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Synthèse et caractérisation biochimique de nouveaux motifs à incorporer dans des aptamères

Synthesis and biochemical characterization of novel moieties to be incorporated in aptamers

Aptamers are single-stranded DNA or RNA oligonucleotides which are considered as the nucleic acids' analogues of antibodies. They can fold into unique 3D shapes and bind to specific targets with high affinity and selectivity. Aptamers can be produced by screening large populations of oligonucleotides through Systematic Evolution of Ligands by EXponential enrichment (SELEX) against a wide variety of targets, including small molecules, proteins and more complex systems. This Thesis had the dual objective of identifying novel chemically modified nucleotides to be included in aptamers and developing an innovative method to monitor the real time incorporation of artificial nucleosides triphosphates in double stranded (ds) DNA.

Specifically, this work can be divided into three Chapters, each concerning a specific, yet related, application.

In the first Section, the idea was to combine the potencies of aptamers and antibiotics as an innovative solution to fight antibiotic resistance. Specifically, we focused on vancomycin, an antibiotic that is used to treat different bacterial infections. A form of its resistance has been widely observed in Staphylococcus aureus which can alter a peptidoglycan terminus, resulting in reduced vancomycin binding and failure to prevent bacterial wall synthesis. The identification of a vancomycin-bearing aptamer would potentially use the aptamer binding properties to mechanically force the vancomycin in the binding site and restore its function despite the mutation. In this Chapter, a novel vancomycin-modified deoxyuridine was successfully synthesized and its capability to be incorporated into DNA via enzymatic synthesis was proved, hence confirming its compatibility with the SELEX methodology. Therefore, this work represents a first step towards the formation of new therapeutic agents combining aptamers and antibiotics.

In the second Section, the aim was to identify a ferrocene-bearing aptamer specifically binding to the Plasmodium vivax lactate dehydrogenase (PvLDH), an important malaria biomarker, to develop point-of-care biosensing devices. Ferrocene is characterized by peculiar redox properties, which make it a widely used electrochemical tag with a specific readout signal. Indeed, ferrocene-bearing aptamers could serve as electrochemical sensors for specific targets by improving the limit of detection and potentially giving insights into the binding mechanism to the target. In a first step towards this ambitious aim, we questioned whether cubane residues of a highly potent, modified aptamer against PvLDH could be replaced with isosteres without inducing a severe depletion in binding affinity and specificity. Similarly, we wondered whether substitution of cubane with other bioisosteres would restore binding activity to poorly binding sequences identified from SELEX. This would permit the introduction of ferrocene moieties without the need of a lengthy selection protocol. In this context, nucleotides bearing benzyl, modified-cubane and ferrocene moieties, which all are bioisosteres, were synthesized and their enzymatic incorporation in DNA was confirmed. Indeed, they could be included in the sequence of a previously reported cubane-bearing aptamer targeting the PvLDH. Binding studies in presence of the target were performed to compare the binding values of the original aptamer with the ones of the ferrocene and benzyl modified ones.

Finally, in the third section a ferrocene moiety was included in a series of oligonucleotides to study its analogies with naturally occurring abasic sites, which are DNA damages that result from the abstraction of a nucleobase. Indeed, the redox properties of ferrocene could be useful to build electrochemical sensors for real-time monitoring of the enzymatic incorporation of modified nucleotides in the DNA. This work proved that ferrocene behaves as a classical abasic site and is preferentially incorporated in front of deoxyadenine (dA), respecting the 'A rule' characteristic of abasic sites. Therefore, it represents a first step towards the application of ferrocene as an electrochemical tag to monitor the incorporation of artificial triphosphates into DNA.
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Résumé détaillé

Les aptamères sont des oligonucléotides d'ADN ou d'ARN simple brin, dont la longueur varie généralement de 20 à 100 nucléotides, qui peuvent former des structures tridimensionnelles uniques et se lier à des cibles spécifiques avec une affinité et une spécificité élevées. Leurs cibles vont de petits composés tels que des ions métalliques ou des molécules organiques, à des systèmes plus complexes tels que des protéines et des cellules entières. Les structures secondaires et tertiaires des aptamères, comme pour les protéines, sont déterminées par leur séquence, ce qui peut les amener à former de nombreuses conformations et motifs structurels particuliers. La liaison de l'aptamère à la cible se fait par compatibilité de structure, liaison hydrogène, interactions électrostatiques, effet hydrophobe, empilement π-π et forces de van der Walls. Il est important de souligner que les aptamères sont des molécules chargées négativement en raison de la présence du squelette phosphate; par conséquent, les cations monovalents et divalents peuvent jouer un rôle dans la neutralisation de cette charge et améliorer la stabilisation des structures secondaires des aptamères. Les propriétés particulières de la cible, telles que le point isoélectrique, la charge et Malgré leurs nombreux avantages par rapport aux anticorps, les aptamères sont caractérisés par certaines limitations importantes qui ont un impact négatif sur leurs applications en tant qu'outils thérapeutiques et diagnostiques. Le premier problème qui se pose avec les aptamères est leur stabilité, car leur nature d'ADN ou d'ARN simple brin les rend susceptibles d'être dégradés par des nucléases lorsqu'ils sont appliqués dans des environnements in vivo. La deuxième limite est liée à la difficulté d'obtenir des aptamères qui présentent à la fois une spécificité et une affinité de liaison élevées. Enfin, si on les compare aux anticorps et plus généralement aux protéines, les acides nucléiques présentent moins d'hétérogénéité chimique. En effet, en raison du nombre limité de groupes fonctionnels présents sur les acides nucléiques, la médiation de la liaison est plus difficile pour les aptamères que pour les anticorps. Une stratégie largement explorée consiste à introduire des modifications dans les aptamères afin d'étendre leurs propriétés physico-chimiques et de remédier aux limitations susmentionnées. Une première façon de modifier chimiquement les aptamères est d'introduire des modifications post-SELEX. Une alternative aux modifications post-SELEX est la synthèse de nucléotides modifiés à incorporer enzymatiquement dans l'ADN avant de réaliser la SELEX. La principale condition pour appliquer des nucléotides modifiés chimiquement (dN*TPs) en SELEX est leur acceptation par les enzymes responsables de la réplication de l'ADN : les ADN polymérases. Une fois cette propriété évaluée, le protocole SELEX peut être adapté pour s'assurer que la bibliothèque contienne des oligonucléotides modifiés. Pour produire une bibliothèque modifiée, les dN*TPs d'intérêt doivent être inclus dans les séquences de la bibliothèque par une polymérase via des réactions de PCR ou d'extension d'amorce (PEX). Les nucléotides peuvent être modifiés à trois niveaux différents : le squelette phosphate, le sucre et la nucléobase. La modification des nucléobases est une stratégie intéressante qui a été largement appliquée pour ajouter de nouvelles fonctionnalités chimiques aux dN*TPs. En effet, cette méthode permet la formation de motifs de repliement supplémentaires dans les aptamères et peut favoriser l'interaction de liaison avec des cibles hydrophobes si la modification est également hydrophobe. Les modifications des nucléobases sont généralement situées sur la position C7 des N7-déaza-purines et sur la position C5 des pyrimidines.

La synthèse de nucléotides modifiés peut être réalisée par la chimie organique de synthèse classique ou par une approche biocatalytique, qui nécessite la catalyse des réactions au moyen d'enzymes naturelles ou modifiées. Cependant, toutes les modifications ne sont pas compatibles avec cette approche ni efficacement acceptées par toutes les enzymes. Dans cette thèse, des approches chimiques traditionnelles optimisées, telles que la triphosphorylation de Ludwig-Eckstein, ont été appliquées avec succès.

Ce Manuscrit est divisé en quatre Chapitres indépendants, tous liés à l'introduction de nucléotides modifiés dans l'ADN. Poster presentations The nucleobases can be distinguished as purines, called adenine (A) and guanine (G), and three pyrimidines, identified as cytosine (C), thymine (T) and uracil (U) (Figure 1.1). A, G and C are common to both DNA and RNA, while T and U are respectively specific to DNA and RNA. DNA also differs from RNA for the composition of the aldopentose sugar because in the former this moiety is a 2'-deoxy-D-ribose while in the latter it is a D-ribose. The additional 2'-hydroxyl group, that is specific to RNA, makes this biopolymer more flexible but also less stable than DNA and more prone to cleavage. 
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• DNA is a tridimensional double stranded helix, where hydrogen bonds connect the two strands.

• DNA is characterized by a sugar-phosphate backbone. Indeed, in a strand the nucleotides are connected to one another through the covalent phosphodiester bond between the sugar of a nucleotide and the phosphate of the following one.

• The DNA sugar-phosphate backbone is negatively charged because the phosphate groups borne by the nucleotides carry a negative charge on an oxygen after the formation of the phosphodiester bond.

• A is always paired with T/U via two hydrogen bonds, and G is always paired with C via three hydrogen bonds.

• The DNA double-helix is antiparallel implicating that the 3' end of one strand is paired with the 5' end of the complementary sequence.

• The DNA double helices are usually right-handed with the only exemption of Z-DNA which is left-handed 2 .

• The outer edges of nitrogen-containing bases are exposed and can form hydrogen bonds.

• Adjacent overlapped nucleotides interact through base stacking, which is one possible kind of hydrophobic interaction, and is in part responsible for the hydrophobic interior of the duplex and adds stability to the DNA molecule. 

Aptamers: definition and competitive advantages

Aptamers are single stranded DNA or RNA oligonucleotides, whose length typically range from 20 to 100 nucleotides, that can fold into unique tridimensional shapes and bind to specific targets with high affinity and specificity 14 . Their targets range from small compounds such as metal ions or organic molecules, to more complex systems such as proteins and whole cells 15 . The secondary and tertiary structures of aptamers, similarly to proteins, is determined by their sequence which can lead them to form many different peculiar structural conformations and motifs 16 . For example, their secondary structures include (but this is not exhaustive) stems, loops, bulges, hairpins, pseudoknots, triplexes and G-quadruplexes 17,18 . The binding of the aptamer to the target occurs by structure compatibility, hydrogen bonding, electrostatic interactions, hydrophobic effect, π-π stacking and van der Walls forces 19 . It is important to highlight that aptamers are negatively charged molecules because of the presence of the phosphate backbone; hence, monovalent and divalent cations can play a role in neutralizing this charge and enhance the stabilization of aptamer secondary structures 15,20 . Also the peculiar properties of the target, such as isoelectric point (pI) 21 , charge and hydrophilicity 22 modulate the binding affinity of aptamers. Given their potential as affinity reagents, aptamers are considered the nucleic acids analogues of antibodies (Figure 1.3) but are characterized by numerous advantages if compared with their protein counterparts 23 . However, antibodies are currently used routinely in most diagnostic tests as biorecognition tools and are still dominating the global pharmaceutical market 24 . This can be explained by the fact that also antibodies, and specifically monoclonal ones, are characterized by high selectivity, binding affinity, and specificity to the target. Importantly, numerous antibodies have been currently approved as a treatment against autoimmune diseases and various kinds of cancer, as they are characterized by lower toxicity and improved safety if compared with, for example, chemotherapy 25 . Moreover, early day patents for aptamers have currently run out, determining a slower pace of progress for industrial development of aptamers.

To begin with, aptamers can be produced with an automated chemical approach, which allows to avoid batch-to-batch variability and biological contaminations 26 . Moreover, given their production method, they can be obtained in higher quantities than antibodies and at lower costs. Additionally, aptamers are characterized by significantly smaller sizes than antibodies that allow them to reach a higher number of targets, lower immune responses and higher half-life 27,22 . Aptamers are also thermally stable: their higher structures reversibly unfold when stored for longer time periods at room temperature and can then be folded back with an annealing procedure, they can be handled and stored in an easier way than antibodies, and can be deactivated by the simple interaction with appropriate antisense oligonucleotides 28 . The selection of aptamers for a specific target is performed through a combinatorial chemistry approach called Systematic Evolution of Ligands by EXponential enrichment (SELEX), which is an in vitro selection method, often referred to as the molecular version of the Darwinian Evolution. SELEX was firstly reported in 1990 by two independent groups 14,30 and in the last 30 years encountered many different modifications and variants. In its firstly reported versions, the initial oligonucleotide libraries were composed by RNA sequences, which can form a higher number of tridimensional structures and can be produced within the cells if compared with single stranded DNA (ssDNA). Later, also ssDNA libraries were produced because DNA is more stable than RNA, and currently both the nucleic acids are applied to perform SELEX. Conventional SELEX starts from a DNA or RNA oligonucleotide library containing around 10 14 different sequences. These oligonucleotides are usually characterized by two common primer regions and a randomized central region. The
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Aptamer Antibody length of the random region commonly varies from 20 to 40 nucleotides. On the one hand, the longer it is, the more complex tridimensional structures can be formed.

However, a higher length does not allow to have a representation in the pool of every single possible sequence (sequence space) that a specific randomized region allows.

On the other hand, shorter sequences reduce the possibility to form many different complex motifs, but at the same time increase the sequence space 31 . Initially, a random oligonucleotide library is incubated with targets that are structurally similar to the target of interest to eliminate all the non-specific sequences in a counterselection step. The unbound strands are then incubated with the desired target in the (positive) selection step. In this part, some sequences interact with the target, assuming specific conformational changes which are strictly dependent on the random region and the target properties. As previously mentioned, the aptamer-target binding is highly influenced by the chemical composition of the reaction buffer, the pH and the temperature which determine the binding stringency. Since not all the sequences are able to bind the desired target with high affinity, it is important to design a partition strategy. The partition step allows the removal of unbound and low binding affinity sequences. Thanks to a specific washing buffer based on the target characteristics, unbound sequences are discarded from the selection process. The aptamer-target complex is then recovered, and the elution step of the bound oligonucleotides is performed according to the target properties. The most common methods include affinity 33 , heat separation 34 , denaturing agents 35 , increase of ionic strength and alteration of pH 36 . The bound sequences then go through an amplification step that consists in a PCR in the case of a DNA library, and in a reverse transcription step followed by PCR in the case of an RNA library. Before the start of the next SELEX round, ssDNA is generated from double stranded DNA (dsDNA). To achieve so, some common methods are asymmetric PCR amplification 37,38 , λ-exonuclease digestion 39 , and magnetic bead-based separation 34 . Asymmetric-PCR requires the optimization of the number of amplification cycles and the primer-template ratio to increase the yield of ssDNA synthesis, avoiding unspecific and smeared DNA bands 37 . Asymmetric PCR amplification produces both ssDNA and dsDNA, and λ-exonuclease digestion has to be performed on the PCR product to completely digest the undesired strand. When using λ-exonuclease, a 5'-phosphorylated primer is required for the digestion of the undesired DNA strand 39 .

Bead-based separation consists of using a biotin-labelled primer to immobilize the PCR product onto streptavidin-coated magnetic beads. The desired non-biotinylated DNA strand is recovered by alkaline wash or heat denaturation, while the other DNA strand remains bound to the beads 39 .

Once the ssDNA has been generated, a new SELEX cycle begins. An entire SELEX process is usually characterized by 10 to 15 cycles and, at the end the last one, the enriched libraries are sequenced by NGS techniques to obtain the composition of the final pool. In each cycle, the parameters of incubation with the target (concentration, temperature, incubation time, buffer salt concentration) can be varied to increase the selection pressure and ensure the identification of specific and high binding aptamers 40 . The described conventional SELEX is very long (from few weeks to months), laborious and does not always give successful results 41 . Indeed, after the sequencing step at the end of SELEX, the enriched sequences must be produced by solid phase chemical synthesis or enzymatic synthesis and tested for their binding efficiency to the desired target. The binding studies are usually performed using Enzyme-Linked OligoNucleotide Assay (ELONA), Surface plasmon resonance (SPR)

or Octet techniques 42 and will reveal whether aptamer candidates are capable of binding to the target. In the case of a negative outcome, the enrichment of a sequence may be caused by the ease of PCR amplification of a specific family of sequences or the unspecific binding to components present in the selection and different from the target, such as the magnetic beads 43 . For this reason, over the years different alternative SELEX protocols have been introduced. In 1997, magnetic bead-based SELEX was reported as a method that immobilizes the target on magnetic beads and separates the bound sequences from the unbound ones by using a magnet 44 . In 2004, Capillary Electrophoresis SELEX (CE-SELEX) was reported, which is based on separating the species that are bound to the target from the unbound ones through their difference in electrophoretic mobility 45,46 oligonucleotides that can penetrate the tissues and bind to the desired target in animal models 51 . When performing SELEX, the sequencing step is usually placed at the end of the process to analyze the enriched sequences after the last round. A further improvement of SELEX exploits the possibility to do high throughput sequencing after each selection round to monitor the changes in the library composition (HTS-SELEX) 52 .

HTS-SELEX allows to detect the enriched sequences at earlier rounds compared to conventional selection and facilitates the identification of parasite sequences, which are favorably amplified not for their affinity to the target, but for example for the presence of PCR biases. Moreover, HTS-SELEX allows to monitor the changes in the library composition given by the variations of the parameters of incubation with the target and permits an easier characterization of the aptamer families and motifs in the pool. Over the recent years, different bioinformatics tools have been developed to assist the analysis of the significant amount of data produced during HTS-SELEX 53 .

Finally, in silico rational design of aptamers is currently widely applied to identify aptamers for specific targets, predict their structures, thermodynamic properties, and interaction with the target. Different software were introduced, such as Aptamotif 54 and

MPBind 55 to assist in-vitro SELEX and generate aptamers.

Limitations of aptamers and potential solutions

Despite their numerous advantages if compared with antibodies, aptamers are characterized by some important limitations that negatively impact their applications as therapeutics and diagnostics tools 16 .

The first problem that arises with aptamers is their stability since their nature of ssDNA or RNA makes them prone to degradation by nucleases when they are applied in vivo settings 56,57 . Moreover, they are susceptible to renal-clearance by the kidneys, which can effectively expel molecules up to 50 KDa, including the molecular weight range of aptamers 28 . Also temperature, that in a physiological environment is higher than the ambient one, can negatively affect aptamers' stability. Indeed, it can cause the unfolding of their secondary and tertiary structures, and result in an easier degradation by nucleases 58 . A way to target this drawback is performing SELEX at temperatures that are higher than the room temperature 43 .

The second limitation is related to the difficulty of obtaining aptamers that concurrently present high specificity and binding affinity. Specifically, the former can be strongly impacted when the in vitro selection environment changes to the more heterogenous in vivo one 59 . Furthermore, the affinity can be affected by the attempt of reaching high selectivity for instance in the course of counter selection process, that using similar targets to the one of interest, can eliminate strongly binding candidate aptamers 60 .

Finally, if compared with antibodies and more generally with proteins, nucleic acids present less chemical heterogeneity. The structural differences among nucleotides are more limited than the variations distinguishing the different amino acids, and furthermore, nucleic acids are naturally negatively charged. These aspects determine a tendency for aptamers to efficiently bind only to positively charged proteins and hydrophilic moieties, and limit the amount of proteins and small molecules that can be chosen as selection targets 61 . Indeed, due to the limited number of functional groups present on nucleic acids, mediating binding is more challenging for aptamers than for antibodies, as it will be further discussed in this Thesis. In conclusion, aptamers are very promising tools which display significant advantages compared to antibodies, but that are also characterized by significant drawbacks that still need to be overcome. As described in Section 1.4, a potential solution is to customize the selection process based on the target and the application for the aptamers. The second widely explored strategy is the introduction of modifications in aptamers to expand their physicochemical properties and address the aforementioned limitations. A first way to chemically modify aptamers is by introducing post-SELEX modifications. This method is based on completing the SELEX process on a natural library and, when one or more aptamers are identified, synthesize their sequence via solid-phase synthesis and introduce chemically modified phosphoramidites 62 . Post-SELEX modifications managed to increase the resistance of aptamers against nucleases 63 , to reduce renal clearance 64 and, in many instances, enhance the binding of the identified natural aptamers to the target. Moreover, the incorporation of the modification after SELEX, does not require modifications to be compatible with enzymatic synthesis of DNA and to be accepted by polymerases 65 . However, solid-phase synthesis can be applied only to sequences that are shorter than 100 nucleotides, and the chemical conditions required by oligonucleotide synthesis can be incompatible with the nature of the modifications of interest, leading to their degradation 16 . Finally, the insertion of a modification does not always improve the binding affinity, in the contrary it often leads to a strong depletion of affinity of the natural aptamer to the target of interest 65 . For these reasons, a valid alternative to post-SELEX modifications is the synthesis of modified nucleotides (dN*TPs) to be enzymatically incorporated in DNA before performing SELEX. This strategy will be discussed in detail in the next Section as it is an important milestone of this Thesis.

Chemical modification of nucleotides

The main requirement to apply chemically modified nucleotides in SELEX is their acceptance by the enzymes responsible for DNA replication: DNA polymerases. Once this property is assessed, the SELEX protocol can be adapted to make sure that the library contains modified oligonucleotides (Figure 1.5). To produce a modified library, the dN*TPs of interest must be included in the library sequences by a polymerase via PCR or Primer Extension (PEX) reactions. To ensure the correct acceptance of modified triphosphate by polymerases, different engineered enzymes, that will be discussed in Section 1.7, can be used 66 . Once the library is modified, it can be incubated with the target and follow standard SELEX protocols. Performing SELEX with a modified library allows to avoid the final Structure-Activity Relationship (SAR) studies that characterize a post-SELEX approach.

Nucleotides can be modified at three different levels: the phosphate backbone, the sugar, and the nucleobase. In the next sections, reported alterations on all these levels are described.

Phosphate backbone modifications

Nucleosides triphosphates are characterized by the presence of three different phosphorus (P) atoms at the 5'-position of the (deoxy)ribose sugar. However, the only one that can bear the presence of modifications to produce dN*TPs to be applied in 6). A common alteration of the backbone is given by the substitution of one of the a oxygens with a sulfur atom to increase the resistance to nuclease degradation and the cellular intake 67 . It must be highlighted that the synthesis of a-thio-dN*TPs produces the Sp and the Rp enantiomers. Among these, only the former are accepted by the majority of the polymerases, which incorporate them with an inversion of configuration, producing the [Rp]-modified oligonucleotides 16 . A successful example is represented by the a-thio-deoxyadenosine triphosphate (a-thio-dATP) (Figure 1.6A) which was incorporated in a selection protocol leading to the identification of ESTA-1, an aptamer that specifically binds to the protein E-selectin, overexpressed in different inflammatory conditions 68 . Moreover, the same group reported the isolation of the fully thio-aptamer DENTA-1 binding to DENV-2 EDIII, an envelope protein of dengue-2 virus 69 . Furthermore, the nucleobase modification of uridines characterized by a monothiophosphate backbone was described to obtain remarkably nuclease-resistant aptamers with high binding affinities 70 . Another significant work describes the application of a DNA-thioaptamer specifically binding to the glycoprotein CD44 as a carrier to release effective drugs against tuberculosis 71 .

Another reported a-P modification for application in SELEX are based on borane and have been applied to uridine triphosphate (UTP) (Figure 1.6B) and deoxyguanosine triphosphate (GTP) (Figure 1.6C) allowing to identify RNA aptamers specific for adenosine triphosphate (ATP) 72 . Moreover, Arangundy-Franklin et al. published the enzymatic synthesis and reverse transcription of the uncharged P-methyl and P-ethyl-phosphonate nucleic acids (phNAs) (Figure 1.6D), which were successfully included in an oligonucleotide library in SELEX and led to the identification of modified aptamers binding specifically to streptavidin 73 . 

Sugar modifications

The first explored sugar modifications consisted in the insertion of an amino, a fluoro or a methoxy moiety on the 2'-position of the (deoxy-)ribose sugar and led to nucleaseresistant aptamers characterized by low dissociation constants (Kd) 74 . In 1994, RNA aptamers containing 2'-NH2-pyrimidine nucleotides (Figure 1.7A) were identified against the human neutrophil elastase (HNE) and represented the first example of the application of modified triphosphates in SELEX 75 . However, the difficulties encountered in the application of this modification in solid-phase synthesis reduced its application over time 76 .

The combination of the 2'-fluoro (Figure 1.7C) and 2'-methoxy (Figure 1.7B) modifications allowed the identification of the first FDA-approved aptamer: Pegaptanib, which is used to treat the neovascular age-related macular degeneration (AMD) 77 .

Pegaptanib is composed by 27 nucleotides, which can be divided in 13 2'-fluoropyrimidines, 12 2'-methoxy-purines and 2 canonical purines, and is characterized by a half-life of 10 days 78 . It is important to notice that the 2'-methoxy modifications have been introduced post-SELEX given their weak acceptance by the applied T7 RNA polymerase. Moreover, 2'-fluoro-pyrimidines were involved in libraries used in SELEX and leading to the isolation of RNA aptamers against the epidermal growth factor receptor (EGFR) 79 , an aptamer binding to the lung cancer cell line A549 80 and an RNA aptamer for the prostate-specific antigen (PSA) 81 . Interestingly, RNA aptamers modified with 2'-fluoro-pyrimidines have also been isolated through an in-vivo SELEX and showed the capacity of crossing the blood brain barrier (BBB) in mice 82 . A major limitation related to the use of 2'-F modifications concerns its poor acceptance by natural DNA polymerases. For this reason, a variant of the Stoffel fragment of the Taq DNA polymerase (SFM4-3) was introduced for RNA conventional and reverse transcriptions 83 . The use of SFM4-3 allowed the incorporation of further 2'-modified nucleotides: 2'-chloro, 2'-arabinose and 2'-azido N*TPs 84 .

Another sugar position that was widely explored for modification is the 4'-oxygen, which, for example, was substituted with sulfur to produce RNA 4'-thio-N*TPs (Figure 1.7D). The use of these modified triphosphates in oligonucleotides led to the isolation of partially 85 and fully modified nuclease-resistant aptamers binding thrombin 86 .

Furthermore, xeno nucleic acids (XNA) are worth mentioning and correspond to different sugar-modified variants of DNA. The first one is the 2'-deoxy-2'fluoro-b-Darabinose (FANA) (Figure 1.7E) moiety which was shown to be thermally stable, nuclease resistant 87 and was applied in therapeutic aptamers 88 . FANA-modified aptamers targeting the HIV-1 reverse transcriptase have been identified 89 as well as FANAzymes with enzymatic properties 90 . The second one is 1,5-anhydrohexitol nucleic acids (HNA) (Figure 1.7F) where the sugar is composed by a hexitol 6membered ring. HNAs-bearing aptamers were selected targeting the trans-activating response RNA (sTAR) with good nuclease resistance 91 . Additionally, a-L-threose nucleic acids (TNA) (Figure 1.7G) are characterized by a threose sugar and present a good stability in physiological conditions. A completely modified TNA aptamer was identified targeting thrombin 92 . Also, locked nucleic acids (LNAs) (Figure 1.7H) are widely studied for their stability in physiological environment given by their conformations, the remarkable half-lives, and the improved thermal stability of LNAcontaining duplexes 93 . An example is the LNA-modified aptamer TTA1 against Tenascin-C 94 .

Finally, Spiegelmers or L-RNA aptamers are composed by units of L-RNA ribose and appear as mirror images of natural nucleotides. Their good potential as drugs allowed different of them to enter clinical trials 16 . 

Nucleobase modifications

The modification of the nucleobases is an interesting strategy that has been widely applied to append new chemical moieties to the dNTPs. Indeed, this method allows the formation of additional folding motifs in aptamers and can favor the binding interaction with hydrophobic targets if the modification is hydrophobic as well. The sites that are mainly chosen for these alterations are the ones that, if modified, do not significantly impact the stability of the DNA major groove and their acceptance by polymerases 95,96 . Therefore, nucleobase modifications are usually located on the C7 position of N7-deaza-purines (Figure 1.8A) and on the C5 position of pyrimidines (Figure 1.8B) 76 . The modifications are usually appended via rigid alkynyl or alkenyl linkers [START_REF] Hollenstein | Nucleic acid enzymes based on functionalized nucleosides[END_REF] . Minor modifications can also be inserted on the C2 position of purines without remarkably altering the minor groove [START_REF] Sigel | Alternative roles for metal ions in enzyme catalysis and the implications for ribozyme chemistry[END_REF] . The first significant examples are represented by the pentynyl-modified deoxyuridine triphosphate (dU pen TP) (Figure 1.9A) that allowed the selection of an anti-thrombin aptamer [START_REF] Pyle | Metal ions in the structure and function of RNA[END_REF] , a deoxyuridine triphosphate (dUTP) equipped with a positive charge thar lead to an aptamer targeting ATP 100 , and a 5-iodo-UTP included in an aptamer against HIV-1 Rev protein 101 . Furthermore, the insertion on deoxythymidine triphosphate (dTTP) of a boronic acid residue brought to the identification of an aptamer specific for fibrinogen 102 , and the addition of an adenine nucleobase on a dUTP (Figure 1 A popular nucleobase modification is 5-ethynyl-deoxyuridine (EdUTP), which presents an exposed ethynyl group and can be reacted be moieties bearing an azide through copper(I)-catalyzed azide-alkyne cyclo-addition (CuAAC or Click reaction) (Figure 1.9C). The combination of EdUTP and CuAAC has been widely used in t h e experimental section of this thesis and is described in the following chapters. The insertion of benzyl and indole modifications on EdUTP led to aptamers targeting both the green fluorescent protein (GFP) 105 and the tumor necrosis factor receptor superfamily number 9 (TNFRSF9) 106 . Furthermore, dUTP was modified with a positively charged moiety to produce an aptamer against the negatively charged carbohydrate silalyllactose 107 . Importantly, Mayer's group introduced the click-SELEX approach to identify the socalled clickmers, where EduTP is enzymatically included in libraries instead of dTTP, and afterwards CuAAC is applied directly on the resulting oligonucleotides to introduce first UBP to be included in a bacterial plasmid and inserted in E. Coli for replication in vivo 120 . UBPs have and currently are also used for the formation of modified aptamers.

A first example of UBP that behaves canonically to the natural base pairs and is accepted by natural polymerases is Ds-Px (Figure 1.10A). Ds is characterized by a bulky thiophene group that interacts with the small nitro-bearing Px 123 . Moreover, a specific SELEX protocol (ExSELEX) for libraries including UBPs was introduced and let to the identification of a strongly binding aptamer targeting the vascular endothelial growth factor 165 (VEGF165) 124,58 .

Secondly, the UBP dP-dZ (Figure 1.10B) displays a higher thermal stability than a deoxyguanosine (dG) / deoxycytidine (dC) pair and a strong capacity to distinguish mismatches 125 . Its hydrogen bonding pattern is purine acceptor-acceptor-donor and pyrimidine donor-donor-acceptor, and it is well accepted by polymerases 125 . For example, two reported modified aptamers were targeting respectively MDA-MB-231 cancel cells 126 and HepG2 liver cancer cells 127 . 

OH

Another relevant strategy for the expansion of the genetic alphabet is the introduction of metal base pairs 128 . These UBPs are characterized by the coordination of modified nucleotides that act as ligands with metal ion(s), replacing the hydrogen bonds of the canonical base pairs. Because of this interaction, metal base pairs are stable and orthogonal to the traditional pairs. Metal base pairs were showed to be successfully incorporated by polymerases 129,130 , however they haven't been applied in aptamers yet. In Chapter 5, a full review on metal base pairs co-written by this Author is reported.

Synthesis of modified nucleotides

The synthesis of modified nucleotides can be achieved by conventional synthetic organic chemistry or with a biocatalytic approach, which performs the catalysis of reactions by means of natural or engineered enzymes 131 . The biocatalytic method usually provides lower costs, better yields and higher chemoselectivity. However, not all the modifications are compatible with this approach and successfully accepted by the enzymes. For the scope of this Thesis, optimized traditional chemical approaches have been successfully applied. In this Section, the applied triphosphorylation methods and strategy to append nucleobase modifications are described in details.

Triphosphorylation of nucleosides

The traditional approach to the production of nucleoside triphosphates relies on multi step organic chemical reactions. A very early method was described by Yoshikawa in 1967 132 and then changed by Ludwig 133 (Scheme 1.1). The common protection strategy prior the Ludwig-Eckstein triphosphorylation (Scheme

1.
2) is characterized by firstly the protection of position 5' with the dimethoxytrityl group (DMT) that gives 6, which is followed by the 3'-position protection by means of Oacetylation producing 7. Finally, the 5'-position is deprotected with trifluoroacetic acid to yield the precursor 8.

In the triphosphorylation (Scheme 1.3), 8 is reacted with salicyl phosphorochlorite in pyridine to produce the 5'-phosphite 9. The cyclic triphosphate 10 is then synthesized by addition of tris (tetra-n-butylammonium)hydrogen pyrophosphate. Finally, 10 is oxidized by iodine and ammonia is used to deprotect position 3' from the acetyl group to produce the desired triphosphate 11. The Ludwig-Eckstein protocol requires a higher number of steps compared to the Yoshikawa method but leads to the formation of less side-products.

Other protocols were introduced over the years to improve the triphosphorylation yields or reduce the number of synthetic steps. Among them, it is possible to cite the ones introduced by Warnecke and Meier 136 , Caton and Williams 

Insertion of modified nucleobases via click chemistry

In this Thesis, the method that was applied to insert a modified nucleobase on artificial triphosphates is based on click chemistry. This concept was firstly reported by Sharpless in 1998, who defined click reactions as characterized by biorthogonality, high yield of formed products, modular and giving non-toxic side-products 140 . This Thesis applied CuAAC to react an azide carrying moiety with an alkyne. This strategy is widely used to modify the nucleobase of nucleoside triphosphates 141 . Specifically, in this work the azide-modified groups were the ones to be appended on the nucleotides, and the alkyne was EdUTP, whose synthesis has been optimized and reported 142 . To obtain EdUTP, at first 5-iodo-2'-deoxyuridine 12 is reacted with tertbutyldimethylchlorosilane (TBDMSCl) to protect 5'-position with the TBDMS protecting group in 13. Afterwards, the Sonogashira coupling 143 is applied in presence of trimethylsilylacetylene to insert a TMS-protected alkyne group on the nucleoside and produce 14. This reaction is followed by the 3'-acetyl protection, producing 15, and by the subsequent deprotection of the 5'-position and of the alkyne group with tetra-nbutylammonium fluoride to yield 16. Finally, the nucleoside is triphosphorylated according to the Ludwig-Eckstein conditions to produce EdUTP (17). 

Polymerases for the enzymatic incorporation of modified nucleotides

A fundamental requirement for the application of modified nucleotides in SELEX is their acceptance by polymerases, enzymes responsible for DNA replication, in PEX and/or in PCR 144 . The acceptance of the modification strongly depends on the nature of the altered moiety and its position on the nucleotide. For example, it has been reported that modifications on the nucleobase are better accepted that the ones on the sugar unit or on the phosphate backbone, especially if they are on C7-position of N7-deazapurines and C5-position for pyrimidines 145 . Moreover, a field that is currently growing is the formation of engineered polymerases and their in vitro evolution for the acceptance of modified nucleotides 146,147 . Even if in some cases it is currently possible to predict if a modification is accepted by specific polymerases with computational modelling, a screening of polymerases in PEX and PCR is usually necessary to assess the acceptance of an artificial nucleotide 148 .

In this Section, the polymerases that have been screened in the experimental part are quickly described. • Vent (exo -) is a genetically engineered version of the Vent DNA polymerases belonging to family B, characterizing the Archaea Thermococcus litoralis 153 . The main difference from its progenitor is the elimination of the 3'-5' proofreading exonuclease activity to obtain higher yield in PEX and for high temperature sequencing reactions 154 . The removal of the proofreading activity makes its fidelity twice the one of Taq 154 . It is widely used to incorporate modified triphosphates.

• Deep Vent polymerase is a family B DNA polymerase and was originally isolated from the archaea Pyrococcus species GB-D. It is a high fidelity enzyme, given its integral 3'-5' proofreading exonuclease unit, and it is more stable than Vent • Phusion DNA polymerase is an engineered thermostable Pyrococcus-like polymerase belonging to family B and characterized by 5'-3' polymerase activity and 3'-5' exonuclease activity. Its high incorporation accuracy gives it a fidelity that is 50 times higher than the one of Taq's 156 . It can be applied for the incorporation of modified nucleotides.

• Therminator DNA polymerase is a family B polymerase accepting modified triphosphates. It is characterized by the same mutation that is present on Vent (exo -) which eliminates the 3'-5' proofreading exonuclease activity but at the same time increases the acceptance for modified nucleotides 157 .

• Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4) is a family Y thermostable polymerase which accepts unnatural nucleotides. Its most important property is its capacity to bypass DNA lesions and continue DNA synthesis even in presence of different DNA damages such as abasic sites 158,159 .

• Klenow fragment (exo -)of DNA polymerase I (Kf(exo -)) is a DNA polymerase corresponding to the N-terminal truncation of DNA polymerase I from family A which is widely applied for its acceptance of base modified nucleotides. It is characterized by 5'-3' polymerase activity and by a lack of 3'-5' exonuclease activity 160 .

• F29 DNA polymerase, belonging to family B, was isolated from the Bacillus subtilis phage F29, and is characterized by structural similarities with Klenow fragment (exo-) 161 . It is characterized by a 3'-5' proofreading exonuclease activity 162 and by remarkable strand displacement often applied in Rolling Circle Amplification (RCA) 163 .

• Q5 polymerase belongs to family B and is characterized by the Sso7d DNA binding domain that improves the amount of DNA that it can process and its processivity. It is characterized by 3'-5' proofreading exonuclease activity and its fidelity is 280 times higher than that of Taq 164 . It is used for the incorporation of modified triphosphates.

Applications of aptamers

Thanks to their high affinity and selectivity, aptamers are used for a variety of applications. In this Section, the most relevant are briefly described.

To start with, aptamers have important bioanalytical and biosensing applications.

Aptasensors are biosensors formed by an aptamer that recognize specific biological targets and that are connected to a transducer to give a quantitative output signal upon binding 165 . The rather small dimensions of aptamers make them ideal candidates for applications in miniaturized systems of biosensors. The signal-transduction strategy determines the classification of aptasensors, which can be optical 166 , electrochemical 167 or mass-sensitive 168 . These biosensing tools can also be functionalized with nanomaterials such as graphene 169 or nanoparticles 170 , or can form aptabeacons 171 .

A major application of aptamers in analysis is given by ELONA, which functions in a similar way to enzyme-linked immunosorbent assay (ELISA). However, if in the latter the presence of a protein target is detected with immobilized antibodies, in the former the target is identified with a fluorescently labelled aptamer 172 . Another important application of aptamers is in diagnostics. Specifically, they have been applied to detect the presence of pathogenic microorganisms. For example, for the identification of enterotoxaemia E. coli (ETEC), a screening platform of fluorescence resonance energy transfer (FRET)-aptamers was introduced 173 .

Moreover, aptamers were also found able to detect viruses such as hepatitis B and C 174 , and parasites like Plasmodium 175 . Moreover, aptamers were applied in cancer recognition for instance for the detection of cancer biomarkers 176 or for in vivo imaging of various kinds of tumors 177 . Indeed, the application of aptamers in magnetic resonance imaging (MRI) and positron emission tomography (PET) is of increasing importance 178 . Also, aptamers against stem cells biomarkers were reported 179 .

Aptamers were applied to detect the presence of environmental pollutants, such as bacterial endotoxins 180 , and heavy metals 181 .

Furthermore, a key application of aptamers is as therapeutics or drug carriers. They In conclusion, aptamers are characterized by multiple applications ranging from diagnostics to therapeutics, from biosensing to analysis and their potential is currently growing and expanding.

Aim of the Thesis

This manuscript is divided into four independent chapters, all related to the introduction of modified nucleotides in DNA. Specifically, the first two chapters are focused on the synthesis and biochemical characterization of base-modified triphosphates to be enzymatically incorporated in aptamers for different applications. Chapter 2 describes a vancomycin-bearing nucleotide to be incorporated in an aptamer as an innovative approach against antibiotic resistance. Chapter 3 focuses instead on a series of cubane bioisosteres-modified triphosphates to be included in aptamers targeting an important malaria biomarker. Chapter 4 then proposes the first steps towards an innovative electrochemical approach to monitor in real-time the enzymatic incorporation of modified triphosphates in nucleic acids. Finally, Chapter 5 provides a comprehensive overview of metal-mediated base pairs, an alluring way to expand the genetic alphabet.

As briefly mentioned, the objective of Chapter 2 is to describe the first steps towards the innovative combination of the potencies of aptamers and antibiotics as a potential method to combat antimicrobial resistance. To achieve this aim, we focused on the antibiotic vancomycin, which is currently used to treat infections provoked by grampositive bacteria, and whose mechanism of action is based on the inhibition of the biosynthesis of the peptidoglycan composing the bacterial cell wall. Resistance to vancomycin is related to a bacterial mutation that decreases the vancomycin binding to the target. As a potential solution to this issue, we thought that a vancomycinmodified aptamer binding to the peptidoglycan could mechanically force the antibiotic into the binding site despite the presence of the mutations involved in resistance. In this Chapter, we have synthesized and biochemically characterized a vancomycinbearing deoxyuridine (dU V TP) to assess its acceptance as a substrate by polymerases both in PEX reactions and PCR. Afterwards, we verified the compatibility of dU V TP with SELEX methods: 1) conversion of a dU V -modified DNA template into a natural one without any mutations or misincorporations, 2) enzymatic acceptance of dU V TP in a oligonucleotide library through PEX reactions 3) generation of dU V -modified ssDNA.

In conclusion, in this Chapter we proved that dU V TP can be used in SELEX. In this Chapter, we propose the first steps towards a novel strategy to combat vancomycin resistance and, more broadly, AMR: the combination of the potencies of antibiotics and aptamers. The aim of this work was to synthesize a novel deoxyuridine nucleotide bearing a vancomycin moiety and assess its capability to be incorporated into DNA via enzymatic synthesis, and hence proving its potential application in SELEX experiments. The identification of a vancomycin-bearing aptamer would potentially use the aptamer binding properties to mechanically force the vancomycin in the binding site and allow its function despite the presence of the resistant mutation. This work has the potential of becoming the proof-of-concept for an innovative powerful approach that uses antibiotic-decorated aptamers and could be applied to other diseases but simply changing the nature of the antibiotics on the nucleotide.

The objective of

2.2 Synthesis and chemical characterization of dU V TP Scheme 2.1. Synthetic procedure to obtain dU V TP (3) from vancomycin azide (1) and EdUTP (2). This observation can be explained by the fact that Cu 2+ is paramagnetic, and hence is characterized by unpaired electrons that change the relaxation times, causing a broadening of the signals 14,15 . The strong affinity that vancomycin shows in coordinating Cu 2+ has been thoroughly investigated in a previously published work by Swiatek et al 16 . To remove the remaining Cu 2+ , dU V TP was incubated with Chelex 100 resin, which can efficiently coordinate the metal ion. The resin captured a significant fraction of Cu 2+ and allowed us to record a phosphorus NMR ( 31 P-NMR), MALDI-TOF and HR-ESI-MS spectra proving the formation of pure dU V TP (See Section 2.11.2).
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However, it was not possible to completely remove the Cu 2+ ion, leading to the impossibility to obtain clean proton NMR ( 1 H-NMR) spectrum.

Evidence of the enzymatic incorporation of one dU V nucleotide in DNA via

PEX reaction

After completion of the synthesis and chemical characterization, we tested the possibility to enzymatically incorporate one dU V nucleotide in dsDNA under PEX reaction conditions. To achieve this goal, we designed a system composed by the 20nucleotide template T1 and the 19-nucleotide primer P1 (Table 2.1). In T1 the insertion region, which corresponds to the part of the sequence complementary to the newly inserted nucleotides during the PEX reaction, is characterized only by a deoxyadenosine (dA; A in Table 2.1). The reason why this specific nucleotide was chosen is that dU V TP represents a modified dU, and therefore, in case of a successful incorporation, is expected to be paired with dA. The PEX reaction was run in presence of T1, P1, dU V TP and the polymerase Vent (exo -) and showed the successful incorporation of the modified triphosphate (Figure

Oligonucleotide

2.5).

In parallel, as a positive control the same reaction was performed using dTTP in the place of dU V TP. It is possible to notice that when dTTP is in the reaction mixture, the observed band runs a bit faster than the 25-base pair marker of the molecular weight ladder, in agreement with the fact that T1 is 20 nucleotide long. When the nucleotide is dU V TP, the product's band has the same mobility as the 25 base pairs reference one. Indeed, the mass of the monophosphate version of dU V TP (dU V MP) is around 6 times the one of dT, justifying the slower electrophoretic mobility and the higher molecular weight product. This phenomenon has been observed and reported

in numerous examples with base modified nucleotides 17,18 ,19 . It is also possible to notice that with dU V TP there is a second band running approximately as fast as that of the negative control. This band can be attributed to the remaining portion of nonelongated primer hybridized to the template. Changing the reaction time or the concentrations never allowed to obtain a higher yield. In this section, we proved that the enzymatic incorporation of one dU V TP through PEX reaction is possible and we confirmed the incorporation of the modified nucleotide with mass spectrometry. Moreover, this data allowed us to estimate the relative quantity of dU V in the system. Specifically, we estimated the injected amount of each nucleotide in LC-MS, and from these values we calculated that the ratio between dU V and dU V +dT is 14%. Given the composition of the template and primer, we expected a result around 10%, only slightly different from the actual result. This estimation made us conclude that only one dU V TP was incorporated enzymatically in the system, as we expected. 2.4 Melting temperature measurement of dU V -modified dsDNA

The system described in Section 2.3 and composed by template T1 and primer P1 elongated with one dU V TP, was then used to measure the melting temperature (Tm) of a dU V -modified dsDNA. To do so, three consecutive heating ramps were run from 20 °C to 95 °C to record the absorbance at 260 nm as a function of the temperature (Figure 2.7A). The recorded data were analyzed through a Python script that we wrote and is reported in Section 2.11.4. Initially, the absorbance values and their associated In conclusion, the Tm of a dU V -modified dsDNA is around 4 °C lower than the same system when non-modified. As expected, the insertion of a dU V nucleotide, given its remarkable dimensions, determines a destabilization of the dsDNA. It is important to highlight that the Tm values are strongly dependent on the nature of the modification and on its position in the double helix. Indeed, Leumann extensively reported that the introduction of a modification at the end of the duplex causes larger changes in the Tm than its introduction inside the sequence 20,21 .

Biochemical characterization of dU V TP PEX reactions and PCR

The successful incorporation of one modified dU V nucleotide via PEX reactions and its confirmation with mass spectrometry, led us to further investigate the possibility to enzymatically include this modified nucleotide in dsDNA via PEX reactions and PCR.

As far as PEX reactions are concerned, we performed the experiments with a system We investigated the capacity of different polymerases to perform a PEX reaction with three natural triphosphates (dATP, dCTP and dGTP) together with dU V TP replacing dTTP. The tested polymerases were: Phusion, Hemo Klem Taq, Taq, Bst, Q5, Therminator, Vent (exo -), Dpo4, Deep Vent, Phi29 and Kf (exo -). Presence of template T2 allowed the extension of the primer P2 by 60 nucleotides and we observe (Figure 2.8) that Phusion, Q5, Therminator, Vent (exo -) and Deep Vent in presence of dU V TP form full-length products of significant slower electrophoretic mobility compared to those obtained with natural nucleotides. This feature can be attributed to products characterized by higher molecular weight than the ones of the positive control, as in the case of the previously reported PEX reaction. Therefore, with this experiment we showed that 5 different polymerases were able to incorporate multiple dU V TP in PEX reactions with a template significantly longer than the previously tested one. The other polymerases did not manage to produce the full-length products and gave lower molecular weight truncates instead. In conclusion, we showed that dU V TP is accepted by different polymerases both in PEX and in PCR and the successful formation of full-length products can be detected when a 79-nucleotide template is used. In the second part of this work, we focused on studying the compatibility of dU V TP with the SELEX method. To do so, we needed to prove the possibility of converting dU V -modified dsDNA into natural dsDNA without introducing mutations or misincorporations (1), to assess the possibility to have the enzymatic incorporation of dU V TP in an oligonucleotide library (2) and to prove the that generating dU V -modified ssDNA is possible (3). A shows that the obtained products are characterized by a molecular weight that is around 75 base pairs. Given that the initial template T2 is 79-nucleotide long, these results appear to confirm the correct conversion of dU V -modified dsDNA in natural dsDNA. To further demonstrate the conversion of modified to unmodified DNA, we proceeded to a cloning-sequencing step. To do so, we repeated the previously described PCR using as a template the dU V -modified dsDNA with the only difference that we chose Taq as a polymerase, because it is required for the cloning experiments.

The reason for this choice is related to the capacity that Taq has to incorporate one additional final dA to the 3'-end of the resulting PCR products, independently from the sequence of the template. Given that these products are then ligated to a linearized vector (TOPO) characterized by an over-hanging 3' dT, the presence of an additional dA on the PCR products make the ligation more efficient. Therefore, the natural PCR products were then integrated in a TOPO plasmid, which was inserted into One Shot correspond to the sequenced products. It is possible to notice that there is no difference between the initial template and the products.

Enzymatic incorporation of dU V TP in an oligonucleotide library through PEX reactions

To continue the assessment of the possibility of applying dU V TP in SELEX, we continued our work by enquiring on the capability of polymerases to include dU V TP in a randomized oligonucleotide library through PEX reactions. Therefore, we chose as a template a library derived from T2. Indeed, the library is characterized by 79nucleotide long sequences, which have the same two primer binding regions as T2

and contain an internal randomized region which is 35-nucleotide long. The sequence of the library is reported in Table 2.2 as T3. The PEX reactions were performed on a system composed by T3 as a template, P1 as a primer, dATP, dCTP, dGTP, dU V TP and different polymerases. The tested enzymes were: Phusion, Hemo Klem Taq, Taq, Bst, Therminator, Vent (exo -), Q5, Dpo4, Deep Vent and Kf (exo -). electrophoretic mobility than the one of the positive control, and of the expected size obtained with the incorporation of dU V TP. We could conclude that these polymerases are able to incorporate dU V TP in a library through PEX reactions and could therefore be used in SELEX. Interestingly, it is possible to notice that, if compared with the PEX performed in presence of one single template (Figure 2.8), in the case of a library the band related to the products is less defined and thicker. This can be explained by the fact that in all the different sequences of a library the number of modifications to be incorporated varies from oligonucleotide to oligonucleotide, leading to multiple bands of similar molecular weight indicating the products. We tried to repeat the same experiment in PCR and we could never get to the incorporation of the modified nucleotide, even by changing different parameters. This unsuccessful PCR incorporation can be explained by the variety of oligonucleotides sequences that are present in a library. Indeed, when testing dU V TP in PCR with only one template it was already possible to notice on the gel (Figure 2.9) that the products were obtained in low yields, probably because of the bulky nature of the dN*TP. It is possible that the high number of required amplification cycles together with the numerous different sequences made the incorporation of such a bulky moiety too challenging for the tested polymerases. In the case of PEX reactions instead, even if the variety of sequences of the library is the same, only one cycle of amplification is performed and probably is better tolerated. 2.8 Conversion of dU V TP-modified dsDNA in dU V TP-modified ssDNA Finally, we studied the possibility of converting dU V -modified dsDNA in dU V -modified ssDNA for applicability in SELEX. To do so, we started by performing PEX on a system composed by the primer P1 and by the template T4 (Table 2.2), corresponding to the 5'-phosphorylated version of T1. Figure 2.12A shows the methodology we applied to obtain the ssDNA. We started with unmodified primer P1 which we hybridized to the 

Conclusions and future perspectives

In conclusion, in this work we synthesized the novel vancomycin-bearing deoxyuridine dU V TP and we assessed the possibility of its enzymatic incorporation in dsDNA by different polymerases via PEX and PCR. Moreover, we proved the possibility of converting a dU V -modified dsDNA into a natural DNA without introducing mutations or misincorporations, the possibility to enzymatically include dU V TP in an oligonucleotide library via PEX and the opportunity to generate dU V -modified ssDNA. This work represents a first concrete step towards the combination of aptamers and antibiotics as an innovative tool to fight AMR. The future directions consist in performing SELEX in presence of the peptidoglycan precursor target and a dU V -modified library to identify a potential aptamer for the described application.

Materials and Methods

Solvents and reagents for the chemical reactions were obtained from Sigma-Aldrich, Alfa Aesar and Fisher Scientific. Flash chromatography was performed using silica gel give the product as 2.9 mg (55%) of a white powder. To remove the coordinated Cu 2+ , 3 was dissolved in 1 mL H2O and stirred with 1 g of Chelex 100 resin for 2 hours at r.t. The absorbance melting curves were converted to hyperchromicities and the first derivative of each experimental hyperchromicity point was calculated. Afterwards, the Gaussian function that best fitted the first derivative curve was calculated and the melting temperature was obtained from it. The final melting temperature was calculated as the mean of the three obtained values with the relative error.

General protocol for PEX with modified nucleotides

The 5′-FAM-labelled primer (10 pmol) was annealed to the template (15 pmol) in H2O by heating to 95 °C and then gradually cooling to room temperature (1 hour). The appropriate polymerase (1 μL), 5X or 10X enzyme buffer (provided by the supplier of the DNA polymerase), the natural nucleotides dACG (200 μM), and dU V TP (or dTTP in the positive controls) (200 μM) were added for a total reaction volume of 10 μL.

Following incubation for 4 hours at the optimal temperature for the enzyme, the reactions were quenched by adding the stop solution (10 μL; formamide (70%), ethylenediaminetetraacetic acid (EDTA; 50 mM), bromophenol (0.1%), xylene cyanol (0.1%)). The reaction mixtures were subjected to gel electrophoresis in denaturing polyacrylamide gel (20%) containing trisborate-EDTA (TBE) 1× buffer (pH 8) and urea (7 M). The tube capped tightly and incubated horizontally for 1 hour at 37 °C shaking at 200 rpm. The transformation (50 µL) was spread on a pre-warmed LB plate containing 50 µg/mL ampicillin and 20 mg/mL X-Gal in DMF (40 µL). The plate was incubated overnight at 37 °C. To verify the correct incorporation of the DNA of interest in the TOPO plasmid and its cloning in the colonies, 19 white colonies were captured, and their DNA used as a template in the protocol 'General protocol for conversion of modified dsDNA in natural dsDNA via PCR' (successful results reported on a 2% agarose gel in the SI). After successful verification of the products, the plasmids of 15 of these colonies were purified using the Mini kit for plasmid DNA. The products were quantified via nanodrop (see SI) and 9 of them were sent for sequencing to Eurofins Genomics. 

Cubane bioisosteres to be incorporated in an aptamer

targeting the malaria biomarker PvLDH Bioisosteres are molecules characterized by similar number of atoms, volume, geometry, electronic distribution, and biological activity. Indeed, bioisosterism is a phenomenon used as a strategy in medicinal chemistry to vary the biological and physical properties 2 . Cubane is composed by 8 carbon atoms, each representing the corner of a cube and covalently bound to one hydrogen atom 3 . Its shape and dimensions make it a bioisostere of aromatic derivatives because it reproduces the physical characteristics and rotational space of a benzyl ring 4 . Importantly, aromatic motifs are common in biologically active compounds, but it is often necessary, in medicinal chemistry, to substitute them with their bioisosteres to increase the biological resistance, polarity and solubility in water of the evaluated molecular candidates 5 .

Phenyl derivatives and their bioisosteres have been reported as key functional moieties in antimalarial applications 4 .

Malaria is an infectious disease that affects humans if they are bitten by female Anopheles mosquitos infected by Plasmodium parasites, which are the origin of the disease 6 . In 2021 the World Health Organization (WHO) reported that in 2020 more than half a million people died of malaria and 241 million cases were diagnosed all over the world 7 . The epidemiological distribution of the condition is strongly heterogeneous with 95% of the cases and 96%of the deaths concentrated on the African continent 7 .

There are 5 species of Plasmodium parasites causing malaria. Among them, the most significant ones are P. falciparum, which is associated with the highest mortality and disease severity, and P. vivax, which has a higher distribution and originates a complex and recurrent form of malaria 7 .

Malaria is characterized by important biomarkers, such the lactate dehydrogenase, which can be used for diagnostic purposes and targeted by diagnostic tools, like To select the cubamer, an initially natural library was enzymatically modified with a cubane-bearing deoxyuridine (dU C TP) (Figure 3.1A). As previously mentioned, cubane AB is a bioisostere of benzene applied in medicinal chemistry to replace aromatic residues in existing drugs 11 . It was originally selected because of its biological stability and lack of toxicity, its improved solubility in water compared to benzene, and its capacity to form rather strong, uncommon C-H×××O hydrogen bonds 12 .

In this Chapter, the cubane modification of the nucleobase of dU C TP was substituted by bioisosteres of cubane as well as substituted cubane moieties. The first and most interesting selected moiety was ferrocene to yield a ferrocene-modified deoxyuridine (dU F TP) (Figure 3.1B). Ferrocene is a hydrophobic compound often applied in drug discovery as a bioisostere of aromatic rings 13 . For this reason, it can be considered as a bioisostere of cubane and benzene. Moreover, ferrocene is characterized by peculiar redox properties 14 which make its insertion on an aptamer particularly attractive, and potentially leading to electrochemical diagnostics tools 15 ferrocene's interesting electrochemical properties. We observed that all these artificial triphosphates are successfully accepted by one or more polymerases during the enzymatic synthesis of oligonucleotides. Afterwards, these nucleotides were respectively incorporated via PEX reactions in the sequence of 1501 and 1506, which was the second most enriched, yet poorly binding, sequence after the SELEX reported by Cheung et al 10 . Finally, the corresponding single stranded oligonucleotides were successfully generated. These potential aptamers are currently being tested by a collaborator for binding to PvLDH and PfLDH. Our motivation to substitute the dU C TP with its previously described bioisosteres and test the resulting oligonucleotides is to investigate the possibility of improving, with this strategy, the binding affinity of 1501 and 1506 for their target. In case of successful increased binding to the targets, this work would potentially provide exotically modified aptamers for the electrochemical detection of malaria biomarkers.

Synthesis and biochemical characterization of the modified deoxyuridines

In this section the synthesis and the biochemical characterization of dU F TP and dU B TP are reported because they were performed by this Author, while these steps for dU BC TP and dU SC TP were carried out by Germain Niogret as part of his PhD thesis.

Ferrocene-modified deoxyuridine

Scheme 3.1. Synthetic procedure to obtain ferrocene azide (6) starting from ferrocene carboxaldehyde (1).

To obtain dU F TP, we started with the synthesis of the ferrocene azide (6) (Scheme converted to the corresponding ferrocene unsaturated ester (2) by means of the Wittig reaction, and this product was saturated via hydrogenation on Pearlman's catalyst 16 .

3.1). To begin with, commercially available ferrocene carboxaldehyde (1) was

The ferrocene saturated ester (3) was then reduced to alcohol with LiAlH4, and the product (4) was brominated with PBr3 through an SN2 reaction on the activated alcohol.

Finally, the ferrocene bromine (5) was converted in the ferrocene azide (6) via reaction with NaN3. Afterwards, dU F TP was obtained through CuAAC between compound 6 and position C5 of the alkyne-modified deoxyuridine trisphosphate EdUTP, prepared according to recently reported procedures 17 (Scheme 3.2). The characterization of dU F TP was conducted via MALDI-TOF and HR-ESI-MS, and UV spectroscopy (see Section 3.7). It was not possible to record the 1 H-NMR, 13 C-NMR or 31 P-NMR of 8 because of the oxidation of the ferrocene iron ion 18 . Scheme 3.2. Synthetic procedure to obtain dU F TP (8) from ferrocene azide (6) and EdUTP (7).

The biochemical characterization of dU F TP was performed by means of PEX reactions and PCR to assess the substrate acceptance by different DNA polymerases. The PEX reactions were performed on a system composed by the 79-nucleotide template T1 and the 19-nucleotide 5'-FAM-labelled primer P1 (Table 3. The tested polymerases were Phusion, Hemo Klen Taq, Taq, Bst, Q5, Therminator, Vent (exo -), Sulfolobus, Deep Vent, Phi29 and Kf (exo -). In each reaction, the three natural dNTPs (i.e. dATP, dCTP and dGTP) were present along with dU F TP which served as a substitute for dTTP. ) polymerase (T + ). All reactions were incubated at adequate reaction temperatures for 4 h. n represents the length of P1, n+60 (dNTPs) corresponds to the full-length product in presence of dNTPs and n+60 (dACG + dU F TP) corresponds to the full-length product in presence of dU F TP instead of dTTP.

Afterwards, we tested the capacity of TdT to accept one or more dU F TP in an untemplated PEX (Figure 3.4) experiment with P2 as a primer. In conclusion, we successfully synthesized the ferrocene-modified triphosphate dU F TP which is well accepted as a substrate for polymerase both under PEX reaction and PCR conditions.

Benzyl-modified deoxyuridine

As in the case of dU F TP, to produce dU B TP we started from the synthesis of a benzyl azide (9), which was carried out in our laboratory by Germain Niogret during his PhD.

dU B TP was then obtained via CuAAC between EdUTP and 9 (Scheme 3.3). The product was characterized via MALDI-TOF, 1 HNMR, and 31 PNMR (see Section 3.7).

Scheme 3.3. Synthetic procedure for dU B TP (10) from benzyl azide (9) and EdUTP (7).

Afterwards, we tested the acceptance of dU B TP as substrate by different polymerases in PEX and PCR. The PEX test was performed using T1 as a template, P1 as a primer, the three natural nucleotides dATP, dCTP and dGTP, dU B TP in the place of dTTP and different polymerases. polymerases is also analogue to that of the parent dU C TP. This observation highlights similarities in the biological properties that characterize these three bioisosteres. 3.2) 10 . Both the sequences were initially involved in preliminary studies with the target, which showed that 1501 was binding to PvLDH significantly better than 1506. For this reason, 1501 was selected to perform binding and structural studies then reported on the article. In this Chapter, we focused on both the sequences and in each of them we substituted all the dU C s with respectively every one of the three developed dN*TPs. when the cubamer is substituted with the newly synthesized nucleotides.

In the 1501 sequence which was reported and used for the binding studies, the primer regions present in all the sequences of the library were eliminated to test only the crucial central region. Given that we used an enzymatic approach through PEX reactions to insert our modifications in the aptamer sequences, we ordered as a template 1501-RC. This sequence corresponds to the reverse complement of 1501 with the addition of only one out of the two primer regions of the original library.

Moreover, our approach based on PEX reactions instead of PCR determined the lack of need to have a second primer region, therefore leading to a sequence minimally different from the original one. The primer region of 1501-RC is complementary to the primer P3, which was therefore used in the PEX experiments. Therefore, PEX reactions were performed with 1501-RC, P3, dATP, dCTP, dGTP, respectively each modified nucleotide and Vent (exo -) as the polymerase (Figure 3.8). All the dN*TPs were successfully incorporated in the products by Vent (exo -), even though some truncated products could be observed in the reaction products with dU B TP and dU F TP. Therefore, the investigations proceeded with the generation of ssDNA. However, dU SC TP was not used to substitute dU C TP in the generation of the when the cubamer is substituted with the newly synthesized nucleotides.

To design the template for the PEX reactions, we applied the same approach as that described in Section 3. All the dN*TPs were successfully incorporated in the products by Vent (exo -).

Therefore, the investigations proceeded with the generation of ssDNA. However, In Figure 3.11, it is possible to notice that there is the correct generation of dsDNA for each investigated case. However, as with 1501-RC, in the case of dU B TP, truncated products appear at slightly lower molecular weight than the full-length product showing that the desired product was not the only obtained one. Moreover, as in the previously reported case, for each modified sequence the generation of ssDNA is successful because of the formation of the expected band, even though some traces of some remaining dsDNA can be observed with dTTP, dU B TP, dU C TP and dU BC TP. Also, with dU B TP some lower molecular weight products, probably coming from the degradation of the main one, can be detected. Afterwards, the RNA template is degraded by RNAses, leading to ssDNA. To improve the quality of the ssDNA we obtained, it would be interesting to try to apply this method 21 .

dU
The future direction of the project consists in testing by means of biolayer interferometry, which will be performed by a group of collaborators, the binding capacity of these newly obtained aptamers to the malaria biomarkers PvLDH and PfLDH and compare these affinities with that of the original cubamer. In case of successful binding, this work would prove that the investigated moieties are interchangeable bioisosteres in the studied framework and structural studies would be carried out to probe the effect of these modifications on the binding modes. It is important to notice that if the aptamer sequence modified respectively with each of these moieties shows binding activity, we could envision to substitute the cubane group with the newly investigated ones also in other enriched sequences revealed by NGS at the end of SELEX to rescue more potential aptamers and SOMAmers.

The identification of new aptamers against the described targets, especially if modified with ferrocene, can potentially provide diagnostic tools for the diagnosis of malaria.

Therefore, this work sets the first steps towards the identification of electrochemical point-of-care biosensing devices for malaria disease. 

Synthesis of 2

Triethyl phosphonoacetate (4.17 mL, 21.02 mmol, 3 eq.) was dissolved in anhydrous EtOH (10 mL) and NaH 60% (1.68 g, 42.05 mmol, 6 eq.) was added under argon atmosphere. The reaction mixture was stirred for 2 h. 1 (1.5 g, 7.01 mmol, 1 eq.) was dissolved in anhydrous EtOH (10 mL) and added to the reaction mixture, which was then left to stir for 4 h. The reaction mixture was quenched with H2O (15 mL), and the organic components were extracted with EtOAc (5 x 10 mL). The combined organic fractions were dried over anhydrous MgSO4 and filtered. The solvent was removed in vacuo and the crude product was purified via column chromatography (silica gel, 96:4 DCM:MeOH) to yield 2 as 1.69 g of a deep red solid (85%). The efficiency of incorporation was dA > dG >> dC, dT and confirmed the validity of the "A rule", which means that polymerases preferentially incorporate dA opposite an abasic site. Moreover, the same tests were performed with an 18-atom long hexaethyleneglycol spacer moiety (C18) instead of the Fc site. Also in this case, we observed the incorporation of one canonical nucleotide with different polymerases, which can be attributed to a non-templating addition (NTA). We then performed further studies with templates containing two consecutive Fc sites after the primer region, a primer region followed by two canonical nucleotides and an Fc site, and an Fc site in the primer region. All these investigations showed the compatibility of the Fc site with the enzymatic incorporation of natural nucleotides.

Secondly, we investigated the capability of polymerases to bypass the insertion of one nucleotide opposite the Fc site via incorporation of further canonical nucleotides. We showed that the Dpo4, which is characterized by lesion-bypass capacity, can successfully continue the elongation of the product after the Fc site. In the reported work, this Author performed all the reported PEX reactions and the synthesis of the ferrocene and benzyl modified nucleoside triphosphates. The synthesis of the Fc-and THF-modified templates was performed by the collaborators.

Introduction

Interest in chemical modification of nucleic acids stems from early developments of nucleoside and nucleotide-based antiviral drugs as well as of antisense oligonucleotide therapeutic agents. [1][2][3][4] The need for synthesizing oligonucleotides equipped with chemical alterations has been spurred further by the recent advent of mRNA-based vaccines. 5,6 In this context, besides solid-phase synthesis, 7-9 modified oligonucleotides can be constructed using polymerase-catalyzed incorporation of unnatural nucleoside triphosphates ((d)N*TPs). 10 This method is particularly alluring since it is compatible with Darwinian evolution methods to identify functional nucleic acids and it is not limited in terms of size or nature of the functional groups that can be incorporated. [11][12][13][14][15][16][17][18][19][20] In the latter, modified oligonucleotides can be accessed either by primer extension (PEX) reactions or under PCR amplification conditions by substituting one or multiple canonical nucleotides with the corresponding unnatural counterparts. Natural or engineered polymerases are particularly tolerant to nucleotides bearing modifications attached at position C5 of pyrimidine or N7 of 7-deazapurine nucleotides or with simple backbone modifications but can also be coerced to incorporate nucleotides with sugar or unnatural base surrogates. [21][22][23][24][25][26][27][28][29][30][31][32][33][34][35][36] In order to evaluate whether modified nucleotides are accepted as substrates by polymerases, the products stemming from PEX reactions or PCR are evaluated by gel electrophoresis and by MS techniques including MALDI, ESI-MS, and LC-MS. On the other hand, real-time monitoring of the incorporation of nucleoside triphosphates, particularly when equipped with chemical modifications, is a more difficult undertaking and can only be achieved by techniques such as nanopore sequencing 37,38 fluorescence microscopy, 39 or by the application of FRET-based methods. . Apurinic/apyrimidinic (AP) sites or abasic sites are one of the most common DNA lesions and occur thousands of times in mammalian sites after hydrolysis of the glycosidic bond. 42,43 Besides their biological and clinical relevance mainly caused by their inherent highly mutagenic nature, AP sites are also interesting modifications for the development of tools in chemical biology.

For instance, the formation of AP sites combined after modification of DNA with 5-iododeoxyuridine was harnessed to explore the role of stochastic variations in gene expression. 44 In addition, AP sites have also been employed to gauge the effect of nucleobase shape as well as their solvation energies, hydrogen bonding capacities, and π-electron interactions on the DNA polymerization cycle. [45][46][47][48] Here, we have explored the possibility of substituting one or two tetrahydrofuran (THF in Figure 4.1) deoxyribose sugar units with a ferrocene moiety (Fc in Figure 4.1) which could concomitantly be used to monitor the incorporation of nucleotides by polymerases. To this end, we have incorporated a ferrocene unit into the backbone of various DNA templates using solid-phase synthesis. These ferrocene-containing templates were then used in PEX reactions with natural and modified nucleotides.

Overall, we demonstrate that ferrocene moieties can be incorporated into DNA and display a similar behavior to AP sites during enzymatic DNA synthesis. We also show that modified nucleotides can be incorporated opposite such analogs and hence, ferrocene units embedded within DNA templates could be integrated in electrochemical probes to monitor the efficiency of nucleotide incorporation. Molecular dynamics simulations of duplexes containing a THF-AP site have revealed a large structural flexibility compared to unmodified DNA since the deoxyribose sugar is capable of adopting an unusual amount of sugar puckers. 49 This flexibility was ascribed to the lack of base pairing and stacking interactions and was further confirmed by NMR structural investigations. 50 AP-containing DNA duplexes mainly adopt a B-DNA structure and kinks of up to 30° caused by flipping out of the orphan nucleobase have been observed. 49 We rationalized that introducing an aromatic and more rigid AP analog would avoid this kinking of the helical structure and facilitate enzymatic DNA synthesis and favor p-stacking interactions with the incoming nucleotide. Ferrocene (Fc) displays interesting electrochemical properties 11 and is often used in drug discovery as a bioisostere for aromatic rings. 51 In addition, we have previously demonstrated that ferrocene acts as a good surrogate for a dinucleotide motif due to the similar size (i.e. the distance between the cyclopentadienyl (Cp) rings is 3.3 Å compared to 3.4 Å for adjacent base pairs in B-DNA). 52 Hence, we surmised that a ferrocene moiety could represent a valid surrogate for one or potentially two consecutive AP-sites. In order to verify this hypothesis, we prepared a suitable ferrocene phosphoramidite building block following literature protocols (see Scheme 4.1). [53][54][55][56] The resulting building block was then incorporated into DNA sequences using standard solid-phase synthesis (see Table 4.1 and Section 4.7). The sequence composition of the resulting modified templates is based on similar oligonucleotides containing either abasic sites or imidazole-modified nucleotides which have recently been used to probe the incorporation of C-nucleotides into DNA 48 or the enzymatic formation of metal base pairs, respectively. 57 Two modified templates (M1 and M2)

Results and discussion

Design and synthesis of phosphoramidite building block and modified oligonucleotides

were designed so as to contain one and two Fc units respectively immediately following the 3′-terminus of the 19 nucleotide-long, 5'-FAM-labelled primer P1. We also synthesized a template (M3) where the primer end was three bases upstream of an Fc nucleotide and one template (M4) where the Fc nucleotide was located within the primer binding region. Lastly, we also synthesized templates containing one or two tetrahydrofuran-AP sites (AP1 and AP2, respectively) using the corresponding phosphoramidite building block 48 as well as a template containing a C18-spacer unit (M1-C18). All modified sequences were purified using HPLC and their chemical integrity verified by mass spectrometry (see Section 4.7). Surprisingly, when we introduced an 18-atom long hexa-ethyleneglycol spacer moiety (C18 in Figure 4.1) into the template (template M1-C18, Table 4.1), at the same location as ferrocene or as THF-AP sites, we also observed n+1 product formation rather than a halting of polymerase-mediated synthesis (Figure 4.11). We believe however that this effect is likely caused by non-templating addition (NTA) of nucleotides at the 3'-end of the primer rather than A rule type of incorporation. Indeed, when DNA or RNA polymerases reach the end of DNA templates, one or multiple, mainly adenosine, nucleotides are incorporated. NTA is known to plague enzymatic synthesis of DNA and RNA and various non-nucleosidic 58 and nucleosidic 59 inhibitors have been proposed to suppress NTA. In addition, NTA is probably assisted with a strand slippage mechanism in which misaligned primers cause polymerases to slip and produce indel mutations. 60 Such a mechanism was recently described for modified and natural nucleotides on templates containing longer homoplymeric sequences as well as shorter polyethylene glycol spacers. 61 Next, we performed a time-course experiment to evaluate the relative efficiency of incorporation of each individual nucleotide. To that effect, we performed PEX reactions with Vent (exo -) as polymerase and the P1/M1 primer/template system (Figure 4.3).

The relative efficiency of incorporation of canonical nucleotides opposite a templating

Fc nucleotide was dA > dG » dC ~ dT which compares to that observed for the incorporation opposite THF-abasic sites. 62 Moreover, the "A rule", meaning a strong preference of polymerases to incorporate a dA nucleotide opposite an abasic site, appears to be obeyed in the context of an Fc nucleotide as well. n+1 is referred to the length of the primer with the addition of one dNMP while n+2 is referred to the length of the primer with the addition of two dNMPs.

We have also investigated the possibility of inserting nucleotides opposite Fc sites under running start rather than standing start conditions since this allows to evaluate the incorporation efficiency of nucleotides at a site more remote from the end of the primer (Figure 4.12). When either two (dGTP, dCTP) or three (dGTP, dCTP, dATP) nucleotides were used in PEX reactions with the P1/M3 primer/template system, the expected n+3 product predominantly formed under all experimental conditions. This is consistent with extensive kinetic studies which suggest higher misincorporation rates of polymerases under running start conditions. 63 Lastly, we examined the effect of an Fc nucleotide located in the primer binding region of the template on DNA synthesis (Figure 4.13). In this context, we designed template M4 where the ferrocene abasic site is located opposite a dA nucleotide in primer P1 due to the favorable incorporation capacity of dAMP nucleotides as demonstrated in Figure 1. When PEX reactions were carried out, all polymerases extended primer P1 with six nucleotides corresponding to the addition of five complementary nucleotides and one additional (presumably dA) nucleotide by NTA. Hence, these experiments reveal that the presence of a single Fc nucleotide located within the primer binding region does not negatively impact enzymatic synthesis and appears to be rather well accommodated in the B-DNA structure.

Bypass of Fc and F sites

After demonstrating that Fc and F sites adopted a similar behavior when assayed under PEX reaction conditions and establishing conditions that permitted the incorporation of one or multiple canonical nucleotides opposite Fc sites, we investigated the possibility of extending DNA synthesis beyond such a dN-Fc pair.

Bypass of a dN-Fc is of crucial importance to develop an electrochemical sensing platform for the incorporation of modified/natural nucleotides. Hence, we first installed one of each canonical nucleotide opposite Fc by PEX reactions as described previously and incubated the resulting, extended primer with dCTP in the presence of various polymerases (Figure 4.14). When dA was first installed on the primer opposite Fc, Kf (exo -) efficiently incorporated a dCMP moiety in high (~80%) yields (see lane 8

of Figure 4.14). In addition, Dpo4 due to its lesion-bypass capacity was capable of adding one or two dCMPs after a dN-Fc pair when dN was dA, dC, or dT but not dG (lanes 6 in Figure 4.14). To shed some light into this discrepancy we further investigated the capacity of Dpo4 at bypassing a dN-Fc pair (Figure 4.15A). We first installed a dG or a dA nucleotide by a first Dpo4-catalyzed PEX reaction and then further extended the resulting product by incubation with dCTP alone or a combination of dCTP and dTTP. These experiments confirm that Dpo4 can resume DNA synthesis beyond a dA-Fc pair. On the contrary, even though n+5 full length product (i.e. full length product with an additional nucleotide stemming from NTA) can be achieved in the presence of a dG-Fc pair, the efficiency is impaired in terms of yields and additional bands are observed that originate from yet unidentified side-products. In addition, the formation of the n+6 product observed after the addition of both dCTP and dTTP (lane 3 in Figure 4.15A) might arise via NTA of two nucleotides or if the Fc site acts as a dinucleotide surrogate (Figure 4.15B). In order to confirm these observations, we carried out PEX reactions with template M1 and primer P2 that is equipped with an additional terminal 3'-dA nucleotide compared to P1. Primer P2 thus represents a synthetic analog of enzymatically constructed dA-Fc pairs. When PEX reactions were carried out with this system in the sole presence of dCTP, Kf exo -incorporated one nucleotide at the end of the primer in ~50% yield, while the reaction catalyzed by Dpo4 led to a distribution of products with complete conversion of the primer (Figure 4.5).

When both dCTP and dTTP were added to the reaction mixtures, n+3 and n+4 products were observed in equal quantities with Dpo4 as polymerase and low yields of n+1 product with Kf exo -(we believe the double banding observed in this case to correspond to products resulting from single dC and dT nucleotide incorporation).

When similar PEX reactions were carried out with template AP1 containing a THF rather than an Fc site, reactions catalyzed by the Vent (exo -), Dpo4, and Kf (exo -) polymerases led to full conversion of the primer to the n+4 product when both dCTP and dTTP were present (Figure 4.16A). On the other hand, polymerases struggled markedly to extend primer P2 when template M1-C18 was used (Figure 4.16B). Lastly, we carried out PEX reactions with all three modified templates (M1, AP1, and M1-C18)

along with primer P3 that contains additional dA and dC nucleotides thus mimicking an efficient bypass reaction (Figure 4.17). Under these conditions, most polymerases were capable of adding a single dT unit at the end of primer P3 when template AP1 was used, either in moderate yields (40-60%) or with full conversion to n+1 product (lanes 4-6 in Figure 4.17B). With template M1 containing an Fc site, only Dpo4 led to the expected n+1 product while Kf (exo -) struggled to produce n+1 extended product (~30% conversion of primer) and all other polymerases did not incorporate any nucleotides (Figure 4.17A). When template containing the C18 spacer was assayed under these conditions, Dpo4 led to a clean conversion to n+1 product and yielded the product with an additional dT nucleotide in ~40% yield while all other polymerases failed to incorporate a nucleotide (Figure 4.17C). A similar trend was observed when both dCTP and dTTP were included in the reaction mixture, except that full length products were observed rather than single incorporation events. the primer, while n+1 is referred to the length of the primer with the addition of one dNMP while n+2 is referred to the length of the primer with the addition of two dNMPs, n+3 and n+4 to three and four added nucleotides.

Evaluation of incorporation of modified nucleotides opposite ferrocene nucleotides

Our biochemical characterization of templates containing ferrocene analogs of abasic sites revealed that i) canonical nucleotides can be incorporated opposite Fc sites and as for THF-AP sites, the A rule appears to be obeyed; ii) conditions could be met to support the incorporation of less favored pyrimidine nucleotides; iii) polymerases such as Dpo4 do not stall after the installation of a dN-Fc pair and permit bypass synthesis; iv) a two-step protocol method could be envisioned by coupling Dpo4 to other polymerases that stall after the installation of a dN-Fc pair. 21,48,[64][65][66] Since our aim is (2 U). The negative control is reaction without polymerase (lanes 9). All reactions were carried out with 200 µM modified nucleotides for 1h. The label n is connected to the length of the primer, while n+1 is referred to the length of the primer with the addition of one dNMP.

The abasic site nucleotide 1 (dFTP) was previously shown to be tolerated by engineered DNA polymerases and incorporation of single and even multiple abasic site nucleotides could be observed opposite templating dA nucleotides as well as THF-AP sites. 67 In stark contrast, no dFMP units were incorporated in primer P1 when one or two Fc sites were present in the template. The C-nucleotide analog 2 is readily incorporated opposite Fc sites by Therminator, Kf (exo -), and Deep Vent polymerases but the presence of a second ferrocene moiety on template M2 causes polymerases to halt and only n+1 products can be observed (Figure 4.7). Similar results were obtained previously with nucleotide 2 and templates containing THF-abasic sites. 48 Next, we turned out attention to nucleobase-modified nucleotides due to their relevance in various fields such as aptamer and DNAzyme selection experiments 18,68 or in the context of epigenetic modifications. 69 Since deoxyadenine is preferentially incorporated opposite Fc and THF-abasic sites, we evaluated whether the presence of functional groups interfered with n+1 product formation. We performed PEX reactions with the P1/M1 ( µM modified nucleotides for 1h. The label n is connected to the length of the primer, while n+1 and n+2 refer to the length of the primer with the addition of one or two dNMPs, respectively.

Lastly, we evaluated the possibility of incorporating modified dUTP analogs bearing various side-chains and functional groups at position C5 of the pyrimidine which is readily tolerated by numerous polymerases. 10,18,65,68,69,71,72 Therminator, Hemo Klem Taq, and Dpo4 efficiently incorporated the commercially available dU*TP analog 5 opposite an Fc site (Figure 4.19A), while additional polymerases also appended this nucleotide on primer P1 opposite a THF-abasic site (Figure 4.19B). A slightly lower incorporation efficiency was observed when M1-C18 was used as template (Figure 4.19C). Surprisingly, dU*TP analog 6, decorated with a cubane moiety and which has been successfully used for the identification of specific modified aptamers, was not readily incorporated opposite any of the abasic sites (i.e. Fc, F, or C18) that were evaluated and only Therminator displayed some capacity at producing extended primers (Figure 4.9). Cubane is an isostere of benzene 73 and therefore we synthesized nucleotide 7 to probe whether the structure and chemical nature of the substituent had an effect on the incorporation efficiency. Under PEX reaction conditions with templates M1, AP1, and M1-C18, a similar product distribution and incorporation efficiency was observed with nucleotide 7 as with the corresponding isostere in nucleotide 6 (Figure 4.20). We also synthesized nucleotide 8 which is modified with a ferrocene which is also a good analog and isostere of benzene. 51 The ferrocene-modified dU*TP acted as a better substrate for polymerases with the modified templates ( connected to the length of the primer, while n+1, n+2, and n+3 refer to the length of the primer with the addition of one, two, or three dNMPs, respectively.

Conclusions

Chemical modifications can help nucleic acids to bind to targets, catalyze chemical transformations, and enhance their resistance against nuclease-mediated degradation. Functional groups can be included either via chemical means or by the enzymatic polymerization of modified nucleoside triphosphates. Enzymatic synthesis is particularly attractive since it is directly amenable to SELEX and related methods of in vitro selection and it is devoid of any size limitations. Methods for the real-time monitoring of incorporation of chemically modified nucleoside triphosphates are in dire need since these would enable to rapidly evaluate whether these analogs are tolerated as substrates by polymerases. In a first step towards to realizing this goal through the use of electrochemistry, we have explored the possibility of using a ferrocene analog of abasic site in templates during enzymatic DNA synthesis. We demonstrate that canonical nucleotides can readily be incorporated by PEX reactions opposite such a chemical surrogate and as for naturally occurring abasic sites, the A rule appears to be obeyed. Under more forcing conditions, all canonical nucleotides can be incorporated into DNA. We have also demonstrated that DNA polymerases with lesionbypass capacity can be used to extend DNA synthesis beyond dN-Fc pairs. Lastly, we have evaluated the possibility of incorporating modified nucleotides in conjunction with templates containing Fc sites. Modified dATPs are readily incorporated opposite Fc sites, while dUTP analogs bearing small side-chains such as propargylamine are also well tolerated. On the other hand, nucleotides bearing more complex modification patterns such as C-glycosidic aromatic nucleobases or cubane residues are only incorporated opposite Fc analogs by specific polymerases in moderate yields.

Collectively, these experiments demonstrate the compatibility of ferrocene moieties integrated within DNA templates with enzymatic synthesis of natural and modified DNA. Such an approach could also be extended to nucleotides bearing different modification patterns such as xenonucleic acids (XNAs). 74 4.6 Experimental section

Modified nucleotides and oligonucleotides

Nucleotides 1, 67 2, 48 and 6 14 were synthesized according to literature protocols, nucleotides 3-5 were purchased from Jena Bioscience. Synthesis of nucleotides 7 and 8 will be reported elsewhere. Details for the synthesis of Fc abasic phosphoramidite and oligonucleotide synthesis can be found in Section 4.7.

General protocol for PEX reactions

A 5'-FAM-labelled primer (10 pmol) was annealed to the appropriate template (15 pmol) in MilliQ H2O by heating to 95 °C and gradually cooling to room temperature over 1 hour. The appropriate DNA polymerase, the relative buffer (1 µL of 10X), and the dNTP(s) were then added to the reaction mixture for a total reaction volume of 10 µL.

The reaction mixture was incubated for the appropriate time at the optimal temperature for the polymerase. )), Sulfolobus, Deep Vent) and the related reaction buffers were purchased from New England Biolabs.

Oligonucleotide synthesis

Oligonucleotides (see list in Table S1) were synthesized using an Applied Biosystems ABI 394 synthesizer. All phosphoramidites were dissolved in anhydrous acetonitrile (0.1 M) prior to synthesis. Strands were synthesised at a 1 µmol scale. Removal of 4,4'-dimethoxytrityl (DMTr) was achieved using trichloroacetic acid in dichloromethane (DCM). Phosphoramidites were activated with 5-ethylthio-1H-tetrazole (0.25 M) in acetonitrile prior to coupling and coupling times of 25 seconds were used. Unreacted material was capped using acetic anhydride and methylimidazole. Iodine (0.02 M) in THF/pyridine/water (7:2:1) oxidised the phosphotriesters formed. Upon completion, each oligonucleotide was treated with aqueous ammonia (30%) for 1 hour at room temperature followed by heating at 60°C for 6 hours, to cleave the strands from the resin and remove protecting groups. The solvent was removed using a Thermo Scientific speed vac and the crude was redissolved in Milli-Q water (0.9 mL) ready for purification. Strands A1-A4 were purchased from Merck and were used as received.

Oligonucleotide Purification

Semi preparative HPLC purification was performed on an Agilent Technologies 1260

Infinity system using a Phenomenex Clarity 5 μm Oligo-RP LC 250 x 10 mm column.

The column was heated to 60 °C and the UV/vis absorbance of each run was monitored at 260 nm. Buffer D was the buffer of choice and contained 0.1 M triethylammonium acetate (TEAA) in HPLC grade H2O. 1 ml of sample was injected for each sample, at a flow rate of 3 ml/min. Oligonucleotides were purified using a method of gradient 5-18% Acetonitrile in Buffer D over a period of 45 minutes.

Collected fractions were evaporated to dryness, diluted to 1 ml in Milli-Q water, and desalted using a NAP-10 column (GE Healthcare), whilst eluting to 1.5 ml.

Purity of oligonucleotides was determined by analytical HPLC using a Phenomenex Clarity 5 μm Oligo RP LC 250 x 4.6 mm column on an Agilent Technologies 1260

Infinity system. The column was heated to 60 °C and the UV/vis absorbance of each run was monitored at 260 nm. Buffer D was the buffer of choice and contained 0.1 M triethylammonium acetate (TEAA) in HPLC grade H2O. 20 μl of sample was injected with a run time of 45 minutes for each sample, at a flow rate of 1 ml/min. Solvent gradients used were identical to semi preparative HPLC. Samples showing >95% purity by analytical HPLC were deemed sufficiently pure for use in experiments.

Mass Spectrometry

Masses of the DNA oligonucleotides were determined using a Waters Xevo G2-XS system with a Time of Flight (TOF) detector using negative mode electrospray ionization mass spectrometry (ESI-MS). Deconvolution of the raw data was accomplished using Promass and molecular mass prediction was obtained using Chemdraw software. The interest towards these non-canonical base pairs is related to their full orthogonality to the natural ones, their thermal stability, low cost of production and water solubility.

The capacity of nucleic acids to form 3D-structures which are highly dependent on their sequence of nucleotides makes metal-mediated base pairs very interesting for multiple applications such as molecular magnets, ion sensors, metal nanowires, DNA-based logic gates, charge transfer devices and polymerase modulators.

The introductory section of this article covers the definition, the characteristics, the applications and the enzymatic synthesis of metal-mediated base pairs. Afterwards, a thorough survey of the literature on metal base pairs is reported. The first part of it focuses on natural nucleotides, while the second section is dedicated to modified ones.

Finally, the analytical tools applied to analyze the correct formation of metal base pairs and study their characteristics are presented.

This Author was responsible of writing the Abstract, the introductory section and the part dedicated to the analytical tools.

Abstract

Artificial metal-base pairs have become increasingly important in nucleic acids chemistry due to their high thermal stability, water solubility, orthogonality to natural base pairs and low cost of production. These interesting properties combined with ease of chemical and enzymatic synthesis have prompted their use in several practical applications including the construction of nanomolecular devices, ions sensors and metal nanowires. Chemical synthesis of metal base pairs is highly efficient and enables the rapid screening of novel metal base pair candidates. However, chemical synthesis is limited to rather short oligonucleotides and requires rather important synthetic efforts. Herein, we discuss recent progress made for the enzymatic construction of metal base pairs which can alleviate some of these limitations. First, we highlight the possibility of generating metal base pairs using canonical nucleotides and then describe how modified nucleotides can be used in this context. We also provide a description of the main analytical techniques used for the analysis of the nature and the formation of metal-base pairs together with relevant examples of their applications.

Introduction

Metal-mediated nucleic acid base pairs are non-canonical nucleobase pairs composed of two ligand-type nucleoside analogues and a bridging metal ion. 1 In a metal base pair, the hydrogen bonds present in natural DNA duplexes are replaced formally by coordinative bonds mediated by specific metal cations. 2 Metal base pairs can be formed with natural nucleobases where soft metals are bound to the endocyclic nitrogen atoms 3,4 or can be obtained with artificial nucleotides which act as ligands for a broader variety of metal cations. 5 Indeed, the use of modified nucleobases, which can be derivatives of natural ones or completely artificial, allows the formation of a higher diversity of metal base pairs when compared to those obtained with only natural nucleotides (Figure 5.1). [6][7][8] Metal-mediated base pairs are orthogonal to the natural Watson-Crick base pairs, possess a high thermal stability, are water soluble, often minimally absorb UV light, and usually induce little perturbations of the three dimensional structures of B-DNA duplexes. 5,9 The property of nucleic acids to assemble in a sequence-directed manner to form multidimensional structures can be exploited with metal base pairs to design functional molecules. 10 This consideration has introduced several applications of oligonucleotides-containing metal base pairs, such as metal nanowires, 11,12 DNAbased logic gates [13][14][15] , molecular magnets 16 , ion sensors 17 , charge transfer devices 18,19 and polymerase modulators. 20,21 For instance, metal nanowires formed by an uninterrupted one-dimensional mercury 11 or silver 12 arrays have been recently synthesized and crystallized. These nanowires may find application in the construction of electronic devices, such as high performance transparent conductive films.

Metal base pairs can also be applied in the construction of DNA-based logic gates, which can be thought of as an alternative to transistor-based logic gates to generate molecular computing. DNA-based logic gates could be applied to develop smart sensors for the detection of specific combinations of metal ions or they can allow the construction of proper DNA-based computers where the output of one gate is used as the input of another. 15 Due to their inherent binding to specific metal cations, metal base pairs can also be used for the construction of DNA-based metal sensors. In this context, functional nucleic acids, i.e., aptamers and DNAzymes, are particularly adapted to sense metal cations. [22][23][24] Finally, an interest towards the electrical conductance of DNA strands containing metal base pairs has been raised 19 because intraduplex metal complexes could act as charge-carriers for electron transportation in DNA. The incorporation of metal base pairs in nucleic acids has been initially performed by application of a chemical strategy that involves the construction of oligonucleotides through automated solid-phase synthesis with phosphoramidite building blocks. 25,26 The introduction of a metal ion into a specific pre-designed binding site can then be performed in aqueous solution by heating and annealing two single-stranded oligonucleotides that contain nucleotide mismatches in presence of cations responsible for the stabilisation of the structure. However, while this approach is convenient and has been employed for the investigation of numerous metal base pairs, it is restricted to rather short oligonucleotides and requires significant synthetic efforts.

In addition, more sensitive functional groups such as aldehydes are not compatible with automated DNA synthesis and often require additional orthogonal protecting group strategies 27 therefore limiting the choice of chemistry that can be investigated in the context of metal base pair formation. 28 An alluring alternative to chemical synthesis is the enzyme-catalyzed DNA synthesis through formation of metal ion mediated base pairs (referred to enzymatic construction or formation of metal base pairs in this article) which raises the possibility of forming long DNA metal nanowires and obtaining functional nucleic acids with an expanded genetic alphabet. 29 In the enzymatic approach, oligonucleotide templates are obtained by means of solid-phase synthesis. Subsequently, the triphosphate of interest is incorporated into DNA opposite the modified or natural templating nucleotide via the combined presence of DNA polymerases and metal cations. [30][31][32] This method can be applied to both natural and artificial nucleotides with the condition that polymerases accept the modified nucleotides as substrates and by-passes the metal base pair. [29][30][31][32][33][34] The purpose of this review article is to discuss the recent progress made to generate metal-mediated nucleic acids base pairs using polymerase-mediated enzymatic synthesis. A first section of this review describes how this approach is applied to natural nucleobases and is followed by an extensive presentation of the enzymatic synthesis of metal base pairs using artificial nucleobases. Finally, a description of the most common analytical tools that are used to investigate the enzymatic formation of novel metal base pairs is reported.

Enzymatic construction of metal base pairs using natural nucleotides

Early interest [35][36][37] in the binding of metal to nucleic acids initiated a quest for potent artificial metal base pairs using solid phase synthesis and first successful examples were already reported in the late 1990s. [38][39][40][41] However, the preparation of metal base pairs by polymerase-mediated synthesis started much later when the possibility of using natural mismatches was discovered. The effect of metal ions on natural nucleotides was first investigated using small, synthetic oligonucleotides, which in turn prompted further studies to assess the possibility of their enzymatic construction. In this section, the most common and stable metal base pairs involving canonical nucleotides along with their enzymatic construction is presented.

T-Hg II -T base pair

The first reports suggesting the formation of a stable metal base pair were published by Katz et al. in the early 1960 who showed the formation of a T-Hg II -T base pair (Figure 5.2). 42,43 Later, the stability of DNA duplexes equipped with internal T-T mismatches was studied by thermal denaturation experiments in the presence of various metal cations. 44 The presence of Hg II cations substantially stabilized the duplexes (ΔTm = +10°C) whereas none of the 14 other metal cations tested had an influence on the melting temperature. 44 The T-Hg II -T base pair is therefore slightly more stable than the A-T natural pair (which displays a ΔTm = +7°C compared to a T-T mismatch). Kondo and co-workers reported in 2014 the first crystal structure of a B-form DNA duplex containing two consecutive T-Hg II -T base pairs (Figure 5.3). 45 In the absence of mercury cations, the DNA duplex was found to adopt a distorted non helical conformation. However, upon addition of Hg II cations, the DNA duplex switched to the B-form. Mercury cations were found to be linked to the N3 atom of thymine and the size and the position of the T-Hg II -T base pair revealed to be similar to the natural Watson-Crick base pairs. These studies show that the T-Hg II -T system does not induce any significant structural perturbation of a B-DNA duplex and might be compatible with the enzymatic construction of metal base pairs. The first enzymatic construction of a metal-base pair involving natural nucleotides was reported by Urata and co-workers. 30 In this seminal work, the formation of the T-Hg II -T base pairs was studied under primer extension (PEX) reactions. 30 PEX experiments were conducted using templates equipped with a nine-nucleotide region containing one T residue and no A base. 30 In the presence of dTTP, dCTP and dGTP and in the absence of dATP, the PEX reaction mediated by the Kf (exo -) polymerase was terminated at the site opposite the T base in the absence of metal ions (Scheme 5.1 A). However, in the presence of low to moderate concentrations (10 to 100 µM) of Hg II , full length products could be obtained (Scheme 5.1B and Figure 5.4). KOD Dash and Taq polymerases were also able to incorporate and by-pass the modified metal base pair. Nine other metal cations were tested under these conditions but none of them led to a full incorporation of dCTP, dGTP or dTTP nucleotides. Hence, the incorporation of a dTTP opposite a T base can be achieved by PEX reactions in the strict presence of Hg II cations. Polymerases are also able to by-pass the modified base pair to give full length products. 30 Recently, Urata and co-workers challenged polymerases to construct a series of ten consecutive T-Hg II -T base pairs. 46 Kf (exo -) polymerase managed to incorporate and further by-pass three consecutive T-Hg II -T pairs in the presence of mercury cations. However, the polymerase was not able to construct four or more T-Hg II -T base pairs under the same experimental conditions. In order to decrease the polymerase fidelity, the PEX reactions were conducted in the presence of manganese cations (1 mM). Under these conditions, Kf (exo -) polymerase incorporated and further by-passed up to seven dT nucleotides opposite templating dT residues in the presence of Hg II . Therminator polymerase was also tested in the presence of the manganese cofactor and was able to incorporate a series of ten consecutive dTTPs in the presence of mercury cations. However, this polymerase could not add additional dA, dC, or dG nucleotides after the stretch of T-Hg II -T base pairs. In order to complete the strand, dTTP was first added with mercury and manganese cations using Therminator polymerase. Other dNTPs were then added with Kf (exo -) polymerase to afford the full-length oligonucleotide. This two-polymerase strategy therefore allows for the construction and by-pass of 10 consecutive mercurymediated base pairs and could be used for the development of DNA-based nanowires. 46 quantitative, formation of the metal base pair was confirmed by MALDI-TOF.

Interestingly, dCTP incorporation opposite a templating dA nucleotide was not observed under the same conditions. PEX experiments were tested with 11 other cations displaying different oxidation states. Some metal cations such as Mn II , Cu I and Cu II also promoted the formation of a similar metal base pair, albeit in much reduced yields. More interestingly, UV melting experiments with a 9-mer DNA duplex showed a better stabilization of the C-Ag I -C base pair compared to the A-Ag I -C base pair (ΔTm = +8.3°C and +4.0°C, respectively). 49 The structural properties of the C-Ag I -A base pair have not yet been investigated by NMR or X-ray crystallography. These results indicate that the incorporation of incoming dT and dC nucleotides can be programmed by the nature of the metal cation and the site on the DNA template. 

Enzymatic construction of metal base pairs with modified nucleotides

Even if natural nucleotides have been found to form metal base pairs, their coordination is limited to a small number or metal ions and do not display the level of orthogonality required for some applications such as the selection of aptamers. 52 In this context, the use of modified nucleotides able to coordinate other metal species could circumvent some of these limitations.

Indeed, the expansion of the genetic alphabet with the formation of artificial nucleotides has been a long-standing goal of Synthetic Biology and Xenobiology. 53 The past decade has seen the design of many artificial base pairs whose interaction was mainly based on hydrogen bonding, 54,55 shape complementarity 56,57 or hydrophobic interactions. 58 However, some unnatural base pairs (UBPs) are prone to dephosphorylation 59,60 , and among them, cyclic π-conjugated analogues can be photoactivated by near-visible light, producing reactive oxygen species (ROS) which are highly toxic for DNA and cells. 61,62 Therefore, metal base pairs characterized by modified nucleobases are arising as alternatives to these UBPs. Indeed, in metal base pairs, the use of modified analogues can convey orthogonality to the system which is not possible for natural nucleotides. To be correctly inserted, the non-canonical ligands should have dimensions that are comparable with the natural nucleosides, should be planar to interact with the adjacent units, their spatial arrangement should be compatible with the coordination geometry of the bridging metal ion and they should have affinity for the tested metal. Numerous modified nucleotides have been studied

for their potential ability to create stable metal base pairs under thermal denaturation assays and have been recently reviewed. 1,2,63,64 In this section, only the nucleotides that have been considered for the enzymatic construction of artificial metal base pairs will be discussed.

Salen-Cu II base pair

The N,N'-bis(salicylidene)ethylenediamine (Salen) artificial metal base pair involves a different formation strategy. In a first step, two salicylic aldehyde moieties (Sal) are introduced into complementary strands of a DNA duplex by solid-phase chemical synthesis. Both aldehyde moieties can then react with an ethylene diamine additive to create the crosslinking Salen ligand via imine formation. 27,65 The subsequent addition of a transition metal ion such as Cu II , Mn II , VO II , Fe II or Ni II prevents the hydrolysis of the imines and leads to the formation of the artificial metal base pair (Figure 5.9). 65 This process is highly cooperative since ethylene diamine is strictly required for the formation of the diamine bridge and metal complexation prevents the spontaneous hydrolysis of the ligand. Melting temperature studies have shown that the DNA duplex was better stabilized in presence of Cu II ions. 27 In the absence of metal cations but in the presence of ethylene diamine, crosslink between both strands was shown to increase the Tm by +5°C. If only Cu II was added to the Sal ligands, a strong stabilization of the duplex was detected (ΔTm = +15°C). However, upon addition of both ethylene diamine and one equivalent of Cu II , an impressive ΔTm of +42.5°C was observed. Pur DC -Cu II -3Py base pair

The first example of the formation of a hetero base pair under enzymatic conditions using artificial nucleotides was reported by Switzer and co-workers in 2013. 32 The hetero base pair is composed of a planar tridentate ligand purine-2,6-dicarboxylate (Pur DC ) and a 3-pyridine-containing nucleoside (3Py). The Pur DC -3Py system can coordinate cations through an unsymmetrical [3+1] coordination environment. Modified oligonucleotides were synthesized using the phosphoramidite building blocks of the purine-2,6-dicarboxylate (Pur DC ) and the 3-pyridine (3Py) analogs and used for thermal denaturation experiments. 32, 66 11 metal ions were tested for their ability to stabilize the Pur DC -3Py base pair (Tm = 13.5°C). This analysis revealed that Cu After the synthesis of the Pur DC triphosphate, PEX reactions were carried out to incorporate a Pur DC nucleotide opposite a templating 3Py moiety in the presence of Cu II ions. Among the ten polymerases that were screened, five (i.e. Kf (exo -), MMLV-RT, Vent (exo -), Tth and Deep Vent) were found to efficiently incorporate the modified triphosphate with a clear metal concentration dependence. 50 µM of Cu II were required for a complete formation of the metal base pair and no incorporation could be detected in the absence of copper (II). A by-pass experiment was also conducted. To do so, the artificial metal base pair was first formed, followed by the addition of natural dNTPs. Kf (exo -) and Deep Vent led to the extension of the oligonucleotide and full-length products could be obtained. Pur DC -Cu II -3Py could be formed efficiently under enzymatic conditions by the incorporation of a Pur DC triphosphate opposite a 3Py. 32 However, the enzymatic incorporation of a 3Py triphosphate face to a Pur DC moiety and PCR amplification studies have not been reported yet. Even if the structure of a Dipic (pyridine-2,6-dicarboxylate)-Cu II -3Py base pair has been reported, 67 the Pur DC -Cu II -3Py structure has not been solved yet.

H-Cu II -H base pair

The 3-hydroxy-4-pyridone scaffold acts as a bidentate ligand able to form square planar 2:1 complexes with Cu II cations. 68 Shionoya and co-workers attached a hydroxypyridone to the C1 position of a deoxyribose (called nucleoside H) and synthesized the corresponding phosphoramidite. 69 The latter was incorporated into a 15-mer DNA duplex for metal dependence studies using UV melting temperature experiments. In the absence of metal ions, the H-H base pair was found to be destabilizing in respect to the natural A-T base pair (ΔTm = -7.2°C). However, the addition of Cu II ions led to a stabilization of the duplex by 13°C for the H-Cu II -H base pair (Figure 5.12), whereas it had no influence on the melting temperature of a duplex Based on these favorable assets combined with a relative ease of synthesis, the compatibility of the Im-Ag I -Im base pair with enzymatic synthesis was investigated using four polymerases and 12 metal cations, including Ag I . The incorporation of dImTP was favored with manganese and to a smaller extent with silver ions when the Kf (exo -) was used as polymerase but natural dNTPs could also be misincorporated equally well opposite a templating dIm unit. In addition, once installed the Im-Im A third generation of imidazole analogs has also been investigated, which corresponds to an imidazole nucleobase bearing a methyl group on position 2 (dIm 2Me ) or 4 (dIm 4Me ) or on both positions of the imidazole ring (dIm 2,4Me ). The thermal stability of a dIm 2Me -Ag I -dIm 2Me and of a dIm 4Me -Ag I -dIm 4Me base pair was studied. The presence of a methylated imidazole ring was found to have a stabilizing effect on the metal base pair compared to the parent dIm-Ag I -dIm base pair (ΔΔTm = +2.0°C for dIm 4Me -Ag I -dIm 4Me

and ΔΔTm = +3.0°C for dIm 2Me -Ag I -dIm 2Me ). This result was explained by the presence of the methyl group which offers a better shielding of the silver cation from the solvent. 81 These favorable thermal denaturation studies have later led to the enzymatic investigation of dIm nMe -M n+ -dIm nMe base pairs, using 7 different polymerases and 12 metal species. 82 It was found that the homo dIm nMe -M n+ -dIm nMe base pairs led to exonucleolytic degradation of the primer with most polymerases. Therefore, hetero base pairs were considered with dIm nMe as incoming triphosphates and a template containing a series of three consecutive dIm nucleotides to reduce the possibility of steric clashes (Figure 5.17). A significant trend raised from this study, showing that 1) dIm 2Me was a poor substrate for polymerases, 2) dIm 2,4Me was a moderate candidate with the formation of a dIm 2,4Me -Ag I -dIm base pair with 50% yield using Kf (exo -) polymerase and 3) dIm 4Me was a good substrate for the enzymatic formation of metalmediated base pairs as a dIm 4Me -Ag I -dIm base pair could be formed in ~90% yield in the specific presence of silver ions, using Dpo4 polymerase. This trend was further confirmed by specificity experiments which showed that dIm 2,4Me triphosphate was not incorporated opposite templates containing natural nucleotides whereas dIm 4Me was partially incorporated opposite natural nucleotides. Interestingly, the trend observed in the enzymatic studies is not in accordance with the pKa values of the methylimidazole candidates nor with the thermal denaturation experiments.

In order to complete the enzymatic study, the effect of ten underexplored metal species on the construction of a metal-mediated base pair was investigated. Ten metal species (GaCl3, IrCl3, NaAuCl4, PdCl2, RuCl3, SbCl3, ScCl3, SrCl2, VCl3, KCr(SO4)2) were first

shown to be compatible with enzymatic DNA synthesis for most polymerases under both PCR and PEX conditions, using only unmodified nucleotides and oligonucleotides. Subsequent experiments with the three hetero systems revealed that only dIm 2Me led to the formation of a promising base pair as a dIm 2Me -Cr III -dIm base pair could be formed in ~60% yield using Bst polymerase and in the specific presence of chromium. Zn II and Ag I led to an increase of the melting temperature (ΔTm = +18.1, +10.3, +2.9, +2.3 and +2.0°C respectively). This analysis clearly showed that the presence of Ni II confers an important stability to the artificial base pair comparable to that of a C-G pair. 83 Based on this report, the enzymatic construction of Pur P -M n+ -Pur P base pair was studied, using 12 different metal cations and 7 polymerases. 34 Surprisingly, no incorporation could be detected when the PEX reactions were supplemented with Ni II under any of the experimental conditions tested. On the other hand, Kf (exo -) was found to effectively form the metal base pair in the specific presence of Ag I (Figure 5.18). As dIm C possesses two coordination sites and also sustained the formation of artificial base pairs in the presence of silver cations, the dIm C triphosphate was then tested opposite a Pur P containing template. Vent (exo -) was able to form a dIm C -Ag I -Pur P pair in high yields (Figure 18). The metal base pair could be by-passed using a twopolymerase strategy (formation of the base pair with Vent (exo -) and further incorporation of natural nucleotides using Therminator polymerase). However, selectivity experiments revealed the incorporation of natural dNTPs opposite a templating dPur P in the presence and absence of Ag I ions. Interestingly, when the opposite system was used (Pur P as a triphosphate, Im C in the template), the artificial metal base pair was not specific of silver and could be formed in the absence of metal ions. 34 

Thiolated and pKa perturbed base pairs

The 4-thiothymidine nucleotide S4T was investigated during thermal denaturation assays with 12 different metal cations. It was shown to form a very stable base pair in the presence of two Ag I cations (ΔTm = +23°C). 84 The formation of the S4T-2Ag I -S4T base pair (Figure 5. 19) was further investigated by an X-ray structural analysis which confirmed that the DNA duplex was undisturbed and adopted a B-form conformation (Figure 5.20). 85 Recently, the enzymatic formation of this artificial metal base pair was studied using 6 different polymerases. 29 Of these polymerases, Bst was able to form a metal-mediated base pair with high efficiency in the presence of different metal cations including Ag I , Cd II , Cu II and Hg II . Evidence for the formation of a S4T-Ag I -dC base pair, the modified equivalent of a dC-Ag I -dT base pair could also be obtained. The modified S4T-2Ag I -S4T base pair could be by-passed by Bst polymerase. However, S4T nucleotides can also be incorporated opposite natural nucleotides especially in the case of dG and dA. 86 In this study, hetero artificial base pairs with other sulfur or fluorine containing nucleotides such as S6G-Hg II -S4T, S2C-Hg II -S4T, 5FU-Ag I -S4T and 5FU-Hg II -S4T could also be constructed under PEX reaction conditions. 29 

Artificial metal base pairs and RNA oligonucleotides

The development of artificial metal base pair has mainly focused on DNA duplexes, due to the higher stability of DNA compared to RNA. However, RNA duplexes are less prone to hydrolysis compared to single-stranded RNA and can therefore also be considered for the construction of metal base pairs. 87 Even though the RNA analog of the dT-Hg II -dT base pair, U-Hg II -U, has been shown to confer a substantial thermal stability to RNA duplexes (ΔTm = +6°C), 88,89 no enzymatic synthesis of this metal base pair has been reported yet. However, Sigel et al. have used T7 RNA transcription reactions to construct RNA duplexes containing up to twenty uracil-uracil mismatches in order to investigate the stabilizing effect of Hg II on such systems. 89 On the other hand, a chemoenzymatic approach has been devised by Srivatsan and co-workers for the construction of RNA-RNA and RNA-DNA artificial metal base pairs which were used as fluorescent probes for the detection of metal base pairs. 90 To do so, a fluorescent 5-methoxybenzofuran uracil triphosphate was synthesized (Figure values are comparable to the dT-Hg II -dT metal base pair but suggest a higher binding affinity for the RNA-DNA duplex compared the RNA-RNA duplex. This system can therefore be used to detect RNA-DNA mismatches and reveal the presence of Hg II ions in the environment of the probe. 90 The potential of modified nucleoside to serve in the metal ion-mediated base pairing between unmodified RNA oligonucleotides and short 2'-OMe-modified RNA sequences has also been investigated. Depending on the sequence composition, the presence of a bidentate 3,5-dimethylpyrazolyl-bearing purine nucleotides permitted to stabilize duplexes in the presence of Cu(II). 91 

Analytical tools

The formation of metal base pairs obtained by enzymatic strategies can be investigated via different analytical tools. A part of these methods have been initially developed to study oligonucleotides that have been synthesized through solid-phase synthesis and then adapted to enzymatic synthesis products. Another part of analytical tools is derived by the biochemical characterization of triphosphates. In this section, we will discuss the most relevant analytical methods, namely X-ray crystallization, NMR spectroscopy, mass spectrometry, UV spectroscopy and CD spectroscopy.

X-ray crystallographic analysis

The formation of metal base pairs can be investigated by the determination of crystal structures through X-ray diffraction analysis. In fact, this technique provides information not only on the exact location and configuration of the nucleobases but also on the specific sites where the metal ions are bound and the coordination geometry. 92 Before the studies on metal base pairs, the X-ray diffraction has been widely applied to the investigation of the roles played by metal ions that are bound to nucleic acids in natural structures. 93,94 However, application of X-ray diffraction analysis to DNA duplexes containing artificial metal base pairs has been proven to be quite challenging due to the difficulty of obtaining high-quality single crystals of the structures. 

NMR spectroscopy

Before the introduction of metal base pairs, NMR spectroscopy has been widely applied to the investigation of the capability of RNA or DNA to bind and interact with metal ions for catalytic activity [START_REF] Hollenstein | Nucleic acid enzymes based on functionalized nucleosides[END_REF] or for structural purposes. 8 For example, the catalytic function of ribozymes has been frequently associated with the presence of metal ions. [START_REF] Sigel | Alternative roles for metal ions in enzyme catalysis and the implications for ribozyme chemistry[END_REF][START_REF] Pyle | Metal ions in the structure and function of RNA[END_REF][100] However, ribozymes often depend on closed-shell metal ions which are spectroscopically silent; therefore, the study by means of NMR spectroscopy of the specific role covered by the functional metal ions has been challenging. 92 NMR spectroscopy is used to confirm the formation and incorporation of metal-base pairs, but can be applied only if the analysed oligonucleotides contain N-labelled nucleotides. In fact, this label used in the context of metal base pairs often leads to significant shifts of the 15 N-NMR signals. Moreover, it can detect a scalar coupling between the 15 N atom involved in the metal-base pair and the NMR active metal nucleus showing the exact site of metalation. 28 The use of 14 N NMR to investigate the interaction of metal cations with nucleic acids, particularly in the context of metal base pairs, would be a highly interesting and versatile tool but is not sufficiently developed It is important to outline that mass spectrometry can be used only if the investigated metal base pair is kinetically and thermodynamically stable in order to clearly recognize the specific binding interactions and the formed duplexes. 28 In Tm melting can be applied to investigate the nature and stability of metal base pairs while related titration experiments can be used to outline the stoichiometry and the number of metal ions that are involved in the interaction with the nucleobases of the unnatural base pairs. In UV melting and titration experiments, ideally, an increase in concentration of metal ions leads to higher melting temperatures until the saturation of the coordination sites is reached. In most of the cases where the formation of a biphasic curve is observed in the presence of substoichiometric amounts of metal ions, the lower Tm can be attributed to the dissociation of the metal-free duplex, while the higher to the dissociation of the complete molecule containing fully formed metal-base pairs. 28 The biphasic melting curve can be observed in the presence of only one metalbinding site per complex in the case of the existence of a dynamic equilibrium between the metal-free duplex and the metalated species, both characterized by their individual Tm. 28 Moreover, in the presence of duplexes with more than one metal-binding site, a biphasic melting curve can indicate a cooperative formation of the metal base pairs. Indeed, a biphasic curve in the presence of a binuclear metal base pair or of two mononuclear metal base pairs can suggest that the coordination of the first metal ion leads to the preferred binding of the second metal ion. 28 It must be noticed that UV spectroscopy is particularly useful in the study of metal base pairs characterized by ligands with OH groups. Indeed, the UV spectra of these nucleobases show significant changes upon formation of a metal base pair due to the deprotonation of the phenolic OH groups. A relevant example is given by the hydroxypyridone nucleobase H, which has been reported in the previous section of this Finally, the coordination of the metal ion Cu II generates a shift in the absorption band to 360 nm and the appearance of a new band at 570 nm typical for the N2O2-Cu chromophore. 65 The studies performed on the Salen homobase pair have been followed by the cases. EPR spectroscopy showed in the duplex case a copper complex characterized by a square-planar or square-pyramidal geometry where the metal ion is coordinated as expected to two nitrogen and two oxygen ligands thus confirming the presence of the metal base pair Dipic-Cu II -Py. 39 

Conclusions and outlook

In conclusion, the work presented in this Thesis articulates around the importance of introducing modified nucleotides into oligonucleotides for different applications. The manuscript is divided into four different sections, which are respectively related to applying modified aptamers to fight antibiotic resistance, exploring novel modifications to be appended on aptamers targeting an important malaria biomarker, developing an innovative electrochemical method to monitor in real-time the enzymatic incorporation of modified nucleotides, and giving an overview on metal-mediated base pairs.

In this work, firstly we explored the possibility of combining the potencies of aptamers and antibodies as an innovative strategy to combat bacterial antimicrobial resistance.

To do so, we focused on the antibiotic vancomycin, which binds to a precursor of the peptidoglycan forming the bacterial cell wall and inhibits its biosynthesis. Resistance to vancomycin was observed in MRSA, which alters a terminus of the precursor of the peptidoglycan that vancomycin targets, and therefore decreases the antibiotic's ability to inhibit the cell wall synthesis. Our hypothesis was that appending vancomycin on an aptamer targeting the resistant precursor of peptidoglycan could potentially use the selective and specific binding properties of the aptamer to mechanically force the vancomycin into the binding site, despite the presence of the mutation. To perform the first steps towards this goal, we synthesized and chemically characterized the vancomycin-bearing deoxyuridine dU V TP. Afterwards, we proved the possibility of incorporating one dU V nucleotide opposite dA in dsDNA via PEX reactions. Digestion of the product and LCMS analysis then confirmed that a dU V nucleotide was correctly inserted by the polymerase. We then proved that dU V TP is accepted as a substrate by the polymerases Phusion, Therminator, Vent (exo -) and Deep Vent in PEX reactions and by Vent (exo -) and Deep Vent in PCR. After this biochemical characterization, we needed to prove the possibility to use dU V TP in SELEX. Therefore, we converted a dU V -modified template into a natural one through PCR. The unmodified products were integrated in a TOPO plasmid, cloned in competent E. Coli and sequenced through Sanger sequencing, showing the absence of any mutation of misincorporations if compared with the original natural template. Moreover, we showed that dU V TP can be included in a library via PEX reactions with the polymerases Therminator, Vent (exo -) and Deep Vent. Finally, we successfully converted a dU V -modified dsDNA into dU Vmodified ssDNA by digestion of a phosphorylated template by l-exonuclease digestion. In conclusion, we synthesized and biochemically characterized a vancomycin-modified deoxyuridine, and we assessed the possibility of using it in SELEX. The future steps of the project consist in 1) incubating dU V TP with the in-vitro synthesized precursor of peptidoglycan to check that the vancomycin moiety is still active, 2) performing SELEX with a dU V -modified library using as a target the in-vitro synthesized precursor of peptidoglycan or directly with vancomycin resistant bacteria, and 3) in case of the successful identification of a modified aptamer, running binding and activity tests in presence of resistant gram-positive bacteria. To identify a dU Vmodified aptamer SELEX should be carefully planned. Given the bulky nature of the modification, it would be preferrable to avoid the presence of the artificial triphosphate in the initial library to reduce the risk of amplification biases. Therefore, it's possible to envision the insertion of the dU V nucleotides as post-SELEX modification or after a few SELEX rounds via click chemistry. Moreover, the addition of a counter selection step in presence of the non-mutated precursor of peptidoglycan would be helpful to increase the chances of a specific aptamer against the desired target. In conclusion, this work represents the first steps towards combatting AMR by appending antibiotics on the scaffold of aptamers.

Secondly, we focused on the possibility of generating chemically modified aptamers as biosensing tools targeting biomarkers of malaria disease for diagnostic purposes. Finally, we focused on testing the enzymatic incorporation of natural and artificial triphosphates opposite a ferrocene abasic site analogue to construct electrochemical tools to monitor in real-time the insertion of modifications in DNA. To do so, our collaborators started by the synthesis of different ferrocene-modified DNA templates.

Initially, we tested the enzymatic incorporation of canonical dNTPs via PEX reactions opposite ferrocene on templates where this modification is located just after the primer region. We showed that different polymerases can perform the incorporation and behave very similarly than with a classical abasic site. Specifically, the polymerase Dpo4, characterized by the ability to bypass DNA lesions, gave successful results.

Moreover, with ferrocene, the 'A rule' stating that dA is preferentially incorporate opposite an abasic site, is respected. We also repeated the same experiment with a C18 spacer in the place of the ferrocene modification. In this instance some incorporations were observed and could be attributed to non-templating addition.

Afterwards, we proved that dNTPs are successfully incorporated in a similar way than with classical abasic sites, even in presence of two consecutive ferrocenes and a ferrocene separated from the primer region by a few nucleotides. Furthermore, we proved that, if using Dpo4, it is possible for the polymerase to continue DNA synthesis after the incorporation opposite the ferrocene sites. In the second part of the project, we tested the capacity of polymerases to incorporate a series of different modified nucleotides opposite ferrocene. These experiments gave successful outcomes with various enzymes. In conclusion, this work proved that ferrocene behaves as an abasic site and be paired with both natural and modified nucleotides. The next steps of the project consist in performing electrochemical experiments to test the possibility of using the ferrocene abasic site to monitor in real-time the incorporation of triphosphates in

  Les aptamères sont des oligonucléotides (ONs) simple brin d'ADN ou d'ARN qui sont considérés comme les analogues des anticorps pour les acides nucléiques. Ils peuvent adopter des structures tridimensionnelles uniques et à se lier à des cibles spécifiques avec une affinité et une sélectivité élevées. Les aptamères peuvent être produits en criblant de grandes populations d'ONs par la méthode Systematic Evolution of Ligands by Exponential enrichment (SELEX) contre une grande variété de cibles. Cette thèse avait le double objectif d'identifier de nouveaux nucléotides (dN*Ts) chimiquement modifiés pouvant être utilisés dans le processus de SELEX pour identifier des aptamères et de développer une méthode innovante pour suivre l'incorporation en temps réel de nucléosides triphosphates artificiels dans l'ADN. Dans la première Section, nous avons combiné les capacités des aptamères et des antibiotiques pour tenter de lutter contre la résistance aux antibiotiques. Plus précisément, nous nous sommes concentrés sur la vancomycine (Vc). Une forme de résistance à cet antibiotique a été observée chez S. aureus qui peut altérer une terminaison du peptidoglycane, entraînant une réduction de la liaison à la Vc et une incapacité à empêcher la synthèse de la paroi bactérienne. L'identification d'un aptamère porteur de Vc pourrait potentiellement utiliser les propriétés de liaison de l'aptamère pour forcer mécaniquement la Vc dans le site de liaison et ainsi permettre sa fonction malgré la mutation. Dans ce Chapitre, une nouvelle désoxyuridine modifiée par la Vc a été synthétisée avec succès et sa capacité à être incorporée dans l'ADN par synthèse enzymatique a été prouvée, confirmant ainsi sa compatibilité avec la méthode SELEX. Ce travail représente un premier pas vers la formation de nouveaux agents thérapeutiques. Dans la deuxième Section, l'objectif était d'identifier un aptamère contenant du ferrocène (Fc) se liant spécifiquement à la lactate déshydrogénase de P. vivax (PvLDH), un biomarqueur du paludisme. Le Fc est caractérisé par des propriétés d'oxydoréduction particulières, qui en font un marqueur électrochimique largement utilisé. En effet, les aptamères portant du Fc pourraient servir de capteurs électrochimiques pour des cibles spécifiques en améliorant la limite de détection et en donnant potentiellement des indications sur le mécanisme de liaison à la cible. Dans une première étape vers cet objectif ambitieux, nous nous sommes demandés si les résidus cubane d'un aptamère modifié spécifique contre la PvLDH pouvaient être remplacés par des bioisostères sans induire une diminution importante de l'affinité et de la spécificité de liaison. Cela permettrait d'introduire des fragments de Fc sans devoir recourir à un processus SELEX relativement long et incertain. Dans ce contexte, des dN*TPs portant des fragments benzyle, cubane modifié et Fc, qui sont tous des isostères, ont été synthétisés et leur incorporation enzymatique dans l'ADN a été confirmée. En effet, ils ont pu être inclus dans la séquence d'un aptamère portant des bioisostères précédemment rapportés et ciblant la PvLDH. Des études de liaison en présence de la cible ont été réalisées pour comparer les valeurs de liaison de l'aptamère original avec celles des aptamères modifiés au Fc et au benzyle. Dans la troisième Section, un groupe Fc a été inclus dans une série d'ONs pour étudier son analogie avec un site abasique naturel, qui représente un dommage de l'ADN résultant de l'abstraction d'une nucléobase. Les propriétés redox du Fc pourraient être utiles pour construire des capteurs électrochimiques permettant de surveiller en temps réel l'incorporation enzymatique de dN*TPs modifiés dans l'ADN. Ce travail a prouvé que le Fc se comporte comme un site abasique classique et la désoxyadénine s'incorpore préférentiellement en face de tels sites. Il s'agit donc d'une première étape vers l'application du Fc comme marqueur électrochimique pour surveiller l'incorporation de triphosphates artificiels dans l'ADN. Mots clefs : aptamères, SELEX, vancomycine, résistance aux antibiotiques, ferrocène, paludisme, site abasique.

  l'hydrophilie, modulent également l'affinité de liaison des aptamères. Compte tenu de leur potentiel en tant que réactifs d'affinité, les aptamères sont considérés comme les analogues ADN et ARN des anticorps. La sélection d'aptamères pour une cible spécifique est effectuée par une approche de chimie combinatoire appelée Systematic Evolution of Ligands by EXponential enrichment (SELEX), qui est une méthode de sélection in vitro, souvent appelée la version moléculaire de l'évolution darwinienne. La méthode SELEX conventionnelle part d'une bibliothèque d'oligonucléotides d'ADN ou d'ARN contenant environ 10 14 séquences différentes. Ces oligonucléotides sont généralement caractérisés par deux régions d'amorce communes et une région centrale aléatoire. La longueur de la région aléatoire varie généralement de 20 à 40 nucléotides. Au départ, la bibliothèque est incubée avec la cible souhaitée lors de l'étape de sélection. Dans cette partie, certaines séquences interagissent avec la cible, en assumant des changements de conformation spécifiques qui dépendent strictement de la région aléatoire et des propriétés de la cible. Comme toutes les séquences ne sont pas capables de se lier à la cible désirée avec une haute affinité, il est important de concevoir une stratégie de partition. L'étape de partition permet d'éliminer les séquences non liées ou possédant une faible affinité de liaison. Grâce à un tampon de lavage spécifique basé sur les caractéristiques de la cible, les séquences non liées sont écartées du processus de sélection. Le complexe aptamère-cible est alors récupéré, et l'étape d'élution des oligonucléotides liés est réalisée en fonction des propriétés de la cible. Les séquences liées passent ensuite par une étape d'amplification qui consiste en une PCR dans le cas d'une bibliothèque à ADN, et en une étape de transcription inverse suivie d'une PCR dans le cas d'une bibliothèque à ARN. Avant le début de chaque cycle de SELEX, de l'ADN simple brin est généré à partir de l'ADN double brin. Une fois l'ADN simple brin généré, un nouveau cycle de SELEX commence. Un processus SELEX complet est généralement caractérisé par 10 à 15 cycles et, à la fin du dernier, les bibliothèques enrichies sont séquencées par les techniques de séquençage de nouvelle génération pour obtenir la composition de la population enrichie finale.

Figure A .

 A Figure A. Représentation du processus SELEX. Figure adaptée de Darmostuk et al.1
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 2B3 Figure B. Structure chimique du dU V TP.

Figure C .o

 C Figure C. Structures chimiques de A) dU C TP, (B) dU F TP, (C) dU B TP, (D) dU BC TP, (E) dU SC TP. La stratégie de synthèse était basée sur la réalisation d'une cycloaddition azide-alcyne (CuAAC) catalysée par le cuivre(I) entre le triphosphate désoxyuridine (EdUTP) modifié par un alcyne en position 5 et respectivement les fragments sélectionnés modifiés par un azide. Ensuite, nous avons évalué leur acceptation en tant que substrats par les polymérases à la fois en réactions PEX et en PCR pour compléter leur caractérisation biochimique. L'étape suivante a été l'insertion enzymatique de chaque nouveau triphosphate modifié sur les deux séquences enrichies ciblant la PvLDH à la place du nucléotide cubane original. Cette étape a été réalisée par la
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 11 Figure 1.1. Chemical structures of the nucleobases characterizing DNA and/or RNA divided in purines and pyrimidines.

Figure 1 . 2 .

 12 Figure 1.2. (A) Chemical representation of the DNA structure. (B) Schematic representation of the DNA right-handed double helix. (C) image X-ray diffraction pattern of the double stranded DNA helix. Adapted from Maddox 3 .

Figure 1 . 3 .

 13 Figure 1.3. (A) Example of the structure of an aptamer. The represented aptamer is Macugen (pegaptanib), reported in its free form, whose secondary structure was calculated from nuclear magnetic resonance (NMR) data 29 . (B) Example of the structure of an antibody. The represented antibody is Pembrolizumab, which targets the programmed cell death protein 1 receptor of lymphocytes. Figure taken from Protein Data Bank (PDB): 10.2210/pdb5DK3/pdb
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 14 Figure 1.4 illustrates the SELEX process. In this particular example, a variant of the SELEX protocol called counter SELEX is displayed which was introduced in 1994 and the only change compared to the original SELEX protocol is the inclusion of a negative, counter step to remove undesired binders against a related target 32 .
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 14 Figure 1.4. Representation of the counter SELEX process. Figure adapted from Darmostuk et al.1
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 15 Figure 1.5. Scheme illustrating the insertion of chemical modifications in a library to perform SELEX.
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Figure 1 . 6 .

 16 Figure 1.6. Structures of the described dN*TPs with a modified phosphate backbone.

Figure 1 . 7 .

 17 Figure 1.7. Chemical structures of the sugar-modified triphosphates described in section 1.6.2.

Figure 1 . 8 .

 18 Figure 1.8. Common nucleobase modification sites: C7 in purines and C5 in pyrimidines.

  .9B) generated new hydrogen bonding opportunities and allowed the selection of an aptamer for camptothecin derivative 1, an antitumor compound 103 . Moreover, Shoji et al. reported then an aptamer modified with a 5-N-(6-aminohexyl)carbamoylmethyl-2'-dUTP (T HM TP) (Figure 1.9D) targeting the isomer R of thalidomide 104 .

Figure 1 . 10 .

 110 Figure 1.10. Chemical structures of some of the described nucleobase modifications.
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 111 Figure 1.11. Chemical structures of the described UBPs that have been used in modified aptamers.
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 12 Scheme 1.2. Common protection strategy prior to the Ludwig-Eckstein triphosphorylation.

Scheme 1 . 4 .

 14 Scheme 1.4. Synthetic steps leading to EdUTP.

•

  Taq polymerase is a DNA polymerase I belonging to family A, which was discovered in 1976 in Thermus aquaticus 149 . It is thermostable, it is stabilized by low concentrations of magnesium (II) or potassium (I) and operates at 75-80 °C as optimal temperatures. In these conditions it can incorporate around 150 nucleotides per second 150 . It accepts base modified triphosphates but it is characterized by the disadvantage of low fidelity, since it does not have a functional 3'-5' exonuclease proofreading function, while the 5'-3' proofreading works correctly 151 . Taq is widely applied in cloning experiments because it inserts an additional dA at the 3' end, usually pairing with an overhanging 5' of the cloning vectors. • Hemo Klen Taq polymerase belongs to Family A, is a truncated version of Taq, lacking its 280 first amino acids, and accepts base modified triphosphates. It was introduced as a variant of Taq characterized by a higher resistance to inhibitors present in the blood of mice and humans, in order to perform experiments directly with the physiological samples 152 .
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 112 Figure 1.12. Crystal structure of Taq polymerase. Figure taken from Protein Data Bank: 10.2210/pdb1TAQ/pdb

Figure 1 . 13 .

 113 Figure 1.13. Graphical representation of ELONA where an immobilized ligand (L) is recognized by a fluorescently labelled aptamer (F).Figure adapted from Mok et al 172 .

  were reported as antiviral agents 182 , potential cancer treatments 183 and possible drugs for bacterial infections 184 . Different aptamers are currently in clinical trials for Food and Drugs Administration (FDA) approval. The most important examples are, as already mentioned Pegaptanib for the treatment of AMD and diabetic macular oedema77 , and AS1411, which targets nucleolin, and can show antitumoral activity 185 . Aptamers are also considered a potential strategy for the treatment of neurodegenerative diseases, given the small dimensions that could allow the penetration of the BBB. For instance, an aptamer targeting an isoform of human tau, connected to Alzheimer's Disease and blocking its oligomerization process has been described 186 . Another example is an aptamer targeting the monomeric a-synuclein for Parkinson's Disease 187 .

  Chapter 3 is to obtain novel modified nucleotides to be incorporated in an aptamer targeting an important biomarker of malaria disease: the lactate dehydrogenase of Plasmodium vivax (PvLDH). This Chapter capitalizes on the results of a previously published work reporting a successful SELEX experiment targeting PvLDH. SELEX resulted in the identification of four enriched cubane-modified sequences specifically binding to the target. All these oligonucleotides showed binding to PvLDH, but only the most enriched one was extensively characterized and proven to be an aptamer for the selected target. In this work, we synthesized and biochemically characterized for polymerase acceptance under PEX reactions and PCR conditions four nucleotides modified with bioisosteres of cubane: a ferrocene-modified deoxyuridine (dU F TP), a benzyl-modified deoxyuridine (dU B TP), a benzyl cubanemodified deoxyuridine (dU BC TP) and a sulphur cubane-modified deoxyuridine (dU SC TP). After successful biochemical characterization, we inserted each new modified nucleotide in the sequences of the two most enriched sequences from the SELEX for PvLDH in the place of the cubane modification. Binding studies in the presence of the targets are currently being performed by a collaborator. The ultimate aim is not only to find new exotically modified aptamers targeting PvLDH, but also to investigate if SELEX enriched modified sequences which show weak binding to the target can be transformed in good binders by simply changing the nature of the bioisostere they carry. In particular, successful results with dU F TP, given the interesting redox properties of ferrocene (Fc), could allow the identification of electrochemical biosensing devices for the aptamer-based diagnosis of malaria disease.The first aim of Chapter 4 is to show that a Fc included into a DNA template can behave as a canonical abasic site surrogate. Moreover, the second aim is to show that both natural and modified nucleotides can be incorporated by polymerases opposite Fc abasic site analogues. This objective is motivated by the need of introducing simple methods for the real-time monitoring of the enzymatic incorporation of modified nucleotides in DNA. Therefore, given its interesting electrochemical properties, ferrocene can potentially give different signals upon its pairing with newly introduced nucleotides. To perform the first steps towards this aim, we synthesized ferrocenemodified templates, and we assessed the capacity of polymerases to incorporate dNTPs opposite the Fc abasic sites. As in the case of natural abasic sites, Fc showed successful incorporation with a preference for purines and specifically deoxyadenosine (dA). Furthermore, we proved that the Fc abasic site can be bypassed in presence of polymerases with lesion-bypass capacity, such as the Dpo4. Finally, we showed that polymerases can successfully incorporate modified nucleotides opposite Fc abasic sites. This work represents the first steps towards the application of Fc as an abasic site for the electrochemical real-time monitoring of the enzymatic incorporation of nucleotides in DNA.The final aim of Chapter 5 is to give a current overview of the research performed on the enzymatic synthesis of metal-mediated nucleic acids base pairs, an alluring strategy for the expansion of the genetic alphabet. Specifically, the review focuses on the description of the metal base pairs composed by natural and by artificial

2. A vancomycin-modified deoxyuridine nucleotide for aptamer selections 2 . 1 Figure 2 . 1 .

 2121 Aim of the ChapterThe aim of this part of the Thesis consists in the synthesis and biochemical characterization of a vancomycin-modified deoxyuridine triphosphate (dU V TP) and an assessment of its compatibility with the SELEX method. Decorating aptamers with vancomycin represents an innovative solution against vancomycin antibiotic resistance.Bacterial antimicrobial resistance (AMR) is one of the biggest public health challenges of the 21 st century and occurs when bacteria develop mechanisms that protect them against the effects of antibiotics 1 . AMR can be intrinsic to bacteria or can be acquired through horizontal gene transfer or mutations in chromosomal genes2 . In a recent article, it was estimated that by 2050, 10 million people per year could die from the consequences of AMR 3 . Moreover, in a recently published comprehensive epidemiological work, Murray et al. reported that in 2019 1.27 million deaths were directly attributed to AMR and 4.95 million deaths were associated to it 4 . Among the most widely used antibiotics which encountered AMR issues there is vancomycin (Figure 2.1), a branched, tricyclic, non-ribosomal glycopeptide whose mechanism of action is based on the inhibition of the bacterial cell wall biosynthesis 5 . Vancomycin is characterized by a remarkable activity against almost all gram-Staphylococcus aureus (MRSA) 6, 7, 8 . Specifically, vancomycin binds non-covalently to the D-Chemical structure of vancomycin. alanyl-D-alanine (D-Ala-D-Ala) terminal of undecaprenyl-(muramyl-glucosaminyl)pentapeptide, a precursor formed during the synthesis of the peptidoglycan that composes the bacterial cell wall 9 . This binding blocks the transglycosylation and transpeptidation steps usually performed by the bacteria when building the cell wall, leading to its instability and cell lysis 9 (Figure 2.2).

Figure 2 . 1 .VancomycinFigure 2 . 2 .

 2122 Figure 2.1. Steps for the biosynthesis of the peptidoglycan composing the bacterial cell wall in gram-positive bacteria and the vancomycin inhibiting mechanism. Figure adapted from Nakamura et al.10.

EdUTP ( 2 )

 2 , DMSO, ACN, H 2 O, Ar, r.t., 3 h 55% The vancomycin-bearing deoxyuridine triphosphate dU V TP ( 3 in Figure 2.4) bears an alkyne moiety at position C5 of the nucleobase and has been prepared according to previously reported procedures. 13 EdUTP (2) was then reacted with azide (1) through CuAAC to form dU V TP ( 3) (Scheme 2.1). The chemical characterization was performed with mass spectrometry via Matrix-Assisted Laser Desorption/Ionization-Time Of Flight (MALDI-TOF) and High Resolution Electrospray Ionization Mass Spectrometry (HR-ESI-MS), and NMR. Both MALDI-TOF and HR-ESI-MS revealed a system characterized by dU V TP as a secondary product and a main compound of molecular weight (MW) 64 units higher than the expected molecular weight of dU V TP (see Section 2.11.1). Moreover, it was not possible to record well-resolved 1 H and 31 P NMR spectra because the resulting ones were characterized by a lack of peaks or by a few broad and unclear signals. These observations led us to the conclusion that Cu 2+was coordinated to the vancomycin moiety, resulting in a product characterized by the observed molecular weight and by a complete lack of resolution in the NMR spectra.
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 23 Figure 2.3. Chemical structure of dU V TP.

Sequence T1 5 '

 5 -AGA GGC TAT AGT GAG TCG TA-3' P1 5'-TAC GAC TCA CTA TAG CCT C-3'

Figure 2 . 4 .

 24 Figure 2.4. Gel image (agarose 4%) with the incorporation in dsDNA of one dU V TP/dTTP via PEX. Each PEX reaction was characterized by P1 (100 pmol), T1 (150 pmol), dU V TP/dT (200 µM), Thermopol buffer (1 µL) and Vent (exo -) polymerase (4U, 2 µL) in a total volume of 10 µL. The reaction mixtures were incubated at 60 °C for 4 hours. From left to right the wells report: the incorporation of one dTTP, the negative control with no dT, the incorporation of one dU V TP, the negative control without dU V TP.
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 25 Figure 2.5. LC-MS chromatogram profiles obtained from the dU V TP/dTTP modified dsDNA digested to nucleosides. (A) LC-MS profile relative to the digestion of dsDNA PEX products with dTTP inserted. 4 peaks can be detected and attributed to the nucleosides of the 4 dNTPs. dC, dA, dG and dT. (B) LC-MS profile relative to the digestion of dsDNA PEX products with dU V TP inserted. 5 peaks can be detected and attributed respectively to the nucleosides of the 4 dNTPs and dU V . (C) LC-MS profile relative to the dU V standard.

  for each heating ramp were converted into a dataframe. Afterwards, the absorbance values were normalized by conversion to hyperchromicity. To do so, we introduced a function that captures the minimum absorbance value in each heating ramp, and then divides every absorbance value of the ramp by the respective minimum value. The completion of the calculation led us to plot the hyperchromicity as a function of temperature for each ramp, and to visualize the results in a sigmoidal curve (Figure2.7 A). After obtaining the hyperchromicities for each ramp, we applied a function that calculates for each hyperchromicity the value of its first derivative. We plotted the results in a Gaussian curve reporting the first derivative as a function of the temperature (Figure2.7 C). Afterwards, we applied to the first derivative data a function that, given a set of data in input, gives as an output the values of the parameters of the gaussian function that optimally fits the given data. When having the parameters of the curve, we plotted it together with the experimental data (Figure2.7 C). Given the theoretical optimal curve for our experimental data, we asked Python to calculate the theoretical absorbance value associated to each recorded temperature using the theoretical gaussian curve. Then, we applied a Python function to these data that finds the maximum value in a set of data. In this way we found the maximum value of the absorbance for the theoretical curve, and we extrapolated the associated temperature value, corresponding to the Tm. This series of operations were performed for each heating ramp and, to calculate the final Tm, we did the average of the melting temperatures for each ramp. Moreover, from the average, we extrapolated the standard deviation. The average value of the Tm obtained from each heating ramp corresponds to 62.7 °C with a standard deviation of 0.3 °C. As a positive control, the same experiment was performed with a system composed by T1 and P1 elongated with dTTP, giving as a result a Tm of 66.6 °C with a standard deviation of 0.1 °C (Figure2.7 B and D).
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 26 Figure 2.6. (A) Heating ramp of dU V TP-modified dsDNA reporting hyperchromicity in function of temperature. (B) Heating ramp of natural dsDNA reporting hyperchromicity in function of temperature. (C) First derivative of each point of A in function of temperature. (D) First derivative of each point of B in function of temperature.

  Te m p e r a t u r e [ C °] Te m p e r a t u r e [ C °] Te m p e r a t u r e [ C °] Te m p e r a t u r e [ composed of the 79-nucleotide-long template T2 (Table 2.2) which was annealed to the 5'-fluorescein (FAM)-labeled primer P2. Oligonucleotide sequence T2 5'-CAC TCA CGT CAG TGA CAT GCA TGC CGA TGA CTA GTC GTC ACT AGT GCA CGT AAC GTG CTA GTC AGA AAT TTC GCA CCA C-3' T3 5'-CAC TCA CGT CAG TGA CAT GCX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX GTC AGA AAT TTC GCA CCA C-3' T4 5'-Phos-AGA GGC TAT AGT GAG TCG TA-3' P2 5'-FAM-GTG GTG CGA AAT TTC TGA C-3' P3 5'-GTG GTG CGA AAT TTC TGA C-3' P4 5'-CAC TCA CGT CAG TGA CAT GC-3'
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 27 Figure 2.7. PAGE (20%) analysis of dU V TP insertions using the Phusion (Ph) (2U), Hemo Klem Taq (HKT) (8U), Taq (5U), Bst (8U), Q5 (2U), Therminator (Th) (2U), Vent (exo -) (VE -) (2U), Dpo4 (Sl) (2U), Deep Vent (DV) (2U), Phi29 (P29) (10U) and Kf (exo -) (KE -) (5U) DNA polymerases with primer P2 and template T2. Each reaction mixture contained T2 (15 pmol), P2 (10 pmol), dATP, dCTP, dGTP (200 µM), dU V TP (200 µM), polymerase buffer (1 µL for 10X and 2 µL for 5X) and polymerase (1 µL) and was incubated for 4 hours at the appropriate polymerase temperature. The negative controls were performed without polymerase (T -1), hybridization (T -2) and dU V TP (T -3).The positive control (T + ) contained dTTP instead of dU V TP. n represents the length of P2, n+60 (dNTPs) corresponds to the full-length product in presence of dNTPs and n+60 (dATP, dCTP, dGTP + dU V TP) corresponds to the full-length product in presence of dU V TP instead of dTTP.
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 28 Figure 2.8. Agarose E-GEL (2%) analysis of dU V TP insertions using Vent (exo -) (VE - ) (2U), Deep Vent (DV) (2U) and Phusion (Ph) (2U) DNA polymerases with primers P3 and P4 and template T2. Each reaction was performed in 25 µL and contained T2 (0.1 nM), P3/P4 (6 µL), dATP, dCTP, dGTP (200 µM), dU V TP (200 µM), Mg 2+ (2 mM), polymerase buffer (2.5 µL of 10X or 5 µL of 5X) and polymerase (1 µL). The negative control was performed without polymerase (T -) and the positive control (T + ) contained dTTP instead of dU V TP. The PCR program for Vent (exo -) and Deep Vent was 95°C 5 minutes (mins), (95 °C 30'', 57 °C 30'', 75 °C 2 mins) X 25 cycles, 75°C 5 mins. The PCR program for Phusion was 98°C 30'', (98 °C 10'', 72 °C 30'', 72 °C 1 min) X 25 cycles, 75°C 5 mins.

Figure 2 . 10

 210 

  TOP10 chemically competent E. Coli. The transformed cells were cloned and the correct incorporation of the plasmids was verified through PCR applied to 19 different colonies (Figure2.26). The plasmids contained by 15 of these were then purified through a Mini kit for plasmid DNA, characterized and quantified through nanodrop and sent for Sanger sequencing (See Section 2.11.4). Figure2.10 B shows the sequencing results relative to the section of the plasmid relevant for this work. On the first line the sequence of T2 is reported in bold, while on the following 9 lines the sequencing results are displayed. It is possible to notice that each sequenced product is identical in terms of composition to the sequence of T2. This result proves that a natural template can be converted in a dU V -modified dsDNA, which can be converted back to natural DNA by means of PCR without any mutations or misincorporations. In summary, this experiment showed that dU V TP is enzymatically faithfully incorporated opposite templating dA and does not cause any mutation in the DNA sequences when converted back to unmodified DNA; this is a strong prerequisite to perform SELEX.
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 29 Figure 2.9. (A) Gel image (agarose 2%) showing the products of the conversion of dU V -modified dsDNA into natural dsDNA by means of PCR in presence of Taq as a polymerase. The reaction was performed in 25 µL and contained purified dU V -modified dsDNA (10 nM), P3/P4 (500 nM), dNTPs (200 µM), Mg 2+ (2 mM), Thermopol buffer (2.5 µL of 10X) and Taq (5U, 1 µL). The PCR program was 95°C 5 mins, (95 °C 30'', 52 °C 30'', 75 °C 30'') X 10 cycles, 75°C 5 mins. (B) Sequence alignment of 9 different plasmid colonies obtained by PCR of dU V -modified dsDNA to natural products, insertion of them in TOPO plasmids and cloning in One Shot TOP10 chemically competent E. Coli. The first line in bold corresponds to T2, while the following 9 lines

  Figure 2.11 shows that Therminator, Vent (exo -) and Deep Vent produce products with a slower 75 Taq bp AB
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 210 Figure 2.10. PAGE (20%) analysis of dU V TP insertions using the Phusion (Ph) (2U), Hemo Klem Taq (HKT) (8U), Taq (5U), Bst (8U), Therminator (Th) (2U), Vent (exo -) (VE -) (2U), Q5, Dpo4 (Sl), Deep Vent (DV) (2U) and Kf (exo -) (KE -) (5U) DNA polymerases with primer P2 and template the library T3. Each reaction mixture contained T3 (15 pmol), P2 (10 pmol), dATP, dCTP, dGTP (200 µM), dU V TP (200 µM), polymerase buffer (1 µL for 10X and 2 µL for 5X) and polymerase (1 µL), and was incubated for 4 hours at the appropriate polymerase temperature. The negative control was performed without polymerase (T -). The positive control (T + ) contained dTTP instead of dU V TP. n represents the length of P2, n+60 (dNTPs) corresponds to the fulllength product in presence of dNTPs and n+60 (dACG+dU V TP) corresponds to the fulllength product in presence of dU V TP instead of dTTP.

  Ph HKT Taq Bst Th VE -Q5 Sl DV KE -T + T - phosphorylated template T4 and we performed PEX reactions in presence of dU V TP and Vent (exo -) as a polymerase. After purification of the products through Monarch DNA Cleanup Columns, we incubated the dsDNA with l-exonuclease which digested the phosphorylated template, generating the dU V -modified ssDNA. The resulting ssDNA was then purified by Phenol Chloroform extraction followed by Ethanol precipitation.
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 212 reports the gel with the result of each described step. It is possible to notice that when modified dsDNA is formed through PEX reactions, three bands are visible: a major one corresponding to the expected product with a mobility corresponding to 25 bp, a second one around 20 bp corresponding to the nonelongated hybridization of P1 and T4, and a third one corresponding to the remaining non-hybridized T4. After the purification step, the main remaining band corresponds to the expected product. When the enzymatic digestion is performed, it is possible to notice the band of the ssDNA product at around 15 base pairs, which remains as the only band after the purification.

Figure 2 .

 2 Figure 2.11. A) Schematic representation of the different steps for the generation of dU V -modified ssDNA from dU V -modified dsDNA. Initially, PEX is performed on a phosphorylated strand in presence of a natural primer, dU V TP and the appropriate polymerase. Afterwards, the ssDNA is generated by digestion of the phosphorylated strand with l-exonuclease. (B) Gel image (agarose 4%) reporting the results of the generation of the dU V -modified ssDNA. From left to right: Non-purified dsDNA obtained

(

  230-400 mesh) from Buchi on a Buchi Pure C-850 FlashPrep. HPLC purifications were performed using an Akta pure system (GE Healthcare) equipped with a DNA Pac PA 100 oligonucleotide column (250 X 4.0 mm) by Fisher scientific. MALDI-TOF experiments were performed on a Bruker ultrafleXtreme with 9-aminoacridine as a matrix in linear negative or reverse negative modes. High resolution electrospray ionization (ESI) mass spectra (MS, m/z) were recorded on a Waters Q-Tof Micro MS in the positive-ion electrospray ionization (ESI + ) mode. Solutions were prepared using 1:1 MeCN/H2O containing 0.1% formic acid. LC-MS/MS was performed on a Q exactive mass spectrometer (Thermo Fisher Scientific). It was equipped with an electrospray ionization source (H-ESI II Probe) coupled with an Ultimate 3000 RS HPLC (ThermoFisher Scientific) and with a ThermoFisher Hypersil Gold a Q chromatography column (100 X 2.1 mm, 1.9 μm particle size). DNA oligonucleotides used as templated and primers for PEX and PCR were purchased from Integrated DNA Technologies (IDT). All the DNA polymerases (Phusion, Therminator, Vent (exo -), Deep Vent, Bst, Taq, Hemo Klen Taq, Phi29, Q5, Sulfolobus, and Klenow fragment of DNA polymerase I exo -(Kf (exo -)), the natural dNTPs, the Monarch DNA Cleanup Columns (5 µg), the Nucleoside Digestion Mix, rSAP and Lambda (exo -) were purchased from New England Biolabs (NEB). The agarose E-GELs and the E-GEL sample loading buffer (1X) was purchased from Fisher Scientific. PCR and PEX reactions were performed in a SimpliAmp Thermal Cycler by Applied Biosystems. The melting experiments were performed on an Agilent Cary UV-Vis 3500 Compact Peltier machine in 100 μL volume quartz cuvettes. Visualization of PAGE gels was performed by Fluorescence imaging using a Typhoon Trio phosphorimager from GE Healthcare. PCR Cleanup NucleoSpin columns and the Mini kit for plasmid DNA were purchased from Macherey-Nagel. The TOPO TA Cloning Kit for Sequencing was purchased byInvitrogen. The plasmid sequencing was performed by Eurofins Genomics.2.10.1 Synthesis of 32 (2 mg, 0.0040 mmol, 1.5 eq.) and 1 (4 mg, 0.0026 mmol, 1 eq.) were respectively dissolved in 100 µL H2O each in two different Eppendorf tubes and degassed with argon. In a separated Eppendorf tube, CuI (3 mg, 0.02 mmol, 0.77 eq.) was suspended in DIPEA (10 µL, 0.06 mmol, 2.3 eq.), 50 µL H2O and 50 µL ACN and degassed with Argon. The three fractions were merged and 100 µL DMSO were added. The reaction mixture was degassed with Argon and left to shake at 1000 rpm, at r.t. for 3 hours. The reaction mixture was added to 12 mL NaClO4 2% in acetone to precipitate the crude product, centrifuged at 4000 rpm for 15 minutes, and the surnatant was discarded. The crude was redissolved in 3 mL H2O and purified by anion exchange analytical HPLC (100% B in 25 minutes; Buffer A, 10 mM TEAB in H2O; Buffer B, 1 M TEAB in H2O) with a DNA Pac PA 100 oligonucleotide. Prior each injection, EDTA (0.5 M, pH = 8) was added to the crude solution to coordinate the remaining Cu 2+ present in the solution. The fractions corresponding to 3 were merged and lyophilized overnight to

31 P

 31 NMR (202 MHz, D2O): -6.10 --6.20 (d, 1P), -11.12 --11.21 (d, 1P), -22.08 --22.27 (t, 1P); HR-ESI-MS (m/z): calcd for M = C79H94Cl2N15O37CuP3, [M]=2071.00, found [M-2H] 2-=2068.3518. HR-ESI-MS (m/z): calcd for M = C79H94Cl2N15O37P3, [M]=2009.48, found [M-2H] 2-= 2007.4412. 2.10.2 Protocol for verifying the incorporation of one dU V TP in dsDNA The primer P1 (100 pmol) was annealed to the template T1 (150 pmol) in H2O by heating to 95 °C and then gradually cooling to room temperature (1 hour). Vent (exo -) polymerase (2 μL), Thermopol buffer (provided by the supplier of the DNA polymerase) (2 μL) and dU V TP (or dTTP for the positive control) (200 μM) were added for a total volume of 10 μL. The reaction mixture was incubated for 4 hours at 60 °C. The formation of the products was verified with an agarose E-GEL (4%) using the E-GEL sample loading buffer (1X). The products were purified via Monarch DNA Cleanup Columns (5 µg) (250 pmol product per column). The products (1 μL), the Nucleoside Digestion Mix buffer (2 μL of 10X) and the Nucleoside Digestion Mix (1 μL) were mixed in a total volume of 20 μL and incubated at 37 °C for 1 hour. The products were analyzed via LC-MS without any further purification. 2.10.3 Synthesis of the nucleoside of dU V TP (4) dU V TP (10 nmol) was incubated with rSAP (10 uL) and rCutSmart buffer (2.2 uL of 10X) in a total volume of 22 uL for 1 hour at 37 °C. Afterwards, rSAP was inactivated via incubation for 10 minutes at 65 °C. The product was purified and characterized via LCMS. HR-ESI-MS (m/z): calcd for M = C79H91Cl2N15O28Cu, [M]=1833.12, found [M] + =1832.4842. HR-ESI-MS (m/z): calcd for M = C79H91Cl2N15O28, [M]=1769.57, found [M+2H] 2+ = 1770.5730. 2.10.4 Detection of (4) via LCMS This experiment was performed by our collaborator Dr. Frédéric Bonhomme. A digested DNA solution was injected onto a ThermoFisher Hypersil G o l d a Q chromatography column (100 X 2.1 mm, 1.9 μm particle size) heated at 30°C. The flow rate was set at 0.3 ml/min and run with an isocratic elution of 1% ACN in H2O with 0.1% formic acid for 8 minutes then 100% ACN from 9 to 11 minutes. Parent ions were fragmented in positive ion mode with 10% normalized collision energy in parallelreaction monitoring (PRM) mode. MS2 resolution was 17,500 with an AGC target of 2e5, a maximum injection time of 50 ms, and an isolation window of 1.0 m/z. The inclusion list contained the following masses: dC (228,1), dA (252,1), dG (268,1), dT (243,1) and 4 (884,8; z=2). Extracted ion chromatograms of base fragments (± 5 ppm) were used for detection (112.0506 Da for dC; 136.0616 for dA; 152.0565 Da for dG; 127.0501 Da for dT and 1625,4652 Da for 4). Synthetic standards were previously injected to confirm the assignment (fragment ion and retention time). 2.10.5 Protocol for the measurement of the melting temperatures Experiments were recorded in 1X phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, pH 7.4) in H2O with 2 μM final duplex concentration. Paraffin oil (150 μL) was added to avoid evaporation. A control cell (1X PBS) was prepared into which the temperature probe was placed. Absorbance was monitored at 260 nm and the heating rate was set to 1 °C/min. A heating-cooling cycle in the range of 20-95 °C was applied and repeated 3 times per sample. The data analysis was performed with a small Python (version 3.8.5) script on the heating ramps.
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 107 General protocol for PCR with modified nucleotidesThe primers (6 µM each), the template (0.1 µM), the natural and/or modified nucleotides (200 µM), Mg 2+ (2 mM), the polymerase(1 µL) and the appropriate polymerase buffer (2.5 µL of 10X or 5 µL of 5X) were mixed together in a total volume of 25 µL. Each reaction in presence of Vent (exo -) or Deep Vent polymerases was characterized by 5 min 95 °C, 30 cycles composed by 30'' 95 °C, 30'' 57 °C, 2 min 72 °C, and a final extension step of 5 min 72 °C. Each reaction in presence of Phusion polymerase was characterized by 30'' 98 °C, 30 cycles composed by 10'' 98 °C, 30'' 72 °C, 2 min 72 °C, and a final extension step of 5 min 72 °C. The PCR products were analyzed by agarose gels (2%) with E-GEL sample loading buffer (1X). 2.10.8 General protocol for conversion of modified dsDNA in natural dsDNA via PCR The modified dsDNA obtained via PCR was purified with PCR Cleanup NucleoSpin columns following the reported PCR Cleanup protocol and quantified. The purified products were applied as a template (10 nM) and mixed with the primers (500 nM), the dNTPs (200 µM), Mg 2+ (2 mM), the polymerase Vent (exo -) (1 µL) and Thermopol buffer (3 µL of 10X) in a total volume of 30 µL. The PCR program was characterized by 5 min 95 °C, 10 cycles composed by 30'' 95 °C, 30'' 52 °C, 30'' 72 °C, and a final extension step of 5 min 72 °C. The PCR products were analyzed by agarose gels (2%) with E-GEL sample loading buffer (1X).2.10.9 Protocol for cloning and sequencingCloning was performed using the TOPO TA Cloning Kit for Sequencing and following the relative published protocol. dU V -modified PCR products were purified and converted into natural one, following the 'General protocol for conversion of modified dsDNA in natural dsDNA via PCR', in presence of Taq as a polymerase. The PCR products (2 ng), the TOPO vector (10 ng) and the salt solution (200 mM NaCl, 10 mM MgCl2) were mixed gently in an Eppendorf tube for a total volume of 6 µL and incubated for 5 minutes at r.t to form the TOPO Cloning reaction. Afterwards, the tube was transferred on ice. The TOPO Cloning reaction (2 µL) was added into a vial of One Shot TOP10 chemically competent E. Coli (provided with the Kit) and mixed gently.The mixture was incubated for 30 minutes on ice. The cells were heat-shocked at 42°C for 30'' without shaking and then immediately transferred together with their tube on ice. S.O.C. medium (250 µL) (provided with the Kit) at r.t. was added to the cells tube.

2. 10 .

 10 10 Protocol for the generation of dU V -modified ssDNAThe protocol started with performing PEX according to the 'Protocol for verifying the incorporation of one dU V TP in dsDNA' in presence of a phosphorylated template.Afterwards, the products were purified by means of Monarch DNA Cleanup Columns (5 µg) (250 pmol product per column). The dU V -modified dsDNA (100 pmol) was incubated with l-exonuclease (2.7 µL), Thermopol buffer (5 µL for 10X) in a total volume of 50 µL for 1.5 hours at 37 °C. The enzyme was then deactivated for 10 minutes at 75 °C. The nucleic acid solution (50 µL) was then mixed with an equal volume of phenol : chloroform : isoamyl alcohol (25:24:1) by pipetting for 20'' until formation of an emulsion. The emulsion was centrifuged at 12000 rpm for 5 mins at r.t. and a clear separation of the aqueous and organic phases was detected. The aqueous phase was carefully transferred in a clean Eppendorf tube, which was filled with ice cold EtOH previously incubated at -20 °C overnight. The tube was incubated at -80 °C for 1 hour and then centrifuged for 30 minutes at maximum speed at 4 °C. The EtOH was removed and the precipitate was washed with cold 70% EtOH. The remaining EtOH was evaporated in the air and the ssDNA was resuspended in H2O for nanodrop quantification (see SI).
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 12213 Figure 2.13. HPLC chromatogram for the purification of the reaction mixture of nucleotide 3. The peak of 3 starts at a retention volume of 20 mL. The peak starting at 10 mL corresponds to the residual 2. The major initial peak corresponds to the residual uncoordinated EDTA present in the system.
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 214 Figure 2.14. MALDI-TOF analysis of 3 coordinated with Cu 2+ in linear negative mode (0.7 kDa-3 kDa, 65%).
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 215 Figure 2.15. MALDI-TOF analysis of 3 coordinated with Cu 2+ in reverse negative mode (0.7 kDa-3.5 kDa, 50%).
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 216217 Figure 2.16. HR-ESI-MS analysis of 3 coordinated with Cu 2+ . The uncoordinated product 3 can be observed as a minor peak of the spectrum.
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 218 Figure 2.18. HR-ESI-MS analysis of 3.
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 219 Figure 2.19. 31 P-NMR spectrum of 3.
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 220 Figure 2.20. UV spectrum of 3.
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 223 Figure 2.23. LC-MS analysis of 4.
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 224225 Figure 2.24. LC-MS analysis of the dU V -modified digested dsDNA with the relative MS values detected.
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 227 Figure 2.27. Characterization and quantification via nanodrop of the plasmids purified from 15 transformed colonies of E. Coli.

Figure 2 . 28 .

 228 Figure 2.28. UV profiles of the purified dU V -modified ssDNA.
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 1 Aim and summary of the ChapterThis Chapter describes the synthesis and biochemical characterization of nucleotides modified on the nucleobase with cubane bioisosteres to be incorporated in a modified aptamer targeting the lactate dehydrogenase of Plasmodium vivax (PvLDH), an important malaria biomarker 1 .

  aptamers. In 2013, the aptamer 2008s specifically binding to the Plasmodium falciparum lactate dehydrogenase (PfLDH) was reported8 and in 2016 the aptamer pL1 for the PvLDH was published 9 .The work described in this Chapter capitalizes on the results of a paper from 2020 where our laboratory, in collaboration with Prof Tanner's group at the University of Hong Kong, reported a cubane-modified aptamer, called cubamer or 1501. The described aptamer specifically and selectively binds to PvLDH, and can distinguish this protein from the Plasmodium falciparum LDH (PfLDH) despite their very similar sequences of amino acids (90% sequence homology)10 . This article describes the identification of the cubamer by SELEX, shows successful binding tests against the selected target and reports the crystal structure of the PvLDH-cubamer complex, where the binding mechanism is associated with a cluster of multiple cubanes in the hydrophobic pocket (Figure3.1).

Figure 3 . 1 .

 31 Figure 3.1. Adapted from Cheung et al. 10 (A) Structure of the cubamer. (B) Structure of the complex PvLDH-cubamer.

  . The second modification was a benzene, classical isostere of cubane (or vice versa), to form a benzyl-modified deoxyuridine (dU B TP) (Figure 3.1C). Finally, we selected a combination of cubane and benzene in a benzyl cubane-modified deoxyuridine (dU BC TP) (Figure 3.1D) and a cubane-modified deoxyuridine where the cubane moiety is attached to the nucleotide by a nitrogen-and sulfoxide-containing linker arm (dU SC TP) (Figure 1.3E).

Figure 3 . 2 .

 32 Figure 3.2. Chemical structures of (A) dU C TP, (B) dU F TP, (C) dU B TP, (D) dU BC TP, (E) dU SC TP.

  CAC TCA CGT CAG TGA CAT GCA TGC CGA TGA CTA GTC GTC ACT AGT GCA CGT AAC GTG CTA GTC AGA AAT TTC GCA CCA C-3' P1 5'-FAM-GTG GTG CGA AAT TTC TGA C-3' P2 5'-TAC GAC TCA CTA TAG CCT C-3' P3 5'-GTG GTG CGA AAT TTC TGA C-3' P4 5'-CAC TCA CGT CAG TGA CAT GC-3'

Figure 3 . 1

 31 shows that the polymerases Phusion, Bst, Q5, Therminator, Vent (exo -) and Deep Vent can accept dU F TP as a substrate and elongate P1 until the formation of full-length products. It is possible to notice that, if compared with the positive control, the product bands obtained with dU F TP are characterized by a slower gel mobility. This difference can be explained by the fact that dU F TP has a higher molecular weight than dTTP, leading to heavier PEX products which migrate slower on PAGE. Such a phenomenon is often observed with large base-modifications19,20 .

Figure 3 . 3 .

 33 Figure 3.3. Gel image (PAGE 20%) of the PEX reactions with primer P1 (10 pmol), template T1 (15 pmol), natural nucleotides dATP, dCTP, dGTP (200 μM), dU F TP (200 μM), and the selected DNA polymerase (1 μL) for a total volume of 10 μL. The results appear as follows: Phusion (Ph) (2U), Hemo Klen Taq (HKT) (8U), Taq (5U), Bst (8U), Q5 (2U), Therminator (Th) (2U), Vent (exo -) (Ve -) (2U), Dpo4 (Sl) (2U), Deep Vent (DV)

Figure 3 . 4 .

 34 Figure 3.4. Gel image (PAGE 20%) of the PEX reactions with primer P2 (2 pmol), dU F TP (200 μM), TdT (1 μL) (20U) and different metal ion co-factors at various concentrations for a total volume of 10 μL. The results appear from left to right as follows: Mg 2+ -1 h incubation, Mg 2+ -3 h incubation, Mg 2+ -5 h incubation, Co 2+ -1 hincubation, Co 2+ -3 h incubation, Co 2+ -5 h incubation, Mn 2+ -1 h incubation, Mn 2+ -3 h incubation, Mn 2+ -5 h incubation. Negative control: P2. All reactions were incubated at 37 °C. n corresponds to the length of P2, n+1 to the length of P2 with the incorporation of one dU F TP, n+2 to the length of P2 with the incorporation of two dU F TP, etc.

Figure 3 . 4

 34 Figure 3.4 shows that dU F TP is moderately accepted by TdT with a maximum of 4 consecutive incorporations in presence of Mg 2+ and Co 2+ as cofactors. Also, conversion of the primer to products remained rather low (20-30%), indicating that dU F TP is not an ideal substrate for the TdT. The experiment with TdT was performed only with dU F TP and not with the other dN*TPs because we were interested in exploring the possibility of incorporating multiple ferrocene moieties in a row in a ssDNA for its electrochemical applications. The successful PEX experiments and TdT tests led us to continue the biochemical characterization of dU F TP in PCR. The tested system was composed by the template T1, the primers P3 (reverse primer) and P4 (forward primer), the three dNTPs dATP, dCTP and dGTP, dU F TP and the selected polymerase. Figure 3.5 shows that both the tested polymerases Vent (exo -) and Deep Vent successfully accepted dU F TP since the expected amplicons are produced. In the Figure, it is also possible to notice that the positive control is characterized by multiple bands, which can be explained by the high number of performed PCR cycles.
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 35 Figure 3.5. Gel image (agarose 2%) of the PCR reactions with primers P3 and P4 (6 μM), template T1 (0.1 μM), natural nucleotides dATP, dCTP, dGTP (200 μM), dU F TP (200 μM), Mg 2+ (2 mM) and the selected polymerase (1 μL) for a total volume of 25 μL.The results appear as follows: Vent (exo -) (Ve -) (2U), Deep Vent (DV) (2U). Positive
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 3636 Figure 3.6. Gel image (PAGE 20%) of the PEX reactions with primer P1 (10 pmol), template T1 (15 pmol), natural nucleotides dATP, dCTP, dGTP (200 μM), dU B TP (200 μM), and the selected DNA polymerase (1 μL) for a total volume of 10 μL. The results appear as follows: Phusion (Ph) (8U), Bst (5U), Therminator (Th) (8U), Vent (exo -) (Ve - ) (2U), Dpo4 (Sl) (2U), Deep Vent (DV) (2U), Kf (exo -) (Ke -) (5U). Negative control: No polymerase (T -1), no hybridization (T -2), no dU B TP (T -3). Positive control: with all natural dNTPs and Kf (exo -) polymerase (T + ). All reactions were incubated at adequate reaction temperatures for 4 h. n represents the length of P1, n+60 (dNTPs) corresponds to the full-length product in presence of dNTPs and n+60 (dACG + dU B TP) corresponds to the full-length product in presence of dU B TP instead of dTTP.
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 37 Figure 3.7. Gel image (agarose 2%) of the PCR reactions with primers P3 and P4 (6 μM), template T1 (0.1 μM), natural nucleotides dATP, dCTP, dGTP (200 μM), dU B TP (200 μM), Mg 2+ (2 mM) and the selected polymerase (1 μL) for a total volume of 25 μL. The results appear as follows: Vent (exo -) (Ve -) (2U), Deep Vent (DV) (2U). Positive control: with all natural dNTPs and Vent (exo -) polymerase (T + ). Negative control: No polymerase (T -). The PCR program was: 95 °C 5 minutes, (95 °C 1 minute, 52 °C 1 minutes, 72 °C 2 minutes) X 25 cycles, 72 °C 5 minutes. 75 base pairs correspond to the length of the products.

3. 3

 3 Production of cubamer 1501 and sequence 1506 modified with dU F , dU B , dU BC and dU SC nucleotides In the work by Cheung et al., NGS analysis revealed that the SELEX led to the enrichment of mainly two sequences: 1501 and 1506 ( Table
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 31334 Sequence 1501 The sequence of cubamer 1501 is characterized by the presence of five dU C nucleotides. In this study, in the same aptamer we replaced the cubane-modified nucleotides by means of enzymatic incorporation of respectively the triphosphates dU F TP, dU B TP, dU SC TP and dU BC TP. GGdU C AdU C A GAC CCC dU C GA GdU C C CdU C A CCG AGG GCA CGG CA-3' 1501-RC 5'-Biotin-TGC CGT GCC CTC GGT AGG ACT CAG GGG TCT ATA CCG TCA GAA ATT TCG CAC CAC-3' 1501-F 5'-GTG GTG CGA AAT TTC TGA CGG dU F AdU F AGA CCC CdU F G AGdU F CCdU F ACC GAG GGC ACG GCA-3' 1501-C 5'-GTG GTG CGA AAT TTC TGA CGG dU C AdU C AGA CCC CdU C G AGdU C CCdU C ACC GAG GGC ACG GCA-3' 1501-B 5'-GTG GTG CGA AAT TTC TGA CGG dU B AdU B AGA CCC CdU B G AGdU B CCdU B ACC GAG GGC ACG GCA-3' 1501-BC 5'-GTG GTG CGA AAT TTC TGA CGG dU BC AdU BC AGA CCC CdU BC G AGdU BC CCdU BC ACC GAG GGC ACG GCA-3' 1501-N 5'-GTG GTG CGA AAT TTC TGA CGG TAT AGA CCC CTG AGT CCT ACC GAG GGC ACG GCA-Table Oligonucleotide sequences representing the cubamer 1501, its reverse complement used as template for PEX 1501-RC, all the different alternatives to 1501
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 38 Figure 3.8. Gel image (PAGE 20%) of the PEX reactions with primer P3 (10 pmol), template 1501-RC (15 pmol), natural nucleotides dATP, dCTP, dGTP (200 μM), respectively each dN*TP (200 μM), and Vent (exo -) (1 μL) (2U) for a total volume of 10 μL. The lines correspond the reaction in presence of respectively dU B TP, dU F TP, dU BC TP, dU SC TP. Positive control: with all natural dNTPs (T + ). Negative control: No polymerase (T -). All reactions were incubated at 60 °C for 4 h. 19 base pairs is associated with the length of P3, while 54 base pairs correspond to the length of the full-length products.

  dU B TP dU F TP dU BC TP dU SC TP T +. T - 's currently still under biochemical investigation. The ssDNA was generated by immobilization on streptavidin magnetic beads followed by treatment with 150 mM NaOH to remove the biotinylated strand. Table3.2 reports all the full sequences of the generated aptamers where 1501-F corresponds to the dU F -modified aptamer, 1501-C corresponds to the dU C -modified aptamer, 1501-B corresponds to the dU B -modified aptamer, 1501-BC corresponds to the dU BC -modified aptamer, and 1501-N corresponds to the unmodified aptamer where dU C is substituted by dT. Figure3.9 depicts the agarose gel showing all the respective double stranded and single stranded products.

Figure 3 . 9 .In Figure 3 . 9 ,

 3939 Figure 3.9. Gel image (agarose 4%) shows of the PEX reactions and the subsequent generation of ssDNA for all the different modified aptamers starting from 1501. The results report the ds and ss products for the modifications in the following order from left to right: dTTP, dU F TP, dU B TP, dU C TP, and dU BC TP.

3 . 1

 31 with 1501. Indeed, we ordered the biotinylated reverse complementary of 1506 with the addition of a primer region to have the template 1506-RC. The primer region of 1506-RC is complementary to the primer P3, which was therefore used in the PEX experiments. Therefore, PEX was performed with 1506-RC, P3, dATP, dCTP, dGTP, respectively each modified nucleotide and Vent (exo -) as polymerase (Figure3.10).

Figure 3 . 10 .

 310 Figure 3.10. Gel image (PAGE 20%) of the PEX reactions with primer P3 (10 pmol), template 1506-RC (15 pmol), natural nucleotides dATP, dCTP, dGTP (200 μM), respectively each dN*TP (200 μM), and Vent (exo -) (1 μL) (2U) for a total volume of 10 μL. The lines correspond the reaction in presence of respectively dU B TP, dU F TP, dU BC TP, dU SC TP. Positive control: with all natural dNTPs (T + ). Negative control: No polymerase (T -). All reactions were incubated at 60 °C for 4 h. 19 base pairs is associated with the length of P3, while 54 base pairs correspond to the length of the full-length products.

F

  SC TP was not used to substitute dU C TP in the generation of the ssDNA because it's currently still under biochemical investigation. The single stranded DNA was then dU B TP dU F TP dU BC TP dU SC TP T +. T - of treatment with 150 mM NaOH to remove the biotinylated strand. Table3.3 reports all the full sequences of the generated aptamers where 1506corresponds to the dU F -modified aptamer, 1506-C corresponds to the dU C -modified aptamer, 1506-B corresponds to the dU B -modified aptamer, 1506-BC corresponds to the dU BC -modified aptamer, and 1506-N corresponds to the unmodified aptamer where dU C is substituted by dT.
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 3 11 shows the agarose gel showing all the respective double stranded and single stranded products.
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 311 Figure 3.11. Gel image (agarose 4%) shows the outcome of the PEX reactions and the subsequent generation of ss DNA for all the different modified aptamers starting from 1506. The results report the ds and ss products for the modifications in the following order from left to right: dTTP, dU F TP, dU B TP, dU C TP, and dU BC TP.
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 5351 Experimental Materials and methods Solvents and reagents for the chemical reactions were obtained from Sigma-Aldrich and Alfa Aesar. Flash chromatography was performed using silica gel (230-400 mesh) from Buchi on a Buchi Pure C-850 FlashPrep. Thin layer chromatography was carried out on precoated glass-backed plates of silica gel (0.25 mm, UV254) from Macherey-Nagel. HPLC purifications were performed using an Akta pure system (GE Healthcare) equipped with a Kinetex 5 μm C18 100 A LC Column (250 X 10.0 mm) by Phenomenex or a DNA Pac PA 100 oligonucleotide column (250 X 4.0 mm) by Fisher scientific. NMR spectra were recorded on a Bruker Avance 400 spectrometer (400.13 MHz for 1 H, 100.62 MHz for 13 C, and 161.62 MHz for 31 P) and all spectra were referenced to the signals of the corresponding solvent. Chemical shifts are given in ppm (d scale) and coupling constants (J) in Hz. Assignation of the NMR signals was performed by using a combination of 1 H/ 1 H-COSY, and 13 C experiments. High resolution electrospray ionization (ESI) mass spectra (MS, m/z) were recorded on a Waters Q-Tof Micro MS in the positive-ion electrospray ionization (ESI + ) mode. Solutions were prepared using 1:1 MeCN/H2O containing 0.1% formic acid. MALDI-TOF experiments were performed on a Bruker ultrafleXtreme with 9AA as a matrix. Unmodified DNA oligonucleotides were purchased from Integrated DNA Technologies. All the DNA polymerases (Phusion, Therminator, Vent (exo -), Deep Vent, Bst, Taq, Hemo Klen Taq, Phi29, Q5, Sulfolobus, and Klenow fragment of DNA polymerase I exo -(Kf (exo -)) were purchased from New England Biolabs (NEB) as well as the natural dNTPs. Monarch DNA Cleanup Columns (5 µg) were purchased from NEB. Roche streptavidin magnetic particles were bought from Merck. Acrylamide/bis(acrylamide) (29:1, 40%) was obtained from Fisher Scientific. The E-GEL sample loading buffer 1X was purchased from Fisher Scientific. PCR and PEX reactions were performed in a SimpliAmp Thermal Cycler by Applied Biosystems. Visualization of PAGE gels was performed by Fluorescence imaging using a Typhoon Trio phosphorimager from GE Healthcare.
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 5 10 General protocol for tailing reactions with the TdT polymerase The 5'-FAM-labelled primer P2 (2 pmol), the appropriate modified nucleotide, the selected metal ion co-factor, the TdT polymerase buffer (1 µL of 10X) and the TdT polymerase (1 µL) were mixed in a total volume of 10 µL. The reaction mixture was incubated at 37 °C for the appropriate time between 1 h and 5 h. The reaction was stopped by adding 10 µL of the quenching solution (formamide (70%), ethylenediaminetetraacetic acid (EDTA, 50 mM), bromophenol (0.1 %), xylene cyanol (0.1 %)). The reaction mixtures were subjected to gel electrophoresis in denaturing polyacrylamide gel (20 %) containing trisborate-EDTA (TBE) 1× buffer (pH 8) and urea (7 M).3.5.11 General protocol for PCRThe primers (6 µM each), the template (0.1 µM), the dNTP(s) (200 µM), Mg 2+ (2 mM), the polymerase (1 µL) and the appropriate polymerase buffer (2.5 µL of 10X) were mixed in a total volume of 25 µL. Each reaction was characterized by 5 min 95 °C, 25 cycles composed by 1 min 95 °C, 1 min 52 °C, 2 min 72 °C, and a final extension step of 5 min 72 °C. The PCR products were analyzed by agarose gels (2%) with E-GEL sample loading buffer (1X).3.5.12 Protocol for the generation of the modified aptamersThe primer P3 (100 pmol), the template 1506-RC (150 pmol), dACG (100 µM), the modified triphosphate (100 µM), Thermopol buffer (1 µL) and Vent (exo -) polymerase were merged in a total volume of 10 µL. The reaction mixture was incubated as follows: 5 min 95 °C, 5 min 59 °C, 4 h 60 °C. The products were purified via Monarch columns (250 pmol product per column). For the generation of the single stranded DNA, Roche streptavidin magnetic particles were used. The beads (200 µL for 250 pmol dsDNA) were washed for 3 times with 400 µL TEN100 buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH = 7.5). 400 µL were added to 25 uL of ds DNA and the mixture was incubated with the beads for 30 minutes at r.t on a rotating wheel. The beads were washed for 3 times with 500 µL TEN1000 (10 mM Tris-HCl, 1 M NaCl, 1 mM EDTA, pH = 7.5) and resuspended in 40 µL H2O. NaOH 100 mM was added to the mixture, which was then shaken at 1000 rpm at r.t. for 5 minutes. The aqueous solution was recovered and NaOH was neutralized with the corresponding amount of HCl.
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 313 Figure 3.13. COSY spectrum of compound 2 (400 MHz in CDCl3).
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 3 Figure 3.14. 13 C-NMR of compound 2 (101 MHz in CDCl3).
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 315 Figure 3.15. HR-MS ESI spectrum (positive mode) of 2 (in EtOAc).
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 7233 Figure 3.16. 1 H-NMR spectrum of compound 3 (400 MHz in CDCl3).
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 317 Figure 3.17. COSY spectrum of compound 3 (400 MHz in CDCl3).
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 3 Figure 3.18. 13 C-NMR of compound 3 (101 MHz in CDCl3).
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 319 Figure 3.19. HR-MS ESI spectrum (positive mode) of 3 (in EtOAc).
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 7343 Figure 3.20. 1 H-NMR spectrum of compound 4 (400 MHz in CDCl3).
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 321 Figure 3.21. COSY spectrum of compound 4 (400 MHz in CDCl3).
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 3 Figure 3.22. 13 C-NMR of compound 4 (101 MHz in CDCl3).
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 323 Figure 3.23. HR-MS ESI spectrum (positive mode) of 4 (in EtOAc).

3. 7 . 4 of 5 Figure 3 .

 7453 Figure 3.24. 1 H-NMR spectrum of compound 5 (400 MHz in CDCl3).
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 325 Figure 3.25. COSY spectrum of compound 5 (400 MHz in CDCl3).
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 3 Figure 3.26. 13 C-NMR of compound 5 (101 MHz in CDCl3).
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 327 Figure 3.27. HR-MS ESI spectrum (positive mode) of 5 (in EtOAc).
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 7563 Figure 3.28. 1 H-NMR spectrum of compound 6 (400 MHz in CDCl3).
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 329 Figure 3.29. COSY spectrum of compound 6 (400 MHz in CDCl3).
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 3 Figure 3.30. 13 C-NMR of compound 6 (101 MHz in CDCl3).
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 3318332 Figure 3.31. HR-MS ESI spectrum (positive mode) of 6 (in EtOAc).

Figure 3 . 33 .

 333 Figure 3.33. UV profile of 8.

Figure 3 . 34 .

 334 Figure 3.34. MALDI-TOF spectrum (linear negative mode) of 8.

Figure 3 . 35 .

 335 Figure 3.35. HR-MS ESI spectrum (negative mode) of 8 (in 30:70 20mM TEAA in H2O : ACN).

Figure 3 . 38 .

 338 Figure 3.38. HR-MS ESI spectrum (negative mode) of 9 (in MeOH).
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 7810339 Figure 3.39. HPLC purification chromatogram of 10. The absorbance at 260 nm (blue line), 280 nm (purple line) and the concentration of solvent B 30% 20 mM TEAA / 70% acetonitrile are reported. The peak corresponding to 10 starts at 8 mL elution volume.
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 3 Figure 3.40. 1 H-NMR spectrum of compound 10 (400 MHz in D2O).

Figure 3 . 41 .

 341 Figure 3.41. COSY spectrum of compound 10 (400 MHz in D2O).

Figure 3 . 42 .

 342 Figure 3.42. 31 P-NMR spectrum of compound 10 (202 MHz in D2O).
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 3434 Figure 3.43. MALDI-TOF spectrum (linear negative mode) of 10.

Finally, we tested

  the possibility of incorporating modified nucleotides opposite the Fc site under PEX reaction conditions. The experiments were performed with dN*TPs characterized by the absence of a base or modifications to the base of various structures and chemical nature. Our findings showed that base-modified nucleotides can be incorporated opposite Fc sites with different efficiencies based on the nature and size of the modification. In conclusion, this work proves the possibility of enzymatically incorporating both natural and base-modified nucleotides opposite an Fc moiety via PEX reactions, and represents a first step towards the application of Fc as an abasic site for the real-time monitoring of the insertion of nucleotides in DNA by polymerases.

40 , 41

 4041 These techniques often require the positioning of one or multiple dyes on oligonucleotides or incoming nucleotides or necessitate the use of specialized equipment. Hence, simple methods that enable the real-time monitoring of incorporation of canonical and modified nucleotides into DNA and RNA by polymerases are in high demand since they would reduce the workload involved in the biochemical characterization of modified nucleotides. In this article, we suggest first steps towards the development of monitoring devices based on an electrochemical read-out mediated by a chemical analog of a THF-abasic site (Φ in Figure 4.1)

Figure 4 . 1 .

 41 Figure 4.1. Chemical structures of abasic site analogs investigated in PEX reactions.

Table 4 . 1 .a

 41 Sequence composition of templates and primers used in primer extension reactions. a Oligonucleotide sequence P1 5' -TAC GAC TCA CTA TAG CCT C -3' M1 5' -GGA GFcG AGG CTA TAG TGA GTC GTA -3' M2 5' -G GAG FcFcG AGG CTA TAG TGA GTC GTA -3' M3 5' -GGFc GCG AGG CTA TAG TGA GTC GTA -3' M4 5' -GGA GTG AGG CTA TAG FcGA GTC GTA -3' AP1 5' -GGA GFG AGG CTA TAG TGA GTC GTA -3' AP2 5' -GGA GFF GAG GCT ATA GTG AGT CGT A -3' M1-C18 5' -GGA GC18G AGG CTA TAG TGA GTC GTA -3' P2 5' -TAC GAC TCA CTA TAG CCT CA -3' P3 5' -TAC GAC TCA CTA TAG CCT CAC -3' Fc represents a ferrocene nucleotide; F represents a THF-abasic site; C18 represents a C18 spacer.4.4.2 Primer extension reactions with unmodified nucleotidesWith the modified templates to hand, we first evaluated the possibility of incorporating canonical nucleotides opposite a Fc site. To do so, we carried out PEX reactions with different polymerases (A, B, and Y families) with each individual nucleoside triphosphate (dNTP) using the P1/M1 primer/template system (Figure4.2). Analysis of the reaction products by gel electrophoresis reveals that all natural nucleotides can be incorporated opposite an Fc abasic site analog with higher incorporation efficiencies for the larger purine nucleotides (Figure4.2 A). Indeed, most polymerases incorporate one dA and one dG opposite a Fc site with full conversion of the primer to the corresponding n+1 products. In the case of pyrimidines, yields of n+1 product formation are significantly lower and reach only about 50%. The Dpo4 polymerase is a Y family DNA polymerase that displays lesion-bypass capacity and it is therefore unsurprising that multiple incorporation events are observed with all nucleotides except with dGTP (lanes 7 in Figure 4.2A). Reactions conducted with Deep Vent led to complete hydrolytic degradation of the primer (lanes 8 in Figure 4.2). In order to further characterize the efficiency and specificity of incorporation of the different natural nucleotides, we reduced the reaction times for purine nucleotides while concomitantly increasing that for pyrimidine nucleotides (Figure 4.2B). A decrease of reaction time had little effect on the outcome of reactions carried out with purine nucleotides, while an increase in reaction time served to improve n+1 product formation with pyrimidine nucleotides (Figure 4.2B). A similar outcome was observed when template M1 was substituted with template AP1 which contains a single THF-AP site instead of the Fc unit (Figure 4.10).

Figure 4 . 2 .

 42 Figure 4.2. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M1 (15 pmol) in the presence of the individual natural dNTPs (100 µM) and different DNA polymerases. A) reactions carried out for 1h; B) reactions carried out for 30 min with dATP and dGTP and for 2h with dCTP and dTTP. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. The label n is connected to the length of the primer, while n+1 is referred to the length of the primer with the addition of one dNMP.

Figure 4 . 3 .

 43 Figure 4.3. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M1 (15 pmol) in the presence of the individual natural dNTPs (100 µM) and Vent (exo -) DNA polymerase (0.5 U). Time points were taken after 1 min (1), 5 min (2), 10 min (3), 20 min (4), 30 min (5), 60 min (6).

Figure 4 . 4 .

 44 Figure 4.4. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and A) template M2 (15 pmol) and B) template AP2 (15 pmol) with each individual dNTP (100 µM for A) and 20 µM for B)). List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. The label n is connected to the length of the primer, while

Figure 4 . 5 .

 45 Figure 4.5. Gel images (PAGE 20%) of PEX reactions with primer P2 (10 pmol) and template M1 (15 pmol) with dCTP alone (dC, 100 µM) or with dCTP and dTTP (dC+dT, 100 µM) for 1h. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Vent (exo -) (2 U), 5. Dpo4 (2 U), 6. Kf (exo -) (5 U). The negative controls are: 7. No polymerase, 8. No dNTP. The label n is connected to the length of

  to use Fc sites to monitor the incorporation of modified nucleotides, we next investigated the compatibility of such ferrocene abasic sites with nucleotides containing different nucleobase modification patterns (Figure 4.6).

Figure 4 . 6 .

 46 Figure 4.6. Chemical structures of modified nucleotides evaluated in PEX reactions.

Figure 4 . 7 .

 47 Figure 4.7. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and templates M1 and M2 (15 pmol) with nucleotides 1 (abasic) or 2 (biphenyl). List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent

Figure 4 . 8 )

 48 and P1/AP1 (Figure 4.18) systems in the presence of dATP analogs modified at two particular position of the nucleobase. Nucleotide 3 bears an iodine atom at position N7 (which is a popular site for the introduction of side-chains), while nucleotide 4 is equipped with an aliphatic linker connected to an amino functional group on the exocyclic amine of the purine nucleobase (which are commonly introduced into DNA via nick translation reactions 70 ). Nucleotide 3 is readily incorporated into DNA opposite Fc sites by all polymerases that were tested (Figure 4.8 A) and most reactions even lead to NTA and thus to n+2 product formation. Surprisingly, nucleotide 4 bearing a modification at position N6 which is expected to be less well tolerated by polymerases was incorporated with a comparable efficiency to that of nucleotide 3 ( Figure 4.8B). Similar results were obtained when both nucleotides were incorporated opposite single THF-abasic site analogs (Figure 4.18).

Figure 4 . 8 .

 48 Figure 4.8. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M1 (15 pmol) with modified dATP nucleotides A) 3 or B) 4. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. All reactions were carried out with 200

Figure 4 .

 4 21), however, PEX reactions led to multiple products as observed by gel electrophoresis and yields remained modest. Taken together, these results indicate that base-modified nucleotides can be incorporated opposite Fc sites. However the incorporation efficiency strongly depends on the nature and the size of the chemical modifications.

Figure 4 . 9 .

 49 Figure 4.9. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and 5-cubane-modified dUTP 6 and templates (all 15 pmol) A) M1, B) AP1, and C) M1-C18. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. All reactions were carried out with 200 µM modified nucleotides for 1h. The label n is

Figure 4 . 10 .

 410 Figure 4.10. Gel image (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template AP1 (15 pmol) in the presence of the individual natural dNTPs (20 µM) and different DNA polymerases. All reactions were carried out for 1h. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. The label n is connected to the length of the primer, while n+1 is referred to the length of the primer with the addition of one dNMP.

Figure 4 . 11 .

 411 Figure 4.11. Gel image (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M1-C18 (15 pmol) in the presence of the individual natural dNTPs (100 µM) and different DNA polymerases. All reactions were carried out for 1h. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4.Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. The label n is connected to the length of the primer, while n+1 is referred to the length of the primer with the addition of one dNMP while n+2 is referred to the length of the primer with the addition of two dNMPs.

Figure 4 . 12 .

 412 Figure 4.12. Gel image (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M3 (15 pmol) and either A) dGTP and dCTP (100 µM) or B) dGTP, dCTP, and dATP (100 µM). All reactions were carried out for 1h. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. The label n is connected to the length of the primer, while n+2 is referred to the length of the primer with the addition of two dNMPs, n+3 corresponds to the product with three additions, and n+4 the product with four added nucleotides.

Figure 4 . 13 .

 413 Figure 4.13. Gel image (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M4 (15 pmol) in the presence of all four natural dNTPs (20 µM) and different DNA polymerases. All reactions were carried out for 1h. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. The label n is connected to the length of the primer, while n+6 is referred to the length of the primer with the addition of six dNMPs.

Figure 4 . 14 . 9 .

 4149 Figure 4.14. Gel image (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M1 (15 pmol). A first nucleotide was incorporated opposite Fc by PEX reactions with dATP (100 µM, 20 min), dGTP (100 µM, 60 min), dCTP (100 µM, 120 min), or dTTP (100 µM, 120 min). After installation of a first nucleotide, the extended product was incubated with dCTP (20 µM, 60 min). List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. The label n is connected to the length of the primer, while n+2 is referred to the length of the primer with the addition of two dNMPs.

Figure 4 .

 4 Figure 4.15. A) Gel image (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template M1 (15 pmol) and Dpo4. A first nucleotide was incorporated opposite Fc by PEX reactions with dATP (100 µM, 20 min, lane 1) or dGTP (100 µM, 60 min, lane 4). After this first addition, dCTP (20 µM, 60 min, lanes 2 and 5) or dCTP and dTTP (20 µM, 60 min, lanes 3 and 6) were added. The label n is connected to the length of the primer, while n+2 is referred to the length of the primer with the addition of two dNMPs, n+3 for three additions, n+4 for four and n+5 for five added nucleotides. B) Schematic representation for a tentative explanation for the formation of the n+6 product.

Figure 4 . 16 .

 416 Figure 4.16. Gel images (PAGE 20%) of PEX reactions with primer P2 (10 pmol) and A) template AP1 (15 pmol) and B) template M1-C18 with dCTP alone (dC, 100 µM) or with dCTP and dTTP (dC+dT, 100 µM) for 1h. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Vent (exo -) (2 U), 5. Dpo4 (2 U), 6. Kf

Figure 4 . 17 .

 417 Figure 4.17. Gel images (PAGE 20%) of PEX reactions with primer P3 (10 pmol) and templates A) M1, B) AP1, and C) M1-C18 (all 15 pmol) with dTTP alone (dT, 100 µM) or with dCTP and dTTP (dC+dT, 100 µM) for 1h. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Vent (exo -) (2 U), 5. Dpo4 (2 U), 6. Kf (exo -) (5 U). The negative controls are: 7. No polymerase, 8. No dNTP. The labeln is connected to the length of the primer, while n+1 is referred to the length of the primer with the addition of one dNMP while n+2 is referred to the length of the primer with the addition of two dNMPs, n+3 and n+4 to three and four added nucleotides.

Figure 4 . 18 .

 418 Figure 4.18. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and template AP1 (15 pmol) with modified dATP nucleotides A) 3 or B) 4. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. All reactions were carried out with 200 µM modified nucleotides for 1h. The label n is connected to the length of the primer, while n+1 and n+2 refer to the length of the primer with the addition of one or two dNMPs, respectively.

Figure 4 . 19 .

 419 Figure 4.19. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and 5-propargylamino-dUTP 5 and templates (all 15 pmol) A) M1, B) AP1, and C) M1-C18. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. All reactions were carried out with 200 µM modified nucleotides for 1h. The label n is connected to the length of the primer, while n+1 and n+2 refer to the length of the primer with the addition of one or two dNMPs, respectively.

Figure 4 . 20 .

 420 Figure 4.20. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and 5-benzyl-modified-dUTP 7 and templates (all 15 pmol) A) M1, B) AP1, and C) M1-C18. List of polymerases used: 1. Hemo Klem Taq (8 reactions), 2. Taq (5 U), 3. Bst (8 U), 4. Therminator (2 U), 5. Vent (exo -) (2 U), 6. Kf (exo -) (5 U), 7. Dpo4 (2 U), 8. Deep Vent (2 U). The negative controls are: 9. No polymerase, 10. No dNTP. All reactions were carried out with 200 µM modified nucleotides for 1h. The label n is connected to the length of the primer, while n+1, n+2, and n+3 refer to the length of the primer with the addition of one, two, or three dNMPs, respectively.
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 4214 Figure 4.21. Gel images (PAGE 20%) of PEX reactions with primer P1 (10 pmol) and 5-ferrocene-modified-dUTP 8 and templates (all 15 pmol) A) M1, B) AP1, and C) M1-
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 423 Figure 4.23. 31 P-NMR spectrum of Fc-phosphoramidite 6 in CDCl3.
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 424 Figure 4.24. Analytical HPLC chromatogram of the blank.

Figure 4 . 25 .

 425 Figure 4.25. Analytical HPLC chromatogram of M1.

Figure 4 . 26 .

 426 Figure 4.26. Analytical HPLC chromatogram of M2.

Figure 4 . 27 .

 427 Figure 4.27. Analytical HPLC chromatogram of M3.

Figure 4 . 28 .

 428 Figure 4.28. Analytical HPLC chromatogram of AP1.

Figure 4 . 29 .

 429 Figure 4.29. Analytical HPLC chromatogram of AP2.

Figure 4 . 30 .

 430 Figure 4.30. Analytical HPLC chromatogram of M4.
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 431 Figure 4.31. Mass spectrum of M1.
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 432 Figure 4.32. Mass spectrum of M2.

Figure 4 . 33 .

 433 Figure 4.33. Mass spectrum of M3.

Figure 4 . 34 .

 434 Figure 4.34. Mass spectrum of AP1.
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 435 Figure 4.35. Mass spectrum of AP2.
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 436551 Figure 4.36. Mass spectrum of M4.
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 51 Figure 5.1. Recent and relevant examples of metal base pairs obtained with natural (a, b, c) and artificial (d, e, f) nucleobases.

Figure 5 . 2 .

 52 Figure 5.2. Schematic representation of T-Hg II -T base pair.

Figure 5 . 3 .

 53 Figure 5.3. a) Secondary and b) crystal structure of a B-form DNA duplex in the presence of Hg II ; c) top-view of T-Hg II -T base pair. Figure taken with permission fromJohn Wiley and Sons.45 

Figure 5 . 7 .

 57 Figure 5.7. C-Ag I -A base pair.

50

 50 

Figure 5 . 8 .

 58 Figure 5.8. Representation of T-Ag I -C base pair. Based on all the different reports described in this section, the efficiency for the enzymatic construction of Ag I -mediated base pairs with natural nucleotides appears to follow the trend A-Ag I -C > T-Ag I -C >> C-Ag I -C. UV melting experiments were recently conducted 51 with 15-mer oligonucleotides that showed that DNA stabilization of mismatches via the addition of silver(I) follows the trend C-Ag I -C (ΔTm = +9.9°C) > T-Ag I -C (ΔTm = +6.2°C) ~ A-Ag I -C (ΔTm = +6.0°C).51 The noticeable difference between DNA duplex stabilization and DNA enzymatic construction can be partially explained by the influence of the positive net charge of C-Ag I -C, which might be unfavourable for polymerases. The shape complementarity of the base pairs as well as their stability in the absence of metal ions could also affect the incorporation efficiency by polymerases.51 However, these studies indicate that DNA stabilization and enzymatic construction of metal base pair might not be driven by the same rules. Similar observations were made with modified nucleotides (vide infra).33, 34 
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  Crystal structure of the modified DNA duplex inside the Bst Pol I polymerase was obtained (Figure5.10). It revealed the coordination of the copper ions to the Salen ligand through a square planar geometry. Comparison with the A-T base pair showed that the Salen ligand induces only minimal perturbations to the DNA duplex.65 

Figure 5 . 9 .

 59 Figure 5.9. Schematic representation of Salen-Cu II base pair.

Figure 5 . 10 .

 510 Figure 5.10. Crystal structure of modified DNA in Bst Pol I. 8 Figures taken with permission from Elsevier from. Carell et al. could take advantage of these favourable properties of the Salen-Cu II base pair and reported the first enzymatic construction of a metal base pair involving modified nucleotides. 31 Sal was introduced into a 30-mer oligonucleotide by solidphase synthesis and hybridized to a complementary primer ending one nucleotide downstream from the Sal modification. PEX reactions were conducted in the presence and absence of metal ions and ethylene diamine with the Bst polymerase. The latter was able to incorporate the Sal triphosphate with high efficiency, in the presence and the absence of the two additives. Specificity experiments revealed that dATP, dCTP, dTTP and to a smaller extend dGTP were also incorporated opposite the Sal modification in the absence of any additives. However, in presence of ethylene diamine

  II and Zn II represented potent candidates for the formation of stable metal base pairs since the addition of 5 equivalents of those metal ions led to a massive stabilization of the duplexes by ΔTm = +25.5°C and ΔTm = +25.0°C, respectively. The increase of the melting temperature under addition of Cu II was not observed with a control DNA duplex containing G and C in place of the modifications, or in the homo systems containing Pur DC -Pur DC and 3Py-3Py mispairs. These preliminary experiments led to an enzymatic study for the formation of the Pur DC -Cu II -3Py base pair (Figure5.11).32 

Figure 11 .

 11 Figure 11. Structure of Pur DC -Cu II -3Py base pair.

  of three Im-Ag I -Im base pairs revealed only minor distortions of the B-DNA duplex compared to canonical base pairs (Figure5.15).3 

Figure 5 . 14 .

 514 Figure 5.14. Structure of Im-Ag I -Im.

Figure 5 . 15 .

 515 Figure 5.15. Structure of a DNA duplex containing a series of three Im-Ag I -Im base pairs. 8 Figure taken with permission from Elsevier.

Figure 5 . 16 .

 516 Figure 5.16. Putative structures of Im C -Ag I -Im C and Im C -Ag I -Im base pairs. dIm 2Me , dIm 4Me and dIm 2,4Me
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Figure 17 .

 17 Figure 17. Putative structures of hetero metal base pairs consisting of methylated imidazole and unsubstituted imidazole nucleotides.

Figure 5 . 18 .

 518 Figure 5.18. Representation of Pur P -Ag I -Pur P and Pur P -Ag I -Im C base pairs.

Figure 5 . 19 .

 519 Figure 5.19. Chemical structure of S4T-2Ag I -S4T base pair.

Figure 5 .

 5 Figure 5.20. a) Secondary and b) crystal structure of a B-form DNA duplex containing two consecutive S4T-2Ag I -S4T base pairs; c) top view of S4T-2Ag I -S4T base pair.

Figure

  Figure taken with permission fromThe Royal Society of Chemistry.85 
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 21 and incorporated into RNA transcripts using the T7 RNA polymerase. The RNA transcript containing one modification was then hybridized to: 1) its full complementary RNA and DNA oligonucleotides with a dA base opposite the modification or 2) with an rU (RNA) or a dT (DNA) base opposite the modification. An enhancement of the fluorescence was noticed when the 5-methoxybenzofuran modification was opposite an rU or a dT base, showing its ability to detect RNA-RNA or RNA-DNA mismatches.Upon the addition of Hg II cations, the fluorescence intensity dropped significantly suggesting formation of the expected metal base pairs. In order to further demonstrate the formation of 5-methoybenzofuran rU-Hg II -rU or 5-methoybenzofuran rU-Hg II -dT base pairs, thermal denaturation experiments were conducted, which revealed a stabilization of the mispairs upon the addition of Hg II ions (ΔTm = +17.2°C). Titration experiments yielded Kd values of 104 nM and of 57 nM for the RNA-DNA duplex. These

Figure 5 . 21 .

 521 Figure 5.21. Chemical structure of the modified 5-methoxybenzofuran uracil.

  The structure of the Dipic-Cu II -3Py base pair was investigated in 2001 by Schultz and co-workers. They reported an X-ray crystal structure of a DNA duplex containing two Dipic-Cu II -3Py base pairs (Figure5.22). The DNA duplex was found to adopt a Z-DNA topology. Analysis of the local environment of the hetero base pair showed that the copper cation was coordinated to the artificial ligands in a Jahn-Teller distorted octahedral geometry.67 

Figure 5 .

 5 Figure 5.22. a) Crystal structure of a Z-DNA duplex containing two Dipic-Cu II -3Py base pairs; b) local environment of Dipic-Cu II -3Py. Figures taken with permission fromthe American Chemical Society.67 

  as yet .101 In this context, Johannsen et al. published in 2010 the NMR solution structure of a selfcomplementary DNA oligonucleotide containing three consecutive imidazole nucleotides in its centre. The structure has been reported both in the absence and presence of Ag I ions. Without silver ions, the oligonucleotide was shown to have a hairpin structure whose loop was formed by the artificial nucleotides, while in the presence of Ag I a canonical duplex was observed. The structure investigation has been performed through heteronuclear single quantum coherence (HSQC) spectra exploiting the presence of 15 N-labelled imidazole nucleosides in the studied oligonucleotides. The unstructured hairpin loop found in the absence of Ag I has been suggested in the spectrum by a few cross peaks which were not well resolved. The addition of one equivalent of Ag I provoked a remarkable improvement in the spectrum together with an up-field shift of all nitrogen resonances. This observation was related to the more rigid structure of a double helix.3 Moreover, in 2015, Dairaku et al. have used 199 Hg NMR spectroscopy, widely applied to investigate coordination modes of metal complexes, to study the J-coupling of the highly stable T-Hg II -T base pair. This analysis further confirmed that mercuriation of sp 2 nitrogen atoms occurred upon addition of Hg II .96 Subsequently, in 2016, Dairaku et al. reported 1 H, 15 N and 109 Ag NMR spectroscopy studies which allowed to unambiguously determine the chemical structure of the C-Ag I -C base pair. In the same work, they also showed the 3D structure of an anti-parallel DNA duplex containing the same metal-base pair. 102 Moreover, in 2020, Brown et al. have used a combination of NOESY, COSY and TOCSY NMR experiments to study the molecular interaction between Cr III and DNA, which is thought to play a key role in the mutagenic and carcinogenic mechanism of action of Cr VI . The study confirmed that the metal exclusively interacts with guanine N7 positions, excluding interactions of Cr III with other nucleobases or backbone phosphates. 103Mass spectrometryMass spectrometry is an extremely relevant technique for the characterization of duplexes containing metal mediated base pairs. The most common mass spectrometry technique in the investigation of metal base pairs is electrospray ionization (ESI-MS).104 The reason for its wide application in the study of oligonucleotides and metal base pairs is that ESI-MS is a soft ionization technique which overcomes the tendency of biological macromolecules to fragment while ionized.105 Another relevant soft mass spectrometry type is matrix-assisted laser desorption/ionization (MALDI). MALDI forms ions with minimal fragmentation from large biomolecules through a laser energy absorbing matrix. 106 Therefore, both ESI-MS and MALDI are effective methods to obtain ions of biomolecules in the gas-phase, with the major difference that MALDI usually produces less multi-charged ions.

  2006, Tanaka et al. applied electrospray ionization-time-of-flight mass spectrometry (ESI-TOF MS) to study the stable duplex structures that are formed by oligonucleotides in the presence of Cu II -mediated hydroxypyridone (H) homo-base pairs. In this study, the capability of different metal ions to be complexed by modified DNA nucleobases was investigated. 107 Moreover, in 2011, Megger et al. conducted laser-induced liquid bead ion desorption (LILBID) mass spectrometry to confirm the formation of an artificial base pair composed by 1,3-dideaza-2'-deoxyadenosine and thymidine, mediated by Ag I . The LILBID technique was found to be an extremely relevant method to study biomolecules due to the low quantity of analyte needed. The characterization was completed by spectroscopic analysis. 108 In 2018 Swasey et al. used ESI-MS to characterize homocytosine and homoguanine DNA strands where the interaction of the base pairs was mediated by silver ions Ag I . The study was conducted by annealing dG strands or dC strands of different lengths in presence of 1 equivalent per base of AgNO3 and 50 mM NH4OAc to provide enough ionic strength. ESI-MS showed that the main product is the duplex containing one Ag I ion per base pair (Figure 5.23). 109

Figure 5 . 23 .

 523 Figure 5.23. ESI-MS spectra of the dG-duplex [dG20]2 • Ag20 (A) and the dC-duplex [dC30]2 • Ag30. Both in the case of the homoguanine duplex and of the homocytosine duplex the major product is the duplex characterized by one Ag I per base pair. However, while the homoguanine case is characterized by a monodispersed main product, the homocytosine case has more polydisperse of products. Figure reprinted with permission from Reference 109 . Copyright 2018 American Chemical Society.

Figure 5 . 24 .

 524 Figure 5.24. ESI-MS spectrum of duplex characterized by the metal self-base-pair N-3Ag I -N. Figure taken with permission from Wiley Online Library from reference 111

  review. As discussed, H forms the homobase pair H-Cu II -H which is a square-planar complex. An increase in the concentration of Cu II causes a decrease of the absorbance peak at 280 nm together with the appearance of a new peak at 307 nm with two isosbestic points in the range 0 to 5 for the ratio [Cu II ]/[duplex]. This variation indicates the level of deprotonation of the phenolic hydroxy groups upon complexation with Cu II .16, 69 Moreover, in 2015 the same group studied the bifacial nucleobase 5-hydroxy-uracil (U OH ) which was expected to use two adjacent 4-carbonyl and 5-hydroxyl groups as coordination sites for the formation of a metal homo base pair. UV-based titration experiments revealed that the addition of Gd III ions to a duplex containing three consecutive U OH caused the appearance of a new band at 310 nm due to the deprotonation of the 5-OH groups. The results suggested the presence of one metal ion Gd III per homobase pair (Figure5.25).111 

Figure 5 . 25 .

 525 Figure 5.25. UV absorption spectra of a duplex containing three consecutive U OH homo base pairs in presence of increasing concentrations of Gd III metal ions. Figure taken with permission from Wiley Online Library from reference 111 .

  synthesis and characterization of the pyrazole homobase pair (Pz) mediated by Cu II , where the main difference with the Salen system bresides in the lack of the linking ethylendiamine. Carrell et al. have studied the stability of duplexes containing two Salen-Cu II -Salen base pairs and a Pz-Cu II -Pz base pair. The spectroscopic titration performed at 360 nm plotting the absorbance in function of an increasing number of Cu II equivalents proved that at first the coordination of the Pz homo base pair occurs,

Figure 5 . 26 .Figure 5 . 27 A

 526527 Figure 5.26. UV absorbance of the artificial nucleobase P at 315 nm against the equivalents of Hg II added to the solution. Inset: UV-Vis spectrum of P in presence of different amounts of Hg II where the changes are indicated by the arrows. Figure reproduced with permission from Springer from reference 115

Figure 5 . 27 .

 527 Figure 5.27. (a) X-band CW EPR spectrum of a duplex containing one Hq-Cu II -Hq metal-base pair overlaid with the simulation (gray). (b) X-band CW EPR spectrum of a

  Specifically and more importantly, we investigated the possibility of attaching a ferrocene moiety on a previously-identified aptamer to obtain an electrochemical pointof-care device for PvLDH. As first steps towards this objective, we started from a previously published cubane-modified aptamer and an additional cubane-modified enriched sequence identified via SELEX specifically binding to PvLDH and we decided to substitute the cubane with some of its bioisosteres. Therefore, we synthesized a benzyl-modified deoxyuridine dU B TP, a benzyl-cubane modified deoxyuridine dU BC TP, a sulphur-cubane modified deoxyuridine dU SC TP and a ferrocene-modified deoxyuridine dU F TP. The synthetic strategy was based on doing a CuAAC between EdUTP and respectively the corresponding azide-containing synthons. Afterwards, we assessed their acceptance as substrates by polymerases both in PEX reactions and in PCR to complete their biochemical characterization. The following step was the enzymatic insertion of each new modified nucleotide on the two selected enriched sequences for PvLDH in the place of the original cubane nucleotide. This step was performed by synthesis of the modified dsDNA through PEX reactions and the generation of the corresponding ssDNA with streptavidin magnetic beads. The new modified aptamers are currently being tested for their binding affinities against the malaria biomarkers PvLDH and PfLDH by means of biolayer interferometry performed by our collaborators. In case of successful results, structural studies will follow to better understand the binding mechanism to the target. This work represents a continuation of previous studies on the possibility of obtaining chemically modified aptamers against important malaria biomarkers. Moreover, it sets the first steps towards the possibility of building electrochemical diagnostic tools for malaria disease and it represents a method to restore binding affinity of poorly binding sequences by changing the decorating bioisosteres.
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	O modifications on the nucleobases. After incubation with the target and elution of the NH 2 A B functional group in pharmaceuticals 118 .The modified triphosphate dU C TP was used to
	C5 bound sequences, the amplification is then performed again in presence of EdUTP, generate a modified library that led to the identification of an aptamer specifically
	C7 dATP, deoxycytidine triphosphate (dCTP) and deoxyguanosine triphosphate NH N N binding to the lactate dehydrogenase of Plasmodium vivax (PvLDH), and able to
	O (dGTP) 105 . The same group recently reported how the application of click-SELEX led N O 4-O 9 P 3 O N discriminate this protein from the lactate dehydrogenase of Plasmodium falciparum N O 4-O 9 P 3 O to the identification of a modified aptamer targeting CXCL9, an important biomarker (PfLDH) 42 . This work is described in detail in Chapter 3 because it represents the
	indicating renal rejection after kidney transplantation 108 . Moreover, they also conducted starting point of one of the research projects that this Thesis reports.
	OH a study that showed that click-SELEX is strongly dependent on the nature and the OH number of introduced modifications 109 .
	Another relevant variation of SELEX that combines EdUTP with CuAAC is the
	SELection with Modified Aptamers (SELMA), described by Temme et al. 110 , and
	introduced to have a method that is based on direct evolution to obtain clusters of
	carbohydrates binding to a specific target supported by DNA. In SELMA, the
	sequences of the initial library are characterized by these components in the following
	order: a 3'-primer region, a hairpin structure, a self-complementary sequence to the 3'-
	primer region, a random region and a 5'-primer region. Initially, the sequences are
	enzymatically amplified in presence of dATP, dCTP, dGTP and EdUTP instead of
	dTTP. Afterwards, glycans functionalized with an azide group are clicked on the
	sequences through CuAAC. The glycosylated strand is subsequently displaced by through their very stable interactions with the targets, SOMAmers display low koff
	annealing of a primer inside the hairpin, and the glycans are free to form sequence-rates 113 . Since their introduction, SOMAmers specifically binding to more than 3000
	based clusters to be incubated with the target. Afterwards, as in a classical SELEX proteins were identified and were used to perform protein screens through a platform
	approach the binding sequences are amplified for the following round. In its first called SOMAscans 114 . A relevant example is given by SOMAmers targeting the
	application, SELMA led to the identification of clusters of oligomannose glycans proprotein convertase substilin/kexin type 9, generated by a library characterized by
	binding to the Human Immunodeficiency Virus (HIV) antibody 2G12 111,110 . Later on, the the contemporary presence of modified dUTPs and modified dCTPs 115 . Furthermore,
	same group reported another glycan-modified aptamer for the same target evolved an important hydrophobic alternative to SOMAmers is given by a dUTP modified in C5
	with SELMA and characterized by 2'-fluoro modified RNA backbones 112 . with a phenol that was included in a cell-SELEX selected aptamer and could strongly
	bind to E. Coli DH5a cells 116 . Finally, in 2020 a cubane-modified dUTP (dU C TP) was
	successfully applied in SELEX by Cheung et al. Cubane is an interesting hydrophobic
	modification that can be appended to oligonucleotides to increase their binding affinity.
	Cubane is an isostere of benzene and shows unique properties. If compared with
	benzene, cubane is biologically stable, non-toxic and more water soluble due to the
	disruption of π-stacking. Moreover, cubane forms unusual C-H … O hydrogen bonds
	caused by the strong s-character in the C-H bonds induced by the p-character of the
	C-C bonds 117 . Up to now, cubane has been successfully exploited as an important

representation of SELMA adapted from Temme et al. 110 An important class of modified aptamers is the Slow Off-rate Modified Aptamers (SOMAmers), which are usually characterized by the presence of dUTPs linked via C5-amide bonds to hydrophobic groups to optimize the interaction with hydrophobic pockets on the protein targets 106 . The name of SOMAmers is derived by the fact that

6 7 Scheme 1.3. Ludwig-Eckstein triphosphorylation method.
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	However, the experimental section of this Thesis only applied the Ludwig-Eckstein and
	the Yoshikawa triphosphorylation, therefore the alternative approaches are not
	discussed herein.				
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1. DNA template and primer used to test the possibility to enzymatically incorporate dU V TP in dsDNA. The primer region is colored in green, while the insertion region is reported in yellow.

Table 2 .

 2 

2. DNA templates and primers used in the biochemical characterization of dU V TP via PEX reactions and PCR. The parts where X is present are referred to randomized sections.

  Conversion of dU V -modified dsDNA in natural dsDNATo investigate the possibility of converting dU V -modified dsDNA in natural dsDNA, at first we purified the PCR products reported in Figure2.9 by means of PCR Cleanup NucleoSpin columns. Afterwards, we used them as a template to perform PCR in presence of P3, P4, dNTPs, Vent (exo -) polymerase and Thermopol buffer.
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3. DNA oligonucleotide sequences used to assess the acceptance of the modified nucleotides by polymerases in PEX reactions and PCR.

Table 3 .5. Oligonucleotide

 3 

sequences representing the cubamer 1506, its reverse complement used as template for PEX 1506-RC, all the different alternatives to 1506

  In conclusion, in this work the successful synthesis and biochemical characterization via PEX reactions and PCR of dU F TP and dU B TP was described. Moreover, Germain Niogret, as part of his PhD thesis, performed successfully the same biochemical experiments for dU BC TP and dU SC TP. Afterwards, dU F TP, dU B TP and dU BC TP were

	3.4 Conclusions and future directions
	incorporated by enzymatic synthesis in the cubamer 1501 and sequence 1506 instead
	of the cubane modification, and the corresponding ssDNA was obtained with
	streptavidin magnetic beads. However, the generation of ssDNA also led to truncates
	dTTP and other side products. A strategy to overcome this problem could be based on dU F TP dU B TP dU C TP dU BC TP
	ds exploring alternative ways to generate ssDNA. For example, Hocek's group recently ss ds ss ds ss ds ss ds ss Base pairs reported a method that uses reverse transcriptases, accepting DNA nucleotides, to
	perform PEX on an RNA template with a DNA primer containing ribonucleotides.
	50
	25

  as 356 mg of an orange oil (77%). 1 H-NMR (500 MHz, CDCl3): dH =4.11 (s, 5H), 4.08-4.06 (dt, J =4.1 Hz, 4H), 3.68-3.66 (t, J =3.7 Hz, 2H), 2.44-2.41 (t, J =2.4 Hz, 2H), 1.81-1.76 (m, 2H); 13 C-NMR (101 MHz, CDCl3): dC = 88.51, 68.52, 68.06, 67.22, 62.66,

	2.27 (m, 2H); 31 P NMR (202 MHz, D2O): -7.30 (m, 1P), -11.13 --11.22 (d, 1P, J = -
	11.2 Hz), -21.87 --22.07 (t, 1P, J = -22.0 Hz);
	34.02, 25.74; HRMS (m/z): calcd for M = C13H16FeO, [M]=244.12, found 3.5.9 General protocol for PEX reactions
	[M + ]=244.0541. The 5'-FAM-labelled primer (10 pmol) was annealed to the appropriate template (15
	pmol) in MilliQ H2O by heating to 95 °C and gradually cooling to room temperature over
	1 H-NMR (500 MHz, CDCl3): 1 hour. The appropriate DNA polymerase, the relative buffer (1 µL of 10X or 2 µL of 3.5.5 Synthesis of 5
	dH = 7.58-7.55 (d, J =7.6 Hz, 1H), 6.05-6.01 (d, J =6.0 Hz, 1H), 4.48 (t, J =4.5 Hz, 2H), 4 (100 mg, 0.410 mmol, 1 eq.) was dissolved in 10 mL anhydrous Et2O under Argon 5X), and the dNTP(s) were then added to the reaction mixture for a total reaction
	4.40-4.39 (t, J =4.4 Hz, 2H), 4.24-4.20 (q, J =4.2 Hz, 2H), 4.15 (s, 5H), 1.34-1.31 (t, J and cooled down to 0 °C with an ice bath in a double neck flask with reflux equipment. volume of 10 µL. The reaction mixture was incubated for the appropriate time at the
	=1.3 Hz, 3H); 13 C-NMR (101 MHz, CDCl3): dC = 167.22, 145.52, 114.88, 78.69, 70.76, PBr3 (0.06 mL, 0.614 mmol, 1.5 eq.) was added dropwise and the reaction mixture was optimal temperature for the polymerase. The incubation temperatures associated to
	69.62, 68.53, 60.12, 14.30; HRMS (m/z): calcd for M = C15H16FeO2, [M]=284.14, found stirred at room temperature for 5 hours. The reaction was quenched by adding 10 mL each polymerase were respectively: Phusion (60 °C), Hemo Klen Taq (60 °C), Taq (60
	[M + ]=284.0494. °C), Bst (60 °C), Q5 (60 °C), Therminator (60 °C), Vent (exo -) (60 °C), Sulfolobus (55
	°C), Deep Vent (55 °C), Phi29 (37 °C), Kf (exo
	3.5.3 Synthesis of 3
	87.22, 68.61, 68.19, 67.40, 33.94, 33.61, 27.94; HRMS (m/z): calcd for M =
	C13H15BrFe, [M]=307.01, found [M + ]= 305.9697.
	3.5.6 Synthesis of 6
	5 (26.60 mg, 0.09 mmol, 1 eq.) was dissolved in 2 mL anhydrous DMF under Argon
	and NaN3 (16.90 mg, 0.26 mmol, 3 eq.) was added in one portion. The reaction mixture
	was stirred at 50 °C overnight. The solvent was co-evaporated with toluene in vacuo
	3.5.4 Synthesis of 4 and the crude product was purified via column chromatography (silica gel, DCM:MeOH
	3 (540 mg, 1.89 mmol, 1 eq.) was dissolved in anhydrous THF (10 mL) and the reaction 96:4) to yield 6 as 22.85 mg of a dark yellow solid (98%). 1 H-NMR (500 MHz, CDCl3):
	mixture was cooled to 0°C for 15 min under argon atmosphere. LiAlH4 (1.0 M in THF, dH =4.11 (s, 5H), 4.07 (s, 4H), 3.30-3.28 (t, J = 3.3 Hz, 2H), 2.45-2.42 (t, J =2.4 Hz,
	7.55 mL, 7.55 mmol, 4 eq.) was added dropwise and the reaction mixture was left to 2H), 1.82-1.76 (m, 2H); 13 C-NMR (101 MHz, CDCl3): dC = 87.46, 68.54, 68.09, 67.36,
	stir at 0°C for 2 h. The reaction mixture was quenched with sat. aqueous sodium 50.97, 30.17, 26.61; HRMS (m/z): calcd for M = C13H15FeN3, [M]=269.13, found [M + ] =
	potassium tartrate solution (15 mL) and filtered. The organic components were 269.0606.

2 (1.66 g, 5.85 mmol, 1 eq.) was dissolved in EtOAc

(20 mL) 

and Pd(OH)2 (10% wt. on carbon, 0.31 g) was added. The reaction mixture was stirred under H2 atmosphere (balloon pressure) at r.t. for 22 h. The reaction mixture was filtered through a short pad of Celite®. The solution was dried over anhydrous MgSO4, filtered and concentrated in vacuo to yield 3 as 1.76 g of an orange oil (95%). 1 H-NMR (500 MHz, CDCl3): dH = 4.17-4.12 (q, J =4.2 Hz, 2H), 4.11 (s, 5H), 4.08-4.05 (dt, J =4.1 Hz, 4H), 2.68-2.65 (m, 2H), 2.55-2.52 (m, 2H), 1.28-1.25 (t, J =1.3 Hz, 3H); 13 C-NMR (101 MHz, CDCl3): dC = 173.14, 87.51, 68.51, 67.92, 67.33, 60.36, 35.72, 24.87, 14.25; HRMS (m/z): calcd for M = C15H18FeO2, [M]=286.15, found [M + ]=286.0635.

extracted with Et2O (4 x 10 mL). The organic fractions were combined and dried over anhydrous MgSO4 and filtered. The solvent was removed in vacuo and the crude product was purified via column chromatography (silica gel, DCM:MeOH 96:4) to yield 4 H2O dropwise at 0 °C, the aqueous phase was removed, and the organic phase was washed with H2O. The organic phase was dried over MgSO4 and filtered. The solvent was removed in vacuo and the crude product was purified via column chromatography (silica gel, DCM:MeOH 96:4) to yield 5 as 26.6 mg of a yellow oil (21%). 1 H-NMR (500 MHz, CDCl3): dH =4.12 (s, 5H), 4.09-4.07 (dt, J =4.1 Hz, 4H), 3.43-3.41 (t, J =3.4 Hz, 2H), 2.52-2.49 (t, J =2.5 Hz, 2H), 2.08-2.02 (m, 2H); 13 C-NMR (101 MHz, CDCl3): dC = -) (37 °C). The reaction was stopped by adding 10 µL of the quenching solution (formamide (70%), ethylenediaminetetraacetic acid (EDTA, 50 mM), bromophenol (0.1 %), xylene cyanol (0.1 %)). The reaction mixtures were subjected to gel electrophoresis in denaturing polyacrylamide gel (20 %) containing trisborate-EDTA (TBE) 1× buffer (pH 8) and urea (7 M).

Table 4 . 1 .

 41 Sequences and masses of the oligonucleotides synthesised Sequence

	Predicted Exact Mass	MS Found

  28 Therefore, there is very limited number of reported crystal structures, most of which are highlighted in the different figures of this Review article. In 2009, Schlegel et al. have extensively worked on the hydroxypyridone homo-base pair which is mediated by Cu II . The crystal structures of GNA duplexes containing both one and two consecutive Cu II -mediated hydroxypyridone metal-base pairs have been reported. 76, 95 In 2011, Kaul et al. have worked with the fully orthogonal and replicable Salen metal base pair Salen-Cu II and have obtained its crystal structure inside a polymerase. With this crystal structure, they showed the possibility of having reversible chemistry inside the polymerase leading to the insertion of the Salen artificial base pair in DNA duplexes via natural polymerases. 31 In 2014, Kondo et al. have reported the first crystal structure of a B-DNA duplex characterized by two consecutive T-Hg II -T base pairs, which was shown as a relevant bionanomaterial to be used in ion sensing and the construction of nanodevices. 45 Moreover, in 2015 Kondo et al. have reported the crystal structure of an RNA duplex containing the metal-base pair C-Ag I -C, which is characterized by a linear coordination environment where the metal is connected to the N3 atom of both the pyrimidine nucleotides. 48, 96 Finally, as already mentioned in the applications section of the introduction, in 2017, Kondo et al. have synthesized a DNA nanowire completely composed of artificial base pairs mediated by Ag I and resolved its crystal structure. 12

Polymerase
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nucleotides, the analytical tools for their characterization, their applications and their competitive advantages. 3.5.7 Synthesis of 8 6 (10.20 mg, 0.04 mmol, 4 eq.) and 7 (4.88 mg, 0.01 mmol, 1 eq.) were respectively dissolved in 500 µL of DMF and H2O in two different Eppendorf tubes and degassed under Argon. In a separated Eppendorf tube, CuI (3 mg, 0.02 mmol, 2 eq.) was suspended in DIPEA (10 µL, 0.06 mmol, 6 eq.), 50 µL H2O and 50 µL ACN and degassed with Argon. The three fractions were merged together, degassed with Argon and left to shake at 1000 rpm, at r.t. for 3 hours. The reaction mixture was added to 12 mL NaClO4 2% in acetone to precipitate the crude product, centrifuged at 4000 rpm for 15 minutes, and the surnatant was discarded. The crude was redissolved in 3 mL H2O and purified by reverse phase HPLC (100% B in 25 minutes; Buffer A, 20 3.5.8 Synthesis of 10 9 (14.90 mg, 0.08 mmol, 3 eq.) and 7 (6.60 mg, 0.03 mmol, 1 eq.) were respectively dissolved in 100 µL of ACN and H2O in two different Eppendorf tubes and degassed under Argon. In a separated Eppendorf tube, CuI (3 mg, 0.02 mmol, 0.7 eq.) was suspended in DIPEA (10 µL, 0.06 mmol, 2 eq.), 50 µL H2O and 50 µL ACN and degassed with Argon. The three fractions were merged and 100 µL DMSO were added. The reaction mixture was degassed with Argon and left to shake at 1000 rpm, at r.t. for 3 hours. The reaction mixture was added to 12 mL NaClO4 2% in acetone to precipitate the crude product, centrifuged at 4000 rpm for 15 minutes, and the surnatant was discarded. The crude was redissolved in 3 mL H2O and purified by anion exchange analytical HPLC (100% B in 25 minutes; Buffer A, 20 mM TEAA in H2O; Buffer B, 30% 20 mM TEAA in H2O / 70% ACN) with a DNA Pac PA 100 oligonucleotide column to yield 13.9 mg of triphosphate (68%). Prior each HPLC injection, 50 µL EDTA 0.5 M in H2O (pH=8). The pure product was passed through a Dowex column charged with Na + for a cation exchange and elimination of the solvent peaks. The PCR amplification of a system containing a terminal T mismatch was studied in parallel with Taq polymerase. 13 The presence of Hg II cations was required to obtain amplified products. No amplification could be observed in the presence of other metal species. 13 

C-Ag I -C base pair

Following the discovery of the T-Hg II -T base pair, Ono and co-workers studied the effect of metal ions on duplexes containing a C-C mismatch. 47 Among the 14 metal cations that were tested, only Ag I cations had an effect on the thermal transition profile. Indeed, upon the addition of one equivalent of Ag I , the melting temperature increased Based on these favourable properties, Park et al. used this base pair for the construction of a molecular logic-gate system based on PCR amplification. They designed forward/reverse primers containing a terminal C mismatch at their 3'-end. In the absence of silver cations, the presence of the mismatches prevents the elongation and therefore does not lead to DNA amplification (Scheme 5.2 A). However, upon the addition of silver ions the C-Ag I -C base pair is formed (Scheme 5.2 B) and PCR amplicons could be obtained using the Taq polymerase. 13 Other metal cations were tested under these conditions but the results showed that only Ag I led to the generation of the expected PCR products. No PCR amplification of the mismatch pair could be observed in the absence of silver cations. However, a few years later, PEX studies performed on this system revealed that a C-Ag I -C base pair could not be formed. 49,50 Scheme 5.2. PCR amplification using a C-C mismatch A) in the absence of Ag I cations and B) in the presence of Ag I cations.

C-Ag I -A base pair

In 2012, Urata and co-workers reported the unexpected enzymatic construction of a C-Ag I -A base pair (Figure 5.7). 49 PEX reactions were carried out using the Kf (exo -) polymerase in the presence and absence of Ag I ions with a template containing a C nucleotide located immediately after the 3'-end of the complementary primer. In the absence of Ag I , no incorporation could be observed with dATP, dCTP or dTTP. However, in the presence of silver cations, Kf (exo -) misincorporated a dAMP opposite a templating C nucleotide. Even if the formation of the C-Ag I -A base pair was not containing a natural A-T pair. 69 An EPR analysis of the H-Cu II -H base pair confirmed the square planar coordination of Cu II . The acceptance of an H triphosphate (dHTP) 21 by polymerases was first assessed with the TdT polymerase, which is known to incorporate a large number of natural or modified nucleotides at the 3'-end of single-stranded oligonucleotides in an untemplated manner. 70 In presence of 10 mM of Mg II ions, a known cofactor of the TdT polymerase, 71 an average of 5 H nucleotides was appended at the 3'-end of a 20-mer oligonucleotide. The subsequent addition of Cu II ions led to the formation of interstrand H-Cu II -H base pairs, which was confirmed by UV measurements. 21 Interestingly, a reduction of the concentration Mg II ions led to an increased incorporation of the modified triphosphate. 72 This could be explained by the complexation of Mg II by the H nucleotides at higher magnesium concentrations, leading to the formation of an unfavorable secondary structure that prevents further incorporation of H nucleotides by the TdT polymerase. 72 So far, the possibility of incorporating H nucleotides with dHTP opposite templating H units in the presence of Cu II has not been reported. On the other hand,the enzymatic incorporation of H nucleotides was investigated by PEX reactions with the Kf (exo -) polymerase opposite templating natural nucleotides. 73,74 The H nucleotide was quantitatively incorporated opposite templating A or T nucleotides, whereas only a small fraction of n+1 products was detected when the templating nucleotides were C or G. When templates contained two consecutive A or T nucleotides, only one H incorporation event could be achieved. Since the Kf (exo -) polymerase was not able to by-pass the modified H-A or H-T mispair, a twopolymerase strategy was developed. After incorporation of an H nucleotide into DNA by the Kf (exo -), Dpo4 polymerase was directly added with canonical nucleotides, resulting in the expected full-length products. This work enables the enzymatic construction of H-containing oligonucleotides in a controlled manned and was used to develop metal-responsive deoxyribozymes (or DNAzymes) which are controlled by the formation of the H-Cu II -H base pair. 73 Similarly, a DNAzyme system exhibiting an AND logic gate response to both Cu II and Ag I cations was also developed using the H-Cu II -H artificial base pair. 24 More recently, a similar strategy was pursued but with the translesion DNA polymerase Dpo4 which incorporates up to three H nucleotides opposite templating dT nucleotides in near quantitative yields. This feature was used to engineer allosteric DNAzymes that display a strong response and dependence to Cu II . 74 A structural investigation of the artificial metal base pair was performed in 2008.

Meggers and co-workers reported the crystal structure of an (S)-GNA duplex containing two H ligands (Figure 5.13). Glycerol nucleic acid (GNA) is a nucleic acid analog in which the entire sugar-phosphate backbone of DNA has been similarly substituted by an acyclic scaffold based on propylene glycol. 75 The self-complementary strands form a duplex in the presence of two equivalents of copper cations. The hydroxypyridone ligands were found to coordinate copper cations in a square planar geometry without causing distortions to the C1-C1 distance, compared to natural Watson Crick base pairs. 76 

Metal base pairs using nucleotides containing imidazole units

The imidazole moiety (Im) has been one of the most studied artificial homobase pair since it was shown to form very stable metal base pairs in the presence of Ag I (Figure 5.14). 77 Melting temperature studies with complementary 26-mer oligonucleotides including one or two neighbouring Im modifications revealed that the presence of these Im-Im mispairs destabilized the DNA duplex (by -7.2°C and -12.2°C, respectively).

Upon addition of Ag I , an increase of the melting temperatures can be observed for systems with one and two Im base pair modifications (ΔTm = +6.0°C and +11.0°C respectively). 77 Hence, the thermal stability of Im-Ag I -Im is comparable to that of a canonical A:T base pair. An NMR structure study of a DNA duplex containing a series mispair could not be by-passed by polymerases and multiple incorporations were difficult to achieve. 33 These results clearly demonstrated that thermal stabilization and low structural perturbations were not the only important parameters required for the enzymatic synthesis of metal base pairs as had been observed for natural nucleotides.

Hence, this work led to the construction of a second imidazole nucleotide which possesses a carboxylic group on the imidazole ring, which sustains the formation of [2+1] and [2+2] coordination environments (Figure 5.16). 78,79 Enzymatic study of the incorporation of an dIm C triphosphate with a dIm C containing template revealed a modest formation of a metal base pair in the presence of Mn II , Fe II , Co II or Cd II , with the Taq polymerase. No multiple incorporations could be achieved and the metal base pair could not be by-passed by polymerases. However, when the dIm C -dIm system was used, a metal base pair in an unusual [2+1] coordination environment was formed in the strict presence of Ag I cations. The base pair could be achieved with Kf (exo -) polymerase with the dIm triphosphate and a dIm C containing template and with the Taq polymerase for the reverse system. The incorporation of dIm C seemed to be specific of the modification (dIm C or dIm) as no n+1 products could be observed with unmodified oligonucleotide templates. 78 The imidazole-4-carboxylate dIm C has also been studied in thermal denaturation studies, which confirmed the formation of a stable dIm C -Ag I -dIm C base pair (ΔTm = +17.4°C). 79 However, this study also revealed the formation of an even more stable dIm C -Cu II -dIm C base pair (ΔTm = +19.9°C) which was not reflected in PEX reactions.

The dIm C -Cu II -dIm C base pair has been used for the generation of a Cu II -responsive DNAzyme which showed no activity in the absence of copper(II) cations but expressed an activity in the presence of 1 equivalent of Cu II . 80 followed by the Salen base pair. Interestingly, when Pz was substituted by the variant Pm where the pyrazole moiety is maintained but the phenolic group is methylated, the spectroscopic titration showed the complexation only of the Salen homo base pairs. Therefore, these UV spectroscopic studies highlighted the fundamental role played by the deprotonation of the phenolic group of Pz in the formation of the metal base pair. 112 A further confirmation of the formation of the metal base pairs can be given by CD spectroscopy. Indeed, CD spectroscopy can be used to determine the thermal and structural duplex stabilities in the presence and absence of metal ions, indicating the formation of metal base pairs. 113 CD spectroscopy can also provide structural information which is important to assess whether a metal base pair leads to structural deviations from the natural A, B, or Z-DNA structures.

A relevant example of the combined application of UV spectroscopic titration and CD whose interaction is mediated by Ag I using temperature dependent UV spectroscopy and CD spectroscopy. In particular, UV spectroscopy allowed to study the stability of the unnatural base pairs while CD was applied to investigate the differences in the structures of the duplexes under different pH conditions. 115 

Conclusions

The development of metal-mediated base pairs has seen a tremendous expansion over the last decades. The majority of these studies is based on the chemical incorporation of natural or modified nucleotides by solid-phase synthesis at a specific site of DNA and to a certain extend RNA oligonucleotides. However, chemical synthesis is restricted to small oligonucleotides (i.e., < 100 nucleotides) and the harsh conditions used in automated solid-phase synthesis are not always suitable with all modified nucleotides. The formation of metal base pairs by polymerases can alleviate some of these shortcomings and constitutes an important prerequisite for their use in various applications such as selection of functional nucleic acids or formation large metal wires. This synthetic strategy is indeed not restricted in terms of oligonucleotide size and uses mild conditions compatible with the use of most modified nucleotides.

The enzymatic construction of natural artificial base pairs by the addition of Hg II or Ag I cations has been used for the preparation of metal nanowires or as tools for the detection of mercury or silver species. These advances in the field have led to the development of more diversified systems with unnatural ligands able to coordinate other metal species, which were successfully used as metal nanowires, DNA-based logic gates, ion sensors and charge transfer devices. The characterization of such base pairs can be performed by X-ray crystallization, NMR spectroscopy, mass spectrometry, UV and CD spectroscopy. However, comparison of thermal denaturation studies and enzymatic experiments indicates that duplex stabilization and enzymatic construction of metal base pairs might not be driven by the same rules. The trends observed in enzymatic reactions differ from those obtained with oligonucleotides synthesized through solid-phase synthesis. More thorough studies will be required in order to better understand the parameters that govern the formation of metal base pairs under both conditions. Enzymatic synthesis of natural or unnatural metal base pairs, once successful, will play an important contribution to the construction of nanodevices, biomaterials, and functional nucleic acids with enhanced properties. DNA by polymerases. For example, it is possible to envision experiments with different kinds of voltammetry: square-wave, cyclic and differential pulse ones.