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Abstract 

The research discipline of epitranscriptomics dealing with ribonucleic acid (RNA) modifications has 

gained increased popularity over the last decade. With the discovery of their contribution to numerous 

physiological and pathophysiological pathways, RNA modifications are now considered as highly 

pertinent field in biological and biomedical research. 

Methylations hold particular interest, since they represent the most widespread RNA modification and 

thus are involved in a huge variety of cellular regulations. Methyl groups are attached to RNA by the 

enzyme family of RNA methyltransferases (MTases). Due to the association of RNA methylations with 

several malignancies, the corresponding MTases shifted into the focus of medicinal chemists as 

potential drug targets. 

One specifically interesting RNA MTase is DNA methyltransferase 2 (DNMT2), which exact biological 

function remains enigmatic. However, increasing amounts of data indicate a participation of this enzyme 

in pathophysiological processes. Accordingly, modulators of DNMT2 activity were developed within the 

scope of this thesis by following two converging approaches. Firstly, small molecule inhibitors were 

designed and assessed, while secondly, RNA aptamers were evolved and analysed. 

The small molecule inhibitors evaluated herein are based on the structure of the natural cofactor 

S-adenosyl-L-methionine (SAM), which was chemically derivatised to yield Y-shaped structures. A 

systematic overview of structure-activity relationships for these inhibitors was provided by two distinct 

surveys leading to profound insights into molecular architectures recognised by DNMT2. Thus gained 

perceptions were backed and complemented by in silico analyses further broadening the understanding 

of molecular recognition. 

These efforts resulted in compounds with moderate affinities for the enzyme, which presumably compete 

with SAM for the identical binding site. Beyond this, more sophisticated inhibition mechanisms for 

specific inhibitors were revealed, such as time-dependent inhibition or RNA competition. Intriguingly, for 

selected compounds even partial selectivity towards other MTases was observed. 

The generation of RNA aptamers for DNMT2 commenced with analysing systematic evolution of ligands 

by exponential enrichment (SELEX) evolved pools employing next generation sequencing (NGS) and a 

subsequent bioinformatics pipeline. Therefore, not only promising sequences were chosen for further 

characterisation, but highly conserved nucleotides among these were likewise identified. Subsequent in 

vitro experiments exposed one aptamer with higher inhibitory efficacy compared to the complete RNA 

pools and first truncation experiments of this sequence added knowledge about its structure-activity 

relationship. 
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Zusammenfassung 

Der Wissenschaftszweig der Epitranskriptomik, welcher sich mit Ribonukleinsäure (RNA) 

Modifikationen beschäftigt, hat in den vergangenen zehn Jahren zunehmend an Popularität gewonnen. 

Durch die Verbindung von RNA Modifikationen mit verschiedenen physiologischen und 

pathophysiologischen Stoffwechselvorgängen sind diese nun ein bedeutsames Feld für biologische und 

biomedizinische Wissenschaften. In diesem Zusammenhang sind besonders Methylierungen von 

Interesse, da sie die meistverbreiteten Modifikationen darstellen und dementsprechend in vielfältiger 

Weise an der zellulären Regulation mitwirken. Methylgruppen werden von der Enzymfamilie der RNA 

Methyltransferasen (MTasen) auf RNA übertragen. Da RNA Methylierungen mit diversen Krankheiten 

in Zusammenhang gebracht wurden, sind die dazugehörigen MTasen nun in den Fokus von 

medizinischen Chemiker*innen als potentielle drug targets gerückt. 

Eine außergewöhnliche MTase ist die DNA methyltransferase 2 (DNMT2), von welcher die genaue 

biologische Funktion noch nicht vollständig aufgeklärt wurde. Allerdings deutet immer mehr darauf hin, 

dass das Enzym an pathophysiologischen Prozessen beteiligt ist. Dementsprechend wurden im Zuge 

dieser Arbeit Modulatoren für die DNMT2 Aktivität entwickelt, indem zwei konvergente Strategien 

verfolgt wurden. Erstens wurden small molecule Inhibitoren entwickelt und untersucht, während 

zweitens RNA Aptamere generiert und analysiert wurden. 

Die small molecule Inhibitoren, welche in dieser Arbeit evaluiert wurden, basieren auf der Struktur des 

natürlichen Cofaktors S-Adenosyl-L-Methionin (SAM). Dieser wurde chemisch derivatisiert, sodass Y-

förmige Strukturen erzeugt wurden. Ein systematischer Überblick über Struktur-Wirkungsbeziehungen 

für diese Inhibitoren wurde durch zwei Studien generiert. Diese gewähren einen detaillierten Einblick in 

die von DNMT2 erkannten molekularen Architekturen. So gewonnene Erkenntnisse konnten durch in 

silico Modelle unterfüttert werden, sodass das Verständnis über die molekularen Interaktionen erweitert 

werden konnte. 

Diese Ansätze führten zu Molekülen mit moderaten Affinitäten für das Enzym und konkurrieren 

wahrscheinlich mit SAM um die gleiche Bindetasche. Weiterhin wurden differenziertere 

Inhibitionsmechanismen, wie zeitabhängige Inhibition oder RNA Konkurrenz, offenbart. 

Interessanterweise wurde für einige Inhibitoren sogar partielle Selektivität gegenüber anderen MTasen 

beobachtet. 

Für die Generierung von DNMT2 RNA Aptameren wurden zunächst RNA Mischungen, welche durch 

systematic evolution of ligands by exponential enrichment (SELEX) entstanden, durch 

Hochdurchsatzsequenzierung (NGS) und anschließenden bioinformatischen Methoden analysiert. 

Hierdurch wurden nicht nur vielversprechende Kandidaten für weitere Charakterisierung ausgewählt, 

sondern auch über alle Sequenzen hochkonservierte Nukleotide identifiziert. Nachfolgende in vitro 

Experimente zeigten, dass ein isoliertes Aptamer stärkere Inhibition als die kompletten RNA 

Mischungen aufwies und erste Verkürzungsexperimente lieferten ein fundiertes Wissen über Struktur-

Wirkungsbeziehungen für die Aptamere. 
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1 Introduction 

1.1 Epitranscriptomics 

Ribonucleic acid (RNA) is a ubiquitous biopolymer and the most pivotal player in protein biosynthesis, 

best known for its three main representatives: messenger RNA (mRNA), transfer RNA (tRNA) and 

ribosomal RNA (rRNA) (1). In recent years, various additional functionalities of RNA were unveiled 

alongside novel RNA species conferring increased significance and importance to RNA beyond its 

classical task in protein translation (1–6). Notable examples are small interfering RNAs (siRNAs) 

capable of gene silencing by targeted mRNA degradation (6–8) or tRNA derived small RNAs (tsRNAs 

also called tRNA fragments (tRFs)) affecting multiple physiological processes, e.g. epigenetic regulation 

(9, 10). 

With the 2020 Nobel Prize in chemistry awarded to Jennifer Doudna and Emmanuelle Charpentier, two 

discoverers of the clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system 

(11, 12), together with the federal drug agency’s (FDA) emergency approval of the first mRNA-based 

vaccines in the same year (13), RNA has emerged as a main focus in biological and medical research. 

Although RNA is capable of adopting highly complex three-dimensional structures (14), its composition 

is rather limited at first sight, as it consists of only four different nucleotides mainly interacting via 

canonical Watson–Crick–Franklin base pairing (15). In contrast, proteins comprise 20 canonical amino 

acids giving them an extended interaction scope (16). 

However, interactions between bases are not restricted to Watson–Crick–Franklin base pairing, non-

canonical interactions as Wobble or Hoogsteen base pairings are also feasible. This enables more 

complex arrangements of RNAs and thus permits their diverse functionalities (15). In addition, all four 

bases occurring in RNA, namely adenine (A), guanine (G), cytosine (C) and uracil (U), as well as the 

ribose moieties are chemically modified, which considerably expands the diversity of these building 

blocks. 

Well over 150 RNA modifications have been described to date, with their number steadily increasing 

(17). Modifications range from simple chemical attachments as the methyl group to more complex 

molecules like i6A or t6A, bearing isopentenyl or threonyl derivatives, (18, 19) to highly sophisticated 

base alterations such as queuosine (Q) or wybutosine (yW), which are presented in Figure 1 (20, 21). 

Modifications are found at several positions of all four canonical bases (indicated by descriptors before 

the base letter) and moreover at the 2'-position of the ribose (indicated by an m behind the base letter, 

Figure 1). Over the past ten years, the field of RNA modifications became increasingly popular, sparked 

by the precise mapping of m6A (structure displayed in Figure 1) on mRNA (22, 23) and was dubbed 

“epitranscriptomics”, in analogy to epigenetics (24, 25). 

As the epitranscriptome became more prevalent, the enzymes associated with it became increasingly 

recognised, roughly dividing into ‘writers’ (implement modifications), ‘readers’ (decode modifications) 

and ‘erasers’ (remove modifications) (26). The existence of erasers already indicated the dynamics 

underlying this layer of information reflecting their multiple functions in vivo (27, 28). 
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Figure 1. Epitranscriptomics. Structure of the four canonical RNA bases as well as selected examples of RNA 
modifications with a representative image of an mRNA cap. 

RNA modifications and their machinery participate in biological regulation by numerous and diverse 

pathways with many of them not fully understood (29, 30) and importantly they have been found to 

contribute to pathological phenotypes (31). In this context, m6A is arguably the most famous and well-

studied modification. It is highly abundant on mRNA, where it influences translation, alternate splicing 

as well as stability and thus directly affects the production of corresponding proteins (32–34). 

Accordingly, it is not surprising that m6A was associated with progression of cancers, such as acute 

myeloid leukaemia (AML) (31, 35–39) or development of the nervous system (40). 

The epitranscriptome is also utilised by the innate immune system to distinguish between endo- and 

exogenous RNA and consequently to recognise pathogens (41). In this regard, pseudouridine (Ψ, or 

rather its methylated form m1Ψ, see Figure 1) is particularly worth mentioning, since it is incorporated 

into the mRNA vaccines of BioNTech/Pfizer and Moderna for its immunomodulatory qualities (13, 42). 

 

1.2 RNA methylation 

Despite the vast divergence of RNA modifications, one of the most relevant members is also the simplest 

one: the methyl group. Next to the above mentioned m6A, methyl groups have been found on all major 

types of RNA as well as on various positions on the RNA scaffold, with prominent members such as 

m5C, m7G or 2'-O-methylations as depicted in Figure 1 (43). As can be expected, the biological functions 

exhibited by RNA methylations are as diverse as their occurrence on RNA. 

Already half a century ago, RNA methylations were identified on the 5'-cap of mRNAs in which a m7G 

bearing guanosine is linked to the RNA via a 5'-5' triphosphate bridge, while additional to this, 

2'-O-methylations can be found at the first nucleotides of the corresponding mRNA (Figure 1) (44–48). 

These modified mRNA caps have an impact on mRNA translation (49, 50), stability (51), transport (52, 
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53) and influence various different functions (47, 48, 54), while additionally they are also crucial for the 

discrimination of exogenic from endogenic RNA by the innate immune system (55–58). 

RNA methylations also impact the structural integrity of tRNAs and rRNAs, e.g. by blocking of Watson–

Crick–Franklin base pairing and therefore add an additional layer of translational control (59). 

Interestingly, RNA methylations can also facilitate the incorporation of other modifications. For instance, 

the 2'-O-methylations Cm located at position 32 and Gm at position 34 (Cm32 and Gm34) are crucial for 

robust hypermodification of m1G37 to wybutosine (yW) on tRNAPhe in Schizosaccharomyces pombe and 

Saccharomyces cerevisiae (60, 61). The other way around, the incorporation of methyl groups can be 

triggered by different modifications, as in Escherichia coli tRNALeu in which i6A37 facilitates Cm or Um 

incorporation at position 34 (43, 62, 63). 

An impressive and recent example for the possible impact of RNA methylations is given by the m3C32 

modification found on mitochondrial (mt)-tRNAThr and mt-tRNASer(UCN) in humans. The modification is 

implemented by the enzyme METTL8, in particular if RNA position A37 is modified with t6A37 (mt-tRNAThr), 

i6A37 or ms2i6A37 (mt-tRNASer(UCN)). Modified mt-tRNA adopts a different conformation compared to RNA 

lacking m3C and slightly alters translation (64, 65). As this process is localised in the mitochondria, the 

methylation leads to increased respiratory chain activity and intriguingly the corresponding writer, 

METTL8, is overexpressed in pancreatic cancer cell lines (66). 

 

1.3 RNA methyltransferases 

Methyl groups are grafted onto their respective targets by methyltransferases (MTases) (67). These 

targets include not only RNA (68), but also deoxyribonucleic acid (DNA) (69), proteins (70) and small 

molecules (71) and most of them are utilising S-adenosyl-L-methionine (SAM) as cofactor which is 

converted into S-adenosyl-L-homocysteine (SAH) during the methylation reaction (Figure 2) (67). 

After adenosine triphosphat (ATP), SAM is one of the most abundant cofactors found in cells, and 

accordingly, SAM-dependent MTases were observed in all three domains of life (72). Classically, the 

enzyme family was sorted into five different classes (67, 73, 74), however, the discovery and structural 

assessment of novel MTases further expanded the scope to nine classes (75–80). Allocation of enzymes 

to the classes is based on their structure and characteristic folds rather than on their phylogenetic 

assignment (81–83). In Table 1 selected examples are presented with references to representative 

crystal structures. 

Class I is the most abundant group of MTases and is named after its characteristic Rossmann-fold (67, 

73, 74, 84). Another noteworthy MTase class is class V, which contains a so-called SET domain and is 

usually associated with protein MTases (85). Of special interest are MTases of class VII, which include 

a TIM barrel and use radical mechanisms for methylation of their respective targets (86, 87). Class IV 

enzymes, also dubbed SPOUT or SpoU-TrmD MTases exclusively contain RNA MTases (83, 88), which 

are also found in classes I, VII, VIII, and IX. 
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Figure 2. RNA MTases. Transfer reaction as catalysed by MTases on RNA, DNA, proteins and small molecules. 

Even though most MTases utilise SAM as a cofactor, some exceptions use 

N5,N10-methylenetetrahydrofolate (MTHF) for methylation reactions (89–92). MTHF-dependent MTases 

are not classified in a commonly accepted system as their SAM-dependent counterparts, but they are 

known to methylate a variety of targets including RNA, proteins and especially small molecules and 

further occur in all three domains of life (93–96). One prominent member is the thymidylate synthase, 

which is a clinically relevant anti-cancer target and is addressed by the drug 5-fluorouracil (5-FU) (94, 

95). 
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Table 1. MTase classes. Listed are various MTase classes together with their unique structural features and 
representative examples. Table adapted from Fischer et al. (97) for which is was created with Marlies Weber and 
Robert Zimmermann. 

Name Structure 
Representative crystal 

structure 

Class I 
Rossmann-fold MTases 

(98–101) 

An αβα-sandwich formed by seven 

β-sheets flanked by three α-helices 
on each side 

nsp10-nsp16 methyltransferase 
complex 

SARS-CoV-2 
PDB 6YZ1 (100) 

Class II 

(102) 

A characteristic central, antiparallel 
β-sheet, flanked by eight central β-

sheets framed by several α-helices 
at both ends 

MetH methionine synthase 
E. coli K12 

PDB 1MSK (102) 

Class III 

(103) 
Two α β-clusters containing four α-

helices with five central β-sheets 

CbiF cobalt-precorrin-4 
transmethylase 

Priestia megaterium 
PDB 1CBF (103) 

Class IV 
SPOUT (SpoU-TrmD) 

MTases 

(83, 104) 

C-terminal knot; seven α-helices 
surrounding a six-stranded parallel 

β-sheet 

RlmB 2'-O-methyltransferase 
E. coli 

PDB: 1GZ0 (104) 

Class V 
SET-domain containing 

proteins 

(85, 105) 

C-terminal pseudoknot surrounded 
by a combination of three β-sheet 

constructions consisting of three β-

strands 

SET7/9 lysine 
methyltransferase 

H. sapiens 
PDB: 1MT6 (105) 

Class VI 

Transmembrane 

MTases 

(76, 106) 

C-terminal catalytic subdomain 
comprising an α-helix and containing 
five transmembrane α-helices with a 

cofactor-binding pocket 

Isoprenylcysteine carboxyl 
methyltransferase (ICMT), 

Methanosarcina acetivorans 
PDB: 4A2N (76) 

Class VII 

TIM barrel MTases 

(77, 107) 

Partial or full TIM barrel with a [4Fe-
4S] cluster 

MiaB radical 
methylthiotransferase 
Bacteroides uniformis 

PDB: 7MJV (77) 

Class VIII 

(78, 79) 

Six-stranded anti-parallel β-barrel, 
sheets interconnected with extended 

loops 

TrmO/YaeB tRNA 
methyltransferase 

Archaeoglobus fulgidus 
PDB: 2NV4 (78, 79) 

Class IX 

(80) 

A concave surface formed by two 
four-stranded antiparallel β-sheets 
with five α-helices at the opposite 

side 

SsTaw3 tRNA-yW N-4 
methyltransferase 

Saccharolobus solfataricus 
PDB: 1TLJ (80) 
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1.4 DNA methyltransferase 2 

Due to its close structural resemblance to DNA methyltransferases, DNA methyltransferase 2 (DNMT2) 

was long thought to act on DNA (69, 108–110). However, at best low DNA methylating activity was 

detected but still this remains controversial (111). The lack of activity was surprising, especially since 

DNMT2 is highly conserved in a lot of eukaryotic organisms (112–114) and can also be found in some 

prokaryotes (115). In 2006, Goll et al. finally revealed DNMT2 to be an RNA MTase methylating tRNAAsp 

at position C38 leading to m5C38, depicted in Figure 3A (116). 

 

Figure 3. DNMT2 basics. A) Zoom-in to the anticodon loop of tRNAAsp, which is methylated at position C38 by 
DNMT2 leading to m5C. B) Overlay of all published crystal structures of DNMT2. DNMT2 homologue of human in 
green, PDB: 1G55 (117), of S. frugiperda in red, PDB: 4H0N (118), E. histolytica in orange, PDB: 3QV2 (119) and 
S. pombe in blue, PDB: 6FDF (120), co-crystallised SAH is displayed in black in the pink circle. Protein structures 
created with PyMOL (121). C) Catalytic mechanism of DNMT2 (marked in blue) in which the catalytic cysteine 
attacks position 6 of the cytosine base (displayed in green), while N3 is protonated by a glutamate, which leads to 
activation of C5. The activated carbon atom can then attack the methyl group (displayed in pink) provided by the 
cofactor SAM and after deprotonation of the C5 position by an unknown base m5C modified tRNA is released. 
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1.4.1 Structure and catalytical mechanism of DNMT2 

As mentioned above, DNMT2 is structurally closely related to DNMT1 and DNMT3 (69), thus it is 

proposed that these enzymes evolved from a common ancestor and DNMT2 changed its substrate 

specificity from DNA to RNA during evolution (112). Consisting of less than 400 amino acids, DNMT2 is 

a rather small protein, especially in comparison with its catalytically active protein-siblings DNMT1 

(around 1600 amino acids) and DNMT3 (around 900 amino acids). Both proteins contain regulatory 

domains at their N-termini, while DNMT2 only consists of the catalytic domain (69). 

A detailed insight into the structure of DNMT2 is given by the four different crystal structures published 

so far. These include homologues from human (PDB: 1G55 (117)), Spodoptera frugiperda (PDB: 4H0N 

(118)), Entamoeba histolytica (PDB: 3QV2 (119)) and S. pombe (PDB: 6FDF (120)) (Figure 3B). 

These structures revealed a Rossmann-fold, allocating DNMT2 to class I MTases (117–120, 122). 

Furthermore, motives I to X, associated to the catalytic activity of DNMTs, were found (113, 117, 118, 

123) and are utilised by the enzyme according to a DNMT-like mechanism. This makes DNMT2 the only 

m5C RNA MTase known following this kind of mechanism and not an m5C RNA MTase like mechanism 

(124, 125). 

For the successful transfer of a methyl group from the cofactor SAM to the 5-position of the cytosine 

base, the position must be activated in a first step due to the electron-poor character of cytosine. 

Therefore, DNMT2 utilises a catalytic cysteine residue located in motif IV (proline-cysteine-glutamine, 

PCQ) attacking position six of the base (123). The nucleophilic attack is facilitated by the protonation of 

N3 by a glutamate residue of motif VI (glutamate-asparagine-valine, ENV) and leads to the formation of 

a covalent protein-RNA complex, which is activated on the 5-position of the attacked cytosine. The 

activated C5 atom can now act as a nucleophile itself and attacks the methyl group provided by SAM. 

The catalytic cysteine is eliminated after deprotonation of C5 and subsequent rearomatisation leads to 

the release of the methylated tRNA as well as SAH (111). Additional to motives IV and VI, aspartate 

residues in motif VIII (arginine-random amino acid-arginine, RXR) were identified to be crucial for 

DNMT2 activity (124). The detailed mechanism is depicted in Figure 3C. 

Albeit the mechanism utilised by other m5C RNA MTases, also known as the NSUN family, looks very 

similar at first glance, some differences occur. Here, the catalytic cysteine is located on motif VI 

(threonine-cysteine-serine/threonine, TCS/T), while no glutamate residue in motif IV is used for 

protonation of N3, but an aspartate located in motif IV. Also, deprotonation of C5 is performed by a 

cysteine residue on motif IV (125–127). 

1.4.2 Substrates of DNMT2 

This DNMT-like mechanism in an RNA MTase, together with the structural similarities between DNMT2 

and the other, ‘real’ DNMTs leads to the question if the enzyme is also able to modify DNA. Interestingly, 

this question has not been conclusively clarified yet (124). While some studies describe low levels of 

DNMT2 related DNA methylation, especially in DNMT2-only organism such as D. melanogaster or 

Dictyostelium discoideum (128–137), other reports dispute this (116, 138–140). 

To resolve this contradiction, it was proposed that low levels of 5mC might indeed be artifacts or occur 

due to suboptimal experimental conditions, as incomplete bisulfite conversion (138–140). Another 

explanation could be the low abundance of DNMT2 homologues in organisms with disputed 5mC 
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occurrence leading to hardly reproducible results (111). Furthermore, DNMT2 homologue expression 

was shown to be higher in wild-type strains compared to laboratory strains for D. discoideum (141). 

Differences between constant, mild lab and varying, more challenging natural conditions might therefore 

provide another explanation for the differences in potential occurring 5mC modifications (111). 

An unchallenged substrate is tRNAAspGUC, which is methylated at C38 by DNMT2, close to the anticodon 

loop. Depending on the species, further DNMT2 substrates are tRNAGlyGCC, tRNAGluU/CUC and tRNAValAAC 

being methylated at the same position (111, 141–144). 

More recent studies imply DNMT2 activity in the context of DNA damage and propose a function on 

mRNA or RNA:DNA duplexes (145–147). DNMT2 was also shown to methylate deoxynucleotides if they 

were embedded into the tRNAAsp structure even with higher affinity than all-ribo tRNAAsp (148). 

Multiple bases in the T- and D-loops of tRNAGlyGCC were identified as crucial for successful in vitro 

methylation and furthermore a C32U33X34X35C36A37C38 motif in the anticodon loop was suggested as 

potential consensus motif recognised by DNMT2, depicted in Figure 3A (144). 

The same question was also addressed from the protein’s point of view, which led to the identification 

of eight basic amino acid residues on the protein surface important for DNMT2 activity. Based on this, 

a tRNA binding-site on the protein was proposed (149). 

Although these studies provide a first insight into the interaction between protein and RNA, for a detailed 

insight a co-crystal structure of DNMT2 and an RNA substrate would be most beneficial, which is yet to 

be resolved (111). 

1.4.3 Biological functions of DNMT2 

Biological function of an enzyme is often closely related to its subcellular localisation, e.g. DNMT1 and 

3 are mostly found in the nucleus, alongside their substrate (DNA) (150, 151). However, DNMT2 is found 

in the nucleus as well as in the cytoplasm (116, 152–154) which might reflect the dynamic localisation 

of tRNAs (114, 155), but might also depend on exogenous factors such as stress (156). 

The position of the m5C modification introduced by DNMT2 at C38 close to the anticodon region already 

hints a potential role of DNMT2 in translation, especially since RNA modifications here were shown to 

impact proper protein production (157, 158). Indeed, in double knock-out mice lacking both DNMT2 and 

NSUN2 (another tRNA m5C MTase) activity, a reduction of protein translation was detected besides the 

loss of m5C. Importantly, no changes in mRNA levels were measured, while the level of certain tRNAs 

was reduced backing a tRNA related mechanism (159). 

Additional to this, loss of the m5C modification at C38 lowered aminoacylation of tRNAAsp in vitro and in 

cellulo, which led to a reduction of poly-Asp proteins in cells (Figure 4A). These proteins are localised 

in the nucleus and are important for protein expression, indicating an influence of DNMT2 activity on 

expression of poly-Asp containing proteins and therefore an influence on overall gene regulation (160). 
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Figure 4. DNMT2 functions. A) DNMT2 mediated m5C modification leads to higher degree of amino acylation of 
tRNAAsp. aaRS = aminoacyl-tRNA synthase. B) DNMT2 mediated m5C modification leads to higher translational 
precision by better distinctiveness of Asp and Glu codons for tRNAAsp. C) Modification of tRNAAsp with Q enhances 
DNMT2 activity and elevates m5C levels. D) DNMT2 mediated m5C modification stabilises RNA against the 
endonuclease angiogenin. m5C displayed in red, aaRS displayed in brown, aspartate displayed in yellow, queuosine 
displayed in orange, DNMT2 displayed in blue, and angiogenin displayed in green. 

Another function of DNMT2 and its implemented m5C38 modification was unveiled in DNMT2 knockout 

mice, in which the ability of tRNAs to distinguish between aspartate and glutamate codons was reduced, 

as depicted in Figure 4B. These findings point to DNMT2 having an influence on translational fidelity 

and thus on protein integrity (161). 

One more modification found in the anticodon region of tRNAAspGUC is Q (structure presented in Figure 1) 

at the wobble position G34, which boosts activity of DNMT2 homologues in S. pombe and D. discoideum 

in vivo and in vitro, therefore providing a further example of crosstalk between modifications (vide supra, 

see Figure 4C) (120, 162). 

Another well-known stress reaction in cells is tRNA fragmentation (163) being significantly impacted by 

tRNA modifications (164). The aforementioned study of Tuorto et al. (159) did not only reveal an 

influence of DNMT2 mediated tRNA methylation on translation, but also on RNA stability. This was also 

demonstrated for D. melanogaster tRNAAsp, tRNAGly and tRNAVal which were favourably cleaved by the 

endonuclease angiogenin in the absence of m5C38, as can be seen in Figure 4D (142). Herein, cleavage 

leads to the generation of tRNA fragments (tRFs), a class of small non-coding RNAs exhibiting 

numerous regulatory functions (9). For example, tRFs repress protein translation (165) and are thought 

to have effects in adipogenesis (166) and on the epigenetic inheritance (10). 

In Dnmt2 mutant D. melanogaster, tRFs linked to DNMT2 activity were found to influence siRNA-

dependent pathways after heat shocking the flies. In this case, higher amounts of tRFs were found to 

be present, dsRNA accumulation was observed, and the corresponding siRNA pathways were 

downregulated. These siRNA pathways downregulate the stress response under normal conditions and 

accordingly, Dnmt2 mutant flies showed prolonged stress response compared to wild-type flies (167). 
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1.4.4 Involvement of DNMT2 in (patho)physiological processes 

Knockout of Dnmt2 in D. melanogaster, Arabidopsis thaliana or mice led to viable phenotypes with no 

morphological abnormalities (116). However, in Dnmt2 knockdown zebrafish growth defects were 

detected (154). 

DNMT2 activity was linked to stress conditions and resistance (141, 156, 168–172), e.g. D. 

melanogaster Dnmt2 mutants were more prone to heat stress (142) indicating DNMT2 to be involved in 

stress responses, while on the contrary overexpression of the enzyme led to stress resistance and 

prolonged lives in lower organisms (173–175). 

Further, the DNMT2-gene is upregulated in numerous tumour samples, according to the catalogue of 

somatic mutations in cancer (COSMIC) data base (176), for example in cervical cancer (177) or lymph 

node metastases (178). Alterations of the gene were also shown to modulate the enzyme’s activity with 

some mutations sharply increasing enzyme activity (179). Silencing of DNMT2 sensitised tumour cells 

for radiation and the treatment with poly-ADP-ribose-polymerase inhibitors (PARPi) (145) and let to 

upregulation of tumour suppressor micro RNAs (miRNAs) with antiproliferative effects in human 

fibroblasts (169). Antiproliferative effects after DNMT2 loss were also investigated for human embryonic 

kidney (HEK) 293 cells (146). Additionally, knockdown of DNMT2 in cancer cells enhanced drug-induced 

cell senescence meaning a potential sensitisation for cancer drugs but also likely an aggravation of side 

effects (180). 

Another link between cancer and DNMT2 was found in leukaemia cells. On the one hand, levels of m5C 

and DNMT2 were increased in azacitidine (a well known m5C MTase inhibitor used in cancer therapy, 

vide infra) resistant leukaemia cell lines compared to azacitidine sensitive leukaemia cells (ASLCs). On 

the other hand, DNMT2 was shown to form a complex with another RNA m5C MTase NSUN3 and the 

RNA binding protein hnRNPK (from the heterogeneous nuclear ribonucleoprotein family) and 

knockdown of either of these three proteins led to reduced ASLC viability. Furthermore, this complex 

seems to be involved in the recruitment of RNA polymerase II, which is participating in the formation of 

azacitidine sensitive chromatin regions and thus links DNMT2 to successful cancer therapy in leukaemia 

(181). 

DNMT2 homologues were also linked to the regulation of retrotransposons in D. melanogaster and D. 

discoideum (135, 136), albeit these findings remain disputed (138, 139). 

Increasing amounts of studies propose DNMT2 to regulate viral replication, though in arbitrary ways 

(182). In D. melanogaster and its cells, DNMT2 was linked to inhibition of proliferation of different viruses 

(168, 183), while the DNMT2 homologue in Aedes cells and mosquitos was associated with higher viral 

replication (183–185). In human cell lines, overexpression of DNMT2 leads to deregulation of genes 

usually involved in viral infections (156), while DNMT2 overexpression in human cells which were 

infected with the human immunodeficiency virus (HIV) led to elevated levels of viral RNA. The 

corresponding knockdown led to a reduction of viral RNA. In this case, a direct interaction between 

DNMT2 and viral mRNA as well as methylation of viral RNA by the enzyme was observed and proposed 

as mechanism for enhanced viral replication (147). 

Next to an influence in viral replication, connections between DNMT2 and responses to bacterial and 

parasite infections were drawn, however not much is known in this context so far (137, 186). 



DNA methyltransferase 2 

11 

 

Inheritance of certain phenotypes, which does not come along with changes in DNA sequence is called 

epigenetic inheritance and mediated by modifications on DNA and histones, certain RNA species and 

also by RNA modifications (187–192). Transmission by RNA species is particularly described for 

metabolic (190, 193–197) and mental disorders (198–201). 

Noteworthy, the heredity of metabolic disorders in mouse models was linked to elevated levels of m2G 

and m5C on small non-coding RNAs (sncRNAs) (190), with DNMT2 playing a crucial part (193). 

Knockdown of the corresponding gene in mice reduced the epigenetic transmission of phenotypes, 

which are caused by sperm sncRNA and induced by a high-fat diet (193). 

Another example of DNMT2-mediated heritage was described for phenotypes linked to Kit and Sox9 

genes in mice. The Kit gene encodes a tyrosine kinase and is responsible for white coloured tails, while 

Sox9 encodes a transcription factor and stimulates enhanced growth in the animals. Knockout of the 

Dnmt2-gene leads to abolishment of the corresponding phenotypes, implying a possible function of the 

RNA MTase (202). 

1.4.5 The DNMT2 enigma - is it solved already? 

The DNMT2 enigma, as described by Schäfer and Lyko over 10 years ago in 2010, first arose with the 

contradiction between the high conservation of DNMT2 over several species and its lack of activity on 

DNA substrates (114). The identification of tRNA being the main substrate of DNMT2 certainly was a 

breakthrough, which let to numerous publications related to this enzyme (116). 

The m5C incorporated by DNMT2 was shown to enhance translation (159), as well as amino acylation 

of tRNAs (160) and increased the ability of tRNAAsp to discriminate between codons (161). All these 

functions are important for synthesis of proteins in adequate amounts and with appropriate quality. 

Importantly, m5C38 has an impact on tRNA stability (142, 159) and therefore directly influences the 

occurrence of tRFs and also of siRNA (167), with both RNAs being able to regulate cell physiology (9). 

This broadens the influence which DNMT2 may have on cellular processes significantly. As described 

above, DNMT2’s involvement in the stress response and resistance was reported by numerous studies 

(141, 142, 156, 168–175) and is thus commonly accepted by the scientific community (111). Very 

remarkable is the role the enzyme plays in the epigenetic transmission of certain phenotypes (193, 202) 

opening a door in which borders between epigenetics and epitranscriptomics are vanishing. 

However, even while some important and interesting questions are addressed, many functions and 

effects mediated by DNMT2 remain still elusive. Starting on a basic level, this includes substrate 

specificity. Without question various tRNAs are well investigated substrates of DNMT2 (111, 141–144), 

but the question if DNA can be methylated by the enzyme is still not finally answered, with occasionally 

published studies claiming evidence for DNMT2 mediated DNA methylation (128–137) and thus 

contradicting other reports (116, 138–140). Dependency on experimental conditions was proposed but 

not ultimately clarified (111). Also, in several recent publications mRNA is described as substrate for 

DNMT2 implying an even broader spectrum of functions executed by DNMT2 (145–147). 

Somehow related to the question of substrate specificity is the issue with DNMT2 and viral proliferation. 

Here, effects mediated by DNMT2 seems to be dependent on the species and potentially on the virus 

investigated (147, 168, 183–185). While in some studies a methylation of viral mRNA by DNMT2 is 

described (147), other mechanisms mediated by tRFs or siRNA seem plausible as well (167). 
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The role the enzyme plays in cancer is slowly uncovered but still not solved completely. With 

upregulation of the corresponding gene in cancer cell lines (176) and its role in modulation of cell 

proliferation (146, 180), DNMT2 seems to be involved to some degree in cancer progression. 

Furthermore, it was demonstrated that lack of DNMT2 sensitises cancer cells for subsequent treatments 

(145). Additionally, it was proposed that DNMT2 forms a complex with NSUN3 and hnRNPK which 

modulates chromatin structures (181). 

Taken the paragraphs mentioned above into account the DNMT2 enigma still remains. However, 

especially considering its role in viral and cancer progression, it becomes evident that interest in DNMT2 

research is not only restricted to basic research, but an application in medicinal chemistry is of interest. 

 

1.5 Small molecule inhibitors for RNA MTases 

As outlined in the chapters above, RNA methylations, and with them RNA MTases, participate in several 

biological and physiological pathways. This alone is very remarkable, though their involvement in 

pathophysiological processes adds another layer of significance to this enzyme family shifting it into the 

focus of the pharmaceutical industry. This is because targeting RNA MTases with drugs might lead to 

novel antiviral compounds, antibiotics or cancer treatments. The interest becomes evident not only when 

considering the growing number of related publications, but also by the foundation of multiple start-up 

companies, which dedicated themselves to the manipulation of the epitranscriptome (203–206). 

The following chapters are based on the review article ‘Chemical biology and medicinal chemistry of 

RNA methyltransferases’ published in Nucleic Acids Research in 2022 (97). 

1.5.1 Activity assays used for MTases 

For a successful drug development campaign, one basic requirement is a robust enzyme activity assay. 

In the case of MTases several possibilities have been described, which often rely on the detection of 

SAH, the by-product of the enzymatic reaction (Figure 2) (207, 208). These methods have the big 

advantage of its generic applicability for basically all SAM-dependent MTases. SAH detection and 

quantification usually utilises high-performance liquid chromatography (HPLC) methods coupled with a 

huge variety of different detection methods. These include ultraviolet (UV) (209), fluorescence (210–

212), electrochemical (213) and most importantly mass spectrometry (MS) detection (214). 

While the ability to build a generic MTase assay using HPLC based methods is certainly a huge 

advantage, the high consumption of time and materials limits its throughput. Therefore, methods as the 

staggered parallel scheme were developed to allow high-throughput screenings (HTS) in combination 

with HPLC based assays. Here, multiple HPLC systems are connected to one MS detector and analyte 

retention times are adjusted to have a time delay. This enables the detector to switch between the 

different HPLC systems depending on incoming analytes maximising its working time and thus 

enhancing the throughput drastically (215, 216). 

Another approach for applying MS for HTS in combination with MTases is the RapidFire technique. In 

this approach the column usually applied in HPLC is replaced with an automated solid-phase-extraction, 

which has a very brief turnaround time (217, 218). The RapidFire system was utilised in HTS projects 

to reveal novel RNA MTase inhibitors (219, 220). 
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Besides the direct quantification of SAH utilising HPLC, the molecule can be enzymatically converted to 

obtain compounds which can be detected by absorption (221–223), fluorescence (224) or luminescence 

(225, 226). This allows continuous measurement of the enzyme reaction usually in a well-plate format 

with a fluorescence reader. 

The most classical method to detect MTase activity is the tritium incorporation assay, which is still widely 

utilised. In this assay, MTases transfer a 3H-labelled methyl group of 3H-SAM onto their substrates. First, 

the substrates are precipitated on a filter paper and after discarding unreacted cofactor by washing, 

incorporated 3H-labelled methyl groups on the substrates are quantified using liquid scintillation counting 

(Figure 5) (148, 227). As an alternative to precipitation and scintillation counting, small molecular 

fragments such as nucleotides obtained from digesting RNA can be separated using thin layer 

chromatography and subsequently quantified by means of the radioactive label (228–230). 

 

 

Figure 5. Tritium incorporation assay. Workflow of a typical tritium incorporation assay using the example of the 
RNA MTase DNMT2 (148, 227). DNMT2 transfers a 3H-labelled methyl group from 3H-SAM to the tRNA marking it 
radioactively (1). After precipitation of the tRNA with trichloroacetic acid (TCA) on a filter paper (2), residual 3H-SAM 
is removed by washing (3) and built-in tritium is quantified using liquid scintillation counting (4). Protein structure 
was created with PyMOL (121) and PDB: 1G55 (117). 

As HPLC based assays, tritium incorporation assays are also limited by their low throughput numbers. 

When working with radioactivity the turnover can be enhanced when utilising scintillation proximity 

assays (SPA), which are usually carried out in well-plate formats. Here, the 3H-methylated substrate is 

purified by binding to scintillation beads (e.g., by unspecific electrostatic or biotin/streptavidin 

interactions). Afterwards, the radioactive decay excites the scintillation cocktail in the beads leading to 

an emission which can be quantified (231–233). 

As non-generic alternatives, quantification of the methylated target by various specific methods is 

possible (207, 234, 235). An example is the utilisation of a fluorescent cap analogue as substrate for 

N7-G mRNA cap MTases changing its fluorescence properties after being methylated (236). 
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1.5.2 Early research on small molecule MTase inhibitors 

While research on RNA MTases became increasingly popular in the last few years, connections 

between this enzyme family and cancer or viral infectiousness were already drawn half a century ago 

(50, 237). This knowledge led to an early wave of development of small molecules targeting RNA 

MTases, albeit in the form of crude enzyme extracts rather than purified enzymes due to a lack of 

methodology (238–246). 

While the activity of these early compounds was modest at best, early structure activity relationship 

(SAR) studies could be drawn with the knowledge gained through small screenings (247–249). 

Furthermore, the concept of bisubstrate inhibitors, in which one molecule competes with both SAM and 

substrate RNA, was successfully applied (250), while selectivity for specific MTase extracts was 

described (251, 252). The substructures of these early compounds were almost exclusively based on 

the two most prominent pan MTases inhibitors: SAH and sinefungin (SFG), both displayed in Figure 6. 

 

 

Figure 6. Pan MTase inhibitors. Displayed are the natural products and pan MTase inhibitors sinefungin (SFG), 
which can be extracted from Streptomyces griseolus, and SAH, the by-product of the methylation reaction acting 
as a feedback inhibitor. Figure adapted from Fischer et al. (97). Protein structure created with PyMOL (121) and 
PDB:1G55 (117). 

SAH, the demethylated form of SAM, is the by-product of the methylation reaction and acts as a 

feedback inhibitor for MTases (253). Sinefungin’s molecular structure is closely related to that of SAM 

and is a natural product which was identified in Streptomyces griseolus from which it can be extracted 

(254). Both molecules are still widely applied in MTase drug research, for example as starting points for 

early drug design or as reference inhibitors during assay development (208). 
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1.5.3 General development of small molecule inhibitors 

For the identification of novel small molecule inhibitors several techniques may be applied. Usually this 

is a gradual process, in which at first suitable hits are identified and subsequently being further 

optimised. A widely used method for hit identification are high-throughput screenings (HTS), in which 

great numbers of compounds (up to a million) are subdued to an assay system and by chance more or 

less promising compounds are identified (255). 

A more rational approach is the fragment-based drug discovery (FBDD). As in HTS, also FBDD starts 

with a screening, but in contrast the molecular weight of the screened compounds usually does not 

exceed 300 Da, hence the term ‘molecular fragment’. For the initial screening, typically biophysical 

methods with high sensitivity are applied and determination of a detailed binding mode of the fragments 

(e.g. by X-ray crystallography) is of high priority (256). Even if the resulting hits generally display only 

limited affinities to their respective targets, their ligand efficiency is very high because most atoms of the 

corresponding molecule participate in the binding event (257). 

Also, due to the more limited chemical space of smaller fragments, the screening libraries used in FBDD 

are considerably smaller, saving valuable time and money. The hit identification in FBDD is followed by 

fragment growing, which expands the fragment structures into the binding site based on the resolved 

co-structure. If successful, this step can be conducted until a novel enzyme inhibitor with desired 

properties is developed. Identifying multiple fragments with distinct but adjacent binding sites enables 

fragment linking utilising both hits for subsequent drug development. Additional to smaller screening 

libraries, another advantage of FBDD is the detailed knowledge of inhibitor-enzyme interaction from the 

very beginning of the drug development process allowing a better finetuning of chemical, physical and 

biological properties (256–258). 

A third pillar of hit identification are in silico-based methods, such as virtual screenings (VS). Here, even 

greater numbers of molecules than in HTS (ranging up to 1015) are screened by computational methods 

before they are investigated in wet lab experiments (259–261). In this regard two different approaches 

are categorised: ligand-based drug design (LBDD) and structure-based drug design (SBDD). In LBDD, 

optimisation of ligands is based on known molecular structures, e.g. by artificial intelligence algorithms, 

whereas in SBDD the target’s three dimensional structure is exploited for improvement, particularly by 

molecular docking (262). 

Prior to screenings, either virtual or ‘real’ ones, the corresponding libraries ought to be filtered according 

to criteria such as lead- or drug-likeness and obtained results should be considered with the appreciation 

of pan-assay interference compounds (PAINS) to enhance chances of success (263–267). 

1.5.4 Prokaryotic MTase inhibitors 

With the emergence of antibiotic treatments, millions of lives were saved taking away parts of the horrors 

inflicted by bacterial infections. This perceived safety led to a gap in innovation for novel antibiotics, 

which, in combination with the misuse of antibiotics, led to the current ‘antibiotic resistance crisis’ (268). 

Therefore, strategies for overcoming antibiotic resistances as well as developing novel antibiotics are 

urgently needed. Prokaryotic MTases are a suitable, yet mostly unexploited target which might fulfil 

these requirements. A detailed overview over prokaryotic MTase inhibitors is summarised in Table 17 

in the Appendix adapted from Fischer et al. (97). 
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The name of the erythromycin resistance methyltransferase (Erm) family already links antibiotic 

resistances to methyltransferases and thus non-surprisingly was identified as a valid drug target. As can 

be seen in Figure 7, enzymes of the Erm family methylate rRNA at the binding site for antibiotics as 

macrolides, streptogramin or lincosamides impeding binding of these molecules. Therefore, addressing 

this enzyme family might cope with various antibiotic resistances at once (269). 

 

 

 

Figure 7. ErmC inhibition. Mechanism of ErmC inhibitors. The dimethylation of an adenosine in the 23S rRNA 
prevents binding of the antibiotic erythromycin A to 50S rRNA in which it is incorporated. ErmC inhibitors as 
UK-105730 (IC50 =0.45 µM) have the ability to prevent this methylation and therefore allow erythromycin A to fulfil 
its activity suggesting a combination therapy. Figure adapted from Fischer et al. (97), for which it was created by 
Marvin Schickert. 

The enzyme which is best studied in this context is ErmC (270), for which inhibitors were identified after 

applying VS (271–273) or HTS (274). Among others, this led to the identification of UK-105730 with an 

IC50 value of around 0.45 µM exposing resistant bacteria strains to azithromycin (274). For ErmAM a 

nuclear magnetic resonance (NMR) screening with subsequent optimisation led to SAM-competitive 

inhibitors with low micromolar affinity (275). Even though these findings sound promising, there is no 

substantial interest to pursue this development further into clinical studies so far. 

1.5.5 MTase inhibitors for single cell eukaryotes 

Inhibitors for RNA MTases of single cell eukaryotes are nearly absent in the literature, despite the fact 

of sinefungin’s name implying antifungal activity. The molecule inhibits Ecm1 in E. cuniculi (236) and 

Ccm1 in C. albicans (276), both enzymes involved in the implementation of mRNA caps. Additional to 

sinefungin, Ecm could be addressed by SAH and closely related analogues (277, 278). An overview 

about the literature is summarised in Table 18 in the Appendix adapted from Fischer et al. (97). 



Small molecule inhibitors for RNA MTases 

17 

 

1.5.6 MTase inhibitors for the treatment of non-infectious human diseases 

As described above, the epitranscriptome is involved in numerous physiological and pathophysiological 

pathways. While 2'-O-methylations, m5C and m6A were linked to neuronal development and 

malignancies (279, 280) and partly also to epigenetic inheritance (192, 193), the main focus of drug 

development for human RNA MTases is focused on cancer treatment. Here, numerous modifications 

could be linked to diseases, such as m6A (31, 36–38, 40, 281), m5C (282), m3C (283), or m7G (284–

286) rendering the respective MTases as promising cancer targets (287). In this regard, m6A with its 

writer complex METTL3-METTL14 is by far the most investigated system to date, which is why it is 

elaborated in further detail below. A broader overview about the published literature is summarised in 

Table 19 in the Appendix adapted from Fischer et al. (97). 

While various METTL3-METTL14 inhibitors could be identified (220, 288–290) a combination of in silico 

and in vitro methods identified activators for the complex (291). Another hit identified by an in silico 

screening contained an internal spiro moiety (289, 292), which activity could be boosted from the low 

micromolar to the low nanomolar range after conducting a SAR study. The final compounds were further 

able to reduce m6A levels in a cellular context (292). 

By far the most promising RNA MTase inhibitor so far was developed by the start-up company STORM 

Therapeutics targeting METTL3-METTL14 for the treatment of AML. The original hit arose from a HTS 

and was improved to yield compound STM2457 exhibiting an in vitro IC50 value in the low nanomolar 

range. Additionally, the binding mode of STM2457 is exceptionally well understood, due to the resolved 

co-crystal structure (depicted in Figure 8) revealing its exact position in the SAM binding pocket. 

 

 

Figure 8. METTL3-METTL14 inhibition. Co-crystal structure of STM2457 (purple) overlaid with SAM (green) in 
complex with METTL3-METTL14 (orange ribbons). Molecular structure of STM2457 is displayed on the top right. 
Figure adapted from Fischer et al. (97), for which it was created by Marlies Weber. Image created with PyMOL 
(121), with PDBs: 7O2I (220) and 5L6E (293). 
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Naturally it shows remarkable selectivity, even when compared to various MTases, and most importantly 

it was able to impair AML development in mice and enhance the survivability of AML-transplanted 

animals (220). 

Interestingly, this compound was able to reduce viral replication of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) and human coronavirus (HCoV)-OC43 (a seasonal flue coronavirus) in 

cell culture presumably by disrupting viral scavenging of the host MTase machinery (294). 

1.5.7 MTase inhibitors as antiviral drugs 

The impact of the SARS-CoV-2 pandemic clearly demonstrated the danger imposed by RNA viruses. 

This becomes even more evident when considering other epidemics caused e.g., by the zika (ZIKV) or 

dengue viruses (DENV) (295–297). As mentioned above, the innate immune system utilises RNA 

modifications to distinguish between exo- and endogenous RNA (41). For this reason, viruses code for 

their own MTases modifying viral RNA caps. Modification takes place after the attachment of an 

unmodified guanosine at the 5' end of the mRNA via an 5'-5' triphosphate bridge. In the next step, an 

m7G modification is attached to this first guanosine, while afterwards the following nucleotide in the RNA 

sequence is methylated at its 2'-O-position as can be seen in Figure 1. 

Both methylations require their own MTase functionality, which in some cases is located on the same 

enzyme, as in flaviviruses (298). Modification of viral RNA is not only crucial for evading the host’s 

immune system, but also stimulates the translation of viral proteins (55–58) making these enzymes 

interesting targets for the development of novel antiviral drugs (56, 299, 300). 

Early work in this direction was successful in inhibiting viral MTases with SAH, SFG and corresponding 

analogues with some compounds indeed displaying antiviral activity (239, 241, 301, 302). In comparison 

to prokaryotic and eukaryotic RNA MTase inhibitors, a substantial amount of research was published, 

which is summarised in Table 20 in the Appendix adapted from Fischer et al. (97). In the following 

paragraphs significant examples are presented in more detail. 

Flaviviral inhibitors. A very relevant class of viruses are flaviviruses, which causes around 400 million 

infections per year. It includes members as the dengue, zika or west nile viruses (WNV) being 

responsible for diseases like hepatitis, encephalitis and even fetal death (303). In flaviviruses, both 

N7- and 2'-O-MTase functionalities are found on the NS5 protein, which additionally contains an RNA-

dependent RNA polymerase (RdRp) and a guanylyl transferase functionality. To fulfil its various tasks, 

the enzyme has several substrate binding sites including guanosine triphosphate (GTP), RNA and SAM 

binding sites with the two latter ones being important for MTase activity (304–306). 

Both MTase functions are essential for viral replication, but in different manners. The N7-functionality 

was linked to efficient translation of viral proteins (307–309), whereas the 2'-O-methylation was shown 

to suppress the host’s innate immune response (58, 310) making both MTase functions attractive drug 

targets. 

It is also possible to inhibit both MTase functions with a single small molecule, as was demonstrated 

with SAM analogues on DENV NS5. These compounds were modified at the adenine N6-position with 

hydrophobic residues to address a previously identified, conserved site on the protein (311). This led to 

inhibitors with Ki values in the sub micromolar range and a higher potency than SAH. Additionally, 

selectivity against human MTases was observed (312). 
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In a remarkable campaign, a FBDD was conducted for the development of novel DENV NS5 inhibitors. 

Using a thermal shift assay (TSA), 500 fragments were screened, which led to the discovery of 32 hits. 

With seven of these fragments, a co-crystal structure could be resolved, whereas five of them inhibited 

at least one of the two MTase functions. Interestingly, the fragments bound to four different binding sites 

in the enzyme, with only one, the GTP binding site, previously known. Two of these novel, presumably 

allosteric, cavities were located close to each other and were found direct next to the SAM binding site 

(313). 

Since these binding pockets were in close proximity to each other, the fragments embedded here were 

linked and afterwards subjected to further fragment growing to fill out the respective binding sites. Thus 

developed compounds did not protrude in the SAM binding pocket and also did not reduce N7-MTase 

activity. However, they were able to inhibit the 2'-O-MTase function of DENV, ZIKV and WNV with IC50 

values in the three-digit micromolar range (314, 315). To further optimise these compounds, a focused 

library was created in silico, centred around the essential scaffold and applied to a computational 

docking pipeline. Resulting inhibitors had improved IC50 values as low as 20 µM against DENV and ZIKV 

2'-O-MTase functions but displayed no antiviral properties (Figure 9) (316). 

 

 

Figure 9. Flaviviral MTase inhibition. FBDD strategy applied to flaviviral NS5 MTase which led to 2'-O-MTase 
inhibitors. IC50 values were improved by fragment linking and growing strategies from the millimolar range (F1-F3), 
to around 100 µM (G1) and lower to approximately 20 µM (G2). Figure adapted from Hernandez et al. (316) and 
Fischer et al. (97). SAM is displayed in pink. Protein structures were created with PyMOL (121). PDB IDs used: 
5EKX, 5EIW, 5EIF, 5EHG, 5E9Q, 5EHI (314), 5WZ2 (317). 

Coronaviral inhibitors. Since the start of the century, members of the coronaviral family were 

responsible for three infamous epi- and pandemics (318). Especially the emergence of SARS-CoV-2 in 

late 2019 revealed the vulnerability of modern, globalised societies leading to an urgent need of novel 

antiviral treatments. Unlike flaviviruses, coronaviruses need a total of three enzymes for their two RNA 

MTase functions. The N7-MTase function is located on the nsp14 protein and additional to the typical 

N7-MTase function of enabling efficient viral RNA translation and replication, nsp14’s function was also 
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linked to the viral evasion of the innate immune system (319–322). The catalytic site of the 2'-O-MTase 

is located on nsp16 which forms a complex with nsp10 to conduct its function (323, 324). As for 

flaviviruses, both enzymes were addressed for drug-development. 

In the relatively short time period since the outbreak of the SARS-CoV-2 pandemic an enormous number 

of in silico studies was published dealing with the design of potential inhibitors for either RNA MTase 

activity (see Table 20 in the Appendix). Alternatively, the exploitation of the SAM substructure was used 

for the design of inhibitors for nsp14 and nsp16 leading to compounds with IC50 values as low as the 

nanomolar range (325–327). Some of these compounds were competing with both, SAM and RNA and 

thus follow a bisubstrate mechanism (327, 328). 

In a completely different approach, a screening of around 1800 approved drugs was able to identify 

nitazoxanide as a moderate nsp14 inhibitor with an IC50 value of around 10 µM displaying selectivity 

towards the human MTase hRNMT. Additionally, a previous screening revealed the drug’s antiviral 

properties in cell culture (Figure 10) (219). Although the antiviral properties are likely not only attributed 

by its effect on MTase functions, its promising effects launched nitazoxanide into clinical trials against 

coronavirus disease 2019 (COVID-19) (NCT04486313, NCT04459286, NCT04348409, NCT04746183, 

as of 03/2022). 

 

 

Figure 10. Coronaviral MTase inhibition. The broad-spectrum antiviral drug nitazoxanide arose from an in vitro 
drug repurposing screening targeting nsp14 while a second, antiviral screening revealed it to inhibit SARS-CoV-2 
propagation (219). Figure adapted from Fischer et al. (97). Protein and RNA structures were created with PyMOL 
(121). PDB ID used: 7N0B (329). 

  



Small molecule inhibitors for RNA MTases 

21 

 

1.5.8 Further RNA MTase inhibitors 

One of the most famous and clinically relevant RNA MTase inhibitors is the drug azacitidine 

(Figure 11A), which is used for the treatment of leukaemia and myelodysplastic syndrome. 

 

 

Figure 11. Azacitidine inhibition. A) Molecular structure of azacitidine. B) In the upper panel, the mechanism of 
m5C MTases is displayed illustrating that a catalytic cysteine of the corresponding MTase attacks at C6 of the 
cytidine base. After methylation of C5, this cysteine residue is eliminated again leading to the m5C modified base. 
In the lower panel, the same mechanism is displayed with an incorporated azacitidine. In contrast to the native 
cytidine, azacitidine prevents the release of the catalytic cysteine and traps the enzyme on the RNA, thereby 
inactivating it. Ad = adenosine. Figure adapted from Fischer et al. (97). 

In vivo, this cytidine analogue is incorporated into RNA and DNA, where it traps the corresponding 

MTases and thereby inhibiting them. The trapping occurs due to the electron deficient ring which 

prevents elimination of the catalytic cysteine used by the MTases for methylation (vide supra and 

Figure 11B) (330, 331). This distinct mechanism of action proves azacitidine to be a macromolecular 

inhibitor, even if it is administered in form of a small molecule. Two RNA m5C MTases, DNMT2 and 

NSUN2, were shown to be inhibited by azacitidine (332–334). 

An additional example for macromolecular RNA MTase inhibitors are peptides, which are able to disrupt 

the formation of the nsp10-nsp16 complex in SARS-CoV, hence inhibiting 2'-O-MTase function (335, 

336). 

1.5.9 Aptamers as RNA MTase inhibitors 

The use of aptamers offers yet another viable option for regulating RNA MTase activity. Aptamers are 

short, single-stranded and highly structured nucleic acids, which are able to bind their respective targets 

with high selectivity and affinity (337). They can be generated by systematic evolution of ligands by 

exponential enrichment (SELEX) for a variety of targets. This procedure was first reported by two 

independent groups in 1990 (338, 339). Meanwhile, numerous variants of SELEX have been developed, 

such as capillary electrophoresis SELEX (340) or asymmetric flow-field flow fractionation (AF4) SELEX 

(341–343). The basic concept of the original process however remains the same and is depicted in 

Figure 12A. 
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Figure 12. SELEX procedure. A) Depicted is the general SELEX procedure. At first the target molecule is incubated 
with a random oligonucleotide library. Afterwards, unbound sequences are discarded by washing (1) and 
subsequently bound sequences are eluted (2). In step three, these sequences are amplified, either by RT-PCR and 
IVT in the case of RNA or by PCR followed by strand separation for DNA (3). The newly generated pool is then 
subjugated to binding again and the cycle is repeated several times (4). B) Nucleotides which can be incorporated 
into RNA to enhance stability of aptamers. 

During this process, a high number of varying RNA or DNA sequences (> 1015) is subjected to the target 

of interest. After removal of non-binding sequences, bound molecules are eluted from the target and 

amplified by reverse transcriptase polymerase chain reaction (RT-PCR) and in vitro transcription (IVT) 

in case of RNA or with PCR with subsequent strand separation in the case of DNA. This new 

oligonucleotide pool is then used in the next round of SELEX and the cycle is repeated several times 

(337). Analysis of the produced pools is usually done by sequencing to select promising candidates from 

the vast nucleic acid pools (344). 

Aptamers generated during this process usually display high specificity and affinity, and can act as 

inhibitors, agonists or might not affect the enzyme’s activity rendering them interesting candidates for 

drug development or delivery (345, 346). Indeed, Macugen (also known as Pegaptanib), an aptamer 

binding to the vascular endothelial growth factor (VEGF), was approved by the FDA in 2004 for the 

treatment of neo-vascular age-related macular degeneration (347). Since then, however, no new 

aptamer-based drugs were approved, although numerous candidates reached late clinical stages (346). 

This observation can be explained by low half-lives, immunogenicity and toxicity concerns as well as 

problems with cellular uptake and localisation of aptamers (337, 346). 

Low half-lives are due to the fast degradation of oligonucleotides in vivo mediated by nucleases or cyclic 

phosphate formation. This can be circumvented by incorporation of several modifications into the RNA 

backbone as exchanging the 2'-OH group in RNAs with 2'-F or by introducing various sugar derivatives, 

like xeno nucleic acids (XNA) (348) as locked nucleic acids (LNA) (349) or spiegelmers (L-variant of 

nucleotides, Figure 12B) (350, 351). In addition to their fast degradation, aptamers are excreted 

relatively fast by the liver and kidneys, which can be bypassed by PEGylation, describing attachment of 
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polyethylene glycol (PEG) chains (352, 353). While this indeed leads to higher circulation times, PEG 

was associated to allergic reactions, thereby causing its own problems (354). 

Despite their drawbacks, aptamers are seen as promising candidates for future therapeutics, not least 

because they can be tailored for a huge variety of targets, even if these are hard to address by small 

molecules. With a high dynamic in the ongoing research of aptamers, the above-mentioned problems 

are expected to be avoided to achieve higher performance of aptamers in clinical studies (337, 346). 

Since there is a high conservation of SAM binding sites between various MTases, selectivity for this 

class of enzymes is not trivial to achieve leaving aptamers a promising approach to detour this problem. 

However, literature for aptamers directed against MTases, and RNA MTases in particular, is very scarce. 

Even not related to RNA MTases, one promising aptamer candidate was described for the DNA MTase 

DNMT1, which displayed high affinity, good inhibition of activity and moreover a high selectivity against 

the structurally closely related DNMT3. Furthermore, it was able to reduce enzyme activity in cell culture 

experiments (341). 

For RNA MTases of DENV and the japanese encephalities virus (JEV) the SELEX approach led to 

aptamers which displayed the characteristic high affinity and were further able to reduce both N7- and 

2'-O-MTase activities. In cells previously infected with a viral genome, co-expression of the aptamers 

impeded replication of viral RNA, pointing to a potential antiviral activity (355, 356). 

1.5.10 RNA MTase inhibitors, what’s next? 

As described in the chapters above, the research field of epitranscriptomics gained considerable 

attention over the last decade due to its interesting and complex properties. Since RNA modifications 

were linked to numerous diseases, the enzymatic machineries behind them were revealed as possible 

drug targets. This resulted not only in an increased interest in academia, but also in the industry as can 

be seen by the foundation of various start-up companies (203–206). 

However, compared to other enzyme families, research around RNA MTase inhibitors is still in its 

infancy with a lot of studies focussing on SAM derivatives to obtain first insights into SAR. Nevertheless, 

modern approaches in drug design were scrutinised to develop compounds based on scaffolds 

detached from SAM. 

Especially promising molecules were identified for METTL3-METTL14 and with compound STM2457 

without doubt a breakthrough was achieved. The developing company is expected to move forward to 

clinical studies in 2022 with yet another, more promising candidate (357, 358), which most likely will give 

the field a further push in popularity. Regardless of the compound’s success in clinical studies, crucial 

insights on the field of epitranscriptomics are probably gained facilitating further research attempts. The 

newly earned impetus will hopefully not be restricted to the development of novel cancer therapies but 

include strategies to develop new antiviral and antibiotics or overcome corresponding resistances. For 

these, a solid foundation was built with prior research efforts. 

Additionally, with improvements in aptamer research, especially concerning their in vivo efficacy, this 

class of molecules is of particular interest for RNA MTases. Applying this technique would circumvent 

selectivity issues which are expected to cause problems in small molecule research. With aptamers 

developed against DNMT1 (a DNA MTase), as well as JEV and DENV NS5, first examples are provided 

for effective MTase aptamers with all three displaying promising in cellulo activity.  
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2 Motivation and Objectives 

As outlined in the introduction, RNA modifications and with them RNA modifying enzymes have 

significant impact in cellular regulation (29, 30) and in the progression of malignancies (31). In this 

regard, RNA methylations are the most relevant modifications and are implemented by RNA MTases 

(43). Inhibitors for RNA MTases are considered promising drug targets, with recent developments 

focused on cancer treatment now heading towards clinical trials (220). 

One particular interesting RNA MTase is DNMT2 methylating tRNAAsp (and others) at position 38 which 

leads to a m5C modification (116). While the impact of this modification on tRNA properties as stability 

and translation was demonstrated (111), numerous functions of DNMT2 remain puzzling. From its exact 

substrate specificity (116, 138–140) over the role it plays in epigenetic inheritance (193, 202), to a 

potential influence on viral replication (147, 168, 183–185) many questions remain. Furthermore, links 

between DNMT2 and cancer were drawn (145, 146, 176, 180, 181). 

For these reasons the motivation of this work was the development of novel DNMT2 inhibitors. Due to 

its involvement in cancer progression, DNMT2 is a viable drug target, especially since it was shown that 

abolishment of DNMT2 activity leads to sensitisation of cancer cells towards radiation or PARP inhibitors 

(145) and the upregulation of tumour supressing miRNAs (169). Additional to this, DNMT2 inhibitors can 

facilitate solving the DNMT2 enigma by functioning as structural probes in cellular experiments. In this 

study, a cornerstone for future drug development projects for DNMT2 and other is to be set. Next to the 

establishment of a robust activity assay, the focus should be laid on early structure activity relationship 

studies to assess, if the enzyme is druggable at all and to obtain a general idea of preferences for the 

enzyme. Therefore, two approaches are followed, either by addressing the SAM pocket of DNMT2 with 

small molecules or its RNA binding site by an RNA aptamer. It is also considered to address the 

catalytical cysteine with the small molecule inhibitors to obtain covalent inhibitors. 

A valid starting point for early small molecule drug design is the ubiquitous methyl donor SAM (359), 

which was derivatised by members of the Schirmeister group to increase its affinity. This strategy has 

already been successfully applied to the development of inhibitors for various MTases, such as the 

catechol-O-MTase (COMT) (360–362), the histone MTase DOT1L (363), and also for RNA MTases 

such as METTL3-METTL14 (288–290) or the viral RNA cap MTases nsp14 and nsp16 of SARS-CoV-2 

(326). Remarkably, the SAH derivative Pinometostat, a DOT1L inhibitor, even reached the stage of 

clinical trials for the treatment of leukaemia (326) (NCT03724084, 03/2022). Accordingly, this method 

was chosen as initial design strategy for potential DNMT2 inhibitors. 

To address DNMT2’s RNA binding site, RNA aptamers should be scrutinised due to their unique 

properties. For this, SELEX generated RNA pools ought to be analysed by next-generation sequencing 

and subsequently by in silico and in vitro methods. Thereby, suitable sequences should be pinpointed 

and further evaluated by aptamer truncation. 
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3 Results and Discussion 

3.1 Rational design and testing of first DNMT2 inhibitors 

3.1.1 Design strategy 

As the starting point for the design of DNMT2 inhibitors, the SAM scaffold was selected. In the case 

given, the amino acid side chain on the 5' end was derivatised, while the adenosine scaffold with its 

adenine base and ribose was not altered. To obtain a detailed insight into the structure-activity 

relationship of DNMT2, derivatives in several successions were constructed, as can be seen in 

Figure 13. Most design ideas were developed by Marvin Schwickert from the group of Professor 

Schirmeister, JGU Mainz. 

 

 

Figure 13. Design strategy for the first DNMT2 inhibitors. The natural products SAH and SFG were used as 
reference substances (green leave). The 5' side chain of SAM was altered either by truncating it (yellow scissors, 1), 
using aromatic moieties (black, 2), amine (blue, 3) or amide (lilac, 4) linkers as well as tertiary amines or ‘Y-shaped’ 
compounds (brown, 5–9). For the Y-shaped compounds linear 5, branched 6, saturated cyclic 7, unsaturated 8 or 
alkyne 9 residues were studied. 

Naturally the well-known pan MTase inhibitors SAH and SFG were included in the investigation. First 

synthetic efforts for creating potential DNMT2 inhibitors were aimed at truncation of the amino acid side 

chain (1) or by altering it with aromatic moieties (2). Further experiments attempted to exchange the 

thioether linker by amines (3) or amides (4). Finally, derivatives were investigated in which the sulphur 

atom was replaced by a tertiary amine, resulting in Y-shaped molecules resembling the positive charge 

of SAM depending on the pH value and potentially addressing the cytidine binding site of DNMT2 (5–

9). All compounds were synthesised by Marvin Schwickert and in the course of their master theses by 

Sabrina Hoba, Martin Stark (both supervised by Marvin Schwickert) and Laurenz Meidner (supervised 

by Marvin Schwickert and myself) from the group of Professor Schirmeister, JGU Mainz. 
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3.1.2 Compound evaluation on DNMT2 

The ability of the compounds to modulate DNMT2 activity was measured using a tritium incorporation 

assay, which workflow is depicted in Figure 5 (148, 227). This assay was chosen since implementation 

of a HPLC based assay with either electrochemical or MS/MS detection was not possible due to 

instrumental restrictions. Substrate tRNAAsp was produced by in vitro transcription (IVT) with a PCR 

amplified template and purified by gel elution or ion exchange chromatography (IEX). DNMT2 was 

recombinantly expressed in E. coli cells and purified threefold using immobilised metal ion affinity 

chromatography (IMAC) exploiting the His6 Tag of the protein, IEX and size exclusion chromatography 

(SEC). Recombinant protein expression and purification was conducted by Robert Zimmermann, group 

of Professor Schirmeister, JGU Mainz. For initial screening, the synthesised compounds were subjected 

to the activity assay at concentrations of 100 µM. To verify the activity assay’s screening results with an 

orthogonal method, binding of the molecules was assessed with microscale thermophoresis (MST) (364) 

at a concentration of 100 µM (conducted by Robert Zimmermann, group of Professor Schirmeister, JGU 

Mainz). Results of these experiments are presented in Table 2. 
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Table 2. Overview of first DNMT2 inhibitors. DNMT2 binding and inhibition of the compounds at 100 µM as 
determined by MST and the tritium incorporation assay. Inhibition is displayed as mean values ± standard deviation 
of three independent measurements. Table ranges over multiple pages. Figure schematically depicts inhibition of 
DNMT2 by the various investigated compounds. Protein structure was created with PyMOL (121) and PDB: 1G55 
(117). 

 

Compound 

Binding 
at 

100 µM 
(MST) 

Inhibition at 
100 µM [%] 

Compound 

Binding 
at 

100 µM 
(MST) 

Inhibition at 
100 µM [%] 

 
Natural products Y-shaped linear 

 

SAH 
 

� 85.7 ± 1.7 5a 
 

� 30.3 ± 1.9 

SFG 
 

� 83.5 ± 1.1 5b 
 

� n.i. 

 
Truncated compounds 5c 

 x n.i.  

1a 
 x n.i. 5d 

 

x n.i. 

1b  x n.i. Y-shaped branched 
 

Aromatic linkers 6a 
 
� 44.0 ± 2.7 

2a 
 x n.i. 6b 

 
x n.i. 

2b 
 

x n.i. 6c 
 

x n.i. 

2c 
 x n.i. Y-shaped cyclic 

 

2d 
 

x n.i. 7a 
 

� 27.5 ± 0.4 

2e 
 

x n.i. 7b 
 

� 32.0 ± 2.0 

2f 

 

x n.i. 7c 
 

� 24.5 ± 8.5 
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Amine linkers 7d 

 

x n.i. 

3a 
 
� n.i. Y-shaped unsaturated 

 

3b 
 

x n.i. 8a 
 

� 53.9 ± 6.4 

3c 
 x n.i. 8b 

 � 
72.2 ± 1.2 

3d 
 

x n.i. 8c 

 

� 56.8 ± 6.8 

 
Amide linkers 8d 

 

� 30.2 ± 0.8 

4a 
 

x n.i. 8e 

 

� 23.2 ± 8.2 

4b 
 

x n.i. Y-shaped alkyne 
 

4c 
 

x n.i. 9a 
 
� 61.3 ± 2.1 

4d 
 

x n.i. 9b 
 
� 62.8 ± 0.1 

    9c 

 
� 81.6 ± 2.1 

    9d 

 
� 17.3 ± 1.4 

 

 

IC50 values were determined for selected compounds exhibiting both binding in the MST assay and a 

sufficient strong inhibition in the activity assay using the tritium incorporation assay. The IC50 value of 

9c was determined by Moritz Weber in the course of his master thesis. For fitting of experimental data 

the two-parameter logistic function was used, even though for some compounds saturation at low doses 

was not at 100% enzyme activity following the recommendation of Copeland (365). 

Additionally, compound binding was characterised in more detail using isothermal titration calorimetry 

(ITC, conducted by Robert Zimmermann group of Professor Schirmeister, JGU Mainz) (366). These 

values are displayed in Table 3 with dose-response curves given in Figure 14. 
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Table 3. Characterisation of selected DNMT2 inhibitors. KD values as determined by ITC and IC50 values as 
determined by the tritium incorporation assay of the most potent DNMT2 inhibitors. Values are displayed as mean 
values ± standard deviation (KD) or ± standard error (IC50) of three independent measurements. The KD value of 
SAH is displayed as mean value ± standard deviation of six independent measurements. Figure schematically 
depicts binding and inhibition of DNMT2 by the various investigated compounds. Protein structure was created with 
PyMOL (121) and PDB: 1G55 (117). 

 

Compound KD [µM] IC50 [µM] 

    

SAH 

 

13.6 ± 4.4 15.8 ± 1.5 

SFG 

 

7.5 ± 3.5 13.2 ± 0.8 

8b 

 

11.4 ± 2.4 77.1 ± 5.3 

9a 

 

10.4 ± 2.2 39.7 ± 9.2 

9b 

 

10.5 ± 3.3 32.2 ± 4.3 

9c 

 

8.1 ± 1.4 12.9 ± 1.9 

    
 

For both natural products, SAH and SFG, inhibition of around 85% was assessed and both were 

classified as binders in the MST assay. IC50 values were similar with 16 µM and 13 µM respectively and 

also KD values were comparable with 14 µM for SAH and 8 µM for SFG. 

Both truncated versions of SAH, 1a and 1b, displayed neither binding nor inhibition at 100 µM. The 

same held true for all compounds with aromatic linkers 2a–e and the phthalimide derivative 2f. 

Furthermore, molecules 3a–d bearing amine linkers did not show any inhibition and only 3a was binding 

DNMT2 according to the MST assay. To further explore 3a it was applied to the tritium incorporation 

assay at an elevated concentration of 1 mM where it displayed DNMT2 inhibition of 44%. None of the 

compounds bearing amide linkers 4a–d were categorised as binders nor inhibitors. 
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Figure 14. Dose-response curves I. Dose-response curves of SAH, SFG, as well as compounds 8b, 9a, 9b and 
9c for IC50 calculation as determined by the tritium incorporation assay. “pos” refers to control experiments 
conducted in the absence of inhibitor and “neg” refers to experiments conducted in the absence of inhibitor and 
tRNAAsp. Displayed are mean values and standard deviations of experimental triplicates. 

However, the simplest Y-shaped structure 5a, bearing a methyl group, was binding to DNMT2 and 

inhibited its activity by 30%. Exchanging the methyl group to an ethyl group as in compound 3b let to an 

abolishment of inhibition, while binding was measured via MST. Attaching longer n-propyl or -butyl side 

chains resulted in molecules 5c and 5d, which exhibited no binding and inhibition of the enzyme. 

Derivative 6a bearing a branched isopropyl side chain was binding to the target and also diminished its 

activity by 44%, whereas for larger branched moieties 6b and 6c no binding and inhibition could be 

measured. 

For compounds 7a–c carrying cyclopropyl, -butyl and -pentyl rings the MST assay displayed binding, 

while inhibition of 28%, 32% and 25% was determined respectively. Molecule 7d with a cyclohexyl 

residue was classified as a non-binder and did not reduce the enzymatic activity. 

All Y-shaped derivatives with unsaturated side chains were classified as binders according to MST. 

Compounds 8a, 8b and 8c, which were derivatised with allyl, propargyl and benzyl residues, were 

diminishing DNMT2 activity by 54%, 72% and 57%. A KD value of 11 µM was determined for propargylic 

derivative 8b, which is comparable to SAH and SFG, while the IC50 value of approximately 80 µM was 

significantly higher. 8d and 8e, derivatives of 8b and 8c containing ethyl linkers, showed inhibition of 

30% and 23%. If the terminal carbon chain of 8b was extended with a methyl (9a) or ethyl group (9b) 

the inhibition at 100 µM was 61% or 62%, while IC50 values were around 40 µM and 32 µM. The KD 

values with 11 µM and 10 µM were highly similar and in the range of SAH and SFG. 

At last, the branched monomethyl compound 9c displayed a strong inhibition of 82%. The additional 

methyl group in the side chain of 9c makes the α-carbon atom asymmetric and thus, 9c describes a 1:1 
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mixture of two epimers with different configurations ((R) and (S)). The dimethyl derivative 9d inhibited 

DNMT2 by 17%. Due to its strong activity in the tritium incorporation assay, KD and IC50 values were 

determined for 9c. The KD of 8 µM was comparable to other investigated compounds, but its IC50 value 

of 13 µM was remarkably low. 

A first glance at the data presented above clearly illustrates a good agreement between the MST and 

activity assays. All compounds displaying inhibition at 100 µM were also revealed as binders, while only 

two molecules classified as binders did not exhibit inhibition resulting in a correlation of 90% between 

non-binders and non-inhibitors. Interestingly, 3a was classified as a binder but not as inhibitor at 100 µM 

and showed inhibition at a higher concentration of 1 mM exposing this compound to be a weak inhibitor. 

Thus, MST is likely to be more sensitive towards weak-interacting molecules and compounds displaying 

binding but no inhibition at 100 µM might be in fact weak inhibitors. 

Since the truncated and aromatic SAM derivatives 1 and 2, lacking the amino acid functionalities, were 

not able to reduce the activity of DNMT2 and did not exhibit binding, the amino acid side chain seems 

to be crucial for interaction with the enzyme. 

Exchanging the thioether moiety with either secondary amines or amides appears to be poorly tolerated 

since 3a was the only compound from this series binding DNMT2 according to MST. As described 

above, inhibition for 3a was only measured at higher concentrations, whereas at 100 µM none of the 

compounds inhibited the enzyme. To exclude the possibility that the loss of affinity was induced by a 

shortened side chain instead of the exchange from the sulphur atom with the amide moiety, different 

chain lengths were evaluated. Indeed, after the comparison between 4a and 4b this was ruled out since 

both molecules were inactive against DNMT2. 

Only after turning to Y-shaped compounds synthetic inhibitors were identified, which allowed a first 

structure activity relationship study for DNMT2. In all comparisons between derivatives bearing 

unsaturated side chains, either of linear (5a–d), branched (6a–c) or cyclic (7a–d) nature, a preference 

for smaller residues was clearly determined. Still, the potency of these compounds remained well out of 

the range of SAH and SFG. 

The implementation of unsaturated residues on the other hand led to inhibitors with higher affinities (8a–

8e), with alkyne 8b exhibiting the most potent inhibition. Still, its IC50 value of around 80 µM was 

significantly higher compared to IC50 values of SAH and SFG, but the KD of 11 µM was comparable to 

the ones obtained from SAH and SFG of 14 and 8 µM. The promising inhibition of propargyl and benzyl 

derivatives 8b and 8c with 72% and 57% at 100 µM could not be enhanced by elongating the connecting 

methylene groups to ethylene groups, actually inhibition decreased in both cases (8d and 8e). However, 

extending the terminus of 8b with methyl or ethyl groups yielded inhibitors 9a and 9b with IC50 values of 

40 µM and 32 µM, while the KD values remained around 10 µM, which in both cases is comparable to 

8b. 

To combine the moderate inhibition exhibited by 6a and 8b, both substructures present in the side chains 

were merged, as can be seen in Figure 15A leading to derivatives 9c and 9d (original idea by Marvin 

Schwickert). While the dimethyl derivative 9d reduced DNMT2 activity only by 17%, the monomethyl 

derivative 9c inhibited the enzyme effectively with an IC50 value of 13 µM. The respective value was in 

the range of IC50 values for SAH and SFG, making it the most potent synthetic inhibitor of DNMT2 
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identified by this compound series. However, the KD value of 8 µM did not change significantly compared 

to other derivatives. 

 

 

Figure 15. Inhibitor merging and binding site. A) Merging of substructures of 8b and 6a led to compound 9c 
showing substantial inhibition. B) Exploring the potential binding site of synthetic SAM derivatives by titrating SAH 
against DNMT2 preincubated with 8b in an ITC experiment. No binding enthalpy was detected in contrary to 
experiments without preincubated enzyme. Protein structure was created with PyMOL (121) and PDB: 1G55 (117). 

As presented in Table 3, the measured KD values are relatively similar, while IC50 values differ 

significantly leading to inconsistent ratios between the two values. The IC50/KD ratio is around one for 

SAH and 1.5 for 9c but for the other compounds it is generally higher with roughly two for SFG, three 

for 9b, four for 9c and seven for 8b. This indicates, that binding to DNMT2 does not result in consistent 

inhibition. A possible explanation is that both experiments were conducted under different conditions 

using distinct buffer components and pH values. This is potentially leading to slight variations in surface 

charges or hydration shells and thus to different binding behaviours of the inhibitors. Also, IC50 values 

are strongly dependent on the experimental conditions, as substrate or enzyme concentration adding 

another potential source for variations (367). The most pronounced discrepancy among both assays is 

tRNAAsp, which is absent in the ITC assay. Binding of such a large and strongly charged molecule can 

induce conformational changes in the enzyme and might change its surface charge significantly, thus 

providing a feasible explanation for the different ratios. However, based on the available data, a 

satisfying clarification cannot be provided. A detailed discussion for treating this phenomenon is given 

further below. 

The close structural resemblance between synthetic inhibitors and the natural cofactor SAM already 

suggests that they can compete for the same binding site. For further elucidation, SAH was titrated 

against DNMT2 preincubated with compound 8b using ITC (experiment conducted by Robert 

Zimmermann, Figure 15B). In this case, no binding enthalpy was measured supporting the previously 

stated hypothesis of a shared binding site. 

Due to the additional methyl group, compound 9c is a mixture of two epimers raising the question if one 

of the epimers is more active towards DNMT2 than the other. To examine this, the mixture was 

separated by Marvin Schwickert and inhibition was compared at 100 µM in the tritium incorporation 

assay by Moritz Weber in the course of his master thesis. An exact allocation to either the (R) or (S) 
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epimer was not possible. However, no significant difference was observed between the inhibition of the 

separated epimers, instead both reduced DNMT2 activity similar as the epimeric mixture (Figure 16A). 

 

 

Figure 16. Epimer inhibition and in silico analysis. A) Inhibition of epimeric mixture 9c and the separated 
epimers 9c-A and 9c-B at 100 µM as determined by the tritium incorporation assay. Displayed are mean values 
and standard deviations of experimental triplicates. B) Predicted binding mode of 9c ((R)-epimer, purple) with 
DNMT2, overlaid with the co-crystallised structure of SAH (light green). Amino acids interacting with the compound’s 
acid moieties are displayed in dark red, the cytidine binding site is indicated with a dotted line in black, energetically 
unfavoured water molecules potentially displaced by Y-shaped inhibitors are coloured in light red and the 
energetically favoured water molecule possibly interacting with the compound’s amino group is shown in green. 
Docking studies were conducted by Dr. Christian Kersten. Figure was created with PyMOL (121) and PDB: 1G55 
(117). 

Noteworthy, docking studies conducted by Dr. Christian Kersten supported and complemented the 

experimental data. The predicted binding modes for the docked ligands corresponded strongly with the 

binding mode of the reference ligand SAH adding further evidence for a shared binding site and also 

backed the original assumption of addressing the cytidine binding site with Y-shaped compounds, as 

can be seen in Figure 16B. Computational solvent analysis revealed that the additional group of the 

Y-shaped compounds might be able to displace energetically unfavoured water molecules suggesting 

a reason for their higher potency. Furthermore, the docking studies provide a possible explanation for 

the importance of the amino acid side chain. While the acid group of the co-crystallised SAH was shown 

to interact with the amide backbone of Val-13 and Gly-15 and the side chain of Ser-376, the amino group 

was predicted to interact with water molecules that are firmly embedded in the crystal structure. A more 

precise overview about the docking procedure and its results is given in Schwickert, Fischer, 

Zimmermann et al. (currently under revision). 
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3.1.3 Selectivity of alkyne derivatives towards various SAM-dependent MTases 

As a consequence of the close structural resemblance to the ubiquitous MTase substrate SAM, a key 

interest is the selectivity of the synthesised compounds towards other SAM-dependent MTases. To 

assess the selectivity, enzymatic activity assays of various MTases were conducted using the tritium 

incorporation assay with compounds listed in Table 3, including the natural products SAH and SFG at a 

concentration of 100 µM. MTases used for selectivity experiments included DNMT3A-3L, since it 

exhibits high structural homology to DNMT2 (69). Furthermore, the functional related tRNA m5C MTases 

NSUN2 and NSUN6 (368–370), were investigated alongside the SAM-dependent histone MTase G9a 

(371). DNMT3A-3L, NSUN2 and G9a assays were conducted by Moritz Weber in the course of his 

master thesis. The results are provided in Table 4. 

Table 4. Selectivity of DNMT2 inhibitors. Inhibition of SAH, SFG and alkyne derivatives 8b and 9a–c against a 
panel of SAM-dependent MTases. Inhibition was measured with the tritium incorporation assay at a compound 
concentration of 100 µM. Displayed are mean values ± standard deviations of three independent measurements. 
For a the mean value ± standard deviation of two independent measurements are displayed. Figure schematically 
depicts inhibition of several MTases by the various investigated compounds. Protein structures were created with 
PyMOL (121) and PDB: 1G55 (DNMT2) (117), PDB: 6F57 (DNMT3A-3L) (372), PDB: 4NVQ (G9a) (373), PDB: 
5WWQ (NSUN6) (374), AF: F-Q08J23-F1 (NSUN2) (375, 376). 

 

 Inhibition at 100 µM [%] 

Compound DNMT3A-3L NSUN2 NSUN6 G9a DNMT2 

       

SAH 
 

96.7 ± 3.2 97.3 ± 0.3 99.6 ± 4.6 94.3 ± 0.8 85.7 ± 1.7 

SFG 

 

98.0 ± 2.3 76.8 ± 1.7 70.2 ± 1.8 43.0 ± 9.7 83.5 ± 1.1 

8b 

 

92.6 ± 1.4 n.i. 25.9 ± 3.5 22.2 ± 1.9a 72.2 ± 1.2 

9a 

 

88.2 ± 1.7 n.i. 12.9 ± 7.6 31.9 ± 14.8 61.3 ± 2.1 

9b 

 

90.7 ± 0.8 n.i. 22.7 ± 4.9 37.6 ± 5.1 62.8 ± 0.1 

9c 

 

84.2 ± 0.8 n.i. n.i. 71.0 ± 5.9 81.6 ± 2.1 



Rational design and testing of first DNMT2 inhibitors 

35 

 

The DNMT3A-3L construct was inhibited more strongly by all investigated compounds than DNMT2. 

The highest inhibition at 100 µM was observed for SAH and SFG, which was around 100% for both. 

Synthetic compounds 8b, 9a and 9b lowered the enzyme’s activity by 93%, 88% and 91% respectively, 

while the weakest inhibition was evaluated for 9c with 84%. 

Also, NSUN2 and NSUN6 were inhibited by SAH around 100%, but SFG exhibited a weaker inhibition 

of 77% and 70% correspondingly. While all synthetic compounds investigated did not reveal significant 

inhibition towards NSUN2, 8b, 9a and 9b reduced NSUN6 activity slightly, whereas 9c showed no 

significant activity towards either of these tRNA MTases. 

As for DNMT3A-3L, the enzymatic activity of G9a was lessened by all inhibitors considered. Again, SAH 

displayed profound inhibition of 94% but SFG only reduced G9a activity by 43%. For 8b, 9a and 9b 

weak inhibition in the range between 20% to 40% was assessed, 9c however reduced G9a activity 

around 70%. 

The potent inhibition of DNMT3A-3L by the synthetic compounds undoubtedly proves that selectivity for 

the compounds is not given yet. Since DNMT2 and DNMT3A both exhibit high structural similarities, this 

observation is not surprising, particularly when considering the close structural resemblance of the 

synthetic molecules compared to the ubiquitous cofactor SAM. Also, both SAH and SFG are reported 

to reduce DNMT3A activity with IC50 values in the low to sub micromolar range (377, 378), which was 

also observed for DNMT3B with IC50 values < 500 nM (379, 380). This profound inhibition by SAH and 

SFG poses a feasible reason for the synthetic SAM analogues not to be selective comparing DNMT2 

and DNMT3A-3L. 

Remarkably, all synthetic inhibitors reduced NSUN2 and NSUN6 activities only weakly or not at all, with 

9c showing no activity towards neither enzyme. Since a slight preference for SFG towards SAH was 

detected, this behaviour may be credited to the Y-shaped structure of these compounds. 

In contrast to other investigated MTases, inhibition of G9a by SFG was relatively weak with only 40%. 

Reported IC50 values for G9a vary strongly between the low micromolar range to over 500 µM, rendering 

this observation plausible (381–383). Importantly, the reported trend between SAH and SFG inhibition, 

which is stronger for SAH, was reproduced (382). In the comparison between DNMT2 and G9a at best 

moderate selectivity was observed, with 8b, 9a and 9b displaying a slight preference for DNMT2, while 

9c reduced both enzyme activities to a comparable degree. 

Unsurprisingly, only limited selectivity of the investigated inhibitors was observed, which is likely 

attributed to the high similarity of the synthetic compounds and the ubiquitous cofactor SAM. This is 

most obvious for DNMT3A-3L, since both proteins share significant structural likeness (69). Although 

not investigated here, selectivity is not expected for DNMT1, which is structurally closely related to 

DNMT2 and DNMT3A (69). Comparable to DNMT3A and DNMT3B, IC50 values in the low- to sub-

micromolar range are reported for SFG, SAH and SAH analogues towards DNMT1 (379, 380, 384, 385). 

G9a was inhibited by all investigated compounds albeit less strong compared to DNMT3A-3L. In the 

comparison between DNMT2 and NSUN2 or NSUN6 however, only weak inhibition or even no inhibition 

was observed for synthetic inhibitors, hinting that partial selectivity was achieved. 
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3.2 Rational design and testing of DNMT2 inhibitors with arylic side 

chains 

3.2.1 Aromatic DNMT2 inhibitors with methylene linkers 

As described in the chapter above, the Y-shaped SAM analogue 8c bearing a benzylic residue in its 

side chain was able to inhibit DNMT2 around 57% at a concentration of 100 µM. Aromatic groups hold 

great potential since they can be derivatised easily and in a diverse manner. On that account, another 

series of Y-shaped SAM-like compounds was designed by Marvin Schwickert and synthesised by 

Sabrina Hoba during the course of her master thesis, supervised by Marvin Schwickert. All compounds 

were derivatised with various aromatic moieties as tertiary residues at the amino group linking adenosine 

and amino acid, which were connected via a benzylic linker. Inhibition and binding of these compounds 

towards DNMT2 was assessed by the tritium incorporation and MST assays at a concentration of 

100 µM as described above (MST assays were conducted by Robert Zimmermann, group of Professor 

Schirmeister). The results of this compound series are depicted in Table 5. 
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Table 5. Overview of benzylic DNMT2 inhibitors. DNMT2 binding and inhibition of the compounds at 100 µM as 
determined by MST and the tritium incorporation assay. Inhibition is displayed as mean values ± standard deviation 
of three independent measurements. Figure schematically depicts inhibition of DNMT2 by the various investigated 
compounds. Protein structure was created with PyMOL (121) and PDB: 1G55 (117). 

 

Compound 
Binding 

at 100 µM 
(MST) 

Inhibition 
at 100 µM 

[%] 
Compound 

Binding 
at 100 µM 

(MST) 

Inhibition 
at 100 µM 

[%] 

 
no substitution 3-substitution 

 

8c 
 

� 56.8 ± 6.8 12a 

 

� 67.2 ± 3.4 

10 
 

� 55.4 ± 1.7 12b 

 

x n.i. 

 
4-substitution 12c 

 

� 60.6 ± 3.0 

      

11a 
 
� 85.8 ± 2.3 disubstitution 

 

11b 
 
� 67.3 ± 3.4 13a 

 

� 73.8 ± 3.5 

11c 

 

� 75.5 ± 0.8 13b 

 

� 86.2 ± 3.0 

11d 
 
� 51.1 ± 6.6 13c 

 
� 47.0 ± 3.2 

11e 
 

� 64.0 ± 3.1 13d 

 

� 59.6 ± 4.6 

 

All compounds were classified as binders by MST and inhibited DNMT2 at 100 µM, except for derivative 

12b with an amino group at its 3-position, which exhibited neither binding nor inhibition at this 

concentration. The inhibition of 57% and 55% at 100 µM for 8c and 10 bearing unsubstituted ring 

systems with varying sizes was very similar. Arranging chloro, bromo or iodo residues at the 4-position 

of the benzylic ring led to compounds 11a–c, reducing DNMT2 activity by 86%, 67% and 76% 
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respectively. Derivatives 11d and 11e bearing either trifluoromethyl and methoxy residues at this 

position inhibited the enzyme by 51% and 64%. 

Besides the 4-position, the 3-postion of the benzylic ring was substituted with chloro-, amino- or 

trifluoromethyl groups. As described above, attachment of an amino-group at the 3-position as in 

compound 12b abolished affinity towards DNMT2. Contrary to that, compounds 12a and 12c with chloro- 

or trifluoromethyl groups inhibited DNMT2 by 67% and 61%. 

Additionally, a subset of derivatives bearing disubstituted benzylic rings were analysed. While the 

3,4-dichloroderivative 13a reduced DNMT2 activity by 74%, 13b with a 4-chloro-3-trifluoromethyl 

substitution displayed 86% inhibition. Furthermore, 1,4- and 2,5-dichloroderivatives 13c and 13d were 

investigated and lowered the activity by 47% and 60%. 

When inspecting the results displayed in Table 5, a correlation of 100% between MST and activity 

assays is observed, which is in line with findings described above (Table 2). Exchanging the phenyl to 

a naphthyl ring seems to be well tolerated indicating no sterical clash. This further becomes evident 

when considering other inhibitors with bulky groups such as 11b and 11c with bromine or iodine residues 

at the 4-position. In general, substitutions at the 4-position are well tolerated, since all compounds in 

this series display inhibition comparable or higher to the unsubstituted derivative. Interestingly, no trend 

in inhibition for halogenide residues was examined indicating a mechanism of inhibition which is not 

solely based on either size or partial charge due to electronegative differences. Since compound 11d 

displays a rather low inhibition compared to other compounds, which are substituted at position 4, it 

becomes clear, that a strong negative partial charge at this position is not leading to higher affinities of 

the compounds. 

In contrast to this, derivatives with modifications at the 3-position did not lead to a significant increase 

in inhibition, an amino group here even led to a complete loss of affinity. Unlike the other investigated 

residues, amino groups are strong electron donors in arylic rings due to their +M effect, which might be 

an explanation for the observed behavior. 

If additionally to a 4-chloro residue another chloro- or a trifluoromethyl-group was attached to the 3-

position, inhibition remains similar to the monosubstituted 4-chloro derivative suggesting that effects of 

substituents at positions 3 and 4 do not add up, but rather that the 4-chloro residue is responsible for 

the higher affinity. This is further emphasised by compound 13d, which has no 4-chloro residue while 

its inhibition is comparable to the unsubstituted benzylic compound 8c. Modification of the 2-position 

with an extra chlorine atom additional to a 4-chloro moiety (13c) drops inhibition from 85% to around 

50% revealing substitutions at this position as hindering. 

The acquired results can also be considered regarding the Topliss scheme (proposed by Marvin 

Schwickert), which provides a decision tree for improving aromatic substitution patterns in the context 

of medicinal chemistry (386). The steps of the workflow are depicted in Figure 17. 
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Figure 17. Topliss scheme. Representation of the Topliss scheme (386). The scheme provides a decision tree for 
the improvement of aromatic substitution patterns in medicinal chemistry. Here, activities of different compounds 
are compared and based on the results, novel molecules with varying substitution patterns can be designed in a 
rational way. Comparisons discriminate between better, comparable, worse or activity cliffs. As activity measure for 
comparison, inhibition at 100 µM was used. Only relevant paths are shown for simplicity. Representation inspired 
by (387). 

In the Topliss scheme, the starting point is the comparison between the unsubstituted aromatic ring and 

a 4-chloro substituted ring. Since the chloro derivative 11a exhibits stronger inhibition, the green arrow 

was followed to the 3,4-dichloro compound 13a, which inhibition did not exceed the one of 11a. 

Accordingly, compounds 11b–11d were investigated, but none of these molecules provided an activity 

cliff, which was also true for the 2,4-dichloro derivative 13c. In this case, activity cliff refers to a strong 

improvement in inhibition of the novel compound compared to the preceding one. Following the Topliss 

scheme, the next step would be evaluating the 4-nitro derivative, which has not been sythesised so far. 

Even if it does not follow the scheme’s suggestion taking the path from 13a to 13b resulted in an 

inhibition of 86%. Here, the next step would lead to a 4-nitro-3-trifluoromethyl substitution pattern, which 

was also not synthesised yet. 

Once comparing the inhibition of later compounds in this scheme to the chloro-derivative 11a, it 

becomes evident that further improvement was not achieved. The limitation of the scheme is revealed 

when regarding the paths taken from compound 13a. The path proposed by the scheme led to 

compounds 11b–d with comparable or lower affinities towards DNMT2, while following the “wrong” path 

to 13b led to a compound with a strong inhibition at 100 µM, comparable to the one of 11a. 

The nitro compounds ending the workflow might lead to enhanced inhibition. However, from an 

electronic point of view this is not likely, since the nitro group acts in a similar fashion (electron 

withdrawing) as the trifluoromethyl group, which did not display a significant advance in inhibition. 

Nevertheless, the exceptional characteristics of nitro groups could result in higher affinities towards 

DNMT2. Though it is worth mentioning that especially nitro-substituted aromatic rings should be 

considered with caution in drug design, since nitro groups along with their metabolites exhibit multiple 

unwanted properties (388). 
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3.2.2 Aromatic DNMT2 inhibitors with sulphonamide linkers 

To broaden the understanding of arylic, Y-shaped SAM analogues, sulphonamides were tested as 

alternative linkers between SAM scaffold and aromatic ring. As methylene groups, the sulphur atom of 

sulphonamides is sp3 hybridised (389), but considerably larger containing different and more 

pronounced partial charges (390) (Figure 18A). Furthermore, sulphonamides possess electron 

withdrawing properties by mesomeric and inductive effects (391–394). While resonance formulas with 

C-S and S-N double bonds are possible (Figure 18B), the π-character of both C-S (390, 395, 396) and 

S-N (395, 397) bonds seems to be rather low. Especially in the case of S-N bonds, the π-character 

depends on the electronic surroundings of the corresponding sulphonamides, i.e. electron withdrawing 

residues at the sulphur atom lead to a more profound π-proportion in the bonding (398, 399). This results 

in a relatively free rotation around the respective bonds (395, 399). The additional electron withdrawing 

effect of this group is of interest, since electron deficient aromatic ring systems can act as warheads and 

thus, they can be exploited for the design of potential covalent inhibitors (400–404). 

 

 

Figure 18. Sulphonamide properties. A) Different size and partial charges (δ) of sulphonamides compared to 
methylene groups. δ~ refers to no significant partial charge difference. B) Possible resonance formulas for aromatic 
sulphonamides. C) Design strategy for sulphonamide derivatives. 

In this regard, a third set of compounds was designed bearing aromatic rings as tertiary residues at the 

5' amino group, this time connected via a sulphonamide linker. Additionally, several electron withdrawing 

groups were attached to the ring, namely 4-fluoro, 3-nitro, 3-trifluoromethyl as well as 3- and 4-chloro 

residues. As an alternate electron poor system, a central pyridyl ring was examined (Figure 18C). This 

compound series further enabled direct comparisons between benzyl and sulphonamide derivatives. 

Most compounds were designed by Marvin Schwickert and synthesised by Marvin Schwickert and 

Martin Stark in the course of his master thesis, supervised by Marvin Schwickert. Inhibitory evaluation 

was conducted using the tritium incorporation assay at a concentration of 100 µM and results of these 

experiments are displayed in Table 6. 
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Table 6. Overview of sulphonamide DNMT2 inhibitors. DNMT2 inhibition of sulphonamide compounds at 100 µM 
as determined by the tritium incorporation assay. Inhibition is displayed as mean values ± standard deviation of 
three independent measurements. Figure schematically depicts inhibition of DNMT2 by the various investigated 
compounds. Protein structure was created with PyMOL (121) and PDB: 1G55 (117). 

 

Compound 
Inhibition at 
100 µM [%] 

Compound 
Inhibition at 
100 µM [%] 

 
4-substitution 3,4-disubstitution 

 

14a 

 

n.i. 16a 

 

100 ± 6.7 

14b 

 

33.2 ± 1.9 16b 

 

n.i. 

   

16c 

 

54.3 ± 3.7 

 

3-substitution 

15 n.i. 16d 

 

27.8 ± 17.0 

 

Sulphonamide derivative 14a with a 4-chloro residue did not inhibit DNMT2, whereas exchange of the 

phenyl to a pyridyl ring led to compound 14b displaying weak inhibition of 33% at 100 µM. For the third 

monosubstituted molecule, the 3-nitroderivative 15, no significant inhibition at a concentration of 100 µM 

was determined. 

Combination of structures 14a and 15 led to compound 16a displaying quantitative inhibition. The 

exchange of its 4-chloro to a 4-fluoro residue (16b) however abolished the inhibition completely. Keeping 

the 4-chloro residue constant and exchanging the 3-nitro group to either trifluoromethyl- or chloro-

moieties resulted in 16c and 16d inhibiting DNMT2 by 54% and 28% at 100 µM. Due to the high inhibition 

displayed at 100 µM, the IC50 value of 16a was determined to be 6.3 ± 0.8 µM, the dose-response-curve 

for IC50 determination is presented in Figure 19. 

The IC50 value of 16a is comparable to IC50 values of SAH, SFG and 9c (around 15 µM). However, it 

should be stated that the dose-response curve can be enhanced when considering multiple lower 

concentrations. 
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Figure 19. Dose-response curves II. Dose-response curve of 16a in comparison with 9c, SAH and SFG for IC50 
calculation as determined by the tritium incorporation assay. “pos” refers to control experiments conducted in the 
absence of inhibitors and “neg” refers to experiments conducted in the absence of inhibitor and tRNAAsp. Displayed 
are mean values and standard deviations of experimental triplicates. 

Comparing the corresponding pairs of 14a and 11a, 16d and 13a as well as 16c and 13b only differing 

in their linking moieties (Figure 20A) reveals a clear preference for benzylic linkers (Figure 20B). This 

might be attributed to the different sizes, partial charges and the slightly impeded turnability of the 

sulphonamide compared to the methylene group as described above and depicted in Figure 19A. 

Figure 20B demonstrates that the inhibition of investigated benzylic compounds is comparable, while 

inhibition of sulphonamide derivatives strongly depends on their substitution pattern. One difference 

between the substituents is their ability to withdraw electrons from the ring. If only one chloro residue is 

present on the molecule at the 4-position (14a), no significant inhibition is detected. Adding an additional 

chlorine atom as a mild electron withdrawing group at the 3-position (as in 16d) lead to minor inhibition 

(28%), whereas compound 16c bearing the stronger electron withdrawing trifluoromethyl moiety 

displayed moderate inhibition of 54%. A complete inhibition at a concentration of 100 µM was achieved 

with 16a including the strong electron withdrawing nitro group. 
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Figure 20. Arylic inhibitors. A) Investigated compound pairs differing only in their respective linker moieties. B) 
Inhibition at 100 µM of various compounds with aromatic residues as determined by the tritium incorporation assay. 
Displayed are mean values and standard deviations of experimental triplicates. C) Inhibition at 100 µM as 
determined by the tritium incorporation assay plotted against Hammet substituent constants σm. σm is calculated 
from pKa values of corresponding substituted benzoic acids in aqueous solution. Displayed are mean values and 
standard deviations of experimental triplicates. n.d. = not determined. 

Comparing inhibition of these compounds with the ability of their respective residues to withdraw 

electrons at the 3-position reveals a correlation between higher inhibition and stronger electron 

withdrawing capabilities, as can be seen in Figure 20C. To quantify the electron withdrawing capabilities, 

the Hammet substituent constant σm was chosen, which is calculated from pKa values of the 

corresponding substituted benzoic acids in aqueous solution (392). This phenomenon becomes even 

more evident when comparing compounds 14a and 14b, both having a chlorine residue at the 4-position 

but differing in their ring architecture, with only the electron inferior derivative 14b displaying inhibition, 

albeit a weak one. 

The assessment of 16a and 16b, similar molecules with only the 4-position of the aromatic ring being 

exchanged from a chloro to a fluoro residue, further supports the above proposed importance of a 

4-chloro moiety. Here, the chloro derivative 16a displays 100% inhibition at 100 µM, while the fluoro 

molecule 16b does not exhibit any significant inhibition. This comparison also suggests that the 

3-nitrogroup mainly exerts its effect due to its electron withdrawing effect instead of direct interactions 

with the enzyme. 

The preceding considerations hint that the higher activity of 16a is plausibly based on the electron-

deficient aromatic ring carrying two residues with negative mesomeric (−M) effects (nitro- and 

sulphonamide-groups). The 4-chloro residue exhibits an additional electron pulling activity but appears 

to exert its main impact through direct interaction with the enzyme. Since the substituents differ in several 

other variables than their electron pulling capabilities, more data needs to be gathered for a definite 

statement. 
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3.2.3 Time-dependent enzyme inhibition 

To further investigate the influence of the electron-deficient aromatic rings on the interaction between 

small molecules and enzyme, inhibition of compounds at certain concentrations was investigated with 

varying preincubation times of compound and enzyme. SAH, SFG and compounds 8b and 16a were 

either subjected directly to the enzymatic reaction or preincubated with DNMT2 for 75 minutes before 

initiating the enzymatic reaction. As can be seen in Figure 21A, SAH, SFG and 8b do not inhibit DNMT2 

in a time-dependent manner, but the inhibition of derivative 16a displayed time-dependent behaviour. 

Of all investigated compounds only 16a displays time-dependency. This might be attributed to the 

electron-deficient aromatic ring, but other reasons cannot be ruled out. 

 

 

Figure 21. Time-dependent inhibition. A) Inhibition at 100 µM of SAH, SFG and 8b or at 5 µM of 16a in 
dependency of preincubation time of DNMT2 and compound as determined by the tritium incorporation assay. 
Displayed are mean values and standard deviations of experimental triplicates. B) Possible interactions of DNMT2’s 
catalytic cysteine with the electron-deficient aromatic ring of 16a. Protein structures were created with PyMOL (121) 
and PDB: 1G55 (117). 

It remains unclear whether the observed time-dependency is based on a slow, tight, or irreversible 

binding. However, from a mechanistical point of view an irreversible covalent bond formation is unlikely 

in case of a nucleophilic aromatic substitution (SNAr) reaction. In this case, the highest reactivity would 

be expected with a fluorine atom present, but this could not be confirmed as derivative 16b did not 

exhibit any inhibition towards DNMT2 (Table 6) (405). Due to the close proximity of the catalytic cysteine 

to the SAM binding site, it is possible that the aromatic moiety of the inhibitor interacts with the cysteine. 

This can happen either by the formation of σ- (Meisenheimer) or π-complexes (Figure 21B), which is 

also discussed for protease inhibitors (406). To clarify the binding mechanism additional experimental 

data is required. 
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3.2.4 RNA competition 

Another possible explanation for the comparably strong inhibition of compound 16a is its voluminous 

aromatic residue. According to the anticipated binding mode (vide supra, Figure 16) this residue should 

intrude inside the binding site of the cytosine base and possibly competing with the RNA substrate. To 

elucidate a potential competition, the tritium incorporation assay was conducted in the presence of 

inhibitors SFG, SAH, 8b, 8c, 11a and 16a with varying concentrations of tRNA (Figure 22A). 

 

 

Figure 22. RNA competition. A) Inhibition of DNMT2 at 100 µM (8b, 8c, 11a, SAH, SFG) or 2.5 µM (16a) in 
dependency of various RNA concentrations as determined with the tritium incorporation assay. Displayed are mean 
values and standard deviations of experimental triplicates. B) Possible mechanism of action for arylic compounds 
competing with RNA as well as SAM. Protein structure was created with PyMOL (121) and PDB: 1G55 (117). 

While the inhibition of SAH, SFG and compound 8b was independent of the RNA concentration, all three 

aromatic derivatives 8c, 11a and 16a displayed less inhibition with elevated concentrations of RNA 

indeed emphasising competition between inhibitors and RNA. As can be seen in Figure 22A, the 

dependency of inhibition and RNA concentration for these three compounds is linear. Applying a linear 

fit to the data reveals similar values for the corresponding slopes of 32, 36 and 31 nM−1 for 8c, 11a and 

16a respectively. Thus, no different competition potencies between the investigated substitution patterns 

and linker moieties seems to occur. Since the RNA competition was detected for all investigated 

aromatic compounds regardless of their substitution pattern and linkers, it is plausible that the aromatic 

ring alone is sufficient for the competition. 

While the results described above reveal RNA competition for the compounds bearing aromatic side 

chains, 8b was shown to compete for the SAM binding site using ITC (as described above). Considering 

the close structural resemblance of the aromatic derivatives to 8b and SAM, a bisubstrate mechanism 

for the aromatic SAM analogues as depicted in Figure 22B is possible, although SAM competition for 

these kinds of molecules must be confirmed in additional experiments to draw a definite conclusion. 
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3.3 Summary and Outlook 

As described above, inhibitors for DNMT2 based on the SAM scaffold have been developed and 

investigated using a tritium incorporation activity assay together with the biophysical methods MST and 

ITC (conducted by Robert Zimmermann). In a first set of compounds (1–9), synthesised by Marvin 

Schwickert, Sabrina Hoba and Laurenz Meidner, a so-called Y-shape of the amino acid side chain was 

revealed to be crucial for inhibition. Especially unsaturated residues, like benzyl or propargyl moieties, 

proved themselves as useful for the design of DNMT2 inhibitors. Furthermore, ITC measurements 

conducted by Robert Zimmermann validated competition between synthetic analogue 8b and SAH for 

the same binding site (Figure 15), while docking studies by Dr. Christian Kersten backed and 

complemented the experimental findings (Figure 16). 

In compound series two (10–13) and three (14–16), synthesised by Marvin Schwickert, Sabrina Hoba 

and Moritz Stark, molecules with arylic rings were evaluated, which were linked to the SAM scaffold 

either by methylene- or sulphonamide-groups. For benzylic derivatives, particularly a 4-chloro 

substitution demonstrated promising inhibition. Inhibition by sulphonamide derivatives was found to 

correlate with the ability of substituents to withdraw electrons from the aromatic ring (Figure 20) 

proposing a possible explanation for the time-dependent inhibition of compound 16a (Figure 21). All 

investigated arylic compounds competed with the substrate tRNA hinting to a bisubstrate mechanism 

(Figure 22). 

Two of the synthetic compounds were capable of inhibiting DNMT2 with comparable potency as the 

natural products SAH and SFG. Namely 9c and 16a exhibiting IC50 values of 13 µM and 6 µM compared 

to 16 µM and 13 µM of SAH and SFG. In addition, further promising candidates were identified (e.g. 

11a–c, 13a or 13c). For a better assessment and a profound statement, determination of their IC50 

values is crucial. For complementing the data gathered for the aromatic compounds, KD values using 

ITC are to be measured in analogy to experiments conducted for the first set of compounds. 

Furthermore, verifying the screening results for sulphonamide derivatives with MST adds significance 

to the data. 

As already discussed above, screening data gathered with MST and the activity assay correlated well, 

but discrepancies between the ratios of various KD and IC50 values were observed. Potential causes 

could be different experimental conditions including the presence of tRNAAsp in the tritium incorporation 

assay, which is absent in ITC measurements. To further investigate this discrepancy, a good starting 

point is the reproduction of both values with varying reaction conditions and orthogonal assay methods 

like MST or SwitchSENSE® (407) for KD determination or HPLC based activity assays (408), to exclude 

experimental biases. For the comparison of potential conformational changes of DNMT2 upon tRNA 

binding, the most detailed insight would be given by the evaluation of crystal structures of the enzyme 

in the presence or absence of tRNA (374, 409). Since it is not trivial to obtain these (410, 411), potential 

conformational changes can also be explored with techniques such as circular dichroism (CD) 

spectroscopy (412), NMR (413) or the use of suitable Förster resonance energy transfer (FRET) pairs 

(414). 

The merging of compounds 6a and 8b to 9c improved the ability to inhibit DNMT2 significantly 

(Figure 15A). It is thus a viable option to adapt this strategy to different compounds, such as 11a–c, 13a 

or 13c to check if their potency can be increase as well (Figure 23A). Another interesting perspective 
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would be testing compound 17a, a benzylic variant of the most potent inhibitor 16a, due to the higher 

overall potency of benzylic linkers. The synthesis of this compound was done by Marvin Schwickert and 

Sabrina Hoba, but the final molecule proved unstable and could not be evaluated further. A branched 

version of this compound, 17b, as proposed above, might improve its stability (Figure 23B). 

 

 

Figure 23. Outlook small molecule inhibitors. A) Applying the merging strategy used for alkyne derivative 8b 
and 6a might lead to benzylic derivatives with stronger potency. B) Due to the higher effectiveness exhibited by 
benzylic derivatives investigating 17a is of interest, but the molecule was found to be unstable. Branched compound 
17b might exhibit higher stability due to its additional methyl group. C) Progress curves for time-dependent 
inhibitors. Initial velocity vi is followed by steady-state-velocity vs which equals zero for irreversible inhibition and is 
greater zero for reversible inhibitors. D) Ethyl ester prodrug 18 as used in cell assays. 

To broaden the knowledge of SAR, different linker moieties can be investigated. Especially 

carboxyamides are of interest, since they can be synthesised easily and possess interesting and 

differing properties from methylene- or sulphonamide-groups including a profound −M effect as well as 

a planar sp2 hybridisation (415). In this regard, derivatisation of the ribose and adenine base in addition 

to the amino acid side chain will add more detailed information of SAR. 

A correlation between inhibition and electron deficiency of the aromatic ring was observed for 

sulphonamide derivatives (Figure 20) and intriguingly compound 16a displayed time-dependent 

inhibition (Figure 21). This opens the question if other compounds such as 14b, 16c, 16d or benzylic 

derivatives 13a and 13b bearing electron poor aromatic rings also display time-dependent inhibition. 

Another concern is the reversibility of 16a. Insights here would give important knowledge for the 

mechanism of action of the inhibitor. To explore this, dilution or dialysis experiments with preincubated 

enzyme-inhibitor complexes can be conducted. In the case of irreversible inhibition strong dilution or 

dialysis should not change the potency of the inhibitor, whereas enzymatic activity is expected to be 

restored for reversible inhibitors (416–418). Further hints for the characterisation of the complex can be 

collected using protein MS (419–422) or by investigating a potential biphasic behaviour of the 

progression curve of the enzymatic reaction. Here, two velocities appear due to the slow enzyme-
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inhibitor-complex formation: an initial velocity (vi) and a steady-state velocity (vs). Vi is present before 

the equilibrium of enzyme-inhibitor-complex formation is reached and vs after the equilibrium is reached. 

In the case of an irreversible inhibitor vs = 0, while for reversible inhibition vs > 0 (Figure 23C) (365, 419, 

423). Understanding the detailed mechanism of action of the time-dependent inhibition would allow a 

better characterisation of the compounds using Ki values, since IC50 values hold only limited significance 

in this case (365). 

One additional important observation which can give a more detailed understanding of the mechanism 

of action is the competition of arylic compounds and RNA. This hints for a bisubstrate mechanism, but 

to confirm this, competition experiments with SAH or SAM need to be conducted. While further docking 

studies will provide an additional layer of information, a co-crystal structure of inhibitor and DNMT2 

would be well-suited to offer a definite answer along with providing a template for a more rational 

approach for drug design. 

Two further concerns are the potency of the designed compounds in a biological context, with in cellulo 

activity as the next logical step, as well as their selectivity towards other enzymes, especially different 

MTases. 

First cellular experiments were conducted by Marlies Weber in cooperation with the Lyko group, DKFZ 

Heidelberg, but only minor effects contributed to the inhibitors have been investigated so far, even if an 

ester prodrug 18 of compound 9c was used (data not shown, Figure 23D). Optimisation of the cell-assay 

procedure along with confirming cell permeability of the highly polar molecules is important for further 

successful experiments. 

As described above, selectivity of selected compounds was observed for the m5C RNA MTases NSUN2 

and NSUN6, but not for other investigated MTases (DNMT3A-3L, G9a). Due to the close structural 

resemblance of the compounds with the natural cofactor SAM and the high homology of SAM binding 

sites for multiple MTases (208), profound selectivity is not expected for most other SAM-dependent 

MTases. Developing selectivity along multiple MTases is not trivial but can be achieved as described in 

literature (220, 292, 424, 425). 

Due to the ubiquitous biological appearance of SAM as well as its poor pharmacological properties, 

both, weak cellular effects as well as poor selectivity, can at least partly be attributed to the SAM 

substructure of the compounds. While biologically active and selective SAM derivatives were developed 

(424), further research should also consider the identification of novel scaffolds for potential DNMT2 

inhibitors. This might pose a challenge, not least because of the low throughput of the activity assay 

making larger screening approaches less feasible. The workflow can be accelerated by applying MST 

as a primary screening method, especially since high correlations between activity and MST screenings 

were observed. Even higher throughputs can be achieved when using plate-based assays. Binding 

assays in this case might be based on fluorescent SAH derivatives (426, 427) using fluorescence 

polarisation (428, 429) or quenching (430–432) assays, currently developed by Laurenz Meidner, while 

activity assays may apply specific techniques such as homogenous time-resolved fluorescence (HTRF) 

(433, 434) or enzymatic conversion of the reaction byproduct SAH (vide supra) (221, 223, 225). 

In silico methods, such as virtual screenings, can also be used for the prediction and identification of 

novel scaffolds (435–437). This technique was applied by Dr. Christian Kersten and together with Robert 

Zimmermann compounds were identified binding DNMT2 depending on their concentration, albeit none 
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of these compounds was able to inhibit DNMT2 at a concentration of 100 µM (data not shown). 

Nevertheless, applying comparable strategies together with the knowledge gained from the above 

described and future SAR studies is crucial for the development of next-generation inhibitors for DNMT2, 

potentially exhibiting higher selectivity and biological activity. 

 

3.4 Development of RNA aptamers as inhibitors for DNMT2 

The enzymatic function of DNMT2 can not only be modulated by small molecules, but also by directly 

addressing its RNA binding site e.g., with aptamers. These short and single stranded nucleic acids 

exhibit high specificity and affinity towards their respective targets, rendering them as promising enzyme 

inhibitors (346). 

In the following section, the development of an DNMT2 inhibiting RNA aptamer is described. This 

includes the generation of the aptamer via SELEX (conducted by the group of Professor Mayer, 

university of Bonn), sequencing of the final SELEX pool (conducted by Yuri Motorin and Virginie 

Marchand, Biopôle Nancy), as well as selection of promising aptamer sequences via bioinformatic 

methods. The most encouraging sequences were investigated regarding their inhibition efficiency in 

enzyme activity assays and a first attempt of aptamer truncation was carried out. 

3.4.1 SELEX procedure 

To generate RNA aptamers against DNMT2, an automated SELEX process was conducted by the group 

of Professor Mayer, university of Bonn (438). 

The initial library used for the enrichment procedure consisted of a section of 40 random nucleotides 

flanked by two constant primer binding regions. In total, two selections were performed, one under 

standard conditions and one in the presence of heparin (80 ng µL−1). Due to its polyanionic structure 

(Figure 24A), heparin acts as an unspecific inhibitor for RNA-protein interactions and therefore might 

influence the outcome of the selection process (439, 440). 

For both selections, the randomised starting library was subjected to a total of 12 rounds of SELEX. 

Agarose gel analysis of PCR products after each round indicated a successful enrichment (Figure 24B) 

alongside further evidence for an interaction between selected RNA of rounds 1, 6 and 12 with DNMT2 

provided by a filter retention assay (Figure 24C, both experiments were conducted by the group of 

Professor Mayer, university of Bonn). In this assay, various amounts of DNMT2 are incubated with 
32P-labelled RNA and sucked through a filter. While unbound RNA passes through the filter, the RNA-

enzyme complex is retained and can be quantified according to 32P-induced radioactivity. 

The potential of the generated RNA pools to inhibit DNMT2 activity was validated with IVT synthesised 

RNA from the final round of SELEX for both selections. The enzymatic activity was reduced around 50% 

by both RNA pools at a concentration of 370 ng µL−1 using 3 µM substrate tRNAAsp (Figure 24D). 

The results presented above demonstrate that the SELEX procedure for DNMT2 yielded enriched RNA 

pools that are capable of binding the enzyme and further have the potential to modulate its activity. The 

outcomes of binding as well as inhibition assays are comparable for RNA evolved in the presence or 

absence of heparin indicating a similar selection profile. 
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Figure 24. Outcome aptamer selection. A) Molecular structure of heparin. B) Agarose gel picture of PCR products 
obtained by the SELEX procedure. Numbers refer to selection round, ULR = ultra low range DNA ladder. 
Experiments conducted by the research group of Professor Mayer, Bonn. C) Results of filter retention assays for 
selections in the absence or presence of heparin for SELEX rounds 1, 6, and 12. Displayed are mean values and 
standard deviations of experimental triplicates. Experiments conducted by the research group of Professor Mayer, 
Bonn. D) Relative enzyme activity as determined by the tritium incorporation assay in the presence of complete 
RNA pools of SELEX round 12 (370 ng µL−1) using 3 µM tRNAAsp. Bar diagrams of experiments “pos” and “w/o 
Heparin” refer to average values of experimental duplicates. 

 

3.4.2 Sequencing of RNA pools 

To determine the exact composition of the selected RNAs, the PCR products of the 12th cycles were 

analysed by next generation sequencing (NGS). The sequencing library was prepared by one-step 

elongation PCR, implementing all sequences required for NGS in a single step. The sequencing runs 

were conducted by Yuri Motorin and Virginie Marchand, Biopôle Nancy (441, 442). 

Quantification of unique sequences using the FastAptamer (443) software revealed two highly enriched 

sequences which were identical in the two different enrichment experiments. The most abundant 

sequence was present in 72% of SELEX round 12 without heparin addition and in 75% of SELEX round 

12 with heparin addition, whereas the second most frequent sequence accounted for 5% and 3%, 

respectively. 
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Figure 25. Cluster analysis. Sequence abundance of each cluster. Analysed were the 12th rounds of SELEX 
conducted in the absence and presence of heparin using FastAptamer (443) with a Levenshtein distance of 4. 

For a more detailed comprehension of the pool anatomy, sequences with a Levenshtein distance (444) 

up to 4 were clustered (Figure 25). Cluster 1, containing the most enriched sequence, accounted for 

more than 90% in both SELEX pools, while cluster 2 amounted to 8% and 4% in RNA obtained without 

and with heparin addition. Thus, the two most abundant sequences with their corresponding clusters 

made up 98% or 99% of the complete pools. In all cases, the third most abundant cluster corresponded 

to the same representative sequence and added up to 8*10−1%. In contrast, following clusters differed 

in their representative sequences between both selections and further were only present in traces below 

5*10−2%. An overview of the distribution for the four most abundant clusters and their representative 

sequences is given in Table 7. 

Table 7. Aptamer sequence distribution. Overview of the distribution for the four most abundant clusters and their 
representative sequences for selections in the absence and presence of heparin as identified by the NGS cluster 
analysis using FastAptamer (443). 
 

 w/o heparin heparin 

Cluster 
Representative 

sequence 
abundance [%] 

Cluster 
abundance 

[%] 

Representative 
sequence 

abundance [%] 

Cluster 
abundance 

[%] 

1 72 91 75 94 
2 6 8 3 4 
3 6*10−1 8*10−1 4*10−1 8*10−1 
4 8*10−3 1*10−2 4*10−2 4*10−2 

 
  



Development of RNA aptamers as inhibitors for DNMT2 

53 

 

Analysis of the sequencing data revealed similar sequence distributions in both selection pools, which, 

combined with the similar behaviour in the in vitro assays (Figure 24B, C, D), points out that heparin had 

no major effect on the pool distribution and behaviour of SELEX round 12. 

The high enrichment of two sequences, particularly one, during the SELEX process is unusual and a 

broader distribution of multiple sequences and clusters was expected (341, 445). A possible explanation 

would be high affinities of the selected sequences towards DNMT2, replacing other competing 

sequences during the selection. Moreover, the DNA and RNA polymerases used during the SELEX 

procedure tend to have preferences for specific substrates, which possibly has a substantial influence 

on the outcome. A higher preference of the DNA polymerase towards specific sequences would also 

lead to a bias during the PCR based library preparation for NGS sequencing. To further understand the 

exact mechanisms behind this strong enrichment, DNA pools of other SELEX rounds may be 

sequenced. This would enable precise tracking of certain sequences over the SELEX process providing 

a better understanding how different sequences evolve during the selection. 

3.4.3 Multiple sequence alignment 

To identify conserved nucleotide positions among the evolved sequences, a multiple sequence 

alignment (MSA) was carried out using Jalview (446). Due to the high similarity between the sequence 

distributions, no difference among the two pools was expected and thus, MSA was only done for the 

selection conducted in the absence of heparin. 

If all sequences were taken into account for the MSA, the large quantity of similar sequences present in 

the pool would lead to a generally high conservation. This could lead to an overrepresentation of certain 

positions. In addition, the high amount of input sequences prevented the MSA from running, why low 

abundant sequences had to be discarded. However, if only unique sequences were considered 

regardless of their abundance, the alignment might be biased since in this case low frequency-

sequences affect the results as much as highly enriched ones. 

MSA was run in both instances to check if substantial differences occur. Regardless of aligning all or 

only unique sequences, the fixed primer binding regions showed a conservation of around 100% 

(Figure 26). The overall sequence conservation of the MSA with all sequences was very high (around 

90%, Figure 26A), while it was about 75% if only unique sequences were investigated regardless of 

their abundance (Figure 26B). Remarkably, both alignments identified the same eight positions in the 

variable region with a conservation of around 100%, suggesting that both methods are valid options. 

Being conserved nearly 100%, these eight nucleotides are likely to play crucial roles in the interaction 

between the RNA with DNMT2, thus giving a valuable insight in the structure-activity relationship of the 

aptamer, which can be exploited for the generation of truncated RNA sequences (vide infra). The primer 

binding sites are identical in all sequences, which means that no nucleotides can be identified as 

important for binding in these regions using MSA. 
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Figure 26. Multiple Sequence Alignment. A) MSA considering all sequences. B) MSA considering only unique 
sequences regardless of their abundance. Black bars indicate constant primer binding regions on the template. 
Black arrows display the eight conserved positions with the digits inside specifying the numbers of nucleotides 
which are referred to. The MSA was conducted using Jalview (446). 

 

3.4.4 Inhibition analysis of the aptamers 

After the in silico analysis of the two 12th SELEX rounds, the properties of the sequences were to be 

determined in in vitro experiments. Therefore, the representative sequences of the four most abundant 

clusters were chosen as an initial starting point. While there was no difference for the first three 

representative sequences, the fourth representative sequence differed between the pools enriched in 

the presence and absence of heparin. The fourth most abundant sequence constituted to a greater 

percentage in the RNA pool selected with heparin, which was around one magnitude higher (4*10−2% 

vs. 8*10−3%, see Table 7), hence the sequence was chosen from this pool. The allocation of the 

representative sequences and their respective abundance can be found in Table 8. 

Table 8. Aptamer sequence abundance. Overview of the sequences used for in vitro experiments. 

 w/o heparin heparin 

Aptamer 

name 
Cluster 

Sequence 

Abundance 

[%] 

Cluster 

Sequence 

Abundance 

[%] 

A1 1 72 1 75 

A2 2 6 2 3 

A3 3 6*10−1 3 5*10−1 

A4 7 6*10−3 4 4*10−2 

 

  



Development of RNA aptamers as inhibitors for DNMT2 

55 

 

RNAs were synthesised using IVT and purified via PAGE excision. In a first experiment the potential of 

the aptamers to act as substrates for DNMT2 instead of tRNAAsp was determined at a concentration of 

50 µM using the tritium incorporation assay. Enzyme activity could not be measured for any of the 

synthetic aptamers, implying that they cannot function as substrates (Figure 27A). 

 

 

Figure 27. Aptamer in vitro evaluation. A) Relative enzyme activity as determined by the tritium incorporation 
assay in the presence of either tRNAAsp (5 µM) or A1–4 (50 µM). Displayed are mean values and standard 
deviations of experimental triplicates. B) Relative enzyme activity as determined by the tritium incorporation assay 
either using 5 µM substrate tRNAAsp with addition of 50 µM aptamer RNA (dark colours) or using 3 µM tRNAAsp with 
addition of 15 µM aptamer RNA (bright colours). Displayed are mean values and standard deviations of 
experimental triplicates. 

Next, the ability of the aptamers to reduce DNMT2 activity was investigated by adding 50 µM of the 

corresponding aptamer to enzyme reactions carried out in the presence 5 µM substrate tRNAAsp. The 

aptamer domain of the preQ1 riboswitch of B. subtilis (447) was used to investigate the effect of a non-

specific RNA on the enzymatic activity of DNMT2.  

With this assay setup, A1, the most abundant sequence in the pool, inhibited the enzyme activity around 

33%, A2 displayed an inhibition of roughly 55%, whereas A3 reduced the relative enzyme activity about 

26%. A4 however, only inhibited DNMT2 activity by 13%, which is comparable to the unspecific inhibition 

of the preQ1 riboswitch, indicating that A4 interacts only non-specifically with the enzyme (Figure 27B, 

dark colours). 

The inhibition was weaker than expected under these conditions, which is possibly caused by the high 

concentration of 5 µM of substrate tRNAAsp in the assay, as it presumably competes with the aptamers. 

Another possible explanation for the comparably weak inhibition is that highly effective sequences were 

not identified with the bioinformatic analysis due to their low prevalence in the pool. 

To lessen a possible competition between substrate and inhibitory RNA, the concentration of tRNAAsp 

was reduced to 3 µM while the concentration of the aptamers was decreased to 15 µM in the activity 

assay. Furthermore, A4 was excluded from the experiment due to its weak inhibition, which did not 

exceed the unspecific one of the preQ1 riboswitch. Additionally, IVT synthesised RNA of SELEX pools 

6, 9 and 12 was analysed at a concentration of 420 ng µL−1 (~15 µM, exact molecular weight unknown) 

to determine how the inhibition of the defined sequences compare to the inhibition of complete RNA 

pools. With this comparison the ability of the in silico analysis to identify potent RNA sequences can be 

ensured. 
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As depicted in Figure 27B (bright colours), the trends for aptamer inhibition remained the same with 

lower RNA concentrations. A1 and A2 inhibited DNMT2 by 57% and 88% respectively, A3 decreased 

DNMT2 activity around 45%, while the inhibition of the preQ1 riboswitch (12%) was comparable as in 

the previous experiment. The complete RNA pools of SELEX cycles 6, 9 and 12 reduced the enzyme’s 

activity around 60 to 70% under these conditions. 

Inhibition by A1 is in the range of the inhibition by cycle 12 RNA, which could be expected, since A1 

makes up over 70% of this pool, its closely related sequences (see cluster 1) even over 90%. A2 

exhibited stronger inhibition than the complete pool, demonstrating that the bioinformatic analysis was 

able to pinpoint one aptamer that was more potent than the complete pool. Naturally, further, more 

powerful aptamers might not have been identified by the in silico pipeline due to their low prevalence in 

the complete pool. 

A stronger inhibition was observed when using 3 µM substrate instead of 5 µM, even with a lower 

concentration of 15 µM of aptamer compared to 50 µM, proposing that inhibitor and substrate RNA are 

competing each other. As in total only two different concentrations were studied, these findings should 

be considered with caution until a larger amount of varying RNA concentrations is studied. Furthermore, 

it should be stated that this competition is not necessarily a specific one e.g. competition for the identical 

binding site, but may also be unspecific since the RNA species used are relatively large (~25 kDa) 

compared to the size of the enzyme (~44 kDa) leading to sterical hinderances. Further, RNAs bear a 

strong negative charge, making them natural repellents (448). Previous findings demonstrate that 

tRNAAsp binds to positively charged amino acid residues over a rather large area on the surface of 

DNMT2 which is likely to result in at least partially overlapping binding sites and thus opposing an 

unspecific competition mechanism (149). 

The inhibition of RNAs of cycles 6, 9 and 12 are very similar and differ only in the range of measurement 

accuracy, matching the observations of the filter retention assay (Figure 24C, conducted by the group 

of Professor Mayer, Bonn), which demonstrated that the binding affinity of RNA remained constant from 

cycle 6 to cycle 12 (SELEX without heparin) or even decreased (SELEX with heparin). This suggests 

that RNA potency was not increased in terms of its inhibition and binding potential in the second half of 

SELEX progression. This observation would give a plausible explanation for the strong enrichment of 

only two sequences in the final pools when considering secondary effects such as overamplification by 

DNA or RNA polymerases, as described above. To fully comprehend these issues, sequencing of 

multiple SELEX cycles is beneficial to investigate the enrichment behaviour of single sequences during 

the selection process. Additionally, in vitro data of multiple IVT transcribed RNA pools can add up to 

sequencing results, possibly enabling the identification of previously neglected, more potent sequences. 

3.4.5 Aptamer truncation 

During the process of aptamer truncation, nucleotides contributing not or only to a minor extend are 

discarded, thus improving the overall affinity of aptamer sequences towards their respective targets, and 

further providing information on SAR (341, 449). 

In the case at hand, A2 is the most potent of the selected aptamers and a good starting point for the 

procedure of truncation. Suitable positions for sequence partitions were selected based on the predicted 

secondary structure of A2 using the RNAFold webserver (450–452) and considering the highly 
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conserved positions identified by MSA (vide supra, Figure 26A). This led to the generation of five novel 

sequences, each containing the terminal loop L1 with varying amounts of nucleotides on the 5' and 3' 

ends while excluding the internal loop L2 (Figure 28A and B). 

 

Figure 28. Aptamer Truncation. A) Predicted secondary structure of A2. Colours indicate the conservation of the 
corresponding nucleotide in the complete sequence. The fixed primer binding regions are marked in black. L1 and 
L2 refer to the predicted terminal and internal loops on the RNA structure. B) Predicted secondary structure of A2. 
Coloured regions highlight sequence parts chosen for truncation while black parts were discarded. T1–5 allocate to 
the truncated aptamer species. C) Relative enzyme activity as determined by the tritium incorporation assay in the 
presence of 15 µM truncated aptamer, A2 or the preQ1 riboswitch using 3 µM substrate tRNAAsp. Displayed are 
mean values and standard deviations of experimental triplicates. 

The IVT synthesised RNAs were investigated in the tritium incorporation assay at a concentration of 

15 µM using 3 µM substrate tRNAAsp. All truncated sequences inhibited DNMT2 activity less than the 

full-length aptamer A2 (inhibition of 88%). Sequences T1 and T4 did not show a stronger inhibition than 

the RNA of the preQ1 riboswitch. Inhibition of T2 and T3 was only moderate at 34% and 40%, 

respectively, whereas T5 decreased DNMT2 activity by 65% showing the strongest effect of all truncated 

sequences. (Figure 28C). 

With this first truncation series, no sequences with higher inhibitory effect on DNMT2 compared to A2 

could be generated, nonetheless, information on SAR were received. Based on the weak inhibition of 

T1, it can be clearly excluded that L1 alone is sufficient for DNMT2 inhibition even if all conserved 

nucleotides are included in this sequence. Furthermore, the comparably strong inhibition of T5, 
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especially in comparison to T1 and T4, suggests that the 5' end, or parts thereof, play a crucial role in 

the interaction between RNA and enzyme. Comparing T1, T2 and T3 a longer 3' end, at least until 

partition position of T2, seems to be beneficial for a stronger inhibition. While the optimal length of the 

3' and 5' ends remain elusive, L2 may be of some importance for a strong RNA-protein interaction 

considering the predicted secondary structure in light of the above discussed results. Another approach 

to improve the aptamer’s potency to inhibit DNMT2 would be to scale down L1, as most nucleotides in 

this structural element have an overall low conservation rendering them as potentially expandable. 

Another possibility for the low activities of the shortened sequences might be incorrect structure 

prediction. Secondary structure predictions for RNA purely based on sequence information are error 

prone (453) and thus the original assumption for the truncation process might already be biased. 

For a more detailed insight into the minimal aptamer structure, further shortened RNAs can be designed 

referring to knowledge gained by this first experiment. Errors originating from secondary structure 

prediction can be omitted if the design is based on the sequence alone but this approach restricts rational 

attempts for designing novel sequences to a minimum. 

3.4.6 Summary and Outlook 

As described in the paragraphs above, the SELEX process was utilised successfully for DNMT2. Here, 

the addition of heparin to the SELEX procedure did not alter the outcome significantly, instead two highly 

enriched sequences were identified in both selections using NGS. Furthermore, applying MSA on the 

sequencing data led to the identification of eight highly conserved nucleotide positions among all 

sequences. Based on the bioinformatic cluster analysis, four sequences were selected for in vitro 

experiments. While none of them acted as a substrate for DNMT2, one aptamer, namely A2, displayed 

moderate inhibition towards DNMT2. However, attempts to enhance its potency with truncation 

experiments failed, but the results from this research gave a detailed insight into SAR. 

To generate more efficient aptamers, two possibilities might be considered: identifying novel sequences 

in the pools given or enhancing identified ones. The urgent question persists whether A2 is one of the 

strongest sequences or whether sequences with higher affinities remain unidentified. To answer this 

question, multiple rounds of SELEX may be sequenced and tested for their ability to interact with 

DNMT2, as discussed above. 

Initial attempts to improve A2 were already made by shortening its sequence, but without success so 

far. Considering the information of SAR gained through the first set of truncation experiments, additional 

trimmed sequences can easily be designed and tested to construct a novel aptamer that might 

outperform A2. 

Another possibility for improving an existing aptamer’s performance is a reselection, which additionally 

provides information about SAR. Here, a doped library based on an already characterised aptamer is 

synthesised, which sequences differ only in one or two nucleotides compared to the original. This novel 

RNA pool is then subjugated to a limited number of SELEX cycles. If successful, more potent sequences 

are generated and further conclusions regarding the importance of specific nucleotides can be drawn 

according to their conservation during this process (454–456). Moreover, this data can be helpful for a 

future truncation procedure. Since it exhibits the highest potency to date, A2 is a suitable candidate for 

reselection. 
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For a detailed characterisation of the aptamers, binding experiments are crucial. Inhibition and binding 

data are likely comparable but might differ in the case of an allosteric aptamer binding, which does not 

interfere in substrate tRNA binding. Also, affinities between aptamers and native substrate can only be 

compared in binding assays. 

The use of MST and electrophoretic mobility shift assays (EMSA, conducted by Ann-Kathrin Friedrich 

during her bachelor thesis) have been evaluated for this purpose, but both methods had drawbacks, 

hence they were not pursued further. 

The implementation of a plate based biochemical binding assay using biotinylated proteins with 

streptavidin coated well plates (457) is in process and was executed by Fatih Celik during his master 

thesis. Also, biophysical methods as ITC (458), surface plasmon resonance (SPR) (457) or 

SwitchSENSE® (459) can be utilised for the determination of binding constants and, with especially the 

latter two, providing data about binding kinetics. 

In analogy to small molecule inhibitors, the selectivity of the optimised aptamer is of major concern, 

although SELEX generated sequences usually display high selectivity towards their respective targets 

(346, 460). To assess this, the potential of inhibiting and binding other enzymes of the generated 

aptamer can be examined using the assays described above. 

The next logical step after optimising the aptamer in vitro is to evaluate its functionality in a cellular 

context, where it might not only function as an enzyme inhibitor but may also be exploited to probe 

DNMT2 function in cells. However, use of RNA aptamers in cellulo requires overcoming their rapid 

degradation by nucleases and their limited uptake by cells (461). 

A well-established method to enhance stability of RNA aptamers is to derivatise the 2' positions of their 

structural riboses with either 2'-O-Me or 2'-fluoro residues or by using more sophisticated approaches, 

as derivatisation with locked nucleotides (351). 

Transfection with cationic lipids such as lipofectamine (461) is a standard method for delivering RNA 

into cells, yet transfection efficiency can vary in different experiments, posing a potential drawback to 

this method. The problem of poor cell permeability can be circumvented by expressing the 

corresponding RNA directly in cells using plasmids, though the rapid degradation of RNA prevents the 

accumulation of expressed aptamers. Specific expression systems such as the Tornado plasmid, which 

generates cyclic RNA species with higher intracellular stability, bypass this problem and are able to 

introduce substantial amounts of target RNA into cells to study their biological function in a cellular 

context (462). 
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4 Conclusion and Perspectives 

In the present study, attempts for the development of modulators for DNMT2 activity are outlined. 

Therefore, two approaches were pursued: In a first effort, small molecules were developed to address 

the SAM binding site of the enzyme, while the second method aimed at blocking substrate tRNA binding 

with the use of an aptamer. 

The development of small molecule inhibitors was conducted in close cooperation with Marvin 

Schwickert, Robert Zimmermann, Marlies Weber, Sabrina Hoba, Laurenz Meidner and Moritz Weber. 

Here, derivatives were designed and examined based on the SAM substructure, which did not only give 

valuable insights into the structure activity relationship for DNMT2, but also revealed a remarkable 

correlation between MST and tritium incorporation assays during the screening efforts. On the other 

hand, determination of IC50 and KD values using activity and ITC assays resulted in differing outcomes, 

conceivably due to the varying assay conditions, particularly with regard to a plausible impact of the 

tRNA molecule. 

These analyses revealed that a Y-shape of the SAM-like inhibitors is crucial for addressing the enzyme. 

Herein, unsaturated residues displayed promising inhibition of DNMT2 with a series of alkyne derivatives 

outperforming other compounds. The best inhibitor of this first SAR study, 9c, exhibited comparable IC50 

and KD values as the natural products SAH and SFG. Remarkably, partial selectivity of these compounds 

was observed, most of all for the tRNA MTases NSUN2 and NSUN6. An in silico analysis of the small 

molecule binding mode backed the experimental data and revealed additional insights into the 

interactions between compound and enzyme. 

To further deepen the understanding of the interaction between inhibitors and DNMT2, a second series 

of compounds was investigated. Again, the Y-shaped SAM-substructure was utilised, but the inhibitors 

exclusively bore aromatic residues as their additional side chain. For this purpose, methylene as well as 

sulphonamide linkers were compared alongside a huge variety of differing ring substitution patterns. 

This demonstrated a general preference of benzylic derivatives over sulphonamide ones. Furthermore, 

the importance of a substitution on the aromatic ring’s 4-position was acknowledged, preferentially 

comprising a chloro-residue. 

The inhibition of sulphonamide derivatives correlated well with the ability of aromatic substituents to 

withdraw electrons from the ring, with the electron poorest derivative 16a exhibiting an IC50 value in the 

range of SAH and SFG. This electron-deficient aromatic residue provides a feasible explanation for the 

time-dependent inhibition of 16a, due to a possible interaction between DNMT2’s catalytic cysteine and 

the electron-poor ring. With the evidence of RNA competition exhibited by aromatic derivatives, yet 

another mechanism was identified that could be exploited for future drug design. 

While the above mentioned DNMT2 inhibitors did not outperform the natural products SAH and SFG 

significantly, at least two examples, 9c and 16a, demonstrated comparable affinity towards DNMT2, with 

compounds like 11a, 13a or 13b likely revealing similar behaviour. More importantly, knowledge gained 

during the conducted SAR studies, including some compounds’ potential to imply time-depending and 

RNA competing mechanisms, greatly facilitates future inhibitor design. 

Nevertheless, upcoming endeavours for designing novel molecules should not only focus on the 

enhancement of their affinity, but also aim at selectivity issues, try to unveil the mechanisms behind 
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enzyme-small molecule interaction and importantly improve in cellulo efficacy. First data concerning 

selectivity was gathered during this study laying a solid basis for future efforts. 

For the interaction between compounds and DNMT2, a profound knowledge was gained during this 

thesis. Due to the close structural similarity of the developed compounds with SAM, most likely the 

designed inhibitors address the SAM binding site. This assumption is backed by competition 

experiments conducted with ITC and in silico analyses. Further, compounds bearing aromatic residues 

stretch in the cytidine binding site to compete with the RNA substrate. However, the exact mechanism 

for the time-dependent inhibition remains elusive and further analysis is recommended to understand 

this phenomenon in detail. 

While only minor effects of the investigated compounds in a cellular context were observed so far, this 

problem should be addressed with high priority, since compounds being active in cellulo would pave the 

way for their application as probes in living systems. To increase selectivity and cell permeability, the 

identification of novel scaffolds for DNMT2 inhibitors would be highly beneficial and with the insights 

gained during this thesis their development is facilitated. 

The second approach taken for inhibitor development was the generation of a DNMT2 specific aptamer. 

During this research, SELEX pools created by the group of Professor Mayer were evaluated using NGS. 

Subsequently, bioinformatical methods were applied to select sequences for further in vitro experiments. 

While a surprisingly high enrichment of two aptamers was observed, one of the sequences displayed 

higher reduction of DNMT2 activity than the complete SELEX pools investigated, indicating accurate in 

silico assumptions. First truncation of this aptamer did not result in RNA sequences with higher potency 

but revealed important SAR information for future experiments. 

The observed lack of improvement of inhibition between SELEX rounds six, nine and twelve might 

indicate that the maximal aptamer affinity was already achieved early in the selection procedure and 

provides a possible explanation for the high enrichment. For a deeper insight, sequencing of multiple 

rounds of SELEX would be beneficial. To further improve the aptamer and gain a more detailed 

understanding regarding the SAR of the sequence, a reselection procedure was conducted by the Mayer 

group during the writing of this thesis taking A2 as a basis, however the obtained pools are not analysed 

yet. 

Optimisation of the aptamer in vitro should not only consider inhibition caused by the sequences, but 

also utilise binding assays. Additionally, the aptamer’s selectivity is to be determined. After thorough in 

vitro characterisation and optimisation, profound emphasis should be taken towards in cellulo 

experiments exploiting the aptamer as a probe to help solving the DNMT2 enigma. 

An approach combining small molecule and aptamer inhibitors would be the development of aptamer-

drug-conjugates, a technique exploited previously (463). Even if a detailed understanding of binding 

modes for small molecules and aptamer is crucial for this approach, improvements for affinity as well as 

selectivity are expected. 

Altogether, this work provides a solid first step towards the development of novel DNMT2 inhibitors by 

either small molecules or aptamers and certainly will facilitate future research directed in the 

manipulation of the epitranscriptome.
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5 Materials and Methods 

 

5.1 Materials 

5.1.1 Instruments 

Table 9. Instruments. Instruments used for conducting experiments described in this thesis. 

Balances 

Mettler Toledo Excellence Plus Mettler Toledo (Gießen, Germany) 

Mettler Toledo PM460 Mettler Toledo (Gießen, Germany) 

Sartorius Cubis Analytical Balance Sartorius (Göttingen, Germany) 

 

Centrifuges 

1–15 PK Sigma  Sigma (Osterode am Harz, Germany) 

Heraeus Megafuge 8R Thermo Scientific (Dreieich, Germany) 

Eppendorf Centrifuge 5430 R Eppendorf (Hamburg, Germany) 

Eppendorf Centrifuge 5810 R Eppendorf (Hamburg, Germany) 

Sprout mini-centrifuge Biozym (Hessisch Oldendorf, Germany) 

 

Gel electrophoresis 

Aagarose gel chamber PeqLab (Erlangen, Germany) 

CAMAGTM UV Lamp 4 CAMAG (Muttenz, Switzerland) 

Consort EV232 power supply  Consort (Turnhout, Belgium)  

Electrophoresis Power Supply EPS 3501 XL Amersham Pharmacia Biotech (Amersham, 

Great Britain) 

Electrophoresis Power Supply EPS 3500 XL Amersham Pharmacia Biotech Amersham, 

Great Britain) 

LSG-400-20 NA vertical chamber  C.B.S. Scientific (San Diego, USA)  

Model 250/2.5 power supply  BioRad (München, Germany)  

Shaker (DOS-10L) neoLab (Heidelberg, Germany) 

TapeStation 4200 Agilent Technologies (Ratingen, Germany) 

Typhoon TRIO+ GE Healthcare (Chicago, Illinois, USA) 

 

General equipment 

FiveEasy™ FE20 pH meter Mettler Toledo (Gießen, Germany) 

Micropipettes, Pipetting Discovery Comfort 

(10 µL, 100 µL, 1000 µL) 

Abimed (Langen, Germany) 

NanoDrop ND 2000 PeqLab (Erlangen, Germany) 

Pipetteboy Integra VWR (Darmstadt, Germany) 

Ultrapure water purification system Milli-Q Millipore (Schwalbach, Germany) 
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Incubation 

BIOER ThermoCell BIOER (Hangzhou, China) 

IKA RH basic 2 IKA-Werke GmbH & CO. KG (Staufen, 

Germany) 

Mixing Block MB-102 BIOER (Hangzhou, China) 

Thermocycler peqSTAR Peqlab (Erlangen, Germany) 

Thermoshaker Plus Eppendorf (Hamburg, Germany)  

Vortex Mixer (7-2020) neoLab (Heidelberg, Germany) 

VWR Digital Heatblock VWR International (Radnor, USA) 

 

Ion exchange chromatography 

ÄKTATM Start VWR (Darmstadt, Germany) 

Frac30 Fraktionssammler VWR (Darmstadt, Germany) 

HiTrapTM Q HP 5 mL Cytiva (Freiburg, Germany) 

 

Isotope laboratory 

TriCarb® Liquid Scintillation Analyzer 4810TR PerkinElmer (Waltham, USA) 
 

 

5.1.2 Chemicals and consumables 

Table 10. Chemicals. Chemicals used for conducting experiments described in this thesis. 

Chemicals 

Agarose Biozym Scientific GmbH (Hessisch Oldendorf, 

Germany) 

Agarose, low melting Sigma-Aldrich (Taufkirchen, Germany) 

NH4OAc (ammonium acetate) for molecular 

biology, ≥98% 

Sigma-Aldrich (Taufkirchen, Germany) 

APS (ammonium persulfate), ≥98%, practical 

grade (p.a.) 

Carl Roth (Karlsruhe, Germany) 

ATP (adenosyl triphosphate, ≥90 %, lyophilized) Carl Roth (Karlsruhe, Germany) 

BSA (bovine serum albumin), BioReagent Sigma-Aldrich (Taufkirchen, Germany) 

CTP (cytidine triphosphate, 1g, ≥98%, 

lyophilized) 

Carl Roth (Karlsruhe, Germany) 

DMSO (dimethyl sulfoxide), american chemical 

society (ACS) reagent, ≥99.9% 

Sigma-Aldrich (Taufkirchen, Germany) 

DTT (dithiothreitol), molecular biology grade Fermentas (St. Leon-Rot,Germany) 

dNTP (deoxynucleotide triphospahte) Mix, 

10 mM each 

Thermo Fisher Scientific (Dreieich, Germany) 

EDTA (ethylenediaminetetraacetic acid), 50 mM Thermo Fisher Scientific (Dreieich, Germany) 
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Ethanol ≥99.5%, European Pharmacopoeia 

(Ph.Eur.), reinst 

Carl Roth (Karlsruhe, Germany) 

Formamide, BioBultra Sigma-Aldrich (Taufkirchen, Germany) 

GelRed® Nucleic Acid Stain, 3x in water Biotium (Hayward, USA) 

Glycerol, 99% Grüssing GmbH (Filsum, Germany) 

Glycogen, RNA grade Thermo Fisher Scientific (Frankfurt, Germany) 

GTP (guanosine triphosphate, 1g ≥90 %, 

lyophilized) 

Carl Roth (Karlsruhe, Germany) 

HEPES (4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid), ≥99.5%, BioScience-Grade 

Carl Roth (Karlsruhe, Germany) 

Hydrochloric acid. 37%, Ph.Eur. VWR (Darmstadt, Germany) 

KCl (potassium chloride), ≥99.5% Carl Roth (Karlsruhe, Germany) 

MgCl2 (magnesium chloride) hexahydrate, ≥99% Carl Roth (Karlsruhe, Germany) 

NaCl (sodium chloride), BioXtra, ≥99.5% Sigma-Aldrich (Taufkirchen, Germany) 

PAGE denaturing gel premix, Sequenziergel-

Konzentrat 

Carl Roth (Karlsruhe, Germany) 

PAGE gel diluent, Rotiphorese® Sequenziergel-

Verdünner 

Carl Roth (Karlsruhe, Germany) 

PAGE gel buffer concentrate, Rotiphorese® 

Sequenziergel Puffer-Konzentrat 

Carl Roth (Karlsruhe, Germany) 

PAGE native gel premix, Rotiphorese® Gel40 

(19:1) 

Carl Roth (Karlsruhe, Germany) 

SAM New England Biolabs (Frankfurt am Main, 

Germany) 

3H- SAM, Adenosyl-L-methionine, S-[methyl-3H], 

250 µCi 

Hartmann Analytics (Braunschweig, Germany) 

Spermidine, trihydrochloride BioXtra, ≥99.5% Sigma-Aldrich (Taufkirchen, Germany) 

SYBR®Gold nucleic acid gel stain 10000x Thermo Fisher Scientific (Frankfurt, Germany) 

TCA (trichloroacetic acid), ≥99%, p.a. Carl Roth (Karlsruhe, Germany) 

TEMED, ≥99%, p.a. Carl Roth (Karlsruhe, Germany) 

Tris, Pufferan®, ≥99% Carl Roth (Karlsruhe, Germany) 

Tris-HCl, Pufferan®, ≥99% Carl Roth (Karlsruhe, Germany) 

Triton X-100, laboratory grade Sigma-Aldrich (Taufkirchen, Germany) 

ultra low range DNA ladder (ULR) Thermo Fisher Scientific (Frankfurt, Germany) 

UTP (uridine triphosphate, 100 mg, ≥90%, 

lyophilized) 

Carl Roth (Karlsruhe, Germany) 
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Table 11. Consumables. Consumables used for conducting experiments described in this thesis. 

Consumables 

Eppendorf tubes (1.5, 2.0 mL) Carl Roth (Karlsruhe, Germany) 

Falcon® tubes (15, 50 mL) CellStar (Frickenhausen, Germany) 

Filtropur BT50, V25 and V50, 500 mL, 0.2 µm Sarstedt (Nümbrecht, Germany) 

Nanosep MF Centrifugal Devices 0.45 µm VWR (Darmstadt, Germany) 

PCR Softtubes Biozym (Hessisch Oldendorf, Germany) 

Pipette tips (10, 20, 100, 200, 1000 μL) Carl Roth (Karlsruhe, Germany) 

Scalpels B Braun™ Cutfix™ Thermo Fisher Scientific (Frankfurt, Germany) 

Scintillation vials, Simport™ Scientific 6.5 ml 

HDPE Snaptwist™ 

Thermo Fisher Scientific (Frankfurt, Germany) 

Scintillation cocktail, Ultima GoldTM MV Perkin Elmer (Rodgau, Germany) 

Serological Pipettes Sarstedt (Nümbrecht, Germany) 

Whatman® glass microfiber filters (GF/C, 

25 mm) 

Sigma-Aldrich (Taufkirchen, Germany) 

ZymocleanTM Gel DNA Recovery Kit  

 

Zymo Research (Freiburg, Germany) 

 

5.1.3 Buffers 

Table 12. Buffers. Buffers used for conducting experiments described in this thesis. 

Buffer Composition 

10x DNase I buffer 100 mM Tris-HCl, pH 7.5, 25 mM MgCl2, 1 mM 

CaCl2 (Thermo Scientific, Dreieich Germany) 

10x DNMT2 reaction buffer 1 M Tris-HCl, pH 8, 1 M NH4OAc, 1 mM EDTA, 

100 mM MgCl2 

4x ICB buffer 48 mM HEPES, pH 7.2, 40 mM NaCl, 540 mM 

KCl, 12 mM MgCl2 

IEX buffer A 20 mM HEPES (pH 7.2), 20 mM NaCl 

IEX buffer B 20 mM HEPES (pH 7.2), 2 M NaCl 

10x NSUN6 reaction buffer 500 mM Tris-HCl, pH 7, 500 mM NaCl, 50 mM 

MgCl2 

2x PAGE loading buffer, denaturing 90% v/v formamide in 1x TBE 

5x PAGE loading buffer, native 80% v/v glycerol in 1x TBE 

10x PCR reaction buffer 160 mM (NH4)2SO4, 670 mM Tris-HCl, pH 8.8, 

0.1%Tween 20 (Rapidozym, Berlin, Germany) 

10x TBE buffer (ROTIPHORESE®) 1.0 M Tris-borat, pH8.3, 20 mM EDTA (Carl 

Roth, Karlsruhe, Germany) 

5x transcription buffer 

 

200 mM Tris-HCl (pH 8.8), 5 mM spermidine, 

 0.05% Triton X-100 
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5.1.4 Enzymes 

Table 13. Enymes. Enzymes used for conducting experiments described in this thesis. 

Enzyme Supplier/Producer 

DNase I (50 U µL−1) Thermo Fisher Scientific (Dreieich, Germany) 

DNMT2 
Prepared by Robert Zimmermann, AK 

Schirmeister. 

NSUN6 
Prepared by Robert Zimmermann, AK 

Schirmeister. 

T7 RNA polymerase 
Prepared by Robert Zimmermann, AK 

Schirmeister. 

T7 RNA polymerase (20 U µL−1) Thermo Fisher Scientific (Dreieich, Germany) 

Taq DNA polymerase (5 U µL−1) New England Biolabs (Frankfurt am Main, 
Germany) 

 

5.1.5 Oligonucleotides 

Table 14. Oligonucleotides. Oligonucleotides used for conducting experiments described in this thesis. 

Notation Function Sequence (5' to 3') Supplier 

MH53 
Universal T7 

forward primer 
CGCGCGAAGCTTAATACGACTCACTATA Biomers 

MH1101 
tRNAAsp 

template 

TGGCGGGCCGTCGGGGAATCGAACCCCGGTCTCC

CGCGTGACAGGCGGGGATACTCACCACTATACTAA

CGACCCTATAGTGAGTCGTATT 

IBA 

MH1102 
tRNAAsp reverse 

primer 
TGGCGGGCCGTCG IBA 

MH1134 
Forward primer 

aptamer 

AATTCTAATACGACTCACTATAGGGAGAGGAGGGAG

ATAGATATCAA 
IBA 

MH1135 
Reverse primer 

aptamer 
GTCCTGTGGCATCCACGAAA IBA 

MH1139 
tRNAThrAGU 

reverse primer 
TGGAGGCCCCGCTGGGAGTCGAA IBA 

MH1140 

tRNAThrAGU 

template, incl. 

cNLB48 

TAGTCGTAAGCTGATATGGCTGATTAGTCGGAAGCA

TCGAACGCTGATTGGAGGCCCCGCTGGGAGTCGAA

CCCAGGATCTCCTGTTTACTAGACAGGCGCTTTAAC

CAACTAAGCTACGGAGCCTATAGTGAGTCGTATTA 

IBA 

MH1141 
preQ1 riboswitch 

reverse primer 
TTAGTTTTTTATAGAGGGTG IBA 
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MH1142 
preQ1 riboswitch 

template 

TAGTCGTAAGCTGATATGGCTGATTAGTCGGAAGCA

TCGAACGCTGATTTAGTTTTTTATAGAGGGTGTAGC

TAGAACCTCTCCTATAGTGAGTCGTATTA 

IBA 

MH1150 

SELEX 

sequencing 

primer N707 

CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTG

ACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTCCT

GTGGCATCCA 

IDT 

MH1151 

SELEX 

sequencing 

primer N711 

CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTG

ACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTCCT

GTGGCATCCA 

IDT 

MH1152 

SELEX 

sequencing 

primer N503 

AATGATACGGCGACCACCGAGATCTACACTATCCTC

TACACTCTTTCCCTACACGACGCTCTTCCGATCTAG

GAGGGAGATAGAT 

IDT 

MH1153 

SELEX 

sequencing 

primer N505 

AATGATACGGCGACCACCGAGATCTACACGTAAGG

AGACACTCTTTCCCTACACGACGCTCTTCCGATCTA

GGAGGGAGATAGAT 

IDT 

MH1156 

Aptamer 1 

template, incl. 

cNLB48 

GGGAGAGGAGGGAGATAGATATCAAGAGATACGCA

CGTAGAAGGCAACTCACTGCCACATCCGGGTTTCG

TGGATGCCACAGGACATCAGCGTTCGATGCTTCCG

ACTAATCAGCCATATCAGCTTACGACTA 

IDT 

MH1157 
Aptamer 2 

template 

GGGAGAGGAGGGAGATAGATATCAAGAGAAGAGTA

TAATAGGCCGCCAGATATCACGACGGTCCCTTTCGT

GGATGCCACAGGAC 

IDT 

MH1158 
Aptamer 3 

template 

GGGAGAGGAGGGAGATAGATATCAATGACAGGGCA

CAGAGAAGGCCGCCTCCCTACTTTTCGTTGTTTCGT

GGATGCCACAGGAC 

IDT 

MH1159 
Aptamer 4 

template 

GGGAGAGGAGGGAGATAGATATCAAGAAGAACAGC

TACACGCAATCCTTCCGCCTTGTTGGTGCCTTTCGT

GGATGCCAC AGGAC 

IDT 

MH1374 

Forward 

truncation 

primer, short 

AATTCTAATACGACTCACTATAGGGATATCAAGAGA

AGAG 
IDT 

MH1375 

Reverse 

truncation 

primer, short 

GTGATATCTGGCGGCCTATTATACTC IDT 

MH1376 

Forward 

truncation 

primer, medium 

AATTCTAATACGACTCACTATAGGGAGATAGATATCA

AGA 
IDT 

MH1376 

Reverse 

truncation 

primer, medium 

CCGTCGTGATATCTGGCGG IDT 
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5.1.6 Software 

Table 15. Software.  Software used during this thesis. 

Software Supplier 

ChemBioDraw Version 13.0.0.3015 CambridgeSoft/PerkinElmer (USA) 

CorelDRAW V5 2020  Corel Corporation (Ottawa, Canada) 

DRC Version 3.0-1 (RStudio Package) Christian Ritz, Jens C. Strebig 

FastAptamer  The Burke Lab (Columbia, USA) 

FastQC Babraham Bioinformatics (Cambridge, UK) 

Galaxy Platform Galaxy Community 

ggPlot2 Version 3.3.5 (RStudio Package) Hadley Wickham, Winston Chang, et al. 

ImageJ V5 Wayne Rasband (Bethesda, Maryland, USA) 

IrfanView Irfan Skiljan 

Jalview Version 2.11.1.0 The Barton Group (Dundee, UK) 

Microsoft Office 365 for Enterprise Microsoft (Redmond, USA) 

PyMOL, Version 2.3.4 Schrödinger LLC (Braunschweig, Germay) 

RRNA (RStudio Package) John Paul Bida (Rochester, USA) 

RStudio Version 4.0.4 RStudio Inc. (Boston, USA) 

UNICORN™ start 1.1 control software VWR (Darmstadt, Germany) 

Trimmomatic Usadel Lab (Aachen, Germany) 
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5.2 Methods 

5.2.1 RNA synthesis and purification 

Polymerase chain reaction. DNA templates for in vitro RNA synthesis were prepared using PCR. 

Reactions were carried out in a final volume of 200 µL in PCR reaction buffer with additional 3 mM 

MgCl2, 400 µM dNTP-Mix, 2 µM of forward and reverse primers as well as 10 nM of the corresponding 

template. To this 0.05 U µL−1 Taq DNA polymerase (units specified by the supplier) were added. After 

an initial denaturation step for 2 min at 90 °C, 30 PCR cycles with 30 s annealing at temperatures 

specified in Table 16, 45 s elongation at 72 °C and 30 s denaturation at 90 °C were conducted with a 

final elongation step for 5 min. 

Table 16. PCR settings. Combinations of templates and primer for IVT template generation together with used 
annealing temperatures.  
 

Desired RNA 

species 
Template 

Forward 

primer 

Reverse 

primer 

Annealing 

temperature [° C] 

tRNAAsp MH1102 MH53 MH1101 59 

tRNAThr MH1140 MH53 MH1139 59 

preQ1 riboswitch MH1142 MH53 MH1141 45 

A1 MH1156 MH1136 MH1137 59 

A2 MH1157 MH1136 MH1137 59 

A3 MH1158 MH1136 MH1137 59 

A4 MH1159 MH1136 MH1137 59 

T1 MH1157 MH1374 MH1375 57 

T2 MH1157 MH1374 MH1377 57 

T3 MH1157 MH1374 MH1137 57 

T4 MH1157 MH1376 MH1375 57 

T5 MH1157 MH1136 MH1375 57 

 

In vitro transcription. To 1x transcription buffer, 30 mM MgCl2, 5 mM DTT, 5 mM of each NTP, 

2.5 µg mL−1 BSA and 400 µL of unpurified PCR products were added at room temperature to prevent 

DNA precipitation. Reactions were started with addition of T7 polymerase and carried out at 37 °C for 

4 h. In the case of T7 polymerase produced by Robert Zimmermann, 50 µg mL−1 were added, while 

0.5 U µL−1 were added in the case of commercial enzyme (units specified by the supplier). 

 

Ethanol precipitation. For RNA precipitation, NH4OAc was added to the samples to a final 

concentration of 0.5 M and 0.5–2 µL glycogen were added depending on the volume. Afterwards, 2.5–

3 times volumes of cold ethanol were added to the mixture with subsequent incubation overnight at 

−20 °C. Samples were centrifuged with 13000 g for one hour at −4 °C and RNA pellets were washed 

once with 75% cold ethanol before centrifugation for 20 min with 13000 g at −4 °C. After drying the 

pellets on air, the RNA was solubilised in a suitable amount of MilliQ® water. 
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DNase digestion. After ethanol precipitation, crude in vitro transcription reactions were dissolved in 1x 

DNase I buffer and 1 U DNase I was added with subsequent incubation for 1 h at 37 °C. 

 

Preparative denaturing PAGE. Transcription reactions which were DNase digested were purified using 

denaturing PAGE. Here, 50 mL of 10% denaturing PAGE premix (40% denaturing gel concentrate, 50% 

gel diluent, 10% gel buffer concentrate) was mixed with 25 µL TEMED before starting polymerisation by 

addition of 200 µL APS (10% solution, m/v). 

Gels were cast between two glass plates (20 cm x 20 cm) and after polymerisation for roughly 15 min, 

gels were pre-run for around 15 min at 15 W in 1x TBE buffer. 

Samples were loaded as a 1:1 mixture with 2x denaturing loading buffer and gels were run for 90 min 

at 15 W. 

 

Preparative native PAGE. Transcription reactions which were not DNase digested beforehand were 

purified using native PAGE. Here, 50 mL of 10% native PAGE premix (25% native gel concentrate, 65% 

water, 10% 10x TBE) was mixed with 30 µL TEMED before starting polymerisation by addition of 500 µL 

APS (10% solution, m/v). 

Gels were cast between two glass plates (20 cm x 20 cm) and after polymerisation for roughly 15 min, 

gels were pre-run for around 15 min at 15 W in 1x TBE buffer. 

Samples were loaded as a 1:4 mixture with 5x native loading buffer and gels were run for 90 min at 

15 W. 

 

Gel excision. After conducting denaturing or native PAGE, RNA was visualised using UV shadowing at 

254 nm. Corresponding bands were excised from the gel, smashed and subsequently frozen at −20 °C 

for at least 20 min. Afterwards, 200 µL of 0.5 M NH4OAc were added and samples were shaken 

overnight at 700 rpm and 15 °C. 

In the next step, samples were filtered using Nanosep® centrifugal filters and the flow through was 

ethanol precipitated as described before. 

RNA concentration was determined using a NanoDrop device with a wavelength of 260 nm. 

 

Ion exchange chromatography. Alternatively, in vitro transcribed RNA was purified by anion exchange 

chromatography on an ÄKTATM start purification system connected to a 5 mL HiTrapTM Q column. The 

column was pre-equilibrated with IEX buffer A and up to 5 mL of transcription reaction were loaded on 

the column using a sample loop. Following gradient was applied with a flow rate of 5 mL min−1 using 

IEX buffers A and B: 1 column value of 100% IEX buffer A, 2 column volumes of 15% IEX buffer B, 3 

column volumes of 15–40% IEX buffer B, 1.5 column volumes of 40% IEX buffer B and 3 column 

volumes of 100% IEX buffer B. Fractions of 1.2 mL were collected. RNA containing fractions were 

pooled and precipitated twice with ethanol as described before. 

RNA concentration was determined using a NanoDrop device with a wavelength of 260 nm. 

  



Methods 

71 

 

Analytical denaturing PAGE. To quality check RNA, denaturing PAGE was conducted. Here, 25 mL 

of 10% denaturing PAGE premix (40% denaturing gel concentrate, 50% gel diluent, 10% gel buffer 

concentrate) was mixed with 12.5 µL TEMED before starting polymerisation by addition of 25 µL APS 

(10% solution, m/v). 

Gels were cast between two glass plates (20 cm x 13 cm) and after polymerisation for roughly 15 min, 

gels were pre-run for around 15 min at 15 W in 1x TBE buffer. 

10 µL sample containing 0.5 µg–1 µg RNA was loaded as a 1:1 mixture with 2x denaturing loading buffer 

and gels were run for 25 min at 15 W. 

 

Analytical native PAGE. To check for residual DNA, native PAGE was conducted. Here, 25 mL of 10% 

native PAGE premix (25% native gel concentrate, 65% water, 10% 10x TBE) was mixed with 15 µL 

TEMED before starting polymerisation by addition of 250 µL APS (10% solution, m/v). 

Gels were cast between two glass plates (20 cm x 13 cm) and after polymerisation for roughly 15 min, 

gels were pre-run for around 15 min at 15 W in 1x TBE buffer. 

10 µL sample containing 0.5–1 µg RNA was loaded as a 1:4 mixture with 5x native loading buffer and 

gels were run for 20 min at 15 W. 

 

Visualisation of nucleic acids on gels. After stopping gel electrophoresis, gels were incubated in 

100 mL 1x GelRed® for 15 min while shaking mildly. Following, gels were analysed on a Typhoon 9600 

using laser emission of 532 nm and the emission filter 610 BP 30. 

 

5.2.2 Tritium incorporation assay 

DNMT2 activity assay. DNMT2 activity assays were carried out in 1x DNMT2 reaction buffer in the 

presence of 10 mM DTT. tRNAAsp was heated up for 5 min to 75 °C and cooled down to room 

temperature before it was added to the reaction mixture to a final concentration of 5 µM. SAM was added 

as a mixture of 3H-SAM and non-radioactive SAM to final concentrations of 0.9 µM and 0.025 µCi µL−1. 

The amount of DMSO was adjusted to 5%. By adding 250 nM DNMT2, methylation reactions were 

started. Final volumes were 20 µL and reactions were conducted at 37 °C. 

At 0 and 20 min, 8 µL were taken out of the reaction mixture and spotted on Whatman® glass microfiber 

filters. Substrate RNA was precipitated on Whatman® filters using 5% ice cold TCA for at least 15 min. 

First, filters were washed twice with 5% TCA at room temperature for 20 and 10 min and subsequently 

in ethanol for 10 min. After drying the filters under a heat lamp, they were put into scintillation vials and 

3 mL of liquid scintillation cocktail was added. Scintillation was measured on a scintillation counter with 

a measurement time of 1 min. 

 

NSUN6 activity assay. NSUN6 activity assays were carried out in 1x NSUN6 reaction buffer in the 

presence of 1 mM DTT. tRNAThr was heated up for 5 min to 75 °C and cooled down to room temperature 

before it was added to the reaction mixture with a final concentration of 1 µM. SAM was added as a 

mixture of 3H-SAM and non-radioactive SAM to final concentrations of 1.2 µM and 0.038 µCi µL−1. The 
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amount of DMSO was adjusted to 5%. By adding 30 nM NSUN6 methylation reactions were started. 

Final volumes were 20 µL and reactions were conducted at 37 °C. 

At 0 and 20 min, 8 µL were taken out of the reaction mixture and spotted on Whatman® glass microfiber 

filters. Substrate RNA was precipitated on Whatman® filters using 5% ice cold TCA for at least 15 min. 

First, filters were washed twice with 5% TCA at room temperature for 20 and 10 min and subsequently 

in ethanol for 10 min. After drying the filters under a heat lamp, they were put into scintillation vials and 

3 mL of liquid scintillation cocktail was added. Scintillation was measured on a scintillation counter with 

a measurement time of 1 min. 

 

Compound Screening. For initial screenings, compounds were added to final concentrations of 100 µM 

to the reaction mixture. Percentage of inhibition was calculated by referencing obtained counts per 

minute (cpm) to a positive control conducted in the absence of compound. Errors refer to the standard 

deviation of three independent measurements. Negative controls were conducted in the absence of 

substrate tRNAAsp. 

 

IC50 value determination. For IC50 value determination, SAH, SFG and compounds 8b, 9a, 9b, and 

16a were analysed at concentrations of 1000 µM, 500 µM, 100 µM, 50 µM, 10 µM, 5 µM and 1 µM and 

compound 9c (experiment conducted by Moritz Weber) at concentrations of 2500 µM, 833 µM, 250 µM, 

83 µM, 25 µM, 8.3 µM, 2.5 µM, 0.83 µM and 0.25 µM. IC50 values were calculated by exponential fitting 

of the relative enzymatic activities against the inhibitor concentrations using the LL.2 function of the drc 

package version 3.0-1 (464), in RStudio version 4.0.4 (465): 

� =
���

����(	
�(��	
� (� 
, b= Hill coefficient, e = IC50. 

IC50 errors are given as standard errors of three independent measurements. Negative controls were 

conducted in the absence of substrate tRNAAsp. 

 

Time-dependency assay. To investigate potential time-dependent inhibition behaviour, the DNMT2 

assay was conducted as described above with applying adaptations described in the following. 

Here, the enzyme was added to a solution containing 1x DNMT2 reaction buffer and tRNAAsp substrate 

either directly or after incubation for 75 min in 1x DNMT2 reaction buffer in the presence or absence of 

SAH, SFG and 8b at 100 µM or 16a at 5 µM. 

Methylation reactions were started with addition of the radioactive/non-radioactive SAM mixture and 

standard procedure was followed as described above. 

 

RNA concurrence. The concurrence between RNA and inhibitors was investigated using the DNMT2 

activity assay as described above with applying adaptations described in the following. 

Here, substrate tRNAAsp was added to the assay at either 2.5 µM, 5 µM or 10 µM together with SAH, 

SFG, 8b, 8c and 11a at a concentration of 100 µM or 16a at a concentration of 2.5 µM. 

Subsequent, the standard procedure was followed as described above, with positive controls without 

inhibitor addition conducted for every RNA concentration as reference.  
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Aptamer RNA as substrate. To investigate if aptamer RNAs can function as DNMT2 substrates they 

were subjected to DNMT2 activity assays instead of tRNAAsp at concentrations of 50 µM. 

Relative enzyme activity was calculated by referencing obtained cpm to a positive control conducted 

with tRNAAsp as substrate at a concentration of 5 µM as described above. Here, addition of DMSO was 

omitted. 

 

Aptamer screening. For aptamer screenings, aptamer RNAs were added to final concentrations of 

50 µM to the reaction mixture if 5 µM of substrate tRNAAsp was used. 

If 3 µM of tRNAAsp was used, aptamer RNAs were added at a concentration of 15 µM, 370 ng µL−1 or 

420 ng µL−1 depending on the RNA species. 

Percentage of inhibition was calculated by referencing obtained cpm to a positive control conducted in 

the absence of aptamer RNA. 

Here, addition of DMSO was omitted. Errors refer to the standard deviation of three independent 

measurements. Negative controls were conducted in the absence of substrate tRNAAsp. 

 

5.2.3 Methods for SELEX analysis 

Library preparation. Sequencing libraries were prepared by single step extension PCR. Reactions 

were carried out in a final volume of 100 µL in PCR reaction buffer with additional 3 mM MgCl2, 300 µM 

dNTP-Mix, 0.5 µM of forward and reverse primers (pairing either N707 and N711 or N503 and N505, 

see Table 14) as well as 1 µL of PCR product obtained by SELEX cycle 12. 

To this 0.05 U µL−1 Taq DNA polymerase (units specified by the supplier) were added. After an initial 

denaturation for 2 min at 90 °C, 20 PCR cycles with 30 s annealing at 62 °C, 45 s of elongation at 72 °C 

followed by denaturation for 30 s at 90 °C were conducted with a final elongation step for 5 min. 

 

Preparative agarose gel electrophoresis. For purification of sequencing libraries, 1% agarose gels 

were prepared with low melting agarose. After mixing samples with denaturing loading dye, the gel was 

run in 1x TBE buffer at 120 V after loading PCR reactions. 

Subsequently the gel was stained in 1x GelRed® for 20 min and analysed on a Typhoon 9600 fluorescent 

scanner using laser emission of 532 nm and the emission filter 610 BP 30. 

Corresponding bands were excised from the gel using a printout of the visualised gel picture and DNA 

was extracted using the ZymocleanTM Gel DNA Recovery Kit according to the manufacturer’s 

instructions. Briefly, three parts of agarose dissolving buffer were added to one part of gel slice and 

samples were incubated at 55 °C for 10 min. Afterwards, the mixtures were loaded on the kit’s spin 

columns, washed twice with DNA washing buffer and eluted with DNA elution buffer. 

 

Analytical agarose gel electrophoresis. DNA purity was assessed by analytical agarose gels. Here, 

1% agarose gels were prepared using standard agarose prestained with 10 µL 10.000x SybrGold. 

0.5 µg of DNA sample were loaded after mixing 1:1 with 2x denaturing loading dye and gels were run in 

1x TBE at 120 V. Bands were visualised on a Typhoon 9600 fluorescent scanner using laser emission 

of 488/532 nm and the emission filter 520 BP. 
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Tape station analysis. Analysis of DNA was further conducted using a TapeStation 4200 according to 

the manufacturer’s instructions. 

 

Next generation sequencing. Sequencing was conducted by Yuri Motorin and Virginie Marchard 

(Biopôle, Nancy) and will only be briefly explained here. Sequencing libraries were analysed on a 

Illumina® MiSeq® device using paired-end sequencing with a read length of 75 bp. 

 

Trimming and quality control of reads. Raw paired-end reads obtained from sequencing were merged 

and aptamer sequences were trimmed using Trimmomatic Galaxy Version 0.38.0 (466) provided by the 

Galaxy platform (467). Reads < 75 were discarded using Trimmomatic and read quality was assessed 

with FastQC Version 0.11.9 (468). 

 

Sequence quantification and clustering. Sequence abundance was quantified with FastAptamer 

(443), using the count function according to the programmers’ instructions. For cluster analysis, 

FastAptamer’s cluster function was utilised setting Levenshtein distance to 4 and excluding reads with 

less than 10 reads per million. 

 

Multiple sequence alignment. For multiple sequence alignment of all sequences reads with less than 

100 reads per millions were discarded using FastAptamer’s cluster function and reads were normalised 

to the lowest abundant sequence using RStudio (465). For unique sequences MSA sequences 

generated by FastAptamer count were used. 

Thus generated sequence files (FASTA format) were loaded into Jalview Version 2.11.1.0 (446), the 

consensus annotation was exported and further analysed using RStudio (465). 

 

RNA secondary structure prediction. RNA secondary structure prediction was conducted with the 

RNAFold webserver (450–452). Dot-Bracket notation was exported to RStudio where RNA structures 

were plotted using the RRNA package (469).



Appendix 

75 

 

6 Appendix 

Table 17. Prokaryotic MTase inhibitors. Collection of literature for prokaryotic RNA MTase inhibitors. In the 
“design strategy” column the original method for compound selection is given, while “evaluation method” gives an 
approximately listing of the experiments performed in the corresponding references. CADD = computer aided drug 
design, i.s. = in silico; i.vt. = in vitro; i.c. = in cellulo; i.vv. = in vivo. Table adapted from Fischer et al. (97) for which 
it was created with Marvin Schwickert and Laurenz Meidner. 

Enzyme/ Modification Organism Design strategy 
Evaluation 

method 
References 

ErmC 
m6A 

rRNA 

E. coli 
CADD i.s., i.vt. (273) 

CADD i.s., i.vt. (272) 

?? CADD i.s., i.vt. (271) 

Staphylococcus 

aureus/pyogenes 
HTS i.vt., i.vv. (274) 

ErmAM 
m6A 

rRNA 
?? 

NMR-based 
screening 

i.vt. (275) 
 

TrmD 
m1G37 
tRNA 

E.coli 
SAH analogue i.vt. (470)  

HTS i.vt. (232)  

Pseudomonas aeruginosa 
HTS i.vt. (471)  

SAR, non SAH-like i.vt. (472)  

Mycobacterium tuberculosis SAR, non SAH-like i.vt. (472)  

Mycobacterium tub. + 

abscessus + leprae 
FBDD i.vt., i.c. (473)  

Haemophilus influenzae HTS i.vt. (232)  

S. aureus 

HTS i.vt. (232)  

SAR, non SAH-
like 

i.vt. (472)  

Mycobacterium abscessus FBDD i.vt. (474)  

crude extract 
m5U 
tRNA 

E. coli SAH analogue i.vt. (247)  

RlmJ 
m6A 

rRNA 
E. coli 

SAH analogue i.vt. (288)  

crude extract 
unknwon modification 

tRNA 

Purine & 
adenosine 
analogs 

i.vt. (475)  
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crude extract 
m1A, m6A, m62A, m7G 

tRNA, rRNA 
Streptomyces 

SAH analogue i.vt. (249)  

Not specified SFG, Azacytidin i.c. (476)  

Dimethyladenosine 
transferase 

m6A 
rRNA 

Chlamydia pneumoniae Similarity based VS i.s., i.c. (477)  

rsmD like rRNA-
MTase 
m2G 
rRNA 

Wolbachia CADD i.s., i.vv. (478)  

 

Table 18. Eukaryotic single cell MTase inhibitors. Collection of literature for eukarotic single cell RNA MTase 
inhibitors. In the “design strategy” column the original method for compound selection is given, while “evaluation 
method” gives an approximately listing of the experiments performed in the corresponding references. CADD = 
computer aided drug design, i.s. = in silico; i.vt. = in vitro; i.c. = in cellulo; i.vv. = in vivo. Table adapted from Fischer 
et al. (97), for which it was created with Robert Zimmermann, Marlies Weber, Marvin Schwickert and Laurenz 
Meidner. 

Organism 
Enzyme/ 

Modification 
Design strategy Evaluation method References 

Fungi, Encephalitozoon 

cuniculi 

Ecm1 
m7G 

mRNA cap 

SAH analogue i.vt., i.c. (277, 278) 

Nucleotide 
analogue 

i.vt. (236) 

Fungi 
C. albicans 

CCM1 
m7G 

mRNA cap 
Natural products i.c. (276) 

Yeast 
S. cerevisiae 

ABD1 (S.c.) 
m7G 

mRNA cap 
Natural products i.c. (276) 

Leishmania infantum 
Cmt1 
m7G 

mRNA cap 
SAH analogue i.vt. (479, 480) 

Trypanosoma brucei 

Cmt1 
m7G 

mRNA cap 
SAH analogue i.vt. (480) 
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Table 19. Human MTase inhibitors. Collection of literature for human RNA MTase inhibitors. In the “design 
strategy” column the original method for compound selection is given, while “evaluation method” gives an 
approximately listing of the experiments performed in the corresponding references. CADD = computer aided drug 
design, i.s. = in silico; i.vt. = in vitro; i.c. = in cellulo; i.vv. = in vivo. Table adapted from Fischer et al. (97), for which 
it was created with Marlies Weber. 

Enzyme/ 
Modification 

Design strategy Evaluation method References 

METTL3- 
METTL14 

m6A 
mRNA 

CADD i.s., i.vt., i.c. (291) 

SAH analogue 

i.vt. (288) 

i.s., i.vt. (289) 

i.s., i.vt., i.c. (220, 290) 

i.vt., i.c. R299 

Non SAH analogue 

i.s., i.vt., i.c., i.vv. (220) 

i.vt., i.c. 
(292, 294, 

481) 

 

Table 20. Viral MTase inhibitors. Collection of literature for viral RNA MTase inhibitors. In the “design strategy” 
column the original method for compound selection is given, while “evaluation method” gives an approximately 
listing of the experiments performed in the corresponding references. CADD = computer aided drug design, i.s. = 
in silico; i.vt. = in vitro; i.c. = in cellulo; i.vv. = in vivo. Table adapted from Fischer et al. (97). 

Organism 
Enzyme/ 

Modification 
Design strategy 

Evaluation 

method 
References 

dengue virus 

(DENV) 

NS5 
m7G 

mRNA cap 

CADD 

i.vt. (482) 

i.s., i.vt. (483) 

i.vt., i.c. (484) 

SAH analogue 
i.vt. (312) 

i.vt., i.c. (485) 

LTS i.vt. (486) 

FBDD 
i.vt. (313) 

i.s., i.vt., i.c. (314) 

NS5 
2‘-O 

mRNA cap 
CADD 

i.vt. (482) 

i.s., i.vt. (483, 487) 
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i.vt., i.c. (484) 

i.s., i.vt., i.c. (233) 

Nucleotide 
analogue 

i.vt (488) 

i.vt. (489) 

i.s., i.vt., i.c (490) 

SAH analogue 

i.vt., i.c. (485) 

i.vt. (312, 491) 

LTS i.vt. (486) 

FBDD 

i.vt. (313, 315) 

i.vt., i.c. (316) 

i.s., i.vt., i.c. (314) 

not 
determined 

CADD 
i.s. (492–496) 

i.vt., i.c. (497) 

Nucleotide 
analogue 

i.vt., i.c. (498, 499) 

LTS i.s., i.c., i.vv. (499) 

HTS i.vt. (500) 

zika virus 

(ZIKV) 

NS5 
2’-O 

mRNA cap 

Nucleotide 
analogue 

i.s., i.vt.,i.c. (490) 

FBDD 
i.vt. (315) 

i.s., i.vt., i.c. (316) 

not 
determined 

CADD 

i.s. (501–504) 

i.s., i.c. (505) 

i.s., i.vt. i.c. (497) 

SAH analogue 
i.s., i.vt. (506) 

i.c. (507) 

HTS i.s., i.vt.,i.c. (508) 

west nile virus 

(WNV) 

NS5 
m7G 

mRNA cap 
CADD 

i.vt.,i.c. (483) 

i.s., i.vt.,i.c. (484) 
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Nucleotide 
analogue 

i.s., i.vt.,i.c. (509, 510) 

SAH analogue i.s., i.vt.,i.c. (485) 

HTS i.vt., i.c. (510) 

NS5 
2‘-O 

mRNA cap 

CADD 
i.vt.,i.c. (483) 

i.s., i.vt.,i.c. (484) 

Nucleotide 
analogue 

i.s., i.vt.,i.c. (509) 

SAH analogue i.s., i.vt.,i.c. (485) 

FBDD i.vt. (314) 

not 
determined 

Nucleotide 
analogue 

i.s., i.c. (490, 498) 

yellow fever virus 

(YFV) 

NS5 
m7G 

mRNA cap 

CADD i.vt. (483, 484) 

SAH analogue i.v., i.c. (485) 

NS5 
2‘-O 

mRNA cap 

CADD i.vt. (483, 484) 

SAH analogue i.v., i.c. (485) 

Nucleotide 
analogue 

i.s., i.c. (490) 

not 
determined 

HTS 
i.vt. (511) 

i.s., i.vt. (500) 

wesselbron virus 

(WV) 

NS5 
m7G 

mRNA cap 
CADD i.s., i.v. (482) 

NS5 
2’-O 

mRNA cap 
CADD i.s., i.v. (482) 

japanese encephalitis virus 

(JEV) 
not 

determined 
CADD i.c. (484) 

St. louis encephalitis virus 

(SLEV) 
not 

determined 
CADD i.c. (484) 

severe acute respiratory 

syndrome coronavirus 

(SARS-CoV) 

nsp14 
m7G 

mRNA cap 

SAH analogue i.s., i.vt. (328) 

LTS i.vt. (512) 

HTS 
i.vt. (433) 

i.vt., i.c. (513) 

nsp16 
2’-O 

mRNA cap 
LTS i.vt. (512) 

SARS-CoV-2 
nsp14 
m7G 

mRNA cap 

CADD i.s. (514–520) 

SAH analogue 
i.s., i.vt. (325, 327) 

i.s., i.vt., i.c. (326) 

HTS i.vt. (219) 
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i.vt., i.c. (521, 522) 

nsp16 
2’-O 

mRNA cap 

CADD 
i.s. 

(514, 519, 520, 
523–546) 

i.s., i.vt. (547) 

SAH analogue i.s., i.vt., i.c. (326) 

HTS i.vt. (548, 549) 

chikungunya virus 

(CHIKV) 

nsp1 
m7G 

mRNA cap 

HTS i.c., i.vt. (550) 

nucleoside 
analogue 

i.c. (551) 

CADD, nucleoside 
analogue 

i.vt., i.c. (552) 

natural products i.vt. (553) 

HTS i.vt., i.c. (554) 

HTS i.c., i.vt. (555) 
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Table 21. RNA sequences. RNA sequences used for conducting experiments described in this thesis. 

RNA species Template Sequence (5' to 3') 

tRNAAsp MH1102 GGGUCGUUAGUAUAG UGG UGA GUA UCC CCG CCU GUC 

ACG CGG GAG ACC GGG GUU CGA UUC CCC GAC GGC CCG 

CCA 

tRNAThr MH1140 GGCUCCGUAGCUUAGUUGGUUAAAGCGCCUGUCUAGUAAAC

AGGAGAUCCUGGGUUCGACUCCCAGCGGGGCCUCCA 

preQ1 riboswitch MH1142 GGAGAGGUUCUAGCUACACCCUCUAUAAAAAACUAA 

A1 MH1156 GGGAGAGGAGGGAGATAGATATCAAGAGATACGCACGTAGAA

GGCAACTCACTGCCACATCCGGGTTTCGTGGATGCCACAGGA

C 

A2 MH1157 GGGAGAGGAGGGAGATAGATATCAAGAGAAGAGTATAATAGG

CCGCCAGATATCACGACGGTCCCTTTCGTGGATGCCACAGGA

C 

A3 MH1158 GGGAGAGGAGGGAGATAGATATCAATGACAGGGCACAGAGAA

GGCCGCCTCCCTACTTTTCGTTGTTTCGTGGATGCCACAGGAC 

A4 MH1159 GGGAGAGGAGGGAGATAGATATCAAGAAGAACAGCTACACGC

AATCCTTCCGCCTTGTTGGTGCCTTTCGTGGATGCCACAGGAC 

T1 MH1157 GGGAUAUCAAGAGAAGAGUAUAAUAGGCCGCCAGAUAUCAC 

T2 MH1157 GGGAUAUCAAGAGAAGAGUAUAAUAGGCCGCCAGAUAUCAC

GACGG 

T3 MH1157 GGGAUAUCAAGAGAAGAGUAUAAUAGGCCGCCAGAUAUCAC

GACGGUCCCUUUCGUGGAUGCCACAGGAC 

T4 MH1157 GGGAGAUAGAUAUCAAGAGAAGAGUAUAAUAGGCCGCCAGA

UAUCAC 

T5 MH1157 GGGAGAGGAGGGAGAUAGAUAUCAAGAGAAGAGUAUAAUAG

GCCGCCAGAUAUCAC 
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