (D) not binding to the Tte 

preQ1 riboswitch. 
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3. ITC Experiments 
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Figure S11. Thermograms (top and isotherms) from ITC experiments for preQ1 (A–C), preQ0 (D–F), 3 (G), 4 (H), 5 
(I), 6 (J), 7 (K), and 8 (L) binding to the Tte preQ1 riboswitch. For compounds 3–8, no binding signals during titration 

were observed. 
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Figure S12. Thermograms (top and isotherms) from ITC experiments for preQ1 (A–C), preQ0 (D–F), 3 (G), 4 (H), 5 

(I), 6 (J), 7 (K), and 8 (L) binding to the Tte preQ1 riboswitch. For compounds 3–8, no binding signals during titration 

were observed. 
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Figure S13. Thermodynamic signature plots of preQ1 (A) and preQ0 (B) binding to the Tte preQ1 riboswitch. 
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Figure S14. Thermograms (top and isotherms) from ITC experiments for SAM (A–C), SAH (D–F), 1 (G–I), and 2 

(J–L) binding to the Ba SAM-VI riboswitch.  
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Figure S15. Thermodynamic signature plots of AM (A), SAH (B), 1 (C), and 2 (D) binding to the Ba SAM-VI 
riboswitch. 

  



Electrostatic Anchoring – Exploring the Impact of Charge to RNA–Small Molecule 

Binding Affinity, Kinetics, Thermodynamics and Selectivity 

 

317 

 

A 

 

B 

 

C 

 
D 

 

E 

 

F 

 
Figure S16. Equilibration-time curves (ETC) from kinITC analysis for preQ1 (A–B: injections 2–8, C: injections 2–

9) and preQ0 (D–E: injections 2-8, F: injections 2–9) binding to the Tte preQ1 riboswitch. 
  



Electrostatic Anchoring – Exploring the Impact of Charge to RNA–Small Molecule 

Binding Affinity, Kinetics, Thermodynamics and Selectivity 

 

318 

 

A 

 

B 

 

C 

 
D 

 

E 

 

F 

 
G 

 

H 

 

I 

 
J 

 

K 

 

L 

 
 

Figure S17. ETCs from kinITC analysis for SAM (A–C), SAH (D–F), 1 (G–I), and 2 (J–L) binding to the Ba SAM-VI 
riboswitch. 
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Table S3. Thermodynamic analysis results from ITC measurements for SAM, SAH, 1, and 2 against the Ba SAM-

VI riboswitch. 

Ligand KD [µM] ΔG [kJ/mol] ΔH [kJ/mol] –TΔS [kJ/mol] 

SAM 
0.688 –35.2 –64.8 29.6 

0.729 –35.1 –71.1 36.0 

0.720 –35.1 –65.8 30.7 

SAM Average 0.712 ± 0.022 –35.1 ± 0.1 –67.4 ± 3.7 32.1 ± 3.4 

SAH 
13.7 –27.8 –35.8 7.98 

12.4 –28.0 –33.7 5.72 

18.8 –27.0 –36.9 9.90 

SAH Average 15.0 ± 3.4 –27.6 ± 0.5 –35.5 ± 1.6 7.87 ± 2.09 

1 
3.90 –30.9 –110 79.1 

4.25 –30.7 –120 89.3 

3.44 –31.2 –94.3 63.1 

1 Average 3.86 ± 0.41 –30.9 ± 0.3 –108 ± 13 77.2 ± 13.2 

2 
1.14 –34.0 –89.1 55.2 

2.07 –32.5 –85.6 53.1 

1.97 –32.6 –87.7 55.1 

2 Average 1.73 ± 0.51 –33.0 ± 0.8 –87.5 ± 1.8 54.5 ± 1.2 
 
Table S4. Kinetic analysis results from ITC measurements for SAM, SAH, 1, and 2 against the Ba SAM-VI 

riboswitch. 

Ligand kon [1/Ms] koff [1/s] Chi2 

SAM 
(2.50 ± 0.08) · 104 (1.72 ± 0.06) ·10–2 3.60 

(2.08 ± 0.06) ·104 (1.51 ± 0.04) ·10–2 4.37 

(1.49 ± 0.05) · 104 (1.07 ± 0.04) ·10–2 1.57 

SAM Average (2.02 ± 0.51) · 104 (1.44 ± 0.33) · 10–2  

SAH 
(4.19 ± 0.04) ·103 (5.75 ± 0.06)· 10–2 0.19 

(1.77 ± 0.02) ·103 (3.33 ± 0.03) · 10–2 4.98 

(4.32 ± 0.03) ·103 (5.36 ± 0.04) · 10–2 0.18 

SAH Average (3.43 ± 1.44) · 103 (4.81 ± 1.30) · 10–2  

1 
(1.64 ± 0.03) · 104 (6.39 ± 0.12) · 10–2 0.46 

(0.88 ± 0.02) · 104 (3.73 ± 0.10) · 10–2 1.44 

(1.04 ± 0.03) · 104 (3.57 ± 0.09) · 10–2 0.60 

1 Average (1.40 ± 0.46) · 104 (5.57 ± 1.60) · 10–2  

2 
(1.25 ± 0.08) · 104 (1.42 ± 0.09) · 10–2 0.13 

(1.42 ± 0.05) · 104 (2.95 ± 0.10) · 10–2 4.44 

(1.41 ± 0.07)· 104 (2.78 ± 0.13)· 10–2 0.74 

2 Average (1.36 ± 0.10) · 104 (2.38 ± 0.84) · 10–2  
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Table S5. Thermodynamic analysis results from ITC measurements for preQ1 and preQ0 against the Tte preQ1 

riboswitch. 

Ligand KD [nM] ΔG [kJ/mol] ΔH [kJ/mol] –TΔS [kJ/mol] 

PreQ1 
26.0 –43.3 –157 114 

28.7 –43.1 –144 101 

14.7 –44.8 –148 104 

PreQ1 Average 23.1 ± 7.4 –43.7 ± 0.9 –150 ± 7 106 ± 7 

PreQ0 
88.5 –40.3 –137 96.2 

81.9 –40.5 –140 99.1 

85.9 –40.4 –111 70.2 

PreQ0 Average 85.4 ± 3.3 –40.4 ± 0.1 –129 ± 16 88.5 ± 15.9 
 
Table S6. Kinetic analysis results from ITC measurements for preQ1 and preQ0 against the Tte preQ1 riboswitch. 

Ligand kon [1/Ms] koff [1/s] Chi2 

PreQ1 
(4.10 ± 0.37) · 104 (1.07 ± 0.10) · 10–3 0.61 

(8.33 ± 0.71) · 104 (2.39 ± 0.20) · 10–3 1.37 

(9.59 ± 0.75) · 104 (1.41 ± 0.11) · 10–3 1.83 

PreQ1 Average (7.34 ± 2.88) · 104 (1.62 ± 0.69) · 10–3  

PreQ0 
(3.41±0.13) · 104 (3.01±0.12) · 10–3 1.12 

(2.64±0.08) · 104 (2.16±0.06) · 10–3 2.52 

(3.80±0.30) · 104 (3.26±0.26) · 10–3 0.71 

PreQ0 Average (3.28 ± 0.59) · 104 (2.81 ± 0.58) · 10–3  
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4. Analytical data compounds 3–8 
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Figure S18. From top: 1H-, 13C-NMR spectra, ESI-MS spectrum and LC UV chromatogram at 254 nm of compound 
3. LC-ESI-MS measured with Zorbax column, isocratic 40% acetonitrile in water + 0.1% formic acid over 10 min.   
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Figure S19. From top: 1H-, 13C-NMR spectra, ESI-MS spectrum and LC UV chromatogram at 254 nm of compound 

4. LC-ESI-MS measured with Zorbax column, isocratic 30% acetonitrile in water + 0.1% formic acid over 10 min. 
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Figure S20. From top: 1H-, 13C-NMR spectra, ESI-MS spectrum and LC UV chromatogram at 254 nm of compound 

5. LC-ESI-MS measured with Zorbax column, isocratic 40% acetonitrile in water + 0.1% formic acid over 10 min.  
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Figure S21. From top: 1H-, 13C-NMR spectra, ESI-MS spectrum and LC UV chromatogram at 254 nm of compound 
6. LC-ESI-MS measured with Zorbax column, isocratic 40% acetonitrile in water + 0.1% formic acid over 10 min. 
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Figure S22. From top: 1H-, 13C-NMR spectra, ESI-MS spectrum and LC UV chromatogram at 254 nm of compound 

7. LC-ESI-MS measured with MZ-Aqua column, gradient 10–90% acetonitrile in water + 0.1% formic acid over 
15 min.   
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Figure S23. From top: 1H-, 13C-NMR spectra, ESI-MS spectrum and LC UV chromatogram at 254 nm of compound 
8. LC-ESI-MS measured with MZ-Aqua column, gradient 10–90% acetonitrile in water + 0.1% formic acid over 

15 min.  
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5. Miscellaneous 
 

Labelled RNA Sequence 
5’-biotin-Tte preQ1 
riboswitch 

Biotin-GGAGAGGUUCUAGCUACACCUCUAUAAAAA 
ACUAA 

5’-Cy5-Tte preQ1 
riboswitch 

Cy5-GGAGAGGUUCUAGCUACACCUCUAUAAAAAACU 
AA 

5’-biotin-Ba SAM-VI 
riboswitch 

Biotin-GGCAUUGUGCCUCGCAUUGCACUCCGCGGG 
GCGAUAAGUCCUGAAAAGGGAUGUC 

5’-Cy5-Ba SAM-VI 
riboswitch 

Cy5-GGCAUUGUGCCUCGCAUUGCACUCCGCGGG 
GCGAUAAGUCCUGAAAAGGGAUGUC 

Table S6. Sequences of the 5’-Cy5- and 5-biotin-labelled riboswitches. 

 

DNA oligo Sequence 
Ba SAM-VI riboswitch 
template 

GACATCCCTTTTCAGGACTTATCGCCCCGCGGAGTG 
CAATGCGAGGCACAATGCCTATAGTGAGTCGTATTA 

Ba SAM-VI riboswitch 
forward primer 

CGCGCGAAGCTTAATACGACTCACTATA 

Ba SAM-VI riboswitch 
reverse primer 

GACATCCCTTTTCAGGACTTATCGCCCCG 

Table S7. Sequences of the DNA oligos used for the synthesis of the Ba SAM-VI riboswitch via PCR and IVT. 

 

 
Figure S24. Superposition of the Ba SAM-VI riboswitch in complex with SAM (PDB-ID: 6LAS, green SAM carbon 

atoms, white RNA carbon atoms) and SAH (PDB-ID: 6LAU, magenta SAH carbon atoms, grey RNA carbon atoms). 
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Figure S25. Crystal structure of Carnobacterium antarcticum preQ1 type 1 riboswitch in complex with two preQ1 

molecules (green carbon atoms) (PDB-ID: 8FB3). 
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7. SAR Study on the SAM-I and SAM-VI Riboswitches – 
Preliminary Data 

 

7.1. Introduction 
 

The necessity for prospective novel antibiotics has steadily grown in recent years due 

to the emerge of multi-drug resistant pathogens.15,117,123 The discovery of bacterial 

riboswitches two decades ago147–150 led to the advent of a novel approach to targeting 

relevant pathogens such as those from the ESKAPE group.9,170 Riboswitches have 

been the subject of extensive study with the aim of elucidating their regulatory 

mechanisms, ligand recognition and distribution among different 

species.8,136,137,151,160,163,164,209 One of the most pervasive riboswitch families is the 

SAM-sensing family, which encompasses both the SAM-I riboswitch and the SAM-VI 

riboswitch. 160,163,209 These riboswitches are involved in a number of pathways within 

bacterial sulfur metabolism, including the biosynthesis of SAM which is an important 

methyl donor.198,200,209 The structure of the Tte SAM-I riboswitch was elucidated in 

2006179, after which by various studies were conducted with the objective of in 

obtaining a ligand recognition pattern.210,211,320 The sequence of this riboswitch exhibits 

significant similarity to portions of the S. aureus genome, indicating a probable 

structural and ligand recognition similarity.214 Consequently, the well-studied Tte SAM-

I riboswitch179,210,211,320 represents an ideal model system for the investigation of small 

molecule binding to this structure. 

The Ba SAM-VI riboswitch was identified in 2018.161 These bacteria are not known to 

be human pathogens, but there exist some case reports of Bfidobacteria involved in 

pneumonia, prosthetic joint infections and sepsis in immunocompromised 

patients.321– 323 Interestingly, the sequence of the SAM-VI riboswitch family was found 

to share a high degree of similarity with that of SAM-III riboswitches.161 The SAM-VI 

riboswitch thus represents a model system for investigation of small molecules that 

might bind in a similar manner to the SAM-III riboswitch which is found in multiple 

human pathogens like E. faecalis.177,178 

The molecular recognition patterns of the SAM-I and SAM-VI riboswitches for SAM 

and SAH, respectively, exhibit distinct differences due to their structural differences.  
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A 

 

B 
 

 

C 

 

D 

 
Figure 25: Structures and molecular recognition of the Tte SAM-I riboswitch (PDB: 2GIS) and the Ba SAM-VI 
riboswitch (PDB: 6LAS). A, Tertiary structure of the Tte SAM-I riboswitch (shown as cartoon) complexed with SAM 

(shown as sticks). B, Tertiary structure of the Ba SAM-VI riboswitch (shown as cartoon) complexed with SAM 

(shown as sticks). C, Stacking and hydrogen bonding interactions between SAM and P3 bases in the SAM-I 
riboswitch binding pocket. D, Recognition of the adenosine moiety of SAM by junctional bases in the SAM-VI 

riboswitch binding pocket. This figure was created with the PyMOL Molecular Graphics System, Version 3.0 

Schrödinger, LLC. 
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E 
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G 

 

H 

 
Figure 25: Structures and molecular recognition of the Tte SAM-I riboswitch (PDB: 2GIS) and the Ba SAM-VI 

riboswitch (PDB: 6LAS). E, Anchoring of the methionine tail of SAM by hydrogen bonding interactions with the base 
triple (G58–C44)·G11 in the SAM-I riboswitch binding pocket. F, Hydrogen bonding interactions between the 

adenosine moiety of SAM and U8 and stacking interactions with G33 in the SAM-VI riboswitch binding pocket.  G, 

Electrostatic interaction of the sulfonium moiety with the carbonyl oxygens of U7 and U88 in the SAM-I riboswitch 
binding pocket. H, Electrostatic interaction of the sulfonium moiety with the carbonyl oxygens of U6 and U8 in the 

SAM-VI riboswitch binding pocket. Note: Hydrogen bonding interactions are colored red, stacking interactions are 

colored yellow, and electrostatic interactions are colored violet. This figure was created with the PyMOL Molecular 
Graphics System, Version 3.0 Schrödinger, LLC. 

Both the SAM-I and SAM-VI riboswitches belong to the junctional riboswitch 

class.160,165 The Tte SAM-I riboswitch consists of four stems (P1-P4) which are 

connected by a three-way junction (Figure 25 A). The SAM binding pocket lies between 

the minor grooves of P1 and P3. The pocket is capped by the junctional region J1/2 of 
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the central loop L1. SAM adopts a compact conformation when binding. The ligand is 

recognized by several residues within this pocket: The adenosine moiety forms 

hydrogen-bonds with A45, C47, and U57 and π-π stacking with C47 from P3 (Figure 

25 C). The methionine tail is anchored by hydrogen-bonding to the triple base pair 

(G58–C44)·G11 of P3 and J1/2 (Figure 25 E). The positively charged sulfonium moiety 

interacts with the carbonyl oxygens of U7 and U88 of P1 (Figure 25 G).179,209,211 The 

Ba SAM-VI riboswitch consists of three stems (P1-P3) connected via a three-way 

junction (Figure 25 B). The SAM binding pocket is located in the intersection of P1, P2 

and P3 stabilized by J1/2 and J2/3. In contrast to SAM-I riboswitches, the methionine 

tail of SAM binding to SAM-VI riboswitches is oriented outwards generating a extend 

ligand conformation. The adenosyl moiety is held in place by π-π stacking with G33 of 

J2/3 and hydrogen-bonding with U8, G33, A36, and A37 of J1/2 and J2/3 (Figure 25 

D, F). The sulfonium moiety forms electrostatic interactions with the carbonyl oxygens 

of U6 and U8 of P1 and J1/2 (Figure 25 H).161,162,209 In both riboswitches, these 

electrostatic interactions are found to be crucial for SAM affinity and selectivity. SAH 

adopts similar conformations to SAM; however, the loss of electrostatic interactions 

due to the absence of a positively charged sulfonium results in a significant reduction 

of affinity.209 

The aim of this SAR study was to ascertain the influence of distinct structural motifs 

within SAM and SAH, respectively, on their binding affinity to both riboswitches. To this 

end, an MST (affinity determination) and an ITC (thermodynamic and kinetic properties 

of further developed compounds) assay for the purpose of testing a series of SAM 

analogue compounds against the SAM-I and SAM-VI riboswitches were established. 

This encompasses the adenine- or adenosine moiety, the amino acid moiety, and the 

positively charged sulfonium moiety, which is the primary factor responsible for 

SAM/SAH discrimination. Consequently, adenine, adenosine, methionine, ornithine, 

and diamino butyric acid (DABA, Table 6) were evaluated as partial structures of SAM 

and SAH. Sinefungin (SFG) was tested as an aza-analog of SAM to evaluate the 

impact of the positive charged sulfonium moiety. Furthermore, a series of SAM 

analogues (Table 6) with variations in the side chain324 (synthesized by Dr. Marvin 

Schwickert and Sabrina Hoba of the Schirmeister group at the University of Mainz) 

were tested. 
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Table 6: Structures of the compounds tested in this SAR study 

Compound 

1 (SAM)  

 

2 (SAH) 

 

3 (SFG) 

 

4 (adenine) 
 

5 (adenosine) 

 

6 (5’-ADA) 

 

7 (L-DABA) 
 

8 (L-methionine) 
 

9 (L-ornithine) 
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Table 6: Structures of the compounds tested in this SAR study 

Compound 

10 

 

11 

 

12 

 

13 

 

14 

 

15 

 

16 
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This SAR study provides the starting point of a project aiming the investigation of small 

molecules distinct from the SAM/SAH motif that bind with high affinity and specificity 

to the SAM-I and SAM-VI riboswitches. The continuation of this project involves an 

ultra-large library virtual screening in accordance to previous approaches325–328 of both 

small molecule and fragment libraries based on the results of this SAR study. 

Subsequently, the hit compounds and fragments, respectively, will be tested in the 

established assays to obtain a deeper understanding of the binding properties. 

Promising binders will be synthetically derivatized and optimized for further 

development of lead structures in early-stage antibiotic drug discovery. 

 

7.2. Results and Discussion 
 
Table 7: Binding affinities of compound 1–16 tested via MST against the Tte SAM-I and Ba SAM-VI riboswitches. 
n. b.: non-binder. 

Compound 
KD [µM] 

SAM-I Riboswitch SAM-VI Riboswitch 

1 (SAM) 0.103 ± 0.043 0.699 ± 0.185 

2 (SAH) 84.7 ± 7.33 34.4 ± 12.0 

3 (SFG) 21.0 ± 4.97 4.22 ± 0.585 

4 (adenine) n.b. ≥ 350 

5 (adenosine) n.b. 136 ± 19.2 

6 (5’-ADA) 292 ± 90.9 20.8 ± 3.69 

7 (L-DABA) n.b. n.b. 

8 (L-methionine) n.b. n.b. 

9 (L-ornithine) n.b. n.b. 

10 1.92 ± 0.748 55.5 ± 13.3 

11 5.18 ± 1.95 93.5 ± 11.3 

12 n.b. 9.75 ± 4.51 

13 n.b. ≥ 800 

14 n.b. 10.4 ± 5.78 

15 28.6 ± 2.31 n.b. 

16 ≥ 400 n.b. 
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Table 8: Thermodynamic profile of SAM, SAH, 10 and 12 binding to the SAM-VI riboswitch measured by ITC. 

Compound KD [µM] ΔG [kJ/mol] ΔH [kJ/mol] –TΔS [kJ/mol] 

1 (SAM) 0.712 ± 0.022 –35.1 ± 0.06 –67.2 ± 3.39 32.1 ± 3.42 

2 (SAH) 16.0 ± 5.09 –27.5 ± 0.757 –35.5 ± 1.63 8.00 ± 2.29 

10 3.86 ± 0.406 –30.9 ± 0.250 –108 ± 13.0 77.2 ± 13.2 

12 1.73 ± 0.511 –33.0 ± 0.839 –87.5 ± 1.76 54.5 ± 1.18 

 
Table 9: Thermodynamic profile of SAM binding to the SAM-I riboswitch measured by ITC. 

Compound KD [µM] ΔG [kJ/mol] ΔH [kJ/mol] –TΔS [kJ/mol] 

1 (SAM) 0.469 ± 0.006 –36.2 ± 0.058 –62.1 ± 1.53 25.9 ± 1.53 

 

The affinities of SAM (KD = 0.699 ± 0.185 µM) and SAH (KD = 34.4 ± 12.0 µM) to the 

Ba SAM-VI riboswitch measured by MST were in good agreement with the literature.162 

The 50-fold decrease in affinity of SAH compared to SAM highlights the importance of 

the positive charge for tight binding due to electrostatic interactions with U6. This 

electrostatic interaction is a so-called charge-assisted chalcogen bond, a type of non-

covalent interaction involving a chalcogen atom as electron acceptor that is influenced 

by the presence of a charge. The sulfur atom can interact with electron donors because 

it has regions of positive electrostatic potential (σ-holes) opposite to its covalent bond. 

The interaction strength is significantly enhanced when the sulfur carries a positive 

charge because the electrostatic attraction between the positive charged σ-hole and 

the electron donor (in this case the lone pair of electrons of O2 in U6) is stronger.212 

The SAM isostere SFG which adopts the same chirality showed a 6-fold decreased 

affinity (KD = 4.22 ± 0.585 µM), while the aza-analogue 10 (KD = 55.5 ± 13.3 µM) loses 

affinity by a factor of 80. Both small molecules possess positively charged amino 

groups under assay and physiological conditions (pH 7.4). A reason for the decreased 

affinity of SFG and 10 might be that their positive charge is non-permanent. The slightly 

higher affinity of SFG compared to 10 might be due to the closer proximity of the 

charged amino group to U6 and potential additional interactions with G7 or G50. 

Compound 14 (KD = 10.4 ± 5.78 µM), the N-ethyl analogue of 10, binds to the SAM-VI 

riboswitch with a 5-fold increased affinity compared to 10. Adenosine (5) and 5’-ADA 

(6) showed binding affinities of 136 ± 19.2 µM and 20.8 ± 3.69 µM, respectively. The 
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adenine rings of both molecules can form hydrogen-bonds with U8, A36, and A38 as 

well as π-π stacking with G33 in the same manner as SAM. Their ribose 2’- and 

3’- hydroxyl groups also interact with G33 via hydrogen-bonding. The positively 

charged 5’-amino group of 6 might interact with the oxygens of U6 and U8 and 

therefore lead to a 6-fold improved affinity compared to adenosine. Adenine (4) only 

interacts with U8, A36, A38 (hydrogen-bonds) and G33 (π-π stacking). The absence 

of a positively charged moiety as well as an extended “tail” leads to a significant 

decreased affinity with a KD value of ≥ 350 µM. The amino acids DABA (7), methionine 

(8) and ornithine (9) showed no binding. This circumstance highlights the importance 

of a ring system with a positively charged moiety in distinct proximity to form crucial 

polar interactions (hydrogen-bonds and stacking) in the binding pocket. The influence 

of an amino acid tail was investigated with compounds 11 and 12: The presence of a 

carboxyl moiety (11) instead of an amino acid leads to a decrease in affinity 

(KD = 93.5 ± 11.3 µM), while a primary amino group alone leads to an improved affinity 

(KD = 9.75 4.51 µM). This indicates that a second positive charge is favored over an 

uncharged or negatively charged moiety in this position, as observed in the 

electrostatic anchoring study (Chapter 6). In the case of 11, the negatively charged 

carboxyl moiety interacts repulsively with the also negatively charged phosphate 

backbone and lacks hydrogen-bonding with U8. In contrast, the terminal amino group 

of 12 can interact with U8 and is attracted by the phosphate backbone. Previous 

studies showed that the association rate of 12 carrying two net positive charges 

increases compared to the uncharged SAH and therefore leading to an improved 

affinity. This hypothesis is supported by the behavior of 13, which carries a terminal 

aniline moiety. This aniline structure is neutral and sterically more challenging which 

might be the reason for the dramatically decreased affinity to ≥ 800 µM. Sterically also 

challenging are the benzylamine- and phenyl sulfonamide-moieties of 15 and 16, 

respectively. Both small molecules did not show binding to the SAM-VI riboswitch. 

Although the tertiary amine of 15 is positively charged, its interaction with U6 and U8 

might be prevented by the phenyl ring. Both structures potentially lead to base clashes 

which only can be avoided by adopting an energetically unfavored conformation. 

Consequently, these two small molecules do not enter the binding pocket. 

The ITC measurements showed KD values of 0.712 ± 0.022 µM and 16.0 ± 5.09 µM 

for SAM and SAH, respectively. With a comparable Gibb’s free energy ΔG < 0, both 
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binding events are spontaneous. Compared to SAH, the binding of SAM is more driven 

by both enthalpy and entropy contributions, but its greater exothermic nature 

(– ΔHSAM > – ΔHSAH) makes it more thermodynamically favored despite the higher 

entropy cost (–TΔSSAM > –TΔSSAH). This indicates that the binding of SAM to the SAM-

VI riboswitch involves stronger interactions such as the charge-assisted chalcogen-

bonding which is not present in the SAH-SAM-VI complex. Compounds 10 

(KD = 3.86 ± 0.406 µM) and 12 (KD = 1.73 ± 0.511 µM) also showed affinities in ITC 

experiments comparable to those determined by MST. The Gibb’s free energies of 

both compounds showed similar values compared to SAM and SAH, indicating a 

comparable spontaneity of these binding events. 10 shows the most enthalpy-driven 

interaction, while also exhibiting the highest entropy-cost (–TΔS = 77.2 ± 13.2 kJ/mol). 

This suggests a very strong but also highly ordering binding. 12 strikes a balance with 

strong enthalpy and entropy contributions similar to SAM, but less thermodynamically 

favored. SAM, 10 and 12 carry a positive charge in 5’-position and are more 

thermodynamically favored than the neutral SAH. This highlights once again the impact 

of the positive charge in 5’-position on an affine and strong binding to the SAM-VI 

riboswitch. 

In summary, the complex network of hydrogen bonds and intercalation between bases 

of the SAM-VI riboswitch and the adenosyl-moiety seems to have a huge impact on 

ligand binding. Therefore, an exchange of this partial structure only might lead to 

similar binding affinities in the case of approximately identically hydrogen-

donor/acceptor profiles. However, this exchange has not been studied and needs to 

be validated. A positive charge in a specific distance to the aforementioned structure 

is also crucial for binding as well as the polarity of this cationic charge. Different 

substituents in this position revealed that sterically challenging motifs such as aromatic 

substituents prevent the essential electrostatic interactions and must be avoided. The 

“tail” structure is also favored when carrying an amino acid structure or positively 

charged group that can form polar interactions to anchor the ligand in the binding 

pocket. 
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Figure 26: MST dose response results for SAM (A), SAH (B), SFG (C), adenine (D), adenosine (E), 5’-ADA (F), 

DABA (G), methionine (H), ornithine (I), 10 (J), 11 (K), 12 (L), 13 (M), 14 (N), 15 (O), and 16 (P) against the Ba 

SAM-VI riboswitch. DABA, methionine, ornithine, 15, and 16 did not show a significant change in normalized 

fluorescence. 
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Figure 27: ITC evaluation of one representing experiment of SAM (A, B), SAH (C, D), 10 (E, F) and 12 (G, H) to the 
Ba SAM-VI riboswitch each. A, C, E, G: Injection raw data. B, D, F, H: Resulting isotherms by plotting the integrated 

heat against the molar ratio.  
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The Tte SAM-I riboswitch discriminates more strongly between the natural ligands 

SAM (MST: KD = 0.103 ± 0.043 µM; ITC: KD = 0.469 ± 0.006 µM) and SAH 

(KD = 84.4 ± 7.33 µM) than the Ba SAM-VI riboswitch.210,211 This decrease in affinity 

indicates once again the key role of the positive charge for ligand binding. SFG 

(KD = 21.0 ± 4.97 µM) and 10 (KD = 1.92 ± 0.748 µM) exhibit decreased affinities 

compared to SAM. The 200-fold decreased affinity of SFG is in good agreement with 

the previously reported relative affinity by in-line probing assay.210 The position of the 

positively charged amino group might affect the binding affinity and therefore leading 

to a 10-fold improved affinity of 10 towards SFG. According to this hypothesis, 14 was 

expected to bind the Tte SAM-I riboswitch with similar potency. However, binding was 

not observed for this compound. A possible reason for this circumstance is that a 

substitution of the amino group leads to a loss of interactions with U7 and U88. 15 and 

16 also carry substituents in this position, with 15 being positively charged and 16 

neutral due to the sulfonamide structure. 15 (KD = 28.6 ± 2.31 µM) binds with similar 

affinity as SFG to the RNA, while 16 did not show binding. This indicates that in addition 

to the positive charge, an aromatic substitution might be beneficial for binding. 

Aromatic ring systems such as in 15, possibly form stacking interactions with bases of 

P1 and therefore anchor the ligand in the binding pocket. To confirm this hypothesis, 

the binding behavior of a small molecule set with aliphatic and aromatic substituted 

nitrogen atoms needs to be investigated. As the ligand conformation in the SAM-I 

pocket is compact, the nature of the terminal “tail” structure was evaluated with 

compounds 11 (negatively charged carboxyl moiety) and 12 (positively charged 

primary amine moiety) in addition to 10 (zwitterionic amino acid moiety). Compound 

11 (KD = 5.18 ± 1.95 µM) was found to bind with similar affinity as 10 

(KD = 1.92 ± 0.748 µM), while 12 did not show binding. Consequently, it can be 

assumed that the interaction of the terminal carboxylate with G11 and G58 are more 

important for ligand binding than the interaction of the amino group with G58; in fact, 

the absence of those terminal oxygens seems to be the reason for the loss of binding 

affinity. The non-binding of 13 (terminal aniline moiety) supports this hypothesis. 

Furthermore, the binding behavior of partial structural elements of the SAM/SAH motif 

was investigated. The positively charged amino acids DABA and ornithine did not show 

binding to the SAM-I riboswitch, indicating that an aromatic structure for stacking and 

hydrogen-bonding interactions is crucial for binding. The neutral methionine as part of 
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SAH also did not show binding which also suggests that the adenosyl moiety of SAH 

has a huge impact on binding affinity. Adenosine, adenine (both non-binder) and 5’-

ADA (KD = 292 ± 90.9 µM) permit the conclusion that the adenosyl moiety with a 

positive charge in 5’-position is crucial for binding as all binding small molecules 

(except SAH) feature this motif.  

Additionally, Stoddard et al.320 demonstrated that the ligand-free Tte SAM-I riboswitch 

binding pocket conformation differs from the ligand-bound state. In the apo-form, the 

internal loop is defined by the base triple (A45–U57)·A46 occupying the binding site of 

the adenosyl-moiety (Figure 28 A). When SAM is binding, A46 is flipped out of the 

A45–U57 plane and placed adjacent to C47–G56 (Figure 28 B). The fact that adenine 

and adenosine did not show binding suggests that the electrostatic interaction of a 

positively charged moiety is required for unlocking the binding pocket. 

A 
 

 
 

B 

 
Figure 28: Comparison of the Tte SAM-I riboswitch binding pocket in the ligand-free (apo) and bound state (bases 

shown as cartoon). A, Apo state (PDB: 3IQP) with A46 (teal) occupying the adenosyl-binding site of SAM as part 
of a base triple with A45 and U57. B, SAM- (shown as sticks) bound state (PDB: 3IQR) with A46 (teal) flipped out 

of the A45–U57 plane. This figure was created with the PyMOL Molecular Graphics System, Version 3.0 

Schrödinger, LLC. 

In summary, the most important feature for ligand recognition seems to be the positive 

charge in 5’-position. The sulfonium moiety can form charge-assisted chalcogen bonds 

with U7 and U88. The additional electron donor compared to the SAM-VI riboswitch 

might explain the higher affinity of SAM to the SAM-I riboswitch. The distinct hydrogen-

donor/acceptor pattern of the adenosyl moiety also seems to strongly influence the 

binding affinity – an exchange of this moiety might only be beneficial when imitating 

this pattern. A substitution of the positively charged atom might not be necessary; 

however only aromatic substituents seem to be accepted. A terminal carboxyl moiety 
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was also found to be crucial for affinity – the possibility of adjusting the length of this 

tail structure needs to be determined. 
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Figure 29: MST dose response results for SAM (A), SAH (B), SFG (C), adenine (D), adenosine (E), 5’-ADA (F), 
DABA (G), methionine (H), ornithine (I), 10 (J), 11 (K), 12 (L), 13 (M), 14 (N), 15 (O), and 16 (P) against the Tte 

SAM-I riboswitch. Adenine, adenosine, DABA, methionine, ornithine, 12, 13, and 14 did not show a significant 

change in normalized fluorescence. 
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B 

 
Figure 30: ITC evaluation of one representing experiment of SAM binding to the Tte SAM-I riboswitch. A, Injection 

raw data. B, Resulting isotherm of the integrated heat plotted against the molar ratio. 

 

7.3. Experimental Section 
 

RNA/DNA oligos 
The DNA oligos for the Tte SAM-I riboswitch preparation were purchased from 

Integrated DNA Technologies (IDT, Coralville, USA). The Ba 5’-Cy5-SAM-VI riboswitch 

was purchased from Eurofins Genomics (Ebersberg, Germany). 

 
Table 10: Sequences of the purchased DNA/RNA oligos 

DNA Oligo ID Sequence 

SAM-I riboswitch 

template 

5‘-CGGCTCATCTTTCAACGTTTCCGCTGCAGGAATTGG 

CACCATTTCTGGTTGCCGGGGTTCTTCGCGCCAGTC 

GCTCCCCCTCTCTTGATAAGCCTATAGTGAGTCGTATTA-3‘ 

SAM-I riboswitch 

forward primer 
5'-CGCGCGAAGCTTAATACGACTCACTATA-3 

SAM-I riboswitch 

reverse primer 
5’-CGGCTCATCTTTCAACGTTTCCG-3’ 

RNA Oligo ID Sequence 

5’-Cy5-SAM-VI 

riboswitch 

5‘-Cy5-GGCAUUGUGCCUCGCAUUGCACUCCGCGGGGCG 

AUAAGUCCUGAAAAGGGAUGUC-3‘ 
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Table 11: Sequences of the Tte SAM-I and the Ba  SAM-VI riboswitch 

Riboswitch Sequence 

SAM-I riboswitch 

5’-GGCUUAUCAAGAGAGGGGGAGCGACUGGCGCGA 

AGAACCCCGGCAACCAGAAAUGGUGCCAAUUCCUGC 

AGCGGAAACGUUGAAAGAUGAGCCG-3’ 

SAM-VI riboswitch 
5‘-GGCAUUGUGCCUCGCAUUGCACUCCGCGGGGCG 

AUAAGUCCUGAAAAGGGAUGUC-3‘ 

 

RNA preparation 
 
PCR. The DNA template for the IVT were amplified using PCR. The PCR reaction 

mixture contained 10 nM of template DNA, 2 µM of each forward and reverse primer, 

400 µM dNTP Mix (New England BioLabs (NEB), Ipswich, USA), 3 mM MgCl2, 

0.05 U mL−1 Taq DNA Polymerase (NEB, Ipswich, USA) and 1× standard Taq reaction 

buffer (NEB, Ipswich, USA) in a final volume of 200 µL. The reaction was performed 

using a 3Prime thermal cycler (Cole-Parmer, Stone, UK) with the following cycling 

conditions: initial denaturation (95 °C, 30 s), followed by 30 cycles of denaturation 

(95 °C, 30 s), annealing (temperature depends on the primer sequence and was 

determined by NEB TM calculator, 30 s) and extension (72 °C, 45 s), and a final 

extension (72 °C, 4 min). The PCR product homogeneity was checked on a 10% native 

PAGE gel to confirm the size and purity. 

IVT. The crude PCR products were used as templates for IVT using the T7 polymerase 

system. The IVT reaction mixture contained 400 µL PCR product, (without further 

purification), 7.5 mM of each NTP (Jena Bioscience, Jena, Germany), 10 mM DTT, 

30 mM MgCl2, 5 µL HighYield T7 RNA polymerase mix (Jena Bioscience, Jena, 

Germany) and 1× HighYield T7 reaction buffer (Jena Bioscience, Jena, Germany) in a 

final volume of 1 mL. The reaction was incubated at 37 °C for 4 hours. 

 

RNA extraction and purification. The formed pyrophosphate was removed by 

centrifugation at 14,000 g for 5 min directly after transcription and the cleared 

supernatant was transferred to a micro reaction tube for further sample processing. To 

remove the PCR- and IVT-enzymes, phenol/chloroform extraction was performed 

twice using ROTI® phenol/chloroform/isoamyl alcohol (Carl Roth, Karlsruhe, 
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Germany) and the standard protocol from the supplier. For further purification and 

concentration of the RNA the RNA Clean & Concentrator-5 kit (Zymo Research, Irvine, 

USA) including DNase I was used. The RNA product was checked on a 10% 

denaturing PAGE gel to confirm size and purity. 

 

Microscale thermophoresis. MST experiments were performed on a Monolith 

NT.115 (NanoTemper Technologies, Munich, Germany) using standard uncoated 

capillaries. All steps involving labelled RNA were conducted under light protection. For 

refolding, the unlabelled and 5’-Cy5-labelled RNA was heated to 75 °C for 5 min and 

cooled down to room temperature for 20 min. The 5’-Cy5-SAM-VI riboswitch was 

diluted to 20 nM in MST buffer (50 mM Tris-HCl, pH 7.5, 100 mM KCl, 25 mM MgCl2) 

and supplemented with ligands in appropriate concentrations typically ranging from 

1 mM to 0.1 nM in 3.16-fold (semi-logarithmic) dilution series. The SAM-I riboswitch 

was diluted to 100 nM in MST buffer (50 mM Tris-HCl, pH 7.5, 100 mM KCl, 25 mM 

MgCl2), labelled with 1 µM Syto59 or 1 ×	SybrGold, and supplemented with ligands in 

appropriate concentrations typically ranging from 1 mM to 0.1 nM in 3.16-fold (semi-

logarithmic) dilution series. SAM and SAH were used as positive controls. For each 

experiment, one DMSO negative control was carried out. Final DMSO concentration 

was always 2%. All MST measurements were analyzed using the NT analysis software 

(version 1.5.41) and exported for statistical analysis and plotting in GraphPad Prism 

(version 8.0.1, GraphPad Software, Boston, MA, USA, https://www.graphpad.com). 

 
Isothermal titration calorimetry. ITC experiments were performed on an automated 

MicroCal PEAQ-ITC calorimeter (Malvern Panalytical, Malvern, UK) at 20 °C. Prior to 

titration, the RNA was desalted using Zebra spin desalting columns (ThermoFisher, 

Waltham, USA) following the standard protocol from the supplier and lyophilized. The 

solid RNA was resolved in ITC buffer (50 mM HEPES pH 7.5, 40 mM KCl, 2 mM MgCl2 

for Tte SAM-I riboswitch and 40 mM HEPES pH 7.0, 50 mM KCl, 10 mM MgCl2 for Ba 

SAM-VI riboswitch). For refolding, the RNA was heated to 75 °C for 5 min and cooled 

down to room temperature for 20 min.  

For the Tte SAM-I riboswitch experiments, the RNA was diluted to 20 µM in ITC buffer, 

and SAM was diluted to 100 µM in ITC buffer. For each experiment, 19 ligand injections 
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in a volume of 3.0 µL, with a 0.5 µL s–1 rate, 150 s intervals between injections and a 

reference power of 41.9 µW were performed. 

For the Ba SAM-VI riboswitch experiments, the RNA was diluted to 15 µM (SAM, 

compounds 10 and 12 measurements) and 30 µM (SAH measurements) in ITC buffer. 

SAM, 10 and 12 were diluted to 150 µM in ITC buffer, SAH was diluted to 300 µM in 

ITC buffer. For each experiment, 13 or 19 ligand injections in a volume of 3.0 µL, with 

a 0.5 µL s– 1 rate, 150 s intervals between injections and a reference power of 41.9 µW 

were performed. 

All experiments contained 0.2% DMSO. Integrated heat data were analyzed using a 

one-site binding model via the MicroCal PEAQ-ITC Analysis Software (version 1.21), 

provided by the manufacturer.
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8. Conclusion and Outlook 
 

The objective of this doctoral thesis was to characterize diverse interactions between 

small molecules and RNA targets, focusing on bacterial riboswitches – specifically 

preQ1, SAM-I, and SAM-VI – as well as the viral HCV IRES. This research contributes 

significantly to the field of structure-based drug design targeting RNA in pathogenic 

organisms, aligning with contemporary advancements in RNA-small molecule 

interactions studies.  

RNA has emerged as a critical target for novel therapeutic development, particularly in 

the context of bacterial and viral infections. However, identifying RNA targets that are 

both disease-specific and druggable presents significant challenges.1,2,5,100 Like 

proteins, which have traditionally been the primary focus of drug design, RNA displays 

distinctive structural features and dynamic conformations that are essential for the 

survival of pathogens.1,5,51 However, these same attributes can also render RNA 

challenging to target selectively. This selectivity challenge is particularly pronounced 

as many RNA structures such as hairpins are widespread among different species. 

This lack of diversity is due to the only four building blocks of RNA and the anionic 

backbone that influence RNA’s secondary structure.1,2 Consequently, the uniqueness 

of RNA structures contributes significantly to the selectivity challenge. While many 

RNA motifs are conserved among different species due to their essential biological 

functions, unique structures with specialized functionalities exist in specific organisms. 

Among those structures are bacterial riboswitches7,9,14,136,137,152,163,166 and viral RNA 

elements16 such as the already targeted HCV and enterovirus 71 IRES17–19,21,40,230,329 

and HIV TAR22,330–334. Especially for small molecules that bind to bacterial 

riboswitches, it has been considered that some human proteins use the same 

metabolites as the bacterial RNA, for instance, SAM and TPP. Commonly, the binding 

mechanism are distinct, so the rational design of bacterial riboswitch directed small 

molecules with chemical dissimilarity to the natural metabolite is possible.14,155,180 

Achieving selective targeting is crucial to avoid off-target effects that could disrupt host 

cellular processes and lead to toxicity.5,124 

Moreover, druggability is another key hurdle. Many RNA targets lack well-defined 

pockets or grooves that can accommodate small molecules with high affinity and 
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specificity, making it difficult to design effective drugs. The structural plasticity and 

dynamic nature of RNA further complicate this issue, as RNA may adopt multiple 

conformations that influence ligand binding.1,2,5 

The development and application of robust biophysical methods is crucial for 

understanding RNA-small molecule interactions, particularly in evaluating the binding 

affinity, kinetics, and specificity of potential therapeutics.2,6,100 Assays like FRET, ITC, 

MST, and SPR are widely applied in drug discovery, particularly in screening 

campaigns, SAR studies, and hit-to-lead optimization.2,6  

MST enables the detection of molecular interactions by measuring the changes in the 

movement of molecules under a temperature gradient. The movement of the 

molecules are detected by fluorescence. Consequently, the target RNA must be 

labelled with a fluorescent probe. MST provides medium-low throughput and might 

struggle with very weak or strong interactions, but benefits from minimal sample 

consumption.62,266 ITC measures the heat change during molecular interactions and 

provides detailed thermodynamic profiles236,293 and, in some cases, kinetic 

profiles272,291. This method is often used to refine SAR by elucidating binding enthalpy 

and entropy contributions, and to guide lead optimization campaigns.335–338 Within 

fragment optimization processes, LE, LLE, and FQ besides the affinity play a crucial 

role.103,104 These metrics can be determined by ITC experiments (equations (1)–(3)).274 

However, ITC has lower throughput and requires higher sample concentrations, 

making it less suitable for large-scale screenings.6,337 SPR detects real-time binding 

kinetics via changes in refractive index at a sensor surface, offering high sensitivity and 

the ability to measure kinetic parameters, but may be limited by non-specific binding 

and the need for immobilization of one interaction partner.70,339,340 The throughput 

depends strongly on the complexity of the experiments but is typically medium, so this 

method, like ITC and MST, is not a primary screening method.341 FRET assays rely on 

energy transfer between fluorophores and are invaluable in studying molecular 

interactions in a cellular context271, with the potential for higher throughput in real-time 

monitoring.50 However, FRET can be limited by the need for careful fluorophore 

labelling, potential photobleaching, and the requirement for proximity of interacting 

molecules.6,271  

Collectively, these four techniques offer complementary insights into binding kinetics, 

thermodynamics, and molecular interactions, making them indispensable in the 
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iterative process of finding and optimizing drug candidates, though each has its 

throughput limitations and specific challenges. These methods were applied in the 

projects of this thesis for studying the interactions of small molecules with bacterial and 

viral RNA targets. 

The bacterial riboswitches studied in this thesis – preQ1, SAM-I, and SAM-VI (as model 

system for SAM-III, Chapter 1.5.5) – are key regulatory elements that control gene 

expression in response to small molecule metabolites.8,136,137,151,183,209 These 

riboswitches are highly conserved among bacterial species, making them attractive 

targets for antibiotic development in the age of multi-drug resistance.7,9,14 By targeting 

these RNA elements, it is possible to inhibit the expression of essential bacterial genes, 

offering a novel approach to combat antibiotic resistance.9,14 The selectivity challenge 

is mitigated here, as riboswitches have distinct structures that are not typically found 

in human RNA, reducing the risk of off-target toxicity.8,9,152  

Similar to bacterial riboswitches, the HCV IRES is a crucial viral RNA element that 

facilitates the translation of viral proteins necessary for replication. Inhibiting the HCV 

IRES could effectively disrupt the viral life cycle, offering a potential strategy for antiviral 

therapy for viruses carrying an IRES element. Given the high mutation rates of viruses 

like HCV, RNA-targeted therapies that focus on conserved structural motifs of viral 

RNA may prove advantageous by reducing the likelihood of resistance 

development.16,40,232 However, ensuring that these targets are druggable requires 

innovative strategies in small molecule design, as explored in this thesis.  

The development of a novel, effective MST method for studying RNA-ligand 

interactions was a significant advancement of this work. This method, employed in our 

SAR study on the SAM-I riboswitch, provided detailed insights into ligand recognition, 

which are critical for optimizing drug candidates. The accessibility and versatility of this 

method could facilitate future research efforts to identify and optimize small molecule 

binders for the SAM-I riboswitch, which is present in priority pathogens such as S. 

aureus.166 These efforts should focus on structures distinct from the SAM/SAH motif to 

avoid off-target interactions with human SAM-dependent methyltransferases. This 

structural motif can be divided into the adenine core moiety, the ribose, and the amino 

acid (methionine) tail. Within our SAR study, the tail structure carrying a terminal 

carboxylate and the charged sulfur/nitrogen atom was found to be crucial for binding 

to the SAM-I riboswitch. However, the length of this “tail” might be adjustable. 
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Consequently, the adenine/adenosine moiety needs to be further elucidated as the 

“tail” is now well explored. Fragment docking studies conducted by Laura Almena 

Rodriguez, suggest that the adenine moiety could be replaced by 2-aminopyrimidine 

or picolinamide fragments (Figure 31 A, C) that mimic adenine’s interaction pattern 

with A45 and U57 in the binding site (Figure 31 A–F) as they are predicted to be 

positioned similarly to SAM in the binding pocket (Figure 31 H). The 2-aminopyrimidine 

fragment exhibits the same hydrogen-bonding pattern (Figure 31 B) as the adenine 

moiety (Figure 31 F) of the natural ligand SAM (Figure 31 E). The picolinamide 

fragment also exhibits similar hydrogen-bonding interactions with A45 and U57 like 

SAM. However, instead of the second nitrogen (SAM, 2- aminopyrimidine), the amide 

oxygen serves ad hydrogen-bond acceptor for the ribose-2’-OH of A45 (Figure 31 D). 

Fragment growing can begin at the 5-position for the 2-aminopyrimidine moiety and 

the 4-position for the picolinamide fragments. It might be advisable to introduce a 

charged nitrogen or sulfur atom to address electrostatic interactions with U7 and U88 

(Figure 31 G) in the binding site. As our SAR study showed, a terminal carboxylate 

proved to be crucial for binding due to its interactions with G11 and G58 (Chapter 7). 

Thus, this moiety should be attached at the terminus of the “tail”-substructure. 
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Figure 31: Possible fragments for the design of small molecules binding to the SAM-I riboswitch addressing the 

adenine subpocket, their interaction pattern and predicted position in the binding site in comparison to SAM. A, 
2- Aminopyrimidine fragment structure and 2D interaction pattern with A45 and U57. B, Predicted position and 

hydrogen bonding with A45 and U57 of the 2-aminopyrimidine fragment (showed as sticks, magenta) in the binding 

site (showed as sticks, white). C, Picolinamide fragment structure and 2D interaction pattern with A45 and U57. D, 
Predicted position and hydrogen bonding with A45 and U57 of the picolinamide fragment (showed as sticks, 

magenta) in the binding site (showed as sticks, white). E, SAM structure and 2D interaction pattern with A45 and 

U57. F, Position and hydrogen bonding with A45 and U57 of SAM (showed as sticks, magenta) in the binding site 
(showed as sticks, white). G, SAM (shown as sticks, magenta) interaction pattern in the binding site (shown as 

sticks, white). H, Position overlay of SAM (shown as sticks, purple), the 2-aminopyrimidine (shown as sticks, yellow), 

and picolinamide (shown as sticks, teal) fragments in the binding site (shown as sticks, white). Note: H-bond 
acceptors are colored blue, and H-bond donors are colored red (panels A, C, E). H-bonding interactions are showed 

as red, pi-interactions as yellow and electrostatic interactions as violet dotted lines. Panels A, C, and E were created 

with ChemDraw 20, panels B, D, F, G, and H were created with the PyMOL Molecular Graphics System, Version 
3.0 Schrödinger, LLC.based on PDB: 5FJC342.  
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Figure 31: Possible fragments for the design of small molecules binding to the SAM-I riboswitch addressing the 

adenine subpocket, their interaction pattern and predicted position in the binding site in comparison to SAM. A, 
2- Aminopyrimidine fragment structure and 2D interaction pattern with A45 and U57. B, Predicted position and 

hydrogen bonding with A45 and U57 of the 2-aminopyrimidine fragment (showed as sticks, magenta) in the binding 

site (showed as sticks, white). C, Picolinamide fragment structure and 2D interaction pattern with A45 and U57. D, 
Predicted position and hydrogen bonding with A45 and U57 of the picolinamide fragment (showed as sticks, 

magenta) in the binding site (showed as sticks, white). E, SAM structure and 2D interaction pattern with A45 and 

U57. F, Position and hydrogen bonding with A45 and U57 of SAM (showed as sticks, magenta) in the binding site 
(showed as sticks, white). G, SAM (shown as sticks, magenta) interaction pattern in the binding site (shown as 

sticks, white). H, Position overlay of SAM (shown as sticks, purple), the 2-aminopyrimidine (shown as sticks, yellow), 

and picolinamide (shown as sticks, teal) fragments in the binding site (shown as sticks, white). Note: H-bond 
acceptors are colored blue, and H-bond donors are colored red (panels A, C, E). H-bonding interactions are showed 

as red, pi-interactions as yellow and electrostatic interactions as violet dotted lines. Panels A, C, and E were created 

with ChemDraw 20, panels B, D, F, G, and H were created with the PyMOL Molecular Graphics System, Version 
3.0 Schrödinger, LLC.based on PDB: 5FJC342. 

 

In our study on the HCV IRES (Chapter 5), we identified four virtual screening hits 

(compounds 8, 8a–c) featuring a 2-guanidino-quinazoline moiety (Figure 32) as 

binders for this RNA target similar to previous reported inhibitors.228 This compound 

class represents a promising starting point for further optimization to enhance drug-like 

properties as the LE values are already in the optimal range of > 3 kcal/mol per heavy 

atom.105 Furthermore, Leeson and Springthorpe106 propose LLE values > 5 for 

potential drug candidates. Among our hit compounds, 8b was found to be the most 

promising candidate for optimization, as it showed the highest potency (EC50 = 61 µM 



Conclusion and Outlook 

 

360 

 

in FRET assay, KD = 88 µM in MST assay), a LE value of 0.31 kcal/mol and moderate 

lipophilicity (logP 1.1343, LLE 2.9).104 Potential improvements should focus on 

enhancing the binding affinity while not significantly altering the lipophilicity as this 

value is already within an acceptable range. Modifying this compound by adding polar 

interactions may improve affinity and LLE. The fragment-like molecular weight of 

246 g/mol can be increased during the optimization process92. However, it is advisable 

to avoid a significant reduction in lipophilicity and the introduction of bulky moieties that 

would result in a massive increase in molecular weight during this process. 

Consequently, only subtle changes may be favorable to achieve this goal. 

 

 
Figure 32: 2-Guanidino-quinazoline motif of HCV IRES subdomain IIa binders 8, 8a–c identified by virtual screening 

and validated by FRET and MST assays. Compound 8 (R1: Et, R2: Me), compound 8a (R1: Et, R2: H), compound 

8b (R1: Me, R2: Me), compound 8c (R1: Me, R2: H) (Chapter 5). This figure was created with Chemdraw 20. 

While the concept of electrostatic anchoring with charged small molecules, such as 

aminoglycosides, is not novel, issues like non-selectivity and toxicity remain significant 

challenges.5,10,93,99 However, our research on the preQ1 and SAM-VI riboswitches 

demonstrates that is possible to engineer selective, high-affinity charged molecules 

with drug-like properties, which offers a promising strategy for overcoming these 

limitations. This approach could be particularly useful in optimizing validated small 

molecule RNA-binders with high selectivity but poor association rates. By attaching a 

charged “tail”-moiety, the association rate with the target RNA could be enhanced 

through electrostatic attraction, improving the binding profile of the small molecule. 

This strategy was successfully applied to the SAM-VI riboswitch model system, and a 

similar benefit could be derived for future optimization of SAM-I riboswitch-binding 

small molecules. Nevertheless, the use of electrostatic anchoring might not be useful 

as general design principle in RNA-ligand design. However, during ligand optimization 

processes, the introduction of specific interactions might be helpful to obtain drug 

candidates with excellent drug-like profiles and selectivity. 

Although computational methodologies for studying RNA-small molecule interactions 

are still evolving, our findings from the preQ1 riboswitch and HCV IRES studies prove 



Conclusion and Outlook 

 

361 

 

this structure-guided approach as valid alternative to the traditional HTS for RNA 

targets with natural ligands (e.g., riboswitches) and those without (e.g., IRES elements, 

lncRNAs). The integration of computer-based methodologies and biophysical methods 

presents a powerful approach to overcoming the challenges of selectivity and 

druggability in modern RNA-targeted drug design. Our research in this field provides 

valuable insights that could inform the future design of RNA-targeted therapeutics. 

Nevertheless, this strategy is contingent upon the knowledge of RNA tertiary 

structures, which is currently limited to approximately 2,000 RNA-related structures 

compared to approximately 200,000 protein-related structures.153 As a result of the 

development of sophisticated methodologies for achieving a deeper understanding of 

RNA structure and dynamics, this limitation is gradually being reduced, thereby 

creating opportunities for the utilization of computer-aided approaches in structure-

based drug design. 

However, the recognition of RNA as a potential drug target represents a significant 

paradigm shift in the development of novel therapeutics, particularly for diseases such 

as cancer and neurodegenerative disorders, where treatment options remain limited.1 

Recently, with the approval of the splicing modulator risdiplam for the treatment of 

SMA, a remarkable success of this concept was achieved.29–31 Regarding severe 

human diseases, three relevant classes of RNA are of particular interest: lncRNAs, 

short tandem repeat expansions, and miRNAs. These RNAs are associated with the 

regulation various cellular processes and thus, when dysregulated, can lead to a 

variety of pathological conditions.344 Typically, lncRNAs are involved in multiple 

functions such as protein translation345,346, and splicing347–349. Mutations and/or altered 

expression of lncRNAs results in a dysregulation of their functionality and can lead to 

a variety of severe diseases such as cancer (e.g., breast, lung-, and ovarian 

cancer)344,350,351 and neurodegenerative diseases (e.g., Alzheimer’s, Parkinson’s, and 

Huntington’s disease, amyotrophic lateral sclerosis (ALS))352,353. In cancer, lncRNAs 

typically act as oncogenes (upregulated) or tumor suppressors (downregulated) to 

enable tumor development and progression.344 One prominent tumor-related lncRNA 

is the metastasis-associated lung adenocarcinoma transcript-1 (MALAT1), which acts 

as an oncogene in non-small cell lung cancer (NSCLC). MALAT1 is involved in multiple 

cellular functions, including the regulation of gene expression and pre-mRNA splicing, 

enabling cell proliferation, survival, and migration. In many NSCLC patients, this 



Conclusion and Outlook 

 

362 

 

lncRNA is upregulated, thereby enabling tumor growth and metastasis, which 

ultimately results in a poor prognosis for affected patients.351,354 MALAT1 lncRNA 

possesses a triple helix structural motif, which was already successfully targeted with 

small molecules using a combination of various methods: SMM for identification, in 

vitro FRET and ITC assays, cellular assays, and molecular docking.351 This once again 

highlights the promising strategy of combining different approaches in RNA-targeted 

drug design.  

Another potential target for future research approaches in RNA-targeting small 

molecules is the β-site amyloid precursor protein cleaving enzyme 1-antisense 

(BACE1-AS) lncRNA. This conserved antisense lncRNA, which is transcribed from the 

opposite strand of the BACE1 gene, exhibits high expression levels in the brains of 

patients diagnosed with Alzheimer’s disease. This encoded protein, β-secretase 

BACE1, is involved in the production of amyloid-β plaques, which are associated with 

neurodegeneration, memory loss, and dementia.353,355 The BACE1-AS lncRNA has 

been successfully targeted by siRNA, which led to an improvement of the cognitive 

function due to reduced formation of amyloid-β plaques in vivo.356 By tertiary structure 

determination, potential binding sites for small molecules could be explored and further 

investigated within a structure-based approach. Selectively targeting this RNA 

structure could be an important step forward in the fight against this highly progressive 

neurodegenerative disease. 

RNA short tandem repeat (STR) expansions also hold great potential for future 

therapeutic development due to the fact that they possess multiple identical binding 

sites for small molecules.1 Currently, there is no FDA-approved drug targeting toxic 

STR expansions.357 As these structures are associated with serious diseases such as 

myotonic dystrophy type 1 (DM1, CUG expansions), fragile X-associated tremor/ataxia 

syndrome (FXTAS, CGG expansions), or Huntington’s disease (CAG expansions) for 

which there is usually no alternative therapy, the approach of targeting the repeat 

expansions with small molecules represents a promising strategy to address this 

unmet medical need.357,358 Normally, STRs (1–6 nucleotide repeats, e.g., CUG, CCUG, 

and AUUCU) occur frequently in many RNAs and are associated with functional and 

regulatory processes. However, when those repeats abnormally expand, they can lead 

to transcription termination and production of loss-of-function proteins.358,359 For 

instance, in myotonic dystrophy type 1 (DM1), CUG expansions (r(CUG)exp) are 
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present in the 3’-UTR of the dystrophia myotonica protein kinase (DMPK) mRNA5. This 

r(CUG)exp can bind to splicing factor proteins and thus, causing their loss of function. 

Consequently, pre-mRNA splicing is negatively affected, and inappropriate proteins 

are translated.358–360 By targeting these toxic CUG repeat expansions with small 

molecules, the resulting defects can be improved significantly.360–362 Rzuczek et al. 

investigated the interaction between small molecules and r(CUG)exp. For this purpose, 

they used a combination of computational small molecule design, biochemical assays, 

covalent binding techniques for target validation and fluorescence imaging.360 The 

results demonstrate that addressing STR expansions with small molecules using a 

broad spectrum of methodologies in combination represents a viable approach that 

can be further advanced to develop effective small molecule drugs for the treatment of 

various diseases associated with STR expansions. Recently, DEL technology in 

combination with various in vitro and in vivo assays was used to identify new small 

molecule binder for the DM1-related CUG repeats. Subsequently, the lead compound 

was linked to bleomycin to achieve cleavage of the toxic CUG repeats.362 In a 

fragment-based approach, bleomycin was also used as initiator for RNA 

degradation.361 The concept of linking bleomycin as known compound that induces 

direct DNA and RNA cleavage361, to selective RNA-binding small molecules might be 

useful for other RNA targets. However, this cleavage strongly depends on the 

selectivity of the RNA-binding small molecule which is linked to bleomycin.100,360,362 

Another upcoming strategy that leads to RNA degradation is the development of 

ribonuclease targeting chimeras (RiboTACs, Figure 33). In this case, an RNase L 

recruiting molecule is linked to an RNA-binding small molecule. Similar to the 

bleomycin induced cleavage concept, the specificity of the RiboTAC depends on the 

selectivity and affinity of the RNA-binder.100 Recently, this concept was exploited to 

targeting the SARS-CoV-2 RNA. For this purpose, small molecule hit compounds were 

identified and further examined by AbsorbArray, an SMM approach, and competitive 

screening. The target RNA structure, the SARS-CoV-2 attenuator hairpin, which is 

responsible for frameshifting, was validated by Chem-CLIP. The most potent small 

molecule was then developed as RIBOTAC.363 The development of RiboTACs is still 

ongoing against various RNA-related diseases, such as cancer364,365, amyotrophic 

lateral sclerosis (ALS)366, and Parkinson’s disease367, thereby using a variety of 

methods within the SBD approach. Recently, Meyer et al.368 reported a DEL screening 
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to identify novel and more potent RNase L recruiter for the next generation of 

RiboTACs. 

 

 
Figure 33: Simplified principle of a RiboTAC. The ligand (pink), which is linked (black line) to an RNase L recruiter 

(violet), binds to the RNA of interest. Then the RNase L (blue) is recruited and binds to the recruiter, resulting in 

RNA cleavage and degradation. This figure was created with BioRender.com. according to Costales et al..366 

All these approaches offer considerable promise for a future in which disease-relevant 

RNA molecules are effectively addressed by highly potent small molecules, and 

diseases with poor prognoses, such as cancer, neurodegenerative diseases, and 

those caused by multi-resistant bacteria and viruses1, are effectively managed. 

Notwithstanding these achievements, no RNA-targeted small molecule has been 

approved to date, with the exception of risdiplam29–31. The development of this drug 

provides clear evidence of the feasibility of this approach, yet significant challenges 

remain. The integration of the full range of available methods in combination will be 

pivotal in advancing modern drug development and lay the foundation for the next 

generation of drugs. In this regard, this thesis not only advances our understanding of 

RNA-small molecule interactions but also contributes to the broader field of structure-

based drug design. By addressing the dual challenges of selectivity and druggability, 

and leveraging cutting-edge biophysical tools, this research opens new avenues for 

the development of therapeutics against bacterial and viral pathogens as well as 

providing general strategies for RNA-targeted small molecule drug design, addressing 

critical challenges in global health. 
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