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Chapter 3

Introduction

Antibiotic resistance is one of the top threats to human health according to the World
Health Organization, and development of antibiotics with new modes-of-action should
be a priority for future drug development projects. Riboswitches have been widely
regarded as potential antibiotic targets since their discovery at the start of this
millennium™2. Thought to be remnants of a time when RNA regulated everything?,
riboswitches are RNA structures in the 5'-untranslated region (5’-UTR) of bacterial mRNA
that can regulate gene expression independently of proteins, by binding to a ligand that
drives the RNA to undergo a conformational change. This switch in structure directly leads
to a change in gene expression, for example by terminating transcription of the
downstream mRNA or by preventing translation through sequestration of the Shine-
Dalgarno (SD) sequence. Riboswitches regulate many essential cellular processes and
biosynthetic pathways and are present and highly conserved in many different bacteria,
making them interesting potential antibiotic targets*>.

The PreQ riboswitch is a promising and unique target for antibiotic development, as it is
a regulatory RNA structure involved in the biosynthesis pathway of the essential modified
nucleobase Queuosine (Q), which is important for bacterial virulence and viability. In
particular, this riboswitch regulates the synthesis and transport of PreQ,, one of the key
precursors of Q. Q is a hypermodified nucleobase in various tRNAs that is necessary for
correct decoding of mRNA. Absence of Q can lead to dysregulation of cellular functions,
and in the case of bacteria can lead to decreased viability and virulence®®. Upon binding
of PreQi, the riboswitch downregulates the expression of four enzymes (QueCDEF)
involved in the biosynthesis of PreQq and two proteins (QueT and YhhQ) involved in the
transport of PreQ:°'2. Due to its important regulatory role in the biosynthesis of Q, a
process that only occurs in bacteria, the PreQ; riboswitch is considered to be an
interesting target for antibiotic drug development. A potential strategy to interfere with
the biological function of the PreQ; riboswitch is to find an artificial ligand that binds the
riboswitch, represses gene expression and ultimately prevents Q synthesis. For finding
such ligands, it is important to consider the architecture of different PreQ; riboswitches.

The PreQ; riboswitch family consists of three classes (PreQ;-I, Il and Ill), each class with
distinct structures and functions (Figure 3.1). PreQ;-I riboswitches are the smallest and
most abundant class of all PreQ; riboswitches™™. PreQ; binds to the riboswitch by, in

part, forming a cis Watson-Crick-Franklin (WCF) base pair with a conserved cytosine,
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Figure 3.1. 2D structures of representative class |, Il and Ill PreQi riboswitches in their PreQ: (Q1)-bound
state. A-C) Class | PreQ: (PreQi-I) riboswitches. Representative sequences from three types are shown:
PreQi-Ii from Carnobacterium antarticum (A), PreQi-li from Thermoanaerobacter tengcongensis (B) and
PreQs-lii from Escherichia coli (C). D) Class Il PreQ: (PreQi-ll) riboswitch from Lactobacillus rhamnosus. E)
Class Il PreQ1 (PreQi-lll) riboswitch from Faecalibacterium prausnitzii. Full lines denote Watson-Crick-
Franklin (WCF) base-pairs, dashed lines denote non-WCF base-pairs. For simplicity, not all tertiary
interactions are shown. The Shine-Dalgarno sequence is highlighted in yellow.
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which leads to the formation of a hairpin (H)-type pseudoknot. This conformational
switch results in downregulation in the expression of QueCDEF, QueT or YhhQ. For the
PreQs-I riboswitches, three different subgroups with varying aptamer consensus models
are recognized. Class | type | PreQ; riboswitches (abbreviated PreQ-l) (Figure 3.1A)
regulate both QueCDEF expression through transcription termination, and QueT
expression through translation prevention®. Interestingly, PreQs-I; riboswitches bind two
PreQ; ligands in the same pocket, which was first observed with the Carnobacterium
antarticum PreQq-I; riboswitch'®. Class | type Il PreQs riboswitches (PreQi-Iy, Figure 3.1B)
also regulate transcription and translation of QueCDEF and QueT, although they bind
PreQ; in a 1:1 stoichiometry. The PreQi-ly riboswitches from Bacillus subtilis and
Theromanaerobacter tengcongensis were the first PreQ; riboswitches to have their
structure determined through NMR and crystallography'®'8. Class | type Il PreQ;
riboswitches (PreQ-ly, Figure 3.1C) were discovered last, and are known to regulate the
expression of the PreQo/PreQ; dual transporter YhhQ through a translation prevention
mechanism'#'%. A co-crystal structure of the PreQ-ly Escherichia coli riboswitch

confirmed a 1:1 PreQ; binding stoichiometry®.

Class Il PreQ; riboswitches (PreQi-Il, Figure 3.1D) are about twice as large as PreQ;-|
riboswitches and form an HLo.: pseudoknot. They exclusively regulate translation of the
PreQ; transporter QueT by sequestering the entire SD sequence?'. PreQs-Il riboswitches
bind to PreQ: with a conserved cytosine through a trans WCF base-pair in a 1:1
stoichiometry. The most recently discovered class Ill PreQq riboswitches (PreQ;-llI, Figure
3.1E) are the largest and most complex of all PreQ; riboswitch classes. Their structure is
thought to form a double pseudoknot structure: a H-type pseudoknot that is nested
within a HLoy pseudoknot?'. PreQ;-1ll riboswitches are known to be involved in regulation

of QueT, although their mechanism of gene regulation is not fully characterized yet.

The large variation in PreQ; riboswitch architecture makes the design of general PreQ;
riboswitch ligands extremely challenging. Most efforts for finding new PreQ; riboswitch
ligands have been geared towards PreQi-I riboswitches, as they are the most abundant
and well-characterized class. Both modification of PreQq and high-throughput screening
(HTS) campaigns for finding synthetic ligands have been reported. In the first paper to
report a PreQ; riboswitch, now known to be the PreQi-I; riboswitch from Bacillus subtilis
(Bsu), apparent binding affinities of PreQ; and twelve analogues were determined
(Figure 3.2A)°.
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Figure 3.2. Overview of reported ligands for the PreQ: riboswitch, including (A) PreQ: analogues, (B)
PreQ: derivatives, (C-D) covalent PreQ: derivatives, (E) synthetic ligands found by a small molecule
microarray (SMM) screening, (F) synthetic ligands found by virtual screening and (G-H) ligands found by
virtual optimisation of the hits from the SMM screening. Pink shading indicates variation from PreQu.

Nearly a decade later, it was shown that installing aminoalkyl- and azidoalkyl-
modifications on the aminomethyl group of PreQ; molecules is tolerated by the PreQ;-I,
Thermoanaerobacter tengcongensis (Tte) and PreQi-Il Streptococcus pneumoniae (Spn)
riboswitches, although only the azido-alkyl functionalization retained in vivo gene
regulation activity (Figure 3.2B)?%>. Moreover, a striking discrepancy between in vitro
affinity, in vitro binding kinetics and in vivo gene regulation activity was observed. Further
efforts to functionalize the PreQ; aminomethyl group with electrophilic or photo-
crosslinking covalent probes (Figure 3.2C) confirmed that modification of the
aminomethyl group does not interfere with the ligand binding mode, although binding
affinity to the Tte and Bsu PreQ;-I; riboswitches is reduced approximately 50-fold and
transcription termination activity with the Staphylococcus saprophyticus (Ssa) PreQi-ly
riboswitch is reduced 1000-fold?3. Installing primary alkyl halides with a carefully selected
alkyl chain length on the aminomethyl group (Figure 3.2D) to covalently bind a nearby
guanine in the PreQ; binding pocket also proved to be an efficient crosslinking

strategy?+%°.
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Besides modification of the cognate ligand, HTS campaigns to find synthetic ligands for
PreQ; riboswitches have also been performed. A virtual screening with a library of 12,507
compounds against the Bsu PreQ;-; riboswitch identified several guanine-like hits, whose
binding was confirmed with microscale thermophoresis (MST) (Figure 3.2E)%. Reported
binding affinities ranged from mid-nanomolar to mid-micromolar concentrations.
Unfortunately, the identified hits were not tested in gene regulation assays. A small
molecule microarray (SMM) screening was also carried out with the Bsu PreQi-ly
riboswitch, in which fluorescently labelled target RNA was added to ligands that were
covalently linked to a surface (Figure 3.2F)?’. From a library of 26,227 compounds, the
best hit bound selectively to the Bsu and Tte PreQi-ly riboswitches in sub-micromolar
concentrations and was able to regulate in vitro transcription termination of the Ssa
PreQs-Iy riboswitch at high micromolar concentrations. Subsequent virtual optimisation
of the best SMM hit resulted in the identification of a ligand able to modulate gene
regulation in vitro and in vivo (Figure 3.2G)%, Finally, installing positively charged handles
on the best SMM hit did not improve binding affinity (Figure 3.2H)%°.

While the efforts to modify PreQ; and screen for synthetic ligands proved that
development of new PreQ; riboswitch ligands holds potential, none of the reported
compounds have been evaluated for antibacterial activity. Therefore, the discovery of new
PreQ; riboswitch ligands for antibiotic drug development remains an interesting field of
research. To find new ligands that can regulate gene expression through stabilization of
the pseudoknot conformation of this dynamic RNA tertiary structure, a competitive
binding antisense assay (CB ASsay) was developed (see Chapter 2). This assay was applied
to the Fusobacterium nucleatum (Fnu), Tte and Bsu PreQi-l; riboswitches and to the
Enterococcus faecalis (Efa) PreQ;-I, riboswitch. Moreover, complimentary functional assays
for hit validation were developed with the Fnu, Tte, Bsu PreQi-l; riboswitches and the

Escherichia coli (Eco) PreQ:-ly riboswitch.

In this Chapter, the CB ASsay was adapted into a HTS format and a HTS was performed
with the Fnu PreQu-ly riboswitch. Four Fnu riboswitch-binding molecules were identified,
which were subsequently tested with the Tte, Bsu and Efa riboswitches, evaluated in
functional assays with the Fnu, Bsu, Tte and Eco riboswitches, and docked using the known
crystal structure of the Bsu and Tte riboswitches to identify possible binding modes. For
the most promising hit, a small library of analogues was synthesized and tested in both

CB ASsays and functional assays.
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Results
The CB ASsay developed in Chapter 2 was adapted into a high-throughput screening

(HTS) format for the screening of potential ligands targeting the clinically relevant
Fusobacterium nucleatum (Fnu) PreQi-l; riboswitch. A commercially available RNA-
focused library from Enamine, comprising 15,520 RNA-binding compounds, was
screened in duplicate at a final ligand concentration of 25 uM. Positive and negative
controls were established using an excess of unlabelled antisense oligonucleotide (ASO)
and DMSO, respectively (Figure S3.1A and S3.1B). For additional quality control, 25 yM
PreQ; and guanine were screened alongside the compounds. The HTS data were analysed
with KNIME Analytics Platform. Z'-scores were calculated for every plate and ranged from
0.764 to 0.969, with an average Z'-score of 0.815, indicating that the assay was of high
quality with a good distinction between positive and negative signals.

Raw fluorescence data (Figure S3.1C and S3.1D) were normalized to account for plate,
row and column, minimizing potential plate effects33. The resulting ‘B-scores’ of both
screenings are shown in Figure 3.3A. Unfortunately, the ‘strongest’ hits from either the
first or second screening did not completely overlap. Therefore, 107 initial hits were
identified based on the following criteria: compounds exhibiting high activity (B-score
>10) in one of the single screenings and compounds displaying moderate activity (B-
score 5 - 10) in both screenings. The 107 initial hits, along with 136 of their most active
analogues, underwent a duplicate screening at 100 uM (Figure 3.3B). To minimize the
chance of false negatives, both the confirmed hits and initial hits were re-tested at 5, 25,
50 and 100 uM, resulting in 21 promising hits (Table S3.4, Figure S3.2). Among these,
based on displayed activity and distinctiveness of the molecular structure, the nine most
promising compounds were selected for re-purchase and further evaluation. Initial CB
ASsays revealed five false positives, with one compound showing no activity and four

displaying nonspecific enhancement of Cy5 signal due to visible insolubility®*.

The four selected hits (Figure 3.3C) present typical drug-like properties®, with an average
molecular weight of 323.1 Da, 1.8 H-bond donors, 4.8 H-bond acceptors, 3.5 rotatable
bonds and a calculated octanol-water partition coefficient (cLogP) of 2.39. The total hit
rate was 0.03%, which is in line with typical hit rates found for RNA targeting HTS
campaigns3®3’. For the four hits, the concentration at which the ligand inhibits ASO
binding by 50% (apparent half-maximal effective concentration, ECso) was determined
using both the WT* and C17U mutant Fnu PreQ, riboswitch (Figure 3.4A, 3.4B and Table
3.1). All hits exhibited competitive binding activity only at high ligand
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Figure 3.3. Results of the high-throughput screening (HTS) of the Enamine RNA-focused library against
the wildtype* (WT*) Fusobacterium nucleatum (Fnu) PreQi-ln riboswitch with the competitive binding
antisense assay (CB ASsay). A) Calculated B-scores for all screened compounds in both high-throughput
screenings. High activity hits (B-score >10) are indicated in pink (HTS 1) or (HTS 2), moderate
activity hits (B-score = 5-10) in green (HTS 1) or (HTS 2), inactive compounds (B-score <5) in grey.
B) Workflow of hit selection and confirmation. C) Chemical structures of the four identified hits for the
Fnu riboswitch: 3585, 4494, 13954 and 14776.

concentrations (ECso >100 pM) for both the WT* and mutant Fnu PreQq-l; riboswitches.
Unfortunately, screening of higher ligand concentrations was limited by the solubility of
the compounds in the aqueous buffer. Compound 4494, the only compound soluble at
millimolar concentrations, showed a decrease in CB activity for the C17U mutant Fnu
PreQi-ly riboswitch, suggesting an interaction with this nucleobase and thus a similar

binding mode as PreQ.

To assess whether ligand binding induces pseudoknot (PK) formation, the CB ASsay was
visualized with native PAGE (Figure 3.4C). Only 4494 demonstrated a clear dose-
dependent competition with the ASO (ECso = 446 uM). While both 3585 and 14776
displayed a more prominent PK band at higher ligand concentrations, it remains unclear
whether they promote ligand-induced PK formation as 3585 shows an unlikely, rapid
turning point for PK formation and 14776 is a highly coloured compound that quenches
fluorescent signal at high concentrations and thus interferes with the read-out. Further
assessments with assays that do not rely on fluorescence may provide more insight into
their binding behaviour. Unfortunately, compound 13954 did not promote PK formation

on native gel.
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Figure 3.4. Hit validation of identified hits. A-B) Competitive binding antisense assay (CB ASsay) of
identified hits for the Fusobacterium nucleatum (Fnu) wildtype* (WT*) (A) and Fnu mutant PreQi-ly
riboswitch (B). Dotted lines denote the minimum and maximum Cy5 signal as determined by the positive
and negative controls. C) CB ASsay with the Fnu WT* PreQi-Ii riboswitch visualized on native PAGE. Cy5-
labelled pseudoknot (PK) (1 eq.) was pre-incubated with ligand, after which unlabelled antisense
oligonucleotide (ASO) (1 eq.) was added, and the two possible conformations (PK-ligand and PK-ASO)
were separated on a 20% (w/v) polyacrylamide gel. All measurements were performed in duplicate.

Table 3.1. Overview of ECso values from the competitive binding antisense assay (CB ASsay) of the
identified hits, as determined for the Fusobacterium nucleatum (Fnu) wildtype* (WT*), the
Thermoanaerobacter tengcongensis (Tte), Bacillus subtilis (Bsu) and Enterococcus faecalis (Efa) WT and Fnu
C17U mutant PreQi-I riboswitches. n.d. = not determined due to compound interference. ndb = no

detectable binding

Fnu Tte Bsu Efa
WT* Mutant WT WT WT
ECso (M) ECso (M) ECso (UM) ECso (UM) ECso (uM)
CB ASsay CB ASsay CB ASsay CB ASsay CB ASsay
3585 207 £ 23.2 215 + 383 202 + 110 77.7 £ 33.0 542 + 44.7
4494 579 £ 753 4981 + 1239 10.7 £ 1.60 2503 + 881.0 4282 + 1037
13954 495 + 917 >500 ~ 155 171 £ 819 144 £ 232
14776 n.d. n.d. ndb ndb ndb
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Figure 3.5. Hit selectivity of identified hits. A-D) Competitive binding antisense assay (CB ASsay) of
identified hits, with the Fusobacterium nucleatum (Fnu) wildtype* (WT*) PreQi-I riboswitches with tRNA
(A), Thermoanaerobacter tengcongensis (Tte) WT with tRNA (B), Bacillus subtilis (Bsu) WT with tRNA (C)
and Enterococcus faecalis (Efa) WT with tRNA (D). E-F) CB ASsay of identified hits with the SARS-CoV-2
frameshifting pseudoknot (E) and a SARS-CoV-2 G-quadruplex (GQ-3467) (F). Dotted lines denote the
minimum and maximum Cy5 signal as determined by the positive and negative controls. All

measurements were performed in duplicate.
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To determine the selectivity of the hit compounds, the CB ASsay was also conducted in
the presence of a 2000-fold excess of tRNA from yeast (Figure 3.5A). Addition of tRNA
did not decrease the CB activity of 3585, 4494 and 13954, indicating that they do not
bind unselectively to structured RNA. However, the CB activity of 14776 did diminish in
the presence of tRNA, indicating unspecific binding. Intriguingly, tRNA also reduced the
quenching effect of 14776 at high concentrations.

The binding to different PreQi-I riboswitches was subsequently assessed with the
Thermoanaerobacter tengcongensis (Tte) and Bacillus subtilis (Bsu) PreQi-ly riboswitches
and the Enterococcus faecalis (Efa) PreQi-l, riboswitch (Figure 3.5B-D, Table 3.1). To
avoid unspecific binding and fluorescence interference, the CB ASsay was performed in
the presence of tRNA. Compounds 3585 and 13954 displayed a high micromolar ECsg
for all PreQs-1 riboswitches, with only slight variations in activity between sequences. In
contrast, observed ligand activity of compound 4494 varied greatly between different
riboswitches. Notably, 4494 showed significantly higher activity for the Tte riboswitch
(ECso = 10.7% 1.60 uM) compared to Fnu, Bsu and Efa. Because of this, competitive binding
of the hits to the Tte PK was also evaluated on native gel (Figure $3.3), which confirmed
that 4494 showed significant competitive binding.

Further selectivity tests were performed with two RNA structures from the SARS-CoV-2
genome: a frameshifting PK (see Chapter 4) and a G-quadruplex (GQ-3467, see Chapter
5) (Figure 3.5E and 3.5F). Unspecific binding by 14776 was observed with both the
frameshifting PK and particularly with GQ-3467, as it competes with their labelled ASOs
at mid-micromolar concentrations. Compounds 3585 and 4494 also exhibit some
competitive binding activity with the SARS-CoV-2 structures, although only at millimolar

concentrations.
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Functional assays

To further evaluate the riboswitch ligands, PreQ: and the four hits were tested in
functional assays, including frameshift and translation prevention assays. Frameshift
assays measure the increase in —1 ribosomal frameshifting (-1 FS) that is caused by
ligand-induced formation and/or stabilization of an RNA tertiary structure. To evaluate
the binding of the hits to different PreQi-I riboswitches, FS assays were carried out with
the Fnu, Bsu, Tte and Escherichia coli (Eco) sequences (Figure 3.6). Compound 4494 was
the only hit that clearly enhanced frameshifting with the Tte riboswitch and, to a lesser
degree, the Eco riboswitch, thus demonstrating its affinity to these riboswitches and its
capacity to stabilize the pseudoknot structure. Compared to the structure of the Bsu and
Eco riboswitches, the Tte riboswitch has a relatively accessible PreQq binding site (Figure
$3.4), which could explain why the large (2,2,2-trifluoro-1-methylethyl)-piperazine group
of 4494 is more easily accommodated in the Tte structure. Unfortunately, compounds
3585, 13954 and 14774 do not induce frameshifting.

Frameshift assay

Fnu WT* BsuWT
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Figure 3.6. Frameshift assays of PreQ: and hit compounds with the Fusobacterium nucleatum (Fnu)
wildtype* (WT*) (top left), Bacillus subtilis (Bsu) WT (top right), Thermoanaerobacter tengcongensis (Tte)
WT (bottom left) and Escherichia coli (Eco) WT (bottom right) PreQi-I riboswitches. Frameshift percentages
were calculated by normalizing the luminescent signal to the in-frame control. Measurements were
performed in duplicate.
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In the translation prevention assay, the effect of a ligand on the translation of a small
reporter peptide under the regulatory control of the Tte and Eco PreQ;-I riboswitches can
be assessed (Figure 3.7). As shown in Chapter 2, upon the addition of PreQ;, translation
was reduced by 90% for both the WT and C-to-U mutant Tte and Eco riboswitches, albeit
the mutants required a higher concentration of PreQ; to achieve this effect.
Unfortunately, compounds 3585 and 13954 only exhibited translation reduction at
millimolar concentrations, which was attributed to general toxicity after testing
translation reduction with a fully scrambled Tte riboswitch (data not shown). At non-toxic
concentrations, compound 14776 showed a decreased translation with the Eco WT
riboswitch and compound 4494 reduced translation with the Tte WT riboswitch.
Interestingly, both compounds show a lower activity against mutant riboswitches,
suggesting that both 4494 and 14776 can reduce translation through direct interaction

with the riboswitch, specifically with the highly conserved cytosine.

Translation prevention assay
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Figure 3.7. Translation prevention assays of PreQi and hit compounds with the Thermoanaerobacter
tengcongensis (Tte, top) and Escherichia coli (Eco, bottom) wildtype (WT) and C-to-U mutant PreQ:
riboswitches. Translation percentages were calculated by normalizing the luminescent signal to the DMSO
control. Measurements were performed in duplicate.
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Compound 4494 is the most promising hit

Considering the results from the CB ASsay, frameshift assay and translation prevention
assay, 4494 emerged as the most promising potential PreQ; riboswitch ligand.
Compound 4494 displayed clear competitive binding on native gel, stabilized the PK
conformation in a FS assay, decreased gene expression through binding to the riboswitch,
and lost activity in both CB and functional assays upon mutation of the cytosine crucial
for binding with PreQ. The latter suggests that 4494 may adopt a comparable binding
pose to the PreQ; riboswitch as the native ligand PreQ;. Upon examining the molecular
structure of 4494, indeed a striking similarity to the chemical scaffold of PreQ; becomes
apparent, prompting further docking studies. Unfortunately, no high-resolution crystal
structure of the Fnu riboswitch was available. Therefore, possible binding modes of the
identified hits were docked using the Bsu (PDB ID: 3FU2) and Tte (PDB ID: 6VUI) PreQi-Iy
riboswitches. The co-crystallized PreQ; (Figure 3.8A and 3.8C) was removed from the
structures and replaced by the hit molecule, after which the suggested binding poses
were manually inspected and selected (Figure 3.8B and 3.8D, Figure S3.5 and S3.6).

Figure 3.8. Docking of PreQi and 4494 to the Bacillus subtilis (Bsu) (PDB ID: 3FU2) and
Thermoanaerobacter tengcongensis (Tte) (PDB ID: 6VUI) PreQi-Ii riboswitches. Most probable binding
poses of 4494 were manually selected. Hydrogen bonds are indicated with yellow dashed lines. A) Crystal
structure of the Bsu PreQ: riboswitch co-crystallized with PreQi. B) Close-up docked structure of 4494
bound to the Bsu PreQ: riboswitch. C) Crystal structure of the Tte PreQ: riboswitch co-crystallized with
PreQi. D) Close up docked structure of 4494 bound to the Tte PreQi riboswitch.
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The most probable docking poses of 4494 suggest that it forms hydrogen bonds with
the essential cytosine, albeit at a different angle than PreQi. The PreQ; binding pocket
does not allow for modifications at the carbonyl position, forcing the ligand to turn to
accommodate the (2,2,2-trifluoro-1-methylethyl)-piperazine group. This is especially
evident for Bsu, which has a narrow binding pocket that forces the ligand to turn almost
90 degrees. Alternatively, Tte has a larger and more accessible binding pocket, which is
why it can likely accommodate docking poses that more closely resemble the PreQ;
orientation. This could also explain the higher affinity of 4494 to the Tte riboswitch. Of
note, docking indicated no preference for a specific stereoisomer. In both cases, the
flipped conformation results in a mismatched hydrogen bonding scheme, potentially
explaining the observed lower affinity when compared to PreQ;. It must be noted that
the riboswitches were modelled as rigid structures, so possible rearrangement of RNA is
not taken into account in this docking analysis. In any case, the proposed docking modes
offered clear opportunities for hit optimisation.

The finding that PreQ;-like molecules can be modified at the WCF-face and still retain
some affinity to the PreQ riboswitch is rather surprising. Given that most published
modifications to PreQ have focused on the aminomethyl group'222338 exploring new
modifications at the carbonyl position of guanine could provide insights for developing
the next generation of PreQ; riboswitch ligands. To better understand the binding pocket
and the spatial constraints around the trifluoromethyl group, a small library of 4494
analogues was synthesized and evaluated in the CB ASsay and translation prevention
assay (Figure 3.9). Specifically, small modifications were introduced to the 2,2,2-trifluoro-
1-methylethyl group to assess its steric and electronic contributions. These included
replacing the methyl group with a hydrogen or carbonyl (compounds 2 and 3), or
substituting the entire 2,2,2-trifluoro-1-methylethyl group by a carboxylic acid or a Boc
protecting group (compounds 4 and 5). Alternatively, partial or complete removal of the
2,2,2-trifluoro-1-methylethyl group (compounds 6 and 7) was investigated. Substitution
of the piperazine ring by a morpholine or a piperidine moiety, compounds 8 and 9
respectively, were also synthesized. Unfortunately, none of these compounds showed
activity in either the CB ASsay or translation prevention assay. In fact, only starting
material 1 displayed some CB activity for the Fnu and Tte riboswitch but remained inactive
in the translation prevention assay. Finally, upon testing resynthesized 4494 (compound
10), no activity was observed. This unexpected result prompted an investigation into the
purity of 4494 from Enamine.
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Figure 3.9. Assessment of 4494 analogues. A) Molecular structures and synthesis protocol of 4494 and
analogues. B-C) Competitive binding antisense assay (CB ASsay) of identified hits for the PreQi-I
and Thermoanaerobacter

riboswitches of Fusobacterium nucleatum

tengcongensis (Tte) WT (C). Dotted lines denote the minimum and maximum Cy5 signal as determined by
the positive and negative controls. D) Translation prevention assays of PreQs and hit compounds with the
Thermoanaerobacter tengcongensis (Tte) PreQ: riboswitch. Translation percentages were calculated by
normalizing the luminescent signal to the DMSO control. Measurements were performed in duplicate.
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A 4494 from Enamine
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Figure 3.10. Analysis of 4494 from Enamine. A) LCMS of 4494 from Enamine (H20+0.1% TFA to 50% ACN
in H20+0.1% TFA), with UV-Vis trace (‘(HPLC') and mass spectrum ('POS ESI’) ranging from m/z 100-1000.
Indicated with dashed lines are the fractions collected with preparative HPLC. B-C) Competitive binding
antisense assay (CB ASsay) of fractions of 4494 from Enamine for the wildtype* (WT*) PreQi-I riboswitches
of Fusobacterium nucleatum (Fnu) (B) and WT Thermoanaerobacter tengcongensis (Tte) (C). Dotted lines
denote the minimum and maximum Cy5 signal as determined by the positive and negative controls.
The active impurity in compound 4494

Analysis with both LCMS and NMR showed the resynthesized compound 10 was highly
pure, whereas significant impurities were present in the Enamine sample (Figure S3.7A
and S3.7B). To rule out the unlikely possibility of having synthesized the exact opposite
isomer of 4494, a chiral column analysis was performed (Figure $3.7C). Both samples
contained the same ratio of isomers, from which it was concluded that none of the
isomers were active and that an impurity may be responsible the observed activity.
Therefore, the remaining 26 mg of the 4494 batch from Enamine was purchased and split
in 10 different fractions with preparative HPLC on a C18 column (Figure 3.10). These
fractions were freeze-dried, dissolved in DMSO and tested in the CB ASsay. Fractions 3
and fraction 4 showed the highest activity, suggesting that the active compound is more
polar than the main compound present in fraction 7. Fraction 4, which exhibited the
highest activity, was further separated in 10 fractions using preparative HPLC (Figure
$3.8) and tested again in the CB ASsay, revealing that subfraction 4.4 was the most active.
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This fraction was highly enriched in a compound with m/z = 152. However, further
analysis was not possible due to the limited amount of sample available. To generate a
larger amount of impurity, 4494 was resynthesized using the Enamine synthesis protocol.
Notably, this synthesis was performed in DMSO with DIPEA as a base, instead of DMF
and TEA. Purification by preparative HPLC and subsequent testing in the CB ASsay (Figure
$3.9) identified fraction 1 as an active fraction, indicating that the impurity is reproducible
and likely forms as side-product during the synthesis of 4494. Interestingly, m/z = 152
was also clearly present in fraction 1 (Figure $3.10A), further suggesting that this mass
corresponds to the active compound. A notable compound with a mass of 151 is guanine,
one of the well-known PreQ; analogues tested in Chapter 2. Guanine, analysed by LCMS
(Figure S3.10B) exhibited the same retention time and mass as the m/z = 152 peaks
observed in both the original 4494 and the resynthesized 4494 using the Enamine
protocol. To further confirm that guanine was the active impurity, the m/z = 152 peak
was isolated with preparative HPLC and analysed along with guanine with high resolution
mass spectrometry (HRMS) (Figure S3.10C). The identical exact mass (calcd. for
[CsHeNsOJ* 152.05669; found 152.05685) and peak pattern confirmed that the active
impurity is guanine. Interestingly, the activity of 4494 in all assays is consistently 100-fold
lower than that of guanine, suggesting that approximately 1% of the sample consists of
guanine impurity (Figure S$3.11).

It was hypothesized that guanine could have formed from the starting material, 2-amino-
6-chloropurine (2a6cp) (Figure S3.12A). To investigate which conditions can lead to
guanine formation, 2a6cp was subjected to different conditions. Heating 2a6¢p to 130 °C
with DIPEA in DMSO (Figure S3.12B), similar to the Enamine synthesis protocol, did not
yield a high amount of guanine, making it unlikely that guanine is formed during the
reaction. However, stirring 2a6cp with TFA in DMSO at room temperature resulted in a
significant amount of guanine (Figure S3.12C). Notably, conversion of 2-amino-6-
chloropurine to guanine by treatment with TFA in water is a commonly used synthesis
strategy>® and it was previously reported that conversion of 2a6cp to guanine in DMSO
was only successful after a workup with water®®. Therefore, it is likely that 2a6cp is
converted to guanine through an acid-catalysed reaction with water. Water can be either
introduced in the reaction by using non-dry DMSO, or during or after workup. Since
purification of 4494 is done by preparative HPLC, where TFA is used as a counterion, it is
highly likely that this is the preferred method to generate the active impurity when

starting material is not consumed.
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Discussion
This Chapter describes a high-throughput screening (HTS) campaign to identify ligands

for PreQs-1 riboswitches. The HTS was performed using the competitive binding assay (CB
ASsay) for the clinically relevant Fusobacterium nucleatum (Fnu) PreQ riboswitch, as
developed in Chapter 2. The CB ASsay was easily upscaled to a HTS format, and the
potential of the assay was demonstrated by conducting a HTS that lead to the discovery
of four hits. These hits underwent further evaluation using CB ASsays with the Fnu,
Thermoanaerobacter tengcongensis (Tte), Bacillus subtilis (Bsu) and Enterococcus faecalis
(Efa) PreQs-I riboswitches, frameshifting assays with Fnu, Tte, Bsu and Escherichia coli (Eco)
riboswitches and translation prevention assays with Tte and Eco riboswitches.

The most promising hit, compound 4494, exhibited competitive binding activity for the
WT* Fnu and WT Tte, Bsu and Efa riboswitches, clearly promoted Fnu and Tte pseudoknot
formation when visualized on native PAGE and both stimulated frameshifting and
prevented translation with the Tte riboswitch. In addition, activities in the competitive
binding- and functional assays were diminished upon a C17U mutation of the essential
cytosine in the riboswitch binding pocket, indicating a binding mode similar to that of
the natural ligand PreQ;. This finding was supported by molecular docking, which
suggested that 4494 can be recognized in a comparable fashion by the riboswitch as
native ligand PreQ,, albeit at a different angle to accommodate the (2,2,2-trifluoro-1-

methylethyl)-piperazine group.

The docking studies also revealed clear opportunities for ligand optimisation that could
enhance the binding potency of 4494. However, upon testing a small library of 4494
analogues and resynthesized 4494, no activity was observed in either CB ASsay or
translation prevention assay. Thorough analysis of both 4494 from Enamine and the
resynthesized 4494 using the Enamine protocol led to the identification of an active
impurity with m/z = 152. This impurity was confirmed to be guanine, a well-known ligand
for the PreQ riboswitch®. Unfortunately, it is unlikely that guanine can function as an

antibiotic, as it is very poorly soluble and can be processed by bacteria®'.

While no potential antibiotic has been found, this Chapter clearly highlights the sensitivity
of the CB ASsay, as it was able to pick up a ~1% guanine impurity. This Chapter also
demonstrates that the CB ASsay could easily be downscaled, decreasing material usage,
and enabling a higher throughput. The assay is quick, exemplified by the fact that the
entire Enamine RNA focused library of 15.520 compounds was screened within a day. All

materials for the HTS can be obtained from established commercial sources at a relatively
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low cost, ensuring readily available high-quality materials and reducing variability
between screenings.

Unfortunately, working with RNA-binding ligands posed a challenge, as these molecules
often contain aromatic rings that are required for stacking interactions with RNA
nucleobases. This means that the compounds can be both very apolar and thus difficult
to dissolve in an aqueous buffer and sometimes have elaborate conjugated systems that
can interfere with the fluorescent signal. Many false positives were identified that
displayed a high Cy5 signal due to autofluorescence or light scattering by precipitation
of the ligand. Alternatively, false negatives were likely present due to quenching of the
Cy5 signal. While the custom KNIME data analysis workflow successfully eliminated
systemic plate effects, false positives and negatives were more randomly distributed and
could not be removed from the datasets. To decrease the chance of finding false positives
or false negatives, the HTS was performed in duplicate and followed up by a rigorous hit
selection process that included re-testing hits, together with their most active analogues,
at a range of concentrations.

After repurchasing the most promising hits, compounds were evaluated with the CB
ASsay at increasing concentrations. Compounds that visibly precipitated, showed a steep
increase in Cy5 signal (high Hill slope) or whose Cy5-signal exceeded the positive control
were classified as false positives. All remaining hits were tested with various PreQi-I
riboswitches to determine hit selectivity. However, directly comparing CB activity between
different PreQ; riboswitch sequences to determine hit selectivity is not straightforward,
as the stringency of the CB ASsay varies greatly for different riboswitches. This is
exemplified by the Bsu riboswitch, for which the stringency of the CB ASsay is much higher
(PreQq Kp = 50 nM®, ECso = 2.1 uM) than the Fnu riboswitch (PreQ; Kp = 280 nM*, ECso =
440 nM). Thus, CB activity should not be used as a direct measure to compare hit

selectivity.

Direct comparison of hit activity for different PreQ; riboswitches in functional assays is
also not straightforward, as activity in these assays is highly dependent on which (part of
the) RNA structure is stabilized by the ligand. It is possible that a ligand binds to the RNA
target but displays no activity due to stabilization of a different part of the pseudoknot.
For example, compound 4494 (~1% guanine) promoted frameshifting with both the Tte
and Eco riboswitches, proving that this compound can bind to and stabilize the RNA
pseudoknot conformation, especially stem P1. However, 4494 (~1% guanine) only

prevented translation with the Tte riboswitch and not with the Eco riboswitch. It has been
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previously observed that the Eco riboswitch can very accurately discriminate between
PreQ; and PreQ¢®, and it is hypothesized that synthetic riboswitch ligands require
engaging most, if not all recognition motifs of the natural ligand to correctly stabilize
stem P2 and elicit a functional response®. This could explain why 4494 (~1% guanine),
which lacks the aminomethyl group entirely, is not able to prevent translation with the

Eco riboswitch.

One of the key challenges in RNA targeting, as discussed in this Chapter, is that ligand
binding does not equate to functional activity>?2. Consequently, RNA ligands can be
categorized into two types: those that bind RNA and elicit a functional response, and
those that bind RNA without inducing functional effect. While functional ligands are the
most desirable, a lack of functional response does not preclude a ligand from being a
potential drug candidate. For instance, it has been proposed that simply blocking the
aptamer domain of a riboswitch may be sufficient to compromise its function®,
Alternatively, RNA ligands can be functionalized with a second ligand promoting RNA
degradation (RIBOTACs*4> or PINADs*) to achieve biological activity. With this
perspective, hits that exhibited only competitive binding activity (3585, 13954 and
14776) could be reassessed using techniques such as microscale thermophoresis (MST)
or surface plasmon resonance (SPR) to further characterize ligand-RNA engagement and

binding affinity.

Perspective on targeting the PreQ; riboswitch

This research focuses on targeting PreQ; riboswitches as possible antibiotic drug targets.
These riboswitches, which are not present in eukaryotic organisms, regulate the
biosynthesis and transport of PreQs, a key precursor of Queuosine (Q). Q is an essential
modified nucleobase that is required for translational fidelity. Disabling the Q synthesis
pathway by knocking out Q synthesizing enzymes has been shown to decrease bacterial
viability and virulence in Eco and Shigella flexneri, respectively®®. Therefore, it is thought
that the PreQ; riboswitch is an interesting antibiotic target. How absence of Q affects
bacteria depends on which proteins are misfolded, and this can vary greatly between
different bacterial strains. To better understand the potential consequences of depleting
Q from bacteria, an experimentally validated prediction tool found that genes with high
levels of NAU codons are downregulated in the absence of Q*. Such genes are often
involved in biofilm formation and virulence. Moreover, it was predicted that many human
pathogenic bacteria express virulence factors encoded by NAU-enriched genes,
suggesting that their pathogenicity would thus be affected by the absence of Q. Disabling
Q synthesis or salvage thus seems to hold promise for antibiotic drug development.
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Bacteria can be roughly divided into two categories: Q-sources and Q-sinks. Q-sources
are bacteria that harbour the full set of de novo Q synthesis genes (mainly Proteobacteria),
whereas Q-sinks rely on salvage of queuine, PreQq or PreQ: from the environment
through transporters such as QueT and YhhQ (mainly Actinomycetota and Bacillota)*4°.
Some bacteria contain both the Q synthesis enzymes and transporter proteins, such as
Eco™. Interestingly, the Eco PreQi-ly riboswitch regulates the expression of the YhhQ
transporter, but it is not clear whether the Q synthesis enzymes are also under riboswitch
control. To avoid developing drugs that will not actually deplete bacteria from Q, it would
be best to target PreQ riboswitches from bacterial strains that have either Q synthesis
enzymes or Q transport proteins, but not both.

Most efforts towards finding new ligands for the PreQ; riboswitch have been directed at
PreQ;-I riboswitches, which is the most promising class as an antibiotic target. PreQi-I
riboswitches are the smallest class of riboswitches and have a compact aptamer domain.
Because of this, potential escape mutations will likely disrupt PreQ; binding or gene
regulation®?. This leaves little room for the bacterium to develop mutational resistance
against new ligands, especially if the new ligand targets the native PreQ; binding pocket.
On top of this, the high prevalence of PreQ;-I riboswitches in different clinically relevant
pathogenic strains and absence in commensal bacteria makes them especially suitable as
antibiotic targets®™'. Similarly, PreQ:-Il riboswitch in vivo function was also greatly
affected by mutations, even if PreQ; binding was rescued by compensatory mutations®,
making it less likely that these riboswitches will develop mutational resistance against a
potential ligand. However, PreQ;-Il riboswitches are less prevalent than PreQi-I
riboswitches™. PreQs-Ill riboswitches are the least prevalent of all PreQ; riboswitches and
are remarkably resistant against mutations, retaining most of their gene-regulatory
activity through compensatory interactions that preserve the RNA fold*°. Therefore,

PreQi-lll riboswitches are unsuitable for drug development.

Even among PreQs-I riboswitches, there is significant variation in sequence, mechanism
and function. Consequently, a ligand that targets a PreQi-I riboswitch from one bacterial
strain may not be effective against another. To develop narrow-spectrum antibiotics,
future drug discovery efforts should focus on a specific PreQ;-I riboswitch from a clinically
relevant bacterial strain. Before pursuing this approach, it is essential to assess the impact
of disabling Q synthesis or its transport to ensure that targeting the PreQ; riboswitch will
completely deplete the bacteria of Q, and that Q absence produces deleterious effects in

that strain. Moreover, finding ligands that bind the native PreQ; binding pocket will
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increase the chance of finding a biologically active ligand and decrease the chance of
mutational resistance. Of course, hits should ultimately be evaluated with bacterial assays
to assess their antibiotic potential. For such assays it must be considered that targeting
the PreQ; riboswitch will not always lead to a decrease in cell growth or viability, so
minimal inhibitory concentration assays should ideally be complemented with e.g.

infectivity assays.

Whether or not the PreQ; riboswitch proves to be a useful antibiotic target in the future,
the research in this Chapter clearly demonstrates that the CB ASsay is able to detect weak
but biologically active hits for clinically relevant RNA tertiary structures. Where previous
competitive binding assays were limited in the number of targetable RNA structures as
they relied on competition with specific (fluorescent) binders, such as the Tat peptide
from the HIV-1-TAR hairpin®2~>°, the CB ASsay employs an ASO that is customizable for
any RNA target. To demonstrate that the CB ASsay is applicable to other complex and
clinically relevant RNA targets, the method will be applied to two RNA structures from
SARS-CoV-2: the frameshifting pseudoknot (Chapter 4) and a G-quadruplex GQ-3467
(Chapter 5).
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Chapter 3

Materials & Methods

Materials. All labelled oligonucleotides (Table S3.1) were ordered from Sigma-Aldrich
or IDT and were HPLC purified. All unlabelled oligonucleotides (Table $3.1-S3.3) were
ordered from Sigma-Aldrich in desalted format and were used without further

purification. All used materials were certified DNAse and RNAse free.
Competitive binding antisense assay (CB ASsay). Described in Chapter 2.
CB ASsay on native gel electrophoresis. Described in Chapter 2.

High-throughput screening with CB ASsay. The commercially available Enamine RNA-
focused library, containing 15,520 compounds (10 mM in DMSO) divided over 49 384-
wells Low Dead Volume (LDV) ECHO plates (Labcyte), was screened in duplicate at a final
ligand concentration of 25 pM. In a typical HTS CB ASsay, 25 nL of ligand (10 mM) was
added to a black 384-wells plate (Greiner Bio-One, Small Volume, 784076) using an
ECHO550 Acoustic Liquid Handler (Labcyte). To this, a mixture of 0.5 yL of Cy5-PK (1 uM)
and 6.5 uL CB buffer was added with a BioTek Multiflo FX dispenser (BioTek). Then, the
plate was shaken for 10 s at medium speed and incubated at 22 °C for 1 h. After this, a
mixture of 0.5 pL of IBRQ-ASO (1 pM) and 2.5 uL CB buffer was added with the Multiflo
dispenser, after which the plate was shaken for 10 s at medium speed, centrifuged for 1
min at 111 RCF and subsequently incubated at 22 °C for 2.5 h. The fluorescence was
measured with a CLARIOstar (BMG LABTECH) using Aex = 610 £ 30 nm, Aem = 675 + 50
nm, gain = 2200 and focal point = 10.2.

Raw fluorescence data were analysed in KNIME Analytics Platform with a custom
workflow (see Supporting KNIME files). For all plates, Z'-scores were calculated to confirm
high quality screening data. Data were normalized with standard KNIME nodes to yield
Z-scores and B-scores®'32. Hits were determined based on calculated B-scores,
differentiating between two hit categories: ‘High activity hit’ (B-score >10) in a single
screening, and '‘Moderate activity hit’ (B-score 5 — 10) in both screenings. Additionally,
compounds with a B-score 3 - 10 in both screenings were manually inspected to prevent
premature exclusion of potential hits. Initial hits were then manually grouped based on
molecular structure, and close analogues with a SUM B-score of >6 (from both

screenings) were included in subsequent hit confirmation.

Computational modelling of hits. Molecular docking was performed using the ICM
Molsoft Pro suite. Briefly, the structure of the Bsu PreQ; riboswitch in complex with PreQ,
(7-deaza-7-aminomethyl-guanine) (PDB ID: 3FU2) or Tte riboswitch (PDB: 6VUI) was
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retrieved from the Protein Data Bank using ICM Molsoft's inbuilt feature. Of this structure
chain C (3FU2) or chain A (6VUI) was converted to an ICM object, with ‘optimise
hydrogens’ set to true. ‘Tight' water molecules were retained, however this led to no
conserved water molecules being present. The bound ligand was isolated to a separate
object. The 3D pocket finding tool was utilized to identify the binding site. Of the
potential binding sites identified, the pocket containing the co-crystallized ligand was
selected. A docking project was set up based on this selection using default settings. The
identified hits and their relevant tautomeric forms were loaded from an SD-file and
docked with the 'thoroughness’ parameter set to 10, and the 10 best poses were retained.
The resulting poses were manually inspected, selected, and visualized using the Open

Source PyMOL application.
Translation prevention assay. Described in Chapter 2.
Frameshift assay. Described in Chapter 2.

General synthesis experimental details. All reagents were of commercial grade and
were used as received unless stated otherwise. N,N-dimethylformamide (DMF) was
stored over 4 A molecular sieves that were dried in vacuo before use. All reactions were
performed under an argon atmosphere unless stated otherwise. Solvents used for column
chromatography were of pro analysis quality. Microwave syntheses were performed with
the Biotage® Initiator+ microwave system using the 0.5-2.0 mL microwave vial types
sealed with microwave caps (Screening devices, product# 130-3531) under the ‘normal’
absorption level setting. Reactions were monitored by analytical thin-layer
chromatography (TLC) using Merck aluminium sheets pre-coated with silica gel 60 with
detection by UV absorption (254 nm) and by spraying with a solution of ninhydrin
followed by charring at ~150 °C. Column chromatography was performed manually using
Screening Device silica gel 60 (0.04 - 0.063 mm) in the indicated solvents. '"H NMR and
3C NMR spectra were recorded on a Bruker AV-400 (400/100 MHz) spectrometer in the
given solvent. Chemical shifts are given in ppm relative to the DMSO residual solvent
peak. Coupling constants are given in Hz. All given *C spectra are proton decoupled. The
following abbreviations are used to describe peak patterns when appropriate: s (singlet),
d (doublet), dd (double doublet), t (triplet) g (quintet), m (multiplet). 2D NMR
experiments (HSQC and COSY) were carried out to assign protons and carbons of the
new structures and assignment follows the general numbering shown in Figure 3.11.
Liquid chromatography-mass spectrometry (LCMS) analysis was performed on an LCQ

Advantage Max (Thermo Finnigan) ion-trap spectrometer (ESI*) coupled to a Surveyor
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HPLC system (Thermo Finnigan) equipped with a Cig column (Gemini, 4.6 mm x 50 mm,
3 um particle size, Phenomenex). The applied buffers were H,0O, acetonitrile (MeCN) and
1% aqueous TFA. Chiral column analysis was performed with an UltiMate 3000 UHPLC
system (Thermo Scientific) equipped with a Daicel Chiracel OJ column (4.6 mm x 250 mm,
10 pm particle size). The applied eluent was 7% isopropyl alcohol in n-heptane
supplemented with 0.035% diethylamine with a flow of 1 mL/min for 30 min. For
reversed-phase HPLC-MS purifications, an Agilent Technologies 1260 Infinity Il series
prepLCMS with an Agilent Technologies InfinityLab LC/MSD XT mass spectrometer was
used equipped with a VP NUCLEODUR Cig Gravity column (10 mm x 250 mm, 5 ym
particle size) and buffers A: 0.2% TFA in H,O and B: MeCN. A typical prep-LCMS run
applied a solvent gradient from 5% to 55% B in 12 min with a flow of 5 mL/min. Collected
fractions were evaporated in vacuo, freeze-dried and redissolved in DMSO for further
analysis. High-resolution mass spectra (HRMS) were recorded with a Q-Exactive HF
Orbitrap (Thermo Scientific) equipped with an electrospray ion source (ESI) (source
voltage of 2.5 kV, capillary temperature 275 °C, no sheath gas, resolution = 240.000 at
m/z = 400, mass range m/z = 160-2000). Injection of 2 uL of a 1 uM solution via Ultimate
3000 nano UPLC (Dionex) system with an external calibration (Thermo Scientific). The
applied eluent was 50% (v/v) MeCN in H,O supplemented with 0.1% formic acid.

Figure 3.11. General numbering of (hetero)atoms for NMR peak assignment.
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Synthesis and characterization data of compounds 2-10.
1-(4-(2-Amino-7H-purin-6-yl)piperazin-1-yl)-2,2,2-trifluoroethan-1-one (2).

E F 2-Amino-6-chloropurine (0.056 g, 0.3 mmol) was added to a mixture of
>K’//O 2,2,2-trifluoro-1-(piperazin-1-yl)ethan-1-one HCl (0.116 g, 0.6 mmol),
triethylamine (0.17 mL, 1.2 mmol) and dry DMF (1.5 mL). The reaction
N mixture was stirred in the microwave at 120 °C for 60 min, cooled to room
[ ] temperature and directly purified with silica gel column chromatography,
N using a solvent gradient from DCM:MeOH (19:1 to 9:1) to provide the title
N compound 2 (59.7 mg, 0.19 mmol, 63%). '"H NMR (400 MHz, DMSO-dg):
A §12.28 (s, TH, NH), 7.74 (s, TH, CH-8), 5.86 (s, 2H, NH>), 4.26 — 4.21 (m, 4H,
NH, CH-2"and CH-6'), 3.70 (dd, J = 6.6, 4.0 Hz, 4H, CH-3' and CH-5"). '*C NMR
(101 MHz, DMSO-ds) & 160.1 (C-4), 154.6 (C-6), 153.8 (C-2), 135.8 (C-8),
118.3 (CF3), 113.8 (C-5), 46.0 (C-3' and C-5'), 43.6 (C-2' and C-6'). HRMS:

calcd. for [C11H13F3N7O]* 316.11282; found 316.11313.

F
H
N

S

|
N™ >N

2

6-(4-(2,2,2-Trifluoroethyl)piperazin-1-yl)-7H-purin-2-amine (3).

F F 2-Amino-6-chloropurine (0.053 g, 0.3 mmol) was added to a mixture of 1-
F>H (2,2,2-trifluoroethyl)piperazine 2 HCl (0.155 g, 0.6 mmol), triethylamine
(0.21 mL, 1.5 mmol) and dry DMF (1.5 mL). The reaction mixture was stirred

N in the microwave at 120 °C for 60 min. The crystalline crude was dissolved

[ ] in DCM:MeOH (19:1) and concentrated in vacuo at 60 °C. The viscous

H N mixture was subsequently purified with silica gel column chromatography,

N using a solvent gradient from DCM:MeOH (19:1 to 9:1) to provide the title
<\ l A compound 3 (73.7 mg, 0.25 mmol, 82%). "H NMR (400 MHz, DMSO-ds):

N N NH, & 1221 (s, TH, NH), 7.69 (s, TH, CH-8), 5.77 (s, 2H, NH2), 4.13 (s, 4H, CH-2'
and CH-6'), 3.22 (g, / = 10.2 Hz, 2H, CH,CF3), 2.69 (t, J = 5.0 Hz, 4H, CH-3’
and CH-5"). 3C NMR (101 MHz, DMSO-dg) 6 160.1 (C-4), 154.4 (C-6), 154.0
(C-2), 135.3 (C-8), 128.0 (CF3), 113.7 (C-5), 57.7 (CHy), 53.6 (C-3' and C-5'), 44.8 (C-2' and C-6).
HRMS: calcd. for [C11H15F3N7]* 302.13355; found 302.13363.

3

2-(4-(2-Amino-7H-purin-6-yl)piperazin-1-yl)acetic acid (4).

0] 2-Amino-6-chloropurine (0.055 g, 0.3 mmol) was added to a mixture of 2-

)H (piperazin-1-yl)acetic acid (0.085 g, 0.6 mmol), triethylamine (0.125 mL, 0.9

mmol) and dry DMF (1.5 mL). The reaction mixture was stirred in the

N microwave at 120 °C for 60 min. The crude was concentrated in vacuo at

[ ] 60 °C and partly re-dissolved in DCM:MeOH (19:1)+NH3O0H to yield a

N white suspension. The filtrate was discarded, and the residue was

XN triturated in MeOH for 48 h and filtered to remove further impurities. This

/)\ yielded the title compound 4 (6.0 mg, 0.02 mmol, 7%) as an off-white
NH,

HO
H
N

Q

N N powder. "TH NMR (400 MHz, DMSO-dg): § 12.19 (s, TH, NH), 7.68 (s, 1H,
CH-8), 5.76 (s, 2H, NHy), 4.15 (s, 4H, CH-2' and CH-6'), 3.19 (s, 2H, CHy),
2.64 (t, J = 5.0 Hz, 4H, CH-3" and CH-5"). HRMS: calcd. for [C11H16N7O32]*

278.13600; found 278.13615.

4
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Tert-butyl 4-(2-amino-7H-purin-6-yl)piperazine-1-carboxylate (5).

2-Amino-6-chloropurine (0.057 mg, 0.3 mmol) was added to a mixture of
1-Boc-piperazine (0.136 mg, 0.6 mmol), triethylamine (0.125 mL, 0.9

OYO mmol) and dry DMF (2 mL). The reaction mixture was stirred at 80 °C for

N 24 h to yield an orange solution, which was quenched with milli-Q water

[ ] and extracted with EtOAc and diethylether. The organic layer was washed

N with brine, dried with MgSO4 and evaporated under reduced pressure.

H Purification with silica gel column chromatography, using a solvent

N NN gradient from CHCl3 to CHCl3:MeOH (9:1), provided the title compound 5

<\ | o (30.0 mg, 0.09 mmol, 31%). "H NMR (400 MHz, DMSO-dg): & 12.23 (s, TH,

N™ N NH, NH), 7.71 (s, 1H, CH-8), 5.80 (s, 2H, NH2), 4.11 (s, 4H, CH-2' and CH-6'),

5 341 (dd, J = 6.3, 3.8 Hz, 4H, CH-3" and CH-5'), 1.43 (s, 9H, C(CH3)3). 13C

NMR (101 MHz, DMSO-ds) & 160.1 (C-4), 154.5 (C-6), 154.0 (C-2), 135.5

(C-8), 113.7 (C-5), 79.6 (C(CH3)3), 43.9 (C-2', C-3, C-5' and C-6"), 28.5 (C(CHs)3). HRMS: calcd.
for [C14H22N70,]* 320.18295; found 320.18296.

6-(Piperazin-1-yl)-7H-purin-2-amine (6).

H Compound 5 (0.070 mg, 0.3 mmol) was dissolved in dioxane (2.5 mL), to
which a solution of 4M HCl in dioxane was slowly added. After 50 min, the
[ j reaction was evaporated in vacuo, re-dissolved in DCM:MeOH (9:1) and
H N aqueous ammonia (few drops) and purified with silica gel column
N chromatography, using a solvent gradient from DCM:MeOH (19:1 to 9:1)
<\ | /)\ supplemented with aqueous ammonia to provide the title compound 6
N N™ 'NHy (35.5mg, 0.16 mmol, 74%). "H NMR (400 MHz, DMSO-de): § 12.15 (s, TH,
NH), 7.67 (s, TH, CH-8), 5.73 (s, 2H, NH), 4.09 (s, 4H, CH-2' and CH-6"), 2.82
(t,J = 5.1 Hz, 4H, CH-3" and CH-5"). HRMS: calcd. for [CoH14N7]* 220.13052;

found 220.13077.

6-(4-Methylpiperazin-1-yl)-7H-purin-2-amine (7).

| 2-Amino-6-chloropurine (0.056 mg, 0.3 mmol) was added to a mixture of

N 1-methyl-piperazine (0.060 mg, 0.6 mmol), triethylamine (0.125 mL, 0.9

[ j mmol) and dry DMF (1.5 mL), and stirred in the microwave at 120 °C for

H N 60 min. The crude was concentrated in vacuo at 60 °C, re-dissolved in

N N DCM:MeOH (9:1) and aqueous ammonia (few drops) and filtered over a
<\ ] %k glass filter to remove the precipitate. The filtrate was subsequently
N N~ "NH, purified with silica gel column chromatography, using a solvent gradient

from DCM:MeOH (19:1 to 9:1) supplemented with aqueous ammonia, to

provide the title compound 7 (33.4 mg, 0.14 mmol, 47%). "H NMR (400
MHz, DMSO-de): 6 12.19 (s, TH, NH), 7.68 (s, TH, CH-8), 5.75 (s, 2H, NHy), 4.12 (s, 4H, CH-2" and
CH-6"), 2.38 (t, J = 5.0 Hz, 4H, CH-3' and CH-5'), 2.21 (s, 3H, CH3). '*C NMR (101 MHz, DMSO-
de) & 160.1 (C-4), 154.4 (C-6), 154.1 (C-2), 135.4 (C-8), 113.7 (C-5), 55.2 (C-3" and C-5'), 46.4
(CH3), 44.7 (C-2' and C-6'). HRMS: calcd. for [C1oH16N7]* 234.14617; found 234.14635.

112



High-throughput screening and hit validation for the PreQ riboswitch

6-Morpholino-7H-purin-2-amine (8).

(0] 2-Amino-6-chloropurine (0.052 mg, 0.3 mmol) was added to a mixture of

[ ] morpholine (0.052 mg, 0.6 mmol), triethylamine (0.125 mL, 0.9 mmol) and

N dry DMF (2 mL). The reaction mixture was stirred at 85 °C for 18 h to yield

H N a yellow/orange solution, which was quenched with milli-Q water and
<\ | )N\ extracted with EtOAc. The organic layer was dry-loaded on a silica gel
N N/ NH, column and purified with column chromatography, using a solvent

gradient with DCM:MeOH (19:1 to 9:1), provided the title compound 8

8 (42.2 mg, 0.19 mmol, 64%). "H NMR (400 MHz, DMSO-dg): 6 12.22 (s, 1H,

NH), 7.69 (s, TH, CH-8), 5.79 (s, 2H, NHy), 4.11 (s, 4H, CH-2" and CH-6"), 3.68 (dd, J = 5.5, 4.1 Hz,

4H, CH-3' and CH-5). 13C NMR (101 MHz, DMSO-ds) & 160.1 (C-4), 154.5 (C-6), 154.1 (C-2),

1349 (C-8), 113.8 (C-5), 66.8 (C-3' and C-5'), 455 (C-2' and C-6). HRMS: calcd. for
[C10H13N6O]* 221.11454; found 221.11471.

6-(Piperidin-1-yl)-7H-purin-2-amine (9).

2-Amino-6-chloropurine (0.052 mg, 0.3 mmol) was added to a mixture of

O piperidine (0.051 mg, 0.6 mmol), triethylamine (0.125 mL, 0.9 mmol) and

H N dry DMF (2 mL). The reaction mixture was stirred at 85 °C for 19 h to yield
N N a dark orange/brown solution, which was quenched with milli-Q water and
<\ | A extracted with EtOAc. The organic layer was loaded on a silica gel column
N N” "NH, and purified with column chromatography, using a solvent gradient with

9 DCM:MeOH (19:1 to 9:1), provided the title compound 9 (34.9 mg, 0.16

mmol, 54%). "H NMR (400 MHz, DMSO-de): § 12.15 (s, 1H, NH), 7.66 (s,

1H, CH-8), 5.69 (s, 2H, NH>), 4.10 (s, 4H, CH-2' and CH-6), 1.70 — 1.59 (m, 2H, CH-4"), 1.53 (td,

J = 6.8, 4.2 Hz, 4H, CH-3' and CH-5"). 3C NMR (101 MHz, DMSO-ds) § 160.1 (C-4), 154.3 (C-

6), 154.0 (C-2), 134.9 (C-8), 113.6 (C-5), 45.8 (C-2' and C-6'), 26.3 (C-3' and C-5"), 25.0 (C-4").
HRMS: calcd. for [C1oH15Ng]* 219.13527; found 219.13534.

6-(4-(1,1,1-Trifluoropropan-2-yl)piperazin-1-yl)-7H-purin-2-amine (10).

F F 2-Amino-6-chloropurine (0.030 mg, 0.15 mmol) was added to a mixture
F>l\/ of 1-(1,1,1-trifluoropropan-2-yl)piperazine (0.054 mg, 0.3 mmol),
triethylamine (0.063 mL, 0.45 mmol) and dry DMF (1 mL). The reaction

N mixture was stirred in the microwave at 120 °C for 60 min, concentrated

[ ] in vacuo and directly purified with silica gel column chromatography,

H N using a solvent gradient from DCM:MeOH (19:1 to 9:1) and aqueous

N SN ammonia (few drops). The remaining impurities were removed using

<\ ]l\/i column chromatography with a solvent gradient from DCM:MeOH (19:1

N N~ "NH, to 9:1) without aqueous ammonia, to provide the title compound 10 (49.5

10 mg, 0.16 mmol, 88%). "H NMR (400 MHz, DMSO-de): § 12.20 (s, 1H, NH),

7.68 (s, TH, CH-8), 5.76 (s, 2H, NHy), 4.12 (s, 4H, CH-2" and CH-6"), 2.79 -

2.63 (m, 4H, CH-3" and CH-5'), 1.18 (d, J = 7.0 Hz, 3H, CHCHs), 1.11 (s, 1TH, CHCH3). 3C NMR

(101 MHz, DMSO-de) & 160.1 (C-4), 154.4 (C-6), 154.0 (C-2), 135.4 (C-8), 129.2 (CF3), 113.7 (C-

5), 56.0 (CHCH3), 49.5 (C-2', C-3', C-5" and C-6"), 9.7 (CHCHz3). HRMS: calcd. for [C12H17F3N7]*
316.14920; found 316.14933.

113



Chapter 3

Supplementary Information

Table S3.1. Sequences of the competitive binding antisense assay (CB ASsay). RNA indicated in black.
Linker (DNA) indicated in red. DNA indicated in blue. Mutated bases are underlined.

Name Sequence (5’ — 3')

Cy5-PrQ-FnuwT* AGAUGUUCUAGCAAAACCAUCUUUAAAAAACUAGACCCTT [Cy5]
Cy5-PrQ-FnuMut AGAUGUUCUAGCAAAAUCAUCUUUAAAAAACUAGACCCTT [Cy5]
IRBQ-ANTI-PrQFnu [IBRQ]TGGTCTAGTTTTT

ANTI-Fnu-GT TGGTCTAGTTTTT

Cy5-PrQ-Tte CUGGGUCGCAGUAACCCCAGUUAACAAAACAAGCCTT [Cy5]
IBRQ-ANTI-PrQTte [IBRQ] TGGCTTGTTTTAT

ANTI-Tte-GGT-3 TGGCTTGTTTTAT

Cy5-PrQ-Bsu AGAGGUUCUAGCUACACCCUCUAUAAAAAACUAACCTT [Cy5]
IBRQ-ANTI-PrQBsu [IBRQ] TGGTTAGTTTTTTA

ANTI-Bsu-GGT-1 TGGTTAGTTTTTTA

Cy5-PrQ-Efa ACUGGUUCGGAAACUUCCCAGAAUAAAAAACUAAGCCTT [Cy5]
IBRQ-ANTI-PrQEfa [IBRQ] TGGCTTAGTTTTT

ANTI-Efa-GGT-1 TGGCTTAGTTTTT

COV-PKdL3- Cy5 GGUGUAAGUGCAGCCCGUCUUACACCAUAAAUACAGGGCUCCTT [Cy5]
IBRQ-ANTI-PKdL3-TGG4 [IBRQ] TGGAGCCCUGUAUUUAU

ANTI-PKdL3-TGG-4 TGGAGCCCUGUAUUUAU

GQ3467-1BRQ CAUGGAGGAGGUGUUGCAGGAGCCTT [IBRQ]

Cy5-ANTI-TGG-6 [Cy5]TGGCTCCTGCAA

ANTI-GQ3467-TGG-6 TGGCTCCTGCAA

Table S3.2. Sequences of the Translation prevention assay. The T7 polymerase promotor is indicated in
green. PreQi riboswitch sequences indicated in orange. The essential cytosine (wildtype, WT) or thymine
(mutant) are underlined.

Name Sequence (5" — 3')

Tte-WT fwd TTAATACGACTCACTATAGGAATAACTGGGTCGCAGTA!?
AACGTACAATATGGTTTCAGGATGGC

Tte-Mutant fwd TTAATACGACTCACTATAGGAATAACTGGGTCGCAGTAATCCCAG
AAGGTACAATATGGTTTCAGGATGGC

Tte-rev ATCAGCTAATTTTTTTAAATAAGCGCCATCCTGAAACCAT

Eco-WT fwd TTAATACGACTCACTATAGGAATAATTGGGTTCCCTCAC G

GTACAATATGGTTTCAGGATGGC

Eco-Mutant fwd

GTACAATATGGTTTCAGGATGGC
Eco-rev ATCAGCTAATTTTTTTAAATAAGCGCCATCCTGAAACCAT
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Table S3.3. Sequences of the Frameshifting assay. PreQ: riboswitch sequences indicated in orange.

Name Sequence (5 — 3')

T7sm-g GGTAATACGACTCACTATAGGGAATTCTAGAAAGGAGATACCACCATG
pucrev3 CACGTTGTAAAACGACGGCCAGT

FS Fnu insert CTAGTGACGC(

FS Bsu insert

FS Tte insert

FS Eco insert

Sequence entire PCR product with Fnu insert (5 — 3’)

GGTAATACGACTCACTATAGGGAATTCTAGAAAGGAGATACCACCATGGCAGTGACCGGCTACCGG
CTGTTCGAGGAGATTCTGGCGGCCGCTGGTGGCGGGAGCGGAGGTGGAGGGTCGTCAGGTACCTTT
TTAAACTAGTGACGCGGTGCTGGCAAAACCCGCGTAAAAAAACCAGACAGCTTATCGCCATGGTCT
TCACACTCGAAGATTTCGTTGGGGACTGGGAACAGACAGCCGCCTACAACCTGGACCAAGTCCTTG
AACAGGGAGGTGTGTCCAGTTTGCTGCAGAATCTCGCCGTGTCCGTAACTCCGATCCAAAGGATTG
TCCGGAGCGGTGAAAATGCCCTGAAGATCGACATCCATGTCATCATCCCGTATGAAGGTCTGAGCG
CCGACCAAATGGCCCAGATCGAAGAGGTGTTTAAGGTGGTGTACCCTGTGGATGATCATCACTTTA
AGGTGATCCTGCCCTATGGCACACTGGTAATCGACGGGGTTACGCCGAACATGCTGAACTATTTCG
GACGGCCGTATGAAGGCATCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGGGACCCTGTGGA
ACGGCAACAAAATTATCGACGAGCGCCTGATCACCCCCGACGGCTCCATGCTGTTCCGAGTAACCA
TCAACAGCAGATCTAGCGGTGGTGGCGGGAGCGGCGGTGGAGGGTCATCGGGTTGTACAGAGATTG
CAGCGCTGGAGAAGGAGATCGCTGCGCTGGAGAAGGAGATTGCAGCGTTGGAGAAGGAGATCGCGG
CACTGGAGAAGGGCTAGCGGGCCCGAGTACCGAGCTCGAATTCACTGGCCGTCGTTTTACAACGTG
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Figure S3.1. High-throughput screening (HTS) of the Fusobacterium nucleatum (Fnu) PreQi-I riboswitch
with the Enamine RNA-focused library: controls and raw data. A-B) Controls for HTS 1 (A) and HTS 2 (B),
including on the left Y-axis the Cy5-signal of the positive control (10 eq. unlabelled antisense
oligonucleotide), negative control (DMSO), PreQ1 (25 uM) and guanine (25 pM), and on the right Y-axis
the calculated Z'-scores. C-D) Raw fluorescence data of HTS 1 (C) and HTS 2 (D).
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Table $3.4. Summary of high-throughput screening (HTS) and hit validation data of promising hits for
the Fusobacterium nucleatum (Fnu) PreQ; riboswitch. All data was normalized to the DMSO control for
ease of comparison, and a colour gradient indicates low (green) to high (red) values. HTS data from both
screenings, hit confirmation 1 (100 pM) and hit confirmation 2 (5, 25, 50 and 100 uyM) are shown.
Compounds highlighted in blue were selected for re-purchase (‘'most promising hits’).

Data normalized to DMSO ctrl (% Cy5 signal)
Hit HTS (25 uM) Hit confirmation (100 uM) CBg, measurement (M)
HTS1 HTS2 1 2 3 4 0 5 5 25 25 50 50 100
1116 168 175 117 119 126 126 | 102 97 98 99 95 123 128 115
3506 a7 130 98 144 102 104 102 857 99 101 100 98
151 131 166 165 100 92 97 93 93 147 146 187
170 110 164 163 181 165 | 100 102 99 100 102 108 106 180
130 125 113 108 101 103 101 103 101 113 143 126
141 122 126 104 97 101 99 84 99 99 104 116
136 149 214 218 237 240 | 97 110 107 | 495 139 191 176 236
191 182 139 149 159 111 | 100 97 99 94 89 93 93 290
199 245 385 369 101 108 113 140 | 494 206 223 | 543 |
g2 62| 133 182 189 147 | 100 100 97 9% 99 94 8 205
126 121 164 176 172 168 | 100 97 103 97 98 136 112 169
202 137 110 186 201 175 100 96 97 96 97 101 97 244
108 163 158 161 105 107 | 100 100 97 94 79 161 147 179
104 135 257 268 99 9% 9 93 9 106 121 254
168 151 281 108 103 97 100 94 98 95 99 236
132 131 125 128 104 109 109 111 114 114 119 124
112 124 135 141 101 101 101 102 99 107 106 144
155 134 104 107 121 114 | 98 101 99 97 98 103 102 117
134 153 166 169 108 110 109 117 122 134 130 154
153 156 101 116 116 182 186 213 202 73
15025 124 470 134 132 101 101 102 109 109 120 113 129
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Figure S3.2. Molecular structures of most promising hits. * Denotes a chiral centre.
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Figure S3.3. Competitive binding antisense assay (CB ASsay) with the Thermoanaerobacter tengcongensis

(Tte) riboswitch visualized on native PAGE. Cy5-PK (1 eq.) was pre-incubated with a ligand, after which
unlabelled antisense oligonucleotide (ASO) (1 eq.) was added, and the two possible conformations (PK

and PK-ASO) were separated on a 20% (w/v) polyacrylamide gel.

Tite Eco

Bsu

Figure S3.4. Published crystal structures of the Bacillus subtilis (Bsu) (PBD: 3FU2), Thermoanaerobacter
tengcongensis (Tte) (PDB: 6VUI) and Escherichia coli (Eco) (PDB: 8FZA) PreQ: riboswitches, co-crystallized

with PreQu.
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Bacillus subtilis

Figure S3.5. Docking of PreQ: and 4494 to the Bacillus subtilis (Bsu) PreQi riboswitch (PDB ID: 3FU2).
Most probable binding pose of 4494 was manually selected. Hydrogen bonds are indicated with yellow
dashed lines. A) Crystal structure of the Bsu PreQ: riboswitch co-crystallized with PreQi. B-C) Close up
docked structure of PreQ: (B) or 4494 (C) bound to the Bsu PreQ; riboswitch. D) Superimposed binding
poses of PreQi and 4494 to the riboswitch.
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Thermoanaerobacter tengcongensis

Figure S3.6. Docking of PreQ: and 4494 to the Thermoanaerobacter tengcongensis (Tte) PreQ: riboswitch
(PDB ID: 6VUI). Most probable binding pose of 4494 was manually selected. Hydrogen bonds are indicated
with yellow dashed lines. A) Crystal structure of the Tte PreQi riboswitch co-crystallized with PreQi. B-D)
Close up docked structure of PreQi (B) or 4494 (C and D) bound to the Tte PreQi riboswitch.
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Figure S3.7. A) LCMS of resynthesized 4494 and 4494 from Enamine (H20+0.1% TFA to 50% acetonitrile
in H20+0.1% TFA), with UV-Vis trace ('HPLC') and mass spectrum ('POS ESI') ranging from m/z 100-1000.
Specific mass of the main compound (m/z = 316.17) is shown in the zoom. B) NMR of resynthesized 4494
and 4494 from Enamine in DMSO-de. Molecular structure of 4494 is indicated, and assignments are shown
in red. C) Chiral column of resynthesized 4494 and 4494 from Enamine (7% isopropyl alcohol in n-heptane

supplemented with 0.035% diethylamine).
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Figure S3.8. Analysis of 4494 from Enamine. A) LCMS of Fraction 4 of 4494 from Enamine (H20+0.1%
TFA to 50% acetonitrile in H:0+0.1% TFA), with UV-Vis trace (‘HPLC') and mass spectrum (‘POS ESI’)
ranging from m/z 100-1000. Indicated with dashed lines are the fractions collected with preparative HPLC.
B) Competitive binding antisense assay (CB ASsay) of fractions 4.1 - 4.10 of 4494 from Enamine for the
wildtype* (WT*) PreQi-I riboswitches of Fusobacterium nucleatum (Fnu) (left) and WT Thermoanaerobacter
tengcongensis (Tte) (right). Dotted lines denote the minimum and maximum Cy5 signal as determined by
the positive and negative controls. C) LCMS of Fraction 4.4 of 4494 from Enamine (H20+0.1% TFA to 50%
acetonitrile in H20+0.1% TFA), with UV-Vis trace (‘HPLC'), mass spectrum ('POS ESI') ranging from m/z
100-1000 and the occurrence of mass range 151-153 (‘m/z ~152). Specific mass of the enriched impurity
(m/z = 151.83) is shown in the zoom.
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Figure S3.9. A) LCMS of 4494 resynthesized with the Enamine protocol (H.0+0.1% TFA to 50%
acetonitrile in H20+0.1% TFA), with UV-Vis trace ('HPLC'), mass spectrum (‘POS ESI') ranging from m/z
100-1000 and the occurrence of mass range 151-153 (‘m/z ~152’). Indicated with dashed lines are the
fractions collected with preparative HPLC. B) Competitive binding antisense assay (CB ASsay) of fractions
1 - 9 of 4494 resynthesized with the Enamine protocol for the wildtype* (WT*) PreQi-I riboswitch of
Fusobacterium nucleatum (Fnu). Dotted lines denote the minimum and maximum Cy5 signal as
determined by the positive and negative controls.
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Figure S3.10. A-B) LCMS of Fraction 1 of 4494 resynthesized with the Enamine protocol (A) and Guanine
(B) (H20+0.1% TFA to 50% acetonitrile in H2O+0.1% TFA), with UV-Vis trace ("HPLC'), mass spectrum ('POS
ESI") ranging from m/z 100-1000 and the occurrence of mass range 151-153 (‘m/z ~152'). Indicated with
dashed lines is the fraction collected with preparative HPLC. Specific masses of the enriched impurity (m/z
= 151.83) and Guanine (m/z = 151.92) are shown in the zoom. C-D) HRMS of Fraction 1 of 4494
resynthesized with the Enamine protocol. Calcd. for [CsHeNsO]* 152.05669 (C); found 152.05685 (D).

125



Chapter 3

A CB ASsay B CB ASsay
Fnu WT* Tte WT
200000+ 150000+
g g 1ooouu_§_fj...'.uiu:‘.'.
2 - Preq, 2 it an v . Preq;
@ 100000 @ 8 - = Guanine
g = Guanine .g y - [} '//v v 290
v 4494 50000 e v
9 50000- o 1 _ >
0 -frreerrrsrrrerrrr—rr———r—— 0| ey
10 9 8 -7 6 -5 4 -3 -2 1110 9 8 -7 6 -5 -4 -3
log [Ligand] (M) log [Ligand] (M)
C Translation prevention D Frameshift
Tte WT Fnu WT*
60
- = 50
2 240 Pre
5 - Preq; = - T
2 X = 30 - Guanine
o - Guanine g - 4404
= 4494 £ 20
& 10
0
-10 9 -8 -7 6 -5 -4 -3 -2 9 -8 -7 6 5 -4 -3 -2
log[Ligand] (M) log[Ligand] (M)

Figure S3.11. Comparison of PreQi, Guanine and 4494 from Enamine. A-B) Competitive binding
antisense assay (CB ASsay) for the wildtype* (WT*) PreQi-I riboswitch of Fusobacterium nucleatum (Fnu)
(A) and WT Thermoanaerobacter tengcongensis (Tte) (B). Dotted lines denote the minimum and maximum
Cy5 signal as determined by the positive and negative controls. C) Translation prevention assay with the
Tte PreQu riboswitch. Translation percentages were calculated by normalizing the luminescence signal to
the DMSO control. Measurements were performed in duplicate. D) Frameshift assays with the WT* Fnu
PreQ: riboswitch. Frameshift percentages were calculated by normalizing the luminescence signal to the
in-frame control. Measurements were performed in duplicate.
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Figure S3.12. A) LCMS of 2-amino-6-chloropurine in DMSO. B) LCMS of 2-amino-6-chloropurine in
DMSO + DIPEA stirred at 130 °C. C) LCMS of 2-amino-6-chloropurine in DMSO + TFA stirred at 20 °C. All
samples were analysed using H:0+0.1% TFA to 50% acetonitrile in H.O+0.1% TFA, with UV-Vis trace
('HPLC"), mass spectrum ('POS ESI') ranging from m/z 100-1000 and the occurrence of mass range 151-
153 ('m/z ~152"). Specific masses of the enriched impurity (m/z = 152) are shown in the zoom.
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