
 

 
 

Site-specific and direct sensing of DNA and 

RNA modifications by a combination of DNA polymerases 

and modified nucleotides 

 

Dissertation  

zur Erlangung des 

akademischen Grades eines Doktors der Naturwissenschaften 

(Dr.rer.nat.) 

 

vorgelegt von 

Kim Michaela Leitner 

 

an der  

 

 

 

 

Mathematisch-Naturwissenschaftliche Sektion 

Fachbereich Chemie 

 

 

 

Konstanz, 2018 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1k9go5recp1732



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag der mündlichen Prüfung: 14.12.2018 

1. Referent: Prof. Dr. Andreas Marx 

2. Referent: Prof. Dr. Martin Scheffner 



 

 
 

 

 

 

 

  

 



 
 



 

 
 

This work was prepared from 2013 to 2018 in the group of Prof. Dr. Andreas Marx (Chair of Organic and 

Cellular Chemistry) at the University of Konstanz.  It was funded by the European Research Council (ERC 

Advanced Grant 339834) and the Deutsche Forschungsgesellschaft (DFG) and supported by the Konstanz 

Research School Chemical Biology. 

 



 
 
 

 



 

 
 

Parts of this work are published in: 

[1] J. von Watzdorf, K. Leitner, A. Marx: Modified Nucleotides for Discrimination between Cytosine 

and the Epigenetic Marker 5-Methylcytosine. Angew. Chem. Int. Ed. 2016, 55, 3229-3232 

 



 
 
 

 



 

 
 

Danksagung 

Als erstes bedanke ich mich herzlichst bei Herrn Prof. Dr. Andreas Marx für die Aufnahme in seine 

Arbeitsgruppe. Ich danke dir für das in mir gesetzte Vertrauen ein solches Projekt umsetzen zu können und 

für die motivierende Betreuung, die es mir ermöglichte mich weiterzuentwickeln und über mich 

hinauszuwachsen. Weiterhin danke ich dir für die tolle und außerordentliche Unterstützung während der 

Bearbeitung meines Projektes. Hierzu gehört, dass du immer bereit warst über verschiedene 

Fragestellungen zu diskutieren und dass du stets ein offenes Ohr hattest, wenn Probleme vor der Tür 

standen. Weiterhin danke ich dir für die Freiheiten, die du mir gelassen hast eigene Ideen zu verfolgen, aber 

auch für die entscheidenden richtungsweisenden Ideen deinerseits.  

Des Weiteren danke ich Herrn Prof. Dr. Martin Scheffner und Herrn Prof. Dr. Valentin Wittmann für die 

Unterstützung meines Projektes in jährlichen Gesprächen als Teil meines Promotionskomitees der 

Graduiertenschule Chemische Biologie. 

Ich danke Prof. Dr. Martin Scheffner für die Übernahme des Zweitgutachtens und Prof. Dr. Jörg Hartig für 

die Übernahme des Prüfungsvorsitzes. 

Ein besonderer Dank gilt Joos Aschenbrenner und Janina von Watzdorf für die gute Zusammenarbeit und 

die zahlreichen Diskussionen und Hilfestellungen, wenn es mal nicht weiterging. Sandra Lange und Kathrin 

Götz danke ich für die Bereitstellung der humanen Zellpellets zur RNA-Extraktion. 

Ich danke den dauerhaft angestellten Mitgliedern der Arbeitsgruppe für die Unterstützung und 

Aufrechterhaltung des täglichen Laborbetriebs und der Verwaltung. Außerdem danke ich allen Mitgliedern 

der AG Marx (ehemalig und aktuell) für das tolle Arbeitsklima und die große Hilfsbereitschaft. Auch neben 

der Arbeit hatten wir eine tolle Zeit wie bei Ausflügen, Weihnachtsfeiern und beim traditionellen Freitags-

Bier. Hierbei gilt ein ganz besonderer Dank meiner BOX 2 (Martin Mex, Moritz Welter und Daniel 

Hammler), Alexander Finke und den Mädels.  

Lena Krüger und Luisa Huber danke ich für die Unterstützung meines Projektes durch ihre 

Bachelorarbeiten und die tolle Zusammenarbeit während dieser Zeit und darüber hinaus. Ebenfalls danke 

ich Karina Gense und Thomas Gajek, die durch ihre Praktika mein Projekt unterstützten. 

Ein weiterer herzlicher Dank gilt der NMR-Facility und den wissenschaftlichen Werkstätten der Universität 

Konstanz. 

Ich danke Claudia Huber, Moritz Welter und Heike Kropp für das Korrekturlesen von Teilen dieser Arbeit. 

Alexander Finke danke ich für die Korrekturen meiner Abbildungen. Vor allem Heike danke ich für die 

zahlreichen Diskussionen über DNA-Polymerasen und deren Struktur und für die Bilder der DNA-

Polymerasen. Samra Obeid danke ich ebenfalls für ihre Zeit die DNA-Formen zu gestalten. 



 
 
 

 

Die Zeit des Studiums wäre natürlich nicht so unvergesslich geworden, wenn es bestimmte Leute nicht 

gegeben hätte. Hierzu gehören Kollegen der eigenen und anderer Arbeitsgruppen sowie Mitstudenten, die 

den Fachbereich Chemie so großartig machen. 

Selbstverständlich durften hierbei meine langjährigen Freunde, mit denen ich viele Zeiten in der Bib, in 

den Vorlesungen, aber auch am See, in der Stadt oder wo sonst auch immer verbracht habe, nicht fehlen. 

Ich danke euch allen für die tolle Zeit in Konstanz und auch die schönen Urlaube und Ausflüge, die wir 

gemacht haben. Außerdem danke ich euch für die Unterstützung und Motivation, wenn mal wieder ein 

kleiner Zweifel aufkam. 

Das alles wäre nicht so möglich gewesen, wenn meine Eltern und meine Familie mich nicht unterstützt 

hätten. Vor allem danke ich meinen Eltern für die finanzielle Unterstützung, aber auch für weit mehr 

darüber hinaus. Ich danke euch für die Freiheiten, die ihr mir gegeben habt, meinen Weg zu finden und 

Entscheidungen selbst zu treffen.  

Zu guter Letzt danke ich Patrick Anders, der mich fast seit dem ersten Tag meines Studiums bis heute 

unterstützt hat. Danke! 

 



 

 I 
 

Table of content 
TABLE OF CONTENT ...............................................................................................................................................I 

LIST OF FIGURES ................................................................................................................................................... V 

LIST OF TABLES ................................................................................................................................................. VIII 

LIST OF ABBREVIATIONS ................................................................................................................................... IX 

INTRODUCTION ....................................................................................................................................................... 1 

1 NUCLEIC ACIDS ................................................................................................................................. 1 

1.1 DNA and RNA: structure and function .................................................................................................... 1 
1.2 DNA modifications and their analysis ..................................................................................................... 3 
1.3 RNA modifications and their analysis ..................................................................................................... 8 

2 DNA POLYMERASES AND DNA CATALYSIS ....................................................................................12 

2.1 Overview – classification and function ................................................................................................. 12 
2.2 DNA polymerase structure .................................................................................................................... 13 
2.3 KlenTaq DNA pol .................................................................................................................................. 13 
2.4 KOD exo- DNA pol ................................................................................................................................ 14 
2.5 DNA catalysis ........................................................................................................................................ 15 

3 DNA POLYMERASES AND MODIFIED NUCLEOTIDES IN BIOTECHNOLOGICAL APPLICATIONS ..........18 

AIM OF THIS WORK ............................................................................................................................................. 21 

RESULTS AND DISCUSSION ............................................................................................................................... 23 

1 SITE-SPECIFIC SENSING OF THE PRESENCE OR ABSENCE OF 5MC IN DNA ......................................23 

1.1 Screening modified purine-based nucleotides ....................................................................................... 25 
1.2 Combination of a thermostable DNA pol and a 3´-terminally modified primer .................................... 32 

1.2.1 Synthesis of 3´-terminally modified primers ...................................................................................................... 32 
1.2.2 Primer extension reactions employing 3´-terminally modified primers ............................................................. 34 
1.2.3 Analysis of individual 5mC sites by a PCR-based system employing the 3´-terminally modified primers ........ 38 
1.2.4 Discussion and outlook ...................................................................................................................................... 41 

1.3 KlenTaq and Taq DNA pol variants for incorporation of 2´,3´-dideoxynucleotides to sense the presence 

or absence of 5mC .............................................................................................................................................. 44 
1.3.1 Site-directed mutagenesis of Taq and KlenTaq DNA pol ................................................................................... 45 
1.3.2 Synthesis of a modified 2´,3´-dideoxynucleotide ............................................................................................... 46 
1.3.3 Primer extension reactions catalyzed by Taq and KlenTaq DNA pol variants employing 2´,3´-dideoxynucleotides 

as substrate ........................................................................................................................................................................ 49 
1.3.4 Discussion and outlook ...................................................................................................................................... 54 

2 SITE-SPECIFIC SENSING OF THE PRESENCE OR ABSENCE OF M6A IN DNA .......................................59 

2.1 Screening modified pyrimidine-based nucleotides ................................................................................ 61 
2.2 Primer extension reactions employing the best combination of modified nucleotides and KlenTaq DNA 

pol 64 



 
 
II 

 
 

2.2.1 Selectivity of the modified nucleotides .............................................................................................................. 69 
2.2.2 Quantitative evaluation of the methylation level ............................................................................................... 70 

2.3 Real-time PCR-based system using modified nucleotides ..................................................................... 71 
2.4 Discussion and outlook ......................................................................................................................... 75 

3 SITE-SPECIFIC SENSING OF THE PRESENCE OR ABSENCE OF M6A IN RNA ...................................... 81 

3.1 Primer extension reactions using modified nucleotides on synthetic RNA templates ........................... 82 
3.2 Primer extension reactions using modified nucleotides on human cellular rRNA ................................ 89 
3.3 Discussion and outlook ......................................................................................................................... 98 

SUMMARY ............................................................................................................................................................. 103 

ZUSAMMENFASSUNG ........................................................................................................................................ 107 

EXPERIMENTAL PART ...................................................................................................................................... 113 

1 CHEMICAL SYNTHESIS .................................................................................................................. 113 

1.1 General information ........................................................................................................................... 113 
1.1.1 Reactions and chemicals .................................................................................................................................. 113 
1.1.2 Buffers ............................................................................................................................................................. 113 
1.1.3 Instrumental analysis ....................................................................................................................................... 114 
1.1.4 Chromatographic methods ............................................................................................................................... 114 
1.1.5 Bis(tributylammonium)pyrophosphate ............................................................................................................ 115 

1.2 Synthesis ............................................................................................................................................. 116 
1.2.1 3´,5´-Di-O-acetyl-2´-deoxyguanosine279 ......................................................................................................... 116 
1.2.2 3´,5´-Di-O-acetyl-6-chloro-2´-deoxyguanosine280-281 ...................................................................................... 116 
1.2.3 O6-methyl-2´deoxyguanosine .......................................................................................................................... 117 
1.2.4 O6-ethyl-2´-deoxyguanosine ............................................................................................................................ 117 
1.2.5 N2-iso-butyryl-O6-methyl-2´-deoxyguanosine287 ............................................................................................. 118 
1.2.6 N2-iso-butyryl-O6-ethyl-2´-deoxyguanosine287 ................................................................................................ 119 
1.2.7 5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-2´-deoxyguanosine287 ................................................ 119 
1.2.8 5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-2´-deoxyguanosine-3´-(2-cyanoethyl-di-iso-propyl-

phosphoramidite)291 ....................................................................................................................................................... 120 
1.2.9 2´,3´,5´-Tri-O-acetylguanosine279 .................................................................................................................... 121 
1.2.10 2´,3´,5´-Tri-O-acetyl-6-chloro-guanosine303 ............................................................................................... 121 
1.2.11 5´-O-TBDMS-6-chloro-guanosine301, 304 .................................................................................................... 122 
1.2.12 5´-O-TBDMS-2´,3´-O-thionocarbonyl-6-chloro-guanosine301 ................................................................... 123 
1.2.13 5´-O-TBDMS-6-chloro-2´-deoxyguanosine301 ........................................................................................... 123 
1.2.14 3´-O-(1-imidazolylthiocarbonyl)-5´-O-TBDMS-6-chloro-2´-deoxyguanosine301 ...................................... 124 
1.2.15 6-Chloro-2´,3-dideoxyguanosine301 ............................................................................................................ 125 
1.2.16 5´-O-TBDMS-O6-methyl-2´-deoxyguanosine301 ........................................................................................ 125 
1.2.17 O6-Methyl-2´,3´-dideoxyguanosine301, 306 ................................................................................................... 126 
1.2.18 O6-Methyl-2´,3´-dideoxyguanosine-5´-triphosphate307-308 .......................................................................... 127 

1.3 Oligonucleotide synthesis ................................................................................................................... 128 

2 BIOCHEMICAL METHODS .............................................................................................................. 129 

2.1 General information ........................................................................................................................... 129 
2.1.1 Chemicals ........................................................................................................................................................ 129 



 

 III 
 

2.1.2 Oligonucleotides............................................................................................................................................... 129 
2.1.3 Enzymes, stain solutions, reagents and kits ...................................................................................................... 132 
2.1.4 Buffers, solutions and media ............................................................................................................................ 133 
2.1.5 Genes, plasmids and bacterial strains ............................................................................................................... 137 

2.2 Procedures .......................................................................................................................................... 138 
2.2.1 Protein expression and purification .................................................................................................................. 138 
2.2.2 Determination of protein concentration ............................................................................................................ 138 
2.2.3 SDS PAGE ....................................................................................................................................................... 139 
2.2.4 Analytical denaturing PAGE ............................................................................................................................ 139 
2.2.5 Preparative denaturing PAGE .......................................................................................................................... 139 
2.2.6 Agarose gel electrophoresis .............................................................................................................................. 140 
2.2.7 5´-radioactive labeling of DNA oligonucleotides ............................................................................................. 140 
2.2.8 Site-directed mutagenesis ................................................................................................................................. 141 
2.2.9 Transformation of chemically competent cells with the plasmid ..................................................................... 141 
2.2.10 Preparation of chemically competent E. coli BL21-Gold(DE3) cells .......................................................... 142 

2.3 Site-specific sensing of the presence or absence of 5mC in DNA ....................................................... 142 
2.3.1 Screening modified purine-based nucleotides .................................................................................................. 142 
2.3.2 Primer extension reactions employing 3´-terminally modified primers ........................................................... 142 
2.3.3 Enzyme kinetics ............................................................................................................................................... 143 
2.3.4 Real-time PCR experiments from synthetic template ....................................................................................... 143 
2.3.5 Real-time PCR experiments from human HeLa genomic DNA ....................................................................... 144 
2.3.6 Primer extension reactions using 2´,3´-dideoxynucleotides ............................................................................. 144 

2.4 Site-specific sensing of the presence or absence of m6A in DNA ........................................................ 144 
2.4.1 Screening modified pyrimidine-based nucleotides ........................................................................................... 144 
2.4.2 Primer extension reactions employing the best combination of modified nucleotides and KlenTaq or KOD exo- 

DNA pol ......................................................................................................................................................................... 145 
2.4.3 Selectivity of the modified nucleotides ............................................................................................................ 145 
2.4.4 Quantitative evaluation of the methylation level .............................................................................................. 145 
2.4.5 Full-length primer extension reactions ............................................................................................................. 146 
2.4.6 Real-time PCR experiments using modified nucleotides and KlenTaq DNA pol ............................................. 146 

2.5 Site-specific sensing of the presence or absence of m6A in RNA ......................................................... 147 
2.5.1 Primer extension reactions using modified nucleotides on synthetic DNA template ....................................... 147 
2.5.2 Extraction of total RNA from the human HEK 293T cell line ......................................................................... 147 
2.5.3 Real-time PCR experiments analyzing the concentration of the cellular rRNA ............................................... 147 
2.5.4 Primer extension reactions analyzing the concentration of the cellular rRNA ................................................. 148 
2.5.5 Primer extension reactions using modified nucleotides and RT KlenTaq DNA pol on cellular rRNA ............ 148 
2.5.6 Primer extension reactions using modified nucleotides and reverse transcriptases on cellular rRNA .............. 148 

REFERENCES ........................................................................................................................................................ 149 

APPENDIX .............................................................................................................................................................. 159 

1 NMR SPECTRA ...............................................................................................................................159 

2 MASS SPECTRA ..............................................................................................................................173 

3 SCREENING OF MODIFIED NUCLEOTIDES .......................................................................................178 

4 SEQUENCES ....................................................................................................................................181 



 
 
IV 

 
 

 



 

 V 
 

List of figures 
Figure 1: DNA structure and its monomeric subunits. ................................................................................. 1 

Figure 2: DNA forms and RNA structure. ................................................................................................... 2 

Figure 3: Modifications in DNA. ................................................................................................................. 4 
Figure 4: Scheme of bisulfite sequencing. ................................................................................................... 6 

Figure 5: Scheme of detecting m6A by employing antibodies or restriction enzymes. ................................ 7 

Figure 6: Variety of modifications in RNA. ................................................................................................. 8 
Figure 7: DNA pol structure. .......................................................................................................................14 

Figure 8: Model for DNA catalysis. ............................................................................................................16 

Figure 9: Scheme for sensing the presence or absence of 5mC directly by single-nucleotide incorporation 

using modified nucleotides. ........................................................................................................23 

Figure 10: Scheme for sensing the presence or absence of 5mC directly by real-time PCR using modified 

nucleotides. .................................................................................................................................24 
Figure 11: Screening modified purine-based nucleotides in single-nucleotide incorporation experiments 

using KlenTaq DNA pol. ............................................................................................................26 
Figure 12: Single-nucleotide incorporation catalyzed by KlenTaq DNA pol employing the nucleotides 2, 7, 

8 and 12 - 21. ..............................................................................................................................27 
Figure 13: Screening modified purine-based nucleotides in single-nucleotide incorporation experiments 

using KOD exo- DNA pol. ..........................................................................................................29 
Figure 14: Single-nucleotide incorporation catalyzed by KOD exo- DNA pol employing the nucleotides 2, 

7, 12 – 18 and 20. ........................................................................................................................30 

Figure 15: Synthesis of the 3´-terminally modified O6-methyl and -ethyl G primer. .................................34 
Figure 16: Single-nucleotide incorporation experiments using 3´-terminally modified primers and KOD 

exo- DNA pol. .............................................................................................................................35 
Figure 17: Single-nucleotide incorporation experiments using 3´-terminally modified primers and KlenTaq 

DNA pol. .....................................................................................................................................36 

Figure 18: Steady-state kinetic analysis of single-nucleotide incorporation using 3´-terminally un- or 

modified primers catalyzed by KlenTaq DNA pol. ....................................................................37 

Figure 19: Real-time PCR amplification of synthetic DNA templates containing C and 5mC applying O6-

alkyl G modified primers in combination with KlenTaq DNA pol. ...........................................39 

Figure 20: Real-time PCR amplification from HeLa gDNA applying O6-methyl G modified primer in 

combination with KlenTaq DNA pol. .........................................................................................40 

Figure 21: Proposed approach to sense the presence or absence of 5mC by combination of previously 

described methods with incorporation of a 2´,3´-dideoxynucleotide. .........................................44 

Figure 22: Scheme of the plasmids and site-directed mutagenesis. ............................................................46 



 
 
VI 

 
 

Figure 23: Synthesis of the precursor 6-chloro-2´,3´-dideoxyguanosine for the synthesis of O6- alkyl 

modified ddNTPs. ...................................................................................................................... 48 

Figure 24: Synthesis of O6-methyl-ddGTP................................................................................................. 49 

Figure 25: Single-nucleotide incorporation experiment using O6-methyl-dGTP or -ddGTP and KOD exo- 

DNA pol. .................................................................................................................................... 50 

Figure 26: Single-nucleotide incorporation experiment using O6-methyl-ddGTP or (d)dGTP and Taq 

F667Y or KlenTaq F667Y DNA pol. ......................................................................................... 51 
Figure 27: Single-nucleotide incorporation experiment catalyzed by Taq F667Y or KlenTaq F667Y DNA 

pol using the 3´-terminally unmodified primer. ......................................................................... 52 

Figure 28: Single-nucleotide incorporation experiment catalyzed by Taq or KlenTaq F667Y DNA pol using 

the 3´-terminally modified primer. ............................................................................................. 54 

Figure 29: Scheme for sensing the presence or absence of m6A in DNA directly by single-nucleotide 

incorporation employing modified nucleotides. ........................................................................ 59 
Figure 30: Scheme for sensing the presence or absence of m6A directly by real-time PCR employing 

modified nucleotides. ................................................................................................................. 60 
Figure 31: Screening modified pyrimidine-based nucleotides in single-nucleotide incorporation 

experiments using KlenTaq DNA pol. ....................................................................................... 62 

Figure 32: Single-nucleotide incorporation catalyzed by KlenTaq DNA pol employing the nucleotides 37, 

42, 45, 47 – 55, 57 and 58. ......................................................................................................... 64 
Figure 33: Single-nucleotide incorporation experiments using modified nucleotides and 0.1 nM KlenTaq 

DNA pol. .................................................................................................................................... 66 

Figure 34: Single-nucleotide incorporation experiments using modified nucleotides and 0.05 or 10 nM 

KlenTaq DNA pol. ..................................................................................................................... 67 
Figure 35: Single-nucleotide incorporation experiments using modified nucleotides and KOD exo- DNA 

pol. ............................................................................................................................................. 68 
Figure 36: Single-nucleotide incorporation experiments from templates containing G, T and C instead of 

an A using the modified nucleotides and KlenTaq DNA pol. .................................................... 69 
Figure 37: Quantitative evaluation of the degree of methylation using dUTP derivatives and KlenTaq DNA 

pol. ............................................................................................................................................. 71 

Figure 38: Full-length primer extension using the modified pyrimidine-based nucleotides in the dNTP mix 

and KlenTaq DNA pol. .............................................................................................................. 72 

Figure 39: PCR amplification of synthetic DNA templates containing A or m6A applying modified 

nucleotides in combination with KlenTaq DNA pol. ................................................................. 74 

Figure 40: Scheme for sensing the presence or absence of m6A in RNA directly by single-nucleotide 

incorporation of modified nucleotides. ...................................................................................... 81 

Figure 41: Single-nucleotide incorporation experiments from synthetic RNA templates using dUTP 

derivatives and RT KlenTaq DNA pol. ...................................................................................... 83 



 

 VII 
 

Figure 42: Full-length primer extension reaction from synthetic RNA templates using dUTP derivatives in 

the dNTP mix and RT KlenTaq DNA pol. ..................................................................................85 

Figure 43: Single-nucleotide incorporation experiments from the optimized synthetic RNA templates using 

dUTP derivatives and RT KlenTaq DNA pol. ............................................................................86 
Figure 44: Full-length primer extension reaction from the optimized synthetic RNA templates using dUTP 

derivatives in the dNTP mix and RT KlenTaq DNA pol. ...........................................................88 

Figure 45: Segment of the m6A site in human 18S rRNA. ..........................................................................90 
Figure 46: Analysis of the HEK 293T total RNA. ......................................................................................91 

Figure 47: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 

and RT KlenTaq DNA pol. .........................................................................................................92 
Figure 48: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 

and M-MuLV. .............................................................................................................................95 

Figure 49: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 

and SuperScript™ II. ..................................................................................................................96 

Figure 50: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 

and Bst DNA pol. ........................................................................................................................97 



 
 
VIII 

 
 

List of tables 
Table 1: Steady-state kinetic analysis of single-nucleotide incorporation experiments catalyzed by KOD 

exo-DNA pol using O6-alkyl-dGTPs. ......................................................................................... 31 

Table 2: Steady-state kinetic analysis of single-nucleotide incorporation experiments catalyzed by KlenTaq 

DNA pol using primers bearing a G, O6-methyl and -ethyl G. .................................................. 37 

Table 3: Mass and yields of the synthesized oligonucleotides ................................................................. 128 

Table 4: DNA primer and templates for sensing 5mC. ............................................................................ 129 
Table 5: DNA primer and templates for sensing m6A in DNA. ............................................................... 130 

Table 6: 5´-fluorescently labeled DNA primers for the quantitative evaluation of the degree of m6A 

DNA methylation. .................................................................................................................... 130 
Table 7: DNA primer and RNA templates for sensing m6A in RNA. ...................................................... 131 

Table 8: Primer for sequencing of Taq and KlenTaq DNA pol gene. ...................................................... 131 
Table 9: Primer for site-directed mutagenesis of Taq or KlenTaq DNA pol. ........................................... 131 
Table 10: Nucleic acid stain solutions. ..................................................................................................... 132 

Table 11: Enzymes. .................................................................................................................................. 132 
Table 12: Reagents. .................................................................................................................................. 133 
Table 13: Kits. .......................................................................................................................................... 133 
Table 14: Buffers and solutions for electrophoresis. ................................................................................ 133 

Table 15: Buffers and solutions for protein purification and Bradford assay. ......................................... 135 
Table 16: Reaction buffers for primer extension and PCR experiments. ................................................. 136 
Table 17: Buffers for preparing chemically competent cells. ................................................................... 136 

Table 18: Media. ....................................................................................................................................... 136 
Table 19: Genes for protein expression. ................................................................................................... 137 

Table 20: Plasmids. .................................................................................................................................. 137 
Table 21: Bacterial strains. ....................................................................................................................... 137 



 

 IX 
 

List of abbreviations 
2´-F-dUTP 2´-fluoro-dUTP 
5-COOH-dUTP 5-carboxy-dUTP 
5-F-dUTP 5-fluoro-dUTP 
5-hm-dUTP 5-hydroxymethyl-dUTP 
5caC 5-carboxycytosine 
5fC 5-formylcytosine 
5hmC 
5hmU 

5-hydroxymethylcytosine 
5-hydroxymethyluracil 

5mC 5-methylcytosine 
A absorbance 
A adenine 
APS ammonium persulfate 
ATP adenosine-5´-triphosphate 
BER base excision repair 
bp base pairs 
br broad 
BS-Seq bisulfite sequencing 
BSA bovine serum albumin 
Bst Bacillus stearothermophilus 
bzw. beziehungsweise 
c concentration 
C cytosine 
C. elegans Caenorhabditis elegans 
CE capillary electrophoresis 
Chlamydomonas Chlamydomonas reinhardtii 
Chr chromosome 
CMS cytosine 5-methylene sulfonate 
CRC colorectal cancer 
Ct cycle threshold 
d doublet 
dATP 2´-deoxyadenosine-5´-triphosphate 
DCM dichloromethane 
dCTP 2´-deoxycytidine-5´-triphosphate 
dd doublet of doublet 
ddd doublet of doublet of doublet 
ddNTP 
dd nucleotides 

2´,3´-dideoxynucleoside-5´-triphosphate 
2´,3´-dideoxynucleotides 

DEAE diethylaminoethyl cellulose 
dGTP 2´-deoxyguanosine-5´-triphosphate 
DIPEA N,N-diisopropylethylamine 
DMAP 4-dimethylaminopyridine 



 
 
X 

 
 

DMF dimethylformamide 
DMSO 
DMTr 

dimethyl sulfoxide 
4,4´-dimethoxytrityl 

DNA 2´-deoxyribonucleic acid 
DNA pol DNA polymerase 
DNA-Pol DNA-Polymerase 
dNTP 2´-deoxyribonucloside-5´-triphosphate 
Drosophila Drosophila melanogaster 
DTT dithiothreitol 
dTTP 2´-deoxythymidine-5´-triphosphate 
dUTP 2´-deoxyuracil-5´-triphosphate 
E. coli Escherichia coli 
EDTA ethylenediaminetetraacetic acid 
EE ethyl acetate 
eq equivalents 
ESI electrospray ionization 
Et ethyl 
et al. et alia 
exo- exonuclease deficient 
FAM 6-carboxyfluorescein 
FPLC fast protein liquid chromatography 
FTO fat mass and obesity 
FU fluorescence unit 
fwd forward 
G guanine 
h hour 
HEK human embryonic kidney 
HeLa Henrietta Lacks 
HEX 6-carboxy-2´,4,4´,5´,7,7´-hexachlorofluorescein 
His histidine 
HIV human immunodeficiency virus 
HPLC high-performance liquid chromatography 
HR high resolution 
Hz Hertz 
IPTG isopropyl-β-D-1-thiogalactopyranoside 
J coupling constant in Hertz 
kcat turnover number of an enzyme 
KlenTaq Klenow fragment of Taq DNA pol I 
KM Michaelis-Menten constant 
KOD Thermococcus kodakarensis 
KTQ KlenTaq 
kV kilo Volt 
LB lysogeny broth 
lncRNA long non-coding RNA 



 

 XI 
 

m multiplet 
M molar 
M mega 
M-MuLV Moloney murine leukemia virus 
m1A N1-methyladenine 
m6A N6-methyladenine 
Me methyl 
METTL methyltransferase-like 
min minute 
miRNA micro RNA 
MOPS 3-morpholinopropane-1-sulfonic acid 
mRNA messenger RNA 
MS mass spectrometry 
Ms-SNuPE methylation-sensitive single-nucleotide primer extension 
MSP methylation-specific 
MWCO 
NHEJ 
N4-Me-C 

molecular weight cut-off 
non-homologous end-joining 
N4-methylcytosine 

nm nanometer 
NMR nuclear magnetic resonance 
nt nucleotide 
OD600 optical density at 600 nm 
p.A. pro analysis 
PA polyacrylamide 
PAGE polyacrylamide gel electrophoresis 
PCR polymerase chain reaction 
PNK polynucleotide kinase 
PPi Pyrophosphate 
ppm parts per million 
r.t. room temperature 
rev reverse 
RFU relative fluorescence unit 
RNA ribonucleic acid 
RP reversed phase 
rpm revolutions per minute 
rRNA ribosomal RNA 
RSV Rous Sarcoma Virus 
RT reverse transcriptase 
s singlet 
s second 
S. cerevisiae Saccharomyces cerevisiae 

SCARLET site-specific cleavage and radioactive labeling followed by 
ligation-assisted extraction and thin layer chromatography 

SD standard deviation 
SDS sodium dodecyl sulfate 



 
 
XII 

 
 

SMRT single molecule real time 
snoRNA small nucleolar RNA 
snRNA small nuclear RNA 
SOC super optimal broth with catabolite repression 
t 
T 

triplet 
thymine 

TAE Tris/ acetate/ EDTA 
Taq Thermus aquaticus 
TBAF tetra-n-butylammonium fluoride 
TBDMS tert-butyldimethylsilyl chloride 
TBE Tris/ borate/ EDTA 
TDG thymine DNA glycosylase 
TEAA triethylammonium acetate 
TEAB triethylammonium bicarbonate 
TEMED N,N,N´,N´-tetramethylethylenediamine 
TET ten-eleven-translocation 
THF tetrahydrofuran 
TLC 
TLS 

thin layer chromatography 
translesion synthesis 

Tris 2-amino-2-(hydroxymethyl)propane-1,3-diol 
tRNA transfer RNA 
Tth Thermus thermophilus 
UHPLC ultra-high performance liquid chromatography 
UV ultraviolet 
w/o without 
wt wild type 
WTAP 
YTHDF 

Wilm´s tumor 1-associating protein 
YTH domain family 

 



 

 
 

 





 

 
 

 
 





Nucleic acids 

1 

Introduction 

1 Nucleic acids 

1.1 DNA and RNA: structure and function 

In 1869 F. Miescher isolated a material from the nuclei of leucocytes containing the elements carbon, 

oxygen, hydrogen and nitrogen like proteins, but unlike proteins this material contained a large amount of 

phosphorus.1-2 These findings of the first isolated DNA that F. Miescher called nuclein initiated the 

investigations of DNA for decades from identifying DNA as the fundamental unit of the transforming 

principle in 19443 up to elucidating the complete sequence of the human genome in 2001.4 The discoveries 

of the structure and function of DNA started 150 years ago and last until today. 

Figure 1: DNA structure and its monomeric subunits. A) Schematic diagram of the DNA double helix adapted 
from figure reported by J.D. Watson and F.H. Crick.5-6 The horizontal bars represent the base pairs and the curved 
ribbons the sugar-phosphate backbone of the two strands. B) Chemical structure of DNA consisting of polymerized 
nucleotides that are linked by 3´,5´-phosphodiester bonds. Nucleotides consist of a nucleobase, a 2´-deoxyribose and 
a 5´-phosphate moiety. C) Chemical structure of the nucleobases G, A, T and C. The respective Watson-Crick base 
pairing G·C and A·T is indicated by dashed lines. 

Based on the results of R. Franklin et al.7 and M. Wilkins et al.8, J.D. Watson and F.H. Crick reported in 

1953 the structure of DNA as a double helix. The double helix consists of two anti-parallel single strands 

each coiled right-handedly round the same axis (Figure 1, A).5-6 The monomeric subunits of DNA, the 

2´-deoxyribonucleotides, possess one or more phosphate groups, a 2´-deoxyribose and a nucleobase moiety. 

In the nucleotides the phosphate groups are bound to the 5´-carbon of the 2´-deoxyribose and the anomeric 

carbon of the sugar is linked by a β-N-glycosidic bond to one of the four canonical nucleobases. The 

canonical nucleobases of DNA are derived from the structure of purine (guanine G and adenine A) or from 

the structure of pyrimidine (thymine T and cytosine C) (Figure 1, B and C). The nucleotides are linked by 

a 3´,5´-phosphodiesterbond to each other forming DNA single strands and the nucleobases of one strand 
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form hydrogen bonds to the bases of a second complementary strand. The interaction of specific nucleobase 

pairs results from structural requirements of the bases and is called Watson-Crick base pairing. Due to these 

structural requirements adenine pairs with thymine forming two hydrogen bonds, whereas guanine pairs 

with cytosine forming three hydrogen bonds. Thus, the sequence of one DNA strand is determined when 

the sequence of the other strand is known according to the Watson-Crick base pairing. The hydrogen bonds 

stabilize the double helix besides hydrophobic base stacking.9 In the double-helical structure the phosphate 

groups are located on the outside of the helix whereby the repulsion of the negatively charged phosphate 

groups is reduced by the interaction with water and metal ions. The nucleobases are located on the inside 

of the helix allowing the interaction with the complementary DNA strand.10-11  

Besides the most commonly adopted conformation of the DNA double helix under physiological 

conditions, the right-handed B-form described by J.D. Watson and F.H. Crick,5-6 various DNA structures 

(for example A- and Z-form) were identified depending on the sequence and environment (Figure 2, A).12 

The structures vary in their handedness (right- or left-handed), the ability to form base pairs different from 

Watson-Crick base pairing (for example Hoogsteen base pairing13) or in the number of strands. This 

variability is caused by the flexibility of the strand backbone, for example the ability of the sugar to pucker 

or the ability of the nucleobases to rotate around the β-N-glycosidic bond. For example, in the B-form DNA 

the sugar adopts a C2´-endo conformation, whereas the sugar in the A-form DNA adopts a C3´-endo 

conformation (Figure 2, B).12, 14 Moreover, the orientation of the base pairs and the extent of the major and 

minor groove in the A-form differs from the B-form.12 

Figure 2: DNA forms and RNA structure.  A) Structure for B-form DNA (left) and A-form (right, one helix turn). 
The backbone is depicted in grey, guanine and sugar in blue, cytosine and sugar in green, thymine and sugar in orange 
and adenine and sugar in purple. The B-form was adapted from PDB 2L8Q15 and the A-form from PDB 1ZF8.16 
B) Conformations of the sugar pucker – C2´-endo or C3´-endo. The numbering indicates the positions of the sugar
molecule. C) Chemical structure of RNA and U. RNA harbors a ribose and T is replaced by U.

DNA is the carrier of the genetic information that encodes the sequence information for all functional RNAs 

and proteins of a living organism and is inherited by DNA replication. In contrast to DNA, RNA is 

transcribed as a single strand that form various secondary structure motifs like different loop structures and 

eventually complex ternary structures by inter- and intramolecular interactions.17 The composition of RNA 
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is similar to that of DNA, but in RNA thymine is replaced by uracil (U) and RNA consists of a ribose 

instead of a 2´-deoxyribose (Figure 2, C). The ribose adopts a C3´-endo conformation resulting from steric 

restrictions by the additional 2´-hydroxyl group. Therefore, the helix of RNA exhibits an A-form. Many 

types of RNAs like messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA), micro RNA 

(miRNA) or small nuclear RNA (snRNA) are known to enable a broad range of biological functions in a 

living organism, but also carry the genetic information of various viruses.17 

1.2 DNA modifications and their analysis 

The biological functions within a multicellular organism differ in the various cell types, although all cells 

carry the same genetic information. These differing functions result from different activities of gene 

expression. Besides regulation by DNA-binding transcription factors,10-11 DNA modifications provide an 

additional layer to regulate transcriptional activity and thus could enable a wide range of biological 

functions.18-20 These DNA modifications change the activity of gene expression in a stable and heritable 

manner during mitosis and meiosis. The alteration of DNA by modifications is not coded in the DNA 

sequence itself and is called epigenetic.18, 20-21 The post-replicative enzymatic methylation of DNA was 

identified as an important molecular mechanism that allows regulation of gene expression. The methylation 

of cytosines at position 5 resulting in 5-methylcytosine (5mC, Figure 3) is the most abundant DNA 

modification in higher eukaryotes.22-25 Thereby, the interaction of DNA with proteins could be altered that 

could affect gene expression. 5mC most frequently occurs symmetrically in 3´-CpG-5´ islands within 

promotor regions which is associated with gene silencing and activation.23, 26-27 However, 5mC was also 

identified in gene bodies, regulatory elements as well as repeated sequences.28 The methylation of cytosine 

influences important cellular processes that could affect development of mammals. For example, 5mC is 

essential for embryogenesis, cellular differentiation, genomic imprinting or X chromosome inactivation.21, 

25-26, 29-32 Additionally, 5mC has an impact on carcinogenesis and tumor progression due to affecting

transcriptional activity18, 33-36 and spontaneous deamination to T.37 This deamination leads to a G:CA:T

transition. Thus, changes in the methylation pattern could lead to genetic malfunctions. Therefore, precise

regulation of the DNA methylation level is required in eukaryotes and thus the occurrence of aberrant

changes in DNA methylation reveals 5mC as a promising biomarker for cancer diagnostics.38-40
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Figure 3: Modifications in DNA.  Chemical structure of nucleobase modifications that can occur in eukaryotes or 
prokaryotes. 

The methylation of cytosines is highly dynamic and involves, besides the methylation process by DNA 

methyltransferases, an active demethylation process. This demethylation process is catalyzed by 

ten-eleven-translocation (TET) oxygenases.41-43 These enzymes oxidize 5mC to 5-hydroxymethylcytosine 

(5hmC)43-44 and to the nucleotides 5-formyl- (5fC) and 5-carboxycytosine (5caC) (Figure 3).45-49 The higher 

oxidized species, 5fC and 5caC, are recognized by thymine DNA glycosylase (TDG) and are removed by 

this enzyme. Subsequent base excision repair (BER) results in unmethylated cytosine.48, 50-51 It was 

identified that 5hmC is enriched in embryonic stem cells43-44 and at binding sites for pluripotency-associated 

transcription factors.52-54 This suggests that 5hmC is not only an intermediate in the active demethylation 

process, but also plays a role in biological processes. Moreover, specific reader proteins for 5hmC as well 

as 5fC and 5caC were identified.55-56 Thus, the question arises if these modified cytosines provide an 

additional epigenetic marker for regulation of gene expression and thus to influence cellular processes.  

Further DNA modifications are the oxidation of thymine to 5-hydroxymethyluracil (5hmU) by 

TET enzymes,57 the methylation of cytosine at position 4 (N4-methylcytosine (N4-Me-C), exclusively in 

bacteria)58-59 and the N-methylation at position 6 of adenine resulting in N6-methyladenosine (m6A) (Figure 

3). m6A is the most abundant DNA modification in prokaryotes60 and is established as bacterial epigenetic 

mark influencing many biological functions.61-64 In bacteria m6A is involved in DNA replication, cell cycle 

progression, DNA mismatch repair, host-pathogen interaction, virulence as well as gene expression. 

Decades ago m6A was found in unicellular eukaryotes like Saccharomyces cerevisiae (S. cerevisiae), 

Tetrahymena pyriformis and Chlamydomonas reinhardtii (Chlamydomonas).65-67 More recently a genome-

wide reference map for m6A of the Chlamydomonas genome was generated by a sequencing-based 

approach.68 It was shown that the m6A levels are stable and inherited during multiple replication phases. 

Moreover, it was demonstrated that DNA methylation is enriched at transcription start sites with bimodal 

distribution. The Chlamydomonas genome contains both 5mC and m6A that are spatially separated 

indicating complementary functions. Simultaneously, m6A was identified in the eukaryotic genomes of the 

multicellular organisms Drosophila melanogaster (Drosophila)69 and Caenorhabditis elegans 

(C. elegans)70 by highly sensitive methods. The study concerning the C. elegans genome revealed that m6A 

is involved in transgenerational inheritance, whereas 5mC was not detectable. Moreover, DNA methylation 

regulators, a DNA demethylase and a potential methyltransferase, were identified controlling the dynamics 

of this modification. In Drosophila m6A is involved in early developmental stages of the embryos and a 

demethylation activity was determined. The levels of m6A in C. elegans and Drosophila are very low, but 
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it was demonstrated that this modification is locally enriched and reveals a sequence specificity. Due to 

these discoveries the question arises if m6A in DNA is present in higher eukaryotes, especially vertebrates 

and how important this DNA modification is, regarding the influence of biological functions. Some studies 

suggest that m6A is present in the genome of mammals,71-73 but the abundance of m6A is very low if this 

modification is present. Therefore, highly sensitive methods need to be developed to detect m6A. However, 

T. Carell and coworkers reported that they did not find an evidence of m6A in the DNA isolated from mouse

embryonic stem cells, or brain and liver tissues by employing an ultrasensitive ultra-high performance

liquid chromatography (UHPLC)-mass spectrometry (MS) method.74 These results reveal that m6A is either

not present or not detectable due to its low abundance. Beside the explanation that no m6A is present in the

genomes of mammals, the difficult detection of m6A could be explained for example by a high demethylase

activity or by the fact that m6A only occurs in specific developmental stages that have escaped detection

until now. Thus, further studies have to be performed to decipher the importance and function of m6A in

the genome of mammals. For this, methods for detection of m6A patterns and distributions as well as

methods for the identification of DNA methylation regulators have to be developed.

Taken together, methods for detection of DNA modifications are required to elucidate the biological role 

of these modifications. The development of such methods is challenging as the methylation information is 

lost during standard applications like for example PCR amplification.75-76 Moreover, the DNA 

modifications 5mC and m6A that are of interest in this work do not directly affect the Watson-Crick base 

pairing as the methyl group extends into the major groove of the double helix. The analysis of the 5mC 

pattern in DNA is complicated because of the complex distribution in the genome and the uneven 

distribution across the genome.38, 77 Beside the loss of the methylation information during cloning or PCR 

amplification, hybridization-based methods cannot distinguish between C and 5mC due to the location of 

the methyl group in the major groove of the double helix rather than at the hydrogen bond forming site.77 

Therefore, many methods were developed that require methylation-dependent pretreatments of the DNA 

sample prior to amplification or hybridization.38, 77-79 Three main approaches for detection of 5mC were 

described that are based on endonuclease digestion,80 affinity enrichment81 and bisulfite conversion.82-84  

The most commonly used method to detect 5mC with single-base resolution is the bisulfite-sequencing 

(BS-Seq) based on the results of H. Hayatsu, R. Shapiro and coworkers.82-83 The treatment with bisulfite 

leads to specific deamination of C to U in the presence of other nucleobases, whereas 5mC deaminates to 

T two orders of magnitude slower than C (Figure 4, A). Thus, genomic DNA could be treated with sodium 

bisulfite to selectively deaminate C without affecting 5mC residues, followed by PCR amplification and 

sequencing. Since the C residues are sequenced as T and the 5mC residues still as C, the 5mC sites are 

revealed by comparison of the output of conventional sequencing methods before and after treatment with 

bisulfite (Figure 4, C). 

However, this method is not capable of distinguishing 5mC and 5hmC due to the conversion of 5hmC to 

cytosine 5-methylene sulfonate (CMS) during treatment with bisulfite.85-86 The deamination of CMS is even 
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slower than the deamination of 5mC resulting in sequencing of 5hmC as C like 5mC.87 Thus, data obtained 

by bisulfite sequencing could be interpreted incorrectly (Figure 4, B). 

Figure 4: Scheme of bisulfite sequencing.  A) Deamination of C to U and 5mC to T mediated by bisulfite treatment. 
Deamination of 5mC is two orders of magnitude slower than of C. B) Conversion of 5hmC to CMS by bisulfite 
treatment. C) Scheme of bisulfite sequencing. C is sequenced as T as C is converted to U by bisulfite treatment, 
whereas 5mC is sequenced as C as 5mC is not affected by bisulfite treatment. 5hmC is also sequenced as C as 5hmC 
is converted to CMS by bisulfite treatment. The comparison of sequencing data with and without bisulfite treatment 
reveals the modified sites, but do not distinguish between 5mC and 5hmC. 

Therefore, methods are required that distinguish 5mC from 5hmC. For example, BS-Seq-based methods, 

TET assisted bisulfite sequencing (TAB-Seq)48 and oxidative sequencing (oxBS-Seq),88 were developed to 

reveal both 5mC and 5hmC sites. Further methods to qualitatively and quantitatively detect 5mC were 

described, exploiting the differing deamination behavior during bisulfite treatment. These include, among 

others, methylation-specific PCR (MSP)89 and methylation-sensitive single-nucleotide primer extension 

(Ms-SNuPE).90-91 These methods are less time-consuming, simpler and cheaper than the sequencing-based 

methods, but the need for a specific pretreatment of the DNA sample to analyze the state of DNA 

methylation causes a variety of drawbacks. Pretreatments require various purification steps and multiple 

transfers of the DNA sample that in turn results in the risk of contaminations and loss of the DNA sample. 

For example, bisulfite treatment results in contaminations and loss of DNA as well as false-positive results 

due to incomplete conversion of C.92-94 Moreover, a large amount of DNA is required as approximately 

95 % of the genomic DNA are destroyed during bisulfite treatment.93 However, digestion-based methods 

do not have the disadvantages caused by bisulfite treatment, but for example they have a limited scope that 

is determined by the recognition site of the restriction enzyme.77  

Besides the three main approaches relying on pretreatment steps, methods are described that detect DNA 

methylation with higher accuracy. These include for example techniques like thin layer chromatography 

(TLC),44, 95 HPLC, coupled with MS44, 95-97 and single-molecule nanopore DNA sequencing.98-99 
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A promising application to directly detect 5mC even in high-throughput is the single molecule real-time 

(SMRT) sequencing.100-101 Here, the incorporation of fluorescently labeled nucleotides by single 

DNA polymerase (DNA pol) molecules is observed and measured simultaneously in thousands of arrayed 

zero-mode waveguides. Until now this technology is very expensive, and some steps like for example DNA 

translocation need to be optimized.102 However, this method will be a highly sensitive tool for 5mC 

detection with single-base resolution in future. Furthermore, J. Aschenbrenner and coworkers described a 

method to directly detect 5mC from human genomic DNA by real-time PCR without the need of a 

methylation-specific pretreatment using a DNA pol variant and mismatch primers.103 This is a simple and 

reliable method, but with low sensitivity towards 5mC detection. Therefore, the sensitivity needs to be 

increased, for example by engineering DNA pol variants with enhanced discrimination. 

For detection of m6A no equivalent to bisulfite treatment is available. Therefore, methods were developed 

that rely on immunoprecipitation or digestion (Figure 5) like in the case of 5mC detection coupled with 

sequencing. The immunoprecipitation sequencing68-70 allows the determination of genome-wide 

distribution but is not quantitative.104-105 However, the restriction enzyme-based m6A sequencing68, 106 

senses the presence or absence of m6A with single-base resolution, but only in specific sequence motifs as 

the scope is limited by the recognition site of the enzyme.104-105 MS coupled with LC provides a promising 

application to directly and quantitatively detect m6A, even when the m6A levels are low.74, 104-105 Moreover, 

SMRT sequencing is suited to directly detect m6A in genomic DNA,70, 100-101 even if 5mC is present.70, 107 

However, this technology is not capable of distinguishing m6A and N1-methyladenosine (m1A) without the 

necessity to couple this method with LC-MS.104 Due to the high costs of this technique, SMRT sequencing 

is only valuable for organisms with small genomes.104 Moreover, the methods for m6A detection in 

eukaryotes, especially immunoprecipitation sequencing and LC-MS, are prone to bacterial contaminations 

resulting in false-positive results.  

Figure 5: Scheme of detecting m6A by employing antibodies or restriction enzymes.  Simplified representation 
of immunoprecipitation sequencing using m6A-specific antibodies (left) and restriction enzyme-based sequencing by 
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employing restriction enzymes recognizing methylated sites. m6A is represented by green dots, antibodies as black Y, 
restriction enzymes as orange icons and DNA or RNA as black curve. 

The described methods for analysis of DNA methylation have its own benefits as well as drawbacks. Thus, 

the optimization and the development of methods is still far from finished since the listed drawbacks are 

impeding the application for example in clinical diagnostics.  

1.3 RNA modifications and their analysis 

The different types of RNA possess various biological functions. For example, RNAs are enzymatically 

active or promote specific interactions with proteins.17 In order to regulate and promote the broad range of 

functions, RNA can be post-transcriptionally modified by RNA splicing, polyadenylation, RNA editing as 

well as by enzymatically modifying the nucleotides.108 In contrast to DNA, modifications at the nucleotides 

in the transcriptome occur at both nucleobase and ribose.109-110 Moreover, more than 150 distinct 

modifications are identified in RNA,110 whereas only a few DNA modifications are identified.25 RNA 

modifications include among others, nucleobase isomerization yielding for example pseudouridine, 

methylation at both ribose and nucleobase resulting in m6A or 2´-O-methylated G, A, U or C and nucleobase 

modifications by oxidation, reduction or thiolation (Figure 6).110 These modified nucleotides within the 

transcriptome do not change the ribonucleotide sequence itself and is summarized under the term 

epitranscriptomics.111 

Figure 6: Variety of modifications in RNA.  From the over 150 RNA modifications, the chemical structure for a 
few RNA modifications is depicted. RNA modifications occur at both nucleobase and sugar moiety. 

The extent of various modified nucleotides, their location and distribution pattern differ within the different 

RNA types as well as organelles and also organisms.110 For example, this was shown for tRNA 

modifications that were investigated in 16 species allowing the characterization of the species at specific 

levels and the discrimination between various species.112 tRNA and rRNA exhibit a high content of 

modified nucleotides that are crucial for their biological functions. For example, it was considered that 

rRNA modifications influence ribosomal biogenesis, rRNA folding or ribosome subunit interaction.113 

Furthermore, it was demonstrated that nucleotide modifications in mRNA are involved in various stages of 

their metabolism whereby gene expression could be post-transcriptionally influenced.108, 111, 114 But also, 

other classes like snRNA, small nucleolar (snoRNA), miRNA and long non-coding RNA (lncRNA) were 

identified to be enzymatically modified at their nucleotides.108-109, 115 The biological functions and 
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importance of all known modifications in the various RNA types remains elusive and thus investigations 

aim at deciphering the biological importance. 

The most abundant mRNA modification in higher eukaryotes is the methylation of adenine yielding 

m6A.116-117 m6A is conserved from yeast,118 plants,119-120 to mammals.121-122 However, it was also shown that 

m6A is conserved among viral RNAs.123-124 This modification in mRNA mostly occurs in the sequence 

motif [A/ G] m6AC [U/ A/ C] found by mutational analysis in vivo and in vitro as well as substrate 

preference of the methyltransferase in vitro125-127 and is enriched for example near stop codons, 

3´-untranslated regions and within long internal exons.121-122 The discovery of components of the 

methyltransferase complex (human methyltransferase-like METTL3128/ METTTL14/129-130 Wilm´s tumour 

1-associating protein WTAP131) that was first reported in 1994,132 and of demethylases belonging to the

AlkB family (fat mass and obesity-associated protein FTO133 and ALKBH5134) identified this modification

as highly dynamic and reversible.109, 114 Moreover, proteins of the YTH domain family (YTHDF) were

discovered as selective m6A binding proteins.135-140 For example, it was found that YTHDF2 mediates RNA

degradation connecting m6A to this biological function.135 Further it was identified that this modification is

involved in RNA splicing,138 RNA transport,134, 141 or translation.136 Besides mRNA, this modification was

identified in rRNA, tRNA, ncRNA and lncRNA.142

Since RNA modifications are involved in various biological functions and influence post-transcriptional 

regulation of gene expression, methods to detect these modifications are highly desirable. Like in the case 

of DNA modifications, the development of such methods is challenging as the information of a modification 

is lost during standard applications like for example PCR amplification. Moreover, most modifications do 

not influence reverse transcription as the Watson-Crick base pairing is not directly affected. Thus, these 

modifications are called to be “reverse transcriptase (RT) silent”. Hence, modification-specific 

pretreatments of RNA are required prior to RT PCR amplification and/ or sequencing. The pretreatment 

steps are based on two main approaches: The reaction of the modified nucleotide with specific reagents to 

alter the RT signature or the selective molecular recognition of the modifications by employing for example 

antibodies or restriction enzymes. For the detection of pseudouridine, a method relying on the selective 

conversion of the modified nucleotide was developed. Here, the RT signature was altered by the reaction 

of pseudouridine with CMC.143-144 The most common method for 5mC detection in DNA, the bisulfite 

sequencing, has lately been used for 5mC detection in RNA.145 Nevertheless, no selective chemical 

conversion of m6A is described that alters the properties of this modified nucleotide to distinguish m6A 

from A as the chemical properties of A and m6A are nearly identical.146 Therefore, methods relying on the 

selective recognition of m6A were developed. 

The m6A distribution can be detected by employing an antibody-based approach, the MeRIP-Seq.121-122 

Here, fragmented RNA is enriched by a m6A-specific antibody, followed by amplification and sequencing 

(Figure 5, left). However, no methylation information at single-base resolution is obtained as this method 

possesses only a resolution of about 100 nucleotides.109 In order to site-specifically detect m6A, a method 
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was developed in that the RNA is crosslinked to the m6A-specific antibodies resulting in specific mutational 

signatures.146-147 Furthermore, a method with single-base resolution is the site-specific cleavage and 

radioactive-labeling followed by ligation-assisted extraction and TLC, named SCARLET.148 This method 

uses RNase H to site-specifically cleave RNA that is then labeled and detected. Moreover, this method can 

reveal the percentage of m6A at a precise position.109 However, this method is laborious as for example 

multiple enzymatic steps are required and provides no high throughput. Further applications for quantifying 

the total amount of m6A and general modified nucleotides are described. These methods rely on for example 

LC and/ or MS but hardly give information about the sequence motif. In addition, the purity of the RNA 

samples is crucial to avoid false-positive results as m6A is present in different RNA types.109, 149 As in the 

case of detecting DNA modification, pretreatments cause the risk of contaminations and human errors as 

various purification and washing steps are performed. The purification and washing steps also increase the 

time and labor. Moreover, the methods are prone to false-positive or -negative results.150 

Primer extension-based assays would be a valuable application for direct sensing of the presence or absence 

of m6A at a precise position as this is a non-laborious, cheap and reliable method. Moreover, the approach 

could be designed in a way that no pretreatment of the sample is necessary. Until now primer extension-

based methods are hardly employed for m6A detection since the methyl group does not directly affect 

Watson-Crick base pairing. Hence, it is suggested that the methyl group barely influences DNA pol 

selectivity and thus results in no difference in the extent of primer extension. In contrast to this hypothesis, 

it was recently demonstrated that a DNA pol processed dTTP to a different extent depending on whether 

an A or m6A was present in the template.151 Moreover, X. Zhou and coworkers found a difference in the 

degree of primer extension depending on whether an A or m6A is present when dUTP derivatives were 

processed by a DNA pol with RT activity.152 Thus, it is valuable to improve such applications that are based 

on primer extension reactions for example by engineering more sensitive DNA pols or to find a better 

discriminating combination of a processed modified dNTP and DNA pol. Recently, J. Aschenbrenner et al. 

advanced the capability of RT-active DNA pols to directly distinguish m6A from A.153 In this study m6A 

sites were directly identified by sequencing without the need of modification-dependent pretreatment 

employing a DNA pol variant that exhibits error rates opposite m6A, a “RT silent” modification, but not 

opposite the unmodified counterpart. Furthermore, J. Aschenbrenner reported that an engineered RT-active 

DNA pol variant directly and site-specifically senses 2´-O-methylated nucleotides from human total RNA 

extracts by real-time PCR.154 This is a simple and reliable method that could be a valuable approach for 

m6A detection if a convenient DNA pol could be engineered. Another technique to directly detect RNA 

modifications without the need of modification-specific pretreatments is SMRT sequencing by employing 

HIV RT, but multiple binding events for each nucleotide incorporation were observed.155 In contrast to 

DNA SMRT sequencing, shorter read-lengths are observed that could be improved by engineering RTs 

with higher processivity. Direct detection of “RT silent” RNA modifications will be a highly sensitive tool 

in future as the drawbacks occurring during modification-dependent pretreatments could be overcome. 
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Taken together, many methods for qualitative and quantitative detection of m6A are described but the 

methods have their own benefits as well as drawbacks as in the case of the methods for detection of DNA 

modifications. For the application in molecular diagnostics simple and reliable methods are needed that 

reduce time and labor and the susceptibility to errors.
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2 DNA polymerases and DNA catalysis 

2.1 Overview – classification and function 

The structure of DNA and the specific base pairing interactions enables DNA replication where each DNA 

strand serves as template giving an identical copy of the genetic information. Precise DNA replication is 

essential for the viability of every living organism and is performed prior to cell division. A new DNA 

strand is formed by polymerization of 2´-deoxynucleoside-5´-triphosphates (dNTPs). During 

polymerization the sequence of the template determines the order of incorporated nucleotides according to 

the Watson-Crick base pairing. After duplication, two new DNA molecules are formed each containing one 

parental DNA strand and the newly synthesized strand. This is called semi-conservative replication and 

was first proved by M. Meselson and F.W. Stahl in 1958.156 Many proteins are involved in the replication 

process that involves the initiation of replication, unwinding of the double helix, the polymerization of the 

dNTPs and the termination.10 These include amongst others DNA pols that catalyze the template-dependent 

DNA synthesis in 5´→3´ direction. The first DNA pol was discovered in Escherichia coli (E. coli) by 

A. Kornberg and was called DNA pol I.157-159 The 3´-hydroxyl group of a primer or growing chain reacts

with the α phosphate of the incoming dNTP in a nucleophilic manner leading to a 3´,5´-phosphpdiester

bond. During the reaction pyrophosphate is released whose hydrolysis is the force of the reaction.160-161

Since DNA is damaged constantly, efficient mechanisms are required for maintaining the integrity of 

genetic information. Therefore, DNA pols differ in their properties and thus accomplish different tasks 

besides DNA replication like DNA repair or recombination.162-163 DNA pols are categorized into seven 

DNA pol families (A, B, C, D, X, Y and RT) dependent on sequence homology and structural similarity 

analyzed by comparison of aligned amino acid sequences as well as by comparison of crystal structures.164-

167 DNA pols belonging to the A, B, C or D family are mainly involved in DNA replication.162 DNA pol β 

was the first member of the X family discovered168 and members of this family are mainly involved in DNA 

repair like BER and non-homologous end-joining (NHEJ).169 Furthermore, members of the Y family have 

a function in translesion synthesis (TLS).170 The RT family contains DNA pols that catalyze DNA synthesis 

from RNA templates using dNTPs as substrate meaning that this family harbors a RNA-reading DNA pol 

activity besides the general DNA-dependent DNA pol activity. In 1970 such DNA pols were identified in 

Rous sarcoma virus and Rauscher mouse leukemia virus.171-172 These kind of enzymes are essential for 

retroviruses to reverse transcribe their genomic information stored in RNA into DNA so that the DNA can 

be inserted into the host genome.171-173 

Today, DNA pols are a valuable tool for many biotechnological applications like PCR and sequencing 

methods. In such applications the capability of DNA pols to process both natural and modified dNTPs with 
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diverging fidelity and/ or processivity is exploited. Moreover, the feasibility to engineer DNA pols with 

desired properties towards a specific application from natural enzymes by directed evolution proves 

DNA pols valuable.174-175 

2.2 DNA polymerase structure 

Crystallographic studies of DNA pols belonging to different DNA pol families provided structural insights 

into DNA pols. These studies revealed that DNA pols among the different families share a general overall 

structure. The shape of DNA pols appears as a right hand consisting of three subdomains, the fingers, palm 

and thumb domain (Figure 7).176-181 The palm domain is homologous for DNA pols among the families 

and is involved in catalysis of the phosphoryl transfer reaction. This domain consists of four- to six-stranded 

β sheets and two α helices that flank the β sheets, and harbors two highly conserved carboxylate groups. In 

contrast, the structure of the fingers and thumb domain varies among the families. However, similarly 

oriented secondary structural elements in these subdomains provide analogous functions in all families. 

The fingers domain is involved in interactions of the incoming dNTP and the nucleobase of the template, 

whereas the thumb domain is responsible for positioning of the primer-template complex and the 

processivity.176-177 

Besides the described subdomains, many DNA pols harbor an additional enzymatic activity, the 

3´→5´ exonuclease.182 This enzymatic activity functions as a proofread by excising incorrectly incorporated 

nucleotides at the 3´-terminus.183 In this way, the integrity of the genomic information is maintained by 

high-fidelity DNA synthesis. Moreover, some DNA pols, for example Taq DNA pol,180 harbor a 5´ nuclease 

activity that removes nucleotides from the 5´-terminus during DNA repair or removes RNA primers of the 

lagging strand synthesis during DNA replication.184-185 

2.3 KlenTaq DNA pol 

DNA pol I of E. coli - the first DNA pol discovered157-159 - harbors three catalytically active domains: a 

5´ endonuclease, a 3´→5´exonuclease and a polymerase function (Figure 7, A).186 The 3´→5´exonuclease 

and the polymerase domain form the so termed Klenow fragment.187-188 In 1976, the DNA pol I of the 

thermophilic eubacterium Thermus aquaticus, Taq DNA pol, was isolated.189 This DNA pol harbors a 

domain called N-terminus, that carries a potential 3´→5´exonuclease domain, but this domain lacks its 

functional activity. However, the center of the polymerase function is structurally similar to the Klenow 

fragment of the DNA pol I of E. coli.190-191 Therefore, the N-terminally truncated version of Taq DNA pol 

that lacks the N-terminus and comprises the amino acids from 291 to 832 of Taq DNA pol sequence, is 

called KlenTaq DNA pol (Figure 7, A). These enzymes belong to the A family of DNA pols and adopt the 

general structure of DNA pols covering the fingers, palm and thumb domain (Figure 7, B).180, 191-192 Due to 
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their thermostability, these enzymes became a valuable tool in biotechnological applications, especially the 

development of a PCR technique employing thermocycling.76 Moreover, structural analysis of Taq/ 

KlenTaq DNA pol enabled molecular insights into the mechanism, e.g., how A family DNA pols recognize 

their substrates179-180, 186, 191, 193 or process modified/ unnatural nucleotides.194-198 By introduction of four 

mutation sites into KlenTaq DNA pol, an A family member with reverse transcriptase activity was 

generated.199 In this work this enzyme is called RT KlenTaq DNA pol and bears the following mutations: 

L459M, S515R, I638F and M747K.199 KlenTaq and RT KlenTaq DNA pol are some of the DNA pols that 

were examined in this work. 

Figure 7: DNA pol structure.  A) Schematic representation of the catalytically active domains of the A family 
DNA pol E. coli DNA pol I (1.), Taq DNA pol (2.), KlenTaq DNA pol (3.) and the B family DNA pol KOD DNA pol 
(4.). The 5´ endonuclease activity is depicted in orange, the 3´→5´ exonuclease activity in red, the N-terminus in blue 
and the polymerase function is candy-striped indicating the thumb domain in green, the fingers domain in yellow and 
the palm domain in purple. Crystal structure of B) KlenTaq DNA pol (adapted from PDB 3RTV)194 and C) KOD 
DNA pol (adapted from PDB 5OMF).181 

2.4 KOD exo- DNA pol 

KOD DNA pol is the enzyme isolated from archaeon Thermococcus kodakarensis and was first purified in 

1997.200 This enzyme is thermostable and belongs to the B family adopting the general structure of 

DNA pols harboring a fingers, thumb and palm domain (Figure 7, C).181, 200 In contrast to Taq/ KlenTaq 

DNA pols, KOD DNA pol harbors an active 3´→5´exonuclease domain like other archaeal B family 

DNA pols (Figure 7, A/ C) (for example Pyrococcus furiosis201). Due to the 3´→5´exonuclease activity, 

these enzymes ensure a higher fidelity during DNA synthesis than Taq/ KlenTaq DNA pols. Moreover, it 

was shown that KOD DNA pol possesses a higher processivity and extension rate than other archaeal 

B family DNA pols.200 It has also been shown, that KOD DNA pol and other archaeal B family DNA pols 

accept a wide range of differently modified nucleotides.202-209 Due to the various properties of archaeal 

DNA pols (among others: thermostability, processing of modified nucleotides), these enzymes are valuable 

tools for various biotechnological applications like PCR amplification75, 103 or next-generation 
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sequencing.210 In this work the exonuclease deficient variant of KOD DNA pol, KOD exo- DNA pol 

(mutant: D141A and E143A),211 was examined for an increased acceptance of modified nucleotides. In 

contrast to the well-studied members of the A family, structural data of archaeal B family DNA pols are 

lacking and thus the understanding of their mechanism remains mostly elusive. Until recently, only apo 

structures for example of KOD,212 DeepVent213 or Pfu214 DNA pol and binary structures of KOD, 9°N211 

and Pfu214 DNA pol have been obtained. Although crystal structures of different enzymes originating from 

viruses,215-217 bacteria218 and eukaryotes219-221 are available, differences in their mechanism were 

highlighted. This impedes a prediction for the mechanism of archaeal DNA pols. However, lately the first 

ternary crystal structures of archaeal KOD exo- and 9°N DNA pol were reported and provide the first 

molecular insights into the mechanism of archaeal enzymes.181 For example, this study provides a possible 

explanation for prior reported observations that members of the B family process nucleotides with 

modifications extending into the major groove more efficiently than A family DNA pols.203, 205-209 H. Kropp 

et al. found that no major groove interacting amino acids are present in B family DNA pols as well as that 

the major groove is wider, that the channels are larger and that the shape of the pocket around the bound 

dNTP differs compared to A family DNA pols. This could provide more space for an incoming modified 

dNTP and could explain the better acceptance by members of the B family than by members of the A 

family. 

2.5 DNA catalysis 

Based on various studies including structural, mutational and kinetic studies, a general model for the 

catalysis of DNA synthesis was established (Figure 8, A).160-161 The mechanism involves multiple steps 

that are similar for most DNA pols, but variations in p-T binding and selection as well as in dNTP binding 

or in the conformational change have been observed among different DNA pols.161 In general, a crevice is 

formed by the thumb, fingers and palm domain of DNA pol (E) in that the primer-template (p-T) is bound 

in the first step (E : p-T). A conformational change of the thumb domain holds the DNA in the right position, 

whereby the 3´-terminus of the primer is coordinated to the active site in the palm domain. This binary 

complex becomes an open ternary complex by weak binding of the incoming dNTP whereby the fingers 

domain plays a critical role (E : p-T : dNTP). In turn, this inactive complex is converted into an active 

complex (E* : p-T : dNTP, closed ternary complex) by a conformational change that is essential for the 

following nucleotidyl transfer. Here, the participating components are oriented in the active site in a way 

that facilitates the chemical reaction and thus allows the nucleotidyl transfer. Subsequently, the 3´-hydroxyl 

group nucleophilically attacks the α phosphate of the incoming dNTP following a SN2 reaction. After the 

nucleophilic attack, the nucleotide is bound to the primer by a 3´,5´-phosphodiester bond (E* : p+1-T : PPi). 

Following this, a further conformational change leads to a relaxed state of the complex (E : p+1-T : PPi) 

allowing the release of pyrophosphate PPi (E : p+1-T + PPi). At this point the DNA pol remains bound to 



DNA polymerases and DNA catalysis 

16 

the primer-template complex and translocates the primer-template complex to form a new 3´-terminus for 

further elongation or the DNA pol dissociates from the complex to release the newly formed DNA. 

Figure 8: Model for DNA catalysis. Kinetic model of DNA pol-catalyzed incorporation of a nucleotide. Figure was 
adapted from figure 4 reported by A.J. Berdis.160 B) Two-metal ion catalysis model for nucleotidyl transfer. Primer is 
depicted in blue, incoming dNTP in green, enzyme and magnesium ions in black and α phosphate of incoming dNTP 
in orange. Figure was adapted from figure 1 reported by C.E. Cameron and coworkers.222 

The nucleophilic attack is supported by two metal ions (magnesium ions, considered as biologically 

relevant cofactor) that are coordinated by catalytically active carboxylate residues (typically from aspartic 

acid) of the palm domain in the active site.223-224 This two-metal ion mechanism was originally proposed 

by T.A. Steitz in the early 1990s.225-226 The metal ions stabilize the trigonal-bipyramidal pentacoordinated 

transition state of the reaction (Figure 8, B). The nucleophilic attack is facilitated by deprotonation of the 

3´-hydroxyl group whereby metal ion A (Mg2+
A) and an amino acid residue functioning as base are 

involved. Metal ion B (Mg2+
B) interacts with the β and  γ phosphate groups facilitating the release of PPi. 

This two-metal ion mechanism for the transfer of the nucleotidyl was shown for both different DNA pol 

families and for archaea, bacteria as well as eukaryotes.193, 215-216, 221, 227 However, recent studies, where 

eukaryotic DNA pols from B,220 X228-230 and Y231-233 family were crystallized, revealed that a third metal 

ion is present in the active site. Moreover, a third metal ion was observed in the active site of archaeal 

KOD exo- and 9°N exo- DNA pol.181 Depending on the DNA pol, the third metal ion has different functions 

and was found for example at a different position in the yeast DNA pol  δ belonging to the B family220, 222 

than in DNA pol η (Y family)231-232 and DNA pol β (X family).228 Further crystal structures need to be 

obtained and investigated to elucidate the position and function of this third metal ion more precisely. 

A further important step during DNA synthesis is the recognition and extension of the correct nucleotide 

by DNA pols in order to maintain the integrity of the genomic information. However, some degree for 

creation of errors must be allowed to promote the evolution process. After nucleotide incorporation the 

fidelity of DNA pols is ensured for example by the operation of DNA mismatch repair systems,234 DNA pol 

auxiliary proteins235-237 and exonuclease activities.183 Moreover, the selectivity of DNA pols to choose the 

correct nucleotide during the catalytic pathway also plays an important role. Different models for the 

selection process are proposed, but investigations are still going on. During these studies it was found that 

the Watson-Crick base pairing is not the only factor that influences the selection process as the differences 
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in the free energy between complementary and non-complementary base pairs are low to distinguish the 

correct from incorrect nucleotide.238-239 An additional layer of diverse factors including geometrical 

constraints, base stacking, solvation, exclusion of water from the active site as well as interactions with the 

dNTP or the minor groove contribute to the selection process of the nucleotide as well. These factors can 

function at different stages of DNA catalysis and may be different among DNA pols.239-241  

For example, it was proposed that steric effects influence the selection of the correct nucleotide. This was 

termed ‘active site tightness and substrate fit’ model.9, 242-244 It is postulated that the steric effects which 

affect the DNA pol fidelity depend on the size and shape of the incoming dNTP and the templating 

nucleobase as well as the closeness and rigidity of the DNA pol binding pocket. During incorporation of a 

non-complementary nucleobase, the steric hindrance can prevent the binding of the incoming dNTP in the 

binding pocket or can hamper the nucleotidyl transfer reaction. Therefore, it is assumed that low-fidelity 

DNA pols are more flexible regarding their binding pocket allowing the acceptance of non-canonical 

nucleotides, whereas high-fidelity DNA pols are less flexible resulting in increased fidelity. Furthermore, 

it is proposed that the selection process is influenced by conformational changes of the enzyme during 

dNTP binding. In this so called ‘induced-fit model’ it is assumed that the residues in the active site necessary 

for catalysis are only coordinated accurately in the closed complex when the correct dNTP is bound. In 

case of binding the incorrect nucleotide the rate of nucleotidyl transfer is significantly decelerated 

supporting the release of the nucleotide as the catalytically active residues are not coordinated properly.161, 

239 Further models are postulated including for example the recognition of the correct nucleotide already in 

the open ternary complex. Thus, a lot of studies based on kinetics, structural data or mutational experiments 

as well as the employment of non-canonical nucleotides gave some indication of the mechanism how a 

DNA pol chooses the correct nucleotide. However, the existence of various potential models shows that the 

mechanism is complex and diverse. Thus, the studies will continue to achieve a complete picture of DNA 

catalysis and the selectivity process of DNA pols. 
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3 DNA polymerases and modified nucleotides in 

biotechnological applications 
The identification of diverging properties of DNA pols originating from different families and the three 

kingdoms of life advanced the field of biotechnology as well as diagnostics. Furthermore, the feasibility to 

engineer DNA pols with specific properties for example by site-directed mutagenesis,245-246 makes 

DNA pols a valuable tool for many biotechnological applications.175, 247 The properties that are exhibited in 

specific applications include among others fidelity, specificity, processivity, thermostability, enhanced 

substrate spectrum or inhibitor resistance.  

Today, PCR and nucleic acid sequencing are the most important application of DNA pols. PCR was 

developed in the 1980s using E. coli DNA pol I first.75 This enzyme refers to a non-thermostable DNA pol 

that has to be added after each cycle as it is not stable during the performed heating steps. Thus, PCR was 

simplified and automated by application of thermostable DNA pols like Taq DNA pol whereby the 

specificity, yield, sensitivity and length of the product was improved, as amplification can be performed at 

higher temperatures.76 The development of fluorescent dyes and the following employment in PCR allowed 

the monitoring of target amplification in real-time further enhancing the scope of this methodology.248-250 

Further variations of this technique were developed including nested or multiplexed PCR. Moreover, the 

use of reverse transcriptases enabled the development of RT PCR, the RNA-dependent DNA synthesis.175 

Besides PCR, DNA pols are applied in nucleic acid sequencing methods.251-252 A method that revolutionized 

the possibility to determine the sequence of DNA was reported by F. Sanger and colleagues in 1977 termed 

Sanger sequencing.251 Here, a DNA sequence is extended by E. coli DNA pol I, using natural dNTPs that 

are mixed with chain terminators like 2´,3´-dideoxynucleotides or arabinonucleotides and analysis was 

performed by polyacrylamide gel electrophoresis (PAGE). For this technique DNA pols are required that 

are capable of incorporating chain terminators with good efficiencies. Bacteriophage T7 DNA pol is such 

a DNA pol that efficiently incorporates 2´,3´-dideoxynucleotides.253 A tyrosine residue in the amino acid 

sequence of this enzyme was found to be responsible for low discrimination between natural nucleotides 

and 2´,3´-dideoxynucleotides. By replacing a phenyl residue of E. coli DNA pol I or Taq DNA pol with 

tyrosine (F762Y or F667Y, respectively), discrimination against 2´,3´-dideoxynucleotides was significantly 

reduced. The property of Taq DNA pol to accept 2´,3´-dideoxynucleotides was further improved by 

mutation of the arginine at position 660.254 These findings improved Sanger sequencing by employing the 

first thermostable DNA pol for DNA sequencing.  

The property of DNA pols to process unnatural substrates are the basis for Next Generation Sequencing 

(NGS) methods.255-256 These methods increased the throughput and speed of DNA sequence analysis. For 

example, NGS was used for the whole human genome sequencing project.4, 210 Furthermore, the ability to 

accept a wide range of modifications occurring in the template and/ or in the employed dNTPs, makes 
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DNA pols valuable tools for SELEX,257 DNA conjugation258-260 and the diagnostics of nucleic acids.261-264 

For example, it was recently shown that DNA pols and their variants can harbor the ability to directly detect 

epigenetic or epitranscriptomic modifications.103, 151, 153-154, 265-266 Moreover, the ability of DNA pols to 

incorporate modified nucleotides was shown to directly detect DNA or RNA modifications.152, 267 In the 

course of this work it will be also shown that DNA pols in combination with modified dNTPs can be 

employed for direct detection of DNA or RNA modifications from genomic DNA268 or cellular RNA. 
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Aim of this work 
In the last decades, the interest in both DNA and RNA modifications like 5mC in DNA or m6A in RNA 

grew as it was identified that some of these modifications strongly influence cellular processes. Moreover, 

it was demonstrated that modified nucleotides can serve as biomarker for disease diagnosis and therapy. 

Therefore, methods for sensing the presence or absence of such modifications in certain loci are required 

to elucidate the biological function and thus the importance of these modifications. Beside genome-/ 

transcriptome-wide analysis, the detection of DNA or RNA modifications at precise positions is a valuable 

approach to quantify the information of modification at important regulatory sequences. The known 

methods mostly require modification-dependent pretreatments of DNA or RNA prior to amplification and 

thus, these methods are prone to contaminations, are error-prone, time-consuming and also expensive. 

Therefore, a simple, cheap and reliable method that directly detects modifications without any pretreatment 

is highly desirable. A real-time PCR-based approach in which the sensitivity towards the information of 

the modification is increased could meet the desired requirements to simplify the analysis of both DNA and 

RNA modifications. 

The aim of this work was to investigate if a combination of a thermostable DNA pol and a modified dNTP 

could directly sense the presence or absence of a nucleic acid modification. The different behavior of 

DNA pols to process and accept modified dNTPs should be exploited. For this, a primer extension-based 

approach should be employed. Here, the modified dNTPs should be processed at individual sites and the 

extent of discrimination should be determined. Then, the information obtained during primer extension 

reactions should be exploited to a real-time PCR-based approach whereby a delayed or accelerated 

amplification is expected when the modification is present in the template.  

Therefore, modified purine- and pyrimidine-based nucleotides were processed by several DNA pols while 

extending primers that are paired with a template containing a modification or not. Here, KOD exo-, 

KlenTaq or RT KlenTaq DNA pol should catalyze the single-nucleotide incorporation. In these experiments 

it should be determined if a difference in the extent of primer extension could be obtained depending on 

whether a modification is present or not. Then, a combination of a DNA pol and a modified nucleotide that 

potentially distinguish a modified from unmodified template should be employed in a real-time PCR that 

should result in diverging PCR amplification depending on whether the template is modified or not. These 

methods should be established by employing synthetic templates. Following this, the developed methods 

should be applied to analyze a DNA or RNA modification at a precise position directly from genomic DNA 

or cellular RNA extracts.  

In this work the focus was on sensing the presence or absence of 5mC or m6A in DNA as well as m6A in 

RNA site-specifically by employing a combination of a DNA pol and a modified nucleotide. 
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Results and discussion 

1 Site-specific sensing of the presence or absence of 

5mC in DNA 
The detection of 5mC in the genome can serve as an important biomarker for disease diagnosis and therapy. 
38-40, 269-270 Therefore, it is of interest to develop a system that senses the presence or absence of 5mC in

DNA site-specifically with single-base resolution and without methylation-dependent pretreatment of

DNA. The detection of 5mC at individual sites could be useful for quantifying the methylation information

at important regulatory sequences, beside the genome-wide analysis of DNA methylation. For developing

such a system, a combination of DNA pols and modified nucleotides should be used to examine if a

DNA pol incorporates modified nucleotides (Figure 9, A top) or extends modified primers (Figure 9, A

bottom) to a different extent depending on whether a methylated or unmethylated template is present. In

primer extension experiments modified nucleotides should be incorporated opposite C or 5mC in the

template strand (Figure 9, A top) or 3´-terminally modified primers should be extended from C or 5mC in

the template by a DNA pol (Figure 9, A bottom). Here, it should be analyzed if an extent of discrimination

could be determined when either a C or 5mC containing template is present (Figure 9, B).

Figure 9: Scheme for sensing the presence or absence of 5mC directly by single-nucleotide incorporation using 
modified nucleotides. A) Incorporation of modified nucleotides directly opposite C or 5mC located in the template 
(top) or extension of a 3´-terminally modified primer from a template containing C or 5mC (bottom) by a DNA pol. 
B) PAGE analysis of the single-nucleotide incorporation visualized by autoradiography (left) and quantitative
evaluation giving % incorporation when a C or 5mC containing template is present (right).

Due to the use of 32P labeled primers during single-nucleotide incorporation, followed by analysis through 

denaturing polyacrylamide gel electrophoresis (PAGE), the degree of primer extension will be visualized 

by autoradiography (Figure 9, B left). The band intensities will then be quantitatively evaluated to give 

percentage of incorporation (% incorporation) values (Figure 9, B right). The ratio of % incorporation 

when the primer is paired with a C or with a 5mC containing template at a specific time will indicate the 

extent of discrimination between C and 5mC.   
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Furthermore, a methylation-specific PCR should be developed to detect 5mC site-specifically directly from 

DNA without any methylation-dependent pretreatment. For this, a discriminating combination of a 

DNA pol with a certain modified nucleotide found in single-nucleotide incorporation experiments will be 

used in a real-time polymerase chain reaction (PCR)-based system. It should be analyzed if the extent of 

discrimination could be exploited in PCR resulting in a delayed amplification of either the C or 5mC 

containing template (Figure 10, B). Hence, a difference in the cycle threshold value, the ∆Ct value, could 

be determined and could identify the state of a cytosine at individual sites. A PCR-based method would be 

convenient as analysis could be performed directly from DNA without any methylation-dependent 

pretreatment of DNA77, 79 and it is a reliable, cheap and time saving method compared to existing methods 

for 5mC detection80-84, 99. 

Figure 10: Scheme for sensing the presence or absence of 5mC directly by real-time PCR using modified 
nucleotides. A) Scheme of PCR amplification by a DNA pol using a primer rev-1 and a primer fwd and a dNTP mix 
containing a modified nucleotide instead of dGTP (top). Scheme of PCR amplification by a DNA pol using a 
3´-terminally modified primer as primer rev and a fwd primer and a dNTP mix containing natural dNTPs (bottom). 
B) Real-time PCR amplification of a template indicating a delayed amplification of the C or 5mC containing template
leading to ΔCt value that identifies the state of a cytosine at an individual site.
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1.1 Screening modified purine-based nucleotides 

In order to find a combination of a DNA pol and modified nucleotides that could sense the presence or 

absence of 5mC at individual sites, various commercially available purine-based nucleotides modified at 

different positions were employed in single-nucleotide incorporation experiments. The nucleotides were 

incorporated opposite C or 5mC located in the template strand by DNA pols from two different sequence 

families, the A and B family. KlenTaq DNA pol was used as a member of the A family and KOD exo- 

DNA pol as a member of the B family.165, 200, 271 These DNA pols appeared suitable for the desired 

application because both DNA pols and their variants are thermostable and commonly used in many 

biotechnological applications as well as in applications using modified nucleotides.76, 103, 198-200, 261, 263, 265, 272 

Since detection of methylated Septin 9 (SEPT9) DNA serves as a biomarker for detection of colorectal 

cancer (CRC),269-270, 273-274 the analyzed CpG site and thus the sequence of the template was derived from 

SEPT9 DNA transcript 1 (Table 4, DNA Sept9-T1 C or 5mC template). For determination of the extent of 

discrimination, the C and 5mC containing templates should be adjusted to equal concentrations. For this, 

the concentrations were determined by UV/Vis spectroscopy and further verified by comparing the band 

intensities after PAGE analysis of the radioactively labeled templates (Figure 11, A). Subsequently, single-

nucleotide incorporation experiments were performed by employing 32P labeled primers followed by PAGE 

analysis and visualization by autoradiography.  
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Figure 11: Screening modified purine-based nucleotides in single-nucleotide incorporation experiments using 
KlenTaq DNA pol. A) PAGE analysis of the C or 5mC containing template to ensure that the concentration of the 
templates is equal (Table 4, Sept9-T1 C/5mC template). B) Partial sequence of DNA primer (DNA Sept9-T1 primer 
rev-1) and template (Sept9-T1 C/5mC template) used in the experiment (Table 4). C) Structures of the modified 
purine-based dNTPs, % incorporation values opposite C or 5mC and extent of discrimination (% incorporation C 
divided by % incorporation 5mC) using KlenTaq DNA pol during single-nucleotide incorporation. 50 µM dNTPs and 
10 nM KlenTaq DNA pol were used. Reactions were stopped after 10 min.  

First, the modified purine-based nucleotides were incorporated opposite C or 5mC by KlenTaq DNA pol. 

The reactions using 10 nM KlenTaq DNA pol and 50 µM of the respective dNTP were stopped after 1, 10, 

20 and 30 min. The obtained % incorporation values and the extent of discrimination between C and 5mC 

for 10 min were depicted in Figure 11, C. Under the chosen conditions, KlenTaq DNA pol was capable of 

incorporating several modified purine-based nucleotides opposite C or 5mC after 10 min, albeit yielding in 

varying % incorporation values depending on the used nucleotides (Figure 11; C). In regard to the Watson-

Crick base pairing, extended primer was obtained to a higher extent when most of the modified nucleotides 
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derived from dGTP were processed than when the nucleotides derived from dATP were processed. Only in 

case of processing dATP (11) good % incorporation values were determined, whereas most of the modified 

adenine-based nucleotides (12 – 18) were incorporated to a minor extent after 10 min. Even after 30 min 

of extension a minor incorporation of these nucleotides was observed (Figure 12). Only during processing 

of N6-methyl-dATP (13) higher amounts of extended primer could be observed after 30min (31 % extension 

when paired with C template after 30 min compared to 10 % extension when paired with C template after 

10 min). Furthermore, no considerable incorporation by the enzyme was observable using 2-amino-purine-

5´-triphosphate (19), 6-chloropurine-2´-deoxyriboside-5´-triphosphate (20), L-dGTP (2) and 2`-amino-

dGTP (7) as substrate, also after 30 min (Figure 12). Hence, those nucleotides in combination with KlenTaq 

DNA pol are not suitable for sensing the presence or absence of a methylated C as no incorporation was 

detected. The incorporation of the nucleotides O6-methyl-dGTP (4), ganciclovir 5´-triphosphate (9) and 

dATP (11) as their respective monophosphates by the enzyme led to good % incorporation values ranging 

from 41 to 68 % extension of the primer from both templates. However, no difference in incorporating 

those nucleotides was observed depending on whether a C or 5mC containing template was present (Figure 

11, C). For example, 62 % primer were extended after 10 min when paired with a C containing template 

using O6-methyl-dGTP (4) as substrate compared to 59 % when paired with a 5mC containing template. 

Figure 12: Single-nucleotide incorporation catalyzed by KlenTaq DNA pol employing the nucleotides 2, 7, 8 and 
12 - 21. PAGE analysis of single-nucleotide incorporation opposite C or 5mC employing the indicated nucleotides as 
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substrate catalyzed by KlenTaq DNA pol. 50 µM dNTPs and 10 nM KlenTaq DNA pol were used. Reactions were 
stopped after indicated time points. 

The nucleotides 8-bromo-dGTP (5), 2´-azido-dGTP (8), N6-methyl-dATP (13) and 5-nitro-1-indolyl-

2´-deoxyribose-5´-triphosphate (21) were also processed opposite C or 5mC, but to a lower extent than 4, 

9 and 11 (Figure 11, C). In accordance with the results employing 4, 9 and 11, no difference in the 

% incorporation values during processing of 5, 8, 13 and 21 were observed when the primer was paired 

with either a C or 5mC containing template. In order to exclude that discrimination emerges if more than 

25 % of the primer were extended, reaction time was increased. But even after 30 min, no discrimination 

was observed when 8, 13 and 21 were processed by KlenTaq DNA pol (Figure 12). The data showing a 

lack of discrimination using 8-bromo-dGTP (5) in combination with KlenTaq DNA pol, even if higher 

% incorporation values were reached, are taken from the doctoral thesis from J. von Watzdorf.275 Moreover, 

a similar extent of primer extension during processing of N2-methyl-dGTP (3), 2´-fluoro-dGTP (6) and 

dITP (10) was observed for both templates as during processing natural dGTP (1) (Figure 11, C). For 

example, 93 % (C template) and 92 % (5mC template) primer was extended when N2-methyl-dGTP (3) was 

employed compared to 95 % (C template) or 97 % (5mC template) in case of dGTP. Since the reaction 

using 1, 3, 6 and 10 as substrate is situated in the range of saturation for both templates, it could not be 

determined if this combination is qualified for detecting 5mC under the chosen conditions. For this, the 

amount of extended primer should be reduced for example by decreasing the DNA pol concentration during 

single-nucleotide incorporation. But the optimization of the reaction conditions was not conducted as no 

discrimination between C and 5mC could be observed during processing of the nucleotides 4, 5, 8 – 10, 13 

and 21. In conclusion, the combination of KlenTaq DNA pol with one of the modified purine-based 

nucleotides was not suitable for the desired application to sense the presence of a methylated C. These 

results are consistent with results observed by J. von Watzdorf showing that the combination of 

KlenTaq DNA pol with differently modified purine-based nucleotides also leads to no difference in 

% incorporation values depending on whether a C or 5mC was present.267, 275 
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Figure 13: Screening modified purine-based nucleotides in single-nucleotide incorporation experiments using 
KOD exo- DNA pol. A) Partial sequence of DNA primer (DNA Sept9-T1 primer rev-1) and template (Sept9-T1 
C/5mC template) used in the experiment (Table 4). B) Structures of the modified purine-based dNTPs, 
% incorporation values opposite C or 5mC in the template and extent of discrimination (% incorporation C divided 
by % incorporation 5mC) using KOD exo- DNA pol during single-nucleotide incorporation. 50 µM dNTPs and 5 nM 
KOD exo- DNA pol were used. Reactions were stopped after 20 min. 

Next, single-nucleotide incorporation experiments catalyzed by KOD exo- DNA pol were performed. The 

reactions using 5 nM KOD exo- DNA pol and 50 µM of the respective dNTP were stopped after 1, 10, 20 

and 30 min and the obtained % incorporation values and the extent of discrimination for 20 min are depicted 

in Figure 13, B. Under the chosen conditions, KOD exo- DNA pol was capable of incorporating several 

modified purine-based nucleotides opposite C or 5mC in a template after 20 min with varying 

% incorporation values depending on the employed nucleotides (Figure 13, B). Using the nucleotides 2, 5, 

7, 12 – 18 and 20 as substrate, no considerable incorporation opposite either C or 5mC was observed, even 

if the DNA pol concentration was increased to 10 nM within the same period of time (Figure 14). Only 

during processing of N6-methyl-dATP (13) and 6-chloropurine-2´-deoxyriboside-5´-triphosphate (20) 
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higher amounts of extended primer were reached when the DNA pol concentration was increased to 10 nM 

(Figure 14). 

Figure 14: Single-nucleotide incorporation catalyzed by KOD exo- DNA pol employing the nucleotides 2, 7, 12 
– 18 and 20. PAGE analysis of the single-nucleotide incorporation opposite C or 5mC employing the indicated
modified dNTPs as substrate when KOD exo- DNA pol concentration was increased to 10 nM (5 nM used in the
screening experiment). 50 µM dNTPs and 10 nM KOD exo- DNA pol were used. Reactions were stopped after indicated 
time points.

The other modified nucleotides were processed opposite C or 5mC, but to a lower extent than dGTP (1). 

As found during reactions catalyzed by KlenTaq DNA pol, the nucleotides derived from dGTP were 

processed to a higher extent than the dATP derivatives. During processing of dGTP 83 % primer was 

extended when paired with a C containing template, whereas only 65 % was extended when paired with a 

5mC containing template (Figure 13, C). Thus, an extent of discrimination with a ratio of 1.3 was reached 

during processing dGTP. Moreover, in case of processing N2-methyl-dGTP (3), O6-methyl-dGTP (4), 

2´-azido-dGTP (8), dATP (11), 2-amino-purine-5´-triphosphate (19) and 5-nitro-1-indolyl-2´-deoxyribose-

5´-triphosphate (21) higher % incorporation values were determined opposite C than opposite 5mC. The 

extent of discrimination between C and 5mC was improved up to a factor of 2.0 during processing of 3, 4, 

8, 11, 19 and 21 compared to dGTP (1) under the chosen conditions (Figure 13, B). As shown in Figure 

14, the amount of extended primer during processing of N6-methyl-dATP (13) was increased if 10 nM 

enzyme over 1 to 30 min was applied. Here, under these conditions it was observed that even 13 led to a 

higher amount of extended primer when processed opposite C than when processed opposite 5mC. Thus, 

the combination of KOD exo- DNA pol and one of those nucleotides seemed promising for the desired 

application to sense the presence or absence of a methylated C. Since the modified dATP derivatives 12 – 

18 were hardly processed opposite both templates, it was decided not to focus on synthesis of further dATP 

derivatives, although the highest extent of discrimination could be observed during processing dATP. 
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KOD exo- DNA pol in combination with nucleotide 21 showed also a high extent of discrimination between 

C and 5mC under the chosen conditions, but the synthesis of derivatives for further investigations of this 

class of molecule concerning the desired application seemed tedious and challenging. The combination of 

KOD exo- DNA pol with the nucleotides 3, 4, 8 and 19 led to an extent of discrimination with a ratio varying 

from 1.4 to 1.7 that is also improved compared to processing of dGTP. Among these nucleotides, the 

combination of the enzyme with O6-methyl-dGTP (4) showed a good discrimination between C and 5mC 

as processing O6-methyl-dGTP (4) led to an extent of discrimination with a ratio of 1.7. Therefore, it was 

decided to focus on O6-methyl-dGTP (4) and the synthesis of O6-alkyl modified dGTP derivatives. The 

idea was to optimize the system by synthesizing O6-alkyl modified dGTPs and to investigate the influence 

on the ability of KOD exo- DNA pol to incorporate other O6-alkyl modified nucleotides. Furthermore, it 

should be tested if discrimination could be improved by introduction of another alkyl modification. 

Therefore, O6-ethyl-, -propyl- and -iso-propyl-dGTP were synthesized and tested in single-nucleotide 

incorporation experiments catalyzed by KOD exo- DNA pol in comparison to dGTP and O6-methyl-dGTP 

by J. v. Watzdorf.268, 275 The tendencies observed during these experiments were confirmed by steady-state 

kinetics276-278 (Table 1)268, 275. 

Table 1: Steady-state kinetic analysis of single-nucleotide incorporation experiments catalyzed by KOD exo-

DNA pol using O6-alkyl-dGTPs. The catalytic efficiencies kcat/KM and ratios are depicted. The ratio was determined 
by calculating the quotient of the catalytic efficiency opposite C and the catalytic efficiency opposite 5mC.268, 275

dNTP Template kcat/KM [s-1 µM-1] Ratio 

dGTP 
C 

5mC 

1.5 ± 0.1 

1.1 ± 0.6 
1.4 

O6-methyl-dGTP 
C 

5mC 

0.160 ± 0.020 

0.062 ± 0.010 
2.6 

O6-ethyl-dGTP 
C 

5mC 

0.140 ± 0.020 

0.033 ± 0.007 
4.2 

O6-propyl-dGTP 
C 

5mC 

0.105 ± 0.015 

0.097 ± 0.011 
1.1 

O6-iso-propyl-dGTP 
C 

5mC 

0.031 ± 0.005 

0.021 ± 0.004 
1.5 

As shown in Table 1 the best discrimination was observed using O6-ethyl-dGTP in combination with 

KOD exo- DNA pol revealed by the difference of the catalytic efficiencies. The catalytic efficiency for 

incorporation opposite C and 5mC differed by a factor of 4.2. Consequently, the combination of KOD exo- 

DNA pol and O6-ethyl-dGTP is suitable to sense the presence or absence of a methylated C at individual 

sites with high sensitivity compared to the other nucleotides. Furthermore, it was of interest to investigate 

if this system could be used in an approach suited for improving sequencing or real-time PCR-based 

applications. For this, it has to be ensured that incorporation of the O6-alkyl modified dGTPs as their 

respective monophosphates opposite C or 5mC is preferred over incorporation opposite G, T and A. 
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Therefore, single-nucleotide incorporation experiments employing the O6-alkyl modified nucleotides in 

combination with KOD exo- DNA pol and templates containing G, T and A beside C were performed by 

Janina v. Watzdorf.268, 275 These experiments showed that the O6-alkyl-dGTPs were preferably processed 

opposite T than opposite C.268, 275 Thus, this system is not applicable for improving sequencing approaches 

as two sequencing runs should be performed to detect 5mC as in the case of bisulfite sequencing.82-84 

Furthermore, this combination is not suitable for real-time PCR-based approaches if incorporation of the 

modified nucleotide opposite C is not favored over incorporation opposite T. But it could be shown that the 

combination of O6-alkyl-dGTPs and KOD exo- DNA pol could be used to detect 5mC site-specifically with 

single-base resolution in a primer extension-based method. 

1.2 Combination of a thermostable DNA pol and a 3´-terminally 

modified primer 

In order to circumvent the mentioned selectivity problem during incorporation of modified nucleotides, the 

findings of J. Aschenbrenner et al. were taken as advantage.103 In this study it was shown that differential 

extensions of mismatched primers by KOD exo- or KlenTaq DNA pol were observed depending on whether 

the primer terminates opposite a C or 5mC. Furthermore, the most promising combination of DNA pol and 

modified nucleotide was used to sense 5mC directly from genomic DNA in a real-time PCR-based approach 

without methylation-dependent pretreatment of DNA. Therefore, the best modifications (O6-methyl 

and -ethyl G) was embedded at the 3´-terminus of primer strands placed directly opposite either C or 5mC 

located in the template (Figure 9, A bottom).268 The idea behind using primers bearing the O6-alkyl 

modifications at the 3´-terminus was that natural dNTPs could be employed in both primer extensions and 

real-time PCR experiments whereby the selectivity issue could be bypassed. With this approach the focus 

was on site-specific sensing of the presence or absence of 5mC with single-base resolution and improving 

direct 5mC sequencing was dismissed. Site-specific 5mC detection at individual sites could be useful for 

quantifying the methylation information at important regulatory sequences as for example 5mC could serve 

as a biomarker for disease diagnosis or therapy. Furthermore, a real-time PCR-based approach using 

modified primers could allow 5mC detection directly from genomic DNA as shown by J. Aschenbrenner 

et al.103 using a facile, convenient, cheap and timesaving method.  

1.2.1 Synthesis of 3´-terminally modified primers 

As the O6-methyl- and -ethyl modification showed the best results, the respective nucleosides were 

synthesized starting from commercially available 2´-deoxyguanosine, were converted into their respective 

phosphoramidites and applied in DNA solid-phase synthesis to obtain the 3´-terminally modified primers 

(Figure 15). First, the 3´- and 5´-hydroxyl groups were protected to avoid side reactions with reagents used 
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afterwards and to enhance solubility in organic solvents. Selectively acetylated 2´-deoxyguanosine (22) 

was obtained in high yield (97 %) by using the method of A. Matsuda.279 Then, 22 was reacted with POCl3 

leading to 3´,5´-di-O-acetyl-6-chloro-2´-deoxyguanosine (23) in moderate yield (36 %) using the method 

of K.A. Jacobson et al.280 modified by A. Marx and coworkers.281 The increased acid lability of 

2´-deoxynucleosides leads to depurination of the nucleoside and could influence the yield.282-284 Therefore, 

it is important to stick to the time for heating, to evaporate the solvent immediately after heating and to do 

the working up on the same day to reduce decomposition of the nucleoside. Furthermore, six equivalents 

N,N-dimethylaniline functioning as acid scavenger285 and POCl3
281 instead of one equivalent 

N,N-dimethylaniline and two equivalents POCl3
280 were used to reduce decomposition. Next, the O6-alkyl 

modifications were introduced by a nucleophilic aromatic substitution using the appropriate sodium 

alkoxide solution. This reaction is accompanied by deprotection of the 3´- and 5´-hydroxyl groups. 

Therefore, 23 was reacted with the respective sodium alkoxide solution in the appropriate alcohol at reflux 

leading to O6-methyl- (24a) and O6-ethyl-2´-deoxyguanosine (24b) in high yields (83 % – 85 %). The 

exocyclic amino group at position 2 has to be protected to prevent tritylation, to avoid side reactions during 

DNA solid-phase synthesis and to enhance solubility in acetonitrile (solvent in DNA synthesis).286 Hence, 

the exocyclic amino group was protected by N-acylation using isobutyric anhydride according to the 

procedure described by R.A. Jones and colleagues.287 First, the 3´- and 5´-hydroxyl groups were transiently 

protected by using trimethylsilyl chloride and then isobutyric anhydride was added. After work up as 

described by R.A. Jones et al.,287 isobutyric anhydride was cleaved under basic conditions to isobutyric 

acid that could be more easily removed from the desired product. For this, the crude product was stirred in 

aqueous solution of NaHCO3 at room temperature. N2-iso-butyryl-O6-methyl- (25a) and -ethyl-

2´-deoxyguanosine (25b) were obtained in moderate yields (52 % – 63 %) after silica gel column 

chromatography. In order to prevent further side reactions during DNA solid-phase synthesis, the 

5´-hydroxyl group has to be protected with a functionality that could be easily removed during DNA 

synthesis as this group is one of the reacting species to form oligonucleotides. The protecting group that 

could be selectively introduced and could be easily removed under acidic conditions is the 

4,4´-dimethoxytrityl group (DMTr).286 The tritylation reaction was performed by the method of R.A Jones 

et al. synthesizing 5´-O-(4,4´-dimethoxytrityl)-2´-deoxyadenosine using 4,4´-dimethoxytrityl chloride in 

the presence of Et3N and 4-dimethylaminopyridine (DMAP) to yield 62% – 73 % of the desired product 

26a and 26b.287 Finally, 26a and 26b were converted into their respective phosphoramidites because the 

applied standard DNA solid-phase oligonucleotide synthesis is based on the phosphoramidite method.286, 

288-290 The reaction was performed by applying 2-cyanoethyl diisopropylphosphoramidochloridite and

DIPEA as acid scavenger at 0 °C to prevent detritylation and to obtain the desired product (27a and 27b)

as a isomeric mixture in good yields (73 % – 85 %).291 Since DNA solid-phase synthesis takes place in

3´→ 5´direction, the respective phosphoramidite was first coupled to the solid support because the primer

should bear the modified nucleotide at the 3´-terminus. Afterwards, the desired sequence (Table 3) was

synthesized using standard phosphoramidites according to the standard phosphoramidite method.286, 288-290
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In order to improve purification of the oligonucleotides, DNA synthesis was ended with DMTr on mode. 

The DMTr containing oligonucleotides were cleaved from the solid support and deprotected under basic 

conditions (33 % aqueous ammonium solution), followed by purification by reverse-phase (RP) HPLC. 

After removing the solvent, acid labile protecting groups were removed using 80 % acidic acid. Finally, the 

detritylated oligonucleotides were again purified by RP HPLC and the sequences were confirmed by mass 

spectrometry (Table 3) after several rounds of freeze-drying to remove an excess of triethylammonium 

ions. The yield of the synthesis of the 3´-terminally modified primers varied from 5 – 32 % (Table 3). The 

synthesis of some nucleosides (26b and 27b) and the O6-ethyl G primer were performed in collaboration 

with J. Watzdorf.268, 275 

Figure 15: Synthesis of the 3´-terminally modified O6-methyl and -ethyl G primer. a) Ac2O, Et3N, DMAP, MeCN, 
r.t., 5 h, 93 %. b) Tetraethylammonium chloride, N,N-dimethylaniline, POCl3, MeCN, 100 °C, 10 min, 36 %. c) R =
-CH3: NaOMe, MeOH, reflux, 3 h, 83 %; R = -CH2CH3: NaOEt, EtOH, reflux 2 h, 85 %. d) R = -CH3: trimethylsilyl
chloride, r.t., 45 min, isobutyric anhydride, r.t. 3 h, water, r.t., 5 min, 25 % aqueous ammonia solution, r.t., 15 min,
52 %; R = -CH2CH3: trimethylsilyl chloride, r.t., 3 h, isobutyric anhydride, r.t. overnight, water, r.t., 15 min, 25 %
aqueous ammonia solution, r.t., 25 min, 63 %. e) 4,4´-Dimethoxytrityl chloride, Et3N, DMAP, pyridine, r.t., overnight,
R = -CH3 63 %, R = -CH2CH3 69 %. f) 2-Cyanoethyl diisopropylphosphoramidochloridite, DIPEA, DCM, r.t., 2 h
45 min, R = -CH3 73 %, R = -CH2CH3 85 %. e) Standard phosphoramidite DNA solid phase synthesis: 500 Å Universal
Q SynBase™ CPG, 0.1 M standard and modified phosphoramidites in MeCN, 33 % aqueous ammonium solution,
55 °C, overnight, 80 % AcOH, 2 h, 9 – 32 % (Table 3).

1.2.2 Primer extension reactions employing 3´-terminally modified primers 

The synthesized oligonucleotides bearing O6-methyl- or O6-ethyl G at the 3´-terminus were employed in 

primer extension reactions catalyzed by KOD exo- or KlenTaq DNA pol. Both DNA pols were capable of 

extending the 3´-terminally modified primers from both C and 5mC but to a lower extent than extending 
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the unmodified primer (Figure 16, B and Figure 17, B). As discrimination between C and 5mC was 

observed during incorporation of O6-alkyl modified nucleotides catalyzed by KOD exo- DNA pol, it was 

interesting that no difference in the amount of extended primer during extension of the un- or modified 

primers was observed depending on whether a C or 5mC was present (Figure 16, B). In contrast, a diverging 

amount of extended primer was obtained during extension of both 3´-terminally modified primers by 

KlenTaq DNA pol when paired with a C or 5mC containing template, whereas a marginal difference was 

observed during extension of the unmodified primer (Figure 17, B). Moreover, in these experiments, the 

extension of the primers bearing the O6-alkyl G modification at the 3´-terminus led to a higher amount of 

extended primer when paired with the 5mC containing template than when paired with the C containing 

template.  

Figure 16: Single-nucleotide incorporation experiments using 3´-terminally modified primers and KOD exo- 
DNA pol. A) Partial sequence of DNA primer with G* as G (Table 4, DNA Sept9-T1 primer rev), O6-methyl 
and -ethyl G (Table 3) and template (Table 4, DNA Sept9-T1 C/5mC template) used in the experiment. B) PAGE 
analysis of the single-nucleotide incorporation catalyzed by KOD exo- DNA pol using 3´-terminally unmodified or 
modified (O6-methyl- and O6-ethyl G) primers paired with a C or 5mC containing template. 50 µM dCTP and 10 nM 
KOD exo- DNA pol was used. Reactions were stopped after indicated time points. 

For example, under the chosen conditions, 19 % ± 2 O6-methyl G primer was extended after 30 min when 

paired with the C containing template, whereas 61 % ± 3 was extended when paired with the 5mC 

containing template. Thus, extension of O6-methyl G led to an extent of discrimination with a ratio of 3.0 

after 30 min. In case of O6-ethyl G 42 % ± 2 was extended when paired with the C containing template 

after 30 min and 80 % ± 2 when paired with the 5mC containing template. Hence, this reaction led to an 

extent of discrimination with a ratio of 1.9 after 30 min. The extent of discrimination between C and 5mC 

was lower than in case of O6-methyl G under the chosen conditions (Figure 17, B). Consequently, an 

improved discrimination between C and 5mC was achieved by using 3´-terminally modified O6-alkyl G 

primers in combination with KlenTaq DNA pol as compared to the marginal difference during extending 

the unmodified primer (46 % ± 6 extension when paired with C template as compared to 53 % ± 5 with 

5mC template after 30 min). Finally, the feasibility to detect 5mC site-specifically with single-base 

resolution by using a 3´-terminally modified O6-alkyl G primer in combination with an A family DNA pol 

was demonstrated. 
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Figure 17: Single-nucleotide incorporation experiments using 3´-terminally modified primers and KlenTaq 
DNA pol. A) Partial sequence of DNA primer with G* as G (Table 4, DNA Sept9-T1 primer rev), O6-methyl 
and -ethyl G (Table 3) and template (Table 4, DNA Sept9-T1 C/5mC template) used in the experiment. B) PAGE 
analysis (top) and quantitative evaluation of % incorporation (bottom) of the single-nucleotide incorporation catalyzed 
by KlenTaq DNA pol using 3´-terminally unmodified or modified (O6-methyl- and O6-ethyl G) primers paired with a 
C or 5mC containing template. 50 µM dCTP and 0.1 nM KlenTaq DNA pol for G and 10 nM KlenTaq DNA pol for 
O6-methyl G or O6-ethyl G were used. Reactions were stopped after the indicated time points. Mean ± SD, n = 3. 

These results were further investigated by determination of steady-state kinetics276-278 using KlenTaq 

DNA pol in combination with the G, O6-methyl or O6-ethyl G primer paired with either a C or 5mC 

containing template in single-nucleotide incorporation experiments (Table 2, Figure 18). These results 

confirm that the modified primers were extended to a lower extent when paired with both C and 5mC 

template compared to extension of the unmodified primer considering the turnover number kcat of the 

enzyme and the Michaelis constant KM (Table 2). The lower kcat and higher KM values resulted also in 

lower catalytic efficiencies kcat/KM of KlenTaq DNA pol when the modified primers were extended from 

both templates. Furthermore, it could be confirmed that the extension of the modified primers was more 

efficient when paired with a 5mC template. It could be also observed that the difference between extension 

from both templates when paired with the modified primers is mainly based on differences in kcat (more 

than a 4-fold increase for extension from 5mC). While only a marginal difference in kcat for both templates 

during extension of the unmodified primer was determined, a 2.6-fold higher KM value for extension from 

C template could be observed resulting in a minor discrimination between C and 5mC when the unmodified 

primer was employed. In contrast, a marginal difference in KM values for extension of the modified primers 

from both templates could be noticed. The KM value for extension of O6-methyl G was 1.5-fold higher when 

paired with the C containing template and for extension of O6-ethyl G 1.2-fold higher when paired with the 

5mC containing template. Consequently, the difference in the catalytic efficiencies kcat/KM for extension of 

the unmodified primer from both C and 5mC template was mainly based on differences in KM, whereas the 

difference for the extension of the modified primers from both templates was mainly based on differences 
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in kcat. The catalytic efficiencies for the reactions containing either a C or 5mC template and the 

O6-methyl G primer in combination with KlenTaq DNA pol differed by a factor of 6.7 and thus this 

combination showed the best discrimination between C and 5mC at an individual site (Table 2, Figure 18). 

Table 2: Steady-state kinetic analysis of single-nucleotide incorporation experiments catalyzed by KlenTaq 
DNA pol using primers bearing a G, O6-methyl and -ethyl G. The catalytic efficiencies kcat/KM and ratios are 
depicted. The ratio was determined by calculating the quotient of the catalytic efficiency opposite 5mC and the 
catalytic efficiency opposite C.268 Mean ± SD, n = 3. 

3´-Terminus Template kcat [s-1] KM [µM] kcat/KM [s-1 µM-1] Ratio 

G 
C 

5mC 

514.4 ± 0.3 

689.2 ± 0.2 

58.9 ± 5.8 

22.7 ± 1.9 

8.7 ± 1.3 

30.3 ± 3.4 
3.5 

O6-Methyl G 
C 

5mC 

1.32 ± 0.07 

5.71 ± 0.55 

306.21 ± 42.47 

197.92 ± 35.30 

0.0043 ± 0.0008 

0.0289 ± 0.0079 
6.7 

O6-Ethyl G 
C 

5mC 

1.73 ± 0.24 

7.10 ± 0.91 

261.22 ± 42.71 

305.47 ± 66.49 

0.0066 ± 0.0002 

0.0233 ± 0.0080 
3.5 

Figure 18: Steady-state kinetic analysis of single-nucleotide incorporation using 3´-terminally un- or modified 
primers catalyzed by KlenTaq DNA pol. Steady-state kinetics of single-nucleotide primer extension of a primer 
bearing A) G, B) O6-methyl G or C) O6-ethyl G at the 3´-terminus paired with a C (grey solid) or 5mC (purple dashed) 
template catalyzed by KlenTaq DNA pol. Mean ± SD, n = 3.268 

Taken together, the data of the steady-state kinetic analysis confirmed that discrimination was improved, 

when a 3´-terminally modified primer was extended by KlenTaq DNA pol. Interestingly, these results 

differed from the results of the experiments in which modified nucleotides were incorporated directly 

opposite C or 5mC by KlenTaq DNA pol. No or a marginal difference in the amount of extended primer 

was observed depending on whether a C or 5mC template was present. Furthermore, the modified 

nucleotides, especially O6-methyl- and -ethyl-dGTP, were preferably processed opposite C than opposite 

5mC when the reaction was catalyzed by KOD exo- DNA pol. Thus, a distinct difference in discrimination 

behavior of an A or B family DNA pol was observed whether a modified nucleotide was directly 

incorporated or embedded at the 3´-terminus of the employed primer.  
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1.2.3 Analysis of individual 5mC sites by a PCR-based system employing the 

3´-terminally modified primers 

Many methods for detection of 5mC require methylation-dependent pretreatments of DNA77, 79 that could 

result for example in risks of contamination,92 loss of DNA sample93 or in false-positive results.94 Therefore, 

it is of interest to develop a method that senses 5mC with single-base resolution directly from DNA without 

the need of such a pretreatment. A real-time PCR-based approach seemed suitable, because PCR is a facile, 

convenient, cheap and timesaving method. Thus, it was examined whether it was possible to exploit the 

differences in catalytic efficiencies (Table 2) for sensing the presence or absence of 5mC by real-time PCR 

when the combination of KlenTaq DNA pol and a 3´-terminally modified primer was employed. First, PCR 

amplification of synthetic DNA templates was performed. The templates bearing either a C or 5mC were 

derived from Sept9 T1 (Table 4, DNA Sept9-T1 C/5mC template PCR).269-270, 273-274 The primers modified 

with a G or O6-alkyl G (Table 3, O6-methyl or O6-ethyl G Sept9-T1) at the 3´-terminus were used as reverse 

primers and a forward primer was designed (Table 4, DNA Sept9-T1 primer fwd), so that amplification 

should yield a 73 bp amplificate. After optimization of the PCR conditions (annealing temperature, 

incubation times, DNA pol concentration etc.), amplification of the template was observed when a three-

step protocol with extended incubation times combined with the 3´-terminally modified primer was used. 

For this, the primers were hybridized to the template at 65.8 °C for 2.5 min after denaturation at 95 °C for 

10 s and then extension was proceeded at 72 °C for 2.5 min catalyzed by 100 nM KlenTaq DNA pol in the 

presence of 100 pM template. In order to exclude that amplification resulted from non-specific amplification 

or primer dimer formation, PCR reactions containing no template were followed in real-time as control. 

The appearance of the signal for the w/o template control was delayed compared to amplification of the 

applied template indicating that amplification of the templates led to specific product, although equal 

melting curves and melting points of the amplificates were measured (Figure 19, A and C right). Moreover, 

electrophoretic analysis showed that an amplificate with the length of the desired product was detected after 

21 cycles of amplification when a template was present, but no amplificate was detected when no template 

was present (Figure 19, B and D). Thus, it was concluded that differences observed during real-time PCR 

resulted from specific amplification. Furthermore, a delayed amplification of the unmethylated template 

was observed compared to amplification of the methylated template under the chosen conditions when both 

unmodified and modified primers were employed as a difference in the cycle threshold Ct and so 

discrimination between C and 5mC was obtained (Figure 19, A und C left). The discrimination was 

improved when the O6-alkyl G primers were employed compared to the unmodified counterpart in 

accordance with previous results. For employing O6-methyl G a ∆Ct value of 3.3 ± 0.1 (mean ± SD, n = 3) 

and for employing O6-ethyl G a ∆Ct value of 3.4 ± 0.1 (mean ± SD, n = 3) was determined, whereas for 

employing the unmodified primer a ∆Ct value of 1.7 ± 0.1 was determined. Hence, the ∆Ct value for the 

modified primers was increased by two-fold compared to the unmodified primer. Moreover, discrimination 

between C and 5mC in case of the modified primers was validated by electrophoretic analysis of the 
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amplificates (Figure 19, B and D). After 21 cycles lower band intensity of the amplificate in case of the 

unmethylated template was detected indicating that less product was formed compared to amplification of 

a 5mC containing template due to delayed amplification. Consequently, the feasibility to detect 5mC by 

employing the combination of a 3´-terminally modified primer with KlenTaq DNA pol in a methylation-

specific PCR directly without pretreatment from synthetic DNA templates was demonstrated. 

Figure 19: Real-time PCR amplification of synthetic DNA templates containing C and 5mC applying O6-alkyl 
G modified primers in combination with KlenTaq DNA pol. Real-time PCR (left) using a C (solid) or 5mC (dashed) 
containing template catalyzed by KlenTaq DNA pol and melting curves of amplificates (right) employing the 
unmodified primer (blue) and A) O6-methyl G or C) O6-ethyl G (light blue). Electrophoretic agarose gel analysis of 
the amplification of a C or 5mC containing template applying B) O6-methyl G or D) O6-ethyl G after 21 cycles. 
Sequence of the template was derived from a region of Sept9-T1 DNA (Table 4). Data points derive from triplicates. 

Next, it was examined whether a delay in amplification could be detected when PCR amplification was 

performed directly from genomic DNA (gDNA). Amplification targeting a sequence in SEPT9 DNA from 

gDNA was challenging as SEPT9 contains a high GC content. Therefore, and in contrast to PCR 

amplification of the synthetic templates, a specific CpG site in the NANOG promotor region was targeted 

for amplification from HeLa gDNA. The sequence of NANOG was interesting as NANOG is an 

epigenetically regulated gene associated with pluripotency of cells32, 292 and its promotor region is 

hypomethylated in metastatic human liver cancer cells and human hepatocellular carcinoma primary tumor 

tissues.293 The cytosine of the analyzed CpG site was characterized as unmethylated in HeLa cells by 

bisulfite sequencing.293 Thus, gDNA from purified HeLa cells was employed as unmethylated control, 

whereas enzymatically methylated HeLa gDNA was used as fully methylated control. Moreover, the 
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O6-methyl G modified primer (Table 3, O6-methyl G NANOG) and the unmodified primer (Table 4, DNA 

NANOG primer rev) were used as reverse primer. Then, a forward primer (Table 4, DNA NANOG primer 

fwd) was designed so that amplification should yield a 155 bp amplificate. After optimizing the reaction 

conditions, PCR was performed in the presence of betaine and an aptamer to improve the yield of the 

desired PCR product. The primers were annealed to the gDNA at 58.3 °C for 30s, after 15 s of denaturation 

at 95 °C and then extension was conducted at 72 °C for 1 min in the presence of 100 nM KlenTaq DNA pol 

and 5 ng/µl gDNA. Here, a slight delay of the amplification of the unmethylated HeLa gDNA (0.80 ± 0.23; 

mean ± SD, n = 3) was observed when the unmodified primer was employed (Figure 20, A). In contrast, 

the use of unmethylated HeLa gDNA led to a delayed amplification of 2.95 ± 0.80 (mean ± SD, n = 3) 

compared to the methylated HeLa gDNA when the modified primer was employed. Thus, discrimination 

between unmethylated and methylated gDNA was improved by employing the 3´-terminally modified 

primer in combination with KlenTaq DNA pol according to PCR amplification of synthetic templates. The 

delayed appearance of the signal for the w/o template control (Figure 20, A) as well as the electrophoretic 

analysis of the PCR products (Figure 20, B) indicated that specific product was formed when the 

methylated or unmethylated gDNA was present. Consequently, it was excluded that the difference of 

amplification resulted from non-specific amplification or primer dimer formation. 

Figure 20: Real-time PCR amplification from HeLa gDNA applying O6-methyl G modified primer in 
combination with KlenTaq DNA pol. A) Real-time PCR (left) employing the unmodified primer (blue) and 
O6-methyl G (light blue) from unmethylated (solid) and methylated (dashed) HeLa gDNA catalyzed by KlenTaq 
DNA pol and the respective measured melting curves (right). B) Electrophoretic agarose gel analysis of the PCR 
amplificates at the endpoint of amplification of a methylated or unmethylated HeLa gDNA employing G (Table 4, 
DNA NANOG primer rev) or O6-methyl G primer (Table 3, O6-methyl G NANOG). A sequence of the NANOG 
promotor region was amplified. Data points derive from multiple experiments (n = 5). 

Taken together, it was highlighted that KlenTaq DNA pol in combination with a 3´-terminally modified 

primer could be employed in PCR amplification of synthetic templates as well as PCR amplification from 

gDNA to detect 5mC at individual sites. It was also shown that delayed amplification of the unmethylated 

template is independent from sequence context as two sequence contexts derived from SEPT9 DNA in case 

of synthetic template and from NANOG in case of gDNA were analyzed. 
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1.2.4 Discussion and outlook 

Many methods for 5mC detection rely on methylation-dependent pretreatment of DNA77, 79 like bisulfite 

treatment82-84 that could result for example in risks of contamination,92 loss of DNA sample93 or in false-

positive results.94 Therefore, a real-time PCR based approach was developed to detect 5mC site-specifically 

with single-base resolution requiring no methylation-specific pretreatment of DNA. A thermostable 

DNA pol in combination with a modified nucleotide embedded at the 3´-terminus of a primer was employed 

in a methylation-specific PCR directly from genomic DNA.268  

First, the behavior during incorporation of purine-based modified nucleotides by two thermostable 

DNA pols was examined dependent on whether a C or 5mC containing template was present. KlenTaq 

DNA pol was employed as a member of the A family and KOD exo- DNA pol as a member of the B family165 

as these enzymes are commonly used in many biotechnological applications. It was shown that both DNA 

pols were capable of incorporating modified purine-based nucleotides, albeit yielding in varying % 

incorporation values depending on their modifications. These findings enhance the so far known substrate 

spectrum of both DNA pols and increase the capability to use these enzymes in biotechnological 

applications utilizing modified nucleotides.261, 263 For example, modified DNA libraries could be 

synthesized that is useful for in vitro selection of functionalized DNA.294-295 Furthermore, no difference in 

% incorporation values was observed depending on whether a C or 5mC containing template was present 

when the A family enzyme, KlenTaq DNA pol, was employed in accordance with results of J. von 

Watzdorf.267, 275 However, the B family enzyme, KOD exo- DNA pol, incorporated some of the modified 

nucleotides to a higher extent opposite C than opposite 5mC indicating discrimination between C and 5mC. 

The highest difference in % incorporation values was observed employing O6-methyl- and O6-ethyl-dGTP. 

Further studies uncovered that the incorporation of O6-alkyl modified nucleotides opposite C was not 

favored over incorporation opposite T in accordance with findings of M.D. Topal and D. Toorchen.296 This 

could be attributed to the change of the property to form hydrogen bonds of O6-alkyl-dGTP compared to 

natural dGTP. The electronic structure of O6-methyl-dGTP is similar to that of 2-amino-purine-

5´-triphosphate that preferentially forms base pairs with thymine but also pairs with C due to the ability to 

tautomerize.297-298 M.D. Topal and D. Toorchen propose that O6-methyl-dGTP forms a base pair with C by 

using an imino tautomer like suggested for 2-amino-purine-5´-triphosphate. The pairing of O6-methyl-

dGTP with C results in a thermodynamically less-favored situation although three hydrogens to C are 

formed explaining that incorporation opposite T is prefered.296 Since incorporation of O6-alkyl modified 

nucleotides by KOD exo- DNA pol was not selective, this combination was not applicable for improving 

sequencing approaches as two sequencing runs should be performed to detect 5mC as in the case of bisulfite 

sequencing82-84 and not applicable in methylation-specific real-time PCR-based approaches.  

Consequently, the findings of J. Aschenbrenner et al. employing mismatched primer strands103 were 

considered to detect 5mC. Hence, the focus was put on site-specific sensing of 5mC with single-base 
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resolution in a methylation-specific PCR approach directly from gDNA without pretreatment. Beside 

analysis of the genome-wide distribution of DNA methylation at cytosine, site-specific 5mC detection could 

be useful for quantifying the methylation information at important regulatory sequences. Therefore, the 

most promising O6-alkyl modifications, O6-methyl and O6-ethyl G, were embedded at the 3´-terminus of a 

primer strand placed directly opposite either C or 5mC in the template.  

The synthesized 3´-terminally modified primers were extended by KOD exo- and KlenTaq DNA pols like 

in the experiments incorporating modified nucleotides. Both DNA pols were capable of extending the 

3´-terminally modified primers, albeit to a lower extent than the unmodified primer employed as control. 

Interestingly, no considerable difference in the amount of extended primer was observed depending on 

whether the modified primer was paired with a C or 5mC when KOD exo- DNA pol was employed. This 

observation differs from the results obtained when modified nucleotides were directly incorporated opposite 

C or 5mC by KOD exo- DNA pol. In contrast, discrimination between C and 5mC was observed during 

extension of the modified primers by KlenTaq DNA pol, whereas only a marginal discrimination was 

observed when the unmodified primer was extended. Thus, discrimination between C and 5mC was 

improved by employing the 3´-terminally modified primers in combination with the A family KlenTaq 

DNA pol. Moreover, the primer was extended to a higher extent from 5mC than from C different to 

incorporation of the modified nucleotides by KOD exo- DNA pol whereby modified nucleotides were 

incorporated to a higher extent opposite C. These results were confirmed by steady-state kinetic analysis. 

The difference in catalytic efficiencies depending on whether a C or 5mC was present indicate that KlenTaq 

DNA pol combined with a 3´-terminally modified primer could detect 5mC.  

In conclusion, the marked difference in discrimination behavior of KlenTaq and KOD exo- DNA pol to 

incorporate modified nucleotides or to extend 3´-terminally modified primers depending on whether a C or 

5mC containing template was present is interesting. The reason and mechanism for the different behavior 

of the DNA pols to handle modified nucleotides in combination with a modified template remains elusive 

due to the lack of structural data. Although modified nucleotides are widely employed in biotechnological 

applications, the mechanism by which the modified nucleotides are accepted by DNA pols remains mostly 

unclear. First insights into the mechanism of acceptance and handling of modified nucleotides, used as 

incoming dNTP or embedded into a primer, by KlenTaq DNA pol were received,196-197 whereas the 

mechanism for KOD DNA pol is elusive as no ternary complex of the KOD exo- DNA pol with a modified 

nucleotide is known. Structural data of KOD DNA pol complexed with DNA and an incoming natural 

nucleotide and of KlenTaq DNA pol using both natural and modified nucleotides suggest that the interaction 

pattern at the triphosphate binding site as well as at the primer backbone differs between KOD and KlenTaq 

DNA pol.181, 196-197, 211 This could be responsible for the different behavior of an A and B family DNA pol 

to handle modified nucleotides, used as incoming dNTP or embedded into a primer, in combination with a 

modified template. In order to elucidate the mechanism of this different behavior, resolving structural data 
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of both DNA pols complexed with (modified) DNA template, (modified) primer and (modified) dNTP 

should be addressed.  

Finally, the difference in catalytic efficiencies when a 3´-terminally modified primer was extended from 

synthetic templates as well as from genomic DNA by KlenTaq DNA pol was exploited in a real-time PCR-

based system. It was demonstrated that delayed amplification of the unmethylated template was observed 

when the 3´-terminally unmodified and modified primer were employed. The extent of discrimination 

indicated by an increased ∆Ct value was improved in case of the 3´-terminally modified primer. 

Consequently, it was highlighted that the difference in catalytic efficiencies determined during single-

nucleotide incorporation were successfully exploited in PCR for analysis of the methylation state at a 

specific site. Although the combination of KlenTaq DNA pol and a 3´-terminally modified primer highly 

discriminates between C and 5mC in single-nucleotide incorporation experiments, reduced ∆Ct values and 

thus reduced sensitivity towards 5mC detection occurred during real-time PCR. Amplification of the 

templates derive not only from a 3´-terminally modified reverse primer, but also from a forward primer 

with similar efficiency. This could lead to a decreased ∆Ct value as the complementary strand is even 

amplified beside amplification of the CpG containing strand. Furthermore, unmethylated CpG containing 

templates are enriched because methylation information is lost during PCR. This results in reduced 

∆Ct values as mostly unmethylated templates were amplified in later cycles of PCR although a methylated 

cytosine was present in the beginning. Therefore, future investigations will aim at developing PCR systems 

with higher sensitivity towards 5mC detection by increasing the ∆Ct value. These limiting factors could be 

avoided by using assays with multiple steps utilizing for example 2´,3´-dideoxynucleotides as chain 

terminator as described in chapter 1.3 KlenTaq and Taq DNA pol variants for incorporation of 

2´,3´-dideoxynucleotides to sense the presence or absence of 5mC or for example using only one primer 

resulting in linear PCR. Furthermore, DNA pol mutants could be engineered that enhance sensitivity 

towards 5mC detection in PCR combined with a 3´-terminally modified primer.  

In conclusion, it was demonstrated that the combination of KlenTaq DNA pol with a 3´-terminally modified 

primer senses the presence or absence of a methylated C at an individual site in a primer-extension based 

method. Furthermore, these findings were exploited to a real-time PCR-based approach for analyzing the 

methylation state at an individual site. Hence, it could be shown that a PCR system enables the possibility 

to sense the presence or absence of a methylated C directly from genomic DNA without any methylation-

dependent pretreatment of DNA by using a facile, convenient, cheap and timesaving method. Moreover, 

real-time PCR allows to increase the throughput during 5mC detection as many PCR reactions could be run 

in parallel. 



Site-specific sensing of the presence or absence of 5mC in DNA 

44 

1.3 KlenTaq and Taq DNA pol variants for incorporation of 

2´,3´-dideoxynucleotides to sense the presence or absence of 5mC 

Since the ∆Ct value and so the sensitivity towards 5mC detection were reduced in real-time PCR 

experiments although a highly discriminating system was used (chapter 1.2.3 Analysis of individual 5mC 

sites by a PCR-based system employing the 3´-terminally modified primers), it was of interest to 

optimize the system for enhancing sensitivity by increasing the ∆Ct value. Furthermore, it was of interest 

to optimize the system as the incorporation of modified nucleotides was not selective opposite C or 5mC 

and so not suitable for sequencing- or real-time PCR based approaches, although incorporation of modified 

nucleotides by KOD exo- DNA pol seemed promising towards 5mC detection (chapter 1.1 Screening 

modified purine-based nucleotides). Therefore, an approach should be evolved to overcome these 

drawbacks. This approach should take advantage of processing a chain-terminating ddNTP catalyzed by a 

thermostable DNA pol based on an approach described in the doctoral thesis of J. v. Watzdorf.275 For this, 

incorporation of 2´,3´-dideoxynucleotides (dd nucleotides) should be favored/ less favored when the primer 

is paired with a C containing template compared to when paired with a methylated template. Subsequently, 

further amplification of one template is terminated when natural dNTPs are added afterwards (Figure 21). 

Figure 21: Proposed approach to sense the presence or absence of 5mC by combination of previously described 
methods with incorporation of a 2´,3´-dideoxynucleotide.  A) Single-nucleotide incorporation of a modified 
dd nucleotide directly opposite C or 5mC (top) and extension of a 3´-terminally modified primer with a dd nucleotide 
when paired with a C or 5mC template (bottom) catalyzed by a thermostable DNA pol. B) Extension of primer bearing 
no dd nucleotide using canonical dNTPs. C) Isolation of the formed oligonucleotides. D) PCR amplification of the 
formed oligonucleotides, no amplification when primer was extended with dd nucleotide. 

In Figure 21 it is shown how the approach should work when a DNA pol with the property to process 

ddNTPs is combined with previously described methods. First, a (modified) ddNTP could be processed by 

a DNA pol directly opposite C or 5mC (Figure 21, A top) or next to a 3´-terminally modified primer paired 
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with a C or 5mC template (Figure 21, A bottom). A difference in the extent of primer extension during 

processing of ddNTP by the DNA pol when paired with a C or 5mC template is required according to 

previously described results. If a distinct difference in % incorporation values will be determined, extension 

of the primer using natural dNTPs should be performed. In case of a primer ending with a dd nucleotide at 

the 3´-terminus when paired with a C template (or 5mC template) no or less extension with natural 

nucleotides should take place because ddNTP acts as a chain terminator caused by the missing 3´-hydroxyl 

group (Figure 21, B). Primers bearing no dd nucleotide at the 3´-terminus will be extended and could serve 

as template for further PCR reaction. Before PCR reactions will be performed, the newly formed template 

and also the terminated primer should be isolated (Figure 21, C). This could be achieved for example by 

biotin-streptavidin-affinity purification.263, 299 Next, the isolated oligonucleotides could be employed in real-

time PCR (Figure 21, D). In case of the primer terminated with a dd nucleotide, no or less amplification 

during PCR could be monitored, whereas amplification of the oligonucleotide ending with no dd nucleotide 

could occur as this could serve as template after extension with dNTPs. Finally, a high delay in 

amplification or in best case no amplification of one template could be observed. Thus, this approach 

highlights how the ∆Ct value and so the sensitivity towards 5mC detection could be enhanced in real-time 

PCR when a DNA pol is combined with extension of a (modified) primer using (modified) ddNTPs as 

substrate. 

1.3.1 Site-directed mutagenesis of Taq and KlenTaq DNA pol 

In order to realize the approach described in Figure 21, a DNA pol with increased property to incorporate 

dd nucleotides was required. It was decided to use a Taq and KlenTaq DNA pol variant because of their 

thermostability and employment in previously described experiments. The wild type (wt) form of Taq and 

thus KlenTaq DNA pol highly discriminate against ddNTPs, but in the study of S. Tabor and 

C.C. Richardson it was shown that replacing the phenylalanine (F) at position 667 with tyrosine (Y) leads

to a decrease of discrimination against ddNTPs.253 Thus, the F667Y variant of Taq and KlenTaq DNA pol

was generated in collaboration with L. Huber during her bachelor thesis.300 These variants were generated

by site-directed mutagenesis using two different plasmids, pJ404 or pGDR11, containing either Taq or

KlenTaq DNA pol gene (Figure 22). For site-directed mutagenesis the forward primer bearing the codon

for the desired mutation (Taq DNA pol: TTC  TAT and KlenTaq DNA pol: TTG  TAT) and the reverse

primer with a phosphate group at the 5´-terminus for ligation of the linear amplified plasmid were designed

(Table 9). After optimization of PCR conditions like annealing temperature (61.7 °C) and characterization

of the PCR products by analytical agarose gel electrophoresis, site-directed mutagenesis was performed by

employing the high-fidelity Phusion DNA pol.300 As methylation information is lost during PCR,



Site-specific sensing of the presence or absence of 5mC in DNA 

46 

Figure 22: Scheme of the plasmids and site-directed mutagenesis.  A) Scheme of the plasmids containing the genes 
of the Taq wt (left) and KlenTaq DNA pol (right)(orange). Genotypes, incision sites of restriction enzymes and 
position of the sequencing primers (Table 8) are indicated. B) Scheme of the site-directed mutagenesis using the 
reverse primer (blue) bearing a phosphate group at the 5´-terminus and the forward primer with the codon for the 
desired mutation (red). The codon at position 667 for the wt DNA pol is illustrated (orange). 

paternal methylated plasmids were digested by the restriction enzyme DpnI after PCR. Following this, the 

desired amplificate was purified by preparative agarose gel electrophoresis due to the presence of 

byproducts. In order to obtain the circular plasmid containing the desired DNA pol variant gene, the 

5´-phosphate and the 3´-hydroxyl group reacted to form a 3´,5´-phosphodiester bond catalyzed by the 

T4 DNA ligase. Next, transformation of chemically competent E. coli cells with the plasmid was performed 

enabling expression of the DNA pol gene. E. coli BL21-Gold(DE3) competent cells and E. coli C3037I 

cells were successfully transformed with the plasmid containing KlenTaq DNA pol variant gene and the 

plasmid containing Taq DNA pol variant gene, respectively.300 The sequence of the mutated plasmids was 

verified by DNA sequencing using the primers listed in Table 8. Finally, successfully purified Taq and 

KlenTaq F667Y DNA pol were employed in primer extension reactions using ddNTPs. 

1.3.2 Synthesis of a modified 2´,3´-dideoxynucleotide 

The combination of O6-alkyl-dGTPs and KOD exo- DNA pol was suitable to sense the presence or absence 

of a methylated C at individual sites in single-nucleotide incorporation experiments.268 However, the 

incorporation of the O6-alkyl modified nucleotides was favored opposite T than opposite C and so is not 

suitable for improving sequencing- or real-time PCR-based approaches. For this, a real-time PCR-based 

approach benefiting from the results observed during incorporation of O6-alkyl-dGTPs as their respective 

monophosphates should be developed. Consequently, the most promising O6-methyl G modification was 

introduced into ddNTP to realize the approach described in Figure 21. Thus, the modified ddNTP, 

O6-methyl-ddGTP, was synthesized. In order to obtain O6-methyl-ddGTP, two synthesis routes were 

followed. The ribonucleoside-based method utilizing the 2´,3´-dideoxygenation of the vicinal diol starts 

from guanosine and serves as affordable variant since guanosine is cheaper than its 2´-deoxy counterpart. 

This reaction should lead to 2´,3´-dideoxy-6-chloro-guanosine (35) that should serve as precursor molecule 
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to facilitate the introduction of various modifications at position 6 (Figure 23).301-302 The other route as 

timesaving variant starts directly from 2´-deoxyguanosine and the most promising O6-methyl modification 

should be directly introduced without the synthesis of a precursor molecule (Figure 24). 

Starting from commercially available guanosine (28) the 2´-, 3´- and 5´-hydroxyl groups were protected to 

avoid side reactions with reagents used in further reactions and to enhance solubility in organic solvents. 

Acetylated guanosine (29) was obtained in good yield (56 %) using the method of A. Matsuda et al., but 

29 was crystallized from acetonitrile and diethyl ether instead of isopropanol.279 During this reaction acetic 

acid is released and so the obtained product was coevaporated four times with toluene to remove the acetic 

acid completely. This is necessary to avoid acetylation of the amino group at position 2 during treatment 

with POCl3. In order to obtain 2´,3´,5´-tri-O-acetyl-6-chloro-guanosine (30) in high yield (79 %), 29 was 

reacted with POCl3.303 In contrast to the literature, no crystallization from isopropanol was performed as 

pure product was obtained after washing of the organic layer six times with water and a saturated aqueous 

solution of NaHCO3 (literature: 5 % aqueous solution).303 Due to the acid lability of ribonucleosides, 

depurination of the nucleoside could occur and could influence the yield, but to a lower extent as in the 

case of 2´-deoxynucleosides.282-284 Therefore, it is important during this reaction to stick to the time for 

heating, to evaporate the solvent immediately after heating and to do the working up on the same day of 

reaction if the solution is not neutralized. Following this, the hydroxyl groups were deprotected using 

25 % ammonia solution304 and then the 5´-hydroxyl group was selectively protected by reaction with tert-

butyldimethylsilyl chloride301 to avoid side reactions of the 5´-hydroxyl group during following reactions. 

Since a lot of side products were observed during the reaction with 25 % ammonia solution, 6-chloro-

guanosine (30) could not be isolated successfully as the reaction was unselective. Hence, the crude mixture 

was reacted with tert-butyldimethylsilyl chloride without further purification. 5´-O-TBDMS-6-chloro-

guanosine (31) was obtained in low yield (13 %) after silica gel column chromatography caused by the 

incomplete conversion into 6-chloro-guanosine. Next, the 5´-silylated compound 31 was treated with 

1,1´-thiocarbonyldiimidazole leading to the cyclic 2´,3´-O-thionocarbonyl derivative 32 in moderate yield 

(37 %) after silica gel chromatography according to the method of V. Nair and G.S Buenger for adenosine 

derivatives.301 This compound served as substrate for the following Barton-McCombie deoxygenation305 

using tributyltin hydride in the presence of the radical initiator AIBN.301 In contrast to the regiospecific 

2´-deoxygenation of adenosine derivatives reported by V. Nair and G. S. Buenger301, both the 2´- and 

3´-deoxy nucleosides were obtained. Next, the isolated 2´-deoxy nucleoside 33 was reacted with 

1,1´-thiocarbonyldiimidazole to give 34 in moderate yield (42 %) after silica gel column chromatography 

using a mixture of EE and n-hexane instead of methanol and chloroform, followed by deoxygenation with 

tributyltin hydride in the presence of AIBN. The 3´-deoxygenated product was purified by washing with 

n-hexane to remove remaining tributyltin hydride and released tributyltin xanthate and then purified by

silica gel column chromatography using DCM and methanol. After deoxygenation, the 5´-silyl group was

cleaved by treating with TBAF leading to the precursor 6-chloro-2´,3´-dideoxyguanosine 35 in good yield

(58 %) after silica gel column chromatography.301 Since the ribonucleoside-based method for synthesis of
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2´,3´-dideoxynucleosides is time-consuming, it was decided to synthesize the desired molecule 38 directly 

from 2´-deoxyguanosine without the synthesis of a precursor. 

Figure 23: Synthesis of the precursor 6-chloro-2´,3´-dideoxyguanosine for the synthesis of O6- alkyl modified 
ddNTPs.  a) Ac2O, Et3N, DMAP, MeCN, r.t., overnight, 56 %). b) Tetraethylammonium chloride, 
N,N-dimethylaniline, POCl3, MeCN, r.t. 10 min, 100 °C, 15 min, 79 %. c) 1. 25 % ammonium solution, r.t., overnight; 
2. tert-butyldimethylsilyl chloride, Et3N, DMAP, DCM/ DMF, r.t., 90 min, 13 %. d) 1,1´-thiocarbonyldiimidazole,
DMF, r.t., overnight, 37 %. e) Bu3SnH, AIBN, toluene, reflux, 7 h, 36 %. f) 1,1´-thiocarbonyldiimidazole, DMF,
90 °C, 8 h, 42 %. g) 1. Bu3SnH, AIBN, toluene, 110 °C, 3.5 h, 64 %; 2. 1 M TBAF in THF, MeCN, r.t., 3 h, 58 %.

Starting from commercially available 2´-deoxyguanosine, 24a was synthesized as described in 

chapter 1.2.1 Synthesis of 3´-terminally modified primers. Next, the 5´-hydroxyl group was protected 

by reacting with tert-butyldimethylsilyl chloride selectively to avoid side reactions resulting in 36 according 

to the 5´-silylation of 30.301 The 5´-silylated nucleoside 36 was reacted with O-phenyl thionochloroformate 

to give a thiocarbonate intermediate for 3´-deoxygenation. Deoxygenation was performed with tributyltin 

hydride in the presence of AIBN, followed by deprotection of the 5´-hydroxyl group with TBAF to give 

the 3´-deoxygenated nucleoside 37 in good yield of 57 % over three steps.301, 306 O6-methyl-

2´,3´-dideoxyguanosine 37 was converted into the respective nucleoside 5´-triphosphate 38 by using the 

method of F. Eckstein et al.307 modified by Z. Huang.308 This method is suitable for the synthesis of acid-

sensitive nucleotides as the phosphitylating agent is generated in situ unlike the method described by 

F. Eckstein and coworker. Eventually, the desired ddNTP 38 could be synthesized starting from

2´-deoxyguanosine in a few steps. Furthermore, the precursor 35 could be synthesized using the

ribonucleoside-based method, but this route is more-time-consuming than starting from the 2´-deoxy

counterpart, although guanosine is cheaper. Next, 38 was employed in single-nucleotide incorporation

experiments according to Figure 21, A catalyzed by a DNA pol with the property to incorporate

dd nucleotides.
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Figure 24: Synthesis of O6-methyl-ddGTP. a) tert-butyldimethylsilyl chloride, Et3N, DMAP, DCM/ DMF, r.t., 
overnight, 75 %. b) 1. O-phenyl thionochloroformate, DMAP, MeCN, r.t., overnight; 2. Bu3SnH, AIBN, toluene, 
110 °C, 105 min; 3. 1 M TBAF in THF, MeCN, r.t., 6 h, 57 %. c) 1. 2-chloro-4-H-1,3,2-benzodioxaphosphorin-4-one 
in DMF, 0.5 M bis(tributylammonium)pyrophosphate in Bu3N, r.t., 30 min, mixture added to 38 in DMF, r.t., 1.5 h; 
2. Iodine solution in pyridine and water, r.t., 15 min, 15 %.

1.3.3 Primer extension reactions catalyzed by Taq and KlenTaq DNA pol 

variants employing 2´,3´-dideoxynucleotides as substrate 

In order to increase the ∆Ct value and the sensitivity towards 5mC detection, a combination of a DNA pol 

and ddNTP should be found that discriminates between C and 5mC during single-nucleotide incorporation 

(Figure 21, A). Discrimination between C and 5mC is required to accomplish step A depicted in Figure 

21 and then to realize the following steps of the proposed approach to enhance sensitivity. For this, the 

synthesized modified dd nucleotide 38 and the generated Taq F667Y or KlenTaq F667Y DNA pols were 

employed in single-nucleotide incorporation experiments.  

The combination of O6-methyl-ddGTP with KOD exo- DNA pol seemed promising towards the aim to 

achieve discrimination between C and 5mC during single-nucleotide incorporation, since discrimination 

was observed during processing of O6-methyl-dGTP by KOD exo- DNA pol.268 Therefore, single-nucleotide 

incorporation experiments using O6-methyl-ddGTP as substrate and KOD exo- DNA pol were performed 

(Figure 21, A top; Figure 25), although so far no mutant of the enzyme is described to enhance the property 

to process ddNTPs. Several concentrations between 50 and 300 nM of the DNA pol were tested to process 

O6-methyl-ddGTP opposite C or 5mC. The 2´-deoxynucleotide counterpart, O6-methyl-dGTP, was used as 

control to compare the incorporation of 2´-deoxy- and dd nucleotides by KOD exo- DNA pol. Whereas 

completely extended primer by the 2´-deoxynucleotide was observed already after 10 min and 50 nM 

KOD exo- DNA pol (Figure 25, B), no incorporation of the dd nucleotide opposite C or 5mC under the 

same conditions was observed. After increasing the reaction time up to 60 min and the enzyme 

concentration up to 300 nM, only minor incorporation of the dd nucleotide opposite C or 5mC was observed 

(Figure 25, C). Hence, KOD exo- DNA pol highly discriminates against dd nucleotides compared to 

2´-deoxynucleotides and so the combination of O6-methyl-ddGTP with KOD exo- DNA pol was not suitable 

for the approach depicted in Figure 21.  
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Figure 25: Single-nucleotide incorporation experiment using O6-methyl-dGTP or -ddGTP and KOD exo- 
DNA pol. A) Partial sequence of DNA primer and template (Table 4 Sept9-T1 C/ 5mC template) and dG*TP or 
ddG*TP as substrate with G* as O6-methyl G used in the experiment. PAGE analysis of the single-nucleotide 
incorporation using B) dG*TP and 50 nM KOD exo- DNA pol or C) ddG*TP and 50 nM (left) or 300 nM (right) KOD 
exo- DNA pol. 50 µM (d)dG*TP were used and reactions were stopped after indicated time points. 

Next, Taq F667Y or KlenTaq F667Y DNA pol were used in single-nucleotide incorporation experiments 

to process (modified) ddNTPs directly opposite C and 5mC (Figure 21, A top) or to extend a 3´-terminally 

modified primer from C or 5mC using ddNTP (Figure 21, A bottom) (in collaboration with L. Huber during 

her bachelor thesis).300  

First, O6-methyl-ddGTP was processed opposite C or 5mC by the DNA pol variants, although no 

discrimination between C and 5mC was observed during processing of the respective 2´-deoxy counterpart 

by KlenTaq DNA pol.268 Herewith, it should be analyzed if the introduced mutation influences the 

discrimination behavior of the enzyme during processing of modified nucleotides. Furthermore, the natural 

2´-deoxynucleotide dGTP and unmodified ddGTP were applied as a control to compare the extent of 

incorporation. For this, dGTP, ddGTP and O6-methyl-ddGTP were incorporated as their respective 

monophosphates directly opposite C or 5mC located in the template strand by Taq F667Y or KlenTaq 

F667Y DNA pol (Figure 26). Both DNA pol variants were capable of incorporating unmodified as well as 

modified dd nucleotides opposite C and 5mC, but the modified dd nucleotide to a lower extent than the 

unmodified counterpart. In order to achieve a similar amount of extended primer during processing of 

ddGTP and O6-methyl-ddGTP between 2 and 20 min, a 10-fold higher DNA pol concentration was used in 

case of processing O6-methyl-ddGTP. Furthermore, both DNA pols barely discriminate against ddNTPs as 

only a minor difference in the amount of extended primer during processing of dGTP and ddGTP was 

observed. In accordance with previous results,268 no difference in extension of the primer by the DNA pol 

variants using modified ddGTP as substrate was noticed depending on whether a C or 5mC was present. 

Thus, replacing phenylalanine with tyrosine at position 667 did not influence the discrimination behavior 

of the DNA pol during processing of a modified nucleotide. Although the modified dd nucleotide was 

incorporated by Taq F667Y or KlenTaq F667Y DNA pol in contrast to applying KOD exo- DNA pol, the 

combination of the enzyme variants and O6-methyl-ddGTP was not suitable for the approach depicted in 

Figure 21 since no discrimination between C and 5mC was achieved.  
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Figure 26: Single-nucleotide incorporation experiment using O6-methyl-ddGTP or (d)dGTP and Taq F667Y or 
KlenTaq F667Y DNA pol. A) Partial sequence of DNA primer and template (Table 4 Sept9-T1 primer rev-1 and C/ 
5mC template) and (d)dGTP or ddG*TP as substrate with G* as O6-methyl G used in the experiments. PAGE analysis 
of the single-nucleotide incorporation catalyzed by B) Taq F667Y DNA pol and C) KlenTaq F667Y DNA pol using 
dGTP (left), ddGTP (middle) and ddG*TP (right) as substrate. 50 µM (d)dGTP/ ddG*TP and 1 nM DNA pol using 
(d)dGTP or 10 nM DNA pol using ddG*TP were used. Reactions were stopped after indicated time points. The gels
are representative the performed triplicates.

Finally, the discriminating combination of the 3´-terminally modified O6-methyl G primer and KlenTaq 

DNA pol observed during single-nucleotide incorporation was adopted to the approach described in Figure 

21. Therefore, the 3´-terminally modified O6-methyl G primer was extended from C or 5mC by the DNA

pol variants using ddCTP as substrate (Figure 21; A bottom). In order to compare the incorporation of 2´-

deoxy- and dd nucleotides by the DNA pol variants, dCTP was used as control. Furthermore, the

unmodified primer was used as a control to analyze if discrimination between C and 5mC could be

improved when the 3´-terminally modified primer is extended in accordance with previous results.268 In

Figure 27 the extension of the unmodified primer using dCTP or ddCTP as substrate and Taq F667Y or

KlenTaq F667Y DNA pol was shown. As shown before (Figure 26), both DNA pol variants were capable

of incorporating dd nucleotides. Furthermore, it was confirmed that the DNA pol variants barely

discriminated against ddNTPs as dCTP and ddCTP were processed to a similar extent like during

processing of dGTP and ddGTP. Under the chosen conditions, KlenTaq F667Y DNA pol incorporated both

the 2´-deoxy- and the dd nucleotide to a higher extent than Taq F667Y DNA pol, since a 10-fold lower

DNA pol concentration was used over the same period of time (0.1 nM compared to 1 nM). Since no

considerable discrimination during processing of dCTP by KlenTaq DNA pol was observed when the

unmodified primer was paired with a C or 5mC containing template,268 it was not surprising that no

discrimination between C and 5mC could be observed during extension of the unmodified primer with the
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2´-deoxy- or the dd nucleotide catalyzed by the enzyme variants (Figure 27). Thus, replacing phenylalanine 

with tyrosine at position 667 enhanced the property to process ddNTPs as described by S. Tabor and C.C. 

Richardson,253 but did not influence the discrimination behavior of the DNA pol during processing of dCTP 

or ddCTP. 

Figure 27: Single-nucleotide incorporation experiment catalyzed by Taq F667Y or KlenTaq F667Y DNA pol 
using the 3´-terminally unmodified primer.  A) Partial sequence of DNA primer and template (Table 4, Sept9-T1 
primer rev and C/ 5mC template) used in the experiments. PAGE analysis of the single-nucleotide incorporation 
catalyzed by B) Taq F667Y DNA pol and C) KlenTaq F667Y DNA pol using dCTP (left) or ddCTP (right) as 
substrate. The unmodified primer was paired with a C or 5mC containing template. 50 µM (d)dCTP and 1 nM 
Taq F667Y DNA pol or 0.1 nM KlenTaq F667Y DNA pol were used. Reactions were stopped after indicated time 
points. 

In Figure 28 the extension of the 3´-terminally modified O6-methyl G primer from C or 5mC by Taq F667Y 

or KlenTaq F667Y DNA pol using dCTP or ddCTP as substrate was shown. Even if a 3´-terminally 

modified primer was extended, it could be observed that both enzymes discriminated only minor against 

dd nucleotides since both variants processed dCTP and ddCTP to a similar extent compliant with previous 

results. In relation to previously described results using KlenTaq DNA pol (Figure 17, B),268 the extension 

of the unmodified primer by KlenTaq F667Y DNA pol led to a higher amount of extended primer than the 

extension of the 3´-terminally modified primer since a 100-fold lower DNA pol concentration was used 

during extension of the unmodified primer (Figure 27, C 0.1 nM compared to Figure 28, C 10 nM). In 

contrast, no considerable difference in the amount of extended primer was observed depending on whether 

the unmodified or modified primer was extended by Taq F667Y DNA pol (Figure 27, B; Figure 28, B). 

Thus, Taq F667Y DNA pol highlighted a higher acceptance of extending a 3´-terminally modified primer 

from both C and 5mC than KlenTaq F667Y DNA pol. In addition, diverging % incorporation values during 

extension of the 3´-terminally modified primer by the enzymes using a 2´-deoxy- or dd nucleotide as 
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substrate were determined depending on whether the primer was paired with a C or 5mC containing 

template. Thus, enhancing the property of KlenTaq DNA pol to process ddNTPs by a mutation at position 

667,253 did not influence the discriminating effect of KlenTaq DNA pol in combination with O6-methyl G 

primer. In accordance with the results observed during extension of the 3´-terminally modified primer by 

KlenTaq DNA pol,268 both DNA pol variants extended O6-methyl G using dCTP or ddCTP to a higher 

extent when the primer was paired with the 5mC containing template than when the primer was paired with 

the C containing template. For example, under the chosen conditions, 38 % ± 4 modified primer was 

extended after 10 min by KlenTaq F667Y DNA pol (10 nM) using ddCTP as substrate when the primer was 

paired with a 5mC containing template and 79 % ± 1 when the primer was paired with a 5mC template. 

Consequently, an extent of discrimination with a ratio of 2.1 was reached after 10 min. In case of extension 

by Taq F667Y DNA pol (1 nM) using ddCTP as substrate, 12 % ± 1 modified primer was extended after 

10 min when the primer was paired with a C containing template and 29 % ± 2 when the primer was paired 

with a 5mC containing template. Hence, the extension of the primer led to an extent of discrimination with 

a ratio of 2.4 after 10 min. As no considerable discrimination was observed during extension of the 

unmodified primer, it could be shown that discrimination was improved during extension of the 

3´-terminally modified primer. Due to the determined diverging % incorporation values when the modified 

primer was paired with either the C or 5mC containing template, these experiments demonstrated the 

feasibility to sense the presence or absence of a methylated C site-specifically with single-base resolution 

by using the O6-methyl G primer in combination with KlenTaq F667Y or Taq F667Y DNA pol and ddCTP. 

The incorporation of the chain terminator as well as the obtained discrimination operate as an important 

step (Figure 21, A) towards enhancing the ∆Ct value and thus the sensitivity towards 5mC detection in 

PCR-based systems. For this reason, the found system could be suitable for the approach depicted in Figure 

21 since discrimination between C and 5mC was achieved during incorporation of a dd nucleotide.  
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Figure 28: Single-nucleotide incorporation experiment catalyzed by Taq or KlenTaq F667Y DNA pol using the 
3´-terminally modified primer.  A) Partial sequence of DNA primer (Table 3) and template (Table 4 , Sept9-T1 C/ 
5mC template) with G* as O6-methyl G used in the experiment. B) and C) PAGE analysis (top) and quantitative 
evaluation of % incorporation (bottom) of the single-nucleotide incorporation catalyzed by B) Taq F667Y DNA pol 
and C) KlenTaq F667Y DNA pol using dCTP (left) or ddCTP (right) as substrate. The 3´-terminally modified 
O6-methyl G primer is paired with a C or 5mC containing template. 50 µM (d)dCTP and 1 nM Taq F667Y or 10 nM 
KlenTaq F667Y DNA pol were used. Reactions were stopped after indicated time points. Mean ± SD, n = 3. 

1.3.4 Discussion and outlook 

The feasibility to sense the presence or absence of a methylated C site-specifically in a real-time PCR-based 

approach directly from genomic HeLa DNA was demonstrated.268 This approach avoids the need for a 

methylation-specific pretreatment of DNA required in known methods77, 79 and is a convenient and simple 

approach. Despite the application of a highly discriminating system, the real-time PCR showed low 

sensitivity towards 5mC detection noticeable in reduced ∆Ct values resulting from amplification of both 



Site-specific sensing of the presence or absence of 5mC in DNA 

55 

DNA strands and from loss of methylation state during PCR.103, 268 In order to overcome the low sensitivity 

towards sensing 5mC in real-time PCR, discrimination between a methylated and unmethylated template 

during real-time PCR should be enhanced by increasing the ∆Ct value. Furthermore, the selectivity issue 

during incorporation of O6-alkyl-G modified nucleotides by KOD exo- DNA pol opposite C or T should be 

overcome. For this, the system should be customized for a real-time PCR-based approach since the 

combination of O6-alkyl-dGTPs and KOD exo- DNA pol seemed promising to detect 5mC site-specifically 

with single-base resolution.267-268  

J. von Watzdorf described in her doctoral thesis an approach using a ddNTP in combination with a modified

nucleotide and RT KlenTaq DNA pol to detect pseudouridine in RNA from synthetic templates.275 This

approach could be adopted for optimizing the sensitivity towards 5mC detection in real-time PCR. For this,

a primer paired with a C or 5mC containing template could be extended by a chain-terminating

dd nucleotide catalyzed by a thermostable DNA pol. If this will result in diverging % incorporation values

during processing of ddNTPs by the enzyme depending on whether a C or 5mC template is present, full-

length primer extension will be performed by adding all four natural dNTPs. The primer paired with the C

(or 5mC) containing template during single-nucleotide incorporation could be fully extended. In contrast,

the one terminating with the dd nucleotide is not extended when the primer was paired with the 5mC (or C

containing) template. Hence, the extended primer could serve as template for amplification in real-time

PCR, whereby no or highly delayed amplification could be detected in case of the terminated primer as this

primer did not serve as template. Thus, the ∆Ct value determined during real-time PCR could be enhanced

depending on whether a C or 5mC containing template was present in the discriminating single-nucleotide

incorporation step.

In order to realize this approach, DNA pol variants with decreased discrimination against ddNTPs was 

required. In 1977 F. Sanger et al. developed the standard  methodology for DNA sequencing exploiting 

dd nucleotides and Klenow fragment of E. coli DNA pol I (A family) in primer extension reactions.251 

Additionally, bacteriophage T7 DNA pol, also a member of the A family, could be used as it efficiently 

incorporates dd nucleotides, whereby 2´-deoxynucleotides are preferred only by a factor of three.253 

However, this DNA pol is not thermostable and so it was decided to use a Taq and KlenTaq DNA pol 

variant because of their thermostability and employment in previously described experiments. The wild 

type form of Taq DNA pol and so the KlenTaq DNA pol highly discriminates against ddNTPs, but in the 

study of S. Tabor and C.C. Richardson it was shown that replacing the phenylalanine (F) at position 667 

with tyrosine (Y) leads to a decrease of discrimination against ddNTPs.253 Thus, the respective DNA pol 

variants were generated by replacing phenylalanine with tyrosine at position 667 in Taq and KlenTaq 

DNA pol gene.300 Then, a modified ddNTP, the O6-methyl-ddGTP 38, was synthesized as the combination 

of O6-alkyl-dGTPs and KOD exo- DNA pol showed promising results towards 5mC detection. In 1964 the 

first purine 2´,3´-dideoxynucleoside, 2´,3´-dideoxyadenosine, was reported.309 In this study it was noted 

that 2´3´-dideoxynucleotides if converted into their respective 5´-triphosphate could function as chain 
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terminators during DNA synthesis. This was verified independently by S.S. Cohen310-311 and A. Kornberg312 

and was then developed into the standard methodology for DNA sequencing by F. Sanger et al..251 

Furthermore, the synthesis of dd nucleosides and their derivatives draw interest, because it was shown that 

they could function as potent anti-HIV agents.313-314 Consequently, several synthesis strategies towards 

dd nucleosides were described.301-302, 313, 315-320 The desired ddNTP was successfully obtained by starting the 

synthesis from the 2´-deoxy counterpart. 

Following this, several combinations of DNA pol (variants) with (modified) ddNTPs and/ or 3´-terminally 

modified O6-methyl G primer were employed in single-nucleotide incorporation experiments to accomplish 

the first discriminating step (in collaboration with L. Huber).300  

First, the synthesized modified dd nucleotide was incorporated directly opposite C or 5mC by KOD exo- 

DNA pol since discrimination between C and 5mC was achieved when the respective 2´-deoxy counterpart, 

O6-methyl-dGTP, was combined with this enzyme.268 Since no mutant of KOD exo- DNA pol is described 

that enhances the property to process ddNTPs,175, 321 it was not surprising that KOD exo- DNA pol highly 

discriminated against O6-methyl-ddGTP in contrast to the 2´-deoxy counterpart and thus incorporation was 

observed only to a minor extent. Therefore, the combination of O6-methyl-ddGTP with KOD exo- DNA pol 

was not suitable for the aiming approach. In order to overcome this high discrimination towards ddNTPs, 

a KOD exo- DNA pol with increased property to process ddNTPs could be engineered because introduction 

of mutations into native enzymes could improve the properties of DNA pols.103, 199, 253, 265, 321-324 Furthermore, 

it would be interesting to engineer 9°N DNA pol variants that could process ddNTPs, since the 9°N exo- 

DNA pol, another B family DNA pol, also discriminated between C and 5mC in combination with modified 

nucleotides.267 If the engineered KOD exo- or 9°N DNA pol variants incorporate dd nucleotides, they could 

be tested towards discrimination between C and 5mC using O6-methyl-ddGTP as substrate to analyze if the 

DNA pol mutant in combination with the modified ddNTP could be suitable for the proposed approach.  

Next, the generated Taq F667Y and KlenTaq F667Y DNA pols were employed in single-nucleotide 

incorporation experiments using (modified) ddNTPs and/ or the 3´-terminally modified primer. It was 

previously shown that no discrimination between C and 5mC could be observed during processing of 

O6-methyl-dGTP by KlenTaq DNA pol.268 Anyway, O6-methyl-ddGTP was processed by the generated 

enzymes directly opposite C or 5mC to exclude an influence of the mutation on the discrimination behavior 

of the DNA pol during incorporation of modified dd nucleotides. Beside O6-methyl-ddGTP, dGTP and 

ddGTP were applied as controls to compare the extent of incorporation of 2´-deoxynucleotide and 

unmodified or modified dd nucleotides by the enzyme variants. Both DNA pol mutants were capable of 

incorporating unmodified and modified dd nucleotides, but the modified dd nucleotide to a lower extent 

than the unmodified one. In addition, the enzyme variants hardly discriminate between dGTP and ddGTP 

as only a minor difference in the amount of extended primer during processing of dGTP and ddGTP was 

observed over the same period of time. In accordance with previously described results,268 no discrimination 

between C and 5mC was observed during processing of O6-methyl-ddGTP by the enzymes. Thus, replacing 
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phenylalanine with tyrosine at position 667 in Taq or KlenTaq DNA pol did not influence the discrimination 

behavior of the DNA pol. Consequently, the combination of Taq F667Y or KlenTaq F667Y DNA pol with 

O6-methyl-ddGTP was also not suitable for the proposed approach as no discrimination could be observed, 

but it could be shown that the variants could incorporate a modified dd nucleotide beside the unmodified 

counterpart.  

Eventually, the generated DNA pol variants were combined with the 3´-terminally modified O6-methyl G 

primer when paired with a C or 5mC containing template as the combination of this primer with KlenTaq 

DNA pol showed discrimination between C and 5mC that was further extended to real-time PCR.268 As a 

control the unmodified primer was extended by the enzymes using ddCTP to analyze if discrimination 

between C and 5mC is improved when the 3´-terminally modified primer is extended. In addition to ddCTP, 

the 2´-deoxy counterpart dCTP was used as a control to compare the incorporation of a 2´-deoxy- or a dd 

nucleotide by the enzyme variants. Both DNA pol variants processed dCTP and ddCTP to a similar extent 

that was also observed during processing of dGTP and ddGTP. Thus, the enzyme variants hardly 

discriminate against ddNTP because the dNTP as well as the ddNTP were processed to a similar extent. 

This was consistent with the results of S.T. Tabor and C.C Richardson noting that ddNTP is preferred about 

two-fold over dNTP by Taq F667Y DNA pol.253 Furthermore, the 3´-terminally modified primer was 

extended to a lower extent by KlenTaq F667Y DNA pol compared to extending the unmodified primer, 

whereas both primers were equally extended by Taq F667Y DNA pol. Thus, Taq F667Y DNA pol 

highlights a higher acceptance of extending a 3´-terminally modified primer than KlenTaq F667Y DNA pol. 

In accordance with previously described results,268 no difference in the amount of extended primer were 

observed when the unmodified primer was paired with a C or 5mC containing template. However, diverging 

% incorporation values during extension of O6-methyl G by the enzymes using ddCTP as substrate were 

determined depending on whether the primer was paired with a C or 5mC containing template according to 

previously described results. The enzymes extended the modified primer from 5mC to a higher extent than 

from C. This was consistent with the results that were observed during extension of the modified primer by 

KlenTaq DNA pol using dCTP as substrate. Thus, it was shown that the mutation at position 667 in KlenTaq 

DNA pol did not influence the discriminating properties of KlenTaq DNA pol in combination with the 

modified primer and that this combination seems promising for increasing the ∆Ct value and thus the 

sensitivity towards 5mC detection during PCR.  

The similar extent of primer extension observed during processing of dNTPs and ddNTPs could indicate 

whether the DNA pol variants could also be used in the following full-length primer extension and PCR 

without the need to employ another DNA pol. This would facilitate the approach by using the same 

DNA pol in every step. This should be confirmed by performing full-length primer extension experiments 

employing 32P labeled primers and by performing real-time PCR experiments. Then, the next step would 

be to synthesize the O6-methyl G primer with a biotin modified 5´-terminus for purification of the non- and 

extended primer by biotin-streptavidin-affinity purification prior to performing the real-time PCR. Since 
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the biotin modification at the 5´-terminus will be more than six nucleotides upstream of the 3´-terminus, 

this modification should not influence the discriminating behavior of the enzyme variant in combination 

with the 3´-terminally modified O6-methyl G primer. This could be explained by structural data of KlenTaq 

DNA pol complexed with primer and template showing that KlenTaq DNA pol interacts with the primer 

from 3´-terminus to the sixth or seventh nucleotide upstream.179, 211 Next, the primer terminating not with 

the dd nucleotide could be extended to establish the template for the following real-time PCR. Prior to 

extension, the utilized ddNTP should be removed to avoid incorporation of the nucleotide during full-length 

primer extension and so to avoid formation of truncated oligonucleotides. Finally, the real-time PCR using 

the purified oligonucleotides, extended or terminated primer, should be performed to analyze to what extent 

the ∆Ct value will be increased.  

The basis to improve and facilitate 5mC detection by real-time PCR-based applications using (modified) 

nucleotides and (mutated) DNA pols was created. The combination of a 3´-terminally modified primer with 

Taq or KlenTaq F667Y DNA pol and a ddNTP as a substrate showed discrimination between C and 5mC 

in single-nucleotide incorporation experiments. As this discrimination operates as important step towards 

higher sensitivities for 5mC detection, the found combination could be beneficial for the development of a 

methylation-specific PCR system with enhanced ∆Ct values compared to the combination of the 

3´-terminally modified primer and KlenTaq DNA pol and a natural 2´-deoxynucleotide.268 



Site-specific sensing of the presence or absence of m6A in DNA 

59 

2 Site-specific sensing of the presence or absence of 

m6A in DNA 
The methylation of adenine in DNA is the most prevalent DNA modification in prokaryotes60 and is 

established as bacterial epigenetic mark influencing many biological functions.61-64 Besides bacteria, it was 

reported that m6A was identified in eukaryotes.65-70 Moreover, it is suggested that m6A is present in 

vertebrates, especially mammals,71-73 but the biological function and the importance remains elusive. 

Therefore, it is of interest to develop a simple and reliable method to detect the presence or absence of a 

methylated A at a specific site in order to elucidate the potential biological function in eukaryotes. Since it 

was shown that the combination of a DNA pol and a modified purine-based nucleotide could detect the 

presence or absence of 5mC in DNA (chapter 1 Site-specific sensing of the presence or absence of 5mC 

in DNA), the combination of a DNA pol and a pyrimidine-based nucleotide seemed promising to sense the 

presence of a methylated adenine. Moreover, the findings of X. Zhou and coworkers supported the idea that 

a combination of a DNA pol and a modified pyrimidine-based nucleotide could be identified to detect 

m6A.152 Thus, it should be examined if diverging % incorporation values could be determined when 

modified nucleotides are incorporated opposite A or m6A located in the template in primer extension 

reactions (Figure 29) and if the discrimination compared to X. Zhou and colleagues could be improved. It 

should be analyzed by comparing of the % incorporation values if a DNA pol incorporates a certain 

modified nucleotide to a higher/ lower extent opposite A or m6A. 

Figure 29: Scheme for sensing the presence or absence of m6A in DNA directly by single-nucleotide 
incorporation employing modified nucleotides.  A) Incorporation of modified nucleotides directly opposite A or 
m6A located in the template by a DNA pol. B) PAGE analysis of the single-nucleotide incorporation visualized by 
autoradiography (left) and quantitative evaluation giving % incorporation when an A or m6A is present (right). 

Due to the use of 32P labeled primers during single-nucleotide incorporation, followed by analysis through 

denaturing PAGE, the degree of primer extension will be visualized by autoradiography (Figure 29, B left). 

The band intensities will then be quantitatively evaluated to give percentage of incorporation 

(% incorporation) values (Figure 29, B right). The ratio of % incorporation when the primer is paired with 

an A or when paired with m6A at a specific time will indicate the extent of discrimination between A and 

m6A. 
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Furthermore, a methylation-specific PCR should be developed to sense the presence or absence of m6A 

directly from DNA at a precise position. For this, a discriminating combination of a DNA pol and a certain 

modified nucleotide found in single-nucleotide incorporation experiments will be used in a real-time PCR-

based approach. It should be analyzed if a discrimination between A and m6A could be exploited in PCR 

so that a delayed amplification of either the A or m6A containing template could be observed (Figure 30, 

B). This could be determined by the difference in the cycle threshold Ct value, the ΔCt value, that could 

identify the state of an A at an individual site. A PCR-based approach would be a reliable, cheap and non-

laborious method for m6A detection as the state of methylation could be determined directly from DNA 

without the need of any modification-specific pretreatment. 

Figure 30: Scheme for sensing the presence or absence of m6A directly by real-time PCR employing modified 
nucleotides.  A) PCR amplification by a DNA pol using a primer rev-1 and a primer fwd and a dNTP mix containing 
a modified nucleotide instead of dTTP. B) Real-time PCR amplification of a template indicating a delayed 
amplification of an A or m6A containing template leading to a ΔCt value that identifies the state of an adenine at an 
individual site.
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2.1 Screening modified pyrimidine-based nucleotides 

In order to find a combination of a DNA pol and modified nucleotides that could sense the presence or 

absence of m6A at individual sites, various commercially available pyrimidine-based nucleotides with 

various modifications were employed in single-nucleotide incorporation experiments. The nucleotides were 

incorporated directly opposite A or m6A located in the template strand by a thermostable DNA pol. 

KlenTaq DNA pol was chosen as this enzyme showed promising results towards 5mC detection in 

combination with primers bearing a modified purine-based nucleotide at the 3´-terminus (chapter 1 Site-

specific sensing of the presence or absence of 5mC in DNA) and is commonly used in many 

biotechnological applications. Moreover, X. Zhou and coworkers showed the feasibility to detect m6A by 

the combination of an A family DNA pol, Bst DNA pol, and pyrimidine-based nucleotides. 152 Thus, it 

seemed promising to identify a combination of KlenTaq DNA pol and a certain modified pyrimidine-based 

nucleotide that is suitable to detect the presence or absence of a methylated adenine in DNA.  

By employing restriction enzyme-based m6A sequencing and qPCR, C. He et al. identified several 

unmethylated and methylated adenines at individual sites in the Chlamydomonas genome.68 In regard to 

these findings the synthetic templates containing either an A or m6A in the sequence motif CATG were 

derived from chromosome 16. For determination of the extent of discrimination, the A and m6A containing 

templates were adjusted to equal concentrations. For this, the concentrations were determined by UV/Vis 

spectroscopy and further verified by comparing the band intensities after PAGE analysis of the 

radioactively labeled templates (Figure 31, A). Subsequently, single nucleotide incorporation experiments 

were performed by employing 32P labeled primers followed by PAGE analysis and visualization by 

autoradiography. 
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Figure 31: Screening modified pyrimidine-based nucleotides in single-nucleotide incorporation experiments 
using KlenTaq DNA pol.  A) PAGE analysis of the A or m6A containing template to ensure that the concentration of 
the templates was equal (Table 5, DNA Chr16 A/ m6A template 3´-phosphate). B) Partial sequence of DNA primer 
(DNA Chr16 primer rev-1) and template (DNA Chr16 A/ m6A template 3´-phosphate) used in the experiment (Table 
5). C) Structures of the modified pyrimidine-based dNTPs, % incorporation values opposite A or m6A located in the 
template and the extent of discrimination (% incorporation A divided by % incorporation m6A) using KlenTaq DNA 
pol during single-nucleotide incorporation. 50 µM dNTPs and 10 nM KlenTaq DNA pol or 0.1 nM KlenTaq DNA pol, 
when the number of the nucleotide is denoted with a star, were used. Reactions were stopped after 5 min. 

The modified pyrimidine-based nucleotides were incorporated opposite A or m6A by KlenTaq DNA pol. 

The reactions using 10 nM or 0.1 nM KlenTaq DNA pol and 50 µM of the respective dNTP were stopped 

after 5, 10, 15 and 20 min. The obtained % incorporation values and the extent of discrimination between 

A and m6A for 5 min were depicted in Figure 31, C. Under the chosen conditions, KlenTaq DNA pol was 

capable of incorporating several differently modified pyrimidine-based nucleotides, albeit yielding in 

varying % incorporation values depending on the employed nucleotide. In regard to the Watson-Crick base 
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pairing, the dTTP and dUTP derivatives were processed to a good extent opposite A by the enzyme, whereas 

the dCTP derivatives (49 – 55, 57) were barely processed opposite either A or m6A after 5 min. Moreover, 

L-dTTP (37), the dUTP-derivatives 42, 45, 47 and 48 and the nucleotide 2´-deoxy-zebularine-

5´-triphosphate (58) were also barely incorporated as their respective monophosphates after 5 min. Even

after 20 min of extension no considerable incorporation of these nucleotides and the dCTP derivatives was

observed (Figure 32). Only during processing of the dCTP derivative 2´-deoxy-P-nucleoside-

5´-triphosphate (56) % incorporation values comparable to the % incorporation values during processing

of dTTP were determined. For example, 48 % primer paired with the A containing template was extended

after 5 min when 2´-deoxy-P-nucleoside-5´-triphosphate (56) was employed compared to 34 % when dTTP

(36) was used as substrate. The natural dTTP and the derivatives 38 – 41 and 43 were processed by KlenTaq

DNA pol to a higher extent than 5-carboxy- (44) and 2´-fluoro-dUTP (46) as the employed enzyme

concentration differed by a factor of 100 to achieve similar % incorporation values when the primer was

paired with the A template. Furthermore, discrimination was observed as those nucleotides were processed

to a minor extent opposite m6A than opposite A. Under the chosen conditions, already an extent of

discrimination of a factor of 2.2 was obtained during processing of dTTP by KlenTaq DNA pol (33 %

extension of the primer when paired with the A containing template compared to 15 % extension of the

primer when paired with the m6A containing template after 5 min). A similar extent or a slightly improved

extent of discrimination was achieved when 2-thio-dTTP (38), 4-thio-dTTP (39), 5-bromo-dUTP (43) and

2´-deoxy-P-nucleoside-5´-triphosphate (56) were employed as substrates (Figure 31, B). During

processing of the nucleotide 5-methyl-dCTP (54) an extent of discrimination with a ratio of 6.2 was reached,

but the nucleotide was only incorporated to a minor extent, even after 20 min (Figure 32). The extent of

discrimination was further improved to a ratio varying from 6.4 to 9.6 when dUTP (40), 5-carboxy-dUTP

(44) and 2´-fluoro-dUTP (46) were processed by KlenTaq DNA pol. Since 37 % primer paired with the A

containing template was extended after 5 min when 5-hydroxymethyl-dUTP (41) was processed and barely

no extension was observed when the primer was paired with the m6A containing template, the combination

of this nucleotide 41 and KlenTaq DNA pol led to the highest extent of discrimination of a factor of 37

under the chosen conditions (Figure 31, B). Thus, it was shown that the combination of an A family DNA

pol, KlenTaq DNA pol, and a certain modified pyrimidine-based nucleotide, especially dUTP derivatives,

seemed promising towards m6A detection in DNA.
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Figure 32: Single-nucleotide incorporation catalyzed by KlenTaq DNA pol employing the nucleotides 37, 42, 
45, 47 – 55, 57 and 58.  PAGE analysis of the single-nucleotide incorporation opposite A or m6A using the indicated 
modified. 50 µM dNTPs and 10 nM KlenTaq DNA pol were used. Reactions were stopped after indicated time points. 

2.2 Primer extension reactions employing the best combination of 

modified nucleotides and KlenTaq DNA pol 

In order to verify the results observed during the incorporation of the pyrimidine-based nucleotides by an 

A family DNA pol single-nucleotide incorporation of the most promising nucleotides was performed in 

triplicates. After optimization of the conditions, 50 µM of the respective dNTP was processed opposite A 

or m6A by 0.05 nM, 0.1 nM or 10 nM KlenTaq DNA pol and reactions were stopped after 5, 10, 15 and 

20 min (Figure 33, Figure 34). In order to achieve similar % incorporation values opposite A, dTTP (36) 

as a control, 4-thio-dTTP (39), dUTP (40), 5-hydroxymethyl-dUTP (41) and 2´-deoxy-P-nucleoside-5´-

triphosphate (56) were processed by 0.1 nM KlenTaq DNA pol (Figure 33), whereas 2-thio-dTTP (38) and 

5-bromo-dUTP (43) were processed by 0.05 nM KlenTaq DNA pol and 5-carboxy- (44) and 2´-fluoro-

dUTP (46) were processed by 10 nM KlenTaq DNA pol (Figure 34). The employment of different enzyme

concentrations to achieve similar % incorporation values when the primer was paired with the A containing

template demonstrated that some nucleotides (36, 38 – 41, 43 and 56) were incorporated to a higher extent

than other nucleotides (44 and 46). This was consistent with results observed during the screening
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experiments. Moreover, dTTP (36), dUTP (40) and the modified nucleotides (38, 39, 41, 43, 44, 46 and 56) 

were processed to a higher extent opposite A than opposite m6A in accordance with the results observed 

during the screening experiments. For comparison of the % incorporation values depending on whether an 

A or m6A was present, the extension of the primer after10 min in case of using 36, 38, 40, 41, 46 and 56, 

the extension after 5 min in case of using 39 and 44 as well as the extension after 20 min in case of using 

43 as substrates was considered. Here, the extension of the primer paired with the A containing template 

was identified in a comparable range from 55 % to 74 %. However, the extension of the primer when paired 

with the m6A containing template differed markedly depending on the employed nucleotide. For example, 

during processing of dTTP (36) 60 % ± 5 extension of the primer when paired with the A template was 

determined after 10 min compared to 36 % ± 9 extension of the primer when paired with the m6A containing 

template (Figure 33). This led to a minor extent of discrimination of a factor of 1.7. A similar extent of 

discrimination varying from 1.4 to 2.5 was determined when 38, 39 or 43 was incorporated as its respective 

monophosphate by KlenTaq DNA pol. The extent of discrimination was improved to a factor of 2.8 when 

nucleotide 56 was processed and was further improved to a factor of 4.5 when dUTP was processed. The 

highest extent of discrimination with a ratio varying from 6.1 and 7.4 was determined under the chosen 

conditions when 5-hydroxymethyl-dUTP (41), 5-carboxy- (44) and 2´-fluoro-dUTP (46) were applied in 

the reaction. For example, during processing of 5-carboxy-dUTP (44) already 74 % ± 4 primer paired with 

the A containing template was extended after 5 min, whereas only 10 % ± 1 primer was extended when 

paired with the m6A containing template (Figure 34, C). These results verify the findings depicted in 

Figure 31.  
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Figure 33: Single-nucleotide incorporation experiments using modified nucleotides and 0.1 nM KlenTaq 
DNA pol.  A) Partial sequence of DNA primer (DNA Chr16 primer rev-1) and template (DNA Chr16 A/ m6A template 
3´-phosphate) used in the experiments (Table 5). B) PAGE analysis (top) and quantitative evaluation of 
% incorporation (bottom) of the single-nucleotide incorporation opposite A or m6A by KlenTaq DNA pol using dTTP 
(36), 4-thio-dTTP (39), dUTP (40), 5-hydroxymethyl-dUTP (41) and 2´-deoxy-P-nucleoside-5´-triphosphate as 
substrates (56). 50 µM dNTPs and 0.1 nM KlenTaq DNA pol were used. Reactions were stopped after indicated time 
points. Mean ± SD, n= 3 or 4. 
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Figure 34: Single-nucleotide incorporation experiments using modified nucleotides and 0.05 or 10 nM KlenTaq 
DNA pol.  A) Partial sequence of DNA primer (DNA Chr16 primer rev-1) and template (DNA Chr16 A/ m6A template 
3´-phosphate) used in the experiments (Table 5). PAGE analysis (top) and quantitative evaluation of % incorporation 
(bottom) of the single-nucleotide incorporation opposite A or m6A by B) 0.05 nM KlenTaq DNA pol and C) 10 nM 
KlenTaq DNA pol using 2-thio-dTTP (38), 5-bromo- (43), 5-carboxy- (44) and 2´-fluoro-dUTP (46) as substrates. 
50 µM dNTPs and reactions were stopped after indicated time points. Mean ± SD, n= 3 or 4. 

Next, it was examined if this high discrimination is solely limited to the combination of an A family 

DNA pol and a dUTP derivative. Therefore, those modified nucleotides were incorporated by a B family 

DNA pol. Since a member of the B family DNA pol, KOD exo- DNA pol, showed promising results towards 

5mC detection, this enzyme was chosen to examine if also a discrimination could be observed. For this, 

dTTP (36), dUTP (40), 5-hydroxymethyl- (41), 5-carboxy- (44) and 2´-fluoro-dUTP (46), that exhibited 

the highest extent of discrimination in combination with KlenTaq DNA pol, were incorporated as their 

respective monophosphates by KOD exo- DNA pol directly opposite A or m6A (Figure 35). KOD exo- 

DNA pol was capable of incorporating those nucleotides, but the difference in % incorporation values 

depending on whether an A or m6A was only improved to a minor extent compared to when dTTP was 

processed. For example, under the chosen conditions processing of dTTP (36) by the enzyme led to an 
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extent of discrimination with a ratio of 0.9 after 20 min (32 % ± 5 extension of the primer paired with the 

A containing template compared to 34 % ± 10 extension of the primer paired with the m6A containing 

template). The incorporation of 2´-fluoro-dUTP (46) as its monophosphate led to an extent of 

discrimination of 1.6 after 5 min (42 % ± 7 extension of the primer paired with the A containing template 

compared to 26 % ± 1 extension of the primer paired with the m6A containing template). The extent of 

discrimination during processing of the other nucleotides varied in the same range, from 0.9 to 1.6. 

Moreover, the nucleotide 44 was misincorporated by KOD exo- DNA pol. Thus, the combination of 

KOD exo- DNA pol, a B family DNA pol, and a dUTP derivative was not suitable for the desired application 

to detect m6A. 

Figure 35: Single-nucleotide incorporation experiments using modified nucleotides and KOD exo- DNA pol. 
A) Partial sequence of DNA primer (DNA Chr16 primer rev-1) and template (DNA Chr16 A/ m6A template 3´-
phosphate) used in the experiments (Table 5). PAGE analysis (top) and quantitative evaluation of % incorporation
(bottom) of the single-nucleotide incorporation opposite A or m6A by B) 1 nM KOD exo- DNA pol and C) 10 nM KOD
exo- DNA pol using dTTP (36), dUTP (40), 5-hydroxymethyl- (41), 5-carboxy- (44) and 2´-fluoro-dUTP (46) as
substrates. 50 µM dNTPs were used and reactions were stopped after indicated time points. Mean ± SD, n= 3, 4 or 6.
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Taken together, it was demonstrated that the presence or absence of a methylated adenine at a precise 

position could be detected solely by employing a combination of an A family DNA pol and a certain dUTP 

derivative with single-base resolution by a primer extension-based approach. 

2.2.1 Selectivity of the modified nucleotides 

In order to elucidate if the combination of KlenTaq DNA pol and modified pyrimidine-based nucleotides 

was suited to improve sequencing- or real-time PCR-based applications by increasing sensitivity towards 

m6A detection, the selective incorporation by the DNA pol opposite A should be ensured. For this, the 

modified nucleotides were incorporated opposite G, A, T and C located in the template by KlenTaq 

DNA pol (Figure 36). 

Figure 36: Single-nucleotide incorporation experiments from templates containing G, T and C instead of an A 
using the modified nucleotides and KlenTaq DNA pol.  A) Partial sequence of DNA primer (DNA Chr16 primer 
rev-1) and template containing either a G, A, T or C at a precise position (DNA Chr16 A template 3´-phosphate, DNA 
Chr 16 template G/ T/ C) used in the experiments (Table 5). PAGE analysis of the single-nucleotide incorporation 
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opposite G, A, T or C by B) 0.1 nM KlenTaq DNA pol, C) 0.05 nM KlenTaq DNA pol and C) 10 nM KlenTaq DNA pol 
using dTTP (36), 4-thio-dTTP (39), dUTP (40), 5-hydroxymethyl-dUTP (41), 2´-deoxy-P-nucleoside-5´-triphosphate 
(56), 2-thio-dTTP (38), 5-bromo- (43), 5-carboxy- (44) and 2´-fluoro-dUTP (46) as substrates. 50 µM dNTPs and 
reactions were stopped after indicated time points. Mean ± SD, n= 3. 

Depending on the employed nucleotide the single-nucleotide incorporation was catalyzed by 0.05 nM, 

0.1 nM or 10 nM KlenTaq DNA pol. These experiments showed that the nucleotides were solely processed 

opposite A than opposite G, T or C under the chosen conditions. Except in case of processing of 2´-deoxy-

P-nucleoside-5´-triphosphate (56) it was observed that the nucleotide was processed opposite A, but also

an extension of the primer when paired with the G containing template was noticed. Since the combination

of this nucleotide and KlenTaq DNA pol discriminated to a lower extent between A and m6A than for

example the combination of nucleotide 40, 41, 44 or 46 and KlenTaq DNA pol, the selectivity problem

could be avoided. Thus, this experiment demonstrated that the combination of the nucleotides except of 56

and KlenTaq DNA pol could be used in sequencing- or real-time PCR-based applications.

2.2.2 Quantitative evaluation of the methylation level 

Besides several unmethylated and methylated adenines, C. He and coworkers identified even two partially-

methylated sites in the genome of Chlamydomonas.68 Therefore, it was of interest to investigate if the 

combination of KlenTaq DNA pol and a certain dUTP derivative was suitable to sense the degree of 

methylation at a precise position. Therefore, the m6A containing template was mixed with the A containing 

template in known ratios, followed by single-nucleotide incorporation of the dUTP derivatives catalyzed 

by KlenTaq DNA pol. Since the highest extent of discrimination was achieved during processing of the 

dNTPs 40, 41, 44 and 46 by KlenTaq DNA pol, those nucleotides and dTTP as a control were chosen for 

the quantitative evaluation. In contrast to the previously performed experiments, 5´-fluorescently labeled 

primers were employed and reactions were analyzed by capillary electrophoresis technology. Depending 

on the employed nucleotide the reaction was catalyzed by 0.1 nM (Figure 37, B) or 10 nM KlenTaq DNA pol 

(Figure 37, C) and the reactions were stopped after 20 min. During processing of all employed nucleotides, 

the extension of the primer correlated linearly to the ratio of m6A from 0 % to 100 % m6A (Figure 37). In 

accordance with the previously observed discrimination between A and m6A, the extension of the primer 

decreased linearly when the concentration of the m6A containing template was increased. However, the 

slope determined by linear regression and indicating the discrimination between A and partially-methylated 

adenines varied depending on the nucleotide that was processed. Under the chosen conditions, the slightest 

slope was determined for processing of dTTP (36), that was doubled when dUTP (40) or 5-hydroxymethyl-

dUTP (41) were applied in the reaction. During processing of 5-carboxy- (44) and 2´-fluoro-dUTP (46) the 

steepest slope was determined. These findings were consistent with previously described results and thus 

the combination of KlenTaq DNA pol and a dUTP derivative, especially 5-carboxy- or 2´-fluoro-dUTP, 
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could be suitable to quantitatively evaluate the degree of methylation at a precise position by employing a 

standard for comparison.  

Figure 37: Quantitative evaluation of the degree of methylation using dUTP derivatives and KlenTaq DNA pol. 
A) Partial sequence of DNA primer (Table 6, DNA Chr16 primer rev-1 19 nt/ 23 nt/ 27 nt FAM/ HEX) and template
(Table 5, DNA Chr16 A/ m6A template 3´-phosphate) used in the experiments. Quantitative evaluation of the single-
nucleotide incorporation by B) 0.1 nM KlenTaq DNA pol and C) 10 nM KlenTaq DNA pol opposite templates mixed
in known ratios of the m6A to the A containing template using dTTP (36), dUTP (40), 5-hydroxymethyl- (41),
5-carboxy- (44) and 2´-fluoro-dUTP (46). 50 µM dNTPs and varied DNA pol concentrations depending on the
employed nucleotide. Reactions were stopped after 20 min. Mean ± SD, n = 3.

2.3 Real-time PCR-based system using modified nucleotides 

Since product formation during primer extension from genomic DNA is hardly detectable solely by 

autoradiography, another method to detect m6A by employing the discriminating combination of 

KlenTaq DNA pol and a dUTP derivative should be developed. A real-time PCR-based approach seemed 

suitable as it is a simple and reliable method and detection will be possible directly from genomic DNA. 

Therefore, it was examined if the discrimination between A and m6A could be exploited to m6A detection 

by real-time PCR. First, full-length primer extension reactions were performed in order to elucidate if full-

length product could be formed by employing a dNTP mix containing one of the modified nucleotides 

instead of dTTP. Moreover, it was evaluated if the discriminating effect of the combination of KlenTaq 

DNA pol and a modified nucleotide could be observed during the full-length primer extension. The same 

adenine derived from the genome of Chlamydomonas from the chromosome 16 was targeted like in 
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previously described experiments, but the template was longer in 5´-direction. The concentration of the 

templates was adjusted to equal concentrations. For this, the concentrations were determined by UV/Vis 

spectroscopy, followed by verification by PAGE analysis of the radioactively labeled templates in regard 

to their band intensities (Figure 38, A). Then, the primer was extended by KlenTaq DNA pol in the presence 

of the methylated or unmethylated template using a dNTP mix containing the natural dNTPs (dGTP, dATP, 

and dCTP) and dUTP (40), 5-hydroxymethyl- (41), 5-carboxy- (44) or 2´-fluoro-dUTP (46) instead of dTTP 

to give a 57 bp product (Figure 38, B and C). The dNTP mix containing these nucleotides was used since 

the combination of those nucleotides and KlenTaq DNA pol exhibited the most promising results in single-

nucleotide incorporation experiments towards m6A detection.  

Figure 38: Full-length primer extension using the modified pyrimidine-based nucleotides in the dNTP mix and 
KlenTaq DNA pol.  A) PAGE analysis of the A or m6A containing template to ensure that the concentration of the 
templates was equal (Table 5, DNA Chr16 A/ m6A template PCR). B) Partial sequence of DNA primer (Table 5, 
DNA Chr16 primer rev-1) and template used in the experiments. C) PAGE analysis of the full-length primer extension 
in the presence of a methylated or non-methylated template by KlenTaq DNA pol utilizing a dNTP mix containing 
dGTP, dATP, dCTP and dTTP (36), dUTP (40), 5-hydroxymethyl- (41), 5-carboxy- (44) or 2´-fluoro-dUTP (46). 
50 µM dNTPs (each) and 100 nM KlenTaq DNA pol were used. Reactions were stopped after indicated time points. 
Gel is representative for numerous experiments (n =3). 

Under the chosen conditions, full-length product was formed when dTTP (36), dUTP (40) or 

5-hydroxymethyl-dUTP (41) was a component of the dNTP mix. Full-length product was obtained to the

highest extent when dTTP was present, followed by dUTP or 5-hydroxymethyl-dUTP. In contrast, no full-



Site-specific sensing of the presence or absence of m6A in DNA 

73 

length product was observed under the chosen conditions when 5-carboxy- or 2´-fluoro-dUTP was present. 

Since minor % incorporation values were determined when 44 or 46 was processed by KlenTaq DNA pol 

during single-nucleotide incorporation compared to processing of the other employed nucleotides, the 

results observed during full-length primer extension were consistent with the results observed during single-

nucleotide incorporation. Furthermore, the primer was extended to a higher extent when paired with the A 

containing template compared to when paired with the m6A containing template according to previously 

described results. General, it could be assumed that the extent of discrimination was higher, the less full-

length product was formed. Thus, the highest extent of discrimination was observed when the dNTP mix 

contained 5-carboxy- (44) or 2´-fluoro-dUTP (46) according to the results from the single-nucleotide 

incorporation experiments, but no full-length product was formed.  

Next, it was examined if the discrimination between A and m6A could be exploited in a real-time PCR. For 

this, PCR amplification of synthetic DNA templates was analyzed. Since no full-length product was 

observed when 44 or 46 was present in the dNTP mix, these nucleotides were not analyzed. However, 

5-hydroxymethyl-dUTP (41) was employed in real-time PCR as also a high discrimination between A and

m6A was observed during processing of 41 by KlenTaq DNA pol in single-nucleotide incorporation

experiments. Furthermore, full-length product was formed when 41 was a part of the dNTP mix. The same

templates as in the full-length primer extension experiments were employed and a forward primer was

designed, so that amplification should yield in a 57 bp amplificate. In order to compare the Ct values

depending on whether an A or m6A containing template was present, the concentrations of both templates

were adapted to equal concentrations. Beside comparing of the band intensities after radioactive labeling

of the templates (Figure 38, A), a reverse primer was designed that terminated six nucleotides downstream

of the A of interest, primer rev+6 (Table 5, DNA Chr16 primer rev+6). The elongation of this primer

should not be influenced by a methylated adenine compared to the unmethylated template.179, 211 By

employing the primer rev+6, no delay of amplification from the methylated to the amplification of the

unmethylated template was observed indicating equal concentrations of the templates (Figure 39, A). After

optimization of the PCR conditions during employing the DNA Chr16 primer rev-1 (Table 5), the primers

were hybridized to the template at 63 °C for 30 s after denaturation at 95 °C for 15 s, followed by extension

at 72 °C for 1 s catalyzed by 100 nM KlenTaq DNA pol in the presence of 10 pM template. In order to

exclude that amplification resulted from non-specific amplification or primer dimer formation, PCR

reactions containing no template were followed in real-time as a control. The appearance of the signal for

the w/o template control was distinctly delayed compared to amplification of the applied template

employing 36, 40 or 41 in the dNTP mix (Figure 39, B left). This indicated that amplification of the

templates resulted from specific product formation, although equal melting curves and melting points of

the amplificates and the signal for the w/o template control were measured (Figure 39, B right). The

electrophoretic analysis of the amplification of the templates and the reaction containing the w/o template

control was performed after 20 cycles (Figure 39, C). The results of this experiment verified that PCR

products resulted from specific amplification as an amplificate after 20 cycles was detected when a template
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was present, whereas no amplificate was detected when no template was present. Similar ΔCt values were 

observed when either the primer rev-1 or the control primer rev+6 and dTTP (36) present in the dNTP 

mix were employed (ΔCt = 0.60 ± 0.03 compared to ΔCt = 0.62 ± 0.10, respectively). This indicated that 

m6A was not detected by real-time PCR when dTTP was combined with KlenTaq DNA pol according to 

the results observed during single-nucleotide incorporation. In case of employing dUTP (40) or 

5-hydroxymethyl-dUTP (41) during PCR, also no marked delay of amplification of the m6A containing

template was observed compared to the A containing template (ΔCt = 0.85 ± 0.35 and ΔCt = 1.19 ± 0.19,

respectively) although processing of these nucleotides by KlenTaq DNA pol showed promising results

towards m6A detection during primer extension.

Figure 39: PCR amplification of synthetic DNA templates containing A or m6A applying modified nucleotides 
in combination with KlenTaq DNA pol.  A) Real-time PCR employing the primer terminating six nucleotides 
downstream of the A of interest, primer rev+6 (Table 5, DNA Chr16 primer rev+6), from the methylated (dashed 
green) or unmethylated (solid grey) DNA template (Table 5, DNA Chr16 A/ m6A template PCR) employing a dNTP 
mix containing the four canonical dNTPs. B) Real-time PCR (left) using an A (solid) or m6A (dashed) containing 
template catalyzed by KlenTaq DNA pol and melting curves of amplificates (right) employing a dNTP mix containing 
dGTP, dATP, dCTP and dTTP (36) (blue), dUTP (40) (light blue) or 5-hydroxymethyl-dUTP (41) (blue). 
C) Electrophoretic agarose gel analysis of the amplification of an A or m6A containing template applying 36, 40 and
41 after 20 cycles. Sequence of template is derived from the chromosome 16 of the Chlamydomonas genome. Data
points derive at least from triplicates.

However, a difference in the behavior of the melting curves was observed depending on the employed 

nucleotides. In case of employing 5-hydroxymethyl-dUTP the melting curve was shifted to lower 

temperatures, whereas the melting curves behaved similar and were shifted to higher temperatures when 

dTTP or dUTP was present in the dNTP mix. Thus, the melting point of the PCR product containing 
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5-hydroxymethyl-uracil as nucleobase was lower compared to when the amplificate consisted of thymine

or uracil as nucleobase.

2.4 Discussion and outlook 

Besides bacteria, it was suggested that m6A is present in eukaryotes66-70 and even in vertebrates, especially 

mammals,71-73 but the biological function and the importance remains elusive. The methylation information 

of an adenine in DNA can be detected by immunoprecipitation sequencing or restriction enzyme-assisted 

sequencing approaches.69-70, 106 Moreover, liquid chromatography coupled with mass spectrometry or 

SMRT sequencing can be applied to quantitatively evaluate the methylation information.101, 325-326 However, 

these methods have some drawbacks like requirement of methylation-dependent pretreatments and are 

time-consuming, expensive or prone to contaminations.104 Therefore, it was highly desirable to develop a 

simple, reliable and cheap method for m6A detection directly from genomic DNA with single-base 

resolution. Since 5mC was detected site-specifically from genomic DNA in a real-time PCR-based 

approach by employing a combination of KlenTaq DNA pol and a primer bearing a modified nucleotide, a 

similar approach towards m6A detection in DNA was targeted. Furthermore, a real-time PCR seemed 

suitable as J. Aschenbrenner determined even the degree of methylation at a precise position by real-time 

PCR catalyzed by an engineered DNA pol when 2´-O-methylated RNA templates were analyzed.154 

X. Zhou et al. reported that a combination of an A family DNA pol, Bst DNA pol, and dUTP derivatives

was identified to sense the presence or absence of a methylated adenine.152 Thus, it was of interest to

examine if another A family DNA pol can distinguish m6A from A when a modified nucleotide is

incorporated and if the system could be improved. Therefore, several differently modified pyrimidine-based

nucleotides were employed in single-nucleotide incorporation experiments. Here, the nucleotides were

directly incorporated opposite an A or m6A located in the DNA template derived from the Chlamydomonas

genome68 by a thermostable DNA pol to examine if diverging % incorporation values could be determined

depending on whether an A or m6A was present. Since X. Zhou and coworkers employed a member of the

A family for m6A detection, a member of the A family was employed. Therefore, the reaction was catalyzed

by KlenTaq DNA pol as this enzyme is commonly used in many biotechnological applications and showed

promising results towards 5mC detection. It was shown that KlenTaq DNA pol was capable of incorporating

differently modified pyrimidine-based nucleotides. These findings demonstrated that the substrate spectrum

of KlenTaq DNA pol was further enhanced as this enzyme accepts differently modified pyrimidine-based

nucleotides beside the modified purine-based nucleotides employed in chapter 1.1 Screening modified

purine-based nucleotides. Concerning this broad substrate spectrum KlenTaq DNA pol could be proved

valuable for biotechnological applications utilizing modified nucleotides.261, 263 For example, this property

could be used for the synthesis of functionalized DNA.294-295 Depending on the employed nucleotide,

varying % incorporation values were determined or varying enzyme concentrations were employed. These
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findings indicated that KlenTaq DNA pol incorporated modified nucleotides to a different extent depending 

on the modification. In regard to the Watson-Crick base pairing, the dTTP and dUTP derivatives were 

processed opposite A, whereas the dCTP derivatives were barely processed opposite either A or m6A. Only 

the dCTP derivative 2´-deoxy-P-nucleoside-5´-triphosphate was processed to a similar extent as observed 

during processing of dTTP. Moreover, the extension of the primer when paired with the m6A containing 

template differed markedly depending on the employed nucleotide. A minor extent of discrimination 

between A and m6A was already determined when dTTP was processed by KlenTaq DNA pol. A similar 

extent of discrimination was observed when 2-thio-dTTP, 4-thio-dTTP or 5-bromo-dUTP were processed 

by the enzyme. The extent of discrimination was enhanced during processing of dUTP and the dCTP 

derivative 2´-deoxy-P-nucleoside-5´-triphosphate. The highest extent of discrimination was determined 

when 5-hydroxymethyl-, 5-carboxy- or 2´-fluoro-dUTP were employed as substrates. These results are in 

accordance with the findings of X. Zhou et al. showing discrimination between A and m6A when dUTP 

derivatives modified at position 5 were processed by an A family DNA pol.152 Additionally, the 

combination of an A family DNA pol and 5-carboxy- or 2´-fluoro-dUTP were found to be promising 

towards m6A detection.  

In order to examine if the discriminating effect occurred solely by employing the combination of an 

A family DNA pol and dUTP derivatives, the most promising nucleotides were incorporated by a B family 

DNA pol, KOD exo- DNA pol. This enzyme was chosen as it showed promising results towards 5mC 

detection when combined with purine-based nucleotides and is a commonly used enzyme in many 

biotechnological applications. During processing of the nucleotides dTTP, dUTP and 5-hydroxymethyl-

dUTP no extent of discrimination was determined. During processing of 5-carboxy- and 2´-fluoro-dUTP 

only a minor extent of discrimination ranging from a factor of 1.2 to 1.6 was determined under the chosen 

conditions. Thus, it was demonstrated that discrimination was solely improved when the dUTP derivatives 

were processed by an A family DNA pol.  

Interestingly, KlenTaq and KOD exo- DNA pol behaved differently depending on the employed nucleotide 

and the analyzed DNA modification. When the primer was paired with a C or 5mC containing template, 

discrimination between C and 5mC was observed during processing of purine-based nucleotides by 

KOD exo- DNA pol, whereas no discrimination was observed during processing by KlenTaq DNA pol. In 

contrast, discrimination between A and m6A was determined when pyrimidine-based nucleotides were 

incorporated by KlenTaq DNA pol, but no discrimination was observed during incorporation by KOD exo- 

DNA pol. Due to the lack of structural data the reason and mechanism for the different behavior of both 

DNA pols depending on the employed modified nucleotide and DNA modification remains elusive. 

Recently reported structural data of both enzymes suggested that the interaction pattern at the triphosphate 

binding site as well as the primer backbone differs between both DNA pols.181, 196-197, 211 This could be 

responsible for the different discrimination behavior of the enzymes, but structural data should be recorded 

to elucidate the mechanism of this different behavior. 
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Next, it was examined if the combination of KlenTaq DNA pol and the pyrimidine-based nucleotides was 

suited to sense the presence or absence of m6A by a sequencing- or real-time PCR-based approach. For this, 

the nucleotides should be preferably incorporated opposite A. Therefore, the nucleotides were incorporated 

opposite G, T and C located in the template. In regard to the Watson-Crick base pairing, the nucleotides 

derived from dTTP or dUTP were solely incorporated opposite A and thus were suited for sequencing or 

real-time PCR applications. For example, SMRT sequencing is an approach that can be used to identify a 

methylated A, but this method cannot distinguish between m6A and N1-methyl-adenine (m1A) without 

coupling to LC-MS/MS. Therefore, it should be further analyzed if the modified nucleotides will be 

preferably incorporated opposite m6A and not opposite m1A. Otherwise two or more sequencing runs 

should be performed to distinguish m6A from m1A as in the case of bisulfite sequencing.82-84 Thus, a second 

sequencing run will not lead to an improvement of the so far known sequencing techniques.101, 106 The 

nucleotide 2´-deoxy-P-nucleoside-5´-triphosphate was processed also opposite G as this molecule is 

derived from dCTP. Thus, this nucleotide was not suitable for employing in a sequencing-based approach 

as two sequencing runs should be performed to detect m6A as in the case of bisulfite sequencing82-84 and 

thus no improvement of the sequencing application will be achieved. Furthermore, this nucleotide 

combined with KlenTaq DNA pol is not applicable for a real-time PCR-based approach to detect m6A when 

the nucleotide is not solely incorporated opposite A. Since combinations of modified nucleotides and 

KlenTaq DNA pol were found that led to a higher extent of discrimination, this nucleotide was not further 

considered for the desired application. For the same reason the nucleotides 2-thio-dTTP, 4-thio-dTTP and 

5-bromo-dUTP were not further considered.

Beside several unmethylated and methylated adenines, C. He et al. identified even two partially-methylated 

sites in the Chlamydomonas genome.68 Therefore, it was of interest to examine if the degree of methylation 

at an individual site could be determined. For this, the m6A containing template was mixed with the A 

containing template in known ratios and analyzed by single-nucleotide incorporation at a specific time point 

by employing a dUTP derivative and KlenTaq DNA pol. Since the % incorporation values behaved linearly 

to the ratio of m6A in accordance with the findings of X. Zhou and coworkers,152 the slope was determined 

by linear regression. The extent of the slope indicating the extent of discrimination between an A and a 

partially-methylated template was consistent with the findings observed during single-nucleotide 

incorporation experiments using only the methylated or unmethylated template. A minor extent of the slope 

was observed during processing of dTTP, whereas the extent of the slope was improved when dUTP, 

5-hydroxymethyl-, 5-carboxy- or 2´-fluoro-dUTP were processed by KlenTaq DNA pol. This suggests that

the combination of KlenTaq DNA pol and a dUTP derivative, especially 5-carboxy- or 2´-fluoro-dUTP,

could be suitable to quantitatively evaluate the degree of methylation at a precise position when a standard

for comparison is employed.

Finally, it was examined if discrimination between A and m6A could be exploited in real-time PCR. PCR 

is a simple, reliable and cheap method that would allow to simplify m6A analysis. First, full-length primer 
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extension reactions were performed to analyze if full-length product could be formed when one of the 

modified dUTP derivatives was present in the dNTP mix instead of dTTP and thus would be suitable for 

PCR amplification. Under the chosen conditions, full-length product was formed when dTTP, dUTP or 

5-hydroxymethyl-dUTP was a part of the dNTP mix, but no full-length product was observed when

5-carboxy- or 2´-fluoro-dUTP was present in the dNTP mix. This was consistent with the degree of primer

extension observed during single-nucleotide incorporation as a higher enzyme concentration was employed

during processing of 5-carboxy- or 2´-fluoro-dUTP to achieve similar % incorporation values compared to

processing of dTTP, dUTP or 5-hydroxymethyl-dUTP. However, a discrimination between A and m6A was

observed. The primer was extended to a higher extent when paired with the A containing template than

when paired with the m6A containing template according to the observations during single-nucleotide

incorporation. Since no full-length product was observed when 5-carboxy- or 2´-fluoro-dUTP was present

in the dNTP mix, these nucleotides were not further analyzed, whereas dTTP, dUTP and 5-hydroxymethyl-

dUTP were applied in real-time PCR. No marked delay of amplification of the m6A containing template

was observed compared to the A containing template regardless of the employed nucleotide. Although the

combination of KlenTaq DNA pol and dUTP or 5-hydroxymethyl-dUTP exhibited promising results in

single-nucleotide incorporation experiments towards m6A detection, the Ct values differed only to a minor

extent depending on whether an A or m6A was present. Thus, no sensitivity towards m6A detection occurred

during real-time PCR. As in the case of 5mC detection by real-time PCR, the minor ∆Ct value results from

enrichment of unmethylated templates because methylation information is lost during PCR. Moreover,

amplification derives from both reverse and forward primer decreasing the ∆Ct value and thus the

sensitivity towards m6A detection as the complementary strand bearing no methylation is amplified

similarly efficient. Therefore, future investigations will aim at optimizing the PCR reaction using a

modified dUTP derivative and KlenTaq DNA pol in order to generate a difference in the Ct values and thus

to sense the presence or absence of m6A. For this, only the reverse primer targeting the A at a precise

position could be used to result in a linear PCR. Furthermore, DNA pol variants could be engineered that

could transfer the difference in % incorporation values determined during single-nucleotide incorporation

by using dUTP derivatives as substrates towards PCR reactions. Also, DNA pol mutants could be

engineered that could form full-length product when 5-carboxy- or 2´-fluoro-dUTP were present in the

dNTP mix and thus could increase the sensitivity towards m6A detection by using these nucleotides. If the

sensitivity towards m6A detection will be increased, the system will be suitable for m6A detection directly

from genomic DNA.

In conclusion, it was demonstrated that the combination of KlenTaq DNA pol and a certain dUTP derivative 

was suitable to sense the presence or absence of a methylated A site-specifically by primer extension-based 

method. Thus, it was shown that also another A family DNA pol beside Bst DNA pol employed by X. Zhou 

and colleagues152 could be used for m6A detection. Additionally, two dUTP derivatives, 5-carboxy- and 

2´-fluoro-dUTP, were found as highly discriminating between A and m6A in combination with KlenTaq 

DNA pol. This is the basis to develop a cheap, reliable and timesaving method for m6A detection like a 
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real-time PCR based approach with high sensitivity. Furthermore, these findings could be used for 

developing an affordable sequencing method to detect m6A.
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3 Site-specific sensing of the presence or absence of 

m6A in RNA 
The methylation of adenine in RNA is the most abundant internal mRNA modification of higher 

eukaryotes.116-117 In order to elucidate the function of m6A in various biological processes, it is of interest 

to sense the presence or absence of a methylated adenine at individual sites. The method to detect m6A in 

RNA with single-base resolution should be based on a simple and reliable approach. Since E.T. Kool et al. 

showed that the reverse transcriptase from Thermus thermophilus (Tth DNA pol) processes dTTP to a 

different extent depending on whether an A or m6A containing template was present,151 a primer extension-

based method seems promising to map precise positions of methylated adenines. X. Zhou and coworkers 

reported that m6A detection in RNA is possible by using a combination of Bst DNA pol and dTTP, dUTP 

and dUTP derivatives modified at position 5 in a primer extension-based approach.152 Moreover, the results 

described in chapter 2.2 Primer extension reactions employing the best combination of modified 

nucleotides and KlenTaq DNA pol demonstrate the possibility to detect m6A in DNA in a primer 

extension-based method by employing a combination of a thermostable A family DNA pol with pyrimidine-

based nucleotides. Consequently, it should be investigated if a combination of a DNA pol and a modified 

pyrimidine-based nucleotide could also be utilized to sense the presence or absence of methylated adenines 

in RNA. For this, modified pyrimidine-based nucleotides and a thermostable RNA-reading DNA pol should 

be employed in single-nucleotide incorporation experiments when the DNA primer is paired with RNA 

templates containing A or m6A (Figure 40, A). Then, the % incorporation values when modified 

nucleotides were incorporated by the RNA-reading DNA pol should be determined and compared (Figure 

40, B).  

Figure 40: Scheme for sensing the presence or absence of m6A in RNA directly by single-nucleotide 
incorporation of modified nucleotides.  A) Incorporation of modified pyrimidine-based nucleotides directly opposite 
A or m6A located in the RNA template catalyzed by an RNA-reading DNA pol. B) PAGE analysis of the single-
nucleotide incorporation visualized by autoradiography (left) and quantitative evaluation giving % incorporation 
(right) when the DNA primer is paired with an A or m6A containing RNA template. 

Due to the use of 32P labeled primers during primer extension reactions, followed by analysis through 

denaturing PAGE, the degree of primer extension will be visualized by autoradiography (Figure 40, B left). 

The band intensities will then be quantitatively evaluated to give percentage of incorporation 
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(% incorporation) values (Figure 40, B right). The ratio of % incorporation when the primer is paired with 

an A or m6A containing template at a specific time will indicate the extent of discrimination between A and 

m6A.  

3.1 Primer extension reactions using modified nucleotides on 

synthetic RNA templates 

In order to extend a DNA primer when paired with an RNA template, a DNA pol with reverse transcriptase 

activity was needed. The reverse transcriptase (RT) KlenTaq DNA pol is a variant of KlenTaq DNA pol 

that harbors a reverse transcriptase activity and differs from KlenTaq DNA pol by four mutations.199 Since 

discrimination between A and m6A in DNA was achieved by employing KlenTaq DNA pol and certain 

dUTP derivatives, similar properties were proposed for the reverse transcriptase variant of this enzyme. 

Therefore, RT KlenTaq DNA pol was used to incorporate various modified pyrimidine-based nucleotides 

(dUTP, 5-fluoro-, 5-hydroxymethyl-, 5-carboxy- and 2´-fluoro-dUTP) opposite A or m6A located in an 

RNA template while using dTTP as control. 

The Rous sarcoma virus (RSV) genome contains seven known sites of methylated adenine in the region 

from 6185 to 8050 nucleotides.327-328 Among these the methylation of the adenine at position 6718 in the 

consensus sequence RGACU (R = G or A) was identified.328 Hence, synthetic RNA templates were derived 

from the RSV genome containing either A or m6A at the position of the nucleotide 6718. For comparison 

of the % incorporation values, the concentration of the A and m6A containing templates were adjusted to 

equal concentrations. For this, the concentrations were determined by UV/Vis spectroscopy and further 

verified by comparing the band intensities after PAGE analysis of the radioactively labeled templates 

(Figure 41, A and Figure 43, A). Subsequently, single-nucleotide incorporation experiments were 

performed by employing 32P labeled primers followed by PAGE analysis and visualization by 

autoradiography. 
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Figure 41: Single-nucleotide incorporation experiments from synthetic RNA templates using dUTP derivatives 
and RT KlenTaq DNA pol.  A) PAGE analysis of the A or m6A containing RNA template to ensure that the 
concentration of the templates was equal (Table 7, RNA RSV A/m6A template). B) Partial sequence of DNA primer 
(Table 7, DNA RSV primer rev-1) and RNA template (Table 7, RNA RSV A/m6A template) used in the experiments. 
C) PAGE analysis (top) and quantitative evaluation of % incorporation (bottom) of the single-nucleotide incorporation 
opposite A or m6A by RT KlenTaq DNA pol using dTTP, dUTP and the dUTP derivatives as substrate. 50 µM dNTPs
and indicated varying enzyme concentrations depending on the incorporated nucleotide were used. Reactions were
stopped after indicated time points. Mean ± SD, n = 4.

Under the chosen conditions, it was shown that RT KlenTaq DNA pol was capable of processing dTTP, 

dUTP and the dUTP derivatives 5-fluoro-, 5-hydroxymethyl-, 5-carboxy- as well as 2´-fluoro-dUTP, albeit 

yielding in varying % incorporation values (Figure 41, C). Comparing the enzyme concentration, a 10-fold 

higher enzyme concentration was needed when dUTP, 5-fluoro- and 5-hydroxymethyl-dUTP were used as 

substrate to achieve similar % incorporation values compared to processing of dTTP. For example, 80 to 

89 % primer paired with the A containing template was extended after 20 min when dUTP, 5-fluoro- or 
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5-hydroxymethyl-dUTP were processed by 10 nM RT KlenTaq DNA pol compared to 63 % ± 2 when dTTP

was processed by employing 1 nM enzyme. Moreover, only slight incorporation of the nucleotides

5-carboxy- and 2´-fluoro-dUTP as their respective monophosphates opposite A was observed, although a

20-fold higher enzyme concentration was employed compared to when dTTP was processed. For example,

32 % ± 2 or 19 % ± 1 primer paired with the A containing template was extended after 20 min by 20 nM

RT KlenTaq DNA pol when 5-carboxy- or 2´-fluoro-dUTP was processed, respectively, compared to 63 %

± 2 by 1 nM enzyme during processing of dTTP. Thus, dUTP and the modified nucleotides were processed

to a lower extent by RT KlenTaq compared to dTTP. However, diverging % incorporation values during

processing of the employed nucleotides by RT KlenTaq DNA pol were determined depending on whether

an A or m6A containing template was present. The nucleotides were incorporated to a higher extent opposite

A than opposite m6A (Figure 41, C). For example, during processing of dUTP 59 % ± 2 primer was

extended after 5 min when paired with the A containing template, whereas 28 % ± 1 was extended when

m6A was present. Thus, an extent of discrimination with a ratio of 2.1 was achieved during processing

dUTP. The combination of dTTP or 5-hydroxymethyl-dUTP with RT KlenTaq DNA pol led to a similar

extent of discrimination as during processing of dUTP. The extent of discrimination was increased during

incorporation of 5-fluoro-dUTP as its monophosphate by RT KlenTaq DNA pol. Here, processing of

5-fluoro-dUTP led to an extent of discrimination with a ratio of 4.2 after 5 min. In case of processing either

5-carboxy-dUTP or 2´-fluoro-dUTP 32 % ± 2 or 19 % ± 1 primer was extended after 20 min when paired

with the A containing template and in contrast only 3 % ± 0 or 2 % ± 1 when paired with the m6A containing

template, respectively. Hence, the extension of the primer led to an extent of discrimination with a factor

of 11.8 or 10.4 after 20 min. Although 5-carboxy- and 2´-fluoro-dUTP were incorporated as their respective

monophosphates only to a minor extent, a high extent of discrimination between A and m6A was achieved

compared to the slight discrimination when dTTP, dUTP or 5-hydroxymethyl-dUTP were used as

substrates. Consequently, discrimination between A and m6A was improved by employing 5-carboxy- or

2´-fluoro-dUTP in combination with RT KlenTaq DNA pol. However, misincorporation of the nucleotides

by RT KlenTaq DNA pol was observed as a second band of extension was detected by PAGE analysis and

autoradiography. Hence, the incorporation of the nucleotides led to an misincorporation opposite G under

the chosen conditions. For quantitative analysis the band intensities of both extended primer bands were

added.
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Figure 42: Full-length primer extension reaction from synthetic RNA templates using dUTP derivatives in the 
dNTP mix and RT KlenTaq DNA pol.  A) Partial sequence of DNA primer (Table 7, DNA RSV primer rev-1) and 
RNA template (Table 7, RNA RSV A/m6A template) used in the experiments. B) PAGE analysis of the full-length 
primer extension in the presence of a methylated or unmethylated RNA template by RT KlenTaq DNA pol utilizing a 
dNTP mix containing dATP, dGTP, dCTP and dTTP, dUTP or dU*TP. 50 µM dNTPs (each) and 100 nM RT KlenTaq 
DNA pol were used. Reactions were stopped after indicated time points. Gel is representative for numerous 
experiments (n = 3). 

Next, it was examined if the discriminating effect could be also observed during full-length primer 

extension giving a 53 bp product. Therefore, the DNA primer was extended by RT KlenTaq DNA pol in 

the presence of a methylated or unmethylated RNA template using a dNTP mix containing the natural 

dNTPs, dGTP, dATP and dCTP, as well as dTTP, dUTP, 5-hydroxymethyl-, 5-fluoro-, 5-carboxy- or 

2´-fluoro-dUTP (Figure 42). Under the chosen conditions, full-length product was obtained when dTTP, 

dUTP, 5-hydroxymethyl- or 5-fluoro-dUTP was a component of the dNTP mix. As expected, full-length 

product was formed to the highest extent when dTTP was present (observed already after 30s), followed 

by dUTP (observed after 60 s). In case of 5-hydroxymethyl- and 5-fluoro-dUTP full-length product was 

observed after 300 s, whereby the product was formed to the lowest extent in case of 5-fluoro-dUTP. In 

contrast, no full-length product was formed under the chosen conditions when 5-carboxy- or 2´-fluoro-

dUTP was present. These results were in accordance with the results observed during single-nucleotide 

incorporation at which RT KlenTaq DNA pol exhibited also a minor degree of primer extension when 

5-carboxy- or 2´-fluoro-dUTP was processed. Furthermore, it could be observed that the primer was

extended to a higher extent when paired with the A containing template compared to when paired with the
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m6A containing template. It could be summarized that the less full-length product was formed, the higher 

was the extent of discrimination.  

In order to circumvent the misincorporation of the employed nucleotides, the sequence of the RNA template 

downstream of the A or m6A site was changed to a sequence starting with pyrimidines (Table 7, RNA RSV 

A/m6A template optimized). Hereby, the influence of the sequence motif downstream of the site of interest 

on the ability of RT KlenTaq DNA pol to incorporate modified nucleotides and thus on the extent of 

discrimination could be examined. 

Figure 43: Single-nucleotide incorporation experiments from the optimized synthetic RNA templates using 
dUTP derivatives and RT KlenTaq DNA pol.   A) PAGE analysis of the A or m6A containing template to ensure 
that the concentration of the templates was equal (Table 7, RNA RSV A/m6A template optimized). B) Partial sequence 
of DNA primer (Table 7, DNA RSV primer rev-1) and RNA template (Table 7, RNA RSV A/m6A template 
optimized) used in the experiments. C) PAGE analysis (top) and quantitative evaluation of % incorporation (bottom) 
of the single-nucleotide incorporation opposite A or m6A by RT KlenTaq DNA pol using dTTP, dUTP and the dUTP 
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derivatives as substrate. 50 µM dNTPs and indicated varying enzyme concentrations depending on the incorporated 
nucleotide were used. Reactions were stopped after indicated time points. Mean ± SD, n = 4. 

Under the chosen conditions, it was shown that RT KlenTaq DNA pol was capable of processing dTTP, 

dUTP and the dUTP derivatives when paired with the optimized RNA templates (Figure 43, C), but 

different % incorporation values were determined compared to the template with the native sequence motif. 

Namely, the same enzyme concentration was used for processing of dTTP and dUTP to achieve similar 

% incorporation values (Figure 43, C), whereas a 10-fold higher enzyme concentration was used for dUTP 

as substrate when the template was derived from the native sequence motif (Figure 41, C). General, higher 

% incorporation values were determined in case of the A template compared to when the native sequence 

motif was utilized, except for processing of 5-hydroxymethyl-dUTP.  

Moreover, the degree of primer extension when dUTP and the dUTP derivatives where processed by the 

enzyme opposite m6A was markedly decreased compared to employing the m6A containing template 

derived from the native sequence motif. Thus, discrimination between A and m6A was increased during 

processing of dUTP and the modified nucleotides by RT KlenTaq DNA pol utilizing the optimized 

sequence motif. Meanwhile, the extent of discrimination remained similar when dTTP and 5-fluoro-dUTP 

were processed by RT KlenTaq DNA pol irrespective of the template. During processing of 

5-hydroxymethyl-dUTP 63 % ± 5 primer was extended after 10 min when the A containing template was

employed, whereby 15 % ± 4 was extended when the m6A containing template was present. Thus, the extent

of discrimination was increased during processing of 5-hydroxymethyl-dUTP to a factor of 4.4 (compared

to 1.5). Furthermore, the extent of discrimination was increased to a factor of 8.2 after 5 min during

processing of dUTP (compared to 2.1). The incorporation of 5-carboxy- and 2´-fluoro-dUTP as their

respective monophosphates by RT KlenTaq DNA pol led to the highest extent of discrimination according

to employing the templates with the native sequence motif, but with higher incorporation opposite A. For

example, during processing of 5-carboxy-dUTP 65 % ± 1 primer was extended after 20 min when paired

with the A containing template, whereas barely no incorporation could be observed when the m6A

containing template was present. This led to a discrimination with a factor of 15. Consequently, the extent

of discrimination is not only dependent on the proper combination of DNA pol and modified nucleotide,

but also from the nucleotides downstream of the A or m6A and so from the sequence motif.

Next, it was examined if the discriminating effect could also be observed during full-length primer 

extension giving a 53 bp product similar to when the templates with the native sequence motif were present 

(Figure 44). Under the chosen conditions, full-length product was obtained when dTTP, dUTP, 

5-hydroxymethyl- or 5-fluoro-dUTP was a component of the dNTP mix. As expected, full-length product

was formed to the highest extent when dTTP was present in the dNTP mix, followed by dUTP and then

followed by 5-hydroxymethyl-dUTP. The product was formed to the lowest extent when 5-fluoro-dUTP

was a component of the dNTP mix. Under the chosen conditions, no full-length product was observed when

5-carboxy- and 2´-fluoro-dUTP were employed. These results were consistent with the full-length primer
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extension experiments on the native sequence motif with the difference that more primer was extended over 

the same period of time when the optimized template was present.  

These results also matched with the single-nucleotide incorporation experiments in which a higher degree 

of primer extension was observed when the optimized A template was used compared to the A template 

with the native sequence motif. Furthermore, the primer was extended to a higher extent when paired with 

the A containing template compared to when paired with the m6A containing template. It could be also 

observed that the less full-length product was formed, the higher was the extent of discrimination. Hence, 

these results were in accordance with the results observed during the single-nucleotide incorporation 

experiments and the experiments when the templates with the native sequence motif were present. Taken 

together, it was shown that discrimination between A and m6A was improved during processing of dUTP 

derivatives by RT KlenTaq DNA pol compared to processing of dTTP. Thus, the combination of one of the 

dUTP derivatives with RT KlenTaq DNA pol is suitable to detect m6A site-specifically with single-base 

resolution in RNA by a primer extension-based method when synthetic templates were employed. 

Figure 44: Full-length primer extension reaction from the optimized synthetic RNA templates using dUTP 
derivatives in the dNTP mix and RT KlenTaq DNA pol.  A) Partial sequence of DNA primer (Table 7, DNA RSV 
primer rev-1) and RNA template (Table 7, RNA RSV A/m6A template optimized) used in the experiments. B) PAGE 
analysis of the full-length primer extension in the presence of a methylated or non-methylated RNA template by 
RT KlenTaq DNA pol utilizing a dNTP mix containing dATP, dGTP, dCTP and dTTP/ dUTP/ dU*TP. 50 µM dNTPs 
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(each) and 100 nM RT KlenTaq DNA pol were used. Reactions were stopped after indicated time points. Gel is 
representative for numerous experiments (n = 3). 

3.2 Primer extension reactions using modified nucleotides on human 

cellular rRNA 

In order to sense the presence or absence of m6A from cellular RNA, it was of interest to examine if the 

discrimination between A and m6A observed with synthetic templates could be exploited to detect m6A in 

a primer extension-based approach from human cellular rRNA. Human rRNA contains a known methylated 

adenine at position 1832 in the 18S subunit.151 Therefore, human total RNA was extracted from HEK 293T 

cell line to serve as the methylated template (m6A containing template). In order to obtain an unmethylated 

template, in vitro transcribed RNA was generated starting from human RNA extracts (A containing 

template) that was kindly provided by J. Aschenbrenner.154, 329 The purity of HEK 293T total RNA and 

in vitro transcribed 18S rRNA was analyzed by agarose gel electrophoresis (Figure 46, A). No 

contamination of HEK 293T total RNA with genomic DNA was observed and the ratio of 28S to 18S rRNA 

was a factor of 1.3. In order to compare the % incorporation values depending on whether the A or m6A 

containing template was present, the concentrations of HEK 293T total RNA and in vitro transcribed 

18S rRNA were adjusted to equal concentrations. To do so, real-time PCR was performed catalyzed by 

RT KlenTaq DNA pol. A reverse primer was designed that terminates nine nucleotides downstream of the 

adenine at position 1832, primer rev+9 (Figure 45, Table 7, DNA 18S rRNA primer rev+9 1832) and a 

forward primer (Table 7, DNA 18S rRNA primer fwd 1832) so that amplification should yield in a 49 bp 

amplificate. By employing the primer rev+9, no delay of amplification from the methylated template to 

the amplification of the unmethylated template is expected when the concentration of in vitro transcribed 

18S rRNA and HEK 293T total RNA are equal. The reason behind this is that the m6A modification located 

nine nucleotides upstream of the 3´-terminus of the primer should not influence the selectivity of the 

DNA pol anymore.179, 211  
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Figure 45: Segment of the m6A site in human 18S rRNA.  Part of the human 18S rRNA showing the m6A site (light 
green). The primer used in primer extension reactions from cellular RNA are depicted. Primer rev-1 targeting the A 
at position 1832 is indicated in pink, primer rev targeting the A at position 1831 is indicated in green and the control 
primer rev+9 targeting an A nine nucleotides downstream of the A at position 1832 is indicated in purple. 

After optimizing the PCR conditions, in vitro transcribed 18S rRNA was employed with a final 

concentration of 5 ng/µL, whereas total RNA was employed with doubled concentration (10 ng/µL final) 

(Figure 46, B). In Figure 46, B it was shown that no delay in amplification was observed between the A 

or m6A containing template when the concentration of total RNA was twice as high as in vitro transcribed 

18S rRNA. In order to verify these findings and due to the fact that m6A detection should be accomplished 

by a primer extension-based approach, the 32P labeled primer rev+9 was employed in single-nucleotide 

incorporation experiments whereby the primer was paired with the A or m6A containing template (Figure 

46, C). For this, dTTP was incorporated as its respective monophosphate next to the 3´-terminus of the 

primer rev+9 by RT KlenTaq DNA pol. With the twice as high total RNA concentration, no difference in 

the amount of extended primer was observed (Figure 46, C) which confirms the results observed during 

real-time PCR. Thus, total RNA was employed with a two-fold higher concentration than in vitro 

transcribed 18S rRNA to achieve equal concentrations of the applied templates. 
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Figure 46: Analysis of the HEK 293T total RNA.  A) Electrophoretic agarose gel analysis of purified in vitro 
transcribed 18S rRNA as unmethylated template (left) and HEK 293T total RNA as methylated template (right). 
B) Real-time PCR employing the primer rev+9 from in vitro transcribed 18S rRNA and HEK 293T total RNA.
C) Partial sequence of the DNA primer (Table 7, DNA 18S rRNA primer rev+9 1832) and the RNA template used in
the experiments (top). PAGE analysis (middle) and quantitative evaluation of % incorporation (bottom) of the single-
nucleotide incorporation by RT KlenTaq DNA pol using dTTP as substrate when the primer rev+9 was paired with
the in vitro transcribed 18S rRNA or HEK 293T total RNA. 50 µM dTTP and 100 nM RT KlenTaq DNA pol were
used. Reactions were stopped after indicated time points. Mean ± SD, n = 2. D)

Next, it was examined if discrimination between A and m6A could be achieved when the dUTP derivatives 

were incorporated as their respective monophosphates directly opposite A or m6A located in human cellular 

rRNA. For this, the reverse primer was designed so that the primer terminates one nucleotide upstream of 

the adenine at position 1832, primer rev-1 (Figure 45, Table 7, DNA 18S rRNA primer rev-1 1832). 

When this primer was paired with in vitro transcribed 18S rRNA, an unmethylated A was targeted, whereas 

a methylated A was targeted when paired with HEK 293T total RNA (Figure 47, A left). Moreover, a 

second primer was designed that terminates directly opposite the A at position 1832, primer rev (Figure 

45, Table 7, DNA 18S rRNA primer rev 1832). This primer was paired with HEK 293T total RNA and 

served as an unmethylated control because the nucleotides were incorporated opposite an A without any 

modification (Figure 47, A right). The advantage of employing this primer was that HEK 293T total RNA 

could be used as both methylated and unmethylated template. Thus, it could be excluded that an emerged 

discrimination between A and m6A is influenced by a difference in template concentration. Since the A was 

only situated one nucleotide downstream of the m6A at position 1832 and thus was located in the same loop 

as m6A, this A should be convenient to serve as unmethylated reference when HEK 293T total RNA is 

used. The unmethylated A that is targeted by the primer rev+9 seemed not suitable as unmethylated 

reference as a different sequence motif and RNA structure motif is addressed compared to when the m6A 

is targeted by the primer rev-1. In previous experiments it was shown that the degree of primer extension 
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was dependent on the sequence motif downstream of the A or m6A (chapter 3.1 Primer extension 

reactions using modified nucleotides on synthetic RNA templates). Furthermore, it was assumed that 

an emerging difference in % incorporation values could be also influenced by the RNA structure motif of 

the analyzed region. The A targeted by the primer rev+9 is not located in a loop in contrast to the m6A at 

position 1832, resulting in a possibly different activity of the RNA-reading DNA pol. Thus, this could be a 

reason for an emerged discrimination. Therefore, the primer rev-1 or primer rev paired with HEK 293T 

total RNA or in vitro transcribed 18S rRNA, respectively, were employed to target a methylated or 

unmethylated A (Figure 47).  

Figure 47: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 
and RT KlenTaq DNA pol.  A) Partial sequence of the DNA primer that terminates one nucleotide upstream of the 
A at position 1832 (left, Table 7, DNA 18S rRNA primer rev-1 1832) or DNA primer that terminates opposite the A 
at position 1832 (right, Table 7, DNA 18S rRNA primer rev 1832) and RNA template used in the experiments. 
B) PAGE analysis (top) and quantitative evaluation of % incorporation (bottom) of the single-nucleotide incorporation 
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opposite A or m6A by RT KlenTaq DNA pol using dTTP, dUTP and the dUTP derivatives as substrate. 50 µM dNTPs, 
100 nM RT KlenTaq DNA pol and 25 ng/µL in vitro transcribed 18S rRNA or 50 ng/µL HEK293T total RNA were 
used. Reactions were stopped after indicated time points. Mean ± SD, n = 3. 

In Figure 47 it was shown that RT KlenTaq DNA pol was capable of extending primer rev-1 and 

primer rev with the employed nucleotides (dTTP, dUTP, 5-fluoro-, 5-carboxy- and 2´-fluoro-dUTP) when 

paired with either in vitro transcribed 18S rRNA or HEK 293T total RNA. When primer rev-1 was 

employed, double-nucleotide incorporation was observed and was expected as the adjacent nucleotide in 

the RNA sequence is an A. Here, the band intensities of the primer extended with one and with two 

nucleotides were added to determine % incorporation. By comparison of the extension of primer rev-1 

paired with the in vitro transcribed 18S rRNA and primer rev paired with HEK 293T total RNA, similar 

% incorporation values were determined. Thus, these results confirm that both primers in combination with 

either in vitro transcribed 18S rRNA or HEK 293T total RNA were suitable to serve as unmethylated 

reference. Moreover, RT KlenTaq DNA pol incorporated the employed nucleotides to a different extent. 

The nucleotides dTTP, dUTP and 5-fluoro-dUTP were processed to a similar extent opposite A, whereas 

the nucleotides 5-carboxy- and 2´-fluoro-dUTP were processed to a minor extent. For example, 69 % ± 2 

primer rev paired with HEK 293T total RNA was extended after 120 min when dTTP was employed, 

whereas only 34 % ± 1 primer rev paired with HEK 293T total RNA was extended after 120 min when 

5-carboxy-dUTP was employed. Moreover, no distinct difference in % incorporation values was observed

during processing of dTTP, dUTP and 5-fluoro-dUTP depending on whether the respective primer was

paired with the A or m6A containing template. For example, under the chosen conditions 69 % ± 2 primer

rev was extended after 120 min during processing of dTTP compared to 62 % ± 2 primer rev-1 when both

primers were paired with HEK 293T total RNA (Figure 47, B left).

However, a difference in % incorporation values of RT KlenTaq DNA pol was determined when 5-carboxy- 

and 2´-fluoro-dUTP were employed depending on whether an A or m6A was present (Figure 47). In case 

of processing of 5-carboxy-dUTP 34 % ± 1 primer rev was extended when the A was targeted in the 

template after 120 min compared to 10 % ± 1 primer rev-1 when the m6A was targeted. Thus, the 

incorporation of 5-carboxy-dUTP as its monophosphate led to an extent of discrimination with a ratio of 

3.4. During processing of 2´-fluoro-dUTP an extent of discrimination with a ratio of 3.8 was reached (30 % 

± 1 primer rev compared to 8 % ± 1 primer rev-1). Taken together, discrimination between A and m6A 

was improved when the modified nucleotides 5-carboxy- and 2´-fluoro-dUTP were employed. Thus, it was 

shown that dUTP derivatives in combination with the A family DNA pol, RT KlenTaq DNA pol, were 

suitable to detect the presence or absence of m6A site-specifically in human cellular rRNA by a primer 

extension-based approach. 

As mentioned before, primer rev+9, that was used for adjusting the concentration of the in vitro transcribed 

18S rRNA and the HEK 293T total RNA, would not be suitable for targeting an unmethylated A in RNA 

in order to serve as unmethylated reference. This is confirmed by comparison of the % incorporation values 
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determined during processing of dTTP when primer rev+9 targeting an A was paired with in vitro 

transcribed 18S rRNA or HEK 293T total RNA and when primer rev-1 targeting the m6A was paired with 

HEK 293T total RNA. Under the chosen conditions, already 80 % ± 2 primer rev+9 when paired with 

in vitro transcribed 18S rRNA or 84 % ± 1 when paired with HEK 293T total RNA was extended after 

30 min (Figure 46, C), whereas only 23 % ± 2 primer rev-1 was extended after 30 min (Figure 47, B). 

Thus, processing of dTTP led to an extent of discrimination with a ratio of 3.5 when the A located ten 

nucleotides downstream of the methylated A at position 1832 would be targeted as unmethylated reference. 

In contrast, no discrimination between A and m6A was observed when the A at position 1832 in in vitro 

transcribed 18S rRNA or the A one nucleotide downstream of the A at position 1832 in HEK 293T total 

RNA was targeted as unmethylated reference. Thus, even a difference in % incorporation values was 

observed when only unmodified adenines located at different positions in RNA were compared. This 

difference presumably results from targeting different sequence motifs and RNA structure motifs that could 

influence the activity of the RNA-reading DNA pol. 

Next, two reverse transcriptases, M-MuLV and SuperScript™ II, that were examined towards m6A 

detection by E.T. Kool et al.151 and a second DNA pol from the A family, Bst DNA pol, that was used by 

X. Zhou et al.152 were combined with dTTP, dUTP, 5-fluoro-, 5-carboxy- and 2´-fluoro dUTP to examine

their feasibility to detect m6A. In these experiments, primer rev paired with HEK 293T total RNA was

used as unmethylated reference to exclude an influence of a variation in the concentration of in vitro

transcribed 18S rRNA and HEK 293T total RNA. In Figure 48 it was shown that M-MuLV was capable

of incorporating the employed nucleotides, albeit yielding in varying % incorporation values. The

nucleotides dTTP, dUTP and 5-fluoro-dUTP were processed to a high and similar extent, whereas the dUTP

derivatives 5-carboxy- and 2´-fluoro-dUTP were processed only to a minor extent (Figure 48, B).

Moreover, no difference in % incorporation values was observed depending on whether an A or m6A was

present. For example, under the chosen conditions 40 % ± 1 primer rev was extended after 30 min

compared to 47 % ± 1 primer rev-1 when dTTP was employed as substrate. In case of processing of

5-carboxy-dUTP 39 % ± 2 extension of primer rev was determined after 120 min compared to 35 % ± 2

extension of primer rev-1. Under the chosen conditions, M-MuLV in combination with a dUTP derivative

is not suitable to detect the presence or absence of a methylated adenine on human cellular rRNA by a

primer extension-based approach in accordance with the findings of E.T Kool and coworkers.151
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Figure 48: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 
and M-MuLV.  A) Partial sequence of DNA primer that terminates one nucleotide upstream of the A at position 1832 
(left, Table 7, DNA 18S rRNA primer rev-1 1832) or DNA primer that terminates opposite the A at position 1832 
(right, Table 7, DNA 18S rRNA primer rev 1832) and RNA template used in the experiments. B) PAGE analysis 
(top) and quantitative evaluation of % incorporation (bottom) of the single-nucleotide incorporation opposite A or 
m6A by M-MuLV using dTTP, dUTP and the dUTP derivatives as substrate. 50 µM dNTPs, 7 U/µL M-MuLV and 
50 ng/µL HEK293T total RNA were used. Reactions were stopped after indicated time points. Mean ± SD, n = 3. 

Then, the nucleotides dTTP, dUTP and the dUTP derivatives were incorporated as their respective 

monophosphates opposite A and m6A by the reverse transcriptase SuperScript™ II (Figure 49). The 

enzyme was capable of incorporating those nucleotides to a moderate extent with % incorporation values 

differing only slightly. In accordance with the findings by E.T. Kool et al.151 and with the results observed 

during incorporation of the nucleotides by M-MuLV, no difference in % incorporation values was identified 

depending on whether an A or m6A was present. Under the chosen conditions, 29 % ± 0 extension of 

primer rev was observed after 180 min compared to 29 % ± 1 extension of primer rev-1 when dTTP was 
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incorporated as its monophosphate. In case of processing 5-carboxy-dUTP 21 % ± 0 primer rev was 

extended after 180 min compared to 18 % ± 0 primer rev-1. Thus, these results show that the combination 

of SuperScript™ II and the dUTP derivatives was not suitable to detect m6A on human cellular rRNA like 

the combination of M-MuLV and the dUTP derivatives. 

Figure 49: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 
and SuperScript™ II.  A) Partial sequence of DNA primer that terminates one nucleotide upstream of the A at 
position 1832 (left, Table 7, DNA 18S rRNA primer rev-1 1832) or DNA primer that terminates opposite the A at 
position 1832 (right, Table 7, DNA 18S rRNA primer rev 1832) and RNA template used in the experiments. B) PAGE 
analysis (top) and quantitative evaluation of % incorporation (bottom) of the single-nucleotide incorporation opposite 
A or m6A by SuperScript™ II using dTTP, dUTP and the dUTP derivatives as substrate. 50 µM dNTPs, 7 U/µL 
SuperScript™ II and 50 ng/µL HEK293T total RNA were used. Reactions were stopped after indicated time points. 
Mean ± SD, n = 2. 

Finally, single-nucleotide incorporation was catalyzed by Bst DNA pol using dTTP, dUTP and the dUTP 

derivatives as substrate (Figure 50). The nucleotides dTTP, dUTP and 5-fluoro-dUTP were processed to a 
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moderate extent, whereas 5-carboxy- and 2´-fluoro-dUTP were barely incorporated as their respective 

monophosphates. By comparison of the % incorporation values only a minor difference was identified 

depending on whether an A or m6A was present. In case of processing dTTP 33 % ± 4 extension of 

primer rev was determined after 180 min compared to 23 % ± 0 extension of primer rev-1. Thus, during 

processing of dTTP only an extent of discrimination with a ratio of 1.4 was achieved. The same minor 

extent of discrimination was observed when dUTP and 5-fluoro-dUTP were employed. Under the chosen 

conditions, the combination of Bst DNA pol with those nucleotides is not suited for the detection of m6A 

on human cellular rRNA by a primer extension-based approach in contrast to findings reported by X. Zhou 

et al..152 

Figure 50: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives 
and Bst DNA pol.  A) Partial sequence of DNA primer that terminates one nucleotide upstream of the A at position 
1832 (left, Table 7, DNA 18S rRNA primer rev-1 1832) or DNA primer that terminates opposite the A at position 
1832 (right, Table 7, DNA 18S rRNA primer rev 1832) and RNA template used in the experiments. B) PAGE analysis 
(top) and quantitative evaluation of % incorporation (bottom) of the single-nucleotide incorporation opposite A or 



Site-specific sensing of the presence or absence of m6A in RNA 

 98 

m6A by Bst DNA pol using dTTP, dUTP and the dUTP derivatives as substrate. 50 µM dNTPs, 0.32 U/µL Bst DNA pol 
and 50 ng/µL HEK293T total RNA were used. Reactions were stopped after indicated time points. Mean ± SD, n = 3. 

Taken together, improved discrimination between A and m6A was identified when RT KlenTaq DNA pol 

was combined with 5-carboxy- or 2´-fluoro-dUTP. Thus, this combination is well suited to detect m6A at 

an individual site on human cellular rRNA by a primer extension-based approach, whereas other enzymes 

with reverse transcriptase activity like M-MuLV, SuperScript™ II and Bst DNA pol are not suited to detect 

m6A as no or only small differences in % incorporation values were detected depending on whether an A 

or m6A was present. 

3.3 Discussion and outlook 

In order to elucidate the function of m6A in RNA it is of interest to sense its presence or absence with 

single-base resolution using a simple and reliable method. The so far known methods for detection at single-

base resolution, radioactive labeling or SCARLET, are time-consuming and tedious.109, 148 Moreover, the 

m6A sequencing resolves transcriptome-wide m6A distribution but with no information at single-base 

resolution.121-122 E.T. Kool et al. showed that the reverse transcriptase from Thermus thermophilus (Tth 

DNA pol) processes dTTP to a different extent depending on whether an A or m6A containing template 

was present.151 Recently, this approach was advanced by J. Aschenbrenner et al. engineering a RT active 

DNA pol that exhibits increased misincorporation opposite m6A, but not opposite A.153 Furthermore, it was 

shown that this feature could be exploited to NGS allowing the detection of precise m6A sites of RNA. This 

approach illustrates how the engineering of DNA pols with specific properties could improve 

biotechnological applications like in this case m6A sequencing. Furthermore, the potential of applying 

DNA pols in combination with modified nucleotides275 for direct detection of DNA modifications was 

previously shown.267-268, 275 X. Zhou and coworkers reported the detection of m6A in RNA by using a 

combination of Bst DNA pol with dTTP, dUTP and dUTP derivatives modified at position 5 in a primer 

extension-based approach.152 Therefore, it was of interest to investigate if a combination of a DNA pol and 

modified pyrimidine-based nucleotides could be found that reveals improved discrimination compared to 

the findings of X. Zhou and colleagues. A primer extension-based method was used to map precise positions 

of methylated adenines directly from human cellular rRNA as this is a simple and reliable method. Varying 

% incorporation values are expected depending on whether an A or m6A is present according to the 

detection of m6A in DNA by employing a certain pyrimidine-based nucleotide and KlenTaq DNA pol 

(chapter 2.2 Primer extension reactions employing the best combination of modified nucleotides and 

KlenTaq DNA pol). The employment of RT KlenTaq199 DNA pol offers a good basis towards m6A 

detection by a primer extension-based method using modified nucleotides as this enzyme owns reverse 

transcriptase activity, while conserving the thermostability of KlenTaq DNA pol. Moreover, RT KlenTaq 

DNA pol seemed promising towards m6A detection as KlenTaq DNA pol discriminates between A and 

m6A in DNA when modified pyrimidine-based nucleotides are employed as substrates (chapter 2 Site-



Site-specific sensing of the presence or absence of m6A in RNA 

99 

specific sensing of the presence or absence of m6A in DNA). Hence, the nucleotides dTTP, dUTP and 

modified dUTPs were incorporated as their respective monophosphates opposite A or m6A by RT KlenTaq 

DNA pol to examine the feasibility to detect m6A in RNA. 

First, it was examined if diverging % incorporation values could be determined depending on whether an 

A or m6A was present when synthetic templates derived from the Rous sarcoma genome327-328 were 

employed. For this, dTTP, dUTP, 5-fluoro-, 5-hydroxymethyl-, 5-carboxy- and 2´-fluoro-dUTP were 

directly processed opposite A or m6A by RT KlenTaq DNA pol. It was shown that this enzyme was capable 

of incorporating those nucleotides, albeit yielding in varying % incorporation values. The nucleotides dUTP 

and the dUTP derivatives were processed to a lower extent by RT KlenTaq DNA pol than dTTP. During 

processing of 5-carboxy- and 2´-fluoro-dUTP by the enzyme minor % incorporation values were identified. 

However, diverging % incorporation values of RT KlenTaq DNA pol were determined depending on 

whether an A or m6A containing template was present as the employed nucleotides were incorporated to a 

higher extent opposite A than opposite m6A. When dTTP, dUTP and 5-hydroxymethyl-dUTP were 

processed by the enzyme a similar extent of discrimination was reached. The extent of discrimination was 

increased during incorporation of 5-fluoro-dUTP as its monophosphate by the enzyme. The highest extent 

of discrimination was achieved when RT KlenTaq DNA pol processed 5-carboxy- or 2´-fluoro-dUTP 

opposite A or m6A, although these nucleotides were incorporated only to a minor extent. Thus, 

discrimination between A and m6A was improved from processing of dTTP to processing of 5-carboxy- or 

2´-fluoro-dUTP. However, misincorporation resulting from incorporation of the nucleotides opposite G 

was observed.  

In order to circumvent misincorporation and to examine the influence of the sequence motif on the degree 

of primer extension and thus the extent of discrimination, the sequence of the RNA template downstream 

of the A or m6A site was changed to a sequence starting with pyrimidines (optimized RNA template). 

RT KlenTaq DNA pol was capable of incorporating the employed nucleotides, albeit yielding in varying 

% incorporation values compared to when the template derived from the native sequence motif was 

employed. General, higher % incorporation values in case of incorporation opposite A were reached 

compared to when the native sequence motif was targeted. Moreover, the incorporation of dUTP and the 

dUTP derivatives as their respective monophosphates opposite m6A markedly decreased. As a 

consequence, the difference in % incorporation values increased depending on whether an A or m6A was 

present. The extent of discrimination was improved when dUTP and the dUTP derivatives (except of 

5-fluoro-dUTP) were employed as substrates, whereas no alteration in the extent of discrimination was

observed during processing of dTTP and 5-fluoro-dUTP. These results show that discrimination between

A and m6A could be achieved independent of the sequence motif downstream of the A of interest. However,

in accordance with the findings of E.T Kool et al.,151 the extent of incorporation when the primer is either

paired with the A or m6A containing template and the extent of discrimination differs with the sequence

motif
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Furthermore, the difference in % incorporation values was extended to full-length primer extension 

depending on whether an A or m6A was present. When dTTP, dUTP, 5-hydroxymethyl- or 5-fluoro-dUTP 

was a component of the dNTP mix fully extended primer was observed, whereas no full-length product was 

obtained when 5-carboxy- or 2´-fluoro-dUTP was present. This was in accordance with the degree of primer 

extension observed during single-nucleotide incorporation, whereby RT KlenTaq DNA pol processed 

5-carboxy- or 2´-fluoro-dUTP to a lower extent than the other nucleotides. However, the highest extent of

discrimination was also observed when 5-carboxy- or 2´-fluoro-dUTP was a component of the dNTP mix.

Since no full-length product was observed, the application of the combination of RT KlenTaq DNA pol and

the 5-carboxy- or 2´-fluoro-dUTP in a real-time PCR-based approach to detect m6A is not feasible.

Therefore, it is of interest to increase the degree of primer extension from the A containing template when

the dNTP mix contains one of these nucleotides, whereas the extent of primer extension from the m6A

containing template should remain unaffected. For this, RT KlenTaq DNA pol variants could be engineered.

Taken together, the feasibility to detect the presence or absence of m6A at a precise position from synthetic

templates by a primer extension-based approach using the combination of RT KlenTaq DNA pol with a

dUTP derivative was shown. These findings are consistent with the findings of X. Zhou and coworkers.152

Thus, it was shown that discrimination between A and m6A could be achieved when members of the

A family DNA pol are combined with certain dUTP derivatives. In Addition, the nucleotides 5-carboxy- 

and 2´-fluoro-dUTP in combination with RT KlenTaq DNA pol were found to distinguish A from m6A to

a high extent.

Next, it was examined if the identified discrimination between A and m6A could be exploited in a primer 

extension-based approach to detect m6A directly from human cellular rRNA with single-base resolution. 

For this, total RNA was extracted from human HEK 293T cell line that serves as methylated reference as a 

methylated adenine at position 1832 in the 18S subunit is targeted.151 In vitro transcribed 18S rRNA was 

generated starting from human RNA extracts serving as unmethylated reference. In order to compare the 

% incorporation values a primer terminating one nucleotide upstream of the A at position 1832 was 

designed (primer rev-1). Moreover, a second primer was designed that terminates directly opposite the A 

at position 1832 (primer rev). This primer was paired with HEK 293T total RNA and served also as 

unmethylated reference as an A without any modification was targeted. Since the A was only situated one 

nucleotide downstream of the m6A of interest and thus was located in the same loop, this A should be 

convenient to serve as unmethylated reference when HEK 293T total RNA is used. The advantage of this 

system was that the unmethylated A and the m6A were targeted only in HEK 293T total RNA when paired 

with primer rev or primer rev-1. Thus, it could be excluded that an emerged discrimination between A 

and m6A is caused by variations in the concentration of in vitro transcribed 18S rRNA and HEK 293T total 

RNA. In single-nucleotide incorporation experiments employing dTTP, dUTP, 5-fluoro-, 5-carboxy- and 

2´-fluoro-dUTP as substrates processed by RT KlenTaq DNA pol it was shown that the nucleotides were 

incorporated to a similar extent when primer rev-1 was paired with in vitro transcribed 18S rRNA or when 

primer rev was paired with HEK 293T total RNA. These results confirmed the assumption that targeting 
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the A one nucleotide downstream of the A at position 1832 should not influence the degree of primer 

extension catalyzed by RT KlenTaq DNA pol. In contrast, an A located ten nucleotides downstream of the 

A at position 1832 would not be suitable to serve as unmethylated reference. This was verified by 

comparing the % incorporation values determined during processing of dTTP opposite this A or opposite 

the unmodified A targeted by primer rev or primer rev-1. A distinct difference in % incorporation values 

was already observed when only the unmodified adenines located at different positions in the RNA were 

compared. This difference presumably results from targeting different sequence motifs and RNA structure 

motifs that could influence the activity of the RNA-reading DNA pol. Thus, only primer rev and primer 

rev-1 were suitable to target an unmethylated adenine and to compare the obtained % incorporation values 

with the % incorporation values when the m6A is targeted.  

dTTP, dUTP and 5-fluoro-dUTP were processed to a similar extent by RT KlenTaq DNA pol, but no 

difference was detected depending on whether an A or m6A was present. The nucleotides 5-carboxy- and 

2´-fluoro-dUTP were processed to the lowest extent by the enzyme, but a difference in % incorporation 

values was determined depending on whether an A or m6A was present. According to the results observed 

during single-nucleotide incorporation employing synthetic templates, the nucleotides were incorporated 

to a higher extent opposite A than opposite m6A. These results show that the combination of RT KlenTaq 

DNA pol with 5-carboxy- or 2´-fluoro-dUTP led to an improved discrimination between A and m6A and 

thus is suited to detect m6A directly from human cellular rRNA by a primer extension-based approach with 

single-base resolution. Since these nucleotides were barely incorporated, RT KlenTaq DNA pol variants 

should be generated that increase the selectivity towards processing the nucleotides opposite A, whereas 

the selectivity towards processing opposite m6A should be maintained. 

In order to examine if other RNA-reading DNA pols are feasible to detect m6A directly from human cellular 

rRNA in combination with the modified nucleotides, three DNA pols with reverse transcriptase activity 

were employed in single-nucleotide incorporation experiments. Since E.T. Kool and coworkers screened 

different enzymes towards the ability to detect m6A by employing dTTP as substrate, two enzymes from 

their investigations were chosen. For this, the M-MuLV and the SuperScript™ II that did not discriminate 

between A and m6A,151 were used as control to exclude systematic errors that could influence the 

determined % incorporation values. In accordance with the findings of E.T. Kool et al.151 no discrimination 

between A and m6A was observed when the M-MuLV or SuperScript™ II was combined with dTTP, dUTP 

or the dUTP derivatives. Thus, it could be concluded that the achieved discrimination when RT KlenTaq 

DNA pol processes 5-carboxy- or 2´-fluoro-dUTP opposite A or m6A did not result from systematic errors. 

X. Zhou and coworkers showed that the combination of Bst DNA pol with dTTP, dUTP and dUTP

derivatives modified at position 5 were capable of detecting m6A on cellular rRNA by primer extension.152

Furthermore, Bst DNA pol is a member of the A family like RT KlenTaq DNA pol and thus it was

interesting to examine its ability to detect m6A. Therefore, single-nucleotide incorporation was catalyzed

by Bst DNA pol on cellular rRNA using dTTP, dUTP, 5-fluoro-, 5-carboxy- and 2´-fluoro-dUTP as
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substrates. In contrast to the findings of X. Zhou et al. where already a high extent of discrimination was 

reported when dTTP was applied as substrate, no strongly marked discrimination between A and m6A was 

identified when either one of the nucleotides was processed by Bst DNA pol. This circumstance is suggested 

to be linked to the unmethylated reference that was employed in their studies. The A at position 1781 in the 

18S subunit was targeted as unmethylated reference. Since this A is 51 nucleotides downstream of the m6A 

at position 1832, the activity of the enzyme could be influenced by the sequence motif and RNA structure 

motif that differ from position 1832. In previous experiments, and also in reports by E.T. Kool et al.151 it 

was shown that different % incorporation values were obtained resulting from an altered enzyme activity 

depending on the targeted sequence motif and RNA structure motif. Thus, the unmethylated reference 

employed in their studies is suggested as not appropriate to compare the % incorporation values when the 

A at position 1781 was targeted with the % incorporation values when the m6A at position 1832 is targeted. 

In conclusion, it was demonstrated that the combination of RT KlenTaq DNA pol with 5-carboxy- or 

2´-fluoro-dUTP senses the presence or absence of a methylated A at a precise position directly from both 

synthetic RNA and human cellular rRNA by a primer extension-based method. This is a reliable, cheap, 

timesaving and simple method in contrast to radioactive labeling or SCARLET as no specific tedious 

treatment of the RNA sample for example like digestion is required.109, 121-122, 148 Moreover, the throughput 

for m6A detection could be increased by analysis by capillary electrophoresis as for example described by 

J. Aschenbrenner et al. to identify a RT active DNA pol with the property to introduce error rates opposite

a RNA modification.153
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Summary 
DNA and RNA modifications were identified to influence important cellular processes like for example 

gene expression or genomic imprinting.21, 25-26, 62-63 Moreover, some of these modifications can serve as 

potential biomarker for disease diagnosis and therapy.38-40, 269-270 Many DNA modifications and a lot more 

RNA modifications (more than 150) are known so far.110 While in eukaryotes the methylation of cytosine 

is the most prominent DNA modification,22-25 the methylation of adenine is most abundant in prokaryotes.60 

In mRNA, however, the methylation of adenine is predominant in higher eukaryotes.116-117 Therefore, it is 

of interest to elucidate their biological function and importance in the organisms. Therefore, methods for 

sensing the presence or absence of DNA or RNA modifications are required. Since the methylation 

information is lost during amplification, the most known methods for analysis require modification-

dependent pretreatments prior to amplification.77, 79 As a result, contaminations could occur, and the 

methods are error-prone, time-consuming or expensive.92-94, 150 Therefore, a method that detects 

modifications directly without any modification-specific pretreatments is highly desirable. A primer 

extension- or real-time PCR-based approach whereby the sensitivity towards the information of the 

modification is increased could meet the requirements (simple, cheap, reliable) to simplify the analysis of 

both DNA and RNA modifications.  

Beside genome-/ transcriptome-wide analysis, the detection of both DNA and RNA modifications at a 

precise position is a valuable approach to quantify the information of modification at important regulatory 

sequences. Therefore, the focus was to develop methods that sense the presence or absence of a 

modification at an individual site. In this work the behavior of different thermostable DNA pols to process 

modified dNTPs when a template with or without a modification is targeted, was examined. In order to 

detect a modification site-specifically, first primer extension reactions were performed. Then, promising 

combinations of a DNA pol and modified nucleotides were applied in real-time PCR. Here, it was examined 

if differences in PCR amplification could be achieved indicated by an accelerated or delayed amplification 

when the modification is present in the template. 

In the first part a methylation-specific PCR that senses 5mC directly from HeLa genomic DNA was 

developed exploiting the findings of J. Aschenbrenner et al..103 A combination of a primer bearing 

O6-methyl G at its 3´-terminus opposite C or 5mC and KlenTaq DNA pol led to a distinct delayed 

amplification of the unmethylated template. First, several modified purine-based nucleotides were 

incorporated directly opposite C or 5mC located in the template by a DNA pol in single-nucleotide 

incorporation experiments. KlenTaq DNA pol, as a member of the A family, and KOD exo- DNA pol, as a 

member of the B family were employed as these enzymes are commonly used in many biotechnological 

applications. Both DNA pols were capable of incorporating various modified nucleotides, albeit yielding 

in varying % incorporation values depending on the employed nucleotide. During processing of the 

nucleotides by KlenTaq DNA pol no difference in % incorporation values was determined, whereas 
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diverging % incorporation values during incorporation of modified nucleotides by KOD exo- DNA pol were 

determined depending on whether a C or 5mC was present in the template, respectively. Here, the 

nucleotides were incorporated to a higher extent opposite C than opposite 5mC. Thus, combinations of a 

DNA pol and modified nucleotides were found that were suitable to discriminate between C and 5mC in 

primer extension experiments. The most promising nucleotide was O6-methyl-dGTP.268 This molecule 

enabled the synthesis of further derivatives to examine the influence of different O6-alkyl modifications.268, 

275 However, O6-alkyl-dGTPs were preferably processed opposite T than opposite C by KOD exo- DNA pol. 

As a result, these combinations are not suitable for PCR or also for improving sequencing applications. In 

order to avoid the selectivity issue, O6-methyl G and O6-ethyl G modifications were embedded at the 

3´-terminus of the employed primer exploiting the findings of J. Aschenbrenner et al..103 For this, O6-alkyl 

G modified nucleosides were converted into their respective phosphoramidites that were applied in standard 

DNA solid phase synthesis to obtain the 3´-terminally modified primer. The modified primers were well 

extended by KlenTaq and KOD exo- DNA pol, albeit the modified primers were extended to a lower extent 

compared to the unmodified primer. Interestingly, no discrimination was observed when the 3´-terminally 

modified primer was extended by KOD exo- DNA pol, a discrimination between C and 5mC was 

determined when the primer was extended by KlenTaq DNA pol. Here, the primer was extended to a higher 

extent when paired with the 5mC containing template compared to when paired with the C containing 

template. The discrimination between C and 5mC was improved when the modified primers were 

employed. These findings were verified by steady-state kinetics.276-278 The combination of the O6-methyl G 

primer and KlenTaq DNA pol led to the highest extent of discrimination as the catalytic efficiencies differed 

by a factor of 6.7. Next, these findings were exploited in real-time PCR experiments to analyze the 

methylation state at a precise position. The methylation-specific PCR was first established on synthetic 

templates. Then, the findings were exploited to analyze cytosines from genomic DNA employing the 

O6-methyl G primer and KlenTaq DNA pol. Here, amplification of the unmethylated template was delayed 

compared to the methylated template when both the unmodified and the modified primer were employed. 

The delay of amplification was increased when the modified primer was applied in PCR compared to when 

the unmodified primer was employed (∆Ct = 2.95 ± 0.80 compared to ∆Ct = 0.80 ± 0.23, mean ± SD, n = 

3). These results demonstrate the feasibility to detect 5mC site-specifically directly from genomic DNA 

without the need of any methylation-specific pretreatment by employing modified nucleotides in 

combination with a thermostable A family DNA pol.  

Since the sensitivity towards 5mC detection by real-time PCR was decreased compared to the primer 

extension reactions, the sensitivity should be increased by enhancing the ∆Ct value during real-time PCR. 

Therefore, findings of J. von Watzdorf to detect pseudouridine in RNA by employing a chain terminating 

ddNTP and a modified nucleotide were adopted.275 For this, the O6-methyl modification was introduced 

into ddGTP resulting in O6-methyl-ddGTP and DNA pol variants, Taq F667Y and KlenTaq F667Y 

DNA pol, with the property to process ddNTPs were generated.253, 300 Various combinations of the modified 

ddNTPs, the 3´-terminally modified primer and DNA pols including the generated mutants were analyzed 
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in primer extension reactions towards 5mC detection. First, the modified ddNTP was processed by 

KOD exo- DNA pol directly opposite C or 5mC as the incorporation of modified dGTP derivatives led to a 

high extent of discrimination. KOD exo- DNA pol highly discriminated against ddNTPs and thus only minor 

incorporation of 2´,3´-dideoxynucleotides were observed. Thus, this combination of KOD exo- DNA pol 

and a modified ddNTP was not suitable for increasing the sensitivity. Next, the modified ddNTP was 

processed by Taq F667Y and KlenTaq F667Y DNA pol directly opposite C or 5mC. Both enzyme variants 

were capable of incorporating the modified 2´,3´-dideoxynucleotide, but no difference in % incorporation 

values were determined depending on whether a C or 5mC was present according to previously described 

results. Thus, this combination was also not suitable for employment in an application to increase the 

sensitivity as no discrimination between C and 5mC was achieved. Finally, the 3´-terminally modified 

O6-methyl G primer was extended from C or 5mC by the enzyme variants using ddCTP as substrate. Both 

DNA pol variants were capable of extending the modified primer, but to a lower extent than extending the 

unmodified primer. In accordance with previously described results the modified primers were extended to 

a higher extent from 5mC than from C. Thus, these results laid the basis to develop an approach that could 

increase the sensitivity towards 5mC detection by real-time PCR. 

In the second part, m6A in DNA was detected by primer extension in relation to previously described results 

and to findings of X. Zhou et al. in order to find improved discriminating combinations.152 For this, several 

modified pyrimidine-based nucleotides were directly incorporated opposite A or m6A by KlenTaq and 

KOD exo- DNA pol. Both DNA pols were capable of incorporating various modified pyrimidine-based 

nucleotides, albeit yielding in diverging % incorporation values depending on the employed nucleotide. 

Moreover, no discrimination between A and m6A was observed when the reactions were catalyzed by 

KOD exo- DNA pol. However, the extent of incorporation of the nucleotides opposite m6A was markedly 

decreased compared to incorporation opposite A when the reactions were catalyzed by KlenTaq DNA pol. 

Already a minor extent of discrimination was determined when dTTP was used as substrate. The extent of 

discrimination was distinctly improved by processing of the modified nucleotides. The highest extent of 

discrimination was achieved when dUTP, 5-hydroxymethyl-, 5-carboxy and 2´-fluoro-dUTP were 

processed by KlenTaq DNA pol. Here, an extent of discrimination with a ratio ranging from 4.5 to 7.4 was 

determined. These findings were verified by quantitative evaluation whereby varying known ratios of the 

A and m6A containing template were mixed and analyzed by primer extension. Here, the extension of the 

primer decreased linearly when the concentration of the m6A containing template was increased according 

to the observed discrimination. Moreover, these nucleotides were preferably processed opposite A and not 

opposite G, T or C. Thus, these nucleotides could be suited for application in a real-time PCR- or 

sequencing-based approach. In order to analyze the methylation state from genomic DNA, an amplification-

based assay is needed. Therefore, a real-time PCR could enable m6A detection directly from genomic DNA 

without any methylation-specific pretreatment. Before analysis by real-time PCR, full-length primer 

extension reactions were performed to examine if full-length product was obtained when one of the 

modified dUTP derivatives was a component of the dNTP mix. Full-length product was observed when 
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dTTP, dUTP or 5-hydroxymethyl-dUTP was present, but no full-length product was obtained under the 

chosen conditions when 5-carboxy- or 2´-fluoro-dUTP was present. Therefore, only the combination of 

KlenTaq DNA pol and dTTP, dUTP or 5-hydroxymethyl-dUTP were employed in real-time PCR to 

investigate if the discrimination between A and m6A could be exploited. The sensitivity towards m6A was 

strongly decreased during PCR so that the methylation state was not detectable by employing one of these 

combinations as no delayed amplification was observed whether or not an A or m6A was present. It was 

highlighted that m6A was detected by primer extension employing a combination of a DNA pol and a 

modified nucleotide. For application in a real-time PCR-based approach the sensitivity towards m6A 

detection needs to be increased. 

The previously described results demonstrated the feasibility to detect DNA modifications by both primer 

extension and real-time PCR employing a combination of a certain DNA pol and a certain modified 

nucleotide. Likewise, m6A was detected directly from cellular RNA extracts by primer extension reactions. 

A combination of a RT DNA pol and a modified nucleotide sensed the presence or absence of m6A. The 

nucleotides dTTP, dUTP, 5-fluoro-, 5-hydroxymethyl-, 5-carboxy- or 2´-fluoro-dUTP were used as 

substrates in primer extension reactions that were catalyzed by a DNA pol with reverse transcriptase 

activity, RT KlenTaq DNA pol. First, the potential to sense the presence or absence of methylated adenine 

in RNA was shown on synthetic templates. Two different templates were used that varied in their sequence 

adjacent to the targeted A in order to analyze the influence of the sequence motif. RT KlenTaq DNA pol 

was capable of incorporating the modified nucleotides, albeit yielding in varying % incorporation values 

depending on the employed nucleotide and sequence motif. The extension of the primer was markedly 

decreased when paired with the m6A containing template compared to when paired with the A containing 

template. Thus, the modified nucleotides were incorporated to a higher extent opposite A than opposite 

m6A. The extent of discrimination was improved during processing of the dUTP derivatives compared to 

processing of dTTP. The highest extent of discrimination, but the slightest extension of the primer was 

achieved during processing of 5-carboxy- and 2´-fluoro-dUTP. In accordance with previously described 

results, no full-length product was obtained when 5-carboxy- or 2´-fluoro-dUTP was present in the dNTP 

mix, whereas full-length product was observed when dTTP, dUTP, 5-hydroxymethyl-or 5-fluoro-dUTP 

was present. Next, the combination of RT KlenTaq DNA pol and dUTP derivatives was used to detect m6A 

directly from cellular RNA extracts by primer extension. Total RNA was extracted from HEK 293T cells. 

It was shown that RT KlenTaq DNA pol was capable of extending the primer from cellular RNA with 

modified nucleotides. Moreover, a difference in % incorporation values was observed depending on 

whether an A or m6A was present when 5-carboxy- or 2´-fluoro-dUTP were used as substrate. Following 

this, it was demonstrated that only a high extent of discrimination was achieved when dUTP derivatives 

were processed by RT KlenTaq DNA pol, but not if another A family DNA pol, Bst DNA pol, or reverse 

transcriptases, M-MuLV and SuperScript™ II were used. These results show the potential of using 

modified nucleotides in combination with RT KlenTaq DNA pol for application to detect m6A at a precise 

position directly from cellular RNA extracts by primer extension.  
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Zusammenfassung 
In den letzten Jahrzenten wuchs das Interesse an sowohl DNA- als auch RNA-Modifikationen, da entdeckt 

wurde, dass diese zelluläre Prozesse wie zum Beispiel die Genexpression oder die genomische Prägung 

beeinflussen.21, 25-26, 62-63 Außerdem wurde gezeigt, dass manche Modifikationen als Biomarker für die 

Diagnose und Therapie von Krankheiten dienen können.38-40, 269-270 Viele DNA- und mehr als 150 RNA-

Modifikationen sind bis heute bekannt.110 Während die Methylierung von Cytosin die häufigste DNA-

Modifikation in Eukaryoten ist,22-25 ist dies in Prokaryoten die Methylierung von Adenin.60 In höheren 

Eukaryoten jedoch stellt die Methylierung von Adenin die häufigste mRNA-Modifikation dar.116-117 Somit 

steigt das Interesse sowohl deren biologische Funktionen als auch deren Bedeutung in den Organismen 

aufzuklären. Hierfür werden Methoden benötigt, die die An- bzw. Abwesenheit von DNA- oder RNA-

Modifikationen detektieren. Die Methylierungsinformation bleibt während einer Amplifikation nicht 

erhalten. Daher benötigen die meisten bekannten Methoden modifikations-abhängige Vorbehandlungen der 

Probe bevor das Template amplifiziert wird.77, 79 Als Folge kann die Probe kontaminiert werden und die 

Methoden sind fehleranfällig, zeitaufwendig oder teuer.92-94, 150 Daher wird die Entwicklung von Methoden 

angestrebt, bei denen die Modifikationen direkt ohne modifikations-spezifische Vorbehandlung der DNA 

detektiert werden können. Methoden, die auf Primerverlängerungen oder Echtzeit-Polymerasen-

Kettenreaktionen (Echtzeit-PCR) beruhen, könnten die Anforderungen erfüllen die Analyse zu erleichtern. 

Neben der Analyse des gesamten Genoms bzw. Transkriptoms hinsichtlich DNA- bzw. RNA-

Modifikationen ist die Detektion solcher Modifikationen an einer bestimmten Stelle nützlich, um 

Modifikationsinformationen an wichtigen regulatorischen Sequenzen zu bestimmen. Daher wurde in dieser 

Arbeit der Fokus darauf gelegt Methoden zu entwickeln, die es ermöglichen die An- bzw. Abwesenheit von 

Modifikationen an einer bestimmten Stelle zu detektieren. Das Verhalten von verschiedenen hitzestabilen 

DNA-Polymerasen (DNA-Pol) modifizierte Nukleotide zu verarbeiten wurde untersucht in An- bzw. 

Abwesenheit einer Modifikation im Template. Zuerst wurde ein primerverlängerungs-basierter Ansatz 

angestrebt, um eine Modifikation an einer bestimmten Stelle zu detektieren. Anschließend wurden 

vielversprechende Kombinationen aus DNA-Pol und modifiziertem Nukleotid in einer Echtzeit-PCR 

eingesetzt. Dabei wurde untersucht, ob Unterschiede in der PCR-Amplifikation in Abhängigkeit zur 

untersuchten Modifikation erreicht werden. Diese Unterschiede werden durch eine frühere oder verzögerte 

Amplifikation angezeigt, wenn eine Modifikation anwesend ist. 

Im ersten Teil dieser Arbeit wurde eine methylierungs-spezifische PCR entwickelt, die 5mC direkt aus 

genomischer HeLa DNA detektiert, basierend auf Ergebnissen von J. Aschenbrenner et al..103 Eine 

Kombination aus einem Primer, der an seinem 3´-Terminus die Modifikation O6-Methyl G direkt gegenüber 

von C bzw. 5mC trägt, und KlenTaq DNA-Pol führten zu einer eindeutig verzögerten Amplifikation des 

unmethylierten Templates. Zunächst wurden unterschiedlich modifizierte Purin-basierte Nukleotide direkt 

gegenüber von C bzw. 5mC durch eine DNA-Pol eingebaut. Dabei wurde KlenTaq DNA-Pol als Mitglied 
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der A-Familie und KOD exo- DNA-Pol als Mitglied der B-Familie eingesetzt, da es sich hierbei um häufig 

eingesetzte Enzyme in biotechnologischen Anwendungen handelt. Beide DNA-Pols waren in der Lage 

verschieden modifizierte Nukleotide einzubauen, jedoch wurden unterschiedliche % Einbauwerte in 

Abhängigkeit zum verwendeten Nukleotid erhalten. Während des Einbaus der Nukleotide durch KlenTaq 

DNA-Pol wurde kein Unterschied in den % Einbauwerten bestimmt, egal ob C oder 5mC anwesend war. 

Hingegen wurden unterschiedliche % Einbauwerte bestimmt, wenn die modifizierten Nukleotide durch 

KOD exo- DNA-Pol eingebaut wurden in Abhängigkeit davon ob C oder 5mC anwesend war. Hierbei 

wurden die Nukleotide in größerem Umfang gegenüber C eingebaut als gegenüber 5mC. Somit wurden 

Kombinationen aus DNA-Pol und modifizierten Nukleotiden gefunden, die geeignet sind C von 5mC in 

einem Primerverlängerungsexperiment zu unterscheiden. Das vielversprechendste Nukleotid war 

O6-Methyl-dGTP.268 Dieses Molekül wurde derivatisiert, um den Einfluss verschiedener O6-Alkyl-

Modifikationen zu untersuchen.268, 275 Jedoch wurden die synthetisierten O6-Alkyl-dGTPs bevorzugt 

gegenüber T als gegenüber C durch KOD exo- DNA-Pol verarbeitet. Daher waren die Kombinationen nicht 

geeignet für PCR- oder auch Sequenzierungs-Anwendungen. Um das Problem der Selektivität zu umgehen, 

wurden die O6-Methyl und O6-Ethyl G-Modifikationen an den 3´-Terminus des eingesetzten Primers 

angebracht in Bezug auf die Ergebnisse von J. Aschenbrenner et al..103 Hierfür wurden die O6-Alkyl G 

modifizierten Nukleoside in ihre entsprechenden Phosphoramidite überführt, die dann in der Standard-

DNA-Festphasensynthese angewendet wurden, um die 3´-terminal modifizierten Primer zu erhalten. Die 

modifizierten Primer wurden von KlenTaq und KOD exo- DNA-Pol verlängert, auch wenn die 

modifizierten Primer in geringerem Ausmaß verlängert wurden als der unmodifizierte Primer. 

Interessanterweise wurde keine Diskriminierung beobachtet, wenn die 3´-terminal modifizierten Primer 

durch KOD exo- DNA-Pol verlängert wurden. Jedoch wurde ein Unterschied in den % Einbauwerten 

bestimmt, wenn die Primer durch KlenTaq DNA-Pol verlängert wurden. Hierbei wurde der Primer in 

größerem Ausmaß verlängert, wenn dieser mit dem 5mC-Template gepaart wurde im Vergleich zu, wenn 

dieser mit dem C-Template gepaart wurde. Die Diskriminierung zwischen C und 5mC wurde verbessert, 

wenn die modifizierten Primer eingesetzt wurden. Diese Ergebnisse wurden durch kinetische 

Untersuchungen bestätigt.276-278 Die Kombination des O6-Methyl G Primers und KlenTaq DNA-Pol führte 

zu dem größten Ausmaß an Diskriminierung, da die katalytischen Effizienzen sich um einen Faktor von 

6,7 unterschieden. Als nächstes wurden diese Ergebnisse in Echtzeit-PCR-Experimenten angewendet um 

den Methylierungszustand an einer bestimmten Stelle zu analysieren. Die methylierungs-spezifische PCR 

wurde zuerst unter Verwendung von synthetischen Templates etabliert. Anschließend wurde diese 

angewendet um Cytosin in genomischer DNA durch die Verwendung des O6-methyl G Primers und 

KlenTaq DNA-Pol zu analysieren. Hierbei wurde das unmethylierte Template verzögert amplifiziert im 

Vergleich zu dem methylierten Template, wenn sowohl der unmodifizierte als auch der modifizierte Primer 

eingesetzt wurde. Der Unterschied der Amplifikation zwischen methyliertem und unmethyliertem 

Template wurde beim Einsatz des modifizierten Primers im Vergleich zum unmodifizierten Primer 

vergrößert (∆Ct = 2,95 ± 0,80 im Vergleich zu ∆Ct = 0,80 ± 0,23, Mittelwert ± SD, n = 3). Diese Ergebnisse 
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zeigen die Möglichkeit auf, dass 5mC an einer bestimmten Stelle direkt in genomischer DNA detektiert 

werden kann unter der Verwendung von modifizierten Nukleotiden in Kombination mit einer hitzestabilen 

A-Familien DNA-Pol, ohne dass methylierungs-spezifische Vorbehandlungen der DNA durchgeführt 

werden müssen. 

Da die Sensitivität hinsichtlich der 5mC-Detektion durch Echtzeit-PCR verringert war, obwohl ein System 

benutzt wurde, das eine starke Diskriminierung in den Primerverlängerungsexperimenten zeigte, sollte die 

Sensitivität durch die Vergrößerung von ∆Ct erhöht werden. Daher wurden Entdeckungen von 

J. von Watzdorf zur Pseudouridin-Detektion in RNA unter Verwendung von ddNTPs und einem 

modifizierten Nukleotid adaptiert.275 Hierfür wurde die O6-Methyl-Modifikation in ddGTP eingeführt, 

wodurch O6-methyl-ddGTP erhalten wurde. Zusätzlich wurden die DNA-Pol-Varianten, Taq F667Y und 

KlenTaq F667Y DNA-Pol, hergestellt, die die Eigenschaft besitzen ddNTPs zu prozessieren.253, 300 

Verschiedene Kombinationen an (modifizierten) ddNTPs, 3´-terminal modifizierten Primer und DNA-Pols 

inklusive der generierten Mutanten wurden in Primerverlängerungsexperimenten hinsichtlich der 

Möglichkeit 5mC zu detektieren analysiert. Zuerst wurde das modifizierte ddNTP durch KOD exo- DNA-

Pol direkt gegenüber von C bzw. 5mC prozessiert, da durch die Kombination von modifizierten dGTPs und 

diesem Enzym in den vorherigen Experimenten eine große Diskriminierung erreicht wurde. KOD exo- 

DNA-Pol unterschied stark zwischen dNTP und ddNTP, da die 2´,3´-Dideoxynukleotide nur in geringem 

Ausmaß eingebaut wurden. Somit war diese Kombination nicht geeignet für eine Anwendung um die 

Sensitivität zu erhöhen. Als nächstes wurde das modifizierte ddNTP direkt gegenüber von C bzw. 5mC 

durch Taq F667Y und KlenTaq F667Y DNA-Pol prozessiert. Beide Enzymvarianten waren in der Lage das 

modifizierte 2´,3´-Dideoxynukleotid einzubauen, aber kein Unterschied in den % Einbauwerten wurde 

bestimmt, wenn C oder 5mC anwesend war analog zu den Ergebnissen, die zuvor beobachtet wurden, wenn 

KlenTaq DNA pol und modifizierte dGTPs zur 5mC-Detektion verwendet wurden. Somit war auch diese 

Kombination nicht geeignet zum Einsatz in einer Anwendung, die die Sensitivität erhöhen soll, da keine 

Diskriminierung erreicht wurde. Schließlich wurde der 3´-terminal modifizierte O6-Methyl G Primer von 

C bzw. 5mC durch die DNA-Pol-Varianten verlängert, während ddCTP als Substrat eingesetzt wurde. 

Beide DNA-Pol-Varianten waren in der Lage den modifizierten Primer zu verlängern, aber in geringerem 

Ausmaß als den unmodifizierten Primer. Gemäß den Ergebnissen, die zuvor beschrieben wurden, wurde 

der modifizierte Primer in höherem Ausmaß von 5mC verlängert als von C. Somit wurde mit diesen 

Entdeckungen die Grundlage zur Erhöhung der Sensitivität hinsichtlich der 5mC-Detektion durch Echtzeit-

PCR geschaffen. 

Im zweiten Teil wurde in Analogie zu den zuvor beschriebenen Experimenten und Ergebnissen von 

X. Zhou et al m6A in DNA durch Primerverlängerungsreaktionen detektiert, um eine verbesserte 

Diskriminierung zu erreichen.152 Eine Kombination von modifizierten Nukleotiden und einer hitzestabilen 

DNA-Pol wurde verwendet, um die Anwesenheit bzw. Abwesenheit eines methylierten Adenins in DNA 

zu detektieren. Hierfür wurden verschieden modifizierte Pyrimidin-basierte Nukleotide direkt gegenüber 
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von A bzw. m6A durch KlenTaq und KOD exo- DNA-Pol eingebaut. Beide DNA-Pols waren in der Lage 

verschieden modifizierte Nukleotide einzubauen, aber unterschiedliche % Einbauwerte abhängig von dem 

eingebauten Nukleotid wurden bestimmt. Außerdem wurde kein Unterschied in den % Einbauwerten der 

KOD exo- DNA-Pol beobachtet, egal ob m6A anwesend war oder nicht. Jedoch war der Einbau der 

Nukleotide gegenüber m6A deutlich verringert im Vergleich zum Einbau gegenüber von A, wenn die 

Reaktionen durch KlenTaq DNA-Pol katalysiert wurden. Es wurde bereits eine geringe Diskriminierung 

bestimmt, wenn dTTP als Substrat eingesetzt wurde. Das Ausmaß der Diskriminierung wurde aber deutlich 

erhöht, wenn modifizierte Nukleotide prozessiert wurden. Das höchste Ausmaß an Diskriminierung wurde 

erreicht, wenn dUTP, 5-Hydroxymethyl, 5-Carboxy- und 2´-Fluoro-dUTP durch KlenTaq DNA-Pol 

prozessiert wurden. Hierbei wurde ein Ausmaß an Diskriminierung erreicht, das zwischen einem Faktor 

von 4,5 bis 7,4 lag. Diese Ergebnisse wurden durch eine quantitative Analyse bestätigt, wobei 

unterschiedliche Verhältnisse an A- und m6A-Template gemischt und durch Primerverlängerung analysiert 

wurden. Hierbei nahm die Verlängerung des Primers linear ab, wenn die Konzentration des m6A-Template 

erhöht wurde gemäß der zuvor beobachteten Diskriminierung. Außerdem wurden die Nukleotide bevorzugt 

gegenüber A und nicht gegenüber G, T oder C eingebaut. Somit könnten diese Nukleotide in Echtzeit-PCR- 

oder Sequenzierungs-basierten Ansätzen eine Anwendung finden. Für die Analyse des 

Methylierungszustandes von genomischer DNA wird eine Methode, die auf einer Amplifikation beruht, 

benötigt. Daher würde eine Echtzeit-PCR die m6A-Detektion direkt von genomischer DNA ohne jegliche 

methylierungs-spezifische Vorbehandlung ermöglichen. Bevor eine vielversprechende Kombination durch 

Echtzeit-PCR analysiert wurde, wurden Volllängenprimerverlängerungsreaktionen durchgeführt, um zu 

untersuchen, ob das Volllängenprodukt erhalten werden kann, wenn eines der dUTP-Derivate ein 

Bestandteil der dNTP-Mischung ist. Volllängenprodukt wurde beobachtet, wenn dTTP, dUTP oder 

5-Hydroxymethyl-dUTP anwesend war, aber nicht, wenn 5-Carboxy- oder 2´-Fluoro-dUTP eingesetzt 

wurden. Daher wurde nur die Kombination der KlenTaq DNA-Pol und dTTP, dUTP oder 

5-Hydroxymethyl-dUTP in Echtzeit-PCR-Experimenten eingesetzt, um zu untersuchen, ob die 

Diskriminierung in eine PCR übertragen werden kann. Die Sensitivität hinsichtlich der m6A-Detektion war 

stark verringert während der PCR, so dass der Methylierungszustand nicht durch den Einsatz einer der 

genannten Kombinationen detektiert werden konnte. Dies war daran zu erkennen, dass keine verzögerte 

Amplifikation beobachtet wurde, egal ob A oder m6A anwesend war. Somit wurde gezeigt, dass m6A durch 

Primerverlängerung detektiert werden konnte, wenn eine Kombination einer DNA-Pol und einem 

modifizierten Nukleotid eingesetzt wurde, nicht aber durch PCR. 

Die zuvor beschriebenen Ergebnisse zeigen die Möglichkeit DNA-Modifikationen durch 

Primerverlängerung und Echtzeit-PCR zu detektieren, wenn eine bestimmte Kombination einer DNA-Pol 

und einem modifizierten Nukleotid verwendet wurde. Gleichermaßen wurde m6A direkt in zellulären RNA-

Extrakten durch Primerverlängerungsexperimente detektiert. Die Nukleotide dTTP, dUTP, 5-Fluoro-, 

5-Hydroxymethyl-, 5-Carboxy- und 2´-Fluoro-dUTP wurden als Substrate in Primerverlängerungs-

reaktionen benutzt, die durch eine DNA-Pol mit reverse Transkriptase-Aktivität, RT KlenTaq-DNA-Pol, 
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katalysiert wurden. Zuerst wurde die Möglichkeit gezeigt die An- bzw. Abwesenheit von methyliertem 

Adenin von synthetischen Templates zu detektieren. Zwei unterschiedliche Templates wurden verwendet, 

die sich in der Sequenz, die dem analysierten A folgten, unterschieden, um den Einfluss des Sequenzmotivs 

zu untersuchen. Die RT KlenTaq-DNA Pol war in der Lage die modifizierten Nukleotide einzubauen, aber 

unterschiedliche % Einbauwerte abhängig von dem eingebauten Nukleotid und Sequenzmotiv wurden 

erreicht. Die Verlängerung des Primers war deutlich verringert, wenn dieser mit dem m6A-Template gepaart 

war im Vergleich zu, wenn dieser mit dem A-Template gepaart war. Somit wurden die modifizierten 

Nukleotide in höherem Ausmaß gegenüber A eingebaut als gegenüber m6A. Das Ausmaß an 

Diskriminierung wurde erhöht, wenn dUTP prozessiert wurde im Vergleich dazu, wenn dTTP prozessiert 

wurde. Das höchste Ausmaß an Diskriminierung wurde erreicht, während 5-Carboxy- bzw. 2´-Fluoro-

dUTP prozessiert wurde, währenddessen der Primer jedoch am geringsten verlängert wurde. Gemäß zuvor 

beschriebenen Ergebnissen wurde kein Volllängenprodukt erhalten, wenn 5-Carboxy- oder 2´-Fluoro-

dUTP in der dNTP-Mischung anwesend war, wohingegen Volllängenprodukt beobachtet wurde, wenn 

dTTP, dUTP, 5-Hydroxymethyl- oder 5-Fluoro-dUTP anwesend war. Als nächstes wurde die Kombination 

der RT KlenTaq-DNA-Pol und der dUTP-Derivate benutzt um m6A direkt in zellulären RNA-Extrakten 

durch Primerverlängerung zu detektieren. Gesamt-RNA wurde extrahiert aus HEK 293T-Zellen. Es wurde 

gezeigt, dass RT KlenTaq DNA-Pol in der Lage war den Primer von zellulären RNA-Extrakten durch 

modifizierte Nukleotide zu verlängern. Außerdem wurde eine Diskriminierung zwischen A und m6A 

erreicht, wenn 5-Carboxy- bzw. 2´-Fluoro-dUTP als Substrat verwendet wurden. Des Weiteren wurde 

gezeigt, dass nur dann ein hohes Ausmaß an Diskriminierung erreicht wurde, wenn die dUTP-Derivate 

durch RT KlenTaq DNA-Pol prozessiert wurden, aber nicht, wenn eine andere A-Familien DNA-Pol, wie 

Bst DNA-Pol, oder reverse Transkriptasen, wie M-MuLV und SuperScript™ II, verwendet wurden. Diese 

Entdeckungen zeigen die Möglichkeit modifizierte Nukleotide in Kombination mit RT KlenTaq DNA-Pol 

zu benutzen um m6A an einer bestimmten Stelle direkt in zellulären RNA-Extrakten durch 

Primerverlängerung zu detektieren. 
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Experimental part 

1 Chemical synthesis 

1.1 General information 

1.1.1 Reactions and chemicals 

If starting materials or formed products were water or oxygen sensitive, reactions were conducted under 

exclusion of air or moisture. In that case anhydrous solvents (Sigma-Aldrich) were used. Reactions were 

performed using standard laboratory techniques.  

Solvents used in reactions or chromatography were p.A., absolute or HPLC grade. Technical solvents were 

distilled before use. For chemical reactions and purifications desalted water was used. For HPLC and FPLC 

purification water from a combined reverse osmosis/ ultrapure water system (Milli-Q) was used. 

Commercially available chemicals for chemical synthesis were purchased from TCI Chemicals, Sigma-

Aldrich, Acros, Merck, Roth, VWR, ABCR, Carbosynth and were used without further purification if not 

mentioned. 

1.1.2 Buffers 

Triethylammonium bicarbonate (TEAB) buffer 

To 3.5 L water 700 mL triethylamine (5 mol) were added and CO2 resulting by evaporation of 5 kg dry ice 

was passed through the solution. If the pH was between 7.5 and 8, the pH was adjusted to 7.5 with acetic 

acid. If the pH was over 8.0, more CO2 was passed through the solution. After adjusting the pH, the solution 

was filled up to 5 L with water to give a 1 M TEAB buffer. 

Triethylammonium acetate (TEAA) buffer 

To 700 mL water 57 mL acetic acid (1 mol) and 139 mL triethylamine (1 mol) were added. After adjusting 

the pH to 7.0 with acetic acid, the solution was filled up to 1 L with water to give 1 M TEAA buffer. 
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1.1.3 Instrumental analysis 

NMR spectroscopy 

NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer at room temperature (r.t.). 

Chemical shifts δ are given in parts per million (ppm). Not completely deuterated solvents CDCl3 and 

DMSO-d6 were used as references. In 1H-spectra CDCl3/ DMSO-d6 has a chemical shift of 7.26 ppm/ 

2.5 ppm and in 13C spectra of 77.16 ± 0.06 ppm/ 39.52 ± 0.06 ppm. NMR spectra were evaluated with 

MestReNova 8.1.4. Data were reported according to the following: chemical shift δ in ppm, multiplicity, 

coupling constant J in Hz, number of protons and position of protons in molecule. Multiplicities are 

assigned as singlet s, doublet d, triplet t, quadruplet q, quintet p, multiplet m, broad signal br and 

combinations of given annotations. 

Mass spectrometry 

High resolution-electrospray ionization-mass spectrometry (HR ESI-MS) spectra were recorded on a 

Bruker Daltronics microTOF II in either positive or negative mode. 

Ultraviolet-visible spectroscopy 

The yield of synthesized 5´-triphosphate and primer strands and concentrations of oligonucleotides were 

determined by considering the Lambert-Beer law 𝐴𝐴 = ε × 𝑐𝑐 × 𝑑𝑑 with A as absorbance, ε as extinction 

coefficient of absorbing material at a defined wavelength, c as concentration of absorbing material and d 

as layer thickness of material through that the light travels. For determination, the samples were dissolved 

in a defined volume of water and the absorbance of the samples was measured using a Nanodrop® ND-

1000 Spectrophotometer (PeqLab). 

1.1.4 Chromatographic methods 

Thin layer chromatography (TLC) 

Analytical TLC was performed on TLC silica gel 60 F254 aluminum sheets (Merck). Compounds were 

detected by UV light at a wavelength of 254 nm and/ or by staining with p-anisaldehyde (10 mL 

4-methoxybenzaldehyde, 2 mL acetic acid, 10 mL H2SO4 conc. and 180 mL EtOH; used in a 4x dilution) 

and developed by heating. 
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Silica gel column chromatography 

Column chromatography was performed on silica gel (40 µm to 63 µm; Merck) by the use of a step gradient 

of different solvent systems at 0.3 bar. The eluting solvent systems and compositions are mentioned in 

chapter 1.2 Synthesis. 

Anion exchange chromatography 

Anion exchange chromatography was performed on an ÄktaPurifier from GE Healthcare Life Sciences 

using a DEAE sephadex A-25 column (GE Healthcare) at 4 °C. The samples were dissolved in water. For 

separation a linear binary gradient system consisting of 0.1 M TEAB buffer as mobile phase A and 1 M 

TEAB buffer as mobile phase B. Peaks were detected by UV light at 215, 254 and 280 nm by an internal 

detector. Fractions containing product were collected and concentrated in vacuo. 

High performance liquid chromatography (HPLC) 

Separations were performed on an analytical liquid chromatography system (Shimadzu) equipped with LC 

20AT pumps, CBM 20A controller and SPD M20A detector. Samples dissolved in water were applied on 

an EC 250/8 Nucleodur C18 HTec (5 µm) column (Macherey-Nagel) and were separated using a linear 

binary gradient consisting of 50 mM TEAA buffer as mobile phase A and acetonitrile as mobile phase B. 

Peaks were detected by UV light at 260 nm by a Dynamax Absorbance detector from Rainin. Fractions 

containing product were collected and concentrated in vacuo. Compounds were obtained as their 

triethylammonium salts after several times of freeze-drying (Lyovac GT2 instrument, Leybold-Heraeus). 

1.1.5 Bis(tributylammonium)pyrophosphate 

Disodium pyrophosphate (10 mmol, 1 eq) dissolved in water (50 mL) was applied to a washed ion 

exchanger Amberlite IR-120 (proton form, Merck). The flow through was collected in a cold solution of 

tributylamine (20 mmol, 2 eq) in ethanol (40 mL) until pH of 5.0 of the flow through was reached. The 

solution was evaporated in vacuo and the residue was coevaporated two times with ethanol (10 mL) and 

three times with abs. DMF (10 mL; water bath not over 30 °C). The residue was filled up to 20 mL with 

abs. DMF to give a 0.5 M solution and was stored at 4 °C. 
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1.2 Synthesis 

1.2.1 3´,5´-Di-O-acetyl-2´-deoxyguanosine279 

To a suspension of 2´-deoxyguanosine (74.84 mmol, 1 eq) in abs. acetonitrile (375 mL) were added DMAP 

(7.48 mmol, 0.1 eq), triethylamine (224.52 mmol, 3 eq) and acetic anhydride (224.52 mmol, 3 eq). The 

reaction mixture was stirred at r.t. for 5 h. The reaction was stopped with MeOH (20 mL) and the solvent 

was removed under reduced pressure. The residue was coevaporated three times with acetonitrile. Then, 

the solid was filtered and washed with a solution of ethanol/ diethyl ether (1/ 1) to give a white solid 

(72.67 mmol, 97 %). 

1H NMR (400 MHz, DMSO-d6): δ = 10.68 (s, 1 H, NH), 7.91 (s, 1 H, H-8), 6.49 (s, 2 H, NH2), 6.14 (dd, 
3J = 8.7 Hz, 3J = 5.9 Hz, 1 H, H-1´), 5.30 (dt, 3J = 6.3 Hz, 3J = 2.1 Hz, 1 H, H-3´), 4.30 – 4.16 (m, 3 H, 

H-4´, H5´a/b), 2.92 (ddd, 2J = 14.3 Hz, 3J = 8.7 Hz, 3J = 6.3 Hz, 1 H, H-2´a), 2.45 (ddd, 2J = 14.3 Hz, 3J =

5.9 Hz, 3J = 2.1 Hz, 1 H, H-2´b), 2.08 (s, 3 H, CO-CH3), 2.03 (s, 3 H, CO-CH3)

1.2.2 3´,5´-Di-O-acetyl-6-chloro-2´-deoxyguanosine280-281 

To a suspension of 3´,5´-di-O-acetyl-2´-deoxyguanosine (5.69 mmol, 1 eq) in acetonitrile (28 mL) was 

added tetraethylammonium chloride (8.54 mmol, 1.5 eq) and N,N-dimethylaniline (34.14 mmol, 6 eq) at 

0 °C under inert gas. Then, POCl3 (34.14 mmol, 6 eq) was added dropwise at 0 °C. The reaction mixture 

was stirred at r.t. for 10 min, followed by refluxing for 10 min (preheated oil bath to 100 °C). After 

evaporating in vacuo, the orange residue was dissolved in ice water and stirred for 5 min. The aqueous layer 

was extracted three times with DCM. The combined organic layers were washed six times with saturated 

aqueous solution of NaHCO3 and three times with cold water. The organic layer was dried over MgSO4 

and the solvent was removed under reduced pressure. The residue was purified by silica gel column 

chromatography (eluent: DCM/ MeOH: 70/ 1) to give a white foam of 3´,5´-di-O-acetyl-6-chloro-

2´-deoxyguanosine (2.03 mmol, 36 %). 
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1H NMR (400 MHz, CDCl3): δ = 7.9 (s, 1 H, H-8), 6.27 (dd, 3J = 7.8 Hz, 3J = 6.2 Hz, 1 H, H-1´), 5.41 (dt, 
3J = 6.3 Hz, 3J = 2.5 Hz, 1 H, H-3´), 5.32 (s, 2 H, NH2), 4.46 – 4.39 (m, 1 H, H-5´a), 4.37 – 4.31 (m, 2 H, 

H-4´/H-5´b), 2.95 (ddd, 2J = 14.2 Hz, 3J = 7.8 Hz, 3J = 6.3 Hz, 1 H, H-2´a), 2.55 (ddd, 2J = 14.2 Hz, 3J =

6.2 Hz, 3J = 2.5 Hz, 1 H, H-2´b), 2.11 (s, 3 H, CO-CH3), 2.06 (s, 3 H, CO-CH3)

1.2.3 O6-methyl-2´deoxyguanosine 

3´,5´-Di-O-acetyl-6-chloro-2´-deoxyguanosine (1.85 mmol, 1 eq) was dissolved in methanol (2.5 mL) and 

2 M sodium methoxide solution (6.5 mL) was added. After stirring at reflux for 3 h, the reaction mixture 

was neutralized with acetic acid. Then, the solvent was removed under reduced pressure and the residue 

was purified by silica gel column chromatography (eluent: DCM/ MeOH: 40/ 1). O6-methyl-

2´-deoxyguanosine was obtained as a white solid (1.54 mmol, 83 %). 

1H NMR (400 MHz, DMSO-d6): δ = 8.08 (s, 1 H, H-8), 6.43 (s, 2 H, NH2), 6.21 (dd, 3J = 7.9 Hz, 3J = 

6.0 Hz, 1 H, H-1´), 5.26 (d, 3J = 4.0 Hz, 1 H, 3´-OH), 4.98 (t, 3J = 5.6 Hz, 1 H, 5´-OH), 4.35 (dq, 3J = 

6.0 Hz, 3J = 3.0 Hz, 1 H, H-3´), 3.96 (s, 3 H, O-CH3), 3.82 (td, 3J = 4.6 Hz, 3J = 2.6 Hz, 1 H, H-4´), 3.62 – 

3.46 (m, 2 H, H-5´a/b), 2.58 (ddd, 2J = 13.3 Hz, 3J = 7.9 Hz, 3J = 6.0 Hz, 1 H, H-2´a), 2.21 (ddd, 2J = 

13.3 Hz, 3J = 6.0 Hz, 3J = 3.0 Hz, 1 H, H-2´b) 

1.2.4 O6-ethyl-2´-deoxyguanosine 

3´,5´-Di-O-acetyl-6-chloro-2´-deoxyguanosine (3.22 mmol, 1 eq) was suspended in ethanol p.A. (3.73 mL) 

and 2 M sodium ethoxide solution (11.27 mL) was added. After stirring at reflux for 2 h, the reaction mixture 

was neutralized with acetic acid. Then, the solvent was removed under reduced pressure and the residue 

was purified by silica gel column chromatography (eluent: DCM/ MeOH: 40/ 1). O6-ethyl-

2´-deoxyguanosine was obtained as a white solid (2.72 mmol, 85 %). 
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1H NMR (400 MHz, DMSO-d6): δ = 8.07 (s, 1 H, H-8), 6.38 (s, 2 H, NH2), 6.21 (dd, 3J = 7.8 Hz, 3J = 

6.0 Hz, 1 H, H-1´), 5.25 (d, 3J = 3.8 Hz, 1 H, 3´-OH), 4.98 (t, 3J = 5.5 Hz, 1 H, 5´-OH), 4.45 (q, 3J = 7.0 Hz, 

2 H, CH2-CH3), 4.35 (dq, 3J = 5.9 Hz, 3J = 3.0 Hz, 1 H, H-3´), 3.82 (td, 3J = 4.5 Hz, 3J = 3.0 Hz, 1 H, H4´), 

3.61 – 3.46 (m, 2 H, H-5´a/b), 2.58 (ddd, 2J = 13.2 Hz, 3J = 7.8Hz, 3J = 5.9 Hz, 1 H, H-2´a), 2.21 (ddd, 2J = 

13.2 Hz, 3J = 6.0 Hz, 3J = 3.0 Hz, 1 H, H-2´b), 1.35 (t, 3J = 7.0 Hz, 3 H, CH2-CH3)   

Rf: DCM/ MeOH: 10/ 1 – 0.48 

1.2.5 N2-iso-butyryl-O6-methyl-2´-deoxyguanosine287 

2´-Deoxy-O6-methyl-2´-guanosine (0.92 mmol, 1 eq) was coevaporated with abs. pyridine, followed by 

suspending in pyridine (10 mL). Trimethylsilyl chloride (4.6 mmol, 5 eq) was added. After stirring at r.t. 

for 45 min, isobutyric anhydride (4.6 mmol, 5 eq) was added and the reaction mixture was stirred at r.t. for 

3 h. Then, water (2 mL) was added and after 5 min 25 % aqueous ammonia solution (2 mL), followed by 

stirring for further 15 min. The solvent was removed in vacuo. The residue was dissolved in water and 

extracted with ethyl acetate/ diethyl ether (1/ 1). The organic phase was washed with water and the aqueous 

layer was concentrated under reduced pressure. After adding of saturated aqueous solution of NaHCO3 and 

stirring at r.t. for 4 h, the solvent was removed, and the residue was purified by silica gel column 

chromatography (eluent: DCM/ MeOH: 20/ 1) to give a white solid (0.48 mmol, 52 %). 

1H NMR (400 MHz, DMSO-d6): δ = 10.34 (s, 1 H, NH), 8.43 (s, 1 H, H-8), 6.33 (t, 3J = 6.7 Hz, 1 H, H-1´), 

4.42 (dt, 3J = 6.0 Hz, 3J = 3.1 Hz, 1 H, H-3´), 4.08 (s, 3 H, O-CH3), 3.85 (td, 3J = 4.7 Hz, 3J = 3.1 Hz, 1 H, 

H-4´), 3.63 – 3.48 (m, 2 H, H-5´a/b), 2.89 (h, 3J = 6.8 Hz, 1 H, C-CH-(CH3)2), 2.7 (ddd, 2J = 13.2 Hz, 3J =

7.4 Hz, 3J = 6.0 Hz, 1 H, H-2´a), 2.28 (ddd, 2J = 13.2 Hz, 3J = 6.3 Hz, 3J = 3.1 Hz, 1 H, H-2´b), 1.09 (d,
3J = 6.8 Hz, 6 H, C-CH-(CH3)2)
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1.2.6 N2-iso-butyryl-O6-ethyl-2´-deoxyguanosine287 

O6-ethyl-2´-deoxyguanosine (1.43 mmol, 1 eq) was coevaporated with abs. pyridine, followed by 

suspending in pyridine (7.15 mL). Trimethylsilyl chloride (7.15 mmol, 5 eq) was added. After stirring at 

r.t. for 2 h, more trimethylsilyl chloride (3.58 mmol, 2.5 eq) was added and stirred further at r.t. for 1 h.

Then, isobutyric anhydride (7.15 mmol, 5 eq) was added and the reaction mixture was stirred at r.t.

overnight. Water (2 mL) was added and after 15 min 25 % aqueous ammonia solution (2 mL), followed by

stirring for further 25 min. The solvent was removed in vacuo. The residue was dissolved in water and

extracted with ethyl acetate/ diethyl ether (1/ 1). The organic phase was washed with water and the aqueous

layer was concentrated under reduced pressure. After adding of saturated aqueous solution of NaHCO3 and

stirring at r.t. for 2 h, the solvent was removed, and the residue was purified by silica gel column

chromatography (eluent: DCM/ MeOH: 40/ 1) to give a white solid (0.9 mmol, 63 %).

1H NMR (400 MHz, DMSO-d6): δ = 10.31 (s, 1 H, NH), 8.42 (s, 1 H, H-8), 6.33 (dd, 3J = 7.6 Hz, 3J = 

6.3 Hz, 1 H, H-1´), 5.31 (d, 3J = 3.6 Hz, 1 H, 3´-OH), 4.89 (t, 3J = 5.9 Hz, 1 H, 5´-OH), 4.57 (q, 3J = 7.1 Hz, 

2 H, CH2-CH3), 4.42 (dq, 3J = 6.0 Hz, 3J = 3.2 Hz, 1 H, H-3´), 3.85 (td, 3J = 4.8 Hz, 3J = 3.2 Hz, 1 H, H-4´), 

3.63 – 3.48 (m, 2 H, H-5´a/b), 2.88 (h, 3J = 6.8 Hz, 1 H, C-CH-(CH3)2), 2.69 (ddd, 2J = 13.2 Hz, 3J = 7.6 Hz, 
3J = 6.0 Hz, 1 H, H-2´a), 2.28 (ddd, 2J = 13.2 Hz, 3J = 6.3 Hz, 3J = 3.2 Hz, 1 H, H-2´b), 1.4 (t, 3J = 7.1 Hz, 
3J = 7.1 Hz, 3 H, CH2-CH3), 1.09 (d, 3J = 6.8 Hz, 6 H, C-CH-(CH3)2) 

1.2.7 5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-

2´-deoxyguanosine287 

N2-iso-butyryl-O6-methyl-2´-deoxyguanosine (0.42 mmol, 1 eq) was coevaporated with abs. pyridine, 

followed by dissolving in pyridine (3.7 mL). To this solution 4,4´-dimethoxytrityl chloride (0.59 mmol, 

1.4 eq), triethylamine (0.59 mmol, 1.4 eq) and DMAP (0.01 mmol, 0.03 eq) were added under nitrogen 
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atmosphere and was stirred at r.t. overnight. The reaction mixture was cooled and 5 % aqueous solution of 

NaHCO3 (20 mL) was added. After extraction of the aqueous layer with ethyl acetate, drying over MgSO4 

and removing of the solvent, the residue was purified by silica gel column chromatography (eluent: DCM/ 

MeOH: 70/ 1 and 1 % Et3N). The obtained solid was freeze dried several times to give a white solid 

(0.26 mmol, 62 %). 

1H NMR (400 MHz, DMSO-d6): δ = 10.27 (s, 1 H, NH), 8.31 (s, 1 H, H-8), 7.33 – 7.25 (m, 2 H, Haromat 

DMTr), 7.22 – 7.12 (m, 7 H, Haromat DMTr), 6.76 (d, 3J = 8.9 Hz, 2 H, Haromat DMTr ortho to O-CH3), 6.71 

(d, 3J = 8.9 Hz, 2 H, Haromat DMTr ortho to O-CH3), 6.36 (t, 3J = 6.4 Hz, 1 H, H-1´), 5.30 (d, 3J = 4.6 Hz, 

1 H, 3´-OH), 4.53 (dq, 3J = 9.2 Hz, 3J = 4.8 Hz, 1 H, H-3´), 4.08 (s, 3 H, O6-CH3), 3.99 – 3.93 (m, 1 H, 

H-4´), 3.71 (s, 3 H, O-CH3), 3.70 (s, 3 H, O-CH3), 3.41 – 3.21 (1 H under water peak, H-5´a), 3.13 – 3.07 

(m, 1 H, H-5´b), 2.94 – 2.79 (m, 2 H, C-CH-(CH3)2/H-2´a), 2.34 (ddd, 2J = 13.4 Hz, 3J = 6.9 Hz, 3J = 4.8 Hz, 

1 H, H-2´b), 1.07 (d, 3J = 6.5 Hz, 6 H, C-CH-(CH3)2) 

1.2.8 5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-

2´-deoxyguanosine-3´-(2-cyanoethyl-di-iso-propyl-phosphoramidite)291 

 

5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-2´-deoxyguanosine (0.15 mmol, 1 eq) was dissolved 

in DCM (1 mL) and DIPEA (0.6 mmol, 4 eq) was added. After cooling to 0 °C, 

2-cyanoethyl diisopropylphosphoramidochloridite (0.18 mmol, 1.2 eq) was added and stirred at 0 °C for 

2 h 45 min. Further 2-cyanoethyl diisopropylphosphoramidochloridite (0.09 mmol, 0.5 eq) was added and 

stirred for 30 min at 0 °C. The solvent was removed in vacuo and the residue purified by silica gel column 

chromatography (eluent: ethyl acetate) to give a white foam (0.11 mmol, 73 %). 

1H NMR (400 MHz, d3-acetonitrile): isomeric mixture: δ = 8.41 (br s, 1 H, NH), 7.99 (br s, 1 H, H-8), 7.39 

– 7.30 (m, 2 H, Haromat DMTr), 7.27 – 7.13 (m, 7 H, Haromat DMTr), 6.78 – 6.64 (m, 4 H, Haromat DMTr), 6.33 

(dd, 3J = , 1 H, H-1´), 4.94 – 4.81 (m, 1 H, H-3´), 4.24 – 4.14 (m, 1 H, H-4´), 4.10 (s, 3 H, O6-CH3), 3.86 – 

3.51 (m, 12 H, 2x NCH(CH3)2; CH2-CH2-CN; 2x O-CH3; H-5´a/b), 3.45 – 3.36 (m, 1 H, C-CH-(CH3)2), 

3.30 – 3.22 (m, 1 H, H-2´a), 3.10 – 3.00 (m, 1 H, H-2´b), 2.64 (t, 3J = 6 Hz, 1 H, CH2-CH2-CN), 2.51 (t, 

1 H, 3J = 6 Hz, CH2-CH2-CN), 1.18 – 1.12 (m, 15 H, 5x C-CH3), 1.07 (d, 3J = 6.8 Hz, 3 H, C-CH3) 

31P NMR (162 MHz, d3-acetonitrile): isomeric mixture δ = 148.29 + 148.05 (s, 1 P) 
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HR ESI MS [M-1H+1Cl]: m/z calculated 902.3778, m/z found 902.3617 

Rf: EE: isomeric mixture – 0.59/ 0.66 

1.2.9 2´,3´,5´-Tri-O-acetylguanosine279 

Guanosine (35.31 mmol, 1 eq) was suspended in acetonitrile (200 mL). Triethylamine (141.24 mmol, 4 eq), 

DMAP (3.53 mmol, 0.1 eq) and acetic anhydride (141.24 mmol, 4 eq) were added and the solution was 

stirred at r.t. overnight. The solvent was removed under reduced pressure and the residue was crystallized 

from acetonitrile and diethyl ether at 4 °C. After coevaporation with toluene (four times), a white solid of 

2´,3´,5´-tri-O-acetylguanosine (19.74 mmol, 56 %) was obtained. 

1H NMR (400 MHz, DMSO-d6): δ = 10.75 (s, 1 H, NH), 7.93 (s, 1 H, H-8), 6.54 (s, 2 H, NH2), 5.99 (d, 
3J = 6.0 Hz, 1 H, H-1´), 5.79 (t, 3J = 6.0 Hz, 1 H, H-2´), 5.50 (dd, 3J = 6.0 Hz, 3J = 4.0 Hz, 1 H, H-3´), 4.44 

– 4.20 (m, 3 H, H4´,H-5´a/b), 2.11 (s, 3 H, CO-CH3), 2.04 (s, 3 H, CO-CH3), 2.04 (s, 3 H, CO-CH3)

1.2.10  2´,3´,5´-Tri-O-acetyl-6-chloro-guanosine303 

2´,3´,5´-Tri-O-acetylguanosine (1.22 mmol, 1 eq) was suspended in acetonitrile (2.5 mL) and cooled to 

0 °C. Tetraethylammonium chloride (2.44 mmol, 2 eq) and N,N-dimethylaniline (1.22 mmol, 1 eq) were 

added. Then, POCl3 (7.32 mmol, 6 eq) was added under nitrogen atmosphere. The solution was stirred for 

10 min at r.t. and then for 15 min at reflux (preheated oil bath to 100 °C). The solvent was removed under 

reduced pressure and the orange residue was dissolved in DCM, cold water was added and then stirred for 

20 min. The layers were separated, and the aqueous layer was extracted three times with DCM. The 

combined organic layers were washed six times with cold water and six times with a saturated aqueous 

solution of NaHCO3. The organic layer was dried over MgSO4 and the solvent was removed under reduced 

pressure to give a yellow foam of 2´,3´,5´-tri-O-acetyl-6-chloro-guanosine (0.91 mmol, 75 %). 
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1H NMR (400 MHz, DMSO-d6): δ = 8.36 (s, 1 H, H-8), 7.04 (br s, 2 H, NH2), 6.11 (d, 3J = 5.9 Hz, 1 H, 

H-1´), 5.88 (t, 3J = 5.9 Hz, 1 H, H-2´), 5.54 (dd, 3J = 5.9 Hz, 3J = 4.1 Hz, 1 H, H-3´), 4.45 – 4.24 (m, 3 H,

H-4´, H-5´a/b), 2.12 (s, 3 H, CO-CH3), 2.04 (s, 3 H, CO-CH3), 2.03 (s, 3 H, CO-CH3)

1.2.11  5´-O-TBDMS-6-chloro-guanosine301, 304 

2´,3´,5´-Tri-O-acetyl-6-chloro-guanosine (5.38 mmol, 1 eq) was stirred in 25 % ammonia solution (53 mL) 

at r.t. overnight. The solvent was removed in vacuo and the residue was washed with water three times. 

After freezedrying, the residue (2.98 mmol, 1 eq) was suspended in DCM/ DMF (7.45 mL/ 14.9 mL) and 

TBDMS chloride (3.28 mmol, 1.1 eq), triethylamine (2.98 mmol, 1 eq) and DMAP (0.45 mmol, 0.15 eq) 

were added. This mixture was stirred at r.t. for 90 min. After removing of the solvent, the residue was 

purified by silica gel column chromatography (eluent: DCM/ MeOH: 40/ 1) to give a white foam of 

5´-O-TBDMS-6-chloro-guanosine (0.72 mmol, 13 %). 

1H NMR (400 MHz, DMSO-d6): δ = 8.26 (s, 1 H, H-8), 6.97 (s, 2 H, NH2), 5.82 (d, 3J = 5.0 Hz, 1 H, H-1´), 

5.54 (d, 3J = 5.0 Hz, 1 H, 2´-OH), 5.19 (d, 3J = 5.0 Hz, 1 H, 3´-OH), 4.44 (q, 3J = 5.0 Hz, 1 H, H-2´), 4.13 (q, 
3J = 5.0 Hz, 1 H, H-3´), 3.94 (q, 3J = 4.0 Hz, 1 H, H-4´), 3.88 – 3.70 (m, 2 H, H-5´a/b), 0.87 (s, 9 H, 

C-(CH3)3), 0.04 (s, 6 H, 2x CH3) 

13C NMR (100 MHz, DMSO-d6): δ = 159.86 (Cquart), 153.96 (C-4), 149.51 (Cquart), 140.62 (C-8), 123.46 

(C-5), 86.83 (C-1´), 84.51 (C-4´), 73.62 (C-2´), 69.87 (C-3´), 62.91 (C-5´), 25.82 (C-(CH3)3), 18.05 

(C-(CH3)3), -5.42 (CH3), -5.45 (CH3) 

Rf: DCM/ MeOH: 10/ 1 – 0.48
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1.2.12  5´-O-TBDMS-2´,3´-O-thionocarbonyl-6-chloro-guanosine301 

5´-O-TBDMS-6-chloro-guanosine (5.36 mmol, 1 eq) was dissolved in DMF (53.6 mL) and 

1,1´-thiocarbonyldiimidazole (9.38 mmol, 1.75 eq) was added. After stirring at r.t. overnight, the solvent 

was removed in vacuo and the residue was dissolved in DCM. The organic layer was washed with water 

five times and dried over MgSO4. Following this, the solvent was removed under reduced pressure and the 

residue was purified by silica gel column chromatography (eluent: DCM/ MeOH: 60/ 1) to give a yellow 

foam of 5´-O-TBDMS-2´,3´-O-thionocarbonyl-6-chloro-guanosine (1.99 mmol, 37 %).  

1H NMR (400 MHz, DMSO-d6): δ = 8.23 (s, 1 H, H-8), 7.09 (s, 2 H, NH2), 6.48 (d, 3J = 1.1 Hz, 1 H, H-1´), 

6.26 (dd, 3J = 7.2 Hz, 3J = 1.1 Hz, 1 H, H-2´), 5.94 (dd, 3J = 7.2 Hz, 3J = 2.8 Hz, 1 H, H-3´), 4.54 (td, 3J = 

5.7 Hz, 3J = 2.8 Hz, 1 H, H-4´), 3.81 – 3.70 (m, 2 H, H-5´a/b), 0.74 (s, 9 H, C-(CH3)3), -0.12 (s, 3 H, CH3), 

-0.13 (s, 3 H, CH3)

13C NMR (100 MHz, DMSO-d6): δ = 190.01 (C-S), 159.64 (Cquart), 152.85 (C-4), 149.80 (Cquart), 141.47 

(C-8), 123.49 (C-5), 88.36 (C-1´), 88.32 (C-2´), 87.06 (C-4´), 86.45 (C-3´), 62.74 (C-5´), 25.61 (C-(CH3)3), 

17.84 (C-(CH3)3), -5.70 (CH3), -5.76(CH3)  

Rf:  DCM/ MeOH: 20/ 1 – 0.45 

1.2.13  5´-O-TBDMS-6-chloro-2´-deoxyguanosine301 

5´-O-TBDMS-2´,3´-O-thionocarbonyl-6-chloro-guanosine (0.61 mmol, 1 eq) was dissolved in abs. toluene 

(14 mL) and was stirred at reflux under nitrogen atmosphere. Then, tributyltin hydride (2.44 mmol, 4 eq) 

and AIBN (0.43 mmol, 0.7 eq) in toluene (7.2 mL) was dropped to the nucleoside and the solution was 

stirred at reflux for 7 h. After removing of the solvent in vacuo, the residue was purified by silica gel column 

chromatography (eluent: DCM/ MeOH: 60/ 1) to give a white solid of 5´-O-TBDMS-6-chloro-

2´-deoxyguanosine (0.22 mmol, 36 %). 
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1H NMR (400 MHz, DMSO-d6): δ = 8.25 (s, 1 H, H-8), 6.95 (s, 2 H, NH2), 6.22 (t, 3J = 6.5 Hz, 1 H, H-1´), 

5.33 (d, 3J = 4.2 Hz, 1 H, 3´-OH), 4.36 (dq, 3J = 7.8 Hz, 3J = 4.2 Hz, 1 H, H-3´), 3.85 (q, 3J = 4.2 Hz, 1 H, 

H-4´), 3.80 – 3.65 (m, 2 H, H-5´a/b), 2.62 (dt, 3J = 13.2 Hz, 3J = 6.4 Hz 1 H, H-2´a), 2.30 (ddd, 2J = 13.2 Hz,
3J = 6.5 Hz, 3J = 4.2 Hz, 1 H, H-2´b), 0.84 (s, 9 H, C-(CH3)3), -0.01 (s, 3 H, 2x CH3)

13C NMR (100 MHz, DMSO-d6): δ = 159.78 (Cquart), 153.59 (C-4), 149.42 (Cquart), 140.69 (C-8), 123.53 

(C-5), 87.12 (C-4´), 82.91 (C-1´), 70.13 (C-3´), 63.18 (C-5´), 39.52 (C-2´under solvent peak), 25.79 

(C-(CH3)3), 18.00 (C-(CH3)3), -5.46 (2x CH3) 

Rf: DCM/ MeOH: 10/ 1 – 0.51 

1.2.14  3´-O-(1-imidazolylthiocarbonyl)-5´-O-TBDMS-6-chloro-

2´-deoxyguanosine301 

5´-O-TBDMS-6-chloro-2´-deoxyguanosine (0.88 mmol, 1 eq) was dissolved in abs. DMF and 

1,1´-thiocarbonyldiimidazole (1.32 mmol, 1.5 eq) was added. After stirring at 90 °C for 8 h and then stirring 

at r.t. overnight, the solvent was removed under reduced pressure. The obtained residue was purified by 

silica gel column chromatography (eluent: EE/ n-Hexane: 1/ 1) to give a white solid of 

3´-O-(1-imidazolylthiocarbonyl)-5´-O-TBDMS-6-chloro-2´-deoxyguanosine (0.37 mmol, 42 %). 

1H NMR (400 MHz, CDCl3): δ = 8.40 (s, 1 H, N-CH-N), 8.16 (s, 1 H, H-8), 7.67 (t, 3J = 1.5 Hz, 1 H, 

N-CH-CH-N), 7.09 (dd, 3J = 1.8 Hz, 3J = 0.8 Hz, 1 H, N-CH-CH-N), 6.44 (dd, 3J = 8.2 Hz, 3J = 6.4 Hz,

1 H, H-1´), 6.11 (dt, 3J = 4.8 Hz, 3J = 1.3 Hz, 1 H, H-3´), 5.18 (s, 2 H, NH2), 4.48 (td, 3J = 2.7 Hz, 3J =

1.3 Hz, 1 H, H-4´), 4.07 – 3.93 (m, 2 H, H-5´a/b), 2.90 – 2.81 (m, 2 H, H-2´a/b), 0.93 (s, 9 H, C-(CH3)3),

0.14 (s, 6 H, 2x CH3)

13C NMR (100 MHz, CDCl3): δ = 182.94 (C-S), 159.22 (Cquart), 153.43 (C-4), 151.68 (Cquart), 140.04 (C-8), 

136.99 (N-CH-N), 131.38 (N-CH-CH-N), 125.63 (C-5), 118.08 (N-CH-CH-N), 85.26 (C-4´), 84.54 (C-3´), 

84.07 (C-1´), 63.92 (C-5´), 38.94 (C-2´), 26.10 (C-(CH3)3), 18.54 (C-(CH3)3), -5.17 (CH3), -5.35 (CH3) 

Rf: EE/ n-hexane: 12/ 1 – 0.32 
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1.2.15  6-Chloro-2´,3-dideoxyguanosine301 

3´-O-(1-imidazolylthiocarbonyl)-5´-O-TBDMS-6-chloro-2´-deoxyguanosine (0.36 mmol, 1 eq) was 

suspended in abs. toluene (18 mL) and then heated to 110 °C. After adding AIBN (0.25 mmol, 0.7 eq) and 

tributyltin hydride (1.44 mmol, 4 eq), the reaction mixture was stirred at 110 °C for 3.5 h. The solvent was 

removed in vacuo and the residue was purified by silica gel column chromatography (first: washing with 

n-hexane, second: eluent: DCM/ MeOH: 70/ 1) to give 2´,3´-deoxy-5´-O-TBDMS-6-chloro-guanosine

(0.33 mmol). The nucleoside (0.33 mmol, 1 eq) was dissolved in acetonitrile and 1 M TBAF in THF

(0.99 mmol, 3 eq) was added under nitrogen atmosphere. The reaction mixture was stirred at r.t. for 3 h,

followed by removing of the solvent under reduced pressure. The residue was purified by silica gel column

chromatography (eluent: DCM/ MeOH: 70/ 1) to give a white foam 6-chloro-2´,3´-dideoxyguanosine

(0.21 mmol, 58 %).

1H NMR (400 MHz, DMSO-d6): δ = 8.37 (s, 1 H, H-8), 6.92 (s, 2 H, NH2), 6.10 (dd, 3J = 6.5 Hz, 3J = 

3.5 Hz, 1 H, H-1´), 4.93 (t, 3J = 5.5 Hz, 1 H, 5´-OH), 4.16 – 4.04 (m, 1 H, H-4´), 3.68 – 3.47 (m, 2 H, 

H-5´a/b), 2.45 – 2.31 (m, 2 H, H-2´a/b), 2.10 – 1.94 (m, 2 H, H-3´a/b)

13C NMR (100 MHz, DMSO-d6): δ = 159.67 (Cquart), 153.34 (C-4), 149.28 (Cquart), 140.94 (C-8), 123.60 

(C-5), 84.12 (C-1´), 81.98 (C-4´), 62.51 C-5´), 31.67 C-2´), 25.33 (C-3´) 

Rf: DCM/ MeOH: 10/ 1 – 0.38 

1.2.16  5´-O-TBDMS-O6-methyl-2´-deoxyguanosine301

After dissolving of O6-methyl-2´-deoxyguanosine (0.95 mmol, 1 eq) in DCM/ DMF (4.7 mL/ 2.4 mL), 

TBDMS chloride (1.05 mmol, 1.1 eq), triethylamine (0.95 mmol, 1 eq) and DMAP (0.14 mmol, 0.15 eq) 

were added under nitrogen atmosphere. The reaction mixture was stirred at r.t. overnight, followed by 

adding MeOH (2 mL). The solution was evaporated to dryness under reduced pressure and the residue was 

purified by silica gel column chromatography (eluent: DCM/ MeOH: 60/ 1) to give a white foam of 

5´-O-TBDMS-O6-methyl-2´-deoxyguanosine (0.71 mmol, 75 %). 
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1H NMR (400 MHz, DMSO-d6): δ = 8.00 (s, 1 H, H-8), 6.44 (br s, 2 H, NH2), 6.21 (dd, 3J = 7.3 Hz, 3J = 

6.2 Hz, 1 H, H-1´), 5.31 (d, 3J = 3.9 Hz, 1 H, 3´-OH), 4.34 (dq, 3J = 6.3 Hz, 3J = 3.6 Hz, 1 H, H-3´), 3.95 

(s, 3 H, O6-CH3), 3.83 (td, 3J = 4.5 Hz, 3J = 3.6 Hz, 1 H, H-4´), 3.78 – 3.65 (m, 2 H, H-5´a/b), 2.57 (ddd, 
2J = 13.1 Hz, 3J = 7.3 Hz, 3J = 6.3 Hz, 1 H, H-2´a), 2.25 (ddd, 2J = 13.1 Hz, 3J = 6.2 Hz, 3J = 3.6 Hz, 1 H, 

H-2´b), 0.85 (s, 9 H, C-(CH3)3), 0.02 (s, 3 H, 2x CH3)

13C NMR (100 MHz, DMSO-d6): δ = 160.60 (Cquart), 159.83 (Cquart), 153.76 (C-4), 137.26 (C-8), 113.86 

(C-5), 86.93 (C-4´), 82.47 (C-1´), 70.34 (C-3´), 63.32 (C-5´), 53.13 (O6-CH3), 39 (C-2´under solvent peak), 

25.80 (C-(CH3)3), 18.00 (C-(CH3)3), -5.44 (2x CH3) 

Rf DCM/ MeOH: 10/ 1 – 0.53 

1.2.17  O6-Methyl-2´,3´-dideoxyguanosine301, 306

5´-O-TBDMS-O6-methyl-2´-deoxyguanosine (0.66 mmol, 1eq) was dissolved in acetonitrile and DMAP 

(3.3 mmol, 5 eq) and O-phenyl thionochloroformate (0.92 mmol, 1.4 eq) were added under nitrogen 

atmosphere. The reaction mixture was stirred at r.t. overnight. The solvent was removed in vacuo and the 

residue was dissolved in DCM. The organic layer was washed two times with 5 % citric acid and two times 

with water. After drying over MgSO4 and removing of the solvent under reduced pressure, the residue was 

coevaporated two times with toluene. The residue was dissolved in toluene and the solution was heated to 

110 °C. After adding tributyltin hydride (2.64 mmol, 4 eq) and AIBN (0.46 mmol, 0.7 eq), the reaction 

mixture was stirred at 110 °C for 105 min and then evaporated to dryness under reduced pressure. The 

residue was purified by silica gel column chromatography (eluent: n-hexane/ EE: 1/ 3) to give a white foam 

of 2´,3´-deoxy-O6-methylguanosine (0.35 mmol, 1 eq). This foam was dissolved in acetonitrile and 1 M 

TBAF in THF (1.05 mL) was added. After stirring at r.t. for 6 h, the solvent was removed in vacuo. The 

residue was purified by silica gel column chromatography (eluent: DCM/ MeOH: 60/ 1), followed by 

washing 13 times with n-hexane to give a white solid of O6-methyl-2´,3´-dideoxyguanosine (0.2 mmol, 

57 %). 

1H NMR (400 MHz, CDCl3): δ = 7.62 (s, 1 H, H-8), 5.98 (dd, 3J = 7.8 Hz, 3J = 6.2 Hz, 1 H, H-1´), 4.93 

(br s, 2 H, NH2), 4.38 – 4.31 (m, 1 H, H-4´), 4.07 (s, 3 H, O6-CH3), 4.06 – 4.00 (m, 1 H, H-5´a), 3.64 – 3.57 

(m, 1 H, H-5´b), 2.81 – 2.68 (m, 1 H, H-2´a), 2.47 – 2.37 (m, 1 H, H-3´a), 2.35 – 2.26 (m, 1 H, H-2´b), 2.24 

– 2.15 (m, 1 H, H-3´b)
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13C NMR (100 MHz, CDCl3): δ = 162.19 (Cquart), 158.86 (Cquart), 152.28 (C-4), 138.76 (C-8), 117.31 (C-5), 

88.20 (C-1´), 81.43 (C-4´), 65.36 (C-5´), 54.13 (O6-CH3), 31.99 (C-2´), 26.45 (C-3´) 

Rf: DCM/ MeOH: 20/ 1 – 0.49 

1.2.18  O6-Methyl-2´,3´-dideoxyguanosine-5´-triphosphate307-308 

 

O6-methyl-2´,3´-dideoxyguanosine (0.2 mmol, 1 eq) and 2-chloro-4-H-1,3,2-benzodioxaphosphorin-4-one 

(0.4 mmol, 2 eq) were dried in vacuo for 1 h at r.t. in separate flasks. Then, 2-chloro-4-H-

1,3,2-benzodioxaphosphorin-4-one was dissolved in abs. DMF (625 µL) and 0.5 M 

bis(tributylammonium)pyrophosphate (0.4 mmol, 2 eq) in tributylamine (750 µL) was added and the 

solution was stirred at r.t. for 30 min under inert gas. This reaction mixture was added to O6-methyl-

2´,3´-dideoxyguanosine in DMF (500 µL). After stirring for 1.5 h at r.t., iodine solution (3 % in 1 mL of 

9/ 1:pyridine/ water) was added dropwise until a permanent brown color was maintained. Then, the reaction 

mixture was stirred for further 15 min. To this, water (5 mL) was added and stirred for further 1.5 h. 1 mL 

3 M NaCl aqueous solution was added to 8 mL reaction mixture and filled up to 30 mL with EtOH and 

stored at -80 °C overnight. The supernatant was removed, and the residue was dissolved in a defined volume 

of water, followed by FPLC and RP HPLC purification (see chapter 1.1.4 Chromatographic methods). 

After lyophilization, the residue was dissolved in a defined volume of water and the concentration was 

determined by the Lambert-Beer law (0.03 mmol, 15 %) using ε280 = 9756 M-1 cm-1 (0.03 mmol, 15 %). The 

extinction coefficient was determined by UV/Vis spectroscopy considering the Lambert-Beer law by 

measuring the absorbance of O6-methyl-2´,3´-dideoxyguanosine with known concentration. 

1H NMR (400 MHz, D2O): δ = 8.28 (s, 1 H, H-8), 6.20 (dd, 3J = 6.9 Hz, 3J = 3.6 Hz, 1 H, H-1´), 4.53 – 

4.44 (m, 1 H, H-4´), 4.28 – 4.20 (m, 1 H, H-5`a), 4.15 – 4.04 (m, 4 H, H-5´b/ O6-CH3), 2.67 – 2.54 (m, 1 H, 

H-2´a), 2.53 – 2.43 (m, 1 H, H-2´b), 2.32 – 2.23 (m, 1 H, H-3´a), 2.22 – 2.13 (m, 1 H, H-3´b) 

31P NMR (162 MHz, D2O): δ = -11.33 (br, 2 P), -23.42 (br, 1 P) 

HR ESI MS [M-1H]: m/z calculated 504.0092 , m/z found 503.9996
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1.3 Oligonucleotide synthesis 

200 nmol scale coupling and oxidation was performed using a DNA synthesizer (Model 392, Applied 

Biosystems) using standard parameters (DMTr on mode) for solid phase oligonucleotide synthesis. 

Standard phosphoramidites were diluted in abs. acetonitrile to a final concentration of 0.1 M and the 

synthesis was performed on 500 Å Universal Q SynBase™ CPG (Link Technologies) with loading densities 

of approximately 41 µmol/g. Extended coupling times of 5 min for couplings with modified 

phosphoramidites were employed and average coupling yields were always higher than 95 %. The 

synthesized oligonucleotides were cleaved from the solid support and deprotected using 33 % aqueous 

ammonium solution at 55 °C overnight. The DMTr containing oligonucleotides were purified by RP HPLC 

(RP-18; solvent 0.05 M TEAA with a gradient of acetonitrile from 5 – 50 % over 20 min; flow rate 

2 mL/min). The oligonucleotide was concentrated, and the mixture was treated with 80 % acetic acid for 

2 h at r.t.. The detritylated oligonucleotide was again purified by RP HPLC (RP-18; solvent 0.05 M TEAA 

with a gradient of acetonitrile from 5 – 70 % over 20 min; flow rate 2 mL/min), concentrated and lyophilized 

using a SpeedVac Concentrator (Thermo Fisher Scientific). The concentration of the synthesized 

oligonucleotide and the yield was determined by UV/Vis spectroscopy considering the Lambert-Beer Law 

using ε260 = 216600 M-1 cm-1 for 3´-terminally modified O6-methyl G Sept9-T1 primer, ε260 = 219510 M-1 cm-1 

for 3´-terminally modified O6-ethyl G Sept9-T1 primer and ε260 = 196400 M-1 cm-1 for 3´-terminally modified 

O6-methyl G NANOG primer. 

Table 3: Mass and yields of the synthesized oligonucleotides 

Primer Mass calc. [M-1H]- Mass found [M-1H]- yield 
O6-methyl G Sept9-T1 7006.2227 7006.2125 9 % 

O6-ethyl G Sept9-T1 7021.2491 7021.3000 32 % 

Sequence 5´-d(C GAA ATG ATC CCA TCC AGC TGC G*)-3´ 

O6-methyl G NANOG 6224.0792 6224.0219 5 % 

Sequence 5´-d(C TTG GTG AGA CTG GTA GAC G*)-3´ 
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2 Biochemical methods 

2.1 General information 

2.1.1 Chemicals 

Chemicals for buffers and solutions were purchased in pro analysis or molecular biology quality grade from 

Roth, Sigma-Aldrich, Merck, Fluka, Acros Organics, Riedel-de-HAën and VWR. Natural dNTPs were 

purchased from Jena Bioscience and Thermo Scientific. Modified dNTPs were supplied by TriLink 

Biotechnologies and [γ-32P]-ATP from Hartmann Analytics. For buffers, solution and assays water from a 

combined reverse osmosis/ ultrapure water system (Milli-Q) was used. 

2.1.2 Oligonucleotides 

Oligonucleotides unmodified and modified at cytosine were purchased from Biomers in HPLC grade. 

Oligonucleotides modified at adenosine were purchased PAGE purified from Purimex. Purchased and 

synthesized oligonucleotides were purified by HPLC and/ or preparative denaturing PAGE. The 

concentration of the oligonucleotides was determined by the Lambert-Beer law measuring the absorbance 

at 260 nm. For oligonucleotides ordered from Biomers the extinction coefficient given by the vendor was 

used. The extinction coefficient of oligonucleotides from Purimex was provided from ATDBio Ltd 

(www.atdbio.com/tools/oligo-calculator) using the extinction coefficient for single-stranded DNA based 

on the nearest-neighbor model. 

Table 4: DNA primer and templates for sensing 5mC. 

Oligonucleotide type Sequence 5´ 3´ 

DNA Sept9-T1 C 
template 

CCGCTGCCCACCAGCCATCATGTCGGACCCCGCGGTCAACG C GCAGC 
TGGATGGGATCATTTCGGACT 

DNA Sept9-T1 5mC 
template 

CCGCTGCCCACCAGCCATCATGTCGGACCCCGCGGTCAACG 5mC GCA 
GCTGGATGGGATCA TTTCGGACT 

DNA Sept9-T1 C 
template PCR 

CCTCCGCGCGACCCGCTGCCCACCAGCCATCATGTCGGACCCCGCGGT 
CAACG C GCAGCTGGATGGGATCATTTCGGACT 

DNA Sept9-T1 5mC 
template PCR 

CCTCCGCGCGACCCGCTGCCCACCAGCCATCATGTCGGACCCCGCGGT 
CAACG 5mC GCAGCTGGATGGGATCATTTCGGACT 

DNA Sept9-T1 
primer rev CGAAATGATCCCATCCAGCTGC G 

DNA Sept9-T1 CGAAATGATCCCATCCAGCTGC  
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primer rev-1 

DNA Sept9-T1 
primer fwd 

CCGCGCGACCCGCTGCCCACCAG 

DNA NANOG 
primer rev CTTGGTGAGACTGGTAGAC G 

DNA NANOG 
primer fwd  CAACCAGCTCAGTCCAGCAGAACG 

Table 5: DNA primer and templates for sensing m6A in DNA. 

Oligonucleotide type Sequence 5´ 3´ 

DNA Chr16 A 
template 3´-phosphate CGGAAC A TGTCCAGCTACGTGCAGAC - phosphate 

DNA Chr16 m6A  
template 3´-phosphate CGGAAC m6A TGTCCAGCTACGTGCAGAC - phosphate 

DNA Chr16 A 
template PCR 

TTGCGTCGGAAAGGGCAGACGTCAGCATTGACGGAAC A TGTCCAGCTA 
CGTG CAGAC 

DNA Chr16 m6A 
template PCR 

TTGCGTCGGAAAGGGCAGACGTCAGCATTGACGGAAC m6A TGTCCA 
GCTA CGTG CAGAC 

DNA Chr16 G 
template 

CGTCAGCATTGACGGAAC G TGTCCAGCTACGTGCAGAC 

DNA Chr16 T 
template CGTCAGCATTGACGGAAC T TGTCCAGCTACGTGCAGAC 

DNA Chr16 C 
template 

CGTCAGCATTGACGGAAC CTGTCCAGCTACGTGCAGAC 

DNA Chr16 
primer rev-1 GTCTGCACGTAGCTGGACA 

DNA Chr16 
primer rev+6 CGTAGCTGGACA T GTTCCG 

DNA Chr16 
primer fwd TTGCGTCGGAAAGGGCA 

Table 6: 5´-fluorescently labeled DNA primers for the quantitative evaluation of the degree of m6A 
DNA methylation. 

Oligonucleotide type Sequence 5´ 3´ 

DNA Chr16  
primer rev-1 19 nt FAM FAM – GTCTGCACGTAGCTGGACA 

DNA Chr16  
primer rev-1 19 nt HEX HEX – GTCTGCACGTAGCTGGACA 

DNA Chr16  
primer rev-1 23 nt FAM FAM – GATCGTCTGCACGTAGCTGGACA 

DNA Chr16 HEX – GATCGTCTGCACGTAGCTGGACA 
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primer rev-1 23 nt HEX 

DNA Chr16  
primer rev-1 27 nt FAM FAM - GATCGATCGTCTGCACGTAGCTGGACA 

Table 7: DNA primer and RNA templates for sensing m6A in RNA. 

Oligonucleotide type Sequence 5´ 3´ 

RNA RSV A 
template 

AUAGGGGAAUGGGCCGUUCAUCUGCUAAAAGG A CUGCUUUUGGGGC 
UUGUAGU 

RNA RSV m6A 
template 

AUAGGGGAAUGGGCCGUUCAUCUGCUAAAAGG m6A CUGCUUUUGG 
GGCUUGUAGU 

RNA RSV A 
template optimized 

AUAGGGGAAUGGGCCGUUCAUCUGACUUGCUC A CUGCUUUUGGGGC 
UUGUAGU 

RNA RSV m6A 
template optimized 

AUAGGGGAAUGGGCCGUUCAUCUGACUUGCUC m6A CUGCUUUUGG 
GGCUUGUAGU 

DNA RSV 
primer rev-1 ACTACAAGCCCCAAAAGCAG 

DNA 18S rRNA 
primer rev-1 1832 TCACCTACGGAAACCTTG 

DNA 18S rRNA 
primer rev 1832 CACCTACGGAAACCTTG T 

DNA 18S rRNA 
primer rev+9 1832 GGAAACCTTG T TACGACTTT 

DNA 18S rRNA 
primer fwd 49mer CGGTCGAACTTGACTATCTA 

Table 8: Primer for sequencing of Taq and KlenTaq DNA pol gene. 

Oligonucleotide type Sequence 5´ 3´ 

DNA pGDR11 
primer fwd CGGATAACAATTTCACACAG 

DNA pGDR11 
primer rev 

GTTCTGAGGTCATTACTGG 

DNA pJ404 
primer rev GCCAGTCCTCACCGATAC 

Table 9: Primer for site-directed mutagenesis of Taq or KlenTaq DNA pol. 

Oligonucleotide type Sequence 5´ 3´ 

DNA KlenTaq 
primer rev phosphate-CTGCACGACGCATCAGCG 

DNA KlenTaq CAAAAACCATTAAT TAT GGGGTG 
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primer fwd 
DNA Taq 
primer rev phosphate-GCAGCACGACGCATCAGC 

DNA Taq 
primer fwd GAAAACGATCAAT TAT GGTGTAC 

2.1.3 Enzymes, stain solutions, reagents and kits 

Enzymes and kits were used with the supplied buffers and reagents and were applied according to the 

vendor´s protocol, if not indicated otherwise. 

Table 10: Nucleic acid stain solutions. 

Stain solution Vendor 

Ethidium bromide solution 1 % Roth 

GelRedTM Biotium 

SYBR® Green I Sigma-Aldrich 

Table 11: Enzymes. 

Enzymes Vendor 

Bst DNA pol New England BioLabs 

DNase I New England BioLabs 

DpnI New England BioLabs 

KOD exo- DNA pol Kindly provided by Claudia Huber 

Lysozyme Roth 

M-MuLV Reverse Transcriptase New England BioLabs 

Phusion High-Fidelity DNA polymerase Thermo Fisher Scientific 

RT KlenTaq DNA pol Kindly provided by Joos Aschenbrenner 

SunScript Reverse Transcriptase RNaseH- SYGNIS 

SuperScript II Reverse Transcriptase Thermo Fisher Scientific 

T4 DNA ligase New England BioLabs 

T4 Polynucleotide kinase New England BioLabs 
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Table 12: Reagents. 

Reagents Vendor 

carbenicillin 
cOmplete His-Tag Purification Resin 

Roth 
Roche 

CpG methylated HeLa genomic DNA New England BioLabs 

DS-33 GeneScan Installation Standards with 
GeneScan 600 LIZ Size Standard v2.0 

Thermo Fisher Scientific 

DS-33 Matrix Standard Kit (Dye Set G5) Thermo Fisher Scientific 

Gene Ruler 1 kb DNA ladder Thermo Fisher Scientific 

GeneScan 120 LIZ dye Size Standard Thermo Fisher Scientific 

HeLa Genomic DNA New England BioLabs 

Hi-Di Formamide Thermo Fisher Scientific 

Low Molecular Weight DNA Ladder New England BioLabs 

PageRuler unstained Protein Ladder Thermo Fisher Scientific 

Sephadex G-25 Superfine GE Healthcare 

Pierce Bovine Serum Albumin Standard Thermo Fisher Scientific 

Table 13: Kits. 

Kits Vendor 

Direct-zol RNA MiniPrep Kit Zymo Research 

QIAprep Spin Miniprep Kit QIAGEN 

NucleoSpin® Gel and PCR Clean up Kit Macherey-Nagel 

2.1.4 Buffers, solutions and media 

Freshly prepared buffers and solutions were sterile filtered using membrane filters with a pore size of 

0.2 µm or 0.45 µm. Media were autoclaved. 

Table 14: Buffers and solutions for electrophoresis. 

Buffers/ solutions Vendor or composition 

Agarose gel 2.5 % or 0.8 % (w/v) agarose in 1x TAE 

0.006 % (v/v) Ethidium bromide 
Anode Buffer Container 3500 series – CE  Thermo Fisher Scientific 

Cathode Buffer Container 3500 series – CE Thermo Fisher Scientific 

CE stop solution 80 % (v/v) formamide 

20 mM EDTA 
Conditioning Reagent 3500 series – CE Thermo Fisher Scientific 
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Coomassie staining solution – SDS PAGE 10 % (v/v) acetic acid 

50 % (v/v) methanol 

0.115 % Coomassie brilliant blue R 250 (Roth) 

Denaturing PA gel 48 % (v/v) Rotiphorese® sequencing gel concentrate (19:1) 

10 % (v/v) 8.3 M urea in 10x TBE 

42 % (v/v) 8.3 M urea 

0.04 % (v/v) TEMED 

0.53 % (v/v) ammonium persulfate solution (10 %) 

Destaining solution – SDS PAGE 10 % (v/v) acetic acid 

50 % (v/v) methanol 

Gel loading dye, Purple (6x) – agarose gels New England BioLabs 

POP-6 Polymer for 3500 Genetic Analyzers – 
CE  

Thermo Fisher Scientific 

RNA loading dye (2x) 95 % (v/v) formamide 

0.02 % (w/v) SDS 

0.02 % (w/v) bromophenol 

0.01 % (w/v) xylene cyanol 

1 mM EDTA 

Rotiphorese® gel 30 (37.5:1) Roth 

Rotiphorese® sequencing gel concentrate 
(19:1) 

Roth 

SDS PA gel Stacking gel 4 %: 

13 % (v/v) Rotiphorese® gel 30 (37.5:1) 

25 % (v/v) 1 M Tris-HCl (pH 6.8) 

0.70 % (v/v) ammonium persulfate solution (10 %) 

0.10 % (v/v) TEMED 

0.40 % (v/v) SDS solution (10 %) 

Resolving gel 12.5 %: 

42 % (v/v) Rotiphorese® gel 30 (37.5:1) 

24 % (v/v) 1.5 M Tris-HCl (pH 8.8) 

0.73 % (v/v) ammonium persulfate solution (10 %) 

0.10 % (v/v) TEMED 

1 % (v/v) SDS solution (10 %) 

SDS PAGE loading dye (6x) 225 mM Tris-HCl (pH 6.8) 

50 % (v/v) glycerol 

5 % (w/v) SDS 

0.05 % (w/v) bromophenol blue 

12.5 % (v/v) β-mercaptoethanol 

SDS PAGE running buffer (10x) 250 mM Tris-HCl (pH 8.9) 



Biochemical methods 

 
 

135 
 
 

2 M Glycine 

1 % (w/v) SDS 

Stop solution 80 % (v/v) formamide 

20 mM EDTA 

0.25 % (w/v) bromophenol blue 

0.25 % (w/v) xylene cyanol 

TAE buffer (1x) 40 mM Tris-HCl (pH 7.5) 

40 mM acetic acid 

1 mM EDTA 

TBE buffer (10x) 890 mM Tris-HCl (pH 8.0) 

890 mM boric acid 

20 mM EDTA 

 

Table 15: Buffers and solutions for protein purification and Bradford assay. 

Buffers/ solutions Vendor or composition 

KlenTaq basis buffer (10x) 100 mM Tris-HCl (pH 9) 

3 M NaCl 

25 mM MgCl2∙6H2O 

1 % Triton-X 100 
KlenTaq calibration buffer 1x KlenTaq basis buffer 

5 mM imidazole 
KlenTaq dilution buffer 1x KlenTaq storage buffer 

50 % (v/v) glycerol 
KlenTaq elution buffer (2x)  2x KlenTaq elution buffer stock 

200 mM imidazole 
KlenTaq elution buffer stock (10x) 500 mM Tris-HCl (pH 9.2) 

25 mM MgCl2∙6 H2O 

KlenTaq storage buffer (20x) 100 mM Tris-HCl (pH 9.2) 

320 mM (NH4)2SO4 

5 mM MgCl2∙6 H2O 

2 % Tween 20 

KlenTaq washing buffer 1x KlenTaq basis buffer 

20 mM imidazole 

Lysis buffer 1x KlenTaq basis buffer 

1 mg/mL lysozyme 

Roti®-Quant (5x) Roth 
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Table 16: Reaction buffers for primer extension and PCR experiments. 

Buffers Vendor or composition 

KlenTaq reaction buffer (10x) 500 mM Tris-HCl (pH 9.2) 

25 mM MgCl2∙6 H2O 

160 mM (NH4)2SO4 

1 % Tween 20 
KOD reaction buffer (10x) 500 mM Tris-HCl (pH 8) 

25 mM MgCl2∙6 H2O 

160 mM (NH4)2SO4 

1 % Tween 20 

 

Table 17: Buffers for preparing chemically competent cells. 

Buffers Vendor or composition 

Transformation buffer 1 pH 5.8 30 mM KAc 

50 mM MnCl2  

100 mM KCl 

15 % Glycerol 
Transformation buffer 2 pH 7 10 mM MOPS 

75 mM CaCl2 

10 mM KCl 

15 % glycerol 

 

 

Table 18: Media. 

Buffers Vendor or composition 

LB agar  2 % (w/v) LB broth 

15 % (w/v) Agar-Agar  
LB medium 2 % (w/v) LB broth  

SOC medium 2 % (w/v) SOB broth  

20 mM glucose 
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2.1.5 Genes, plasmids and bacterial strains 

Table 19: Genes for protein expression. 

Gene Vector comments 

KlenTaq  pGDR11 • N-terminal 6x His tag 

• Sequence see appendix 

Taq pJ404 • N-terminal 6x His tag 
• Sequence see appendix 
• Kindly provided by myPOLS 

Table 20: Plasmids. 

Plasmid Genotype 

pGDR11 (QIAGEN) • T7 promotor 
• IPTG inducible 
• Ampicillin resistance 
• Derivative of pQE 31 
• Containing laclq gene 

pJ404 (DNA2.0) • T5 promotor 
• IPTG inducible 
• Ampicillin resistance 
• High copy containing lacO/ lacI 

 

Table 21: Bacterial strains. 

Strain Genotype 

E. coli BL21-Gold(DE3) (Stratagene) B F- ompT hsDS(rB
- mB

-) dcm+ Tetr gal λ(DE3) endA Hte 

E. coli C3037I (New England BioLabs) MiniF lacIq(CamR)/ fhuA2 [ion] ompT gal suIA11 R(mcr-73:: 

miniTn10--TetS)2 [dcm] R(zgb-210::Tn10--TetS) endA1 

Δ(mcrC-mrr)114::IS10 

Resistance. T1 phage (fbu A2), Cam, Nit 
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2.2 Procedures   

2.2.1 Protein expression and purification 

10 mL LB medium containing carbenicillin (final: 0.1 mg/mL) was inoculated with cells from a glycerol 

stock and was incubated at 37 °C and 160 rpm overnight. Then, 200 mL LB medium containing 

carbenicillin (final: 0.1 mg/mL) was inoculated with 1 mL of the overnight culture and was incubated at 

37 °C and 160 rpm until an OD600 of 0.4 to 0.6 was reached. After adding of IPTG (final: 1mM), the culture 

was incubated for further 4 h at 37 °C and 160 rpm. Cells were harvested by centrifugation at 4 °C and 

4,400 rpm for 15 min (pellet could be stored at -20 °C).  

The pellet was resuspended in lysis buffer (10 mL, Table 15) and incubated at 37 °C for 15 min, at 75 °C 

for 45 min, followed by centrifugation at 4 °C and 20,000 rpm for 60 min. The supernatant containing 

imidazole (final: 5 mM) was incubated with cOmpleteTM His-Tag Purification Resin (1.5 – 2 mL, Roche), 

washed with KlenTaq calibration buffer (Table 15), at 4 °C in an overhead shaker overnight. After applying 

the lysate-resin mixture onto a column with a frit moistened with KlenTaq washing buffer, the resin was 

washed four times with KlenTaq washing buffer (5 mL, Table 15) and then the protein was eluted by 

applying 2x KlenTaq elution buffer (1.6 mL, Table 15) six times. The purity of the elution phases was 

analyzed by SDS PAGE. Pure phases were combined and added to a VIVASPIN tube (20 mL, 

30,000 MWCO; Sartorius) and centrifugated at 4 °C and 4,000 rpm. The protein solution was filled up to 

20 mL for three times with 2x KlenTaq elution buffer without imidazole and then was concentrated to 0.3 

to 0.5 mL. Then, 1/9 volume KlenTaq storage buffer (stock: 20x, Table 15) and 1 volume of glycerol (final: 

50 %) were added. Protein solutions were diluted to a final concentration of 10 µM using KlenTaq dilution 

buffer (Table 15) and were stored at -20 °C. 

2.2.2 Determination of protein concentration 

The Bradford Assay was used to determine the concentration of proteins. Roti-Quant was diluted to 1x 

and filtered. Then, 980 µL of Roti-Quant (final: 1x) was added to 20 µL of the protein and PierceTM 

Bovine Serum Albumin standard solutions, followed by incubation under exclusion of light for 10 min. 

Then, the absorption was measured at 595 nm at a BioPhotometer (Eppendorf). The BSA standard 

solutions contained 2, 1.5, 1, 0.5, 0.25, 0.125 and 0 mg/mL and proteins were measured as 1:4, 1:9, 1:19 

and 1:49 dilutions. Furthermore, SDS PAGE was used to verify the concentration of the proteins by SDS 

PAGE applying 0.2, 0.3 and 0.6 mg/mL of BSA as standard and 0.3 mg/mL of the protein.  
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2.2.3 SDS PAGE 

For analysis of the purity or concentration of proteins, SDS PAGE was performed. Therefore, resolving gel 

solution (Table 14) was poured into a gel chamber (Bio-Rad) and overlayed with 2-propanol. After 

polymerization and removing of 2-propanol, the stacking gel solution (Table 14) was poured into the gel 

chamber. The protein samples were mixed with SDS PAGE loading dye (final: 1x, Table 14) and heated 

to 95 °C for 10 min. 10 µL protein samples and 5 µL of the PageRulerTM unstained Protein Ladder (Thermo 

Fisher Scientific) were loaded and the samples were separated by applying 30 mA in SDS PAGE running 

buffer (final: 1x, Table 14) for 45 min. The gel was stained with Coomassie staining solution for 30 min 

and destained with destaining solution for 60 min. The gel was imaged using a ChemiDocTMXRS (Bio-

Rad). 

2.2.4 Analytical denaturing PAGE 

For analysis of primer extension reactions containing 5´-radioactively labeled DNA primers a 12 % 

denaturing PA gel (Table 14) with a thickness of 0.4 mm was prepared. After polymerization for at least 

30 min, the gel was prewarmed for 30 min at 100 W in TBE buffer (final: 1x, Table 14). Then, 1 to 1.5 µL 

of the samples were applied and separated at 100 W and 45 °C for around 2 h, followed by transferring to 

Whatman paper and drying at 80 °C for 60 min in vacuo. The gel was exposed to a phosphor imager 

screen overnight and readout was performed by using a Molecular ImagerTMFX (Bio-Rad).  

The value of % incorporation will be calculated using the integrated band intensities of the nonextended 

and extended primer that will be determined by using the Image Lab software from Bio-Rad 

(% 𝐼𝐼𝐼𝐼𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝

(𝐼𝐼𝑒𝑒𝑛𝑛𝑒𝑒−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝+ 𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝)
× 100 ). 

Furthermore, analytical denaturing PAGE was used to analyze the purity and concentration of RNA and 

DNA templates used in primer extension and PCR experiments. For this, the templates were 5´-radioctively 

labeled, but were not diluted with unlabeled primer. Instead, the samples were 20x diluted with Milli-Q and 

then 6x diluted with stop solution. 1 µL of each sample were applied on a 12 % denaturing PA gel and were 

separated by applying 100 W at 45 °C for 2 h, after prewarming the gel. The 5´-radioactively templates 

were further treated as the primer extension samples described above.  

2.2.5 Preparative denaturing PAGE 

Oligonucleotides were purified by a 12 % preparative denaturing PA gel (Table 14) with a thickness of 

1.5 mm. For this, a 200 µL of a 10 µM oligonucleotides solution was mixed with 1 volume of stop solution 
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(Table 14) without xylene cyanol and applied. After prewarming at 100 W and 45 °C for around 60 min, 

the samples were separated by applying 100 W at 45 °C in TBE buffer (final: 1x, Table 14) for 3 to 4 h. 

The oligonucleotides were visualized by using a TLC silica gel 60 F254 aluminum sheet (Merck) and UV 

light at a wavelength of 254 nm. Then, the desired bands were excised. The gel was squeezed using a 

syringe and incubated in 50 mM TEAA buffer (15 mL) at 37 °C in an overhead shaker overnight. Then, the 

gel was removed by filtration over silanized glass wool (Serva), followed by concentrating the solution by 

centrifugal filters (Amicon Ultra-4 3kDa, Merck). The oligonucleotide solution was filled up to 4 mL 

with Milli-Q for six times and finally concentrated to 0.2 mL. The residual solution was lyophilized and 

the remaining solid was dissolved in a defined volume of water. Finally, the concentration was determined 

by the Lambert-Beer law. 

2.2.6 Agarose gel electrophoresis 

RNA and DNA samples were analyzed by agarose gels. RNA samples were mixed with RNA loading dye 

(final: 1x, Table 14), followed by denaturation at 70 °C for 10 min, and DNA samples were mixed with 

gel loading dye purple (final: 1x). 3 µL of an appropriate DNA ladder and 10 µL of the samples were 

applied to 0.8 or 2.5 % agarose gels in TAE buffer (final: 1x) containing ethidium bromide (final: 0.006 % 

(v/v)) in case of DNA or GelRedTM (final: 0.006 % (v/v)) in case of RNA and separated by applying 120 A 

for approximately 40 min in TAE buffer (final: 1x, Table 14) containing either ethidium bromide  or 

GelRedTM (final: 0.0007% (v/v)). Readout was performed under UV light by using a ChemiDocTMXRS 

(Bio-Rad). Preparative agarose gels were used to purify PCR products formed during site-directed 

mutagenesis by using a NucleoSpin® Gel and PCR Clean up Kit (Table 13), after excising the desired 

band. 

2.2.7 5´-radioactive labeling of DNA oligonucleotides 

DNA oligonucleotides were radioactively labeled by phosphorylation of the 5´-terminus using [γ-32P]-ATP 

and T4 polynucleotide kinase (T4 PNK). Reactions contained 400 nM oligonucleotide solution, 1x T4 PNK 

reaction buffer, 0.4 U/µL T4 PNK and 0.8 µCi/µL [γ-32P]-ATP in a total volume of 50 µL. The reaction 

mixture was incubated at 37 °C for 60 min, followed by denaturation at 95 °C for 5 min. The samples were 

purified by gel filtration using SephadexTM G-25 Superfine (GE Healthcare). Finally, 20 µL of a 10 µM 

unlabeled oligonucleotide solution was added to give a 3 µM solution of 5´-radioactively labeled 

oligonucleotides. 
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2.2.8 Site-directed mutagenesis 

Mutations into the genes of KlenTaq and Taq DNA pol were introduced by site-directed mutagenesis using 

a forward primer containing the altered genetic code for the desired amino acid and a reverse primer with 

a 5´-phosphate (Table 9). The reaction mixture contained 200 µM dNTPs (each), 0.5 µM primer (each), 

23 ng/µL template (KlenTaq in pGDR11 or Taq in pJ404), 0.02 U/µL Phusion High-Fidelity DNA pol and 

1x Phusion High-Fidelity buffer in a total volume of 20 µL. PCR was carried out using a LifeTouch Thermal 

Cycler (Biozym) starting with an initial denaturation at 98 °C for 1min, followed by amplification over 

25 cycles in a 3-step protocol. The 3-step protocol consisted of a denaturation step at 98 °C for 10s, an 

annealing step at 61.7 °C for 20 s and an extension step at 72 °C for 205 s. Finally, an extension step at 

72 °C for 5 min was performed. PCR products were analyzed by agarose gel electrophoresis (0.8 % (w/v) 

agarose in TAE). Methylated parental plasmid DNA was digested by adding 1 µL DpnI (stock: 20 U/µL) 

in 1x CutSmart buffer to the PCR product (40 µL) and incubated at 37 °C for 2 h. After digestion, the PCR 

product was purified by agarose gel electrophoresis and by using the NucleoSpin® Gel and PCR Clean up 

Kit. Then, the purified DNA (17 µL) was ligated by adding 1 µL T4 DNA ligase (stock: 4,000 U/µL) in 

1x T4 DNA ligase reaction buffer. The reaction mixture was incubated at r.t. for 2 h and then heat shocked 

at 65 °C for 10 min, followed by transformation.  

2.2.9  Transformation of chemically competent cells with the plasmid 

KlenTaq DNA pol in E. coli BL21-Gold(DE3)  

Transformation was performed employing the purified ligation sample (5 µL) and chemically competent 

E. coli BL21-Gold(DE3) cells (100 µL). The reaction mixture was incubated on ice for 10 min and 

subsequently incubated at 42 °C for 45 s, followed by further incubation on ice for 5 min.  

Taq DNA pol in E. coli C3037I 

Transformation was performed employing the purified ligation sample (5 µL) and chemical competent 

E. coli C3037I (50 µL), followed by incubation on ice for 30 min. After a heat shock at 42 °C for exactly 

20 s, the cells were further incubated on ice for 5 min. 

Then, the mixtures containing either KlenTaq or Taq DNA pol gene were added to SOC medium (900 µL, 

Table 18) and incubated at 37 °C and 180 rpm for 60 min. The cells were plated on LB agar (Table 18) 

containing carbenicillin (final: 0.1 mg/mL) and incubated at 37 °C overnight. Formed clones were picked 

and cultivated in LB medium (10 mL) containing carbenicillin (final: 0.1 mg/mL) at 37 °C and 160 rpm 

overnight. Then, the plasmids were isolated using the QIAprep Spin Miniprep Kit (Table 13), followed by 
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sequencing with a sequencing primer (Table 8) at GATC Biotech. 500 µL of the overnight culture of the 

clones were mixed with 1 volume of glycerol and stored at -80 °C. 

2.2.10  Preparation of chemically competent E. coli BL21-Gold(DE3) cells 

10 mL LB medium containing carbenicillin (final: 0.1 mg/mL) was inoculated with cells from a glycerol 

stock and was incubated at 37 °C and 160 rpm overnight. Then, 200 mL LB medium containing 

carbenicillin (final: 0.1 mg/mL) was inoculated with 5 mL of the overnight culture and was incubated at 

37 °C and 160 rpm until an OD600 of 0.5 was reached. Then, the cells were harvested by centrifugation at 

4 °C and 4,400 rpm. The following steps were performed on ice. The pellet was resuspended in 

transformation buffer 1 (15 mL, Table 17) and incubated on ice for 20 min, followed by centrifugation at 

4 °C and 4,400 rpm for 10 min. Then, the pellet was resuspended in cold transformation buffer 2 (1 mL, 

Table 17) and incubated on ice for 20 min. The cell suspension was divided in 100 µL aliquots and stored 

at -80 °C. 

2.3  Site-specific sensing of the presence or absence of 5mC in DNA 

2.3.1 Screening modified purine-based nucleotides 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 4, DNA Sept9-T1 primer 

rev-1), 200 nM template (Table 4, DNA Sept9-T1 C or 5mC template) and 10 nM KlenTaq DNA pol in 1x 

KlenTaq reaction buffer or 5 nM/ 10 nM KOD exo- DNA pol in 1x KOD reaction buffer (Table 16). The 

reaction mixture (22.5 µL, respectively) was heated to 95 °C for 3 min and cooled to 55 °C. The reaction 

was started by adding the respective modified dNTP (final: 50 µM). 4 µL of the reactions were added to 

12 µL stop solution (Table 14) after desired incubation times to stop the reactions. After heating to 95 °C 

for 3 min and cool down to 4 °C, the samples were analyzed by 12 % denaturing PAGE and visualized by 

phosphorimaging. 

2.3.2 Primer extension reactions employing 3´-terminally modified primers 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 4, DNA Sept9-T1 primer rev; 

Table 3, O6-methyl/ O6-ethyl G Sept9-T1), 200 nM template (Table 4, DNA Sept9-T1 C or 5mC template) 

and 0.1 nM (unmodified primer)/ 10 nM (modified primer) KlenTaq DNA pol in 1x KlenTaq reaction buffer 

or 10 nM KOD exo- in 1x KOD reaction buffer (Table 16). The reaction mixture (22.5 µL, respectively) 
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was heated to 95 °C for 3 min and cooled to 55 °C. The reaction was started by adding the respective 

modified dNTP (final: 50 µM). 4 µL of the reactions were added to 12 µL stop solution (Table 14) after 

desired incubation times to stop the reactions. After heating to 95 °C for 3 min and cool down to 4 °C, the 

samples were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.3.3 Enzyme kinetics 

Steady-state kinetics were measured under single completed hit conditions.276-278 Reaction mixtures were 

prepared as described. 4 µL mixtures containing primer (final: 150 nM, Table 4, DNA Sept9-T1 primer 

rev; Table 3, O6-methyl/ O6-ethyl G Sept9-T1) in complex with template (200 nM, Table 4, DNA Sept9-T1 C 

or 5mC template), KlenTaq reaction buffer (final: 1x, Table 16) and KlenTaq DNA pol (final: 10 nM) were 

started at 55 °C with 1 µL of dCTP with varying concentrations and stopped at desired time points with 

10 µL stop solution (Table 14), followed by heating to 95 °C for 3 min and cool down to 4 °C. The samples 

were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. DNA pol concentrations 

were chosen, so that less than 20 % of the primer was extended. Kinetic parameters were determined for 

various incubation times (0 s to 330 s) at various dCTP concentrations (0 µM to 750 µM). The amount of 

extended primer was plotted against incubation time for each examined dCTP concentration. The obtained 

slope by linear regression was divided through the primer concentration to get the reaction velocities for 

the respective dCTP concentration. For kinetic analysis, the reaction velocities were normalized against the 

used enzyme concentrations (relative velocity) and plotted against the employed dCTP concentration. The 

experimental data were fit to a hyperbolic equation [𝑣𝑣𝑣𝑣𝑣𝑣𝐼𝐼𝑐𝑐𝐼𝐼𝐼𝐼𝑣𝑣] = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 × [𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑]
𝐾𝐾𝐾𝐾+[𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑]

 to determine KM and kcat 

(𝑘𝑘𝑐𝑐𝐼𝐼𝐼𝐼 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
[𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉𝑒𝑒]

).

2.3.4 Real-time PCR experiments from synthetic template 

The reaction mixtures contained 200 µM dNTPs (each), 100 nM reverse primer (Table 4, DNA Sept9-T1 

primer rev or Table 3, O6-methyl/ O6-ethyl GSept9-T1), 100 nM forward primer (Table 4, DNA Sept9-T1 

primer fwd), 100 nM KlenTaq DNA pol, 1x SYBR® Green I and 100 pM template (Table 4, DNA Sept9-

T1 C or 5mC template PCR) in 1x KlenTaq reaction buffer (Table 16). The data were obtained from 

respectively 10 µL reaction mixtures using the Bio-Rad CFX384™ Real-time system (C-1000 Touch 

Thermal Cycler). Initial denaturation was performed at 95 °C for 60 s followed by amplification over 

40 cycles with denaturation at 95 °C for 10 s, annealing at 65.8 °C for 2.5 min and extension at 72 °C for 

2.5 min. Melting curves were measured immediately after PCR amplification. For electrophoretic analysis, 

reactions were performed without 1x SYBR® Green I and were stopped after 21 cycles and PCR products 
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were analyzed by agarose gel electrophoresis (2.5 % (w/v) agarose in TAE), followed by visualization by 

UV light after ethidium bromide staining. 

2.3.5 Real-time PCR experiments from human HeLa genomic DNA 

The reaction mixtures contained 200 µM dNTPs (each), 100 nM reverse primer (Table 4, DNA NANOG 

primer rev or Table 3, O6-methyl GNANOG), 100 nM forward primer (Table 4, DNA NANOG primer fwd), 

100 nM KlenTaq DNA pol, 100 nM aptamer, 1x SYBR® Green I, 500 mM betaine and 5 ng/µL either human 

HeLa gDNA or CpG methylated HeLa gDNA in 1x KlenTaq reaction buffer (Table 16). The data were 

obtained from respectively 10 µL reaction mixtures using the Bio-Rad CFX384™ Real-time system (C-

1000 Touch Thermal Cycler). Initial denaturation was performed at 95 °C for 2 min followed by 

amplification over 50 cycles with denaturation at 95 °C for 15 s, annealing at 58.3 °C for 30 s and extension 

at 72 °C for 1 min. Melting curves were measured immediately after PCR amplification. For electrophoretic 

analysis, reaction mixture from endpoint of amplification was analyzed by agarose gel electrophoresis 

(2.5 % (w/v) agarose in TAE), followed by visualization by UV light after ethidium bromide staining. 

2.3.6 Primer extension reactions using 2´,3´-dideoxynucleotides 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 3, O6-methyl GSept9-T1 or Table 

4, DNA Sept9-T1 primer rev or rev-1), 200 nM template (Table 4, DNA Sept9-T1 C or 5mC template) and 

0.1 nM/ 1 nM/ 10 nM Taq and KlenTaq F667Y DNA pol in 1x KlenTaq reaction buffer or 50 nM/ 300 nM 

KOD exo- in 1x KOD reaction buffer (Table 16). The reaction mixture (22.5 µL, respectively) was heated 

to 95 °C for 3 min and cooled to 55 °C. The reaction was started by adding the respective ddNTP or dNTP 

(final: 50 µM). 4 µL of the reactions were added to 12 µL stop solution (Table 14) after desired incubation 

times to stop the reactions. After heating to 95 °C for 3 min and cool down to 4 °C, the samples were 

analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.4  Site-specific sensing of the presence or absence of m6A in DNA 

2.4.1 Screening modified pyrimidine-based nucleotides 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 5, DNA Chr16 primer rev-1), 

200 nM DNA template (Table 5, DNA Chr16 A/ m6A template 3´-phosphate) and 0.1 nM or 10 nM 

KlenTaq DNA pol in 1x KlenTaq reaction buffer (Table 16). The reaction mixture (22.5 µL, respectively) 
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was heated to 95 °C for 3 min and cooled to 55 °C. The reaction was started by adding the respective 

modified dNTP (final: 50 µM). 4 µL of the reactions were added to 20 µL stop solution (Table 14) after 

desired incubation times to stop the reactions. After heating to 95 °C for 3 min and cool down to 4 °C, the 

samples were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.4.2 Primer extension reactions employing the best combination of modified 

nucleotides and KlenTaq or KOD exo- DNA pol 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 5, DNA Chr16 primer rev-1), 

200 nM DNA template (Table 5, DNA Chr16 A/ m6A template 3´-phosphate) and 0.05 nM/ 0.1 nM/ 10 nM 

KlenTaq DNA in 1x KlenTaq reaction buffer (Table 16) or 1 nM/ 10 nM KOD exo- DNA pol in 1x KOD exo- 

reaction buffer (Table 16). The reaction mixture (22.5 µL, respectively) was heated to 95 °C for 3 min and 

cooled to 55 °C. The reaction was started by adding the respective modified dNTP (final: 50 µM). 4 µL of 

the reactions were added to 20 µL stop solution (Table 14) after desired incubation times to stop the 

reactions. After heating to 95 °C for 3 min and cool down to 4 °C, the samples were analyzed by 12 % 

denaturing PAGE and visualized by phosphorimaging. 

2.4.3 Selectivity of the modified nucleotides 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 5, DNA Chr16 primer rev-1), 

200 nM DNA template (Table 5, DNA Chr16 A template 3´-phosphate or DNA Chr16 G/ T/ C template) 

and 0.05 nM/ 0.1 nM/ 10 nM KlenTaq DNA in 1x KlenTaq reaction buffer (Table 16). The reaction mixture 

(22.5 µL, respectively) was heated to 95 °C for 3 min and cooled to 55 °C. The reaction was started by 

adding the respective modified dNTP (final: 50 µM). 4 µL of the reactions were added to 20 µL stop solution 

(Table 14) after desired incubation times to stop the reactions. After heating to 95 °C for 3 min and cool 

down to 4 °C, the samples were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.4.4 Quantitative evaluation of the methylation level 

Reactions were performed employing a fluorescently labeled primer (Table 6, DNA Chr16 primer rev-1 

19 nt/ 23 nt/ 27 nt FAM or HEX), 200 nM DNA template whereby the A and m6A containing template 

(Table 5, DNA Chr16 A/ m6A template 3´-phosphate) were mixed in known ratios (100 % A, 75 % A, 

50 % A, 25 % A and 0 % A) and 0.1 nM/ 10 nM KlenTaq DNA in 1x KlenTaq reaction buffer (Table 16). 

The reaction mixture (13.5 µL, respectively) was heated to 95 °C for 3 min and cooled to 55 °C. The 

reaction was started by adding the respective modified dNTP (final: 50 µM). The reactions were stopped 



Biochemical methods 

 
 
146 

 
 

by adding 15 µL CE stop solution (Table 14) after 20 min, followed by heating to 95 °C for 3 min and cool 

down to 4 °C. Then, the reaction was 20-fold diluted with Milli-Q. 1 µL of this dilution was mixed with 

50 µL Hi-Di™ Formamide containing GeneScan™ 600 LIZ™ Size Standard v2.0 (0.5 µL GeneScan™ 

600 LIZ™ Size Standard v2.0 to 300 µL Hi-Di™ Formamide). The samples were analyzed by CE (ABI 

3500 instrument Genetic Analyzer, Thermo Fisher Scientific) using an 8-capillary array (50 cm, 3500 

Genetic Analyzer 8-Capillary Array, Thermo Fisher Scientific) filled with POP-6™ polymer. The G5 dye 

set was used. The following parameters were applied: 60 °C oven temperature, 1900 s run time, 13.0 kV 

run voltage, 180 s prerun time, 13 kV prerun voltage, 50 s injection time, 1.6 kV injection voltage, 1 s data 

delay. The data were evaluated by the GeneMapper™ Software. 

2.4.5 Full-length primer extension reactions 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 5, DNA Chr16 primer rev-1), 

200 nM DNA template (Table 5, DNA Chr16 A/ m6A template PCR) and 100 nM KlenTaq DNA in 1x 

KlenTaq reaction buffer (Table 16). The reaction mixture (22.5 µL, respectively) was heated to 95 °C for 

3 min and cooled to 55 °C. The reaction was started by adding the respective dNTP mix containing the 

modified nucleotide (final: 50 µM). 4 µL of the reactions were added to 20 µL stop solution (Table 14) 

after desired incubation times to stop the reactions. After heating to 95 °C for 3 min and cool down to 4 °C, 

the samples were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.4.6 Real-time PCR experiments using modified nucleotides and 

KlenTaq DNA pol 

The reaction mixtures contained 200 µM dNTPs (each), 100 nM reverse primer (Table 5, DNA Chr16 

primer rev-1 or rev+6), 100 nM forward primer (Table 5, DNA Chr16 primer fwd), 100 nM KlenTaq DNA 

pol, 1x SYBR® Green I, 500 mM betaine and 10 pM DNA template (Table 5, DNA Chr16 A/ m6A template 

PCR) in 1x KlenTaq reaction buffer (Table 16). The data were obtained from respectively 20 µL reaction 

mixtures using the Roche LightCycler®96. Initial denaturation was performed at 95 °C for 1 min followed 

by amplification over 40 cycles with denaturation at 95 °C for 15 s, annealing at 63 °C for 30 s and extension 

at 72 °C for 1 s. Melting curves were measured immediately after PCR amplification. For electrophoretic 

analysis, reactions were performed without 1x SYBR® Green I and were stopped after 10, 20 and 30 cycles 

and PCR products were analyzed by agarose gel electrophoresis (2.5 % (w/v) agarose in TAE), followed 

by visualization by UV light after ethidium bromide staining. 
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2.5  Site-specific sensing of the presence or absence of m6A in RNA 

2.5.1 Primer extension reactions using modified nucleotides on synthetic DNA 

template 

Reactions were performed employing 150 nM [γ-32P]-labeled primer (Table 7, DNA RSV primer rev-1), 

200 nM template (Table 7, DNA RSV A or m6A template (optimized)) and 1 nM to 20 nM (single-nucleotide 

incorporation)/ 100 nM (full-length primer extension) RT KlenTaq DNA pol in 1x KlenTaq reaction buffer 

(Table 16). The reaction mixture (22.5 µL, respectively) was heated to 95 °C for 3 min and cooled to 55 °C. 

The reaction was started by adding the respective (modified) dNTP or the dNTP mix containing the 

respective (modified) dNTP (final: 50 µM each). 4 µL of the reactions were added to 12 µL stop solution 

(Table 14) after desired incubation times to stop the reactions. After heating to 95 °C for 3 min and cool 

down to 4 °C, the samples were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.5.2 Extraction of total RNA from the human HEK 293T cell line 

The HEK 293T cells were kindly provided, grown and harvested by S. Lange and Kathrin Götz. The total 

RNA was extracted from the cell pellet by using the Direct-zol™ RNA MiniPrep Kit according to the 

vendor´s protocol. Additionally, the in-column DNase I treatment was performed that was recommended 

by the vendor´s protocol. The RNA concentration was determined by the NanoDrop™. RNA integrity and 

purity were analyzed by analytical agarose gel electrophoresis. 

2.5.3 Real-time PCR experiments analyzing the concentration of the cellular 

rRNA 

The reaction mixtures contained 200 µM dNTPs (each), 100 nM reverse primer (Table 7, DNA 18S rRNA 

primer rev+9 1832), 100 nM forward primer (Table 7, DNA 18S rRNA primer fwd 49mer), 100 nM 

RT KlenTaq DNA pol, 100 nM aptamer, 1x SYBR® Green I, 500 mM betaine and 5 ng/µL in vitro 

transcribed 18S rRNA and 5 ng/µL or 10 ng/µL HEK 293T total RNA in 1x KlenTaq reaction buffer (Table 

16). The data were obtained from respectively 20 µL reaction mixtures using the Roche LightCycler®96. 

Initial denaturation was performed at 95 °C for 1 min followed by amplification over 40 cycles with 

denaturation at 95 °C for 15 s, annealing at 63 °C for 30 s and extension at 72 °C for 1 s. Melting curves 

were measured immediately after PCR amplification.  
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2.5.4 Primer extension reactions analyzing the concentration of the cellular 

rRNA 

Reactions were performed employing 30 nM [γ-32P]-labeled primer (Table 7, DNA 18S rRNA primer rev+9 

1832), 25 ng/µL in vitro transcribed 18S rRNA template or 50 ng/µL HEK 293T total RNA and 100 nM 

RT KlenTaq DNA pol in 1x KlenTaq reaction buffer (Table 16). The reaction mixture (13.5 µL, 

respectively) was heated to 95 °C for 3 min and cooled to 55 °C. The reaction was started by adding the 

respective (modified) dNTP (final: 50 µM each). 3 µL of the reactions were added to 3 µL stop solution 

(Table 14) after desired incubation times to stop the reactions. After heating to 95 °C for 3 min and cool 

down to 4 °C, the samples were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.5.5 Primer extension reactions using modified nucleotides and 

RT KlenTaq DNA pol on cellular rRNA 

Reactions were performed employing 30 nM [γ-32P]-labeled primer (Table 7, DNA 18S rRNA primer rev-1 

1832 or rev 1832), 25 ng/µL in vitro transcribed 18S rRNA template or 50 ng/µL HEK 293T total RNA 

and 100 nM RT KlenTaq DNA pol in 1x KlenTaq reaction buffer (Table 16). The reaction mixture (13.5 µL, 

respectively) was heated to 95 °C for 3 min and cooled to 55 °C. The reaction was started by adding the 

respective (modified) dNTP (final: 50 µM each). 3 µL of the reactions were added to 3 µL stop solution 

(Table 14) after desired incubation times to stop the reactions. After heating to 95 °C for 3 min and cool 

down to 4 °C, the samples were analyzed by 12 % denaturing PAGE and visualized by phosphorimaging. 

2.5.6 Primer extension reactions using modified nucleotides and reverse 

transcriptases on cellular rRNA 

Reactions were performed employing 30 nM [γ-32P]-labeled primer (Table 7, DNA 18S rRNA primer rev-1 

1832 or rev 1832), 50 ng/µL HEK 293T total RNA and 7 U/µL M-MuLV in 1x M-MuLV reaction buffer 

(NEB), 7 U/µL SuperScript™ in 1x SuperScript™ II reaction buffer plus 10 mM DTT (Thermo Fisher 

Scientific) or 0.32 U/µL Bst DNA pol in 1x ThermoPol® reaction buffer (NEB). The reaction mixture 

without the enzyme was heated to 95 °C for 3 min and cooled to 45 °C. Then the respective enzyme was 

added, and the reaction was started by adding the respective (modified) dNTP (final: 50 µM each). 3 µL of 

the reactions were added to 3 µL stop solution (Table 14) after desired incubation times to stop the 

reactions. After heating to 95 °C for 3 min and cool down to 4 °C, the samples were analyzed by 12 % 

denaturing PAGE and visualized by phosphorimaging.
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3´,5´-Di-O-acetyl-6-chloro-2´-deoxyguanosine 
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O6-Ethyl-2´-deoxyguanosine 

 

 

 

 

 

 

 

 

 

N2-iso-butyryl-O6-methyl-2´-deoxyguanosine 
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N2-iso-butyryl-O6-ethyl-2´-deoxyguanosine 

 

5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-2´-deoxyguanosine 
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5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-2´-deoxyguanosine-
3´-(2-cyanoethyl-di-iso-propyl-phosphoramidite) 
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2´,3´,5´-Tri-O-acetylguanosine 

 

 

 

 

 

 

 

 

 

 

2´,3´,5´-Tri-O-acetyl-6-chloro-guanosine 
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5´-O-TBDMS-6-chloro-guanosine 
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5´-O-TBDMS-2´,3´-O-thionocarbonyl-6-chloro-guanosine 
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5´-O-TBDMS-6-chloro-2´-deoxyguanosine 
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3´-O-(1-imidazolylthiocarbonyl)-5´-O-TBDMS-6-chloro-2´-deoxyguanosine 
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6-chloro-2´,3´-dideoxyguanosine 
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5´-O-TBDMS-O6-methyl-2´-deoxyguanosine 
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O6-Methyl-2´,3´-dideoxyguanosine 
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O6-Methyl-ddGTP 
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2 Mass spectra 

5´-O-(4,4´-dimethoxytrityl)-N2-iso-butyryl-O6-methyl-2´-deoxyguanosine-3´-
(2-cyanoethyl-di-iso-propyl-phosphoramidite) 
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O6-Methyl-ddGTP 
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O6-Methyl G Sept9-T1 

5´-d(C GAA ATG ATC CCA TCC AGC TGC G*)-3´  
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O6-Ethyl G Sept9-T1 

5´-d(C GAA ATG ATC CCA TCC AGC TGC G*)-3´ 
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O6-Methyl G NANOG 

5´-d(C TTG GTG AGA CTG GTA GAC G*)-3´ 
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3 Screening of modified nucleotides 

Screening of modified purine-based nucleotides using KlenTaq DNA pol 
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Screening of modified purine-based nucleotides using KOD exo- DNA pol 

 

 



 

 
 
180 

 
 

Screening of modified pyrimidine-based nucleotides using KlenTaq DNA pol 
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4 Sequences 

Protein and DNA sequence of Taq DNA pol in pJ404 

The protein sequence (top line, capitals) and DNA sequence (bottom line, small letters) of Taq DNA pol 

are shown in green. The mutation site F667 is depicted in red. The sequence of the vector is shown in black. 

      S  G  F  Q  Q  T  M  Q  M  L  N  E  G  I  V  P  T  A  M  L   
3     tccggttttcaacaaaccatgcaaatgctgaatgagggcatcgttcccactgcgatgctg  62 
      V  A  N  D  Q  M  A  L  G  A  M  R  A  I  T  E  S  G  L  R   
63    gttgccaacgatcagatggcgctgggcgcaatgcgcgccattaccgagtccgggctgcgc  122 
      V  G  A  D  I  S  V  V  G  Y  D  D  T  E  D  S  S  C  Y  I   
123   gttggtgcggatatctcggtagtgggatacgacgataccgaagatagctcatgttatatc  182 
      P  P  L  T  T  I  K  Q  D  F  R  L  L  G  Q  T  S  V  D  R   
183   ccgccgttaaccaccatcaaacaggattttcgcctgctggggcaaaccagcgtggaccgc  242 
      L  L  Q  L  S  Q  G  Q  A  V  K  G  N  Q  L  L  P  V  S  L   
243   ttgctgcaactctctcagggccaggcggtgaagggcaatcagctgttgccagtctcactg  302 
      V  K  R  K  T  T  L  A  P  N  T  Q  T  A  S  P  R  A  L  A   
303   gtgaaaagaaaaaccaccctggcgcccaatacgcaaaccgcctctccccgcgcgttggcc  362 
      D  S  L  M  Q  L  A  R  Q  V  S  R  L  E  S  G  Q  *  L  M   
363   gattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgactcatg  422 
      T  K  I  P  *  R  E  L  R  A  R  R  S  T  E  R  Q  T  P  *   
423   accaaaatcccttaacgtgagttacgcgcgcgtcgttccactgagcgtcagaccccgtag  482 
      K  R  S  K  D  L  L  E  I  L  F  F  C  A  *  S  A  A  C  K   
483   aaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaa  542 
      Q  K  N  H  R  Y  Q  R  W  F  V  C  R  I  K  S  Y  Q  L  F   
543   caaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactcttt  602 
      F  R  R  *  L  A  S  A  E  R  R  Y  Q  I  L  F  F  *  C  S   
603   ttccgaaggtaactggcttcagcagagcgcagataccaaatactgttcttctagtgtagc  662 
      R  S  *  P  T  T  S  R  T  L  *  H  R  L  H  T  S  L  C  *   
663   cgtagttagcccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaa  722 
      S  C  Y  Q  W  L  L  P  V  A  I  S  R  V  L  P  G  W  T  Q   
723   tcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaa  782 
      D  D  S  Y  R  I  R  R  S  G  R  A  E  R  G  V  R  A  H  S   
783   gacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagc  842 
      P  A  W  S  E  R  P  T  P  N  *  D  T  Y  S  V  S  Y  E  K   
843   ccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaa  902 
      A  P  R  F  P  K  G  E  R  R  T  G  I  R  *  A  A  G  S  E   
903   gcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaa  962 
      Q  E  S  A  R  G  S  F  Q  G  E  T  P  G  I  F  I  V  L  S   
963   caggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcg  1022 
      G  F  A  T  S  D  L  S  V  D  F  C  D  A  R  Q  G  G  G  A   
1023  ggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcc  1082 
      Y  G  K  T  P  A  T  R  P  F  Y  G  S  W  P  F  A  G  L  L   
1083  tatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttg  1142 
      L  T  C  S  F  L  R  Y  P  L  I  L  W  I  T  V  L  P  P  L   
1143  ctcacatgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttg  1202 
      S  E  L  I  P  L  A  A  A  E  R  P  S  A  A  S  Q  *  A  R   
1203  agtgagctgataccgctcgccgcagccgaacgaccgagcgcagcgagtcagtgagcgagg  1262 
      K  R  K  A  R  V  G  N  C  Q  A  S  N  *  A  E  G  P  *  R   
1263  aagcggaaggcgagagtagggaactgccaggcatcaaactaagcagaaggcccctgacgg  1322 
      M  A  F  L  R  F  Y  K  L  F  L  C  C  K  T  T  A  S  L  K   
1323  atggcctttttgcgtttctacaaactctttctgtgttgtaaaacgacggccagtcttaag  1382 
      L  G  P  P  G  R  F  *  *  R  V  I  V  N  P  Q  I  T  *  K   
1383  ctcgggccccctgggcggttctgataacgagtaatcgttaatccgcaaataacgtaaaaa  1442 
      P  A  S  A  G  F  F  M  G  G  V  *  G  K  S  I  C  Q  N  I   
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1443  cccgcttcggcgggtttttttatggggggagtttagggaaagagcatttgtcagaatatt  1502 
      *  G  R  L  S  L  C  L  I  Y  E  N  Y  L  T  L  *  M  R  K   
1503  taagggcgcctgtcactttgcttgatatatgagaattatttaaccttataaatgagaaaa  1562 
      K  Q  R  T  L  N  K  I  R  C  F  F  D  *  *  T  P  I  I  K   
1563  aagcaacgcactttaaataagatacgttgctttttcgattgatgaacacctataattaaa  1622 
      L  F  I  Y  Y  L  *  F  F  V  Y  T  I  F  L  V  C  *  R  E   
1623  ctattcatctattatttatgattttttgtatatacaatatttctagtttgttaaagagaa  1682 
      L  R  K  *  I  S  K  I  I  K  G  K  S  V  F  D  I  K  I  I   
1683  ttaagaaaataaatctcgaaaataataaagggaaaatcagtttttgatatcaaaattata  1742 
      H  V  N  D  N  T  K  Y  N  T  N  Y  K  M  L  S  V  F  I  I   
1743  catgtcaacgataatacaaaatataatacaaactataagatgttatcagtatttattatc  1802 
      I  *  N  K  F  C  V  A  L  N  C  E  R  I  T  I  T  S  F  M   
1803  atttagaataaattttgtgtcgcccttaattgtgagcggataacaattacgagcttcatg  1862 
      H  S  E  I  M  K  N  L  F  A  L  *  A  D  N  N  Y  N  M  W   
1863  cacagtgaaatcatgaaaaatttatttgctttgtgagcggataacaattataatatgtgg  1922 
      N  C  E  R  S  Q  F  H  N  G  F  P  L  E  I  I  L  F  N  F   
1923  aattgtgagcgctcacaattccacaacggtttccctctagaaataattttgtttaacttt  1982 
      *  E  V  K  H  M  H  H  H  H  H  H  G  S  R  G  M  L  P  L   
1983  taggaggtaaaacatatgcatcatcatcaccatcacggctctcgcggcatgctgccattg  2042 
      F  E  P  K  G  R  V  L  L  V  D  G  H  H  L  A  Y  R  T  F   
2043  ttcgaacctaaaggccgcgtgctgctggtcgatggtcatcacctggcgtatcgtaccttt  2102 
      H  A  L  K  G  L  T  T  S  R  G  E  P  V  Q  A  V  Y  G  F   
2103  cacgcgctgaagggtctgacgacgagccgcggtgagccagttcaggccgtctacggtttt  2162 
      A  K  S  L  L  K  A  L  K  E  D  G  D  A  V  I  V  V  F  D   
2163  gcgaaaagcctgctgaaggcactgaaagaagatggcgatgccgtgatcgttgtgttcgat  2222 
      A  K  A  P  S  F  R  H  E  A  Y  G  G  Y  K  A  G  R  A  P   
2223  gcgaaagccccgtcgtttagacacgaagcctacggtggctataaggccggtcgtgcgccg  2282 
      T  P  E  D  F  P  R  Q  L  A  L  I  K  E  L  V  D  L  L  G   
2283  acgcctgaggactttccgcgtcagctggccctgattaaagaattggtggacttgctgggc  2342 
      L  A  R  L  E  V  P  G  Y  E  A  D  D  V  L  A  S  L  A  K   
2343  ttggcgcgtctggaagttccgggctacgaagcagacgacgttctggcgagcctggctaaa  2402 
      K  A  E  K  E  G  Y  E  V  R  I  L  T  A  D  K  D  L  Y  Q   
2403  aaggctgaaaaagagggctatgaagtccgcattctgacggcggacaaagacctgtatcaa  2462 
      L  L  S  D  R  I  H  V  L  H  P  E  G  Y  L  I  T  P  A  W   
2463  ctgctgagcgatcgcattcacgtcttgcatccagagggctacctgattaccccggcatgg  2522 
      L  W  E  K  Y  G  L  R  P  D  Q  W  A  D  Y  R  A  L  T  G   
2523  ctgtgggaaaagtatggtctgcgtccggatcagtgggcggactaccgtgcactgaccggc  2582 
      D  E  S  D  N  L  P  G  V  K  G  I  G  E  K  T  A  R  K  L   
2583  gacgagagcgacaacttaccgggtgtgaaaggtattggtgagaaaaccgcgcgtaaactg  2642 
      L  E  E  W  G  S  L  E  A  L  L  K  N  L  D  R  L  K  P  A   
2643  ctggaagagtggggttctctggaagccctgctgaagaatctggatcgtcttaagccagcc  2702 
      I  R  E  K  I  L  A  H  M  D  D  L  K  L  S  W  D  L  A  K   
2703  atccgcgagaagatcctggcgcacatggacgacctgaagctgagctgggatctggcgaag  2762 
      V  R  T  D  L  P  L  E  V  D  F  A  K  R  R  E  P  D  R  E   
2763  gtccgtaccgatctgccgctggaagtcgattttgcgaagcgccgtgagccggaccgtgag  2822 
      R  L  R  A  F  L  E  R  L  E  F  G  S  L  L  H  E  F  G  L   
2823  cgcctgcgcgcgttcctggagcgtctggagtttggcagcctgctgcacgagttcggtttg  2882 
      L  E  S  P  K  A  L  E  E  A  P  W  P  P  P  E  G  A  F  V   
2883  ctggagagcccgaaagcactggaagaagccccgtggccgccgcctgagggcgctttcgtc  2942 
      G  F  V  L  S  R  K  E  P  M  W  A  D  L  L  A  L  A  A  A   
2943  ggttttgttctgagccgcaaggaaccgatgtgggcggatttgctggctctggcggcagcg  3002 
      R  G  G  R  V  H  R  A  P  E  P  Y  K  A  L  R  D  L  K  E   
3003  cgtggtggtcgtgttcaccgcgcaccggagccgtataaggctctgcgtgaccttaaagaa  3062 
      A  R  G  L  L  A  K  D  L  S  V  L  A  L  R  E  G  L  G  L   
3063  gcgcgtggcctgctggcaaaagacctgtccgttctggcgctgcgtgagggcctgggtctg  3122 
      P  P  G  D  D  P  M  L  L  A  Y  L  L  D  P  S  N  T  T  P   
3123  ccaccgggtgatgatccgatgttgttggcgtatctgctggacccgagcaatacgacgccg  3182 
      E  G  V  A  R  R  Y  G  G  E  W  T  E  E  A  G  E  R  A  A   
3183  gaaggtgtggcgcgtcgttacggtggcgagtggaccgaggaagcgggcgagcgtgctgcc  3242 
      L  S  E  R  L  F  A  N  L  W  G  R  L  E  G  E  E  R  L  L   
3243  ctgtcggagcgcttgtttgcgaacctgtggggtcgtctggagggcgaggaacgcctgttg  3302 
      W  L  Y  R  E  V  E  R  P  L  S  A  V  L  A  H  M  E  A  T   
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3303  tggctgtaccgcgaggtcgaacgtccgctgagcgcggtcctggcccacatggaagcaact  3362 
      G  V  R  L  D  V  A  Y  L  R  A  L  S  L  E  V  A  E  E  I   
3363  ggtgttcgtttggatgtcgcgtatctgcgcgctctgagcctggaagtggccgaggaaatc  3422 
      A  R  L  E  A  E  V  F  R  L  A  G  H  P  F  N  L  N  S  R   
3423  gcgcgtttggaagctgaggtgtttcgcctggccggtcatccgttcaatctgaacagccgt  3482 
      D  Q  L  E  R  V  L  F  D  E  L  G  L  P  A  I  G  K  T  E   
3483  gatcaactggagcgtgtgctgttcgacgagctgggcctgccggcgattggtaagaccgag  3542 
      K  T  G  K  R  S  T  S  A  A  V  L  E  A  L  R  E  A  H  P   
3543  aaaaccggtaagcgttccacgagcgcagcagttctggaagcactgcgtgaggcacatccg  3602 
      I  V  E  K  I  L  Q  Y  R  E  L  T  K  L  K  S  T  Y  I  D   
3603  attgtggagaaaattctgcagtaccgtgagcttaccaaactcaagagcacctatatcgat  3662 
      P  L  P  D  L  I  H  P  R  T  G  R  L  H  T  R  F  N  Q  T   
3663  ccgctgccggacctgattcaccctcgtaccggtcgtttgcatacccgcttcaaccaaacc  3722 
      A  T  A  T  G  R  L  S  S  S  D  P  N  L  Q  N  I  P  V  R   
3723  gctacggcgacgggtcgcttatcttccagcgacccgaatctgcagaacatcccggtgcgc  3782 
      T  P  L  G  Q  R  I  R  R  A  F  I  A  E  E  G  W  L  L  V   
3783  accccgctgggtcagcgtatccgtcgtgccttcatcgcagaggaaggctggctgctcgtc  3842 
      A  L  D  Y  S  Q  I  E  L  R  V  L  A  H  L  S  G  D  E  N   
3843  gcattggattatagccagattgagctgcgtgttctggctcatttgagcggtgacgagaac  3902 
      L  I  R  V  F  Q  E  G  R  D  I  H  T  E  T  A  S  W  M  F   
3903  ctgatccgcgtgtttcaagagggccgtgacattcacaccgagactgcaagctggatgttt  3962 
      G  V  P  R  E  A  V  D  P  L  M  R  R  A  A  K  T  I  N  F   
3963  ggtgttccgcgcgaagccgttgatccgctgatgcgtcgtgctgcgaaaacgatcaatttc  4022 
      G  V  L  Y  G  M  S  A  H  R  L  S  Q  E  L  A  I  P  Y  E   
4023  ggtgtactgtacggtatgagcgcccaccgtctgagccaagaactggcgattccgtacgaa  4082 
      E  A  Q  A  F  I  E  R  Y  F  Q  S  F  P  K  V  R  A  W  I   
4083  gaagcacaggcgttcatcgaacgttacttccagtcctttccgaaagtccgtgcgtggatc  4142 
      E  K  T  L  E  E  G  R  R  R  G  Y  V  E  T  L  F  G  R  R   
4143  gagaaaaccttggaagagggccgtcgccgtggctatgttgagactctgttcggtagacgt  4202 
      R  Y  V  P  D  L  E  A  R  V  K  S  V  R  E  A  A  E  R  M   
4203  cgctacgtcccggacctggaagctcgtgtgaagtcagttcgtgaggcagcggagcgcatg  4262 
      A  F  N  M  P  V  Q  G  T  A  A  D  L  M  K  L  A  M  V  K   
4263  gcgtttaacatgccggttcaaggtaccgcggcagatctgatgaagctggcaatggtgaag  4322 
      L  F  P  R  L  E  E  M  G  A  R  M  L  L  Q  V  H  D  E  L   
4323  ctgttccctcgcctcgaagagatgggtgcgcgtatgctgctgcaagtgcacgacgaactg  4382 
      V  L  E  A  P  K  E  R  A  E  A  V  A  R  L  A  K  E  V  M   
4383  gtgctggaagcgccgaaggaacgcgctgaggctgttgcacgcttagcgaaggaagtcatg  4442 
      E  G  V  Y  P  L  A  V  P  L  E  V  E  V  G  I  G  E  D  W   
4443  gaaggtgtgtacccgctggccgtcccgttggaagttgaggtcggtatcggtgaggactgg  4502 
      L  S  A  K  E  *  L  E  P  Q  G  R  H  P  I  I  S  P  G  E   
4503  ctgagcgcaaaagagtaactcgagccccaagggcgacaccccataattagcccgggcgaa  4562 
      R  P  S  L  S  T  E  P  F  V  L  F  D  A  W  Q  F  P  T  L   
4563  aggcccagtctttcgactgagcctttcgttttatttgatgcctggcagttccctactctc  4622 
      A  W  G  V  P  T  L  P  S  A  L  R  R  F  T  S  E  F  G  M   
4623  gcatggggagtccccacactaccatcggcgctacggcgtttcacttctgagttcggcatg  4682 
      G  S  G  G  T  T  A  L  L  P  P  G  K  Q  G  V  L  *  A  I   
4683  gggtcaggtgggaccaccgcgctactgccgccaggcaaacaaggggtgttatgagccata  4742 
      F  R  Y  K  W  A  R  D  N  V  Q  N  W  L  I  G  C  N  T  D   
4743  ttcaggtataaatgggctcgcgataatgttcagaattggttaattggttgtaacactgac  4802 
      P  Y  L  F  I  F  L  N  T  F  K  Y  V  S  A  H  E  T  I  T   
4803  ccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataacc  4862 
      L  I  N  A  S  I  I  L  K  K  E  E  Y  E  Y  S  T  F  P  C   
4863  ctgataaatgcttcaataatattgaaaaaggaagaatatgagtattcaacatttccgtgt  4922 
      R  P  Y  S  L  F  C  G  I  L  P  S  C  F  C  S  P  R  N  A   
4923  cgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgct  4982 
      G  E  S  K  R  C  *  R  S  V  G  C  T  S  G  L  H  R  T  G   
4983  ggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactgga  5042 
      S  Q  Q  R  *  D  P  *  E  F  S  P  R  R  T  F  S  N  D  E   
5043  tctcaacagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgag  5102 
      H  F  *  S  S  A  M  W  R  G  I  I  P  Y  *  R  R  A  R  A   
5103  cacttttaaagttctgctatgtggcgcggtattatcccgtattgacgccgggcaagagca  5162 
      T  R  S  P  H  T  L  F  S  E  *  L  G  *  V  L  T  S  H  R   
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5163  actcggtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcacaga  5222 
      K  A  S  Y  G  W  H  D  S  K  R  I  M  Q  C  C  H  N  H  E   
5223  aaagcatcttacggatggcatgacagtaagagaattatgcagtgctgccataaccatgag  5282 
      *  *  H  C  G  Q  L  T  S  D  N  D  R  R  T  E  G  A  N  R   
5283  tgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgc  5342 
      F  F  A  Q  H  G  G  S  C  N  S  P  *  S  L  G  T  G  A  E   
5343  ttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaa  5402 
      *  S  H  T  K  R  R  A  *  H  H  D  A  C  S  D  G  N  N  V   
5403  tgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcgatggcaacaacgtt  5462 
      A  Q  T  I  N  W  R  T  T  Y  S  S  F  P  A  T  I  N  R  L   
5463  gcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactg  5522 
      D  G  G  G  *  S  C  R  T  T  S  A  L  G  P  S  G  W  L  V   
5523  gatggaggcggataaagttgcaggaccacttctgcgctcggcccttccggctggctggtt  5582 
      Y  C  *  *  I  R  S  R  *  A  W  F  S  R  Y  H  R  S  A  G   
5583  tattgctgataaatccggagccggtgagcgtggttctcgcggtatcatcgcagcgctggg  5642 
      A  R  W  *  A  L  P  Y  R  S  Y  L  H  D  G  E  S  G  N  Y   
5643  gccagatggtaagccctcccgtatcgtagttatctacacgacggggagtcaggcaactat  5702 
      G  *  T  K  *  T  D  R  *  D  R  C  L  T  D  *  A  L  V  S   
5703  ggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaagc  5762 
      G  A  P  S  N  G  A  K  P  F  A  V  W  H  D  S  A  R  K  R   
5763  ggcgcgccatcgaatggcgcaaaacctttcgcggtatggcatgatagcgcccggaagaga  5822 
      V  N  S  G  W  *  I  *  N  Q  *  R  Y  T  M  S  Q  S  M  P   
5823  gtcaattcagggtggtgaatatgaaaccagtaacgttatacgatgtcgcagagtatgccg  5882 
      V  S  L  I  R  P  F  P  A  W  *  T  R  P  A  T  F  L  R  K   
5883  gtgtctcttatcagaccgtttcccgcgtggtgaaccaggccagccacgtttctgcgaaaa  5942 
      R  G  K  K  W  K  R  R  W  R  S  *  I  T  F  P  T  A  W  H   
5943  cgcgggaaaaagtggaagcggcgatggcggagctgaattacattcccaaccgcgtggcac  6002 
      N  N  W  R  A  N  S  R  C  *  L  A  L  P  P  P  V  W  P  C   
6003  aacaactggcgggcaaacagtcgttgctgattggcgttgccacctccagtctggccctgc  6062 
      T  R  R  R  K  L  S  R  R  L  N  L  A  P  I  N  W  V  P  A   
6063  acgcgccgtcgcaaattgtcgcggcgattaaatctcgcgccgatcaactgggtgccagcg  6122 
      W  W  C  R  W  *  N  E  A  A  S  K  P  V  K  R  R  C  T  I   
6123  tggtggtgtcgatggtagaacgaagcggcgtcgaagcctgtaaagcggcggtgcacaatc  6182 
      F  S  R  N  A  S  V  G  *  S  L  T  I  R  W  M  T  R  M  P   
6183  ttctcgcgcaacgcgtcagtgggctgatcattaactatccgctggatgaccaggatgcca  6242 
      L  L  W  K  L  P  A  L  M  F  R  R  Y  F  L  M  S  L  T  R   
6243  ttgctgtggaagctgcctgcactaatgttccggcgttatttcttgatgtctctgaccaga  6302 
      H  P  S  T  V  L  F  S  P  M  R  T  V  R  D  W  A  W  S  I   
6303  cacccatcaacagtattattttctcccatgaggacggtacgcgactgggcgtggagcatc  6362 
      W  S  H  W  V  T  S  K  S  R  C  *  R  A  H  *  V  L  S  R   
6363  tggtcgcattgggtcaccagcaaatcgcgctgttagcgggcccattaagttctgtctcgg  6422 
      R  V  C  V  W  L  A  G  I  N  I  S  L  A  I  K  F  S  R  *   
6423  cgcgtctgcgtctggctggctggcataaatatctcactcgcaatcaaattcagccgatag  6482 
      R  N  G  K  A  T  G  V  P 
6483  cggaacgggaaggcgactggagtgcca                                6509 
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Protein and DNA sequence of KlenTaq DNA pol in pGDR11 

The protein sequence (bottom line, capitals) and DNA sequence (top line, small letters) of KlenTaq 

DNA pol are shown in green. The mutation site F667 is depicted in red. The sequence of the vector is shown 

in black. 

ctcgagaaatcataaaaaatttatttgctttgtgagcggataacaattataatagattca      60 
 L  E  K  S  -  K  I  Y  L  L  C  E  R  I  T  I  I  I  D  S  
Attgtgagcggataacaatttcacacagaattcattaaagaggagaaattaactatgaga     120 
 I  V  S  G  -  Q  F  H  T  E  F  I  K  E  E  K  L  T  M  R  
Ggatctcaccatcaccatcaccatacggatccgcatgcagcactggaagaagcaccttgg     180 
 G  S  H  H  H  H  H  H  T  D  P  H  A  A  L  E  E  A  P  W  
Cctccgcctgaaggtgcatttgttggttttgttctgagccgtaaagaaccgatgtgggca     240 
 P  P  P  E  G  A  F  V  G  F  V  L  S  R  K  E  P  M  W  A 
Gatctgctggcactggcagcagcacgtggtggtcgtgttcatcgtgcaccggaaccgtat     300 
 D  L  L  A  L  A  A  A  R  G  G  R  V  H  R  A  P  E  P  Y 
Aaagctctgcgcgatctgaaagaagcacgcggtctgctggcaaaagatctgagcgttctg     360 
 K  A  L  R  D  L  K  E  A  R  G  L  L  A  K  D  L  S  V  L 
Gcactgcgtgaaggtctgggactgcctccgggtgatgatccgatgctgctggcatatctg     420 
 A  L  R  E  G  L  G  L  P  P  G  D  D  P  M  L  L  A  Y  L 
Ctggatccgagcaataccacaccggaaggtgttgcacgtcgttatggtggtgaatggacc     480 
 L  D  P  S  N  T  T  P  E  G  V  A  R  R  Y  G  G  E  W  T 
Gaagaagcaggcgaacgcgcagcactgagcgaacgtctgtttgcaaatctgtggggtcgt     540 
 E  E  A  G  E  R  A  A  L  S  E  R  L  F  A  N  L  W  G  R  
ctggaaggtgaagaacgtctgctgtggctgtatcgtgaagttgaacgtccgctgtctgca     600 
 L  E  G  E  E  R  L  L  W  L  Y  R  E  V  E  R  P  L  S  A  
Gttctggcacacatggaagcaaccggtgttcgtctggatgttgcatatctgcgtgcactg     660 
 V  L  A  H  M  E  A  T  G  V  R  L  D  V  A  Y  L  R  A  L  
Agcctggaagttgcagaagaaattgcacgtctggaagcagaagtttttcgtctggcaggc     720 
 S  L  E  V  A  E  E  I  A  R  L  E  A  E  V  F  R  L  A  G  
Catccgtttaatctgaatagccgtgatcagctggaacgtgttctgtttgatgaactgggt     780 
 H  P  F  N  L  N  S  R  D  Q  L  E  R  V  L  F  D  E  L  G  
Ctgccagcaattggtaaaaccgaaaaaaccggtaaacgtagcaccagcgcagcagttctg     840 
 L  P  A  I  G  K  T  E  K  T  G  K  R  S  T  S  A  A  V  L  
Gaagccctgcgtgaagcacatccgattgtggaaaaaattctgcagtatcgcgaactgacc     900 
 E  A  L  R  E  A  H  P  I  V  E  K  I  L  Q  Y  R  E  L  T  
Aaactgaaaagcacctatatcgatccgctgccggatctgattcatccgcgtaccggtcgt     960 
 K  L  K  S  T  Y  I  D  P  L  P  D  L  I  H  P  R  T  G  R  
Ctgcatacccgttttaatcagaccgcaaccgcaaccggtcgcctgagcagcagcgatccg    1020 
 L  H  T  R  F  N  Q  T  A  T  A  T  G  R  L  S  S  S  D  P  
Aatctgcagaatattccggttcgtacaccgctgggtcagcgtattcgtcgtgcatttatt    1080 
 N  L  Q  N  I  P  V  R  T  P  L  G  Q  R  I  R  R  A  F  I  
Gcagaagaaggttggctgctggttgcactggattatagccagatagaactgcgtgttctg    1140 
 A  E  E  G  W  L  L  V  A  L  D  Y  S  Q  I  E  L  R  V  L  
Gcccatctgagcggtgatgaaaatctgattcgcgtgtttcaggaaggtcgcgatattcat    1200 
 A  H  L  S  G  D  E  N  L  I  R  V  F  Q  E  G  R  D  I  H  
Accgaaaccgcaagctggatgtttggtgttccgcgtgaagcagttgatccgctgatgcgt    1260 
 T  E  T  A  S  W  M  F  G  V  P  R  E  A  V  D  P  L  M  R  
Cgtgcagcaaaaaccattaattttggggtgctgtatggtatgagcgcacatcgtctgagc    1320 
 R  A  A  K  T  I  N  F  G  V  L  Y  G  M  S  A  H  R  L  S  
Caggaactggcaattccgtacgaagaagcccaggcatttatcgaacgttattttcagagc    1380 
 Q  E  L  A  I  P  Y  E  E  A  Q  A  F  I  E  R  Y  F  Q  S  
Tttccgaaagttcgtgcctggattgaaaaaaccctggaagaaggtcgtcgtcgcggttat    1440 
 F  P  K  V  R  A  W  I  E  K  T  L  E  E  G  R  R  R  G  Y  
Gttgaaaccctgtttggtcgtcgtcgttatgttccggatctggaagcacgtgttaaaagc    1500 
 V  E  T  L  F  G  R  R  R  Y  V  P  D  L  E  A  R  V  K  S  
Gttcgtgaagcagcagaacgtatggcctttaatatgccggttcagggcaccgcagcagat    1560 
 V  R  E  A  A  E  R  M  A  F  N  M  P  V  Q  G  T  A  A  D  
Ctgatgaaactggccatggttaaactgtttccgcgtctggaagaaatgggtgcacgtatg    1620 
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 L  M  K  L  A  M  V  K  L  F  P  R  L  E  E  M  G  A  R  M  
Ctgctgcaggttcatgatgaactggtgctggaagcaccgaaagaacgtgcagaagcagtt    1680 
 L  L  Q  V  H  D  E  L  V  L  E  A  P  K  E  R  A  E  A  V  
Gcccgtctggcaaaagaagttatggaaggcgtttatccgctggcagttccgctggaagtt    1740 
 A  R  L  A  K  E  V  M  E  G  V  Y  P  L  A  V  P  L  E  V  
Gaagttggtattggtgaagattggctgtctgcaaaagaataaaagcttaattagctgagc    1800 
 E  V  G  I  G  E  D  W  L  S  A  K  E  -  K  L  N  -  L  S  
Ttggactcctgttgatagatccagtaatgacctcagaactccatctggatttgttcagaa    1860 
 L  D  S  C  -  -  I  Q  -  -  P  Q  N  S  I  W  I  C  S  E  
Cgctcggttgccgccgggcgttttttattggtgagaatccaagctagcttggcgagattt    1920 
 R  S  V  A  A  G  R  F  L  L  V  R  I  Q  A  S  L  A  R  F  
Tcaggagctaaggaagctaaaatggagaaaaaaatcactggatataccaccgttgatata    1980 
 S  G  A  K  E  A  K  M  E  K  K  I  T  G  Y  T  T  V  D  I  
Tcccaatggcatcgtaaagaacattttgaggcatttcagtcagttgctcaatgtacctat    2040 
 S  Q  W  H  R  K  E  H  F  E  A  F  Q  S  V  A  Q  C  T  Y  
Aaccagaccgttcagctggatattacggcctttttaaagaccgtaaagaaaaataagcac    2100 
 N  Q  T  V  Q  L  D  I  T  A  F  L  K  T  V  K  K  N  K  H  
Aagttttatccggcctttattcacattcttgcccgcctgatgaatgctcatccggaattt    2160 
 K  F  Y  P  A  F  I  H  I  L  A  R  L  M  N  A  H  P  E  F  
Cgtatggcaatgaaagacggtgagctggtgatatgggatagtgttcacccttgttacacc    2220 
 R  M  A  M  K  D  G  E  L  V  I  W  D  S  V  H  P  C  Y  T  
Gttttccatgagcaaactgaaacgttttcatcgctctggagtgaataccacgacgatttc    2280 
 V  F  H  E  Q  T  E  T  F  S  S  L  W  S  E  Y  H  D  D  F  
Cggcagtttctacacatatattcgcaagatgtggcgtgttacggtgaaaacctggcctat    2340 
 R  Q  F  L  H  I  Y  S  Q  D  V  A  C  Y  G  E  N  L  A  Y  
Ttccctaaagggtttattgagaatatgtttttcgtctcagccaatccctgggtgagtttc    2400 
 F  P  K  G  F  I  E  N  M  F  F  V  S  A  N  P  W  V  S  F  
Accagttttgatttaaacgtggccaatatggacaacttcttcgcccccgttttcaccatg    2460 
 T  S  F  D  L  N  V  A  N  M  D  N  F  F  A  P  V  F  T  M  
Ggcaaatattatacgcaaggcgacaaggtgctgatgccgctggcgattcaggttcatcat    2520 
 G  K  Y  Y  T  Q  G  D  K  V  L  M  P  L  A  I  Q  V  H  H  
Gccgtctgtgatggcttccatgtcggcagaatgcttaatgaattacaacagtactgcgat    2580 
 A  V  C  D  G  F  H  V  G  R  M  L  N  E  L  Q  Q  Y  C  D  
Gagtggcagggcggggcgtaatttttttaaggcagttattggtgcccttaaacgcctggg    2640 
 E  W  Q  G  G  A  -  F  F  -  G  S  Y  W  C  P  -  T  P  G  
Gtaatgactctctagcttgaggcatcaaataaaacgaaaggctcagtcgaaagactgggc    2700 
 V  M  T  L  -  L  E  A  S  N  K  T  K  G  S  V  E  R  L  G  
Ctttcgttttatctgttgtttgtcggtgaacgctctcctgagtaggacaaatccgccgct    2760 
 L  S  F  Y  L  L  F  V  G  E  R  S  P  E  -  D  K  S  A  A  
Ctagattaccgtgcagtcgatgataagctgtcaaacatgagaattgtgcctaatgagtga    2820 
 L  D  Y  R  A  V  D  D  K  L  S  N  M  R  I  V  P  N  E  -  
Gctaactcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgt    2880 
 A  N  S  H  -  L  R  C  A  H  C  P  L  S  S  R  E  T  C  R  
Gccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgcc    2940 
 A  S  C  I  N  E  S  A  N  A  R  G  E  A  V  C  V  L  G  A  
Agggtggtttttcttttcaccagtgagacgggcaacagctgattgcccttcaccgcctgg    3000 
 R  V  V  F  L  F  T  S  E  T  G  N  S  -  L  P  F  T  A  W  
Ccctgagagagttgcagcaagcggtccacgctggtttgccccagcaggcgaaaatcctgt    3060 
 P  -  E  S  C  S  K  R  S  T  L  V  C  P  S  R  R  K  S  C  
Ttgatggtggttaacggcgggatataacatgagctgtcttcggtatcgtcgtatcccact    3120 
 L  M  V  V  N  G  G  I  -  H  E  L  S  S  V  S  S  Y  P  T  
Accgagatatccgcaccaacgcgcagcccggactcggtaatggcgcgcattgcgcccagc    3180 
 T  E  I  S  A  P  T  R  S  P  D  S  V  M  A  R  I  A  P  S  
Gccatctgatcgttggcaaccagcatcgcagtgggaacgatgccctcattcagcatttgc    3240 
 A  I  -  S  L  A  T  S  I  A  V  G  T  M  P  S  F  S  I  C  
Atggtttgttgaaaaccggacatggcactccagtcgccttcccgttccgctatcggctga    3300 
 M  V  C  -  K  P  D  M  A  L  Q  S  P  S  R  S  A  I  G  -  
Atttgattgcgagtgagatatttatgccagccagccagacgcagacgcgccgagacagaa    3360 
 I  -  L  R  V  R  Y  L  C  Q  P  A  R  R  R  R  A  E  T  E  
Cttaatgggcccgctaacagcgcgatttgctggtgacccaatgcgaccagatgctccacg    3420 
 L  N  G  P  A  N  S  A  I  C  W  -  P  N  A  T  R  C  S  T  
Cccagtcgcgtaccgtcttcatgggagaaaataatactgttgatgggtgtctggtcagag    3480 
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 P  S  R  V  P  S  S  W  E  K  I  I  L  L  M  G  V  W  S  E  
Acatcaagaaataacgccggaacattagtgcaggcagcttccacagcaatggcatcctgg    3540 
 T  S  R  N  N  A  G  T  L  V  Q  A  A  S  T  A  M  A  S  W  
Tcatccagcggatagttaatgatcagcccactgacgcgttgcgcgagaagattgtgcacc    3600 
 S  S  S  G  -  L  M  I  S  P  L  T  R  C  A  R  R  L  C  T  
Gccgctttacaggcttcgacgccgcttcgttctaccatcgacaccaccacgctggcaccc    3660 
 A  A  L  Q  A  S  T  P  L  R  S  T  I  D  T  T  T  L  A  P  
Agttgatcggcgcgagatttaatcgccgcgacaatttgcgacggcgcgtgcagggccaga    3720 
 S  -  S  A  R  D  L  I  A  A  T  I  C  D  G  A  C  R  A  R  
Ctggaggtggcaacgccaatcagcaacgactgtttgcccgccagttgttgtgccacgcgg    3780 
 L  E  V  A  T  P  I  S  N  D  C  L  P  A  S  C  C  A  T  R  
Ttgggaatgtaattcagctccgccatcgccgcttccactttttcccgcgttttcgcagaa    3840 
 L  G  M  -  F  S  S  A  I  A  A  S  T  F  S  R  V  F  A  E  
Acgtggctggcctggttcaccacgcgggaaacggtctgataagagacaccggcatactct    3900 
 T  W  L  A  W  F  T  T  R  E  T  V  -  -  E  T  P  A  Y  S  
Gcgacatcgtataacgttactggtttcattcaccaccctgaattgactctcttccgggcg    3960 
 A  T  S  Y  N  V  T  G  F  I  H  H  P  E  L  T  L  F  R  A  
Ctatcatgccataccgcgaaaggttttgcaccattcgatggtgtcggaatttcgggcagc    4020 
 L  S  C  H  T  A  K  G  F  A  P  F  D  G  V  G  I  S  G  S  
Gttgggtcctggccacgggtgcgcatgatctagagctgcctcgcgcgtttcggtgatgac    4080 
 V  G  S  W  P  R  V  R  M  I  -  S  C  L  A  R  F  G  D  D  
Ggtgaaaacctctgacacatgcagctcccggagacggtcacagcttgtctgtaagcggat    4140 
 G  E  N  L  -  H  M  Q  L  P  E  T  V  T  A  C  L  -  A  D  
Gccgggagcagacaagcccgtcagggcgcgtcagcgggtgttggcgggtgtcggggcgca    4200 
 A  G  S  R  Q  A  R  Q  G  A  S  A  G  V  G  G  C  R  G  A  
Gccatgacccagtcacgtagcgatagcggagtgtatactggcttaactatgcggcatcag    4260 
 A  M  T  Q  S  R  S  D  S  G  V  Y  T  G  L  T  M  R  H  Q  
Agcagattgtactgagagtgcaccatatgcggtgtgaaataccgcacagatgcgtaagga    4320 
 S  R  L  Y  -  E  C  T  I  C  G  V  K  Y  R  T  D  A  -  G  
Gaaaataccgcatcaggcgctcttccgcttcctcgctcactgactcgctgcgctcggtct    4380 
 E  N  T  A  S  G  A  L  P  L  P  R  S  L  T  R  C  A  R  S  
Gtcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaat    4440 
 V  G  C  G  E  R  Y  Q  L  T  Q  R  R  -  Y  G  Y  P  Q  N  
Caggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgta    4500 
 Q  G  I  T  Q  E  R  T  C  E  Q  K  A  S  K  R  P  G  T  V  
Aaaaggccgcgttgctggcgtttttccataggctccgcccccctgacgagcatcacaaaa    4560 
 K  R  P  R  C  W  R  F  S  I  G  S  A  P  L  T  S  I  T  K  
Atcgacgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttc    4620 
 I  D  A  Q  V  R  G  G  E  T  R  Q  D  Y  K  D  T  R  R  F  
Cccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgt    4680 
 P  L  E  A  P  S  C  A  L  L  F  R  P  C  R  L  P  D  T  C  
Ccgcctttctcccttcgggaagcgtggcgctttctcaatgctcacgctgtaggtatctca    4740 
 P  P  F  S  L  R  E  A  W  R  F  L  N  A  H  A  V  G  I  S  
Gttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccg    4800 
 V  R  C  R  S  F  A  P  S  W  A  V  C  T  N  P  P  F  S  P  
Accgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttat    4860 
 T  A  A  P  Y  P  V  T  I  V  L  S  P  T  R  -  D  T  T  Y  
Cgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgcta    4920 
 R  H  W  Q  Q  P  L  V  T  G  L  A  E  R  G  M  -  A  V  L  
Cagagttcttgaagtggtggcctaactacggctacactagaaggacagtatttggtatct    4980 
 Q  S  S  -  S  G  G  L  T  T  A  T  L  E  G  Q  Y  L  V  S  
Gcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaac    5040 
 A  L  C  -  S  Q  L  P  S  E  K  E  L  V  A  L  D  P  A  N  
Aaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaa    5100 
 K  P  P  L  V  A  V  V  F  L  F  A  S  S  R  L  R  A  E  K  
Aaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaa    5160 
 K  D  L  K  K  I  L  -  S  F  L  R  G  L  T  L  S  G  T  K  
Actcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttt    5220 
 T  H  V  K  G  F  W  S  -  D  Y  Q  K  G  S  S  P  R  S  F  
Taaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgaca    5280 
 -  I  K  N  E  V  L  N  Q  S  K  V  Y  M  S  K  L  G  L  T  
Gttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatcca    5340 
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 V  T  N  A  -  S  V  R  H  L  S  Q  R  S  V  Y  F  V  H  P  
Tagctgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctggcc    5400 
 -  L  P  D  S  P  S  C  R  -  L  R  Y  G  R  A  Y  H  L  A  
Ccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataa    5460 
 P  V  L  Q  -  Y  R  E  T  H  A  H  R  L  Q  I  Y  Q  Q  -  
Accagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatcc    5520 
 T  S  Q  P  E  G  P  S  A  E  V  V  L  Q  L  Y  P  P  P  S  
Agtctattaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgca    5580 
 S  L  L  I  V  A  G  K  L  E  -  V  V  R  Q  L  I  V  C  A  
Acgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggtatggcttcat    5640 
 T  L  L  P  L  L  Q  A  S  W  C  H  A  R  R  L  V  W  L  H  
Tcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaag    5700 
 S  A  P  V  P  N  D  Q  G  E  L  H  D  P  P  C  C  A  K  K  
Cggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcac    5760 
 R  L  A  P  S  V  L  R  S  L  S  E  V  S  W  P  Q  C  Y  H  
Tcatggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgctttt    5820 
 S  W  L  W  Q  H  C  I  I  L  L  L  S  C  H  P  -  D  A  F  
Ctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagtt    5880 
 L  -  L  V  S  T  Q  P  S  H  S  E  N  S  V  C  G  D  R  V  
Gctcttgcccggcgtcaatacgggataataccgcgccacatagcagaactttaaaagtgc    5940 
 A  L  A  R  R  Q  Y  G  I  I  P  R  H  I  A  E  L  -  K  C  
Tcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgctgttgagat    6000 
 S  S  L  E  N  V  L  R  G  E  N  S  Q  G  S  Y  R  C  -  D  
Ccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcacca    6060 
 P  V  R  C  N  P  L  V  H  P  T  D  L  Q  H  L  L  L  S  P  
Gcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcga    6120 
 A  F  L  G  E  Q  K  Q  E  G  K  M  P  Q  K  R  E  -  G  R  
Cacggaaatgttgaatactcatactcttcctttttcaatattattgaagcatttatcagg    6180 
 H  G  N  V  E  Y  S  Y  S  S  F  F  N  I  I  E  A  F  I  R  
Gttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaatagggg    6240 
 V  I  V  S  -  A  D  T  Y  L  N  V  F  R  K  I  N  K  -  G  
Ttccgcgcacatttccccgaaaagtgccacctgacgtctaagaaaccattattatcatga    6300 
 F  R  A  H  F  P  E  K  C  H  L  T  S  K  K  P  L  L  S  -  
Cattaacctataaaaataggcgtatcacgaggccctttcgtcttcac                 6347 
 H  -  P  I  K  I  G  V  S  R  G  P  F  V  F     
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	1.3 RNA modifications and their analysis
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	2.5 DNA catalysis
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	Aim of this work
	In the last decades, the interest in both DNA and RNA modifications like 5mC in DNA or m6A in RNA grew as it was identified that some of these modifications strongly influence cellular processes. Moreover, it was demonstrated that modified nucleotides...
	1 Site-specific sensing of the presence or absence of 5mC in DNA
	The detection of 5mC in the genome can serve as an important biomarker for disease diagnosis and therapy. 38-40, 269-270 Therefore, it is of interest to develop a system that senses the presence or absence of 5mC in DNA site-specifically with single-b...
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	Figure 18: Steady-state kinetic analysis of single-nucleotide incorporation using 3´-terminally un- or modified primers catalyzed by KlenTaq DNA pol.
	1.2.3 Analysis of individual 5mC sites by a PCR-based system employing the 3´-terminally modified primers

	Figure 20: Real-time PCR amplification from HeLa gDNA applying O6-methyl G modified primer in combination with KlenTaq DNA pol.
	1.2.4 Discussion and outlook

	In conclusion, the marked difference in discrimination behavior of KlenTaq and KOD exo- DNA pol to incorporate modified nucleotides or to extend 3´-terminally modified primers depending on whether a C or 5mC containing template was present is interest...
	1.3 KlenTaq and Taq DNA pol variants for incorporation of 2´,3´-dideoxynucleotides to sense the presence or absence of 5mC
	1.3.1 Site-directed mutagenesis of Taq and KlenTaq DNA pol


	paternal methylated plasmids were digested by the restriction enzyme DpnI after PCR. Following this, the desired amplificate was purified by preparative agarose gel electrophoresis due to the presence of byproducts. In order to obtain the circular pla...
	1.3.2 Synthesis of a modified 2´,3´-dideoxynucleotide
	1.3.3 Primer extension reactions catalyzed by Taq and KlenTaq DNA pol variants employing 2´,3´-dideoxynucleotides as substrate

	A) Partial sequence of DNA primer and template (Table 4, Sept9-T1 primer rev and C/ 5mC template) used in the experiments. PAGE analysis of the single-nucleotide incorporation catalyzed by B) Taq F667Y DNA pol and C) KlenTaq F667Y DNA pol using dCTP ...
	1.3.4 Discussion and outlook

	In order to realize this approach, DNA pol variants with decreased discrimination against ddNTPs was required. In 1977 F. Sanger et al. developed the standard  methodology for DNA sequencing exploiting dd nucleotides and Klenow fragment of E. coli DNA...
	2 Site-specific sensing of the presence or absence of m6A in DNA
	Figure 29: Scheme for sensing the presence or absence of m6A in DNA directly by single-nucleotide incorporation employing modified nucleotides.
	2.1 Screening modified pyrimidine-based nucleotides

	The modified pyrimidine-based nucleotides were incorporated opposite A or m6A by KlenTaq DNA pol. The reactions using 10 nm or 0.1 nm KlenTaq DNA pol and 50 µm of the respective dNTP were stopped after 5, 10, 15 and 20 min. The obtained % incorporatio...
	2.2 Primer extension reactions employing the best combination of modified nucleotides and KlenTaq DNA pol
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	3 Site-specific sensing of the presence or absence of m6A in RNA
	3.1 Primer extension reactions using modified nucleotides on synthetic RNA templates

	In order to extend a DNA primer when paired with an RNA template, a DNA pol with reverse transcriptase activity was needed. The reverse transcriptase (RT) KlenTaq DNA pol is a variant of KlenTaq DNA pol that harbors a reverse transcriptase activity an...
	Figure 44: Full-length primer extension reaction from the optimized synthetic RNA templates using dUTP derivatives in the dNTP mix and RT KlenTaq DNA pol.
	3.2 Primer extension reactions using modified nucleotides on human cellular rRNA

	Next, two reverse transcriptases, M-MuLV and SuperScript™ II, that were examined towards m6A detection by E.T. Kool et al.151 and a second DNA pol from the A family, Bst DNA pol, that was used by X. Zhou et al.152 were combined with dTTP, dUTP, 5-fluo...
	Figure 48: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives and M-MuLV.
	Finally, single-nucleotide incorporation was catalyzed by Bst DNA pol using dTTP, dUTP and the dUTP derivatives as substrate (Figure 50). The nucleotides dTTP, dUTP and 5-fluoro-dUTP were processed to a moderate extent, whereas 5-carboxy- and 2´-fluor...
	Figure 50: Single-nucleotide incorporation experiments from human cellular rRNA using dUTP derivatives and Bst DNA pol.
	Taken together, improved discrimination between A and m6A was identified when RT KlenTaq DNA pol was combined with 5-carboxy- or 2´-fluoro-dUTP. Thus, this combination is well suited to detect m6A at an individual site on human cellular rRNA by a prim...
	3.3 Discussion and outlook

	First, it was examined if diverging % incorporation values could be determined depending on whether an A or m6A was present when synthetic templates derived from the Rous sarcoma genome327-328 were employed. For this, dTTP, dUTP, 5-fluoro-, 5-hydroxym...
	Next, it was examined if the identified discrimination between A and m6A could be exploited in a primer extension-based approach to detect m6A directly from human cellular rRNA with single-base resolution. For this, total RNA was extracted from human ...
	In order to examine if other RNA-reading DNA pols are feasible to detect m6A directly from human cellular rRNA in combination with the modified nucleotides, three DNA pols with reverse transcriptase activity were employed in single-nucleotide incorpor...
	X. Zhou and coworkers showed that the combination of Bst DNA pol with dTTP, dUTP and dUTP derivatives modified at position 5 were capable of detecting m6A on cellular rRNA by primer extension.152 Furthermore, Bst DNA pol is a member of the A family li...
	Summary
	Beside genome-/ transcriptome-wide analysis, the detection of both DNA and RNA modifications at a precise position is a valuable approach to quantify the information of modification at important regulatory sequences. Therefore, the focus was to develo...
	Since the sensitivity towards 5mC detection by real-time PCR was decreased compared to the primer extension reactions, the sensitivity should be increased by enhancing the (Ct value during real-time PCR. Therefore, findings of J. von Watzdorf to detec...
	Zusammenfassung
	Da die Sensitivität hinsichtlich der 5mC-Detektion durch Echtzeit-PCR verringert war, obwohl ein System benutzt wurde, das eine starke Diskriminierung in den Primerverlängerungsexperimenten zeigte, sollte die Sensitivität durch die Vergrößerung von (C...
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	Rf: DCM/ MeOH: 10/ 1 – 0.38
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	The pellet was resuspended in lysis buffer (10 mL, Table 15) and incubated at 37  C for 15 min, at 75  C for 45 min, followed by centrifugation at 4  C and 20,000 rpm for 60 min. The supernatant containing imidazole (final: 5 mm) was incubated with cO...
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	G  F  A  T  S  D  L  S  V  D  F  C  D  A  R  Q  G  G  G  A
	Y  G  K  T  P  A  T  R  P  F  Y  G  S  W  P  F  A  G  L  L
	L  T  C  S  F  L  R  Y  P  L  I  L  W  I  T  V  L  P  P  L
	S  E  L  I  P  L  A  A  A  E  R  P  S  A  A  S  Q  *  A  R
	K  R  K  A  R  V  G  N  C  Q  A  S  N  *  A  E  G  P  *  R
	M  A  F  L  R  F  Y  K  L  F  L  C  C  K  T  T  A  S  L  K
	L  G  P  P  G  R  F  *  *  R  V  I  V  N  P  Q  I  T  *  K
	P  A  S  A  G  F  F  M  G  G  V  *  G  K  S  I  C  Q  N  I
	*  G  R  L  S  L  C  L  I  Y  E  N  Y  L  T  L  *  M  R  K
	K  Q  R  T  L  N  K  I  R  C  F  F  D  *  *  T  P  I  I  K
	L  F  I  Y  Y  L  *  F  F  V  Y  T  I  F  L  V  C  *  R  E
	L  R  K  *  I  S  K  I  I  K  G  K  S  V  F  D  I  K  I  I
	H  V  N  D  N  T  K  Y  N  T  N  Y  K  M  L  S  V  F  I  I
	I  *  N  K  F  C  V  A  L  N  C  E  R  I  T  I  T  S  F  M
	H  S  E  I  M  K  N  L  F  A  L  *  A  D  N  N  Y  N  M  W
	N  C  E  R  S  Q  F  H  N  G  F  P  L  E  I  I  L  F  N  F
	*  E  V  K  H  M  H  H  H  H  H  H  G  S  R  G  M  L  P  L
	F  E  P  K  G  R  V  L  L  V  D  G  H  H  L  A  Y  R  T  F
	H  A  L  K  G  L  T  T  S  R  G  E  P  V  Q  A  V  Y  G  F
	A  K  S  L  L  K  A  L  K  E  D  G  D  A  V  I  V  V  F  D
	A  K  A  P  S  F  R  H  E  A  Y  G  G  Y  K  A  G  R  A  P
	T  P  E  D  F  P  R  Q  L  A  L  I  K  E  L  V  D  L  L  G
	L  A  R  L  E  V  P  G  Y  E  A  D  D  V  L  A  S  L  A  K
	K  A  E  K  E  G  Y  E  V  R  I  L  T  A  D  K  D  L  Y  Q
	L  L  S  D  R  I  H  V  L  H  P  E  G  Y  L  I  T  P  A  W
	L  W  E  K  Y  G  L  R  P  D  Q  W  A  D  Y  R  A  L  T  G
	D  E  S  D  N  L  P  G  V  K  G  I  G  E  K  T  A  R  K  L
	L  E  E  W  G  S  L  E  A  L  L  K  N  L  D  R  L  K  P  A
	I  R  E  K  I  L  A  H  M  D  D  L  K  L  S  W  D  L  A  K
	V  R  T  D  L  P  L  E  V  D  F  A  K  R  R  E  P  D  R  E
	R  L  R  A  F  L  E  R  L  E  F  G  S  L  L  H  E  F  G  L
	L  E  S  P  K  A  L  E  E  A  P  W  P  P  P  E  G  A  F  V
	G  F  V  L  S  R  K  E  P  M  W  A  D  L  L  A  L  A  A  A
	R  G  G  R  V  H  R  A  P  E  P  Y  K  A  L  R  D  L  K  E
	A  R  G  L  L  A  K  D  L  S  V  L  A  L  R  E  G  L  G  L
	P  P  G  D  D  P  M  L  L  A  Y  L  L  D  P  S  N  T  T  P
	E  G  V  A  R  R  Y  G  G  E  W  T  E  E  A  G  E  R  A  A
	L  S  E  R  L  F  A  N  L  W  G  R  L  E  G  E  E  R  L  L
	W  L  Y  R  E  V  E  R  P  L  S  A  V  L  A  H  M  E  A  T
	G  V  R  L  D  V  A  Y  L  R  A  L  S  L  E  V  A  E  E  I
	A  R  L  E  A  E  V  F  R  L  A  G  H  P  F  N  L  N  S  R
	D  Q  L  E  R  V  L  F  D  E  L  G  L  P  A  I  G  K  T  E
	K  T  G  K  R  S  T  S  A  A  V  L  E  A  L  R  E  A  H  P
	I  V  E  K  I  L  Q  Y  R  E  L  T  K  L  K  S  T  Y  I  D
	P  L  P  D  L  I  H  P  R  T  G  R  L  H  T  R  F  N  Q  T
	A  T  A  T  G  R  L  S  S  S  D  P  N  L  Q  N  I  P  V  R
	T  P  L  G  Q  R  I  R  R  A  F  I  A  E  E  G  W  L  L  V
	L  I  R  V  F  Q  E  G  R  D  I  H  T  E  T  A  S  W  M  F
	G  V  P  R  E  A  V  D  P  L  M  R  R  A  A  K  T  I  N  F
	G  V  L  Y  G  M  S  A  H  R  L  S  Q  E  L  A  I  P  Y  E
	E  A  Q  A  F  I  E  R  Y  F  Q  S  F  P  K  V  R  A  W  I
	E  K  T  L  E  E  G  R  R  R  G  Y  V  E  T  L  F  G  R  R
	R  Y  V  P  D  L  E  A  R  V  K  S  V  R  E  A  A  E  R  M
	A  F  N  M  P  V  Q  G  T  A  A  D  L  M  K  L  A  M  V  K
	L  F  P  R  L  E  E  M  G  A  R  M  L  L  Q  V  H  D  E  L
	V  L  E  A  P  K  E  R  A  E  A  V  A  R  L  A  K  E  V  M
	E  G  V  Y  P  L  A  V  P  L  E  V  E  V  G  I  G  E  D  W
	L  S  A  K  E  *  L  E  P  Q  G  R  H  P  I  I  S  P  G  E
	R  P  S  L  S  T  E  P  F  V  L  F  D  A  W  Q  F  P  T  L
	A  W  G  V  P  T  L  P  S  A  L  R  R  F  T  S  E  F  G  M
	G  S  G  G  T  T  A  L  L  P  P  G  K  Q  G  V  L  *  A  I
	F  R  Y  K  W  A  R  D  N  V  Q  N  W  L  I  G  C  N  T  D
	P  Y  L  F  I  F  L  N  T  F  K  Y  V  S  A  H  E  T  I  T
	L  I  N  A  S  I  I  L  K  K  E  E  Y  E  Y  S  T  F  P  C
	R  P  Y  S  L  F  C  G  I  L  P  S  C  F  C  S  P  R  N  A
	K  A  S  Y  G  W  H  D  S  K  R  I  M  Q  C  C  H  N  H  E
	5283  tgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgc  5342
	5343  ttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaa  5402
	5403  tgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcgatggcaacaacgtt  5462
	5463  gcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactg  5522
	5523  gatggaggcggataaagttgcaggaccacttctgcgctcggcccttccggctggctggtt  5582
	5583  tattgctgataaatccggagccggtgagcgtggttctcgcggtatcatcgcagcgctggg  5642
	5643  gccagatggtaagccctcccgtatcgtagttatctacacgacggggagtcaggcaactat  5702
	5703  ggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaagc  5762
	5763  ggcgcgccatcgaatggcgcaaaacctttcgcggtatggcatgatagcgcccggaagaga  5822
	5823  gtcaattcagggtggtgaatatgaaaccagtaacgttatacgatgtcgcagagtatgccg  5882
	5883  gtgtctcttatcagaccgtttcccgcgtggtgaaccaggccagccacgtttctgcgaaaa  5942
	5943  cgcgggaaaaagtggaagcggcgatggcggagctgaattacattcccaaccgcgtggcac  6002
	6003  aacaactggcgggcaaacagtcgttgctgattggcgttgccacctccagtctggccctgc  6062
	6063  acgcgccgtcgcaaattgtcgcggcgattaaatctcgcgccgatcaactgggtgccagcg  6122
	6123  tggtggtgtcgatggtagaacgaagcggcgtcgaagcctgtaaagcggcggtgcacaatc  6182
	6183  ttctcgcgcaacgcgtcagtgggctgatcattaactatccgctggatgaccaggatgcca  6242
	6243  ttgctgtggaagctgcctgcactaatgttccggcgttatttcttgatgtctctgaccaga  6302
	6303  cacccatcaacagtattattttctcccatgaggacggtacgcgactgggcgtggagcatc  6362
	6363  tggtcgcattgggtcaccagcaaatcgcgctgttagcgggcccattaagttctgtctcgg  6422
	6423  cgcgtctgcgtctggctggctggcataaatatctcactcgcaatcaaattcagccgatag  6482
	6483  cggaacgggaaggcgactggagtgcca                                6509
	The protein sequence (bottom line, capitals) and DNA sequence (top line, small letters) of KlenTaq DNA pol are shown in green. The mutation site F667 is depicted in red. The sequence of the vector is shown in black.
	L  E  K  S  -  K  I  Y  L  L  C  E  R  I  T  I  I  I  D  S
	I  V  S  G  -  Q  F  H  T  E  F  I  K  E  E  K  L  T  M  R
	G  S  H  H  H  H  H  H  T  D  P  H  A  A  L  E  E  A  P  W
	P  P  P  E  G  A  F  V  G  F  V  L  S  R  K  E  P  M  W  A
	D  L  L  A  L  A  A  A  R  G  G  R  V  H  R  A  P  E  P  Y
	K  A  L  R  D  L  K  E  A  R  G  L  L  A  K  D  L  S  V  L
	A  L  R  E  G  L  G  L  P  P  G  D  D  P  M  L  L  A  Y  L
	L  D  P  S  N  T  T  P  E  G  V  A  R  R  Y  G  G  E  W  T
	E  E  A  G  E  R  A  A  L  S  E  R  L  F  A  N  L  W  G  R
	L  E  G  E  E  R  L  L  W  L  Y  R  E  V  E  R  P  L  S  A
	V  L  A  H  M  E  A  T  G  V  R  L  D  V  A  Y  L  R  A  L
	S  L  E  V  A  E  E  I  A  R  L  E  A  E  V  F  R  L  A  G
	H  P  F  N  L  N  S  R  D  Q  L  E  R  V  L  F  D  E  L  G
	L  P  A  I  G  K  T  E  K  T  G  K  R  S  T  S  A  A  V  L
	E  A  L  R  E  A  H  P  I  V  E  K  I  L  Q  Y  R  E  L  T
	K  L  K  S  T  Y  I  D  P  L  P  D  L  I  H  P  R  T  G  R
	L  H  T  R  F  N  Q  T  A  T  A  T  G  R  L  S  S  S  D  P
	N  L  Q  N  I  P  V  R  T  P  L  G  Q  R  I  R  R  A  F  I
	A  E  E  G  W  L  L  V  A  L  D  Y  S  Q  I  E  L  R  V  L
	A  H  L  S  G  D  E  N  L  I  R  V  F  Q  E  G  R  D  I  H
	T  E  T  A  S  W  M  F  G  V  P  R  E  A  V  D  P  L  M  R
	R  A  A  K  T  I  N  F  G  V  L  Y  G  M  S  A  H  R  L  S
	Q  E  L  A  I  P  Y  E  E  A  Q  A  F  I  E  R  Y  F  Q  S
	F  P  K  V  R  A  W  I  E  K  T  L  E  E  G  R  R  R  G  Y
	V  E  T  L  F  G  R  R  R  Y  V  P  D  L  E  A  R  V  K  S
	V  R  E  A  A  E  R  M  A  F  N  M  P  V  Q  G  T  A  A  D
	L  M  K  L  A  M  V  K  L  F  P  R  L  E  E  M  G  A  R  M
	L  L  Q  V  H  D  E  L  V  L  E  A  P  K  E  R  A  E  A  V
	A  R  L  A  K  E  V  M  E  G  V  Y  P  L  A  V  P  L  E  V
	E  V  G  I  G  E  D  W  L  S  A  K  E  -  K  L  N  -  L  S
	L  D  S  C  -  -  I  Q  -  -  P  Q  N  S  I  W  I  C  S  E
	R  S  V  A  A  G  R  F  L  L  V  R  I  Q  A  S  L  A  R  F
	S  G  A  K  E  A  K  M  E  K  K  I  T  G  Y  T  T  V  D  I
	S  Q  W  H  R  K  E  H  F  E  A  F  Q  S  V  A  Q  C  T  Y
	N  Q  T  V  Q  L  D  I  T  A  F  L  K  T  V  K  K  N  K  H
	K  F  Y  P  A  F  I  H  I  L  A  R  L  M  N  A  H  P  E  F
	R  M  A  M  K  D  G  E  L  V  I  W  D  S  V  H  P  C  Y  T
	V  F  H  E  Q  T  E  T  F  S  S  L  W  S  E  Y  H  D  D  F
	R  Q  F  L  H  I  Y  S  Q  D  V  A  C  Y  G  E  N  L  A  Y
	F  P  K  G  F  I  E  N  M  F  F  V  S  A  N  P  W  V  S  F
	T  S  F  D  L  N  V  A  N  M  D  N  F  F  A  P  V  F  T  M
	G  K  Y  Y  T  Q  G  D  K  V  L  M  P  L  A  I  Q  V  H  H
	A  V  C  D  G  F  H  V  G  R  M  L  N  E  L  Q  Q  Y  C  D
	E  W  Q  G  G  A  -  F  F  -  G  S  Y  W  C  P  -  T  P  G
	V  M  T  L  -  L  E  A  S  N  K  T  K  G  S  V  E  R  L  G
	L  S  F  Y  L  L  F  V  G  E  R  S  P  E  -  D  K  S  A  A
	L  D  Y  R  A  V  D  D  K  L  S  N  M  R  I  V  P  N  E  -
	A  N  S  H  -  L  R  C  A  H  C  P  L  S  S  R  E  T  C  R
	A  S  C  I  N  E  S  A  N  A  R  G  E  A  V  C  V  L  G  A
	R  V  V  F  L  F  T  S  E  T  G  N  S  -  L  P  F  T  A  W
	P  -  E  S  C  S  K  R  S  T  L  V  C  P  S  R  R  K  S  C
	L  M  V  V  N  G  G  I  -  H  E  L  S  S  V  S  S  Y  P  T
	T  E  I  S  A  P  T  R  S  P  D  S  V  M  A  R  I  A  P  S
	A  I  -  S  L  A  T  S  I  A  V  G  T  M  P  S  F  S  I  C
	M  V  C  -  K  P  D  M  A  L  Q  S  P  S  R  S  A  I  G  -
	I  -  L  R  V  R  Y  L  C  Q  P  A  R  R  R  R  A  E  T  E
	L  N  G  P  A  N  S  A  I  C  W  -  P  N  A  T  R  C  S  T
	P  S  R  V  P  S  S  W  E  K  I  I  L  L  M  G  V  W  S  E
	T  S  R  N  N  A  G  T  L  V  Q  A  A  S  T  A  M  A  S  W
	S  S  S  G  -  L  M  I  S  P  L  T  R  C  A  R  R  L  C  T
	A  A  L  Q  A  S  T  P  L  R  S  T  I  D  T  T  T  L  A  P
	L  E  V  A  T  P  I  S  N  D  C  L  P  A  S  C  C  A  T  R
	T  W  L  A  W  F  T  T  R  E  T  V  -  -  E  T  P  A  Y  S
	A  T  S  Y  N  V  T  G  F  I  H  H  P  E  L  T  L  F  R  A
	L  S  C  H  T  A  K  G  F  A  P  F  D  G  V  G  I  S  G  S
	V  G  S  W  P  R  V  R  M  I  -  S  C  L  A  R  F  G  D  D
	G  E  N  L  -  H  M  Q  L  P  E  T  V  T  A  C  L  -  A  D
	A  G  S  R  Q  A  R  Q  G  A  S  A  G  V  G  G  C  R  G  A
	A  M  T  Q  S  R  S  D  S  G  V  Y  T  G  L  T  M  R  H  Q
	S  R  L  Y  -  E  C  T  I  C  G  V  K  Y  R  T  D  A  -  G
	E  N  T  A  S  G  A  L  P  L  P  R  S  L  T  R  C  A  R  S
	V  G  C  G  E  R  Y  Q  L  T  Q  R  R  -  Y  G  Y  P  Q  N
	Q  G  I  T  Q  E  R  T  C  E  Q  K  A  S  K  R  P  G  T  V
	K  R  P  R  C  W  R  F  S  I  G  S  A  P  L  T  S  I  T  K
	I  D  A  Q  V  R  G  G  E  T  R  Q  D  Y  K  D  T  R  R  F
	P  L  E  A  P  S  C  A  L  L  F  R  P  C  R  L  P  D  T  C
	P  P  F  S  L  R  E  A  W  R  F  L  N  A  H  A  V  G  I  S



