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The central dogma of molecular biology – initially formulated by Francis Crick [5] shortly 

after the elucidation of DNA structure and repeatedly revisited and reinterpreted by researchers 

ever since [6] – describes the flow of sequential information within a living entity and can be 

seen as an attempt to give a simplified explanation of how the biopolymers crucial for self-

sustainability of living systems self-organize – in a way, how these molecules ‘encode’ life. 

Originally referred to as the sequence hypothesis, Crick proposed that nucleic acid polymers 

(DNA and RNA) encode genetic information “solely by (…) [their] base sequence and that 

this sequence is a (simple) code for the amino acid sequence of a particular protein” [5]. More 

specifically, DNA stores genetic information within the sequence of its four nucleobases (A, 

C, G and T), from where it is passed on to following cell generations by DNA replication and 

to RNA polymers by transcription. Subsequently, RNA delivers the sequence information to 

the place of translation, where it acts as a blueprint for protein synthesis. And finally, proteins 

act as the executors of this information by catalyzing biochemical reactions, serving structural 

purposes and performing signaling tasks. The key propositions of this theory hold true until 

today, most significantly the classification of DNA as the bearer of the genotype responsible 

for information storage and hereditability and the protein as one of the key creators of the 

phenotype defined by the functionality and observable characteristics of a cell. Yet, various 

scientific accomplishments of the last decades suggest that an oversimplified picture of these 

cellular processes has been drawn (it has to be mentioned, however, that Crick never intended 

to fully describe the information flow within living systems but rather to formulate general 

rules for the sequence transfer between biopolymers [6,7] – rules that have not been seriously 

challenged since).  

In particular, the view of nucleic acids as sole carrier of sequence information is incomplete, 

especially for RNA. Current sequencing data sets analyzed by the ENCODE (Encyclopedia of 

DNA Elements) project indicate that only about 1.2% of the human genome codes for protein 

sequences while at least 80% are actively transcribed to RNA [8], indicating a considerably 

broader range of functions. Various non-protein-coding RNAs (ncRNAs) have been identified, 

exerting diverse cellular functions from regulation of gene expression by modulation of 

transcription and translation to control of post-transcriptional modification [9,10]. Moreover, 

RNAs were found to be capable of enzymatic activity just as efficiently as proteins [9,10] and 

distinct RNAs (ribosomal RNA) even catalyze peptide bond formation during protein 

synthesis [11]. Considering the plethora of biological functions cellular RNAs exert, it is not 

surprising that their chemical structure is not only determined by their gene sequence but can 

be modified post-transcriptionally. Firstly, post-transcriptional alteration of RNA sequence by 
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(alternative) splicing, (alternative) polyadenylation and/ or RNA editing is a common 

phenomenon in eukaryotic cells [10]. Secondly (and more importantly for this work), a whole 

myriad of nucleotide modifications can be enzymatically introduced into RNAs [12,13], 

thereby broadening their structural repertoire beyond the function of sole sequence transfer. 

Especially regulatory ncRNAs as well as the ncRNAs involved in translation (ribosomal RNA 

and transfer RNA) have been found to be heavily modified at distinct nucleobase and ribose 

residues [12] with modifications reaching from simple methylation events to far more complex 

transformations (by now more than 150 chemically distinct nucleotide modifications have 

been identified in cellular RNAs [14]). In addition, modified nucleotides have also been 

identified in protein-coding RNAs (messenger RNAs), where they are supposed to influence 

mRNA metabolism and thereby regulate gene expression [15]. The relatively young research 

field of RNA modifications that do not involve changes in RNA sequence but still possess 

functional importance has only recently been combined under the term ‘epitranscriptomics’ 

[16,17]. 

This term was created in analogy to the presently more established research field of 

epigenetics that deals with inheritable changes of gene expression operating on the DNA level 

(without alterations to the genetic code itself) [18] and which experienced a rapid development 

with the discovery of a functional connection between DNA modification and gene repression 

in 1982 [19,20]. As a matter of fact, cellular DNA carries additional information in the form 

of modified nucleobases as well (apart from the sequence information encoded by its four 

nucleobases A, C, G and T). Most prominently, the modified nucleobase 5-methylcytosine 

affects (in conjunction with modifications to the proteins associated with DNA) the structure 

of chromatin and thereby regulates gene expression by influencing transcription efficiency 

[21,22]. 

Molecular biology has come a long way since the original formulation of the sequence 

hypothesis and we are only beginning to unravel the numerous complex cellular mechanisms 

of information flow and gene regulation in living cells. It is clear, however, that the enormous 

progress in the field could only be achieved due to concurrent advancements in bioanalytical 

methodology. In particular, nucleic acid research has profited tremendously from the 

development of analytical tools such as the polymerase chain reaction [23,24] and DNA 

sequencing [25] (both driven by the identification of adequate DNA polymerases [4]). 

Currently, the modern “Next Generation Sequencing” technology [26] and the immense 

amount of data it produces is boosting the field even further. The development of 

methodological approaches for direct analysis of modified nucleic acids is, however, lagging 
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behind and simple and reliable techniques for localization and detection of modified 

nucleotides within the genome [27-29] and the transcriptome [30] are of major interest to the 

advancing research fields of epigenetics and epitranscriptomics.
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1. Biochemistry of nucleic acids 

1.1 Structure and function 

There are two kinds of nucleic acid macromolecules in cells: deoxyribonucleic acid (DNA) 

and ribonucleic acid (RNA) [31]. Both occur as large biopolymers constructed from nucleotide 

monomers which consist of a pentose (in D-configuration), a phosphate group and an aromatic 

heterocyclic ring system referred to as the nucleobase. While the nucleotides that make up 

RNA are derived from ribose, the pentose found in DNA lacks the 2’-hydroxyl group and is 

therefore called 2’-deoxyribose. The nucleobase is linked to the 1’-position of the sugar via an 

N-glycosidic bond and the phosphate is attached to 5’-position where it can form a 

phosphodiester bond with the 3’-hydroxyl of another nucleotide. In this way long chains are 

formed consisting of the negatively charged sugar-phosphate backbone and the attached 

aromatic nucleobases encoding the sequence information (Figure 1). Four different “standard” 

nucleobases are present in DNA: the pyrimidines cytosine (C) and thymine (T), and the purines 

adenine (A) and guanine (G). The set is similar in RNA except that thymine is replaced by 

uracil (U) which lacks the methyl group at its 5-position. The principle secondary structure 

element of DNA and RNA is the double helix resulting from interactions between the 

nucleobases of two chains with opposite orientation. Here, the sugar-phosphate backbone is 

oriented to the outside, where the electrostatic repulsion of the negatively charged phosphate 

groups is compensated by interaction with water and metal ions, while the aromatic bases are 

oriented to the inside where they form specific hydrogen bonds with complementary bases of 

the antiparallel strand. The complementary base pairs – guanine pairs with cytosine and 

adenine with thymine (or uracil, respectively) – are referred to as Watson-Crick base pairs 

with reference to the DNA structure elucidation by J. Watson and F. Crick [32,33] (based on 

X-ray diffraction data obtained by R. Franklin [34] and M. Wilkins [35]). Additional 

stabilization of the double helix derives from π-stacking and van der Waals forces between 

successive aromatic base pairs. These strong base stacking interactions provide the dominant 

contribution to duplex stability.[36]  

Due to the nature of DNA replication, cellular DNA double helices extend along the full 

length of two complementary DNA molecules. Under physiological conditions the 

predominant conformation of these DNA duplexes is the B-form double helix as originally 

described by Watson and Crick. The B-form helix is right-handed and characterized by the 

perpendicular orientation of the base pairs to the axis of the helix and the C2’-endo pucker of  
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Figure 1: DNA structure. A) Chemical structure of DNA. One nucleotide consists of a 2’-deoxyribose moiety, a 
nucleobase and a 5’-phosphate group that links to the 3’-hydroxyl of the adjacent nucleotide. Adenine (A) pairs 
with thymine (T) via two hydrogen bonds, guanine (G) pairs with cytosine (C) via three hydrogen bonds. B) Stick 
model (left) and surface representation (right) of a B-DNA crystal structure. Phosphodiester moieties are shown 
in dark grey, 2’-deoxribose residues in light gray and the nucleobases in green (A), blue (C), orange (G) and red 
(T) (Adapted from PDB 1BNA [37]). 

 

the sugar (the C2’ atom is shifted out of plane to the same side as the C5’-atom) (Figure 2B). 

Two grooves of unequal size are formed in B-DNA, the tight minor groove and the wider 

major groove which allows (sequence specific) binding of proteins and other molecules [31]. 

However, depending on sequence context and conditions, other double-helical conformations 

can be adopted [38,39]. The A-form DNA differs from B-DNA mainly in the orientation of 

the base pairs (which are not perpendicular to the helix axis and moved away from the helix 

center), the conformation of the sugar (which adopts a C3’-endo pucker), and a deeper and 

narrower major groove (which is less accessible to proteins). Z-form DNA features a 

considerably different structure of a left-handed double helix with alternating C2’-endo and 

C3’-endo conformations of the sugar. In eukaryotic cells, the large linear DNA double helices 

are densely packed in the form of chromatin by further interaction with various proteins [40]. 

The entirety of DNA in a cell is referred to as the genome, which encodes the sequence 

information for all functional RNAs and proteins within its nucleobase sequence. 

In contrast to DNA, cellular RNA is generated in single stranded form without a matching 

complementary partner strand during the event of transcription [41]. Therefore, RNA tends to 

form shorter double helices by inter- and intramolecular base pairing of complementary 

regions that do not extend along the entire molecule. These RNA helices adopt the A-form as 

the ribose energetically favors the C3’-endo conformation due to sterical constraints 

introduced by the 2’-hydroxyl group (Figure 2). Helical sections are linked by single-stranded 

regions, enabling the formation of diverse secondary structure motifs (e.g. hairpin loops and 
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pseudoknots) and eventually complex ternary structures. The structural versatility of RNA 

goes hand in hand with its broad range of functions in vivo as it enables specific interactions 

with proteins and other molecules as well as biocatalytic activity in addition to the transfer of 

genetic information [10]. The RNAs coding for amino acid sequences of proteins are called 

messenger RNAs (mRNA). Their function is to transfer sequence information from the 

genome to the ribosome, where they act as template for protein synthesis. Transfer RNAs 

(tRNA) link the nucleotide sequence of mRNAs to protein sequence by carrying a specific 

amino acid as well as the related anti-codon. Here, customized tertiary structures of individual 

tRNAs allow the cellular machinery to distinguish between distinct tRNA types. The catalysis 

of peptide bond formation is performed by ribosomal RNAs (rRNA) which constitute a large 

part of the ribosome. Further functional RNAs in eukaryotic cells include (amongst others) 

micro RNAs (miRNA) involved in the regulation of gene expression, small nuclear RNAs 

(snRNA) participating in RNA splicing, and small nucleolar RNAs (snoRNA) guiding RNA 

modification. 

Figure 2: RNA structure. A) Chemical structure of RNA. One nucleotide consists of a ribose moiety, a nucleobase 
and a 5’-phosphate group that links to the 3’-hydroxyl of the adjacent nucleotide. In RNA, the nucleobase 
thymine is replaced by uracil (U). B) Conformation of the C2’- and C3’-endo sugar pucker. The ribose moieties 
in RNA prefer the C3’-endo pucker resulting in A-form helices. C) Surface representation of RNA forming an A-
form double helix. Phosphodiester moieties are shown in dark grey, 2’-deoxribose residues in light gray and the 
nucleobases in green (A) and red (U) (Adapted from PDB 1RNA [42]). D) Surface representation of the small 
ribosomal subunit from Thermus thermophilus consisting of highly structured 16s rRNA (grey) and various 
ribosomal proteins (beige) (adapted from PDB 1FKA [43]).  

 

1.2 DNA modifications 

Apart from the four standard nucleobases, DNA contains additional modified nucleobases. 

The most abundant one in the majority of eukaryotic cells is 5-methylcytosine (5mC) [44] with 
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cytosine methylation ratios varying greatly between species (from virtually 0% in 

Saccharomyces cerevisiae (baker’s yeast) [45] to 18.6% in Oryza sativa (Asian rice) [46]). 

While the methylation of cytosine at its 5-position does not alter its Watson-Crick face (and 

therefore keeps the sequence information unaffected), the 5-methyl-group does extend into the 

major groove of the double helix and can thus affect the interaction with proteins (Figure 3). 

In this manner, 5mC is proposed to suppress the initiation of gene transcription by different 

mechanisms, including the inhibition of transcription factor binding, the specific interaction 

with transcriptional repressors, and the modification of chromatin structure [22]. 

Figure 3: Modified nucleotides in DNA. A) Chemical structures of the nucleobase modifications proposed to 
exert epigenetic function in eukaryotic DNA. B) Crystal structure of 5mC containing DNA duplex illustrating the 
positioning of the 5-methyl group in the major groove. Phosphodiester bonds are depicted in dark grey, 2’-
deoxyribose moieties in light grey, nucleobases in white and the 5-methyl group of 5mC in red (adapted from 
PDB 4GLG [47]). C) Human methyl-CpG binding domain (cyan) interacts specifically with methylated DNA (grey, 
methyl groups of 5mCs in red) within the major groove (adapted from 3C2I [48]). 

 

In vertebrate genomes, 5mC mainly occurs symmetrically within the dinucleotide CpG (70-

80% of CpGs were found to be methylated in human cell lines as compared to 4-6% of all Cs 

[49]). This has led to an evolutionary depletion of CpG in genomes by the accumulation of C 

to T transition events, as spontaneous deamination of 5mC to thymine is less efficiently 

repaired by the DNA repair machinery than the corresponding deamination of unmodified C 

to uracil [50]. However, certain regions of the genome (termed CpG islands) constitute an 

exception to this rule and feature CpG frequencies close to the statistically expected numbers 

[51]. CpG islands are localized at transcriptional start sites of genes and are believed to exist 

because they generally remain unmethylated in the germline [52,53]. Methylation of CpG 

islands results in stable transcriptional repression of the associated genes and constitutes the 

basis for long-term mono-allelic silencing mechanisms such as genomic imprinting [54] and 
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X-inactivation [55]. Moreover, CpG island methylation of numerous germline specific genes 

is required for their robust repression during embryonic development [56]. Establishment of 

these DNA methylation patterns is executed by the de novo DNA methyltransferases 

DNMT3A and DNMT3B [57], which catalyze the transfer of a methyl group from S-adenosyl 

methionine (SAM) to the 5-position of cytosine [58]. Their propagation through events of 

DNA replication is achieved by the maintenance DNA methyltransferase DNMT1, which 

exerts greatly enhanced activity on hemi-methylated DNA [59]. Aberrations in DNA 

methylation patterns are accompanied by abnormal gene silencing and activation, and were 

shown to be involved in the onset of several diseases, including cancer [52,60]. The discovery 

that distinct hypo- or hypermethylation events are unique for human malignancy [61,62] 

renders 5mC a promising biomarker for cancer diagnostics [27,63]. 

Advanced methods for genome-wide mapping suggest further functions of 5mC depending 

on its localization, as CpG methylation can additionally be found in gene bodies, regulatory 

elements (enhancers and isolators) and repeated sequences [52], and a significant level of 

cytosine methylation is also present in a non-CpG context in the mammalian genome [64]. 

Methylation of genomic regions other than transcriptional start sites was found to be highly 

dynamic, involving a process of active demethylation transacted by TET (ten-eleven 

translocation) proteins, which catalyze the iterative oxidation of 5mC to 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) 

[65,66] (Figure 3). Subsequent removal of 5fC and 5caC by thymine-DNA-glycosylase 

followed by base excision repair results in the reconstitution of unmodified cytosine. The 

occurrence of additional modified cytosines in the genome raises the question of whether these 

modifications only mark sites of active demethylation or whether they exert additional 

epigenetic function, with the latter being supported by the identification of specific 5hmC, 5fC 

and 5caC reader proteins [67,68]. Additional modified nucleotides in cellular DNA comprise 

5-hydroxymethlyuracil (5hmU) introduced by TET-catalyzed oxidation of thymine [69] and 

N6-methyladenosine (6mA or m6A), which was only recently discovered as a possible 

epigenetic marker in eukaryotic genomes [70] (Figure 3). 

1.3 RNA modifications 

With currently more than 150 known distinct RNA modifications, the chemical diversity of 

nucleotides in RNA is vastly greater than in DNA [14]. In consistency with their broad range 

of cellular function, extensive modification increases the structural versatility and chemical 
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repertoire of RNAs in order to carry out biocatalytic and regulatory functions [12]. Post-

transcriptional RNA modifications involve nucleobase isomerization as in pseudouridine (Ψ), 

methylation of the 2’-hydroxyl of the ribose, and a variety of nucleobase modifications, such 

as reduction, oxidation, thiolation, methylation and conjugation with electrophilic metabolites 

[14,71] (Figure 4). tRNA constitutes the most heavily modified class of RNAs (with up to 

25% modified nucleotides) and contains the majority of complex modifications [14,71]. These 

modifications are crucial for tRNA function, as they can stabilize codon-anticodon interaction, 

prevent RNA degradation, and reinforce helical structures or promote structural flexibility of 

single-stranded regions [72]. rRNA is strongly modified as well, mainly by pseudouridylation, 

2’-O-methylation and nucleobase methylation at functionally important regions where 

modifications are proposed to influence ribosomal biogenesis and fine-tune rRNA folding and 

ribosome subunit interactions [73]. Modifications have also been found in many other classes 

of noncoding RNAs including snRNA, snoRNA, miRNA, and long noncoding RNA (lncRNA) 

[13,74]. Moreover, the recent discovery that nucleotide modifications in mRNA can be highly 

dynamic and influence many stages of mRNA metabolism revealed their potential for the 

regulation of gene expression on the RNA level and added an additional layer to the field of 

epitranscriptomics [13,15,16]. The modifications found in mRNA encompass m6A, N1-

methyladenosine (m1A), 5mC, Ψ and 2’-O-methylnucleotides.  

As this work focusses particularly on 2’-O-methylnucleotides and m6A, the following 

passages describe the function of these two modifications in detail. 

 

Figure 4: Modified nucleotides in RNA. Selected examples from the diverse set of modified nucleotides in 
cellular RNA. This work focusses on 2’-O-methylated nucleotides and m6A. 
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a) 2’-O-methylated nucleotides 

2’-O-methylation of nucleotides is one of the most abundant post-transcriptional 

modifications and present in all major classes of eukaryotic RNA. Site-specific methylation of 

the ribose is mainly guided by numerous snoRNAs which direct the enzymatic machinery 

required for methylation toward complementary regions in the RNA target [75]. Most known 

snoRNAs target rRNA at more than 100 highly conserved modification sites (Figure 5) 

[76,77]. These sites mainly occur clustered in functionally important regions where they are 

very likely to modulate biogenesis and activity of the ribosome [73]. However, the detailed 

function of 2’-O-methylation in rRNA is not yet well understood. Modifications may modulate 

rRNA folding and a wide range of RNA–RNA and RNA–protein interactions by enhancing 

hydrophobic surfaces and stabilizing helical stem structures [75]. Furthermore, differential 

methylation patterns of ribosomes are proposed to be a potential source of heterogeneity that 

may confer regulatory control of translation through ‘specialized ribosomes’ [78], and 2’-O-

methylation of specific ribose residues in bacterial rRNA is known to confer antibiotic 

resistance [12]. The fact that alterations or defects in ribosomal methylation are associated 

with heritable diseases and cancer leaves little room for doubt about its functional significance 

in humans [79-81]. Moreover, RNA-guided 2’-O-methylation is not exclusive to rRNA, as 

certain snoRNAs targeting snRNA, tRNA and possibly even mRNA have been identified 

[12,75,82,83]. 

 

Figure 5: 2’-O-methylated nucleotides in the human 
ribosome. Structural model of the human ribosome. 
The 18s rRNA of the small subunit (SSU) is depicted as 
white ribbon, the large subunit (LSU) rRNAs as grey 
ribbon. 2’-O-methylated nucleotides of both subunits 
are highlighted as green spheres. SSU proteins are 
shown as blue cartoon, LSU proteins as red cartoon. 
Bound tRNAs are depicted as rose, purple and cyan 
spheres, mRNA as yellow spheres. Figure was created 
using the 3D rRNA modification database [77] and Jmol 
(http://www.jmol.org/) 

 

b) m6A 

m6A is the most abundant modification in mRNA of higher eukaryotes [84] and occurs in 

the consensus sequence context RRm6ACH (with R = A/G and H = A/C/U) [85,86] where it 
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is introduced by transfer of a methyl group from SAM, catalyzed by the METTL3/METTL14-

complex (methyltransferase like 3/14) [87]. Recently advanced m6A sequencing by 

immunoprecipitation techniques uncovered the presence of more than 10,000 m6A sites in 

human mRNA transcripts [88,89]. Modification sites were found to be enriched near stop 

codons in long exons and the 3’-untranslated region (UTR) but are also present in the 5’-UTR. 

The discovery that m6A modification can be reversed by the RNA demethylases FTO (fat mass 

and obesity associated protein) [90] and ALKBH5 (alkB homologue 5) [91] suggested that it 

is a highly dynamic modification with the potential to regulate gene expression. Further 

evidence for regulatory roles came from the identification of specific m6A reader proteins. 

Direct readers from the YTH (YT521-B homology) domain family of proteins possess a 

conserved m6A-binding pocket [92,93], while certain HNRNPs (heterogeneous nuclear 

ribonucleoproteins) were found to act as indirect readers by recognizing m6A-induced 

structural changes in RNAs (Figure 6) [94,95] (m6A energetically favors single stranded 

secondary structures due to strongly increased base stacking when unpaired [96]). Through 

these selective interactions m6A can affect almost every stage of mRNA metabolism. 

Effectively, it was found to influence RNA splicing [97], enhance nuclear export [91,98], 

promote translation [99], and expedite degradation [100]. Thereby, m6A is proposed to 

synchronize the translation of certain genes and generate ‘translation pulses’ [15]. Moreover, 

enhanced RNA degradation by m6A was found to be crucial for the clearance of maternal  
 

Figure 6: Direct and indirect readers of m6A. A) The specific binding pocket of a eukaryotic YTH domain interacts 
directly with m6A in an RNA oligonucleotide context. The RNA is shown in grey, the m6A in red and the YTH 
domain in cyan (adapted from PDB 4U8T [92]). B) Mechanism of m6A switches and indirect m6A reader proteins 
(HNRNPs). Methylation of adenosine leads to a conformational change which exposes the RNA-binding motif. 
Created analogous to Figure 2 in [101]. C) Solution NMR structure of an m6A containing RNA duplex. In the 
double-stranded context, the methylamino group adopts the energetically disfavored anti conformation and 
thereby destabilizes the duplex by 0.5 – 1.7 kcal/mol. RNA is depicted in light grey, the methyl-groups of the 
two m6A residues in red (adapted from PDB 2MVS [96]) 
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RNAs during maternal to zygotic transition [102] as well as the clearance of pluripotency 

factors during differentiation of embryonic stem cells [103]. Further proposed functions 

include control of the circadian clock [98] and initiation of the DNA damage response [104]. 

m6A modification is not exclusive to mRNA but can also be found in other cellular RNAs, 

including rRNA, tRNA, and lncRNA.

2. DNA polymerases and nucleic acid replication 

2.1. Overview 

Self-replication, as manifested in the process of cell division, is the fundamental basis of 

living systems. Before a cell can divide, it first has to produce an identical copy of the genetic 

information stored in its DNA. With their elucidation of DNA structure Watson and Crick 

already noted “that the specific [nucleobase] pairing (…) [they] postulated suggests a possible 

copying mechanism for the genetic material” [32] and that “each [DNA] chain (…) acts as a 

template for the formation on to itself of a new companion chain, so that eventually we shall 

have two pairs of chains, where we only had one before” [33]. The enzymes responsible for 

the formation of new DNA chains are DNA polymerases. They catalyze the incorporation of 

complementary 2’-deoxyribonucleoside-5’-monophosphates into a growing DNA (or RNA) 

primer guided by a partially single-stranded DNA template, and thereby achieve 

semiconservative replication of the genomic DNA following unwinding of the double helix. 

Elongation of the annealed primer is achieved by a series of phosphoryl transfer reactions (also 

referred to as nucleotidyl transfer reactions) that involve the nucleophilic attack of the 3’-

terminal hydroxyl of the primer to the α-phosphate of a bound 2’-deoxyribonucleoside-5’-

triphosphate (dNTP) resulting in the formation of a phosphodiester bond and the release of 

pyrophosphate (Figure 7) [105,106]. Here, DNA polymerases possess the unique feature of 

processivity, meaning that they may remain associated with the primer-template complex over 

the course of several catalytic cycles [107]. After each cycle, translocation of the primer-

template leads to presentation of the next template base to the polymerase active site followed 

by binding of an incoming dNTP and another round of phosphodiester bond formation. 

Depending on their cellular function, DNA polymerases can reach up to thousands of 

nucleotide incorporation events without dissociating from their DNA substrate [105] while 

achieving rates of several hundred base pairs per second [108]. This appears even more 

remarkable when considering the high degree of selectivity they possess towards the 

incorporation of correctly paired nucleotides (up to 10-8 errors per replicated base [109]). 



DNA polymerases and nucleic acid replication 

21 

 

Figure 7: Function of DNA polymerases. DNA polymerases semi-conservatively replicate DNA by catalyzing the 
incorporation of complementary 2’-deoxyribonucleotides into a growing DNA (or RNA) primer in a template 
dependent manner. The mechanism involves a nucleophilic attack of the primer 3’-hydroxyl to the α-phosphate 
of a bound dNTP followed by the release of pyrophosphate. 

 

Following the discovery of E. coli DNA polymerase I by Arthur Kornberg and colleagues 

in 1955 [110], a myriad of different DNA polymerases has been identified, many of which are 

not primarily involved in DNA replication but perform different tasks, such as DNA repair 

and recombination [111]. These DNA polymerases differ greatly in their properties and can 

be divided into 7 different families (A, B, C, D, X, Y, RT) based on amino acid sequence 

comparison and crystal structure analysis [112-114]. The major replicative DNA polymerases 

belong to family B in archaea and eukaryotes and to family C in eubacteria. Family A DNA 

polymerases are found in eukaryotes, eubacteria and bacteriophages and possess functions in 

DNA replication or repair, while family D polymerases only exist in some archaea where they 

participate in DNA replication [111]. DNA polymerases from the X family are mainly 

involved in various DNA repair mechanisms, including base excision repair and non-

homologous end-joining [115]. Y family DNA polymerases are specialized in translesion 

synthesis (TLS) to bypass different kinds of DNA lesions [116]. DNA polymerases involved 

in DNA repair and TLS often feature considerably decreased fidelity (10-2 – 10-4 errors per 

replicated base) [109,117,118] and processivity (as low as one nucleotide for some completely 

distributive Y family DNA polymerases) [117,119] as compared to replicative DNA 

polymerases, which are optimized for faithful replication of long DNA stretches with high 

fidelity (10-4 – 10-8 errors per replicated base) [109]. To gain even higher selectivity, many 
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DNA polymerases feature a proofreading ability in the form of a 3’-5’-exonuclease domain 

that excises incorrectly incorporated nucleotides [120]. Moreover, the interaction with 

different processivity factors in vivo reduces DNA dissociation and allows replicative DNA 

polymerases to remain processive over several thousands of incorporation events [121,122]. 

RT family DNA polymerases (reverse transcriptases) form a special class of DNA 

polymerases as they are capable of utilizing RNA as template for DNA synthesis (reverse 

transcription) and therefore possess RNA-dependent DNA polymerase activity in addition to 

the general DNA-dependent DNA polymerase activity. Reverse transcriptase are mainly found 

in retroviruses, where they are responsible for the conversion of their genomic RNA into DNA 

for subsequent insertion into the host genome [123]. 

DNA polymerases and their intrinsic capability to replicate DNA strands with astoundingly 

high fidelity constitute the basis for numerous biotechnological applications employed in basic 

research and clinical diagnostics [4]. Our present understanding of these enzymes is mostly 

based on the evaluation of structural and kinetic data. The following chapters intend to describe 

the current knowledge of the molecular function of DNA polymerases with special focus on 

the family A and family B DNA polymerases that are the object of this work: KlenTaq DNA 

polymerase derived from the thermophilic eubacterium Thermus aquaticus and KOD DNA 

polymerase derived from the hypothermophilic archaea Thermococcus kodakarensis. 

2.2. DNA polymerase structure  

The general structure of DNA polymerase resembles a right hand comprising the palm, 

thumb and fingers subdomains [107,124-128]. Although the thumb and fingers domains 

exhibit significant structural differences in DNA polymerases from different families, they 

often deploy similar secondary structural elements to conduct analogous functions. The palm 

domain, in contrast, features the same topology in most DNA polymerases and was shown to 

be homologous for family A, B and RT DNA polymerases [107]. This domain generally 

consists of a 4 – 6-stranded β-sheet flanked by two α-helices, and it contains the active site of 

the enzyme, hosting two highly conserved carboxylate residues (usually aspartates) that are 

responsible for binding the catalytically essential metal ions [126]. The primer-template binds 

in a crevice between the finger and the thumb, primarily by direct and water-mediated 

interactions of its phosphodiester backbone with the palm and thumb domains. Here, the 

primer 3’-end is held in position by the palm, while the thumb forms extensive contacts to the 

DNA across its minor groove, more distal from the active site. Significant conformational  
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Figure 8: KlenTaq DNA polymerase finger closure upon dNTP binding captured by crystal structures. A) Open 
binary complex of KlenTaq DNA polymerase bound to a DNA duplex. The inactive ‘exonuclease’ domain is 
depicted in yellow, the palm domain in red, the thumb domain in green, the fingers domain in blue and the O-
helix in cyan; the primer-template complex is shown as white sticks (adapted from PDB 4KTQ [127]). B) Closed 
ternary complex of KlenTaq DNA polymerase bound to a DNA duplex and a complementary dNTP. Enzyme 
domains and DNA are colored as in (A); the dNTP is pictured as purple surface/sticks and the Mg2+-ions as orange 
spheres (adapted from PDB 3KTQ [127]).  

 

changes of the thumb domain upon DNA binding lead to the formation of a cylinder that almost 

completely surrounds the DNA in order to tightly hold it in the right position for catalysis and 

prevents DNA dissociation during translocation [127]. In the A family T7 DNA polymerase, 

processivity is further enhanced by the DNA binding factor thioredoxin, which interacts with 

the thumb domain to additionally hinder DNA dissociation [121,125].  

The fingers are involved in binding of the dNTP and were shown to undergo extensive 

conformational reorientation upon dNTP binding in order to deliver the nucleotide to the 

complementary template base and align the dNTP and the active site in the geometrical 

arrangement required for catalysis. This structural change is well characterized for the A 

family KlenTaq DNA polymerase as crystal structures of the ternary complex in the ‘open’ 

and ‘closed’ conformation have been solved [127]. Here, the ‘open’ conformation represents 

the structure upon initial binding of the dNTP before rearrangement of the fingers domain 

occurs. In this conformation the dNTP is readily accessible to solvent and no direct interaction 

with the templating base is possible, as a protein tyrosine residue (Y671) stacks against the 

template base of the terminal base pair, thereby relocating the templating nucleobase to the 

side of the helix. Subsequent rotation of the tip of the fingers domain leads to a dramatically 

altered orientation of a conserved α-helix (the O-helix) closer to the active site and the bound 

dNTP (Figure 8). In this ‘closed’ conformation, Y671 is released from its stacking 

arrangement, allowing the templating base to position itself in front of the nucleobase of the 
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incoming dNTP to form Watson-Crick hydrogen bonds. Moreover, the incoming dNTP is now 

completely buried, with the O-helix stacking against the nascent base pair and forming 

electrostatic interactions with the triphosphate. With the proper alignment of all active site 

components, this complex appears to be poised for chemistry: Two metal ions (Mg2+) are 

octahedrally coordinated by the triphosphate and the catalytic carboxylate side chain and the 

incoming nucleotide stacks against the 3’-terminus of the primer [127]. 

The DNA polymerase structure is completed by additional domains that can confer 

accessory enzymatic functions. Many DNA polymerases possess a 3’-5’-exonuclease domain, 

which exerts proofreading function by excising misincorporated nucleotides [120]. This 

domain is homologous for DNA polymerases of the A and B family but is located at very 

different positions with respect to the polymerase domain [107,124,128]. Furthermore, in 

many family A DNA polymerases (including KlenTaq DNA polymerase) the 3’-5’-

exonuclease activity of this domain is completely abolished due to mutation of catalytically 

essential amino acids [129]. Further enzymatic function of some DNA polymerases include a 

5’-nuclease activity (as present in Taq DNA polymerase [129]), which degrades downstream 

DNA and RNA and is required for various DNA repair mechanisms and the processing of 

Okazaki fragments [130,131]. 

2.3. Kinetic and chemical mechanism of catalysis 

Figure 9: Kinetic model of nucleotide incorporation by DNA polymerases. Complexes are indicated as 
described in the main text. Figure was created analogous to Figure 4 in [105]. 

Kinetic studies have established a minimal model for nucleotide incorporation which is 

largely common to all DNA polymerases (Figure 9) [105,106]. As a first step, the primer-

template (DNAn) binds to the unliganded enzyme (E) to form an enzyme-primer-template 

complex (E:DNAn). Subsequent binding of a dNTP leads to formation of the E:DNAn:dNTP 

complex followed by its conversion to an activated E*:DNAn:dNTP complex by 
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conformational changes (closure of the fingers domain). The activated complex is competent 

to undergo chemistry and phosphoryl transfer occurs via a metal ion-promoted nucleophilic 

attack by the 3’-hydroxyl of the primer terminus on the α-phosphate of the dNTP resulting in 

the formation of a phosphodiester bond and a pyrophosphate (E*:DNAn+1:PPi). Another 

conformational change relaxes the enzyme to the E:DNAn+1:PPi complex and pyrophosphate 

is released to form an E:DNAn+1 complex. Then, the enzyme may dissociate from the bound 

DNA substrate or translocate to the new primer 3’-terminus for another round of incorporation. 

Whether the formation of the activated complex by conformational changes (step 3) constitutes 

the rate-limiting step of catalysis or the phosphoryl transfer reaction (step 4) is still subject to 

ongoing research and might vary depending on the type of DNA polymerases [106,132,133]. 

There is, however, profound experimental evidence that the open-to-closed structural 

transition of the fingers domain happens relatively fast and thus cannot be responsible for 

reaction rate [134-136]. Therefore, if chemistry is not rate-limiting, there must be different, 

more subtle changes in the assembly of the active site key components that proceed rather 

slowly after closure of the fingers domain. 

In the two-metal-ion catalysis model for phosphoryl transfer, originally proposed by T.A. 

Steitz [137], two metal ions (usually Mg2+) stabilize the structure and charge of the 

pentacoordinate transition state that forms during the SN2-type nucleophilic attack (Figure 

10). One Mg2+ (B-site) arrives with the incoming dNTP and chelates the β- and γ-phosphate 

of the triphosphate to facilitate the release of pyrophosphate. The second Mg2+ (A-site) binds 

upon closure of the fingers domain and bridges the primer 3’-hydroxyl with the α-phosphate 

of the dNTP, thereby supporting deprotonation of the hydroxyl and promoting its nucleophilic 

attack [105,107,126,138]. Both metal ions are further coordinated by the two catalytically 

essential aspartic acid carboxylates of the DNA polymerase palm domain. Structures of the 

topology of all catalytically important groups for formation of this transition state have been 

trapped by crystal structures of various DNA polymerases by applying alternate ligands (2’,3’-

dideoxynucleotide terminated primers or alternative metal ions) that prevent chemical reaction 

[125,127,139].  

Recent studies applying the natural substrates to monitor the phosphoryl transfer reaction 

in crystallo discovered that transient binding of a third Mg2+ occurs during product formation, 

at least for DNA polymerases from the X and Y family [140-142]. Binding of this third Mg2+ 

ion was essential for product formation by human Pol η and was suggested to constitute the 

rate-limiting step for this enzyme [143]. Another binding site for a third metal-ion at a different 

position was found in yeast DNA pol δ from the B family [144]. 
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Figure 10: The two-metal-ion catalysis model 
for phosphoryl transfer. The pentacoordinate 
transition state (depicted in red) of the SN2 
type nucleophilic attack is stabilized by two 
Mg2+-ions. Mg2+A facilitates deprotonation of 
the primer 3’-hydroxyl by an unidentified base 
(B) and Mg2+B supports release of the 
pyrophosphate after protonation by a basic 
amino acid of the enzyme (A-H). Undesignated 
oxygen ligands represent water molecules. 
Figure was created analogous to Figure 1 in 
[138]. 

 

2.4. Molecular basis for selectivity 

The selectivity of DNA polymerases to incorporate only correctly paired nucleotides with 

exceptionally low error rates (up to 10-8 errors per replicated base pair for high-fidelity DNA 

polymerases [109]) is remarkable, especially when considering the relatively low differences 

in free energy between complementary and non-complementary base pairs (in aqueous 

solutions about 0.2 – 4 kcal/mol, which would account for error rates of only 1:100) [109,145]. 

This selectivity is influenced by diverse factors that act on various steps of the catalytic 

pathway and that may vary significantly between different enzymes [105,106,132]. The 

following paragraph describes several aspects of mismatch discrimination by DNA 

polymerases, distinguishing between those that function on the level of nucleotide 

incorporation and those that appear on the level of mismatch extension controlled by 

proofreading and repair mechanisms.  

Selectivity on the level of correct nucleotide incorporation is governed by the rates of initial 

dNTP binding (step 2), conformational changes (step 3) and phosphoryl transfer (step 4) (see 

Figure 9), and can be analyzed by simple comparison of rates (kpol) or catalytic efficiencies 

(kcat/KM) for nucleotide incorporation opposite a correct versus an incorrect template base. 

The discrimination deriving from ground-state nucleotide binding (Kd effect) varies between 

different polymerases ranging from factors of 3 (Klenow fragment) [146] to >100 (T7 DNA 

pol and T4 DNA pol) [147,148], while differences in the incorporation rate constant (kpol 

effect) usually contribute a greater share towards selectivity with factors up to >1000 

[146,147,149,150]. Here, the enzyme conformational changes upon dNTP binding are 
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proposed to play a major role in mismatch recognition and selection of the right substrate. The 

so-called induced-fit model proposes that proper alignment of the catalytically essential 

residues in the closed conformation is achieved only upon binding of a correctly paired dNTP, 

whereas binding of non-complementary dNTPs results in a unique mismatch recognition state 

in which substrate binding energy is used to actively misalign catalytic residues and slow the 

rate of catalysis while promoting nucleotide release [133,151,152]. Thus, the possibly rate-

limiting alignment of key residues after fast open-to-closed structural transition proceeds 

differently when incorrect base pairs are accommodated in the active site resulting in a 

significantly reduced rate of the phosphoryl transfer. Data deriving from the monitoring of 

fluorescent probes [135,153], kinetic analysis [147], crystal structures [140], or computational 

simulation [154] indeed indicate the presence of these unique conformational states. A 

different model proposes an additional early intermediate state that discriminates non-

complementary nucleotides before closure of the fingers domain, thereby delivering an earlier 

kinetic checkpoint for the specificity occurring at the ground-state binding of the dNTP [155-

157]. 

The steric model of DNA replication fidelity promotes the hypothesis that the most 

important factors for the selection process in the closed conformation are steric effects which 

depend on the shape of the formed base pair and the closeness and rigidity of the binding 

pocket around it [109,158,159]. In fact, the four possible canonical base pairs are fairly similar 

in size and shape and only vary in the minor and major groove dimension (Figure 11). 

Therefore, a consensus binding pocket that only accommodates canonical base pairs while 

rejecting non-canonical ones can be defined [158]. In this concept of ‘size exclusion’ and 

‘active site tightness’, abnormal base pair geometry results in steric clashes with the enzyme 

in the closed conformation leading to misalignment of the triphosphate moiety and inefficient 

catalysis of phosphoryl transfer. Furthermore, varying fidelity of different DNA polymerases 

can be explained by differences in the tightness and rigidity of their nucleobase binding pocket. 

Numerous studies have provided evidence for this hypothesis by specific incorporation of 

isosteric non-hydrogen-bonding nucleotide analogues [160-162]; efficient incorporation of 

pyrene nucleotides opposite abasic sites [163]; and variable incorporation efficiencies of C4’-

modified nucleotide analogues [164,165]. Moreover, several mutational studies showed that 

alterations to residues that affect active site shape and flexibility can reduce or increase fidelity 

[166-169]. In this model, the role of the specific Watson-Crick hydrogen bonds is to help 

enforce steric effects by setting the geometrical orientation of the base pair as well as by  
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Figure 11: The consensus pocket of Watson-Crick base pairs. (A) Space-filling shapes of the complementary 
base pairs in isomorphous orientation. (B) Shape of the consensus pocket created by overlaying of the Watson-
Crick basepair. The constant part is depicted in dark gray, the variable part is shown in light grey and highlighted 
by red arrows. R represents the DNA backbone. Figure was created analogous to Figure 8 in [158]. 

 

breaking the solvation shell of the nucleobase to abolish steric exclusion due to solvated water 

molecules [109,158]. In contrast, other kinetic evaluations of DNA polymerases propose that 

the base pair hydrogen bonds also contribute a large share of the energy underlying the 

specificity of nucleoside incorporation [170,171]. Moreover, the free energy gained from 

hydrogen bonding was suggested to be amplified by the exclusion of water from the enzyme 

active site [172]. Further factors that may contribute to DNA polymerase specificity by 

energetically favorable interactions (in contrast to the energetically negative effects resulting 

from steric clashes) are nucleobase stacking, electrostatic interactions with the triphosphate 

and the sugar, and minor groove hydrogen bonds [158,159,173]. 

A further aspect of DNA polymerase fidelity arises from the phenomenon that, once 

incorporated, mismatched nucleobases at post-insertion sites of the DNA duplex significantly 

reduce the efficiency of further extension by factors exceeding 10-6 [174,175]. Depending on 

the DNA polymerase, mismatch-induced stalling can be observed for misinsertions located up 

to four base pairs upstream of the templating nucleobase [176,177]. This effect is attributed to 

the fact that DNA polymerases interact with their DNA substrate by forming numerous minor 

groove hydrogen bonds between conserved amino acid side chains and the N3 atoms of purines 

and O2 atoms of pyrimidines over a stretch of several base pairs located 5’ of the primer 

terminus [125,127,139,178]. The positioning of the two hydrogen bond acceptors is similar 

for correct Watson-Crick base pairs but differs for mispaired nucleobases [179]. Thus, 

mismatches at post-insertion sites disrupt minor groove interaction patterns, resulting in the 

misalignment of the primer 3’-terminus or other active site components, as extensively 
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investigated by crystal structures analysis of Bacillus stearothermophilus DNA polymerase I 

fragment (BF) [176]. For DNA polymerase featuring proofreading activity, the reduced 

elongation efficiency upon mismatch incorporation allows the 3’-terminus of the primer to 

fray and relocate to the 3’-5’-exonuclease active site, thereby shifting the balance between 

polymerization and exonuclease activity towards excision of the mismatch [118,180]. 

Additionally, an increased chance of DNA dissociation after DNA polymerase stalling enables 

repair of replication errors by the cellular DNA repair machinery in vivo [181].  

2.5 DNA polymerases applied in this study 

Subject of this work are two thermostable DNA polymerases with widespread applications 

in diverse biotechnological applications: KlenTaq DNA polymerase and KOD DNA 

polymerase. 

a) KlenTaq DNA polymerase 

The KlenTaq DNA polymerase (short for Klenow fragment of Taq DNA polymerase) 

denotes the N-terminally truncated form of Taq DNA polymerase I comprising amino acids 

291-832 of the full length enzyme (Figure 12) [182]. Taq DNA polymerase derives from the 

thermophilic eubacterium Thermus aquaticus from which it was first purified in 1976 [183]. 

It belongs to the A family of DNA polymerases and features high sequence homology to the 

DNA polymerase I from E.coli, first discovered by Kornberg and colleagues [110]. However, 

Taq DNA polymerase is devoid of 3’-5’-exonuclease activity due to mutation of catalytically 

essential amino acids, resulting in replication fidelity in the magnitude of 10-4-10-5 errors per 

replicated base pair in vitro [182,184]. While residues 1-290 harbor the 5’-nuclease domain, 

the bigger C-terminal Klenow fragment includes the inactive ‘3’-5’-exonuclease domain’ and 

the polymerase domain with the palm, thumb and fingers subdomains [129]. The introduction 

of this enzyme as the first thermostable DNA polymerase played a crucial role in the emerging 

field of biotechnology as it revolutionized PCR methodology by enabling automated 

thermocycling [23,24], and Taq / KlenTaq DNA polymerase is still one of the most frequently 

used DNA polymerase in PCR to the present day [185,186]. Moreover, Taq DNA polymerase 

belongs to the most extensively investigated DNA polymerases. Data from kinetic, structural 

and mutational studies of Taq and KlenTaq DNA polymerase gave fundamental insights into 

the molecular function of A family DNA polymerases in the past 

[127,129,136,155,159,166,174,187]. This work focuses on a specific variant of KlenTaq DNA 

polymerases which was previously reported to feature significant reverse transcriptase activity 
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due to the exchange of four distinct amino acids [188,189]. This KlenTaq L459M S515R 

I638F M747K DNA polymerase mutant is henceforth referred to as RT-KTq. 

Figure 12: Crystal structure of Taq, KlenTaq and RT-KTq DNA polymerases. A) Surface representation of Taq 
(left) and KlenTaq (right) DNA polymerase binary structures. KlenTaq DNA polymerase represents the N-
terminally deletion mutant of Taq DNA polymerase missing its 5’-nuclease domain (amino acid 1-290, depicted 
in orange). Enzyme domains are colored as annotated, DNA template and primer are pictured as white sticks 
(adapted from PDB 1TAU (Taq) [190] and 4KTQ (KlenTaq) [127]). B) crystal structures of the RT-active KlenTaq 
variant RT-Ktq in ternary comlex with RNA template (light grey), DNA primer (white) and dNTP (dark grey); 
mutations relative to KlenTaq wildtype are shown in purple (adapted from PDB 4BWM [188]). L459M and S515R 
are proposed to rearrange the thumb domain conformation in order to prevent steric clashes with the RNA-
DNA hybrid duplex. I638F might account for a tighter folding of the finger domain and M747K enhances the 
positive charge of the enzyme in immediate proximity to the negatively charged RNA backbone [188,189]. 

b) KOD DNA polymerase

KOD DNA polymerase is a thermostable B family DNA polymerase deriving from the

hyperthermophilic archaeon Thermococcus kodakarensis. It was first purified and 

characterized in 1997 [191], approximately 10 years after the first application of Taq DNA 

polymerase in PCR. Like other archaeal DNA polymerases from the B family (e.g. Pfu DNA 

polymerase from Pyrococcus furiosus [192], Deep Vent DNA polymerase from Pyrococcus 

species GB-D etc.), it exerts 3’-5’ exonuclease activity (Figure 13) and hence significantly 

decreased error rates in PCR as compared to Taq DNA polymerase [191]. However, whereas 

the other B family DNA polymerases possess considerably decreased extension rates, the 

extension rate of KOD DNA polymerase is even higher than for Taq DNA polymerase 

[191,193]. Furthermore, it features increased thermostability and processivity, making it 

a valuable enzyme for high-fidelity PCR applications [191,194]. Its exonuclease activity, 

however, compromises its ability to amplify longer stretches of DNA (>6 kb) [195]. Moreover, 

like other archaeal B family DNA polymerase, KOD DNA polymerase was shown to sense 



DNA polymerases and nucleic acid replication 

31 

uracil in its DNA template (resulting from DNA damage) due to a specific binding pocket in 

its N-terminal domain [196]. This binding pocket discriminates uracil from thymine, two 

nucleobases that only differ in a single methylation group at the 5-position. 

Figure 13: Crystal structure of KOD DNA 
polymerase. Surface representation of KOD 
DNA polymerase binary structure. Enzyme 
domains are colored as annotated, DNA is 
depicted as white sticks (adapted from PDB 4K8Z 
[128]). The 3’-5’-exonuclease domain is 
homologous to the respective domain in A-
family DNA polymerase but located at the 
opposite side of the enzyme. With the additional 
N-terminal domain, the structure forms a 
circular disc with a central hole. The single-
stranded DNA template does not run through 
the hole but stays on the same side of the disc 
by passing through a cleft between the N-
terminal and exonuclease domain. 

 

3. Engineering of DNA polymerases for biotechnological applications 

DNA polymerases constitute the molecular basis for numerous biotechnological techniques 

used in basic research as well as in clinical diagnostics on an everyday basis [4,197]. 

Applications with fundamental importance to modern molecular biology, including the 

polymerase chain reaction and DNA sequencing, capitalize on their intrinsic capability to 

replicate DNA strands with extraordinarily high speed, fidelity and processivity. The field 

greatly benefits from the myriad of characterized DNA polymerases with divergent properties, 

as each of the many DNA polymerase dependent techniques requires a polymerase with a 

specific skill set. The traits that define the suitability of a DNA polymerase for a specific 

application comprise among others thermostability, extension rate, processivity, fidelity, 

specificity, damage bypass, inhibitor resistance, strand displacement activity, nuclease 

activity, and the ability to incorporate chemically modified nucleotides and replicate templates 

with altered backbones [4].  

For many applications, the DNA polymerase featuring optimal properties must first be 

created by means of protein engineering [4,198,199]. Strategies that have been employed for 

DNA polymerase engineering are domain tagging, directed evolution, and site-directed 
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mutagenesis based on rational design [198]. While rational design approaches target to obtain 

enzymes with novel functions by aimed mutagenesis of distinct amino acids on the basis of 

crystal structures, sequence homologies and/or computational structure predictions, directed 

evolution approaches depend on the identification of suitable enzymes from large mutant 

libraries by screening or selection assays (Figure 14). Therefore, libraries of DNA polymerase 

variants are first created by diverse methodologies, such as error prone PCR [200-203], 

saturation mutagenesis [204], gene shuffling [188,205-210], and others [211]. Then screening 

can be performed by PCR or primer extension in multiwell plates, or direct selection can take 

place by sophisticated techniques, such as in vivo complementation, compartmentalized self-

replication (CSR) or phage display. Here, several rounds of mutagenesis and 

screening/selection can be conducted in an iterative way until enzymes with the desired 

features are obtained. Selection techniques achieve a significantly increased throughput and 

are thus applicable for considerably larger enzyme libraries (up to 1010) as compared to 

screening assays (up to 104) [211]. However, selection methods will always apply accessory 

(unwanted) selection pressure caused by the procedure itself, whereas screening techniques 

can be conducted in setups highly similar to the final application. To reduce the library size 

for screening assays, focused libraries can be created by mutagenesis only at promising sites 

which can be identified exploiting structural information [204], knowledge about conserved 

regions and their function [212], or Reconstructed Evolutionary Adaptive pathways (REAP) 

[213]. 

Figure 14: DNA polymerase engineering by directed evolution. Libraries of enzyme variants are first created 
by different methods for mutagenesis. Then enhanced mutants with novel properties can be obtained by direct 
selection or screening after expression in multiwell plates. The steps of mutagenesis and screening/ selection 
may be repeated several times until variants with the desired characteristics are found. 
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For example, in vitro screening of mutant libraries by primer extension and PCR has yielded 

DNA polymerases with enhanced selectivity [204,214], B family DNA polymerase mutants 

with enhanced incorporation of ribonucleotides and C5-modified nucleotides [202], and cold 

sensitive Taq DNA polymerase mutants for application in hot start PCR [203]. Furthermore, 

KlenTaq DNA polymerase variants with significant reverse transcriptase ability [188,200], 

with the ability to amplify highly damaged DNA [201], and with improved inhibitor resistance 

[215] have been identified by screening methods. Employing CSR as selection method, DNA 

polymerase mutants with increased thermostability [216], inhibitor resistance [210], 

significant reverse transcriptase and RNA polymerase activity [217], enhanced ability to 

replicate hydrophobic base pair analogues [209], and capability of synthesizing and reverse 

transcribing backbone-modified nucleic acids [218] have been evolved. Selection by phage 

display resulted in DNA polymerases with increased ability to incorporate reversible 

terminators for Next Generation Sequencing [206], to amplify partially C2’-modified DNA 

[207], and to replicate unnatural base pairs [205]. The most prominent examples for DNA 

polymerase engineered by rational design comprise a KlenTaq DNA polymerase variant with 

enhanced incorporation of 2’,3’-dideoxynucleotides for Sanger sequencing [219] and Pfu 

DNA polymerase variants with the ability to read through template-strand uracils [196]. 

Another strategy to evolve DNA polymerases with novel properties (referred to as ‘domain 

tagging’) involves their fusion with different DNA binding domains to generate DNA 

polymerases with enhanced processivity [220-223].

4. Nucleic acid analysis 

4.1 The polymerase chain reaction 

The analysis of nucleic acids has become a major tool for clinical in vitro diagnostics with 

applications reaching from pathogen detection to human genetics, the prognosis of cancer 

progression and personalized medicine [224-228]. The cornerstone for nucleic acid analysis is 

the polymerase chain reaction (PCR), as it allows the specific amplification of distinct 

sequences from very small amounts of DNA targets [185,186]. For most nucleic acid analysis 

methodologies, a PCR amplification step is mandatory after sample preparation (e.g after DNA 

extraction from blood samples) to attain target concentrations adequate for detection and 

characterization.  

This technology, which was developed by Mullis and coworkers in the 1980s [23,24], 

employs a thermostable DNA polymerase to extend two DNA primers (short oligonucleotides  
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Figure 15: The polymerase chain reaction. A) Schematic procedure of the PCR reaction. DNA replication is 
achieved by several cycles of melting, annealing and elongation. In real-time PCR, fluorescence detection at the 
end of the elongation phase allows relative quantification of the produced DNA. B) Typical real-time PCR curve. 
A phase of exponential amplification is followed by a plateau phase. The number of cycles until the fluorescent 
signal crosses a defined threshold within the exponential phase is called Ct value. This value is used to quantify 
DNA in real-time qPCR. 

 

with sequence complementarity to the target DNA) in presence of the four dNTPs and Mg2+ 

ions in a buffered solution. The two primers flank the DNA sequence that will be amplified 

(the amplicon) and bind the sense and anti-sense strand, respectively. The general temperature 

protocol of the procedure starts with heating of the reaction mixture to 94 – 98 °C leading to 

denaturation of the DNA double helix. Subsequent cooling to an adjusted annealing 

temperature (40 – 72°C) allows for hybridization of the primers to the templates, followed by 

an elongation step at the optimal temperature for the applied DNA polymerase (usually 72°C). 

Thereby, both strands of the target sequence are replicated by the DNA polymerase using the 

primers as starting point for DNA synthesis. Newly generated DNA strands can act as template 

in the next cycle and thus exponential amplification is achieved (Figure 15). In this manner, 

the amount of DNA with the target sequence can theoretically be doubled each cycle. In 

practice however, the multiplication factor (called ‘PCR efficiency’) ranges between 1 and 2 

depending on the efficiency of primer annealing and elongation as well as on the prevalence 

of primer misannealing [229,230]. Here, a PCR efficiency of 1 would represent no 

amplification at all, while a theoretical PCR efficiency of 2 would reflect a ‘perfect’ 

amplification with doubling of the target sequence after each cycle. PCR efficiency varies with 

many different factors including (amongst others) primer sequence, primer concentration, 

dNTP concentration, buffer composition, and temperature protocol [185,186,229]. Thus, it has 

to be optimized for each PCR system individually. Well-designed PCR systems have an 
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efficiency of ~1.8 resulting in an overall amplification of the target sequence by factors of up 

to 109 (after 20-40 cycles) [185,230]. After several cycles of exponential DNA amplification, 

a plateau phase of the reaction is reached, as reagent depletion as well as increased self-

annealing of the generated product and the accumulation of pyrophosphate inhibit further 

DNA polymerization [185,186,231]. 

For simple detection of specific target sequences directly from DNA samples, PCR 

amplification is followed by a product detection step (e.g. via agarose gel electrophoresis or 

capillary electrophoresis). Quantification of the initial amount of DNA target is more 

complicated, as extrapolation from target quantity at the endpoint of the reaction is not possible 

due to the plateau effect of PCR. Therefore, quantitative PCR (qPCR) methods have been 

developed in order to monitor the reaction during the exponential phase. The simplest 

approach to perform qPCR is to take aliquots from the PCR mixture after different cycle 

numbers within the exponential phase, followed by their analysis via agarose gel 

electrophoresis [186]. The more sophisticated real-time qPCR technologies monitor the signal 

of fluorescent dyes or probes which are added to the reaction [231,232]. A widely employed 

fluorescent dye for real-time qPCR is the asymmetric cyanine dye SYBR® Green I [233] 

which features significantly enhanced fluorescence upon binding to double-stranded DNA in 

the minor groove [234,235]. The amount of double-stranded DNA in the reaction mixture can 

then be measured by monitoring the fluorescent signal after each elongation phase. This 

approach is relatively easy and cost-effective but has the disadvantage that formation of side-

products (arising from the amplification of mispaired primers) will also generate a signal that 

cannot be directly distinguished from specific product formation. Therefore, the melting curve 

of the formed products is usually measured after PCR amplification [236]. This can be 

achieved by monitoring the fluorescence while gradually increasing the temperature. At the 

temperatures that lead to separation of double-stranded DNA (‘melting’), fluorescence 

decreases abruptly due to the release of SYBR® Green I. Other real-time qPCR assays allow 

for sequence-specific monitoring of product formation by utilizing (partly) complementary 

nucleic acid probes modified with fluorescent dyes and quenchers such as TaqMan probes 

[237], molecular beacons [238], hybridization probes [239], or Scorpion primers [240]. In all 

cases adequate controls as well as suitable external or internal standards are critical for the 

absolute quantification of initial target concentration [229,230].  

A very prominent application of real-time PCR is the quantitative reverse transcription PCR 

(qRT-PCR), which can be used to study mRNA expression levels [241] or to detect RNA 

viruses for pathogen diagnostics [242]. Here, reverse transcription of the target RNA by a 
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(non-thermostable) RNA-dependent DNA polymerase precedes quantification of the 

generated cDNA by real-time PCR. For this purpose, one-step or two-step protocols can be 

applied, both requiring two separate enzymes for reverse transcription and PCR (two-step 

protocols conduct isothermal reverse transcription and PCR in separate reaction vials; for one-

step protocols, an enzyme mixture is added prior to isothermal reverse transcription and PCR 

amplification) [232]. As mentioned above (see chapter II 2.5), the RT-KTq DNA polymerase 

previously developed in our laboratory features RNA as well as DNA-dependent DNA 

polymerase activity while retaining thermostability. Hence, this enzyme enables ‘zero-step’ 

RT-PCR without the need of a preceding isothermal incubation step as reverse transcription is 

performed during thermocycling [188,189].  

Analysis of the nucleobase sequence of PCR products can be conducted by hybridization 

assays and Sanger Sequencing. Moreover, for a more wide-ranging analysis of nucleic acid 

samples, an entire set of diverse DNA or RNA sequences can be amplified by PCR and RT-

PCR (e.g. by utilizing random primers; poly(dT) primers (for mRNA); or ligated DNA 

adapters as primer binding sites) [243-245], followed by comprehensive sequence analysis of 

PCR products via DNA microarrays [246] or DNA Next Generation Sequencing technology 

[26] (see chapter II 4.2).

Additionally, PCR is not only deployed for the analysis of nucleic acids but also for

selective isolation of distinct gene regions for subsequent cloning procedures as well as for the 

generation of specific gene mutants by site-directed mutagenesis [185,186]. Thus, it 

constitutes an indispensable method for protein engineering and recombinant protein 

expression technology. 

4.2 DNA sequencing 

The first technique to determine the sequence of DNA strands solely by enzymatic means 

was introduced by Sanger and Coulson in 1977 [25]. The method involves four separate primer 

extension reactions catalyzed by the Klenow fragment of E.coli DNA polymerase I, each 

supplemented with the four dNTPs and low amounts of a corresponding 2’,3’-

dideoxynucleotide chain terminator (ddATP, ddCTP, ddGTP or ddTTP). In these reactions, 

termination of primer extension upon incorporation of the respective 2’,3’-dideoxynucleotide 

occurs stochastically only opposite complementary bases in the template. Subsequent analysis 

of termination patterns by polyacrylamide gel electrophoresis and autoradiography (usually 

5’-32P-labeled primers are employed) reveals the nucleobase sequence of the DNA template. 
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The technique was improved over the years by the identification of DNA polymerases with 

increased 2’,3’-dideoxynucleotide incorporation efficiency [247], the engineering of 

thermostable DNA polymerases capable of processing ddNTPs [219,248], and the adaption of 

capillary electrophoresis (CE) for the analysis of oligonucleotide termination patterns [249]. 

Furthermore, the utilization of labeled chain terminators, each carrying a different fluorophore 

at its nucleobase, has further simplified the procedure [250] and paved the way for modern 

highly automated Sanger sequencing utilizing modern CE instrumentation (Figure 16) [226]. 

Consequently, Sanger sequencing nowadays still occupies an important place in nucleic acids 

analysis as it provides a cost-effective and straightforward means of sequence determination 

for isolated plasmids or PCR amplicons. 

Figure 16: Fluorophore-labeled chain terminators and capillary electrophoresis for highly automated Sanger 
sequencing. A) 5-fluorophore-labeled C and 7-fluorophore-labeled 7-deaza-A 2’-3’-dideoxyribonucleoside-
triphosphates as chain terminators for Sanger sequencing. B) Principles of capillary electrophoresis: 
Fluorophore-labeled DNA oligonucleotides are injected into a polymer filled capillary by current appliance and 
detected by a fluorescence detector at the end of the capillary. Short oligonucleotides have lower retention 
times than long oligonucleotides when passing through the polymer. 

 

With the completion of the Human Genome Project in 2004 [251], however, it became clear 

that sequencing technologies with significantly increased throughput and speed would be 

needed to vastly reduce sequencing costs of whole genomes in the future. Consequently, 

several research grants launched by the National Human Genome Research Institute resulted 

in the development and commercialization of various Next Generation Sequencing (NGS) 

technologies. These have facilitated the execution and monitoring of millions of sequencing 

reactions in parallel without the need for electrophoretic analysis [26,252,253]. The largest 

share of the worldwide sequencing market is currently held by the systems devised by 
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Illumina [26]. These apply 3’-O-azidomethylene modified dNTPs as reversible chain 

terminators that additionally carry individual removable fluorophores attached to their 

nucleobase [254]. After the generation of millions of DNA template clusters on the surface of 

a flow cell by solid-phase bridge PCR, sequencing is achieved by the addition of a primer 

(complementary to a universal adapter region), a mixture of the four reversible terminators and 

a suitable DNA polymerase (Figure 17). Incorporation of the complementary nucleotide is 

followed by base-calling via fluorescence imaging and subsequent chemical removal of the 3’ 

blocking group and the fluorophore for a next round of incorporation. Further ‘sequencing by 

synthesis’ (SBS) technologies utilize natural dNTPs as substrates for the sequencing reaction 

and monitor nucleotide incorporation by measuring the emerging pH-change (IonTorrent) 

[255] or by detecting pyrophosphate induced bioluminescence (454 pyrosequencing) [256]. A

fundamentally different approach (because independent of nucleotide incorporation by DNA

polymerases) is the ‘sequencing by ligation’ methodology applied by the SOLiD platform

[257].

Figure 17: Illumina sequencing. A) 3‘-O-azidomethylene and C5-modified deoxyribonucleosidetriphosphate as 
reversible chain terminator in Illumina sequencing. The 3’-blockage group and the fluorophore can be cleaved 
off by TCEP reduction. B) Generation of DNA template clusters by solid-phase bridge PCR. C) Typical procedure 
for Illumina sequencing library preparation. DNA or RNA is fragmented to oligonucleotides with less than 100 
nucleotides. Then, adapters are ligated to both ends and reverse transcribed and/or PCR amplified using primers 
complementary to the adapter sequences. The primers additionally contain a barcode sequence (to identify 
samples from a single experiment after multiplexing) and a sequence complementary to the immobilized 
primers for the solid-phase bridge PCR. Sequencing takes place from primers binding to complementary regions 
in the adapter sequence. Optionally, a randomized sequence called unique molecular identifier (UMI) can be 
added to one of the adapters to identify sequences deriving from a single molecule. Color code for (C): 5’-
adapter, 3’-adapter, UMI, 5’-barcode, 3’-barcode, primer binding site I and primer binding site II for solid-
phase bridge PCR.  
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The enormous throughput attained by NGS technologies significantly boosted the field of 

nucleic acid analysis. However, the relatively small read lengths of these systems as well as 

the necessity for clonal amplification and complex library preparation procedures (Figure 17) 

constitute a disadvantage [26,252]. Third Generation Sequencing technologies allow for much 

longer read lengths and circumvent the need for clonal amplification, as they are capable of 

sequencing single DNA molecules in real-time. SMRT sequencing developed by Pacific 

Biosciences monitors DNA polymerization by individual immobilized φ29 DNA polymerase 

molecules employing terminal phosphate labeled nucleoside polyphosphates [258]. Other 

single-molecule sequencing approaches measure characteristic changes in an electrical current 

during the transition of DNA strands or individual nucleotides through a nanopore [259,260], 

or the capture of a polymer tag within a nanopore in the act of nucleotide incorporation [261].  

4.3 Analysis of modified nucleotides in DNA and RNA 

The analysis of modified nucleotides in DNA and RNA poses a major challenge as 

modifications are generally erased when performing the universally applied standard 

procedures for nucleic acid analysis. Most modifications do not interfere with the ‘Watson-

Crick face’ of the nucleobase and therefore do not influence the sequence information passed 

on during reverse transcription and/or PCR amplification. Hence, libraries generated for NGS 

do usually not carry any information about modifications present in the original DNA/RNA 

samples. RNA modifications located at the ‘Watson-Crick face’ constitute an exception to this 

rule as they affect reverse transcription of RNAs by RT-active DNA polymerases. 

Accumulated events of misincorporation and/or RT-abortion can for example be observed 

opposite the modified nucleotides N1-methyladenosine (m1A), N1-methylguanosine and 3-

methylcytosine when inspecting RNA sequencing data [262,263]. Along these lines, machine-

learning based detection of m1A based on it ‘RT-signature’ in RNA sequencing data could be 

implemented by Helm and coworkers [264]. Here, a complex library preparation protocol 

involving 3’-tailing and 3’-adapter ligation after cDNA synthesis facilitates precise mapping 

of the cDNA 3’-termini [265].  

The vast majority of RNA modifications, however, is ‘RT-silent’, meaning they do not 

affect reverse transcription. Here, modification specific pretreatment steps have to be 

conducted before RT and PCR in order to discriminate modified nucleotides from unmodified 

ones, followed by mapping of modification sites by NGS [28,30]. Pretreatment steps rely on 

selective molecular recognition or differential chemical reactivity of modified nucleotides. 
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Selective conversion using specific chemical reagents can result in altered RT-signatures as 

well as in increased or reduced susceptibility to RNA cleavage, both detectable by cDNA 

sequencing. An example for changed RT-signature after chemical treatment is the detection of 

Ψ via modification with CMC leading to an RT arrest signal [266,267]. The detection of 2’-

O-methylation sites in RNA, on the other hand, exploits the reduced susceptibility of 2’-O-

methylated RNA towards alkaline hydrolysis. Partial alkaline degradation of RNA samples 

rarely cleaves the phosphodiester bond situated 3’ of 2’-O-methylated nucleotides and 

modification sites are identified by a significantly decreased occurrence of cDNA termination 

in the sequencing data (‘RiboMethSeq’) (Figure 18) [268,269]. Another very prominent 

selective conversion is the bisulfite mediated deamination of C to U (which reads as T in 

sequencing) with a reaction rate nearly two orders of magnitude higher than the analogous 

conversion of 5mC to T [270]. Thus, optimized conditions result in efficient deamination of C 

whereas 5mC remains unchanged [271]. Bisulfite conversion followed by NGS is the 

predominant method to detect 5mC in genomic DNA (Figure 18) [28,29] and was recently 

also adapted for 5mC analysis in RNA [272]. Additionally, novel bisulfite sequencing 

protocols employ specific labeling and blocking strategies to achieve distinct conversion of 

5mC and its oxidative derivatives (5hmC, 5fC, 5caC) for differentiated analysis in DNA [29]. 

Detection methods based on direct molecular recognition deploy modification specific 

antibodies to enrich RNA fragments by immunoprecipitation (‘MeRIP’) [30]. Modifications 

can then be mapped by comparison of the sequencing data from enriched samples and 

untreated controls – an approach that was applied for the transcriptome-wide detection of m6A 

[88,89]. However, the modification sites identified by this method can only be assigned to 

specific regions of about 100 nucleotides in length. For a more precise localization, advanced 

m6A sequencing methodologies involve covalent crosslinking of the antibody to the RNA 

(‘MeRIP-iCLIP’) resulting in specific RT-signatures close to the modification sites (Figure 

18) [273,274]. Antibodies as well as proteins containing a methyl-CpG-binding domain have 

also been employed for the mapping of 5mC and its oxidative derivatives in DNA [28,29]. 

Other approaches applied for 5mC detection perform sequence analysis of DNA samples after 

digestion with methylation-sensitive endonucleases [28,29]. 

The necessity of a modification specific pretreatment step prior to analysis results in a 

variety of drawbacks and pitfalls associated with nucleic acid modification analysis [30]. 

Protocols generally require several sample purification and/or washing steps accompanied by 

multiple transfers of the sample to fresh reaction vessels. This renders procedures laborious  
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Figure 18: Methodologies to detect modified nucleotides by NGS. A) ‘RiboMethSeq’: partial alkaline digestion 
results in random RNA cleavage. 2’-O-methylated nucleotides are protected from hydrolysis and a drop in the 
amount of cleavage products enables detection of modification sites. Figure was created analogous to Figure 
3C in [30] B) ‘MeRIP-iCLIP’: Enrichment of m6A containing RNA fragments by m6A-antibodies followed by UV 
crosslinking and primer extension/ NGS library preparation. Modification sites are identified by comparison of 
enriched and mock-treated samples. Figure was created analogous to Figure 2B in [30] C) Top: mechanism of 
bisulfite conversion of C to U, conversion of 5mC proceeds more slowly under the same conditions. Bottom: 
Schematic procedure of DNA bisulfite sequencing. 

 

and time-consuming and increases the risk of contamination or human errors. Furthermore, 

selecting agents often entail varying sources of bias, which may cause false positive as well as 

false negative results in significant numbers [30]. For instance, incomplete deamination of 

unmethylated Cs during bisulfite treatment (mostly caused by inaccessibility of the nucleobase 

due to secondary structures) is a major source of false positive modification calls in 5mC 

detection methods [275,276]. In contrast, overtreatment with bisulfite can lead to an increased 

incidence of undesirable 5mC to T conversion and false negative calls as well as to high 

amounts of sample degradation [276,277]. An additional source of bias in bisulfite sequencing 

is differential PCR efficiency of methylated versus unmethlyated sequences after treatment. 

Moreover, the reduced sequence complexity induced by C to T conversions further 

complicates downstream analysis due to decreased hybridization specificity and information 

complexity [28,278]. The RiboMethSeq method also suffers from false positives caused by 
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incomplete conversion due to RNA secondary structure. Additionally, it is currently restricted 

to highly abundant RNA species [30]. A problem affecting the mapping techniques based on 

enrichment by immunoprecipitation is poor antibody specificity and high cross-reactivity. 

Here, binding of the antigen can be substantially impeded by RNA/DNA sequence context 

[30]. 

To counterbalance the liability of the described methods towards false positive and false 

negative results, the validation of modification sites is essential [30]. This can be achieved by 

orthogonal methods that site-specifically detect individual modifications. Moreover, in order 

to exploit nucleic acid modifications as biomarkers in molecular diagnostics, simple and 

straightforward methods are needed to verify the presence or absence of a modification at a 

specific site within a particular sample [27,63]. Additionally, as only a fraction of target 

sequences might be modified within a sample, methods to site-specifically quantify 

modification ratios are a desirable tool. To date, methodologies to analyze individual 

modification sites often use the same pretreatment steps as modification specific NGS 

techniques. 5mC detection at individual sites of genomic DNA employs bisulfite conversion 

or digestion by methylation-sensitive endonucleases before analysis by real-time PCR, high 

resolution melting or Sanger sequencing [278,279]. 2’-O-methylation sites can be analyzed 

individually via differential enzymatic turnover by RNase H [280] or DNAzymes [281] as well 

as by the preferential arrest of reverse transcriptases opposite 2’-O-methylation sites at low 

dNTP concentrations [282,283]. Further methodologies for the analysis of modified nucleic 

acids comprise techniques based on chromatography and/or mass spectrometry after complete 

enzymatic digestion to nucleotides or nucleosides. As these methods do not provide any 

information about sequence context, means like hybridization-based affinity purification or 

‘post-labeling’ approaches have to be deployed to gain sequence information [30]. One 

mentionable post-labeling technique is SCARLET (site-specific cleavage and radioactive-

labeling followed by ligation-assisted extraction and thin-layer chromatography), which 

involves a sequence specific RNase H cleavage followed by 5’-32P-labeling, splinted ligation, 

RNA degradation and PAGE purification in order to isolate a defined nucleotide for 

subsequent analysis by TLC. This approach has been successfully utilized to site-specifically 

quantify individual m6A fractions [284]. The procedure is, however, extremely labor-intensive 

and features only single sample processing. 

To further advance the research fields of epigenetics and epitranscriptomics as well as to 

promote the application of modified nucleotides as biomarkers in clinical diagnostics, novel 

methods for the analysis of modified nucleotides are required. Suitable technologies should 
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considerably decrease time and labor intensity of the procedures, and significantly reduce the 

risk of false positive and false negative results. This goal could be achieved by methodologies 

that abolish the need for a modification specific pretreatment step and achieve discrimination 

of modified nucleotides directly during PCR analysis or NGS library preparation. Therefore, 

DNA polymerases with the ability to directly sense DNA and RNA modifications during DNA 

synthesis are a desirable tool. So far, mainly modifications situated at the ‘Watson-Crick face’ 

have been demonstrated to impede DNA synthesis by DNA polymerases [262-264]. However, 

the steric model of DNA polymerase selectivity (‘active site tightness’; see chapter II 2.4) 

suggests that template base modifications do not have to interfere with Watson-Crick hydrogen 

bonding to affect nucleotide incorporation efficiency. In fact, a recent study proofed that 

certain RT-active DNA polymerases discriminate a template m6A from an unmodified A to a 

certain extent [285]. Moreover, 2’-O-methylation of RNA is known to enhance RT arrest under 

limited condition (low dNTP concentrations) [282]. A study investigating the efficiency of 

nucleotide incorporation and further primer extension opposite 5mC and unmodified C in 

DNA templates also demonstrated minor discrimination for some DNA polymerases [286].  

Another possibility for direct detection of RNA and DNA modifications in the future 

might be offered by Single Molecule Sequencing. These technologies abolish the need for 

preamplification and (to an extent) sense DNA and RNA modifications [287-289]. 

Investigations applying SMRT sequencing found that 5-modified C in DNA as well as m6A 

in DNA and RNA result in unique kinetic signatures during the monitored primer extensions 

catalyzed by φ29 DNA polymerase or HIV RT [287,288]. However, differences between 

these signatures are usually low, resulting in low base calling confidence. These approaches 

might therefore also benefit from knowledge about the discrimination of modified 

nucleotides by DNA polymerases and variants thereof.
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Methodologies for the analysis of modified nucleotides in DNA and RNA are of 

fundamental importance for current research projects in order to investigate the functions and 

mechanisms of nucleic acid modification in living cells. Additionally, distinct modified 

nucleotides are already deployed as clinical biomarkers for the diagnosis and prognosis of 

disease at present, and the detection of nucleic acid modifications will continue to gain in 

importance for personalized medicine in the foreseeable future. Consequently, simple and 

accurate methods are needed to detect modifications – at individual sites as well as in a 

genome-/ transcriptome-wide context. Whereas only few modifications can be detected 

directly by the standard procedures of nucleic acid analysis, most modifications require a 

modification specific pretreatment step prior to amplification and analysis. Thermostable DNA 

polymerases that directly sense modifications and somehow pass along the information of 

modification events during RT and PCR would provide a valuable tool to abolish the necessity 

of pretreatment and pave the way a for significantly simplified analysis of nucleic acid 

modifications. 

The aim of this work was to investigate if (and to what extent) certain thermostable DNA 

polymerases (namely KOD DNA polymerase, KlenTaq DNA polymerase and the RT-active 

RT-KTq variant of KlenTaq DNA polymerase) discriminate modified from unmodified 

nucleotides in their template as well as to generate novel DNA polymerase variants with 

enhanced discrimination properties by means of protein engineering. Thereupon, protocols 

that deploy newly evolved variants for the detection of modification events by real-time PCR 

and NGS technologies were to be developed and the devised assays were to be applied for the 

analysis of known modification sites directly from cellular DNA and RNA extracts in order to 

provide proof of concept studies.  

Assays to site-specifically detect individual modification events should rely on differential 

RT or PCR-efficiency of engineered DNA polymerases when employing modified versus 

unmodified templates. Accelerated or delayed amplification in real-time PCR would then 

serve as modification signal. Here, the focus was on methods to detect 5mC in genomic DNA 

and 2’-O-methylated nucleotides in cellular RNA. For a more comprehensive analysis of RNA 

modifications by NGS based methodologies, a DNA polymerase was to be engineered which 

introduces an ‘RT-signature’ opposite a normally RT-silent modification (m6A). The evolved 

DNA polymerase should then be applied for the RT-step in an appropriate Illumina library 

preparation protocol to facilitate the detection of m6A modification sites directly from cellular 

RNA in a transcriptome-wide context.
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1. Direct sensing of genomic 5mC in real-time PCR* 

1.1 Concept 

In order to develop a real-time PCR based assay for direct analysis of individual 5mC sites 

in the human genome, DNA polymerase based systems should be evolved that replicate 5mC 

containing DNA sequences with higher (or lower) rates than the respective unmethylated ones. 

When applying these replication systems in PCR, differences in replication rate would result 

in differential PCR efficiency during the first cycles (when the majority of template strands 

still carries information about the modification state), whereas later stages of the PCR will 

remain unaffected (when the majority of templates consist of PCR amplified and therefore 

unmodified DNA strands). Consequently, a shift in the Ct value will be observable when 

comparing real-time PCR curves of modified versus unmodified templates (Figure 19). This 

Ct shift could serve as modification signal to site-specifically analyze the methylation state of 

individual 5mC sites in the human genome directly from DNA extracts by a simple PCR assay 

without the necessity of a chemical or enzymatical pretreatment.  

 

Figure 19: Concept for direct 5mC analysis by 
real-time PCR. A DNA polymerase based system 
should be developed that features increased (or 
decreased) amplification efficiency of 5mC 
containing templates as compared to the 
respective unmodified ones. Differences in Ct 
values could then serve as modification signal. 

 

 

1.2 DNA polymerase based systems that discriminate C from 5mC 

In his doctoral thesis, Matthias Drum found that KlenTaq DNA polymerase extends 

mismatched primers more efficiently from 5mC than from unmodified C [290]. Based on these 

                                                 
* These results have been published in Angew. Chem. Int. Ed. 2014, 53: 8154-8158 [1]. Reproduced in parts with 

permission 
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findings an experimental setup to further analyze this effect was established. In addition to the 

A family KlenTaq DNA polymerase, the B family KOD exo- DNA polymerase (an 

exonuclease deficient variant of KOD DNA polymerase carrying two mutations within the 

active site of the 3’-5’-exonuclease domain: D141A and E143A) was investigated. 

In order to analyze the behavior of these two thermostable DNA polymerases when 

encountering a mismatch opposite either C or 5mC, the extension from four primers differing 

only in their 3’-terminal nucleotide (A-, C-, G-, or T-primer) paired with either of two 

oligonucleotide templates (carrying either C or 5mC opposite the primer end) was examined. 

Therefore, single nucleotide incorporation experiments were performed employing 32P-labeled 

primers followed by analysis through denaturing polyacrylamide gel electrophoresis (PAGE) 

and visualization using autoradiography. Whereas KlenTaq DNA polymerase showed no 

difference in extending from C or 5mC when the matched G-primer was applied, the A- and 

T-primers were more efficiently extended when employing the 5mC template (Figure 20B). 

Under the chosen conditions, the extension ratio for the A-primer was 56% when paired with 

the 5mC template as compared to 18% when paired with the C template. The primer bearing 

C at its 3’-terminus was not extended for either template. Discrimination between mispaired 

C and 5mC was also observed when applying KOD exo- DNA polymerase (Figure 20C), 

albeit to a lower extent than with KlenTaq DNA polymerase. Using this enzyme, 47% of the 

A-primer was extended when paired with the 5mC template as compared to 34% extension 

with C template. 

Figure 20: KlenTaq and KOD exo- DNA 
polymerase discriminate C from 5mC 
when employing mismatched primers A) 
Partial primer template sequences used in 
primer extension experiments 
(N=G/A/T/C). B,C) Single-nucleotide 
incorporation catalyzed by KlenTaq (B) and 
KOD exo- (C) using primers bearing one of 
the four different nucleotides at the 3’-
terminus opposite either C or 5mC. 100 µM 
dCTP and 25 nM of the respective DNA 
polymerase were applied. The reaction 
time was 60s. 
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1.3 A KOD DNA polymerase with enhanced discrimination of mismatched 5mC 

To generate DNA polymerase mutants with enhanced 5mC discrimination by rational 

design, we inspected KlenTaq and KOD DNA polymerase crystal structures with bound 

primer template complex [127,128] and looked for amino acids that might be able to interfere 

with the mismatched cytosine at the ‘-1 position’, with the intension to exchange those by 

sterically more demanding residues. As the template binding cleft of KlenTaq DNA 

polymerase is already packed with sterically demanding amino acids, I focused on KOD exo- 

DNA polymerase and identified a promising glycine (G498) in immediate proximity to the 

mismatched cytosine (Figure 21A). Noticeably, G498 is located in the template binding site 

where it is able to interact with the phosphate backbone of the nucleotide paired to the 3’-

terminal nucleobase of the primer. Hence, mutating G498 into a sterically more demanding 

amino acid should result in a more crowded template binding site, which might affect 

discrimination between C and 5mC upon extension from mismatched primer strands. 

Therefore, I generated a KOD exo- G498M DNA polymerase mutant by site-directed 

mutagenesis, using the codon-optimized gene of 6x His-tagged KOD exo- wildtype in pET24a 

as template. KOD exo- G498M and KOD exo- wildtype DNA polymerases were expressed in 

E.coli BL21 (DE3) and lysates were depleted from E.coli host proteins by heat-denaturation 

followed by affinity purification of KOD DNA polymerase variants. The purified variants 

were analyzed by SDS PAGE (Figure 21B) and compared in primer extension assays applying 

the very same reaction conditions and enzyme concentrations.  

Figure 21: Rational design and preparation of a KOD DNA polymerase with enhanced 5mC discrimination. A) 
Crystal structure of KOD DNA polymerase with bound primer template complex. Primer and template are shown 
as yellow and orange sticks, G498 is highlighted as red spheres (Adapted from PDB 4K8Z [128]). B) Coomassie-
stained SDS PAGE of affinity purified 6x His-tagged KOD exo- wildtype (middle) and KOD exo- G498M (right) 
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When applying the engineered KOD exo- G498M DNA polymerase in single nucleotide 

incorporation experiments as described above (see chapter IV 1.2), it featured considerably 

increased discrimination of A-mismatched C and 5mC as compared to the wildtype enzyme 

(Figure 22B). Here, the extension ratio was 44% for the 5mC template in comparison to 20% 

for the C template. The effect was even more pronounced for full-length primer extension. 

Under the applied conditions, 58% of the primer was extended to the full-length product in 30 

minutes on the 5mC template as compared to 12% on the C template (Figure 22C). 

Interestingly, when the mismatched reaction was performed with template C, a significant 

pausing of the KOD exo- G498M DNA polymerase was observed after incorporation of one 

nucleotide (Figure 22C,D) – a phenomenon that was not observed for the wildtype enzyme. 
 

Figure 22: KOD exo- G498M DNA polymerase features enhanced 5mC discrimination in primer extension 
experiments. A) Partial primer template sequences used in primer extension experiments (N=G/A). B) Single 
nucleotide incorporation catalyzed by KOD exo- G498M using primers bearing G or A at the 3’-terminus opposite 
either C or 5mC. 100 µM dCTP and 25 nM KOD G498M were applied. The reaction time was 5 min B) Full-length 
primer extension catalyzed by KOD exo- G498M using primers bearing G or A at the 3’-terminus opposite either 
C or 5mC. 100 µM dNTPs (each) and 25 nM KOD G498M were applied. The reaction time was 30 min C) Time 
series of Full-length primer extensions catalyzed by KOD exo- wildtype (left) and KOD exo- G496M (right) using 
a primer bearing an A at its 3’-terminus opposite either C or 5mC. 200 µM dNTPs (each) and 100 nM KOD variant 
were applied. 
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Table 1: Steady state kinetic analysis of nucleotide incorporation next to matched/mismatched C and 5mC by 
KlenTaq wildtype, KOD exo- wildtype and KOD exo- G498M DNA polymerases. 

DNA polymerase 3‘ nucleotide of 
primer 

template kcat[a] [s-1 x 10-2] KM[a] [µM] 

KlenTaq wildtype G C 528 ± 26 2.10 ± 0.37 
KlenTaq wildtype G 5mC 531 ± 16 1.69 ± 0.18 
KlenTaq wildtype A C 6.63 ± 0.84 140 ±11 
KlenTaq wildtype A 5mC 26.9 ± 1.1 136 ± 35 

KOD exo- wildtype G C 28.4 ± 1.0 0.692 ± 0.152 
KOD exo- wildtype G 5mC 24.5 ± 0.8 0.749 ± 0.144 
KOD exo- wildtype A C 8.95 ± 0.21 44.3 ± 3.1 
KOD exo- wildtype A 5mC 10.7 ± 0.4 13.5 ± 2.2 

KOD exo- G498M G C 21.0 ± 1.1 3.06 ± 0.50 
KOD exo- G498M G 5mC 25.9 ± 1.0 2.93 ± 0.67 
KOD exo- G498M A C 2.91 ± 0.23 462 ± 75 
KOD exo- G498M A 5mC 6.39 ± 0.58 401 ± 80 

[a] Data points derive from triplicates. ± describes SD. 

Figure 23. Steady state kinetics analysis of 5mC discrimination A) Steady state kinetics of nucleotide 
incorporation by KlenTaq DNA polymerase next to matched (top) or A-mismatched (bottom) C (dashed) or 5mC 
(solid). B) Steady state kinetics of nucleotide incorporation by KOD exo- wildtype DNA polymerase next to 
matched (top) or A-mismatched (bottom) C (dashed) or 5mC (solid). C) Steady state kinetics of nucleotide 
incorporation by KOD exo- G498M DNA polymerase next to matched (top) or A-mismatched (bottom) C 
(dashed) or 5mC (solid). Data points derive from triplicates. Error bars represent SD. 

 

5mC discrimination by the investigated enzyme variants was further analyzed by the 

determination of steady-state kinetics [291-293] for the described single nucleotide 

incorporation experiments (Table 1, Figure 23). All three enzymes were found to be equally 

efficient for either template when the matched G-primer was applied. Additionally, when 
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comparing extension of the A-mismatched primer, KOD exo- wildtype DNA polymerase 

featured only marginable differences in kcat for both templates, but a 3-fold higher KM value 

for the C-template. The enhanced discrimination of KOD exo- G498M DNA polymerase was, 

in contrast, mainly based on kcat which increased more than 2-fold for the extension of A-

mismatched 5mC as compared to C. Unlike differences in KM, differences in kcat affect primer 

extension also at higher dNTP concentrations (as applied in the initial primer extension 

experiment as well as in PCR). Finally, discrimination of A-mismatched C and 5mC by 

KlenTaq DNA polymerase is also based on differences in kcat with a ~4-fold increase for the 

5mC template. 

1.4 A methylation specific real-time PCR system 

Along these lines, I examined the potential to exploit the differential catalytic efficiencies 

of these DNA polymerases when processing mismatched C and 5mC for direct 5mC analysis 

by real-time PCR. Therefore, PCR amplification of synthesized oligonucleotide templates with 

a sequence context deriving from the promoter region of NANOG (an epigenetically regulated 

gene which is associated with pluripotency of cells [294,295] and was found to be 

hypomethylated in the promoter region in metastatic human liver cancer cells [296]) was 

performed. Reverse primers bearing either G or A at their 3’-termini opposite the cytosine of 

interest and a forward primer binding 43 nt downstream were designed, so that PCR 

amplification should deliver a 86 bp amplificate Using the artificial templates carrying either 

C or 5mC and the A-mismatched reverse primer, slight discrimination could be observed for 

KlenTaq DNA polymerase (average ∆Ct = 1.6) but not for KOD exo- wildtype DNA 

polymerase (Figure 24A). Employment of the KOD exo- G498M variant revealed that this 

mutant features increased discrimination between methylated and unmethylated templates 

under the applied PCR conditions (average ∆CT = 2.7). Moreover, the difference in PCR 

efficiency could be validated by electrophoretical analysis of PCR products when stopping the 

reactions within the exponential amplification phase (Figure 24B). To further verify this 

effect, KOD exo- G498M DNA polymerase was additionally employed for the amplification 

of methylated and unmethylated DNA oligonucleotides deriving from another sequence 

context, namely the promoter region of NR3C1 which has been evaluated as an epigenetic 

marker for the prenatal exposure to maternal stress [297]. Again, utilization of A-mismatched 

primers and the unmethylated template lead to a delayed amplification as compared to 

reactions with the respective methylated template (average ∆Ct = 4.1) (Figure 24C). 



IV Results and Discussion 

54 

 
Figure 24: PCR amplification of methylated and unmethylated DNA oligonucleotides applying A-mismatched 
primers. A) Real-time curves of the amplification of methylated and unmethylated oligonucleotides with a 
sequence deriving from the promoter region of NANOG catalyzed by KlenTaq (left) and KOD exo- (right). B) Real-
time curves (top) and agarose gel (bottom) of the amplification of methylated and unmethylated 
oligonucleotides with a sequence deriving from the promoter region of NANOG catalyzed by KOD exo- G498M. 
For the agarose gel, reactions were stopped after 28 cycles. C) Real-time curves (top) and Agarose gel (bottom) 
of the amplification of methylated and unmethylated oligonucleotides with a sequence deriving from the 
promoter region of NR3C1 catalyzed by KOD exo- G498M. For the agarose gel, reactions were stopped after 32 
cycles. 

 

Furthermore, the potential to utilize KOD exo- G498M DNA polymerase in a methylation 

specific PCR approach directly from genomic DNA was examined. Therefore, the NANOG 

promoter region was targeted for amplification from HeLa genomic DNA and a specific 

cytosine was analyzed deploying the very same primer set as applied for the artificial NANOG 

oligonucleotides. This cytosine was previously characterized as fully unmethylated in HeLa 

DNA [296]. As a control for full methylation, I deployed HeLa genomic DNA that was 

enzymatically CpG-methylated in vitro by a CpG methylase. Here, PCR employing the wild-

type KOD exo- or KlenTaq DNA polymerases did not show any differentiation in PCR 
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efficiency when comparing methylated and untreated DNA. However, the use of KOD exo- 

G498M DNA polymerase lead to discrimination of untreated and enzymatically methylated 

HeLa genomic DNA. While real-time PCR and melting curves were similar for the matched 

primers, utilization of the A-mismatched primer lead to delayed amplification (average ∆Ct = 

1.3) as well as reduced endpoint fluorescence when the untreated DNA is compared to the 

CpG-methylated DNA (Figure 25). Melting curves of the amplified DNA confirmed this 

decrease in PCR efficiency for the non-methylated template. Finally, quantitative analysis of 

the reaction mixtures by agarose gel electrophoresis substantiated these findings (Figure 25C). 

Here, the yield of specific amplificate for the methylated template was reasonable, considering 

a mismatched primer was applied. For the unmethylated template, however, the yield was 

significantly reduced. Moreover, KOD exo- G498M DNA polymerase was highly selective 

for the desired amplificate when the methylated template was used, whereas a slight band of 

byproduct appeared for the unmethylated template. Primer dimers were formed in PCR 

without HeLa genomic DNA but did not emerge in the presence of template. 

Figure 25: PCR experiments from HeLa genomic DNA catalyzed by KOD exo- G498M DNA polymerase. A) 
Partial sequence of the amplified NANOG promoter region. The analyzed methylation site is highlighted in red. 
PCR primers are pictured in green (N = G/A). B) Top: Real time PCR catalyzed by KOD exo- G498M with matched 
(green) and mismatched primer (red). Bottom: Melting curves of amplificates deriving from real-time PCR. C) 
Endpoint agarose gel of PCR amplificates with matched (lane G) or mismatched primer (lane A) 
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1.5 Discussion and Outlook 

So far, detection of 5mC with single-base resolution has been restricted to the troublesome 

conversion of DNA by bisulfite or other manipulation prior to analysis. This study 

demonstrates the feasibility of a PCR system sensing 5mC directly from genomic DNA 

without modification specific pretreatment. The approach is based on the differential extension 

of mismatched primer strands by two well-studied DNA polymerases depending on whether 

the primer terminates opposite a template 5mC or C. KlenTaq DNA polymerase was 

investigated as a prominent member of sequence family A and an exonuclease-deficient 

variant of KOD DNA polymerase as a representative of the sequence family B. Both DNA 

polymerases are thermostable and commonly used in many core biotechnological applications. 

The discrimination between C and 5mC was greater with KlenTaq DNA polymerase than with 

KOD exo- DNA polymerase. Interestingly, KlenTaq DNA polymerase exhibits a more 

sterically crowded environment close to the relevant template site in comparison to the KOD 

exo- enzyme. This might well explain its enhanced discrimination properties. However, we 

were able to improve the discrimination of KOD exo- DNA polymerase by increasing the 

steric crowding of the template binding site in close vicinity to the residues bearing the C or 

5mC of interest. Primer extensions in the presence of all four dNTPs indicated that KOD exo- 

G498M DNA polymerase not only discriminates C from 5mC upon extension by one 

nucleotide but also when the mismatch is already one position distal from the primer terminus. 

Furthermore, KOD exo- G498M DNA polymerase is capable of discriminating between C and 

5mC in PCR from artificial oligonucleotides as well as from genomic DNA targets. These 

PCR systems might enable the evaluation of the methylation states of various single 

nucleotides in the entire human genome by simple real-time PCR in the future. 

As crystal structures of mismatched primer template complexes bound to DNA 

polymerases in the closed state have not yet been described, one can only speculate about the 

origin of the 5mC/C discrimination. It has been proposed that when a mismatch is encountered, 

active misalignment of catalytic residues in the DNA polymerase results in reduced 

incorporation rate and therefore higher specificity of the enzyme (see chapter II 2.4) 

[133,135,147,153]. Thus, discrimination could derive from differences in the gained substrate 

binding energy by misalignment of catalytic residues. Thereby, the enzyme would be kept in 

an inactive conformation more efficiently when bound to mismatched C rather than 

mismatched 5mC, resulting in a favored extension of 5mC. The differential states might be 

due to steric interference between the enzyme and the additional 5-methyl group in 5mC. 
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In the past, the possibility of different extension efficiencies was discussed as a mechanism 

for the increased mutation rates for 5mC in vivo. In 1992, Shen et al. investigated three DNA 

polymerases in their properties of extending mismatched primer strands at the C and 5mC 

position [286]. They found significant differences in mismatch extension only when using 

AMV reverse transcriptase. However, no significant discriminations were observed for a 

sequence family A DNA polymerase (i.e., the exonuclease deficient Klenow fragment of E. 

coli DNA polymerase I) and a sequence family B enzyme (i.e., Drosophila DNA polymerase 

α). As mentioned, the herein investigated enzymes belong to sequence family A (KlenTaq 

DNA polymerase) and B (KOD exo- DNA polymerase) and show discrimination. These 

findings might hint at the fact that subtle changes of the enzyme scaffold might cause altered 

effects of C/5mC discrimination. Thus, future investigations will aim at evolving new DNA 

polymerase mutants with even more enhanced discrimination. 

For future applications in 5mC analysis, PCR system with higher sensitivity towards 5mC 

are desirable. While one way to create superior PCR systems is certainly the evolution of DNA 

polymerases with enhanced C/5mC discrimination, other factors that limit the differentiation 

of methylated and unmethylated DNA derive from the nature of PCR itself. As genomic DNA 

is double-stranded and two primers are used in the PCR reaction, amplification derives not 

only from the mismatched reverse primer, but also from the forward primer binding to the 

complementary DNA strand. Replication initiated from the forward primer will be equally 

efficient for both templates in the here described system, resulting in reduced ∆Ct values even 

for highly discriminating DNA polymerases. To circumvent this limiting factor, multistep 

assays could be devised that involve a linear PCR in presence of only one primer. Alternative 

approaches might utilize two mismatched primers to analyze the methylation state of two 

different modification sites simultaneously. Apart from PCR applications, C/5mC 

discriminating DNA polymerases might also be applied for 5mC detection by primer extension 

based methods in the future. Along these lines, the here presented results could proof beneficial 

for the development of 5mC-sensitive SBS-based single molecule sequencing techniques 

[287].
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2. Direct quantification of RNA 2’-O-methylation by qRT-PCR† 

2.1 Concept 

To site-specifically detect and quantify 2’-O-methylation of distinct nucleotides within 

cellular RNAs directly by quantitative RT-PCR (qRT-PCR), a thermostable DNA polymerase 

is needed which is able to utilize RNA as well as DNA as template for DNA synthesis. 

Furthermore, the applied DNA polymerase must be able to discriminate 2’-O-methylated from 

unmethylated RNA templates. When applying such an enzyme in a ‘One-Step’ qRT-PCR, 

where reverse transcription is performed by the same enzyme as PCR amplification during the 

thermocycling protocol (without the need for isothermal preincubation), differences in the 

efficiency of reverse transcription between methylated and unmethlyated RNA would result 

in a shift of Ct values (Figure 26). In contrast, the PCR efficiency would remain unaffected 

(as the DNA strands deriving from reverse transcription are the same for both RNA templates). 

Subsequently (if the discrimination between methylated and unmethylated RNA template is 

sufficient), ∆Ct values can be deployed to quantify the methylation fraction of the analyzed 

site by the comparative Ct method [229,230]. 

Figure 26: Concept for direct quantification of 2’-O-methylated nucleotides in RNA by qRT-PCR. A DNA 
polymerase should be evolved that features DNA-dependent DNA polymerase activity, RNA-dependent DNA 
polymerase activity, thermostability and discrimination of 2’-O-methylated RNAs. Arrest of such a DNA 
polymerase when encountering 2’-O-methylated nucleotides during reverse transcription would result in a 
delay of qRT-PCR amplification and differences in Ct values could then be deployed for quantification of the 
methylation fraction. 

                                                 
† These results have been published in Nucleic Acids Res. 2016, 44, 3495-3502 [2]. Reproduced in parts with 

permission. 
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To evolve such a DNA polymerase by directed evolution, screening from a DNA 

polymerase library can be conducted by qRT-PCR applying RNA oligonucleotides and lysates 

of DNA polymerase expression cultures directly after heat denaturation of E.coli host proteins 

[298]. The RT-KTq DNA polymerase, which was previously evolved by Nina Blatter as part 

of her doctoral thesis [188,189], provides the ideal parental enzyme for this library, as it exerts 

significant reverse transcriptase activity in addition to its DNA-dependent DNA polymerase 

activity, while retaining its thermostability. 

2.2 RT-KTq discriminates 2’-O-methylated RNA  

First, I investigated the behavior of RT-KTq (KlenTaq L459M S515R I638F M747K DNA 

polymerase; evolved to possess significant reverse transcriptase activity [188,189]) when 

encountering 2’-O-methylated nucleotides in an RNA template during primer elongation. 

Therefore, it was employed to catalyze extension of a primer hybridized to different RNA 

oligonucleotides with identical sequence but carrying either a 2’-O-methylated nucleotide at 

the position of first incorporation or the respective unmodified one (Figure 27A). I found that 

2’-O-methylation is a major obstacle for reverse transcription catalyzed by RT-KTq even at 

dNTP concentrations of 200 µM and irrespective of the methylated nucleotide carrying a 

pyrimidine (C) or a purine (A) as nucleobase (Figure 27B).  

Figure 27: RT-KTq stalls when encountering 2’-O-methylated nucleotides during RT. A) Chemical structures of 
relevant nucleotides. B) Primer extensions in presence of methylated or unmethylated RNA templates catalyzed 
by RT-KTq. 200 µM dNTPs (each) and 250 pM RT-KTq were applied. The reaction time was 10 min. 
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Figure 28: Amplification of RNA in qRT-PCR catalyzed by RT-KTq is hampered by 2’-O-methylation. A) Primer 
design for qRT-PCR experiment. B) qRT-PCR amplification of methylated (blue) and unmethylated (red) RNA 
using methylation-specific (solid) and control (dashed) primers. 

 

In order to exploit this discrimination for a methylation specific qRT-PCR system, I applied 

the same primer/template combination as used for the primer extension experiment and 

designed an appropriate forward primer resulting in a PCR amplicon of 53 nucleotides. As Ct 

values of qRT-PCR experiments also depend on the concentration of the target RNA, an 

additional reverse primer, which terminates several nucleotides downstream of the analyzed 

nucleotide, was designed and used as control (Figure 28A). Employing the control reverse 

primer in combination with the same forward primer, should result in a qRT-PCR that is not 

impeded by methylation of the respective nucleotide. When using the methylation-specific 

primers, qRT-PCR did indeed result in a delayed amplification of methylated RNAs in 

comparison to the respective unmethylated ones, while amplification curves coincided when 

using the control primer sets (Figure 28B). The discrimination was higher for a methylated 

cytidine in the template (average ∆Ct = 4.6) than for a methylated adenosine (average ∆Ct = 

1.9). 
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2.3 Generation of an improved RT-KTq variant for 2’-O-methylation analysis 

In order to generate RT-KTq variants with improved discrimination of 2’-O-methylated 

nucleotides, I created a library of RT-KTq single mutants by multiple site-directed 

mutagenesis. Mutation sites were selected by inspection of the crystal structure of RT-KTq in 

complex with DNA/RNA hybrid and a bound triphosphate (Figure 29A). Amino acids with 

close proximity to the 2’-O-hydroxyl of the ribonucleotide paired to the incoming dNTP 

(namely G668, V669, G672, R746, K747 and N750) were chosen for saturation mutagenesis. 

To obtain all 19 single mutants at a distinct site, 19 separate PCR reactions were performed on 

the gene of 6x His-tagged RT-KTq in pGDR11, respectively, each with the same 5’-

phosphorylated reverse primer and an individual back-to-back forward primer carrying the 

triplet coding for the destined amino acid. After ligation and transformation in E.coli BL21 

(DE3), plasmids were analyzed by Sanger sequencing and correct clones were expressed in 

multiwell plates. This way, only clones of known sequence were employed in the screening 

and screening efforts could be minimized. Following heat denaturation of E.coli host proteins, 

lysates of the expression cultures were directly applied for qRT-PCR amplification of 2’-O-

methylated and unmethylated RNA oligonucleotides. Here, the aforementioned qRT-PCR 

system was utilized (employing the A and 2’OmeA template from chapter IV 2.2) and RT-

KTq variants that exhibited increased ∆Ct values between the respective templates were 

affinity purified and further analyzed by primer extension and qRT-PCR experiments. 

Figure 29: Generation of RT-KTq mutants with enhanced 2’-O-methylation properties. A) Rational design of 
RT-KTq libraries. Amino acids in immediate proximity to the 2’-oxygen of the nucleotide paired to the incoming 
dNTP were selected for saturation mutagenesis (namely G668, V669, G672, R746, K747 and N750). Adapted 
from PDB 4BWM [188]. B) SDS-PAGE analysis of affinity purified 6x His-tagged RT-KTq and RT-KTq V669L. 
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Figure 30: RT-KTq V669L features increased discrimination between 2’-O-methylated and unmethylated RNA. 
A) Primer extension in the presence of methylated and unmethylated RNA templates catalyzed by RT-KTq 
V669L. 200 µM dNTPs (each) and 2.5 nM RT-KTq V669L were applied. The reaction time was 10 min. B) 
Amplification curves (left) and agarose gel analysis (right) of qRT-PCR with methylated and unmethylated RNA 
oligonucleotides catalyzed by RT-KTq V669L. For analysis of products by agarose gel electrophoresis, the RT-
PCR reactions were stopped after 25 cycles (top) and 30 cycles (bottom) 

 

Best results were obtained with an RT-KTq V669L mutant featuring enhanced 

discrimination of 2’-O-methylated RNA in both, primer extension and qRT-PCR (Figure 30). 

The ∆Ct values did not only increase for the screened 2’OmeA/A discrimination (average ∆Ct 

= 7.7), but also when comparing the methylated C template to the unmethylated one (average 

∆Ct = 6.3). Moreover, when using this DNA polymerase variant, methylation states of the 

RNA oligonucleotide could be easily assessed by simple agarose gel electrophoresis. The 

improved properties of the V669L mutant became evident when looking at the specific 

activities (incorporated nucleotides per enzyme molecule per second [299]) of RT-KTq and 

RT-KTq V669L on methylated and unmethylated RNA templates (Table 2; Figure 31). Albeit 

both enzymes exhibited differential activities on methylated and unmethylated templates, these 

differences raised from ~3.5-fold for RT-KTq to ~7-fold for RT-KTq V669L. Furthermore, 

the ability of RT-KTq V669L to utilize these catalytic differences in qRT-PCR is enhanced 

due to its decreased activity on RNA, resulting in an increased limitation of the actual 

discriminating step, namely first strand synthesis by reverse transcription. 

  



Direct quantification of RNA 2’-O-methylation by qRT-PCR 

63 

Table 2: Specific activity of RT-KTq variants on methylated and unmethlyated templates. 

DNA polymerase template specific activity[a] [min-1] 

RT-KTQ A 94.9 ± 1.8 
RT-KTQ 2’OmeA 30.5 ± 1.6 
RT-KTQ C 120.9 ± 7.9 
RT-KTQ 2’OmeC 25.6 ± 1.4 

RT-KTQ V669L A 22.1 ± 1.3 
RT-KTQ V669L 2’OmeA 3.17 ± 0.07 
RT-KTQ V669L C 25.6 ± 1.1 
RT-KTQ V669L 2’OmeC 3.83 ± 0.08 

[a] Data points derive from triplicates. ± describes SD. 

Figure 31: Specific activity of RT-KTq variants on methylated and unmethlyated RNA templates. dNTP 
conversion rate of RT-KTq (A) and RT-KTq V669L (B) plotted against the amount of applied enzyme in presence 
of unmethylated RNA templates (left) and methylated RNA templates (right). Error bars describe SD (n = 3). 
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2.4 qRT-PCR systems to directly detect and quantify RNA 2’-O-methylation 

We hypothesized that qRT-PCR, catalyzed by RT-KTq V669L could be evaluated in a 

quantitative manner to determine the fraction of 2’-O-methylation at a target site. To test this, 

I mixed known ratios of a 2’-O-methylated RNA template with its unmethylated equivalent 

and measured ∆Ct values in reference to the fully unmethylated template. By approximation, 

I postulated that any amplification of the target derived from the unmethylated template only, 

enabling the calculation of the methylation fraction by the comparative Ct method [229,230]: 

𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑚𝑚𝑦𝑦𝑦𝑦𝑦𝑦 𝑓𝑓𝑓𝑓𝑦𝑦𝑓𝑓𝑚𝑚𝑦𝑦𝑦𝑦𝑦𝑦 = 1 − 𝐸𝐸−�∆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑚𝑚𝑦𝑦𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑦𝑦𝑠𝑠𝑦𝑦𝑠𝑠 𝑠𝑠𝑝𝑝𝑦𝑦𝑚𝑚𝑚𝑚𝑝𝑝𝑠𝑠− ∆𝐶𝐶𝐶𝐶𝑠𝑠𝑦𝑦𝑦𝑦𝑚𝑚𝑝𝑝𝑦𝑦𝑦𝑦 𝑠𝑠𝑝𝑝𝑦𝑦𝑚𝑚𝑚𝑚𝑝𝑝𝑠𝑠� 

 

𝑤𝑤𝑦𝑦𝑚𝑚ℎ 𝐸𝐸 = 𝑃𝑃𝑃𝑃𝑃𝑃 𝑚𝑚𝑓𝑓𝑓𝑓𝑦𝑦𝑓𝑓𝑦𝑦𝑚𝑚𝑦𝑦𝑓𝑓𝑦𝑦 

This seemed to be a valid assumption as a ∆Ct value of ~7 cycles, as caused by full 

methylation, corresponds to a decrease of RNA concentration by two orders of magnitude, 

resulting in an error of only ~1%. The data confirmed that this approach actually allows a very 

accurate estimation of the methylation fraction (Figure 32). Determination of the PCR 

efficiency was achieved by template dilution series applying the unmethylated RNA 

oligonucleotides. 

Figure 32: Quantification of the methylation fraction at a specific site by qRT-PCR. The ∆Ct method was used 
to calculate methylation fractions of RNA templates with known ratios of 2’OmeA/A at the target position at 
100 pM concentration. Error bars describe SD (n = 3). 
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Next, this qRT-PCR assay was applied to analyze the methylation fraction of five known 

methylation sites (namely A27, A99, U428, G1490 and C1703) [77] in human 18s rRNA 

directly from total RNA extracts deriving from various immortalized and/or cancer cell lines. 

As unmodified reference RNA, I deployed in vitro transcribed 18s rRNA. For each site, RNA 

concentrations were adjusted by qRT-PCR with a control reverse primer terminating 5 or 6 

nucleotides downstream of the methylation site (in analogy to Figure 28A). To analyze the 

methylation sites, reverse primers were designed which directly terminate one nucleotide 

upstream of the analyzed nucleotide. Both reverse primers were combined with the same 

forward primer, respectively, delivering amplicons of ~40-60 nucleotides, which contain only  
 

Figure 33: Quantification of ribosomal 2’-O-methylation directly from total RNA by qRT-PCR. A) Analysis of 
the methylation state of A27, A99, U428, G1490 and C1703 in 18s rRNA from total RNA extracts deriving from 
various human cell lines. Error bars describe SD (n = 4). B) Agarose gel electrophoresis of the applied purified in 
vitro transcribed 18s rRNA and total RNA samples. 28s/ 18s rRNA ratios ranged from 1.7 to 2.1 for total RNA 
extracts. C) qRT-PCR data of methylation site A99 in HEK-293 and Caco2 cells. ∆Ct values indicate higher degree 
of methylation in HEK-293 cells than in Caco2 cells. 
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Table 3: qRT-PCR derived data of 2’-O-methylation fractions at known methylation sites in human 18s rRNA 
from different cell lines. 

methylation site cell line PCR efficiency ∆∆Ct[a] % 
methylation[a] 

A27 

HEK-293 

1,72 

5.2 ± 0.3 93.8 ± 0.9 
IHH 5.8 ± 0.4 95.5 ± 1.0 

Jurkat 5.2 ± 0.6 93.5 ± 2.5 
HeLa 5.5 ± 0.1 95.0 ± 0.4 

Hep G2 5.4 ± 0.4 94.5 ± 1.4 

Caco2 5.5 ± 0.2 94.8 ± 0.6 
H1299 5.1 ± 0.2 93.7 ± 0.6 

A99 

HEK-293 

1,57 

6.0 ± 0.1 93.3 ± 0.3 

IHH 6.1 ± 0.3 93.5 ± 0.8 
Jurkat 4.6 ± 0.1 87.3 ± 0.9 

HeLa 5.8 ± 0.2 92.5 ± 0.6 

Hep G2 7.5 ± 0.2 96.5 ± 0.3 
Caco2 1.0 ± 0.2 37.5 ± 5.0 

H1299 4.3 ± 0.1 85.6 ± 0.4 

U428 

HEK-293 

1,80 

3.6 ± 0.1 87.9 ± 1.0 

IHH 3.8 ± 0.2 89.3 ± 1.3 
Jurkat 3.8 ± 0.1 89.4 ± 0.5 

HeLa 4.0 ± 0.2 90.3 ± 1.2 

Hep G2 4.1 ± 0.1 90.7 ± 0.7 
Caco2 3.9 ± 0.1 90.0 ± 0.4 

H1299 4.2 ± 0.2 91.6 ± 0.8 

G1490 

HEK-293 

1,80 

6.2 ± 0.4 97.3 ± 0.7 
IHH 6.4 ± 0.3 97.7 ± 0.4 

Jurkat 6.4 ± 0.4 97.6 ± 0.5 

HeLa 6.6 ± 0.3 97.8 ± 0.4 
Hep G2 6.7 ± 0.5 98.0 ± 0.5 

Caco2 6.4 ± 0.3 97.7 ± 0.5 

H1299 6.4 ± 0.4 97.6 ± 0.5 

C1703 

HEK-293 

1,85 

3.0 ± 0.3 84.0 ± 2.9 
IHH 3.4 ± 0.4 87.5 ± 3.0 

Jurkat 2.7 ± 0.2 80.6 ± 3.0 

HeLa 3.1 ± 0.2 85.1 ± 2.1 
Hep G2 3.4 ± 0.4 87.0 ± 3.1 

Caco2 3.0 ± 0.3 83.7 ± 2.9 

H1299 3.2 ± 0.2 86.2 ± 2.0 

[a] ± describes SD (n = 4). 
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one site of methylation. qRT-PCR was performed and above formula was applied to calculate 

methylation fractions. The results showed that most of the analyzed site were methylated 

uniformly throughout different cell lines and methylation fractions ranged from 80% upwards 

(Table 3, Figure 33). The methylation of A99, however, dropped below 50% in colorectal 

cancer cells (Caco2) (Figure 33C). The efficiencies of the PCR reactions were determined by 

template dilution series of the in vitro transcribed 18s rRNA (Figure 34). To verify correct 

amplification without byproducts, melting curves of PCR products were measured (Table 4). 

Moreover, minus-reverse transcription controls were conducted for all primer sets by PCR 

applying KlenTaq wildtype DNA polymerase.  

Table 4: Melting points of PCR products. 

primer set Melting point of PCR product [°C] 
methylation-specific primer set 

Melting point of PCR product [°C] 
control primer set 

A27 78.2 76.9 
A99 82.5 82.2 

U428 82.3 81.1 
G1490 80.1 79.5 
C1703 82.0 80.6 

 

Figure 34: Determination of PCR efficiencies by template dilution series. Ct value plotted against log of RNA 
template (in vitro transcribed 18s rRNA) dilution for the corresponding methylation specific primer set of A27 
(A), A99 (B), U428 (C), G1490 (D) and C1703 (E). Deployed RNA concentrations ranged from 2 ng/µl to 0.2 pg/µl. 
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The inhomogeneity of A99 methylation could be further verified by radioactive primer 

extension experiments catalyzed by RT-KTq V669L (Figure 35). Here, full length primer 

extension applying a primer that terminates 5 nucleotides upstream of A99 resulted in a 

significant stop band directly anterior to A99 when performed on cellular total RNA, whereas 

no such stop band was observed when in vitro transcribed 18s rRNA was employed. Arrest of 

the enzyme at this site was less prominent for Caco2 RNA than for HEK-293 RNA. 

Furthermore, single nucleotide incorporation of dTMP opposite A99 was less efficient for 

HEK-293 RNA than for Caco2 RNA. 

Figure 35: Primer extension experiments to further examine methylation of A99 in human 18s rRNA. A) Full 
length primer extension of a primer terminating 5 nucleotides upstream of A99 verifies methylation of A99 in 
HEK-293 and Caco2 18s rRNA. Primer A99 -1 was loaded to unambiguously identify stop bands. Different 
amounts of extension products indicate a lower methylation fraction in Caco2 cells. B) Single nucleotide 
incorporation of dTMP into a primer terminating one nucleotide upstream of A99. Varying incorporation ratios 
indicate differences in methylation degree. 
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2.5 Discussion and Outlook 

In summary, it was found that DNA synthesis by a KlenTaq DNA polymerase variant with 

reverse transcriptase activity is stalled by the presence of 2’-O-methylation in the RNA 

template, and means of protein engineering were applied to enhance this effect. Moreover, the 

evolved system lead to the development of a methylation sensitive qRT-PCR assay. These 

findings pave the way for a significantly simplified analysis of RNA modifications with high 

sensitivity. The developed approach is capable of assessing the 2’-O-methylation fraction of 

individual nucleotides within 1 hour in a high-throughput fashion and is sensitive for target 

RNAs at picomolar concentrations. Since both reaction steps of the assay – first strand 

synthesis by reverse transcription and amplification by PCR – are catalyzed by the same 

enzyme, qRT-PCR can be performed directly on total RNA extracts by simply adding a ‘PCR 

mastermix’ and running a conventional PCR protocol. The developed PCR-assay was 

successfully used to quantify the 2’-O-methylation fraction of five known methylation sites in 

human 18s rRNA throughout different cell types. The data displayed that the methylation 

fractions of the analyzed sites were mainly homogeneous. However, 2’-O-methylation of A99 

was found to be significantly decreased in colon cancer cells, suggesting that this methylation 

site might serve as potential biomarker for some cancer cells. Interestingly, the homologous 

A100 in yeast 18s rRNA was also found to be only partially methylated using an LC-MS/MS 

based method [300]. 

To this day, there are (to my knowledge) no clinical tests in use that rely on the 2’-O-

methylation fraction of a specific RNA modification site as a biomarker for disease. This might 

well have to do with the fact that connections between (heterogeneous) ribosomal methylation 

patterns and disease are not well understood and the 2’-O-methylation of other cellular RNA 

species has not been studied that extensively to date. However, with the rise of 

epitranscriptomics and novel techniques for the analysis of RNA modification, this might 

change in the periods ahead. Hence, diagnostic procedures that compare the methylation state 

of known modification sites from different samples to identify deviations from normal 

methylation fractions might become a valuable tool for in vitro diagnostics. Due to its 

simplicity, rapidity and cost effectiveness, the here devised assay constitutes an excellent 

technology for such applications. However, for reliable PCR based methodologies control 

experiments are indispensable. In this case, qRT-PCR on unmodified RNA templates of the 

same sequence as the analyzed modification site are essential in order to interpret and evaluate 

the generated data. Such unmodified RNA standards can be obtained by in vitro transcription, 



IV Results and Discussion 

70 

by automated oligonucleotide synthesis, or by the extraction of RNA from cells that are 

deficient of the respective snoRNA. Moreover, PCR employing the (site-specifically) fully 

methylated RNA template would provide a valuable control experiment for even more reliable 

data evaluation. Here, RNA could derive from automated oligonucleotide synthesis or from in 

vitro transcribed RNA that was modified by an RNA methylase and a suitable ‘snoRNA’ in 

vitro. Furthermore, for the analysis of other non-ribosomal RNAs, sensitivity and specificity 

of the qRT-PCR system are critical parameters, as most RNA species are only of low 

abundance in cellular extracts. Here, the performance of the devised RT-KTq V669L at low 

target concentrations has to be evaluated and (if necessary) enhanced by protein engineering. 

Alternatively, strategies that enrich the target RNA from the total RNA extracts could be 

applied.  

In addition, the evolved RT-KTq V669L DNA polymerase is capable of directly localizing 

2’-O-methlyation sites with single nucleotide resolution by primer extension based methods 

(see Figure 35). Consequently, the insights gained by this study could be valuable for further 

protein engineering projects to create DNA polymerase that sense 2’-O-methylation also in 

primer extension based Next Generation Sequencing techniques. The additional V669L 

mutation introduced into RT-KTq is located in the O-helix of the enzyme, where it might 

influence the transition of the enzyme to a ternary complex closed conformation in which the 

reactive groups are aligned for catalysis in a way that is more favorable for unmodified RNA 

templates as compared to 2’-O-methylated RNA. It has been reported that some DNA 

polymerases are able to also sense base modifications in their template [1,264,285]. Hence, 

further enzyme engineering and screening of new variants may open up this qRT-PCR based 

approach for the analysis of other biologically significant RNA modification in the future. 
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3. Engineering of a DNA polymerase for direct m6A sequencing‡ 

3.1 Concept 

For a more widespread analysis of RNA modifications, NGS based assays to directly detect 

and localize modified nucleotides in a transcriptome-wide manner are a desirable tool. 

Unfortunately, as sample preparation for NGS technologies involves several steps of reverse 

transcription and PCR amplification, the information about the modifications in the initial 

RNA molecules is generally lost during the process. However, some RNA modifications 

located at the ‘Watson-Crick face’ of the nucleobase (such as N1-methyladenosine (m1A), N1-

methylaguanosine and 3-methylcytosine) affect reverse transcription by RNA-dependent 

DNA polymerases, resulting in the emergence of ‘RT-signatures’ in the synthesized cDNA 

(see chapter II 4.3) [262,263]. These signatures arise from increased incorporation of 

mismatched nucleotides and/ or high rates of RT-abortion at modification sites. Hence, signals 

are generated that can be passed on during PCR amplification (viz. increased error/arrest rate). 

Along these lines, an adapted library preparation protocol to map RT-signatures has been 

developed by Helm and Coworkers for the mapping of m1A sites directly from Illumina 

sequencing data [264,265]. 

So far, direct localization of modification sites by RT-signatures is restricted to only few 

modifications (namely those that interfere with correct Watson-Crick pairing during reverse 

transcription). To overcome this limitation, my project targeted to develop a novel reverse 

transcription system that introduces RT-signatures opposite a normally RT-silent 

modification: N6-methyladenosine (m6A). As signals deriving from increased error rates can 

be detected more easily, I aimed at the evolution of an RT-active DNA polymerase with an 

increased misincorporation of non-complementary nucleotides opposite m6A but not 

unmodified A (Figure 36). Therefore, a high-throughput assay to monitor the incorporation of 

correctly and incorrectly paired nucleotides opposite A and m6A by DNA polymerases variants 

had to be established and applied to screen for suitable variants from a DNA polymerase 

mutant library. The RT-active KlenTaq DNA polymerase variant (RT-KTq) developed by 

Nina Blatter as part of her doctoral thesis [188,189] should be used as parental enzyme for the 

library, as it exerts significant RT-activity and additionally features high thermostability. Thus,  

 

                                                 
‡ These results have been published in Angew. Chem. Int. Ed. 2018, 57: 417-421 [3]. Reproduced in parts with 

permission. 
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screening can be conducted by single nucleotide incorporation of matched and mismatched 

nucleotides directly from DNA polymerase expression lysates after heat-denaturation of E.coli 

host proteins. 

Figure 36: Concept for m6A mapping by NGS employing an engineered RT-system. An RT-active DNA 
polymerase that features an increased error rate opposite m6A but not unmodified A would enable 
transcriptome-wide localization of m6A modification sites directly from NGS data by RT-signatures. 

 

3.2 RT-KTq discriminates m6A to a small extent 

First, I investigated the incorporation of complementary and non-complementary 

nucleotides by RT-KTq (KlenTaq L459M S515R I638F M747K DNA polymerase) [188,189] 

opposite m6A and unmodified A in an RNA template. Therefore, single nucleotide 

incorporation was performed for each of the four dNTPs respectively, employing a primer 

hybridized to two different RNA oligonucleotides of the same sequence but carrying either A 

or m6A at the site of first incorporation (Figure 37). Reactions were analyzed by denaturing 

PAGE and visualization was achieved by autoradiography. It was found that the incorporation 

efficiency of matched dTMP by RT-KTq was only slightly different when comparing the A 

and m6A template (at the employed conditions: 27% incorporation opposite A and 23% 

incorporation opposite m6A after 1 min). The same was true for the misincorporation of dAMP 
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(24% incorporation opposite A and 22% incorporation opposite m6A after 5 min). In contrast, 

misincorporation of dCMP and dGMP was considerably more efficient opposite A than 

opposite m6A (dCMP: 21% incorporation opposite A and 11% incorporation opposite m6A 

after 10 min; dGMP: 59% incorporation opposite A and 32% incorporation opposite m6A after 

5 min). As expected, misincorporation of dAMP, dCMP and dGMP was significantly 

hampered in comparison to the incorporation of the complementary dTMP for both templates 

(higher enzyme concentrations and incubation times had to be deployed to obtain primer 

extension products). The mismatched nucleotide that was best incorporated opposite m6A was 

dGMP, closely followed by dAMP. Misincorporation of dCMP opposite m6A proceeded only 

very inefficiently. 

Figure 37: RT-KTq discriminates m6A only to a small extent. A) Chemical structures of relevant nucleobases. B) 
Partial primer template sequence used in primer extension experiments. C-F) Time series of single nucleotide 
incorporation of dTMP (C), dAMP (D), dCMP (E) and dGMP (F) opposite A and m6A catalyzed by RT-KTq. 100 µM 
dNTP and 1 nM RT-KTq were applied for incorporation of matched dTMP (C), 100 µM dNTP and 20 nM RT-KTQ 
for mismatched dNTP (D-F). 
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3.3 Screening for variants with increased error rate opposite m6A 

On this basis, I aimed to evolve RT-KTq variants with increased misincorporation rate 

opposite m6A but not opposite unmodified A. Therefore, an appropriate screening assay with 

adequate throughput had to be designed. Inspired by previous studies which utilized capillary 

electrophoresis (CE) to monitor the activity of DNA polymerases and other enzymes that act 

on nucleic acids [301,302], we conceived a primer extension based assay employing 5’-

fluorophore labeled primers in single nucleotide incorporation experiments followed by their 

analysis via CE technology. Here, multiplexed analysis of several primer extension reactions 

in one CE run could be achieved by employing primers of different lengths labeled with 

different fluorophores (Figure 38A). More specifically, six primers were designed, which 

possess the same 3’-terminal 20 nucleotides complementary to the RNA template, but differ 

in their length due to varying 5’-overhangs. Moreover, primers were employed as 5’-FAM 

labeled and 5’-HEX labeled variants, to allow multiplexed analysis of up to 12 primer 

extension reactions in one capillary, and hence up to 96 reactions in one CE run when applying 

an 8-capillary array.  

The devised assay was applied to screen a DNA polymerase library composed of RT-KTq 

single mutants created by site-directed mutagenesis. Mutation sites were selected based on 

their vicinity to the nascent base pair in a crystal structure of an RT-KTq closed complex with 

bound dNTP and DNA/RNA hybrid (Figure 38B) [188]. Namely, I614, E615, L616, F638, 

R660, A661, T664, G668, V669, L670, Y671, G672, M673, R746, K747, F749 and N750 

were chosen for saturation mutagenesis. In order to minimize screening efforts, all 19 mutants 

at a specific site were generated by 19 separate PCR reactions, each employing the same 5’-

phosphorylated reverse primer and an individual back-to-back forward primer carrying the 

triplet coding for the destined amino acid. The gene of 6x His-tagged RT-KTq in pGDR11 

served as template for the PCR reactions. After ligation and transformation in E.coli BL21 

(DE3), plasmids were analyzed by Sanger sequencing and only correct clones were expressed 

in multiwell plates. Subsequently, as the parental RT-KTq enzyme exhibits high 

thermostability, single nucleotide incorporation reactions could be performed by directly 

applying RT-KTq expression lysates after heat-denaturation of E.coli host proteins.  

It has been show that low fidelity DNA polymerases differ from high fidelity DNA 

polymerases mainly in the efficiency of correct nucleotide incorporation, whereas the 

misincorporation efficiency of incorrect nucleotide is mostly similar between DNA 

polymerases [303]. Thus, I reasoned that enhanced error rates opposite m6A would probably 



Engineering of a DNA polymerase for direct m6A sequencing 

75 

derive from decreased dTMP incorporation rather than from increased misincorporation of 

other nucleotides. For that reason, the devised screening assay was deployed to monitor dTMP 

incorporation opposite m6A and unmodified A. Here, I looked for DNA polymerase variants 

with considerably decreased incorporation of dTMP opposite m6A but not A (‘dTMP 

discrimination’). Furthermore, to ensure that only incorporation of the correct nucleotide was 

reduced and not the misincorporation of other nucleotides, dAMP incorporation opposite A 

and m6A was monitored in an additional screening (dAMP was chosen because RT-KTq 

exhibited quite similar efficiencies for its incorporation opposite A and m6A). Here, I looked 

for DNA polymerase variants with high dAMP incorporation efficiency opposite m6A, 

regardless of its incorporation opposite unmodified A. To find the appropriate ‘reaction 

window’ in terms of dNTP concentrations and incubation times, test reactions were conducted 

with RT-KTq and conditions were chosen for which the parental enzyme extended almost 

100% of primer by dTMP incorporation (0,8 µM dTTP, 10 min) and about 20% of primer by 

dAMP incorporation (20 µM dATP, 10 min). 

Evaluation of the screening data was performed simply by qualitative assessment of 

extension peaks in the electropherogram. Promising variants should exert elevated m6A 

discrimination for dTMP incorporation as well as high dAMP misincorporation (Figure 38C). 

In summary, significantly increased ‘dTMP discrimination’ was achieved by many RT-KTq 

variants with mutations at position G672, but also to a slightly lesser degree by some variants 

with mutations at position G668, Y671, M673 and R746. Almost all variants with mutations 

located at I614 featured comparatively high dAMP misincorporation. Further mutation sites 

that affected dAMP misincorporation in a positive way were A661, T664, G668 and Y671. As 

many variants had quite different overall activities, the promising mutants were combined in 

a new 96 well plate and screened again applying different reaction conditions for a more 

detailed analysis (1µM or 0.1 µM dTTP and 50 µM or 5 µM dATP). Mutations with the most 

prominent effect on m6A discrimination were then combined with mutations exerting the 

greatest effect on dAMP misincorporation by site-directed mutagenesis to create a second 

generation library containing all possible double mutants with one ‘disciminator’ mutation 

(L616T, Y671A, G672H, G672A, G672K, M673T and R746K) and one ‘misincorporator’ 

mutation (I614A, A661K, T664K, G668Y, Y671T, F749P). This library was screened in the 

same manner and the most promising mutants from both libraries (16 single mutants and 6 

double mutants) were affinity purified and employed in an NGS library preparation assay to 

evaluate their error rate at m6A sites. 
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Figure 38: Screening for DNA polymerase variants with increased misincorporation rate opposite m6A. A) 
Principles of the screening assay. DNA polymerase variants were applied directly from heat-denatured 
expression lysates to catalyze the incorporation of dTMP or dAMP opposite A and m6A in an RNA template. 
Utilization of primers with different length and fluorophores enabled the joint analysis of 12 reactions mixtures 
in one capillary. B) Design of the RT-KTq variant library. Amino acids in proximity to the nascent base pair were 
chosen for saturation mutagenesis. Selected mutation sites are depicted in red, the nascent base pair 
(templating nucleotide and bound triphosphate) in orange and the RNA/DNA hybrid as black ribbon (adapted 
from PDB 4BWM [188]). C) Evaluation of the screening data. Promising RT-KTq variants were selected based on 
their m6A discrimination when incorporating dTMP and their efficiency of dAMP misincorporation. Mutations 
that were found to enhance dTMP discrimination were mainly located at positions G668, Y671, G672, M673 
and R746. Variants that featured comparatively high dAMP misincorporation rates had mutations located at 
positions I614, A661, T664, G668 and Y671. 
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3.4 Illumina library preparation to assess engineered RT-KTq variants 

Evaluation of the engineered RT-KTq variants was achieved by a collaboration with the 

research group of Prof. Dr. Mark Helm from the Institute of Pharmacy and Biochemistry at 

the Johannes Gutenberg Universität Mainz. Stephan Werner, a fellow PhD student from this 

group, applied the purified DNA polymerase variants in a previously published library 

preparation protocol which enables precise mapping of cDNA 3’-ends (Figure 39) [264,265]. 

In this protocol, ligation of the 5’-adapter is carried out on the cDNA level after reverse 

transcription. Thus, RT-stop products will also be included in the PCR amplified sequencing 

library (in contrast to the usually applied protocols where only full-length RT products will be 

PCR amplified). As template for reverse transcription he deployed the m6A containing RNA  
 

Figure 39: Library preparation for the evaluation of engineered RT-KTq variants in Illumina sequencing based 
m6A mapping. The m6A containing RNA oligonucleotide from the initial screening served as template for the 
library. Sequencing was performed in paired-end mode on an Illumina MiSeq instrument. Created in analogy to 
Figure 3 in [265]. 
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oligonucleotide that was also used in the initial primer extension based screening. Library 

preparation started with the ligation of a 5’-preadenylated (‘App’) 3’-adapter to the 

oligonucleotide. The adapter consisted of a standardized Illumina adapter sequence and a 

randomized (N9) sequence for the identification of cDNA sequences deriving from the same 

single RNA molecule (unique molecular identifier, UMI). Subsequently, reverse transcription 

catalyzed by the RT-KTq variants was conducted employing a primer complementary to the 

standardized adapter sequence, and the RNA was degraded by alkaline treatment. After C-

tailing of the cDNA 3’-end (corresponding to the 5’-end of the initial RNA), the double-

stranded 5’-adapter was ligated and PCR was performed with primers containing appropriate 

barcodes and the primer binding sites (p5 and p7) for solid-phase bridge PCR on the flow cell 

surface. Final size selection was achieved by denaturing PAGE, followed by gel elution and 

ethanol precipitation. After quality control and pooling of the libraries, sequencing was 

performed in paired-end mode on an Illumina MiSeq instrument by the Next-Generation 

Sequencing Core Facility of the Lorraine University in Nancy. Data processing (conducted by 

Stephan Werner) involved demultiplexing, adapter trimming and mapping to the reference 

sequence followed by extraction and visualization of error rate signatures employing Coverage 

Analyzer [304].  

3.5 An RT-KTq double mutant with increased error rate opposite m6A 

In total, 21 sequencing libraries were prepared and analyzed by this protocol applying 

unmodified RT-KTq or one of the selected RT-KTq single and double mutants, respectively. 

While most RT-KTq variants exhibited ordinary error rates at the m6A site, rates were 

considerably elevated for variants carrying mutations at amino acid Y671. The two single 

mutants (Y671A and Y671T) and one double mutant (G668Y Y671A) featured particularly 

prominent signatures with overall misincorporation rates above 10% (Table 5). The highest 

overall error rate of 14.8% misincorporation was measured for the RT-KTq G668Y Y671A 

double mutant. Here, 0.1% G-reads (due to dCMP misincorporation), 10.0% T-reads (due to 

dAMP misincorporation) and 4.7% C-reads (due to dGMP misincorporation) were present at 

the site of modification. The error rate of the RT-KTq Y671A single mutant was comparable 

with 14.5% misincorporation at the m6A site. However, for this enzyme the majority of errors 

derived from C-reads (12.4%). For RT-KTQ Y671T, the mutation rate opposite m6A was 

comparatively lower with 10.5% (5.6% T-reads and 4.9% C-reads). 
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Table 5: Error rates of selected RT-KTq variants opposite m6A in an RNA oligonucleotide when preparing Illumina 
sequencing libraries that include RT-stop products. 

DNA polymerase Overall error 
rate [%] 

A-reads [%] G-reads [%] T-reads [%] C-reads [%] 

RT-KTq 2.2 97.8 0.2 0.8 1.2 

RT-KTq I614A 2.7 97.3 0.2 1.6 1.0 

RT-KTq I614K 1.9 98.1 0.3 1.3 0.3 

RT-KTq A661K 1.8 98.2 0.2 0.9 0.7 

RT-KTq T664K 1.5 98.5 0.2 0.6 0.7 

RT-KTq G668Y 3.1 96.9 0.2 1.8 1.1 

RT-KTq Y671A 14.5 85.5 0.1 2.0 12.4 

RT-KTq Y671T 10.5 89.5 0.1 5.6 4.9 

RT-KTq G672A 2.1 97.9 0.2 1.0 0.9 

RT-KTq G672F 4.1 95.9 0.2 2.2 1.7 

RT-KTq G672H 1.7 98.3 0.2 0.8 0.7 

RT-KTq G672K 2.0 98.0 0.3 0.8 1.0 

RT-KTq G672W 3.7 96.3 0.1 1.8 1.8 

RT-KTq M673T 2.0 98.0 0.1 1.0 0.8 

RT-KTq R746K 2.0 98.0 0.2 0.7 1.0 

RT-KTq I614A Y671A 6.5 93.5 0.2 0.9 5.4 

RT-KTq I614A G672H 2.6 97.4 0.5 1.4 0.8 

RT-KTq I614A R746K 2.1 97.9 0.4 0.9 0.8 

RT-KTq T664K G672A 1.8 98.2 0.2 0.6 0.9 

RT-KTq G668Y Y671A 14.8 85.2 0.1 10.0 4.7 

RT-KTq Y671T R746K 5.8 94.2 0.2 2.6 3.1 

 

When looking at the overall sequencing profile, RT-KTQ Y671 single mutants also exerted 

increased error rates at some non-modified sites (mainly opposite template Us), whereas the 

profile was significantly ‘cleaner’ for RT-KTq Y671A G668Y (Figure 40). Here, the m6A site 

was the only site with an error rate >10%. More importantly error rates did not exceed 5% for 

any of the unmodified adenosines in the template (Figure 40E). Hence, RT-KTq G668Y 

Y671A was chosen for further experiments. Interestingly, (as seen from the sequencing 

profiles) the engineered DNA polymerases tend to stall after the misincorporation of non-

complementary nucleotides opposite m6A, resulting in cDNA termination directly adjacent to 

the modification site. Therefore, the measured elevated error rates will not be observable, when 

RT-stop products are excluded during the library preparation protocol.  
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Figure 40: RT-KTq variants with mutated Y671 feature elevated error rates opposite m6A when employed for 
the preparation of Illumina sequencing libraries that include RT-stop products. A-D) Sequencing profiles of an 
m6A containing RNA oligonucleotide reverse transcribed by RT-KTq (A), RT-KTq Y671A (B), RT-KTq Y671T (C) and 
RT-KTq G668Y Y671A (D). Sites with error rates > 10% are highlighted by yellow arrows with colored bars 
indicating the nature of the reads. Mismatch rates are depicted as black crosses, arrest rates as red line. The 
m6A site is indicated by a red underline. The figures were created employing Coverage Analyzer [304]. E) 
Mismatch signature of RT-KTq G668Y Y671A opposite m6A and all unmodified As present in the RNA 
oligonucleotide. 

 

RT-KTq G668Y Y671A was further employed for the analysis of a known m6A site in 

E.coli tRNA Val [14] by Illumina sequencing. Therefore, Stephan Werner and I cooperated to 

create a sequencing library using the aforementioned protocol. This time we applied isolated 

E.coli. tRNA extracts for 3’-adapter ligation followed by reverse transcription. After 

sequencing and data processing, sequences were mapped to the reference sequence of E.coli 

tRNA Val and error rate signatures were extracted and visualized employing Coverage 

Analyzer (Figure 41) [304]. Once again, a significantly elevated error rate was observed at 

the m6A site (14.3%). The only other sites with error rates >10% were located opposite another 

modified nucleotide (5-methyluridine (T), also referred to as ‘ribothymidine’) or at the 5’-end 

of the RNA molecule, where rates are inaccurate due to low coverage. Another modification 

that affected reverse transcription by RT-KTq G668Y Y67A in this experiment was uridine-

5-oxyacetic-acid (V), which triggered high rates of RT-arrest. In contrast, almost all 
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unmodified A sites exhibited error rates below 5%. Only A35 constituted an exception with 

an error rate of 8.5%. We assume that the increased error rate at this positon might arise from 

the fact that this nucleotide is located directly adjacent to the RT-affecting uridine-5-oxyacetic-

acid.  

 

Figure 41: Analysis of a known m6A site in E.coli tRNA Val by Illumina sequencing applying RT-KTq G668Y 
Y671A. A) Sequencing profile of E.coli tRNA Val reverse transcribed by RT-KTq G668Y Y671A. Sites with error 
rates > 10% are highlighted by yellow arrows with colored bars indicating the nature of the reads. Mismatch 
rates are depicted as black crosses, arrest rates as red line. The colored sequence at the top represents the 
expected cDNA sequence. The black sequence at the bottom is the actual sequence of tRNA Val containing all 
its modified nucleotides (‘4’ = 4-thiouridine; ‘D’ = dihydrouridine; ‘V’ = uridine-5-oxyacetic-acid; ‘=’ = m6A; ‘7’ = 
7-methylguanosine; ‘T’ = 5-methyluridine; ‘P’ = pseudouridine) [14]. Figure was created employing Coverage 
Analyzer [304]. B) Mismatch signature of RT-KTq G668Y Y671A opposite m6A and all unmodified As present in 
E.coli tRNA Val. 
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3.6 Biochemical Analysis of engineered RT-KTq variants 

I aimed to investigate why the engineered RT-KTq G668Y Y671A double-mutant exhibited 

an elevated error rate opposite m6A (and an increased amount of T-reads in particular), 

whereas other mutations identified by the initial screening did not show this effect in the 

sequencing experiment. Therefore, I performed single nucleotide incorporation experiments 

by selected RT-KTq variants and determined the incorporation rates of dAMP and dTMP 

opposite A and m6A in an RNA oligonucleotide template at a given dNTP concentration of 

100 µM. As primer/template complex, the sequence context from the initial screening was 

applied (see Figure 37B). The gathered data could well explain the influence of the respective 

RT-KTq mutations on the misincorporation rate (Table 6, Figure 42). For RT-KTq without 

further mutations, the dTMP as well as the dAMP incorporation was slightly hampered 

opposite m6A. However, the ratio of dTMP to dAMP incorporation rate was similar for both 

templates with about 120 times faster incorporation of dTMP at the applied conditions. For 

RT-KTq Y671A, the dAMP misincorporation rates were in the same range as for the 

unmodified RT-KTq. However, dTMP incorporation was significantly reduced opposite m6A, 

whereas it decreased only slightly opposite A. A similar effect could be observed for the 

G668Y mutation. In the sequencing experiment, it was necessary to combine both mutations  

 

Table 6: Rates of dTMP and dAMP incorporation opposite A and m6A by selected RT-KTq mutants at constant 
dNTP concentrations of 100 µM. 

DNA polymerase template dTMP incorporation 
rate[a] [min-1] 

dAMP incorporation 
rate[a] [min-1] 

rate dTMP/rate 
dAMP 

RT-KTq A 50.7 ± 5.6 0.406 ± 0.018 125 ± 15 
RT-KTq m6A 22.5 ± 3.0 0.188 ± 0.007 120 ± 17 

RT-KTq I614A A 169 ± 8 7.17 ± 0.24 22.3 ± 1.4 
RT-KTq I614A m6A 154 ± 7 4.79 ± 0.14 32.2 ± 1.7 

RT-KTq G668Y A 12.3 ± 0.3 0.306 ± 0.004 40.2 ± 1.1 
RT-KTq G668Y m6A 1.71 ± 0.07 0.124 ± 0.001 13.8 ± 0.6 

RT-KTq Y671A A 16.0 ± 0.6 0.259 ± 0.010 61.8 ± 3.3 
RT-KTq Y671A m6A 1.72 ± 0.04 0.159 ± 0.006 10.8 ± 0.5 

RT-KTq G672H A 7.88 ± 0.31 0.0366 ± 0.0008 215 ± 10 
RT-KTq G672H m6A 0.646 ± 0.016 0.0163 ± 0.0003 39.6 ± 1.2 

RT-KTq G668Y Y671A A 2.91 ± 0.11 0.164 ± 0.002 17.7 ± 0.7 
RT-KTq G668Y Y671A m6A 0.247 ± 0.003 0.153 ±0.003 1.61 ± 0.04 

[a] Data points derive from triplicates. ± describes SD. 
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Figure 42: Calculation of dTMP and dAMP incorporation rates opposite A and m6A. dTMP (top) and dAMP 
(bottom) incorporation per minute opposite A (blue) and m6A (orange) catalyzed by RT-KTq (A), RT-KTq I614A 
(B), RT-KTq G668Y (C), RT-KTq Y671A (D), RT-KTq G672H (E) and RT-KTq G668Y Y671A (F) plotted against the 
amount of applied enzyme in presence of 100 µM dTTP or dATP. Error bars describe SD (n = 3). 

 

in an RT-KTq double-mutant to attain an increased amount of T-reads at the m6A site (from 

1.8 and 2.0 for the single mutants, respectively, to 10.0 for the double mutant (see Table 5)). 

Correspondingly, the RT-KTq G668Y Y671A double-mutant featured an even further reduced 

incorporation rate of dTMP opposite A and m6A, with dAMP incorporation rates still lying in 

the same range. With this enzyme the incorporation of dTMP opposite m6A was only 1.6 times 

faster than the dAMP misincorporation, resulting in the observed T-read signature in the 

Illumina sequencing experiments.  

In the initial screening, mutation of residues I614 and G672 appeared to generate promising 

variants as well. These variants did, however, not exhibit an RT-signature opposite m6A in the 

sequencing experiment. This can also be explained by the kinetic measurements. Whereas, the 
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G672H mutation resulted in the most prominent discrimination of m6A during dTMP 

incorporation, it also hampered the misincorporation of dAMP tremendously. In contrast, RT-

KTq I614A featured significantly increased rates of dAMP misincorporation but lost m6A 

discrimination during dTMP incorporation. These effects can also be directly observed when 

examining single nucleotide incorporation reactions visualized by PAGE and autoradiography 

(Figure 43). 

Figure 43: Effects of certain RT-KTq mutations on m6A discrimination and dAMP misincorporation. Single 
nucleotide incorporation of dTMP (left) and dAMP (right) opposite A and m6A catalyzed by RT-KTq I614 (A), RT-
KTq G668Y (B), RT-KTq Y671A (C), RT-KTq G672H (D) and RT-KTq G668Y Y671A (E). dTTP/ dATP concentration 
was 100 µM and enzyme concentration was 1 nM for all reactions. Incubation times were adjusted for each 
enzyme as indicated. 
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3.7 Discussion and Outlook 

This study aimed to set an example for a novel engineering strategy to create reverse 

transcriptase variants exhibiting RT-signatures opposite a specific RNA modification. The 

strategy to evolve an ‘m6A-sensing’ RT-active DNA polymerase involved the generation of 

DNA polymerase variant libraries in combination with a primer extension based screening 

assay. Here, multiplexed analysis of 96 primer extension reactions within a single CE-run was 

achieved by the utilization of primers carrying 5’-overhangs of different length and varying 

5’-fluorophores. Hence, a medium throughput of hundreds of variants a day could be reached, 

taking into account that different conditions had to be analyzed for each variant (modified and 

unmodified template, complementary and non-complementary dNTPs, potentially different 

dNTP concentrations). For that reason, screening efforts had to be minimized and a rational 

design approach was chosen to prepare focused libraries of medium size. Noteworthy, the 

throughput of the assay can be increased for future projects by simply employing more primers 

of different length and a greater variety of 5’-fluorophores (up to 4 different compatible 

fluorophores can be used). However, above a certain throughput it is not the CE analysis that 

is the time-limiting factor but the execution of primer extension reactions. Here, automated 

pipetting systems can be helpful or, alternatively, the application of several orthogonal 

template sequences would facilitate the combined analysis of different RNA modifications 

within a single primer extension reaction mix. Apart from that, I also tested a screening assay 

that deploys fluorescently labeled dNTPs and unlabeled primers in order to analyze 

competitive incorporation of complementary and non-complementary dNTPs within the same 

reaction mix. However, this approach failed with the realization that effects on the 

incorporation efficiencies of these modified nucleotides could not always be transferred to 

their natural counterparts.  

Qualitative examination of the screening data for variants with increased m6A 

discrimination during dTMP incorporation but with unaffected misincorporation of a non-

complementary nucleotide delivered promising candidate enzymes for further evaluation. I 

found that the mutation of a specific site often resulted in comparable effects regardless of the 

introduced amino acid. Therefore, future screenings may start from libraries including only 

few different mutations at a great variety of sites to identify promising residues for subsequent 

saturation mutagenesis. In any case, the biochemical analysis of the engineered DNA 

polymerases demonstrated that (as expected) screening for reduced incorporation of the 

matched nucleotide rather than for enhanced misincorporation of non-complementary 
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nucleotides is the proper strategy to follow. Interestingly, the identified Y671 residue is located 

directly at the C-terminal end of the O-helix and is known to undergo excessive conformational 

changes upon dNTP binding, thereby playing an important role in the selectivity of KlenTaq 

DNA polymerase (see chapter II 2.2). 

Furthermore, we could show that the engineered RT-KTq G668Y Y671A mutant delivers 

prominent RT-signatures at m6A sites in varying sequence contexts, while it does not exhibit 

elevated error rates opposite unmodified As or other unmodified nucleotides. Along these line, 

the generated DNA polymerase was successfully deployed to detect known m6A sites in an 

RNA oligonucleotide and in tRNA Val extracted from E.coli. Noteworthy, most of the other 

modified nucleotides present in E.coli tRNA Val did not influence the sequencing profile of 

reverse transcription by this enzyme. Solely uridine-5-oxyacetic-acid and 5-methyluridine 

resulted in the emergence of high arrest rates and increased dGMP misincorporation, 

respectively. However, these RT-signatures were highly distinguishable, which might enable 

their detection simultaneously to m6A within the same sequencing run.  

The here presented results demonstrate that RT-KTq G668Y Y671A can contribute to the 

development of new sequencing assays to map m6A sites in cellular RNA in the future. Here, 

a technology that is orthogonal to the present antibody enrichment methodologies (MeRIP) 

[88,89,273,274] is desperately needed to validate candidate sites and to simplify overall 

detection procedures. The development of such assays necessitates algorithms to identify m6A 

specific RT-signatures and distinguish them from signals deriving from other sources (e.g. 

different modifications, SNPs, etc.). As already implemented for m1A-specific RT-signatures, 

machine learning based algorithms can be trained to predict modification sites when fed with 

sufficient data of the modification specific RT-signatures in different sequence contexts 

[264,265]. For this purpose, sequencing data from various modified RNA oligonucleotides 

and/or validated m6A sites in rRNA, mRNA or lncRNA [76,284,285] could be utilized to 

generate training data sets.  

As RT-KTQ G668Y Y671A tends to stop RT after incorporation of mismatched nucleotides 

opposite m6A, library preparation protocols that include RT-stop products during PCR 

amplification are essential for the m6A specific RT-signatures to occur. However, these 

protocols which require the 5’-adapter ligation step to be performed on the cDNA level after 

reverse transcription are (to date) more laborious than the generally applied protocols. Hence, 

further engineering of the enzyme to improve m6A-mismatch extension could prove beneficial 

to simplify the procedure in the future. To generate such an enzyme, the here devised primer 

extension based screening assay can be adapted to monitor mismatch extension by candidate 
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enzymes from an RT-KTq G668Y Y671A variant library. Amino acids that interact with the 

primer-template complex distal from the primer 5’-terminus might constitute promising 

mutation sites for that purpose (see chapter II 2.4). An advanced mutant that generates full 

length cDNA with elevated error rates opposite m6A might also facilitate the validation of 

single m6A sites by Sanger sequencing after simple PCR amplification. 
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V. Summary
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Various scientific accomplishments of the last decades have revealed that the previous view 

of nucleic acids as sole carrier of sequence information was inaccurate. In particular, RNA has 

been found to bear a considerably broader range of cellular functions, including the catalysis 

of biochemical reactions, the control of post-transcriptional modifications, and the regulation 

of gene expression [9-11]. Likewise, DNA not only stores the genetic code but also carries 

supplementary information for regulatory functions [18]. Consequently, it is not surprising 

that the structural repertoire of nucleic acids is not limited to the 4 ‘standard’ nucleotides A, 

C, G and T (or U). In fact, more than 150 enzymatically introduced and chemically distinct 

nucleotide modifications have been identified in cellular RNA [14] to date and a comparably 

lower amount in genomic DNA [44,66,69,70,305,306]. In DNA, modifications generally 

extend into the major groove of the double helix where they can affect the interaction with 

proteins and thereby exert functions in the regulation of eukaryotic gene expression [52,53] 

and the bacterial restriction modification system [307]. In a similar fashion, modified 

nucleotides increase the structural versatility and chemical diversity of RNA molecules to 

allow for their multifarious cellular functions. In that way, they can fine-tune RNA folding as 

well as RNA-RNA and RNA-protein interactions [12,13]. Moreover, highly dynamic 

nucleotide modifications in protein-coding RNAs are proposed to control mRNA metabolism 

and thereby regulate gene expression [13,15]. 

The relatively young research fields of epigenetics [18,22] and epitranscriptomics [16,17] 

investigate these DNA and RNA modifications that possess functional importance without 

altering the genetic code itself. Both fields are advancing rapidly at the moment, but many 

current research projects are still hampered by the lack of simple and straightforward 

methodologies to detect modified nucleotides. While nucleic acid research in general has 

profited tremendously from the rise of PCR [23,24] and sequencing technologies [25,26], the 

enormous potential of these techniques could not be adapted to directly analyze modified 

nucleotides to date. This is because modifications are generally erased during RT and PCR 

amplification, and hence sequencing libraries do not carry any information about 

modifications present in the original DNA/RNA molecules. For that reason, current methods 

usually require steps of modification specific enrichment by direct molecular recognition (e.g. 

via antibodies) or by selective chemical conversion prior to analysis [28-30]. However, the 

necessity of modification specific steps preceding PCR amplification or NGS library 

preparation entails a variety of pitfalls and drawbacks associated with nucleic acid 

modification analysis (e.g. labor and time intensity, varying sources of bias/artifacts, risk of 

contamination/human error). Therefore, novel methodologies should achieve discrimination 
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of modified nucleotides directly during PCR analysis or NGS library preparation. Here, DNA 

polymerases that directly sense modifications in their template and somehow pass along the 

information of modification events during RT and PCR would provide a valuable tool. 

In this work I have examined the behavior of different thermostable DNA polymerases 

when encountering distinct modifications in their DNA or RNA template and deployed means 

of protein engineering to generate novel DNA polymerase variants that discriminate modified 

from unmodified nucleotides in their template. Thereupon, novel assays were devised that 

utilized the evolved enzymes for direct detection of modifications in DNA/RNA 

oligonucleotides as well as in cellular DNA/RNA extracts. Therefore, two different approaches 

were applied. For the analysis of individual sites, real-time PCR based systems were developed 

that rely on differential RT or PCR- efficiency of unmodified versus modified templates to 

site-specifically assess modification states. In other words, accelerated or delayed PCR 

amplification served as modification signal. The focus of this approach was laid on new 

methods to detect 5mC in genomic DNA and 2’-O-methylated nucleotides in cellular RNA. 

For a more comprehensive analysis of modification sites, a novel concept for m6A-sequencing 

was elaborated in which modifications can be read out directly from sequencing data by 

increased error rates at modification sites. Therefore, a DNA polymerase featuring elevated 

misincorporation rates opposite m6A but not unmodified A was engineered and applied for 

Illumina library preparation. 

The starting point for the first part of this work was the discovery of KlenTaq DNA 

polymerase and KOD exo- DNA polymerase discriminating mismatched C from mismatched 

5mC in primer extension experiments [290]. On this basis, I developed a KOD exo- G498M 

DNA polymerase mutant with considerably improved 5mC discrimination properties and 

applied it to a novel methylation-specific PCR approach. The system was used to sense 5mC 

directly from untreated genomic DNA by a considerably increased amplification efficiency 

for methylated templates as compared to the respective unmethylated ones. Following further 

development, the system might enable the evaluation of the methylation states of various 

single nucleotides in the human genome by simple real-time PCR methodology in the future.  

The second project was based on the findings that 2’-O-methylation is a major obstacle for 

reverse transcription catalyzed by RT-KTq (a thermostable RT-active KlenTaq DNA 

polymerase variant [188,189]). This feature was advanced by protein engineering and an RT-

KTq V669L single mutant with enhanced discrimination was generated. Furthermore, the 

enzyme was applied in a methylation-sensitive qRT-PCR to quantify the 2’-O-methylation 

fraction of 5 known modification sites in human 18s rRNA directly from total RNA extracts 
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by simply adding a ‘PCR-mastermix’ and running a conventional PCR protocol. This assay 

paves the way for a significantly simplified analysis of RNA modifications. 

In the third project, an assay was established that utilized primer extension reactions in 

combination with fluorophore-labeled primers and CE technology [301] to facilitate the 

parallel screening of numerous DNA polymerase mutants for variants with increased error 

rates opposite modified nucleotides. The assay was applied to engineer an RT-KTq G668Y 

Y671A double mutant which introduces prominent RT-signatures opposite template m6As 

during reverse transcription. On this basis, m6A sites could be detected in an RNA 

oligonucleotide and in E.coli tRNA by Illumina sequencing when an appropriate library 

preparation protocol [264,265] was deployed. The insights gained by this study might prove 

beneficial for the development of future technologies to directly map m6A in a transcriptome-

wide manner.
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Unsere Auffassung der Nukleinsäuren hat sich durch zahlreiche wissenschaftliche 

Entdeckungen der letzten Jahrzehnte grundlegend verändert. Die einstige Ansicht, dass ihre 

einzige Aufgabe der Speicherung und Übertragung genetischer Information gilt, ist längst 

überholt. Vor allem RNAs erfüllen ein wesentlich breiteres Spektrum an Funktionen, die für 

das Überleben einer Zelle essentiell sind. Beispielsweise wurden RNA-Klassen identifiziert, 

die biochemische Reaktion katalysieren [11], und wiederum andere, die die Einführung post-

transkriptionaler Modifikationen kontrollieren oder die Expression von Genen regulieren 

[9,10]. Ebenso ist auch die genomische DNA kein reines Speichermedium für die Sequenz des 

genetischen Codes, denn sie enthält zusätzlich auch weitere Informationen, die für die 

Regulation zellulärer Vorgänge von grundlegender Bedeutung sind [18]. Demzufolge 

überrascht es nicht, dass das strukturelle Repertoire von Nukleinsäuren nicht durch die 4 

‚Standard‘ Nukleotide A, C, G und T (oder U) begrenzt wird. Tatsächlich sind mehr als 150 

enzymatisch eingeführte und chemisch einzigartige Nukleotid-Modifikationen in zellulären 

RNAs bekannt [14] und auch eine vergleichsweise kleinere Zahl in genomischer DNA 

[44,66,69,70,305,306]. Die Modifikationen der DNA ragen generell in die große Furche der 

Doppelhelix, wo sie die Interaktion mit Proteinen beeinflussen können. So fungieren sie als 

Regulatoren eukaryotischer Genexpression [52,53] und wirken am bakteriellen Restriktions-

Modifikations-System mit [307]. In ähnlicher Weise wird die strukturelle und chemische 

Vielfalt von RNA-Molekülen durch modifizierte Nukleotide enorm vergrößert und deren 

vielseitiger Einsatz für umfangreiche zelluläre Aufgaben auf diese Weise erst ermöglicht. So 

sind RNA-Modifikation beispielswiese für die Feinabstimmung von RNA-Faltung und RNA-

RNA- und RNA-Protein-Wechselwirkungen verantwortlich [12,13]. Darüber hinaus 

übernehmen sie auch Funktionen in der Regulation der Genexpression. Hier sind insbesondere 

die dynamischen Modifikationen der Protein-kodierenden mRNAs hervorzuheben, die starken 

Einfluss auf den mRNA-Metabolismus ausüben [13,15]. 

Die relativ jungen Forschungsfelder der Epigenetik [18,22] und Epitrankriptomik [16,17] 

haben es sich zur Aufgabe gemacht diejenigen DNA- und RNA-Modifikationen zu erforschen, 

die eine funktionale Rolle innehaben, ohne dabei den genetischen Code zu verändern. Beide 

Felder schreiten derzeit rapide voran. Dennoch sind viele aktuelle Forschungsaufgaben durch 

den Umstand beeinträchtigt, dass keine effizienten Methoden zur Detektion von 

Modifikationen zur Verfügung stehen. Zwar hat die Forschung an Nukleinsäuren im 

allgemeinen in höchstem Maße von neuen PCR- und Sequenzierungs-Technologien profitiert 

[23-26], jedoch konnte das enormen Potential dieser Technologien bis heute nicht für die 

direkte Analyse von Modifikationen ausgenutzt werden. Dies ist dem Umstand geschuldet, 
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dass Modifikationen während der reversen Transkription und PCR-Amplifikation 

grundsätzlich gelöscht werden, und somit in Sequenzierungsbibliotheken keinerlei 

Information über die Modifikationen der ursprünglichen DNA- oder RNA-Moleküle 

vorhanden ist. Aktuelle Detektionsmethoden müssen folglich der eigentlichen Analyse einen 

modifikationsspezifischen Schritt voranstellen. Hierbei werden Modifikationen zumeist durch 

selektive chemische Reaktionen umgesetzt oder durch direkte molekulare Erkennung (z.B. 

durch Antikörper) angereichert [28-30]. Die Notwendigkeit eines zusätzlichen Schrittes vor 

der Analyse birgt jedoch einige Nachteile und Risiken. So sind etwa die Protokolle sehr zeit- 

und arbeitsaufwendig und es können Kontaminationen oder menschliche Fehler auftreten. 

Zusätzlich besteht bei diesen Methoden eine hohe Gefahr des Auftretens systematischer Fehler 

und der Bildung von Artefakten. Aus diesem Grund werden neuartige Methoden benötigt, die 

eine Diskriminierung modifizierter Nukleotide direkt während der PCR- oder NGS-Analyse 

erlauben. Zu diesem Zweck wären DNA Polymerasen hilfreich, die direkt auf Modifikationen 

in ihrem Templat reagieren und die Information über Modifikationsstellen in der reversen 

Transkription und PCR auf irgendeine Weise weitergeben können.  

In der vorliegenden Arbeit testete ich das Verhalten verschiedener thermostabiler DNA 

Polymerasen, wenn sie auf unterschiedliche Modifikationen in ihrem DNA- oder RNA-

Templat treffen. Des Weiteren wendete ich Methoden des Protein-Engineerings an um neue 

DNA Polymerase Varianten mit einer ausgeprägten Diskriminierung von modifizierten und 

unmodifizierten Nukleotiden in ihrem Templat zu evolvieren. Daraufhin erarbeitete ich 

Protokolle, um die neu generierten Enzyme zur direkten Detektion von Modifikationen in 

DNA- und RNA-Oligonukleotiden und auch in zellulären DNA- und RNA-Extrakten 

einzusetzen. Hierfür wurden zwei verschieden Ansätze verfolgt. Zur Analyse individueller 

Modifikationsstellen wurden Echtzeit-PCR Systeme konzipiert, die unterschiedliche RT- oder 

PCR-Effizienzen einer DNA Polymerase auf modifizierten und unmodifizierten Templaten 

nutzten um Modifikationen zu detektieren. Mit anderen Worte, galt bei dieser Methode eine 

verzögerte oder auch beschleunigte PCR Amplifikation als Signal für das Vorhandensein einer 

Modifikation an der untersuchten Stelle. Bei diesem Ansatz fokussierte ich mich auf die 

Detektion von 5mC in genomischer DNA und 2‘-O-methylierten Nukleotiden in zellulärer 

RNA. Der zweite Ansatz hatte eine flächendeckendere Analyse von RNA-Modifikationen zum 

Ziel. Hier wurde ein Konzept für eine direkte m6A-Sequenzierungsmethode entworfen, in der 

Modifikationen unmittelbar aus den generierten Sequenzdaten als Stellen mit erhöhter 

Fehlerrate ausgelesen werden können. Zu diesem Zweck wurde eine neue DNA Polymerase 
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evolviert, die eine erhöhte Fehlerrate gegenüber m6A, nicht jedoch gegenüber unmodifiziertem 

A aufweist 

Der Ausgangspunkt für den ersten Teil dieser Arbeit war die Erkenntnis, dass sowohl 

KlenTaq DNA Polymerase als auch KOD exo- DNA Polymerase fehlgepaartes C von 

fehlgepaartem 5mC diskriminieren [290]. Darauf aufbauend generierte ich eine KOD exo- 

G498M DNA Polymerase Mutante mit deutlich verbesserter Diskriminierung und setzte diese 

in einer neuartigen methylierungs-spezifischen PCR ein, um 5mC direkt aus unbehandelter 

genomischer DNA zu detektieren. Die Anwesenheit eines 5mCs im Templat gegenüber eines 

fehlgepaarten 3‘-Primer-Terminus resultierte hierbei in einer signifikant erhöhten Effizienz 

der Amplifikation. Dieses System könnte – weiterentwickelt und optimiert – in Zukunft die 

Analyse zahlreicher potentieller 5mC-Stellen im humanen Genom durch einfache PCR-

Methoden ermöglichen.  

Im Rahmen eines weiteren Projektes beschäftige ich mich mit 2‘-O-methylierten 

Nukleotiden in RNA und fand heraus, dass diese Modifikation die reverse Transkription durch 

RT-KTq (eine RT-aktive Variante der KlenTaq DNA Polymerase [188,189]) deutlich hemmt. 

Durch den Einsatz von Protein-Engineering in Verbindung mit adäquaten Screening-

Methoden konnte eine RT-KTq V669L Einzelmutante identifiziert werden, die signifikant 

erhöhte Diskriminierung von 2‘-O-methylierter RNA aufwies. Die evolvierte Mutante wurde 

daraufhin in einer Methylierungs-sensitiven qRT-PCR eingesetzt, um die 

Methylierungsfraktionen an 5 bekannten Modifikationsstellen in humaner 18s rRNA direkt 

aus totalen RNA-Extrakten zu bestimmen. Diese Methode ermöglicht die Untersuchung 

einzelner Methylierungsstellen durch die einfache Zugabe eines ‚PCR-Mastermix‘ zu den 

Proben und der Durchführung eines herkömmlichen PCR-Programms und kann somit den 

Weg für eine zukünftig erheblich erleichterte Analyse von RNA-Modifikationen bereiten. 

Das dritte Projekt befasste sich mit der Etablierung einer geeigneten Screening-Methode 

zur Identifizierung von DNA Polymerase Varianten mit einer erhöhten Fehleinbaurate 

gegenüber modifizierten Nukleotiden. Hierfür kombinierte ich Primerverlängerungs-

Reaktionen mit fluoreszenzmarkierten Primern und Kapillarelektrophorese-Methoden [301], 

um die Fehleinbauraten einer große Anzahl von RT-KTq Mutanten mit hohem Durchsatz zu 

untersuchen. So konnte eine RT-KTq G668Y Y671A Doppelmutante identifiziert werden, die 

während der reversen Transkription charakteristische Spuren an m6A-Stellen hinterließ. Wenn 

dieses Enzym in einem geeigneten Protokoll zur Erstellung von Illumina 

Sequenzierungsbibliotheken [264,265] eingesetzt wurde, konnten m6A-Stellen in einem RNA-

Oligonukleotid und in E.coli tRNA durch eine erhöhte Fehlerrate detektiert werden. Die 
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innerhalb dieser Studie gewonnenen Erkenntnisse können sich in Zukunft als sehr förderlich 

für die Entwicklung neuer Technologien zur transkriptomweiten m6A-Kartierung erweisen.
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1. Materials 

1.1 Chemicals 

Chemicals were purchased in pro analysi or molecular biology quality grade from Roth, 

Sigma-Aldrich, Merck, Fluka, Acros Organics, Riedel-de-Haën, and VWR. Applied dNTPs 

and NTPs were supplied by Jena Bioscience and Thermo Fisher Scientific. [γ-32P]-ATP was 

purchased from Hartmann Analytic. SYBR® Green I derived from Sigma Aldrich, PeqGreen 

from Peqlab, and GelRed™ from Biotium. Media were purchased from Roth. Glycogen 

derived from Thermo Fisher Scientific and Sephadex G-25 from GE Healthcare. Water used 

for buffers and assays was obtained from a combined reverse osmosis/ultrapure water system 

(Milli-Q). 

1.2. Enzymes, kits and other reagents for biochemical applications 

If not specified otherwise, enzymes and kits were applied according to the vendor’s protocol 

using the supplied buffers and reagents. 

Table 7: Employed enzymes, reagents and kits 

Enzyme/ reagent/ kit Supplier 

5‘-Deadenylase New England Biolabs 

ClaI  New England BioLabs 

CloneJET PCR Cloning Kit Thermo Fisher Scientifc 

cOmplete™ His-Tag Purification Resin Roche 

CpG Methylated HeLa Genomic DNA New England BioLabs 

Direct-zol™ RNA MiniPrep Kit Zymo Research 

DNase I (RNase-free) New England BioLabs 

DpnI  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 

Exonuclease I Thermo Fisher Scientific 

FastAP alkaline phosphatase 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 

HiScribe™ T7 High Yield RNA synthesis Kit New England BioLabs 



Materials 

101 

KTQ 2x PCR Master Mix myPOLS Biotec 

Lambda exonuclease Thermo Fisher Scientific 

Low Molecular Weight DNA Ladder New England BioLabs 

Lysozyme Roth 

M-MuLV Reverse Transcriptase New England BioLabs 

PageRuler™ Prestained Protein Ladder Thermo Fisher Scientific 

PageRuler™ Unstained Protein Ladder Thermo Fisher Scientific 

PCR and Gel Clean Up Kit Macherey & Nagel 

Phusion® High-Fidelity DNA Polymerase New England BioLabs 

Pierce™ Bovine Serum Albumin Standard Thermo Fisher Scientific 

QIAprep Spin Miniprep kit QIAGEN 

T4 DNA ligase New England BioLabs 

T4 polynucleotide kinase (PNK) New England BioLabs 

T4 RNA ligase Thermo Fisher Scientific 

T4 RNA ligase 2 truncated New England BioLabs 

Taq DNA Polymerase Rapidozym 

Terminal deoxynucleotidyl transferase (TdT) Thermo Fisher Scientific 

Tri Reagent® Sigma-aldrich 

 

1.3. Buffers, media and other solutions 

Water used for buffers and assays was obtained from a combined reverse osmosis/ultrapure 

water system (Milli-Q). Media and solutions applied for cell culture were autoclaved. All other 

buffers were sterile filtered. 

Table 8: Media 

Medium Composition 

LB medium 2% (w/v) LB broth (Roth) 

LB agar 2% (w/v) LB broth (Roth) 
2% (w/v) Agar (Roth) 

SOC medium 2% (w/v) SOB broth (Roth) 
20 mM glucose 
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Table 9: Buffers and solutions for electrophoresis 

Solution Composition 

Agarose gel loading dye (6x) From Thermo Fisher Scientific: 
10 mM Tris HCl (pH 7.6) 
0.03% bromophenol blue 
0.03% xylene cyanol 
60% glycerol 
60 mM EDTA 

CE stop solution 80 % (v/v) formamide 
20 mM EDTA 

Coomassie Roti-Blue in methanol 0.115% (w/v) Coomassie Roti®-Blue (Roth) 
10 % (v/v) acetic acid 
50 % (v/v) methanol 
stirred overnight and filtrated 

Coomassie staining solution 50 % (v/v) coomassie Roti-Blue in methanol 
10 % (v/v) acetic acid 

Destaining solution 50 % (v/v) methanol 
10 % (v/v) acetic acid 

Rotiphorese® gel 30 (37.5:1) Purchased from Roth: 
29.2% acrylamide 
0.8% bisacrylamide 

Rotiphorese® sequencing gel  
concentrate (19:1) 

Purchased from Roth: 
23.75% acrylamide 
1.25% bisacrylamide 
8.3 M Urea 

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 resolving gel buffer 1.5 M Tris HCl (pH 8.8) 

SDS PAGE running buffer (10x) 250 mM Tris-HCl pH 8.9 
2 M glycine 
1 % (w/v) SDS 

SDS PAGE stacking gel buffer 1.5 M Tris HCl (pH 6.8) 

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) 900 mM Trizma base 
900 mM boric acid 
20 mM EDTA (pH 8.0) 
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Table 10: Buffers and solutions for protein and nucleic acid purification 

Solution Composition 

KTq basis buffer (10x) 3 M NaCl 
25 mM MgCl2 
100 mM Tris HCl (pH 9.2) 
1% (v/v) Triton X-100 

KOD basis buffer (10x) 3 M NaCl 
15 mM MgCl2 
100 mM Tris HCl (pH 8.0) 
1% (v/v) Triton X-100 

KTq lysis buffer (1x) 0.5 mg/ml lysozyme in KTq basis buffer (1x) 

KOD lysis buffer (1x) 0.5 mg/ml lysozyme in KOD basis buffer (1x) 

KTq calibration buffer (1x) 5 mM imidazole in KTq basis buffer (1x) 

KOD calibration buffer (1x) 5 mM imidazole in KOD basis buffer (1x) 

KTq washing buffer I (1x) 10 mM imidazole in KTq basis buffer (1x) 

KOD washing buffer I (1x) 10 mM imidazole in KOD basis buffer (1x) 

KTq washing buffer II (1x) 15 mM imidazole in KTq basis buffer (1x) 

KOD washing buffer II (1x) 15 mM imidazole in KOD basis buffer (1x) 

KTq elution buffer (10x) 500 mM Tris HCl (pH 9.2) 
25 mM MgCl2 

KOD elution buffer (10x) 500 mM Tris HCl (pH 8.0) 
15 mM MgCl2 

KTq Storage buffer (20x) 320 mM (NH4)2SO4 
100 mM Tris HCl (pH 9.2) 
5 mM MgCl2 
2% (v/v) Tween 20 

KOD Storage buffer (20x) 320 mM (NH4)2SO4 
100 mM Tris HCl (pH 8) 
5 mM MgCl2 
2% (v/v) Tween 20 

Buffer A FPLC 100 mM Tris-HCl (pH 9.2) 
5 mM MgCl2 
300 mM NaCl 
5 mM imidazole 

Buffer B FPLC 100 mM Tris-HCl (pH 9.2) 
5 mM MgCl2 
300 mM NaCl 
500 mM imidazole 

Roti®-Phenol/Chloroform/Isoamyl 
alcohol 

Purchased from Roth: 
phenol/chloroform/isoamyl alcohol at a ratio of 25:24:1  
(pH 7.5-8.0) 
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Table 11: Reaction buffers for PCR and primer extension 

Buffer Composition 

KTq reaction buffer (10x) 500 mM Tris HCl (pH 9.2) 
160 mM (NH4)2SO4 
25 mM MgCl2 
1% (v/v) Tween 20 

KOD PCR buffer I (10x) 500 mM Tris HCl (pH 8.0) 
160 mM (NH4)2SO4 
17.5 mM MgCl2 
300 mM NaCl 
1% (v/v) Tween 20 

KOD PCR buffer II (10x) 500 mM Tris HCl (pH 8.0) 
160 mM (NH4)2SO4 
15 mM MgCl2 
300 mM NaCl 
1% (v/v) Tween 20 

Extension buffer (10x) 500 mM Tris HCl (pH 9.2) 
160 mM (NH4)2SO4 
17.5 mM MgCl2 
1% (v/v) Tween 20 

 

Table 12: Buffers for preparation of chemically competent cells 

Buffer Composition 

TfbI  30 mM potassium acetate 
50 mM MnCl2 
100 mM KCl 
15% (v/v) glycerol 

TfbII  10 mM MOPS  
75 mM CaCl2 
10 mM KCl 
15% (v/v) glycerol 

 

1.4 Oligonucleotides 

DNA oligonucleotides for Illumina library preparation were kindly provided by the group 

of Prof. Dr. Mark Helm from the Institute of Pharmacy and Biochemistry at the Johannes 

Gutenberg Universität Mainz. All other DNA oligonucleotides were purchased from Biomers 

(Cartridge purified for unmodified primers for site-directed mutagenesis, and HPLC purified 

for real-time PCR and primer extension assays and for 5’-modified oligonucleotides). For 

primer extension experiments with radioactively labeled primers, oligonucleotides were 

further purified by preparative denaturing PAGE prior to labeling. RNA oligonucleotides were 

purchased PAGE-purified from Purimex. 
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Table 13: DNA primers applied for site-directed mutagenesis. For saturation mutagenesis, 19 different primers 
carrying the codons of the destined amino acids were used, respectively (Indicated by XXX and YYY). 

Primer (DNA) Sequence Combined with 

KOD G498 fwd 5'-TATGGCTATTATATGTATGCACGTGCCCGTTGGTATTG-3' KOD G498M rev 

KOD G498M rev 5'-(P)-ATAACTATTGGCCAGAATTTTAATTGCACGCTGAC-3' KOD G498 fwd 

RT-KTq I614 fwd 5‘-CAGXXXGAGCTCAGGGTGCT-3‘ RT-KTq E615 rev 

RT-KTq E615 fwd 5‘-CAGATAXXXCTCAGGGTGCT-3‘ RT-KTq E615 rev 

RT-KTq E615 rev 5‘-(P)-GCTATAGTCCAGGGCCACCA-3‘ RT-KTq I614 fwd ; 
RT-KTq E615 fwd 

RT-KTq L616 fwd 5‘-ATAGAGTTTAGGGTGCTG-3‘ RT-KTq L616 rev 

RT-KTq L616 rev 5‘-(P)-CTGGCTATAGTCCAGGGCCA-3‘ RT-KTq L616 fwd 
RT-KTq I614A L616T 

RT-KTq F638 fwd 5‘-GGACXXXCACACGGAGA-3‘ RT-KTq F638 rev 

RT-KTq F638 rev 5‘-(P)-CGCCCCTCCTGGAAGA-3‘ RT-KTq F638 fwd 

RT-KTq R660 fwd 5‘-(P)-CCAAGACCATCAACTTCGG-3‘ RT-KTq R660 rev; 
RT-KTq A661 rev 

RT-KTq R660 rev 5‘-CCGCYYYGCGCATCAG-3‘ RT-KTq R660 fwd 

RT-KTq A661 rev 5‘-CYYYCCGGCGCATCAG-3‘ RT-KTq R660 fwd 

RT-KTq T664 fwd 5‘-(P)-GGGTCCTCTACGGCATGT-3‘ RT-KTq T664 rev 

RT-KTq T664 rev 5‘-CGAAGTTGATYYYCTTGGC-3‘ RT-KTq T664 fwd 

RT-KTq G668 fwd 5‘-CXXXGTCCTCTACGGCAT-3‘ RT-KTq G668 rev 

RT-KTq G668 rev 5‘-(P)-AAGTTGATGGTCTTGG-3‘ RT-KTq G668 fwd;  
RT-KTq V669 fwd  

RT-KTq V669 fwd 5‘-CGGGXXXCTCTACGGCATG-3‘ RT-KTq G668 rev 

RT-KTq L670 fwd 5‘-GGTCXXXTACGGCATGT-3‘ RT-KTq L670 rev 

RT-KTq L670 rev 5‘-(P)-CCGAAGTTGATGGTCTTG-3‘ RT-KTq L670 fwd 

RT-KTq Y671 fwd 5‘-CTCXXXGGCATGTCGGCCCA-3‘ RT-KTq G672 rev 
RT-KTq dm T664K 
RT-KTq dm1 G668Y 

RT-KTq G672 fwd 5‘-CTCTACXXXATGTCGGCCCA-3‘ RT-KTq G672 rev 
RT-KTq dm T664K 
RT-KTq dm1 G668Y 

RT-KTq G672 rev 5‘-(P)-GACCCCGAAGTTGATG-3‘ RT-KTq Y671 fwd; 
RT-KTq G672 fwd 
RT-KTq Y671T G672A 
RT-KTq Y671T G672H 
RT-KTq Y671T G672K 

RT-KTq M673 fwd 5‘-XXXTCGGCCCACCGCCTCT-3‘ RT-KTq M673 rev 
RT-KTq dm2 G668Y 
RT-KTq dm Y671T 

RT-KTq M673 rev 5‘-(P)-GCCGTAGAGGACCCCGAA-3‘ RT-KTq M673 fwd 

RT-KTq R746 fwd 5‘-GCCGAGXXXAAGGCCTTCAA-3‘ RT-KTq R746 rev 

RT-KTq R746 rev 5‘-(P)-CGCCTCCCGCACGCTCTT-3‘ RT-KTq R746 fwd; 
RT-KTq K747 fwd 
RT-KTq R746K F749P 



VII Materials and Methods 

106 

RT-KTq K747 fwd 5‘-GCCGAGCGCXXXGCCTTCAACA-3‘ RT-KTq R746 rev 

RT-KTq F749 fwd 5‘-GCCXXXAACATGCCCGTCCA-3‘ RT-KTq N750 rev 

RT-KTq N750 fwd 5‘-GCCTTCXXXATGCCCGTCCA-3‘ RT-KTq N750 rev 

RT-KTq N750 rev 5‘-(P)-CTTGCGCTCGGCCGCCT-3‘ RT-KTq F749 fwd; 
RT-KTq N750 fwd 

RT-KTq I614A L616T 5’-GCAGAGACCAGGGTGCTG RT-KTq L616 rev 

RT-KTq Y671T G672A 5’-CTCACCGCAATGTCGGCCCA RT-KTq G672 rev 

RT-KTq Y671T G672H 5‘-CTCACCCATATGTCGGCCCA RT-KTq G672 rev 

RT-KTq Y671T G672K 5‘-CTCACCAAAATGTCGGCCCA RT-KTq G672 rev 

RT-KTq R746K F749P 5‘-GCCGAGAAAAAGGCCCCTAA-3‘ RT-KTq R746 rev 

RT-KTq dm T664K 5‘-(P)-GACCCCGAAGTTGATT-3‘ RT-KTq Y671 fwd 
RT-KTq G672 fwd 

RT-KTq dm1 G668Y 5‘-(P)-GACATAGAAGTTGATG-3‘ RT-KTq Y671 fwd 
RT-KTq G672 fwd 

RT-KTq dm2 G668Y 5‘-(P)-GCCGTAGAGGACATAGAA-3‘ RT-KTq M673 fwd 

RT-KTq dm Y671T 5‘-(P)-GCCGGTGAGGACCCCGAA-3‘ RT-KTq M673 fwd 

(P) = phosphate. Mutation sites are highlighted in red. XXX = TTT (F), CTG (L), AGC (S), TAT (Y), TGC (C), TGG 
(W), CCT (P), CAT (H), CAG (Q), CGT (R), ATT (I), ATG (M), ACC (T), AAT (N), AAA (K), GTT (V), GCA (A), GAT (D), 
GAA (E) and GGT (G). YYY = AAA (F), CAG (L), GCT (S), ATA (Y), GCA (C), CCA (W), AGG (P), ATG (H), CTG (Q), 
ACG (R), AAT (I), CAT (M), GGT (T), ATT (N), TTT (K), AAC (V), TGC (A), ATC (D), TTC (E), ACC (G). 

 

Table 14: DNA oligonucleotides applied in assays of chapter IV 1. 

Oligonucleotide (DNA) Sequence 

NR3C1 PEX template C 5'-GAGGTAG C GAGAAAAGAAACTGGAGAAACTCGGTG -3' 

NR3C1 PEX template 
5mC 

5'-GAGGTAG 5mC GAGAAAAGAAACTGGAGAAACTCGGTG -3' 

NR3C1 PCR template C 5'-GGGGCAGAGCGAGCTCCCGAGTGGGTCTGGAGCCGCGGAGCTGGGCGGGGGCGG 
GAAGGAGGTAG C GAGAAAAGAAACTGGAGAAACTCG -3' 

NR3C1 PCR template 
5mC 

5'-GGGGCAGAGCGAGCTCCCGAGTGGGTCTGGAGCCGCGGAGCTGGGCGGGGGCGG 
GAAGGAGGTAG 5mC GAGAAAAGAAACTGGAGAAACTCG -3' 

NR3C1 primer N rev 5'-GTTTCTCCAGTTTCTTTTCTC N-3'       N = A/C/G/T 

NR3C1 primer fwd 5'-GCAGAGCGAGCTCCCGAGTG-3' 

NANOG PCR template 
C 

5'- ACCTTAGACCCACCCCTCCTGGCGGGCACACCCCCTACTGACCCACCCTTGTGAATT 
CTCAGTTAATCC C GTCTACCAGTCTCACCAAGGCC -3' 

NANOG PCR template 
5mC 

5'- ACCTTAGACCCACCCCTCCTGGCGGGCACACCCCCTACTGACCCACCCTTGTGAATT 
CTCAGTTAATCC 5mC GTCTACCAGTCTCACCAAGGCC -3' 

NANOG primer N rev 5'-CTTGGTGAGACTGGTAGAC N-3'       N = A/G 

NANOG primer fwd 5’-TTAGACCCACCCCTCCTGGCG-3’ 
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Table 15: Oligonucleotides applied in assays of chapter IV 2. 

Type Oligonucleotide Sequence 

RNA RNAoligo1 template A 5’-AUAGGGGAAUGGGCCGUUCAUCUGCUAAAAGG  
A CUGCUUUUGGGGCUUGUAGU-3’ 

RNA RNAoligo1 template 2’OmeA 5’-AUAGGGGAAUGGGCCGUUCAUCUGCUAAAAGG  
2’OmeA CUGCUUUUGGGGCUUGUAGU-3’ 

RNA RNAoligo1 template C 5’-AUAGGGGAAUGGGCCGUUCAUCUGCUAAAAGG  
C CUGCUUUUGGGGCUUGUAGU-3’ 

RNA RNAoligo1 template 2’OmeC 5’-AUAGGGGAAUGGGCCGUUCAUCUGCUAAAAGG  
2’OmeC CUGCUUUUG GGGCUUGUAGU-3’ 

DNA RNAoligo primer rev (-1) 5’-ACTACAAGCCCCAAAAGCAG-3’ 

DNA RNAoligo primer fwd 5’-ATAGGGGAATGGGCCGTTC-3’ 

DNA RNAoligo primer rev control (A) 5’-CCCAAAAGCAGTCCTTTTAGCAG-3’ 

DNA RNAoligo primer rev control (C) 5’-CCAAAAGCAGGCCTTTTAGCAG-3’ 

DNA A27 primer rev (-1) 5’-GGCTTAATCTTTGAGACAAGCA-3’ 

DNA A27 primer rev (+5) 5’-CTTTGAGACAAGCATATGCT-3’ 

DNA A27 primer fwd 5’-CTGGTTGATCCTGCCAGTA-3’ 

DNA A99 primer rev (-1) 5’-CGACCAAAGGAACCATAACTGATTTAA-3’ 

DNA A99 primer rev (+5) 5’-GGAACCATAACTGATTTAATGAGCC-3’ 

DNA A99 primer fwd 5’-CCATGCATGTCTAAGTACGCA-3’ 

DNA A99 primer rev (-5) 5’-CGACCAAAGGAACCATAACTGAT-3’ 

DNA U428 primer rev (-1) 5’-ACGCTATTGGAGCTGGAATT-3’ 

DNA U428 primer rev (+5) 5’-GGAGCTGGAATTACCGCG-3’ 

DNA U428 primer fwd 5’-CAAGTCTGGTGCCAGCA-3’ 

DNA G1490 primer rev (-1) 5’-CATCTAAGGGCATCACAGAC-3’ 

DNA G1490 primer rev (+5) 5’-GGGCATCACAGACCTGTTA-3’ 

DNA G1490 primer fwd 5’-TTCAGCCACCCGAGATT-3’ 

DNA C1703 primer rev (-1) 5’-AATCGGTAGTAGCGACGG-3’ 

DNA C1703 primer rev (+6) 5’-TAGCGACGGGCGGTGT-3’ 

DNA C1703 primer fwd 5’-GATTAAGTCCCTGCCCTTTG-3’ 

DNA 18s rRNA cDNA cloning rev 5’-TAATGATCCTTCCGCAGGT-3’ 

DNA 18s rRNA cDNA cloning fwd 5’-TACCTGGTTGATCCTGCCA-3’ 

DNA Taq Aptamer 5’-CGATCATCTCAGAACATTCTTAGCGTTTTGTTCTTG 
TGTATGATCG-3’ [308] 

 

 

 

 

 



VII Materials and Methods 

108 

Table 16: Oligonucleotides applied in assays of chapter IV 3. 

Type Oligonucleotide Sequence 

RNA RNA2 template A 5'-AUAGGGGAAUGGGCCGUUCAUCUGACUUGCUC  
A CUGCUUUUG GGGCUUGUAGU -3' 

RNA RNA2 template m6A 5'-AUAGGGGAAUGGGCCGUUC AUCUGACUUGCUC  
m6A CUGCUUUUG GGGCUUGUAGU -3' 

DNA RNAoligo primer rev (-1) 5’-ACTACAAGCCCCAAAAGCAG-3’ 

DNA Screening primer 20 nt HEX/FAM 5’-(F)-ACTACAAGCCCCAAAAGCAG-3’ 

DNA Screening primer 25 nt HEX/FAM 5’-(F)-CGATC ACTACAAGCCCCAAAAGCAG-3’ 

DNA Screening primer 30 nt HEX/FAM 5’-(F)-TCGAT CGATC ACTACAAGCCCCAAAAGCAG-3’ 

DNA Screening primer 35 nt HEX/FAM 5’-(F)-ATCGA TCGAT CGATC ACTACAAGCCCCAAAAGCAG-3’ 

DNA Screening primer 40 nt HEX/FAM 5’-(F)-GATCG ATCGA TCGAT CGATC ACTACAAGCCCC 
AAAAGCAG-3’ 

DNA Screening primer 45 nt HEX/FAM 5’-(F)-CGATC GATCG ATCGA TCGAT CGATCACTACAAG 
CCCCAAAAGCAG-3’ 

DNA 3’-adapter 5’-(App)-CNNNNNNNNNAGATCGGAAGAGCGTCGTGTA 
GGGAAAGAGTGT-3’-C6-spacer 

DNA RT-primer 5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’ 

DNA 5’-adapter strand 1 5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGG-3’ 

DNA 5’-adapter strand 2 5’-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’ 

DNA P7 PCR primer 5’-CAAGCAGAAGACGGCATACGAGAT77777777 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’ 

DNA P5 PCR primer 5’-AATGATACGGCGACCACCGAGATCTACAC55555555 
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’ 

(App) = adenylate. (F) = fluorophore (primers were used as HEX- and 6-FAM-labeled). N = A/C/G/T. (7777777) 
and (55555555) constitute standard Illumina barcodes (N701-N712 and N501-N508) 

 

Table 17: Employed sequencing primers 

Primer (DNA) Sequence 

pET24a fwd 5'-GGGTTATGCTAGTTATTGCTCAG-3' 

pET24a rev 5‘-TAATACGACTCACTATAGGG-3‘ 

pQE (pGDR11) fwd 5'-CGGATAACAATTTCACACAG-3' 

pQE (pGDR11) rev 5'-GTTCTGAGGTCATTACTGG-3' 

18s rRNA cDNA fwd 5’-CCTGGTTGATCCTGCCA-3’ 

18s rRNA cDNA mid 5’-GCGTGCATTTATCAGATC-3’ 

18s rRNA cDNA rev 5’-TGAGCCAGTCAGTGTAGC-3’ 

pJET1.2 fwd 5’-CGACTCACTATAGGGAGAGCGGC-3’ 

pJET1.2 rev 5’-TCCTGATGAGGTGGTTAG-3’ 
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1.5 Instruments 

Table 18: Applied Instruments 

Instrument Manufacturer 

Agarose gel system Fisher Scientific 

Äkta Pure chromatography system GE Healthcare 

Applied Biosystems 3500 Genetic Analyzer  (ABI 3500) Thermo Fisher Scientific 

Centrifuge (5810 R) Eppendorf 

Centrifuge (Heraeus™ Primo™ R) Thermo Fisher Scientific 

Centrifuge (Heraeus™ Primo™ R) Thermo Fisher Scientific 

Centrifuge (MiniSpin®) Eppendorf 

Gel Dryer (Model 583) Bio-Rad 

High-speed centrifuge (Sorvall™ LYNX™ 4000) Thermo Fisher Scientific 

Incubation shaker 96-well-plates (Titramax 1000) Heidolph 

Incubator (plates) Memmert 

Incubator shaker (Innova® 4430) New Brunswick Scientific 

Molecular Imager® ChemiDoc™ XRS System Bio-Rad 

Multichannel pipettes (Transferpette S-12) Brand 

Multidrop™ Combi Thermo Fisher Scientific 

Nanodrop™ spectrophotometer (ND-1000) Peqlab 

Overhead shaker (Reax 2) Heidolph 

PAGE system (Sequi-Gen GT) Bio-Rad 

PCR-Thermocycler (T-Gradient) Biometra 

pH meter (Seven Easy) Mettler Toledo 

Phosphoimager (Molecular Imager™ FX) Bio-Rad 

Phosphoimager (Typhoon™ FLA 7000) GE Healthcare 

Phosphoimager screens and cassettes Fuji 

Photometer (Biophotometer®) Eppendorf 

Pipettes (Research®) Eppendorf 

Power supply (PowerPac™ 3000) Bio-Rad 

Power supply (PowerPac™ High Voltage) Bio-Rad 

Real-time PCR cycler (LightCycler® 480) Roche 

Real-time PCR cyler (LightCycler® 96) Roche 

Scale (AJ150L) Mettler Toledo 

Scale (PE 1600) Mettler Toledo 

SDS-PAGE System Biorad 

Sequencing System (MiSeq) Illumina 

Sterile hood (Herasfe™) Thermo Fisher Scientific 

Thermomixer comfort Eppendorf 
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Vortexer (Reax Control) Heidolph 

Water bath Memmert 

 

1.6 Disposables 

Table 19: Employed Disposables 

Disposable Supplier Application 

3500 Genetic Analyzer 8-Capillary Array 
(50 cm) 

Thermo Fisher Scientific CE with ABI 3500 

96 Well Lightcycler Plate Sarstedt Real-time PCR 

Air-O-Seal Hydrophobic Gas Permeable 
Membrane 

4titude Cell culture of RT-KTq libraries 

Anode Buffer Container 3500 Series Thermo Fisher Scientific CE with ABI 3500 

Cathode Buffer Container 3500 Series Thermo Fisher Scientific CE with ABI 3500 

Conditioning Reagent 3500 Series Thermo Fisher Scientific Maintenance of ABI 3500 

Filtropure S 0.2 Sarstedt Sterile filtration 

Flat 96 Well PCR Plate VWR Primer extension assays 

Glass wool (silanized) research grade Serva Filtration of gel pieces 

HisTrap FF Crude (1 mL) GE Healthcare Protein purification 

Low Profile Tubes and Flat Caps, strips of 
12 

Thermo Fisher Scientific PCR vessel 

MegaBlock ® 96 Well (2.2 mL) Sarstedt Cell culture of RT-KTq libraries 

MicroAmp™ Optical 96-Well Reaction 
Plate 

Thermo Fisher Scientific CE with ABI 3500 

Oak Ridge Centrifuge Tubes (50 mL) Thermo Fisher Scientific Highspeed centrifugation  

PCR Foil Seal 4titude Seal primer extension reactions 
and glycerol stocks of libraries 

PCR Seal 4titude Real-time PCR 

Pierce™ Centrifuge Columns (0.8 mL) Thermo Fisher Scientific Gelfiltration of labeled primers 

POP-6™ Polymer for 3500 Genetic 
Analyzers 

Thermo Fisher Scientific CE with ABI 3500 

Semi-micro cuvettes Sarstedt OD600 / Bradford assay 

Tubes, Falcon (15 mL, 50 mL) Peske Vessel 

Tubes, PCR (200 µL) TreffLab PCR vessel 

Tubes, Reaction (1.5 mL), Microtubes 
Plastibrand 

Brand Vessel 

VivaSpin 20, 10,000 MWCO  Sartorius Protein purification 

Whatman™ Chromatography paper 
3mm 

GE Healthcare Drying of PAGE gels 

Whatman™ RC58 0.2 µm membrane 
filters, diameter 50 mm  

GE Healthcare Sterile filtration 
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1.7 Bacterial Strains, plasmids and genes 

Table 20: Genes for protein expression or in vitro transcription  

Gene vector comments 

KOD exo-  pET24a - C-terminal 6x His-tag 
- For sequence see appendix 

RT-KTq  pGDR11 - N-terminal 6x His-tag 
- For sequence see appendix 
- Kindly provided by Nina Blatter [189] 

18s rRNA cDNA pJET1.2 - Obtained by reverse transcription of human 
18s rRNA (see VII 4.1) 

- For sequence see appendix 

 

Table 21: Plasmids used in this study  

Plasmid characteristics 

pET24a Kanamycin resistance, T7 promoter/lac operator 
For sequence see appendix. 

pGDR11 Ampicillin resistance , T5 promotor/lac operator, derivative of pQE31 (Qiagen) 
For sequence see appendix. 

pJET1.2 Ampicillin resistance, T7 promoter/lac operator 
lethal Eco47I gene (only active in absence of insert) enables positive selection 
For sequence see appendix 

 

Table 22: Bacterial strains used in this study  

Strain supplier genotype 

E. coli BL21-Gold(DE3) Stratagene B F– ompT hsdS(rB– mB–) dcm+ Tetr gal λ(DE3) endA 
Hte 

E.coli T7 express Iq  New England BioLabs MiniF lacIq(CamR) / fhuA2 lacZ::T7 gene1 [Ion] ompT 
gal sulA11 R(mcr-73::miniTn10--TetS)2 [dcm] R(zgb-
210::Tn10--TetS) endA1 ∆(mcrC-mrr)114::IS10 
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1.8 Software 

Table 23: Applied software 

Application Software 

Illustration of molecular structures  PyMOL, Version 1.3 (Schrödinger, LLC, New York, NY, USA) 

Sequence analysis and primer design Vector NTI 10.3.0 (Thermo Fisher Scientific) 

Operation of ChemiDoc™ XRS and 
Molecular Imager™ FX and data evaluation 
of data from Typhoon™ FLA 7000 

Quantity One, Version 4.6.6 (Bio-Rad) 

Operation of Typhoon™ FLA 7000 Typhoon™ FLA 7000 Control Software Version 1.2.1.93 

(GE Healthcare) 

Evaluation of data from ChemiDoc™ XRS 
and Molecular Imager™ FX 

Image Lab, Version 5.1 (Bio-Rad) 

Preparation of graphical plots, linear and 
non-linear regression 

GraphPad Prism 4, Version 4.01 

Real-time PCR Lightcyler® 96 software, Version 1.1.0.1320 (Roche); 

Lightcycler® 480 Software release 1.5.0, Version 1.5.0.39 
(Roche) 

Operation of Äkta Pure and data evaluation 
thereof 

Unicorn 6.3 (GE Healthcare) 

Operation of ABI 3500 3500 Series Data Collection Software 3, Version 3.1  

(Thermo Fisher Scientific) 

Evaluation of CE data (from ABI 3500) GeneMapper™ Software 5, Version 5.0  

(Thermo Fisher Scientific) 

Processing of Illumina sequencing data Coverage Analyzer (CAn): A Tool for Inspection of 

Modification Signatures in RNA Sequencing Profiles [304] 

Processing of Illumina sequencing data Cutadapt v.1.8.1 [309] 

Processing of Illumina sequencing data Bowtie2 aligner [310,311] 

Processing of Illumina sequencing data SAMtools [312,313] 
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2. General methods of Molecular Biology 

2.1 Agarose gel electrophoresis 

DNA or RNA samples were mixed with DNA loading dye or RNA loading dye (final 

concentration: 1x) respectively and applied directly (DNA) or after denaturation at 70°C for 5 

min (RNA) to 0.8% or 2.5% agarose gels in TAE buffer (1x) containing 1.5µl EtBr (1%) (for 

DNA) or 1.75 µl PeqGREEN (20000x) (for RNA) per 35 ml Agarose gel. Separation was 

achieved by applying 110 V in TAE buffer (1x) and DNA/RNA was visualized under UV light 

on a Chemidoc™ XRS system. For preparative Agarose gels, bands were cleaved from the gel 

and DNA was extracted using the NucleoSpin® Gel and PCR cleanup. 

2.2 DNA/ RNA concentration determination 

Determination of DNA and RNA concentration was achieved by measuring the absorption 

at 260 nm using the Nanodrop™ ND1000. For plasmids and total RNA extracts the 

concentration determination was based on the internal estimation provided by the Nanodrop™ 

system. For oligonucleotides of known sequence, concentrations were calculated using the 

specific molar extinction coefficient provided by ‘Oligo Calc: Oligonucleotide Properties 

Calculator’ (http://biotools.nubic.northwestern.edu/OligoCalc.html). The respective buffer (or 

water) served as reference for the measurement. 

2.3 Preparation of chemically competent cells 

50 mL LB medium were inoculated with E.coli BL21-Gold(DE3) from a glycerol stock and 

incubated overnight at 37°C on a shaker (160 rpm). After measuring the OD600 of the overnight 

culture using the Eppendorf BioPhotometer®, it was employed to inoculate 200 mL LB 

medium to an OD600 of 0.1. Cells were allowed to grow to a density of an OD600 of ~0.5 by 

incubation at 37°C on a shaker (approximately 1.5 h). Then the culture was distributed to four 

separate 50 mL tubes and centrifuged at -4°C (10 min at 4400 rpm). The supernatant was 

discarded and pellets were resuspended in 15 mL TfbI buffer, respectively. After incubation 

on ice for 20 min, cells were centrifuged again at -4°C (10 min at 4400 rpm) and the 

supernatant was discarded. Subsequently, 4 mL of TfbII buffer were added to each cell pellet 

and cells were incubated on ice for another 20 min. 100 µl Aliquots were prepared and stored 

at -80°C. All steps after harvesting of the cells were conducted on ice.  
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2.4 Transformation of chemically competent cells 

Chemically competent cells were thawed on ice. Subsequently, 100 µl of the cells were 

added to 1 µl plasmid or 10 µl ligation reaction (see chapter VII 2.5). After incubation on ice 

for 10 min, a heat-shock was applied at 42°C for 45 s and cells were incubated on ice for 

another 10 min. Then 100 µL SOC was added, and the cells were cured for 1 h at 37°C 

(shaking). Afterwards, cells were plated on LB agar containing the appropriate antibiotic (34 

µg/ml kanamycin sulfate or 100 µg/ml carbenicillin disodium salt) and incubated overnight at 

37°C.  

2.5 Site-directed mutagenesis 

Mutations were introduced into genes of KOD exo- DNA polymerase and RT-KTq by PCR 

with back-to-back primers bearing the mutated amino acids, with one of the two primers 

carrying a 5’-phosphate (see Table 13 in chapter VII 1.4). For saturation mutagenesis at a 

specific site, 19 separate PCR reactions were conducted, one for each amino acid respectively. 

PCR reactions were performed employing 0.02 units/µL Phusion® DNA polymerase, ~1 

ng/µL template (KOD exo- in pET24a or RT-KTq in pGDR11), 600 nM primer (each), 200 

µM dNTPs (each), and 3 % (v/v) DMSO. PCR protocols were carried out as follows:  

 

   (I) 98°C   30 s 

   (II) 98°C   5s 

   (III) T(annealing)  15s 

   (IV) 72°C   2min 15s  

   With 30 cycles of step (II) – (IV) 

 

Here, a general T(annealing) of 58°C was applied in a first attempt. Only if no product was 

formed, the optimal T(annealing) for a specific primer pair was determined by PCR employing 

a gradient between 50°C and 70°C. For creation of RT-KTq double mutants, the plasmids of 

the respective single mutants (and if necessary modified primers, see Table 13 in chapter VII 

1.4) were deployed as template. 

To get rid of the PCR template, a DpnI digest was conducted by addition of 1/10 V 

CutSmart® Buffer (10x) and 0,2 u/µL DpnI and subsequent incubation at 37°C for 1 h. After 

analysis of the reaction mixture by agarose gel electrophoresis, PCR products were either 

ligated directly or after purification via preparative agarose gel electrophoresis (only when a 
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big amount of side products was present). Ligation was performed by mixing 8.5 µL of PCR 

product with 1 µL T4 DNA ligase reaction buffer (10x) and 0.5 µL T4 DNA ligase (100000 

u/mL) and incubation of the reaction mixture at room temperature for 30 min. After 

transformation of the ligation mixture (see chapter VII 2.4) and selection of transformed 

clones, clones were cultivated in 10 mL LB-medium containing the appropriate antibiotic (34 

µg/ml kanamycin sulfate or 100 µg/ml carbenicillin disodium salt) by shaking at 37°C 

overnight. Then plasmids were isolated (employing the Qiaprep Spin Miniprep Kit) and mixed 

with a suitable sequencing primer (see Table 17 in chapter VIII 1.4) for sequencing by GATC 

Biotech.  

Correctly sequenced clones were mixed with 1 volume glycerol and stored at -80°C. For 

RT-KTq libraries, clones were cultivated overnight in 96 well plates (sealed with Air-O-Seal 

hydrophobic gas permeable seal) containing 700 µL LB-carb per well at 37°C on a shaker. 

Subsequently 700 µL of 60% (v/v) glycerol were added employing the Multidrop™ Combi 

dispenser and plates were sealed with PCR foil seal, vortexed and stored at -80°C. 

2.6 Preparation of DNA polymerase lysates in 96 well plates 

RT-KTq libraries were expressed in 96 well plates. Therefore, glycerol stocks of libraries 

(See chapter VII 2.5) were thawed in a water bath at 25°C. Then multichannel pipettes were 

used to inoculate 1 mL LB (with 100 µg/ml carbenicillin disodium salt) supplied in a new 96 

well plate with 20 µL of the glycerol stock, respectively. Plates were sealed with Air-O-Seal 

hydrophobic gas permeable seals and incubated on a shaker at 37°C. When an OD600 of 0.4 – 

0.6 (after approximately 3 h) was reached, expression was induced by the addition of 100 µl 

of a 4.4 mM IPTG solution (in LB medium) per well (employing the Multidrop™ Combi 

dispenser) – resulting in a final IPTG concentration of 0.4 mM. Expression was allowed to 

proceed for 3 h at 37°C on a shaker and cells were harvested by centrifugation at 4°C (30 min 

at 4400 rpm). Cell pellets were stored overnight at -20°C and lysed on the next day by the 

addition of 800 µL KTq reaction buffer (1x) supplied with 0.5 mg/ml lysozyme and subsequent 

incubation at 37°C in a water bath for 20 min. Afterwards, E.coli host proteins were denatured 

by incubation at 75° in a water bath for 45 min and plates were centrifuged at 4400 rpm for 30 

min at 4°C. Prepared lysates could be stored at 4°C for ~4 weeks and were directly applied for 

real-time PCR and primer extension based screening assays. 
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2.7 Large-scale protein expression 

10 mL LB-medium containing the appropriate antibiotic (34 µg/ml kanamycin sulfate or 

100 µg/ml carbenicillin disodium salt) was inoculated with E.coli BL21-Gold(DE3) carrying 

the respective plasmid (from a glycerol stock) and incubated overnight at 37°C on a shaker. 

The next day, 400 mL of LB.medium containing the appropriate antibiotic was inoculated with 

4 mL overnight culture and incubated at 37° on a shaker until an OD600 of 0.6 - 0.8 was 

reached. Then expression was induced by the addition of 1mM of IPTG and the culture was 

incubated for another 4 h at 37°C on a shaker. Cells were harvested by centrifugation at 4°C 

(15 min at 4400 rpm) and pellets were stored at -20°C. 

2.8 Protein purification 

Cell pellets were thawed on ice and resuspended in 10 ml KTq or KOD lysis buffer, 

respectively. Subsequently, the cell suspension was transferred to a 50 mL Falcon tube and 

incubated at 37°C (in a water bath) for 20 min followed by an incubation at 75°C for 45 min. 

Lysates were then transferred to centrifuge tubes and centrifuged in a high-speed centrifuge 

(45 min at 20000 rpm at 4°C) to remove cell debris. The supernatant was transferred to 15 mL 

Falcon tubes and 5 mM imidazole was added. Then affinity purification was performed 

applying either cOmplete™ His-Tag purification Resin or the Äkta Pure FPLC with a 

HisTrap™ FF Crude (1 mL) column. 

For purification using the cOmplete™ His-Tag purification Resin, 1 mL beads were 

centrifuged and washed with 5 mL KOD or KTq calibration buffer for 4 times (centrifugation 

steps were performed at 800 rpm for 2 min at 4°C). Then beads were resuspended in 0.5 mL 

calibration buffer and, subsequently, added to the lysates. Afterwards, lysates were shaken in 

an overhead shaker for 3h (or overnight) at 4°C and centrifuged again at 4°C (2 min at 800 

rpm). After discarding the supernatant, beads were washed with 12 mL KOD or KTq washing 

buffer I, incubated in an overhead shaker at 4°C for 5min and centrifuged again. This step was 

repeated with KOD or KTq washing buffer II. Elution of the protein was achieved by the 

addition of 3 mL KTq or KOD elution buffer (2x) supplied with 100 mM imidazole, incubation 

in an overhead shaker at 4°C for 20 min and another centrifugation step. The supernatant was 

transferred to a VivaSpin tube (20 mL, 10000 MWCO) and concentrated to ~0.5 mL by 

centrifugation at 4°C (4000 rpm). To get rid of the imidazole, the protein solution was filled 

up to 20 mL with elution buffer (2x) for three times, each time followed by a centrifugation 

step to concentrate it to ~0.5 mL. In the last round, the solution was concentrated to ~0.2 mL. 



General methods of Molecular Biology 

117 

Finally, 1/10 volume of KTq or KOD storage buffer (20x) and was added and a final glycerol 

concentration of 50% was obtained by the addition of 100% autoclaved glycerol. Protein 

stocks were stored at -20°C. 

For purification of RT-KTq variants using the HisTrap™ FF Crude (1 mL) column, the 

column was calibrated with KTq FPLC buffer A: Then lysates were applied to the column and 

the column was washed with KTq FPLC buffer A for 15 min (1 ml/min flow rate). Afterwards, 

a linear gradient from 5 to 500 mM imidazole (from KTq FPLC buffer A to KTq FPLC buffer 

B) was applied over the course of 30 min (1 ml/min flow rate). 1 mL fractions were collected 

and the fractions containing purified protein were combined and concentrated as described in 

the previous paragraph using VivaSpin tubes. Finally, removal of imidazole, addition of 

storage buffer and glycerol and storage at -20°C was conducted as described in the previous 

paragraph.  

2.9 Determination of protein concentration 

The Bradford assay was deployed to determine concentrations of purified proteins. 

Therefore, 980 µl of Roti®-Quant (1x) were added to 20 µl of DNA polymerase and the BSA 

standard solutions, respectively (both in storage buffer (1x)). After incubation for 5 min in the 

dark, the absorption at 595 nm was measured using an Eppendorf BioPhotometer®. 

For the standard curve, a dilution series of 0, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 mg/mL BSA was 

prepared. The DNA polymerase samples were measured as 1:2, 1:5 and 1:10 dilutions. Further 

verification of DNA polymerase concentration was achieved by SDS-PAGE 

2.10 SDS-PAGE 

To assess protein purity and compare concentrations of enzymes, all purified DNA 

polymerases were analyzed by SDS PAGE. A 10% separating gel was prepared by mixing 4.3 

ml Milli-Q, 2.5 mL separation gel buffer, 100 µL SDS (10%), 3.3 ml Rotiphorese® gel 30, 75 

µl APS (10%) and 10 µL TEMED. The reaction mixture was applied to the gel chamber and 

covered with 2-propanole. After polymerization, the 2-propanole was removed and the 

stacking gel was casted by applying a mixture of 3.1 mL Milli-Q, 1.25 mL stacking gel buffer, 

20 µL SDS (10%), 0.65 Rotiphorese gel 30, 35 µl APS (10%) and 5 µL TEMED. Protein 

samples were mixed with SDS loading buffer (final concentration = 1x) and denatured at 95°C 

for 5 min. After application of the samples to the gel pockets, separation was achieved by the 

application of 200 V in 1x SDS PAGE running buffer. The gel was stained for 15 min in 
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Coomassie staining solution and destained for 1h in destaining solution prior to imaging using 

the ChemiDoc™ XRS.  

2.11 Preparative denaturing PAGE 

For purification of oligonucleotides, a 12% Gel was prepared by mixing 120 mL 

Rotiphorese® sequencing gel concentrate, 105 mL 8.3 M Urea, 25 ml 8.3 M urea in 10x TBE 

buffer, 1.8 mL APS (10%) and 90 µL TEMED. The reaction mixture was applied to the gel 

chamber with a final gel thickness of 1.5 mm. A free run of the gel was performed for ~ 1 h 

by applying up to 100 W and 3000 V in 1x TBE buffer at up to 45°C. Subsequently, 100 µL 

of a 100 µM DNA oligonucleotide solution was mixed with 100 µL stop solution and applied 

to the gel pockets. Separation was achieved by applying up to 100 W and 3000 V in 1x TBE 

buffer at up to 45°C for ~ 3 h. DNA samples were localized in the gel by UV light (254 nm) 

absorption applying TLC plates and excised. The gel was shredded applying a scalpel and 

filled into a 1.5 ml reaction tube and Milli-Q was added. The suspension was shaken at 50°C 

overnight and the gel pieces were removed by filtration through a syringe filled with glass 

wool. Oligonucleotides were then ethanol precipitated. 

For size fractionation in Illumina library preparation, a 10 % PAGE gel was prepared and 

run in similar way. However, run times were ~30 mins and, subsequently, gels were stained 

using GelRed™ and visualized using a Typhoon™ imaging system. Then, elution from the 

gel was performed as described above. 

2.12 Ethanol precipitation 

To precipitate DNA oligonucleotides, 1/10 volume of 3 M sodium acetate (pH 5.4) and 3 

volume of ice-old (-80°C) ethanol (100%) were added to the sample. After 30 min at -80°C, 

the sample was centrifuged for 1 h at 13000 rpm and 4°C. The supernatant was discarded and 

the pellet was washed with ice-cold (-80°C) ethanol (80%). After another centrifugation at 4°C 

(15 min at 13000 rpm) the supernatant was discarded and the pellet was air-dried for 

approximately 1 h. Finally the pellet was dissolved in Milli-Q (or in the desired buffer for the 

subsequent reaction). In ethanol precipitations performed for Illumina library preparation, 20 

mg glycogen were added to the sample before precipitation to improve yields. 
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2.13 Radioactive labeling of DNA oligonucleotides 

DNA oligonucleotide were radioactively labeled by 5’-phosphorylation applying [γ-32P]-

ATP. Reactions with a total volume of 50 µL were prepared containing the 400 nM DNA 

oligonucleotide, 0.4 µCi/µL [γ-32P]-ATP, and 0.4 U/µL T4 polynucleotide kinase (PNK) in 

PNK-buffer (1x). After labeling at 37°C for 1h, heat-denaturation of PNK was achieved by 

incubation at 95°C for 5 min and the labeled oligonucleotide was purified by gel filtration over 

Sephadex G25 using spin columns. Subsequently, 20 µl of unlabeled oligonucleotide (10 µM) 

were added to attain an overall primer concentration of 3 µM. 

2.14 Analytical denaturing PAGE 

Primer extension reactions utilizing radioactively labeled DNA primers were generally 

analyzed by analytical denaturing PAGE. Therefore, 12 % polyacrylamide gels were prepared 

by mixing 80 mL Rotiphorese sequencing gel concentrate, 70 mL 8.3 M Urea, 16.7 mL 8.3 M 

urea in 10x TBE buffer, 1.2 mL APS (10%) and 60 µL TEMED, before casting of the reaction 

mixture into the assembled sequencing gel system (with a thickness of 0.4 mm). After 

polymerization, a free run of the gel was performed for ~ 30 min by applying up to 100 W and 

3000 V in 1x TBE buffer at up to 45°C. Then 1.5 µl of the sample (containing stop solution) 

were loaded to the gel and separation was achieved by applying up to 100 W and 3000 V in 

1x TBE buffer at up to 45°C for ~ 2 h. Afterwards, the gel was transferred to Whatman® paper, 

dried for 1 h at 80°C by applying vacuum in a gel dryer, and exposed to a phosphor imager 

screen overnight. Readout of the screen was performed using the Molecular Imager™ FX or 

the Typhoon™ FLA 7000.

3. Assays performed for chapter IV 1 

3.1 Primer extension assays 

The reaction mixtures contained 150 nM of [γ-32P]-labeled primer (NR3C1 primer N rev, 

N = G/A/T/C), 225 nM template (NR3C1 PEX template C or 5mC) and 25 nM of the respective 

DNA polymerase (KlenTaq, KOD exo- wildtype, or KOD exo- G498M) in extension buffer 

(1x). Reaction mixtures (20 µL, respectively) were heated to 95°C for 2 min and subsequently 

cooled to 55°C. After starting the primer extension by addition of 100 µM dCTP for single 

nucleotide incorporation or 100 µM of each dNTP for full length primer extension, reactions 
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were allowed to proceed for the desired reaction times (see legends of Figure 20/22). 

Reactions were quenched by the addition of 40 µl stop solution and analyzed by 12 % 

denaturing PAGE. Visualization was performed by phosphorimaging. Up to 12 reactions could 

be started and stopped simultaneously when employing multichannel pipettes. 

3.2 Enzyme kinetics 

Steady state kinetics for single nucleotide incorporation by KlenTaq, KOD exo- wildtype 

and KOD exo- G498M DNA polymerases applying matched and 3’-mismatched primers were 

measured under single completed hit conditions [291-293]. Therefore, single nucleotide 

incorporation for the respective primer (NR3C1 primer N rev, N = G/A/) in complex with 

either template (NR3C1 PEX template C or 5mC) was performed (as described in chapter VII 

3.1), analyzed via 12% denaturating PAGE and visualized by phosphorimaging. DNA 

polymerase concentrations were chosen so that not more than 20% of the applied primer was 

extended. The rate of single nucleotide incorporation was determined for various incubation 

times (10s – 60s) at various dCTP concentrations. The amount of extended primer was plotted 

against incubation time for each examined dCTP concentration. Linear regression delivered 

reaction velocities for the respective dCTP concentration. For kinetic analysis, the reaction 

velocities were normalized against enzyme concentrations and plotted against the employed 

dCTP concentrations. Using GraphPad Prism 4, experimental data was fit to a hyperbolic 

equation [rate] = kcat*[dCTP]/(KM + [dCTP]) to determine KM and kcat. 

3.3 Real-time PCR applying NANOG DNA oligonucleotides as template 

Reaction mixtures for PCR contained 200 µM dNTPs (each), 50 nM reverse primer 

(NANOG primer N rev, N = A/G), 100 nM forward primer (NANOG primer fwd), 75 nM of 

the respective DNA polymerase (KlenTaq, KOD exo- wildtype, or KOD exo- G498M), 1x 

SYBR® green I and 100 pM template (NANOG PCR template C or 5mC) in either (1x) KTq 

reaction buffer (KlenTaq DNA polymerase) or (1x) KOD PCR buffer I (KOD DNA 

polymerase variants). Real time PCR data was gathered from 25 µl reaction mixture, 

respectively, using the Roche LightCycler® 480 and Roche LightCycler® 96 systems with an 

initial denaturation at 95°C for 60 s, followed by amplification over 30 cycles (KlenTaq DNA 

polymerase) or 50 cycles (KOD DNA polymerase variants) with denaturation at 95°C for 10s 

and annealing and elongation at 68°C for 30s. Melting curves were measured immediately 

after PCR amplification. For agarose gels, reactions were stopped after 28 cycles and reaction 
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mixtures (10 µl respectively) were analyzed using agarose gel electrophoresis and 

visualization by EtBr staining and UV irradiation. 

3.4 Real-time PCR applying NR3C1 DNA oligonucleotides as template 

Reaction mixtures for PCR contained 200 µM dNTPs (each), 50 nM reverse primer 

(NR3C1 primer N rev, N = A/G), 100 nM forward primer (NR3C1 primer fwd), 75 nM KOD 

exo- G498M, 1x SYBR® green I and 100 pM template (NR3C1 PCR template C or 5mC) in 

KOD PCR buffer I (1x). Real time PCR data was gathered from 25 µl reaction mixture, 

respectively, using the Roche LightCycler® 480 and Roche LightCycler® 96 systems with an 

initial denaturation at 95°C for 60 s, followed by amplification over 50 cycles with 

denaturation at 95°C for 5s and annealing and elongation at 64°C for 30s. Melting curves were 

measured immediately after PCR amplification. For agarose gels, reactions were stopped after 

32 cycles and reaction mixtures (10 µl respectively) were analyzed using agarose gel 

electrophoresis and visualization by EtBr staining and UV irradiation. 

3.5 Real-time PCR applying HeLa gDNA as template 

. Reaction mixtures for PCR contained 200 µM dNTPs (each), 50 nM reverse primer 

(NANOG primer N rev, N = A/G), 100 nM forward primer (NANOG primer fwd), 150 nM 

KOD exo- G498M, 1x SYBR® green I (Sigma) and 2 ng/µl of either HeLa gDNA or CpG 

methylated HeLa gDNA in KOD PCR buffer II (1x). Real time PCR data was gathered from 

25 µl reaction mixture, respectively, using the Roche LightCycler® 480 and Roche 

LightCycler® 96 systems with an initial denaturation at 95°C for 5 min followed by 

amplification over 60 cycles with denaturation at 95°C for 10s and annealing and elongation 

at 68°C for 30s. Melting curves were measured immediately after PCR amplification. 

Subsequently, reaction mixtures (10 µl respectively) were analyzed using agarose gel 

electrophoresis and visualization by EtBr staining and UV irradiation.

4. Assays performed for chapter IV 2 

4.1 Preparation of in vitro transcribed 18s rRNA 

cDNA of the human 18s rRNA was obtained by reverse transcription from human RNA 

extracts using a suitable primer and M-MuLV Reverse Transcriptase according to the vendor’s 

protocol (applying 2 µg total RNA), and amplified by PCR employing Phusion® DNA 
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polymerase. Amplified cDNA was purified via agarose gel electrophoresis and cloned into a 

pJET 1.2 vector using the CloneJET PCR Cloning Kit. After transformation into E.coli T7 

express Iq, clones were checked for correct sequence by Sanger sequencing performed by 

GATC Biotech. Subsequently, correctly sequenced plasmid was isolated (using the QIAprep® 

Spin Miniprep Kit) and linearized by endonuclease digestion with ClaI. Linearized plasmid 

was purified by phenol-chloroform extraction (applying Roti®-Phenol/Chloroform/Isoamyl 

alcohol according to the vendor’s protocol) and ethanol precipitation. In vitro transcription of 

the linearized plasmid was achieved using the HiScribe™ T7 High Yield RNA Synthesis Kit 

according to the vendor’s protocol. After digestion of the DNA template by addition of 4u 

DNase I and incubation at 37°C for 15 minutes, in vitro transcribed RNA was purified by 

phenol-chloroform extraction and ethanol precipitation. Subsequently, RNA was dissolved in 

Milli-Q and RNA concentration was determined by NanoDrop™. A260/A280 was 2.4. Purity 

of the in vitro transcribed RNA was additionally analyzed by agarose gel electrophoresis. For 

later usage, RNA was stored at -80°C. 

4.2 Extraction of total RNA from human cells 

IHH, Jurkat, Hep G2, HEK-293 and Caco2 cells were kindly provided by the laboratory of 

Prof. Dr. Thomas Brunner, HeLa and H1299 cell were kindly provided by the laboratory of 

Prof. Dr. Martin Scheffner (both at the University of Konstanz). Extraction of total RNA from 

human cell lines was achieved using the Direct-zol™ RNA MiniPrep Kit according to the 

vendor’s protocol. In-column DNase treatment was performed by the addition of 20u DNase I 

per column and incubation at room temperature for 15 minutes. RNA concentration was 

determined using NanoDrop™. Determined A260/A280 values were ≥ 2.0. RNA integrity was 

analyzed by agarose gel electrophoresis and the 28s/18s rRNA ratio ranged from 1.7 to 2.1. 

4.3 Screening for RT-KTq mutants with improved discrimination in qRT-PCR 

RT-KTq variants were expressed in duplicates in 96 well plates and lysed as described (see 

chapter VII 2.6), followed by their direct application in qRT-PCR. For this purpose, 10 µl 

lysate were mixed with 10 µl 2x Mastermix containing 400 µM dNTPs, 200 nM RNAoligo 

primer fwd, 200 nM RNAoligo primer rev (-1), 100 mM betaine, 2x SYBR® green I, 100 nM 

Taq Aptamer [308] and 200 pM template (RNAoligo1 template A or 2’OmeA) in KTq reaction 

buffer (1x). Then analysis was conducted by qRT-PCR using a Roche Lightcycler® 96 

instrument with the following protocol: 60s at 95°C; then 50 cycles of 15s at 95°C and 30s at 
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62°C. RT-KTq variants with improved discrimination of 2’-O-methylated and unmethylated 

template were expressed in a larger scale and purified before further characterization (see 

chapter VII 2.8). 

4.4 Primer extension assay with RNA oligonucleotides as template 

The reaction mixture contained 150 nM of [γ-32P]-labeled primer (RNAoligo primer rev  

(-1)), 225 nM of the respective RNA template (RNAoligo1 template A / 2’OmeA / C / 

2’OmeC) and 200 µM dNTPs (each) in KlenTaq reaction buffer (1x). Reaction mixtures (20µl, 

respectively) were heated to 95°C for 2 min and subsequently cooled to 55°C. After starting 

the primer extension by addition of either 250 pM RT-KTq or 2.5 nM RT-KTq V669L, 

reactions were allowed to proceed at 55°C for 10 min. Reactions were stopped by addition of 

40 µl stop solution and analyzed by 12% denaturing PAGE. Visualization was performed by 

phosphorimaging. Up to 12 reactions could be started and stopped simultaneously when 

employing multichannel pipettes. 

4.5 Specific activity of RT-KTq variants 

Extension of primer in complex with the respective RNA template was performed as 

described (see chapter VII 4.4). Reactions were performed with various amounts of DNA 

polymerase (RT-KTq: 0.25 – 100 fmol; RT-KTq V669L: 5 - 300 fmol) in 20 µl reaction 

mixture. The observed intensities of each band in the autoradiogram yielded the conversion of 

dNTPs in each reaction. dNTP conversion per min was plotted against the amount of applied 

enzyme. The linear range was analyzed and slopes were obtained by linear regression 

(employing GraphPad Prism 4) yielding the specific activity of the respective enzyme and the 

respective sequence context [299]. 

4.6. Primer extension assay on human total RNA  

The reaction mixture contained 30 nM of [γ-32P]-labeled primer (A99 primer rev (-1) or  

(-5)), 200 µM dNTPs (each) and 200 ng/µl total RNA extracts or 80 ng/µl in vitro 18s rRNA 

in KlenTaq reaction buffer (1x). Reaction mixtures (20µl, respectively) were heated to 95°C 

for 2 min and subsequently cooled to 55°C. After starting the primer extension by addition of 

20 nM RT-KTq V669L, reactions were allowed to proceed at 55°C for 10 min. Reactions were 
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stopped by addition of 40 µl stop solution and analyzed by 12% denaturating PAGE. 

Visualization was performed by phosphorimaging. 

4.7 qRT-PCR using RNA oligonucleotides as template 

qRT-PCRs were conducted in a total volume of 20 µl reaction mixture containing 100 pM 

RNA oligonucleotide (RNAoligo1 template A / 2’OmeA / C / 2’OmeC), 100 nM RNAoligo 

primer fwd, 100 nM reverse primer (RNAoligo primer rev (-1) or RNAoligo primer rev control 

(A) or(C)), 200 µM dNTPs (each), 0.5 M betaine, 1x SYBR® green I, 100 nM Taq Aptamer 

[308] and 100 nM of either RT-KTq or RT-KTq V669L in KlenTaq reaction buffer (1x). qRT-

PCR was conducted in triplicates using a Roche Lightcycler® 96 instrument with the 

following protocol: 60s at 95°C; then 40 cycles of 15s at 95°C and 30s at 62°C. For analysis 

of the RT-PCR by agarose gel electrophoresis, qRT-PCR was stopped after 25 (RNA template 

A and 2’OmeA) or 30 cycles (RNA template C and 2’OmeC), respectively. ∆CT-values were 

used to calculate 2’-O-methylation fractions. Efficiency of the PCR was determined by 

template dilution series using the unmodified templates [230]. 

4.8 qRT-PCR on human total RNA  

qRT-PCRs were conducted in a total volume of 20 µl reaction mixture containing 100 nM 

forward primer (see Table 15 in chapter VII 1.4), 100 nM reverse primer (see Table 15 in 

chapter VII 1.4), 200 µM dNTPs (each), 0.5 M betaine, 1x SYBR® green I (sigma), 100 nM 

Taq Aptamer [308] and 100 nM of either RT-KTq or RT-KTq V669L in KlenTaq reaction 

buffer (1x). The concentrations of the different RNAs were adjusted for each site individually 

deploying the respective control primer sets, and ranged from 2.5 to 10 ng/µl for human RNA 

extracts and 0.5 to 2 ng/µl for in vitro transcribed RNA. qRT-PCR was conducted in triplicates 

using a Roche Lightcycler® 96 instrument. For the sites A27, U428, G1490 and C1703, the 

following protocol was applied: 60s at 95°C; then 40 cycles of 15s at 95°C and 45s at 60°C. 

For the site A99, the following protocol was applied: 60s at 95°C, then 40 cycles of 15s at 

95°C, 30s at 60°C and 5s at 72°C (the additional extension step at 72°C was necessary to 

achieve specific amplification). To validate specific amplification, melting points of PCR 

products were measured. ∆∆CT-values were used to calculate 2’-O-methylation fractions. 

Efficiencies of the PCRs were determined by template dilution series of the in vitro transcribed 

18s rRNA [230]. To exclude DNA contamination of the total RNA samples, a minus-reverse 

transcription control was conducted by PCR with the KTQ 2x PCR Master Mix (from 
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myPOLS Biotec), 0.5 M betaine, 1x SYBR® green I (sigma) and 5 ng/µl RNA sample. For 

all used primer sets, minus-reverse transcription PCRs harbored either only primer dimers or 

no product at all.

5. Assays performed for chapter IV 3 

5.1 Screening for RT-KTq variants with increased error rate opposite m6A 

RT-KTq variants were expressed in 96 well plates and lysed as described (see chapter VII 

2.6), followed by their direct application in single nucleotide incorporation experiments. First, 

4 µL lysate per well were transferred to a fresh 96 well reaction plate (on ice) applying a 

multichannel pipette. Here, only half of the plate was transferred twice (i.e. either column 1-6 

or column 7-12) to obtain duplicates of each enzyme in one reaction plate (i.e. in the new plate 

columns 1-6 and columns 7-12 were identical). Plates were heated to 55°C on a thermocycler 

and 16 µl of reaction mixture (1.6 µL of (10x) KTq buffer, 2 µl of 200 µM dATP or 8 µM 

dTTP, 2 µL of annealed primer-template  (50 nM primer / 100 nM template), and 10.4 µL 

Milli-Q) were added from ice to start the reaction. 12 reactions could be started at once when 

applying a multichannel pipette. The reaction mix for columns 1-6 contained RNA2 template 

A, the mix for columns 7-12 contained RNA2 template m6A. Primers differed for each column: 

(1) 20 nt FAM, (2) 25 nt FAM, (3) 30 nt FAM, (4) 35 nt FAM, (5) 40 nt FAM, (6) 45 nt FAM, 

(7) 20 nt HEX, (8) 25 nt HEX, (9) 30 nt HEX, (10) 35 nt HEX, (11) 40 nt HEX, (12) 45 nt 

HEX (see Table 16 in chapter VII 1.4). Annealing of an adequate amount of the respective 

primer and template was performed beforehand in the correct order in a 12-tube PCR strip by 

heating to 95°C for 2 min and subsequent incubation on ice. Then the appropriate volume of 

a ‘mastermix’ containing the remaining components (buffer, dNTP, Milli-Q) was added to 

each tube. This line of action facilitated the use of multichannel pipettes to transfer the correct 

primer extension mixture (containing the respective primer-template complex) to the correct 

target well. Reactions were incubated for 10 min at 55°C (during this time all rows of the 96 

well plate could be started consecutively) and stopped by addition of 20 µL CE stop solution 

(again for each row after 10 min consecutively). Reaction mixtures were then analyzed directly 

by capillary electrophoresis. For each lysate plate, reactions had to be performed in 4 reaction 

plates: for each half of the lysate plate one reaction plate with dATP and one with dTTP. The 

suitable concentrations of dATP (20 µM) and dTTP (0.8 µM) were determined in a preceding 

experiment by a dilution series employing lysate of unmodified RT-KTq.  
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5.2 Capillary electrophoresis 

Primer extension reactions from chapter VII 5.1 were directly analyzed by CE. Therefore, 

38 µL of Hi-Di™ Formamide (containing 0.5 % (v/v) GeneScan™ 120 LIZ™) were added to 

each well of one column of a MicroAmp™ 96-well plate. Then 1 µl of each of the 12 reactions 

from one row of the 96 well reaction plate was transferred to an identical well of the 

MicroAmp™ plate to obtain a final volume of 50 µL per well. Consecutive transfer of each 

column from the reaction plate to the target column in the MicroAmp™ plate by a 

multichannel pipette facilitated this process. CE was then performed by employing the ABI 

3500 instrument with an 8-capillary array (50 cm) filled with POP-6™ polymer. The following 

parameters were applied for the CE run: G5 dye set, 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. Qualitative assessment of the data was carried out applying 

the GeneMapper™ 5 Software.  

5.3 Primer extension assays 

The reaction mixtures contained 150 nM of [γ-32P]-labeled primer (RNAoligo primer rev 

(-1)), 225 nM template (RNA2 template A or m6A) and 100 µM dNTP in KTq reaction 

buffer (1x). Reaction mixtures (20 µL, respectively) were heated to 95°C for 2 min and 

subsequently cooled to 55°C. After starting the primer extension by addition of 1 nM (or 20 

nM for mismatch reactions in chapter IV 3.2) of the RT-KTq variant, reactions were allowed 

to proceed for the desired reaction times (see legends of Figure 37/43). Reactions were 

quenched by the addition of 20 µl stop solution and analyzed by 12 % denaturing PAGE. 

Visualization was performed by phosphorimaging. Up to 12 reactions could be started and 

stopped simultaneously when employing multichannel pipettes. 

5.4 Rate determination 

Extension of primer in complex with the respective RNA template was performed as 

described (see chapter VII 5.3). Reactions were performed with various amounts of RT-KTq 

variant (from 1 – 150 fmol depending on the DNA polymerase) in 20 µl reaction mixture. The 

observed intensities of each band in the autoradiogram yielded the conversion of dTTP/ dATP 

in each reaction. dNTP conversion was normalized to the applied reaction time and conversion 

per min was plotted against the amount of applied enzyme. The linear range was analyzed and 
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slopes were obtained by linear regression (employing GraphPad Prism 4) yielding the specific 

reaction rate of the respective enzyme at the applied reaction condition (i.e. 100 µM dTTP or 

dATP). 

5.5 Library preparation and sequencing 

Library preparation was performed according to a previously published protocol [265]. 

Correspondingly, 500 ng of RNA2 template m6A or E.coli tRNA (kindly provided by the 

laboratory of Prof. Dr. Mark Helm at the University of Mainz, prepared as described 

previously [264]) were denatured at 90°C for 30s, chilled on ice and dephosphorylated by 

the addition of 0.5 u FastAP alkaline phosphatase, 100 mM Tris HCl (pH 7.4), 20 mM 

MgCl2, 0.1 mg/mL BSA, and 100 mM 2-mercaptoethanol in a total volume of 10 µL. After 

incubation of the reaction mixture at 37°C for 30 min, the denaturation step was repeated and 

another 5 u Fast AP were added, followed by another incubation at 37°C for 30 min. Then 5 

µM of the preadenylated 3’-adapter (kindly provided by the laboratory of Prof. Dr. Mark 

Helm at the University of Mainz, prepared as described in [264]), 1 u T4 RNA ligase 2 

truncated, 0.5 u T4 RNA ligase and 15% DMSO were added in a final volume of 20 µL and 

ligation was performed by incubation of the reaction mixture at 4°C overnight. After heat 

inactivation of the enzymes at 75°C for 15 min, 50 u of 5’-deadenylase were added and the 

mixture was incubated at 30°C for 30 min, afterwards at 90°C for 30 s and then chilled on ice. 

Another portion of 5’-deadenylase was added and another round of incubation steps was 

performed, followed by the addition of 10 u Lambda exonuclease and incubation at 37°

C for 30 min, 90°C for 30 s and on ice for 2 min. This step was also repeated. Then ethanol 

precipitation was performed and the pellet was dissolved in 20 µL RT reaction mixture 

containing 5 µM RT-primer and 200 µM dNTPs (each) in KTq reaction buffer (1x). The 

mixture was incubated at 75°C for 5 min and chilled on ice, before 250 nM of the respective 

RT-KTq variant was added and RT was performed at 60°C for 1 h. Residual primer was 

digested by addition of 10 u Lambda exonuclease and incubation at 37°C for 30 min, followed 

by addition of another portion of the enzyme and another incubation. Subsequently, 40 u of 

Exonuclease I was added and the mixture was incubated at 37° for 30 min. This step was also 

repeated, followed by heat denaturation at 80°C for 15 min. Residual dNTPs were 

dephosphorylated with 2 u FastAP alkaline phosphatase for 30 min at 37°C, followed by 

heat denaturation at 90°C for 2 min and cooling on ice. After repetition of the 

dephosphorylation step, RNA was degraded by the addition of NaOH to a final concentration 

of 0.15 M and heating to 55°C for 20 min. Reactions were cooled on ice and acetic acid was 
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added to a final concentration of 0.15 M, followed by another ethanol precipitation. The pellet 

was dissolved in 10 µL tailing mixture containing 1.25 mM CTP and 10 u TdT in (1x) TdT 

buffer and tailing was carried out at 37°C for 30 min, followed by heat inactivation at 70°C 

for 1 min. Subsequently, 1.25 µM ds 5’-adapter, 10 µM ATP, 60 u T4 DNA ligase, 100 mM 

Tris HCl (pH 7.4), and 20 mM MgCl2 was added to obtain a final volume of 40 µL and the 

mixture was incubated at 4°C for 18 h. After heat denaturation at 75°C for 15 min, ethanol 

precipitation was performed. The 40-150 nucleotide size fraction of the mixture was obtained 

by preparative denaturing PAGE, followed by excision of the respective bands, and elution in 

0.5 M ammonium acetate. After another ethanol precipitation, PCR was performed by 

dissolving the pellet in 20 µl PCR reaction mixture containing 3 mM MgCl2, 0.5 mM dNTP 

(each), 5 µM P7 PCR primer, 5 µM P5 PCR primer, and 5 u Taq DNA polymerase in Taq 

buffer (1x). After initial denaturation for 5 min at 95°C, amplification was achieved by 12 

cycles of 1 min at 95°C, 1 min at 65°C and 1 min of 72°C, followed by a final extension of 

5min at 72°C. Finally, another size fractionation step was conducted by preparative denaturing 

PAGE, excision of bands between 150 and 300 nt, elution in 0.5 M ammonium acetate, and 

ethanol precipitation. DNA concentration was determined using Nanodrop™ and samples 

were sent to the Next-Generation Core Facility of the Lorraine University in Nancy for further 

quality control (Agilent Bioanalyzer 2100) and sequencing (Illumina MiSeq). 

5.6 Processing of sequencing data 

Processing of sequencing data was done with a custom bioinformatics pipeline. Trimming 

of primers, adapters, barcodes and tailing overhangs were assembled and performed in a 

Python-based workflow, using Cutadapt v.1.8.1 software [309]. Bowtie2 aligner [310,311] 

was used for mapping with tRNA references from MODOMICS [14] and the synthetic oligo 

reference. Parameters for alignment were end-to-end (global) with one mismatch (-N 1) 

tolerated in the seed of 6 nucleotides (-L 6). The setting was adjusted to only report one (k=1) 

alignment for each read under simultaneous mapping to all references. Format conversion of 

SAM files after mapping was performed with SAMtools utility [312,313], generating sorted 

and indexed BAM files which were translated to Pileup format. For further format conversion 

CoverageAnalyzer [304] was used to generate a custom tab-separated text file format, denoted 

profile, including all parameters (coverage, mismatch rate, arrest rate, counts for each base 

type) for each reference position. The presented RT-signatures were compiled with 

CoverageAnalyzer.
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1. Sequence of pET24a 

ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGG

GGTTATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTT

AGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTGTCGACGG

AGCTCGAATTCGGATCCGCGACCCATTTGCTGTCCACCAGTCATGCTAGCCATATGTATATC

TCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTATCCGCTCACAATTCCCC

TATAGTGAGTCGTATTAATTTCGCGGGATCGAGATCTCGATCCTCTACGCCGGACGCATCGT

GGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATG

GGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCA

GGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGC

GGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAG

AGCGTCGAGATCCCGGACACCATCGAATGGCGCAAAACCTTTCGCGGTATGGCATGATAGCG

CCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAG

AGTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCT

GCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGT

GGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCC

TGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGC

GTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCT

TCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTG

CTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCC

ATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGC

ATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGC

GTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAA

GGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGT

TCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCG

AGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGC

TCATGTTATATCCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAG

CGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCG

TCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCG

TTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGC

GCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACCGGGATCTCGACCGATGCCCTTG

AGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACT

TATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTT
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TCGGCGAGGACCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTATTCGGA

ATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAA

GCAGGCCATTATCGCCGGCATGGCGGCCCCACGGGTGCGCATGATCGTGCTCCTGTCGTTGA

GGACCCGGCTAGGCTGGCGGGGTTGCCTTACTGGTTAGCAGAATGAATCACCGATACGCGAG

CGAACGTGAAGCGACTGCTGCTGCAAAACGTCTGCGACCTGAGCAACAACATGAATGGTCTT

CGGTTTCCGTGTTTCGTAAAGTCTGGAAACGCGGAAGTCAGCGCCCTGCACCATTATGTTCC

GGATCTGCATCGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTATTAACGAAG

CGCTGGCATTGACCCTGAGTGATTTTTCTCTGGTCCCGCCGCATCCATACCGCCAGTTGTTT

ACCCTCACAACGTTCCAGTAACCGGGCATGTTCATCATCAGTAACCCGTATCGTGAGCATCC

TCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATCCCCCTTACACGGAGGCATCA

GTGACCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTTTATCAGAAGCCAGACATTAAC

GCTTCTGGAGAAACTCAACGAGCTGGACGCGGATGAACAGGCAGACATCTGTGAATCGCTTC

ACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAAC

CTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGT

CACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGA

GAGTGCACCATATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCA

GGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCG

GTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAA

GAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGT

TTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGG

CGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTC

TCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGG

CGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTG

GGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCT

TGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTA

GCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTAC

ACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGT

TGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGC

AGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCT

GACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAACAATAAAACTGTCTG

CTTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCTTGCTCT

AGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAA

TGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGT
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TTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAAC

TGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGC

ATGGTTACTCACCACTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTG

ATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCT

GTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAAT

GAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAAC

AAGTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGT

GATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGG

ACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGT

TTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAAT

AAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAAGAATTAATTCATGAGCGGATACA

TATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTG

CCACCTGAAATTGTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAG

CTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCG

AGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCC

AACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTA

ATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCC

GATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAA

GGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGC

CGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCA 

2. Sequence of pGDR11 

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGATTCAAT

TGTGAGCGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAACTATGAGAGGAT

CTCACCATCACCATCACCATACGGATCCGCATGCGAGCTCGGTACCCCGGGTCGACCTGCAG

CCAAGCTTAATTAGCTGAGCTTGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCC

ATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAGC

TAGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATA

CCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCT

CAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAA

AAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATC

CGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGT

TACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGA

TTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCT
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ATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTC

ACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGG

CAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCG

TTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGG

CAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAATGAC

TCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTT

ATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGCTCTAGATTACCGT

GCAGTCGATGATAAGCTGTCAAACATGAGAATTGTGCCTAATGAGTGAGCTAACTCACATTA

ATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATG

AATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTC

ACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAA

GCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGA

TATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGC

AGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCAT

CGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCAC

TCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAG

CCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTG

GTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAA

TACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCA

GCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCG

TTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCG

ACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGAC

GGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAG

TTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCC

GCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACA

CCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCATTCACCACCCTGAATTGACTCT

CTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCACCATTCGATGGTGTCGGAATTT

CGGGCAGCGTTGGGTCCTGGCCACGGGTGCGCATGATCTAGAGCTGCCTCGCGCGTTTCGGT

GATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGC

GGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCG

CAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAG

AGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGA

AAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCG

GCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGG
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ATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCC

GCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTC

AAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCT

CCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCT

TCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGT

TCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCG

GTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACT

GGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCC

TAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCT

TCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTT

TTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTT

TTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGAT

TATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAA

AGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTC

AGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGA

TACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCG

GCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGC

AACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGC

CAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCG

TTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCAT

GTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCG

CAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTA

AGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCG

ACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAA

AAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTG

AGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGA

CACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGT

TATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCC

GCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAA

CCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAC 
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3. Sequence of pJET1.2 

GCCCCTGCAGCCGAATTATATTATTTTTGCCAAATAATTTTTAACAAAAGCTCTGAAGTCTT

CTTCATTTAAATTCTTAGATGATACTTCATCTGGAAAATTGTCCCAATTAGTAGCATCACGC

TGTGAGTAAGTTCTAAACCATTTTTTTATTGTTGTATTATCTCTAATCTTACTACTCGATGA

GTTTTCGGTATTATCTCTATTTTTAACTTGGAGCAGGTTCCATTCATTGTTTTTTTCATCAT

AGTGAATAAAATCAACTGCTTTAACACTTGTGCCTGAACACCATATCCATCCGGCGTAATAC

GACTCACTATAGGGAGAGCGGCCGCCAGATCTTCCGGATGGCTCGAGTTTTTCAGCAAGATA

TCTTTCTAGAAGATCTCCTACAATATTCTCAGCTGCCATGGAAAATCGATGTTCTTCTTTTA

TTCTCTCAAGATTTTCAGGCTGTATATTAAAACTTATATTAAGAACTATGCTAACCACCTCA

TCAGGAACCGTTGTAGGTGGCGTGGGTTTTCTTGGCAATCGACTCTCATGAAAACTACGAGC

TAAATATTCAATATGTTCCTCTTGACCAACTTTATTCTGCATTTTTTTTGAACGAGGTTTAG

AGCAAGCTTCAGGAAACTGAGACAGGAATTTTATTAAAAATTTAAATTTTGAAGAAAGTTCA

GGGTTAATAGCATCCATTTTTTGCTTTGCAAGTTCCTCAGCATTCTTAACAAAAGACGTCTC

TTTTGACATGTTTAAAGTTTAAACCTCCTGTGTGAAATTATTATCCGCTCATAATTCCACAC

ATTATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCAC

ATTAATTGCGTTGCGCTCACTGCCAATTGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGC

ATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCC

TCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAA

GGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAG

GCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGC

CCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACT

ATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGC

CGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCA

CGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACC

CCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAA

GACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTA

GGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATT

TGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCG

GCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGA

AAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGA

AAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTT

TAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGT

TACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGT

TGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTG
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CTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCA

GCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAA

TTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCA

TTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCC

CAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGG

TCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCAC

TGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCA

ACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACG

GGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGG

GGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCA

CCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAG

GCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCC

TTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAA

TGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGA

CGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCC 

4. Sequence of the KOD exo- DNA polymerase gene in pET24a 

Depicted is the non-coding strand of the KOD exo- DNA polymerase gene in blue (as the 

gene is inserted into the plasmid in the opposite direction):  

…ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAG

GGGTTATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGCTTCCTTTCGGGCTTTGT

TAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTTGAGCCC

TGAAAATACAGGTTTTCGGTGGTGCTGCCGCTGCCCTCGAGTAAGGTGCCTTTCGGTTTCAG

CCATGCGCTCAGACCAACCTGACGTGTTTTCTGATAGCGCAGATCTTCTTTACGATAACCAA

ATGCACGCAGAATACGTTCAACAGCCGGCAGAACCTGATTTTCAATATAATATTCGGCATCA

TATTTATGTTTGGTCGGATCAAATTCATCAAACGGAATTGCACGATCACCAATACGACCGCT

ACCTTTCAGAACAATATAGCTAATCACTGTACCCGGACGAATTTTAACACCACGTGCTGCCA

GACGTTTTGCAACTGCAACATGCGGACCGGTTGCTTTATAATCTTTCAGATCACGGGTAATC

TGCTCATGAATCACCAGTTTTTCCGGCGGAACTTCATATTTGCTCAGTTTTTCGGTAACTTC

TTTAACAATGCGCACGGCTTTTTCAACATCACCGTCTTTCAGCAGGGCTTCCAGAACACGTG

CCTGGGTTTCTTTTGCAATTTCGCTCCAATCACGACGAACAATTTCCAGACCACGGGTGGTA

ATTTTGCCTTCTTCATCAATCACGGCATATTTTTTTTTGGTCACAAAAAAACCGCGTTTATA

AAAACCTTCATATTCCAGTTCCAGTGCACCCGGCAGTTTGGCATTAATATATTTCAGAAATT
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CCATGGCTTTTTTTTTAACGGTTTCTGCATCTGCACCCGGAATGGTTGCAAAAAAGCCATCG

GTATCGCTATAAATCACTTTAAAGCCGTATTTTTCTTCAATTTCTTTAATGGTCATGGTGAT

ATATTCACGACCCCATGCGGTAACGCTTTCTGCACATTCTTTACAATACCAACGGGCACGTG

CATAACCATAATAGCCATAATAACTATTGGCCAGAATTTTAATTGCACGCTGACGATAATCC

AGCAGTTTACGTTCAATCGGATCAATGGTGGCTTTCATTTTTTTTTTAATTTTCTGACGTTC

TTCCAGCAGATCACCCAGCAGGCTCGGAATAAAACCCGGAAAATCTTTACAAAAACGATGAC

CAACCTGCGGTGCAACATCATATTCTTTACAACCTTCACGATTCAGGGTATCCGGACTCACA

TTATGGGTAATAATAATGCTCGGATACAGGCTGCGAAAATCCAGATAAACAATATTTTCCCA

CAGACCACGTTCCGGTTCTTTAACATAACCACCTTCATAGCTCTGACGACGACGTGCCAGTT

CTTTTTCATCCGGTTTATTCGGTGCCAGTTCATTACGTTCATAGGCTTTACGCAGCAGAAAC

CATTCAACCAGATTACCGGTGCTGCTACGGCTAACATCCCACAGGCTCTGACCAATCAGACG

GCTCAGCTGTGCTTCCATCGGCAGAAATTCTTTGCCCAGTTCATAGGTAACTTTTGCATCTT

CCATGCTATAACGTGCAACACGTTCCAGATTTTCGCCTGTTTCCCATGCGGTGGTAATTTCT

TCGGCATAAACTTTTTCTTTCGGCTGACCAAAAACTGCTTCATAAACTGCTTCCAGGGTATA

GGTCGGCAGATTAATGGTGCGACGAATAACCGGATACAGATCAAAATGAATGCGACCTTTAA

CTTCAACGGCAAAACGATCACCCATACGCTGAATTTTCGGTTCGCTACCATCACGACCCAGT

GCAAAATTAATGCCCAGTTTTTCGCAGCGTTTTTTCAGATAGGCAAAATCAAAATTATCGCC

ATTATAGGTAATCAGAACATCCGGATCTTTTTCTTTCACCACACGCAGAAAACGTTTAATCA

TTTCGCGTTCGGTGCTAACAACATCAACATACGGCAGATCAACATTTTTCCAGGTAATAACG

CGTGCACCTTCTTCATCTGCATAGCTAATCATCAGAATCGGACCTTCGGCAAATTCTTCACC

TTCATGATACAGGGTTGCGATTGCAAATGCCAGCATTTTCAGTTCTTCATCACCTTCCATCG

GAACCAGACCTTTATCAATCAGATAGCGTTTGGCAAACGGAATATCATATTCATAAATATCA

ATCACTGCCGGATGTTCACGAATTTTATCACGAATTGCCGGAACATCCTGCGGATGGGTAAA

ATACAGTTTCCACACTTCAACCGGACGACCCAGAAATTTTTTCTGCACTTTTTCAACACGTT

TAACGGTAACAACGGTGCCATGACGTTCTGCGGTAATTTTTTTCACTTCTTCAATGGCGCTA

TCATCTTTCAGCAGTGCATAAAAATACGGTTCAAAGGTGCGATCATATTCGATTTTAAATTC

GCCGTTTTCTTTTTTAAAAATGCGAATCACCGGTTTACCATCTTCGGTAATGTAATCGGTAT

CCAGAATCATATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGT

TATCCGCTCACAATTCCCCTATAGTGAGTCG… 
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5. Sequence of the RT-KTq gene in pGDR11 

The coding strand of RT-KTq is depicted in blue. The four sites where the sequence differs 

from the KlenTaq wildtype DNA polymerase gene are marked in red: 

…TGAGCGGATAACAATTATAATAGATTCAATTGTGAGCGGATAACAATTTCACACAGAATTC

ATTAAAGAGGAGAAATTAACTATGAGAGGATCTCACCATCACCATCACCATACGGATCCGCA

TGCAGCCCTGGAGGAGGCCCCCTGGCCCCCGCCGGAAGGGGCCTTCGTGGGCTTTGTGCTTT

CCCGCAAGGAGCCCATGTGGGCCGATCTTCTGGCCCTGGCCGCCGCCAGGGGGGGCCGGGTC

CACCGGGCCCCCGAGCCTTATAAAGCCCTCAGGGACCTGAAGGAGGCGCGGGGGCTTCTCGC

CAAAGACCTGAGCGTTCTGGCCCTGAGGGAAGGCCTTGGCCTCCCGCCCGGCGACGACCCCA

TGCTCCTCGCCTACCTCCTGGACCCTTCCAACACCACCCCCGAGGGGGTGGCCCGGCGCTAC

GGCGGGGAGTGGACGGAGGAGGCGGGGGAGCGGGCCGCCCTTTCCGAGAGGCTCTTCGCCAA

CCTGTGGGGGAGGCTTGAGGGGGAGGAGAGGCTCCTTTGGCTTTACCGGGAGGTGGAGAGGC

CCCTTTCCGCTGTCCTGGCCCACATGGAGGCCACGGGGGTGCGCCTGGACGTGGCCTATCTC

AGGGCCATGTCCCTGGAGGTGGCCGAGGAGATCGCCCGCCTCGAGGCCGAGGTCTTCCGCCT

GGCCGGCCACCCCTTCAACCTCAACTCCCGGGACCAGCTGGAAAGGGTCCTCTTTGACGAGC

TAGGGCTTCCCGCCATCGGCAAGACGGAGAAGACCGGCAAGCGCTCCACCAGAGCCGCCGTC

CTGGAGGCCCTCCGCGAGGCCCACCCCATCGTGGAGAAGATCCTGCAGTACCGGGAGCTCAC

CAAGCTGAAGAGCACCTACATTGACCCCTTGCCGGACCTCATCCACCCCAGGACGGGCCGCC

TCCACACCCGCTTCAACCAGACGGCCACGGCCACGGGCAGGCTAAGTAGCTCCGATCCCAAC

CTCCAGAACATCCCCGTCCGCACCCCGCTTGGGCAGAGGATCCGCCGGGCCTTCATCGCCGA

GGAGGGGTGGCTATTGGTGGCCCTGGACTATAGCCAGATAGAGCTCAGGGTGCTGGCCCACC

TCTCCGGCGACGAGAACCTGATCCGGGTCTTCCAGGAGGGGCGGGACTTCCACACGGAGACC

GCCAGCTGGATGTTCGGCGTCCCCCGGGAGGCCGTGGACCCCCTGATGCGCCGGGCGGCCAA

GACCATCAACTTCGGGGTCCTCTACGGCATGTCGGCCCACCGCCTCTCCCAGGAGCTAGCCA

TCCCTTACGAGGAGGCCCAGGCCTTCATTGAGCGCTACTTTCAGAGCTTCCCCAAGGTGCGG

GCCTGGATTGAGAAGACCCTGGAGGAGGGCAGGAGGCGGGGGTACGTGGAGACCCTCTTCGG

CCGCCGCCGCTACGTGCCAGACCTAGAGGCCCGGGTGAAGAGCGTGCGGGAGGCGGCCGAGC

GCAAGGCCTTCAACATGCCCGTCCAGGGCACCGCCGCCGACCTCATGAAGCTGGCTATGGTG

AAGCTCTTCCCCAGGCTGGAGGAAATGGGGGCCAGGATGCTCCTTCAGGTCCACGACGAGCT

GGTCCTCGAGGCCCCAAAAGAGAGGGCGGAGGCCGTGGCCCGGCTGGCCAAGGAGGTCATGG

AGGGGGTGTATCCCCTGGCCGTGCCCCTGGAGGTGGAGGTGGGGATAGGGGAGGACTGGCTC

TCCGCCAAGGAGAAAGCTAATAGCTGAGCTTGGACTCCTGTTGATAGATCCAGTAATGACCT

CAGAACTCCATCTGGATTTGTTCAGAAC… 
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6. Sequence of the 18s rRNA gene in pJET1.2 

The part that transcribes into the sequence of human 18s rRNA is depicted in blue. The T7 

promoter is highlighted in green (first transcribed nucleotide is underlined), and the ClaI 

restriction site is highlighted in yellow.  

…ACCATATCCATCCGGCGTAATACGACTCACTATAGGGAGAGCGGCCGCCAGATCTTCCGGA

TGGCTCGAGTTTTTCAGCAAGATACCTGGTTGATCCTGCCAGTAGCATATGCTTGTCTCAAA

GATTAAGCCATGCATGTCTGAGTACGCACGGCCGGTACAGTGAAACTGCGAATGGCTCATTA

AATCAGTTATGGTTCCTTTGGTCGCTCGCTCCTCTCCTACTTGGATAACTGTGGTAATTCTA

GAGCTAATACATGCCGACGGGCGCTGACCCCCTTCGCGGGGGGGATGCGTGCATTTATCAGA

TCAAAACCAACCCGGTCAGCCCCTCTCCGGCCCCGGCCGGGGGGCGGGCGCCGGCGGCTTTG

GTGACTCTAGATAACCTCGGGCCGATCGCACGCCCCCCGTGGCGGCGACGACCCATTCGAAC

GTCTGCCCTATCAACTTTCGATGGTAGTCGCCGTGCCTACCATGGTGACCACGGGTGACGGG

GAATCAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAG

CAGGCGCGCAAATTACCCACTCCCGACCCGGGGAGGTAGTGACGAAAAATAACAATACAGGA

CTCTTTCGAGGCCCTGTAATTGGAATGAGTCCACTTTAAATCCTTTAACGAGGATCCATTGG

AGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGC

TGCAGTTAAAAAGCTCGTAGTTGGATCTTGGGAGCGGGCGGGCGGTCCGCCGCGAGGCGAGC

CACCGCCCGTCCCCGCCCCTTGCCTCTCGGCGCCCCCTCGATGCTCTTAGCTGAGTGTCCCG

CGGGGCCCGAAGCGTTTACTTTGAAAAAATTAGAGTGTTCAAAGCAGGCCCGAGCCGCCTGG

ATACCGCAGCTAGGAATAATGGAATAGGACCGCGGTTCTATTTTGTTGGTTTTCGGAACTGA

GGCCATGATTAAGAGGGACGGCCGGGGGCATTCGTATTGCGCCGCTAGAGGTGAAATTCTTG

GACCGGCGCAAGACGGACCAGAGCGAAAGCATTTGCCAAGAATGTTTTCATTAATCAAGAAC

GAAAGTCGGAGGTTCGAAGACGATCAGATACCGTCGTAGTTCCGACCATAAACGATGCCGAC

CGGCGATGCGGCGGCGTTATTCCCATGACCCGCCGGGCAGCTTCCGGGAAACCAAAGTCTTT

GGGTTCCGGGGGGAGTATGGTTGCAAAGCTGAAACTTAAAGGAATTGACGGAAGGGCACCAC

CAGGAGTGGAGCCTGCGGCTTAATTTGACTCAACACGGGAAACCTCACCCGGCCCGGACACG

GACAGGATTGACAGATTGATAGCTCTTTCTCGATTCCGTGGGTGGTGGTGCATGGCCGTTCT

TAGTTGGTGGAGCGATTTGTCTGGTTAATTCCGATAACGAACGAGACTCTGGCATGCTAACT

AGTTACGCGACCCCCGAGCGGTCGGCGTCCCCCAACTTCTTAGAGGGACAAGTGGCGTTCAG

CCACCCGAGATTGAGCAATAACAGGTCTGTGATGCCCTTAGATGTCCGGGGCTGCACGCGCG

CTACACTGACTGGCTCAGCGTGTGCCTACCCTACGCCGGCAGGCGCGGGTAACCCGTTGAAC

CCCATTCGTGATGGGGATCGGGGATTGCAATTATTCCCCATGAACGAGGAATTCCCAGTAAG

TGCGGGTCATAAGCTTGCGTTGATTAAGTCCCTGCCCTTTGTACACACCGCCCGTCGCTACT
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ACCGATTGGATGGTTTAGTGAGGCCCTCGGATCGGCCCCGCCGGGGTCGGCCCACGGCCCTG

GCGGAGCGCTGAGAAGACGGTCGAACTTGACTATCTAGAGGAAGTAAAAGTCGTAACAAGGT

TTCCGTAGGTGAACCTGCGGAAGGATCATTATATCTTTCTAGAAGATCTCCTACAATATTCT

CAGCTGCCATGGAAAATCGATGTTCTTCT… 

7. Protein sequence of KOD exo- DNA polymerase 

Amino acids that derive from the expression vector and are not present in KOD wildtype DNA 

polymerase are shown in green. Amino Acids that were changed as compared to KOD 

wildtype DNA polymerase (to obtain an exo- variant) are depicted in red. 

MILDTDYITEDGKPVIRIFKKENGEFKIEYDRTFEPYFYALLKDDSAIEEVKKITAERHGTV

VTVKRVEKVQKKFLGRPVEVWKLYFTHPQDVPAIRDKIREHPAVIDIYEYDIPFAKRYLIDK

GLVPMEGDEELKMLAFAIATLYHEGEEFAEGPILMISYADEEGARVITWKNVDLPYVDVVST

EREMIKRFLRVVKEKDPDVLITYNGDNFDFAYLKKRCEKLGINFALGRDGSEPKIQRMGDRF

AVEVKGRIHFDLYPVIRRTINLPTYTLEAVYEAVFGQPKEKVYAEEITTAWETGENLERVAR

YSMEDAKVTYELGKEFLPMEAQLSRLIGQSLWDVSRSSTGNLVEWFLLRKAYERNELAPNKP

DEKELARRRQSYEGGYVKEPERGLWENIVYLDFRSLYPSIIITHNVSPDTLNREGCKEYDVA

PQVGHRFCKDFPGFIPSLLGDLLEERQKIKKKMKATIDPIERKLLDYRQRAIKILANSYYGY

YGYARARWYCKECAESVTAWGREYITMTIKEIEEKYGFKVIYSDTDGFFATIPGADAETVKK

KAMEFLKYINAKLPGALELEYEGFYKRGFFVTKKKYAVIDEEGKITTRGLEIVRRDWSEIAK

ETQARVLEALLKDGDVEKAVRIVKEVTEKLSKYEVPPEKLVIHEQITRDLKDYKATGPHVAV

AKRLAARGVKIRPGTVISYIVLKGSGRIGDRAIPFDEFDPTKHKYDAEYYIENQVLPAVERI

LRAFGYRKEDLRYQKTRQVGLSAWLKPKGTLLEGSGSTTENLYFQGSKLAAALEHHHHHH 

8. Protein sequence of RT-KTq 

Amino acids that derive from the expression vector and are not present in KlenTaq wildtype 

DNA polymerase are shown in green. Amino Acids that were changed as compared to 

KlenTaq wildtype DNA polymerase (to obtain the RT-active RT-KTq variant) are depicted in 

red. 

MRGSHHHHHHTDPHAALEEAPWPPPEGAFVGFVLSRKEPMWADLLALAAARGGRVHRAPEPY

KALRDLKEARGLLAKDLSVLALREGLGLPPGDDPMLLAYLLDPSNTTPEGVARRYGGEWTEE

AGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVRLDVAYLRAMSLEV

AEEIARLEAEVFRLAGHPFNLNSRDQLERVLFDELGLPAIGKTEKTGKRSTRAAVLEALREA
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HPIVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRFNQTATATGRLSSSDPNLQNIPVR

TPLGQRIRRAFIAEEGWLLVALDYSQIELRVLAHLSGDENLIRVFQEGRDFHTETASWMFGV

PREAVDPLMRRAAKTINFGVLYGMSAHRLSQELAIPYEEAQAFIERYFQSFPKVRAWIEKTL

EEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERKAFNMPVQGTAADLMKLAMVKLFPRLE

EMGARMLLQVHDELVLEAPKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGEDWLSAKEKAN

S 
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