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Abstract

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 Forster 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 preQs 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 preQ: 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.



Zusammenfassung

Zusammenfassung

Das gezielte Adressieren von RNA-Molekullen birgt ein grolRes Potenzial in der
Arzneimittelforschung, bereit die Behandlung bakterieller und viraler Infektionen weiter
voranzutreiben. Wahrend sich die traditionelle Arzneimittelentwicklung vorwiegend auf
Protein-Zielstrukturen konzentriert hat, eroffnen die einzigartigen Strukturen und
Funktionen bakterieller und viraler RNA bislang ungenutzte Moglichkeiten fur
Therapieansatze. Der Ubergang von Konzept zu klinischer Anwendung ist allerdings
mit erheblichen Herausforderungen verbunden. Die intrinsische Instabilitat von RNA-
Molekilen, ihre vielfaltigen dynamischen Konformationen sowie komplexe
Interaktionen auf zellularer Ebene erschweren die Identifikation und Optimierung von
RNA-bindenden small Molecules. Diese Dissertation widmet sich den grof3en
Herausforderungen der auf RNA als Zielstruktur ausgelegten Wirkstoffforschung und
hebt das transformative Potenzial solcher Ansatze im Kontext der Bekampfung 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, 1TC), Oberflachenplasmonenresonanz (surface plasmon
resonance, SPR) und Forster-Resonanz-Energie-Transfer (FRET) erweisen sich
dabei als wunabdingbare Methoden. MST ermoglicht eine schnelle und
materialsparende Methode zur Affinitatsbestimmung, ITC liefert quantitative Einblicke
in die Bindungsthermodynamik, SPR bietet Echtzeit-Kinetiken von Interaktionen und
FRET ermoglicht die Verfolgung von Konformationsanderungen von RNA-Komplexen.
In dieser Dissertation werden bedeutende Fortschritte auf diesem Gebiet prasentiert.

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. Daruber hinaus wurde ein
auf nicht-kovalenten Farbstoffen basierender MST-Assay entwickelt, um die
Sensibilitat und Anwendbarkeit dieser Methodik zu erhdhen. Die Untersuchung von
Hepatitis-C-Virus internal ribosome entry site (HCV IRES)-Bindungsereignissen mit
Hilfe von FRET hat bedeutende Einblicke in die Konformationsanderungen der RNA,
die durch die Bindung von small Molecules auftreten, geliefert. Des Weiteren wurde
die Beziehung zwischen Ladung und Bindungsaffinitat und -kinetik fur den preQ;
Riboswitch und den SAM-VI Riboswitch untersucht. Dafur wurden die Methoden MST,
(kin)ITC und SPR angewandt und thermodynamische und kinetische Bindungsprofile
charakterisiert. Zusatzlich wurde die Struktur-Wirkungsbeziehung fur die SAM-1 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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Introduction

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), Forster 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.’? 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.> 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."®
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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.! 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 mMRNAs and act as
2



Introduction

control elements for translation and transcription.”® The designation of riboswitches
as targets, as exemplified by pre-queuosine-1 (preQi) riboswitches, provides a
preliminary framework for the rational design of ligands for these structures.®'° Despite
the plethora of antibiotic drugs currently available on the market, the potential for toxic
side effects (e.g., aminoglycosides'"'?, fluoroquinolones') and the emergence of
antibiotic resistance necessitates continued vigilance with regard to alternative
antibiotic targets.® 415

In contrast to riboswitches, relevant viral RNAs lack natural ligands. Their functions
rely for example on replication initiation by interacting with specific proteins.%.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%6 The most advanced studies in this field are on the hepatitis C virus
(HCV)'"-2' and human immunodeficiency viruses (HIV)'®2223 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.?*#?5 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 (IncRNAs), pre-mRNAs, as well as distinct
sequence motifs such as short tandem repeats or repeat expansions.! 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)?*-2¢ and non-RNA-
based drugs (e.g., small molecules).?®>-3" 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.232 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

3
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the ribosome.3® 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).2934

B
SMN1 pre-mRNA —|Exon 6 —{Exon 7—{Exon 8 —— — Sufficient leves of functional SMN protein
Intron 6 Intron 7 Intron 8
SMN2 pre-mRNA —|Exon 6 —===~+——Exon 8—— — Insufficient leves of functional SMN protein
Intron 6 Intron 7 Intron 8
C
SMN2 pre-mRNA — Exon 6 Exon 8 — — Insufficient leves of functional SMN protein
Intron 6 Intron 7 Intron 8
D
SMN2 pre-mRNA — Exon 6 —{Exon 7 — Exon 8 —— — Sufficient leves of functional SMN protein
Intron 6 Intron 7 Intron 8

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
SMNZ2 pre-mRNA splicing process and production of sufficient levels of functional SMN protein. This figure was
compiled according to references 234 . Panel A was created with ChemDraw 20, panels B-D were created with

BioRender.com.

4
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Currently, druggable and potential druggable RNA targets include bacterial
ribosomes®-3°  viral RNA motifs'®2149  bacterial riboswitches*'=#4 precursor
mRNA?%-31 and miRNAs*48 (Table 1). These RNAs exhibit highly structured and
functional sites for small molecule binding besides the abundance in the target
pathogens and cells.?? 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-%0

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 2.

(Potential) Current
Target RNA | Compound (Class) Type L
Application Status
e Aminoglycosides
Ribosomal e Macrolides Small o
Antibiotic Approved
RNA e Oxazolidinones | molecules
e Tetracyclines
SMNZ2 pre- Small
¢ Risdiplam SMA-treatment | Approved
mRNA molecule
Small Preclinical
HCV IRES e Benzimidazoles HCV infections
molecules development
FMN Small Preclinical
e Ribocils Antibiotic
Riboswitch molecules development
Preclinical
Pri-miRNA e Targaprimir-96 | ASO Anticancer
development
_ Preclinical
Pre-miRNA | ¢ Targapremir-210 | ASO Anticancer

development
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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.®’ 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 (RNAIi) 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.30-3141 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% 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).2%-31 The non-approved ribocil, which targets the FMN riboswitch, was also
discovered by phenotypic screening of the bacterial riboflavin pathway.*! 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.4%-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.?® The interest in the development of small molecules that
target RNA for the treatment of various human diseases has grown considerably in
recent years.?325" Given that there are RNA-targeting drugs on the market that do not
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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.?3258 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.53% 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.®>%° Ribocil (target-
RNA: FMN riboswitch)*'-8% and risdiplam (target-RNA: SMN2-pre-mRNA)3?3' 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.’

The most performed assay types to identify small molecule binding to RNA are
fluorescence-based assays adapted from protein interaction studies.® Commonly, the
RNA is labelled at its 3’- or §’-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.?
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.®' 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 uM 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."26 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 uM), 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.®%2 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 preQ;
riboswitch®® and the human immunodeficiency virus (HIV) transactivating response
(TAR) region?2.
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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. 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.? 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.®® 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.®* 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.%5 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.?®® Two recent studies have demonstrated the capacity of DELs to identify
small molecules that bind to their target RNA with high affinity and selectivity.57-68
Furthermore, SPR can be utilized as a screening method to identify small molecules
that bind to a specific RNA.%%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.570

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)." 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."’"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.*?
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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: 30X0, right).
Panels A-C were created with Chemdraw 20, panel D was created with the PyMOL Molecular Graphics System,
Version 3.0 Schrodinger, LLC, and panel E was created with BioRender.com.
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Additionally, eukaryotic RNA can adopt post-transcriptional modifications, such as
Ne- methyladenosine (mfA), pseudouridine (W) and 5-methylcytidine (m°C).7374
Currently, there are more than 170 RNA modifications reported.”® 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.”374

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.>"®

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 molecules?’8,
efforts are ongoing to develop approaches for smaller RNA structures’”.

RNA structures can also be predicted using computational methods such as RNAfold
(secondary structure) and FARFAR2 (tertiary structure).? 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.?"® Furthermore, computational tools can be used to simulate their molecular
dynamics from NMR or crystal structure models.?

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°
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.”®! 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 FARFAR2.282 These
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methods, though less mature compared to protein structure prediction, show promise
in predicting 3D RNA structures from sequence data.?

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.”® Additionally, there are several difficulties to be considered
similar to protein studies, including the tautomeric*? and protonation8® states of the
ligands, the RNA’s dynamics®, and solvation®.

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 Mg?* for folding.8-8 As described
in several electrostatic theory models, polyelectrolyte molecules such as RNA favor
the surrounding of ions for neutralization.®”8%-°1 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.® 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."” 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.3258.92 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.'?
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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.®® 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.** This strategy is known as electrostatic anchoring
and has been well-studied for protein interactions with charged molecules.?>-% By
attaching a positively charged moiety to a known selective RNA binder, this may
enhance the association speed.'%93.9.100 The positive charge simultaneously anchors
the molecule strongly to the RNA surface.®*°° 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.?101.102

These properties include the key metrics ligand efficiency (LE), ligand-lipophilicity
efficiency (LLE), and fit quality (FQ).'%31% 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 (AG) 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.'®*-% The recommended

range for fragment hits during optimization is an LE value = 0.3 kcal/mol."°3

LE = — 26 _ _RTIn(Kp) (1)
HA HA

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 p/Cso and the logP value (equation (2)).1°3.194.1% The recommended range
for fragment hits during optimization is an LLE value 2 3.7%3

LLE = plCsy, — 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.'03.104.197 |t 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)).103104107 | E Scale can be calculated in
different ways'%8-"10. 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.'3

LE
- LE Scale (3)

FQ

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.'®1% |n 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.>%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 20" 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.''” 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.''® 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.'?’

Bacterial Target Antibiotic Class Effect

, , ] e Sulphonamides
Folic acid metabolism
e Trimethoprim

Protein synthesis (30S e Spectinomycin

ribosomal subunit) e Tetracyclines Bacteriostatic

. . e Chloroamphenicol
Protein synthesis (50S _
. ) e Macrolides
ribosomal subunit)

e Oxazolidinones

e Carbapenems
e Cephalosporins
Cell wall synthesis e Glycopeptides
e Monobactams
e Penicillins
Cell membrane e Polymyxins

Bactericidal
DNA gyrase e Quinolones

Protein synthesis (30S _ .
, ) e Aminoglycosides
ribosomal subunit)

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.'?2123 There are many mechanisms of
bacterial drug resistance, including enzymatic degradation (e.g., B-lactamases) and
target alteration (e.g., topoisomerases) as most prominent examples.’?* 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.5123

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.'?2123 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.’?® 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).">®* 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.'?® In contrast, pharmaceutical
companies increasingly reduce their effort developing novel antibiotic drugs. This
circumstance can be explained by several economic considerations'2".27 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)."?° This fifth-generation cephalosporin antibiotic is effective against

Gram-positive pathogens, including methicillin-resistant Staphylococcus aureus

20



Introduction

(MRSA), and Gram-negative pathogens, such as Pseudomonas aeruginosa and
Haemophilus influenzae, but only those without extended-spectrum B-lactamase.’3°

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."3!

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.”.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 preQi. 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.8134-137

The most common mechanisms of gene expression modulation are transcriptional
control and translational control. However, mMRNA degradation and alternative splicing
mechanisms have also been reported.'36,138-140

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 B2 or preQs 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 mMRNA, thereby preventing
gene expression (Figure 6 A). Conversely, when ligand concentrations are below a
certain threshold, transcription of the complete mMRNA 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).134136
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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 36,

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.’41-143
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.44-146

23



Introduction

1.3.2. Riboswitch Classification System

Since the first riboswitches were experimentally validated in 2002'47-"59, 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.'36.137.151.152 Cyrrently, there are approximately 400 PDB (Protein Data Bank)
entries for riboswitch structures.’®® 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.'* This type is divided into two subtypes la (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 la, the junction is centrally positioned, joining the helix, while in type
Ib the junction is located in the periphery, far from the helix.'36.137

Type Il includes riboswitches based on pseudoknot structures (Figure 7 C), such as
preQ+'%5-157 and fluoride'®® riboswitches.’3¢.13” 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.’5?

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. 135160162
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Figure 7: Riboswitch classification system. A, Schematic presentation of a type la 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 Il pseudoknot riboswitch. D,
The TPP riboswitch (shown as cartoon, grey) bound to TPP (shown as sticks, green) as a member of type la
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 Il 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 '*6. Panels A—C were created with BioRender.com, and panels D-F
were created with the PyMOL Molecular Graphics System, Version 3.0 Schrddinger, 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-lll, SAM-VI serves as a model

system. This table was compiled according to Breaker'®3 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-lll, SAM-VI serves as a model
system. This table was compiled according to Breaker'®3 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-lll, SAM-VI serves as a model

system. This table was compiled according to Breaker'®3 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.®
Moreover, riboswitches are found almost exclusively in bacteria. The TPP riboswitch
is the only class known for being present in eukaryotes.® 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."%®

Crucial detailed structural and biochemical knowledge has advanced over time, with to
date 399 crystal structures now available in the PDB"®3, 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.”-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.' 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.'®17® 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.'*'8 By screening a small
molecule library containing 57000 compounds, ribocil was identified binding to the
FMN riboswitch.#' This hit compound was further improved leading to ribocil-c (Figure
8 B) with a Kp-value in low nanomolar range against the E. coli FMN riboswitch.*? This
small molecule compound bears no chemical similarity to the natural ligand FMN
(Figure 8 A), but shares critical interactions with the binding site.*’
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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.®
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1.4. PreQ Riboswitches

1.4.1. Structural Features and Ligand Recognition

The discovery of the preQ riboswitch structure in 2007 by Roth et al.'® represents a
significant milestone in understanding RNA-mediated gene regulation. This exploration
culminated the discovery of three distinct structural classes of preQ+ riboswitches (-
lll) 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 preQ for tight
binding.1%7:176.181-184 These findings underscore the intricate sophistication of RNA-
based regulatory systems and their pivotal role in cellular processes. Class | preQ
riboswitches are among the smallest known riboswitches with an aptamer region of a
minimum of 34 nucleotides.'®-'8 They are also the most widely distributed preQ
riboswitch class.'®® 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 preQ+ occurs in all three subtypes through
a cis-Watson-Crick interaction between preQ and a conserved cytidine at the end of
the loop (Figure 9 A, B).155.156.181-183 |n contrast, class Il preQ riboswitches are
distinguished by a larger and more complex structure than preQs-I riboswitches. The
aptamer region of class |l 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 |
riboswitches. However, in class Il, a trans-Watson-Crick interaction is used for ligand
binding (Figure 9 C, D)."57:76 The most recent class Il represents the largest aptamer
region among preQ: riboswitches forming multiple substructures to create a
sophisticated binding pocket. PreQ+ 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 preQ riboswitch classes I-lll. A, Secondary structure of a class | (type 2)

preQq 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) preQ 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
preQq is colored in green (shown as sticks). C, Secondary structure of a class Il preQ riboswitch (PDB: 4JF2) with
conserved nucleotides colored in orange and the trans-acting cytosine colored in magenta. D, Tertiary structure of
a class Il preQ 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 preQ; is colored in green (shown as
sticks).
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Figure 9: Structural features of the three preQ riboswitch classes I-lll. E, Secondary structure of a class Ill preQ

riboswitch (PDB: 4RZD) with conserved nucleotides colored in orange and the trans-acting cytosine colored in
magenta. F, Tertiary structure of a class Il preQq riboswitch (PDB: 4RZD). The conserved nucleotides are colored
in orange (shown as cartoon), the frans-acting cytosine is colored in magenta (shown as sticks) and the ligand
preQ is colored in green (shown as sticks). This figure was compiled according to references 83184 Panels A, C,
and E was created with the forna web tool."®® Panels B, D, and F was created with the PyMOL Molecular Graphics
System, Version 3.0 Schrédinger, 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 preQ+, a precursor of the
hypermodified guanine derivate queuosine (Q) both at transcriptional and translational
level,156.157.176,181,183,184,186,187 PreQ, is only synthesized de novo from GTP in a
multistep enzymatic pathway in procaryotes, while eucaryotes receive queuosine
directly from scavenge pathways. PreQ is incorporated into tRNAs at the wobble
position of anticodons containing the GUN sequence. This posttranscriptional
exchange of guanine with preQ: is catalyzed by tRNA-guanine transglycosylase
(TGT). Once preQ is attached to tRNAs, it serves as a precursor for Q biosynthesis,
including the modification forming epoxyqueuosine (0Q), 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 preQ: metabolism in cellular
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Figure 10: Synthesis of a queuosine-modified tRNA starting from GTP with the intermediates preQo and preQ;. This

figure was created with ChemDraw 20.

The control mechanism of this pathway is created by a negative feedback loop that
depends on intracellular preQi concentrations.!55-157,176,181-184,186,187 |n geveral
members of class |, such as Bacillus subtilis (Bs), this occurs at the level of
transcription. Binding of preQ+ 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 preQ: synthesis, is not
made.63.155.156,181-183,187.191 However, there are also members of class | that have also
been reported (e.g., Thermoanaerobacter tengcongensis, Tte®3:186.1%1 and Escherichia
coli, E. coli'®?) to affect translation initiation in a manner similar to members of class I
and lll, 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 preQ 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.5".176.184.187 |n Tte preQs-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.86.191

Despite their different regulation mechanisms, the Bs and Tte preQs riboswitch ligand
recognition pattern is very similar: Both riboswitches form distinct binding pockets from
bases of the same loop and stem regions to bind preQ (Figure 11).187

A B

Figure 11: Tertiary structure, binding pocket composition and ligand recognition of the Tte (PDB: 3Q50) and Bs
(PDB: 3FU2) preQq riboswitch aptamers. A, Tertiary structure of the Tte preQ: riboswitch aptamer (shown as
cartoon) in complex with preQ+ (shown as sticks). B, Tertiary structure of the Bs preQ riboswitch aptamer (shown
as cartoon) in complex with preQ+ (shown as sticks). This figure was created with the PyMOL Molecular Graphics
System, Version 3.0 Schrédinger, 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: preQ; forms hydrogen
bonding interactions with U6 of L1, C15 of L2, and A29 of L3. F, Bs ligand recognition: preQs 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 Schrodinger, LLC.
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Figure 11: Tertiary structure, binding pocket composition and ligand recognition of the Tte (PDB: 3Q50) and Bs
(PDB: 3FU2) preQs 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 Schrodinger, LLC.

1.4.3. PreQs Riboswitches as Potential Drug Targets

After their discovery in 200781, several classes of preQ1 riboswitches were unearthed
across various bacterial species, showcasing their widespread occurrence and
functional diversity.'57:176.183.184.191 PreQ, riboswitches control pathways associated
with the synthesis of the hypermodified guanine base queuosine, which is known for
its important role in bacterial survival strategies.'%5181.187.188,192 preQ, riboswitch
classes are widely spread among different bacteria, including relevant human
pathogens carrying multidrug resistance such as Enterococcus faecalis, Haemophilus
influenzae, Neisseria gonorrhoeae® (class ), and Streptococcus pneumoniae'’6.187
(class I1).78 The preQ1 pathway represents an attractive point of attack since preQq is
exclusively synthesized in bacteria'® to further generate queuosine, and this pathway
is controlled by riboswitches, which are not found in eukaryotic cells resp. humans.®
Therefore, preQs 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.®
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1.4.4. PreQs Riboswitch as Model System

The class | 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 preQ riboswitches.%%1%6.182.192 Another important point making this riboswitch
a good model system, is its accessibility for experimental manipulation such as side
directed mutagenesis and chemical modifications.?3.156:182 The preQ riboswitch shows
also a good assayability and reproducibility, proven by the employment of a large set
of diverse biophysical methods.?3.181.193-195 These methods include equilibrium dialysis,
fluorescence intensity assays, in-line probing, ITC and, MST.

The class | 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 PreQs-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.'®1%7 SAM is
synthesized from adenosine triphosphate (ATP) and methionine catalyzed by SAM
synthetase.'® 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.'®® 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.?°02! To date,
seven types of SAM-sensing riboswitches are known'61202-208 " \hich can be divided
into four classes based on their binding pocket similarity’®®'6! (Table 4). Those
riboswitches exhibit a pronounced discrimination between SAM and SAH."6%20° Based
on their structural similarity, the positive charge of SAM is favored for ligand
binding.'89210.211 Fyrthermore, a so called charge-assisted chalcogen bond, in which
oxygen atoms of RNA bases interact with the o-hole of the SAM sulfur atom is also
discussed in the literature for the SAM-I, SAM-I/IV, SAM-Il, SAM-IlIl and SAM-V
riboswitches.?'2

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 '8'.

Class Types Favored Ligand
SAM-| 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.?'® Five years later, Winkler et al. identified this RNA element as a SAM-
responsive riboswitch.?°2 Montange and Batey resolved the tertiary structure of the Tte
SAM-I riboswitch by X-ray crystallography in 2006.”® 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. %16 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.'69.202

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—
G638 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.?%2
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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 tool'®®, panel B was created with the PyMOL Molecular
Graphics System, Version 3.0 Schrodinger, LLC.
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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 Schrddinger, 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
studied'79202211 " exhibits a high degree of sequence similarity found in the S. aureus
genome.?' This bacterium belongs to the WHO'’s priority group of human
pathogens.'?®® 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-| 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.'®' 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)."8":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.'62215

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
m—1r stacking with G9—-C32 and G33 of the riboswitch, while the methionine is

overhanging the binding site. 62
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At low intracellular SAM levels, the SAM-VI riboswitch establishes a co-transcriptional
PO stem with the 5’-end of the mRNA not originating from the riboswitch. Following the
conformational selection, SAM does not bind to PO. 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.'?

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 Schrédinger, LLC.
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1.5.5. SAM-VI Riboswitches as Model System for SAM-IlIl Riboswitches

When the SAM-VI riboswitch aptamer structure was discovered, it seemed to show
some similarity to the previously reported SAM-III riboswitch aptamer.’®2177 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.6.162

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 Il 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 lll 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 Il binding pocket, G71 and U72 are
involved, U6 and U8 interact in the SAM VI riboswitch (Figure 15 1, J)."6?

45



Introduction

A
20
A a
A
©
€6 6 2
c
¢ 6
G .
G U.A v
o G 30
G.cc
G’ J2/3
v
©w xuO0g
» Y
A . 40
J1/2 ‘... Q'.-. ..
.../sT).. P3
©6
.'. 50
e ri
v
C

Figure 15: Sequence, tertiary structure and binding pocket comparison of the SAM-IIl (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 Il 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.'® Panels C and D were created with the
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PyMOL Molecular Graphics System, Version 3.0 Schrodinger, LLC.
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Figure 15: Sequence, tertiary structure and binding pocket comparison of the SAM-IIl (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 lII 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 Il 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 Il 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 Schrédinger, 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 faciltate a more profound
comprehension of the folding dynamics and ligand recognition processes pertinent to
SAM-IIl, which could inform the further development of novel antibiotic active
substances. This riboswitch is present in human pathogens such as E. faecalis'"78,
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.?'® Although significant progress has been made in exploring
potential targets and discovering antiviral agents, many viral diseases with high
mortality rates still exist.26:217

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®.2'821® 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.?'®

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 5.2'7220 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.?*

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 24217:220221,

Human Virus Viral Target Approved Drug(s)
Hepatitis B virus (HBV) ' e DNA polymerase e Entecavir, tenofovir
e NS3/4A protease o Grazoprevir, simeprevir

Hepatitis C virus
e NS5A phosphoprotein | ¢ Daclatasvir, elbasvir

(HCV)
e NS5B polymerase e Dasabuvir, sofosbuvir
Herpes simplex virus e DNA polymerase e Brivudine, acyclovir
(HSV)
Human e DNA polymerase e Foscarnet, ganiciclovir
cytomegalovirus e Terminase e Letermovir
(HCMV)
e Protease e Fosamprenavir, ritonavir
e Reverse trancriptase | e NRTIs: Emtricitabine,
Human .
tenofovir
immunodeficiency
) e NNRTIs: Efavirenz,
virus (HIV)
nevirapine
e Integrase o 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 24:217:220221,

Human Virus Viral Target Approved Drug(s)

e RNA polymerase e Baloxavir marboxil

Human influenza virus | ¢ Neuraminidase e Oseltamivir, zanamivir
e Matrix protein 2 ¢ Rimantadine

Respiratory syncytial e RNA polymerase e Ribavirin

virus (RSV) e Fusion glycoprotein e Palivizumab

Severe acute e Main protease MP™ e Nirmatrelvir??'

respiratory syndrome

coronavirus type 2

(SARS-CoV-2)

Varicella-zoster virus e DNA polymerase e Brivudine, acyclovir,

(VZV) valaciclovir

Like bacteria, viruses can develop resistance to antiviral medications over time.??° 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.???

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)).??° 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.??? 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.'®

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.?3
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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.??*
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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 [I-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

references?24.225,

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 elF22° and elF3 for assembling into
translation-competent ribosomes directly located at the start-codon.??% 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 | contains the stem
loop, which is not related to IRES activity. Domain Il mediates the release of elF2 and
participates in the formation of translation-competent ribosomes.??® For this process,
the L-shape of subdomain Il is crucial since it steers the apical hairpin loop Ilb 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.?!40-22” 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 compound*® shown in figure 17 A) that
binds selectively to the subdomain Ila.17-21:40,228-231
Domain Il is capable of binding to elF3 and ribosomal subunits??, whereas domain IV
contains the start codon, which is exposed during initiation assembly.'” Domains II-IV
consist of independently folding structures essential for virus activity and survival.'”

A

Figure 17: Conformational change of the HCV IRES tertiary structure upon ligand binding. A, Structure of the
literature-known*® HCV IRES subdomain Ila 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 Schrodinger, LLC.
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1.7.4. HCV IRES as Potential Drug Target

As the IRES subdomain lla 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 lla are likely to come with a significant fitness cost to the virus.?3? The
subdomain lla 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.’®-2" Although lla interacts with host cellular components, it possesses
distinct structural and functional features compared to host RNA elements involved in
translation initiation.?? This distinction allows for the development of specific inhibitors
that selectively target viral RNA without showing significant cytotoxicity.!”:229230
Several studies have demonstrated the feasibility of targeting subdomain lla with small
molecule inhibitors in vitro and in animal models, showing promising antiviral
activity."”-2140 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 lla 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.?>> 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."® Due to a drastic
conformational change of lla upon ligand binding resulting in translation inhibition, this
RNA is an attractive target for rational drug design.'”-?'
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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.?3* Currently, there are several small molecule inhibitors
against the HCV IRES subdomain lla reported, providing a good starting point for
further improvements and new investigations.'”: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.- A.; 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)'®*, isothermal titration calorimetry
(ITC)?3%236 surface plasmon resonance (SPR)*72% and FRET applications'®23, in
addition to in-line probing'#®2%°, chemical probing??24°, circular dichroism?*!, FID®,
NMR"12:242 " glectrophoretic mobility shift?*® and size exclusion filtration'””. 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 electrophoresis®3148150 or promoter reporter
assays.'#4244 Those assays rely on DNA templates with a reporter gene (e.g., -
galactosidase, luciferase) downstream of a promoter. The reporter gene product is
then quantified, providing a measure of transcriptional activity.'44244 To confirm effects
at translational level, protein synthesis using recombinant elements (PURE)?**S or
fluorescent reporter assays?#62%0 can be applied. PURE systems allow the
quantification of synthesized proteins using radioactive or fluorescent labels.?*5
Reporter assays are based on mRNA constructs encoding a reporter protein (e.g.,
luciferase’®247.248 green fluorescent protein (GFP)?#6247) 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-(1V) 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.?46

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.?®' 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.?%?-2% This
hydrolysis process is catalyzed by water, RNases, divalent cations and Brgnsted acids
and bases, which highlights the problem of stability in solution.?%*25° Besides hydrolytic
processes, RNA degradation can also occur through oxidation with reactive oxygen
species.?%¢ Additionally, the single stranded conformation is less stable than the double
stranded DNA.2%" With regard to assay performance, buffering species, salt, pH and
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temperature are also critical factors for physical RNA stability.251.253.2%8 |t has been
reported that Tris-HCI, Tris-borate and sodium borate are buffer species that
significantly enhance RNA degradation in the presence of Mg?* at temperatures above
37 °C.?% Additionally, high Mg?* concentrations result in degradation by forming
insoluble aggregates with RNA.251:253.258 This evidence demonstrates the significance
of monitoring the Mg?* concentration, as this cation is essential for RNA folding8’-8°
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.?51253255.257 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.?>® It is well-
established that high DMSO concentrations (> 75%) exert a significant influence on
RNA structure and folding energetics.?6928" 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.?62263 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.?%4
Nevertheless, SPR is one of the most frequently employed spectroscopic techniques
for the study of the kinetics of biomolecular interactions.?55

MST has the significant advantage of requiring an extremely low sample volume
(210 pL) 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 Kp
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.52265.266

FRET assays have been employed in numerous studies investigating RNA
interactions.?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.?%’ 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. 819269 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.?”" 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 Forster
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.®
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.?”? In contrast to other methods, it requires a high
sample volume, especially for weaker binding events, might show lower sensitivity, and
is time-consuming.?*® 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.23%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.?36:273 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.?36:274 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.?®®

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.®?2%¢ 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.62266275 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.®2266 Recently, MST has found wide-ranging applications in various fields,
including biochemistry, biophysics, and drug discovery.'94276-27° 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 19™ century by
Ludwig.?8? 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.?83284 Thermophoresis can be
mathematically described as a Soret coefficient St of the free molecules in solution:
Bocsy

2 “ApH (4)

gggT

A
Sr = P (—ASpya(T) +

where the St correlates linearly with the surface area of the molecules A and the Debye
radius Apr, @ measure of a charged molecule’s net electrostatic effect in solutions?.
Oeff IS the effective charge, AShyq is the hydration shell effect, € is the dielectric constant,
and B is temperature derivative of €.2’5 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 Tg
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).62266.286 The MST signal can be separated into two
different effects by time: fast T-dJump (< 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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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 2%

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.286:28°
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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 acids?®, 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 preQs, 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 parameters?’2291.292 governing binding events between
biomolecules, small molecules, or macromolecules.?36:274293 \While the first
measurements of reaction enthalpies go back to the 18™ century?%4, the origins of the
ITC can be traced back to the 1960s.29-2% 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.?®®> 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 (Kp), stoichiometry (n), enthalpy
(AH), and entropy (AS) 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 Kp
value. The Gibb’s free energy (AG) 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

AG =R-T-In (Kp) -

The Gibb’s free energy can also be described as the sum of the changes in enthalpy
(AH) and the negative product of the change in the system's entropy and temperature
(= TAS). The binding enthalpy (AH) is obtained from the heat changes of the first
injections before saturation. From this relationship, the entropy (AS) can be

calculated.235:236,274,293

AG = AH — TAS ©
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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 AH (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 Kp linking thermodynamics and

kinetics (equation (5) and (7)).272:291.292,299
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ko
Kp = L (7)

kOTL

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 AH. 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 obtained?’22°1:

P(t) =52 (8)

As AH can be described as the heat evolved during product formation, a direct link
between the heat power and production rate of C can be made?’229":

Py(t) = Vey - AH - 21 (9)
Where Ve is the volume of the reaction cell. Thus, as Ps(t), AH and Vcen 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 Kof2"229":

da[C

L = keonlA1[B] = kogf[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.?72:291

L = konlAlo - AB — koy/[C] (11)
where [A]o is the total concentration of the titrand in the cell, A = [A|/[A]o, B = [B]/[Alo,
and C = [C]/[A]o.272:2%1

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.?’?, who demonstrated
that the characteristic time of return to baseline 1 for any injection can be described as

7= R (12)

koff[(§+30+1)2—430]

where s = [A]o/Kpb is the Wiseman parameter and Bo = [B]o/[A]o is the stoichiometric
ratio. While the concentration of B (titrator, syringe) and the stoichiometric ratio Bo
increase from injection to injection, the concentration of A (titrand, cell) only decreases
slightly by dilution. Assuming that [A]o is constant, equation (12) shows that r reaches
its maximum at Bo = 1 — 1/s which is related to mid-titration’s equal concentrations of
A and B. As the Kp value is known from the thermodynamic ITC results, it can serve

as a constrain determining kon from equation (12).272:291
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Figure 20: Determination of the kinetic parameters ko, and kot from an ITC experiment. Middle: Raw data of an ITC
experiment with 19 injections that exhibit longer equilibration times around the mid-titration. Left: Kb 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 k.. The association rate kon can be determined by the dependency of kot and
Ka: kon = Ka - koft. 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.162.193.211.235236,300-302 RNA-small
molecule interactions frequently accompany conformational changes with significant
enthalpies, rendering them especially well-suited for ITC analysis.?3® 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. Forster 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.?’’ 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=[Ip-g-2*-dA (13)

where Ip is the normalized donor emission intensity, €a is the molar extinction
coefficient of the acceptor and A 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 Forster radius
Ro corresponds to the donor-acceptor distance resulting in 50% energy transfer
efficiency. Ro depends on the spectral overlap, the orientation of the transition dipole

moments (k?), donor quantum yield (®p), and the refractive index of the used medium
(n)_271,304
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This dependency can be described as

RS =0.021-]-k? - ®p-n~* (14)

At distances typically within 0.1-10 nm, FRET efficiency (Erret) follows an inverse
sixth power relationship with distance (equation (15)), making it highly sensitive to
molecular interactions and conformational changes.?7.304

The FRET efficiency can be calculated from the single donor-acceptor distance R, the
Forster Radius Ro, and the number of acceptors a271:30%4:

arg 1
E =—0 1= 15
FRET = pé.ge R6 (15)
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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 2"".

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.° 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.?6” 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

70



Introduction

distinct positions, open and close states can be ascertained by changing FRET
efficiency.'819.145.184 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.%°

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 purposes®®, surface plasmon resonance
(SPR) has emerged as a pivotal technique for probing molecular interactions,
particularly in the realm of RNA-small molecule interactions.?643%6.307 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.?®* 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.” SPR
enables the study of various molecular interactions, thin film characterization, and
label-free detection with remarkable sensitivity and precision.®®7% From studying RNA-
small molecule interactions'®3%6 over monitoring DNA hybridization events3®® to
protein-small molecule3?3'" and protein-protein interactions®'23'3, SPR offers
unparalleled sensitivity and specificity, making it an indispensable tool in drug
discovery, clinical diagnostics, and fundamental biological research.?%7° Moreover, the
development of functionalized surfaces and biosensor arrays has extended the
applicability of SPR to multiplexed analysis and high-throughput screening. 69308

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.89.70.308
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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 %306,
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Figure 23: Output of a SPR experiment. A, Spectrum of reflected light before (1) and after (I1) 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 6939,

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.3%8314 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.?%* 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.3'#3'5 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~* °) of the incident light. At the beginning of any
experiment, the starting critical angle resp. RU value is determined.®® By fitting the
sensorgrams in an appropriate binding model, the association and dissociation rates
and subsequent, the Kp (equation 7) value can be calculated. kon can be obtained from
the increase in the RU signal during the association phase. kor is determined from the
rate of decrease in the RU signal during the dissociation phase.?%264
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For a reaction type with kon- and kos-rates and a resulting Ko (equation 7), the
equilibrium binding affinity Ka is defined as?%4:
1

[C] kon
K, = = — = =
A7 [AlB] T kogr  Kp (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 time?%*:

U — k,,, - [A][B] + kopf[C] (17)

dt
The dissociation is described as the decrease of [C] as a function of time?%4:

d[c]
BLCHNN (18)
If a saturation is reached, the Kp can be calculated from the SPR response in the

steady-state plateau (assuming a 1:1 binding model)?54:

KA'Afree _ RUgps (19)
1+K g Afree RUmax

Where Agee is the free ligand concentration in equilibrium with the complex, RUopbs is
the observed RU in the plateau region, and RUmax is the predicted maximum RU for a
1:1 binding. Asee is constant as the free ligands are in flow.

The RUmax can be calculated from the molecular weights of the ligand molecule (MWiig)
and the immobilized molecule (MWimm) and the RU value of the immobilized molecule
(RUimm)?64:

RUmax __ MWlig
RUimm MW imm

(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.?54

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
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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.3°® The resulting binding events induce
alterations in the SPR signal, manifested as shifts in resonance angle or changes in
reflectance intensity.”%:3%

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 preQ+ riboswitch and the Ba SAM-VI
riboswitch.
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Own contributions as part of this doctoral thesis: Within this publication, covalent MST

assay was established and evaluated to discover novel binders for the preQ;
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screening were conducted using LeadIT, FlexX, DOCK, FRED, HYBRID and rDOCK

to identify potential binders the preQ+ riboswitch.
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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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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.- A; Blatt, K.; Kersten, C. Structure-
Based Virtual Screening of Unbiased and RNA-Focused Libraries to ldentify 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 maotif.
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(GraphPad Software, Boston, MA, USA).
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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).
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3. Discovery of Novel Binders for the PreQ: 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.'® 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 ASQOs.?32
Consequently, selective small molecules represent a promising concept to overcome
these issues.? 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.? We evaluated the capabilities of protein-
based docking programs in RNA-ligand interactions using the well-studied Bs preQ
riboswitch63.155,156,181-183,191 55 3 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 preQ+ 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 uM 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 preQ-Riboswitch.” ©2022 American Chemical Society.
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ABSTRACT: Targeting RNA with small molecules is an emerging
field. While several ligands for different RNA targets are reported,
structure-based virtual screenings (VSs) against RNAs are still rare.
Here, we elucidated the general capabilities of protein-based
docking programs to reproduce native binding modes of small-
molecule RNA ligands and to discriminate known binders from
decoys by the scoring function. The programs were found to
perform similar compared to the RNA-based docking tool rDOCK,

and the challenges faced during docking, namely, protomer
tautomer selection, target dynamics, and explicit solvent, do

and
not

largely differ from challenges in conventional protein-ligand
docking. A prospective VS with the Bacillus subtilis preQ,-
riboswitch aptamer domain performed with FRED, HYBRID,
and FlexX followed by microscale thermophoresis assays identified six active compounds out of 23 tested VS hits with potencies
between 29.5 nM and 11.0 #M. The hits were selected not solely based on their docking score but for resembling key interactions of
the native ligand. Therefore, this study demonstrates the general feasibility to perform structure-based VSs against RNA targets,
while at the same time it highlights pitfalls and their potential solutions when executing RNA—ligand docking.

B INTRODUCTION

Because of its fundamental role in many biological processes,
RNA has become of increasing interest as a potential drug
target over the last years.' ™ Several antisense oligonucleotides
and small interfering RNAs (siRNAs) were approved by the
Food and Drug Administration (FDA) and European
Medicines Agency or are in clinical development.'’ Targeting
RNA with small molecules, however, is still a novel concept,
and only one molecule except ribosome-targeting antibiotics is
approved by the FDA. With Risdiplam,'"”'* the first approved
small-molecule splicing modifier is available for the treatment
of spinal muscular atrophy, and further splicing modifiers,
micro-RNA (miRNA) ligands, and binders of extended
trinucleotide repeats are under elucidation for many
indications including cancer® ™' and neurological and
genetic disorders.”’’ "> While only around 1.5% of the
human genome is transcribed into proteins, the common
drug-targets, about 70—90% is transcribed into RNA.”***’
These mainly noncoding RNAs (ncRNAs) represent promis-
ing targets for novel therapeutics. Furthermore, viral RNAs*®
like the SARS-CoV-2 frameshift pseudoknot,w’30 enterovirus
internal ribosomal entry site,”' or the HIV trans-activation
response element (TAR)**** were successfully targeted with
small molecules. To fight emerging multidrug resistant
bacteria, riboswitches (RSs) are attractive targets for the
development of new antibiotics.”~>*

© 2022 The Authors. Published by
American Chemical Society
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While structure-based computational methods like molec-
ular docking are regularly used for protein targets, most
identified RNA-binding small molecules, however, emerged
from high-throughput or fragment-screening campaigns and
derivatization of a known ligand or serendipity rather than
structure-based design by molecular docking.lg”“’_“‘S One
challenge in this regard is the low number of available 3D
RNA structures compared to the number of proteins deposited
in the protein data bank (PDB),* often additionally struggling
with low resolution. However, these structures already show
clearly that the limited chemical diversity of just four RNA
bases compared to 20 canonical amino acids in proteins can
still result in many different folds, for example, hairpins, G-
quadruplexes, multiway junctions, (pseudo)knots, L-shaped
tRNAs, triple helices, ribozymes, and the ribosome complex.T
While docking tools are occasionally used to generate an
RNA-ligand binding mode hypothesis,""“ prospective virtual
screenings (VSs)*~* and extensive validation of the used
docking programs for RNA targets are rare.’’”>’ However,
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Figure 1. Violin plots of re-docking performance in an automated docking workflow against 150 RNA targets for DOCK 6.9 (red), DOCK 6.9 with
modified charges (orange, adding +1 partial charge on phosphorus atoms), FlexX-3 (light orange), FRED 3.3.0.3 (beige), HYBRID 3.3.0.3
(yellow), LeadIT-2.3.2 (light green), and rDOCK (SE3 green, SES blue). Bar plots around the median are depicted with 25—75% range in white
and mean value as a black dot. The dashed line at RMSD = 2.5 A resembles the cutoff for a re-docking to be defined as “successful”.

validation of conventional protein-based docking tools for its
applicability against RNA targets is crucial because parameters
cannot easily be transferred and nucleic acids hold their own
unique challenges different from proteins for docking
programs, like high intrinsic flexibility, a negatively charged
phosphate backbone which is eventually masked by cations, or
a limited chemical diversity.”*™>” Consequently, over time,
some specialized RNA—ligand docking algorithms and scoring
functions were developed.‘m_67

Once validated against a given data set to demonstrate the
ability to correctly predict crystallographic binding modes
(posing) and accurately discriminate binders from nonbinders
or decoys by scoring, the true challenge for a docking program
is the identification of novel scaffolds for a target by VS. While
for proteins prospective docking community challenges like the
drug design data resource (D3R) grand challenges®™"* are
performed from time to time, challenges for RNA structure
prediction””™”® but not for molecular docking have been
reported so far. For our prospective case study, we selected the
Bacillus subtilis (Bs) prequeosine 1 (7-aminomethyl-7-deaza-
guanine, preQ;, 1) RS aptamer domain as a model system. RSs
are noncoding, cis-acting RNA elements in the 5" untranslated
region of mRNA regulating gene expression. RSs consist of a
ligand binding domain and an expression platform and are
usually found in prokaryotes. The preQ,-RS__aEtamer was
selected because of its reported assayability,’’ ™" available
crystal structures with different ligands,*”*' and proved
druggability as small drug-like ligands structurally distinct
from the native ligand preQ, were reported.”’ PreQ,-RSs are
also present in Enterococcus faecium, Neisseria gonorrhoeae,
Streptococcus p iae, and H hilus influenzae, patho-
gens from the World Health Organization priority list,**
making the preQ,-RS an attractive target for the development
of novel antibiotics against drug-resistant bacteria.*”

4135
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B POSE PREDICTION

Prior prospective VSs, the tools under elucidation were
evaluated in terms of their ability to correctly predict native
binding modes of X-ray and nuclear magnetic resonance
(NMR) complex structures and to discriminate known li§ands
from decoys with similar physicochemical properties.””*" The
protein-based docking programs tested were FlexX*>** and its
derivative LeadIT*” and FRED*® with its template-docking
modification HYBRID.* DOCK6”*”" was included as it was
validated besides AutoDock for RNA-ligand docking
previously’"** and demonstrated to be successful in a
prospective VS against a purine RS as well. 72 DOCK,* a
successor of RiboDOCK,™® represents a tool, developed
explicitly for RNA—ligand docking. It is noteworthy that all
dockings were performed in a highly automated process with
minimal user intervention and hence are very likely to hold
optimization potential.

To elucidate the precision in pose prediction, a panel of 150
R.NA_—li§and complexes was compiled from previous stud-
ies’”***” including ribosome structures, RSs, viral RNA, and
artificial RNA aptamers (Table S1). Re-docking performance
of the complexes was elucidated by the ligand heavy atom root-
mean-square deviation (RMSD) between the docking pose
and experimentally determined binding mode. A cutoff for a
successful re-docking was defined at 2.5 A as done previously
for RNA-ligand clc.)cking.su’“'(’7 This slightly higher cutoff
compared to the more common 2.0 A is justified by the
challenges arising from the transfer of protein-ligand docking
to RNA targets. Without experienced user intervention during
receptor and ligand preparation prior docking, the success rates
for re-docking were rather poor compared to what might be
expected by expert-defined docking protocols. Success rates
ranged from 35—50% with median RMSD values of 2.5-4.7 A
(Figure 1, Table 1). However, these success rates lie within the

https://doi.org/10.1021/acs.jcim.2c00751
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Table 1. Re-Docking Result Summary of 150 RNA—Ligand
Complexes

mean RMSD  median RMSD success rate
software (A) (A) (%)

DOCK 6.9 52 4.7 35
DOCK 6.9 (mod. 4.7 3.8 45

charge)
FlexX-3 4.3 3.7 40
FRED 3.0.3 4.0 32 43
HYBRID 3.0.3 1.7 14 80
LeadIT-2.3.2 3.6 2.6 49
rDOCK 2013.1-1 3.9 29 46
rDOCK 2013.1-1 3.6 2.5 S0

(SFs)

“The success rate was defined as percent of re-docking poses within
an RMSD of 2.5 A compared to the reference ligand.

expected range of automated, nonoptimized docking
screens.”””* The exception is HYBRID with a success rate of
80%, but it is to be noted that HYBRID while being based on
FRED additionally to the ChemGauss scoring function uses an
additional scoring step called chemical gaussian overlay which
considers the reference ligand during dockjng.‘w Therefore, a
better performance for re-docking using this template-based
approach is not surprising. rDOCK, which was originally
developed for RNA—ligand docking, performed only slightly
better than protein-based docking programs. As recommended
from the original authors, from the two scoring functions SF3
and SFS within rDOCK, SFS performed better, likely because
of its improved desolvation terms.”” DOCK, which was
improved and validated for RNA—ligand docking previously™
and was already successfully applied in a prospective VS against
the adenine riboswitch,*” was outperformed with a success rate
of only 35% and a median RMSD of 4.7 A when using a
common protein-based protocol. However, it is reported that
force-field- based scoring functions tend to overestimate ionic
interactions.”* While the backbone of RNA is highly charged,
these charges are neutralized or at least masked by cations in
solution. For compensation, the overall backbone charges are
usually modified for docking either by adding counter ions™

also done in molecular dynamic (MD) simulations”* ™" or by
adaptatlon of the partial charges either of the backbone
oxygen'’ or phosphorous atoms.”" By increasing the partial
charge of P by +1 to neutralize the backbone, the success rate
of DOCK (“mod. charge”, Table 1) was improved by 10%.

B BINDER-DECOY DISCRIMINATION

For a prospective VS, docking programs are required not only
to identify correct binding modes of known ligands but also to
be able to discriminate binders from nonbinders by their
docking score.”* While nonbinders are often difficult to receive
from the literature, a common method is the usage of decoys
that have similar physicochemical properties like the ligands
but are structurally dissimilar to be classified as nonbinders.
For the ribosomal 16S anunoglyc051de binding site (A-site)”’
and seven RSs (adenine,”””® thiamine Pyrophosphate
(Tpp),*>"° S-adenos?rl methlomne (SAM),""" flavin mono-
nucleotide (FMN),*"™" prte guanme, *7 and tetrahydro-
folate (THF)'®), ligands were collected from the literature
and corresponding decoys were generated from the “database
of useful decoys: enhanced” (DUD-E).** After docking of
ligands and decoys against the selected target structures, the
discrimination was evaluated by receiver operating character-
istic (ROC) curves and their area under the curve (AUC) for
overall performance as well as the enrichment'™* of top 2, S,
and 10% of the screened data sets (Table 2, Figure S2).

Overall, a good discrimination between reported binders and
decoys was observed with ROC AUCs over 0.6 (moderate
enrichment) for all except five RS cases of DOCK either with
or without charge modification, which might require some
further refinement like the inclusion of explicit solvent
molecules (as done for the TPP- and adenine-RS) or
modification of the binding site size (as for the guanine-RS).
In particular, the adenine-RS is an exemplary demonstration of
the importance of user intervention prior docking and
screening library preparation, as the selected ligands of this
RS originate from a VS with DOCK in which an exphc1t
solvent molecule was included in the receptor preparation.”’
For the rRNA A-site, DOCK performed better than other
conventional protein-based tools with high ROC AUCs of 0.93
and 0.91 with or without charge modification, respectively.

Similarly, the RNA-specialized rDOCK (SFS) reached a
ROC AUC 0.93 for the rRNA A-site. Furthermore, different
from DOCK, rDOCK also showed an overall very good
performance for all of the RSs as well, with ROC AUCs
between 0.60 and 1.00.

The protein-based tools FlexX, FRED, HYBRID, and
LeadIT also reached high ROC AUCs and good enrichments,
especially for RSs. HYBRID, due to its template-based
approach with ligands often being limited in diversity and
structurally similar to the crystallographic reference ligand,
demonstrated its suitability for RNA-ligand docking with
ROC AUCs between 0.71 and 1.00, recovering between 11

Table 2. Binder vs Decoy Discrimination Performance for the Ribosomal A-Site and Seven RSs

ROC AUC (% of ligands recovered in top 2% of screened database)

PDB-ID target binders decoys  DOCK  DOCK (mod. charge) FlexX FRED HYBRID LeadIT  rDOCK (SFS)
1LC4 rRNA A-site 18 1050 093 (22) 091 (17) 0.72 (6) 0.73 (0) 0.75 (11) 0.68 (0) 0.93 (44)
1Y26 adenine-RS 13 900 0.66" (0) 0.48 (0) 097 (54)  1.00 (100)  1.00 (100)  0.99 (92) 0.99 (83)
2GDI TPP-RS 9 550 081" (38) 0.57 (33) 0.67 (22) 079 (33) 0.86 (44) 0.58 (33) 0.86 (44)
2GIS SAM-RS 3 150 0.77 (0) 0.76 (0) 0.88 (0) 0.99 (100)  1.00 (100)  0.82 (33) 0.92 (67)
3F2Q  EMN-RS 26 600 0.83 (12) 0.87 (46) 0.64 (12)  0.88 (50) 0.91 ($8) 0.70 (31) 0.99 (67)
3FU2 preQ,-RS 8 350 0.4 (0) 0.44 (0) 0.94 (75)  0.88 (63) 0.99 (100) 097 (75) 1.00 (87.5)
4FES guanine-RS 19 1150 0.86° (3) 0.58 (16) 0.74 (8) 0.65 (0) 0.71 (25) 081 (34) 0.83 (31.5)
4LVW  THF-RS 10 550 0.40 (5) 0.46 (S) 0.82 (5) 0.71 (25) 0.73 (30) 0.83 (10) 0.60 (10)

“Explicit water molecule ID 290 was manually included in binding site definition. “Several water molecules around reference ligand TPP were
included in binding site definition. “The binding site size was reduced to 4 A around the reference ligand.
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Figure 2. Identified challenges of RNA—ligand docking. RNA is depicted with white carbon atoms, crystallographic ligands with pale green carbon
atoms, docking poses with light yellow carbon atoms, and polar interactions as yellow dashed lines. (A) Predicted binding mode of the
tetrahydrobiopterin 1H-tautomer in the THF-RS (re-docking RMSD 4.0 A, FlexX-score —28.3 kJ/mol, PDB-ID 4LVX). (B) Predicted binding
mode of the tetrahydrobiopterin 3H-tautomer in the THE-RS (re-docking RMSD 1.6 A, FlexX-score —39.4 kJ/mol, PDB-ID 4LVX). (C)
Crystallographic binding mode of 2-aminobenzimidazole in its threefold protonated state forming two H-bonds as a donor to G-110 (PDB-ID
3TZR). (D) Predicted binding mode of neomycin in complex with HIV TAR (PDB-ID 1QD3) reveals an inverted binding mode of the docking
pose compared to the NMR structure, however displaying highly similar interactions. (E) Superposition of the TPP-RS in complex with TPP
(white RNA carbon atoms and pale green ligand carbon atoms, PDB-ID 2GDI) and a fragment ligand (gray RNA carbon atoms and dark green
ligand carbon atoms, PDB-ID 4NYB). G-72 adopts an altered conformation depending on which ligand is bound. (F) Adenine binding to its RS
(PDB-ID 1Y26). Inclusion of Wat-290 is crucial to improve binder-decoy discrimination with DOCK.
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and 100% of the ligands within the top 2% by score of the
docked data sets.

The results obtained with the nontemplate-based tools
FRED, FlexX, and LeadIT were similar with only slightly
reduced ROC AUCs and often reaching very good enrich-
ments. Especially for the adenine-RS, SAM-RS, preQ,-RS, and
THE-RS, all tools could reach ROC AUCs over 0.7. Hence, it
can be concluded that protein-based docking tools can
generally be used against RNA targets.

B COMMON PITFALLS AND SOLUTIONS

In favor of comparability between the different tools under
elucidation, automated workflows for docking were estab-
lished; however, a more refined and user-controlled procedure
of receptor and ligand preparation and docking parameters
should be considered as best practice.'”*™"?” While doing so
for all 150 targets with all docking programs under elucidation
is beyond the scope of this manuscript, some selected cases will
be discussed to highlight common pitfalls and possible
solutions when performing RNA—ligand docking. While the
best scoring pose did not always reproduce the native binding
mode, lower scoring poses with RMSD values <2.5 A were
regularly found for nearly all programs and targets, indicating
that correct scoring of generated poses is more challenging
than coverage of generated binding complex geometries.
However, in some cases docking failure can be assigned to
specific features of the docking setup.

Tautomers. For re-docking of tetrahydrobiopterin to the
THF-RS (PDB-ID 4LVX),'” the RMSD was 4.0 A with a
score of —28.3 kJ/mol using the automatic generated 1H
tautomer with LeadIT (Figure 2A). Manually changing to the
3H tautomer (Figure 2B) improved the re-docking result of
the top pose to an RMSD of 1.6 A with H-bond
complementarity to residues U-7, U-35, and U-42 as found
in the crystal structure. The improved score of —39.4 kJ/mol
further shows the ability of the scoring function to select the
right tautomer over the wrong one. Similarly, the importance
of tautomeric states was reported previously for the FMN-RS
ligand ribocil (PDB-ID 5C45) for which the oxygen of the
pyrimidinone tautomer is essential as an H-bond acceptor
excluding the pyrimidinol tautomer.>

Protomers. For re-docking of a synthetic ligand to the
hepatitis C virus internal ribosomal entry site (HCV IRES,
PDB-ID: 3TZR),'"" re-docking with FRED resulted in an
RMSD of 5.5 A (score —11.2 keal/mol). In this case, the ligand
was protonated by Protoss''' prior docking, resulting in a
twofold protonated molecule with an uncharged 2-amino-
benzimidazole moiety. However, two crucial H-bonds with G-
110 of HCV IRES require the protonated state of this
substructure (Figure 2C). With a predicted pK, of 7.6
(predicted with MOE 2019)/8.4 (MarvinSketch-18.13.0,
ChemAxon Ltd,, http://www.chemaxon.com), the relative
occurrence of the +3 protomer is about 61%/90%, respectively,
at physiological pH. Docking of this protomer resulted in a
correct pose with RMSD = 1.5 A and a slightly better score
(—=12.0 kcal/mol). Interestingly, docking of the deprotonated
ligand resulted in RMSD values between 0.92 and 2.14 A for
rDOCK, LeadIT, and FlexX (Table S1), indicating that the
wrong protonation state can be compensated by other
interactions and only FRED being sensitive to the correct
protonation state. Also, different protonation states of
multibasic ligands like aminoglycosides should be considered.
While aliphatic amines are clearly basic and protonated under
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physiologic conditions if observed alone, the relative
occurrence of protomers might be of importance in RNA—
ligand recognition.''> Exemplarily, the sixfold protonated state
of neomycin is dominant at pH 7.4, but with only 22%
(calculated with MOE)/43% (calculated with MarvinSketch,
Figure 2D). Several minor species with lower formal charges
are also possible under these conditions, and potential binding
protomers of the target RNA or changes of protonation states
might occur upon binding.

Beyond “Rule of Five” Ligands. Aminoglycosides hold
further challenges by being large and polar, exceeding the
(extended) Lipinski’s rule of five (ROS) for drug-like, orally
bioavailable molecules.'"? Additionally, aminoglycosides can
have multiple binding modes to one RNA-binding site and
further hold the potential of unspecific RNA binding.''*'"
Keeping in mind that molecular docking is often applied in the
VS to identify lead structures, molecular docking programs are
often trained with drug-like molecules. As within the re-
docking set of 150 RNA—ligand complexes only 46 ligands do
not violate the ROS, the programs are not only challenged by
the target RNA, but also by many of the ligands. Especially for
aminoglycosides like neomycin with a molecular weight of 621
g/mol, 13 H-bond donor and 13 H-bond acceptors, a tPSA of
363 A% and 16 rotatable bonds, docking predictions are
challenging. Considering the linear construction of four ring
systems however, even high RMSD re-docking poses might be
considered as no absolute failure. The roughly symmetric
neomycin is inverted within the binding site, but aliphatic rings
are fairly aligned and polar interactions reasonably saturated as
observed for the LeadIT-predicted pose in complex with the
human immunodeficiency virus trans-activation response
element (HIV TAR) (Figure 2D, PDB-ID 1QD3)."'® While
the RMSD for the re-docking pose is 9.5 A, pseudo similarity
(a metric within LeadIT to describe nearest atoms of same
type instead of the identical atom ID) is 1.9 A. While this
predicted binding mode is still incorrect and no useful starting
point for, for example, ligand optimization or derivatization, it
can at least hint for interaction hot spots within the binding
site to be addressed by polar, charged, or aliphatic moieties.
Especially for HIV TAR a variety of different ligands with
differing binding modes was reported further highlighting the
combined challenge of complex ligands and flexible
targets, 117118

Target Dynamics. Many RNA molecules are of highly
dynamic nature.”*>° Hence, docking against a single
conformation might not be sufficient to represent RNA—
ligand binding behavior. While re-docking was always
performed against frame 1 of the NMR structures, this might
not necessarily be the best frame selection method even
though frame number 1 usually represents the lowest energy
conformation.”" Other strategies might be the selection of the
frame closest to average coordinates or docking against an
ensemble of frames either derived from NMR structures or
MD simulations. When docking against all frames of 11 NMR
complex structures for which multiple frames were deposited
in the PDB, the mean re-docking RMSD was reduced from 6.6
to 3.7 A (Table S2). It is noteworthy that for some complexes
the ligand RMSD compared to average coordinates reached
values up to 5.2 A over the different NMR frames, highlighting
the high flexibility even within the bound state of the complex.
Additionally, it is to mention that docking against NMR
structures is usually referred to be less precise and accurate
compared to docking against X-ray structures.”’ In addition to

https://doi.org/10.1021/acs jcim.2c00751
J. Chem. Inf. Model. 2022, 62, 4134-4148
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Figure 3. (A) Correlation plots between the docking score (left y-axis) and reported pKp, values for protein-based docking tools FRED (blue),
HYBRID (red), and FlexX (green) against the preQ,-RS and between the number of matched pharmacophoric features (right y-axis, yellow) and
pKp. (B) PreQ, (pale green carbon atoms) in complex with the preQ1-RS (white carbon atoms) including polar interactions (yellow dashed lines)
and pharmacophore features described in the text: dark blue = H-bond donor or cation, light blue = H-bond donor, salmon red = H-bond acceptor,

and green = aromatic center, PDB-ID 3FU2.

intrinsic dynamics, distinct conformational changes of residues,
as reported for the TPP-RS, might need consideration. In the
complex of several fragments with the TPP-RS (e.g,, PDB-ID
4NYB), G-72 adopts a different orientation compared to the
TPP- and analogue-bound state (PDB-ID 2GDI, Figure
2E)."°”""? To consider this conformational change, target
flexibility should be taken into account during docking either
by a protocol allowing side-chain flexibility”” or a strategy with
an ensemble of multiple RNA structures. >

Solvation. Finally, solvation and desolvation effects upon
ligand binding and water-mediated interactions should be
elucidated. While explicit solvation sites within protein binding
pockets can have a huge impact on affinity and selectiv-
ity,"*>'** it is more than likely that similar effects account for
RNA-binding sites as well. However, within the RNA—ligand
docking test set presented, only 18 structures with a resolution
below 2.0 A allow sufficiently accurate determination of explicit
water molecules. For the adenine-RS, a structurally important
water molecule (PDB-ID 1Y26)'*" was reported previously
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(Figure 2F)." Including this water molecule in the docking
setup of the binder-decoy discrimination of DOCK improved
the ROC AUC from 0.47 to 0.66 (Table 2). Similarly, the
enrichment for the TPP-RS was also improved by inclusion of
crystallographic solvent molecules.

Further Considerations. While we identified the
importance of the correct selection of ligand protomers and
tautomers (Figure 2A—C), similarly rare protomers and
tautomers of RNA might also play a role for ligand recognition
in specific cases.'””'*® Additionally, it is to be taken into
account that besides the four nucleobases, over 170 RNA
modifications are reported,ln_ll9 which occur in biological
systems and require individual tautomer and protomer
considerations and potentially parameterization.130

Another aspect worth consideration is the functional role of
ions. While a diffuse ion atmosphere masks the negative charge
of the RNA backbone,"*" especially free and metabolite-bound
Mg2+ ions play an important role in RNA folding, stabilization,
and protection from degradaticm.”'z'133 However, the identi-

https://doi.org/10.1021/acs.jcim.2c00751
J. Chem. Inf. Model. 2022, 62, 4134-4148
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Figure 4. MST-derived Kj, values for known preQ,-RS ligands (A) and new ligands identified via VSs (B).

fication of explicit (Mg**) ion binding sites in RNA is not
trivial as only high-resolution X-ray structures allow for
accurate structural determination. Furthermore, because of
the high salt concentrations in crystallography, ion types and
binding sites might differ from native conditions. MD
simulations can help to confirm cation binding sites, if
structural information is available,” but cation binding site
prediction for structures lacking this information (e.g, NMR
structures or those where ions of crystallization buffers largely
differ from physiological conditions) can be challenging as
simulations might need rather long convergence times for
divalent cations.”® Even with the structural information of ions
in the binding site available, binding strength between a certain
cation and RNA might differ and a potential ligand can be
required to either replace an ion or indirectly interact with the
RNA via the ion."**

B VS AGAINST THE PREQ;-RIBOSWITCH

Because of their overall good performance, the fast protein-
based docking programs FlexX, FRED, and HYBRID were
selected for a prospective VS against the Bacillus subtilis preQ,-
RS. All three programs showed high accuracy in binding mode
prediction with re-docking RMSD values of 0.8, 0.4, and 0.5 A
and binder-decoy discrimination with ROC AUCs of 0.94,
0.88, and 0.99, respectively (Table S1, Table 2). Furthermore,
not only the discrimination of binders from nonbinders, but
also the ranking within a series of nine reported ligands™®
spanning four orders of magnitude in potency, showed
reasonable correlation between docking scores and reported
pKp, values (Figure 3A, Table S3). Likewise, a correlation
between the number of matched interactions resembling those
of the native ligand preQ, with its RS (Figure 3B) and the pKj,
was observed for the nine molecules as well. These interactions
include three Watson—Crick-like H-bonds with C-17, addi-

4140

tional H-bonds with U-6, and A-30 and possible H-bonds
between the basic amine and G-$ and the phosphate backbone.
Furthermore, preQ, stacks between G-11 and G-$ with face-to-
face m—n-interactions. From this interaction profile, a
pharmacophore model containing these seven features nicely
correlating with affinity (Figure 3A,B) was derived.* For VSs,
our in-house VS-library of 3.34 million compounds was filtered
for physicochemical criteria (see Materials and Methods), and
the remaining 12,507 compounds were docked without any
constraints. Molecules for purchase were selected based on
their docking scores and matching of the pharmacophoric
features for at least one of the three programs, including
molecules with (1) high scores and many met pharmacophore
features, (2) high scores and little reflection of native ligands’
interactions valuing the docking score over “MedChem
intuition”, and (3) low scoring molecules that resemble
many pharmacophore features valuing human decision making
over the scoring function. In this regard, special emphasis was
placed on the identification of molecules which could mimic a
Watson—Crick-like base pairing with C-17. The corresponding
H-bond donor and acceptor functionalities were usually
embedded in an heteroaromatic system, additionally allowing
stacking between G-11 and G-S. Subsequently, 23 compounds
were purchased for testing (Table S4). Because of previous
filtering, the selected molecules were not flagged as pan-assay
interference compounds (PAINS)Alxs However, as a note of
caution PAINS definition for RNA binding might differ from
conventional protein-PAINS definition. For example, multi-
basic pan-RNA binders spermine and spermidine'*® are also
not flagged as PAINS and the concept of promiscuous binding
might need further elucidation in the context of RNA ligands.

https://doi.org/10.1021/acs jcim.2c00751
J. Chem. Inf. Model. 2022, 62, 4134-4148
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Figure S. Predicted binding modes of 6 (A), 8 (B), 9 (C), and 10 (D) in complex with the preQ,-RS aptamer (PDB-ID 3FU2). For clear view,
only the predicted binding modes of the FlexX docking are shown. Ligands are depicted with green carbon atoms including polar hydrogens, RNA
with white carbon atoms. H-bonds are shown as yellow dashed lines. H-bonds known from preQ, (Figure 3B) with C-17 and A-30 as well as
aromatic stacking with G-11 are conserved among all ligands and one H-bond with U-6 for all except 8.

B EXPERIMENTAL RESULTS

PreQ;-RS aptamer binding of the purchased compounds was
elucidated by microscale thermophoresis (MST) using a CyS-
labeled RNA. The assay was validated by Kp-value
determination of the reported’”””® preQ,-RS ligands preQ,,
preQ,, guanine, 7-deazaguanine, and 7-methylguanine (1S5,
Figure 4A) with K, values similar to reported results (Table
$3). For VS hits, a binding prescreening using three different
concentrations of 100, 31.6, and 10 uM was performed. For 6
out of 23 tested compounds, 6—11, which showed a
concentration-dependent shift in thermophoresis, Kp, values
were subsequently determined (Figures 4B and S3).
Compounds 6, 7, 8, 10, and 11 matched 5-6
pharmacophore features of preQ, (Figure 3B) and additionally
showed high docking scores in at least one of the three docking

aa
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setups (FlexX, FRED, HYBRID, Table $4), while 9 matched 6
of 7 pharmacophore features with a comparatively low score.
The conserved interactions according to the generated docking
poses among all newly identified binders include the Watson—
Crick like H-bonds with C-17, two H-bonds with A-30, and
aromatic stacking with G-11 for all novel ligands (Figure SA—
D). Additionally, all ligands except compound 8 cover an H-
bond donor to interact with U-6. Finally, none of the
molecules with high docking scores and a low number of
matched pharmacophore features turned out to bind to the
preQ,-RS (Table S4). Hence, the importance of proper pose
inspection after docking is highlighted'”” even though the
structural diversity and novelty are thus limited. This especially
accounts for 6 (the strongest binder 8-oxoguanine) and 7 (8-
aminoguanine) being highly similar to previously reported
ligands containing the guanine substructure. The exceptional

https://doi.org/10.1021/acs.jcim.2c00751
J. Chem. Inf. Model. 2022, 62, 4134-4148
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high potency of 6 with a K, of 29.5 nM compared to 2—4 and
7, however, cannot be easily assigned to additional direct H-
bonds to the RNA based on the predicted binding mode
(Figure SA). Potentially water-mediated interactions which
require an H-bond acceptor at the 8-position are formed. This
could also explain the much lower potency of the close
homologue 7 with a Ky, of 9.07 uM, which carries an H-bond
donor at the corresponding position but obtains very similar
docking scores. Structurally most distinct from preQ; and
other guanine-derivatives, 8 still matches aromatic stacking
interactions and the H-bond patterns with C-17 and A-30 but
lacks the H-bond donor to U-6 according to docking poses
predicted by FlexX and HYBRID. This compound however is
positively charged which might compensate for the missing H-
bond with U-6, and it might also form additional polar or
hydrophobic/aromatic contacts (Figure SB). 9 is the smallest
binder identified in this VS and showed the lowest docking
scores being ranked 1326th, 5948th, and 398th out of 12,507
for FlexX, FRED, and HYBRID, respectively. However, based
on the predicted binding modes, this small molecule still
matches 6 out of 7 pharmacophore features of preQ, (Figure
5C) in all docking setups, only lacking one H-bond donor/
cationic moiety, resulting in a K}, of 2.01 #M. Finally, for tetra-
and 7,8-dihydrobiopterin (10 and 11) binding with Kj, values
of 2.26 and 11.0 M, respectively, a crucial role of the H-bond
donor to interact with U-6 (Figure SD) was indicated. For the
aromatic pterins biopterin and neopterin (12 and 13, Table
S4) which lack the hydrogen bond donor functionality at the
corresponding position being replaced by a hydrogen bond
acceptor, no binding was detected in the MST assay. This
highlights the importance of this matched interaction, as the
predicted binding modes of 12 and 13 had high scores and still
matched S of the remaining pharmacophore features including
the interactions with C-17, A-30, and aromatic stacking.
Similarly, this was observed for 7-methylguanine (S)
previously, which lacks this hydrogen bond donor and binds
less strongly to the preQ,-RS compared to 3 and 4, which are
capable of the H-bond interaction with U-6 (Figure 4A).”*

B CONCLUSIONS

Targeting RNAs with small molecules is an emerging field, but
structure-based approaches are limited to very few cases
because of a lower number of known RNA—ligand complexes
compared to proteins. Hence, the knowledge basis for
molecular docking is also restricted, and RNA holds its own
challenges for docking-based VS. The basic physical principles
of molecular recognition, however, do not differ between RNA
and proteins, and molecular docking is applicable. Using a
compilation of 150 RNA-ligand complexes (Figure 1, Table
1), the capability to reproduce native binding modes for
protein-based docking tools without major modifications was
similar to or even better than DOCK which was improved*”
and successfully used”’ for RNA—ligand docking previously
and competitive to the RNA-specific DOCK.*’ Additionally,
the ability to discriminate known ligands from decoys for the
rRNA A-site and several RSs was demonstrated (Table 2). The
challenges faced for RNA—ligand docking include the selection
of correct protomers and tautomers, target flexibility, and (de-)
solvation effects, all of which are known for proteins as well,
and are not RNA-specific (Figure 2). Subsequently, in a
prospective VS with the preQ;-RS aptamer, six new ligands
with Kj, values between 29.5 nM (6) and 11.0 uM (11) were
discovered (Figure 4B). Based on the hit-selection criteria, it

4142

90

can be concluded that a good docking score only in
combination with binding mode interpretation based on a
pharmacophore hypothesis was superior to the docking score
alone. As already identified in the initial validation set of
ligands, it turned out that matching preQ,’s pharmacophoric
interaction features correlate well with affinity (Figure 3A,B,
Table S3). This especially accounts for the Watson—Crick-like
pairing with C-17 and hydrogen bonds to A-30 incorporated
into a heteroaromatic framework. While the lack of a hydrogen
bond donor to interact with U-6 in some cases like 8 can be
tolerated, an acceptor-acceptor mismatch like in 12 and 13
(Table S4) abolishes binding or at least reduces affinity (5).
Newly identified ligands 6—8, 10, and 11 nicely match the
pharmacophore pattern and additionally show good docking
scores. In contrast, no molecule with a high score and a low
number of matched pharmacophore features was identified as a
preQ,-RS binder (Table $4). In lieu thereof, ligand 9 (Kp, =
2.01 uM) matched 6 of 7 pharmacophore features with a
relatively low score further highlighting the importance of
proper pose inspection. Consequently, we conclude that
RNA-ligand docking with conventional software is generally
feasible but requires a certain extent of human intervention in
both docking setup validation and hit selection. Hence, the
strategy used herein may be used as a guideline to identify and
circumvent potential pitfalls and support structure-based VSs
against RNA targets in the future.

B MATERIALS AND METHODS

Molecular Docking and Structure-Based VS. RNA—
ligand complex structures were obtained from the PDB."* For
pose prediction, PDB entries from previous publications®"***’
were combined and visually inspected using PyMOL."** If
multiple chains of the target structure were present in the
asymmetric unit of X-ray structures, chain A was selected. In
case of NMR structures, frame 1 usually representing the
lowest energy conformation®' was used. If ions were present
within the binding site, these ions were kept during docking.
Except for LeadIT, which by default includes water molecules
forming at least three interactions with the receptor and ligand,
water molecules were removed from the complexes. All
docking programs under elucidation treated the ligand to be
flexible and the receptor to be rigid. If not stated differently,
only the best scoring pose was further evaluated. Decoys to be
discriminated from reported ligands (Table 2, Figures SS5—
S12) were generated using the DUD-E web service.*’

For LeadIT-2.3.2 docking,*” the graphical user interface was
used for receptor preparation using standard settings and a
binding site definition including residues within 6.5 A around
the reference ligand, which was protonated within LeadIT
using the Protoss module.''' The docking was performed
under default settings using the enthalpy/entropy hybrid
approach with 200 iterations per placement and fragmentation.

For FlexX***® docking, the receptor and ligand were
exported from LeadIT, and docking was performed without
any further modifications from command-line.

For FRED/HYBRID docking,?m‘m'”()’HO the receptor was
prepared using the Make Receptor functionality of the
OpenEye tools under default conditions. Ligand conformers
for docking were generated using OMEGA'*"'** based on the
Merck Molecular Force Filed (MMFF94)."** For macrocyclic
ligands, OMEGA with the keyword “macrocycle” was used.
Docking with FRED and HYBRID was subsequently
performed without deviations from default settings.

https://doi.org/10.1021/acs jcim.2c00751
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Discovery of Novel Binders for the PreQ1 Riboswitch by MST

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Receptor preparation for rDOCK-2013.1-1%" was performed
using the molecular operating environment (MOE 2015)."*
For rDOCK, a 6.0 A binding site was defined around the
reference ligand, and 50 poses were generated and
subsequently scored using the SF3 and SFS scoring functions.

For DOCK 6.9,”%°" a protocol based on the tutorial of the
developers was followed with only minor modifications. The
receptor and ligand were protonated, and AM1-BCC ligand
charges were applied within MOE 2015. To define the ligand
binding site, a grid exceeding the ligand by 6.0 A with a grid
spacing of 0.3 A was generated and receptor parameters were
obtained from the AMBER99 force field. The extra margin of
the receptor box was 5.0 A. A second docking protocol was
performed adding an additional charge to the phosphate
backbone of the RNA to obtain a formal charge of zero per
nucleotide to mimic counter ions masking the formal charge
(phosphorous atom partial charge was changed from 1.1662 to
2.1662 as described previously).”' Because of a poor
performance under these settings in some cases of the
binder-decoy discrimination set, explicit solvent molecules
were included for docking against the adenine- and TPP-RS,
and the binding site was reduced to 4.0 A around the reference
ligand for the guanine-RS.

For the prospective VS against the preQ;-RS, PDB-ID
3FU2,*" chain A was used. Docking with FlexX-4.1,"* FRED/
HYBRID-3.3.0.3 was performed as described above. Our in-
house virtual molecule library of trusted vendors derived from
ZINC15'**'* contained 3.34 million molecules with at most
1 violation of Lipinski’s ROS,""® no reactive and no PAINS'**
moieties, a tPSA below 200 A% and less than 11 rotatable
bonds. This library was filtered after protonation with MOE
2019 using OpenEye FILTER to include only molecules
without known aggregator functionalities, 4—9 H-bond donors,
2—10 H-bond acceptors, a molecular weight between 130 and
400 g/mol, xlogP between —3 and +3, tPSA over 50 A2, 0-8
rotatable bonds, a formal charge of 0—2, and less than 4 chiral
centers to reduce chemical complexity. The remaining 12,507
molecules were subsequently energetically minimized using
OMEGA-classic for FlexX docking, or conformers were
generated by OMEGA-pose for FRED/HYBRID docking.
After docking without constraints, poses were sorted by the
docking score and elucidated by visual inspection and their
accordance to the preQ, pharmacophore features (Figure 3B)
within MOE 2019 prior selection for purchase (Table S4).
Some structural analogues of promising scaffolds, including 7
(analogue of 6), 10, and 11 (analogues of 12, 13, and 29,
Table S4) not being part of the initial screening library, were
docked and added for testing separately after the initial VS.

Microscale Thermophoresis. The HPLC-purified, CyS-
labeled, BspreQ;-RS aptamer, sequence 5'-CyS-AGAGGUU-
CUAGCUACACCCUCUAUAAAAAACUAA-3" was pur-
chased from Eurofins genomics, Germany GmbH. MST
experiments were performed on a Monolith Pico (Nano-
Temper Technologies, Munich, Germany) using standard
uncoated capillaries. The RNA was diluted to 20 nM in 50 mM
Tris—HCI buffer (pH 7.5) containing 100 mM KCl and 25
mM MgCl, similar to a protocol described previously.”” The
preQ;-RS was heated to 75 °C for S min and cooled down to
room temperature over 60 min. Ligands were added to final
concentrations of 100, 31.6, and 10 #M in the initial screening.
If a concentration-dependent shift of thermophoresis was
observed, for Kp-determination concentrations ranging from
1.0 mM (if permitted by solubility, otherwise starting from 316
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or 100 M) to 0.1 nM in a 3.16-fold (half-logarithmic) dilution
series and one DMSO negative control without ligand were
prepared. Final DMSO concentration was always 2%. All
measurements were performed at least as triplicates. Results
were analyzed from signals after 1.5 s laser on-time with the
MO .Affinity Analysis software, version 2.3 using the Kp-fit
model. Identities and purities >90% for all compounds (Table
S4) were stated in the vendor’s certificates of analysis (CoA).
For all newly discovered preQ,-RS binders 6—11, identities
and purities >97% were confirmed by HPLC-ESI/MS (Figure
S4). The mass spectra were obtained from a 1100 series HPLC
system from Agilent with a Poroshell 120 EC-C18 150 X 2.10
mm, 4 pm column. The mobile phase consisted of 80%
acetonitrile, 10% H,O, and 10% of a 0.1% solution of formic
acid in water. The UV detection wavelength was 254 nm. The
molecular mass was detected using an Agilent 1100 series
mass-selective detector trap with positive mode electron spray
ionization. The LC—MS chromatograms and their correspond-
ing mass spectra were analyzed using MestReNova (v.12.0.4)
from Mestrelab Research.

Data and Software Availability. Molecular dockings
were performed with LeadIT, FlexX, DOCK, FRED, HYBRID,
and rDOCK using the cited versions. Additionally, FILTER,
Make_receptor and OMEGA from the OE-toolkit, and MOE
were used for the described steps in receptor and ligand
preparation. Used PDB entries for re-docking, ligands, and
decoys (derived from the DUD-E webservice) for discrim-
ination, and SMILES of newly discovered preQ;-RS ligands
with their predicted binding modes are provided in the
Supporting Information.
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Discovery of Novel Binders for the PreQ1 Riboswitch by MST

Table S1. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were additionally subject to a binder-decoy discrimination. Lip_don: H-bond donors, lip_acc: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

Target Ligand
resolution / no. of
PDB-ID source conformers submitted type Weight lip_don lip_acc  SlogP lip_violation TPSA opr_nrot FCharge
(calculated)
1AKX NMR 1(20) HIV-2 TRANS ACTIVATING REGION RNA COMPLEX WITH ARGININAMIDE, NMR, MINIMIZED AVERAGE STRUCTURE 160,2 8 5 -38 1 108 6 2
1AMO NMR 8(8) AMP RNA APTAMER COMPLEX, NMR, 8 STRUCTURES 345,2 4 12 -41 1 180 5 -2
1BY) NMR 38(38) GENTAMICIN C1A A-SITE COMPLEX 454,6 17 12 -79 2 225 12 5
1EHT NMR 10 (50) THEOPHYLLINE-BINDING RNA IN COMPLEX WITH THEOPHYLLINE, NMR, 10 STRUCTURES 180,2 1 6 01 0 693 0 0
1E12 NMR 17 (50) STRUCTURAL BASIS FOR RECOGNITION OF THE RNA MAJOR GROOVE IN THE TAU EXON 10 SPLICING REGULATOR| 620,7 25 19 -13,2 3 363 16 6
1F1T X-Ray 2,8 CRYSTAL STRUCTURE OF THE MALACHITE GREEN APTAMER COMPLEXED WITH TETRAMETHYL-ROSAMINE 346,5 0 3 52 1 157 3 0
1F27 X-Ray 13 CRYSTAL STRUCTURE OF A BIOTIN-BINDING RNA PSEUDOKNOT 2433 2 5 -05 0 813 5 -1
1FMN NMR 5(5) SOLUTION STRUCTURE OF FMN-RNA APTAMER COMPLEX, NMR, 5 STRUCTURES 453,3 3 13 -25 1 183 7 -3
1FYP NMR 29(100) EUKARYOTIC DECODING REGION A-SITE RNA-PAROMOMYCIN COMPLEX 620,7 23 19 -12,4 3 355 16 5
1HNW X-Ray 34 STRUCTURE OF THE THERMUS THERMOPHILUS 30S RIBOSOMAL SUBUNIT IN COMPLEX WITH TETRACYCLINE 4434 5 10 -07 0 181 3 -1
urr X-Ray 2,5 Complex between Paromomycin and the 165-rRNA A-site at 2.5 A resolution 620,7 23 19 -124 3 355 16 5
1ZX X-Ray 3,1 Structural Basis for the Interaction of Antibiotics with the Peptidyl Transferase Center in Eubacteria 426,0 5 7 -10 0 103 10 1
1K73 X-Ray 3,01 Co-crystal Structure of Anisomycin Bound to the 50S Ribosomal Subunit 267,3 2 5 04 0 67,8 5 0
1KC8 X-Ray 3,01 Co-crystal Structure of Blasticidin S Bound to the 50S Ribosomal Subunit 425,5 10 13 -56 2 220 11 1
1KOC NMR 1(1) RNA APTAMER COMPLEXED WITH ARGININE, NMR 175,2 8 6 -52 1 131 6 1
1KOD NMR 1(1) RNA APTAMER COMPLEXED WITH CITRULLINE, NMR 175,2 6 6 -32 1 123 5 0
ca X-Ray 2,54 Crystal Structure of Tobramycin Bound to the Eubacterial 165 rRNA A Site 472,6 20 14 99 2 276 12 5
b {RY] NMR 12 (12) STRUCTURE OF TAR RNA COMPLEXED WITH A TAT-TAR INTERACTION NANOMOLAR INHIBITOR THAT WAS IDENTI 327,5 1 3 30 0 248 5 1
1IMWL X-Ray 2,4 Crystal structure of geneticin bound to the eubacterial 16S rRNA A site 500,6 17 14 -88 3 258 12 4
1NBK NMR 1(1) The structure of RNA aptamer for HIV Tat complexed with two argininamide molecules 175,2 8 6 -52 1 131 6 1
1NEM NMR 9 (100) Saccharide-RNA recognition in the neomycin B / RNA aptamer complex 620,7 25 19 -13,2 3 363 16 6
INJI X-Ray 3 Structure of chloramphenicol bound to the 50S ribosomal subunit 323,1 3 7 10 0 115 6 0
1INJM X-Ray 3,6 The crystal structure of the 50S Large ribosomal subunit from Deinococcus radiodurans complexed with a tRNA acc 349,5 5 7 02 0 111 10 0
INTA X-Ray 2,9 2.9 A crystal structure of Streptomycin RNA-aptamer 584,6 19 19 -124 3 339 16 3
INTB X-Ray 29 2.9 A crystal structure of Streptomycin RNA-aptamer complex 586,6 20 19 -12,6 3 343 16 3
1015 NMR 1(250) THEOPHYLLINE-BINDING RNA IN COMPLEX WITH THEOPHYLLINE, NMR, REGULARIZED MEAN STRUCTURE, REFINE 180,2 1 6 01 0 69,3 0 0
1P9X X-Ray 34 THE CRYSTAL STRUCTURE OF THE 50S LARGE RIBOSOMAL SUBUNIT FROM DEINOCOCCUS RADIODURANS COMPL 813,0 2 15 38 2 173 25 1
1PBR NMR 1(1) STRUCTURE OF 16S RIBOSOMAL RNA, NMR, MINIMIZED AVERAGE STRUCTURE 620,7 23 19 -12,4 3 355 16 5
108N NMR 25 (100) Solution Structure of the Malachite Green RNA Binding Aptamer 330,5 0 2 50 0 6,48 5 0
1Qp3 NMR 17 (100) HIV-1 TAR RNA/NEOMYCIN B COMPLEX 620,7 25 19 -13,2 3 363 16 6
1RAW NMR 10 (100) ATP BINDING RNA APTAMER IN COMPLEX WITH AMP, NMR, 10 STRUCTURES 345,2 4 12 41 1 180 5 -2
1TOB NMR 7 (50) SACCHARIDE-RNA RECOGNITION IN AN AMINOGLYCOSIDE ANTIBIOTIC-RNA APTAMER COMPLEX, NMR, 7 STRUCT 472,6 20 14 -99 2 276 12 5
1UTS NMR 16 (50) Designed HIV-1 TAR Binding Ligand 410,6 8 6 01 1 891 12 3
1UUD NMR 1(50) NMR structure of a synthetic small molecule, rbt203, bound to HIV-1 TAR RNA 354,5 12 9 -45 1 162 14 3
Ul NMR 1(50) NMR structure of a synthetic small molecule, rbt158, bound to HIV-1 TAR RNA 323,4 7 7 -09 1 104 9 2
1vas X-Ray 2,2 The structure of CCDA-PHE-CAP-BIO and the antibiotic sparsomycin bound to the large ribosomal subunit of haloarc 361,4 4 8 -08 0 144 8 0
1XBP X-Ray 35 Inhibition of peptide bond formation by pleuromutilins: The structure of the 50S ribosomal subunit from Deinococcy 494,8 2 5 36 0 68 11 1
1XPF X-Ray 2,3 HIV-1 subtype A genomic RNA Dimerization Initiation Site 206,4 10 4 -38 1 885 11 4
1Y26 X-Ray 21 A-riboswitch-adeni 1 135,1 3 5 0,1 0 80,5 0 0
1Y12 X-Ray 2,62 Crystal Structure Of Erythromycin Bound To The G2099A Mutant 50S Ribosomal Subunit Of Haloarcula Marismortui 734,9 6 14 04 3 195 24 1
1YRJ X-Ray 2,7 Crystal Structure of Apramycin bound to a Ribosomal RNA A site oligonucleotide 544,6 20 16 -10,8 3 295 12 5
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Table S1. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were subject to a binder-decoy Lip_don: H-bond donors, lip_acc: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

Re-docking RMSD [A]

DOCK6

HYBRID FRED rDOCK rDOCK
PDB-ID LeadiT-2.3.2 FlexX-3 DOCK6 .
© 3.3.03 3.3.03 (SF3) (SF5) (mod

charge) ligand smiles
1AKX 3,57 E 479 339 464 3,69 0=CC([NH3+])CCCNC(=[NH2+])N
1AMO 3,86 8 185 P(=0)(0CC1C(0)C(0)C(n2e3nenc(N)e3nc2)01)((0-])[0-)
1BY) 5,36 0(C1C(0)C(OC2C(O)C([NH2+IC)C(O)CICO2)C([NH3+])CC [NH3+])CIC([NH3+])CCC(C[NH3+])01
1EHT 3,69 5,58 6 0=C1N(C)C(=O)c2nc[nH}c2N1C
1E12 0(C1C(OC2C([NH3+])C(O)C(O)C(C[NH3+])02)C([NH3+])CC([NH3+])C10)C1C(O)C(OC2C([NH3+])C(O)C(O)C(C[NH3+])02)C(CO)O1
1F1T N(C)C)e1ec20e3¢(C(CAC=CCC=CA)c2ccl Jece(N(C)Ch3
1F27 0=C([0-])CCCCC1SCC2NC(=0)NC12
1FMN P(=0)(OCC(O)C(O)C(O)CN1c2¢(N=C3C(=0)[N-}C(=0)N=C13)cc(Che(Chc2)((0-])[O-)
1FYP 0(C1C(OC2C([NH3+])C(0)C(0)C(CO)O2)C([NH3+])CC([NH3+])C10)C1C(O)C(OC2C{[NH3 +])C(O)C(O)C(C[NH3 +])02)C(CO)O1
1HNW 0=C(N)C1C(=0)C2(0)C([0-])=C3C(=0)c4c(O)cccca C(O)C)CICC2C(N(C)C)C1=0
urr 0(C1C(OC2C([NH3+])C(0)C(0)C(CO)O2)C([NH3+])CC([NH3+])C10)C1C(O)C(OC2C([NH3 +])C(O)C(O)C(C[NH3+])02)C(CO)O1
UzX CIC(C(NC(=0)C1[NH+}(C)cC(CCC)ca)cac(O)c(o)C(o)c(SClo1)C
1K73 0=C(0C1C(CC2C=CC(OC)C=C2)NCC10)C
1KC8 0=C(NC1C(C(=0)[0-])OC(N2C(=0)N=C(N)C=C2)CC1)CC([NH3+])CCN(C(=[NH2+]N)C
1KOC 0=C([O-))C([NH3+])CCCNC(=[NH2 +])N
1KOD 0=C(NCCCC([NH3+])C(=0)[O-]IN
ica 0(C1C(0)C(OC2C([NH3+])CC(O)C(C[NH3+])02)C([NH3+])CC1[NH3+])C1C(O)C([NH3+])C(O)C(CO)O1
v 0=C(C)c1cc2N(CCC[NH+)(C)Chc3c(Sc2ccljecee3
1IMWL 0O(C1C(0)C(OC2C(O)C([NH2+]C)C(O)(C)CO2)C([NH3+])CC1[NH3+])C1C([NH3+])C(O)C(O)C(C(O)C)O1
1NBK 0=C([0-])C{[NH3+))CCCNC(=[NH2+])N
1INEM 0O(C1C(OC2C([NH3+])C(O)C(O)C(C[NH3+])O2)C([NH3+])CC([NH3+])C10)C1C(0)C(OC2C([NH3+])C(O)C(O)C(C[NH3+])02)C(CO)O1
1INl CIC(CI)C(=0)NC(C(O)c 1ccc([N+)(=0)[0-])cc1)cO
1INJM S(CSC)CC(NC(0)CCC=1C(=0)NC(=0)NC=1C)CO
INTA 0=CC1(0)C(0C2C([NH2+]C)C(0)C(0)C(CO)O2)C(OC2C(O)C(O)C(NC(=[NH2+])N)C(O)C2NC(=[NH2+])NJOC1C
INTB 0(C1C(0)(CO)C(C)OC10CIC(O)C(O)CINC(=[NH2+]IN)C(O)CINC(=[NH2+])N)C1C([NH2+]C)C(0)C(0)C(CO)O1
1015 0=C1N(C)C(=O)c2nc[nH}c2N1C
1P9X 0O(C)C1(C)C(OC2C(O)C([NH+)(C)C)CC(C)O2 )C(C)C(=0)C(C)C(=0)OC(CC)C2(C)OC(=0)N(CCCCn3cc(-cdcnceed Jne3)C2C(C)C(=0)C(C)C1
1PBR 0(C1C(OC2C([NH3+])C(0)C(0)C(CO)O2)C([NH3+])CC([NH3+])C10)C1C(O)C(OC2C{[NH3 +])C(O)C(O)C(C[NH3 +])02)C(CO)O1
108N N(C)MChc1cee(Clc2ecc(N(C)Chec2)c2cccec2)ecl
1QD3 0(C1C(OC2C([NH3+])C(0)C(O)C(C[NH3+])02)C([NH3+])CC((NH3+])C10)C1C(0)C(OC2C([NH3+])C(0)C(O)C(C[NH3+])02)C(CO)O1
1RAW P(=O)(OCC1C(0)C(0)C(n2¢c3nenc(N)c3nc2)01)([0-])[0-])
1TOB 0O(C1C(0)C(OC2C([NH3+])CC(O)C(C[NH3+])O2)C([NH3+])CC1[NH3+])C1C(O)C((NH3+])C(0)C(CO)O1
1UTS O(CCC[NH3+])c1c(C[NH2+JCCN2CC[NH2+)CC2)cc(c2cc3c([nH)ce3)ec2)ecl
1UUD O(CCNC(=[NH2+])N)c1¢(C[NH2 +)CCCONC(=[NH2+])Njee(OC)ec 1
EV]] O(CCC[NH3+])c1c(CN2CC[N+)(=C(N)N)CC2)ec(OC)ec 1
vas [SHO}(=0)(CSC)CC(NC(=0)C=CC=1C(=0)NC(=0)NC=1C)CO
1XBP $(CC(=0)OC1C2(C)C(C)CCC3(C(C)C(O)C(C=C)C)C1)C2C(=0)CC3)CC[NH+)(CC)CC
1XPF [NH3+)CCC[NH2+)CCCC[NH2+JCCC[NH3+]
1Y26 Ncinene2[nH]cncl2
1vi2 O(C)C1(C)C(O)C(CIOC(OC2C(C)C(=0)OC(CCIC(ONCIC(ONC(CIC(=0)C(CICC(ONCIC(OCIC(OIC(NH+H(CIC)CC(C)O3)C2C)CL

1YRJ 0O(C1C(O)C(O)C(INH3+])CC1 [NH3+])C1C([NH3+])CC20C(0C3C(O)C(O)C([NH3+])C(CO)O3)C((NH2+]C)C(0)C201
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Discovery of Novel Binders for the PreQ1 Riboswitch by MST

Table S1. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were additionally subject to a binder-decoy discrimination. Lip_don: H-bond donors, lip_acc: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

resolution / no. of

Target

Ligand

PDB-ID  source conformers submitted type Weight lip_don lip_acc  SlogP lip_violation TPSA opr_nrot FCharge
(calculated)
2AU4 NMR 1(1) Class | GTP aptamer 519,1 5 19 -81 2 282 9 -4
2B57 X-Ray 2,15 Guanine Riboswitch C74U mutant bound to 2,6-diaminopurine 150,1 5 6 -05 0 107 0 0
2BEO X-Ray 2,63 Complex Between Paromomycin Derivative JS5-39 and the 165-Rrna A-Site. 7579 25 21 -12,5 3 373 22 6
2BEE X-Ray 2,6 Complex Between Paromomycin derivative 1S4 and the 165-Rrna A Site 719,8 26 21 -134 3 387 22 6
2EES X-Ray 1,75 Guanine riboswitch A21U, U75A mutant bound to hypoxanthine 136,1 2 5 -02 0 70,1 0 0
2EET X-Ray 1,95 Guanine Riboswitch A21G, U75C mutant bound to hypoxanthine 136,1 2 5 -02 0 70,1 0 0
2ES) X-Ray 2,2 Complex between Lividomycin A and the 165-Rrna A Site 766,8 25 23 -136 3 414 21 5
2ET3 X-Ray 2,8 Complex Between Gentamicin C1A and the 165-RRNA A-Site 454,6 17 12 -79 2 225 12 5
2ET4 X-Ray 24 Complex Between Neomycin B and the 165-RRNA A-Site 620,7 25 19 -13,2 3 363 16 6
2ETS X-Ray 2,2 Complex Between Ribostamycin and the 165-RRNA A-Site 458,5 18 14 95 2 269 11 4
2ET8 X-Ray 2,5 Complex Between Neamine and the 165-RRNA A-Site 326,4 16 10 -8,0 1 210 7 4
2F4S X-Ray 2,8 A-site RNA in complex with neamine 326,4 16 10 -8,0 1 210 7 4
2FAT X-Ray 3 Asite RNA + designer antibiotic 514,6 21 15 -10,3 3 288 17 5
2F4U X-Ray 2,6 Asite RNA + designer antibiotic 529,7 20 15 -10,1 3 285 18 5
2FCX X-Ray 2 HIV-1 DIS kissing-loop in complex with neamine 326,4 16 10 -8,0 1 210 7 4
2FCY X-Ray 2,2 HIV-1 DIS kissing-loop in complex with Neomycin 620,7 25 19 -13,2 3 363 16 6
2FCZ X-Ray 2,01 HIV-1 DIS kissing-loop in complex with ribostamycin 458,5 18 14 -85 2 269 11 4
2FDO X-Ray 18 HIV-1 DIS kissing-loop in complex with lividomycin 766,8 25 23 -136 3 414 21 5
2GDI X-Ray 2,05 Crystal structure of thiamine pyrophosphate-specific riboswitch in lex with thiamine pyrophosph 4243 2 11 2,7 1 159 8 2
2GIS X-Ray 2,9 Structure of the S-ad dmethionine riboswitch mRNA regulatory el 399,5 7 11 3,9 2 187 8 1
2KMJ NMR 10 (200) High resolution NMR solution structure of a complex of HIV-2 TAR RNA and a synthetic tripeptide in a 1:2 stoichiom 512,7 19 15 -9,3 3 282 19 4
211V NMR 20 (200) Solution structure of a preQ1 riboswitch (Class 1) aptamer bound to preQl 180,2 7 6 -13 1 111 1 1
2L8H NMR 10 (100) Chemical probe bound to HIV TAR RNA 333,4 10 7 -14 1 133 9 2
2MIY NMR 18 (200) Solution NMR structure of a preQ1 Class Il riboswitch from Streptococcus pneumoniae 180,2 7 6 -13 1 111 1 1
203V X-Ray 2,8 Crystal Structure of the Homo sapiens Cytoplasmic Ribosomal Decoding Site complexed with paromamine derivativ 518,6 19 16 -10,2 3 298 14 4
203w X-Ray 2,8 Crystal Structure of the Homo sapiens Cytoplasmic Ribosomal Decoding Site in presence of paromomycin 620,7 23 19 -12,4 3 355 16 5
203X X-Ray 29 Crystal Structure of the Prokaryotic Ribosomal Decoding Site Complexed with P; ine Derivative NB30 458,5 18 14 -85 2 269 11 4
20E5 X-Ray 1,51 1.5 A X-ray crystal structure of Apramycin complex with RNA fragment GGCGUCGCUAGUACCG/GGUACUAAAAGU( 544,6 20 16 -10,8 3 295 12 5
20E8 X-Ray 18 1.8 A X-ray crystal structure of Apramycin complex with RNA fragment GGGCGUCGCUAGUACC/CGGUACUAAAAGU) 5446 20 16 -10,8 3 295 12 5
2PWT X-Ray 18 Crystal structure of the bacterial ribosomal decoding site complexed with aminoglycoside containing the L-HABA grj 868,0 25 23 -125 3 407 27 6
2wy X-Ray 2,8 SAM-II riboswitch bound to S-adenosylmethionine 399,5 7 1 -39 2 187 8 1
2T0B NMR 13 (40) SOLUTION STRUCTURE OF THE TOBRAMYCIN-RNA APTAMER COMPLEX, NMR, 13 STRUCTURES 472,6 20 14 99 2 276 12 5
2775 X-Ray 1,7 T. tengcongensis gimS ribozyme bound to glucosamine-6-phosphate 258,1 6 9 -62 1 158 5 -1
3C44 X-Ray 2 Crystal structure of HIV-1 subtype F DIS extended duplex RNA bound to paromomycin 620,7 23 19 -12,4 3 355 16 5
3CPW X-Ray 2,7 The structure of the antibiotic LINEZOLID bound to the large ribosomal subunit of HALOARCULA MARISMORTUI 3404 1 7 04 0 70,9 6 1
3D0U X-Ray 2,8 Crystal Structure of Lysine Riboswitch Bound to Lysine 147,2 6 4 -32 1 954 5 1
3D2X X-Ray 2,5 Structure of the thiamine pyrophosphate-specific riboswitch bound to oxythiamine pyrophosphate 4233 1 11 -3,2 1 149 8 -2
3DIG X-Ray 2,8 CRYSTAL STRUCTURE OF THE THERMOTOGA MARITIMA LYSINE RIBOSWITCH BOUND TO S-(2-aminoethyl)-L-cyste! 165,2 6 4 -37 1 954 5 1
3DIL X-Ray 19 Crystal structure of the Thermotoga maritima lysine riboswitch bound to lysine 147,2 6 4 -32 1 954 5 1
3DIM X-Ray 29 Crystallization of the Thermotoga maritima lysine riboswitch bound to lysine, Cs+ Soak 147,2 6 4 -32 1 954 5 1
3DIO X-Ray 2,4 Crystallization of the Thermotoga maritima lysine riboswitch bound to lysine, IRIDIUM HEXAMINE SOAK 147,2 6 4 -32 1 954 5 1
3DIQ X-Ray 2,7 Crystallization of the Thermotoga maritima lysine riboswitch bound to homoarginine 189,2 8 6 -48 1 131 7 1
3DIR X-Ray 29 Crystal ion of the Thermotoga maritima lysine riboswitch bound to N6-1-iminoethyl-L-Lysine 188,3 6 5 -37 1 105 7 1
3DIY X-Ray 2,71 Crystallization of the Thermotoga maritima lysine riboswitch bound to lysine, Mn2+ soak 147,2 6 4 -32 1 954 5 1
3DIz X-Ray 2,85 Crystallization of the Thermotoga maritima lysine riboswitch bound to lysine in the Absence of Mg2+ 147,2 6 4 -32 1 954 5 1
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Discovery of Novel Binders for the PreQ1 Riboswitch by MST

Table S1. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were additionally subject to a binder-decoy discrimination. Lip_don: H-bond donors, lip_acc: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

DOCK6
PDB-ID LeadIT-2.3.2  FlexX-3 HYBRID | FRED | rDOCK | rDOCK DOCK6  (mod.
3.3.0.3 3.3.0.3 (SF3) (SF5) charge) Jigand smilles
2AU4 31 287 377 577 588 P(=0)(OP(=0)(0CC1C(0)C(0)C(n2c3N=C(N)NC(=0)c3nc2)01)[0-]NOP(=0)(O-))[0-))[0-)
2B57 Nelne(N)e2ne[nHje2nl
2BEO O(CC[NH2+)CC1=CNC=CC1)C1C(OC2C([NH3+])C(0)C(O)C(C[NH3+])02)C(CO)OCIOCIC(OC2C([NH3+])C(0)C(0)C(CO)O2)C([NH3+])CC((NH3+])C10
2BEE O[CC[NH2+)CC=CN)C1C(OC2C([NH3+]))C(0)C(O)C(C[NH3+])02)C(COYOC1OCIC(OC2C([NH3+])C(O)C(O)C(COYO2)C([NH3+])CC(NH3+])C10
2EES 0=C1NC=Nc2[nHJcnc12
2EET 0=C1NC=Nc2[nH}enc12
2ES) 0(C1C(0C2C([NH3+])CC(O)C(CO)O2)C((NH3 +])CC([NH3+])C10)C1C(O)C(OC2C([NH3 +])C(O)C(OC3C(O)C(O)C(O)C(CO)O3)C(CNH3+])02)C(CO)o1
2ET3 0(C1C(0)C(OC2C(0)C([NH2+IC)IC(O)CICO2)C((NH3+])CC [NH3+])C1C((NH3+])CCC(C[NH3+])01
2ET4 0(C1C(OC2C([NH3+])C(O)C(O)C(CINH3+])02)C((NH3 +])CC([NH3+])C10)C1C(O)C(OC2C((NH3+])C(O)C(O)C(C[NH3 +])02)C(CO)O1
2ETS 0(C1C(0C2C([NH3+])C(0)C(O)C(C[NH3+])02)C([NH3+])CC([NH3+])C10)C1C(0)C(0)C(CO)O1
2ET8 O(C1C(O)C(O)C((NH3+])CC [NH3+])C1C((NH3+])C(O)C(O)C(C[NH3 +])01
2F4S 0[C1C(O)C(O)C([NH3+])CC[NH3+])C1C((NH3+])C(O)C(O)C(C[NH3+])01
2F4T 0=C(NC1C(OCCNCC[NH3+])C(0)C(OC2C([NH3+])C(O)C(O)C(C[NH3+])02)C([NH3+])C1)C(O)CCINH3+)
2F4U 0=C(NC1C(OCC[NH2+JCCC[NH3+])C(0)C(OC2C([NH3+])C(0)C(O)C(COIO2)C([NH3+])C1)C(O)CCINH3+]
2FCX O(C1C(O)C(O)C([NH3+])CC1[NH3+])C1C([NH3+])C(O)C(O)C(C[NH3+])01
2FCY 0(C1C(OC2C([NH3+])C(O)C(O)C(CINH3+])02)C((NH3 +])CC([NH3+])C10)C1C(O)C(OC2C((NH3+])C(O)C(O)C(C[NH3 +])02)C(CO)O1
2FCZ 0(C1C(OC2C([NH3+])C(O)C(O)C(C[NH3+])02)C([NH3+])CC([NH3+])C10)C1C(0)C(0)C(CO)O1
2FDO 0(C1C(OC2C([NH3+])CC(0)C(CO)O2)C((NH3+])CC((NH3+])C10)C1C(O)C(OC2C([NH3+])C(0)C(OC3C(O)C(0)C(0)C(CO)O3)C(C[NH3+])02)C(CO)01
2GDI P(=0)(OP(=0)([0-])[ 0-]NOCCCIC(C)[N+](Ce2¢(N)ne(Cne2)=C51)[O-]
26GIs [S+](CCC([NH3+])C(=0)[ 0-]NCC1C(0)C(O)C(n2e3nenc(N)e3nc2)01)C
2KM) 0=C(NC(C(=0)NC(C(=0)N)CCCNC(=[NH2+])N)CCCC1=[NH+JCC=CN1 )C([NH3+])CCONC(=[NH2+])N
211V 0=C1NC(N)=Nc2[nH}ce(C[NH3+])c12
2L8H 0(C)e1c2¢(ce(NC(O)C([NH3+])CCONC(=[NH2+])N)c 1 Jecee2
2MIY 0=CINC(N}=Nc2[nH]cc(C[NH3+])c12
203V 0(COC1C(0)C(COYOC(O)C [NH3+])C1C(0)C(CO)OC(OC2C(O)C(O)C([NH3+])CC2[NH3+])C1[NH3+)
203W 0(C1C(0C2C([NH3+])C(O)C(0)C(CO)O2)C([NH3 +])CC([NH3+])C10)C1C(O)C(OC2C([NH3 +])C(O)C(O)C(C[NH3+])02)C(CO)01
203X 0(C1C(0C2C([NH3+])C(0)C(O)C(COYO2)C([NH3+])CC((NH3+])C10)C1C(O)C(O)C(C[NH3 +])O01
20E5 0(C1C(0)C(O)C([NH3+])CC1 [NH3+])C1C([NH3+])CC20C(0C3C(O)C(O)C([NH3+])C(CO)O3)C((NH2+]C)C(0)C201
20E8 O(C1C(O)C(O)C([NH3+])CC1[NH3+])C1C([NH3+])CC20C(OC3C(O)C(O)C((NH3+])C(CO)O3)C([NH2+]C)C(0)C201
2PWT 0=C(NC1C(0)C(OC2C(OCCINH2+)CCe3cccee3)C(OC3C{(NH3 +])C(O)C(O)C(CINH3+])03 )C(CO)02)C(OC2C((NH3+])C(0)C(O)C(C=0)02)C([NH3+])C1)C(O)CCNH3+)
2awy [S+}(CCC([NH3+])C(=0)[O-]CC1C(O)C(O)C(n2¢c3nenc(N)c3nc2)01)C
2708 0(C1C(0)C(OC2C([NH3+])CC(O)C(C[NH3 +])02)C((NH3+])CC1 [NH3+])C1C(O)C((NH3+])C(0)C(CO)O1
2775 P(=0)(0CC1C(O)C(O)C((NH3+])C(0)01)([0-])[0-)
3044 0(C1C(0C2C([NH3+])C(0)C(0)C(COYO2)C([NH3+])CC((NH3+])C10)C1C(0)C(OC2C((NH3+])C(0)C(O)C(C[NH3+])02)C(CO)01
3CPW FC1C(=[N+]2CCOCC2)CCC(N2C(=0)OC(CNC(=0)C)C2)=C1
3D0U 0=C([0-])C([NH3+])CCCC[NH3+]
302X P(=0)(OP(=0){([0-])[0-](OCCe1¢(C)[n+}(CC=2C(=0)N=C(C)NC=2)cs1)[0-]
3DIG S(CC([NH3+])C(=0)[0-))CC[NH3+]
3DIL 0=C([0-])C([NH3+])CCCC[NH3+]
3DIM 0=C([0-])C([NH3+])CCCC[NH3+]
3DI0 0=C([0-])C([NH3+])CCCC[NH3+]
3plQ 0=C([0-])C([NH3 +])CCCCNC(=[NH2+])N
3DIR 0=C([0-])C([NH3+))CCCCNC(=[NH2+])C
301y 0=C([0-])C([NH3+])CCCC[NH3+]
3D1Z 0=C([0-])C([NH3+])CCCC[NH3+]
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Discovery of Novel Binders for the PreQ1 Riboswitch by MST

Table S1. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were additionally subject to a binder-decoy discrimination. Lip_don: H-bond donors, lip_acc:

: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

resolution / no. of

Target

Ligand

PDB-ID source conformers submitted type Weight lip_don lip_acc  SlogP lip_violation TPSA opr_nrot FCharge
(calculated)
3DJ0 X-Ray 2,5 tion of the Thermotoga maritima lysine riboswitch bound to L-4-oxalysine 149,2 6 5 -44 1 105 5 1
3DJ2 X-Ray 2,5 Crystallization of the Thermotoga maritima lysine riboswitch bound to lysine, Tl+ Soak 147,2 6 4 -32 1 954 5 1
3DLL X-Ray 3,5 The oxazolidinone antibiotics perturb the ribosomal peptidyl-transferase center and effect tRNA positioning 337,4 1 7 11 0 711 6 0
3EGZ X-Ray 2,2 Crystal structure of an in vitro evolved tetracycline aptamer and artificial riboswitch 482,9 9 10 -14 1 192 2 0
3F2Q X-Ray 2,95 Crystal structure of the FMN riboswitch bound to FMN 453,3 3 13 25 1 183 7 -3
3F4E X-Ray 3,05 Crystal structure of the FMN riboswitch bound to FMN, split RNA. 453,3 3 13 -25 1 183 7 -3
3F4G X-Ray 3,01 Crystal structure of the FMN riboswitch bound to riboflavin. 375,4 4 10 -03 0 143 5 -1
3FU2 X-Ray 2,85 Cocrystal structure of a class- preQ1 riboswitch 180,2 7 6 -13 1 111 1 1
3G4S X-Ray 3,2 Co-crystal structure of Tiamulin bound to the large ribosomal subunit 494,8 2 5 36 0 68 11 1
3GER X-Ray 1,7 Guanine riboswitch bound to 6-chloroguanine 169,6 3 5 06 0 805 0 0
3GX2 X-Ray 2,9 TteSAM-| riboswitch variant AS4GU34C bound to sinefungin 384,4 11 12 -52 2 213 8 1
3IRW X-Ray 2,7 Structure of a ¢c-di-GMP riboswitch from V. cholerae 687,4 7 24 -76 3 333 12 -1
3IWN X-Ray 3,2 Co-crystal structure of a bacterial c-di-GMP riboswitch 687,4 7 24 -76 3 333 12 -1
3K1vV X-Ray 2,2 Cocrystal structure of a mutant class-| preQ1 riboswitch 180,2 7 6 -13 1 111 1 1
30WI X-Ray 2,85 Crystal structure of the glycine riboswitch bound to glycine 75,1 3 3 -30 0 67,8 1 0
3Q50 X-Ray 2,75 Structural analysis of a class | PreQ1 riboswitch aptamer in the metabolite-bound state 180,2 7 6 -13 1 111 1 1
3SUH X-Ray 2,65 Crystal structure of THF riboswitch, bound with 5-formyl-THF 4714 6 14 45 2 221 10 -2
35UX X-Ray 2,9 Crystal structure of THF riboswitch, bound with THF 181,2 5 6 -18 0 915 1 0
3TZR X-Ray 2,21 Structure of a Riboswitch-like RNA-ligand complex from the Hepatitis C Virus Internal Ribosome Entry Site 334,5 5 6 -15 0 63,2 6 3
4FES X-Ray 1,32 Crystal structure of the xpt-pbuX guanine rib hap i in complex with hyp h 136,1 2 5 0,2 0 70,1 0 0
4JF2 X-Ray 2,5 Structure of a class |l preQ1 riboswitch reveals ligand recognition by a new fold 180,2 7 6 -13 1 111 1 1
4181 X-Ray 2,95 Structure of the SAM-I/IV riboswitch (env87(deltaU92, deltaG93)) 399,5 7 1 -39 2 187 8 1
4Lvw X-Ray 2,1 Structure of the THF riboswitch 3433 7 10 -1,8 1 155 5 0
aLvw X-Ray 1,77 Structure of the THF rib itch bound to 7-deazaguani 150,1 a4 5 93 0 833 0 0
4LVX X-Ray 1,9 Structure of the THF riboswitch bound to tetrahydrobiopterin 2413 7 8 -31 1 132 3 0
4LvY X-Ray 2 Structure of the THF riboswitch bound to pemetrexed 297,3 6 7 06 1 126 4 0
4vz X-Ray 1,77 Structure of the THF riboswitch bound to 2,6-diaminopurine 150,1 5 6 -05 0 107 0 0
4LW0 X-Ray 1,89 Structure of the THF riboswitch bound to adenine 135,1 3 5 -01 0 805 0 0
4NYA X-Ray 2,65 Crystal structure of the E. coli thiM riboswitch in complex with 5-(azidomethyl)-2-methylpyrimidin-4-amine 164,2 2 6 13 0 89,2 3 0
4NYG X-Ray 3,05 Crystal structure of the E. coli thiM riboswitch in complex with thiamine 265,4 3 5 09 0 759 4 1
4P20 X-Ray 2,7 Crystal structures of the bacterial ribosomal decoding site complexed with amikacin 589,6 21 18 -113 3 338 16 4
4Q8R X-Ray 3,12 Crystal structure of an RNA aptamer bound to trifluoroethyl-ligand analog in complex with Fab 320,2 0 4 24 0 49,7 2 0
4RZD X-Ray 2,75 Crystal Structure of a PreQ1 Riboswitch 180,2 7 6 -13 1 111 1 1
4752 X-Ray 2,88 Crystal structure of the Spinach RNA aptamer in complex with DFHBI, magnesium ions 698,9 4 13 2,2 2 183 24 0
4U24 X-Ray 29 Crystal structure of the E. coli ribosome bound to dalfopristin. 252,2 0 4 17 0 55,5 2 0
4U3M X-Ray 3 Crystal structure of Anisomycin bound to the yeast 80S ribosome 265,3 2 5 05 0 67,8 5 0
4V56 X-Ray 3,93 Crystal structure of the bacterial ribosome from Escherichia coli in complex with spectinomycin. 334,4 7 9 -50 1 139 4 2
4vV7s X-Ray 3,25 Crystal structure of the E. coli ribosome bound to telithromycin. 815,0 3 15 29 2 176 25 1
4Vt X-Ray 3,19 Crystal structure of the E. coli ribosome bound to chloramphenicol. 323,1 3 7 10 0 115 6 0
4V7u X-Ray 31 Crystal structure of the E. coli ribosome bound to erythromycin. 7349 6 14 04 3 195 24 1
4V X-Ray 3,29 Crystal structure of the E. coli ribosome bound to clindamycin. 426,0 5 7 -10 0 103 10 1
4V7IW X-Ray 3 Structure of the Thermus thermophilus ribosome complexed with chloramphenicol. 323,1 3 7 10 0 115 6 0
4V7X X-Ray 3 Structure of the Thermus thermophilus rib complexed with erythromycin. 7349 6 14 04 3 195 24 1
4av7z X-Ray 31 Structure of the Thermus thermophilus 70S ribosome complexed with telithromycin. 813,0 2 15 38 2 173 25 1
4V8BA X-Ray 3,2 The structure of thermorubin in complex with the 70S ribosome from Thermus thermophilus. 598,5 1 12 33 2 189 9 -2
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Table 51. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were additionally subject to a binder-decoy discrimination. Lip_don: H-bond donors, lip_acc: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

Re-docking RMSD [A]

PDB-ID LeadIT-2.3.2 FlexX-3 °

3.3.03 33.03 (SF3) (SFS)

4avz
4Lwo
ANYA
4ANYG
4P20

4RZD
47152
4u24
4U3M
4V56
4v7s
avrT
4v7u
aVIvV
47w
4V7X
a7z
4VBA

ligand smiles

0=C([0-])C([NH3+])COCC[NH3+)

0=C([0-])C([NH3+])CCCC[NH3+)

Fe1¢(N2CCOCC2)ecc(N2C(=0)OC(CNC(=0)C)C2)c1
Cle1c2C(O)C)C3C(=C(O)c2¢(0)cc1)C(0)C(O)C((O-))=C(C(=O)N)C(O)C([NH+}(C)C)C1C3
P(=0)(0CC(0)C(0)C(O)CN1 c2¢(N=C3C(=0)[ N-] C(=O)N=C13 )cc(Che(C)e2)([0-])[O-]
P(=0)(0CC(0)C(O)C(O)CN1e2¢(N=C3C(=0)[N-JC(=0)N=C13)cc(Cle(C)e2)((0-])[0-]
0=C1N=C2N(CC(O)C(0)C(0)CO)c3¢(N=C2C(=0)[N-]1)cc(Cle(C)e3

0=C1NC(N)=Nc2[nH]cc(C[NH3+])c12
S(CC(=0)0C1C2(C)C(C)CCC3(C(C)C(O)C(C=CHC)C1)C2C(=0)CC3)CC[NH+}(CC)CC

Cleine(N)nc2[nH)enc12

0=C([0-])C([NH3+])CCC([NH3+])CC1C(0)C(0)C(n2¢3NCN=C(N)c3nc2)01
0=P1([0-])OC2C(O)C([N+}=3C4=NC(N}=NC(=0)C4=NC=3)OC2COP(=0)([0-]}OC2C(0)C(n3c4N=C(N)NC(=O)c4nc3)0C2CO1
0=P1([0-])0C2C(0)C([N+}=3C4=NC(N)=NC(=0)C4=NC=3)OC2COP(=0)((0-])OC2C(O)C(n3c4N=C(N)NC(=O)c4nc3)0C2CO1
0=CINC(N)=Nc2[nHjcc(C[NH3+])c12

0=C([0-])C[NH3+]

0=CINC(N)=Nc2[nH]cc(C[NH3+])c12

0=C([0-])C(NC(=0)c 1ccc(NCC2N(C=0)C=3C(=0)NC(N)=NC=3NC2)cc1)CCC(=0)(0-]

0=C1INC(N)=NC=2NCC(C)NC1=2

[NH+}(CCCn1c(N)[nH+}c2c1c1c(OCC(C[NH+)(C)C)C1)ec2)(C)C

0=C1NC=Nc2[nH]cnc12

0=C1NC(N)=Nc2[nH}cc(C[NH3+])c12

[S+}CCC([NH3+])C(=0)[O-]NCC1C(O)C(O)C(n2¢c3nenc(N)c3nc2)O1)C
0=C(N)c1ccc(NCC2N(C=0)C=3C(=0)N=C(N)NC=3NC2)cc1

0=C1NC(N)=Nc2[nH]ccc12

0=C1NC(N)=NC=2NCC(C(O)C(O)C)NC1=2

0=C(N)c1cec(CCe2e3C(=0)NC(N)=Ne3 [nH)c2)ecl

Necine(N)e2ne[nHje2nl

Ncinene2[nHjencl2

[N+}(#N)[N-JCc1c(N)nc(C)ncl

0CCc1c(C)[n+}(Cc2c(N)nc(Chnc2)es1
0=C(NC1C(OC2C(O)C([NH3+])C(0)C(CO)02)C(0)C(OC2C(O)C(O)C(O)C(CINH3+])02)C([NH3+])C1)C(O)CCINH3+]
FC(F)(F)CN1C(=0)C(C=C2C=C(F)C(=0)C(F)=C2)N=C1C

0=C1NC(N)=Nc2[nH}cc(C[NH3+])c12

Fe1c((0-)e(Flee(CC=2C(=0)[N+}(C)=C(C)N=2)c1
5(=0)(=0)(CCN(CC)CC)C1C2C(0)OC(C(C)CIC(CIC=CC(=0)NCCCC(CICC(O)CC(O)Ce30cc(C(=0)N2CC1)n3
0=C(0C1C(Ce2ccc(OC)cc2)NCC10)C

0=C1C2(0)OC3C([NH2+JC)C(O)C([NH2+JC)C(0)C30C20C(C)CL

0(C)C1(C)C(OC2C(O)C([NH+H(CIC)CC(C)O2 )C(CIC(=0)C(CIC(=0)OC(CC)C2(CIOC(OIN(CCCCN3ce(<cdcnceed ne3)C2C(C)C(=0)C(C)CL
CIC(CI)C(=0INC(C(O)c1cce([N+)(=0)[O-])cc1)CO
O(C)C1(C)C(O)C(CIOC(OC2C(CIC(=0)OC(CCIC(ONCIC(OC(CIC(=O)C(CICC(ONCIC(OC3C(ONC(NH+H(CICICC(C)O3)C2C)CL
CIC(C(NC(=0)C1 [NH+}(C)CC(CCC)C)C1C(0)C(0)C(0)C(SC)O1 )T

CIC(CI)C(=OINC(C(O)c1cce([N+)(=0)[O-])cc1)CO
O(C)C1(C)C(O)C(CIOC(OC2C(CIC(=0)OC(CCIC(ONCIC(OIC(CIC(=O)C(CICC(ONCIC(OCIC(ONC(NH+HCICICC(C)O3)C2C)CL
0O(C)C1(C)C(OC2C(O)C([NH+)C)C)CC(C)O2)C(C)C(=0)C(C)C(=0)OC(CC)C2(C)OC(=0)N(CCCCn3cc(-cdcncecd )ne3)C2C(C)C(=0)C(C)CL
0=C([0-])Cc1c(C(=0)CC(=0)c2¢(O)cccc2 je(OC)2¢(OC)e3¢([0-])c4C(=0)OC(C(=0)OC)=Cecdcc3cc2cl
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Discovery of Novel Binders for the PreQ1 Riboswitch by MST

Table 51. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were additionally subject to a binder-decoy discrimination. Lip_don: H-bond donors, lip_acc:

: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

resolution / no. of

Target

Ligand

PDB-ID source conformers submitted type Weight lip_don lip_acc  SlogP lip_violation TPSA opr_nrot FCharge
(calculated)

4V9A X-Ray 33 Crystal Structure of the 70S ribosome with tetracycline. 4434 5 10 -0,7 0 181 3 -1
4V9B X-Ray 3,1 Crystal Structure of the 70S ribosome with tigecycline. 585,7 7 13 -13 3 210 8 0
4vsQ X-Ray 34 Crystal Structure of Blasticidin S Bound to Thermus Thermophilus 70S Ribosome. 425,5 10 13 -56 2 220 11 1
4WF9 X-Ray 3,43 The crystal structure of the large ribosomal subunit of Staphylococcus aureus in complex with telithromycin 813,0 2 15 38 2 173 25 1
4WFA X-Ray 3,39 The crystal structure of the large ribosomal subunit of Staphylococcus aureus in complex with linezolid 337,4 1 7 11 0 711 6 0
4YHH X-Ray 3,42 Crystal structure of the 30S ribosomal subunit from Thermus thermophilus in complex with tigecycline 585,7 7 13 -13 3 210 8 0
5BJO X-Ray 2,35 Crystal structure of the Corn RNA aptamer in complex with DFHO, site-specific 5-iodo-U 280,2 0 6 21 0 85,2 3 -1
SBTP X-Ray 2,82 Fusobacterium ulcerans ZTP riboswitch bound to ZMP 336,2 6 12 -49 2 197 6 -2
5DSL X-Ray 2,5 PreQ1-Il riboswitch with an engineered G-U wobble pair bound to Cs+ 180,2 7 6 -13 1 111 1 1
SHKV X-Ray 3,66 The crystal structure of the large ribosomal subunit of Staphylococcus aureus in complex with lincomycin 407,6 6 8 -23 1 124 10 1
5J58 X-Ray 2,8 Structure of the WT E coli ribosome bound to tetracycline 4434 5 10 -0,7 0 181 3 -1
5191 X-Ray 2,96 Structure of the Wild-type 70S E coli ribosome bound to Tigecycline 585,7 7 13 -13 3 210 8 0
SKPY X-Ray 2 Structure of a 5-hydroxytryptophan aptamer 220,2 5 5 -12 0 104 3 0
50B3 X-Ray 2 iSpinach aptamer 253,2 1 4 27 0 652 2 -1
5v7Q X-Ray 3,7 Cryo-EM structure of the large ribosomal subunit from Mycobacterium tuberculosis bound with a potent linezolid a 317,4 1 6 23 0 715 4 0
6E1S X-Ray 1,8 Crystal structure of a class | PreQ1 riboswitch complexed with a synthetic compound 1: 2-[(dibenzo[b,d]furan-2-yl)of 2283 3 3 22 0 50 3 1
6E1U X-Ray 1,94 Crystal structure of a class | PreQ1 riboswitch complexed with a synthetic compound 2: 2-[(dibenzo[b,d]furan-2-yl)q| 256,3 1 3 21 0 268 4 1
6E1V X-Ray 2,56 Crystal structure of a class | PreQ1 riboswitch complexed with a synthetic compound 3: 2-[(9H-carbazol-3-yl)oxy]-N,| 255,3 2 3 18 0 29,5 4 1
6EIW X-Ray 1,69 Crystal structure of a class | PreQ1 riboswitch ¢ lexed with PreQ1l 180,2 7 6 -13 1 111 1 1
Average 389,3 88 10,1 -3,6 1,3 172 8,6 1,4

count Median 348,0 6 9 -25 1,0 143 7 1

NMR 27 Min 751 0 2 -136 0,0 6,48 0 -4
X-Ray 123 Max 868,0 26 24 52 3,0 414 27 6
X-Ray<2 A 18 StdDev! 192,7 7,6 55 50 1,1 101 6,7 2,3

Lip. Viol. count
0

1
2
3
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Table S1. Summary of re-docking results of 150 RNA targets with LeadIT, FlexX, FRED, HYBRID and rDOCK. Entries in bold were additionally subject to a binder-decoy di

Lip_don: H-bond donors, lip_acc: H-bond acceptors, lip_violation: number of violations of Lipinski rule of five, opr_nrot: number of rotatable bonds, FCharge: formal charge of dominant protomer.

LeadIT-2.3.2  FlexX-3

Average
Median
Min

StdDev
<2.5A
%<25A

not docked

43
3,7
02

12,1
32
145
100,0

Re-docking RMSD [A]

HYBRID FRED rDOCK rDOCK
3.3.03 33.03 (sF3)

17
14
02

12
148
100,0

4,0
32
02
135
32
148

100,0

(sF5)

DOCK6

DOCK6
(mod.
charge)

ligand smiles

2,35

39
2,9
0,2
114
32
149
100,0

3,71

6381 7,61

87

47
38
02

14,3
41
144

100,0

0=C(N)C1C(=0)C2(0)C([0-)}=C3C(=O)cac(O)cccca C(O)C)CICC2C(N(C)C)C1=0
0=C(Nc1¢(0)c2C(=0)C3=C([0-])C4(O)C(=0)C(C(=0IN)C(=0)C(N(C)C)CACCICe2¢(N(CIChe 1 )CINH2+IC(CHCIC
0=C(NC1C(C(=0)[0-])OC(N2C(=0)N=C(N)C=C2)CC1)CC([NH3+))CCN(C(=[NH2+]IN)C
O(C)C1(C)C(OC2C(O)C([NH+HC)CICC(C)O2)C(C)C(=0)C(CIC(=0)OC(CCIC2(CJOC(=O)N(CCCCn3cc(-cdcncccd ne3)C2C(C)C(=0)C(C)CL
Fe1¢(N2CCOCC2)eec(N2C(=0)OC(CNC(=0)C)C2)c 1
0=C(Nc1¢(0)e2C(=0)C3=C([0-])C4(O)C(=0)C(C(=OIN)C(=0)C(N(C)C)CACCICe2¢(N(CIChe 1 )CINH2+IC(CHCIC
Felc([O-])e(Flec(C=C2C(=O)N(C)C(CN=0)=N2)c1

P(=0)(0CC1C(0)C(0)C(n2¢(N)e(C(=0)N)nc2)01)([0-])(0-]

0=C1NC(N)=Nc2[nH}cc(C[NH3+])c12

S(CIC1C(O)C(OIC(OICICINC(=0)C2[NHH)(C)CC(CCCic2)c(O)c)oL
0=C(N)C1C(=0)C2(0)C([0-])=C3C(=O)cc(O)cccca C(ONCIC3CC2CN(CIC)C1=0
0=C(Nc1¢(0)c2C(=0)C3=C([0-])C4(O)C(=0)C(C(=0IN)C(=0)C(N(C)C)CACCICe2c(N(CIChe 1 )CINH2+IC(CHCIC
0=C([0-))C([NH3+])Ce1c2¢([nH]c 1 )ecc(O)c2

Felc([O-)e(Flee(Ce2¢([O-)In(Che(C)inH+]2)c 1

0=C(NCC10C(=0O)N(c2ccc(<3scne3)cc2)C1)C

O(CC[NH3+])c1cc2c(oc3c2ccee3)ecl

O(CC[NH+}(C)C)c1cc2c(oc3c2ccce3)ecl

O[CCINH+)(C)C)e1ce2¢([nH)e3c2¢ccce3)ecl

0=C1INC(N)=Nc2[nH}cc(C[NH3+])c12
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Table S2. Comparison of LeadIT-2.3.2 re-docking results for 11 NMR-structures using only the first or all frames including dynamic information for ligand over submitted frames. * Calculated with VMD-1.9.3.*

106

no. of conformers submitted to PDB (no. of re-dockingRMSDinA  re-docking RMSD in A ("best NMR-derived RMSD of all frames compared to average ligand coordinates average +
PDB lowest RMSD frame no.
conformers calculated) (frame 1) frame") standard deviation (min - max)in A*

1AMO 8 (8) 3,74 - 138 5 1.740.2(1.3-2.2)
1EHT 10(50) 3,69 3,69 1 1.741.1(0.5-3.9)
1612 17(50) 8,10 6,96 6 3.441.1(1.7-5.2)
1FYP 29(100) 3,71 3,00 22 1.440.4(0.8-2.7)
1L 12(12) S 817 3,17 4 1.2+0.4(0.8-1.9)
INEM 9(100) 6,79 78 2 1.3+0.4(0.8-2.0)
108N 25(100) 3,06 2,88 25 0.340.1(0.1-0.6)
10D3 17 (100) . 954 3,74 5 2.340.5(1.5-3.2)
1708 7(50) 3,96 3,23 2 1.540.5(1.0-2.3)
1UTS 16 (50) 7,48 14 2.240.8(1.2-4.8)

2TOB 13 (40) 11 0.5+0.3(0.3-1.6)
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Table 3. Correlation between (p)Ky-values, docking scores and number of matched pharmacophore features of previously reported preQ,-RS ligands. * K,-values are estimated from Roth et af .2

SMILES K, oKy us““u»rnnh.n_“*o«m FlexX-score FRED-score HYBRID-score
Ligand freatures (u/mol)  (kcal/mol)  (kcal/mol)
preQ; (1) NCC1C=NC2=C1C(=O)NC(=N2)N 2,00E-08 7,7 7 -53,9 -17,6 -18,1
preQ, (2) NC1=NC2=C(C(C=N2)C#N)C(=O)N1 1,00E-07 7,0 6 45,7 -16,4 -16,0
guanine (3) NC1=Nc2[nH}cnc2C(=0)N1 3,1623E07 6,5 6 44,7 -16,1 -16,6
7-Deazaguanin (4) NC1=Nc2[nH)ccc2C(=0)N1 1,7783E-06 5,8 6 45,1 -16,7 -16,7
7-methylguanin (5) Cnlcnc2N=C(N)NC(=0)c12 3,1623E-05 4,5 5 43,7 -14,9 -15,4
7-carboxamide-7-deazaguanine NC(=O)c1c[nH}c2N=C(N)NC(=0)c12 3,1623E08 7,5 7 -54,9 -20,5 -20,5
7-NN dimethylaminomethyl-7-deazaguanine CN(C)Cclc[nH}c2N=C(N)NC(=0)c12 1,7783E06 5,8 7 -52,8 -17,5 -18,4
2-aminopurine Ncince2ne[nHjc2nl 0,0001 4,0 4 -29,3 -10,1 -12,2
hypoxanthine ci[nH)c2¢(nl1)[nH)cnec2=0 0,00031623 3,5 5 -28,9 -11,4 -11,5
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Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 molecules subjected to docking. X: Compounds were not part of initial VS library. 10 (: y iopterin) and 11 (dihy iopterin) were selected based on structural similarity to
12 (biopterin), 13 (neopterin) and the commercially inavailable 29 (L-sepiapterin, not purchased and tested), 7 (8-aminoguanine) on similarity to 6 (8-oxoguanine). n.d.: not docked by HYBRID. *12 was initially docked as the 3H protomer and not the depicted 3H protomer (FlexX score
of 3H protomer in parenthesis).

FlexX- FlexX-pose # FRED FRED-pose # of HYBRID HYBRID pose # of
igand structure SMILES score FlexX- matched Chemgauss4  FRED- matched Chemgauss4  HYBRID- matched
& (ki/mol) rank pharmacophore score rank  pharmacophore score rank pharmacophore

features (keal/mol) features (keal/mol) features
o
H
HN: .
L=
6 H,N X N 0=C1INC=2C(=0)NC(N)=NC=2N1
o
N
HN:
T
7 N N C12=C(N=C(N1)N)N=C(NC2=0)N
[¢]
HN: _
8 .:z\rz z\J [ 0=C(Nelce(C)ecc1)CNICCN(C=2N=C(N)NC(=0)C=2)CC1
_/\zﬁ\__/
N
H
o
NH,
HN: _
L/
9 HyN N NH, 0=C1C(N)=C(N)N=C(N)N1
] OH
H
N
N
OO
OH
10 HN N N CC(C(C1CNC2=C(N1)C(=0)N=C(N2)N)0)O
] OH
z/
N
JIOOR
OH
11 HN N N CC(C(C1=NC2=C(NC1)N=C(NC2=0)N)0)O
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1) and 11 (dihy: iopterin) were selected based on structural similarity to
ly docked as the 3H protomer and not the depicted 3H protomer (FlexX score

Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 j to docking. X: C were not part of initial VS library. 10 ({ y
12 (biopterin), 13 (neopterin) and the ially i il 29 (L-sepi in, not purchased and tested), 7 (8-aminoguanine) on similarity to 6 (8-oxoguanine). n.d.: not docked by HYBRID. *12 was initi
of 3H protomer in parenthesis).

FlexX- FlexX-pose # FRED FRED-pose # of HYBRID HYBRID pose # of
FlexX- matched Chemgauss4  FRED- matched Chemgauss4  HYBRID- matched
ligand structure SMILES score
(ki/mol) rank pharmacophore score rank pharmacophore score rank pharmacophore
features (keal/mol) features (keal/mol) features

o OH
12 :~z\_/n J. 0=C2\N=C(/Nc1ncc(nc12)[C@@H](0)[C@@H](0)C)N

-46 (-51)°

o OH
N \z m
OH
Xy
H,N n N: 0=C1N=C(N)Nc2ncc([C@H](O)[C@H](0)CO)nc12

13
S,
H
o
_ \VIz
N VJ N
K 3 IA\ NH
14 _ \F S(CC(=0)Nclsce(-c2cccec2)nl)el[nH]c2N=C(N)NC(=0)c2nl
N N NH,
HoN, o
o
HO N
15 N N 0=C(NCC1(0)C[N+H2]CCC1)clcc(-c2cc(C(=0)N)cne2)cccl
H
HoN
o
HN NH;
I«
A
16 . 0=C(NCC1(0)C[N+H2]CCC1)C=1C=C(C)NC(=0)C=1
NH3
17 _ [N+H3]C1CC(c2nc(N)nc(NCC(C)(C)N3CC[N+H](CC)CC3)c2)C1
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Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 j to docking. X: C were not part of initial VS library. 10 ({ y iopterin) and 11 (dihy iopterin) were selected based on structural similarity to
12 (biopterin), 13 (neopterin) and the ially i il 29 (L-sepi in, not purchased and tested), 7 (8-ami ine) on similarity to 6 (8 ine). n.d.: not docked by HYBRID. *12 was initially docked as the 3H protomer and not the depicted 3H protomer (FlexX score
of 3H protomer in parenthesis).

FlexX- FlexX-pose # FRED FRED-pose # of HYBRID HYBRID pose # of
ligand structure SMILES score FlexX- matched Chemgauss4  FRED- matched Chemgauss4  HYBRID- matched
& (Ki/mol) rank pharmacophore score rank pharmacophore score rank pharmacophore
features (keal/mol) features (keal/mol) features
Q
o
\/z z\/w
H;N, N, z/\_ NH,
1 /vj\ _ 0=C(N)CN1CC(C(=0)N2CCN(C=3N=C(N)NC(=0)C=3)CC2)CCC1  -49 32
H

o\J
_/\z
]
R o
1 N /N 0=C(Nc1cc(C(=0)NCc2c(CN3CCOCC3)ccce2)ceccl)N -49 30
H
NH;
NH
=
2 0=C(NCC1(0)C[N+H2]CC1)C=1C=C(C)NC(=0)C=1 -49 34

2 0=C(NCCc1[nH]c(N)nn1)C12C(C[N+H2]C1)CNC2 -49

Tz

NF _
2. \F/z A oH 0(C)cIne(N)NC(NCCIN+H]2CC(CO)CCC2)cl 48 67
H

2 0=C(NCc1[nH]e(N)nn1)c1cc(OCCCIN+H3])c(C)ecd 45 284 4 -16 200 3 -16 24 4

NH3
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Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 j to docking. X: C were not part of initial VS library. 10 ({ y iopterin) and 11 (dihy, iopterin) were selected based on structural similarity to

12 (biopterin), 13 (neopterin) and the ially i

in, not purchased and tested), 7 (8-aminoguanine) on similarity to 6 (8-oxoguanine). n.d.: not docked by HYBRID. 12 was initially docked as the 3H protomer and not the depicted 3H protomer (FlexX score

of 3H protomer in parenthesis).

26

27

29

structure

Flexx FlexX-pose # FRED FRED-pose # of HYBRID HYBRID pose # of
FlexX- matched Chemgauss4  FRED- matched Chemgauss4  HYBRID- matched
SMILES score
(Ki/mol) rank pharmacophore score rank pharmacophore score rank pharmacophore

features (keal/mol) features (keal/mol) features

HN
N Vlz.\:
O
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H

i/ﬂ_w\x/\/@/
i

o

o
R OH
HN
10
HoN N N

0=C(NCc1n[nH]c2c1CCC2)c1c(C)[nH]c(N)n1

0(C(CO)CO)Cn1c2N=C(N)NC(=0)c2ncl

NC1=NC=2C(=N1)C=C1N=C(N)N=C1C=2

N(=C(N)N)c1[n+H]c2¢([nH]1)ccce2
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Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 molecules subjected to docking.
X: Compounds were not part of initial VS library. 10 (tetrahydrobiopterin) and 11 (dihydrobiopterin) were selected based on structural
similarity to 12 (biopterin), 13 (neopterin) and the commercially inavailable 29 (L-sepiapterin, not purchased and tested), 7 (8-

aminoguanine) on similarity to 6 (8-oxoguanine). n.d.: not docked by HYBRID. *12 was initially docked as the 3H protomer and not the
depicted 3H protomer (FlexX score of 3H protomer in parenthesis).

Purity & mass found (m/z, in-house

ligand Vendor Purity (vendor certificate of analysis CoA)
HPLC-ESI/MS, see Figure S4)
6 Cayman Chemical via Biomol >90% (vendor CoA, IR spectrum conforms >99%, 167.0 g/mol
v structure, mass found 167.1 g/mol) ! “8
7 Sigma Aldrich (Merck) >98% (vendor CoA, HPLC) >99%, 167.0 g/mol
8 Hit2Lead (ChemBridge Corporation) 97% (vendor CoA, mass found 343.0 g/mol) >97%, 343.1 g/mol
>97% (vendor CoA, aqueous acid-base titration
9 Alfa Aesar and HPLC) > 99%, 142.0 g/mol
>96% (vendor CoA, HPLC, IR spectrum conforms
10 Sigma Aldrich (Merck) ( P > 99%, 242.0 g/mol
to structure)
>98.4% (vendor CoA, HPLC, IR spectrum
1 Sigma Aldrich (Merck) (v pectru > 99%, 240.0 g/mol

conforms to structure)
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Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 molecules subjected to docking.
X: Compounds were not part of initial VS library. 10 (tetrahydrobiopterin) and 11 (dihydrobiopterin) were selected based on structural
similarity to 12 (biopterin), 13 (neopterin) and the commercially inavailable 29 (L-sepiapterin, not purchased and tested), 7 (8-

aminoguanine) on similarity to 6 (8-oxoguanine). n.d.: not docked by HYBRID. *12 was initially docked as the 3H protomer and not the
depicted 3H protomer (FlexX score of 3H protomer in parenthesis).

Purity & mass found (m/z, in-house

ligand Vendor Purity (vendor certificate of analysis CoA) HPLC-ESI/MS, see Figure S4)
. . >98% (vendor CoA, HPLC, IR spectrum conforms
12 Sigma Aldrich (Merck)
to structure)
>97.5% (vendor CoA, HPLC, specific rotation
13 Sigma Aldrich (Merck) (v pectll :
and IR spectrom conform to structure)
. X X purity undetermined, identity confirmed via 1H-
14 Hit2Lead (ChemBridge Corporation) NMR (vendor)
15 Hit2Lead (ChemBridge Corporation) 100% (vendor CoA, mass found 355.2 g/mol)
16 Hit2Lead (ChemBridge Corporation) 100% (vendor CoA, mass found 266.0 g/mol)
17 Hit2Lead (ChemBridge Corporation) 100% (vendor CoA, mass found 348.0 g/mol)
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Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 molecules subjected to docking.
X: Compounds were not part of initial VS library. 10 (tetrahydrobiopterin) and 11 (dihydrobiopterin) were selected based on structural
similarity to 12 (biopterin), 13 (neopterin) and the commercially inavailable 29 (L-sepiapterin, not purchased and tested), 7 (8-
aminoguanine) on similarity to 6 (8-oxoguanine). n.d.: not docked by HYBRID. *12 was initially docked as the 3H protomer and not the
depicted 3H protomer (FlexX score of 3H protomer in parenthesis).

Purity & mass found (m/z, in-house

ligand Vendor Purity (vendor certificate of analysis CoA)
HPLC-ESI/MS, see Figure S4)

18 Hit2Lead (ChemBridge Corporation) 100% (vendor CoA, mass found 364.0 g/mol)

19 Enamine Ltd. 90% (vendor)

20 Hit2Lead (ChemBridge Corporation) 97% (vendor CoA, mass found 252.0 g/mol)

21 Hit2Lead (ChemBridge Corporation) 94% (vendor CoA, mass found 266.0 g/mol)

22 Hit2Lead (ChemBridge Corporation) 99% (vendor, CoA, mass found 282.2 g/mol)

23 Hit2Lead (ChemBridge Corporation) 100% (vendor CoA, mass found 305.0 g/mol)
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Table S4. Docking results of virtual screening hits selected for purchase and testing. Ranks out of 12,507 molecules subjected to docking.
X: Compounds were not part of initial VS library. 10 (tetrahydrobiopterin) and 11 (dihydrobiopterin) were selected based on structural
similarity to 12 (biopterin), 13 (neopterin) and the commercially inavailable 29 (L-sepiapterin, not purchased and tested), 7 (8-
aminoguanine) on similarity to 6 (8-oxoguanine). n.d.: not docked by HYBRID. *12 was initially docked as the 3H protomer and not the
depicted 3H protomer (FlexX score of 3H protomer in parenthesis).

Purity & mass found (m/z, in-house

ligand Vendor Purity (vendor certificate of analysis CoA)
HPLC-ESI/MS, see Figure S4)

24 Hit2Lead (ChemBridge Corporation) 96% (vendor CoA, mass found 260.9 g/mol)

25 Enamine Ltd. 95% (vendor)
26 Hit2Lead (ChemBridge Corporation) 'H-NMR (vendor)

>98.8% (vendor CoA, titration HCIO, and HPLC,
27 Sigma Aldrich (Merck) ( 4

IR spectrum conforms to structure)

28 Hit2Lead (ChemBridge Corporation) 'H-NMR (vendor)

29 commercially not available commercially not available
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Figure S8. SAM-RS ligands of binder-decoy discrimination set.
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Figure S12. THF-RS ligands of binder-decoy discrimination set.
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Compound SMILES K, Bacillus subtilis preQ,-riboswitch aptamer (MST, nM)

1 NCC1C=NC2=C1C(=O)NC(=N2)N 19,8

2 NC1=NC2=C(C(C=N2)CH#N)C(=O)N1 557

3 NC1=Nc2[nH}cnc2C(=0)N1 1,52E+03
a NC1=Nc2[nH}ccc2C(=0)N1 1,11E+03
5 Cnlcnc2N=C(N)NC(=0)c12 2,46E+04
6 0=C1NC=2C(=0)NC(N)=NC=2N1 2,95E+01
7 C12=C(N=C(N1)N)N=C(NC2=0)N 9,07E+03
8 0=C(Nc1ce(Chece1)CN1CCN(C=2N=C(N)NC(=0)C=2)CcC1 9,15E+03
9 0=C1C(N)=C(N)N=C(N)N1 2,01E+03
10 CC(C(C1CNC2=C(N1)C(=0)N=C(N2)N}O)O 2,26E+03
11 CC(C(C1=NC2=C(NC1)N=C(NC2=0)N)O)O 1,10E+04

SMILES of compounds 1-11
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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.?'% 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.? MST has become one of the most attractive novel
methods for studying those interactions in recent years.?®° 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.%28¢ 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 \\jith this, several issues come along the way, including the steric
prevention of interactions.??6289 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.?® 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 tRNA”* 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
132
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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, °H-
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.

133



Non-Covalent MST as a New Method for RNA-Ligand Interaction Studies

4.2. Publication

“n

The following publication quoted (within “”) from page 134 to page 153 is exactly the

same as the manuscript cited on page 76: “

™ ROvYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Non-covalent dyes in microscale thermophoresis
for studying RNA ligand interactions and
modificationst

‘ '.) Check for updates |

Cite this: Chem. Sci., 2023, 14, 9827

3 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Elisabeth Kallert, ® Malte Behrendt, © Ariane Frey,@ Christian Kersten ®

and Fabian Barthels ® *

Microscale Thermophoresis (MST) is a powerful biophysical technique that measures the mobility of
biomolecules in response to a temperature gradient, making it useful for investigating the
interactions between biological molecules. This study presents a novel methodology for studying
RNA-containing samples using non-covalent nucleic acid-sensitive dyes in MST. This “mix-and-
measure” protocol uses non-covalent dyes, such as those from the Syto or Sybr series, which lead
to the statistical binding of one fluorophore per RNA oligo showing key advantages over traditional
covalent labelling approaches. This new approach has been successfully used to study the binding
of ligands to RNA molecules (e.g., SAM- and PreQ; riboswitches) and the identification of
modifications (e.g., m°®A) in short RNA oligos which can be written by the RNA methyltransferase

Received 12th June 2023
Accepted 27th August 2023

DOI: 10.1039/d3sc02993j

Open Access Article. Published on 29 August 2023. Downloaded on 3/21/2024 8:27:55 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

1C)

rsc.li/chemical-science METTL3/14.

Introduction

Understanding the molecular foundations of RNA biomolecular
interactions is crucial for the study of their cellular involvement
and the development of RNA-targeting therapeutics."” Micro-
scale thermophoresis (MST) is a powerful biophysical technique
for the study of the interactions between molecules such as
proteins or nucleic acids with high sensitivity and specificity.**
MST measures their mobility in response to a temperature
gradient (usually 2-5 °C), and thus, the measured thermopho-
resis is dependent on the inherent properties of the biomole-
cule, such as its size, shape, and charge, while the origin is
governed by the Soret coefficient.” In recent years, MST has been
utilized in the study of RNA molecules, providing valuable
insights into the dynamics and interactions of these intensively
researched biomolecules.®® The target RNA is commonly
labelled with a covalent fluorescent reporter; subsequently, the
sample is placed in a microliter-scale capillary, and a tempera-
ture gradient is applied by heating with an IR laser. Traditional
MST methods for RNA studies rely on reporter dyes such as Cy5
or fluorescein, which are synthetically attached to the 3™ resp.
5'-ends, or to modified nucleosides.**'* While this is effective to
prevent steric interaction of the fluorophore with the investi-
gated biomolecular interface, it might also reduce the effect of

local  structural
fluorescence.'>**

In this study, we present a novel MST-based methodology for
the investigation of RNA-containing samples using nucleic acid-
sensitive dyes, such as those from the Syto or Sybr series, which
statistically bind to nucleic acids through non-covalent inter-
action.' It is important to note that most of these dyes do not
significantly alter overall RNA stability which is a prerequisite
for the study of biomolecular interactions.'” To our knowledge,
there is only one published study which has used non-covalent
SybrGold labelling of DNA oligos using a non-microscale ther-
mophoresis setup (microscope detection) to show that Sybr-
DNA duplexes do not dissociate under common thermopho-
retic conditions.® In this previous study, however, no relation
was made to applications in the recently popular MST experi-
mental set-up nor to method development for nucleic acid
analysis.

This led us to hypothesize that such nucleic acid dyes are
also suitable for RNA labelling in MST experiments, and hence,
we elaborated on the experimental scope, structure-activity
relationships and practical applications for RNA-ligand and
RNA-modification elucidation. Here, we report a “mix-and-
measure” protocol that shows key advantages for relevant RNA-
MST applications compared to covalent labelling approaches
which are technically more challenging, time-consuming, and
expensive (Fig. 1A). This approach thus pays homage to the dye-
nitrilotriacetic acid (NTA) protocol developed for protein MST,

changes (T-jump effects) on the dyes’

Institute of Pharmaceutical and dical Sciences, Joh Gutenberg-Universi . d |

i ! - i . BV (yhich allows non-covalent labelling of proteins and has
of Mainz, Staudingerweg 5, 55128 Mainz, Germany. E-mail: barthels@uni-mainz.de b v b el N N i
{ Electronic  supplementary information (ESI) available. see por Supsequently become more widely used than the origina

https://doi.org/10.1039/d35c02993]

© 2023 The Author(s). Published by the Royal Society of Chemistry

covalent maleimide- and NHS-labelling protocols.'”
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Cat1: no sec. struc. (<10mer)
Cat2: no sec. struc. (10-15mer)
Cat3: no sec. struc. (16-20mer)
Cat4: hairpin (<20mer)

Cat5: bulge + hairpin (<25mer)
Cat6: loop + hairpin (<30mer)
Cat7: loop + hairpin (30-50mer)
Cat8: 2 loops + hairpin (50mer)
Cat9: 3 loops + hairpin (60mer)
Cat10: functional RNA

replicates sorted by category

replicates sorted by category

Initial fluorescence and F,o;m as RNA-dependent MST characteristics. (A) Mean normalized initial fluorescence of all dye combinations for

each RNA oligo. (B) Relative standard error of the mean normalized initial fluorescence. For Syto 62 combinations with short RNAs (category 1-5)
the error is >5% (dashed box). (C) The key MST descriptor From (t = 2 s) displays mostly values between 0.75 and 0.90 across all categories and

dyes. (D) Standard deviation of the F,m, values (t = 2 s).

loop/bulge content vs. Form yielded a significant correlation
between the given quantities (Fig. S3t).

Another aspect of structure-activity relationships was the
analysis of dye-dependent parameters on characteristics of
thermophoresis curves described by the following descriptors
(Fig. 3F): (1) slope of the pre-MST fluorescence traces (measure
of dye photobleaching), (2) steady-state (¢t = 15-20 s) slope of
thermophoresis traces (measure of the RNA-dye complex
dissociation in the temperature gradient), (3) goodness (R?) of
the hyperbolic thermophoresis fit, (4) sum of the least squares
error of a fluorescence-time curve triplicate (reproducibility of
the whole MST experiment), (5) normalized initial fluorescence
(measure for the brightness of the intrinsic dye fluorescence).

These results showed that Syto 60, 62, 63, and 64 exhibited
increased susceptibility to photobleaching, with Syto 62
showing a particularly strong effect (Fig. 3A). In contrast, Syto
17, 59, and 61 as well as SybrGold and RiboGreen were mostly
resistant to photobleaching. Furthermore, the dye-RNA
complex of Syto 60, 62, and 63 seem to be prone to premature
dissociation during thermophoresis, as a positive steady-state
slope was observed for these dye combinations (Fig. 3B). We
also found varying degrees of susceptibility to aggregation for
Syto 17, 60, 62, and 63 during thermophoresis, while the other
dyes were stable across all types of RNA samples. Regarding the
reproducibility of an MST experiment triplicate, Syto 62 as well
as Syto 60 and 63 led to significantly lower reproducibility
compared to the other dyes (Fig. 3D). Lastly, Syto 59 is by far the
brightest in terms of its intrinsic fluorescence compared to the
other red dyes (Fig. 3E).

To summarize, we found that Syto 59 (red, pico channel) and
SybrGold (blue, nano channel) are the most suitable (of the
investigated) dyes for RNA-MST experiments, as they showed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Dye-dependent effects on the MST characteristics. (A) Initial
slope indicating the photobleaching rate. (B) Steady-state (t =15-20's)
slope showing the stability of dye—RNA complexes. (C) Goodness of
the curve fit (R?). (D) Dye-dependent reproducibility. (E) Normalized
initial fluorescence. (F) Depiction of the MST curve descriptors
analyzed in subfigures (A)—(D).
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Fig.1 Non-covalent nucleic acid dyes to study RNA by MST. (A) “Mix-
and-measure” protocol for the thermophoretic analysis of native RNA
oligos. (B) Fluorometric titration of SAM-I riboswitch with SybrGold.
Samples were measured by a Tecan Spark 10 M plate reader (Aex/em:
490/550 nm). The apparent binding constant (Langmuir isotherm) was
determined to be Kp = 85.3 nM. (C) RNA concentration-dependent
MST curves with SybrGold (1x) and SAM-I riboswitch (variable
concentration, blue laser, 8% excitation power). The apparent Kp from
the From (2 s) was 61.4 nM.

Results and discussion
Establishment of the non-covalent dye MST protocol

First, a qualitative working range of useful SybrGold and RNA
concentrations was determined by fluorometry. With a sample
matrix of RNA (62.5 nM-1 puM) and SybrGold (1x-10x)
concentrations, the stoichiometry and apparent binding
constant of the dye to the S-adenosylmethionine (SAM)-I
riboswitch was determined (Fig. 1B).

It was found that 1x SybrGold produced sufficient fluores-
cence for MST (Monolith NT.115), and at such SybrGold
concentrations, one fluorophore molecule is likely to bind
statistically to the RNA of interest (K, = 85.3 nM). Statistical 1: 1
binding stoichiometry was concluded as a one-step binding
event was observed to display the same apparent binding
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affinity independent of the RNA concentration. Hence, it was
found that the minimum RNA concentration during MST was
primarily limited by the binding affinity of SybrGold to the
respective RNA sequence. For the SAM-I riboswitch, a signifi-
cant thermophoretic response was saturated at an RNA
concentration of approx. 100 nM, which was strongly distin-
guished from the unbound dye. F,omm (2 s): 0.75 vs. 0.96
(Fig. 1C).

As a next step, systematic investigations of structure-activity-
relationships between fluorescent dyes and RNA in MST were
performed. First, we investigated the effect of RNA length and
its secondary structures on the MST characteristics, such as the
initial fluorescence level and F,om, using nine different dyes
(Syto 17, Syto 59-64, SybrGold, and RiboGreen). For this
purpose, we defined ten RNA categories containing each three
RNA oligos which comprise different lengths and structural
features (Table S17). Across all dye and RNA combinations, MST
mixtures were prepared as triplicates with 100 nM RNA and 1x
dye. The mean initial fluorescence of different dyes was
normalized by a concentration-dependent regression (Fig. S17).
In general, more complex RNA structures and longer oligonu-
cleotide sequences resulted in higher absolute initial fluores-
cence (Fig. 2A). The central MST descriptor Fnom (2 S) was
mostly between 0.75 and 0.90 across all combinations (Fig. 2C).
Lower Fyorm values (0.60-0.75) were eventually found for shorter
RNA, however, a significant dependency on the dye or the
category was not ascertained.

We found that shorter RNAs (<20 nt) exhibit more sensitive
fluctuations in Fyorm, suggesting that these are more suscep-
tible to biological and chemical modifications (Fig. 2C). This
can possibly be exploited to detect small changes in sequence or
conditions for biological assay design. Depending on the dye,
however, the standard error of the absolute fluorescence and
Fporm Was coincidently higher for these short RNAs. The stan-
dard deviation of the Fyom values (¢ = 2 s) was mostly <59,
across all categories. An exception was the use of the dyes Syto
62 and RiboGreen. The data points in the dashed box of Fig. 2D
are exclusively populated by RNA-dye combinations with Syto
62 or RiboGreen. For Syto 62, this may be due to the highly
variable absolute fluorescence of the RNA-dye conjugates
(Fig. 2B). The use of these two dyes might be not recommended
for RNA-MST experiments.

After the broad analysis regarding the influence of RNA-
dependent parameters on the initial fluorescence and Fy o,
more detailed correlation studies with RNA descriptors (length,
secondary structure, and base composition) were performed.
The secondary structures of RNA oligos were predicted by the
RNAfold web server.'® By analyzing the relationship between
Fnorm and RNA length, we confirmed the trend shown in Fig. 2,
wherein shorter RNAs (<20 nt) lead to a greater diversity of F,,orm
(Fig. S2At). Notably, the F,,, parameters of the two blue dyes
(SybrGold and RiboGreen) were generally lower than that of the
red Syto dyes. High standard deviations (>59%,) were found only
for Syto 62 and RiboGreen. As further correlation parameters,
the proportion of hybridized bases (Fig. S2Ct) and the
secondary structural content were investigated (Fig. S2ET).
Neither the analysis of the paired bases nor that of the
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the best fluorescence benchmarks and highest reproducibility
rates.

Investigation of RNA ligand binding

Targeting physiologically relevant RNA with small molecule
drugs has become of increasing interest as a potential drug
target over the last years."'*** Currently, the standard repertoire
of bioanalytical techniques includes techniques such as nuclear
magnetic resonance (NMR), surface plasmon resonance (SPR),
and isothermal titration calorimetry (ITC).**** However, in
recent years, MST has probably become one of the most popular
techniques for the characterization of RNA-small molecule
interactions using covalently dye-labelled RNA targets.*®'°
Hence, we aimed to demonstrate four examples where the use
of SybrGold and Syto 59 (Fig. 4 and S41) showed comparable
results to RNA ligand binding profiles as determined with
orthogonal techniques.

Thus, we investigated three types of nucleotide-derived
ligand riboswitch (RS) aptamer domains: the T. tengcongensis
SAM-I RS, the B. angulatum SAM-VI RS, and the T. tengcongensis
pre-queuosine 1 (preQ;) RS, with their natural ligands SAM, S-
adenosylhomocysteine (SAH), and preQ;, respectively.”*>* For
the SAM-I RS, our MST data yielded a Kp = 157 nM for SAM and
Kp = 137 pM for SAH agreeing with previously reported values
obtained by ITC measurements.>® For the SAM-VI RS, our MST
results for SAM (K, = 953 nM) and SAH (K;, = 10 pM) were also
consistent with our covalently Cy5-labelled MST experiments
(Fig. S51) and literature reports.””* Similarly, our results
showed that preQ, binds the preQ, RS with an apparent Kp,
of 44.8 nM.

While this value is in the same order of magnitude as our
previously reported Cy5-labelled RNA affinity (Fig. S51), it
should be noted that high-affinity ligands (<50 nM) will result in
tight-binding to the RNA receptor (([RNA] = 100 nM) and thus
imply some scope limitation of this presented protocol.** For
the existing protocols using a covalently labelled RNA target,
however, this mostly represents the same technical limitation.

As a next step, we investigated three additional RS aptamer
domains against chemically more diverse chemotypes of
ligands: a marine metagenome AdoCbl RS, the T. petrophila
fluoride anion RS, and a synthetic neomycin aptamer.>*-** The
AdoCbl RS naturally binds different variants of the cobalamin
co-factor family, which are exceptionally large ligands with
a molecular weight of >1000 Da. Our MST experiments using an
env8 mutant AdoCbl RS with Syto 59 labelling determined a K,
value of 2.1 pM with adenosylcobalamin (AdoCbl) as a ligand,
which is in agreement with the literature.” Thus, the non-
covalent RNA-MST method is also suitable for non-typically
large ligands and their riboswitches.

Next, we studied the opposite case; a riboswitch that is able
to bind very small ligands. Aptamers against the smallest
known ligands are fluoride anion aptamers. The study of the 7.
petrophila fluoride anion RS showed that this protocol is also
useful for such applications if ligand binding results in
a substantial conformational change of the aptamer. Hence,
non-covalent RNA-MST experiments with Syto 59 (K, = 67.1 pM)
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are in the same order as dissociation constants determined by
ITC experiments in the literature.*

As a final example, we examined a neomycin-binding
aptamer of synthetic origin. The apparent binding affinity of
neomycin to the 27-mer RNA oligo could be determined by
Kp,app 0of 29.6 nM.**

Of note, the titration of in situ labelled RNA samples with
their natural ligands mostly does not lead to a change in the
fluorescence intensity by displacement of the dye with the
ligand (see MST capillary scans in Fig. S87). In this regard, an
RNA target usually has just one ligand binding resp. interaction
site but possibly several dye binding sites, some of which
overlap with the ligand binding site and some of which do not.
If we choose the concentrations of RNA (100 nM) and dyes (1x)
such that statistically at most 1 dye molecule is bound per RNA
(Fig. 1B), there will be functional, fluorescent RNA molecules in
solution that we can (a) address with the ligand resp. interaction
and (b) measure their altered thermophoresis behaviour. For
the very short PreQ, riboswitch or the neomycin aptamer (both
27 nt), however, we quantified a slight effect on the initial
fluorescence at higher ligand concentrations which supports
our model of statistical labelling, since for such a short RNA
receptor there are fewer opportunities for dye binding that do
not overlap with the ligand binding site (Fig. S8A&GT).

Furthermore, we also investigated a macromolecular inter-
action of RNA with an endogenous protein-ligand. The tRNA*P
represents the physiological substrate of the RNA methyl-
transferase DNMT2.** Using SybrGold, we were able to deter-
mine a dissociation constant of this macromolecular
interaction (Kp = 0.218 uM) similar to a value determined by
fluorescence polarization.*

Investigation of RNA nucleobase modifications

The development of methods for the detection and quantifica-
tion of RNA modifications such as nucleobase methylation is
a recent topic of research due to their physiological relevance
and disease involvement.* Currently, the gold standard reper-
toire of bioanalytical techniques includes mass spectrometric,
radiometric, and sequencing methods.* Due to the simple and
fast preparation of an MST experiment, the development of an
MST protocol for the quantification of RNA modifications might
offer practical advantages. Thus, the two most promising fluo-
rescent dyes (SybrGold & Syto 59) were harnessed to test for the
detection of specific RNA nucleoside modifications.

First, as a proof of concept, two variously modified model
RNA oligos AUUAACCUUUUAA (Fig. 5) and CCA-
CAACCAUGGUGAGCAA (Fig. 6 and S6t) were investigated for
changes in their Fyom parameters in dependence on specific
RNA modifications. In summary, these model experiments
showed that larger or charge-altering RNA modifications (e.g., 5-
taurinomethyl-2-thiourididylation) have a more pronounced
effect on Fhorm than single nucleoside methylations (e.g., 6-
methyladenine, or 2-O-methylation), which often resulted in
scarcely detectable Fyorm shifts (Fig. 5, 6, and S67).

In the first step, the influence of different physiologically
relevant modifications such as pseudouridylation ({s), 5-uridine
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Fig. 5 Analysis of various modifications of the model oligo
AUUAACCUUUAA (100 nM) by MST. (A) Thermophoresis curves for the
usage of Syto 59 as a reporter dye. (B) Thermophoresis curves for the
usage of SybrGold as a reporter dye. (C) MST response (Frorm at 10 s) of
the modified oligos in comparison to their unmodified analogues.

fluorination (5FU), 5-taurinomethyl-2-thiourididylation
(tm®s”U), and threonylcarbamoyladenosylation (t°A) on the
short non-structured model oligonucleotide AUUAACCUUAA as
a fragment of the hmt-tRNA'* was investigated.*®

Significant divergences were found between the two dyes
SybrGold and Syto 59 in the differential analysis of the Fyorm
values. While Syto 59 showed only slight changes in F,op, values
depending on the modifications (Fig. 5A), significant increases
in Fhorm values were measurable when SybrGold was used,
especially for the two oligos with the 5-taurinomethyl-2-
thiourididylation (Fig. 5B). A more systematic investigation of

CCAC(m' AJACCAUGGUGAGCAA
CCCACA(m'A)CCAUGGUGAGCAA
CCCACAACC(m'AJUGGUGAGCAA
CCCACAACCAUGGUG(m'A)GCAA
CCCACAACCAUGGUGAGC(m'A)A
CC(m*AICAACCAUGGUGAGCAA
CCAC(m*AJACCAUGGUGAGCAA
CCCACA(m*A)CCAUGGUGAGCAA
CCACAACCAUGGUG(mPAIGCAA
CCCACAACCAUGGUGAGC(mPA)A

Fig. 6 Analysis of various modifications of the model oligo CCA-
CAACCAUGGUGAGCAA (100 nM) by MST. (A) Thermophoresis curves
for the usage of Syto 59 as a reporter dye. (B) Thermophoresis curves
for the usage of SybrGold as a reporter dye. (C) MST response (Fnom at
10 s) of the modified oligos in comparison to their unmodified
analogues.
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a second model oligonucleotide (CCACAACCAUGGUGAGCAA)
was conducted. This is a generically designed oligo that has
a hairpin with three regions (stem, loop, tail). The hypothesis
was to show at which position RNA methylations have a partic-
ular effect on the MST shift For this purpose, the adenine
positions of the unmodified parent oligo were systematically
methylated either at the N* or N° position of an adenine base
(Fig. 6), or the 2™-OH group of ribose was methylated (Fig. S67).

In contrast to the results shown in Fig. 5, the detection of
adenine methylation with Syto 59 led to more sensitive changes
in Fyorm values than with SybrGold (Fig. 6C). In particular, m'A
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Fig. 7 Antibody-assisted detection of RNA m°A modification by
SybrGold MST. (A) MST traces for METTL3/14 substrate methylation
levels (total RNA: 100 nM). (B) Same reaction mixture as in (A) but
supplemented with 600 nM anti-mPA antibody clone 987.4° (C) MST
response (Fnorm at 10 s) as a function of substrate methylation derived
from (B). The limit of quantitation (LOQ) was defined by 3¢ around
Frorm = 0%.
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or m°A methylation of the 6th adenine base resulted in signif-
icantly altered F,q, values compared to the unmodified oligo
indicating that local influences of RNA modification either
affect the binding of the fluorophore or these modifications
modulate the global topology resp. folding of the RNA and thus
lead to an altered thermophoresis behaviour. The detection of
ribose methylation followed a similar trend, however, with this
form of modification leading to generally lower changes in
Fporm values (Fig. S6CT).

Development of an MST-based METTL3/14 enzyme assay

To derive a relevant biotechnological application from this
model concept, an MST-based enzyme assay was developed for
the RNA methyltransferase METTL3/14 allowing the tracking of
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the enzymatic insertion of a single methyl group to an RNA
substrate. METTL3/14, which has recently become popular as
a potential drug target, is an RNA methyltransferase that
transfers a methyl group from SAM to the N® atom of an adenine
base found in a GGACU motif.”” Thus, we focused on the
development of an enzymatic assay that can follow the 6-
methyladenine (m°A) methylation of the METTL3/14 substrate
oligo AA\CUUAAUGUUUGCAUUGG(m®A)CUUGAGUUA.

MST offers the potential to evaluate turnover rates of enzy-
matic reactions, especially in cases in which no direct detection
via fluorescence reporter exists.*®** Therefore, we sought to
determine the intrinsic difference of the substrate's m°A
modification in thermophoresis behaviour. For this purpose,
we simulated different m°A methylation levels from 0-100% by
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g
Cmmen —— Cmmimem
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Fig. 8 Development of an MST-based METTL3/14 assay. (A) Illustration of the assay concept: a 32mer METTL3/14 substrate oligo is converted
enzymatically which can be detected using an anti-m°A antibody and SybrGold MST. (B) Enzymatic substrate methylation with varying
concentrations of SAM as cofactor. After 2 h of incubation time, the crude reaction mixture was supplemented with the anti-m°A antibody and
analyzed by SybrGold MST. (C) Michaelis—Menten plot of the MST response (Fnom at 10 s) vs. the SAM concentration. A Ky value (226 nM) was
calculated by non-linear regression. (D) MST curves of the enzymatic substrate methylation in the presence of STM2457 as METTL3/14 inhibitor.
(E) Determination of the STM2457 ICs value by dose—response fit of Fo.m vs. [STM2457).
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mixing the synthetic substrate oligo with its methylated
analogue at a total RNA concentration of 100 nM (Fig. 7A).

However, the use of 1x SybrGold and Syto 59 as a reporter
dye resulted in very little intrinsic difference between the
unmethylated and methylated oligos' Fy,orm values (4 = 5%,), so
discrimination was not sufficient for the evaluation of enzy-
matic turnover. Therefore, we harnessed an antibody-coupled
approach to amplify the F,..,, discrimination signal. The
addition of an mCA-specific antibody (9B7 clone, 600 nM)
resulted in a 10-fold dispersion (4 = 489%,, LOQ = 11% meth-
ylation) of the RNA 0ligos’ Fy,orm (Fig. 7B and C).** This concept
thus resembles an immuno-MST assay which has been previ-
ously described for non-RNA substrates but in this form claims
novelty as an RNA methyltransferase assay.*"**

In this regard, the RNA substrate (120 nM), METTL3/14
enzyme (10 nM), and a variable concentration of the cofactor
SAM (0-1000 nM) were incubated for 2 h at room temperature.
Subsequently, the reaction was added with the anti-m°A anti-
body (600 nM) and mounted in MST capillaries as a crude
reaction mixture without further purification of the RNA
substrate (Fig. 8A). The resulting thermophoresis curves
showed a dependence of the Fyom response on the concentra-
tion of the SAM cofactor (Fig. 8B), which can be attributed to
a different methylation content of the RNA substrate. The
differential analysis of this Fnom shift at different SAM
concentrations agreed with the calibration of the m°A content
(Fig. 7C) and indicated near quantitative methylation at the
highest SAM concentration of 1 pM (Fig. 8C). The initial addi-
tion of SAH (10 pM) as a known inhibitor of methylation reac-
tion yielded no shifts of the F,om values (Fig. S7At), confirming
the effective inhibition of the enzyme and the overall assay
concept. Michaelis-Menten regression of this differential
methylation content (AF, ) allowed the determination of an
apparent Ky, value for SAM of 226 nM which is in agreement
with a *H-based enzyme assay (Fig. S7Bt) and literature
reports.**

To demonstrate the usefulness of the developed METTL3/14
assay for drug discovery applications, we also performed an
inhibition experiment with the known literature inhibitor
STM2457 (Fig. 8C), which revealed an apparent inhibition
constant IC5, of 17.2 nM in agreement with the literature-
determined value.*

Conclusions

In conclusion, we could show that the use of non-covalent
nucleic acid dyes is suitable to determine some RNA modifica-
tions by a simple “mix-and-measure” protocol. Comparing in
situ labelled RNA samples with orthogonal ligand binding
assays, we found that the usage of non-covalent dyes mostly
does not alter ligand binding of the RNA molecules, and hence,
this new protocol might result in a wide range of opportunities
for research applications on the function of RNA molecules.
Meanwhile, small modifications that do not significantly affect
Fhorm could be enhanced by the use of a modification-specific
antibody, as shown for the METTL3/14 assay, allowing the
detection of minimal chemical modifications such as single-site
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methylation of larger RNA molecules. We hope to have laid the
first step for the development of further RNA-immuno-MST
assays and for numerous studies in this field.

Experimental section
DNA/RNA oligos

DNA/RNA oligos except for the ones prepared by in vitro tran-
scription (IVT, see below) were purchased in HPLC-purified
quality (for oligo sequences and manufacturers see Tables S1
and S2f). All experiments were performed under RNase-
avoiding conditions. The concentrations of RNA, DNA, and
enzymes were determined by a
NanoDrop2000.

ThermoScientific

RNA preparation

PCR. The DNA templates for the IVT were amplified using
PCR. The PCR reaction mixture contained 10 nM of template
DNA, 2 uM of each forward and reverse primer, 400 pM dNTP
Mix (NEB), 3 mM MgCl,, 0.05 U uL~! Q5 High-Fidelity DNA
Polymerase (NEB) and 1x Q5 reaction buffer (NEB) in a final
volume of 200 uL. The reaction was performed using a *Prime
thermal cycler 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 Ty, calculator, 30 s) and
extension (72 °C, 45 s), and a final extension (72 °C, 2 min). The
PCR product homogeneity was checked on a 0.4% agarose gel to
confirm the size and purity.

In vitro transcription (IVT). The crude PCR products were
used as templates for in vitro transcription using the T7 poly-
merase system. The IVT reaction mixture contained 400 pL PCR
product (without further purification), 5 mM of each NTP, 5 mM
DTT, 2.5 pg mL ™" BSA, MgCl, (concentration depends on RNA
type and was determined before using micro reactions with
different MgCl, concentrations), 50 U mL™" T7 RNA polymerase
(ThermoFisher) and 1x reaction buffer (ThermoFisher) in
a final volume of 1 mL. The reaction was incubated at 37 °C for 2
hours, and then, another aliquot of T7 RNA polymerase was
added and incubated for 4 hours at 37 °C.

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, a phenol/chloroform
extraction was performed twice using ROTI® phenol/
chloroform/isoamyl alcohol (Carl Roth) and the standard
protocol from the supplier. For a better gel resolution, the
extracted samples were desalted using Zeba spin desalting
columns (ThermoFisher) following the standard protocol from
the supplier. Furthermore, ethanol precipitation was applied to
remove chloroform residues and concentrate the RNA. For this,
the samples were mixed with 2.5x volume ethanol, 0.1 x volume
3 M NaOAc (pH 4.7), and 1 pL glycogen (20 g L™, Thermo-
Fisher), cooled at —80 °C for 2 hours, then centrifuged for
45 min at 4 °C and 16 000 g. The pellet was washed twice with
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75% ice-cold ethanol and centrifuged again for 10 min at 4 °C
and 16 000 g. The air-dried pellet was redissolved in a small
volume of RNase-free water and an equal volume of 2x gel
loading buffer (2x TBE, 67% formamide) was added.

For the purification of RNA, a native polyacrylamide gel
electrophoresis was utilized. A 10% acrylamide gel solution was
prepared using the ROTIPHORESE® DNA sequencing system
and 10x TBE buffer. After sample loading, the electrophoresis
separation was performed at 15 W until the dye markers of the
ladder showed sufficient resolution in the separation range of
interest. The RNA was visualized by UV shadowing (254 nm),
extracted by cutting out the bands of interest, and the excised
parts were aliquoted into small pieces and frozen at —20 °C for
30 min. The frozen sample bands were extracted overnight at
15 °C in a 0.3 M NaOAc (pH 4.7) solution and the samples were
centrifuged for 10 min at room temperature and 10 000 g, the
supernatant and the gel residues were added into 0.45 pm
Nanosep (Pall corporation) tubes and centrifuged again for
10 min and 10000 g. The flow-through was precipitated with
ethanol as described above. The pellet was redissolved in
RNase-free water and stored until usage at —20 °C. The RNA
product homogeneity was checked on a native 10% poly-
acrylamide gel to confirm the size and purity.

Setup of a standard mix-and-measure RNA-MST experiment
(non-covalent dyes)

The reaction mixtures used for a typical MST experiment con-
tained 100 nM of the investigated RNA and 1x of the respective
dye both dissolved in MST buffer (50 mM Tris-HCl pH 7.5,
100 mM KCl, and 25 mM MgCl,) and supplemented with
ligands or additives if needed. Previous to the measurement,
the RNA stock solution was heated for 5 min at 75 °C and then
cooled down to room temperature in the heating block.

MST experiments were carried out using a Monolith NT.115
instrument (NanoTemper Technologies) using Monolith stan-
dard capillaries. The instrument was calibrated according to the
manufacturer's instructions. The laser type was chosen dye-
dependently (NanoBlue laser for SybrGold and RiboGreen and
PicoRed laser for Syto dyes). General settings were applied for
all MST experiments as follows: manual temperature control:
25 °C, fluorescence measurement before MST: 4 s, MST (IR
laser) on: 20 s, fluorescence after MST: 2 s, delay: 25 s. The laser
power was adjusted to optimize the signal-to-noise ratio and the
fluorescence signal. LED and MST power settings were chosen
individually for each sample by adjusting the LED power to yield
fluorescence signals of at least 300 units (blue laser) or 3000
units (red laser) and the MST power to achieve an appropriate
thermophoretic response (standard setting: medium MST
power). MST measurements were analyzed using the NT anal-
ysis software (version 1.5.41) and exported for statistical anal-
ysis and plotting in GraphPad Prism 7.01.

Advice for the establishment of new RNA-ligand assay
systems

We recommend the following procedure for assaying new RNA
targets: initially, the new experimental setup should be tested

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with 100 nM RNA and 1x SybrGold (for NanoBlue devices) or 1x
Syto 59 (for PicoRed devices). Initial assays include four controls
consisting of 100 nM RNA, 1x dye, and a known reference
ligand (¢ = 10xKp) in a buffer that has been shown to be
appropriate for the biological function of the RNA: (1) +RNA/
+dye/+ligand, (2) +RNA/+dye/—ligand, (3) —RNA/+dye/—ligand,
(4) —RNA/+dye/+ligand. Samples 3 and 4 should not show
a significant thermophoresis curve due to the absence of RNA.
Sample 1 should optimally result in an MST shift compared to
Sample 2 as a function of reference ligand concentration.

If a ligand-dependent MST shift is not achieved with this
initial setup, we recommend the following steps with the same
assay setup: (1) variation of RNA dyes as described above, (2)
variation of RNA concentration, (3) variation of thermophoresis
settings (laser power, temperature, etc.).

MST experiments with 5-Cy5-labelled RNA

MST experiments were performed on a Monolith NT.115 using
standard uncoated capillaries. The 5-Cy5-labelled RNA was
heated to 75 °C for 5 min and cooled to room temperature for
60 min. The Cy5-labelled PreQ,; RS and SAM-VI RS were diluted
to 20 nM in MST buffer (50 mM Tris-HCI pH 7.5, 100 mM KCl,
and 25 mM MgCl,) and supplemented with ligands in appro-
priate concentrations. Data acquisition was performed identi-
cally to the setup of the non-covalently labelled MST
experiments (vide supra). MST measurements were analyzed
using the NT analysis software (version 1.5.41) and exported for
statistical analysis and plotting in GraphPad Prism 7.01.

METTL3/14 MST assay (Ky & ICs,) determination

MST-based METTL3/14 assays were carried out by mixing the
RNA substrate AACUUAAUGUUGCAUUGGACUUGAGUUA (Iba,
final: 120 nM), the METTL3/14 enzyme (Biomol, final: 10 nM)
and a variable concentration of the cofactor S-adenosylme-
thionine (Sigma Aldrich, final: 0-1000 nM) in 50 pL of assay
buffer (20 mM Tris pH 7.5, 1 mM DTT, 0.01% Triton X-100,
50 mM KCI and 0.25 mM MgCl,). After an incubation period
of 2 h at room temperature, the reaction was quenched by the
addition of SAH (Sigma Aldrich, final: 10 pM, K; = 260 nM),
added with the anti-m°A antibody (clone 9B7, final: 600 nM),
SybrGold (final: 1x), and mounted in MST capillaries in tripli-
cates. The laser power was adjusted to 20% for the LED laser
and “high” for MST laser. MST measurements were analyzed
using the NT analysis software (version 1.5.41) and exported for
statistical analysis and plotting in GraphPad Prism 7.01. The
decrease in Fyorm vs. [SAM] is a measure of the activity of the
enzyme, and thus, the MST traces follow the Michaelis-Menten
equation which was used for enzyme kinetic analysis: v = (Vimax
x [S)/Ky + [S]), where v, is the initial reaction rate, at a given
substrate concentration [S]. v,y is the maximum reaction rate,
while Ky, indicates [S] at which the conversion rate is half-
maximal.

To determine the ICs, value of the reference inhibitor
STM2457, the assay was performed as described above with the
following adaptations. 500 nM SAM was used as substrate.
STM2457 was added as DMSO stock (final DMSO conc.: 3%).
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The enzyme reactions were incubated for 60 min at room
temperature and quenched with SAH (10 uM). F,,or, values vs.
[STM2457] were evaluated using a 4-parameter Hill equation to
determine an ICs, value: y(Fyorm) = bottom + ([STM2457]S""’“) X
(top — bottom)/([STM2457]°'°P¢ + IC55P°).

METTL3/14 tritium-based assay

The radiometric METTL3/14 assay was carried out as described
previously by mixing the RNA substrate AACUUAAU-
GUUGCAUUGGACUUGAGUUA (Iba, final: 200 nM), the
METTL3/14 enzyme (Biomol, final: 20 nM) and a variable
concentration of the cofactor *H-SAM (Hartmann Analytics 15
Ci mmol ™, final: 0-1000 nM) in 10 uL of assay buffer (20 mM
HEPES pH 7.5, 50 mM KCl, 250 uM MgCl,, 1 mM DTT, 0.01%
Tween-20).** The reactions were started by the addition of the
cofactor *H-SAM and were carried out at room temperature for
30 min. Aliquots of 8 puL were taken from the reaction mixture
and spotted on Whatman glass microfiber filters (GF/C, 25 mm,
Cytiva). The RNA was precipitated on the filters in 5% ice-cold
TCA (Sigma Aldrich) for 35 min. The filters were washed twice
with 5% TCA at room temperature for 20 and 10 min and once
in EtOH for 10 min. After drying, the filters were transferred into
scintillation vials and 3 mL of Gold MV liquid scintillation
cocktail (PerkinElmer) was added. Scintillation was measured
on a scintillation counter (TriCarb Liquid Scintillation Analyzer
4810TR) with a measurement time of 1 min. Statistical analysis
and plotting were performed in GraphPad Prism 7.01 as
described above.
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RNA and DNA oligo sequences

Table S1. Oligos used for RNA-MST experiments. Category 1: no structure, <10mer; category 2: no structure, 10-15mer;
category 3: no structure, 16-20mer; category 4: hairpin, 16-20mer; category 5: bulge/internal loop + hairpin, 21-25mer;
category 6: internal loop + hairpin, 26-30mer; category 7: bulge + internal loop + hairpin(s), 31-50mer; category 8: 2
internal loops + 1 hairpin, 50mer; category 9: 3 internal loops + 1 hairpin, 60mer; category 10: various functional RNA.

OligolD Cat. RNA sequence Manufacturer
MH993 1 GUUAUUC ba
MH996 1 UUUUAUUUU Biomers
MH474 1 GGUACCCAA Iba
MH122 2 ACAGCUAUCCAUUG lba
MHS847 2 UCUGAGGGUCCAGGG Biomers
MH268 2 CCCGGUAAUCGCAUA Salifu
MH266 3 AAACUUAAAACUUUACUGU Salifu
MH907 3 ACAAGAAGGGUUUGAUCAUC Iba
MH272 3 AGAAAUAUGUCUGAUAAA Salifu
MH355 4 CGCGGGAGACCGGGGUUCGA Dharmacon
MH261 4 GCUUGAAACCAGCUUUGGG Salifu

MH1428 4 GGAUCCUCUAGAGUCGACCU |dt
MH515 5 GGUGGGGUUCCCGAGCGGCCAAAG Iba
MH499 5 GUUCGAUCCACAGAAUUCGCACCA Biomers
MH649 5 GGUUCGAUUCCCCGACGGGGAGCCA Iba
MH857 6 UCUAGAGGAUCCCGGGUACCGAGCUC Biomers
MHS876 6 UGCCGCCCGUCUUGAAACACGGACCAAGGA lba

MH1145 6 AAACUUAAUGUUUUUGCAUUGGACUUUGAGUUA Iba
MH761 7 GGCGUGUAGGAUAUUAAAUCAUACCAGAUCGCGG Iba
MH646 7 UCCUCGUUAGUAUAGUGGUGAGUAUCCCCGCCUAUAUC Iba
MH566 7 GUCACGCGGGAGACCGGGGUUCGAUUCCCCGACGGGGAGCCA Iba
MH723 8 CCGCGAUCUGGAGAGGUGAAGAAUACGACCACCUACAAGAAGGACACGCC Iba
MH721 8 CCGCGAUCUGGAGAGGUGAAGAAUACGACCACCUAAGAAGGACACGCC lba
MH762 8 CCGCGAUCUGGAGAGGUGAAGAAUUCGACCACCUACCAGAAGGACACGCC Iba
MH950 9 CGGAGCCAGCGAGUCUAACCUUGGCCGAGAGGUCUUGGUAAUCUUGUGAAACUC Iba

CGUCGU
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MH952

MH953
tRNAAP
PreQi RS

(Thermoanaerobac
ter tengcongensis)

SAM-I RS

(Thermoanaerobac
ter tengcongensis)

SAM-VI RS

(Bifidobacterium
angulatum)

Cy5-PreQ,
RS

(Bacillus subtilis)
Cy5-SAM-VI
RS

(Bifidobacterium
angulatum)

AdoCbl
riboswitch
(Marine

metagenome env8
4W)var)

Fluoride
riboswitch

(Thermotoga
petrophila)

Neomycin
aptamer
(synthetic)
METTL3/14
substrate

10

10

GGCCUCAGGAUCUGCUUAGAGAAGGGGGCAACUCCAUCUCAGAGCGGAGAAUUU
GGACAA
UCUUGGAUUUAUUGAAGACUAACUACUGCGAAAGCAUUUGCCAAGGACGUUUUC
AUUAAU
UCCUCGUUAGUAUAGUGGUGAGUAUCCCCGCCUGUCACGCGGGAGACCGGGGUU
CGAUUCCCCGACGGGGAG

GGAGAGGUUCUAGCUACACCUCUAUAAAAAACUAA

GGCUUAUCA GGGGAGCGACUGGCGC ACCCCGGCAACCAGAAAU
GGUGCCAAUUCCUGCAGCGGAAACGUUGAAAGAUGAGCCG

GGCAUUGUGCCUCGCAUUGCACUCCGCGGGGCGAUAAGUCCUGAAAAGGGAUGU
C

Cy5-AGAGGUUCUAGCUACACCCUCUAUAAAAAACUAA

Cys-
GGCAUUGUGCCUCGCAUUGCACUCCGCGGGGCGAUAAGUCCUGAAAAGGGAUGU
C

GGCCUGAAAGCGUGGUGGGGAAGUGACGUGAAAUUCGUCCAGAUUACUUGAUAC
GGUUAUACUCCGAGUGCCACCCAGGCCAUACAACGAGCAAGGAGACUC

GGGCGAUGAGGCCCGCCCAAACUGCCCUGAAAAGGGCUGAUGGCCUCUACUG

GGCUGCUUGUCCUUUAAUGGUCCAGUC

AACUUAAUGUUGCAUUGGACUUGAGUUA

Iba
Iba
In house IVT

biomers

In house IVT

In house IVT

Eurofins Genomics

Eurofins Genomics

GenScript

GenScript

GenScript

Iba
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Table S2. DNA templates and primers used for PCR and IVT.
OligolD  description DNA sequence Manufacturer

Universal
MH53 forward CGCGCGAAGCTTAATACGACTCACTATA IDT
primer

Reverse
EK0004 primer CGGCTCATCTTTCAACGTTTCCG IDT
SAM-| RS

Reverse
EK0010 primer GACATCCCTTTTCAGGACTTATCGCCCCG IDT
SAM-VI RS

Reverse
MH1102 primer TGGCGGGCCGTCG Iba
tRNAAP

EK0003 Tem plate CGGCTCATCTTTCAACGTTTCCGCTGCAGGAATTGGCACCATTTCTGGTTGCCGGGGTTCTTC IDT
SA M _ | R S GCGCCAGTCGCTCCCCCTCTCTTGATAAGCCTATAGTGAGTCGTATTA

Template
GACATCCCTTTTCAGGACTTATCGCCCCGCGGAGTGCAATGCGAGGCACAATGCCTATAGT
EK0009 IDT

SAM VI RS GAGTCGTATTA

MH1101 Tem plate TGGCGGGCCGTCGGGGAATCGAACCCCGGTCTCCCGCGTGACAGGCGGGGATACTCACCA I ba
tRNAAsp CTATACTAACGACCCTATAGTGAGTCGTATT
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Supplementary Figures
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Figure S1. Regression plots for dye fluorescence normalization. Each dye (1x) was mixed with 100 nM of MH646 as RNA model oligonucleotide
(UCCUCGUUAGUAUAGUGGUGAGUAUCCCCGCCUAUAUC). The initial fluorescence intensity as a function of the excitation power was determined
pre-MST with either the NanoBlue laser for SybrGold and RiboGreen or the PicoRed laser for the Syto dyes. Linear regression yielded a slope-derived
sensitivity factor (F) for the normalization of fluorescence intensity during structure-activity-relationship experiments.
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Figure S2. Structural RNA-dependent effects on Fm. (A) Correlation between oligo length and F,,. (B) Correlation between oligo length and
OFom. (€) Correlation between hybridized base content and F,om. (D) Correlation between hybridized base content and oF,om. (E) Correlation
between loop/bulge content and Fom. (F) Correlation between loop/bulge content and oFom.

Figure $3. RNA sequence-dependent effects on F,m. (A) Correlation between adenine content and F,,. (B) Correlation between cytosine content
and Fpom. (C) Correlation between guanine content and Fyom. (D) Correlation between uridine content and Fyom.
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Figure S4. Analysis of RNA-ligand interaction by in situ labelling with SybrGold (1x). (A) Interaction between SAM-I RS and SAM (F,om at 15). (B)
SAM-I RS and SAH (Fpom at 1s). (C) SAM-VI RS and SAH (F,om at 15 s).
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Figure S7. Supplementary data for the establishment of the METTL3/14 assay. (A) Thermophoresis curves for the METTL3/14 reaction inhibited by
the initial addition of SAH (10 pM). Enzymatic substrate methylation with varying concentrations of SAM as the cofactor. After 2 h of incubation time,
the crude reaction mixture was supplemented with the anti-m°A antibody and analyzed by SybrGold MST. (B) Tritium-based METTL3/14
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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.?'®2'” Similarly, as in bacteria, viral RNA
also contains highly conserved regions which can serve as potential targets for small
molecules.'® 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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Targeting RNA including viral RNAs with small molecules is an emerging field. The hepatitis C virus internal
ribosome entry site (HCV IRES) is a potential target for translation inhibitor development to raise drug
resistance mutation preparedness. Using RNA-focused and unbiased molecule libraries, a structure-based
virtual screening (VS) by molecular docking and pharmacophore analysis was performed against the HCV
IRES subdomain lla. VS hits were validated by a microscale thermophoresis (MST) binding assay and a
Forster resonance energy transfer (FRET) assay elucidating ligand-induced conformational changes. Ten hit
molecules were identified with potencies in the high to medium micromolar range proving the suitability
of structure-based virtual screenings against RNA-targets. Hit compounds from a 2-guanidino-quinazoline
series, like the strongest binder, compound 8b with an ECsy of 61 uM, show low molecular weight,
moderate lipophilicity and reduced basicity compared to previously reported IRES ligands. Therefore, it can
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Introduction
Hepatitis C virus infections

Hepatitis C virus (HCV) infection can cause acute and chronic
inflammation of the liver leading to hepatic fibrosis and
cirrhosis in most of the chronic cases. The risk for
development of hepatocellular carcinoma (HCC) is
significantly increased by chronic HCV infection." HCC is the
most frequent liver cancer, accounting for 70-80% of all
cases, and is the fourth leading cause of cancer mortality.”
Approximately 290000 people died from the corresponding
disease, hepatitis C (and mostly due to cirrhosis and HCC), in
2019 following WHO estimations.” Currently, around 58
million people are affected by chronic HCV infection
worldwide.® Central Asia and central Africa have one of the
highest HCV prevalence rates followed by other regions in
Asia, Africa, Eastern Europe, Australia, Latin America, and the
Middle East identified in a worldwide study.” HCV is a blood-
borne virus, it bears high genetic diversity and produces

be considered as a potential starting point for further optimization by chemical derivatization.

diverse mutant clouds in infected people. Thus, development
of an effective vaccine against hepatitis C was not successful
so far and still is challenging. Current therapies target three
significant non-structural (NS) protein components of the
virus. The so-called class of direct acting antivirals (DAAs)
belong either to protease or polymerase inhibitors and were
subsequently approved for treating HCV infections starting in
2011. The combination of DAAs achieved up to 90% sustained
virologic response, which is more than twice as good
compared to previous treatments. However, the efficacy of
DAAs is perturbed by the emerging resistance-associated
amino acid substitution at drug target sites. Drug resistance
can lead to treatment discontinuation or failure and is one of
the major challenges in DAA treatment.’

HCV IRES

Discovering new treatment options and addressing HCV on
the RNA-level could circumvent this emerging resistance
sustainably. HCV is an enveloped positive single-stranded
RNA virus of the Flaviviridae family discovered in 1989.> The
translation of its RNA genome is regulated by an internal
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accelerate the translation of its genome by avoiding most host
cell initiation factors. It directly binds the 40S ribosomal
subunit and requires only the eukaryotic initiation factors
(eIF) 2 and elF3 to assemble into translation-competent
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ribosomes directly at the start codon.® Thus, translation is
initiated through a 5’-cap-independent mechanism. The 5’
UTR of the HCV can be divided into four distinct domains
(I-1v), which are connected by flexible linkers. The stem
loop in domain I is not essential for IRES activity and
domain IV contains the start codon, which becomes
exposed during initiation assembly.” Domains II and III are
crucial for IRES activity, in which domain III represents the
core domain binding to eIF3 and ribosomal subunits.® The
release of eIF2 is mediated by domain II which also
participates  in  formation of translation-competent
ribosomes.®  Structures within domain 1I to IV can
independently fold and the resulting three-dimensional
organization of the IRES is crucial for its activity.” The HCV
IRES is highly structured, essential for virus survival and is
the most sequence-conserved region of the HCV genome,
thus being a promising drug target. The development of
selective translation inhibitors offers new opportunities for
less resistance prone treatment options.’

Small molecule HCV translation inhibitors

Inhibitors targeting different domains of the HCV IRES were
identified since its discovery ranging from oligonucleotide-
based inhibitors’® and peptidic inhibitors'® to small
molecules.” The field of small molecules covers different
substance classes like phenazines'? (1), biarylguanidines™ (2),
diamino-piperidines'* (DAP, 3) and 2-aminobenzimidazoles'®
(4, 5) (Fig. 1). The initial 2-aminobenzimidazole hit (4)
showed a Kpvalue of 100 uM (determined by a mass
spectrometry (MS)-based assay) and subsequent structure-
activity-relationship (SAR) analysis and derivatization achieved
benzimidazole derivatives with sub-micromolar affinities. One
optimized inhibitor is 5 with a Kp-value of 0.86 pM which
showed only minimal toxicity and antiviral activity in a
cellular replicon assay.'® Thus, 5 is the most potent inhibitor
reported so far. Further SAR exploration around this scaffold
resulted in equally or less potent aminobenzoxazoles'® (6)
and quinazolines'” (7). The classes of 2-aminobenzimidazole,
quinazolines and DAP-conjugates were identified to bind to
the Ila subdomain of the HCV IRES. DAP conjugates show
effects on the IRES conformation upon binding different from
2-aminobenzimidazoles and quinazolines."* X-ray
crystallography studies'®'® of the native IRES subdomain Ila
showed that two closely spaced divalent metal ions stabilize a
right-angled bend at the intersection of two helices resulting
in an L-shape of the RNA (Fig. 2A). This conformation is
essential for IRES-driven translation to position the IIb
hairpin at the 40S ribosomal subunit.’*2° Nuclear magnetic
resonance (NMR) structural analysis of subdomain Ila in
complex with 2-aminobenzimidazole 5 provided insights into
an induced conformational switch. The inhibitor changes the
approximately 90° bend to a more stretched shape with 23°
widening of the interhelical angle. This provides a potential
reason for translation inhibition (Fig. 2A).* In addition, X-ray
analysis and comparison of subdomain IIa with and without
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Fig. 1 Molecular structures, binding and inhibition results of

previously reported HCV IRES ligands. Molecules are depicted as the
dominant protomer under physiological conditions. FRET: Forster
resonance energy transfer, 2-AP: 2-aminopurine.

5 bound revealed that three magnesium ions are present in
both structures. They are regarded as intrinsic structural
components which stabilize both, the free and the ligand-
bound, states. The ions are not displaced upon ligand
binding and are necessary for high-affinity interactions.
Moreover, the ions undergo adaptive reorganization during
the binding process.*' In contrast, DAP conjugates bind in
competition with structural divalent metal ijons and
immobilize the L-shape of the RNA, which might be an
alternative mechanism of inhibition."* These conformational
changes were monitored and confirmed via two different
fluorescence assays.'*>>

Binding of 2-aminobenzimidazole 5 to the highly
conserved subdomain Ila induces a conformational change
which forms a deep and well-defined binding pocket. An
X-ray structure of subdomain IIa in complex with 5 at 2.2 A
resolution shows how the pocket encapsulates the ligand

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 A) Superposition of ligand-free, kinked (yellow backbone, PDB-ID: 1P5M) and compound 5-bound, stretched (orange backbone, PDB-ID:
3TZR) HCV IRES subdomain lla. B) Crystallographic binding mode of 5 (green carbon atoms) in complex with the HCV IRES subdomain lla (white
carbon atoms, PDB-ID: 3TZR). Direct and water-mediated (red spheres) polar interactions are depicted as yellow dashed lines. Key pharmacophore
features are depicted as blue transparent spheres for hydrogen bond donors and a green sphere for an aromatic centre (pharmacophore feature

radius 1.2 A).

(Fig. 2B, PDB-ID 3TZR).>' The roof and the floor of the
binding pocket are formed by stacking interactions between
A53 and G52 with the benzimidazole scaffold. Further
important RNA-ligand interactions comprise hydrogen
bonding of the 2-amino-imidazole group to the guanine
Hoogsteen edge of G110 as well as hydrogen bonding of the
protonated dimethylamino-propyl side chain to the
phosphate group of A109. If these key interactions with G110
and A109 are missing, no or weak binding to the HCV IRES
subdomain 1la was observed."” Thus, the
2-aminobenzimidazole and the dimethylaminopropyl
functionality are crucial for this type of inhibitors. In
addition, a basic substituent at the tetrahydropyran site is
considered as beneficial and further substituents attached to
the aromatic ring are not tolerated due to the tight fit into
the pocket.'”

The binding motif of 2-aminobenzimidazole translation
inhibitors with the Hoogsteen edge of G110 and the
intercalation between G52 and A53, may mimic interactions
of arginine or guanosine with RNA nucleobases. A statistical
evaluation of the amino acid-nucleotide interaction (AANT)*
database showed that the most likely interaction between an
amino acid and any RNA nucleotide includes arginine or
lysine residues. In the case of arginine, interactions with
cytidine or guanosine were occurring more often compared
to the other nucleotides.”® In addition, Hoogsteen pseudo
pairs were found for G and arginine forming two hydrogen
bonds. Arginine has three donor nitrogen atoms and is able
to form four distinct pseudo pair geometries for both types of
interactions. Interestingly, the Hoogsteen edge of A could be
addressed by various amino acids, but the Hoogsteen edge of
G was only recognized by arginine.>® In a more concrete
example, the human immunodeficiency virus Tat protein can

This journal is © The Royal Society of Chemistry 2024

bind specifically to an RNA stem-loop structure (TAR)
mediated by a single arginine residue. Arginine-rich
sequences can also inhibit translation. Evidence can be
found in a similar case, in which an arginine attenuator
peptide can regulate its own translation by interacting with
ribosomes.”® Arginine and G have been found to interact
similarly with G:C base pairs.”® Hydrogen bond networks
between G:C pairs with arginine or C:G-G triplets are similar
to the observed Hoogsteen edge interactions between C58:
G110 and 2-aminobenzimidazole 5 (Fig. S1A-Cf).>"*"*® In a
previous study, arginine, G and their derivatives were tested
for HCV IRES subdomain IIa binding. While for arginine no
binding could be observed, G and its derivatives showed
some weak binding behavior (G, EC5, = 1.05 mM).>* Like
2-aminobenzimidazoles, G and its derivatives induced a
conformational change by stretching the L-shape of the RNA
and inhibited IRES-driven translation. Other nucleobases
were inactive. It was hypothesized that a guanosine of the
same RNA strand located in domain IV autoregulates HCV
IRES activity. At the beginning, trigger guanosine is
sequestered in a hairpin loop in domain IV to allow
ribosomal assembly. Positioning of the start codon at the
decoding site induces movement in domain IV which
unmask the trigger guanosine. Guanosine induces a
conformational change by stretching subdomain IIa, which
facilitates IRES release from the ribosome.>

In this work, a virtual screening was performed to identify
new scaffolds with reduced basicity (compared to 5 and
derivatives), binding to the HCV IRES subdomain IIa. This
will not only obtain alternative molecules as starting points
for optimization in terms of HCV DAA resistance-mutation
preparedness, but also serve as a proof-of concept model
system for structure-based RNA-ligand design for RNA

RSC Med. Chem.
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targets which do not have a native small molecule ligand like
riboswitches.?** The crystal structure of the HCV IRES
subdomain IIa in complex with 5 and previous SAR studies
were used as a starting point for the structure-based virtual
screening.

Results

Structure-based virtual screening

Despite the increasing interest’>™® in RNA-targeting small

molecules, structure-based virtual screenings for RNA-targets
are still in its infancy.**™*' One challenge is the high
flexibility of RNA, which is simplified in this study by using
the RNA-ligand complex structure for docking, assuming
similar conformational changes upon ligand binding as
observed for compound 5. Likewise, while unbiased
screening libraries against RNAs showed hit-rates comparable
to screenings against proteins,**?****  several studies
identified  privileged scaffolds and physicochemical
properties for RNA-targeted chemical spaces.**™° To account
for this recent development, additionally to our unbiased in-
house virtual library, also RNA-focused libraries of different
chemical suppliers were separately considered in the virtual
screening against the HCV IRES subdomain IIa. Except for
Otava and Reaxense, the RNA-focused libraries showed only
little overlap (Fig. S2Af). Physicochemical properties were
comparable to the unbiased VS library and showed only
slight differences in moderately increased numbers of
aromatic and basic (N) atoms in line with previous
observations from R-bind (Table S11).*°° Higher formal
charges were found for the Asinex and Enamine libraries,
while reduced logP-values or higher numbers of hydrogen
bond donors as described previously® for RNA-ligands, were
not found. After further filtering for target-specific
physicochemical properties (Table S21), molecules were
subjected to a two-step docking process (Fig. S2Bf). The
molecular docking workflow was validated by re-docking and
binder vs. non-binder and decoy discrimination (Fig. S3A-If).
During prospective docking, not only docking scores, but also
generated binding poses were evaluated. Especially matching
of the crystallographic reference ligand's key interactions
(Fig. 2B) was heavily weighted in this process. As indicated in
previous SAR studies, aromatic stacking between G52 and
A53, as well as two hydrogen bond donor functionalities to
interact with the Hoogsteen edge of G110 are common
themes in many binders. Exemplarily, the exchange of the
2-aminobenzimidazole (5) moiety to 2-aminobenzoxazole (6)
resulted in a loss of potency'® (Fig. 1) as the hydrogen bond
donor functionality of the protonated 2-aminobenzimidazole
is lacking in the less basic and non-protonated
2-aminobenzoxazole. 18 molecules (8-25, Table S3f) with
high docking scores and best mimicking of the interaction
profile of 5 were selected for in vitro testing. Notably, even
though the fraction of molecules passing each triage step was
higher for RNA-focused libraries compared to the unbiased
library, in the end only molecules from the unbiased library
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were selected for testing. Some derivatives of obtained
compounds were also present in the Enamine RNA-focused
library, as well as molecules from this supplier in the
unbiased library that were not part of the RNA-focused
library. For the given example case of the HCV IRES
subdomain IIa, this finding indicates that RNA-focusing can
increase virtual hit rates, but current commercial libraries
are too small to result in overall high hit numbers (Fig.
S2Bf).

Binding studies and SAR analysis

None of the molecules selected for in vitro testing were
flagged as pan-assay interference compounds (PAINs).”"**
However, so far there is no unified “RNA-PAINs” or
promiscuous binder concept available. Therefore, HCV IRES
subdomain Ila interactions assessed with two
independent assays. These assays were validated with
reported HCV IRES ligands 4 and 5. In a FRET-assay, the
conformational change of subdomain Ila upon ligand

were

binding (Fig. 2A) was monitored as described previously (Fig.
S4, S6 and $7%).?2°**! In an MST-assay, binding affinity was
measured (Fig. S5 and S8t). To exclude interference with the
Cy3- and Cy5-labels, excitation and emission spectra of all
compounds were recorded showing no interference. Identity
and purity >95% of most compounds was verified by LC-MS
and NMR analytics (Table S3, ESI: 4. Analytical data of
virtual screening hits). However, from the molecules
identified as hits in the assays, 9, 10 and 12 showed purity
below 95%. After an initial screening at four different ligand
concentrations (Fig. S4 and S5t), dose-response curves were
recorded for compounds that showed binding in the initial
screening (Table 1, Fig. S6 and S87). In some cases, ECs,- and
Kp-values could not unambiguously be determined due to
weak binding affinity or limited solubility over 1 mM
concentrations (indicated as a value lower limit via =).

To exclude promiscuous binding behavior, two selectivity
assays were performed. First, interactions with an unrelated
and assayable RNA, the Thermoanaerobacter tengcongensis
(Tte) preQ-riboswitch aptamer domain, was evaluated for all
compounds that showed binding to the HCV IRES via MST
(Fig. S9A-Of). For compounds 5 and 9, which showed
binding to the preQ,-riboswitch at very high concentrations,
an additional selectivity MST assay with the B. angulatum
SAM VI-riboswitch aptamer domain was conducted (Fig. SOP
and R-Tt). There, no MST shift and hence, no general RNA-
binding promiscuity for these compounds was found.
Second, the FRET assay was repeated for hit compounds in
presence of a 5-fold (m/m) excess of competing total RNA
(Fig. S107). Six VS hits (8-13, Table 1, Fig. 3) were identified
as specific binders of the HCV IRES subdomain IIa.

Compound 8 with ECs5, = 413 pM and K, > 440 puM
contains a 2-guanidino-pyrimidine moiety, a feature already
reported in HCV IRES ligand 2 (Fig. 1) which is reminiscent
of the hypothesized G110-arginine interaction (Fig. 3A and
S1Bft).” Consequently, further derivatives of compound 8 were

This journal is © The Royal Society of Chemistry 2024
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Table 1 FRET and MST results for HCV IRES reference ligands 4 and 5, virtual screening hits 8-13, 8-derivatives 8a-8c and amiloride (26). Pre-screening,
MST time-traces, dose-response curves, and selectivity assays are summarized in Fig. S4-S10.f Molecules are depicted in their dominant protomeric/
tautomeric state under physiological conditions. For 12, 1H-pyrimidine protomers/tautomers are also reasonable. N.b. no binding observed. Me: methyl,
Et: ethyl

Compound FRET ECs, [uM] MST Kp“ [uM] Selectivity”
4 78 +35 X v
5 49 +2.6 5.2+0.8 Ve
o0k
WO P
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8a (R: Et, R: H) 88 +12 189 + 20 v
8b (R: Me, R: Me) 61+19 88+2 v
8c (R: Me, R": H) 120 + 24 134 +43 v
217 + 41 n.b. X¢ (Kp = 7.8 + 3.3 uM preQ, riboswitch)
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26 (amiloride)

“ MST binders are defined as molecules that clearly show a concentration-dependent MST-shift, but do not reach saturation due to solubility
limitations and therefore no upper plateau in the dose-response curve. This is indicated by the presentation of Kj-values as a lower limit (=).
? Molecules are defined to be selective if no MST-shift is observed for the unrelated preQ,-riboswitch (Fig. S91) and the FRET signal in presence
of competing total RNA is vastly unaffected (Fig. S107). © 5 and 9 showed MST-shifts in the preQ,-riboswitch MST assays at high concentrations,
but not for SAM-VI-riboswitch binding. EC;¢-values of 4 and 9 were reduced in presence of total RNA and did not reach saturation. 4 Based on
decreased Cy5-emission. Cy3-emission did not increase for cpd. 10. ¢ Purity of 9, 10 and 12 was below 95% determined by LC-MS and NMR
analytics.

obtained. Derivatives 8a-8c showed binding to the HCV IRES  both in the total RNA competition assay and preQ, binding
subdomain Ila in the MST assay, induction of the assay (Fig. S6-S10f). From these molecules, 8b showed the
conformational change in the FRET assay, and selectivity = highest potency with ECs, = 61 uM and K, = 88 uM. A small,
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Fig. 3 Docking-predicted binding modes of 8 (A), 9 (B), 10 (C) and 11 (D), 12 (E) and 13 (F). Ligands are depicted with green carbon atoms, HCV
IRES with white carbon atoms (PDB-ID: 3TZR). The crystallographic reference ligand (5) is shown with transparent, magenta-colored carbon atoms

for orientation. Polar interactions are depicted as yellow dashed lines.

fragment-like size (18 heavy atoms, ligand efficiency LE 0.31
keal mol™), moderate lipophilicity (logP 1.1,°° lipophilic
ligand efficiency LLE 2.9)°° and reduced basicity (one basic
center compared to three in compound 5 and
2-aminobenzimidazole derivatives) makes this molecule a
potential ~ starting point for further optimization.
Guanidinium-containing molecules like in several amiloride
derivatives, were repeatedly reported as RNA-ligands.’” %
Adding amiloride (26) to the testing panel showed some weak
activity with EC5, > 500 uM and K, = 100 pM (Fig. S6L and
S8Lt) as well as selectivity over the preQ,-riboswitch (Fig.
$907). Camostat (27, Fig. S11A¥), a benzylguanidine, revealed

RSC Med. Chem.

no binding to subdomain Ila (Fig. S4Y and S5Yf). This
indicates that, despite their reoccurrence as RNA-ligands,
guanidine moieties attached to aromatic systems might be
considered as privileged scaffolds rather than promiscuous
RNA-binders. Except compounds 8, 8a-8¢, hits from the
virtual screening show only low affinity in the FRET and MST
assays. While still being selective over unrelated RNAs (Fig.
S9 and S107), only limited insights in interaction patterns
with the HCV IRES subdomain Ila are possible from these
compounds 9-13. Compound 9 with EC5, = 217 puM, but no
significant MST shift, contains a Watson-Crick-like edge as
found in G within its 2-amino-1H-pyrimidin-6-one
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substructure. Based on the predicted binding mode (Fig. 3B),
this moiety mimics interactions as found for G-G:C
interactions (Fig. S1Ct). Further molecules containing this
substructure (14, 15, Table S3t) showed no binding. As the
essential structural difference between 9 and 14/15, the basic
moiety of 9 in the tertiary aliphatic amine of the piperazine
ring interacting with A53 is assumed. 14 and 15 contain no
basic nitrogen, but an amide. Notably, differently from the
other hits, 9 also binds to the preQ;-riboswitch with a Kp-
value of 7.8 uM (Fig. S9G and Pt). This lack of selectivity can
be explained by the preference of that riboswitch to G-like
compounds.*®* In a recent study,®’ compound 28 (Fig.
S11Bf) with high similarity to 9 was identified as a preQ;-
riboswitch ligand. Cross-testing of 28 against the HCV IRES
subdomain IIa, however, showed no binding (Fig. S5Zf).
Additional selectivity tests of 9 and 28 against the unrelated
SAM-VI-riboswitch also showed no binding (Fig. S9S and Tf).
Thus, 9 seems to be not generally promiscuous, but
eventually preferred in RNA recognizing G-like Watson-Crick
edges. This is also reflected in the FRET competition assay in
presence of total RNA, where the ECsq-value of 9 is reduced,
but the reached plateau for Cy5-fluorescence shows higher
values, indicative for off-target RNA-binding. Compounds 10
and 11 share an indole core with two substituents at the 3-
and 5-position connecting to one (10) or two (11) basic
centres resulting in ECsy-values of > 500 pM, respectively.
Molecular docking poses show different indole orientations
(Fig. 3C and D) and cannot satisfy all pharmacophore
features. Predicted binding modes still resemble an overall
similar shape to 2-aminobenzimidazole 5. While 10's and
11's basic centers are close to the phosphate backbone of
A109, the docking pose of 11 additionally shows an ionic
interaction with the backbone of G52. Only 11, but not 10
also showed binding in the MST-assay with a Kj-value of >
100 uM. Compound 12 with an EC;, = 300 uM and Ky-value
> 50 uM, contains a slightly basic 4-substitued pyrrolo[2,3-b]
pyridine-6-imine  moiety well meeting the desired
pharmacophore features (Fig. 3E). 3,4-Dihydrobenzo[4,5]
imidazo[1,2-a][1,3,5]triazin-2-amines (13, 16-22, Table S3f),
as well as benzamidines (23 and 24) are structurally related
and reoccurring scaffolds among the best scoring molecules
from the virtual screening. However, these showed no to very
weak HCV IRES subdomain IIa binding. Only compound 13
from the 3,4-dihydrobenzo[4,5]imidazo[1,2-a|[1,3,5]triazin-2-
amine series (Fig. 3F, S6K and S8Ht) showed very weak
binding in both FRET (ECs, = 1 mM) and MST (K, > 100
uM) assays. 18, 21 and 22 showed only slight,
concentration-dependent MST-shifts (Fig. S5P, S and Tf),
but no large changes in FRET-signals (Fig. S4f) were
observed. Overall, limited ligand potency hinders strong
except for compounds 8 and 8a-8c.
Additionally, identified hits do not represent the molecules
with the highest docking scores (Table S37), but those well
representing interactions observed in the HCV IRES Ila -
compound 5 crystal structure (Fig. 2B) which is indicative
for the requirement of some (human introduced) ligand-

conclusions
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bias during hit selection for RNA-targeting molecular
docking screens.

Discussion and conclusions

A virtual screening of several RNA-focused and an unbiased
library of drug-like small molecules against the HCV IRES
subdomain IIa was performed. VS hit triage revealed that a
larger fraction of molecules from the RNA-focused libraries is
passing the respective filter steps compared to the unbiased
library (Fig. S2Bf). However, the overall numbers of
commercially available compounds for focused libraries were
too small for final hit selection. Thus, all molecules selected
for testing originate from the unbiased library. We
hypothesize that focusing of larger VS libraries or even make-
on-demand chemical spaces®*™®® has the potential to result
in higher hit rates and numbers. Eventually, the general
concept of RNA-focusing might be insufficient. A more
refined approach for the specific target or target class of
interest should be used like for proteins rather than thinking
of “RNA-focused”. Instead of “protein-focused” libraries,
kinase-, GPCR- or serine protease-focused libraries are used
there. While this study is only a one-target test case, further
studies are needed to refine our understanding of RNA-
targeting (or riboswitch-, three-way junction-, internal loop-,
triple helix-targeting, ...) chemical space. Likewise, the
knowledge of key-pharmacophore features of previously
reported HCV IRES subdomain Ila ligands (Fig. 2B) was
exploited during pose inspection to select VS hits for testing.
Using two independent assays, an MST-binding assay and a
FRET-based assay to monitor conformational changes of the
target RNA, several VS hits could be confirmed as binders of
the HCV IRES subdomain IIa with low to moderate potency
(Table 1, Fig. 3). From six FRET- and seven MST-hits, four
compounds (8, 11-13) were identified in both assays. For the
2-guanidino-quinazoline compound 8, further derivatives
(8a-8¢) were obtained for testing, representing the strongest
binders in this study. The most potent ligand, compound 8b
(ECso = 61 pM, Kp = 88 pM), shows structural similarities
with the previously reported ligands 2 and 7 (Fig. 1),
reminiscent of the interaction profile of arginine with G
Hoogsteen edges (Fig. 3A and S1Bt). Testing of amiloride (26)
due to structural analogy, a privileged RNA-binding
scaffold,””®* showed some weak binding as well. From the
less potent single-assay hits, on the one hand, 9 and 10
showed signals in the FRET assay, but not in MST. Notably,
MST-shifts are highly ligand-dependent and even though
being a very sensitive®® method, MST can therefore miss hits
(false negatives). Hence, 9 might still be considered a weak
IRES binder that induces a conformational change, especially
when considering the prevalence of G-like moieties for G
Hoogsteen edge binding in G-G:C motifs (Fig. S1C).>° This
is also reflected in the observed preQ;-riboswitch binding
and altered FRET-behaviour in presence of competing RNA
(Fig. S10GT). Compound 10 only showed a decrease in the
Cy5-signal, but no increase of Cy3-emission (Fig. S7H) which
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might be an indicator for unspecific binding behavior. On
the other hand, compounds 18, 21 and 22 induced a slight
MST-shift, but no changes in the FRET-assay, hinting for no
to very weak or even unspecific binding that does not
effectively induce conformational changes of the IRES
subdomain 1Ila. A selectivity counter-screen with the
structurally unrelated preQ,-riboswitch and a competition
assay in presence of a five-fold (m/m) excess of total RNA,
showed selectivity of all VS hits except 9. However, G-
derivatives®"®* are known binders of the preQ;-riboswitch
recognizing the 1H-pyrimidin-6-one moiety of compound 9.
This site might be recognized by other RNAs present in the
used total RNA as well. Additional testing with the SAM-VI-
riboswitch showed no general RNA-promiscuity of compound
9. Finally, from the virtual screening, most hits showed only
very low potency (9-13). Only compound 8 and derivatives
8a-8c reached saturation in dose-response curves for both
FRET and MST assays while being selective in the
competition assay and the preQ,-riboswitch counter screen.
Therefore, only these compounds can unambiguously be
described as specific HCV IRES subdomain IIa ligands.
Identified 2-guanidino-quinazoline hits like compound 8b
(LE: 0.3 kecal mol™, LLE: 2.9) from this study can be
considered as a potential starting point for derivatization
and optimization. None of the hit compounds reaches the
potency of previously reported 2-aminobenzimidazole
ligands.'>'721:2253:7072 However, the reduced basicity of hit
compounds compared to three basic nitrogen atoms in
compound 5, might result in beneficial physico-chemical
properties. Additionally, this study can be considered as a
proof-of-concept for the so far very rare field of structure-
based virtual screenings against RNA-targets. Using protein-
based tools and additional care during hit selection by
pharmacophore elucidation, small molecular weight binders
of the HCV IRES subdomain Ila were identified.
Consequently, findings from this study can help to improve
the field of RNA-targeting molecular docking screens
hinting towards the implementation of bias from known
ligands.

Material and methods
Virtual screening

For molecular docking, the HCV IRES subdomain Ila in
complex with the 2-aminobenzimidazole ligand 5 was derived
from the protein data bank (PDB,”> PDB-ID: 3TZR>!).
FRED’*7® (FRED 4.0.0.0 OpenEye Scientific Software, Santa
Fe, NM. http://www.eyesopen.com), LeadIT (LeadIT-2.3.2,
BioSolvelT GmbH, St. Augustin, Germany, 2017, https://www.
biosolveit.de/) and FlexX’”® (FlexX Version 4.5.1, BioSolveIT
GmbH, St. Augustin, Germany, 2020, https://www.biosolveit.
de/FlexX) were demonstrated to be suitable for RNA-ligand
docking without further modifications and treating the target
RNA as rigid previously.** Docking setups were validated by
re-docking and binder-decoy discrimination using 40
reported binders and 15 non-binders'”™” as well as 1200
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decoys generated using the database of useful decoys
enhanced (DUD-E).”” For LeadIT and FlexX docking,
molecules were protonated with MOE (Molecular Operating
Environment (MOE); 2020.09; Chemical Computing Group
ULC: 1010 Sherbrooke St. West, Suite #910, Montreal, QC,
Canada, H3A 2R7, 2020. https://www.chemcomp.com/index.
htm) and energetically minimized using OMEGA”® (OMEGA
4.1.0.0: OpenEye Scientific Software, Santa Fe, NM, USA.
http://www.eyesopen.com, 2019). For FRED docking,
conformers were generated with OMEGA using the “pose”
keyword. For FRED and FlexX docking, water molecules and
magnesium ions were removed from the binding site. Two
magnesium ions (MG68 and MG70) close to the reference
ligand were only indirectly considered by this removal to
avoid overestimation of ion-complexing ligand moieties.
However, ligands expanding deeply into the MG68 sub-
pocket were also removed from hit-selection as binding
strength/impact of displacement of Mg”>* to RNA is difficult
to estimate. For LeadIT docking, water molecules that form
at least three interactions with the ligand or target, namely
water molecules HOH-6, HOH-71 and HOH-92 from PDB-ID
3TZR (Fig. 2B), were kept, but allowed to be displaceable or
re-oriented during docking to allow poses with both direct or
indirect, water-mediated interactions. Re-docking root-mean-
square-deviation (RMSD) values of 1.22 A, 1.23 A and 2.08 A
(Fig. S3A-Ct), receiver operating characteristics (ROC) area
under the curve (AUC) of 0.88, 0.97 and 0.70 (Fig. S3D-Ft)
and adjusted ROC-log AUC ;_1000, ° > of 0.44, 0.35 and 0.09
(Fig. S3G-If) for FRED, LeadIT and FlexX, respectively were
obtained. Due to the weak performance of FlexX, likely
caused by automatic deprotonation of
2-aminobenzimidazole-moieties during docking (Fig. S3C, F
and If), the prospective virtual screening was continued with
FRED as a first step, followed by LeadIT, where pre-defined
protonation states from MOE were used instead of using the
Protoss®® routines of LeadIT/FlexX. RNA-focused libraries
were obtained from the respective supplier homepages of
Asinex (combined focused libraries: “RNA-targeting”,
“dinucleoside mimetics”, “fragments for RNA”, “macrocycles
for RNA”, https://www.asinex.com/screening-libraries,
accessed:  2021/08/13), Enamine (https://enamine.net/
compound-libraries/targeted-libraries, accessed: 2021/08/13),
Life Chemicals (https://lifechemicals.com/screening-libraries/
pre-plated-focused-libraries, accessed: 2021/08/13), Otava
(https://www.otavachemicals.com/products/targeted-libraries-
and-focused-libraries/other-focused-libraries, accessed: 2021/
08/13) and Reaxense (https://www.reaxense.com/products/
focused-libraries/rna-targeted-focused-library, accessed: 2021/
08/13). Molecules were “washed” to remove ijons and
protonated ~ with ~ MOE.  PAINs**? and
physicochemical property filters (Table S2f) were applied
using FILTER (OMEGA 4.1.0.0: OpenEye Scientific Software,
Santa Fe, NM, USA. http://www.eyesopen.com, 2019).
Molecules were docked with FRED as described for the model
validation. Molecules with a ChemGauss score of <-13.0 kcal
mol™" or matching at least two pharmacophore features were

removal
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processed and subsequently docked with LeadIT prior visual
pose inspection®® and selection for testing.

Chemical analytics

Reference compound 4 was purchased from Chembridge/
Hit2Lead. Compound 5 was synthesized according to
published procedures’®”® (see extended Material and
methods section of the ESIf). Virtual screening hits were
purchased from Chembridge/Hit2Lead (9-12, 14-16, 25),
Enamine Ltd. (17, 18, 20-23) and Vitas-M (8, 13, 19). All
purchased compounds were provided with confirmed identity
and purity by LC-MS or 'H-NMR analytics. Identity and purity
of all compounds were re-determined in-house by HPLC-ESI/
MS (Table S37) using a 1100 series HPLC system from Agilent
with a Poroshell 120 EC-C18 150 x 2.10 mm, 4 um column if
not stated differently and 'H- and ?C-NMR analytics (ESL; 4.
Analytical data of virtual screening hits) on a Bruker Avance
Neo 400 MHz NMR spectrometer. The LC-MS measurements
were conducted with a gradient of acetonitrile and water
(+0.1% formic acid) ranging from 10% to 90% acetonitrile
over 10 min with a flow rate of 0.7 mL min~". Signals were
detected at 254 nm with quantification by area under curve
(AUC). The molecular mass was detected using an Agilent
1100 series mass-selective detector trap with positive mode
electron spray ionization. The LC-MS chromatograms and
their corresponding mass spectra were analyzed using
MestReNova (version 12.0.4, Mestrelab Research S.L.
Feliciano Barrera 9B, Bajo, 15706 Santiago de Compostela,
Spain. http://www.mestrelab.com). To exclude interference
with the Cy3- and Cy5-labels, excitation and emission spectra
of all compounds were recorded. None of the molecules
showed excitation or emission in the range of Cy3 (excitation:
480 nm, emission: 535 nm) and Cy5 (excitation: 633 nm,
emission: 670 nm).

FRET assay

For the FRET assay, a two stranded HCV IRES subdomain Ila
carrying a 5-Cy3-label on one and 5-Cy5-label on the other
strand (Cy3-UCGGAGGAACUACUGUCUUCACGCC, Cy5-UGCG
UGUCGUGCAGCCUCCGG, Biomers.net GmbH) was used as
described previously.”>** All samples containing labelled
RNA were treated under light protection. FRET experiments
were performed on a Tecan Spark 10 M plate reader
(excitation/emission: 480/670 nm) using black half area 96
well microplates (Greiner Bio-One), based on a protocol by
Zhou et al.*® The 5'-Cy3- and 5'-Cy5-labelled single strands
were annealed by heating to 75 °C in FRET buffer (10 mM
HEPES pH 7.0, 2 mM MgCl,) and cooled down to room
temperature for at least 20 min. The 5-Cy3/Cy5-labelled RNA
was diluted to 100 nM in FRET buffer and supplemented
with compounds 8-28 in appropriate concentrations.
Compounds 4 and 5 were used as positive controls. For the
initial screening, compounds were added in final
concentrations of 1000, 100, 10 and 0.001 uM (Fig. S4t). If a
concentration dependent reduction of the FRET signal (Cy5-
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emission) was observed, ECs,-values were determined using
ligand concentrations from 1 mM to 100 nM in 3.16-fold
(semi-logarithmic) dilution series. For those compounds, the
Cy3 emission was measured at 535 nm to confirm a
conformational change dependent reduction in the Cy5
emission signal via Cy3 emission increase (Fig. S7). For each
experiment, one DMSO negative control was carried out. The
final DMSO concentration was always 2%. Excitation and
emission spectra were recorded for the Cy3/Cy5-labelled RNA
(100 nM) in FRET buffer to confirm excitation (Cy3) and
emission (Cy5) wavelength as well as for each compound (1
uM) in FRET buffer to exclude any interference with the
cyanine dyes. All measurements were performed at least as
triplicates for screening and ECs,-determination.

For the HCV IRES-binding compounds (4, 5, 8-13, 8a-8c),
a selectivity FRET assay in presence of total RNA from yeast
(Roche) was performed. The ratio of the FRET HCV IRES
subdomain Ila construct and the total RNA was set to 1:5 m/
m. The preparation of the labelled RNA and the compounds
was the same as in the binding assay. The yeast RNA was
diluted to 7.88 mg L™ and supplemented with 100 nM HCV
IRES and appropriate concentrations of the compounds
(3.16-fold dilution series) in FRET buffer (Fig. S10t). For each
compound, triplicate measurements were performed. For
each experiment, one DMSO negative control was carried out.
The final DMSO concentration was always 2%.

FRET experiments were analyzed using GraphPad Prism
(version 8.0.1., GraphPad Software, Boston, Massachusetts
USA, https://www.graphpad.com).

MST assay

For the MST assay, the same sequence of the two stranded
HCV IRES subdomain Ila as for the FRET assay was used.
One strand was 5'-Cy5-labelled and the other strand was
unmodified (UCGGAGGAACUACUGUCUUCACGCC,  Cy5-
UGCGUGUCGUGCAGCCUCCGG, Biomers.net GmbH). All
samples containing labelled RNA were treated under light
protection. MST experiments were performed on a Monolith
NT.115 from NanoTemper Technologies using standard
uncoated capillaries. The strands were annealed by heating
to 75 °C in MST buffer (10 mM HEPES pH 7.0, 2 mM MgCl,)
and cooled down to room temperature for at least 20 min.
The 5-Cy5-labelled HCV IRES domain Ila RNA was diluted to
30 nM in MST buffer and supplemented with compounds
8-25 in appropriate concentrations. Compounds 4 and 5 were
used as positive controls. For the initial screening,
compounds were added to final concentrations of 1000 (or
316 if limited by solubility), 100, 10 and 0.001 puM (Fig. S57).
If a concentration-dependent shift of thermophoresis was
observed, Kp-values were determined using concentrations
ranging from 1 mM (if permitted by solubility, otherwise
starting from 316 or 100 uM) to 0.01 uM in a 3.16-fold (semi-
logarithmic) dilution series. For each experiment, one DMSO
negative control was carried out. Final DMSO concentration
was always 2%.
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Off-target counter screens by MST were performed as
described previously.*>** Briefly, the 5-Cy5-labelled Tte preQ;-
Riboswitch aptamer domain (Biomers.net GmbH) was heated
to 75 °C for 5 min, cooled down to room temperature for at
least 20 min and then diluted to 20 nM in MST buffer (50 mM
Tris-HCl pH 7.5, 100 mM KCl, 25 mM MgCl,) and
supplemented with compounds 4, 5, 8-13, 18, 21, 22 and 26 to
final concentrations of 1000, 100, 10 and 0.001 uM. PreQ; was
used as a positive control. The 5'-Cy5-labelled B. angulatum
SAM VI-Riboswitch aptamer domain (Eurofins Genomics
GmbH) was heated to 75 °C for 5 min, cooled down to room
temperature for at least 20 min and then diluted to 20 nM in
MST buffer (50 mM Tris-HCl pH 7.5, 100 mM KCl, 25 mM
MgCl,) and supplemented with compounds 5, 9 and 28 to final
concentrations of 1000, 100, 10 and 0.001 uM. SAM was used
as a positive control. For each experiment, one DMSO negative
control was carried out. The final DMSO concentration was
2%. All measurements were performed at least as duplicates
for pre-screening and triplicates for Kp-determination. MST
measurements were analyzed from signals after 18 s laser on-
time using the MO.Affinity Analysis software (version 2.3) and
exported for statistical analysis and plotting in GraphPad Prism
(version 8.0.1., GraphPad Software, Boston, Massachusetts USA,
https://www.graphpad.com).
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1. Figures S1-11
A B C

’ o
S 8”\ T

Figure S 1: Hoogsteen edge interactions of G:C pairs (white carbon atoms) with A) 2-aminobenzimidazole ligands (HCV IRES,
PDB-ID: 3TZR), B) arginine (HIV trans-activation response element - peptidic macrocycle complex, PDB-ID 6D2U) and C) 7-
methylguanosine (HIV reverse-transcription primer tRNA, PDB-ID: 1FIR).

unbiased in-house VS library 3.48 M cpds

TEREPE

(I'M’Q (25—1’0 M (17-”0 (17-0") M

FRED docking, score < -13.0 kcal/mol
b, or22 pharmacpohore features

8628 38 378 33 21 26
(1.4%) (2.7%) (5.6%) (4.1%) (4.8%) (5.6%)

LeadIT docking & hit selection

Figure S 2: A) Venn diagram showing little overlap of RNA-focused libraries from different suppliers (except Otava/Reaxense).
Figure was made with the Bioinformatics & Evolutionary Genomics web tool
(https://bioinformatics.psb.ugent.be/webtools/Venn/). B) Schematic representation of virtual screening triage workflow
covering physicochemical property filtering, a two-step docking process and human pose inspection for hit selection. Values
in parentheses indicate faction of molecules passing the previous step in %.
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o

o5

false positive rate

o °
o001 oo o1 1 o001 oo o1 1 0001 001 o1 1
false positive rate false positive rate false positive rate

Figure S 3: Re-docking poses of FRED (A, RMSD = 1.23 A, ChemGauss-score = -13.59 kcal/mol), LeadIT (B, RMSD = 1.22 A,
FlexX-score = -37.3 kJ/mol) and FlexX (C, RMSD = 2.08 A, FlexX-score = -27.7 kJ/mol). HCV IRES is depicted with white carbon
atoms and transparent cartoon (PDB-ID: 3TZR), docking poses with green carbon atoms and the crystallographic reference
ligand with transparent, magenta-colored carbon atoms. Receiver operating characteristics curves for FRED (D, ROC-
AUC = 0.97), LeadIT (E, ROC-AUC = 0.88) and FlexX (F, ROC-AUC = 0.70). Semilogarithmic ROC curves between 0.1 % and 100 %
for FRED (G, ROC-logAUC = 0.44), LeadIT (H, ROC-logAUC = 0.36) and FlexX (I, ROC-logAUC = 0.09). ROC-logAUC values are
adjusted to obtain values of 0 for random distribution to 0.855 for prefect discrimination. FlexX was not followed up for the
prospective virtual screening.
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Figure S 4: FRET pre-screening results (Cy5 emission at 670 nm) at concentrations of 1000, 100, 10 and 0.001 uM for
compounds 4 (A), 5 (B), 8 (C), 8a—c (D-F), 9 — 28 (G-2).
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Figure S 9: MST-traces from the selectivity counter-screening against the preQi-riboswitch. Compound 4 (A), 5 (B), 8 (C), 8a (D),
8b (E), 8¢ (F), 9(G), 10 (H), 11 (1), 12 (J), 13 (K), 18 (L), 21 (M), 22 (N) and amiloride (26, O). Aggregation was observed for high
concentrations of compounds 8a (D), 8b (E), 8¢ (F), 9 (G), 10 (H), 11 (1), 13 (K) and 26 (O). Weak preQ;-riboswitch binding was
observed for compound 5 (B) and 9 (G). P) Dose-response curve of compound 9 binding to the preQ;-riboswitch (Kp = 7.8 uM).
Q) Dose-response curve of preQs binding to its riboswitch (positive control, Kp = 12 nM). MST-traces of SAM-VI-riboswitch in
presence of compound 5 (R), 9 (S) and 28 (T) show no binding. Aggregation was observed for high concentrations of compound
9 (S). U) Dose-response curve of SAM binding to the SAM-VI-riboswitch (positive control, Kp = 772 nM).
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Figure S 10: FRET dose-response curves from the selectivity screening against HCV IRES in presence of total RNA from yeast
(1:5 HCV-IRES: total RNA ratio, m/m). Compound 4 (A), 5 (B), 8 (C), 8a (D), 8b (E), 8¢ (F), 9 (G), 10 (H), 11 (1), 12 (J), 13 (K) and
amiloride (26, L). For 4 and 9 lower ECsp-values are observed in presence of total RNA compared to HCV IRES alone (Figure S6
Aand G, respectively), but the remaining fluorescence intensity is higher indicating impairment of the conformational change.
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27 28
Figure S 11: Molecular structures of camostat mesylate 27 (A) and the previously reported preQi-riboswitch ligand 28 (B).
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2. Tables S1-3
Table S 1: Physico-chemical parameter comparison between the unbiased in-house VS-library, RNA-focussed libraries from
different suppliers and R-bind 2.0 (small molecules). Except of the total library size, numbers are mean values. RO5: Lipinski
rule-of-five for oral bioavailability, MW: molecular weight (g/mol), HBA: hydrogen bond acceptors, HBD: hydrogen bond
donors, tPSA: topological polar surface area (A2).

parameter library
biased Asinex Ei i LifeChem Otava Rea: R-bind
library size 4,1654169° 5559 15,520 4452 2542 2740 67
ROS violations 0.1 0.3 0.1 0.1 0.1 0.1 0.3
MW 340.4 390.4 344.9 365.7 335.5 338.2 350.1
HBA 5.5 6.8 6.3 6.4 5.2 5.3 5.9
HBD 14 2.0 1.9 1.0 1.8 1.8 3.5
logP 2.1 0.8 1.7 2.7 2.4 2.3 0.2
logD7.4 2.5 1.7 2.0 2.9 2.7 2.7 11
rotatable 5.4 9.1 53 5.1 49 5.0 49
bonds
tPSA 68.5 79.2 77.0 68.1 69.0 69.6 79.0
heavy atoms 239 28.2 24.6 26.1 239 24.0 25.6
acidic centers 0.22 0.03 0.15 0.52 0.16 0.16 0.16
basic centers 0.25 0.64 0.43 0.48 0.32 0.32 1.99
aromatic atoms 11.0 12.0 13.3 124 12.9 13.0 139
aromatic/heavy 0.45 0.42 0.54 0.47 0.55 0.55 0.54
nitrogens 3.0 4.5 4.4 4.0 2.8 2.9 4.3
oxygens 2.5 2.2 1.8 2.4 2.4 2.4 1.6
stereo centers 0.6 0.8 0.6 0.3 0.3 0.3 0.3
formal charge 0.12 0.55 0.26 0.13 0.20 0.20 1.06
number of 30 3.7 34 36 33 33 3.7
rings

For molecular docking, molecules with less than 2 HBD and without aromatic atoms were removed according to the HCV IRES pharmacophore hypothesis
resulting in 3,481,646 molecules.

Table S 2: Applied physico-chemical property filters using FILTER (OMEGA 4.1.0.0: OpenEye Scientific Software, Santa Fe, NM,
USA. http://www.eyesopen.com, 2019). PAINs were removed from all libraries in a separate, preceding step.

AGGREGATORS true "Eliminate known aggregators"
MAX_LIPINSKI_ACCEPTORS 10 "Maximum number of oxygen & nitrogen atoms"
MIN_LIPINSKI_DONORS 2 "Minimum number O & N atoms with hydrogens"
MAX_LIPINSKI_DONORS 5 "Maximum number O & N atoms with hydrogens"
MIN_MOLWT 130 "Minimum molecular weight"

MAX_MOLWT 400 "Maximum molecular weight"

MIN_XLOGP -3.0 "Minimum XLogP"

MAX_XLOGP 3 "Maximum XLogP"

MIN_2D_PSA 50.0 "Minimum 2-Dimensional (SMILES) Polar Surface Area"
MAX_2D_PSA 200.0 "Maximum 2-Dimensional (SMILES) Polar Surface Area"
MIN_ROT_BONDS 0 "Minimum number of rotatable bonds"
MAX_ROT_BONDS 8 "Maximum number of rotatable bonds"
MIN_COUNT_FORMAL_CRG 0 "Minimum number formal charges"
MAX_COUNT_FORMAL_CRG 3 "Maximum number of formal charges"
MIN_SUM_FORMAL_CRG 0 "Minimum sum of formal charges"
MAX_SUM_FORMAL_CRG 3 "Maximum sum of formal charges"
MIN_CHIRAL_CENTERS 0 "Minimum chiral centers"

MAX_CHIRAL_CENTERS 3 "Maximum chiral centers"

ELIMINATE_METALS Sc,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Y,Zr,Nb,Mo,Tc,Ru,Rh,Pd,Ag,Cd
ALLOWED_ELEMENTS H,C,N,O,F,P,S,Cl,Br,!
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Table S 3: Molecular docking results of virtual screening hits selected for testing including identity and purity confirmation by
LC-MS analytics (for details see supporting information 4. Analytical data of virtual screening hits). Molecules are depicted as
their likely protomeric/tautomeric states under physiological conditions. For 15 — 22 different protomers/tautomers are
reasonable. CoA: certificate of analysis.

FRED docking LeadIT docking Analytics
compound SMILES score pha- score pha- m/a::::;c. purity  Supplier
kcal/mol  features  kJ/mol features found [%] CoA
identity:
1
‘ SN ONH, 0(CC)ctce2ne( 2602/ :u’\:i’::/R
o N/)\NJ\N/ NC(=[N+])NC) -14.20 2 -28.73 2 260.0 98.8 stote.
H H nc(C)c2ccl [M + H*] ment:
8 >90 %
o
NH LC-MS
‘ ﬂ atcivizc 701/ -
@ N N, N q_‘o) c_—3) c 1388 2 -31.82 2 370.0 937 3700,
NH el [M +H*) purity:
HO +
C2)c(Cl)ccc10 96.6%)
Cl
9
o
HN 0=C(Nclec2c( LC-MS
0 ~ C(=0)N)c[nH]c 367.2/ (mass:
HZN0 2cc1)CCclnn2 -13.91 1 -39.90 1 367.1 90.5 367.1,
HN NH  ¢(c1)C[N+]CCC [M + H¥) purity:
10 2 95.7%)
HaN identity:
OH 0(CC(0)CIN+] 1H NMR
H
0\)\/ N2 C(C)C)clec2c( 2922/ purity
% ¥ \l/ -15.86 1 -28.57 1 292.1 99.1
CC[N+])c[nH]c (M + H] state-
u 2ccl ment:
1 >85%
HN_ N_ R
|
NS LC-MS
Nclnc2[nH]cc 250.1/ (mass:
c2cl- -15.77 1 -40.28 2 250.0 938  250.1,
c2cc3c([nH]nc (M + H] purity:
) 3)cc2)cl 95.4%)
HN—N
12
N
N- o
|y Oclcc(- lf:f:lt,'\%
c2¢(C3n4c5c( 346.1/ urit
N OH ncANC(N)=N3)  -16.02 1 34.17 2 346.0 99.2 Fs’tate‘_’
QN >\NH ccecS)en[nH]2 [M + H*] K
P ? )ecel ment:
N H >90%
13
NH, | A
HN/RN o A 0=C(NC{cince 330.2/ :-ria“:ss
A AN CelCLCCOC ) g7 1 -33.61 2 3300 989 3302,
° ﬂ 1)CC=IN=C(N) [M + H*] purity:
OH NC(=0)C=1 100%)
14
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N NH
Q)\N/)\NHZ

Fclec(C(=O)N

2CCN(C=3NC(

N)=NC(=0)C=

3)CC2)c(OC)cc
1

Fclcc2c(C3n4

c5¢([n+]caN=

C(N)N3)ccec5)
c[nH]c2ccl

NC1=NC(c2nn
sc2)n2c3c(nc2
N1)ccce3

NC1=Nc2[n+]c
3c(n2C(C2CC2
JN1)ccee3

NC1=Nc2[n+]c
3¢(n2C(C)(C)N
1)ccee3

S(C)clcec(C2n

3c4c([n+]c3N=

C(N)N2)ccccd)
ccl

0O(C)clcc(C2n

3c4c(nc3NC(N

)=N2)ccccd)cc
cl

NC1=NC(c2ccc
cc2)n2c3c(nc2
N1)ccce3

348.1/
-32.14 2 348.0
[M + H*]

-13.05 1

321.1/
-30.37 3 321.0
[M + H*]

-14.37 3

2723
[M+HT/
310.0
[M +K*]

-13.47 3 -31.02 2

228.1/
-29.74 2 228.0
[M +H*]

-12.17 3

216.1/
-29.81 3 216.0
[M + H*]

-13.47 1

310.4/
-11.54 1 n.d. n.d. 310.0
[M + H*]

294.1/
-11.27 1 n.d. n.d. 294.0
[M+H1]

264.1/
-29.04 0 264.0
[M + H*]

-11.26 3
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LC-MS
o NH, O(Cclec(C(=[N 257.1/ (mass:
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3. Extended material and methods: synthesis of compound 5

General experimental 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 or neutral aluminium oxide 60 F254 plates from Merck KGaA. 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 um) or Poroshell 120 EC-C18 (2.10 mm x 150 mm, 4 uM) 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. Signals were detected at 254 nm with quantification by area under curve (AUC) and
masses were determined in positive ionization mode (ESI) unless otherwise stated. Column
chromatography was performed with silica gel 60 (40-63 um) from Machery-Nagel. Flash column
chromatography was performed with the Biotage Isolera™ One system. For reversed-phase flash
chromatography prepacked columns of the type Biotage®Sfar C18 Duo from Biotage® were used. In the
case of normal-phase flash chromatography, columns were self-packed with silica gel 60 (15-40 um)
from Merck KGaA. Preparative HPLC purification was performed with an Agilent 1290 Il Infinity
Preparative LC System using a MZ-Aqua Perfect C18 20 x 250 mm, 7 um preparative LC column and
acetonitrile/water +0.1% formic acid as mobile phase. Melting points (uncorrected) were measured
with an MPM-H3 using semi-open capillaries. Nuclear magnetic resonance (NMR) spectra were
recorded as stated individually on Bruker Fourier 300 MHz or Bruker Avance Ill 600 MHz. The chemical
shift was abbreviated to 6 and has the unit ppm. Tetramethyl silane (TMS) (6 = 0 ppm) was used as the
reference substance. The chemical shifts were referenced to the solvent peaks in 'H: § = 7.26
(Chloroform-d), 2.50 (DMSO-d6) ppm and in **C: § = 77.16 (Chloroform-d), 39.52 (DMSO-d6) 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),
g (quartet), qd (quartet of doublet), h (sextet), hept (septet) and m (multiplet). In the evaluation of the
1H-NMR spectrum, the coupling constant J was given in Hz and denoted together with the number of
signaling hydrogen atoms. The 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
compound through LC-MS.
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Overview

The following synthetic route is based on previous reported procedures®?, which were slightly modified
at some points.

[e] [¢] [¢]
OH O ‘
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Scheme 1: Reagents and conditions: (i) Acrolein, DABCO, dioxane, 95 °C; (ii) silver nitrate, NaOH, EtOH/H,0, 85° C; (iii) Na/Hg,
NaOH/H,0, room temperature (rt); (iv) EDC HCI, HOBt, dimethylamine hydrochloride, N-Methyl morpholine,
dichloromethane, rt; (v) sodium nitrate, trifluoro acetic acid, dichloroacetic acid, 0°C-rt; (vi) N-(3-aminopropyl)-N-
methylcarbamate, 1-methyl-2-pyrrolidinone, 75 °C; (vii) H, Pd/C, EtOH, then cyanogen bromide/EtOH, rt; (viii) LAH, THF, 60 °C.
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5-Chloro-2H-chromene-3-carbaldehyde (5b)

A mixture of 6-chlorosalicylaldehyde (5a) (4.84 g, 30.9 mmol, 1.00 equiv), acrolein (2.89 g, 3.44 mL,
46.4 mmol, 1.50 equiv) and 1,4-diazabicyclo[2.2.2]octane (1.73 g, 15.5 mmol, 0.500 equiv) in dioxane
(16.9 mL) was heated under inert gas atmosphere at 95 °C for 2 hin a sealed flask. The reaction mixture
was cooled to room temperature and diluted with dichloromethane (75.0 ml). The organic phase was
washed with 3M HCI (3 x 30.0 mL). The aqueous layer was extracted with dichloromethane (3 x
30.0 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 (isocratic, cyclohexane (Cy): ethyl acetate (EA); 50:1). Target
compound 5b (3.95 g, 20.3 mmol, 66% yield) was isolated as yellow solid. Tm = 60-62 °C. *H-NMR,
COSY (300 MHz, Chloroform-d, TMS) &1 9.63 (1H, s, 12-H), 7.59 (1H, q, / = 1.3 Hz, 8-H), 7.19 (1H, t, J =
8.1 Hz, 2-H), 6.99 (1H, dd, J = 8.1, 1.0 Hz, 1-H), 6.78 (1H, dt, J = 8.1, 1.0 Hz, 3-H), 4.99 (2H, d, J = 1.3 Hz,
10-H). *C-NMR, HSQC, HMBC (75 MHz, Chloroform-d, TMS) & 189.83 (C-12), 157.21 (C-6), 137.18 (C-
8), 133.95 (C-4), 133.14 (C-2), 132.42 (C-9), 122.74 (C-1), 119.37 (C-5), 115.45 (C-3), 63.13 (C-10). MS
(ESI) found: m/z = 194.9 [M+H?*], calculated: m/z = 195.0 [M+H"].

5-Chloro-2H-chromene-3-carboxylic acid (5c)

A solution of sodium hydroxide (3.25 g, 81.2 mmol, 4.00 equiv) in water (25.7 mL) was added to
absolute ethanol (52.1 mL). A solution of silver nitrate (7.24g, 42.6 mmol, 2.10 equiv) in water
(25.7 mL) was added portionwise. Then 5b (3.95 g, 20.3 mmol, 1.00 equiv) was added and the mixture
was heated at 85°C for 75 min. The supernatant was decanted after cooling down at room temperature
and the solid was washed with a 1:1 ethanol/water solution (4 x 20.0 mL). The washings were
combined with the decanted supernatant and were diluted with an excess of 1M aqueous HCI (150 mL)
resulting in a voluminous light-yellow precipitate. The aqueous suspension was extracted with
methylene chloride (3 x 75.0 mL). Combined organic layers were dried over sodium sulfate, filtered,
and concentrated under reduced pressure. Target compound 5c¢ (4.26 g, 20.2 mmol, 100% yield) was
isolated as light-yellow solid. Trm = 190-192 °C. *H-NMR, COSY (300 MHz, DMSO-ds, TMS) 64 7.53 (1H,
q,J = 1.5 Hz, 8-H), 7.27 (1H, t, J = 8.1 Hz, 2-H), 7.08 (1H, dd, J = 8.1, 1.1 Hz, 1-H), 6.86 (1H, dt, J = 8.1,
1.1 Hz, 3-H), 4.92 (2H, d, J = 1.5 Hz, 10-H). 3C-NMR, HSQC, HMBC (75 MHz, DMSO-ds, TMS) 8¢ 165.09
(C-12), 155.70 (C-6), 132.36 (C-2), 132.08 (C-4), 127.34 (C-8), 125.43 (C-9), 122.39 (C-1), 118.99 (C-5),
115.12 (C-3), 64.09 (C-10). MS (ESI) found: m/z = 210.9 [M+H*], calculated: m/z = 211.0 [M+H"].
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5-Chlorochromane-3-carboxylic acid (5d)

To a solution of 5¢ (4.25 g, 20.2 mmol, 1.00 equiv) in 10% aqueous sodium hydroxide solution (100 mL)
was added portionwise 20% sodium amalgam (8.80 g) over a period of 30 min (caution: gas and heat
evolution). The grey suspension was stirred for 3 h at room temperature. Afterwards, the progress of
the reaction was controlled via TLC. If starting material is left, an appropriate amount of 20% sodium
amalgam was added portionwise (additional total amount of 20% sodium amalgam of 6.20 g was added
in four portions). This process was repeated till reaction's completion, which resulted in a white
suspension. The supernatant was decanted from the liquid mercury, and the mercury was washed with
10% aqueous sodium hydroxide solution (3 x 20.0 mL). The combined supernatants were acidified to a
pH of 2 with concentrated hydrochloric acid, and extracted with dichloromethane (3 x 50.0 mL).
Combined organic layers were dried over sodium sulfate, filtered, and concentrated under reduced
pressure. Target compound 5d (2.80 g, 13.2 mmol, 65% yield) was isolated as colorless solid. T, = 190—
192 °C.*H-NMR, COSY (300 MHz, DMSO-ds, TMS) &y 12.69 (1H, brs, 13-H), 7.11 (1H, t, J = 8.1 Hz, 2-H),
7.00 (1H, dd, J=8.1, 1.3 Hz, 1-H), 6.77 (1H, dd, J = 8.1, 1.3 Hz, 3-H), 4.33 - 4.12 (2H, m, 10-H), 3.07 (1H,
tdd, J=7.1, 6.7, 3.4 Hz, 9-H), 2.91 (2H, d, J = 6.7 Hz, 8-H). **C-NMR, HSQC, HMBC (75 MHz, DMSO-d,
TMS) 8¢ 173.04 (C-12), 155.35 (C-6), 133.68 (C-4), 127.79 (C-2), 120.97 (C-1), 119.78 (C-5), 115.32 (C-
3), 66.07 (C-10), 37.20 (C-9), 24.89 (C-8). MS (ESI) (in negative mode) found: m/z = 210.7 [M-H1],
calculated: m/z =211.0 [M-H7].

5-Chloro-N,N-dimethylchromane-3-carboxamide (5e)

To a solution of 5d (1.40 g, 6.58 mmol, 1.00 equiv), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (1.89 g, 9.88 mmol, 1.50 equiv), dimethylamine hydrochloride (1.34g, 16.5 mmol,
2.50 equiv) and N-hydroxy benzotriazole (1.51 g, 9.88 mmol, 1.50 equiv) in dichloromethane (60.0 mL)
was added 4-methylmorpholine (3.33 g, 3.66 mL, 32.9 mmol, 5.00 equiv) under inert gas atmosphere
and the mixture stirred for 66 h at room temperature. The reaction mixture was diluted with additional
dichloromethane, and an equal volume of saturated aqueous sodium bicarbonate solution was added.
The organic phase was separated and the aqueous phase was washed with dichloromethane (3x
25.0 mL). The combined organic phases were washed with aqueous saturated sodium chloride solution
(1 x30.0 mL), dried over sodium sulfate, filtered, and concentrated under reduced pressure. The crude
product was purified via flash chromatography (gradient 0-25% EA in Cy; product eluates at 15% EA)
and lyophilized afterwards. Target compound 5e (1.36 g, 5.66 mmol, 86% vyield) was isolated as
colorless oil. 'H-NMR, COSY (300 MHz, DMSO-ds, TMS) 8y 7.12 (1H, t, J = 8.0 Hz, 2-H), 7.00 (1H, d, J =
8.0 Hz, 1-H), 6.79 (1H d, J = 8.0 Hz, 3-H), 4.31 (1H, d, J = 10.3 Hz, 10-H), 3.84 (1H, t, J = 10.3 Hz, 10-H),
3.40 — 3.25 (1H, m, 9-H), 3.10 (3H, s, 15/16-H), 2.95 — 2.67 (5H, m, 15/16-H, 8-H). **C-NMR, HSQC,
HMBC (75 MHz, DMSO-ds, TMS) 6¢ 170.83 (C-12), 155.25 (C-6), 133.66 (C-4), 127.70 (C-2), 120.80 (C-
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1), 120.19, (C-5) 115.19 (C-3), 66.45 (C-10), 36.74 (C-15/16), 35.07 (C-15/16), 34.15 (C-9), 26.18 (C-8).
MS (ESI) found: m/z = 240.0 [M+H"], calculated: m/z = 240.1 [M+H"].

5-Chloro-N, N-dimethyl-6-nitrochromane-3-carboxamide (5f)

Pestled sodium nitrate (2.89 g, 34.0 mmol, 3.00 equiv) and 5e (2.72 g, 11.3 mmol, 1.00 equiv) were
mixed in dichloroacetic acid (140 mL) under ice cooling and inert gas atmosphere. Trifluoroacetic acid
(465 mg, 312 pL, 4.08 mmol, 0.360 equiv) was added and the mixture stirred for 28 h covering the ice
bath and allowing it to warm up overnight. The resulting dark crude reaction mixture was then slowly
poured into a rapidly stirred solution of sodium carbonate (10%, 1.20 L) (Caution CO2 evolution). After
rapid stirring for 10 minutes, the aqueous phase was extracted with dichloromethane (3 x 75.0 mL).
Combined organic layers were dried over sodium sulfate, filtered, and concentrated under reduced
pressure. Crude product of 5f (red resin-like oil, 1.57 g) was used without further purification. For
analytics a small portion was purified via column chromatography (isocratic, Cy:EA; 3:2) to separate the
regioisomers. Para-substituted isomer eluates first, then product. Major isomer: 5-chloro-N,N-
dimethyl-6-nitrochromane-3-carboxamide (5f) light yellow solid. Tm=126-128 °C.*H-NMR, COSY (300
MHz, DMSO-ds, TMS) &4 7.87 (1H, d, J = 9.0 Hz, 2-H), 6.98 (1H, d, J = 9.0 Hz, 1-H), 4.47 — 4.34 (1H, m,
10-H), 4.08 — 3.95 (1H, m, 10-H), 3.47 — 3.36 (1H, m, 9-H), 3.11 (3H, s, 15/16-H), 3.04 — 2.77 (5H, m,
15/16/H, 8-H). *C-NMR, HSQC, HMBC (75 MHz, DMSO-ds, TMS) &¢ 170.38 (C-12), 158.18 (C-6), 141.14
(C-3), 126.93 (C-4), 124.59 (C-2), 122.79 (C-5), 115.47 (C-1), 66.94 (C-10), 36.77 (C-15/16), 35.12 (C-
15/16), 33.49 (C-9), 26.58 (C-8). MS (ESI) found: m/z= = 285.0 [M+H"], calculated: m/z = 285.1 [M+H*].
Undesired isomer: 5-chloro-N,N-dimethyl-8-nitrochromane-3-carboxamide: *H-NMR, COSY (300 MHz,
DMSO-ds, TMS) 81 7.79 (1H, d, J = 8.8 Hz), 7.21 (1H, d, J = 8.8 Hz), 4.60 — 4.35 (1H, m), 4.17 — 3.94 (1H,
m), 3.54 — 3.39 (1H, m), 3.11 (3H, s), 3.01 — 2.71 (5H, m). 3C-NMR, HSQC, HMBC (75 MHz, DMSO-ds,
TMS) 6¢170.23, 148.72, 138.42, 137.37, 123.79, 123.49, 120.41, 67.40, 36.76, 35.13, 33.19, 26.54.

Tert-butyl(3-((3-(dimethylcarbamoyl)-6-nitrochroman-5-yl)amino)propyl)(methyl) carbamate (5g)

Crude product of 5f (600 mg, 2.11 mmol, 1.00 equiv) and N-(3-aminopropyl)-N-methylcarbamate
(1.98 g, 10.5 mmol, 5.00 equiv) in 1-methyl-2-pyrrolidinone (2.00 mL) were mixed in a sealed tube
under inert gas atmosphere. The mixture was heated at 75 °C for 24 h. After cooling down, the reaction
mixture was diluted with diethyl ether (100 mL) and washed with water (4 x 100 mL) and 5% aqueous
potassium biphosphate solution (80 mL). The organic phase was dried with sodium sulfate, filtered and
concentrated under reduced pressure. Crude product was purified via column chromatography (first
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isocratic Cy:EA; 1:1, when product starts to eluate percentage of EA can be increased). Target
compound 5g (430 mg, 985 pmol, 47% yield over two steps) was isolated as bright yellow oil. 'H-NMR,
COSY (300 MHz, Chloroform-d) &+ 7.88 (1H, d, J = 9.4 Hz, 2-H), 6.28 (1H, d, J = 9.4 Hz, 1-H), 4.40 — 4.28
(1H, m, 10-H), 4.11 — 3.97 (1H, m, 10-H), 3.45 — 3.27 (1H, m, 24-H), 3.27 — 3.12 (2H, m, 22-H), 3.11 —
3.01 (2H, m, 9-H, 24-H), 3.01 — 2.84 (7H, m, 15-H, 16-H, 8-H), 2.83 — 2.60 (4H, m, 8-H, 26-H), 1.73 (2H,
p, J = 6.9 Hz, 23-H), 1.36 (9H, s, 31-33-H). 3C-NMR, HSQC, HMBC (75 MHz, Chloroform-d) &¢ 171.30 (C-
12), 160.03 (C-6), 155.63 (C-27), 148.70 (C-4), 131.40 (C-3), 126.31 (C-2), 110.94 (C-5), 109.24 (C-1),
79.44 (C-30), 67.28 (C-10), 46.17 (C-22), 45.69 (C-24), 37.24 (C-9), 35.62 (C-15/16), 35.15 (C-15/16),
34.29(C-26), 28.36 (C-23),27.77 (C-31-33). MS (ESI) found: m/z = 437.1 [M+H"], calculated: m/z=437.2
[M+H"].

Tert-butyl (3-(2-amino-8-(dimethylcarbamoyl)-8,9-dihydrochromeno [5,6-d] imidazol-1(7H)-
yl)propyl)(methyl)carbamate (5h)

0
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, |
A 16
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N:<21 25 N;é( 32/ 35
NH, / o
23 28 34

A solution of 5g (130 mg, 298 umol, 1.00 equiv) in absolute ethanol (13.5 mL) was mixed with 10%
palladium on carbon (135 mg, 127 umol, 0.425 equiv) under inert gas atmosphere. After addition, the
atmosphere was replaced by a hydrogen atmosphere (1 atm) and the mixture stirred for 2 h at room
temperature. The mixture was purged with argon upon hydrogen atmosphere removal. Afterwards,
the mixture was quickly filtered through Celite® and washed with 10.0 mL ethanol in 3 portions directly
in the next reaction flask. To this light yellow solution, cyanogen bromide (34.7 mg, 328 umol,
1.10 equiv) in 1.0 mL ethanol was added under inert gas atmosphere. The mixture was purged again
and covered with aluminum foil and stirred for 21 h. The solvent was removed under reduced pressure
and the crude residue was dissolved in a mixture of dichloromethane (20.0 mL) and a saturated sodium
bicarbonate solution (20.0 mL) and purged with argon. The mixture has turned from purple to light
brown. After the mixture was stirred for 20 min, it was transferred to a separation funnel and the
aqueous phase was extracted twice with dichloromethane (2 x 20.0 mL). The combined organic phases
were dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The
crude product was purified via column chromatography with basic aluminum oxide 60 (isocratic, 3%
methanol in diethyl ether, when side-product eluted completely the percentage of methanol was
increased to 10%). The product was further purified via reversed-phase flash (gradient 10-100%
acetonitrile (ACN) in water+0.1% formic acid, product eluates at 40% ACN). Target compound 5h
(43.0 mg, 99.5 pmol, 33% yield) was isolated as light purple solid (caution: air sensitive). T = 130-132
°C. *H-NMR, COSY (300 MHz, DMSO-ds, TMS) 84 6.87 (1H, d, J = 8.4 Hz, 2-H), 6.43 (1H, d, J = 8.4 Hz, 1-
H), 6.15 (2H, br, s, 23-H), 4.23 (1H, dd, J = 10.3, 3.1 Hz, 10-H), 4.10 - 3.97 (2H, br, m, 24-H), 3.78 (1H, t,
J=10.3 Hz, 10-H), 3.33 - 3.02 (8H, m, 8-H, 9-H, 15/16-H, 26-H), 2.88 (3H, s, 15/16-H), 2.76 (3H, s, 28-
H), 1.82 (2H, m, 25-H), 1.48 — 1.15 (9H, br, m, 33-35-H). *C-NMR, HSQC, HMBC (75 MHz, DMSO-ds,
TMS) 8¢ 171.46 (C-12), 154.91 (C-29), 154.45 (C-21), 147.64 (C-6), 136.60 (C-3), 131.50 (C-4), 113.67
(C-2),109.53 (C-1), 104.08 (C-5), 78.49 (C-32), 66.13 (C-10), 45.61 (C-26), 41.12 (C-24), 36.79 (C-15/16),
35.07 (C-15/16), 34.72 (C-9), 33.70 (C-28), 28.88 (C-25), 28.00 (C-33-35), 23.87 (C-8). MS (ESI) found:
m/z = 432.2 [M+H'], calculated: m/z = 432.3 [M+H']. Formation of tert-butyl (3-(8-
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(dimethylcarbamoyl)-2-methyl-8,9-dihydrochromeno(5,6-d]imidazol-1(7H)-
yl)propyl)(methyl)carbamate as side-product was observed: *H-NMR, COSY (300 MHz, DMSO-ds, TMS)
64 7.21(1H,d,/=8.6 Hz), 6.62 (1H, d, J = 8.6 Hz), 4.30 (1H, dd, /= 10.1, 3.1 Hz), 4.24 — 4.06 (2H, br, m),
3.84 (1H,t,J = 10.1 Hz), 3.32 - 3.17 (5H, m), 3.13 (3H, s), 2.88 (3H, s), 2.79 (3H, s), 2.46 (3H, ), 1.98 —
1.77 (2H, br, m), 1.56 — 1.13 (9H, br, m). 3C-NMR, HSQC, HMBC (75 MHz, DMSO-ds, TMS) & 171.29,
154.60, 150.72, 149.71, 136.89, 133.00, 116.92, 111.58, 104.76, 78.62, 66.20, 45.69, 42.41, 36.81,
35.11, 34.45, 33.80, 29.91, 27.98, 23.78, 13.58. MS (ESI) found: m/z = 431.2 [M+H"], calculated: m/z =
431.3 [M+H'].

8-((Dimethylamino)methyl)-1-(3-(dimethylamino)propyl)-1,7,8,9-tetrahydrochromeno([5,6-
dlimidazol-2-amine (5)

28

Lithium aluminum hydride (LAH) (9.48 mg, 250 pumol, 3.76 equiv) was added portionwise to a solution
of 5h (28.7 mg, 66.4 umol, 1.00 equiv) in dry tetrahydrofuran (THF) (3.50 mL) under inert gas
atmosphere. The mixture was heated at 60°C for 2 h in a sealed tube, then the same amount of LAH
(9.48 mg, 250 umol, 3.76 equiv) was added and heated for 5 h. Reaction's progress was monitored by
LC-MS. After cooling down, the excess hydride was quenched with water (80 L) followed by 15%
sodium hydroxide solution (80 pL). Then additional water was added (240 pL) and a brown solid
precipitated. The mixture was filtered over Celite® and the filter pad washed with THF. The filtrate was
dried over sodium sulfate, filtered, and concentrated under reduced pressure. The crude product was
taken in DMSO and purified via reversed phase flash chromatography (isocratic 0% ACN in water+0.1%
formic acid; product eluates with DMSO at 0% ACN). The crude product was further purified via
preparative HPLC (gradient over 10 min 0-5% ACN+0.1% formic acid in water+0.1% formic acid). Target
compound 5 (5.23 mg, 15.8 umol, 24% yield, 99% purity) was isolated as colorless solid which gets
brown upon air contact (keep under inert gas atmosphere). This reaction is recommended to do in the
indicated scale. Tm = 107-109 °C. *H-NMR, COSY (300 MHz, DMSO-ds, TMS) 64 6.88 (1H, d, J = 8.1 Hz,
2-H), 6.45 (1H, d, J = 8.1 Hz, 1-H), 6.21 (br, 5, 23-H), 4.15 (1H, dd, J = 10.6, 2.7 Hz, 10-H), 4.10 — 3.98 (2H,
br, m, 24-H), 3.74 (1H, dd, J = 10.5, 7.6 Hz, 10-H), 3.17 (1H, dd, J = 16.0, 5.5 Hz, 8-H), 2.78 (1H, dd, J =
16.0, 7.6 Hz, 8-H), 2.43 — 2.27 (4H, m, 26-H, 12-H), 2.26 (6H, s, 28-29-H), 2.23 (7H, s, 15-16-H, 9-H), 1.94
—1.74 (2H, br, m, 25-H). 3C-NMR, HSQC, HMBC (75 MHz, DMSO-ds, TMS) 8¢ 154.22 (C-21), 148.36 (C-
6), 134.54 (C-3), 131.22 (C-4), 112.95 (C-2), 109.99 (C-1), 104.53 (C-5), 67.61 (C-10), 60.61 (C-12), 54.76
(C-26), 45.37 (C-15-16), 44.30 (C-28-29), 40.77 (C-24), 29.57 (C-9), 27.61 (C-25), 24.58 (C-8). MS (ESI)
found: m/z = 332.2 [M+H"], calculated: m/z = 332.2 [M+H"].

S25

192



Biophysical Investigation of HCV IRES-Ligand Interactions

Analytics compound 5
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Figure S 7: NMR-spectra of final compound 5: 'H-NMR spectrum measured in DMSO-d6 (top), 13C-NMR spectrum measured
in DMSO-d6 (bottom).
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Figure S 8: LC-ESI-MS (measured with Zorbax column, gradient 10-90% ACN in water + 0.1% formic acid over 10 min) traces
of compound 5, top: mass spectrum, bottom: LC chromatogram.
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4. Analytical data of virtual screening hits

General experimental methods

High-performance liquid chromatography/electron spray ionization mass spectrometry (HPLC/ESI-MS)
was used 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 um) or Poroshell
120 EC-C18 (2.10 mm x 150 mm, 4 uM) 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. Signals were
detected at 254 nm with quantification by area under curve (AUC) and masses were determined in
positive ionization mode (ESI) unless otherwise stated. Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance Neo 400 MHz NMR spectrometer. The chemical shift was
abbreviated to § and has the unit ppm. Tetramethyl silane (TMS) (6 = 0 ppm) was used as the reference
substance. The chemical shifts were referenced to the solvent peaks in *H: § = 3.31 (Methanol-ds), 2.50
(DMSO-d6), 4.79 (Deuterium oxide) ppm and in 3C: § = 49.00 (Methanol-ds), 39.52 (DMSO-d6) ppm
purchased from Deutero GmbH. TMS was used as reference substance for *C spectra measured in
deuterium oxide. In addition, the following abbreviations for the multiplicities of the peaks were
defined: s (singlet), d (doublet), dd (doublet of doublet), t (triplet), dt (doublet of triplet), q (quartet),
qd (quartet of doublet) and m (multiplet). In the evaluation of the 1H-NMR spectrum, the coupling
constant J was given in Hz and denoted together with the number of signalling hydrogen atoms. The
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.

For compounds 8 and 8b, additional purification by preparative HPLC was performed with an Agilent
1290 Il Infinity Preparative LC System using a MZ-Aqua Perfect C18 20 x 250 mm, 7 um preparative LC
column and acetonitrile/water +0.1% formic acid as the mobile phase. The impurity of compound 8b
was isolated and resulted in compound 8c.

Spectra of VS hits

Analytical data of the purchased VS hits and compound 4 including LC-MS analytics (top: mass
spectrum, bottom: LC chromatogram at 254 nm, column used is indicated) and NMR spectroscopy (*H-
NMR and C-NMR, if possible). Due to low amounts of purchased compounds, determination of H-
and *C-NMR spectra was not always feasible. In these cases, 'H-NMR spectra of the vendor are
depicted, if provided. Therefore, *C-NMR spectra are not available for compounds 9, 12, 15, 17, 20, 23
and 24. For compound 9, also no *H-NMR spectrum is available.
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cpd 4, MS spectrum
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LC-ESI-MS (measured with Zorbax column, gradient 10-90% ACN in water + 0.1% formic acid over
10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 219.3

[M + H*], found: m/z =219.0 [M + H*], purity 99.0%.
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13C NMR (101 MHz, DMSO-dg, TMS) 8¢ 155.11, 142.77, 134.24, 120.17, 118.00, 114.71, 107.33,
55.10, 44.80, 39.00, 26.17.
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cpd 8, MS spectrum
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LC-ESI-MS (measured with Zorbax column, gradient 10-90% ACN in water + 0.1% formic acid over
10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 260.2

[M + H*], found: m/z = 260.0 [M + H*], purity 98.8%.
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122.69, 104.85, 64.90, 35.07, 21.02, 13.78.
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LC-ESI-MS (measured with Zorbax column, gradient 10-90% ACN in water + 0.1% formic acid over
10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 246.1

[M + H*], found: m/z = 246.0 [M + H*], purity 100.0%.
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LC-ESI-MS (measured with Zorbax column, gradient 10-90% ACN in water + 0.1% formic acid over
10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 246.1
[M + H*], found: m/z= 246.0 [M + H*], purity 99.4%.
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LC-ESI-MS (measured with Zorbax column, gradient 10-90% ACN in water + 0.1% formic acid over
10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 232.1
[M + H*], found: m/z = 232.0 [M + H*], purity 100.0%.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 370.1

[M + H*], found: m/z = 370.0 [M + H], purity 93.7%.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 367.2
[M + H*], found: m/z = 367.1 [M + H*], purity 90.5%.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 292.2

[M + H*], found: m/z =292.1 [M + H*], purity 99.1%.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated:

m/z = 250.1[M + H*], found: m/z = 250.0[M + H*], purity 93.8%.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 346.1
[M + H*], found: m/z = 346.0[M + H"], purity 99.2%.
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14 NMR (400 MHz, DMSO-ds, TMS) &4 13.61 — 12.91 (1H, m), 10.08 — 9.28 (1H, m), 8.25 — 5.99
(12H, m).
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13C NMR (101 MHz, DMSO-ds, TMS) 8¢ 131.42, 129.43, 120.69, 118.81, 115.85, 114.92, 108.12,
59.24.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 330.2
[M + H*], found: m/z = 330.0 [M + H*], purity 98.9%.
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14 NMR (400 MHz, Deuterium Oxide, TMS) &y 8.54 — 8.36 (1H, m), 7.95 — 7.78 (1H, m), 7.54 — 7.30
(3H, m), 5.75 (1H, s), 4.92 — 4.82 (m, 6H), 4.49 — 4.27 (1H, m), 3.52 — 3.35 (2H, m), 2.41 — 2.22 (1H,

m), 2.22 - 2.03 (3H, m), 1.97 — 1.81 (1H, m).
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13C NMR (101 MHz, Deuterium Oxide, TMS) 8¢ 158.80, 148.34, 138.25, 123.29, 122.37, 101.89,

64.41,59.32, 38.70, 33.92, 32.91, 31.49.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 348.1

[M + H*], found: m/z = 348.0 [M + H*], purity 98.2%.
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'H NMR (400 MHz, DMSO-ds, TMS) 64 9.90 (1H, s), 7.34 - 7.16 (1H, m), 7.17 = 7.02 (2H, m), 6.26 (2H,

s), 4.72 (1H, s), 3.82 —3.72 (3H, m), 3.63 — 3.49 (4H, m), 3.38 — 3.33 (2H, m), 3.22 - 3.08 (2H, m).
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z =321.1
[M + H*], found: m/z =321.0 [M + H*], purity 98.3%.
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'H NMR (400 MHz, Methanol-da, TMS) &, 7.64 (1H, s), 7.43 — 7.25 (2H, m), 7.11 - 6.93 (3H, m), 6.84

(2H, dt, J=20.3, 8.3 Hz), 6.73 (1H, d, J = 8.0 Hz), 4.60 (4H, s).
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13C NMR (101 MHz, Methanol-ds, TMS) &8¢ 160.42, 158.09, 154.77, 142.63, 135.32, 132.51, 127.93,
125.90, 122.86, 121.42, 116.77, 114.94, 113.84, 111.76, 110.14, 104.75, 63.31.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 272.3
[M + H*], found: m/z =310.0 [M + K*],, purity 97.9%.
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File name: T7270993 Operator: Victorova SF: 499.8203 MHz NSC: 0 PW: 4.50 usec, RG: 40 SI: 131072
Date: 07-Feb-2024 Solvent: dmso SW: 10504 Hz TE: 302K AQ: 3.05 sec, RD: 0.00 sec

'H NMR provided by Enamine Ltd.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 228.1
[M + H*], found: m/z = 228.0 [M + H], purity 98.6%.
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4 NMR (400 MHz, DMSO-ds, TMS) & 13.10 (1H, s), 8.98 (1H, s), 7.73 = 7.53 (1H, m), 7.47 - 7.33 (1H,
m), 7.34 - 7.18 (2H, m), 5.56 (1H, d, J = 7.6 Hz), 1.54 — 1.34 (1H, m), 1.02 = 0.83 (1H, m), 0.72 — 0.61
(1H, m), 0.61 - 0.43 (2H, m).
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13C NMR (101 MHz, DMSO-ds, TMS) &8¢ 157.15, 150.62, 129.43, 127.99, 123.81, 123.05, 111.66,
111.11, 67.07, 16.55, 4.10, 0.75.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 216.1

[M + H*], found: m/z = 216.0 [M + H*], purity 100.0%.
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14 NMR (400 MHz, DMSO-ds, TMS) 84 7.54 (1H, s), 7.33 (1H, d, J = 7.8 Hz), 7.22 (1H, d, J = 7.7 Hz),

7.03-6.79 (2H, m), 6.19 (2H, s), 1.75 (6H, s).
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13C NMR (101 MHz, DMSO-ds, TMS) &8¢ 155.15, 153.62, 143.78, 130.67, 120.49, 118.84, 116.11,

109.55, 69.28, 28.47.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 310.4

[M + H*], found: m/z = 310.0 [M + H*], purity 97.8%.
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File name: T5634568 Operator: Victorova SF: 499.8203 MHz NSC: 0 PW: 4.50 usec, RG: 40 SI: 131072
Date: 07-Feb-2024 Solvent: dmso SW: 10504 Hz TE: 302K AQ: 3.05 sec, RD: 0.00 sec

'H NMR provided by Enamine Ltd.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 294.1
[M + H*], found: m/z = 294.0 [M + H*], purity 99.7%.
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'H NMR (400 MHz, Methanol-da, TMS) 6 7.38 —7.29 (2H, m), 7.06 (1H, t, /= 7.7 Hz), 7.01 - 6.94 (3H,

m), 6.91 (1H, t, J = 7.8 Hz), 6.72 (1H, d, J = 8.0 Hz), 6.67 (1H, d, J = 1.9 Hz), 4.58 (4H, s), 3.76 (3H, 5).
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13C NMR (101 MHz, Methanol-ds, TMS) 8¢ 161.86, 157.59, 141.98, 132.11, 131.51, 123.31, 121.87,
119.68, 116.64, 116.28, 113.19, 110.20, 68.30, 55.81.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 264.1

[M + H*], found: m/z = 264.0 [M + H*], purity 97.9%.
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14 NMR (400 MHz, Methanol-ds, TMS) 8y 7.48 — 7.37 (5H, m), 7.34 (1H, d, J = 8.0 Hz), 7.13 — 6.96
(1H, m), 6.94 - 6.78 (1H, m), 6.74 — 6.58 (2H, m), 4.59 (2H, s).
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13C NMR (101 MHz, Methanol-ds, TMS) &¢ 157.51, 154.55, 142.48, 140.63, 132.25, 130.96, 130.31,
127.72,123.12,121.63, 116.86, 110.07, 68.44.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid
over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 257.1
[M + H*], found: m/z = 257.0 [M + H*], purity 99.8%.
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File name: R754724 Operator: Victorova SF: 399.9831 MHz NSC: 0 PW: 7.50 usec, RG: 34 Sk 32768
Date: 26-Oct-2016 Solvent: dmso_d6 SW: 7639 Hz TE: 293K AQ: 1.05 sec, RD: 0.00 sec

'H NMR provided by Enamine Ltd.
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LC-ESI-MS (measured with Poroshell column, gradient 10-90% ACN in water + 0.1% formic acid

over 10 min), top: mass spectrum, bottom: LC chromatogram at 254 nm. Calculated: m/z = 220.2

[M + H*], found: m/z = 220.0 [M + H*], purity 97.6%.
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1H NMR (400 MHz, Deuterium Oxide, TMS) &4 7.86 — 7.75 (2H, m), 7.60 — 7.46 (2H, m), 3.79 — 3.72

(4H, m), 3.70 - 3.63 (2H, m), 2.65 — 2.51 (4H, m).
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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.'® 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.>%'° The
incorporation of positively charged groups has been demonstrated to significantly
enhance the affinity via a fast association with RNA molecules.®3% 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 preQq riboswitch and the Ba SAM-VI
riboswitch. Both riboswitches are capable of discriminating between charged (preQs,
SAM) and uncharged (preQo, 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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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.'® However, oligonucleotide-
based therapeutic agents encounter several challenges, including delivery issues and
the occurrence of adverse effects.*® In contrast, small molecules offer superior
pharmacokinetic properties and the potential for chemical optimization campaigns.'®

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.®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-'® While
several examples of RNA-binding small molecules were reported, optimization often
proofed to be difficult.” 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.”'" 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.”!" However, there
is currently no guideline on how to design selective, drug-like'>'3 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.'3

Different strategies are under elucidation to overcome limited affinity. Ribonucleic
targeting chimeras (RiboTACs)%>'#-"® and proximity-induced nucleic acid degraders
(PINADs)?° 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).5'4-22 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.?®25 Still, statistical
evaluation of RNA-binding small molecules indicated beneficial effects arising from
positively charged groups.?®?” This concept was further explored by Maria Duca and

coworkers using aminoglycoside-conjugates.?®-3"  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 occur?® and play a
leading role in short-range interactions,?>-3* but also in the diffusion towards the
ribosomal A-site.3%3¢ A correlation between higher charge and improved affinity or
activity to its target was shown using computational®337 and experimental®*3¢ methods.
The polycationic character of aminoglycosides enhances binding but reduces their
specificity causing severe side-effects like nephrotoxicity or ototoxicity.3%-#! This is also
reflected in the re-occurrence of aminoglycosides as ligands for multiple unrelated
RNA targets.2%:31:42-46 |n 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.?®6 Exemplarily, neomycin was
linked to an aminophenyl-thiazole-based artificial nucleobase resulting in an improved
oncogenic pre-microRNA (miRNA) binder (Figure 1A).3" This artificial nucleobase was
designed to specifically interact with T-A pairs.*”#8 Aminoglycoside conjugates were
also found to target viral®®434°® and oncogenic?®3':59-52 RNAs and to be sufficiently
selective in cellular assays.??3150:5" The implementation of basic amino acids showed
similar beneficial effects.?®:3° 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).% 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.5® Implementing cationic moieties, like
spermidines,®3%* within RNA-targeting ligands can thus be used to increase affinity

while not necessarily resulting in unselective, promiscuous binders.?
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Figure 1. Molecular structures and binding constants Kp of A, Neomycin-nucleobase conjugate binding to pre-
miRNA-372,%! B, Artificial (art.) nucleobase basic amino acid conjugate binding to HIV-1 TAR RNA;® 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.®® Binding of some polycationic molecules, like the

aminoglycoside neomycin®® or polyamide amino acids®’, 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.>>°" Polyamines were found to modulate
RNA functions via specific interactions and to play a structural role distinct from divalent
cations.®® 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.%® The binding profiles of RNA ligands for on- and off-targets
can help to explain selectivity patterns.®® 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.®"

The influence of cationic moieties within non-aminoglycoside RNA-binding small
molecules on their kinetic profiles was evaluated in a few studies.®?-%* Wedekind and
coworkers compared the natural ligands pre-queuosine-1 (preQi4) and preQo
(Figure 1 A) binding to the thermoanaerobacter tengcongensis (Tte) preQ+ riboswitch
aptamer. PreQ+ bears a methylamine group, which is replaced by a nitrile group in the
case of preQo. Thus, preQ is positively charged under physiological pH in contrast to
preQo which is neutral. The association rate of preQ1 was found to be 12-fold faster
than preQo while dissociation rates were similar. This results in the higher affinity
observed for preQq.62 Micura and coworkers synthesized amino- and azido-
functionalized derivatives of preQ: 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.®® For the
tetrahymena group | 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.®* In a more poetical
way, this effect of electrostatic anchoring can be regarded as a type of “Circe effect”.®®
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

246



Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule
Binding Affinity, Kinetics, Thermodynamics and Selectivity

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 preQ+ 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
N N Guanine Guanine
o I * NH3 HO HO
o) o
HN N\ H)N\ N
NS +

HZN)\\N N HN N7 N OH OH NHs
PreQ® PreQ;® Guanosine (G)** G (2'H, 3'NHs")*
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kon= (0.65 % 0.13) “10°M's™  kon= (7.77 £ 3.45) -10°M's"  kon= 4.0-10° M-'min"" kon> 2.1-107 M-'min-"
ko= (2.22 £ 0.14) -10*s" ko= (1.53 £ 0.47) -10*s" kot = 44 min” ko> 2 min”!

Figure 2. Molecular structures, binding constants Kp and kinetic parameters kon/koit of A, PreQ¢ compared to preQo
binding to the Tte preQ; riboswitch®? and B, Guanosine and its amine derivative binding to tetrahymena group |

ribozyme.54
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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 preQ: and SAM
riboswitches, which strongly discriminate between preQ1 and preQqo (Figure 2A),2 and
S-adenosyl methionine (SAM) and S-adenosyl homocysteine (SAH), respectively
(Figure 3A)%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.
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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.¢6° SAM is a ubiquitous
methylation cofactor, and these riboswitches are found in the majority of known
bacterial species.”®”" 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.®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.®¢: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 G33.56 Notably, the positively charged sulfonium moiety does not directly interact
with binding site residues (Figure 4A).%6 The closest potential interacting atoms are
oxygens (O4) of U6 and U8 which might occasionally interact by charge-assisted
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chalcogen bonds as described for SAM-I riboswitches.” 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 preQs riboswitch aptamer. Additional to its
discrimination of the natural ligands preQ: (one positive net charge) and preQo
(neutral),®? Connelly et al. reported the selective binding of dibenzofuran- and
carbazole-based ligands with sub-micromolar potency (compound 3, Figure 3B).%8
PreQ+ and preQo were used for assay establishment. The high affinity and association-
rate of preQ1 (Kp = 2.1 nM, kon = 7.8:10* 1/Ms)®? limits further elucidation of additional
charges as higher affinities and association rates are at the resolution limit of the
assays used.’®’” Therefore, polycationic derivatives of the lower-affinity, synthetic
ligands were obtained and tested (3-8, Figure 3B). The Tte preQ; riboswitch binding
pocket consists of the base quartets A28—C16—G5-A27 forming the “floor” and A14—
G11-C30-C7 forming the “ceiling”. PreQ; stacks in between these residues and
interacts via additional hydrogen bonds to U6, C15 and A29 (Figure 4B). PreQ, differs
from preQ, 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.?¢® The
dibenzofuran ligand 3 is positioned similar to preQ; 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.%8 Differently from the native ligand’s
binding mode, C15 is rotated to form a face-to-edge Ttr-stacking interaction with
compound 3 instead of the Watson-Crick-like pair found in the preQ4-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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Figure 4. A, Ba SAM-VI riboswitch in complex with SAM (PDB-ID: 6LAS). Distances between sulfonium ion and
oxygen atoms (04) of U6 and U8, respectively, are depicted as magenta dashed lines with distances in A.316 B,
Tte preQq riboswitch in complex with preQs (PDB-ID: 3Q50).317 C, PreQ 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.”®-0 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 33%¢ in
Kp-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.”? 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 Kp-value of 55.5 yM was comparable to SAH (34.4 uM)
in MST. For ITC a higher (3.86 uM) and in SPR a slightly higher affinity (12.3 uM) than
SAH (Kb =15uM in ITC and 150 uM 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 (Kp-values
between 0.7 yM in MST and ITC, and 3.7 uM 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 o-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).”® 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
3.9:10% 1/Ms, which was increased up to 1.3-10* 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=3.9-10? 1/Ms in SPR, 3.4:10% 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 kos-values between
0.98:102 1/s and 5.57:102 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 AH
ranging from — 67.4 kJ/mol (SAM) to —108 kd/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 AG compared to SAH due to a higher entropic penalty
(= TAS = +77.2 kd/mol for 1 and +54.5 kJ/mol for 2, respectively) indicative for a strong
enthalpy-entropy compensation event.8'82 Similar enthalpy-entropy compensation
effects were described for other polycationic compounds binding to RNA.578384 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

253



Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule
Binding Affinity, Kinetics, Thermodynamics and Selectivity

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 preQ+ 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 preQ 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).8% 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.
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Figure 5. A, Representative SPR-sensorgram of 2 binding to the SAM-VI riboswitch (Kp =4.17 uM). B,
Representative SPR-sensorgram of 2 showing loose, unspecific preQ riboswitch binding. C, SPR steady-state
response of 2 binding to the SAM-VI riboswitch reaching saturation (Kp = 8.64 uM). D, SPR steady-state response
of 2 binding to the preQ; riboswitch showing no saturation within tested concentrations (Ko = not determinable).
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PreQs riboswitch binding studies. For the Tte preQ: riboswitch aptamer binding of
preQ1, preQo and synthetic ligands 3-8 was investigated by SPR, MST and ITC (Table
2). We observed an enhanced affinity of the positively charged preQ+ over the neutral
preQo with high consistency in all experiments as described in literature.®? PreQ
showed a 3-fold higher affinity compared to preQoin 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 preQ+ to be 2-fold higher in SPR and in kinITC compared to the
uncharged preQo. As described previously, kor-values for preQ+ and preQo were similar
and the higher potency of preQ: 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 preQ+ and preQo agree with literature.®?
The enhanced on-rate while maintaining similar off-rates resulted in the observed
higher binding affinity of preQ1 over preQo which was attributed to the different ligand
charge.

Sensorgrams of preQs 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 preQ+ riboswitch may have at least two binding sites. The
recently published crystal structure of the structurally similar Carnobacterium
antarcticum preQ+ riboswitch showed two bound preQi molecules (Figure S24, PDB
8FB3).8¢ Probably, a similar second binding event is also possible in the Tte preQ:
riboswitch.

The 1:1 binding model underlies the steady-state analysis, thus not representing the
best fitting model for preQ:. 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 preQo 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 —-TAS = +106 kJ/mol for preQ1 and —TAS = +88.5 kJ/mol for
preQo. The substitution of the nitrile group in preQo by the more flexible methylamino
group in preQs 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 preQ: riboswitch with Kp = 0.5 + 0.2 uM.®8 Several dibenzofuran and carbazole
derivatives with one positive charge showed similar affinities.®®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 Kp-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 Kp-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 preQ+ 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.®887 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%* 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 preQ+ riboswitch ligands to the SAM-VI riboswitch
were investigated using SPR and MST (Table 2). In MST, preQ: and preQo were
selective for the Tte preQs riboswitch showing no binding to the Ba SAM-VI riboswitch.
Further, no binding was detected in steady-state evaluation of SPR. The sensorgrams
of preQs 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 (preQ
riboswitch, Figure S1F). The single positive charge of preQ: 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 preQ+ 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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Table 1. SPR, MST, ITC and selectivity over Tte preQ riboswitch results for SAM-VI riboswitch ligands. Kinetic parameters for ITC experiments were determined
using kinlTC.8%-91

Sum of SPR MST ITC Selectivity
Cpd | formal Ko Ko,ss AG AH -TAS
kon [1/Ms] koss [1/s] Ko [UM] | Ko [uM] kon [1/Ms] koss [1/s] SPR MST
charges [uM] [uM] [kd/mol] [kJ/mol] [kJ/mol]
SAM ; 3.72 (2.98+0.69) (9.80 £ 3.06) 4,53 0.699 0.712 -35.1 -67.4 32.1 (2.02+0.51) (1.44+0.33) Y Y
+
+0.41 108 10°° +0.64 +0.185 | +0.022 +0.1 +3.7 +34 -10* 102
150 (3.88+1.18) (5.40£0.67) 121 34.4 15.0 -27.6 -35.5 7.87 (343 +1.44) (4.81+1.30)
SAH +0 v v
+39 102 102 +32 +12.0 +34 +0.5 +1.6 +2.09 108 102
1 ; 12.3 (294 +0.15) (3.61+0.19) 20.7 55.5 3.86 -30.9 -108 77.2 (1.40+0.46) (5.57 +1.60) Y Y
+
+1.3 108 102 +3.3 +13.3 +0.41 +0.3 +13 +13.2 -10* 102
) ) 417 (1.28+0.34) (4.81+0.27) 15.9 8.64 1.73 -33.0 -87.5 54.5 (1.36 £0.10) (2.38 £0.84) e ¥
+
+1.56 -10* 102 +13.8 +3.30 +0.51 +0.8 +1.8 +1.2 -10* 102

aSPR-sensorgrams show fast-on and fast off-rates indicating a loose, unspecific binding event (see Figure 5B, D)
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Table 2. SPR, MST,

using kinlTC.89-91

ITC and selectivity over SAM-VI riboswitch results for Tte preQ1 riboswitch ligands. Kinetic parameters for ITC experiments were determined

Sum of SPR MST ITC Selectivity
Cpd formal Kb Kb,ss Kb Kb AG AH -TAS
kon [1/Ms] kost [1/s] kon [1/Ms] kost [1/s] SPR  MST
charges [nM] [nM] [nM] [nM]  [kd/mol] [kJ/mol] [kJ/mol]
74.0 (5.72+4.49) (3.07£0.48) 687 70.4 85.4 -40.4 -129 88.5 (3.28£0.59) (2.81+0.58)
PreQo +0 v v
+294 108 10 +197 | +6.8 | £3.3 +0.1 +16 +15.9 -10* 10°°
24.1 (1.10£0.11)  (2.60 £ 0.96) 503 12.0 23.1 -43.7 -150 106 (7.34£2.88) (1.62+0.69)
PreQ1 +1 Ve v
+9.9 -10* 10 +184 | £0.8 | £t7.4 +0.9 +7 +7 -10* 10°°
het. Fit 1 (51%)° 14.4 2.77-10* 3.99-10* -
het. Fit 2 (30%)° 950 5.10-10? 4.84-10* -

aSPR-sensorgrams show partially fast-on and fast off-rates indicating a loose, unspecific binding event (Figure S1F)

bIM calculation based on heterogeny ligand fit for a representative SPR sensorgram of preQs. Percentage of binding mode

occurrence (Figure S2).
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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 preQi 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 preQ riboswitch, preQ+ and
preQo as natural binders (Figure 2A), and synthetic dibenzofuran and carbazole
derivatives (Figure 3B) were analyzed. Our results for reported ligands agree with
previous findings®2%6.69, 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 preQo, preQs, 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.558492 As a
consequence, this enthalpy-entropy compensation leads to smaller changes in AG 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 preQ and preQpo for the preQ+ 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
preQ 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 binders® 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 preQ+ 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.?*-2 For
3-8 this effect might be further enhanced by intercalation of the three-ring core scaffold
overshadowing the previously reported specific interactions®®” with the preQ;:
riboswitch. Similarly, increased potency by acridine-conjugation was described
previously for multiple unrelated RNA-targets.®3% 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.??31.5051.53 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 uptake®® 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 | ribozyme with a 1000-fold affinity increase.®* Another example is
the here and previously described discrimination of preQ+ riboswitches between preQ
and preQo.62% 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 riboswitch”®, 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-3723" (Figure 1A), the thiamine pyrophosphate
(TPP) riboswitch®, the hepatitis C virus internal ribosome entry site (HCV IRES)%"%8
and myotonic dystrophy type 2 (DM2)-causing CCUG-repeats.*>

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.62646669 (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.>>892 (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 ym) or Poroshell 120 EC-C18 (2.10 mm x
150 mm, 4 yM) 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 2695 HPLC system and a MZ-Aqua Perfect
C18 (4.6 x 250 mm, 10 ym) 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 ym) from Machery-Nagel. Flash column
chromatography was performed with the Biotage Isolera™ One system. For
reversed-phase flash chromatography prepacked columns of the type Biotage®Sfar
C18 Duo from Biotage® were used. In the case of normal-phase flash
chromatography, columns were self-packed with silica gel 60 (15-40 ym) 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 ym 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
("H) and carbon ('3C) nuclear magnetic resonance (NMR) spectra were recorded on
Bruker Fourier 300 MHz (300 MHz for 'H and 75 MHz for '3C). The chemical shift was
abbreviated to & and has the unit ppm. The chemical shifts were referenced to the
solvent peaks in 'H: & = 7.26 (CDCls), 2.50 (DMSO-ds), 3.31 (CD30D) ppm and in '3C:
0 = 77.16 (Chloroform-d), 39.52 (DMSO-de), 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 "H-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 295% as determined by LC-MS. NMR spectra and LC-MS traces for the

tested compounds were included in the S| (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.3'® The Boc protected compound (1.00 equiv) was dissolved
in 1,4-dioxane, treated with 4 M HCI 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.'%. Same batch was used. 99% puirity.
(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.’®.

Same batch was used. 99% purity.

266



Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule

Binding Affinity, Kinetics, Thermodynamics and Selectivity

Scheme 1. Synthesis of compounds 3-8.
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Reagents and conditions: (i) acetyl chloride, AICls, chloroform, rt, 4 h; (i) 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, Cul, DMF, rt—120 °C; (vi) 47% HBr, acetic acid
glacial, reflux, 6 h; (vii) 1,2-dibromoethane, K>COs, acetonitrile, 80 °C, 22-24 h; (viii) propane-1,3-diamine,
acetonitrile, 80 °C, 3 h; (ix) Boc,O, triethylamine, DCM, 0 °C—rt, 2 h; (x) K2COs3, 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 preQi-related compounds 3-8

1-Dibenzofuran-2-ylethanone (3a). Synthesis was performed according to
Chiranjeevi et al.’®' instructions. A solution of acetyl chloride (1.12g, 1.02 mL,
14.3 mmol, 1.20 equiv) and anhydrous trichloroalumane (1.90g, 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. 'H-NMR
(300 MHz, CDCl3): 6 = 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): 6 = 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.'"®! 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 (3.55g, 2.40mL, 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. 'H-NMR (300 MHz, CDCls): & = 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). 3C-NMR (75 MHz, CDCls): & = 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.'®!
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 HCI 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 HCI 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. 'H-NMR
(300 MHz, CDClz): 6 = 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). 3C-NMR (75 MHz, CDCl3):  =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.'? instructions. Sodium hydride (15.6 mg, 391 ymol, 1.20 equiv) was added to a
solution of 2-dibenzofuranol (3¢) (60.0 mg, 326 umol, 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 pL, 391 ymol, 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 umol, 36% yield) was
isolated as pink solid. Mp: 47-49 °C. 'H-NMR (300 MHz, CDCl3): & = 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). '*C-NMR (75 MHz, CDCl3): 6 = 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.'%3
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(l)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."H-NMR (300 MHz, CDCl3): 6 = 8.07 (dt, J=7.8, 1.0 Hz, 1H), 7.88 (s, 1H),
7.60 (d, J=2.5Hz, 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). *C-NMR (75 MHz, CDCls):
0 =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 al'%.
instructions. A mixture of 3-methoxy-9H-carbazole (4a) (1.30g, 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% vyield) was isolated as pale green solid. Mp: > 255 °C under
decomposition. "TH-NMR (300 MHz, DMSO-ds): & = 10.87 (s, 1H), 8.92 (s, 1H), 7.98
(d, J=7.8Hz, 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-ds): d = 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 Pajaro et al.'® 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 umol,
59% vyield) as colorless solid. Mp: 69-71°C. 'H-NMR (300 MHz, CDCls):
6=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): 8 = 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 ymol, 52%
yield) as colorless solid. Mp: 134-136 °C. '"H-NMR (300 MHz, DMSO-ds): 6 = 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=5.5Hz, 2H), 3.84 (t, J= 5.5 Hz, 2H). 13C-NMR (75 MHz, DMSO- db):
0 =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.’% 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.

N'-(2-(Dibenzo[b,d]furan-2-yloxy)ethyl)propane-1,3-diamine trifluoroacetate salt
(5). 5a (35.0 mg, 120 uymol, 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.
"H- NMR (300 MHz, DMSO-ds): & = 8.10 (d, J = 7.7 Hz, 1H), 7.76 (s, 1H), 7.64
(t,J=79Hz, 2H), 750 (t, J = 7.8 Hz, 1H), 7.38 (t, J = 7.6 Hz, 1H), 7.17
(d, J=8.9Hz, 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). 3C-NMR (75 MHz, DMSO-ds): & = 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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N'-(2-((9H-Carbazol-3-yl)oxy)ethyl)propane-1,3-diamine trifluoroacetate salt (6).
6a (76.0 mg, 262 pmol, 1.00 equiv) yielded the target compound 6 as colorless solid
(855.8 g/mol (~5x TFA), 38.5mg, 0.045 mmol, 17% yield). Mp: >194 °C under
decomposition. ™H-NMR (300 MHz, DMSO-ds): & = 11.20 (s, 1H), 8.08
(d,J=7.7Hz,1H), 7.75 (d, J = 2.4 Hz, 1H), 745 (t, J = 85 Hz, 2H), 7.36
(t, J=7.5Hz, 1H), 7.17 — 7.05 (m, 2H), 4.33 (t, J = 4.9 Hz, 2H), 3.59 — 3.26 (m, 2H),
315 (t, J = 7.6 Hz, 2H), 294 (t, J = 7.5 Hz, 2H), 2.01 (p, J = 7.5 Hz, 2H).
13C- NMR (75 MHz, DMSO-ds): & = 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 HCI (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.'H- NMR (300 MHz, CDClz): & = 4.99 (s, 1H), 3.57 — 3.46 (m, 2H),
3.46 — 3.38 (m, 2H), 1.43 (s, 9H). 3C-NMR (75 MHz, CDCls): & = 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 Pajaro et al.'%® 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). "H-NMR (300 MHz,
CDCl3):6=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). 3C-NMR (75 MHz, CDCl3): & = 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. "H-NMR (300 MHz, DMSO-db):
6=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). 3C-NMR (75 MHz, DMSO-ds): & = 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. '"H-NMR (300 MHz, DMSO-ds): & = 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-ds): & = 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. 'H-NMR (300 MHz, DMSO-ds): & = 11.21 (s, 1H), 8.42
(s,3H),8.09(d, J=7.8Hz,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-ds): & = 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-(dibenzol[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. "H-NMR (300 MHz, CDCls):
0=7.92 - 7.85 (m, 1H), 7.57 — 7.38 (m, 4H), 7.31 (id, 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
(9, 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): 5= 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 ymol, 76%
yield) was isolated as colorless solid. Mp: 149-152 °C."H-NMR (300 MHz, DMSO-db):
6=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). ®C-NMR (75 MHz, DMSO-ds): & = 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. 'H-NMR (300 MHz, DMSO-ds): & = 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
(9, J = 5.7 Hz, 2H), 3.00 (t, J = 7.1 Hz, 2H), 259 (t, J = 7.1 Hz, 2H).
13C- NMR (75 MHz, DMSO-ds): & = 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 umol, 95%
yield) was isolated as colorless solid. Mp: 175-177 °C. "TH-NMR (300 MHz, DMSO-db):
6=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),
749 — 729 (m, 3H), 7.14 — 6.99 (m, 2H), 4.09 (t, J = 5.7 Hz, 2H), 3.51
(q,J=5.7Hz,2H), 3.01 (q, J = 6.3 Hz, 2H), 259 (t, J 7.1 Hz, 2H).
13C- NMR (75 MHz, DMSO-ds): & = 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 pmol, 1.00 equiv) was used. Crude product was
purified via column chromatography (DCM:methanol; 20:1). The target compound 7¢
(428 mg, 885 pmol, 90% vyield) was isolated as colorless solid. Mp: 119-121 °C.
"H- NMR (300 MHz, CDCl3): 6 = 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=5.2Hz, 2H), 3.67 (q, J = 54 Hz, 2H), 3.52 (q, J = 5.9 Hz, 2H), 3.07
(t, J=6.7Hz,2H), 247 (t, J = 6.1 Hz, 2H), 216 (t, J = 7.1 Hz, 2H), 1.74
(t, J = 6.9 Hz, 2H), 1.40 (s, 9H). 3C-NMR (75 MHz, CDCl3): & = 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 pmol, 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 umol,
89% vyield) was isolated as colorless/pale yellow solid. Mp: 160-163 °C.
H- NMR (300 MHz, DMSO-de): & = 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
(g, J=5.7Hz, 2H), 3.34 - 3.21 (m, 2H), 2.89 (q, J=6.6 Hz, 2H), 2.31 (t, J= 7.0 Hz, 2H),
204 (t, J = 75 Hz, 2H), 158 (p, J = 7.3 Hz, 2H), 1.36 (s, 9H).
13C- NMR (75 MHz, DMSO-ds): & = 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. 7¢ (100 mg, 207 pymol, 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 ymol, quantitative) was
isolated as colorless solid. Mp: 206—-209 °C. 'H-NMR (300 MHz, DMSO-ds): & = 8.28
(t, J = 56 Hz, 1H), 819 - 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
(9, 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). 3C-NMR (75 MHz, DMSO-ds): d = 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 umol, 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 umol, quantitative) was isolated as colorless solid. Mp: 240-243 °C.
'H- NMR (300 MHz, DMSO-ds): & = 11.13 (s, 1H), 8.26 (s, 1H), 8.20 — 7.97 (m, 5H),
770 (d, J = 24 Hz, 1H), 749 — 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-ds): & = 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.'%” reaction conditions.
Tetrahydrofuran-BHs 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.
N'-(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.
"H-NMR (300 MHz, CD30D): 5=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). 3C-NMR (75 MHz, CDs0OD): & = 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.
N'-(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. 'TH-NMR (300 MHz, DMSO-ds): 8 = 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-ds): & = 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 preQ riboswitch, Tte preQ
riboswitch) and Integrated DNA Technologies (Coralville, IA, USA) (5’-Cy5-Tte preQ+
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 yM of each forward
and reverse primer, 400 yM dNTP Mix (New England Biolabs GmbH, Frankfurt,
Germany)), 3 mM MgClz, 0.05 U mL™" Taqg DNA Polymerase (New England Biolabs
GmbH, Frankfurt, Germany) and 1x standard Taq reaction buffer (New England
Biolabs GmbH, Frankfurt, Germany) in a final volume of 200 pyL. 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 yL PCR product,
(without further purification), 7.5 mM of each NTP (Jena Bioscience, Jena, Germany),
10 mM DTT, 30 mM MgCly, 5 uL HighYield T7 RNA polymerase mix (Jena Bioscience,
Jena, Germany) and 1x 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 | 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 NacCl,
6 mM MgCl2 for Tte preQ+ riboswitch and 40 mM HEPES pH 7.0, 50 mM KCI, 10 mM
MgCl. 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 preQs riboswitch
experiments, the RNA was diluted to 20 uM in ITC buffer, preQ1 and preQo were diluted
to 200 uM in ITC buffer. For each experiment, 19 ligand injections in a volume of
2.0 uL, with a 0.5 pL s~" rate, 150 s intervals between injections and a reference power
of 41.9 yW were performed. For the Ba SAM-VI riboswitch experiments, the RNA was
diluted to 15 uM (SAM, MS02, MS04 measurements) and 30 uM (SAH measurements)
in ITC buffer. SAM, 1 and 2 were diluted to 150 yM in ITC buffer, SAH was diluted to
300 pM in ITC buffer. For each experiment, 13 ligand injections in a volume of 3.0 pL,
with a 0.5 uL s~ rate, 150 s intervals between injections and a reference power of
41.9 yW 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.”®1%8 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.'°-1"" Briefly, for refolding, the 5’-Cy5-labelled RNA
was heated to 75 °C for 5 min in MST buffer (50 mM Tris-HCI, pH 7.5, 100 mM KCI,
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 uM, 1 uM, 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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AUC, area under curve; ASO, antisense oligonucleotide; Ba, Bifidobacterium
angulatum; Boc, tert-butoxycarbonyl; Boc2O, di-tert-butyl decarbonate; Cy5, Cyanine5;
DCM, methylene chloride; DIPEA, N,N-diisopropylethylamine; DMZ2, myotonic
dystrophy type 2; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; DNA,
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deoxyribonucleic acid; DNAse, deoxyribonuclease; dNTP, deoxynucleotide
triphosphate; ETC, equilibration time curve; ESI, electron spray ionization; HCV IRES,
hepatitis C virus internal ribosome entry site; HEPES, (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid); HPLC, high-performance liquid chromatography; mp,
melting point; IVT, in vitro transcription; ITC, isothermal titration calorimetry; MS, mass
spectrometry; MST, microscale thermophoresis; mRNA, messenger RNA; NMR,
nuclear magnetic resonance; PAGE, polyacrylamide gel electrophoresis; PCR,
polymerase chain reaction; PINAD, proximity-induced nucleic acid degrader; preQs,
pre-queuosine-1; preQo, pre-queuosine-0; PROTAC, proteolysis targeting chimera;
RiboTAC, ribonuclease targeting chimera; RNase, ribonuclease; RU, response units;
SAH, S-adenosyl homocysteine; SAM, S-adenosyl methionine; siRNA, small
interfering RNA; SMA, spinal muscular atrophy; SMN2, survival motor neuron 2; SPR,
surface plasmon resonance; Taq, Thermus aquaticus; TAR, trans-activation response
element; TBTU, benzotriazol-1-yloxy(dimethylamino)methylidene]-dimethylazanium
tetrafluoroborate; TFA, trifluoroacetic acid; THF, tetrahydrofuran; TLC, thin layer
chromatography; Tm, melting temperature; TPP, thiamine pyrophosphate; Tris-HCI,
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 Kp [uM] kon [1/Ms] kot [1/s] Kbp,ss [MM]
3.02 2.51-10° 7.59 107 5.27
3.74 4.76 -10° 1.78 -102 4.83
3.51 2.52 -10° 8.85:10° 5.17
3.63 2.38 -10° 8.64 -10°3 4.60
3.47 2.44 -10° 8.46 107 4.68
SAM 3.78 3.72 -10° 1.40 102 5.15
3.36 2.61-10° 8.78 1107 4.67
3.21 2.60 -10° 8.34 103 4.85
2.39 2.90 -10® 6.93 10 3.40
2.96 3.16 -10° 9.36 -10°? 3.54
2.86 3.14 -10° 8.98 -10°? 3.69
SAM
Average 3.72+0.41 (2.9810.68) -10° (9.80£3.06) -10- 4.5310.64
64.9 6.95 -10? 4.51 102 58.3
172 2.86 10?2 4.92 102 102
164 2.93 102 4.82 102 105
167 2.90 -10? 4.85 102 127
79.0 5.38 107 4.25 102 80.0
128 4.74 102 6.04 1072 89.2
SAH
192 3.29 102 6.31:107? 141
189 3.16 102 5.97 -107? 157
171 3.35 107 5.73 1072 160
168 3.70 -10? 6.21 1072 140
149 3.75 102 5.60 -107? 137
156 3.61-10? 5.61:107? 154
SAH
Average 150£39 (3.88%1.18) -102 (5.40£0.67) -102 121132
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14.2 272 -10° 3.88 :107? 244
14.0 2.73 -10° 3.83:107? 253
14.2 2.77 -10° 3.93 -107? 26.0
11.8 2.95-10° 3.48 1072 17.6
1 11.8 3.00 -10° 3.54 107 18.5
11.6 3.05-10% 3.53:107? 20.0
11.3 3.05-10° 3.44 1072 18.4
11.0 3.12 -10° 3.41-107? 18.2
11.2 3.11+10° 3.47 1072 18.3
1
12.3+1.3 (2.9410.15) -10° (3.61£0.19) -10-2 20.743.3
Average
6.88 7.16 -10° 4.93 102 37.8
5.70 8.64 -10° 4.93 -102 33.8
6.40 8.46 -10° 5.41 1072 347
3.09 1.49 -10* 4.59 102 6.02
2 3.10 1.48 -10* 4.59 -102 6.05
3.28 1.48 -10* 4.85 102 5.99
3.00 1.50 -10* 4.49 102 6.15
2.96 1.55 -10* 4.60 -102 6.16
3.08 1.58 -10* 4.87 -102 6.29
2
4.17%1.56 (1.2810.34) -10* (4.81£0.27) -102 15.9+13.8
Average

Table S2. Binding affinities and kinetic parameters from SPR measurements for preQo and preQs against the Tte
preQq riboswitch, 1:1 binding fit model.

Tte preQq SPR
Compoun
g Ko [nM] kon [1/Ms] ko [1/s] Kp,ss [nM]
64.3 3.18 -10® 2.05 104 633
107 3.13-10% 3.35-10% 769
preQo 107 3.11-103 3.32-10% 761
88.3 3.17 108 2.80 -104 939
95.2 3.81-10° 3.63 -10% 754
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89.8 3.80 -103 3.41-10* 783
53.2 4.26 -10° 2.26 -10* 641
85.5 3.99 -103 3.41 104 829
83.1 4.06 -10° 3.38-104 839
21.7 1.45 -104 3.14 -10* 313
19.4 1.59 -10* 3.08 -104 300
preQo
74.0+29.4 (5.7214.49) -103 (3.07+0.48) -10 687+197
Average
26.6 1.04 -10* 2.77 -104 389
191 1.05 -104 2.00 -10* 410
18.5 1.03 -10* 1.90 -10# 431
26.3 9.60 -10° 2.5210* 474
21.6 1.00 -104 217 -10* 446
23.0 9.65 -10° 2.22 -10* 528
44.0 9.81 -10° 4.32-10* 396
47.4 9.99 -108 4.74 -10* 455
401 1.00 -104 4.03 -10* 482
35.8 1.15 -10* 4.10 -10* 309
32.8 1.20 -104 3.94 -10* 297
34.9 1.17 -104 4.07 -10* 329
preQ
261 1.12 -104 2.91-10* 329
19.5 1.19 -10* 2.32 104 300
191 1.18 -10* 2.27 -10* 327
21.4 1.02 -104 2.18 -10* 736
141 1.19 -104 1.67 -10* 712
141 1.19 -104 1.68 -10 768
235 9.61 -10° 2.25-10% 838
19.2 1.14 -10* 2.19 -10* 777
24.7 1.01 -104 2.49 -10* 914
28.4 1.11-104 3.14 -10* 265
15.7 1.23 -104 1.94 -104 254
15.3 1.20 -104 1.83 -10* 284
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42.5 9.29 -10® 3.94 -104 593

10.6 1.12 -10* 1.19 -10* 579

11.0 1.09 -10* 1.20 -10* 668

19.5 1.05 -10* 2.04 -104 607

14.4 1.32 -10* 1.90 -10* 572

15.3 1.31 -10* 2.00 -104 619

preQq

24.1%¥9.9 (1.10£0.11) -104 (2.60+0.96) -10 5031184
Average
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5 (1), 6 (J), 7 (K) and 8 (L) binding to the Ba SAM-VI riboswitch (left panel) and binding to the Tte preQ1 riboswitch
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Figure S2. Representative SPR sensorgram for preQ; binding to the Tte preQ 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
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Figure S3. MST results for preQ1 (A), preQo (B), 3 (C), 4 (D), 5 (E), 6 (F), 7 (G), and 8 (H) binding to the Tte preQ
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.
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Figure S5. MST selectivity results at concentrations of 1 nM—1 mM for preQ (A), preQo (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 S9. MST selectivity dose-response results for preQ (A), preQo (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
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3. ITC Experiments
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Figure S12. Thermograms (top and isotherms) from ITC experiments for preQ (A-C), preQo (D-F), 3 (G), 4 (H), 5
(1), 6 (J), 7 (K), and 8 (L) binding to the Tte preQ riboswitch. For compounds 3-8, no binding signals during titration

were observed.
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Figure S$13. Thermodynamic signature plots of preQ (A) and preQo (B) binding to the Tte preQ 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.
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Figure S16. Equilibration-time curves (ETC) from kinITC analysis for preQ; (A-B: injections 2—-8, C: injections 2—
9) and preQo (D-E: injections 2-8, F: injections 2—-9) binding to the Tte preQ riboswitch.
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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 Ko [uM] AG [kJ/mol] AH [kJ/mol] —TAS [kJ/mol]

0.688 -35.2 —64.8 29.6
SAM 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 32134
13.7 -27.8 -35.8 7.98
SAH 124 -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
3.90 -30.9 -110 791
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
1.14 -34.0 —89.1 55.2
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] kot [1/s] Chi?
(2.50 £ 0.08) - 10* (1.72 £ 0.06) -1072 3.60
SAM (2.08 £ 0.06) -10* (1.51 £ 0.04) -1072 4.37
(1.49 £ 0.05) - 10* (1.07 £ 0.04) -1072 1.57

SAM Average (2.02 £ 0.51) - 10* (1.44 £0.33) - 102
(4.19£0.04) -10° (5.75 £ 0.06)- 1072 0.19
SAH (1.77 £0.02) -10° (3.33+£0.03) - 102 4.98
(4.32£0.03) -10® (5.36 £ 0.04) - 1072 0.18

SAH Average (3.43 £ 1.44) - 10° (4.81+£1.30) - 102
(1.64 £0.03) - 10* (6.39+£0.12) - 1072 0.46
1 (0.88 £ 0.02) - 10* (3.73+£0.10) - 1072 1.44
(1.04 £0.03) - 10* (3.57 £0.09) - 1072 0.60

1 Average (1.40 + 0.46) - 10* (5.57 £1.60) - 102
(1.25+0.08) - 10* (1.42+£0.09) - 102 0.13
2 (1.42 £ 0.05) - 10* (2.95+0.10) - 102 4.44
(1.41 £0.07)- 10* (2.78 £ 0.13)- 1072 0.74

2 Average (1.36 £ 0.10) - 10* (2.38 £0.84) - 102
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Table S5. Thermodynamic analysis results from ITC measurements for preQs and preQo against the Tte preQ

riboswitch.
Ligand Kp [nM] AG [kJ/mol] AH [kJ/mol] —TAS [kJ/mol]
26.0 —43.3 -157 114
PreQ 28.7 —43.1 -144 101
14.7 —44.8 -148 104
PreQ Average 23174 -43.7%0.9 -150+7 1067
88.5 —40.3 -137 96.2
PreQo 81.9 —40.5 -140 99.1
85.9 —40.4 111 70.2
PreQp Average 854 +3.3 -40.4%0.1 -129 + 16 88.5+15.9

Table S6. Kinetic analysis results from ITC measurements for preQs and preQo against the Tte preQ riboswitch.

Ligand kon [1/Ms] kot [1/s] Chi?
(4.10 £0.37) - 10* (1.07 £ 0.10) - 1073 0.61
PreQ; (8.33£0.71) - 10* (2.39 £0.20) - 1073 1.37
(9.59 £0.75) - 10* (1.41£0.11) - 1073 1.83

PreQ; Average (7.34 £ 2.88) - 10* (1.62+0.69) - 102
(3.41+0.13) - 10* (3.01£0.12) - 1073 1.12
PreQo (2.64+0.08) - 10° (2.16£0.06) - 103 2.52
(3.80£0.30) - 10° (3.26£0.26) - 103 0.71

PreQp Average (3.28 £ 0.59) - 10* (2.81+£0.58) - 102

320




Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule

Binding Affinity, Kinetics, Thermodynamics and Selectivity
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Figure S18. From top: 'H-, "*C-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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cpd 4, MS spectrum

227.01
100.00%
2.0x10%4
8
1.0x10™ 227.97
183.99 18.19%
9.31%
0.0+ !
———T— T T T T T T T T T T T T T T T T T T T T T T T T T
140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740
m/z (Da)
cpd 4, UV chromatogram 254 nm
3.68
1000 100.00%
500
0 v ry

T T T T T T T T T T T T T

T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
Retention time (min)

Figure S19. From top: 'H-, "*C-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.

324



Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule

Binding Affinity, Kinetics, Thermodynamics and Selectivity

NH,
N
o~ N
e
@)
5
cpd 5
( I | “"' I Ve
3 RI2RA 8 e | g
AL N < [os oy i | ofi
[ ! b |
) J)J)] ) J /)
1
1 i | [
H [ | I
[Srpdratdt i T R, T
& HBENS = 238 8
r T T T r —.on e r r T S P r o T T
11.0 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 O
fl (ppm)
cpd 5
T Mo OToO~-M Mo ~
=] N NI IR I ] ) i - 9 A o
gng 8NN SoE g 3 R A &
/70N NN/ 2 TN | V! | |
i | \ | W 1 |‘I | , | i |
L (L | I |
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
fl (ppm)

325



Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule
Binding Affinity, Kinetics, Thermodynamics and Selectivity

cpd 5, MS spectrum
284.96

g 100.00%
1.0x10°4

5.0%107 285.39

22.84%

0.04 *

T T T T T T T T T T T T T T T T T T T T T T
140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740

m/z (Da)
cpd 5, UV chromatogram 254 nm
] 1.96
500 98.70%
4004
300
200
100 2.44
v 043%
0 [

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
Retention time (min)

Figure S20. From top: 'H-, "*C-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.

326



Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule

Binding Affinity, Kinetics, Thermodynamics and Selectivity

NH,

o~ N

N
H 6
cpd 6 o

ﬁ OTunon m “V:lﬂﬁ' —
= onT M o - O o
=] [N NN N <+ ;;mm [
| NS Y 4 \‘\g f
[ | |
| /| | | J I

oi i ol
T

I'_‘ T T T T T T T T T T T T T T T
5 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -0.5

f1 (ppm)
cpd 6
- - N TN 9 ™ o I ®
- (=] un NN O oW ~ < 2 .
1] 5 A AYNNSHESEE S 3 ¥ 8 1]
| [ NN AN | () | |
| l 1 Co oy | , , | |
| L | LU
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

327



Electrostatic Anchoring — Exploring the Impact of Charge to RNA-Small Molecule
Binding Affinity, Kinetics, Thermodynamics and Selectivity

cpd 6, MS spectrum
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Figure S21. From top: 'H-, "*C-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: 'H-, "*C-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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d 8, MS spectrum

178.00
100.00%
4.0x1074
3.0%1074
2.0%107
355.00
7 170.00 21.24%
1.0x1074 13,489
ool 1L
T T T T T T T T T T T T T T T T
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
m/z (Da)
@d 8, UV chromatogram 254 nm
5.28
0.8+ 96.81%
0.6+
0.4
0.2+
6.19 5.23 13.13
0.64% 1.16% 1.39%
0.09 ! T Log S——
T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Retention time (min)
Figure S23. From top: 'H-, "*C-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 preQ Biotin-GGAGAGGUUCUAGCUACACCUCUAUAAAAA
riboswitch ACUAA

5-Cy5-Tte preQ Cy5-GGAGAGGUUCUAGCUACACCUCUAUAAAAAACU
riboswitch AA

5’-biotin-Ba SAM-VI Biotin-GGCAUUGUGCCUCGCAUUGCACUCCGCGGG
riboswitch GCGAUAAGUCCUGAAAAGGGAUGUC

5-Cy5-Ba SAM-VI Cy5-GGCAUUGUGCCUCGCAUUGCACUCCGCGGG
riboswitch GCGAUAAGUCCUGAAAAGGGAUGUC

Table S6. Sequences of the 5’-Cy5- and 5-biotin-labelled riboswitches.

DNA oligo Sequence
Ba SAM-VI riboswitch GACATCCCTTTTCAGGACTTATCGCCCCGCGGAGTG
template 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 preQq type 1 riboswitch in complex with two preQ
molecules (green carbon atoms) (PDB-ID: 8FB3).
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7. SAR Study on the SAM-l 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.'®7.123 The discovery of bacterial
riboswitches two decades ago'#7-1% led to the advent of a novel approach to targeting
relevant pathogens such as those from the ESKAPE group.®'”? Riboswitches have
been the subject of extensive study with the aim of elucidating their regulatory
mechanisms, ligand recognition and distribution among different
species.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. 160.163.208 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
2006'79, after which by various studies were conducted with the objective of in
obtaining a ligand recognition pattern.?'%.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.?'* Consequently, the well-studied Tte SAM-
| riboswitch179:210211.320 represents an ideal model system for the investigation of small
molecule binding to this structure.
The Ba SAM-VI riboswitch was identified in 2018.'%' 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.32-323 |nterestingly, the sequence of the SAM-VI riboswitch family was found
to share a high degree of similarity with that of SAM-III riboswitches.'®" 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.’’7-178
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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U1A binding loop

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
Schrédinger, LLC.
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U88

u7

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 Schrodinger, LLC.

Both the SAM-1 and SAM-VI riboswitches belong to the junctional riboswitch
class.'®%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 -1 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 -1 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).'6%.162.209 |n poth 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.20°

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 chain®?* (synthesized by Dr. Marvin
Schwickert and Sabrina Hoba of the Schirmeister group at the University of Mainz)
were tested.

338



SAR Study on the SAM-I and SAM-VI Riboswitches — Preliminary Data

Table 6: Structures of the compounds tested in this SAR study
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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.

Ko [uM]
Compound
SAM-I Riboswitch SAM-VI Riboswitch
1 (SAM) 0.103 + 0.043 0.699 £ 0.185
2 (SAH) 84.7 £7.33 3441120
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
11 518 £ 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 Ko [pM] AG [kJ/mol] | AH [kdJ/mol] | -TAS [kJ/mol]
1 (SAM) 0.712+0.022 # -351+0.06 | —67.2+3.39 32.1+3.42
2 (SAH) 16.0+5.09 | -27.5+0.757  -355+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 Ko [UM] AG [kJ/mol] | AH [kJ/mol] | -TAS [kJ/mol]
1(SAM) | 0.469 +0.006 | —36.2 + 0.058 | —62.1 + 1.53 259 + 1.53

The affinities of SAM (Kp = 0.699 + 0.185 uM) and SAH (Kp = 34.4 + 12.0 uM) to the
Ba SAM-VI riboswitch measured by MST were in good agreement with the literature. 62
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 (0-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 o-hole and
the electron donor (in this case the lone pair of electrons of O2 in U6) is stronger.?2
The SAM isostere SFG which adopts the same chirality showed a 6-fold decreased
affinity (Ko = 4.22 + 0.585 yM), while the aza-analogue 10 (Kp = 55.5 + 13.3 yM) 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 (Kp = 10.4 + 5.78 uM), 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 yM and 20.8 + 3.69 uM, respectively. The
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adenine rings of both molecules can form hydrogen-bonds with U8, A36, and A38 as
well as -1 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 (1r-11 stacking). The absence
of a positively charged moiety as well as an extended “tail” leads to a significant
decreased affinity with a Kp value of 2 350 uM. 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
(Kp = 93.5 = 11.3 uM), while a primary amino group alone leads to an improved affinity
(Ko =9.75 4.51 uyM). 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 yM. 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 Kp values of 0.712 + 0.022 yM and 16.0 £ 5.09 yM
for SAM and SAH, respectively. With a comparable Gibb’s free energy AG < 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
(— AHsam > — AHsaH) makes it more thermodynamically favored despite the higher
entropy cost (—TASsam > —TASsan). 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
(Kp =3.86 + 0.406 uM) and 12 (Kp = 1.73 £ 0.511 pM) 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 (—TAS = 77.2 + 13.2 kd/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: Kp=0.103+0.043 uM; ITC: Kp=0.469 +0.006 uM) and SAH
(Ko = 84.4 £ 7.33 uM) than the Ba SAM-VI riboswitch.2'%2'" This decrease in affinity
indicates once again the key role of the positive charge for ligand binding. SFG
(K =21.0+4.97 uM) and 10 (Kp=1.92 +0.748 uM) 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.?'® 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 (Kp = 28.6 + 2.31 yM) 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 (Kp=5.18+1.95uM) was found to bind with similar affinity as 10
(Kp =1.92 £ 0.748 uM), 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 (Kb =292 £ 90.9 uM) 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.®?° 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

A46

A46

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
Schrodinger, 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 (1), 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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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

DNA Oligo ID

the purchased DNA/RNA oligos

Sequence

SAM-| riboswitch

template

SAM-| riboswitch
forward primer
SAM-| riboswitch

reverse primer

5-CGGCTCATCTTTCAACGTTTCCGCTGCAGGAATTGG
CACCATTTCTGGTTGCCGGGGTTCTTCGCGCCAGTC
GCTCCCCCTCTCTTGATAAGCCTATAGTGAGTCGTATTA-3'

5'-CGCGCGAAGCTTAATACGACTCACTATA-3

5-CGGCTCATCTTTCAACGTTTCCG-3’

RNA Oligo ID Sequence
5’-Cy5-SAM-VI 5-Cy5-GGCAUUGUGCCUCGCAUUGCACUCCGCGGGGCG
riboswitch AUAAGUCCUGAAAAGGGAUGUC-3
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Table 11: Sequences of the Tte SAM-I and the Ba SAM-VI riboswitch

Riboswitch Sequence

5’-GGCUUAUCAAGAGAGGGGGAGCGACUGGCGCGA
SAM-I riboswitch | AGAACCCCGGCAACCAGAAAUGGUGCCAAUUCCUGC
AGCGGAAACGUUGAAAGAUGAGCCG-3
5-GGCAUUGUGCCUCGCAUUGCACUCCGCGGGGCG
AUAAGUCCUGAAAAGGGAUGUC-3

SAM-VI riboswitch

RNA preparation

PCR. The DNA template for the IVT were amplified using PCR. The PCR reaction
mixture contained 10 nM of template DNA, 2 uM of each forward and reverse primer,
400 uyM dNTP Mix (New England BioLabs (NEB), Ipswich, USA), 3 mM MgCly,
0.05 U mL~" Taq DNA Polymerase (NEB, Ipswich, USA) and 1x standard Taq reaction
buffer (NEB, Ipswich, USA) in a final volume of 200 pyL. 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, 30s), 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 uL PCR product, (without further
purification), 7.5 mM of each NTP (Jena Bioscience, Jena, Germany), 10 mM DTT,
30 mM MgCl,, 5 L HighYield T7 RNA polymerase mix (Jena Bioscience, Jena,
Germany) and 1x 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 | 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-HCI, pH 7.5, 100 mM KCI, 25 mM MgCl>)
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-HCI, pH 7.5, 100 mM KCI, 25 mM
MgCl>), labelled with 1 yM Syto59 or 1 x 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 KCI, 2 mM MgCl>
for Tte SAM-I riboswitch and 40 mM HEPES pH 7.0, 50 mM KCI, 10 mM MgCl. 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 uM in ITC buffer,
and SAM was diluted to 100 uM in ITC buffer. For each experiment, 19 ligand injections
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in a volume of 3.0 pL, with a 0.5 yL s rate, 150 s intervals between injections and a
reference power of 41.9 yW were performed.

For the Ba SAM-VI riboswitch experiments, the RNA was diluted to 15 uM (SAM,
compounds 10 and 12 measurements) and 30 uM (SAH measurements) in ITC buffer.
SAM, 10 and 12 were diluted to 150 uM in ITC buffer, SAH was diluted to 300 uM in
ITC buffer. For each experiment, 13 or 19 ligand injections in a volume of 3.0 yL, with
a 0.5 uL s~ " rate, 150 s intervals between injections and a reference power of 41.9 yW
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.!?51%0 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.’>5! 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.'? 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 riboswitches?-9:14.136,137,152,163,166 gnd viral RNA
elements’® such as the already targeted HCV and enterovirus 71 IRES'7-19:21,40,230,329
and HIV TAR?22330-334  Egpecially 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.'#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.'-25

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.>81%° Assays like FRET, ITC,
MST, and SPR are widely applied in drug discovery, particularly in screening
campaigns, SAR studies, and hit-to-lead optimization.?®

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.6226¢ |TC measures the heat change during molecular interactions and
provides detailed thermodynamic profiles®*2%3 and, in some cases, kinetic
profiles?722°1. This method is often used to refine SAR by elucidating binding enthalpy
and entropy contributions, and to guide lead optimization campaigns.335-33¢ Within
fragment optimization processes, LE, LLE, and FQ besides the affinity play a crucial
role.'03.194 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.®33” 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.”%-339340 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.>*' FRET assays rely on
energy transfer between fluorophores and are invaluable in studying molecular
interactions in a cellular context?’", with the potential for higher throughput in real-time
monitoring.5® However, FRET can be limited by the need for careful fluorophore
labelling, potential photobleaching, and the requirement for proximity of interacting
molecules.??""

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.?136.137.151,183,209 Thege
riboswitches are highly conserved among bacterial species, making them attractive
targets for antibiotic development in the age of multi-drug resistance.”%'* By targeting
these RNA elements, it is possible to inhibit the expression of essential bacterial genes,
offering a novel approach to combat antibiotic resistance.®'* 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.89152

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.’840.232 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.'%® 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 moleculés 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 Schrédinger, LLC.based on PDB: 5FJC342.
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Figure 31: Possiblé fragmentsfor 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 Schrédinger, 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.??® 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.’® Furthermore, Leeson and Springthorpe'® 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 (ECso = 61 yM
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in FRET assay, Kp = 88 uM in MST assay), a LE value of 0.31 kcal/mol and moderate
lipophilicity (logP 1.1343, LLE 2.9)."* 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 process®. 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.

+
| SN NH,
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Figure 32: 2-Guanidino-quinazoline motif of HCV IRES subdomain lla binders 8, 8a—c identified by virtual screening
and validated by FRET and MST assays. Compound 8 (R1: Et, R2: Me), compound 8a (Ri: Et, R2: H), compound
8b (R1: Me, R2: Me), compound 8¢ (R1: Me, Ra: 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.>'%939 However, our research on the preQ: 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 preQ riboswitch and HCV IRES studies prove
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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,
IncRNAS). 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.'>® 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.’
Recently, with the approval of the splicing modulator risdiplam for the treatment of
SMA, a remarkable success of this concept was achieved.?®*3! Regarding severe
human diseases, three relevant classes of RNA are of particular interest: IncRNAs,
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.3** Typically, IncRNAs are involved in multiple
functions such as protein translation34%34¢ and splicing347-34%. Mutations and/or altered
expression of INCRNAs 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)344:3%0.351 and neurodegenerative diseases (e.g., Alzheimer’s, Parkinson’s, and
Huntington’s disease, amyotrophic lateral sclerosis (ALS))%*52:3%3, In cancer, IncRNAs
typically act as oncogenes (upregulated) or tumor suppressors (downregulated) to
enable tumor development and progression.®** One prominent tumor-related IncRNA
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
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IncRNA is upregulated, thereby enabling tumor growth and metastasis, which
ultimately results in a poor prognosis for affected patients.35'3% MALAT1 IncRNA
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.®*' 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 [B-site amyloid precursor protein cleaving enzyme 1-antisense
(BACE1-AS) IncRNA. This conserved antisense IncRNA, 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, -secretase
BACE(1, is involved in the production of amyloid-3 plaques, which are associated with
neurodegeneration, memory loss, and dementia.?>33% The BACE1-AS IncRNA has
been successfully targeted by siRNA, which led to an improvement of the cognitive
function due to reduced formation of amyloid-B plaques in vivo.3% 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.! Currently, there is no FDA-approved drug targeting toxic
STR expansions.3%” 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.3%":3% 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.3%83%° For

instance, in myotonic dystrophy type 1 (DM1), CUG expansions (r(CUG)®*P) are
362



Conclusion and Outlook

present in the 3-UTR of the dystrophia myotonica protein kinase (DMPK) mRNAS®. This
r(CUG)®*® 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.3%8-360 By targeting these toxic CUG repeat expansions with small
molecules, the resulting defects can be improved significantly.6°-362 Rzuczek et al.
investigated the interaction between small molecules and r(CUG)®*?. For this purpose,
they used a combination of computational small molecule design, biochemical assays,
covalent binding techniques for target validation and fluorescence imaging.2®® 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.*%? In a
fragment-based approach, bleomycin was also used as initiator for RNA
degradation.®®" The concept of linking bleomycin as known compound that induces
direct DNA and RNA cleavage?®®', 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. 00360362
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.'® 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.3¢® The development of RiboTACs is still
ongoing against various RNA-related diseases, such as cancer3¢4365 amyotrophic
lateral sclerosis (ALS)%*®, and Parkinson’s disease®’, thereby using a variety of
methods within the SBD approach. Recently, Meyer et al.3%8 reported a DEL screening

363



Conclusion and Outlook

to identify novel and more potent RNase L recruiter for the next generation of
RiboTACs.

O O O ¢
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5 3 . RNase recruiter 5 3 5 3 g 3

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..36¢

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 viruses', are effectively managed.
Notwithstanding these achievements, no RNA-targeted small molecule has been
approved to date, with the exception of risdiplam?°-3'. 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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