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1 Introduction 60 years past, since R. Franklin, M. Wilkins, J. Watson and F. Crick discovered the structure of DNA. Their publications in 1953 had a major impact in the field of biology and offered great opportunities.[1-5] Particularly in the field of molecular biology, development began with an astonishing pace, culminating in the sequencing of the human genome in 2001.[6, 7] As 99.9% of the human genome is shared within all individuals, it is often not necessary to sequence the complete human genome to acquire important information.[6] The detection of particular sequence differences between individuals is often sufficient. Most abundant genetic variations are single nucleotide polymorphisms (SNPs), in many cases they are responsible for a predisposition to certain diseases and different drug efficiencies in individuals.[8-10] Especially variations within the coding region of an enzyme are known to influence the phenotype. These variations can change the amino acid sequence of the expressed protein leading to modified structures, activities and functions of the respective proteins. For instance a single nucleotide variation within the sequence coding for the haemoglobin protein leads to an amino acid change in the hemoglobin protein giving the red blood cells a sickle shape form under low-oxygen conditions (sickle-cell disease).[11] Nowadays, it is even possible to determine someone’s ancestry by the help of the SNP pattern.[12, 13] Consequently, the knowledge of single nucleotide polymorphisms opens the way for personalized medicine and anticipatory disease treatment.  Several techniques have been invented so far to detect SNPs. All known techniques have in common that they need expensive lab equipment and highly trained stuff. Although, the sequencing prices decreased dramatically during the last years, making the detection of SNPs not only possible but also affordable, but an easy point-of-care for the detection of SNPs is still missing.  
1.1 DNA DNA is the information storage system of nearly all living organisms (except of RNA viruses). The biopolymer consists of four different 2’-deoxyribonucleotide units: 2’-deoxyguanosine monophosphate (dGMP), 2’-deoxyadenosine monophosphate (dAMP), 



 

2 Introduction 
 2’-deoxythymidine monophosphate (dTMP) and 2’-deoxycytidine monophosphate (dCMP) (Figure 1). A nucleotide is composted of a nitrogenous base connected to a 5’-phosphate-2’-deoxyribose and is linked to the next nucleotide via a phosphodiester linkage. Furthermore, the nucleobases can be classified into pyrimidine derivatives (thymine and cytosine) and purine derivatives (adenine and guanine) (Figure 1B). The lack of the 2’-hydroxylgroup of the ribose-moiety makes DNA more resistant to hydrolysis compared to RNA, making it to the superior molecule for long-term storage of the genetic information.  According to the Watson-Crick rules, the nitrogenous base adenine forms a base pair with thymine and guanine pairs with cytosine (Figure 1C). So, Watson-Crick base pairing is specific, predictable and enables the self-assembly of oligodeoxynucleotides. By canonical Watson-Crick base pairing two antiparallel strands form a characteristic geometrically well-defined double helical structure with major and minor groove (Figure 1D). The double helical structure is stabilized by the Watson-Crick hydrogen bonding between the nucleobases of the two strands, π-stacking- and hydrophobic-interactions of the aromatic nucleobases.[14] Whereas double stranded DNA forms a helical structure, single-stranded DNA can form different secondary structures (e.g. G-quadruplexes, see chapter 1.1.1).   

 
Figure 1 A) Structure of the basic nucleotide building block. B) Structures of the four natural DNA nucleobases: guanine (G), adenine (A), thymine (T) and cytosine (C). C) Watson-Crick base pairing of A with T and G with C. Hydrogen bonds are illustrated in light-blue. D) Double-helical structure of DNA (B-type structure) (PDB-code 1BNA).1 
The complete human genome comprises 3.2 billion base pairs. The sequence of these nucleotides encodes the information for around 23 thousand genes. Every gene codes for a protein that is expressed via transcription and translation. During translation, sequences of three nucleotides in a row (triplet codons) specify the amino acid sequence of the                                                              1 All images of pdb-files were prepared using PYMOL (DeLano Scientific). 
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respective protein.[15] Every protein has a special function within the living cell and mutations within the DNA sequence can lead to inoperative or dysfunctional proteins. This can lead to serious diseases (see also chapter 1.1.2). On the other hand, this inaccuracy also facilitates evolution.  Before cell-division, the cell must copy its genetic information. The process of DNA duplication is termed replication and is catalyzed by DNA-dependent DNA polymerases. It is also possible to perform DNA replication in vitro by incubation of a primer/template complex with a DNA polymerase and nucleotides. Since the development of the polymerase chain reaction (PCR) by K. Mullis, it is also possible to exponentially amplify a DNA fragment in vitro.[16]  DNA is also an interesting tool for biotechnological applications, because of its outstanding properties like self-assembly and the formation of a defined helical structure according to the hybridization specificity. These properties have already been used to create several geometrical structures with DNA, like cubes[17]. In addition, the simple exponential amplification of DNA in vitro by PCR enhances the applicability of DNA for biotechnical applications.  
1.1.1 G-quadruplexes Single-stranded G-rich DNA strands are capable to form G-quadruplex structures.[18] Thereby four guanine bases form a planar structure called G-tetrad (Figure 2). The guanine bases within one G-tetrad associate through Hoogsteen hydrogen bonding[19]. In contrast to Watson-Crick base pairing, O6 and N7 of the guanine base are proton acceptors whereas N1 and the C2 amino group are proton donors. The G-tetrads can stack on each other by π-π stacking and form a G-quadruplex structure (Figure 2).   

 
Figure 2 Structure of a G-quadruplex. Left: Illustration of a G-tetrad, which is build by four guanine bases. The guanine bases interact through Hoogsteen hydrogen bonding (shown in light-blue). Right: G-tetrads can stack on each other by π-π stacking and form a G-quadruplex structure. 
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 The G-quadruplex structure is further stabilized by a cation.[20, 21] The exact position of this cation can vary dependent on the structure and the cation. Especially potassium ions, which allow the best stabilization of the G-quadruplex structure, are located between two G-tetrads, interacting with the eight oxygen ions of the two G-tetrads (Figure 3).   

 
Figure 3 Crystal structure of a G-quadruplex (PDB-code 1KF1) with potassium ions. Potassium ions are shown in green, carbon in blue, oxygen in red, nitrogen in dark-blue. A) Top view of a G-tetrad with potassium ions. B) Side view of the human telomeric G-quadruplex with potassium ions. The potassium ions are located between the G-tetrads. Loop molecules are not depicted. C) Top view of the human telomeric G-quadruplex.  
G-quadruplexes can be formed by DNA, RNA, PNA and LNA sequences.[22, 23] The best studied G-quadruplex sequence d(GGTTAG)x is the human telomeric repeat sequence. G-quadruplexes are also known to catalyze enantioselective Friedel-Crafts reactions and Diels-Alder reactions with modest enantioselectivities.[24-26]. Additionally, one of the most popular DNAzyme is based on a G-quadruplex – the hemin/G-quadruplex DNAzyme (see also chapter 1.1.1.1). 1.1.1.1 The hemin/G-quadruplex DNAzyme DNA G-quadruplexe sequences are also known to have peroxidase-mimicking catalytic activity and are classified as DNAzymes. DNAzymes are catalytic active oligodeoxynucleotides discovered in 1994 by R. Breaker and G. Joyce.[27] They found that a short oligodeoxynucleotide sequence catalyses the lead ion dependent cleavage of a RNA substrate. In contrast to Ribozymes[28, 29] (RNAzymes, catalytic active RNA), which occur in nature, DNAzymes have not been found in nature so far.[30] Typically, they are discovered by in vitro selection (e.g. by the help of a systematic enrichment of ligands by exponential amplification (SELEX) process)[27, 31, 32]. Compared to Ribozymes, DNAzymes are less expensive to produce and more stable against hydrolysis, making them an expedient tool for biotechnical applications.[33] DNA bears also the advantage of a direct amplification by PCR without the need of a reverse transcription step as it is necessary for RNA. By now several DNAzymes that catalyze a huge variety of reactions are known.[27, 31, 34-37]  
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One popular DNAzyme is the hemin/G-quadruplex DNAzyme (Figure 4). This DNAzyme consists of hemin and a guanine-rich single-stranded DNA, which forms a G-quadruplex structure.[38-46] This complex can effectively catalyze the H2O2-mediated oxidation of ABTS2- to generate the colored radical product ABTS•-. The formation of the ABTS•- radical can be detected either by absorbance measurement or by naked eye.   

 
Figure 4 Schematic depiction of the hemin/G-quadruplex DNAzyme system. The complexation of hemin (purple) with a guanine-rich DNA strand (blue) yields a G-quadruplex structure that exhibits peroxidase activity. This complex can effectively catalyze the H2O2-mediated oxidation of ABTS2- to generate the colored radical product ABTS•-. The formation of the ABTS•- radical can be detected either by naked eye or by absorbance measurement. 
The possibility of naked eye detection makes this DNAzyme to a versatile tool in biotechnical applications. And indeed over the past years, the peroxidase-mimicking hemin/G-quadruplex DNAzyme has been used as chameleonic label for various colorimetric or chemiluminescent assays.[38-44] For instance, I. Willner and coworker developed an analytical platform for monitoring telomerase activity in cells.[39] In 2010, I. Willner and coworker found that the hemin/G-quadruplex DNAzyme also acts as NADH oxidase and NADH peroxidase mimicking enzyme.[33, 47] Recently, H. Abe et al. synthesized a variation of this DNAzyme which is soluble in water and in most organic solvents by coupling a polyethylene glycol unit to the 5’-end of a G-quadruplex forming oligonucleotide.[48] The hemin/G-quadruplex structure is also able to promote a chemiluminescence resonance energy-transfer process or quenching of luminescence of quantum dots[49-52] and the structure bioelectrocatalyses the electrocatalysed reduction of H2O2[53, 54].  
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1.1.2 Single-nucleotide polymorphisms (SNP) The human genome comprises 3.2 billion DNA base pairs, whereas the nucleotide sequences of individuals vary by less than 0.1%.[6] The most frequent genome variations are single-nucleotide polymorphisms (SNPs).[55] SNPs are single nucleotide changes at a specific position in the genome.[56] Together with copy number variations, SNPs are mostly responsible for the uniqueness of every human being.[57, 58] SNPs can occur all over the genome; within coding regions of genes, non-coding areas or between these regions. Dependent on the position of the variation in the genome, it can lead to modified structures, activities and functions of proteins. It is known that DNA variations contribute to diseases (such as cancer, sickle cell anaemia[11] or Alzheimer’s disease [59-61]) and predisposition to side effect of drugs are linked to SNPs.[8, 9] It is already possible to adapt a drug therapy to the genetic basis of a patient to avoid side effects. Before an intake of some drugs a genetic test is recommended or even compulsory. One example is the drug Abacavir (Ziagen®, GlaxoSmithKline), a nucleoside analog reverse transcriptase inhibitor to treat HIV and AIDS patients. One of the main side effects of Abacavir is severe hypersensitivity including e.g. fever, fatigue, gastrointestinal symptoms and respiratory symptoms.[62] The hypersensitivity is strongly connected to the presence of the HLA-B*57:01 allel for which testing is compulsory before an intake of this antiretroviral drug.[63-68] The side effect is probably explained by the binding of Abacavir to the peptide-binding groove of HLA-B*57:01, altering the spectrum of peptides that bind to this allel.[69, 70]  Several methods for SNP detection are known. All known techniques have in common that they need expensive lab equipment and highly trained stuff. They are based on dye-labeled nucleotide incorporation or sequence-specific hybridization, for example. Although, the sequencing prices decreased dramatically during the last years; so sequencing becomes more and more affordable for SNP detection.  
1.2 DNA polymerases DNA polymerases are the key enzymes in DNA synthesis. These enzymes do not only play a central role in DNA replication by catalyzing the elongation of the primer strand by nucleotides in a template dependent manner, they also play a significant role in DNA damage repair and recombination.[71] The intrinsic selectivity of DNA polymerases is of central importance for the accuracy of DNA replication.[72] The accuracy of DNA polymerases results not only from correct hydrogen bond formation, other effects turned out to be much more relevant. Insight into the selection of the right nucleotide was provided by E. Kool and coworkers.[73-76] They synthesized an artificial base pair, which is not able to form Watson-Crick hydrogen bonds, and explored the incorporation properties. It turned out that geometric complementarity in the active site of the DNA 
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polymerase of the nascent nucleobase pair is fundamental. Nascent nucleotide base pairs that fit well in the active centre are well accepted whereas incorrect 2’-desoxynucleoside triphosphates are processed with lower efficiency.[73] Known features that contribute to the selectivity are the geometry of the active centre, the steric demand of the incoming nucleoside triphosphate, π-π interaction, solvent effects and interaction of the polymerase and the minor groove of B-DNA.[74, 75, 77-79] The structure of most DNA polymerases can be compared to a right hand. It comprises the domains: fingers, thumb and palm (Figure 5). In the palm domain the active center is located; this domain comprises amino-acid residues that allow the coordination of the bivalent ions.[80, 81] The fingers domain binds the template strand across from the primer.[81] The thumb domain interacts with the minor groove of the DNA synthesis product.[81] By evolution every DNA polymerase has been tailored to its specific function in the cell. Consequently there are replicative polymerases (e.g. DNA polymerases δ and ε) with a high selectivity and fidelity and polymerases (e.g. DNA polymerase β) involved in DNA repair of damaged or mismatched bases with low fidelity on undamaged templates.  

 
Figure 5 Crystal structures of KlenTaq DNA polymerase in the open (left, PDB-code 4KTQ) and closed (right, PDB-code 3KTQ) conformations. The O-helix undergoes a rotation from the open to the closed conformation. The structures of the enzyme are comparable to a right hand consisting of the finger domain (orange), the palm domain (blue) and the thumb domain (green). The surface of the DNA polymerase is shown semitransparent (grey). The primer and the template are shown in magenta and light-magenta. The incoming nucleotide is shown in black. 
On the basis of structural similarities and sequence homology DNA polymerases are classified into seven different DNA polymerase families (A, B, C, D, X, Y, RT).[82-85] For example, DNA polymerases belonging to family A are mostly homolog to E. coli DNA polymerase I.[71] Prominent members of the A family are Taq DNA polymerase, Klenow 
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fragment (KF) DNA polymerase (see chapter 1.2.3) and T7 DNA polymerase. Vent and Pfu DNA polymerase are members of the B family and are mostly homolog to E. coli DNA polymerase II.[71] Members of family Y (e.g. DNA polymerase IV (DPO4)) are known as translesion synthesis DNA polymerases.[71] They have a low fidelity when replicating undamaged templates but they are able to bypass DNA lesions.[71]  Thermostable DNA polymerases spearheaded by Taq DNA polymerase revolutionized the biotechnology field by easing the practicability of PCR. Nowadays, DNA polymerases became an indispensable tool in biotechnological applications, due to their widespread applicability in PCR and DNA sequencing technologies. In chapter 1.2.1.1 the synthesis cycle of DNA polymerases is exemplified by KlenTaq DNA polymerase. 
1.2.1 KlenTaq DNA polymerase The A-family member KlenTaq DNA polymerase is a truncated version of the thermostable 
Taq DNA polymerase. Taq DNA polymerase was isolated from the thermophilic bacterium 
Thermus acquaticus, which was first discovered in a geyser of the Yellowstone National Park by T. Brock.[86] Due to the thermal stability of Taq DNA polymerase (activity half-life of approximately 45-50 min at 95°C and 9 min at 97.5°C)[87], its processive speed and fidelity, it is commonly used in PCR.[16]  Apart from the lack of a 3’-5’ exonuclease proofreading activity, the sequence of Taq DNA polymerase is very homologue to E. coli DNA polymerase I. In analogy to the Klenow fragment of the E. coli DNA polymerase I, Taq DNA polymerase without the 5’-3’ exonuclease function is called KlenTaq DNA polymerase or large fragment of Taq DNA polymerase I.[88] Thus, KlenTaq DNA polymerase conveys only DNA synthesis activity. The certainty that KlenTaq DNA polymerase lacks both exonuclease activities makes it a prominent DNA polymerase for the incorporation of modified nucleotides. For instance, Wang et al. showed that KlenTaq DNA polymerase is able to incorporate diamondoid-modified nucleotides.[89] Since thermostable DNA polymerases are used in many diagnostic and biotechnological applications, there is great interest in variants with customized properties. Hence, several variants of KlenTaq DNA polymerase have been evolved including mutants with substantial reverse-transcriptase activity[90] or with an ability to amplify from highly UV-damaged DNA[91]. 
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1.2.1.1 Structure and function of KlenTaq DNA polymerase In 1998 G. Waksman and coworkers succeeded in crystallizing and solving the open and the closed ternary complexes of KlenTaq DNA polymerase.[92] The three-dimensional structures show a typical structure of a DNA polymerase comparable to a right hand. Thus, it comprises the basic domains: fingers, thumb and palm (Figure 5). In accordance to the general reaction mechanism of DNA polymerases, KlenTaq DNA polymerase adopts an open conformation (binary status, semi-closed hand) binding the primer/template complex (Figure 6). Upon correct nucleotide binding, especially the finger domain undergoes a vast conformational change, switching from the open to the catalytically active closed conformation (ternary status closed, closed hand) (Figure 6B). During this conformational change the active site is formed and the nucleotide is bound tightly. The 5’ 
α-phosphate group of the nucleoside triphosphate is now in an ideal position to be nucleophilic attacked by the 3’ hydroxyl group of the primer. After the nucleotide is covalently bound to the primer and the pyrophosphate is released the open conformation is adapted to allow translocation for further nucleotide binding or dissociation from the DNA.  

 
Figure 6 DNA polymerase catalytic cycle of nucleotide insertion. A) Simplified depiction of selected steps of the DNA polymerase catalytic cycle. The DNA primer/template complex is bound to the polymerase in the open conformation. The closed polymerase conformation is stabilized upon nucleotide binding. After nucleotide insertion, pyrophosphate (PP) is released triggering the opening of the polymerase and translocation of the DNA strand. The conformational state of the polymerase is shown in green. Figure modified from J. Pata et al.[80] B) Open (left, PDB-code 4KTQ) and closed (right, PDB-code 3KTQ) complex of KlenTaq DNA polymerase. The primer strand is shown in light-blue the template strand in blue, the templating base in white, the incoming nucleotide in black and the magnesium ions magenta. The O-helix is highlighted in green. The black arrow shows the rotation of the O-helix. The surface of the polymerase is shown semitransparent (grey). 
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 During this reaction process two divalent cations (usually magnesium ions) are involved.[93-96] They coordinate with two aspartate side-chains in the thumb-domain, with the phosphate groups of the incoming nucleoside triphosphate and with the 3’-OH group of the primer end (Figure 7). Thereby one metal ion coordinates the 3’-OH group of the primer end and probably decreases the pKa value, making the attack to the α-phosphate feasible. A second divalent metal ion orients the triphosphate residue in the active site.[97]  

 
Figure 7 A) Schematic depiction of the extended two-metal-ion mechanism of nucleotidyl transfer. Depicted are the active center of a polymerase, two divalent ions (magnesium ions, magenta), water molecules (black dots), the primer end (light-blue) and the incoming nucleoside triphosphate (black). One divalent metal ion is coordinated by three oxygen molecules of the triphosphate group of the incoming nucleoside triphosphate, water molecules (supposed) and an aspartate residue located in motif A of the polymerase (green). The second divalent metal ion is coordinated by the 3’-hydroxyl group of the primer end (light-blue), the α-phosphate group of the nucleoside triphosphate and widely conserved aspartate residues located in the structural motifs A and C (green) and water molecules (supposed). An acidic amino acid (A) is proposed to protonate the pyrophosphate leaving group. A basic amino acid (B) is proposed to provoke the deprotonation of the 3’-hydroxyl group. The dark-blue arrow indicates the nucleophilic attack of the 3’-hydroxyl group and the dashed dark-blue lines indicate the transition state. The figure was prepared according to C. Castro et al.[97] B) Interactions of the two Mg2+-ions (purple) in the active centre of 
KlenTaq DNA polymerase (PDB-code 3KTQ). The primer end is depicted in light-blue and the incoming nucleoside triphosphate in black. 
1.2.2 Therminator DNA polymerase 

Therminator DNA polymerase is a variant of the thermostable 9°N DNA polymerase with an enhanced ability to incorporate modified nucleotides.[98] 9°N DNA polymerase was found in the hyperthermophilic maritime archaeon Thermococcus species 9°N-7.[99] The difference between Therminator and 9°N DNA polymerase are three mutations (D141A / E143A / A485L).[100, 101] At position 485 the amino acid alanin is changed to leucin. Both amino acids have an unpolar side chain, but leucin is sterically more demanding. Although the mutation is located within the α-helix and not within the active centre, it affects a change in the substrate specificity. The two additional mutations inactivate the 3’-5’ 
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exonuclease activity of the DNA polymerase, which is useful for the synthesis of modified DNA.  With its enhanced substrate spectrum and its thermostability, Therminator DNA polymerase is often the DNA polymerase of choice for the incorporation of modified nucleotides. For example, J. Szostak and coworkers found that Therminator DNA polymerase is able to catalyze the synthesis of (3’–2’) α-L-threose nucleic acid (TNA) by substituting all four natural nucleotides with tNTPs.[102] Studies of S. Obeid et al. showed that Therminator DNA polymerase is able to adjacent incorporate eleven spinlabeled nucleotides, resulting in one complete DNA helix turn equipped with spin-labels (see also section 1.3.2).[103]  
1.2.3 KF (exo-) DNA polymerase Is the E. coli DNA polymerase I enzymatically cleaved by the protease subtilisin two fragments are generated. The obtained smaller N-terminal fragment consists of the 5’-3’ nuclease activity and the larger C-terminal unit comprise the polymerase activity and the 3’-5’ exonucleoase proofreading function. The larger fragment was first described by H. Klenow and is named Klenow fragment (KF).[104] The Klenow Fragment was originally used in PCR reactions but due to the thermolability of the enzyme, it had to be added after each heat denaturating step at 95°C.[16] So, it was replaced by thermostable DNA polymerases such as Taq DNA polymerase.[16]  For the incorporation of modified nucleotides DNA polymerases lacking the 3’-5’ exonucleoase proofreading function are preferred to prevent removal of the incorporated modified nucleotide.[101] To generate the KF (exo-) DNA polymerase, two mutations (D355A / E357A) were introduced which abolish the 3´-5´ exonuclease activity.[105]  The KF (exo-) DNA polymerase had been successfully used for rolling circle amplification reactions.[106, 107] Thereby a primer DNA strand is extended by multiple copies of the same sequence using a circular template (Figure 8).[108, 109] In contrast to PCR a heat denaturation step is not needed and the reaction can be done under isothermal conditions.  
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Figure 8 Rolling circle amplification. A primer DNA strand is hybridized to the circular template (dark-blue). The DNA polymerase starts with the template-directed elongation of the primer strand. After one round of elongation the primer strand is displaced and the extension of the RCA product (light-blue) continuous. The RCA product consists of multiple copies of the same sequence. 
1.3 Synthesis of modified DNA Natural DNA consists of four building blocks; the nucleotides dGMP, dAMP, dCMP and dTMP connected via phosphodiester linkage. To change the properties of natural DNA, nucleotides with miscellaneous properties are needed for biotechnological applications like sequencing[110-113]. To create modified DNA basically three different approaches are feasible: the automated DNA synthesis by DNA synthesizers, the enzymatic incorporation by DNA polymerases or post-synthetic labeling.[114] 
Automated DNA synthesis by DNA synthesizers The automated DNA synthesis on solid support offers a great opportunity to synthesize short DNA strands (up to approximately 100-nt) in moderate time and yield. The modified building blocks can be incorporated into the DNA strand within the synthesis cycle, providing that the modified building block is available as 3’-phosphoramidite derivative (Figure 9A) and is compatible with the chemicals used during the synthesis cycles. Does the modification fulfill these requirements the type and the position of the modification can be feely selected.[115] Not only nucleoside analogs can be incorporated using the automated solid support synthesis, also activating groups (e.g. C10-carboxy-modifier) or alkyl spacer (e.g. C-18-spacer) can be incorporated. Though, the length of the modified oligonucleotide is restricted due to the fact that the coupling efficiencies of modified phosphoramidite derivates is diminished compared to unmodified building blocks. This has also an effect on the feasible modification density, which is often quite low.  
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Enzymatic DNA synthesis by DNA polymerases The enzymatic incorporation by DNA polymerases allows the synthesis even of long modified DNA strands for example by using polymerase chain reactions or primer extension reactions (Figure 9B). The modified nucleotide is thereby applied as 5’-triphosphate derivative (Figure 9C). Examples for modified nucleoside triphosphates are depicted in Figure 10 and Figure 12. Although the incorporation of modified nucleotides by DNA polymerases is widely employed, the acceptance of modified nucleotides by a DNA polymerase is often not predictable, making the choice of a suitable DNA polymerase challenging (see also chapter 1.3.1).[114] The incorporation of non-nucleotide modifications like alkyl spacer or activating groups is not possible.   

 
Figure 9 A) Phosphoramidite building block for the automated DNA synthesis on solid-support. B) Schematic depiction of a primer extension reaction. The DNA polymerase (grey) catalyses the template-directed elongation of the primer DNA strand (dark-blue) by nucleotides (dark-green). C) Nucleoside triphosphate building block for the enzymatic incorporation by DNA polymerases. D) Exemplary depiction of a post-synthetic labeling reaction using click chemistry. 
Postsynthetic-labeling approach An alternative to these two methods is the postsynthetic-labeling approach. Thereby small reactive group (such as an amine or azide groups) are incorporated into a DNA strand either by automated or enzymatic synthesis. Adjacent the desired modification is coupled postsynthetically for example via amide bond formation, Staudinger ligation[116, 117], Click chemistry[118-121] (Huisgen-Meldal-Sharpless reaction) or Diels-Alder reaction[122, 123] (Figure 9D). Several modifiers for the incorporation of reactive groups by automated or 
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 enzymatic synthesis are commercially available (e.g. N6-(6-azido)hexyl-dATP, C10-carboxy-modifier, amino-modifier-C8-dA). The most challenging part is the purification of the desired modified DNA strand from unreacted DNA and reaction additives like copper.  
1.3.1 Enzymatic incorporation of modified nucleotides  The enzymatic incorporation of nucleotides by DNA polymerases allows the synthesis of long modified DNA strands by using PCR or primer extension reaction (Figure 9B). The incorporation of modified nucleotides during PCR is more challenging, as the recently synthesized modified DNA strand serves as template for the next extension step. Is the modified nucleotide analog used instead of the natural nucleotide counterpart a high modification density is achieved, but this can also impinge the reaction progress.  For the acceptance of a modified nucleotide, the position of the modification and the steric demand of the modification play a decisive role. It is important that the Watson-Crick base pairing is not affected by the modification. Modifications can either be introduced at the deoxyribose- or the nucleobase-moiety. Using enzymatic incorporation by DNA polymerases, the 2’ position of the deoxyribose-moiety is not a suitable position due to the discrimination of dNTPs and NTPs by DNA polymerases. Modifying the 1’, 3’ or 5’ position of the deoxyribose moiety is possible but often connected with a protracted synthesis. Furthermore, these positions are close to the polymerization site and point towards the minor groove of B-DNA resulting in a negative effect on the incorporation efficiencies.[114] Modifications at the nucleobase are favored providing that the modifications do not affect the Watson-Crick base pairing. Various studies showed that the C5 positions of pyrimidines and the C7 positions2 of 7-deazapurines (see also chapter 1.3.2.1) are the best suited positions as the modifications accommodate well in the major groove of the B-DNA helix.[103, 124-126] The location of the modifications at the C7 positions of 7-deazapurines is preferred compared to the easier accessible C8 positions as steric demanding modifications showed low incorporation efficiencies.[124, 127-129] Practicable and frequently used ways to chemically introduce modifications at these positions are metal-mediated cross-coupling reactions like Sonogashira or Suzuki coupling.  The acceptance of modified nucleotides can be increased by the use of a linker unit. The linker separates the nucleotide moiety from the modification molecule to lengthen the distance between the active site and the modification.  Many base-modified nucleotides are known and have already been successfully incorporated into DNA by various DNA polymerases. For examples see chapter 1.3.2. 
                                                             2 Purine numbering is used throughout the whole thesis.  
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1.3.2 Modified Nucleotides for enzyme-mediated incorporation Incorporation of modified nucleotides into a DNA strand alters the properties of the strand. Not only the melting temperature or the helix conformation can change, but also new properties like EPR- or affinity markers can be introduced [103, 107, 130-132]. Several nucleotide analogs have been synthesized so far; a selection is depicted in Figure 10.  For instance, A. R. Kore connected 5-bromo deoxyuridine (BrdU) via a linker moiety to a nucleoside triphosphate (Figure 10d).[131] Before BrdU was incorporated into the DNA of proliferating cells to study the cell-cycle status or the viability of cells. Incorporated BrdU was detected with specific antibodies. The drawback of this method was that the binding of the specific antibody to BrdU required the denaturation of the DNA duplex under harsh heat and acidic conditions.[133] The BrdU derivative synthesized by A. R. Kore enables a detection without the denaturation of the DNA, as BrdU is located in the major groove of B-DNA and thus sterically accessible by the antibody. [131] This modified nucleotide allows an easier detection of cells that are actively replicating their DNA.   

 
Figure 10 Modified dTTP derivatives for DNA polymerase incorporation. Examples for (a) ferrocene-, (b) spin-label-, (c) dendrimeric-modifications and (d, e) marker molecule-modifications.[103, 107, 130-132]  
1.3.2.1 Modified purine derivatives 8-substituted purines nucleotides have been shown to be poor substrates for DNA polymerases, as they destabilize dsDNA secondary structure.[124, 127-129] A well suited position for purine modifications is position 7 of 7-deazapurines (Figure 11A), as modifications at this position accommodate well in the major groove of DNA.[124] The structure of 7-deazapurines mimics the structure of purines, so that they can replace purines even in enzyme-mediated reactions. 7-deazapurines are the most extensively studied purine analogs and several preparation routes are known.[134] The perfect 



 

16 Introduction 
 precursor molecules for modified 7-deazapurines are 7-halogenated 7-deazapurines (Figure 11B/C). 7-halogenated derivatives can be further used for metal-mediated cross-coupling reactions like Sonogashira or Suzuki coupling.   

 
Figure 11 A) Depiction of purine (left) and 7-deazapurine (right). Purine consists of an imidazole ring fused to a pyrimidine ring. The purine numbering is depicted in blue. B) Structure of 7-deaza-2’-deoxy-7-iodoadenosine. C) Depiction of 7-deaza-2’-deoxy-7-guanosine.  
In the following selected examples for modified 7-deazaadenosine triphosphates are given. Recently, M. Hocek and coworkers published the synthesis and incorporation of a terpyridine-modified dATP analog.[135] The terpyridine moiety is thereby attached to the 7-deazaposition via a long and flexible octadiyne linker (Figure 12a).[135] After the enzyme-mediated incorporation by Pwo DNA polymerase the obtained modified reaction products can post-synthetically complex divalent metal ions.[135] To perform post-synthetic Staudinger ligation, Weisbrod et al. synthesized a dATP analog that directly functionalize DNA with azide groups that can react with phosphines (Figure 12e).[136] Several other C7-modified dATPs have been synthesized to modify DNA (e.g. amino acids[127], bile acids[137], ferrocene[130], tetrathiafulvalene[138]). An overview is given in 
Figure 12. 

 
Figure 12 Modified dATP derivatives for DNA polymerase incorporation. Examples for (a) terpyridine-, (b) phenylalanine-, (c) tetrathiafulvalene-, (d) cholic acid- and (e) azido-modifications.[127, 135-138] 
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1.4 Diagnostic platforms Since it is known that diseases are connected to genome variations; methods for sequencing or genotyping gained importance. At the same time platforms are needed that allow a high throughput of samples by using minimal amounts of DNA sample as well as high reproducibility. In the following two possible platforms are elucidated.  
1.4.1 Microarrays Microarrays are modern diagnostic tools that are able to analyze several properties in parallel by using only small amounts of sample material. For example, microarrays were already used to investigate protein-protein-, rezeptor-ligand or antibody-antigen-interactions.[139] The surface material is variable and adapted to the application. Glass is eminently suited for microarrays: it is heat-stable, cheap and shows only little self-fluorescence. By now, glass-microarrays coated with many different functional groups (e.g. aldehyde-, epoxy-, and amine-coated surfaces) are commercially available. The target molecule can either be bound directly to the functional group or by the help of a bifunctional linker (for example: 1,4-phenylene diisothiocyanate).  In particular, DNA microarrays with their small format, high density and small probe volumes are an advantageous instrument for high throughput screening approaches.[140] The possibility of site-specific immobilization of primer probes enables the detection of many SNPs in parallel.  Employed methods for SNP detection are for example array based (e.g. SNP array systems from Affymetrix and Illumina). These arrays score with the ability to assess SNPs all over the genome and the copy number analysis on one chip simultaneously. For example each Genome-Wide Human SNP Array 6.0 (Affymetrix) carries 1.8 million genetic markers, including more than 900.000 SNPs and probes for the copy number analysis.[141] 
1.4.2 Streptavidin sepharose beads Streptavidin sepharose material is often used to immobilize biotin (vitamin B7, vitamin H) or biotinylated substances through affinity interactions. Sepharose material is rigid, highly cross-linked beaded agarose with high chemical stability. On this material streptavidin is immobilized. Streptavidin is build up from four identical subunits. Each subunit can bind a biotin molecule with extraordinarily high affinity, so four biotin molecules can bind simultaneously to a single streptavidin molecule.[142] The binding of streptavidin to biotin is one of the strongest known non-covalent interactions (Kd≈ 10-14 mol/L[143]). It is expected that several factors are responsible for the extraordinary affinity. First, Biotin fits perfectly into the binding pocket of streptavidin and forms several hydrogen bonds to residues in the binding site. Secondly, the dissociation of bound biotin is also hampered by 
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 a loop, which closes the binding pocket when biotin is bound.[144] Hydrophobic interactions play also a crucial role for the affinity of binding.[145]  Biotin can be easily attached to the 5’-end of an oligonucleotide during solid-phase automated synthesis. Several biotinylated phosphoramidites with different spacer types and lengths are commercially available. 5’-biotinylated DNA oligonucleotides are often used as primers in PCR to isolate one PCR product strand.[146] Using a biotinylated primer in PCR the corresponding PCR product strand is biotinylated. The complementary strand remains unbiotinylated. By the addition of streptavidin-coated beads the biotinylated strand is captured on the bead and is separated from complementary unbiotinylated strand and impurities. This is a useful technique for purification and separation of one PCR product strand.  
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2 Aim of this work The number of DNA-based technologies is rapidly growing. Many of these technologies depend on the incorporation of modified nucleotides into DNA catalyzed by DNA polymerases. For the efficiency of such applications, it is extremely important that the modified nucleotides are well accepted by the DNA polymerase. Hitherto, the mechanisms of acceptance and incorporation of modified substrates are still unclear and often not predictable. Learning more about the incorporation of modified nucleotides catalyzed by DNA polymerases will promote the rational design of modified nucleotides and this will lead to more powerful applications. Furthermore modified nucleotides with altered properties are needed to increase the scope of applications. Many nucleotide modifications are known nowadays and some are already successfully used in DNA applications like sequencing. The results of this doctoral thesis should contribute to several aspects of modified DNA:  
• Increasing the understanding of the acceptance and incorporation mechanisms of modified nucleotides by DNA polymerases. 
• The synthesis of modified purine nucleotides with new properties and their incorporation by DNA polymerases. 
• The development of new methods of application based on the newly developed and synthesized modified nucleotides.   Therefore modified nucleotide surrogating the natural nucleotides should be synthesized first. Furthermore, their incorporation efficiency compared to their natural counterparts should be investigated. For comparability reasons all modified nucleotides should carry the same chain moiety. Mainly pentinyl-amine chains should be used, as many known nucleotide analogs carry an amine-linker moiety. In addition, the pentinyl-amine chain should be elongated with a extended alkyl-chain. To shed light on the incorporation process, crystal structures of KlenTaq DNA polymerase in complex with these pentinyl-amine-modified nucleotides should be prepared in collaboration with Dipl. Biol. K. Bergen (University of Konstanz). The crystal structures should give detailed 
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 information about how modified nucleotides are processed and stabilized in the active site of the DNA polymerase.  To emphasize the possibility of further functionalization of these amine-modified nucleotides a label with new characteristics should be attached to the pentinyl-amine linker. Frequently used in biotechnological applications are modified nucleotides bearing fluorescent or affinity labels such as Cy3 or biotin. The newly developed label should have the potential to apply several detection techniques without changing the label. Interestingly, DNA itself exhibit this advantage as the self-assembly and hybridization properties offer great potential. Several detection methodologies are conceivable by using these properties. Apart from all this positive things, one possible drawback can be the huge increase of size. A modified nucleotide bearing a label consisting of an oligodeoxynucleotide (ODN) is several times bigger than a natural nucleotide. Of course, this could impede the efficiency of incorporation by DNA polymerases. Therefore purine analogs carrying an ODN label should be synthesized. Additionally, in-vitro experiments should reveal the substrate scope and DNA polymerase incorporation efficiency of various DNA polymerases.  The diagnostic applicability of these ODN-modified nucleotides for genetic variation detection should be evaluated using common biotechnological platforms such as microarray technique or on-bead immobilization. The attached ODN-modification of the incorporated nucleotide should be used for the detection of the incorporation event. To detect even little amounts of incorporated unmodified nucleotides signal amplification is absolutely indispensable. Therefore, different strategies to amplify the obtained signal should be established. The microarray approach should allow detection on an ultra-high throughput level. In contrast, the on-bead approach should be as easy as possible, meaning that as less as possible equipment should be used. This should enhance the applicability and reduce the costs. Optimally this would lead to a naked eye detection system. 
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3 Results and Discussion 

3.1 Modified nucleotides for the structural analysis of the 
incorporation mechanism by KlenTaq DNA polymerase Crystallization experiments were designed, performed and evaluated by Dipl.-Biol. K. Bergen (University of Konstanz) and B. Sc. S. Strütt (University of Konstanz). Parts of this chapter are already published in K. Bergen, A.-L. Steck, S. Strütt, A. Baccaro, W. Welte, K. Diederichs, A. Marx J. Am. Chem. Soc. 2012, 134, 11840-11843[147] and in the bachelor thesis of B. Sc. Stefan Strütt (2011, University of Konstanz). The syntheses of dT*TP, dT**TP and dC*TP were performed by Dr. A. Baccaro (University of Konstanz).  

3.1.1 Introduction DNA polymerases are the key enzymes in DNA replication and they also play a significant role in DNA damage repair.[71, 148] Overall DNA polymerases are crucial for the stability and maintenance of the genetic information. But not only in all living cells, DNA polymerases are of paramount importance, due to their widespread applicability in PCR and sequencing DNA polymerases became an indispensable tool in biotechnological applications. During the last years, incorporation of nucleobase-modified 2’-deoxynucleoside-5’-O-triphosphates (dNTPs) became the essential step in many biotechnological applications.[110, 113, 149] For example, enzyme-mediated incorporation of fluorescently-labeled nucleotides is of significant importance in DNA sequencing approaches.[112, 113, 149, 150] Although the incorporation of modified nucleotides is widely employed, the mechanisms of acceptance and incorporation of modified substrates are still unclear and often not predictable.[114] Getting inside into these mechanisms will open the door for rationally designing of modified nucleotides which should offer great opportunities for future applications. For an extensive understanding of DNA polymerase structure and function, crystallography is the method of choice. Several crystal structures of DNA polymerases in complex with natural or modified nucleotides have been published so far, 
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 but a comprehensive study using modified surrogates for all natural nucleotides was still lacking. For better comparability, the surrogates should carry the same modification.  
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3.1.2 Results In order to crystallize the N-terminally truncated form of the DNA polymerase I from 
Thermus aquaticus (KlenTaq) DNA polymerase with relevant modified substrates, amine-modified 2’-deoxynucleoside-5’-O-triphosphates3 were chosen (Figure 13). The introduced amine moiety is well-suited for further functionalization via amide bond formation and therefore these modified nucleotides are practicable precursor molecules for the introduction of other functional groups as shown by us[151] (see also chapter 3.2). The amine-modifications were introduced at the C5 position of pyrimidines and at the C7 position of 7-deazapurines (Figure 13). Modifications at these positions are favored, as the modification is directed into the major groove of the B-DNA helix and the Watson-Crick base pairing is not effected.[103, 124-126] In addition, nucleoside triphosphates carrying modifications at these positions have been accepted by DNA polymerases in multiple studies.[103, 125, 152-155]   

 
Figure 13 Synthesis and structures of amine-modified nucleotides. A) Synthesis of the amine-modified deoxyadenosine analogs starting from 7-deaza-2’-deoxy-7-iodoadenosine. a) PdCl2(PPh3)2, CuI, Et3N, 2,2,2-trifluoro-N-(pent-4-ynyl)acetamide, DMF, RT, 75%; b) proton sponge, POCl3, TMP, 0°C, followed by nBu3N, Bis(tri-n-butylammonium)pyrophosphate, DMF, TEAB buffer and 33% NH3, 4%. B) Structure of dG*TP, dT*TP and dC*TP. 

                                                             3 For better understanding, modified 2’-deoxyuridine derivatives are named modified thymidines dT*TP in this work.  
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 A practicable and frequently used way to chemically introduce modifications at these positions is the Pd-catalyzed Sonogashira cross coupling of alkynes with the iodinated nucleosides followed by triphosphate formation.[156-158] Based on this method the employed modified nucleotide analogs have been synthesized (Figure 13A).[151] The iodinated nucleosides 7-deazaiodoadenosine and 7-deazaiodoguanosine were synthesized according to known procedures.[159, 160] Under Sonogashira conditions, the iodinated nucleosides were coupled with 2,2,2-trifluoro-N-(pent-4-ynyl)acetamide[161]. After column chromatography and RP-MPLC the resulting nucleosides were isolated in appropriate yields. The phosphorylation of the nucleosides was performed according to a procedure described by T. Kovács and L. Ötvös[157] – a modified version of the Yoshikawa method[162]. In brief: In a one-pot reaction, the highly reactive 5’-phosphorodichloridate nucleoside is formed by adding electrophilic phosphorous oxychloride to the nucleoside dissolved in trimethylphosphate, followed by the addition of tri-n-butylammonia pyrophosphate in DMF and afterwards hydrolysation. During the reaction, hydrogen chloride is formed and is able to attack the unsaturated side chains of the modified nucleosides. To avoid this, proton sponge (1,8-bis(dimethylamino)naphthalene) is added to the reaction mixture to quench the formed protons. This reaction has a major advantage compared to a frequently used phosphorylation method developed by J. Ludwig and F. Eckstein.[163] The phosphorylation is regioselective, accordingly the 2’-hydroxylgroup of the deoxyribose is not affected and so a 2’-protecting group is not necessary. Thus, reaction steps for installation and removal of the 2’-protecting group can be avoided. After the removal of the TFA protecting group by aqueous ammonia, the desired amine-modified nucleoside triphosphates were obtained.  To demonstrate that these amine-modified nucleoside triphosphates are further functionaliziable, dA*TP was reacted with an active ester to get dA**TP, which carries an extended chain modification. The reaction is depicted in Figure 14. The amine-modified dA*TP is dissolved in DMSO and an excess of succinimidyl 10-hydroxydecanoate[164] was added. After 16 h the reaction mixture was lyophilized and the product was purified by preparative HPLC to give the extended chain-modified dA**TP. dT**TP carrying the extended chain modification was synthesized in the same way.  

 
Figure 14 Structure and synthesis of dA**TP and dT**TP. A) Synthesis of dA**TP; a) succinimidyl 10-hydroxydecanoate, DMSO, RT, quantitative. B) Structure of dT**TP.  
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3.1.2.1 Incorporation of amine-modified dN*TPs and dN**TPs In order to validate whether KlenTaq DNA polymerase is capable to incorporate these modified substrates dN*TP and dN**TP, single-nucleotide incorporation experiments were performed. A 24-nt primer with a 32P label at the 5’ end and four different 36-nt templates, that code for the extension of the primer by a single complementary nucleotide, were used. It was found, that KlenTaq DNA polymerase is able to incorporate all tested modified nucleoside triphosphates comparable to the natural counterpart (see Figure 
15B lane 9 and Figure 16 lane 9).   

 
Figure 15 Competition experiments of natural nucleotides versus amine-modified nucleotides using KlenTaq DNA polymerase. A) Partial DNA sequences of primer 1 and template 1A employing dA*TP and dATP. B) PAGE analysis of an exemplary competition experiments employing KlenTaq DNA polymerase. The ratio of dA*TP/dATP was varied. Lane 0: 5’-32P-labeled primer; lane 1: ratio: 0/1; lane 2: ratio: 1/10; lane 3: ratio: 1/4; lane 4: ratio: 1/2; lane 5: ratio: 1/1; lane 6: ratio: 2/1; lane 7: ratio: 4/1; lane 8: ratio: 10/1; lane 9: ratio: 1/0. C) Evaluation of the incorporation efficiency using mixtures with varied composition of dA*TP (■, dashed line) and dATP (•, solid line) and 
KlenTaq DNA polymerase. The conversion in % is plotted versus the ratio. The dotted line marks the approximate ratio where both nucleotides are equally incorporated. D) Overview of the efficiencies of the presented modified nucleotides in competition with their natural counterparts. See also Figure 16 and Figure 17. 
Next, the efficiency of nucleotide incorporation of the nucleobase-modified nucleotides dN*TPs and dN**TPs in comparison to their natural counterparts was examined (Figure 
15 and Figure 16 / Figure 17). Therefore the experiments described above were conducted in a way that the modified nucleotides directly competed with their natural counterparts for incorporation. Different concentration ratios of modified and unmodified nucleoside triphosphates were applied. The reaction mixtures were analyzed by denaturating polyacrylamide gel electrophoresis (PAGE). The ratio of unmodified versus modified nucleotide incorporation is easily accessible via PAGE through the significantly different retention times resulting from the modification of the dN*TPs (Figure 15B/C). Similar effects of different retention times due to modified nucleotide incorporation have been reported before.[107, 124]  
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Figure 16 Competition experiments of natural nucleotides versus amine-modified nucleotides using KlenTaq DNA polymerase. A) Partial DNA sequences of primer 1 and template 1T employing dT*TP/dTTP and PAGE analysis of the competition experiments. The ratio of dT*TP/dTTP was varied. Lane 0: 5’-32P-labeled primer; lane 1: ratio: 0/1; lane 2: ratio: 1/10; lane 3: ratio: 1/4; lane 4: ratio: 1/2; lane 5: ratio: 1/1; lane 6: ratio: 2/1; lane 7: ratio: 4/1; lane 8: ratio: 10/1; lane 9: ratio: 1/0. B) Partial DNA sequences of primer 1 and template 1C employing dC*TP/dCTP and PAGE analysis of the competition experiments. The ratio of dC*TP/dCTP was varied. Lane 0: 5’-32P-labeled primer; lane 1: ratio: 0/1; lane 2: ratio: 1/10; lane 3: ratio: 1/4; lane 4: ratio: 1/2; lane 5: ratio: 1/1; lane 6: ratio: 2/1; lane 7: ratio: 4/1; lane 8: ratio: 10/1; lane 9: ratio: 1/0. C) Partial DNA sequences of primer 1 and template 1G employing dG*TP/dGTP and PAGE analysis of the competition experiments. The ratio of dG*TP/dGTP was varied. Lane 0: 5’-32P-labeled primer; lane 1: ratio: 0/1; lane 2: ratio: 1/10; lane 3: ratio: 1/4; lane 4: ratio: 1/2; lane 5: ratio: 1/1; lane 6: ratio: 2/1; lane 7: ratio: 4/1; lane 8: ratio: 10/1; lane 9: ratio: 1/0. D) Partial DNA sequences of primer 1 and template 1T employing dT**TP/dTTP and PAGE analysis of the competition experiments. The ratio of dT**TP/dTTP was varied. Lane 0: 5’-32P-labeled primer; lane 1: ratio: 0/1; lane 2: ratio: 1/10; lane 3: ratio: 1/4; lane 4: ratio: 1/2; lane 5: ratio: 1/1; lane 6: ratio: 2/1; lane 7: ratio: 4/1; lane 8: ratio: 10/1; lane 9: ratio: 1/0. E) Partial DNA sequences of primer 1 and template 1A employing dA**TP/dATP and PAGE analysis of the competition experiments. The ratio of dA**TP/dATP was varied. Lane 0: 5’-32P-labeled primer; lane 1: ratio: 0/1; lane 2: ratio: 1/10; lane 3: ratio: 1/4; lane 4: ratio: 1/2; lane 5: ratio: 1/1; lane 6: ratio: 2/1; lane 7: ratio: 4/1; lane 8: ratio: 10/1; lane 9: ratio: 1/0. 
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Figure 17 Competition experiments of dN*TP/dN**TP (■, dashed line) versus dNTP (•, solid line) using KlenTaq DNA polymerase. The conversion in % was plotted versus the concentration. The dotted line marks the approximate ratio where both nucleotides are equally incorporated. 
A) Partial DNA sequences of primer 1 and template 1T for the incorporation of dT*TP and dTTP and evaluation of the reactions. B) Partial DNA sequences of primer 1 and template 1C for the incorporation of dC*TP and dCTP and evaluation of the reactions. C) Partial DNA sequences of primer 1 and template 1G for the incorporation of dG*TP and dGTP and evaluation of the reactions. 
D) Partial DNA sequences of primer 1 and template 1A for the incorporation of dA**TP and dATP and evaluation of the reactions. E) Partial DNA sequences of primer 1 and template 1T for the incorporation of dT**TP and dTTP and evaluation of the reactions.  
KlenTaq DNA polymerase incorporates the purine analogs with approximately the same efficiency as their natural counterparts, whereas the pyrimidine analogs were incorporated with about 12 to 34-fold lower efficiency than their natural counterparts (Figure 15D). Compared to dA*TP and dT*TP, the nucleotides with extended chain modification dA**TP and dT**TP were incorporated with higher efficiency.  
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 3.1.2.2 Crystal structures of KlenTaq DNA polymerase in complex with dN*TPs In order to understand the structural basis of the acceptance and incorporation of modified nucleotides, crystal structures of KlenTaq DNA polymerase in complex with amine-modified nucleotides were solved by K. Bergen and S. Strütt. A crystallization method similar to Beard et al. was used (Figure 18).[165] This method is based on the elongation of the primer strand by a ddNMP prior to the position coding for the incorporation of the modified nucleotide. Due to the incorporation of a 2’-3’-dideoxy nucleotide at the primer end the primer is terminated. Hence, the next nucleotide will not be incorporated and is trapped in the active centre. To realize this, binary complexes of 
KlenTaq DNA polymerase were crystallized with the 2’-3’-dideoxy nucleotide and then soaked with the amine-modified nucleotide analogs (Figure 18). The X-ray diffraction datasets were measured at the Swiss Light Source (SLS) of the Paul-Scherrer Institute in Villigen, Switzerland.4   

 
Figure 18 Exemplary schematic depiction of the crystallization strategy using dT*TP as incoming nucleotide. The template (light-blue) codes for the incorporation of a cytidine analog followed by tymidine. To trap the tymidine analog (green) in the active centre, the primer strand (dark-blue) is elongated by dideoxycytidine (red), first. The crystallized KlenTaq DNA polymerase is shown in grey.  
The obtained crystal structures show the ternary complex of KlenTaq DNA polymerase including the bound primer/template complex and the incoming modified dNTP in the active centre poised for catalysis. The crystal structures are mostly similar to the previously reported structures in complex with the natural nucleoside triphosphates (rmsd C-alpha S2). As expected the amine-modified nucleoside triphosphates show Watson-Crick base pairing to the templating base in the active site (Figure 20). Intriguingly, the modifications of dC*TP, dG*TP and dT*TP point towards the base, only varying the plane in case of dC*TP due to electrostatic reasons, whereas the modification of dA*TP is pointing towards the phosphate of the primer terminus. In Figure 19 overlays                                                              4 More information on the obtained crystal structures can be found in K. Bergen, A.-L. Steck, S. Strütt, A. Baccaro, W. Welte, K. Diederichs, A. Marx J. Am. Chem. Soc. 2012, 134, 11840-11843.  
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of the modified nucleotides in the active center of the DNA polymerase are depicted. Based on this pictures it can be clearly seen that the chain modification of dA*TP points towards another direction than the chain modification of the other dN*TPs. A more detailed depiction is shown in Figure 20. However the competition experiments (Figure 15) showed that this has no influence on the incorporation efficiency. Compared to the other modified purine nucleotide dG*TP similar incorporation efficiency in solution for dA*TP was obtained (Figure 15D).   

 
Figure 19 Overlay of the amine-modified nucleotides in the active site of KlenTaq DNA polymerase. The nucleotides dT*TP (brown), dC*TP (blue), dA*TP (yellow) and dG*TP (green) are shown. The surface of KlenTaq DNA polymerase is shown semitransparent (grey), the primer in orange and the template in dark-green. The pictures were prepared by Dipl.-Biol K. Bergen based on the PDB-files 4DFJ, 4DFM, 4DF8 and 4DFP. 
The chain modification of the nucleotides dN*TP is flexible and led to only small disorder in the active site. Hydrogen bond interactions of the chain modification with the base (in case of dT*TP and dG*TP) or the phosphate group of the primer terminus (dA*TP) further stabilize the complex. This might explain the superb incorporation efficiencies.   
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Figure 20 Close-up views of KlenTaq DNA polymerase showing the incoming dN*TP and the O-helix. The dashed lines highlight the Watson-Crick base pairing interactions and the distance of the alpha-phosphate to the primer 3’-terminus. All distances are in Å. A) Shows the interaction, distances and orientation of dT*TP (PDB-file 4DFJ) as well as the position of Arg660. B) Shows interaction distances of the natural ddTTP (PDB-file 1QTM) and an overlay of the Arg660 residues. 
C) Same as A) left panel, shows the structure containing dC*TP (PDB-file 4DFM), right panel: shows the structure containing dA*TP (PDB-file 4DF8). D) Left panel: same as A) shows the structure containing dG*TP (PDB-file 4DFP), right panel: structure containing ddGTP (PDB-file 1QSS) and an overlay of Arg660 as in B). This figure was prepared by Dipl.-Biol. K. Bergen (University of Konstanz) and is already published in K. Bergen et al.[147] 
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3.1.2.3 Crystal structures of KlenTaq DNA polymerase in complex with dN**TPs To get knowledge of the incorporation process of modified nucleotides with extended chain modification, the amine-modified nucleotides were further functionalized with a longer flexible chain (see chapter 3.1.2). Reactions in solution showed that these nucleotides dA**TP and dT**TP are excellently accepted by KlenTaq DNA polymerase (Figure 15D and Figure 16) and thereby well suited to be crystallized in complex with 
KlenTaq DNA polymerase. These crystal structures were obtained in the same manner as previously described in chapter 3.1.2.2. As already observed in case of dA*TP, the orientation of the chain modification of dA**TP differ from the orientation of the chain modification of dT**TP (Figure 21). Accordingly the chains interact with different amino acid chains. In detail, the amide bond of dT**TP forms hydrogen bonds to the residues Thr664 (T664) and Arg660 (R660). These interactions led the chain modification towards a cavity mainly formed by residues of the O-helix. dA**TP is mainly stabilized by Lys663 (K663) and most likely by Arg660 (R660). Lys663 and the amide bond are within hydrogen bonding distance (Figure 21C). The amide bond of dA**TP and dT**TP facilitated the ability for further hydrogen bonding to amino acid residues of the O-helix. This stabilization effects also explains the high incorporation efficiencies of the dN**TPs obtained in solution (see also chapter 3.1.2.1).   

 
Figure 21 Crystal structures of KlenTaq DNA polymerase in complex with dA**TP and dT**TP, respectively. A) Overlay of the nucleotides in the active site of KlenTaq DNA polymerase B) Close-up view of the active centers. The orientations of the modifications are shown in sand for dA**TP (PDB-file 4DF4) and in brown for dT**TP (PDB-file 4DFK). Parts of the enzyme, including the O-helix are removed for better visibility. C) Close-up view of the nascent base pairs and the orientation of the attached modifications. Depicted is the model density at 1 σ. The distances in Å are indicated in dashed lines. The upper panel shows dA**TP with the stabilizing residue Lys663 (K663, in the background) and Arg660 (R660), the active site is shown as Connolly surface. The bottom panel shows dT**TP with Arg660 (R660) and Thr664 (T664) forming hydrogen bonds to the amide of the modification. Both cavities are lined by Arg660 (R660). This figure was prepared by Dipl.-Biol. K. Bergen (University of Konstanz) and is already published in K. Bergen et al.[147] 
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3.1.3 Conclusion In summary, it was shown that amine-modified nucleotides are accepted and incorporated by KlenTaq DNA polymerase. Competition experiments showed that these amine-modified nucleotides are able to compete with their natural counterpart for incorporation. Especially the purine analogs (dG*TP and dA*TP) are nearly as good incorporated as their natural counterparts. The incorporation efficiency can be increased by a chain extension. Nucleotide analogs that were synthesized with a extended chain modification (dA**TP and dT**TP) showed better incorporation efficiency than the nucleotide analogs with shorter chain modification (dA*TP and dT*TP). Moreover the efficiency of the dA**TP was little higher than that of the unmodified dATP. This might be explained by an inspection of the obtained crystal structures. The snapshots of the dN**TPs in complex with KlenTaq DNA polymerase show that the amide bond facilitate the ability for further hydrogen bonding to amino acid residues of the O-helix. Of course, this stabilizes the complex and might lead to increased incorporation efficiency.  The crystal structures open the door for a more rational design of modified nucleotides, as insight into the mechanisms of acceptance and incorporation of modified nucleotides by 
KlenTaq DNA polymerase in general are obtained. Trough the combination of rational designed modified nucleotides and customized DNA polymerases[166-170] achieved by directed evolution new opportunities for novel biotechnical applications are created.               
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3.2 Oligonucleotide-modified nucleotides Parts of the results are already published in A. Baccaro, A.-L. Steck, and A. Marx, Angew 
Chem Int Ed Engl, 2012. 254-257[151] and in the PhD thesis of Dr. A. Baccaro (2010, University of Konstanz). The ODN-modified nucleotides dC15aTP, dT6TP, dT15aTP, dT15bTP and dT20aTP were synthesized by Dr. A. Baccaro (University of Konstanz).  
3.2.1 Introduction Many biotechnological applications are based on the outstanding characteristics of modified DNA.[113, 149, 150] Modified DNA is often generated by the enzymatic incorporation of modified nucleotides using DNA polymerases. So far, modified nucleotides are e.g. used for structural characterization, immobilization, DNA conjugation or for the selection of aptamers by systematic enrichment of ligands by exponential amplification (SELEX).[103, 136, 171] The applicability of modified nucleotides is widespread and newly developed modified nucleotides with outstanding characteristics are absolutely required to enlarge the scope of application. The standards for newly developed modified nucleotides are high, as there are already several modified nucleotides on the market. Of course, the modification should be simple, affixed easily, and should allow a reliable assignment by common detection techniques. DNA itself meets these requirements to a great extent, since DNA has a simple code and for detection the outstanding properties such as hybridization and self-assembly offer great potential. Several detection methods are conceivable by using these properties. Therefore we investigated the use of an oligodeoxynucleotide (ODN) modified nucleotide in enzymatic reactions and diagnostic approaches.            
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3.2.2 Results To synthesize modified nucleotides with self-assembly and hybridization characteristics (oligonucleotide-modified nucleotides) an ODN strand was attached to the nucleobase. The C5 position for pyrimidines and the C7 position for 7-deazapurines were chosen to introduce the ODN strand at the nucleobase, since modifications at these positions were accepted by DNA polymerases in several cases (Figure 22).[125, 152, 172, 173]  

 
Figure 22 Depiction of the ODN-modified nucleotides. A) Depiction of dT15aTP. DNA sequence of the ODN strand is given in Figure 24. B) Depiction of ODN-modified dATP analog. The ssDNA (ODN, light-blue) is attached to the C7 position of the 7-deazapurines. C) Depiction of ODN-modified dGTP analog.  
To attach the ODN strand to nucleotides, an ODN strand was activated with a commercial available C10-carboxy-modifier[164] at the 5’-end while still being on solid support  (Figure 23). Afterwards the activated ODN strand was coupled to the amine-modified nucleotides dN*TP (chapter 3.1.2) using manual two syringe technique. Thereby two syringes were connected to both sides of the column which contained the activated ODN strand. The reaction mixture (amine-modified nucleotide dissolved in solvent) was pushed trough the column from one syringe to the other. Thereby, the activated ODN strand on solid support could react with the amino-modified nucleotide. Best coupling results were obtained by the use of a DMF/acetonitrile/triethylamine mixture. The activated ODN strand which did not react with the amine-modified nucleotide got hydrolyzed during work-up. After deprotection and cleavage from the solid support, the ODN-modified nucleoside triphosphates were purified by RP-HPLC. After the second HPLC purification the desired ODN-modified nucleoside triphosphates were separated from the hydrolyzed ODN strand.  
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Figure 23 Synthesis of ODN-modified nucleotides. The synthesis is shown for ODN-modified dATPs as an example. The ODN strand (light-blue) is synthesized using automated solid-support DNA synthesis. To activate the ODN strand, C10-carboxy-modifier is coupled to the 5’-end. The nucleotide analog dA*TP is coupled to the activated ODN strand using manual two syringe technique. After the cleavage from the solid support (dark-blue), deprotection and HPLC purification, the ODN-modified nucleotide can be used in enzymatic reactions. The yields are listed in Table 1. An overview of ODN-modified nucleotides used in this work is given in Figure 24A. The purity of the ODN-modified nucleotides was checked by non-radioactive PAGE analysis (the PAGE analysis was only performed for selected ODN-modified nucleotides)  (Figure 24B) and the quality by mass spectrometry (Figure 24C). For non-radioactive PAGE analyses Stains-All staining were used to color the ODN strands. Pictures were either taken from the wet or dried gel. In Figure 24B a non-radioactive PAGE analysis is depicted. In lane 1 the ODN-modified nucleotide dA15aTP5, in lane 2 the ODN 15a and in lane 3 the ODN 15a with the hydrolyzed NHS-ester attached was applied to the gel. All samples show one spot, indicating that they consist of only one ODN strand. dA15aTP has the highest molecular weight, accordingly it showed the slowest migration. The result of the non-radioactive PAGE presumes that the ODN-modified nucleotide is pure. 
                                                             5 The superscript numbers represent the ODN strand length. For ODN sequence see Figure 24. 
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Figure 24 Overview of the used ODN-modified nucleotides. A) Sequences of the ODN-modified nucleotides. The superscript numbers represent the ODN label length. B) Non-radioactive PAGE analysis stained with Stains-All (3,3′-diethyl-9-methyl-4,5,4′,5′-dibenzothiacarbocyanine). Lane 1: dA15aTP; lane 2: ODN 15a; lane 3: ODN 15a-acid (hydrolysed ODN strand). C) ESI-IT mass analysis of dA15aTP. Top: measured spectrum of multiply charged ions. Bottom: deconvoluted spectrum. 
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 To determine the concentration of the ODN-modified nucleotides in aqueous solution, absorbance measurements were performed and the concentration was calculated by using the Lambert-Beer law. Yields and mass analysis of ODN-modified nucleotides synthesized by me are listed in Table 1. Some attached ODN sequences have special properties such as sequence 15a. This ODN sequence is complementary to a circular rolling circle amplification (RCA) template and can be elongated by RCA (see chapter 1.2.3). The nucleotides labeled with this sequence are used for the detection with signal amplification (see chapter 3.2.2.6). Even an ODN strand that is able to form a secondary structure was successfully coupled to the amine-modified nucleotides (G4-modified nucleotides). This sequence is able to form a G-quadruplex and can act as a DNAzyme together with hemin (see chapter 1.1.1.1).[38-46] The G4-modified nucleotides are used in an application for the detection of an incorporation event by naked-eye detection (see also chapter 3.2.2.7). The yields for these coupling reactions were significantly lower and the separation from the hydrolyzed ODN strand (ODN-acid) was more challenging compared to other sequences. Several HPLC runs were performed and in case of G4-modified dCTP hydrolyzed ODN strand was still detectible by mass spectrometry (see also Figure 39D).   
Table 1 Masses and yields of synthesized ODN-modified dNTP. 

 + No spectra free of interference could be obtained. * The yield of G4-modified dCTP could not be calculated due to impurities.     
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3.2.2.1 Incorporation of ODN-modified dATP To examine whether the ODN-modified dATPs are accepted by DNA polymerases, primer extension reactions were performed (Figure 25 and Figure 26). A 23-nt primer with a 32P-label at the 5’-end and a 35-nt template, which contains a single T residue at position 27, coding for the insertion of an adenosine analog after extending the primer by three nucleotides, were used. To preclude mismatch incorporation a negative control reaction (without the respective nucleotide) was always performed in parallel under the same reaction conditions as the positive control (with all natural nucleotides) and the reaction (with the modified nucleotide).   

 
Figure 25 Primer extension reactions employing ODN-modified dATP and 9°N (exo-) DNA polymerase. A) Schematic depiction of a primer extension reaction using ODN-modified dATP. B) Partial DNA sequences of primer 2 and template 2A and PAGE analysis of the single incorporation experiments (30 min at 41°C). Lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP, dCTP, and dGTP; lane 2: same as lane 1, but in the presence of dATP; lane 3: as lane 1, but in the presence of dA15cTP; lane 4: as lane 1, but in the presence of dA20cTP; lane 5: as lane 1, but in the presence of dA25cTP. C) Partial DNA sequences of primer 2 and template 3A and PAGE analysis of the multiple incorporation experiments (30 min at 41°C). Lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP, dCTP, and dGTP; lane 2: same as lane 1, but in the presence of dATP; lane 3: as lane 1, but in the presence of dA15cTP; lane 4: as lane 1, but in the presence of dA20cTP; lane 5: as lane 1, but in the presence of dA25cTP. D) Partial DNA sequences of primer 2 and template 4A and PAGE analysis of the multiple incorporation experiments (30 min at 60°C). Lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP, dCTP, and dGTP; lane 2: same as lane 1, but in the presence of dATP; lane 3: as lane 1, but in the presence of dA15cTP; lane 4: as lane 1, but in the presence of dA20cTP; lane 5: as lane 1, but in the presence of dA25cTP. 
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 Incubation of the reaction mixture with 9°N (exo-) DNA polymerase in absence of an adenosine analog (negative control) resulted in a primer elongation that is predominantly terminated at position 27 without generating significant amounts of full-length product (Figure 25B lane 1). However, in presence of all four natural nucleotides the primer was elongated to the full-length oligonucleotide (Figure 25B lane 2). By replacing natural dATP with one of the ODN-modified dATPs (dA15cTP6, dA20cTP and dA25cTP) the full-length product was observed as well (Figure 25B lane 3-5). This experiment clearly demonstrates that ODN-modified dATPs are processed and elongated in primer extension reactions by DNA polymerases. As anticipated, the modified full-length product migrated significant more slowly than the unmodified full-length product. The retardation indicated that the provided bulky nucleotide was incorporated by the employed DNA polymerase. The lower mobility that increased with the size of the ODN-modification can be explained by the additional bulk of the incorporated ODN strand. Similar findings for modified reaction products have been reported before.[107, 124] The ability for incorporation of ODN-modified dATP was also checked for different DNA polymerases. The PAGE analyses are depicted in Figure 26.   

 
Figure 26 PAGE analysis of primer extension reactions performed with ODN-modified dATPs and different DNA polymerases. The partial DNA sequence of primer 2 and template 2T (A) and template 2A (B-E) is depicted. M: Marker, lane 0: 5’-32P-labeled primer 2, lane 1: primer extension performed in the presence of dTTP, dCTP, and dGTP; lane 2: same as lane 1, but in the presence of dATP; lane 3: as lane 1, but in the presence of the respective ODN-modified dATP. A) Incorporation of dA15dMP by 9°N (exo-) DNA polymerase (50 nm) after 1h at 60°C. B) Incorporation of dA15aMP by 
Therminator DNA polymerase (0.05 U/µL) after 2 min at 60°C. C) Incorporation of dA15aMP by KF 
(exo-) DNA polymerase (22.5 mU/µL) after 5min at 37°C. D) Incorporation of dA15aTP by Vent (exo-) DNA polymerase (20 mU/µL) after 15 min at 50°C. E) Incorporation of dA15aMP by Taq DNA polymerase (50 mU/µL) after 15min at 50°C. 
                                                             6 The superscript numbers represent the ODN strand length. For ODN sequence see Figure 24. 
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Encouraged by these results, the capability of multiple incorporations was investigated. Two different templates were used: one template was coding for the insertion of two adenosine moieties (Figure 25C) and the second template carried only thymidine residues after the primer binding site, coding for the insertion of 46 dATPs (Figure 25D). Using the second template it was investigated whether ODN-modified nucleotides can be incorporated in a row. PAGE analysis of the multiple incorporation experiments showed that two ODN-modified nucleotides can be smoothly incorporated (Figure 25C lane 3-5). No differences in nucleotide acceptance between reactions performed with shorter or longer ODN-modification were observed (Figure 25C lane 3-5). This is in contrast to the primer extension reactions performed with the template, coding for multiple incorporations in a row (Figure 25D). The PAGE analysis showed here that with the 15-nt long ODN-modification at least 5 incorporations in a row were possible (Figure 25D lane 3) whereas with the 20-nt and 25-nt long ODN-modifications less incorporations were possible (Figure 25D lane 4/5). This shows that the ODN strand length plays a crucial role in the acceptance of the modified nucleotides.   

 
Figure 27 Comparison of the incorporation of ODN-modified dATPs carrying different ODN strand lengths using 22.5 mU/µL KF (exo-) DNA polymerase at 37°C. A) Partial DNA sequences of primer 3 and template 5A. B) PAGE analysis of the single incorporation experiments using dATP and ODN-modified dATPs carrying different ODN strand lengths, at different time points. Left: DNA marker, lane 0: 5’-32P-labeled primer only; lane 1: 40 sec; lane 2: 80 sec; lane 3: 2 min; lane 4: 5 min; lane 5: 15 min; lane 6: 25 min; lane 7: 60 min; lane 8: 120 min. 
To further investigate this finding, the incorporation efficiency in dependency of the attached ODN strand length was investigated by single incorporation experiments  (Figure 27). ODN-modified dATPs with 15-nt, 20-nt and 25-nt ODN strand length were used, respectively. In addition, a radioactively labeled 21-nt primer and a 35-nt template, coding for the insertion of one A directly after the primer binding side, were employed (Figure 27A). KF (exo-) DNA polymerase and one of the ODN-modified dATP were added to the annealed primer/template complex and the reaction incubated at 37°C. Aliquots of each reaction were quenched at different time points and analyzed by PAGE analysis. The conversion of each reaction can be assessed by the amount of incorporated ODN-modified dAMP compared to the not extended primer strand. The PAGE analysis is depicted in 



 

44 Results and Discussion 
 
Figure 27. It can be seen that in case of dA15cTP after approximately 15 min full conversion took place, whereas even after two hours no full conversion in case of dA25cTP occurs. Concluding that elongation of the attached ODN strand decreases the incorporation efficiency and for ODN-modified nucleotides bearing a longer ODN strand increased reaction times have to be used.  Furthermore mismatch incorporation was examined; the results are described in chapter 3.2.2.5. 3.2.2.2 Incorporation of ODN-modified dGTP Primer extension reactions were performed to examine whether the ODN-modified dGTPs are accepted by DNA polymerases (Figure 28 and Figure 29).   

 
Figure 28 Primer extension reactions employing ODN-modified dGTP. A) Schematic depiction of a primer extension reaction using ODN-modified dGTP. B) Partial DNA sequences of primer 2 and template 2G and PAGE analysis of the single incorporation experiments using dG25aTP and  
9°N (exo-) DNA polymerase (30 min at 41°C). M: DNA marker; lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP, dCTP, and dATP; lane 2: same as lane 1, but in the presence of dGTP; lane 3: as lane 1, but in the presence of G25aTP. C) Partial DNA sequences of primer 2 and template 2G and PAGE analysis of the single incorporation experiment using dG25aTP and 9°N (exo-) DNA polymerase (30 min at 41°C). Lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP, dCTP, and dATP; lane 2: same as lane 1, but in the presence of dGTP; lane 3: as lane 1, but in the presence of dG25aTP.  
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A 23-nt primer with a 32P-label at the 5’-end and a 35-nt template, which contains a single C residue at position 27, coding for the insertion of a guanosine analog after extending the primer by three nucleotides, were used. Incubation of the reaction mixture with a DNA polymerase in absence of a guanosine analog resulted in a primer elongation that is predominantly terminated at position 27 without generating significant amounts of full-length product (Figure 28B lane 1). However, in presence of all four natural nucleotides the primer was elongated to the full-length oligonucleotide (Figure 28B lane 2). By replacing natural dGTP with the ODN-modified dGTPs the full-length product was observed as well (Figure 28B lane 3). This experiment clearly demonstrates that ODN-modified dGTPs are processed and elongated in primer extension reactions by DNA polymerases. The modified full-length product migrated significant more slowly in PAGE than the unmodified full-length product. The retardation indicated that the provided bulky nucleotide was incorporated by the employed DNA polymerase. The lower mobility that increased with the size of the ODN-modification can be explained by the additional bulk of the incorporated ODN strand. Similar findings for modified reaction products have been reported before.[107, 124] The ability for incorporation of ODN-modified dATP was also checked for different DNA polymerases. The PAGE analyses are depicted in Figure 29.  

 
Figure 29 PAGE analysis of primer extension reactions performed with ODN-modified dGTPs and different DNA polymerases. The partial DNA sequence of primer 2 and template 2G is depicted. M: Marker, lane 0: 5’-32P-labeled primer, lane 1: primer extension performed in the presence of dTTP, dCTP, and dATP; lane 2: same as lane 1, but in the presence of dGTP; lane 3: as lane 1, but in the presence of the respective ODN-modified dGTP. A) Incorporation of dG15aMP by Taq DNA polymerase after 15min at 50°C. B) Incorporation of dG15aMP by Vent (exo-) DNA polymerase (20 mU/µL) after 15 min at 50°C. C) Incorporation of dG15aMP by KF (exo-) DNA polymerase (22.5 mU/µL) after 5min at 37°C. D) Incorporation of dG15aTP by Therminator DNA polymerase (0.05 U/µL) after 2 min at 60°C.  
Encouraged by these results, the feasibility of multiple incorporations was investigated (Figure 28C). So, a template, coding for the insertion of two guanosine moieties and the same 23-nt primer were used. PAGE analysis of the multiple incorporation experiments 
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 showed that two ODN-modified nucleotides can be smoothly incorporated (Figure 28C lane 3).  3.2.2.3 Replacement of all dNTPs 

 
Figure 30 Primer extension reactions using several ODN-modified nucleotides and Therminator DNA polymerase. A) Partial DNA sequences of primer 2 and template 7. PAGE analysis of the primer extension reaction using all four ODN-modified nucleotides (60 min at 60°C). M: DNA marker; lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dGTP, dATP, dTTP and dCTP; lane 2: primer extension performed in the presence of dG15aTP, dA15aTP, dT20aTP and dC15aTP. (The incorporated nucleotide is highlighted in green). B) Partial synthesis of primer 2 and template 8. PAGE analysis of the primer extension employing ODN-modified nucleotides (3 h at 60°C, 0.12 U/µL polymerase).; M: DNA marker; lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP; lane 2: primer extension performed in the presence of dGTP, dATP, dTTP and dCTP; lane 3: primer extension performed in the presence of dG15aTP, dA15aTP, dTTP and dC15aTP; lane 4: primer extension performed in the presence of dG15aTP, dA15aTP, dT20aTP and dC15aTP. (The incorporated nucleotide is highlighted in green).  
To examine whether all four natural nucleotides can be displaced by ODN-modified surrogates, primer extension reaction using a radioactively labeled 23-nt primer and a 27-nt template, coding for the incorporation of all four nucleotides, was performed (Figure 30A). In presence of all four natural nucleotides Therminator DNA polymerase was able to extend the primer to the full-length oligonucleotide after 1 hour reaction time (Figure 30A lane 1). The double bands were caused by non-templated nucleotide addition to the 3’-termini of the blunt-ended DNA strand under the applied reaction conditions that are too excessive for simple DNA synthesis in presence of natural dNTPs. Similar 
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observations have been made before using 3’-5’ exonuclease-deficient DNA polymerases.[174] By replacing all natural nucleotides with ODN-modified nucleotides full-length product was obtained as well (Figure 30A lane 2). Pausing bands were observed after every incorporation of an ODN-modified nucleotide, but this experiment clearly demonstrates that ODN-modified nucleotides are processed and elongated in primer extension reactions even when there are only modified substrates present. As expected, the modified full-length product migrated significantly more slowly than the unmodified product. The 102-nt modified full-length product migrated significant more slowly than the 100-nt linear marker DNA strand, indicating that a highly branched DNA product was obtained.  Next, the same 23-nt primer but a longer template coding for the insertion of all four nucleotides twice, was used (Figure 30B). Using the same conditions as for the experiment described above, strong pausing bands and only small amounts of full-length product were obtained (Figure 30B lane 4). The experiment performed with only three ODN-modified nucleotides and one natural nucleotide did not show significant amounts of full-length product as well (Figure 30B lane 3).  3.2.2.4 Competition experiments  

 
Figure 31 Competition experiments of natural nucleotides versus ODN-modified nucleotides. A) Exemplary partial DNA sequences of primer 3 and template 5A employing dA20cTP and dATP. B) Evaluation of the incorporation efficiency using mixtures with varied composition of dA20cTP (■, dashed line) and dATP (•, solid line) and KlenTaq DNA polymerase. The conversion in % is plotted versus the ratio. Inset: The dotted line marks the approximate ratio where both nucleotides are equally incorporated. C) PAGE analysis of an exemplary competition experiments employing 
KlenTaq DNA polymerase. The ratio of dA20cTP/dATP was varied. Lane 0: 5’-32P-labeled primer; lane 1: ratio:0/1; lane 2: ratio: 1/1; lane 3: ratio: 2/1; lane 4: ratio: 4/1; lane 5: ratio: 10/1; lane 6: ratio: 20/1; lane 7: ratio: 50/1; lane 8: ratio: 100/1; lane 9: ratio: 1000/1; lane 10: ratio: 1/0. D) Overview of the efficiencies of the presented ODN-modified nucleotides in competition with their natural counterparts employing KlenTaq DNA polymerase. E) Overview of the efficiencies of the presented ODN-modified nucleotides in competition with their natural counterparts employing 
Therminator DNA polymerase.  



 

48 Results and Discussion 
 The incorporation efficiency of the amine-modified nucleotides7 (see chapter 3.1.2) and the ODN-modified nucleotides in comparison to their natural counterparts was examined. Therefore the same radioactively labeled 21-nt primer and 35-nt template as previously described were used (Figure 31A). The single incorporation experiments were conducted in a way that the modified nucleotides directly competed with their natural counterparts for incorporation. With the help of different concentration ratios of modified and unmodified nucleoside triphosphates the incorporation efficiency was examined. The ratio of unmodified versus modified nucleotide incorporation is easily accessible via PAGE analysis and phoshorimaging through the significantly different migration behavior resulting from the modification of the modified dNTPs (Figure 31B/C). In Figure 31 an exemplary study employing ODN-modified nucleotide dA20cTP is depicted. The PAGE analysis clearly shows the gel-shift caused by the 20-nt long ODN-modification and the increased incorporation of the ODN-modified nucleotide with increasing ratio of applied ODN-modified nucleotide (Figure 31C). The ratio of unmodified versus modified nucleotide incorporation was determined and the conversion in % was plotted versus the ratio. Based on this data the approximate ratio where both nucleotides are equally incorporated was calculated (Figure 31B). KlenTaq DNA polymerase incorporates the ODN-modified nucleotides several times less effective than their precursor amine-modified nucleotides (Figure 31D and Figure 33). But reactions performed with the modified nucleotide and no natural counterpart nucleotide showed moderate incorporations (Figure 31C lane 10). Results of reactions performed with Therminator DNA polymerase are shown in Figure 31E and Figure 32. The ODN-modified nucleotides are better incorporated by Therminator DNA polymerase than KlenTaq DNA polymerase.  

 
Figure 32 Competition experiments of dTxTP (■, dashed line) versus dTTP (•, solid line) using 
Therminator DNA polymerase. The conversion in % was plotted versus the concentration. The dotted line marks the approximate ratio where both nucleotides are equally incorporated. 
A) Partial DNA sequences of primer 3 and template 5T for the incorporation of dT6TP and dTTP and evaluation of the reactions. B) Partial DNA sequences of primer 3 and template 5T for the incorporation of dT20aTP and dTTP and evaluation of the reactions.                                                              7 The structures and synthesis strategies of dA*TP/dT*TP and dA**TP/dT**TP are depicted in 

Figure 13 and Figure 14.  
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Figure 33 Competition experiments of dN*TP/dN**TP/dNxTP (■, dashed line) versus dNTP (•, solid line) using KlenTaq DNA polymerase. The conversion in % was plotted versus the concentration. The dotted line marks the approximate ratio where both nucleotides are equally incorporated. A) Partial DNA sequences of primer 3 and template 5A for the incorporation of dA*TP and dATP and evaluation of the reactions. B) Partial DNA sequences of primer 3 and template 5T for the incorporation of dT*TP and dTTP and evaluation of the reactions. C) Partial DNA sequences of primer 3 and template 5A for the incorporation of dA**TP and dATP and evaluation of the reactions. D) Partial DNA sequences of primer 3 and template 5T for the incorporation of dT**TP and dTTP and evaluation of the reactions. E) Partial DNA sequences of primer 3 and template 5T for the incorporation of dT6TP and dTTP and evaluation of the reactions. F) Partial DNA sequences of primer 3 and template 5T for the incorporation of dT20cTP and dTTP and evaluation of the reactions.  
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 3.2.2.5 Application of ODN-modified nucleotides Encouraged by the results obtained with the ODN-modified nucleotides in solution, expedient application strategies were strived for. A microarray system and a system based on a DNAzyme were aspired to detect single nucleotide variations (SNPs). For the detection of an incorporation event several techniques were applied to tap the potential of the ODN label.  
Preliminary tests To examine which DNA polymerases incorporate all modified nucleotides in an appropriate way, different DNA polymerases were tested. For the planned reactions on microarray glass slides and streptavidin beads the reaction temperature should be as low as possible, to avoid drying up of the reaction solution or decomposition of the streptavidin beads. So, different commercially available DNA polymerases (Taq DNA polymerase, Vent(exo-) DNA polymerase, KlenTaq DNA polymerase, KF (exo-) DNA polymerase and Therminator DNA polymerase) were tested, if they incorporate all four ODN-modified nucleotides even below their optimal temperature range. The employed reaction conditions were not optimized on the used polymerases. Therminator DNA polymerase, KlenTaq DNA polymerase and KF (exo-) DNA polymerase were able to efficiently incorporate all ODN-modified nucleotides at ambient temperature. On the basis of these primer extension reactions and the generally good experience with Therminator DNA polymerase, KlenTaq DNA polymerase and KF (exo-) DNA polymerase regarding the incorporation of ODN-modified nucleotides, these DNA polymerases were chosen for the following experiments.  Due to the fact that SNP detection calls for an incorporation of the canonical nucleotide opposite the SNP position exclusively, the employed DNA polymerase must incorporate the canonical nucleotide solely. Therefore the ability of mismatch incorporation was investigated by primer extension reactions employing non-canonical templates. In  
Figure 34 the PAGE analysis of primer extension reactions employing canonical and non-canonical templates at different time points is depicted. In cases in which the canonical template was added nearly full conversion after 5-15 min took place (Figure 34A/C). In contrast nearly no conversion could be detected in cases were non-canonical template was added (Figure 34B/D). So, KF (exo-) DNA polymerase is excellently suited for SNP detection.   



  

Results and Discussion 51 
 

 

 
Figure 34 Single incorporation experiments using 22.5 mU/µL KF (exo-) DNA polymerase at 37°C. 
A) Partial DNA sequence of primer 3 and template 5A. PAGE analysis of the single matched-incorporation experiments using dATP (left) and dA15aTP (right); lane 0: 5’-32P-labeled primer only; lane 1: 40 sec; lane 2: 80 sec; lane 3: 2 min; lane 4: 5 min; lane 5: 15 min; lane 6: 25 min; lane 7: 90 min; lane 8: 120 min. B) Partial DNA sequence of primer 3 and template 5T. PAGE analysis of the single mismatched-incorporation experiments using dATP (left) and dA15aTP (right); lane 0: 5’-32P-labeled primer only; lane 1: 40 sec; lane 2: 80 sec; lane 3: 2 min; lane 4: 5 min; lane 5: 15 min; lane 6: 25 min; lane 7: 90 min; lane 8: 120 min. C) Partial DNA sequence of primer 3 and template 5T. PAGE analysis of the single matched-incorporation experiments using dTTP (left) and dT20aTP (right); lane 0: 5’-32P-labeled primer only; lane 1: 40 sec; lane 2: 80 sec; lane 3: 2 min; lane 4: 5 min; lane 5: 15 min; lane 6: 25 min; lane 7: 90 min; lane 8: 120 min. D) Partial DNA sequence of primer 3 and template 5A. PAGE analysis of the single mismatched-incorporation experiments using dTTP (left) and dT20aTP (right); lane 0: 5’-32P-labeled primer only; lane 1: 40 sec; lane 2: 80 sec; lane 3: 2 min; lane 4: 5 min; lane 5: 15 min; lane 6: 25 min; lane 7: 90 min; lane 8: 120 min. 
3.2.2.6 Detection of incorporated ODN-modified nucleotides on microarrays Microarray reactions were performed in the sequence context of the B type Raf kinase (BRAF) gene. The BRAF T1796A mutation appears to a high extent in malignant melanomas and human cancers.[175] To covalently immobilize the primer on the glass substrate, 5’-terminal aminohexyl-modified DNA primer probes were spotted on aminopropyl PDITC-activated glass slides. The activated glass slides were prepared by activation of commercially available aminopropyl-silanised glass slides with 1,4-phenylene diisothiocyanate  (Figure 35).[176]  
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Figure 35 Schematic depiction of the production of aminopropyl PDITC-activated glass slides. The aminopropyl glass slides were activated by 1,4-phenylene diisothiocyanate and afterwards functionalized with 5’-aminohexyl-modified DNA primer probes. 
Initially single incorporation of ODN-modified nucleotides was conducted on the primer-coated microarrays. Therefore the template, the ODN-modified nucleotide and the DNA polymerase dissolved in buffer were spotted as nine replicate blocks on the slide and washed gently after incubation. To avoid unspecific binding of the reaction components, BSA was added to the reaction mixture. A possible way to detect the incorporated ODN strand is to add complementary DNA strands bearing marker molecules which hybridize to the incorporated ODN strands. As marker molecules biotin and dyes were used. A representative reaction is depicted in Figure 36. Two parallel reactions were performed on one slide. The two reaction blocks were incubated in the presence of a template coding for the insertion of a dTMP, DNA polymerase and with dA15aTP or dT15aTP, respectively. After incubation, the slides were washed and incubated with Cy3-modified DNA strands binding to the incorporated ODN strand. As shown in Figure 36, an intense fluorescence signal was only detected in areas where the canonical dT15aMP was incorporated.  
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Figure 36 Microarray-based single-nucleotide-variation detection system. The depicted reaction scheme was performed on DNA microarrays. Right side: Image after readout at 532 nm. Hybridization with Cy3-labeled oligonucleotides was performed for detection. The Cy3-label is shown as purple stars. Reactions were conducted under the same conditions and on the same slide. Immobilized primer 1, template 5T, complementary Cy3 strand 1 and Therminator DNA polymerase were used.  
Detection with signal amplification  Detection systems with signal amplification are favored as they allow detection of reactions with decreased sample concentrations. Different detection strategies with signal amplification to detect the incorporated ODN strand are conceivable: 
1) Signal amplification by RCA and marker-molecule incorporation The incorporated ODN strand was hybridized with a circular template and rolling circle amplification was performed. Rolling circle amplification allows an extension of the incorporated ODN strand by multiple copies of the sequence encoded in the circular template (see also chapter 1.2.3, Figure 8). For the rolling circle reaction a mixture of natural dNTPs and modified dNTPs carrying a marker molecule, such as biotin or Cy3, was used. The modified nucleotides were incorporated by the DNA polymerase and the rolling circle product contained several marker groups that could be detected by fluorescence measurements either directly in case of Cy3 or by incubation with streptavidin-alexafluor546 conjugate and detection of the alexafluor546 dye in case of biotin. Due to the rolling circle reaction with the marker-modified nucleotide the background signal is high as unspecific interactions of the modified nucleotides can occur. To avoid unspecific interactions BSA can be added to the RCA reaction mixture. Of course, the detected signal depends on the amount of incorporated marker-modified nucleotides during the RCA reaction. In Figure 37 the detection of an incorporation event by RCA is depicted. The incorporated ODN strand is elongated by RCA and biotinylated dUMP is incorporated. After incubation with streptavidin-alexafluor546 conjugate the readout was performed with a microarray scanner machine. A signal was only detected in case when dT15aTP that is complementary to the circular RCA template was added (Figure 37  block 2). Block 1 and block 3 are control reactions were either natural nucleotides or non-
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 complementary RCA template were added. These control reactions ensure that the generated signal is not caused by unspecific binding of the biotinylated compound.  

 
Figure 37 Signal amplification by RCA and detection by Streptavidin-alexafluor 546. A) The incorporated ODN strand is elongated by RCA. The RCA is performed in presence of biotinylated dUTP, dATP, dGTP, dTTP and dCTP. The incorporated biotinylated dUMP is detected by streptavidin-alexafluor 546 conjugate. The streptavidin-alexafluor 546 conjugate is shown a in green (streptavidin) and purple (Alexafluor 546). B) Image after readout at 532 nm. Streptavidin-alexafluor 546 conjugate was used for detection. Block 1: PEX reaction performed with dT15bTP (not complementary to the RCA template), dATP, dCTP and dGTP. Block 2: PEX reaction performed with dT15aTP (complementary to the RCA template), dATP, dCTP and dGTP. Block 3: PEX reaction performed with dTTP, dATP, dGTP and dCTP. Reactions were conducted under the same conditions and on the same slide. Immobilized primer 1, template 5T, KlenTaq DNA polymerase (for the incorporation of the ODN-modified nucleotide) and KF (exo-) DNA polymerase (for RCA) were used.  
2) Signal amplification by RCA and hybridization with complementary strands Another possibility is to perform the rolling circle reaction with natural dNTPs. Due to the fact that the incorporated ODN strand is elongated by a repeating DNA sequence, hybridization with a complementary strand carrying marker molecules is also possible. So, several marker-molecule bearing complementary strands are hybridized to the RCA extended ODN strand. As shown in Figure 38, significant signal increase was observed only at positions where the ODN strand complementary to the circular template was spotted.   
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Figure 38 Signal amplification by RCA using Cy3-labeled oligonucleotides for detection. Top: PEX reaction performed with dT15aTP (complementary to the RCA template). A complementary circular DNA template was added and the incorporated ODN strand was extended by multiple copies of the same sequence. For detection complementary Cy3-labeled oligonucleotides were hybridized. Bottom: PEX reaction performed with dT15bTP (not complementary to the RCA template). No RCA takes place, as a non-complementary circular DNA template was added. For detection a complementary Cy3-labeled oligonucleotide was hybridized. Right side: Image after readout at 532 nm. Hybridization with Cy3-labeled oligonucleotides was performed for detection. Reactions were conducted under the same conditions and on the same slide. Immobilized primer 1, template 5T, Therminator DNA polymerase (for the incorporation of the ODN-modified nucleotide), complementary Cy3 strand 1 (blue), complementary Cy3 strand 2 (green), Cy3- label (purple) and 
KF (exo-) DNA polymerase (for RCA) were used.  
3.2.2.7 Naked eye detection of a DNA polymerase-mediated incorporation of a DNAzyme  The detection of an incorporated nucleotide is of paramount importance for many biotechnological applications (single-nucleotide polymorphisms detection, sequencing, etc)[113]. To keep the detection as simple as possible a naked eye detection system is aspired. The hemin/G-quadruplex DNAzyme, a well-known biocatalytic nucleic acid (DNAzyme), is frequently used for biosensing and naked eye detection systems (see also chapter 1.1.1.1).[38-46] In this molecule, the complexation of hemin with a guanine-rich single-stranded DNA yields a G-quadruplex structure that catalyses the H2O2-mediated oxidation of ABTS2- to the respective radical product ABTS•-. The formation of the colored ABTS•- radical can be easily detected by naked eye, without the need of expensive equipment.[38-44] The possibility of naked eye detection makes this DNAzyme to a versatile tool in biotechnical applications.[38-46, 177]  The attachment of this DNAzyme sequence to a nucleotide surrogate leads to an ODN-modified nucleotide with peroxidase catalytic activity (Figure 39). Hence, enzymatic incorporation of this ODN-modified nucleotide by DNA polymerases may allow the detection by naked eye.  
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Figure 39 Depiction of G4-modified nucleotides. The G4-sequence is attached to the C5 position at pyrimidines and to the C7 position at 7-deaza-purines. A) Depiction of G4-modified dATP B) G4-modified dCTP C) G4-modified dTTP D) ESI-TOF mass analysis G4-modified dCTP. Top: measured spectrum of multiply charged ions. Bottom: deconvoluted spectrum. The obtained spectrum shows two compounds: the desired G4-modified dCTP (compound A) and the hydrolyzed ODN strand (compound B).  
The synthesis of the ODN-modified nucleotides carrying the biocatalytic nucleic acid sequence was performed as described in chapter 3.2.1. The selected DNAzyme sequence (G4) was already successfully used by I. Willner and co-workers.[40, 46, 177] The ODN-modified nucleotides modified with this DNA sequence are termed G4-modified dNTP. The identities of the synthesized G4-modified nucleotides were verified by mass spectrometry. The separation of the desired G4-modified nucleotides from hydrolyzed DNA strands was laborious compared to other ODN-modified nucleotides. Several HPLC runs have been made to remove the hydrolyzed DNA strands. In case of the dCTP derivative the hydrolyzed DNA strands could not be removed completely by HPLC  
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(Figure 39C). The yields of these reactions were marginally lower compared to nucleotides bearing DNA sequences without secondary structures (Table 1).  As unimolecular parallel G-quadruplex[40], this sequence is absolutely suitable for the aspired application. The conformations of the G4-sequence in different buffer systems were examined by CD-spectroscopy (Figure 40). The CD-spectra of the G4-ODN dissolved in ThermoPol buffer and 40K buffer show a maximum at 265 nm and the typical minimum at 240 nm[178], indicating that the G4-ODN is folded in a parallel G-quadruplex conformation. The spectra of the G4-ODN in KTQ buffer and buffer 2 do not show the typical G-quadruplex spectra suggesting that no G-quadruplex is formed.   

 
Figure 40 CD-spectra of the G4-ODN diluted in different buffer solutions. G4-ODN dissolved in KTQ buffer (black, 20 mM Tris·HCl (pH 8.8), 10 mM KCl, 2 mM MgSO4, 10 mM (NH4)2SO4, 0.1% Triton X-100), in buffer 2 (green, 5 mM NaCl, 1 mM Tris HCl, 1 mM MgCl2, 0.1 mM Dithiotheitol, (pH 7.9)), in ThermoPol buffer (blue, 20 mM Tris·HCl (pH 8.8), 10 mM KCl, 2 mM MgSO4, 10 mM (NH4)2SO4) and in 40K buffer (magenta, 50 mM MES, 100 mM Tris acetate, 40 mM potassium acetate, 1 % DMSO, 0.05 %Triton X 100, (pH 6.2)). For a better measurement ThermoPol buffer was used without Triton X-100.  
In order to investigate whether these G4-modified dNTPs can be processed by DNA polymerases, we examined the acceptance of the G4-modified nucleotides in primer extension reactions. Reactions performed in solution showed that the G4-modified nucleotides are well accepted by KF (exo-) DNA polymerase and Therminator DNA polymerase. In Figure 41 the PAGE analysis of primer extension reactions performed with G4-modified nucleotides and KF (exo-) DNA polymerase are depicted. A 23-nt primer with a 32P-label at the 5’-end and a 35-nt template, coding for insertion of the respective nucleotide analog at position 27 after extending the primer by three nucleotides, were used. Lane 1 shows the reactions products of the reaction performed in absence of the respective nucleotide. The primer elongation is predominantly terminated at positions 26 or 27 without generating significant amounts of full-length product. However, in presence 
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 of all four natural nucleotides (Figure 41 lane 2) the primer is elongated to the full-length oligonucleotide. By substitution of the respective natural nucleotide with one of the G4-modified nucleoside triphosphates full-length product was obtained as well (Figure 41 lane 3). These modified full-length products migrated significantly more slowly in PAGE than the unmodified reaction products; this indicates that the bulky G4-modified nucleotide is incorporated. These results clearly demonstrate that G4-modified nucleotides are processed and elongated in primer extension reactions by the employed DNA polymerase. Due to non-templated nucleotide addition to the 3’-termini of the blunt-ended DNA strand, double bands were observed in case of G4-modified dTTP and G4-modified dCTP. This has been reported before using 3’-5’-exonucleoase-deficient DNA polymerases.[151, 179]  

 
Figure 41 Primer extension studies employing G4-modified nucleotides and 50 mU/µL KF (exo-) DNA polymerase (2 min at 37°C). A) Partial primer 2 and template 2A DNA sequences. PAGE analysis of the primer extension studies employing G4-modified dATP. M: DNA marker; lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP, dCTP and dGTP; lane 2: as lane 1, but in the presence of dATP; lane 3: as lane 1, but in the presence of G4-modified dATP. B) Partial primer 2 and template 2C DNA sequences. PAGE analysis of the primer extension studies employing G4-modified dCTP. M: DNA marker; lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dTTP, dATP and dGTP; lane 2: as lane 1, but in the presence of dCTP; lane 3: as lane 1, but in the presence of G4-modified dCTP. C) Partial primer 2 and template 2T DNA sequences. PAGE analysis of the primer extension studies employing G4-modified dTTP. M: DNA marker; lane 0: 5’-32P-labeled primer only; lane 1: primer extension performed in the presence of dATP, dCTP and dGTP; lane 2: as lane 1, but in the presence of dTTP; lane 3: as lane 1, but in the presence of G4-modified dTTP. 
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3.2.2.7.1 DNAzyme-based detection system on streptavidin sepharose Encouraged by these findings, we went one step ahead and investigated the potential of the approach to detect single nucleotide polymorphisms (SNPs). In personalized medicine a direct linkage between the genotype and wanted or unwanted (side) effects of drugs and vaccines is known.[175, 180-182] An easily usable and cheap point-of-care SNP-test could be a mayor breakthrough for personalized medicine, as SNP-test can be done with little effort.  We used the sequence context of the B type Raf kinase (BRAF) gene[175], a widely known cancer tumor marker, to evaluate the feasibility for the detection of single nucleotide variations by naked eye detection. A detection system on streptavidin sepharose beads was aspired.  
 

Figure 42 Oligonucleotide-coated beads. Addition of biotinylated (grey) oligonucleotide strands (green) to streptavidin-coated (blue) sepharose bead (black) leads to immobilized oligonucleotides on the bead (right). 
For the naked eye detection system, the biotinylated primer strand was immobilized on the streptavidin sepharose beads (Figure 42). After a washing step, the beads were incubated with DNA polymerase, G4-modified nucleotide and either with a canonical or non-canononical template. After incubation, the mixture was washed thoroughly to remove unreacted G4-modified nucleotides. This washing step was extremely important, as unreacted G4-modified nucleotides lead to a false positive signal. During washing the buffer was changed from the reaction buffer to a buffer with high potassium concentration to provide optimal conditions for G-quadruplex formation. Hemin, H2O2 and ABTS2- were added. An exemplary reaction is depicted in Figure 43. The reactions were performed as described above using immobilized primer 2, template 5A/B and KF (exo-) DNA polymerase. Three reactions were conducted in parallel: To one reaction the canonical template 5A, G4-modifed dATP and KF (exo-) DNA polymerase were added, to the second reaction non-canonical template 5T, G4-modified dATP and KF (exo-) DNA polymerase were added and to the third reaction the canonical template 5A and G4-modifed dATP were added but no DNA polymerase (negative control). The first reaction showed a significant color change after few minutes and absorbance measurements exhibited a newly formed absorbance band at 415 nm, whereas the second and third reactions showed no significant color change. This showed that the DNA polymerase is clearly discriminating between canonical nucleotide incorporation and non-canonical nucleotide incorporation. The negative control reaction was always performed to reveal false positive signals caused by deficient washing or unspecific binding of the G4-modifed nucleotide. 
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 Reactions performed with KF (exo-) DNA polymerase led to significantly stronger color changes than reactions performed with Therminator DNA polymerase.   

 
Figure 43 A) Schematic depiction of the assay system using G4-modified nucleotides. The immobilized primer strand (dark-green) is elongated by the G4-modified nucleotide (blue). The incorporated G4-ODN strand is detected by the addition of H2O2 and ABTS2-, using the peroxidase activity of the G4-DNAzyme sequence. B) Vial 1: canonical template 5A and G4-modifed dATP were added; vial 2: non-canonical template 5T and G4-modified dATP were added; vial 3: as vial 1 but without DNA polymerase. The absorbance was measured after 20 min. Pictures were taken after 35 min. Immobilized primer 2 and KF (exo-) DNA polymerase were used.  
Detection with signal amplification To obtain a significant signal to noise ratio with low template concentrations signal amplification is absolutely necessary. To investigate signal amplification, we sequence-specifically incorporated an ODN-modified nucleotide dA15aTP on the bead (as described above and Figure 44). In the rolling circle amplification step, natural dNTPs, DNA polymerase and a circular template that binds to its complementary incorporated ODN strand were added. So, the incorporated ODN strand is extended by multiple copies of the same sequence. After a washing step, a complementary DNA strand which is tagged with the DNAzyme was annealed to the extended incorporated ODN strand (Figure 44B). This results in multiple binding of the signaling molecules and culminates in signal amplification. In fact, compared to reactions performed without amplification (Figure 44C vial 1), the absorbance at 415 nm was doubled when rolling circle amplification was performed (Figure 44C vial 2). The negative control without DNA polymerase showed no color change (Figure 44C vial 3). This clearly shows that this system has the potential to detect single nucleotide variations with a convincing strong signal.   
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Figure 44 Assay system including ODN-modified nucleotide incorporation. A) System without signal amplification. B) Assay system including signal amplification by RCA. The incorporated ODN stand is elongated by a repeating sequence using RCA, leading to multiple binding of DNAzyme-modified oligonucleotides. C) Vial 1: without signal amplification (G4-modified dATP); vial 2: with signal amplification by RCA using dA15aTP; vial 3: as vial 2 but without DNA polymerase. The absorbance was measured after 25 min. Pictures were taken after 40 min. Immobilized primer 2, template 5A and KF (exo-) DNA polymerase were used. 
 
 
 
 
 
 



 

62 Results and Discussion 
  



  

Results and Discussion 63 
 

 

3.2.3 Conclusion Nucleotides with self-assembly and hybridization properties offer an unprecedented potentiality for diagnostic applications. The possibility of sequence specific incorporation of these modified nucleotides by commercially available DNA polymerases emphasizes the ubiquitous versatility. The beneficial combination of sequence-specific incorporation and addressability by hybridization makes the ODN-modified nucleotides to a great tool for genetic variation detection. Two different systems for high efficient and cost-effective SNP detection have been invented. The system based on microarray technique allows the detection of many SNPs in parallel and has the potential to be expanded to a four-color detection system, using nucleotide analogs carrying unique sequences and the appropriate dye-labeled complementary DNA strands.  The second system is based on the well-known hemin/G-quadruplex DNAzyme. Attaching the DNAzyme sequence to nucleotides enabled the incorporation of a DNAzyme by DNA polymerases. With this the way for a complete new possibility to detect sequence-specific nucleotide incorporation without the need of expensive equipment was opened. The elementary detection possibility by naked eye makes SNP detection as easy to handle as a single-use alcohol breathalyzer kit.  Due to the fact that the ODN-modified nucleotides are utmost adjustable different techniques for further DNA manipulation and readout can be exploited such as biotin-streptavidin-chemistry[183], nanoparticles[184] or branched DNA amplifiers (e.g. TSA detection kit, bDNA amplifier[185, 186]). 
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4 Summary Modified nucleotides are interesting tools: They can alter the characteristics of DNA in many ways and enable the applicability of DNA in several innovative biotechnological applications.  The first part of this thesis contributes to a better understanding of the acceptance and incorporation mechanism of modified nucleotides by DNA polymerases. Therefore modified nucleotides were successfully synthesized and incorporated into DNA by diverse DNA polymerases. In collaboration with Dipl.-Biol. K. Bergen (University of Konstanz) crystallization approaches of the synthesized modified nucleotides in complex with 
KlenTaq DNA polymerase were performed.  To facilitate this, an aminopentynyl-group was chosen as modification at the nucleobase. The amino-group allows a further functionalization by marker molecules. The modification was attached to the iodinated nucleoside at C5 of pyrimidines and C7 of 7-deazapurines applying Sonogashira conditions. According to a procedure published by T. Kovács and L. Ötvös the nucleoside triphosphates were synthesized in satisfying yields (pyrimidine analogs were synthesized by Dr. A. Baccaro (University of Konstanz)). To investigate whether these modified nucleotides are accepted by DNA polymerases, primer extension reactions were performed. I could show that these amine-modified nucleotides are well accepted and incorporated by KlenTaq DNA polymerase. The conducted competition experiments showed that these modified nucleotides are also able to compete with their natural counterpart for incorporation in an appropriate manner. To gain insight into the mechanism of acceptance and incorporation of modified nucleotides, KlenTaq DNA polymerase was crystallized in complex with these altered substrates. The obtained crystal structures give an insight into the active site of the protein while processing altered substrates. Due to the applied crystallization strategy the incoming modified nucleotide is caught in the active site poised for incorporation. The obtained crystal structures should open the door for the rational design of modified nucleotides.  In the second part of the thesis, the amine-modified nucleotides were further functionalized with an oligodeoxynucleotide (ODN) strand. The ODN-modified nucleotides have self-assembly and hybridization properties and offers therefore an unprecedented potentiality for diagnostic applications. For the synthesis of ODN-modified, the activated 
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 ODN strand was attached to the amine-modified nucleotide by amide bond formation. By using this approach, several ODN-modified nucleotides carrying ODN strands with different sequences and lengths were successfully synthesized. Primer extension reactions with different DNA polymerases showed that these ODN-modified nucleotides are well accepted and can act as surrogates for natural nucleotides. Despite the steric demand, purine analogs that were 25-times larger than the natural counterpart were successfully incorporated by a DNA polymerase. Even multiple incorporations were possible to create highly modified and branched DNA. The free 3’-hydroxyl group of the incorporated ODN strand allows further elongation reactions (e.g. rolling circle amplification). This feature was successfully used in a microarray and an on-bead approach to create signal amplification. The beneficial combination of sequence-specific incorporation and addressability by hybridization makes the ODN-modified nucleotides a valuable treasure for SNP detection. Within this thesis, two different systems for SNP detection have been developed: One system that allows detection in a high throughput manner (microarray approach) and one system on a basic principle level (on-bead approach). The system based on microarray technique allows the detection of many different SNPs in parallel manner by using minimal amounts of sample. We showed that signal amplification can be achieved by elongation of the incorporated ODN strand by rolling circle amplification. In addition, this system has the potential to be expanded to a four-color detection system which will increase the capacity tremendously. Therefore nucleotide analogs carrying unique sequences and the appropriate dye-labeled complementary DNA strands are needed. The detection method for this system is also variable. Due to the fact that the ODN-modified nucleotides are utmost adjustable different techniques for further DNA manipulation and readout can be exploited such as biotin-streptavidin-chemistry[183], nanoparticles[184] or branched DNA amplifiers (e.g. TSA detection kit, bDNA amplifier[185, 186]). The second system is based on the well-known hemin/G-quadruplex DNAzyme. Attaching the DNAzyme sequence (G4-sequence) to nucleotides enabled the incorporation of a DNAzyme by DNA polymerases. As platform for this technique streptavidin beads were used to immobilize the biotinylated primer strand probe. By the addition of template, DNA polymerase and canonical G4-modified nucleotide the immobilized primer strand is elongated by the G4-modified nucleotide. The immobilized primer strand carries now the G4-strand. By the addition of hemin, ABTS2- and H2O2, a color change is observed demonstrating that the G4-modified nucleotide was successfully incorporated. Signal amplification is also possible by using rolling circle amplification. Thus, the incorporated ODN strand is elongated by multiple copies of the same sequence. I could show that this increases the hybridization events of a DNAzyme-tagged complementary strand. And a more intensive signal compared to a reaction performed without rolling circle amplification could be obtained. With this, the way for a complete new possibility to detect sequence-specific nucleotide incorporation without the need of expensive equipment and 
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highly trained stuff was opened. A point-of-care test based on this method is absolutely conceivable to facilitate SNP detection even outside of a highly equipped laboratory. Apart from the signal amplification method shown in Figure 44B, other procedures to obtain signal amplification are conceivable. Two feasible variants are depicted in  
Figure 45. In the approach depicted in Figure 45A a circular template is used that codes for a G-quadruplex sequence. During rolling circle amplification the ODN strand is elongated by a repeating sequence that is able to form G-quadruplexes. The second variant describes the incorporation of a G4-modified nucleotide during rolling circle amplification (Figure 45B). The disadvantages of this variant are the huge amount of precious G4-modifed nucleotide needed for the rolling circle amplification and the dependency of multiple enzymatic incorporation during rolling circle amplification by the DNA polymerase. In both variants the signals are also generated by the previously described hemin/G-quadruplex DNAzyme system.   

 
Figure 45 Additional procedures to obtain signal amplification. A) Incorporation of a G-quadruplex sequence by rolling circle amplification. B) Incorporation of a G4-modified nucleotide by rolling circle amplification 
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5 Zusammenfassung Modifizierte Nukleotide stellen ein vielseitiges Ausgangsmaterial dar: Sie können die Eigenschaften von DNA beeinflussen oder verändern und ermöglichen somit die Verwendung von DNA in zahlreichen innovativen biotechnischen Anwendungen.  Der erste Teil dieser Arbeit trägt zu einem besseren Verständnis des Akzeptanzmechanismus und des Einbaumechanismus von modifizierten Nukleotiden durch DNA-Polymerasen bei. Hierfür wurden modifizierte Nukleotide synthetisiert und mittels verschiedener DNA-Polymerasen in DNA eingebaut. In Zusammenarbeit mit Dipl.-Biol. K. Bergen (Universität Konstanz) wurde die KlenTaq DNA-Polymerase im Komplex mit den synthetisierten modifizierten Nukleotiden kristallisiert und röntgenspektroskopisch untersucht.  Als Modifikation wurde eine Aminopentynyl-Gruppe an der Nukleobase gewählt. Diese Aminogruppe ermöglicht es weitere Modifikationen wie zum Beispiel Signalmoleküle einzuführen. Die Amino-modifikation wurde an C5 der Pyrimidine bzw. an C7 der 7-Deazapurinen mittels Sonogashira Reaktion eingeführt. Angelehnt an eine Reaktion von T. Kovács und L. Ötvös wurden aus den amino-modifizierten Nukleosiden die entsprechenden Nukleosidtriphosphate in zufriedenstellenden Ausbeuten synthetisiert (Pyrimidinanaloga wurden von Dr. A. Baccaro (Universität Konstanz) synthetisiert). Um zu überprüfen, ob diese modifizierten Nukleotide von DNA-Polymerasen akzeptiert werden, wurden Primerverlängerungsreaktionen durchgeführt. Hierbei konnte ich zeigen, dass diese amino-modifizierten Nukleotide von der KlenTaq DNA-Polymerase akzeptiert und eingebaut werden. Die durchgeführten Konkurrenzexperimente zeigten, dass die modifizierten Nukleotide eine vergleichbar hohe Einbaueffizienz haben wie ihre natürlichen Analoga. Um Einblicke in den Akzeptanzmechanismus und den Einbaumechanismus von modifizierten Nukleotiden zu bekommen, wurde die KlenTaq DNA-Polymerase im Komplex mit diesen modifizierten Nukleotiden kristallisiert. Die erhaltenen Kristalle ermöglichen Einblicke in das aktive Zentrum zu dem Zeitpunkt an dem die modifizierten Substrate prozessiert werden. Die verwendete Kristallisationsstrategie ermöglicht es das modifizierte Nukleotid in der Einbauposition im aktiven Zentrum zu halten. Die erhaltenen Kristallstrukturen sind ein weiterer großer Schritt hin, zum rationalen Design von modifizierten Nukleotiden.  
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 Im zweiten Teil der Arbeit wurden die synthetisierten amino-modifizierten Nukleotide mit einem Oligodesoxynukleotidstrang (ODN Strang) weiter modifiziert. Die ODN-modifizierten Nukleotide haben selbstassemblierende und hybridisations Eigenschaften und bieten daher ein unerschöpfliches Potenzial für diagnostische Anwendungen. Bei der Herstellung der ODN-modifzierten Nukleotide wurde ein aktivierter ODN Strang mit einem amino-modifizierten Nukleotid über eine Amidgruppe verknüpft. Auf diese Weise konnten mehrere Nukleotide, die ODN Stränge verschiedenster Länge und Sequenz trugen, erfolgreich hergestellt werden. Primer-verlängerungsreaktionen, die mit verschiedenen DNA-Polymerasen durchgeführt wurden, zeigten, dass diese ODN-modifizierten Nukleotide sehr gut akzeptiert werden und als Ersatz für das natürliche Nukleotid akzeptiert werden. Unbeeindruckt vom sterischen Anspruch wurden selbst Purinanaloga, die 25-mal größer als das natürliche Pendant sind, erfolgreich durch DNA-Polymerasen in die DNA eingebaut. Ebenso war der mehrfache Einbau von modifizierten Nukleotiden um hoch-modifizierte und verzweigte DNA herzustellen, möglich. Die freie 3’-Hydroxylgruppe des eingebauten ODN Stranges kann außerdem für weitere Verlängerungen zum Beispiel durch Rolling Circle Amplifikation verwendet werden. Diese Möglichkeit wurde erfolgreich zur Signalverstärkung für die Microarray- und On-Bead-Anwendungen genutzt. Die erfolgreiche Kombination von sequenzspezifischem Einbau und Adressierbarkeit durch Hybridisierung machen die ODN-modifzierten Nukelotide zu einem wertvollen Baustein für SNP-Detektionssysteme. Im Rahmen dieser Arbeit wurden zwei verschiedene Systeme, die SNP-Detektion ermöglichen, entwickelt: Ein System, dass die Detektion im Hochdurchsatzverfahren erlaubt (Microarray-System) und ein System (On-Bead-System) bei dem der technische Aufwand auf ein Minimum reduziert wurde. Das Microarray-System ermöglicht es viele verschiedene SNPs kostengünstig und parallel zu bestimmen. Dabei ist nur eine kleine Menge an Probe nötig. Wir haben gezeigt, dass Signalverstärkung durch die Verlängerung des eingebauten ODN Stranges durch Rolling Circle Amplifikation erreicht werden kann. Zusätzlich bietet dieses System die Möglichkeit einer Vierfarbendetektion, wodurch der Durchsatz deutlich erhöht werden kann. Dafür sind Nukleotidanaloga, die eine individuelle Sequenz tragen und die dazu passenden farbstoffmodifizierten-komplementären DNA Stränge nötigt. Des Weiteren ist die Detektionsmethode bei diesem System sehr variabel. Da die ODN-modifizierten Nukleotide fast unendlich viele Möglichkeiten bieten, können verschiedene Techniken zur weiteren DNA Manipulation und Detektion wie zum Beispiel Biotin-Streptavidin-Chemie[183], Nanopartikel[184] oder verzweigte DNA Signalverstärker (wie beispielsweise der TSA Detektions-Kit oder bDNA Signalverstärker[185, 186]) eingesetzt werden.  Das zweite System verwendet das bekannte Hemin/G-Quadruplex DNAzyme. Wird die DNAzyme Sequenz (G4-Sequenz) mit einem Nukleotid gekoppelt, kann ein DNAzyme mittels DNA-Polymerase in DNA eingebaut werden. Um den biotinylierten Primerstrang 
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zu immobilisieren wurden Streptavidin-Beads als Trägermaterial für dieses System verwendet. Durch die Zugabe eines Templates, DNA-Polymerase und kanonischem G4-modifiziertem Nukleotid wird der immobilisierte Primerstrang um ein G4-modifiziertes Nukleotid verlängert. Der immobilisierte Primerstrang trägt so die G4-Sequenz. Nur wenn das G4-modifizierte Nukleotid erfolgreich eingebaut wurde, kommt es nach der Zugabe von Hemin, ABTS2- und H2O2 zu eineim mit bloßem Auge sichtbaren Farbumschlag. Auch hier ist Signalverstärkung durch Rolling Circle Amplifikation möglich. Hierbei wird ein eingebauter ODN Strang mit vielen Kopien der gleichen Sequenz verlängert (die Sequenz kann frei gewählt werden). Ich konnte zeigen, dass dies die Anzahl der Hybridisierungsmöglichkeiten eines DNAzyme-tragenden komplementären Strang erhöht. Ein intensiveres Signal verglichen mit einer Reaktion ohne Rolling Circle Amplifikation kann so erreicht werden. Diese Methode eröffnet neue Wege sequenz-spezifische Nukleotideinbauten ohne teure Laborausstattung und speziell ausgebildetes Laborpersonal zu detektieren. Ein Schnelltest basierend auf dieser Methode ist absolut denkbar, um SNP-Detektion auch außerhalb eines gut ausgestatteten Labors durchzuführen.  Neben der in Figure 44B verwendeten Methode zur Signalverstärkung sind noch andere Möglichkeiten denkbar. Zwei mögliche Varianten sind in Abbildung 1 dargestellt. Bei der ersten Variante (Abbildung 1A) wird ein ziruläres Templat verwendet, dass für eine G-quadruplex Sequenz codiert. Mit Hilfe der Rolling Circle Amplification wird dann der eingebaute ODN Strang mit einer sich wiederholenden Sequenz, die in der Lage ist G-quadruplexe auszubilden, verlängert. Die zweite Variante basiert auf dem Einbau G4-modifizierten Nukleotide während der Rolling Circle Amplification  (Abbildung 1B). Der Nachteile dieser Variante sind zum einen der hohe Verbrauch an synthetisiertem G4-modifizierten Nukleotid und zum anderen der schlechtere Einbau des modifizierten Nukleotids während der Rolling Circle Amplification im Vergleich zum natürlichen Substrat. Bei beiden Varianten erfolgt die Detektion mit Hilfe des Hemin/G-quadruplex DNAzyme system.  
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Abbildung 1 Denkbare Varianten um Signalverstärkung zu erhalten. A) Einbau einer G-quadruplex Sequenz durch Rolling Circle Amplification. B) Einbau eines G4-modifizierten Nukleotides durch Rolling Circle Amplification. 
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6 Materials and Methods 

6.1 General 

6.1.1 Chemicals and solvents Standard chemicals were purchased from ABCR, Acros, Fluka, Sigma-Aldrich or TCI and were used without further purification. Dry crown-capped solvents were ordered from 
Sigma-Aldrich. Technical-grade solvents were distilled prior to use, HPLC-grade solvents were used without further purification. Triethylamine and Trimethylphosphate were distilled and stored over molecular sieve.  
6.1.2 Electrospray ionization mass spectrometry (ESI-MS) For electrostray ionization-ion trap (ESI-IT) measurements, the samples were directly injected to an Esquire 3000+ ESI-IT spectrometer (Bruker). The obtained data were analyzed using the program DataAnalysis (Bruker). Small molecules were diluted in water/acetonitrile (1:1), whereas oligonucleotides and ODN-modified nucleotides were diluted in a mixture containing 2% triethylamine, 20% 2-propanol and 78% water. For the deconvolution of multiply charged ions the program DataAnalysis (Bruker) was used to calculate the total masses.  High resolution mass spectrometry (HRMS) was performed on a micrOTOF II ESI-TOF spectrometer (Bruker). Small molecules, oligonucleotides and ODN-modified nucleotides were diluted in water and directly injected. A sodium formamide salt cluster solution (calibration solution) was injected prior to the analyte. For data processing, calibration and charge deconvolution the program DataAnalysis 4.0 (Bruker) was used.  
6.1.3 Nuclear magnetic resonance (NMR) NMR spectra were recorded on Bruker Avance 400 (1H: 400 MHz, 13C: 101 MHz, 32P: 162 MHz) spectrometer. The signals of the not fully deuterated solvents were used as references and the chemical shifts converted to the TMS scale and are given in ppm (δ). 
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 Data are reported as follows: chemical shift (multiplicity [singlet (s), broad singlet (br. s), doublet (d),doublet of doublets (dd), doublet of doublet of doublet (ddd), triplet (t), doublet of triplets (dt), quartet (q), pentet (p), multiplet (m)], coupling constants [Hz], integration; assignment). The spectra were processed using MestReNova 6.2.1 (Mestrelab 
Research).  
6.1.4 Chromatography 6.1.4.1 Thin layer chromatography (TLC) TLC was performed on silica gel 60 F254-coated aluminum plates (Merck). The visualization was performed by fluorescence quenching at 254 nm. The TLC plates were stained using a color reagents (10 mL conc. sulfuric acid, 2 mL acetic acid, 10 mL 4-anisic aldehyde and 180 mL ethanol). The used solvent and the determined retardation factor (Rf value) are listed in the respective experimental section.  6.1.4.2 Flash chromatography The purification of compounds by flash chromatography were carried out on silica gel 60 pore size 40-63 µm (Merck) applying over pressure (approximately 0.3 bar). All technical-grade solvents were distilled prior to use or used in HPLC-grade.  6.1.4.3 Middle pressure liquid chromatography (MPLC) MPLC-purification was performed on a system from Büchi (controller: C-620, pumps: C-605, UV-detector: C-630 and fraction collector: C660). For RP-MPLC prepacked columns (RP-18, 40-63 μm, Büchi) were used. Gradients of water and acetonitrile (5-100%) were used.  6.1.4.4 High pressure liquid chromatography (HPLC) Analytical HPLC purifications were performed on a LC-20A prominence HPLC system (Shimadzu). For small molecules, oligonucleotides and ODN-modified nucleotides either a nucleosil 100-5 C18 PPN column (Macherey-Nagel) or an XBridge OST C18 2.5µm column (Waters) was used. Gradients of TEAA buffer (0.1 M, pH 7.0) and acetonitrile (5-100%) were used. For evaluation the program LCsolution 1.2.5 (Shimadzu) was used.  6.1.4.5 Fast Performance Liquid Chromatography (FPLC) Purification of nucleoside triphosphates were purified by ion-exchange chromatography using DEAE-Sephadex A-25 material (GE Healthcare) at 5°C. Increasing molarities of TEAB buffer were used (0.1 M to 1.0 M). Purification was either performed on a BioLogic DuoFlow system (Bio-Rad) or on an Äkta purifier (GE Healthcare).  
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6.2 Synthesis of modified nucleotides The preparation of 5-(aminopentynyl)-2’-deoxyuridinetriphosphate[151], 5-(amino-pentynyl)-2’-deoxy-cytidinetriphosphate[151], 7-deaza-2’-deoxy-7-iodo-adenosine[160], 7-deaza-2`-deoxy-7-iodoguanosine[159] and 2,2,2-trifluoro-N-(pent-4-ynyl)acetamide[161] were carried out according to literature.  
0.5 M bis(tri-n-butylammonium)pyrophosphate in DMF Water was passed through a column (20 cm x 3 cm) containing acidic ion exchange resin (Amberlite IR-120, H+-form, Merck) till the effluent reached pH 5. The effluent was disposed. Tetrasodium pyrophosphate*10H2O (4.46 g, 10 mmol) was dissolved in water (75 ml) and passed through the column containing resin and washed with water till the effluent reached pH 5. The effluent was added dropwise to an ice-cold solution of tri-n-butylamine (4.77 mL, 3.71 g, 20 mmol) and ethanol (40 mL). The resulting clear solution was evaporated in vacuo to a volume of approximately 10 mL (waterbath 30°C). Traces of water were removed by two evaporations with 20 mL portions of ethanol followed by three evaporations with 10 mL portions of DMF. The resulting clear syrup was diluted to 20 mL with DMF to yield a 0.5 M solution of bis(tri-n-butylammonium)pyrophosphate in DMF. The solution was stored over molecular sieve at 10°C.  
6.2.1 Synthesis of 2’-deoxyadenosine analogs 

7-(trifluoroacetamidopentynyl)-7-deaza-2’-deoxyadenosine To a suspension of 7-deaza-2’-deoxy-7-iodoadenosine (160 mg, 0.43 mmol), CuI (24.5 mg, 0.13 mmol) and PdCl2(PPh3)2 (45.3 mg, 0.065 mmol) in anh. DMF (4 ml) was added 2,2,2-trifluoro-N-(pent-4-ynyl)acetamide (0.4 g, 2.2 mmol) and anh. Et3N (178 μl, 1.3 mmol). After 18 h at RT, the brown reaction mixture was diluted with CH2Cl2/MeOH (1:1) (15 ml), and Amberlite IR-402 (HCO3--form) was added. After shaking for 45 min, the resin was removed by filtration and washed with CH2Cl2/MeOH (1:1) (15 ml). The combined filtrate was evaporated, and the residue was purified by flash chromatography (1-10% MeOH/CH2Cl2) and RP-MPLC (RP-18, 40-63 μm, linear gradient 5-100% acetonitrile in water) to give compound 7-(trifluoroacetamidopentynyl)-7-deaza-2’-deoxyadenosine (137 mg, 0.32 mmol, 75%) as white solid. Rf = 0.35 (CH2Cl2/MeOH 9:1); 1H-NMR: (400 MHz, [D6]DMSO): δ=9.49 (s, 1H; NH), 8.13 (s, 1H; H-2), 7.65 (s, 1H; H-8), 6.66 (br. s, 1H; NH2), 6.48 (dd, 3J=7,98 Hz, 3J=6,04 Hz, 1H; H-1’), 5.25 (br, 1H; C(3’)-OH), 5.05 (t, 3J=5.4 Hz, 1H; C(5’)-OH), 4.39 - 4.31 (m, 1H; H-3’), 3.85 – 3.82 (m, 1H; H-4’), 3.62 – 3.48 (m, 2H; H-5’a/b), 3.31 (m; CH2NH, superimposed by H2O), 2.54 – 2.50 (m; C≡CCH2, H-2’a, superimposed by DMSO), 2.21 - 2.15 (m, 1H; H-2’b), 1.78 ppm (p, 3J=7 Hz, 2H; -CH2CH2CH2NH-); HRMS (negative mode): m/z: calcd for [C18H19F3N5O4]-: 426.3700, found: 426.1676. 
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7-(aminopentynyl)-7-deaza-2’-deoxyadenosinetriphosphate dA*TP  7-(trifluoroacetamidopentynyl)-7-deaza-2’-deoxyadenosine (37 mg, 0.087 mmol) and proton sponge (28 mg) were dissolved in trimethyl phosphate (1 ml), and cooled to 0°C. Freshly distilled POCl3 (32 μl) was added and stirred for 1.5 h. A 0.5 M solution of (Bu3NH)2H2P2O7 in anh. DMF (870 μl, 0.435 mmol) and nBu3N (207 µl) were added simultaneously to the mixture. After 30 min, 0.1 M aq. TEAB buffer (pH 7.5, 5 ml) was added and the aq. layer was washed with ethyl acetate (3x 5 ml). The aq. layer was evaporated and the residue was dissolved in water/ammonium hydroxide (25%) (1:2). After stirring at room temperature for 3 h, the mixture was concentrated in vacuo and the resulting residue was purified by ion-exchange chromatography (DEAE-Sephadex A-25, linear gradient of TEAB buffer (0.1 M to 1 M, 1000 ml, flow rate: 2.5 ml/min) and further purified by RP-HPLC (Nucleosil 100-5 C18 PPN, 5-100% TEAA buffer (pH 7.0)/acetonitrile) to give triphosphate dA*TP (4.3 mg, 4%, determined by UV-absorption). 1H-NMR (400 MHz, D2O): δ=8.16 (br, 1H; H-2), 7.69 (s, 1H; H-8),6.53 (t, 3J=6.3 Hz, 1H; H-1’), 4.74 (br. s, 1H; H-3’), 4.26 (m, 3H; H-4, H-5’a/b), 3.17 (q, 3J=7.3 Hz, 30H; Et3N, CH2NH), 2.64 – 2.52 (m, 4H; H-2’a/b, C≡CCH2), 2.04 – 1.98 (m, 2H; -CH2CH2CH2NH-), 1.29 ppm (t, 3J=7.3 Hz, 40H; Et3N); 31P-NMR (162 MHz, [D6]acetone): δ=-9.43 (d, 2J=18.8 Hz, 1P; Pγ), -10.33 (d, 2J=20.7 Hz, 1P; Pα), -22.00 ppm (t, 2J=19.0 Hz, 1P; Pβ). HRMS (negative mode): m/z: calcd for [C16H23N5O12P3]-: 570.0562, found: 570.0567.  
7-(N-(10-hydroxydecanoyl)-aminopentinyl)-7-deaza-2’-deoxyadenosinetriphosphate dA**TP 7-(aminopentinyl)-7-deaza-2’-deoxyadenosinetriphosphate dA*TP (570 µg, 1 µmol) and succinimidyl 10-hydroxydecanoate (2.85 mg, 10 µmol) were dissolved in DMSO (0.5 ml). After shaking at room temperature for five hours, the reaction mixture was freeze-dried. The residue was suspended in water and filtered. The solution was purified by RP-HPLC (Nucleosil 100-5 C18 PPN, 5-100 % acetonitrile/0.1 M TEAA buffer) to give triphosphate 
dA**TP in quantitative yield. 1H-NMR (400 MHz, MeOD): δ = 8.20 (br, 1H, H-2), 7.72 (s, 1H, H-8), 6.64 (t, 3J = 6.2 Hz, 1H, H-1’), 4.72 (br, 1H, H-3’), 4.32 – 4.20 (m, 2H, H-5’a/b), 4.14 (br, 1H, H-4’), 3.58 – 3.53 (m, 2H, -CH2CH2OH), 3.35 (m, 2H, -CH2NH-, superimposed by MeOH), 3.24 – 3.19 (m, 13H, Et3N,), 2.61 – 2.50 (m, 3H, H-2’a, -C≡CCH2-), 2.38 – 2.32 (m, 1H, H-2’b), 2.24 – 2.20 (m, 2H, -COCH2-), 1.87 – 1.79 (m, 2H, -CH2CH2CH2NH-), 1.65 – 1.63 (m, 2H, -COCH2CH2-), 1.58 – 1.52 (m, 2H, -CH2CH2OH), 1.35 ppm (m, 36H, Et3N, -CH2-); 31P-NMR (162 MHz, MeOD): δ = -10.09 (d, J = 21.3 Hz, 1P, Pγ), -10.99 (d, J = 21.3 Hz, 1P, Pα), -22.99 - -23.58 ppm (m, 1P, Pβ). HRMS (negative mode): m/z: calcd for [C26H41N5O14P3]-: 740.1868, found: 740.1891.  
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6.2.2 Synthesis of 2’-deoxyguanosine analogs 

7-(trifluoroacetamidopentynyl)-7-deaza-2’-deoxyguanosine  To a suspension of 7-deaza-2`-deoxy-7-iodoguanosine (200 mg, 0.51 mmol), CuI (19 mg, 0.10 mmol) and PdCl2(PPh3)2 (53 mg, 0.076 mmol) in anh. DMF (2.5 ml) was added 2,2,2-trifluoro-N-(pent-4-ynyl)acetamide (0.27 g, 1.49 mmol) and anh. Et3N (140 μl, 1.0 mmol). After 18 h at RT, the brown reaction mixture was diluted with CH2Cl2/MeOH (1:1) (15 ml), and Amberlite IR-402 (HCO3--form) was added. After shaking for 45 min, the resin was removed by filtration and washed with CH2Cl2/MeOH (1:1) (15 ml). The combined filtrate was evaporated, and the residue was purified by flash chromatography (1-10% MeOH/CH2Cl2) and RP-MPLC (RP-18, 40-63 μm, linear gradient 5-100% acetonitrile in water) to give compound 7-(trifluoroacetamidopentynyl)-7-deaza-2’-deoxyguanosine (115 mg, 0.26 mmol, 51%) as white solid. Rf = 0.75 (CH2Cl2/MeOH 8:2), 1H-NMR (400 MHz, [D6]DMSO): δ=10.47 (br. s, 1H; NH), 9.52 (s, 1H; NHCOCF3), 7.15 (s, 1H; H-8), 6.34 (br, 2H; NH2), 6.29 - 6.28 (m, 1H; H-1’), 5.22 (d, 3J=3.5 Hz, 1H; C(3’)-OH), 4.91 (t, 3J=5.3 Hz, 1H; C(5’)-OH), 4.30 – 4.24 (m, 1H; H-3’), 3.77 - 3.73 (m, 1H; H-4’), 3.53 – 3.46 (m, 2H; H-5’a/b), 3.31 (m; CH2NH, superimposed by H2O), 2.42 – 2.39 (m, 2H; C≡CCH2), 2.33 – 2.26 (m, 1H; H-2’a), 2.09 - 2.04 (m, 1H; H-2’b), 1.74 ppm (p, 3J=7.0 Hz, 2H;  -CH2CH2CH2NH-); HRMS (negative mode): m/z: calcd for [C18H19F3N5O5]-: 442.1344; found: 442.1345.  
7-(aminopentynyl)-7-deaza-2’-deoxyguanosinetriphosphate dG*TP  7-(trifluoroacetamidopentynyl)-7-deaza-2’-deoxyguanosine (46 mg, 0.104 mmol) and proton sponge (33 mg) were dissolved in trimethyl phosphate (1.4 ml), and cooled to 0°C. Freshly distilled POCl3 (20 μl) was added and stirred for 1.5 h. A 0.5 M solution of (Bu3NH)2H2P2O7 in anh. DMF (1.25 ml, 0.625 mmol) and nBu3N (260 μl) were added simultaneously to the mixture. After 30 min, 0.1 M aq. TEAB buffer (pH 7.5, 6 ml) was added and the aq. layer was washed with ethyl acetate (3x 5 ml). The aq. layer was evaporated and the residue was dissolved in water/ammonium hydroxide (25%) (1:2). After stirring for 3.5 h at RT, the mixture was concentrated in vacuo and the resulting residue was purified by ion-exchange chromatography (DEAE-Sephadex A-25, linear gradient of TEAB buffer (0.1 M to 1 M, 1000 ml, flow rate: 2.5 ml/min) and further purified by RP-HPLC (Nucleosil 100-5 C18 PPN, 5-100% TEAA buffer (pH 7.0)/acetonitrile) to give triphosphate dG*TP (6.7 mg, 14.4 µmol, 13%, determined by UV-absorption). 1H-NMR (400 MHz, D2O): δ=7.35 (s, 1H; H-8), 6.39 (t, 3J=6.5 Hz, 1H; H-1’), 4.74 – 4.70 (m, 1H; H-3’), 4.21 – 4.07 (m, 3H; H-4, H-5’a/b), 3.17 (q, 3J=7.3 Hz, 35H; Et3N, CH2NH), 2.62 – 2.55 (m, 3H; H-2’a, C≡CCH2), 2.43 – 2.35 (m, 1H; H-2’), 1.96 – 1.95 (m, 2H; -CH2CH2CH2NH-), 1.24 ppm (t, 3J=7.3 Hz, 52H; Et3N); 31P-NMR (162 MHz, D2O) δ=-10.71 (d, 2J=19.6 Hz, 1P; Pγ), -11.33 
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 (d, 2J=20.1 Hz, 1P; Pα), -23.11 ppm (t, 2J=19.6 Hz, 1P; Pβ); HRMS (negative mode): m/z: calcd for [C16H23N5O13P3]-: 586.0510; found: 586.0502. 
6.3 Biochemical Experiments 

6.3.1 Buffers and solutions 
• 1 M TEAA buffer (1 M acetic acid, 1 M triethylamine, (pH 7)) 
• 1 M TEAB buffer (1 M triethylamine, saturated with CO2, (pH 7.5)) 
• 10x SSC+SDS buffer (1.5 M NaCl, 0.15 M sodium citrate, (pH 7), 1% SDS (w/v)) 
• 2x sodium phosphate buffer (300 mM Na2HPO4/Na2HPO4 (pH 8.5)) 
• 10x ThermoPol reaction buffer (200 mM Tris·HCl (pH 8.8), 100 mM KCl, 20 mM MgSO4, 100 mM (NH4)2SO4, 1% Triton X-100) (New England BioLabs) 
• 10x KlenTaq reaction buffer (500 mM Tris HCl (pH 9.2), 160 mM (NH4)2SO4, 25 mM MgCl2, 1% Tween 20) 
• 10x microarray reaction buffer for Therminator DNA polymerase (200 mM Tris·HCl (pH 8.8), 100 mM KCl, 20 mM MgSO4, 100 mM (NH4)2SO4)  
• 10x buffer 2 (50 mM NaCl, 10 mM Tris HCl, 10 mM MgCl2, 1 mM Dithiotheitol, (pH 7.9)) (New England BioLabs) 
• PAGE loading buffer (80% formamide, 20 mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanole FF) 
• 10x 40K buffer[43] (500 mM MES, 1000 mM Tris acetate, 400 mM potassium acetate, 10% DMSO, 0.5 % Triton X 100, (pH 6.2)) 
• 1x KlenTaq storage buffer (1x KlenTaq reaction buffer, 50% glycerol) 
• 1x binding buffer (200 mM sodium phosphate, 1.5 M NaCl (pH 7.5)) 
• 10 µM hemin solution in 1 x 40K buffer (10 µL 1 mM hemin suspension in DMSO diluted with 100 µL 10 x 40K buffer and 890 µL H2O) 
• 10x (NH4)2SO4 buffer (750 mM Tris HCl (pH 8.8), 200 mM (NH4)2SO4, 0.1% Tween 20) (Fermentas)  
• 1x TBE (90 mM Tris base, 90 mM boric acid, 2 mM sodium EDTA (pH 8.0) 
• 1x TBS-T buffer (10 mM Tris HCl (pH 8.0), 150 mM NaCl, 0.05% Tween-20) 
6.3.2 Enzymes T4 polynucleotide kinase (PNK) and T4 DNA ligase were purchased from ThermoScientific. 
9°N (exo-) DNA polymerase and KlenTaq DNA polymerase were expressed and purified in our lab according to known procedures.[99] KF (exo-) DNA polymerase, Phi29 DNA 
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polymerase, Vent (exo-) DNA polymerase, Taq DNA polymerase and Therminator DNA polymerase were purchased from New England Biolabs.  
6.3.3 Nucleotides Natural dNTPs were purchased from Roche and [γ-32P]ATP from Hartmann Analytics. Biotinylated dUTP (biotin-1-dUTP) was purchased from Jena Bioscience.  
6.3.4 Oligonucleotides and modified oligonucleotides Unmodified oligodeoxynucleotides were purchased from Metabion, Purimex, 
Sigma-Aldrich ThermoFisher or synthesized on a DNA synthesizer (model 392, Applied 
Biosystems). Cy-modified, phosphorylated (non radioactive), biotinylated and amine-modified oligonucleotides were purchased from Metabion or Sigma-Aldrich. C10-carboxy-modified oligonucleotides were synthesized on a DNA synthesizer (model 392, Applied Biosystems) using 5'-carboxy-modifier C10 phosphoramidite (Glen Reasearch or synthesized according to A. Lebedev et al.[164]) during the last coupling step (trityl-on mode) (see also chapter 6.3.12). DNA sequences were mostly HPLC purified, radioactive-labeled primer strands were purified by preparative PAGE (see chapter 6.3.8) prior to the radioactive-labeling reaction.  
6.3.5 5’-Radioactive labeling of ODNs using [γ-32P]ATP DNA oligonucleotide primers were radioactively labeled at the 5’ terminus by a 32P-containing phosphate group using T4 polynucleotide kinase (PNK) which transfers the 
γ-phosphate group from [γ-32P]ATP to the 5’-hydroxyl group. The reactions solution contained primer (0.4 μM), PNK reaction buffer (1 ×), [γ-32P]ATP (0.8 μCi/μl) and T4 PNK (0.4 U/μl) in a total volume of 50 μl and was incubated at 37°C for 1 h. The reaction was stopped by denaturing the T4 PNK for 2 min at 95°C and buffers and excess [γ-32P]ATP were removed by gel filtration (MicroSpin Sephadex G-25, GE Healthcare). Addition of unlabeled primer (20 μl, 10 μM) led to a final concentration of 3 μM of diluted radioactive labeled primer.  
6.3.6 Radioactive denaturating gel electrophoresis (PAGE) Denaturing polyacrylamide gels (12%) were prepared by polymerizing a solution of urea (63 mL, 8.3 M), bisacrylamide/acrylamide (72 mL, 25% in 8.3 M urea) and urea (15 mL, 8.3 M in 10x TBE buffer) using APS (800 µL, 10%) and TEMED (60 µL). Immediately after addition of APS and TEMED the solution was filled in a sequencing gel chamber (Bio-Rad) and left for polymerization for at least 45 min. After addition of TBE buffer (1x) to the electrophoresis unit, gels were prewarmed by electrophoresis at 100 W for 30 min and samples (dissolved in PAGE loading buffer) were added and separated during 
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 electrophoresis (100 W) for approx. 1.5 h. The gel was transferred onto Whatman filter paper, dried at 80°C, in vacuo, using a gel dryer (model 583, Bio-Rad) and exposed to a imager screen. Readout was performed with a molecular imager (FX, Bio-Rad). 
6.3.7 Non-radioactive denaturating gel electrophoresis The gel was prepared as described in chapter 6.3.6. After electrophoretic separation (100 W), the non-radioactive gel was transferred into a staining bath consisting of 5% Stains-All in 50% formamide/water. After 1 h the staining solution was removed and destaining solution (50% formamide/water) was added. The gels were transferred to 
Whatman filter paper and dried at 80°C, in vacuo, using a gel dryer (model 583, Bio-Rad). Pictures of the wet or dried gel were taken with an iPhone4 (Apple).  
6.3.8 Preparative gel electrophoresis Preparative polyacrylamide gels (12%) were prepared by polymerizing a solution of urea (105 mL, 8.3 M), bisacrylamide/acrylamide (120 mL, 25% in 8.3 M urea) and urea (25 mL, 8.3 M in 10x TBE buffer) using APS (1.8 mL, 10%) and TEMED (90 µL). Immediately after addition of APS and TEMED the solution was filled in a preparative gel chamber (Bio-Rad) and left for polymerization. After addition of TBE buffer (1x) to the electrophoresis unit, gels were prewarmed by electrophoresis at 100 W for 60 min and samples (dissolved in PAGE loading buffer) were added and separated during electrophoresis (100 W) for approx. 4-5 h. The DNA strand on the gel was visualized by UV light absorption and the respective gel was isolated using a scalpel. The gel piece was chopped and the DNA was eluted using water (55°C, overnight). The mixture was filtered using a syringe with a pad of glass wool. The DNA was isolated from the solution by ethanol precipitation. 
6.3.9 Ethanol precipitation DNA was precipitated by diluting the DNA solution with cold NaOAc (3 M, pH 5.3, 9:1) followed by 3 volumes of cold ethanol. After incubation for 20 min at -20°C, centrifugation was carried out for 30 min (4°C, 13000 rpm). The supernatant was discarded and the DNA pellet was washed with cold ethanol (70%) followed by centrifugation for 30 min. This step was repeated. And after removing of the supernatant, the pellet was dried in vacuo. 
6.3.10 Circular dichroism (CD) measurements The CD spectra of 5 µM G4-ODN in different buffer systems were recorded on a J-815 CD spectrometer (Jasco) at RT in quartz cuvettes (1 mm light path) with 0.5 nm data intervals. Prior to the measurements the samples were denaturated (2 min at 95°C) and cooled slowly to RT, allowing proper folding. A spectrum of the pure buffer was measured and subtracted from the respective sample spectrum.  
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6.3.11 Circularization of the rolling circle template The linear 5’-phosphorylated template was circularized by a previously reported method by use of the appropriate splint 1.[140] The circular template was isolated by preparative PAGE and afterwards purified by ethanol precipitation.  
6.3.12 Synthesis of activated oligodeoxynucleotides (ODN) 200 nmol scale oligonucleotide synthesis was performed on a DNA synthesizer (Model 392, Applied Biosystems) using standard parameters for solid phase oligodeoxynucleotide synthesis. The 5’-carboxy-modifier C10 was dissolved in anhydrous acetonitrile to a concentration of 0.15 M and coupled during the last coupling step to the 5’-end of the immobilized oligonucleotide employing a DNA synthesizer in the trityl-on mode. Then the column was dried in vacuo, and stored at -25°C until use. The 5’-carboxy-modifier C10 (Succinimidyl 10-(2-cyanoethyl-N,N’-diisopropylphosphoramidyl)-decanoate) was purchased from GlenResearch or synthesized according to A. Lebedev et al.[164] 
6.3.13 Synthesis of ODN-modified nucleotides For a 200 nmol scale synthesis, the nucleotide (5 equiv, 1 μmol) was dissolved in 10 μL MeOH (for G, A, T analogs) or H2O (for C analogs). The solution was diluted to 1 mL using a mixture of DMF/acetonitrile (1:1) with 10% Et3N. The coupling of the dissolved triphosphate and the activated ODN was performed using the manual two syringe technique (16 h). After the reaction, the solid support was washed with 10 mL DMF and 20 mL acetonitrile, followed by drying of the column in vacuo. The modified oligonucleotide was deprotected and cleaved from the solid support by ammonium hydroxide (33%) (55°C, 9 h). The crude material was purified twice by reverse phase HPLC (column: Nucleosil 100-5 C18 PPN, 5-70% acetonitrile/0.1 M TEAA). The product was lyophilized and analyzed by ESI-IT or ESI-TOF mass spectrometry. 
6.3.14 Quantification of ODNs and calculation of extinction coefficients Quantification of ODNs was conducted by measuring absorbance at 260 nm in water. Calculation was done using the online oligonucleotide properties calculator: OligoCalc[187]. To predict the absorbance of the ODN-modified nucleotides the ODN and the respective nucleotide was calculated by OligoCalc[187]. The absorbance of the solution at 260 nm was measured using a NanoDrop ND-1000 Spectrometer (ThermoScientific) and the concentration was then calculated.   
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6.3.15 DNA sequences radioactive-labeled primer 1: 5’ d(GTG GTG CGA AAT TTC TGA CAG ACA) radioactive-labeled primer 2: 5‘-d(GAC CCA CTC CAT CGA GAT TTC TC) radioactive-labeled primer 3: 5’-d(GAC CCA CTC CAT CGA GAT TTC) immobilized primer 1: 5’-NH2(CH2)6-d(GAC CCA CTC CAT CGA GAT TTC) immobilized primer 2: 5’-biotin-d(T19 GAC CCA CTC CAT CGA GAT TTC) template 1T: 5’ d(GTG CGT CTG TCA TGT CTG TCA GAA ATT TCG CAC CAC) template 1A: 5’ d(GTG CGT CTG TCT TGT CTG TCA GAA ATT TCG CAC CAC) template 1C: 5’ d(GTG CGT CTG TCG TGT CTG TCA GAA ATT TCG CAC CAC) template 1G: 5’ d(GTG CGT CTG TAC TGT CTG TCA GAA ATT TCG CAC CAC) template 2T: 5‘-d(GCG CTG GCA CGG GAG AAA TCT CGA TGG AGT GGG TC) template 2G: 5‘-d(GAG TAG GTC AGG GAG AAA TCT CGA TGG AGT GGG TC) template 2A: 5‘-d(GCG CAG GCT AGG GAG AAA TCT CGA TGG AGT GGG TC) template 2C: 5‘-d(CAA TTC ATG ACT GAG AAA TCT CGA TGG AGT GGG TC) template 3A: 5‘-d(GAG TAG GTC AGG GAG AAA TCT CGA TGG AGT GGG TC) template 4A: 5‘-d(T46GA GAA ATC TCG ATG GAG TGG GTC) template 5A: 5’-d(GGT CTA GCT ACA GTG AAA TCT CGA TGG AGT GGG TC) template 5T: 5’-d(GGT CTA GCT ACA GAG AAA TCT CGA TGG AGT GGG TC) template 6G: 5’-d(GAG TCG GTC AGG GAG AAA TCT CGA TGG AGT GGG TC) template 7: 5‘-d(GTC AGA GAA ATC TCG ATG GAG TGG GTC) template 8: 5’-d(TCG ATC GAG AGA AAT CTC GAT GGA GTG GGT C) linear 5’-phosphorylated template (RCA template): 5’-Pho-d(TCT TTC CTT AGC TTC CTT TCT TCA TTC CCG CGC TTC CAT TCT) splint 1: 5’-d(AGG AAA GAA GAA TGG A) complementary Cy3 strand 1: 5’-Cy3-d(CCA TTC TTC TTT CCT) complementary Cy3 strand 2: 5’-Cy3-d(TCC AGT ATG AAC CAC) G4-sequence (G4-ODN)[40, 46, 177]: 5’-d(TTT TTG GGT AGG GCG GGT TGG GAA A) DNAzyme-tagged complementary strand: 5’-d(TGG GTA GGG CGG GTT GGG AAA TTT TCC ATT CTT CTT TCC T)  
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6.3.16 Primer extension reaction 

 First primer and template were annealed. Afterwards the primer/template complex, nucleotides and DNA polymerase were incubated. The reactions were quenched by addition of PAGE loading buffer and the product mixtures were analyzed by 6-12% denaturing polyacrylamide gel and subjected to autoradiography. The gels were evaluated using Quantity One software (Bio-Rad).  
6.3.17 Competition experiments using amine-modified nucleotides A typical primer extension reaction (10 µL) employing KlenTaq DNA polymerase contained 1x KlenTaq reaction buffer, 50 nM 32P-labeled primer 1, 75 nM template 1, 200 µM dN*TP/dNTP mixture, and 100 nM KlenTaq DNA polymerase. First primer and template were annealed. Afterwards the primer/template complex, nucleotides and DNA polymerase were incubated (60°C; 10 sec). The reactions were quenched by addition of 30 µL PAGE loading buffer and the product mixtures were analyzed by 12% denaturing polyacrylamide gel and subjected to autoradiography. Quantification was done by using the Quantity One software (Bio-Rad). The conversion in % was plotted versus the concentration using the program Prism4 (GraphPad). All reactions were done in duplicates. dNTP mixture: 0/1, 1/1, 2/1, 4/1, 10/1, 20/1, 50/1, 100/1, 1/0 (dT*TP,dT**TP, dC*TP) dNTP mixture: 0/1, 1/10, 1/4, 1/2, 1/1, 2/1, 4/1, 10/1, 1/0 (dA*TP, dA**TP, dG*TP) 
6.3.18 Competition experiments using ODN- and amine-modified 

nucleotides A typical primer extension reaction (10 µL) contained 1x KlenTaq reaction buffer or 1x ThermoPol reaction buffer, 150 nM 32P-labeled primer 3, 200 nM template 3, 10 µM dN*TP/dNTP mixture, and 135 nM KlenTaq DNA polymerase or 0.05 U/µL Therminator 
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 DNA polymerase. First primer and template were annealed. Afterwards the primer/template complex, nucleotides and DNA polymerase were incubated (60°C; 2 min). The reactions were quenched by addition of 30 µL PAGE loading buffer and the product mixtures were analyzed by 12% denaturing polyacrylamide gel and subjected to autoradiography. Quantification was done by using the Quantity One software (Bio-Rad). The conversion in % was plotted versus the concentration using the program Prism4 (GraphPad). dNTP mixture: 0/1, 1/1, 2/1, 4/1, 10/1, 20/1, 50/1, 100/1, 1/0 (dA*TP, dA**TP)  dNTP mixture: 0/1, 1/10, 1/4, 1/2, 1/1, 2/1, 4/1, 10/1, 1/0 (dT*TP, dT**TP, ODN-modified dNTP) 
6.4 DNA microarray experiments All spotting events were performed between 19–22°C and 70–77% humidity. The slide tray was cooled during the spotting procedure at 5-10°C. 
6.4.1 Nanospotter For all spotting events a nanoplotter (2.0 system, GeSIM) equipped with a thermostat (Unistat Tango, Huber Kältemaschinenbau), a Humidity control II (Lucky Reptile) and a Mist Generator Hygro Plus (Hobby) was used. The readout was performed with a microarray scanner (LS Reloaded, Tecan). 
6.4.2 Spotting and immobilization of DNA oligomers (primer strands) Activation of glass slides and spotting of amino-modified oligonucleotides to glass slides were conducted as previously described by Kranaster et al.[176] In brief: Aminopropyl-silylated glass slides (Genetix) were slowly shaken covered with a solution containing 1,4-phenylene diisothiocyanate (0.2%, w/v) in a pyridine/dimethylformamide (10%, v/v) mixture for 2 h at room temperature. The slides were washed several times with dimethylformamide and acetone, dried under a stream of nitrogen and stored desiccated until spotting. Spotting of 5’-amino-modified primer oligonucleotides (~2 nl per spot) in sodium phosphate buffer (150 mM, pH 8.5) was performed. After the spotting process the slides were incubated at room temperature in a closed petri dish over a saturated NaCl solution, overnight. Subsequently, the slides were blocked in NH4OH solution (10%) for 30 min; this was followed by washing steps with water. The primer slides were dried under a stream of nitrogen and stored at 4°C until further use. All primer slides were spotted with immobilized primer 1.   
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With complementary Cy3 strand detection The reaction mixtures containing 1x microarray reaction buffer, 200 nm template 5T, 0.025 U/5µL Therminator DNA polymerase, 10 µm dT15aTP and 40x BSA were spotted with 5 drops per spot resulting in approx. 2 nl total spotting volume on the primer slides. The slides were subsequently placed in a humidity chamber consisting of a water filled petri dish at room temperature for ~1 minute until all spots were rehydrated. After incubation of the slides (15 min, 60°C), the slides were shortly rinsed under gentle agitation in 2x SSC+SDS buffer, 0.01x SSC+SDS buffer and water (5 min each). The slides were dried under a stream of nitrogen. The slide was covered with a 1 µM solution of the complementary Cy3-labeled strands dissolved in 0.1x SSC+SDS buffer and 20x BSA. The slide was covered with a glass cover slip and heated to 60°C for 10 min and cooled down to room temperature overnight. The cover slip was then removed and the slides were rinsed once with 2x SSC+SDS buffer, once with 0.1x SSC+SDS buffer, water and propan-2-ol. Afterwards, the slides were dried under a stream of nitrogen before readout with a microarray scanner machine (532 nm channel, 10 µm / pixel resolution) was performed. Evaluation was done with ArrayProAnalyzer-software (Tecan). 
With RCA reaction and complementary Cy3 strand detection The reaction mixtures containing 1x microarray reaction buffer, 200 nm template 5T, 0.025 U/5µL Therminator DNA polymerase, 10 µm dT15aTP and 40x BSA were spotted with 5 drops per spot resulting in approx. 2 nl total spotting volume on the primer slides. The slides were subsequently placed in a humidity chamber consisting of a water filled petri dish at room temperature for ~1 minute until all spots were rehydrated. After incubation of the slides (15 min, 60°C), the slides were shortly rinsed under gentle agitation in 2x SSC+SDS buffer, 0.01x SSC+SDS buffer and water (5 min each). The slides were dried under a stream of nitrogen. Then, the RCA reaction mixture (1x buffer 2, 860 nM circ. RCA template, 0.2 U/µL KF (exo-) DNA polymerase, 400 μM dNTPs) was pipetted on the slide and covered with a square glass cover slip. Incubation was carried out in a humidity chamber at 37°C for another 1h. After incubation, the slides were shortly rinsed under gentle agitation in 2x SSC+SDS buffer, 0.01x SSC+SDS buffer and twice in water (5 min each). The slides were then dried under a stream of nitrogen. Then, the slide was covered with a 1 µM solution of the complementary Cy3-labeled strands dissolved in 0.1x SSC+SDS buffer and 20x BSA. The slide was covered with a glass cover slip and heated to 60°C for 10 min and cooled down to room temperature overnight. The cover slip was then removed and the slides were rinsed once with 2x SSC+SDS buffer, once with 0.1x SSC+SDS buffer, water and propan-2-ol. Afterwards, the slides were dried under a stream of nitrogen before readout with a microarray scanner machine (532 nm channel, 10 µm / pixel resolution) was performed. Evaluation was done with ArrayProAnalyzer-software (Tecan).  
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With RCA incorporating biotin dUTP and streptavidin-alexafluor 546 detection The reaction mixtures containing (1x KlenTaq buffer, 200 nM template 5T, 135 nM KlenTaq DNA polymerase and 10 μM dNTPs) were spotted with 5 drops per spot resulting in approx. 2 nl on the primer slides. The slides were subsequently placed in a humidity chamber consisting of a water filled petri dish at room temperature for ~1 minute until all spots were rehydrated. After incubation of the slides (1h, 50°C), the slides were shortly rinsed twice under gentle agitation in 0.1x SSC+SDS buffer (5 min) and twice with water (5 min). The slides were then dried under a stream of nitrogen. Then, the RCA reaction mixture (1x buffer 2, 860 nM circ. RCA template, 0.2 U/μL KF (exo-) DNA polymerase, 400 μM dATP, 400 μM dCTP, 400 μM dGTP, 320 μM dTTP, and 80 μM biotin-11-dUTP) was pipetted on the slide and covered with a square glass cover slip. Incubation was carried out in a humidity chamber at 37°C for another 1h. After incubation, the slides were shortly rinsed twice under gentle agitation in 0.1x SSC+SDS buffer for 5 min and twice with water (5 min each). The slides were then dried under a stream of nitrogen. Afterwards 70 μl of a streptavidin-alexafluor 546 solution (0.4 μg/ml in 1x TBS-T buffer) was placed on each slide and directly covered with a square glass cover slips. Incubation was carried out in a humidity chamber at room temperature for another 40 min. The cover slip was then removed and the slides were rinsed once with 1x TBS-T buffer, twice with 1x TBS buffer and once with water. Afterwards, the slides were dried under a stream of nitrogen before readout with a microarray scanner machine (532 nm channel, 10 µm / pixel resolution) was performed. Evaluation was done with ArrayProAnalyzer-software (Tecan). 
6.5 Reactions on streptavidin sepharose Streptavidin sepharose was purchased from GE Healthcare (High Performance; ligand: streptavidin; matrix: highly cross-linked agarose, 6%; average particle size: 34 μm; binding capacity: >300 nmol biotin/ml medium). Hemin and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) were purchased from Sigma-Aldrich.  
Detection without signal amplification 10 µL streptavidin sepharose suspension was spun down and the supernatant was carefully removed. The residual was washed two times with 60µL 1x binding buffer before 5 µL immobilized primer 2 (10 µM, 50 pmol) and 5 µL 1x binding buffer were added. After 10 min the suspension was spun down and the supernatant was removed. The residual was washed with 60 µL 1x binding buffer and two times with 60 µL 1 x buffer 2. 1.2 µL template 5A/T (10 µM, 12 pmol), 1.5 µL 10x buffer 2 and 9 µL H2O were added. After 5 min 0.3 µL KF (exo-) (5 U/µL, 1.5 U) and 3 µL G4-modified dNTP (100 µM, 300 pmol) were added and the reaction was incubated 1 h at 30°C. The suspension was spun down and the supernatant was removed. The residual was washed with 60 µL 1x buffer 2 and three times with 60 µL 1x 40K buffer.  
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5 µL 1x 40K buffer, 1.5 µL hemin (10 µM, 15 pmol), 3 µL ABTS (10 mM, 30 nmol) and 1.8 µL H2O2 (10 mM, 18 nmol) were added. For absorbance measurement a NanoDrop ND-1000 Spectrometer (ThermoScientific) was used. Pictures were taken by an iPhone4S (Apple). 
Detection with signal amplification 10 µL streptavidin sepharose suspension was spun down and the supernatant was carefully removed. The residual was washed two times with 60µL 1 x binding buffer before 5 µL immobilized primer 2 (10 µM, 50 pmol) and 5 µL 1x binding buffer were added. After 10 min the suspension was spun down and the supernatant was removed. The residual was washed with 60 µL 1 x binding buffer and two times with 60 µL 1x buffer 2.  1.2 µL template 5A/B (10 µM, 12 pmol), 1.5 µL 10 x buffer 2 and 9 µL H2O were added. After 5 min 0.3 µL KF- (5 U/µL, 1.5 U) and 3 µL ODN-modified dNTP (100 µM, 300 pmol) were added and the reaction was incubated 1 h at 30°C. The suspension was spun down and the supernatant was removed. The residual was washed three times with 60 µL 1x buffer 2.  For signal amplification 1.2 µL circ. RCA template (10 µM, 12 pmol), 1.5 µL 10x buffer 2, 1.5 µL dNTPs (1 mM, 1.5 nmol), 10.6 µL H2O and 0.2 µL KF- (5 U/µL, 1.0 U) were added. The reaction mixture was incubated 1 h at 30°C. The residual was washed three times with 60 µL 1x buffer 2.  15 µL DNAzyme-tagged complementary strand (0.1 nmol) in 1x buffer 2 was added and incubated for 15 min. The residual was washed with 60 µL 1x buffer 2and three times with 60 µL 1x 40K buffer.  5 µL 1x 40K buffer, 1.5 µL hemin (10 µM, 15 pmol), 3 µL ABTS (10 mM, 30 nmol) and 1.8 µL H2O2 (10 mM, 18 nmol) were added. Pictures were taken by an iPhone4S (Apple). For absorbance measurement a NanoDrop ND-1000 Spectrometer (ThermoScientific) was used.            
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7 Abbreviations ABTS  2,2’-azino-bis(3-ethylbenzothiozoline-6-sulfonic acid) Ac   acetyl ACN  acetonitrile  AIDS  Acquired Immune Deficiency Syndrome APS   ammonium peroxodisulfate ATP   adenosine triphosphates B  nucleobase Boc   tert.-butyloxycarbonyl BSA   bovine serum albumin bp   base pairs br   broad BrdU  5-bromo deoxyuridine calcd  calculated CD   circular dichroism circ.  circular conc.   concentrated CPG   controlled pore glass d   doublet dATP   2’-deoxyadenosine triphosphate dCTP  2’-deoxycytidine triphosphate DEAE   diethylaminoethyl dGTP  2’-deoxyguanosine triphosphate DMF   N,N-dimethyl formamide DMTr  dimethoxytrityl DNA   deoxyribonucleic acid dNTP   deoxynucleotide triphosphate dsDNA   double stranded deoxyribonucleic acid dTTP   thymidine triphosphate 
e.g.  exempli gratia (for example) EDTA   ethylenediamine tetraacetic acid EE   ethyl acetate 
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 ESI   electron spray ionization exo-  exonuclease-deficient FPLC  fast performance liquid chromatography h   hour HIV  human immunodeficiency virus HPLC   high pressure liquid chromatography HR   high resolution KF  Klenow fragment LNA  locked nucleic acid M   molar, [mol/L] m   multiplet MeOH  methanol min   minutes MPLC   middle pressure liquid chromatography MS   mass spectrometry NADH  Nicotinamide adenine dinucleotide NMR   nucleic magnetic resonance nt   nucleotides ODN   oligodeoxynucleotide PAGE   polyacrylamide gel electrophoresis PCR   polymerase chain reaction PDITC  1,4-phenylene diisothiocyanate PE   petroleum ether PEX  primer extension PG  protecting group PNA  peptide nucleic acid PNK   polynucleotide kinase PP  pyrophosphate Py  pyridine Pwo  pyrococcus woesei q   quartet qn   quintet RNA  ribonucleic acid RCA  rolling circle amplification Rf   retention factor rt   room temperature RP   reverse phase RP-MPLC reversed phase middle pressure chromatography s   singlet sec   second 
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ssDNA  single stranded DNA STV   streptavidin SELEX  systematic enrichment of ligands by exponential amplification SNP  single nucleotide polymorphism t   triplet Taq  Thermus aquaticus TEAA   triethylammonium acetate TEAB   triethylammonium bicarbonate TEMED  N,N,N’,N’-tetramethylethylenediamine TFA   trifluoroacetic acid TLC   thin layer chromatography tNTP  α-L-threofuranosyl nucleoside triphosphate TOF  time of flight UV  ultraviolet VIS  visual light                    
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