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Introduction 1 

1 Introduction 

The propagation of genetic information from one generation to the next is a central part of 

evolution. In this context, replication of the whole parental genome is a crucial determinant and 

is realised by successive template directed synthesis of DNA from its natural nucleotides 2’-

deoxyadenosine 5’-triphosphate (A), 2’-deoxythymidine 5’-triphosphate (T), 2’-deoxyguanosine 

5’-triphosphate (G) and 2’-dexoycytidine 5’-triphosphate (C) in accordance with Watson and 

Crick base pairing rules. Errors occurring during the process of DNA replication diversify 

genomes and can have positive or negative influence on the “fitness” of the respective 

organismn.[1, 2] Hence, environmental selection pressure upon e.g. viral- or bacterial 

populations carrying altered genomes can lead to resistances against anti-viral or anti-bacterial 

drugs.[3, 4] Furthermore, development of the immune system[5-7] and initiation and promotion 

of cancer through activation of oncongenes[8] are or can be results of unfaithful DNA 

replication. 

DNA synthesis in nature is catalysed by DNA polymerases. These enzymes and their intrinsic 

selectivity are therefore an important determinant of faithful DNA replication.[9, 10] Since the 

first description of a DNA polymerase by A. C. Kornberg[11], a growing number of structurally 

and functionally different DNA polymerases has been described.[12, 13] Scientists of diverse 

background were trying to unravel selectivity mechanisms of DNA polymerases. Nevertheless, 

molecular mechanisms of the high selectivity displayed by DNA polymerases and variance in 

selectivity between polymerase families are still discussed. Replicative DNA polymerases 

displaying a selectivity of one error per one million synthesised base bairs and repair 

polymerases that preferably misincorporate bases have been discovered.[10] 

Besides contributing to the understanding of evolutionary processes[1, 2] research about the 

selectivity mechanisms of DNA polymerases has led to medicinal therapies and 

biotechnological methods. Examples thereof are drugs that are directed against polymerases of 

viral origin such as HIV (Human Immunodeficiency Virus)[14-17], new insights into the 

medicinal role of environmentally induced DNA lesions[18-21] or development of new molecular 

biological methods such as the polymerase chain reaction (PCR)[22] and DNA sequencing.[23]  

A comprehensive understanding of selectivity mechanism of DNA polymerase would lead to 

substantial progress in these fields.  

Alongside with drug development against resistant or new pathogens[24, 25] and 

understanding of DNA repair mechanisms, fast progress in biotechnology and molecular 

biology demands innovative technologies. In this context, DNA polymerases which are 

specifically designed and optimised for genotyping[26, 27], gene diversification to find new 

biocatalysts[28] and/or replication and synthesis of artificial bioploymers[29-31] would be of 

great value. In order to gain new insights in DNA polymerase selectivity, a combinatorial multi 

disciplinary approach employing methods from the fields of biochemistry, molecular biology, 
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structural biology and chemistry is desired. It equips researchers with the tools needed to 

design or select enzymes with new functions and characterise them subsequently.  

1.1 Biological role of DNA polymerases 
DNA polymerases catalyse all naturally occurring DNA synthesis. This is represented in three 

different processes: DNA replication, repair and recombination.[9]  

In the organism Escherichia coli (E. coli), replicative DNA synthesis is catalysed by a multimeric 

protein complex, the replisome.[32] After initiation of the unwinding of dsDNA at the replication 

origin oriC, an ATP dependent homohexameric DNA helicase (DnaB) unwinds the duplex in 

both directions (Figure 1).[33] The resulting ssDNA is stabilised by single stranded binding 

proteins (SSB). For initiation of DNA synthesis on these ssDNA strands a complementary RNA 

primer is synthesised by a combination of DnaB and a primase (DnaG), the primosome. 

Starting from these primers, synthesis by the replisome occurs in 5’-3’ direction, generating the 

replication fork. The replisome is comprised of two multimeric DNA polymerase III (Pol III) 

complexes, which carry out leading- and lagging strand synthesis, while simultaneously 

displacing the SSBs. Leading strand synthesis is continous in 5’-3’-direction, whereas lagging 

strand synthesis always points away from the replication fork and is thus discontinous and 

results in so called Okazaki-fragments. The Okazaki fragments stretch from one RNA primer to 

the next.  

 

 
Figure 1 Organisation of the E. coli replisome.  
Without being associated with the β-clamp the pol III core is very distributive, synthesising only 1-10 bp 
before dissociating from DNA. Pol III core processivity is greatly increased upon binding of the β-clamp, 
which tethers the core enzyme to DNA. Hence, when associated with the β-clamp, the core enzyme can 
synthesise more than 50 kb without dissociating from DNA. Discontinous lagging strand synthesis leads 
to Okazaki-fragments that span from one RNA primer to the next. Thus, the pol III core/β-clamp complex 
must be disassembled and reassembled every time a new RNA primer is encountered. This is realised 
by the γ/τ-clamp loader complex.[32, 33] The figure was adapted from reference [33]. 
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During replicative synthesis, the RNA primers remain in the newly synthesised strand. These 

are removed by E. coli DNA polymerase I, or to be more specific, by its intrinsic 5’-3’-

exonuclease. Binding at the 3´-end of an Okazaki-fragment causes successive hydrolysis of its 

RNA primer with concurrent synthesis of DNA. By this, the RNA primers are translated into 

DNA (nick translation). Moreover, E. coli DNA polymerase I, as well as Pol II and Pol III, is 

participating in DNA repair, especially of abasic sites and oxidative lesions such as 8-oxo-

guanine. The most abundant mechanism in this context includes excision of the respective 

lesion by repair nucleases, resynthesis of the nucleotide by a DNA polymerase and closing of 

the respective nick by a DNA ligase.[9] 

 

Today, sixteen polymerases are known in eukaryotes. At least four of these are involved in 

replication (Pol α, δ, ε and γ (mitochondrial)). The human mitochondrial polymerase γ is the only 

polymerase known to be present in mitochondria[34] and is belived to be responsible for all 

DNA synthesis in this organelle, including DNA replication and repair.[35] Together with other 

proteins implicated in base excision repair (BER) in mitochondria, pol γ may participate in BER 

to remove damage resulting from reactive oxygen species generated during oxidative 

phosphorylation.[35]  

Many more polymerases are involved in repair- and other processes (e.g. Pol β, ζ, θ, κ and 

η)[35] Pol η is recruited for bypass of thymine dimers, which arise from light induced photo 

cyclisation of the thymine double bonds that cannot be surpassed by replicative enzymes. This 

polymerase (Pol η) has unusual structural properties, such as a substantially larger active site 

in comparison to other polymerases. The active site of Pol η can accommodate both the 

complete thymine dimer and two dNTPs.[36, 37] This encompasses it with the ability to 

selectively incorporate two adenines opposite to the lesion and by that ensure faithful 

replication.[38] Nevertheless, Pol η displays a very high error rate on undamaged templates. If 

Pol η is missing, it leads to a variant of the human xeroderma pigmentosum syndrome (XP-V). 

Individuals carrying such a defect, are highly susceptible to skin cancer and are hypersensitive 

for sunlight related diseases or allergies.[39]  

 

Another polymerase with highly specialised function is the telomerase, which was first 

described by Greider and Blackburn.[40] This enzyme is responsible for elongation of 3’-temini 

of chromosomes (telomeres) with simple, repetitive sequences. Without this mechanism, single 

stranded 3’-overhangs at the chromosome ends that derive from removal of the RNA primers 

employed during replication would not be protected against removal. If these 3’-overhangs 

were removed it would ultimately lead to shortening of the chromosomes, resulting in a limited 

number of replications possible. Thus, cell death would be inevitable.[41, 42] Functionally, 

telomerases resemble a special type of reverse transcriptases, which catalyse RNA dependent 

DNA synthesis.[43] In contrast to other DNA polymerases this enzyme is a protein/RNA 

complex, which utilises part of its intrinsic RNA as an internal template.[44] This RNA stretch 
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codes for species-specific telomere sequences and is repetitively reverse transcribed at the 

chromosomal 3’-terminus. High telomerase activity is found in more than 85% of human tumors 

as well as in germ cells, which therefore have higher life span expectations reflected by even 

up to unlimited division counts.[41, 42] 

 

1.2 DNA polymerases as tools for molecular biology 
DNA polymerases are key enzymes in numerous and central molecular biological methods for 

e.g. amplification, modification and analysis of DNA. Probapbly the most important method in 

this context is the polymerase chain reaction (PCR), which was first described by Mullis.[45] 

Nowadays, a whole lot of specialised PCR based methods for diverse applications are known. 

To name a few examples: PCR is applied for simple amplification of desired DNA sequences, 

for production of modified dsDNA, quantification of e.g. pathogen DNA (Q-PCR)[46, 47], 

random mutagenesis of ORFs for the generation of mutant libraries[28], forensic 

fingerprinting[48], incorporation of fluorescent dyes into cDNA libraries for generation of 

transcription profiling on microarrays[49] and detection of single nucleotide polymorphisms in 

different formats.[26, 27] Many applications benefit from polymerases with new functions that 

were isolated from miscellaneous organisms[50, 51] and the optimisation of thermostable 

polymerases by directed evolution. In this regard, mutants were developed that display higher 

thermostability[52] or lower activity at low temperatures comprising an intrinsic hot start 

mechanism that leads to higher specificity in PCR amplifications.[53] Additionally, polymerases 

with increased resistance to inhibitors such as heparine that enable direct analysis of blood 

samples[52] or polymerases with an increased error rate for more efficient and less biased 

random mutagenesis were developed.[54, 55] Just recently, thermostable polymerases were 

evolved by Marx and coworkers that display reverse transcriptase activity and that are capable 

of amplifying from damaged DNA without loss of fidelity.[56, 57] Furthermore, Holliger and 

coworkers evolved an enzyme that allowed the generation of mixed RNA/DNA amplification 

products in PCR, demonstrating DNA and RNA polymerase as well as reverse transcriptase 

activity within the same enzyme.[58] Such enzymes are useful, because they allow for one-step 

amplifications, without the need of several enzymes that could interfere with each other. 

Additionally, amplification of damaged DNA would greatly simplify e.g. forensic analysis, 

because insufficient sample quality can be compensated by the enzyme. For DNA sequencing 

methods as developed by Sanger[59], which played a substantial role in the human genome 

project, DNA polymerases are employed today that have been improved for incorporation of 2´, 

3´-dideoxynucleoside triphosphates (ddNTPs). These improved variants of DNA polymerases 

such from phage T7, Thermus aquaticus (Taq) and Thermococcus litoralis (Vent), have been 

rationally designed.[60-62] One of the future key technologies in genotyping will be the analysis 

of single nucleotide polymorphisms (SNPs). This type of genetic variation is the most abundant 

found between individuals.[26, 27] Many of these SNPs, identified by the human genome 

project, are associated with diseases. Moreover, a lot of SNPs are connected to tolerance and 
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susceptibility to drugs, leading to the idea of personalised medicine that is custom-tailored for 

the individual’s genetic endowment.[63] Techniques for the analysis of SNPs inlcude DNA 

polymerase based methods like selective primer extension reactions on microarrays as e.g. 

minisequencing[64], the pyrosequencing technology[65] or the allelespecific amplification 

(ASA).[66, 67] Some of these methods rely on the insertion selectivity of DNA polymerases 

(minisequencing and pyrosequencing) and others depend on the ability to inefficiently extend 

mismatched primer/template complexes (ASA and selective mismatch extension on 

microarrays[68]). In this context, enhanced selectivity of the employed DNA polymerase in 

combination with modified nucleosides could significantly improve reliability of ASA readouts.  

 

1.3 The accuracy of DNA synthesis 
It was shown that, under external environmental stress and absence of DNA mismatch repair, 

the replication machinery of bacteriophages and E. coli displays a base substitution error rate 

of in the range of 10-7 to 10-8 per nucleotide in vivo.[69] DNA replication in eukaryotes is likely to 

be at least this accurate.[70] Only the accuracy of E. coli and human replication complexes and 

replicative polymerases that have intrinsic proofreading exonuclease activities match the high 

in vivo chromosomal replication fidelity in vitro. For replicative polymerases in family A (e.g T7 

Pol), family B (e.g. T4 Pol, Pol δ, Pol ε) and family C (e.g. E. coli Pol III), error rates during DNA 

synthesis are in the 10-6 to 10-8 range. Error rates for their proofreading-defective derivatives 

reveal that high fidelity typically results from 104 to 106-fold polymerase selectivity for inserting 

correct rather than incorrect nucleotides. This is followed by excision of 90–99.9% of base-base 

mismatches by exonucleases that are either intrinsic to the polymerase (e.g. T7 Pol, T4 Pol, 

Pol δ, Pol ε) or encoded by a separate gene (e.g. the ε subunit of E. coli Pol III).[70] The ability 

to repair DNA damage that comes in many forms is mandatory for genome stability and such 

damage is repaired by several different pathways. Most of these pathways require DNA 

synthesis to fill gaps created when lesions are excised. The error rates of these repair reactions 

have not been extensively studied. Enzymes of the A and B family DNA polymerases carrying 

intrinsic proofreading activity perform gap filling during mismatch repair, nucleotide excision 

repair and long patch base excision repair (BER). Thus, in consistency with known roles in 

suppressing damage-induced mutagenesis, these repair reactions are predicted to be 

accurate.[70] For the purpose of filling gaps of one or a few nucleotides during “short patch” 

BER and repair of DNA double strand breaks by non-homologous end joining, family X 

polymerases are employed. Due to lack of intrinsic proofreading, these polymerases are on 

average partly, but not exclusively, less accurate than replicative polymerases.[70] Generally, 

lesions that are not repaired can potentially impair replication fidelity. Polymerases that carry 

out translesion synthesis (TLS) copy past lesions in DNA that block the major replicative 

polymerases.[13, 71] An example thereof is the B family member Pol ζ. Other such 

polymerases are in the Y family, which comprises members, which are found in organisms from 



Introduction 6 

bacteria to man (e.g. E. coli Pol IV and V and mammalian Pol η, Pol ι, and Pol κ). Having no 

proofreading activity, these are the least accurate DNA polymerases, with misinsertion and 

base substitution error rates on undamaged templates that generally range from 10-1 to          

10-3.[70] The most intriguing violation of Watson-Crick base pairing rules is exhibited by Pol ι. 

This polymerase inserts dGTP opposite a template T even more efficiently than it inserts A 

opposite T.[72] Furthermore, its error rate for this mispair approaches 1. Therefore, it can be 

summarised that base substitution error rates of wild-type DNA polymerases vary over a 

million-fold range.  

 

1.4 The nucleotide incorporation pathway 
Various studies of DNA polymerases have established a minimal model of nucleotide 

incorporation for family A, B, X, Y and RT polymerases. Although there are variations on this 

theme, the model is largely common to all polymerases.[73]  

In some steps of this model, DNA polymerases have the chance to discriminate against 

incorporation that violates Watson-Crick base pairing rules. After binding of a primer/template 

complex, subsequent binding of an incorrect dNTP can be discriminated and may thus lead to 

selection of a canonical dNTP (Figure 2, step 1). The resulting quaternary complex undergoes 

a conformational change (Figure 2, step 2). This “induced fit” mechanism forms a binding 

pocket that is shape complementary to the correct dNTP and thus contributes to selection of a 

correct nucleotide.[74] Furthermore, correct alignment for formation of the phosphodiester bond 

with the incoming nucleotide, which is accompanied by release of pyrophosphate, is 

implemented in the binding pocket (Figure 2, step 3 and 4). After dissociation of the 

pyrophosphate (Figure 2, step 4) several reaction pathways can be adopted: a) translocation 

and incorporation of additonal nucleotides (knext), b) dissociation of the enzyme and DNA 

substrate (koff) and c) excision of the incorporated nucleotide by a 3’-5’-exconuclease activity 

(proofreading, kexo) from an either internal- or external exonuclease, if present at all. 
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Figure 2 Minimal model for template directed enzymatic DNA polymerisation.  
E = DNA polymerase; E* = DNA polymerase with altered conformation; PP = pyrophosphate; 1-4 = 
reaction steps or simply steps, as referred to in the text. The figure was adapted from reference.[75] 
  

Generally, steps that lead to synthesis that is in conformity with Watson-Crick rules are faster, 

leading to kinetic selectivity of the reaction. Furthermore, binding of a correct dNTP occurs with 

higher affinity. Prior to the formation of the phosphodiester bond between primer and dNTP the 

enzyme undergoes a conformational change (closing of finger domain), which was believed to 

be rate limiting for a long time. It has recently been found that this conformational change is not 

the rate limiting step in synthesis. Rather local reorganisations in the active site account 

therefor.[76] Nevertheless, these reorganisations in the active site are faster for correct 

incorporations also resulting in kinetic selectivity of the reaction. The subsequent reaction 

pathway equilibria between further polymerisation (knext), dissociation from the primer/template 

complex or partitioning of the primer terminus to exonuclease site, may also lead to 

discrimination against dNTP incorporation that violates Watson-Crick rules. A study employing 

T7 DNA polymerase showed that koff is equal for both correctly- and incorrectly paired 

substrates, while knext is faster for matched and kexo is faster for mismatched primer termini.[77, 

78] 

In principle, two types of kinetic methods are at hand to analyse functions of DNA polymerases. 

The first method includes steady-state kinetic experiments conducted with varying dNTP 

concentrations that allow an enzyme to incorporate only one nucleotide per primer/template 

complex. Accordingly, when conducting kinetic experiments under these conditions, it has to be 

ensured that each primer/template complex is only encountered once. Therefore, these 

conditions are called „single-completed-hit-conditions“. Such experiments reveal substrate 

dependence (KM) of the catalytic turnover rate as described by Michaelis-Menten and the 
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maximum catalytic turnover rate (kcat or Vmax = kcat x c (enzyme)) over the whole reaction cycle, 

including binding and dissociation from the primer/template complex.[79, 80]  

The second method includes pre-steady-state kinetics, which are conducted under “single 

turnover“ conditions in regard to dNTP and primer/template complex. Effects on catalytic 

turnover rates without the influence of binding- and dissociation rates can be surveyed. These 

experiments allow determination of the KD of the respective dNTP and the maximum turnover 

rate kpol. This includes dNTP binding rates, conformational changes and formation of the 

phosphodiester bond. In this study steady-state-kinetic experiments were conducted 

exclusively.[81, 82]  

 

1.5 Two ion mechanism 
DNA polymerases catalyse the successive addition of 2’-deoxynucleoside triphosphates (A, G, 

C and T) to a primer/template complex. The incoming dNTP is accompanied by two magnesium 

ions, which are coordinated between the phosphates of the nucleotide and two aspartic-acid 

residues that are widely conserved among DNA and RNA polymerases.[83] Nucleotides are 

added to the 3’-OH group by nucleophilic substitution under release of pyrophosphate. In this 

so called “two-ion mechanism”, metal ion A partially deprotonates the 3´-OH group, facilitating 

the 3’-O- attack on the α-phosphate (Figure 3). Metal ion B assists the leaving of the 

pyrophosphate, and both metal ions stabilise the structure and charge of the expected 

pentacovalent transition state (Figure 3). 

 

 
Figure 3 The two-metal-ion mechanism of polynucleotide polymerases.  
Two divalent metal ions, A and B, are coordinated between the phosphates of the incoming nucleotide 
and aspartic acid residues of the respective polymerase. The black dor are water molecules bound to 
metal ion A. The model shown here is based on a T7 DNA polymerase-substrate complex.[84] The figure 
was taken from reference [83]. 
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1.6 Comparison of A and B family DNA polymerases 
As mentioned before, DNA polymerases are the central elements for the transmission and 

maintenance of genetic information. Part of the active site of these important enzymes has 

been highly conserved throughout evolution, and it is perhaps surprising that the portion which 

is conserved is so minimal. Due to differences in active site sequence motifs, polymerases can 

be divided into several families.[85] Out of these polymerase families, the two largest and best 

studied are the pol I family, also known as family A and the pol α family, or family B (Figure 4 

a). Although the sequence motifs that are well conserved within a family are only weakly 

conserved between the families, two equivalent motifs (A and C) can be aligned (Figure 4 c) in 

many DNA and RNA polymerase families.[86] A number of polymerases has been crystallised 

and their molecular structures are available (reviewed in [87]), including four thermophilic pol α 

family DNA polymerases.[88-91] A common architecture is shared by all of these structures: 

their polymerase portions can be likened to a right hand comprising palm, fingers and thumb 

domains (Figure 3 a). The fingers and thumb domain differ both in sequence and structure 

between families, whereas the palm domains of all DNA polymerases have a common 

structural core and contain the the two universally conserved aspartate residues [86], which are 

essential for catalytic activity. The only structural exceptions known to date are DNA 

polymerase β and the DNA polymerase III α subunits of E. coli and Thermus aquaticus.[92-94] 

Structural comparison of DNA polymerase RB69[95-97] with thermophilic family B DNA 

polymerases[88-91], shows many structural similarities. This holds true, in spite of a low 

sequence similarity between RB69 and thermophilic pol α family DNA polymerases (roughly 

16-18%).[97] Interestingly, the editing exonuclease lies on one side of the palm in family A DNA 

polymerases and on the opposite site in the pol α family (Figure 4 b). This suggests differences 

in the mechanism by which the primer terminus is transferred from the polymerase to the 

exonuclease active site.[96]  
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Figure 4 Structural comparison of family A and B polymerases and their active sites.  
a – Substrate binding (dNTP) within family A and family B induces the fingers subdomain to change from 
open conformation (green) to a closed ternary complex via rotation towards the palm subdomain (black 
arrow). The thumb subdomain interacts with the DNA minor groove during nucleotide incorporation and 
translocation steps. b – Exonucleases effieciently remove noncanonical basepairs. Partitioning of the 3’-
terminus to the proofreading domain involves rotation of the thumb tip and DNA. The position of the 
exonuclease site (yellow) differs between family A and B polymerases. Nevertheless, they exhibit similar 
mechanisms for nucleotide incorporation and base excision. c – Models are viewed from the solvent 
exposed major groove and focus on the dNTP binding step. Residues of motif B (green) located in the 
fingers subdomain rotate (black arrow) towards the catalytic palm residues in motifs A (yellow) and C 
(red). The incoming dNTP (blue) is Watson-Crick base-paired with template and the base. The ribose is 
packed in a hydrophobic pocket whereas the triphosphate is in a hydrophilic environment including 
divalent cations (spheres). The singlestranded part of the template inside the active site is flipped 180° 
out of the helix axis. In spite of considerable sequence diversity between family A and B polymerases, 
they contain active sites that are structurally superimposible. Furthermore, they bind the incoming dNTP 
in a similar fashion. The figure was adapted from reference [92]. 
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In family A DNA polymerase structures, the thumb subdomain rotates towards the palm 

subdomain when a dNTP is being bound. By that, the conserved amino acid residues at the tip 

of the thumb domain contact the DNA at the minor groove. When bound to the polymerase, the 

DNA is bent into an S-shaped conformation. Contacts in the minor groove are responsible for 

the first bend and the second bend forms as the template strand is kinked at the polymerase 

active site.[98] The contacts with the active site are supposed to cause the template base being 

flipped away by >90° from the axis of the double helix.[99] Furthermore, it has been reported by 

Steitz and coworkers that binding of DNA causes similar conformation changes within 

RB69.[97] Therein, the tip of the thumb forms nonspecific interactions with the sugar-phosphate 

backbone along the minor groove. Notably, DNA inside of family B DNA polymerases is 

generally in B-form, whereas it is in A-form inside of family A polymerase active sites.[100] In 

analogy to family A DNA polymerases, the single stranded template is rotated 180° outside the 

helix axis in RB69 (Figure 4 c). In both family A and B DNA polymerases, nucleotide 

incorporation is realised by a number of orchestrated steps. Although exhibiting significant 

sequence diversity, motifs A, B and C form the incoming dNTP-binding cleft and adopt nearly 

identical folding patterns (Figure 4 c). Both family A and B DNA polymerases adopt a ‘closed 

conformation’ upon binding of a dNTP (Figure 4 a, green helices), which is accompanied by 

‘flipping’ of the complementary template base (>90°) by rotation of the base around the 

phosphodiester bond towards the DNA helix axis.[99] Subsequently, hydrophobic amino acid 

residues in motif B (green in Figure 4 c) and motif A (yellow in Figure 4 c) build a hydrophobic 

pocket that surrounds the base and ribose portions of the incoming dNTP. Additionally, the 

triphosphate portion of the dNTP, which is coordinated by divalent metal ions, is surrounded by 

a hydrophilic pocket (Figure 4 c). Taken together, the ‘closed conformation’ is stabilised by 

these events. Additionally, conformations and structures of the incoming nucleotide are 

controlled, the efficiency of canonical nucleotide incorporation is enhanced and formation of the 

phosphodiester bond between the 3′-hydroxyl group and the α-phosphate of the incoming 

dNTP is promoted.[84, 98, 100, 101] In spite of considerable sequence diversity even within the 

polymerase active site, family A and B DNA polymerases bind and incorporate nucleotides by 

nearly identical mechanisms. 

If an incorrect nucleotide is incorporated at the primer terminus in family A and B polymerases, 

extension is slowed and thereby the 3′-primer terminus can partition into the 3′-5’-exonuclease 

site. Structures of the bacteriophage RB69 in polymerising[97] and in editing modes[95] reveal 

that this partitioning is accompanied by a rotation of the DNA along the helix axis as well as 

melting of number of base pairs at the 3′-primer terminus axis (Figure 4 b).[95] The only 

contacts bewteen DNA and polymerase that remain unaltered are located in the tip of the 

thumb subdomain and hence it is thought that it directs the partitioning. The same holds true for 

family A DNA polymerases (Figure 4 a). Interestingly, rotation of the thumb tip differs in the two 

families of polymerases (Figure 4 a). In order for the primer to reach the exonuclease site in 

family A polymerases, the polymerases have to move backwards on the DNA and unwind 3–4 

base pairs. In RB69 this is realised by partial melting of the 3′ primer terminus (by >2–3 bases) 
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before partitioning to the exonuclease site; the polymerase does not have to move 

backwards.[95, 97] Taken together, in both family A and B DNA polymerases, the polymerase 

and exonuclease domains are separated by a large distance, and partitioning of DNA to the 

active site is facilitated by the thumb subdomain.  
 

1.7 Active site tightness in DNA replication 
The mechanisms that are responsible for faithful DNA replication must comprise recognition of 

the structural and functional properties of all four natural dNTPs by the active DNA polymerase 

primer/template complex. The biophysical origin of this fidelity is a long-standing topic of 

research on polymerases. Early studies often focused on matching of Watson-Crick hydrogen 

bonds, but it was subsequently recognised that these cannot account for the observed 

enzymatic fidelity alone.[102] Besides differing in their hydrogen bonding patterns, the four 

dNTPs display different sizes and geometries. The analysis of crystal structures suggests that 

the dNTP binding site displays geometry, which is complementary to the respective canonical 

dNTP. [103-108]  

In a functional study by Kool and coworkers, the influence of hydrogen bonding and selection of 

the overall dNTP geometry on insertion fidelity was explored. Base analogues, which lack or 

display weak hydrogen bonding capability, but are almost similar in size and shape to the 

natural base pairs were employed (Z, F, Figure 5).[109-111] The thymidine isoster F was used 

as dNTP analogue in kinetic studies with E. coli DNA polymerase I Klenow fragment exo- (KF 

exo-). These experiments showed that F is incoporated efficiently and selectively opposite to a 

template A (Figure 5 C). Furthermore, it was shown that it functions as template nucleotide for 

efficient and selective incorporation of A[112] and that a completely artificial base pair 

comprised of F/Z (Figure 5) can also be efficiently and selectively synthesised by DNA 

polymerases. [113] 
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Figure 5 Nucleoside analogues and probes for DNA polymerase selectivity studies.  
The depicted nucleoside analogues and probes were employed in studies on the effects of hydrogen 
bonding, overall size and shape of dNTPs on selectivity of DNA polymerases. A – Base pair comprised 
of T-analogue F (difluorotoluene) and A. B – Base pair comprised of P (pyrene) and an apurinic site. C - 
Base pair comprised of the T-analogue F (difluorotoluene) and the A-analogue Z. D – 4’-C modified 
nucleosides as with modifications as depicted in the figure. The T- and A- base analogues do not form 
hydrogen bonds. The figure was adapted from references [75, 114]. 
 

These reports show that efficient and selective DNA synthesis is not dependent on base pair H-

bonding alone and that size and shape of the incoming dNTP play an important role for DNA 

polymerase selectivity. Along this line, Kool and coworkers employed a dNTP analogue that 

carries a pyrene group instead of the respective base (Figure 5 B). This pyrene group has 

approximately the size of a complete base pair and it is incorporated opposite an abasic site 

more efficielntly than opposite to a natural nucleotide.[115] Such observations, in conjuction 

with structural and mutational studies, have led to the hypothesis that geometry of DNA base 

pairs may be regulated by close fit in polymerase active sites.[116] In this context, nucleoside 

sugars with 4’-C substitutions[114, 117] (Figure 5 D) and thymine base analogues with altered 

sizes have been employed.[116, 118, 119] It was shown by Marx and coworkers that with 

increasing size of the respective modification, incorporation efficiency dropped 

significantly.[114, 117] Most strikingly, insertion fidelity was enhanced when KF exo- processes 

4’-C-methyl modified nucleotides.[117] This supports the hypothesis of active site tightness. 

Recently, Kool and coworkers probed DNA polymerase active site tightness by employing size 

increased thymine analogues. Two high fidelity DNA polymerases (KF exo- and T7)[116, 118] 

and one low fidelity family Y DNA polymerase (Dpo4)[119] were tested. The magnitude of steric 

sensititvity decreases with the intrinsic fidelity of the respective enzyme. Accordingly, T7 DNA 

polymerase displays a significantly higher steric sensititvity in comparison to KF exo- and Dpo4 

displays the lowest sensitivity of these three DNA polymerases.  
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Kool and coworkers postulated that different polymerases have active sites fixed to different 

sizes in their closed or most active form.[118] When employing size-varied analogues, one 

might see distinctive peaks for different optimal substrate sizes corresponding to more or less 

space in the active site of each polymerase (Figure 6 A). Furthermore, Kool and coworkers 

predicted that an enzyme with an active site size that is larger than natural Watson-Crick base 

pairs would show less tendency to reject sterically larger mismatches. Hence, polymerases with 

similar rigidities, but distinct sterical preferences, could in principle show very different fidelities 

of templated DNA synthesis with natural bases.[118]  

 

 
Figure 6 Hypothetical plots illustrating expected kinetic trends with nucleobase analogues of 
varied size, depending on differences in enzyme active site size or rigidity.  
The plots show expected replication efficiency (log scale) versus the size of the bases/ base pairs being 
processed. A - plots of varied active site size, with rigidity remaining constant. The red plot represents 
the smallest active site; the black case is intermediate, and the blue case is the largest. B - plots of 
varied active site rigidity, with size remaining constant. The red plot is for the tightest (most rigid) active 
site; the black case is intermediate, and the blue case is the loosest (most flexible). The figure was taken 
and adapted from reference [118]. 
 

Additonally, varied rigidity could contribute to the variable fidelities of different polymerases 

(Figure 6 B). In this mechanism, different polymerases might have the same active site size 

preferences, which result in similar sterical optima (Figure 6 B). In a crystallographic snapshot 

of the closed conformation, the active site structure surrounding the first base pair might look 

the same for these polymerases with similarly close contacts in both high fidelity and low fidelity 

enzymes. If active site rigidity is important for substrate selection, high fidelity enzymes might 

be more rigid. Thus, flexing outward to relieve a steric clash or inward to fill space while staying 

catalytically active, produces large energetic penalties for the DNA polymerase. In contrast to 

that, a flexible binding pocket would adapt with much lower energetic cost, thus accepting the 

varied shapes and sizes of mismatches more readily. Differences in rigidity between two or 

more enzymes (Figure 6 B) would then clearly be distinguishable from differences in substrate 

size preference (Figure 6 A) in plots of size versus kinetic efficiency. Kool and coworkers 

summarise that active site size and rigidity may contribute substantially to the fidelity of 

templated DNA synthesis by DNA polymerases.[118] 
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1.8 Interactions of DNA polymerases with the primer/template 
complex 

DNA polymerases make extensive contacts with the primer/template duplex. In case of KF  

exo-, chemical footprinting experiments and crystal structures revealed that contacts with five to 

eight bases are present.[120] These contacts with the DNA via the minor groove are primarily 

existent between the sugar-phosphate backbone and the polymerase thumb subdomain 

(Figure 4). Additionally, H-bonds between the enzyme and nucleobases in the minor groove are 

existent, but vary between polymerase sequence families. These H-bonds stretch up tp four 

base pairs upstream of the 3’-primer terminus, and are made with the respective N-3 and O-2 

positions on purines and pyrimidines. These interactions persist sequence independently as 

long as the nucleobase pair has proper Watson-Crick geometry.[97, 121] They can be found in 

structures of other DNA polymerases, but the number of contacts varies. [10]  

 
Figure 7 Interactions between T7 DNA polymerase and the primer/template complex.  
Left: Surface of uncomplexed B-DNA. Right: Surface of DNA complexed with T7 DNA polymerase. Blue 
surface areas resemble distances between DNA and protein of ≤ 1.4 Å. H-bonds are depicted as green 
surfaces. The figure was adapted from reference [10]. 
 

Interestingly, the effect of mismatches in stalling the polymerase extends well beyond the 

position of the terminal base pair and contacts between the polymerase and DNA are thus 

thought to be important for mismatch extension fidelity. Of note is that mismatches that are 

located up to four positions upstream of the 3’-primer terminus in the duplex, promote transfer 

of the DNA to the exonuclease active site of KF.[122] Most strikingly, a recent study by Marx et 

al. shows that mismatches located up to four positions upstream of the 3’-primer terminus can 

be detected in primer extension reactions and realtime allele specific PCR (asPCR) when 

employing primer probes that bear 4’-C modified nucleosides at the respective position.[123] 

These distances correlate with the H-bonding interactions with four base pairs in the minor 

groove of duplex DNA, observed in the crystal structure of T7 DNA polymerase (Figure 7). It 
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has been suggested that in case of a mismatch in the duplex, the N-3 and O-2 positions cannot 

be contacted by the enzyme due to aberrant geometry resulting in lowered efficiency in 

synthesis.[10, 110] This implies that these interactions contribute to binding affinity and to the 

ability to sense base pair geometry.[10]  
 

1.9 Aim of this work 
The aim of this work was to gain new insights into selectivity of DNA polymerases. In this 

context, mutations that were shown to enhance fidelity in E. coli DNA polymerase I Klenow 

fragment exo- (KF exo-) by Summerer[75], should be tested for transferability into another, 

thermostable member of the family A DNA polymerases, namely Taq DNA polymerase. Taq is 

the best studied thermostable family A DNA polymerase and was thus chosen as target 

polymerase. The polymerase mutants described by Summerer[75] carry mutations that are 

located in the highly conserved polymerase motif C, and it has been hypothesised that the 

observed effects in KF exo- speak for a general fidelity mechanism. Accordingly, if these effects 

were transferable, the resulting mutants should be purified and characterised. Major tasks in 

this context were supposed to be mutagenesis for transfer of the desired modifications into 

Taq, expression, purification and characterisation of the fidelity of the respective mutant.  

In order to substantiate the hypothesis of a general fidelity mechanism, which is connected 

motif C, the results of this study should then be tested for transferability into a thermostable 

member of the family B DNA polymerases, namely Pyrococcus furiosus (Pfu) DNA polymerase. 

For precise characterisation of the resulting mutants, specific activity and fidelity assays should 

be developed and adapted.  

Besides investigating the motif C based fidelity mechanism, new mechanisms that are 

responsible for DNA polymerase mismatch extension selectivity should be found. Therefore, by 

employing random point mutagenesis, a mutant library of thermostable Pfu DNA polymerases 

should be set up and subsequently screened for variants with enhanced mismatch extension 

fidelity. Along this line, appropriate automated high throughput screening assays should be 

adapted and developed. Potentially identified variants displaying enhanced mismatch extension 

fidelity should then be characterised.  
Besides investigating fidelity mechanisms of DNA polymerases in this work, a repair enzyme, 

namely uracil DNA glycosylase, should be employed in a functional study. Therefore, the 

influence of 4’-C-alkylated 2’-deoxyuridines on the activity of E. coli Uracil DNA glycoslyase 

(UDG) should be investigated. E. coli UDG is highly homologous to its human counterpart and 

thus mechanistic insights should be transferrable.  
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2 Results and Discussion 

2.1 Enhanced fidelity in mismatch extension of Taq DNA polymerase 
through apolar modifications in a highly conserved polymerase 
motif 

2.1.1 Introduction 

Motif C was recently suggested to be involved in a reaction mechanism shared by members of 

the familiy A and B DNA polymerases, in which mismatches in the primer/template substrate 

are recognised through indirect H-bonding between the minor groove and, for family A DNA 

polymerases, a histidine side chain (Figure 8 A and B).[97] This β-strand–turn–β-strand 

structure harbours acidic side chains that bind catalytically essential magnesium ions, reflecting 

the high conservation among family A DNA polymerases like Klenow fragment of E. coli DNA 

polymerase I (3’ -5’ exonuclease deficient, KF exo-), and also among sequence families B, RT, 

X, single subunit RNA polymerases, and the lesion bypass DNA polymerases of family Y.[86] 

Therefore, motif C was chosen for directed polymerase engineering through focused 

randomisation and subsequent screening.[75] 

Through an efficient automated high-throughput setup for the rapid parallel screening of DNA 

polymerase mutant libraries, Summerer[75] found DNA polymerases that exhibit increased 

mismatch extension fidelity.  
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Figure 8 Structural properties of motif C  
A - Overall view of Bst DNA polymerase I (PDB entry 2BDP[124]), which shares high homology with KF 
exo- . The enzyme is shown in gray, motif C in green. The substrate DNA is depicted as a Connolly 
surface with primer in orange, and template strand in yellow. B - Detailed view (of red rectangle in A) of 
the turn of motif C and the two nucleotide pairs at the 3’ terminus of the primer. For clarity, the sugar–
phosphate groups are not depicted for each nucleotide. Primer nucleotides are in orange, template 
nucleotides in yellow. The indirect hydrogen bond between N-3 of histidine (blue) and the 3’-penultimate 
primer nucleotide is shown in black and is mediated by a water molecule (red sphere). The figure was 
taken from reference [125]. 
 

To modify motif C, a library of 1316 KF exo- mutants randomised at the consensus residues 

879–881 (Q879, V880, and H881) was screened for enhanced mismatch extension 

selectivity.[125] This QVH consensus sequence is directly adjacent to the essential catalytic 

carboxylate group of D882 and forms the main part of a loop that connects the two β-strands of 

motif C. It closely interacts with the deoxyribose moiety of the 3’-terminal primer nucleotide 

(Figure 8 B).  

The screen revealed considerable mutability of the targeted QVH sequence. Despite the fact 

that this motif is highly conserved among several DNA and RNA polymerase families[86], 47% 

of the mutants exhibited measurable primer extension activity.  

The three most selective mutants, PLQ, LVG, and LVL, were further characterised. All possible 

base-pair combinations at the primer 3’-terminus resulting in one matched and three 

mismatched termini, were tested under conditions that promote mismatch extension: excess 

enzyme over primer–template complex and high dNTP concentrations.[125] Measurements 

revealed that wild-type KF exo- is capable of extending almost all mismatches under the 

chosen conditions, albeit to varying extents consistent with previous studies (Figure 9 B).[126, 

127]  
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Figure 9 Autoradiograms of primer extension reactions showing the increased primer extension 
fidelity of the KF exo- mutants PLQ, LVL, and LVG in comparison with the wild-type enzyme in 
different sequence contexts.  
The conditions were chosen to promote mismatch extension. All reactions contained equal amounts of 
primer/template complex, enzyme, and dNTPs. A - The sequence of the primer/template complex 
employed is derived from the human FVL SNP G1691A.[125] B - Primer extensions catalysed by the 
depicted enzyme variants. The first lane of each gel represents a control reaction without enzyme. 
Nucleotide sequences at the 3’ end of the primer are shown on top of each gel image. Unextended 
primer (20 nt) and full-length product (35 nt) are indicated at the left side of each image. X = 3’-terminal 
primer nucleotide, Y = template nucleotide pairing with X leading to matched (bold) or mismatched 
primer termini. The figure was taken from reference [125] 
 

In contrast, all three selected mutants show a marked decrease in the efficiency of mismatch 

extension (Figure 9 B). Particularly, mutant LVL fails to fully extend mismatched primer termini 

in most cases. Steady-state kinetics measurements of single-nucleotide extensions show that 

in all cases of processing a properly matched primer/template complex, mutants display similar 

steady-state kcat values as the wild-type enzyme.[125] KM values of the mutants were generally 

higher than those for wild-type KF exo-, reflected by a slight decrease in DNA synthesis 

efficiency by the mutant forms. Remarkably, no significant elongation of mismatched primer 

termini by the mutants was detected under steady-state and single-completed-hit conditions, 

whereas the results obtained for wild-type KF exo- are consistent with previous reports.[126, 

127] This indicates that the kcat values for all base-pair combinations assayed were drastically 

lower for the KF exo- variants than for the wild-type polymerase.  

Binding studies were performed to determine whether the effects on mismatch extension fidelity 

are caused by a decrease in substrate-binding affinity in the mutants.[125] Interestingly, only 

mutant PLQ exhibits a significant decrease in binding affinity to a mismatched primer terminus. 

For this reason, altered binding affinity does not generally appear to be mandatory for an 

increase in mismatch extension fidelity.  

In summary, the identification of several active DNA polymerase variants that display increased 

primer extension fidelity showed that none of the chosen amino acid positions is essential for 

catalysis, and that all positions tolerated substitutions. However, the nature of the side chain of 
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V880 seems to be most conserved, as all identified active and more selective mutants bear a 

nonpolar amino acid side chain at this position. Furthermore, the absence of any charged 

residues within the selected active mutants indicates that the introduction of ionic residues in 

this region might inactivate the enzyme by interference with D882, the magnesium ions, or the 

incoming dNTP substrate.  

The fact that the apparent increased fidelity is not limited to the sequence context employed 

during screening is suggestive of a common mechanism for error sensing. It was recently 

proposed that the histidine group of QVH might be involved in DNA polymerase extension 

fidelity mechanisms by editing H-bonding patterns in the minor groove of the primer/template 

duplex (Figure 8 B).[97] 

One of the mutants that exhibits increased mismatch extension fidelity has three amino acid 

substitutions at the targeted site (QVH to PLQ), in which a glutamine side chain replaces 

histidine at position 881. Glutamine can often replace the H-bond donating ability of the 

imidazole ring of histidine.[128] Thus, improved editing of H-bond patterns by Q881 in the 

context of the PLQ sequence might be the cause for the increased fidelity in this variant. This 

altered binding affinity could be caused by a distorted motif C structure deriving form proline, 

which is known to induce turns in protein structures.[129] However, the identified mutants LVG 

and LVL, both of which lack hydrogen bonding capability within the wild-type QVH region, yet 

have significantly higher mismatch extension fidelity. 

In addition to the described results and in order to substantiate these findings it was 

investigated herein whether the observed effects could be transferred to Taq DNA polymerase.  

 

2.1.2 Results 

2.1.2.1 Construction of mutant plasmids 

Plasmid pTTQ18::Taq (see section 5.3.1) was constructed by Engelke et al.[130] and allows 

expression of Taq DNA polymerase under control of a tac promoter (Ptac) and lac operator 

sequence. Plasmid pQ-KF wt exo- (see section 5.3.3) for expression of N-terminally 6-His-

tagged KF was constructed by Brakmann et al.[31] and allows expression under control of T5 

promoter and lac operator. All mutations were introduced by site directed mutagenesis with 

subsequent sequencing of the respective clones. 

 

2.1.2.2 Purification of Taq and KF DNA polymerases 

Generally, Taq DNA polymerase was purified as described by Engelke et al..[130] Ion 

exchange chromatography was replaced by gel filtration. After heat denaturation most of the E. 

coli host proteins were removed. Remaining large protein impurities of ~35 and 70 kDa could 

be removed by gel fitration (Figure 10 B and C). DNA polymerase concentrations of up to 1 
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mg/ml (in Taq storage buffer) were feasible. During the whole purification process, anionic 

detergents were present, in order to ensure solubility of Taq DNA polymerase. Almost no 

polymerase activity (in PCR) was lost during purification. All Taq DNA polymerases tested in 

this work were stable and active in the used storage buffer over a minimum time of 1 year. E. 

coli KF exo- DNA polymerases (QVA/LVL) were purified as described by Summerer.[75]  

 
 

 
 

Figure 10 Purification of Taq DNA polymerase 
A – Size exclusion gel chromatography elution diagramme. A single large protein peak was detected. 
Fractions F7-F19 were analysed via SDS-PAGE. B – Crude lysates of Taq wild-type and LVL after heat 
denaturation of E. coli host proteins and subsequent centrifugation. C – Fractions F7-F19 were analysed 
via SDS-PAGE (12%) and thereof fractions F8-F12 were pooled and stored. Black arrows depict protein 
bands corresponding to Taq DNA polymerase.  
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2.1.2.3 Primer extension and realtime PCR experiments 

In order to probe the impact of LVL mutations on mismatch extension fidelity, primer extension 

reactions were conducted in three sequence contexts that contain prominent SNPs.[131, 132] 

These experiments show that there are only subtle differences between the extension of 

matches and mismatches with Taq wt under the chosen conditions (Figure 11 A-C). In contrast, 

the mutant Taq DNA polymerase (Taq LVL) is clearly capable of discriminating transversion 

and transition and transversion SNPs (Figure 11 A-C).  

 

 
Figure 11 Autoradiograms of primer extension reactions showing the impact of LVL mutations on 
the fidelity of Taq DNA polymerase within three sequence contexts and comparison of mismatch 
extension fidelity of KF exo- QVA with KF exo- LVL.  
Top panel: partial nucleotide sequences of primer/template complexes used for primer extensions. The 
first lane of each gel represents a control reaction without enzyme. The lengths (nt) of primer and full-
length product are shown on the left side of each gel; E = enzyme, X = template nucleotide. Experiments 
conducted with Taq (A-C) in A - the human BRAF somatic SNP T1796A, B - the human DPYD SNP 
G735A, C - the FVL SNP G1691A and with KF exo- QVA in D - the FVL SNP G1691A sequence 
context.[125]  
 

Additionally, primer extension reactions were conducted with KF exo- QVA and KF exo- LVL. 

Mutant DNA polymerase KF exo- LVL is clearly capable of discriminating mismatched 

primer/template complexes, whereas mutant QVA is not (Figure 11 D). Hence, mutant KF exo- 

LVL displays higher apparent mismatch extension fidelity compared to mutant QVA. 
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In order to test the applicability of Taq LVL for asPCR, real-time PCR reactions with the 

substrate sequence contexts employed in primer extension experiments were performed. 

Notably, standard PCR conditions without any optimisation were applied in these experiments. 

The difference in the threshold-crossing cycle number (ΔCt) between a matched and a 

mismatched primer/template complex (Figure 12) was measured. Taq wild-type displays weak 

or no discrimination, whereas Taq LVL leads to ΔCt values of 10 for all sequence contexts. 

Additionally, mutant Taq LVL discriminates over a wide range of template concentrations, 

whereas Taq wild-type does not. Accordingly, mutant Taq LVL shows greater discrimination 

than Taq wild-type in asPCR, regardless of the sequence context applied and template 

concentrations tested (Figure 12 and Figure 13).  

 

 

 
Figure 12 Realtime PCR experiments on three different sequence contexts 
Top panel: partial nucleotide sequences of primer/template complexes used for primer extensions. Lower 
panel: real-time allele-specific PCR experiments with either wild-type or mutant LVL Taq DNA 
polymerase in three sequence contexts.[125] Solid lines: wild-type Taq DNA polymerase; dashed lines: 
LVL Taq DNA polymerase; black: matched primer/template substrates; grey: mismatched 
primer/template substrates. Experiments conducted in A - the human BRAF somatic SNP T1796A, X=A 
(black, match) and X=T (grey, mismatch) B - in the human DPYD SNP G735A, X=A (black, match) and 
X=G (grey, mismatch) and C - in the FVL SNP G1691A sequence context, X=A (black, match) and X=G 
(grey, mismatch).[125]  
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Figure 13 Realtime PCR template dilution experiments  
Upper panel: Taq wt is not capable of discriminating the mismatched primer/template under the template 
concentrations applied. Lower panel: Taq LVL is capable of discriminating the mismatched 
primer/template complex under the template concentrations applied. The primer/template sequence 
employed herein (Factor V Leiden) is depicted in the figure. Template concentrations are depicted in the 
respective realtime PCR plots. Taq wild-type = solid lines; Taq LVL = dotted lines. LeiA X=A (black, 
match) and LeiG X=G (red, mismatch) 
 

2.1.3 Discussion 

Although Taq wt and KF exo- are both members of the DNA polymerase family A, they differ in 

several properties such as thermostability and fidelity and share a protein sequence homology 

of only 36%.[133] Furthermore, Taq DNA polymerase and E. coli DNA polymerase are 

separated in evolution by one billion years.[99] However, structural similarity of both KF and 

Taq is apparent (Figure 14 A). The structures of these two enzymes are superimposible, such 

that corresponding α-helices and β-strands adopt nearly identical folding patterns.[99] 

Conformations of the fingers subdomain (magenta and teal) differ slightly, suggesting this 

region is flexible. Superimposition of other related DNA polymerase I class enzymes yielded 

similar results.[99] While motif C varies between the polymerase families, it is highly conserved 

in the respective families. In family A DNA polymerase the amino acids QVH, as part of motif C, 

remain largely unaltered (Figure 14 B). In this respect very rare exceptions are found in e.g. 

Aquifex aeolicus (LVH) or Chlamydia trachomatis (QIH).[99] This emphasises the importance of 

motif C for catalytic activity. Loeb et al. randomised motifs A and B and found that exchange at 

many positions is tolerated as measured by the capability to complement the function of E. coli 

DNA polymerase I in vivo.[134, 135] This suggests high mutability of motif C as well, which has 

been substantiated by Summerer et. al..[125] The highly conserved QVH consensus sequence 

of Taq DNA polymerase (Figure 7B) was mutated into LVL. The resulting mutant polymerase 
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was expressed in E. coli, is soluble and active. In spite of the mentioned differences between 

Taq and KF, not only the mutation could be transferred but also the effect thereof. The 

exchangeability of glutamine in the QVH consensus sequence for leucine suggests that the H-

bonding donor- and acceptor features thereof are not essential and subtle changes in sterical 

demand can be tolerated. DNA polymerases exhibiting higher fidelity mainly interact with the 

minor groove through specific hydrogen bonds with the N-3 atoms of purines and O-2 atoms of 

pyrimidines as acceptors.[97] This residue responsible for this interaction in family A 

polymerases is histidine in the QVH consensus sequence. The exchange from histidine to 

Leucine could therefore have a more pronounced effect.  

  
Figure 14 Superimposition of Taq DNA polymerase[98] and E. coli DNA polymerase I[136] crystal 
structures and an alignment of motif C of several family A DNA polymerases.  
A - The structures of these two enzymes are superimposible, such that corresponding α-helices and β-
strands adopt nearly identical folding patterns. Conformations of the fingers subdomain (magenta and 
teal) differ slightly, suggesting this region is flexible. The figure was taken and adapted from reference 
[99]. B – Protein sequence alignment of motif C of family A DNA polymerases with the QVH consensus 
sequence highlighted (rectangle). Color codes: blue letters/turquoise background = conservative; black 
letters/green background = block of similar; green letters/white background = weakly similar; black 
letters/white background = not similar; red letters/yellow background = identical. The QVH consensus 
sequence is highly conserved directly adjacent to an essential aspartate.  
 

Taken together it can be concluded that increased DNA polymerase mismatch extension fidelity 

is feasible by modulating the steric and functional properties of a conserved enzyme motif. 
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Specifically abolishing hydrogen bonding to the minor groove can result in enhanced 

polymerase fidelity. Similar results for another KF exo- variant (H881A) were recently 

reported.[127] These results indicate a new mechanism of remote mismatch sensing for family 

A DNA polymerases besides sensing of H-bond acceptors in the minor groove of the 

primer/template. The origins of the observed selectivity currently remain elusive. It could be that 

a loss of hydrogen bonding in a complex that is already destabilised (upon mismatch extension 

catalysis) actually facilitates the editing capacity over that of the wild-type polymerase, in which 

hydrogen bonding is present. Wide structural conservation of motif C may reflect generality of 

this mechanism regarding the function of a wider range of nucleotidyl transferases. Hence, 

motif C variation potentially represents a general approach to modulate the fidelity of most 

nucleotidyl transferases for various biotechnological applications. Along this line, Taq LVL 

might greatly expand the technical scope and allow an improvement of PCR-based techniques 

like allele-specific PCR.[26, 137]  
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2.2 Hydrophobic amino acid and single atom substitutions increase 
DNA polymerase selectivity 

2.2.1 Introduction 

In accordance with the hypothesis that the selectivity of nucleotide insertion during DNA 

replication is achieved by editing of nucleotide geometry within a tight binding pocket[70], motif 

C has been suggested to play a key role not only in enabling catalysis, but also to function in a 

common mechanism of mismatch recognition in the primer/template.[97] As described and 

discussed in section 2.1, hydrophobic substitutions in motif C of family A DNA polymerases 

(e.g. E. coli DNA polymerase I, Taq DNA polymerase) result in enzymes that exhibit increased 

mismatch extension selectivity.[125, 127] These findings suggest involvement of motif C 

residues in mismatch extension selectivity of family B DNA polymerases as well. It is believed 

that minor groove hydrogen bonding of motif C residues to the second primer nucleobase in A 

family and B family DNA polymerases contributes to mismatch sensing (Figure 16 A).[97] 

These interactions persist sequence independently as long as the nucleobase pair has proper 

Watson-Crick geometry.[97, 121] Motif C is a highly conserved sequence in DNA 

polymerases.[85, 86, 97] This high conservation could also reflect additional and central 

functions of this motif. However, the sequences of motif C e.g. in Family A and B DNA 

polymerases significantly differ.[85, 86, 97] For family B DNA polymerases a different, albeit 

related polar interaction comprising an aspartate and lysine is believed to contact the DNA 

minor groove (Figure 15 A).[97] The respective amino acids are located in the YGDTDS and 

KXY motifs that are highly conserved among family B DNA polymerases from eukaryotic, 

bacterial and viral origins (Figure 15 B).[138, 139] Thus, such interactions of motif C and the 

primer/template complex may reflect a general mechanism for the function of a wider range of 

nucleotidyl transferases. In order to further substantiate the hypothesis of a general fidelity 

mechanism for motif C, the impact of rationally designed biological substitutions on motif C in a 

family B DNA polymerase and a rationally designed chemical modification of the substrate were 

investigated.  
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Figure 15 Minor groove interactions of motif C in family A and B DNA polymerases 
A - Minor groove interactions of motif C in family A and B DNA polymerases represented by BstI (PDB 
code 2BDP)[124] and RB69 (PDB code 1IG9)[97] DNA polymerase ternary complexes, respectively. For 
clarity, the sugar-phosphate backbone for the primer strand is not depicted. B – Amino acid sequence 
alignments of motifs YGDTD and KXY in family B DNA polymerases. Rectangles highlight positions 
chosen for mutagenesis in Pfu DNA polymerase. 
 
 

2.2.2 Results 

2.2.2.1 Rational design of biological modifications – structural determinants 

As target for this study the widely applied high fidelity Pyrococcus furiosus (Pfu) DNA 

polymerase was chosen for mutation and subsequent evaluation.[55, 140, 141] Apparently, the 

DNA polymerase of phage RB69 (RB69) is the sole B family DNA polymerase of which the 

structure of a ternary complex is available. Amino acid alignments of RB69 and Pfu DNA 

polymerases show that the residues responsible for building the salt bridge between the 

polymerase and the primer are highly conserved (Figure 15 A, B). In order to disrupt this salt 

bridge, hydrophobic mutations were introduced at the respective positions in Pfu DNA 

polymerase. In order to minimise steric effects, these hydrophobic amino acid substitutions 

were designed in a way to be maximal isosteric. Thus, aspartate was replaced by leucine and 

lysine by methionine (Figure 16).  

Accordingly, a Pfu DNA polymerase single mutant D541L (henceforth named as “M1”) and a 

double mutant D541L/K593M (henceforth named as “M2”) were constructed and tested. Since 

the intrinsic effects of mutations on key polymerization steps were to be studied, an 

exonuclease deficient variant of Pfu DNA polymerase was employed.  
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Figure 16 Design of mutations and chemical modifications.  
Connolly surfaces showing the hydrogen bonding capability of wild-type and mutant residues. Amino 
acid numbers define positions for Pfu DNA polymerase. Red surfaces display H-bonding donors and 
blue surfaces H-bonding acceptors.  
 

2.2.2.2 Construction of mutant plasmids 

Plasmid pETPfu (see section 5.3.5) was constructed by Dabrowski et al.[142] and allows 

expression of N-terminally 6-His-tagged Pfu DNA polymerase under control of a T7 promoter 

and lac operator sequence. All mutations were introduced by site directed mutagenesis with 

subsequent sequencing of the respective clones. 

 

2.2.2.3 Purification of Pfu DNA polymerase 

Generally, Pfu DNA polymerase was purified as described by Dabrowski et al..[142] 

Nevertheless, purification was further optimised for enhanced yield and purity (Figure 17, 18 

and 19). First, purification of the polymerases by Ni-NTA affinity chromatography was improved. 

Buffers were pH optimised (pH 9.5) to allow high affinity to the employed NTA-resin with 

subsequent efficient elution leading to already high purity (Figure 17). During the NTA 

purification, anionic detergent was present in order to prevent aggregation of polymerases. 

After buffer exchange, removal of imidazole and anionic detergent by size exclusion 

chromatography (Figure 18), ultra filtration of the eluates allowed concentrations of up to 2 

mg/ml (in Pfu storage buffer) and displayed a purity of >90% (Figure 19). Almost no polymerase 

activity (in PCR) was lost during purification. All Pfu DNA polymerases tested in this work were 

stable and active in the used storage buffer over a minimum time of 1 year.  
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Figure 17 Ni-NTA affinity chromatography of Pfu DNA polymerase 
A – Ni-NTA affinity chromatography elution diagramme. Cleared expression lysates were directly applied 
and the column was saturated with the desired polymerase. A step gradient was employed, with two 
washing steps (W1 – 20 mM and W2 – 40 mM imidazole) before elution (150 mM imidazole) of bound 
polymerase. B – Fractions 1-9 were analysed via SDS-PAGE (12%) and thereof, fractions 3-8 were 
pooled, concentrated and transferred to size exclusion chromatography. The black arrow depicts protein 
bands corresponding to Pfu DNA polymerase. 
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Figure 18 Size exclusion chromatography of Pfu DNA polymerase 
A – Size exclusion gel chromatography elution diagramme. Samples that were purified by NTA 
chromatography were directly applied to size exclusion chromatography. A single large protein peak was 
detected. Fractions F6-F22 were analysed via SDS-PAGE. B – Fractions F7-F19 were analysed via 
SDS-PAGE (12%) and thereof, fractions F12-F18 were pooled, concentrated and stored in Pfu storage 
buffer. The black arrow depicts protein bands corresponding to Pfu DNA polymerase. 
 
 

 
Figure 19 SDS-PAGE (12%) analysis of purified Pfu DNA polymerases  
40 fmol of each DNA polymerase were loaded. Marker (M), Pfu DNA polymerase and mutants were 
loaded as indicated. Polymerases were expressed in E. coli BL21 (DE3) pLysS and purified by heat 
denaturation of E. coli host proteins, followed by Ni-NTA affinity chromatography, size exclusion 
chromatography and ultra filtration. Polymerases were soluble, > 90% pure and active in PCR and primer 
extension reactions. Marker (M) and, Pfu DNA polymerase and mutants were analysed as indicated. The 
black arrow depicts protein bands corresponding to Pfu DNA polymerase. 
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2.2.2.4 PCR activity, specific activity and selectivity 

The resulting purified mutants were tested for PCR activity under identical conditions. It was 

found that mutant M1 was incapable to yield detectable amounts of PCR product of the desired 

length (Figure 20 A). PCR activity is rescued by hydrophobic substitution of the second amino 

acid. Quantification of the specific enzyme activity indicates that mutant M2 displays about 50% 

wild-type activity, whereas mutant M1 displays less than 4% wt-activity (Figure 20 B). Next, 

under identical reaction conditions the wild-type and mutant M2 were qualitatively assayed for 

their capability to extend from matched and mismatched primers (Figure 20 C and Figure 21). 

These data show that the wild-type enzyme readily extends a mismatch under the chosen 

conditions. Applying identical conditions to mutant M2 shows markedly decreased mismatch 

extension efficiency thereof, independent of the sequence context applied. Furthermore, the 

effects of mismatches located in the primer/template distal to the 3’-primer terminus were 

investigated. It was found that the mutant M2 is able to sense mismatches that are located up 

to four positions upstream to the 3’-primer terminus to a greater extent compared to the wild-

type and translate their presence in reduced nucleotide insertion efficiency (Figure 22). 

 

 
Figure 20 PCR activity, specific activity, autoradiograms of primer extension reactions showing 
mismatch extension and misinsertion of wild-type and mutant DNA polymerases. 
A - PCR (25 cycles) conducted with equal amounts of the respective enzyme under identical reaction 
conditions. B – Specific activities of the respective enzymes in µmol dNTPs / nmol pol. C - Mismatch 
extension studies (with dATP only) conducted with the wild-type and double mutant (M2) enzyme. 
Primer/template constructs resulting in matched and mismatched complexes were employed as 
indicated. The first lane of each set represents a control without enzyme. D – Insertion and misinsertion 
of dNTP (as indicated) conducted with the wild-type and mutant M2. Partial sequences employed are 
depicted in the figure. 
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Figure 21 Autoradiograms of qualitative primer extension reactions showing mismatch extension 
wild-type and mutant DNA polymerases in two different sequence contexts. 
Mismatch extension studies conducted with the wild-type, mutant M1 and M2 enzymes (22.5 nM, 200 µM 
dNTPS, 30 min reaction time) employing Farber (A) and DpyD (B) sequence contexts. Primer/template 
constructs (150 nM) resulting in matched and mismatched complexes were employed as indicated. 
Controls without enzyme are as indicated (-).  
 

 

 
 
Figure 22 Autoradiograms of primer extension reactions showing recognition of remote 
mismatches of wild-type and mutant DNA polymerases. 
The first lane of each set represents a control without enzyme. Primer/template constructs resulting in 
matched and mismatched complexes, located at the 3’-primer terminus or up to four positions upstream. 
All reactions contained equal amounts of the respective enzyme (22.5 nM), dATP, and primer/template 
complex. Sequences of primer and templates are indicated in the figure. Green indicates matched cases, 
red indicates mismatched cases. N = A, G, C, or T, as indicated. 
 

 



Results and Discussion 34 

Subsequently, it was investigated whether the mutations have an impact on nucleotide insertion 

selectivity. Thus, data were obtained from qualitative investigation of insertion selectivity first. In 

comparison to the wild-type, mutant M2 misincorporates non-canonical nucleotides to a lesser 

extent (Figure 20 D). In order to quantitatively probe insertion and mismatch extension fidelity, 

kinetic parameters of the systems created herein were determined. Quantitative steady-state 

kinetic measurements under single completed hit conditions substantiate the results of the 

described qualitative misinsertion experiments. The wild-type misinserts dCTP and dGTP with 

almost equal efficiency and dTTP with higher efficiency (Table 1). Compared to the wild-type, 

mutant M2 displays a 4 fold increase in insertion fidelity in case of dCTP misinsertion opposite 

to T (Table 1). Furthermore, for mutant M2 no misinsertion was measurable for dGTP and 

dTTP under the conditions applied. However, the insertion efficiency of mutant M2 in terms of 

dATP opposite to T is decreased by 2.5 fold (Table 1). Taken together, the mutant enzyme 

displays higher insertion fidelity compared to the wild-type enzyme as well.  

 

 
Table 1 Steady-state analyses for nucleotide triphosphate insertion and misinserstion opposite a 

template T 
Polymerase Wild-type M2 

Inserted 

nucleotide 

KM [µM] Vmax [min -1] Efficiency  

[µM -1 x min-1] 

KM [µM] Vmax [min -1] Efficiency  

[µM -1 x min-1] 

dATP 0.155 +/- 

0,089 

85,936 +/- 

11.925 

554.425 0.089 +/- 

0.039 

20.117 +/- 

2.14 

226.033 

dGTP 38.163 +/- 

11.123 

18.895 +/- 

1,315 

0.494 n.a. n.a. n.a. 

dCTP 8.697 +/- 

2.528 

4.593 +/- 

0.266 

0.528 10.266 +/- 

3.668 

1.445 +/- 

0.094 

0.14 

dTTP 21.396 +/- 

7.745 

36.975 +/- 

2.612 

1.728 n.a. n.a. n.a. 

n.a.: not accessible. Only negligible amounts of nucleotide insertions (<1%) were observed when up to 
10 nM mutant M2 and up to 1.2 mM (higher dNTP concentrations cause inhibition of reaction) of the 
corresponding dNTP were applied. 
 

2.2.2.5 Real-time PCR experiments 

Additionally, it was investigated whether the increased mismatch extension selectivity of M2 

persists under conditions routinely employed in PCR and can be carried forward to allele-

specific PCR. Thus real-time PCR experiments with both the wild-type and mutant M2 were 

conducted. The obtained results show that mutant M2 is capable of discriminating a T/G 

mismatch at the primer terminus, whereas the wild-type is not (Figure 23). A difference of the 

PCR cycle number of the threshold crossing (∆Ct) of 4-7 between the matched and mismatched 

primer/template complexes can be detected for mutant M2. This function persists even if the 

template concentration is lowered by four orders of magnitude (Figure 23 B). Accordingly, the 
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enhanced mismatch extension fidelity of M2 is apparent under PCR conditions as well and can 

be carried forward to allele-specific PCR.  

 

 
 
Figure 23 Real time PCR experiments with equal amount and equal activity of Pfu DNA 
polymerases and template dilutions series.  
A - Wild-type and mutant M2 at equal concentrations (20 nM, two left panels) and 40 nM of mutant M2 
for equal activity. B - Real time PCR experiments with template dilutions and equal amounts of Pfu DNA 
polymerases (20 nM).All reactions included 0.5 µM of each primer, 200 µM dNTPs, 0.4 x SYBRGreenI, 
and 40 pM template FarA (black) or FarG (grey) or dilutions thereof as depicted in the figure, 
respectively. 
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2.2.2.6 Rational design of chemical modifications of the substrate  

To further access effects of polarity and size on the interactions between motif C and the 

primer, the acceptor potential and steric demand of the DNA substrate was altered. The 

position chosen for this modification was the thymine O-2 atom, which directly and indirectly 

interacts with polymerase residues of motif C, namely aspartate and lysine in family B DNA 

polymerases (Figure 15). Accordingly, the thymine O-2 atom was changed to S-2 in order to 

decrease the acceptor potential and alter the sterical demand at this position. The effects were 

tested by employing primer probes bearing a 2-thiothymidine residue at the 3’-terminus of the 

primer strand (2ST; Figure 24).  

 

 
Figure 24 Chemical structures of thymidine and 2-thiothymidine. 
The O-2 atom was changed to S-2 in order to decrease the acceptor potential and alter the sterical 
demand at this position. This modification was introduced into a primer and employed in this study. 
 

2.2.2.7 Effects of biological and chemical modifications on mismatch extension 
fidelity 

First, the effect of the biological modifications was tested. When employing mutant M2, 

quantification of the mismatch extension selectivity indicates that it is ten-fold more selective in 

comparison to the wild-type enzyme (Figure 25 B). Next, the influence of chemical modification 

of the substrate was investigated. The 2-carbonyl function of thymidines points towards the 

minor groove and is a potential H-bond acceptor of the side chain of K593 in Pfu DNA 

polymerase. Chemical modification of thymidine at this position by replacing oxygen with sulfur 

results in reduced hydrogen bonding capability and moderately increased size compared to 

thymidine.[143] Primers containing the 2-thiothymidine were synthesised by Kranaster[143, 

144], and employed in primer extension studies (Figure 25 A). Apparently, the atom substitution 

in the primer strand results in an increased mismatch extension selectivity of the wild-type 

enzyme. Noteworthy, primer extension of the mismatched 2ST-primer/template complex by the 

wild-type is strongly impaired after the penultimate position. Quantification indicates that when 

employing the chemically modified primer, the wild-type enzyme is two-fold more selective 

(Figure 25 B). A more pronounced effect was measured for combination of the biological and 
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chemical modifications. Hydrophobic substitution mutations of the enzyme and a single atom 

replacement in the primer result in a more than 25-fold increase in mismatch extension 

selectivity over the wild-type enzyme with natural substrate (Figure 25 B). Additionally, the wild-

type and mutant enzymes exhibit increased steady-state turnover rates when thiolated primers 

(3’-terminal nucleotide only) were employed. Under these conditions the turnover rate of mutant 

M2 on a matched primer/template complex is almost doubled and exceeds the wild-type (Figure 

25 B). Hence, activity of mutant M2 is enhanced by the 2-thiothymidine modified primer.  

 

 
Figure 25 Increase of mismatch extension fidelity through single atom substitution and 
hydrophobic substitution mutation.  
A - Autoradiograms of primer extension reactions showing time courses of primer extension reactions 
conducted with the indicated enzyme and non-modified (T) and thiolated (2ST) primer strands under 
otherwise identical reaction conditions. Reactions were stopped at 0, 2, 16, 30, and 60 min (lanes 1-5), 
respectively. Primer/template constructs resulting in matched (X = A) and mismatched (X = G) 
complexes were employed as indicated. The first lane of each set represents a control without enzyme. 
B – Diagramme of steady state turnover rates on matched (template A) and mismatched (template G) 
primer/template complexes. Steady-state turnover rates were obtained for non-modified (T) and thiolated 
(2ST) primer strands under otherwise identical reaction conditions. 
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2.2.3 Discussion 

The results presented in this study, show that deletion of a definite polar interaction between 

polymerase and primer, which is believed to scan the primer strand through the minor groove, 

results in an enzyme with higher selectivity. Deletion of this interaction was realised by 

rationally designed replacements of polar residues by hydrophobic amino acids of similar size. 

Although belonging to the same DNA polymerase family, Pfu and RB69 DNA polymerases 

share a sequence homology of only 16%. Based on structural data of RB69 DNA polymerase, 

rationally designed mutations were introduced into Pfu DNA polymerase. In accordance to 

previous reports[138, 139] on mutations of the conserved residues Asp and Lys (bold) in motifs 

YGDTDS and KXY, single mutant Pfu-D541L is strongly impaired in DNA synthesis (Figure 20 

A, B). As both mutations were designed to be mostly isosteric in comparison to the wild-type 

residues, impaired DNA synthesis of the single mutant may derive from the hydrophobic nature 

of the mutant residue. Loss of either of the two polar interactions could lead to distortion of the 

structure within the motifs YGDTDS and KXY. Indeed, mutations in these motifs lead to 

impaired DNA synthesis, which is attributed to the reduced ability to stabilise primer/template 

complexes at the DNA polymerase active site.[138, 139] Combination of both mutations in one 

enzyme (mutant M2) results in an enzyme exhibiting half of the wild-type activity. A rationale for 

this could be that the structure of the motifs YGDTDS and KXY is somewhat restored by 

hydrophobic interactions between L541 and M593 in a tight pocket of the enzyme.  

It has recently been proposed that when encountering a mismatch, DNA polymerases actively 

misalign catalytic residues in the active site and by that reduce the enzymes catalytic 

proficiency.[145] The enhanced selectivity of mutant M2 could therefore be attributed to a more 

efficient active misalignment - caused by a destabilised active site - when encountering a 

mismatched primer/template. On the other side, the discussed Asp - Lys - primer bridge in the 

wild-type enzyme might be able to stabilise a mismatched primer/template complex more 

efficiently than the hydrophobic substitution mutant M2. Even mismatches that are located in 

the primer/template distal to the 3’-primer terminus cause distortions of the DNA enzyme 

complex.[123, 146, 147] It seems that in mutant M2 such distortions are sensed by the 

interaction of motif C with the substrate (Figure 22). Additionally, although only slightly 

enhanced, the insertion selectivity displayed by mutant M2 by suggests involvement of motif C 

in insertion fidelity.  

In order to further substantiate the relevance of tight fitting, substrate geometry and hydrogen 

bonding networks for accurate and efficient primer extension, the size and hydrogen bonding 

capability of the primer substrate were altered through substitution of a carbonyl group by 

thiocarbonyl (Figure 16 D). Akin to results obtained through investigation of 2ST insertion[148], 

thiolation of a primer/template complex at the depicted position (Figure 16 D) causes an 

increase in selectivity and activity. The enhanced mismatch extension fidelity of the wild-type 

when employing a 2-thiothymidine modified primer (Figure 25 A) is embodied by primer 

extension stopping at the penultimate primer base. This further substantiates the importance of 
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hydrogen bonding between motif C and the penultimate primer base, as the 2-thiothymidine 

leads to an altered acceptor potential at the position, which is needed for the respective 

interaction. Recently Sintim and Kool reported that 2-thiothymidines display increased stability 

and hybridization selectivity.[148] As mentioned above, loss of the Asp - Lys - primer bridge 

might destabilise the active site of mutant M2. The more pronounced effect of the 2-

thiothymidine modification on the turnover rate of mutant M2, in comparison to the wild-type, 

could therefore derive from the increased stability of the primer/template complex employed. 

Furthermore, it has been shown that e.g. E. coli DNA polymerase I (Klenow Fragment) 

generally shows a kinetic preference for base analogues with increased sizes compared to the 

natural ones.[116] The slightly increased size of 2-thiothymidine could therefore additionally 

account for the enhanced turnover rates of both wild-type and mutant M2. As recently 

described, 2-thiothymidine/G mispairing is significantly suppressed.[148] Taking into account 

that a T/G mismatch builds a wobble base pair conformation in the active site of a family A DNA 

polymerase[146], the 2-thio modification possibly destabilises this conformation through its 

increased sterical demand and lowered H-bonding capability. Although no such structural 

information is available for family B DNA polymerases, our results suggest this as a possible 

mechanism for the enhanced mismatch extension fidelity when employing 2-thiothymidine 

modified primers. So far the herein depicted amino acid substitutions have been studied 

exclusively. It remains to be elucidated whether other amino acid combinations at the 

respective positions may cause similar effects as found for M2.  

The mutant polymerases described by Summerer[75] and in section 2.1, carry hydrophobic 

mutations within motif C (with the exception of the KF exo- PLQ mutant) and display enhanced 

mismatch extension fidelity. The successful transfer of these hydrophobic modifications from a 

mesophilic to a thermophilic DNA polymerase, namely Taq, suggested a general fidelity 

mechanism for motif C. Herein it is shown that by rational design of hydrophobic modifications 

in motif C of a family B DNA polymerase, namely Pfu, mismatch extension fidelity can also be 

enhanced. Furthermore, modification of the substrate at a specific hydrogen bonding acceptor 

position (O-2 of the thymine base) for a motif C residue (in e.g. Pfu, lysine; see Figure 15), also 

and additionally leads to increased selectivity. Thus, it seems that modifications leading to loss 

or attenuation of the H-bonding interactions between motif C and the DNA minor groove can 

enhance the fidelity of both family A and B DNA polymerases and make a general fidelity 

mechanism for motif C very likely. 

Besides giving new insights into DNA polymerase fidelity mechanisms, the developed systems 

could find immediate application e.g. in advancement of genotyping methods.[26, 149] The 

merit a long this line of mutant M2 is the identification of a single nucleotide variation using 

allele-specific real-time PCR (Figure 23). In this method, signal generation relies on the 

tolerance of the mutant to the presence of SYBRgreenI. These improved properties are 

evidenced by comparing amplification curves resulting from matched and mismatched 

primer/template complexes (Figure 23). In terms of these methods, single nucleotide variation 
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diagnostics are feasible only, if the double mutant is employed. This makes mutant M2 readily 

available for needs in efficient genotyping. 

Additionally, it has been recently shown that DNA polymerase selectivity is directly linked to 

diseases like cancer.[150, 151] In some cancer cell lines mutated DNA polymerases were 

found that exhibit lower selectivity than the wild-type enzymes.[150] Eukaryotic DNA 

polymerases that catalyse most of the DNA synthesis during replication exhibit the same 

sequence motifs as the herein investigated enzyme.[138, 139] Thus, the depicted results might 

provide a rationale to increase the selectivity of these enzymes and study the effects on cell 

proliferation.  
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2.3 Evolving archaeal hyperthermophillic family B DNA polymerases 
with higher mismatch extension selectivity 

2.3.1 Introduction 

Thermostable DNA polymerases are valuable tools in many molecular biological methods.[152] 

Especially polymerases of archaeal origin are widely employed[152] due to their high 

thermostability and fidelity and these polymerases have been characterised in detail.[50, 62, 

140, 153] Furthermore, these enzymes have been optimised for biotechnological applications 

such as sequencing and in vitro mutagenesis[62, 154], and their intrinsic exonuclease function 

has been studied and altered as well.[155, 156] Nevertheless, mutants displaying higher 

mismatch extension selectivity, have – aside from the developments in this work - not been 

described for archaeal hyperthermophillic members of the famliy B DNA polymerases. Such 

enzymes could give valuable insights into the fidelity of replicative enzymes besides eventually 

being valuable tools for e.g. genotyping.  

Ideal tools for tuning polymerase function towards novel requirements are in vitro evolutionary 

approaches, based on repeated cycles of mutagenesis and selection. These approaches 

essentially work like natural evolution. Such directed evolution strategies comprise (a) the 

generation of a library of mutated genes, (b) the expression and purification of mutated 

polymerases; and (c) a sensitive assay to identify individuals with desired properties. A broad 

methodological repertoire has been developed to generate diversity in mutant libraries.[157] 

Along this line, strategies can range from insertion of random oligonucleotide cassettes[158] 

and error prone DNA synthesis[159, 160] to diverse methods for the recombination (shuffling) 

of mutant DNA fragments.[161] Although mutant libraries can be created rather easily, the 

selection of desired variants from a mutant pool is a challenging step in every directed evolution 

experiment. Selection can either be realised after transformation of cells with the mutant library 

and by applying growth conditions that allow only variants of interest to appear (in vivo 

selection), or by assaying all members of the library individually using biochemical detection 

assays (in vitro selection). Generally, in vivo selections are useful for evolving polymerases that 

perform their natural function and then perhaps under unnatural conditions. Nevertheless, 

application of in vivo methods for the evolution of new and unnatural activities is not always 

straightforward. The selectable phenotype therein is replication or transcription of natural DNA. 

Unnatural substrates are not efficiently transferred into cells and linkage to an observable 

phenotype is hardly feasible. Hence, the evolution of truly unnatural activities demands fully 

adjustable in vitro selections that are more versatile and thus appear to be more 

promising.[162]  

Many approaches to evolutionary polymerase optimisation involve a two-step procedure.[163] 

The first step selects active variants from the libraries, while in the second step, polymerase 



Results and Discussion 42 

activities are screened in detail using defined assay reactions such as realtime asPCR 

employed in this study. 

In order to find archaeal hyperthermophillic family B DNA polymerases with higher mismatch 

extension selectivity, a combinatorial two step screening approach was employed herein. Setup 

of this screening procedure included adaptation and optimisation of mutagenesis, cloning, 

multiwell expression and purification, a PCR-based activity assay, a functional screening assay, 

medium scale purification of DNA polymerases with chromatographic methods and 

characterisation of selected mutant DNA polymerases.  

 

2.3.2 Results 

2.3.2.1 Construction of mutant Pfu DNA polymerase library 

In order to locate new mechanisms and factors that influence mismatch extension fidelity of B 

family DNA polymerases and DNA polymerases in general, a high throughput screen 

employing a mutant DNA polymerase pool (Figure 26 and 29) was conducted. Mutations were 

introduced into the Pfu DNA polymerase ORF by error prone PCR (epPCR) with unbalanced 

dNTPs and 0.05 mM MnCl2 present in the reaction buffer (section 3.5.1). After mutagenesis, 

ORFs were cloned into the vector pASK-IBA37+, which served as cloning and expression 

vector for the whole screening process. As pASK-IBA37+ superseded all other tested vector 

constructs such as pET30Xa-LIC or pET15b in cloning- and transformation efficiency it was 

chosen accordingly. After transformation, single colonies each corresponding to one mutant 

DNA polymerase were picked, collected on 384-well plates and stored at -80 °C (Figure 26).  

 

 

 
Figure 26 Generation of mutant DNA polymerase pool 
Mutations were introduced into the wild-type ORF via error prone PCR (epPCR). PCR products were 
cloned into an expression plasmid and transformed into E. coli. Single clones were picked and 
transferred to 384-well culture plates and – after growth – stored as glycerol stocks at -80 °C until further 
use.  
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For the purpose of testing the mutability of Pfu DNA polymerase, epPCR-assays with different 

mutagenicity were employed. In presence of 0.05 mM MnCl2 46% and 0.075 mM MnCl2 10% of 

the clones displayed PCR-activity whereas when conducting epPCR with 0.2 mM MnCl2 no 

PCR-active clones could be detected (Figure 27). Hence, epPCR could be applied within a 

MnCl2 concentration range of 0.05 - 0.1 mM. The desired residual fraction of PCR-active clones 

was chosen to be between 30-50%. Accordingly, the employed Pfu DNA polymerase library 

was created by epPCR with unbalanced dNTPs and 0.05 mM MnCl2 in the reaction buffer.  

 

 

 
Figure 27 Mutability of Pfu DNA polymerase ORF. 
EpPCR was conducted with increasing MnCl2 concentrations present in each reaction. Increasing MnCl2 
concentrations lead to higher mutation rates and thus to a decreasing count of PCR-active Pfu DNA 
polymerase mutants. Values for % active DNA polymerases have been normalised to wild-type activity. 
For each epPCR condition 92 separate clones were tested in parallel in realtime PCR. Clones were 
counted as PCR-active, if PCR product of desired length could be detected on an agarose gel.  
 

2.3.2.2 Two-step screening approach 

In order to select PCR-active mutant DNA polymerases a primary activity based screen was 

conducted. After collection of single clones in 384-well plates, mutant DNA polymerases were 

parallely expressed and purified in 96-wells. Crude E. coli expression lysates were employed in 

384-well PCR reactions with subsequent fluorescent detection of dsDNA reaction products by 

SYBRGreenI (Figure 29). The average signal-to-noise ratio between negative- and positive 

control in the employed endpoint fluorescence assays was ~3.5:1 (Figure 28). Mutant DNA 

polymerases were regarded as PCR-active, if the detected fluorescence showed 60% of the 

value generated by the respective wild-type control (Figure 28). Out of 3680 clones tested 1760 

showed PCR-activity (~ 48%). No false positive was detected.  
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Figure 28 Endpoint measurements of SYBRgreenI mediated fluorescence of dsDNA for 
determination of PCR activity of Pfu DNA polymerase mutants in E. coli cleared expression 
lysates.  
To a PCR master mix containing primer/template complex (primer: 20mer, template: 90mer) and 200 µM 
dNTPs in reaction buffer 5 µl cleared expession lysate of the respective DNA polymerase was added. 
PCR (30 cycles) was conducted as described in section 3.5.12. An inactive Pfu DNA polymerase mutant 
(Pfu exo- D541A/D543A) was employed for negative controls and positive controls were represented by 
Pfu wild-type DNA polymerase. PCR product formation was detected via SYBRgreenI mediated 
fluorescence.  
 
 
Subsequent to the primary screen, a secondary, functional screen was conducted. All selected 

PCR-active mutants were pooled, expressed and purified in parallel. Similar to the primary 

screen, crude E. coli expression lysates were used. Accordingly, all realtime asPCR reactions 

were conducted with crude lysates. Out of 1769 PCR-active clones tested, 92 were selected 

and retested in realtime asPCR. After final retests, two mutant polymerases – Pfu exo- 

N304S/L305F (henceforth named as SCM1) and Pfu exo- N751S (henceforth named as SCM2) 

as revealed by sequencing - were selected for further characterisation.  
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Figure 29 Screening scheme 
For identification of mutants with higher mismatch extension fidelity, a primary and secondary screen 
was conducted. The primary screen selected for PCR active DNA polymerase mutants via endpoint 
detection of dsDNA PCR products with SYBRgreenI. In a secondary screen, functional detection of 
pooled mutant DNA polymerases with enhanced extension fidelity was realised via a realtime asPCR 
assay employing a matched (black line) and mismatched (grey line) primer/template complexes.  
 

 

2.3.2.3 Purification of selected mutants 

For further characterisation, the selected mutants were purified in the same way as described 

in section 2.2.2.3. In contrast to the system used in section 2.2.2.3, a different expression 

vector and expression host were employed (pASK-IBA37+; see below), which allows 

expression from a Tet-promoter. The expression host during screening, E. coli BL21 (DE3) 

Gold did not deliver high expression yields. After switching the expression host to E. coli BL21 

(DE3) RIL+, wild-type and both selected mutant polymerases were efficiently expressed, were 

soluble and active in PCR and primer extension reactions. Final stocks (in Pfu storage buffer) 

of the respective purified polymerases were analysed via SDS-PAGE (Figure 30). Purity of the 

employed mutant and wild-type polymerase was estimated to be >90% (Figure 30). Remaining 

impurities could not be removed by size exclusion chromatography and ultra filtration but were 

not further considered due to their equal presence in all polymerases applied.  
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Figure 30 SDS-PAGE analysis (12%, Coomassie blue staining) of purified Pfu DNA polymerases. 
80 fmol of each DNA polymerase were loaded. Polymerases were expressed in E. coli BL21 (DE3) RIL+ 
and purified by heat denaturation of E. coli host proteins, followed by Ni-NTA affinity chromatography, 
size exclusion chromatography and ultra filtration. Polymerases were soluble, > 90% pure and active in 
PCR and primer extension reactions. Marker (M) and, Pfu DNA polymerase and mutants were analysed 
as indicated.  
 

2.3.2.4 PCR activity and specific activity 

The purified mutant polymerases were tested for PCR-activity. Both mutants selected are 

capable of amplifying a 2.3 kb amplicon in a standard PCR reaction but display lower yields. 

Quantification of the specific activity for each mutant and wild-type shows that mutant SCM1 

has ~30% and mutant SCM2 ~50% wild-type activity (Figure 31 B). Specific activity was 

determined by measuring product formation for varying enzyme concentrations under identical 

reaction conditions (Figure 31 C).  

 

 
Figure 31 PCR and specific activities of purified mutant DNA polymerases. 
A - PCR reaction products employing wild-type and mutant polymerases (all exo-) were separated on a 
0.8% Agarose gel in 1 x TBE. PCR (25 cycles) was conducted with equal amounts of the respective 
enzyme (150 nM) under identical reaction conditions (200 µM dNTPs, 0.2 µM primers and 50 ng 
template). B – Histogram of specific activities of the respective enzymes. C – Representative 
autoradiogram of an activity-determination experiment. Product formation with varying enzyme amounts 
was quantified and specific activity calculated thereof. Enzyme concentrations and sequences of primer 
and template are indicated in the figure. All activity determination reactions contained equal amounts of 
dNTPs (100 µM), and primer/template complex (150 nM).  
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2.3.2.5 Primer extension experiments 

The next tests conducted with the purified mutant and wild-type polymerases were allele 

specific primer extension reactions. These reactions employed matched and mismatched 

primer/template complexes in three different medicinally relevant sequence contexts[125] in 

order to exclude sequence specific effects. In all three sequence contexts and under identical 

reaction conditions, the selected mutants are capable of discriminating mismatched 

primer/template complexes, whereas the wild-type is not (Figure 32).  

 
Figure 32 Autoradiograms of primer extension reactions with purified wild-type and mutant DNA 
polymerases. 
A - Farber, B – Factor V Leiden (FVL), and C - the human BRAF sequence context.[125] Sequences 
employed are depicted in the figure. Primer extension reactions were conducted with the indicated 
enzymes (100 nM) and primer/template complex (150 nM) under otherwise identical reaction conditions 
(200 µM dNTPs). Primer/template constructs resulting in matched (X = A) and mismatched (X = G / T) 
complexes were employed as indicated. The first lane of each set represents a control without enzyme. 
 

Time resolved primer extension reactions on matched and mismatched primer/template 

complex further substantiate these results (Figure 33). In case of a mismatched 

primer/template complex, both mutants show less extension products after 60 minutes reaction 

time in comparison to the wild-type after 2 minutes under identical reaction conditions. 

However, activity of both mutants on a matched primer/template is also diminished (Figure 33). 

Furthermore, both mutants show slightly increased discrimination of remote mismatches in 

comparison to the wild-type (Figure 34).  
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Figure 33 Autoradiograms of time resolved comparison of mismatch extension fidelity  
Time course of primer extension reactions conducted with the indicated enzymes (60 nM) and 
primer/template complex (150 nM) under otherwise identical reaction conditions (100 µM dNTPs). 
Reactions were stopped at 0, 2, 16, 30, and 60 min (lanes 1-5), respectively. Primer/template constructs 
resulting in matched (X = A) and mismatched (X = G) complexes were employed as indicated. The first 
lane of each set represents a control without enzyme.  
 

 

 
 

Figure 34 Autoradiograms of primer extension reactions showing recognition of remote 
mismatches by wild-type and mutant DNA polymerases.  
All reactions contained equal amounts of the respective enzyme (20 nM), dATP (200 µM), and 
primer/template complex (150 nM). Sequences of primer and templates are indicated in the figure. Green 
indicates matched cases, red indicates mismatched cases. N = A, G, C, or T, as indicated. 
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2.3.2.6 Realtime PCR experiments 

Additional experiments tested the applicability of the selected purified mutants for genotyping 

with realtime asPCR. Both mutants are capable of discriminating a T/G mismatch at the primer 

terminus, whereas the wild-type is not (Figure 35). A difference of the PCR cycle number of the 

threshold crossing (∆Ct) of ~3-4 between the matched and mismatched primer/template 

complexes can be detected for both mutants. However, PCR efficiency of mutant SCM1 is 

lower in comparison to the wild-type, embodied in levelled slopes of the respective amplification 

plot (Figure 35 b). 

 

 

 
Figure 35 Real time PCR experiments with equal amount (20 nM) of Pfu DNA polymerases.  
a) wild-type; b) SCM1; c) SCM2. All PCR reactions (30 cycles) included 0.5 µM of each primer, 200 µM 
dNTPs, 0.4 x SYBRGreenI, and 40 pM tempate FarA (black, matched) or FarG (grey, mismatched), 
respectively.  
 

2.3.2.7 Mutations of the selected DNA polymerase mutants  

Mutant SCM1 carries two mutations: asparagine at position 304 was changed to serine 

(N304S) and leucine 305 was changed to phenylalanine (L305F). Both mutations do not alter 

charge or polarity, but sterical demand and solvent accessability. The side chain of serine is 

considerably smaller in comparison to asparagine and thus the accessible surface area is 

reduced (Figure 36).[164, 165] Additionally, sterical demand is reduced (Figure 36).  

The side chain of phenylalanine is substantially larger compared to the side chain of leucine 

and it is comprised of an aromatic ring. Accordingly, the accessible surface area and sterical 

demand are increased.[164, 165] Mutant SCM2 carries one mutation: at position 751 

asparagine was changed to serine (Figure 36 A), which – similar to mutant SCM1 - does not 

alter charge or polarity, but reduces sterical demand and the accessible surface area at the 

respective position.  
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Figure 36 Chemical structures of wild-type (left) and mutant (right) residues.  
A – Asparagine was mutated to serine (N/S). B – Leucine was mutated to Phenylalanine (L/F).  
 

Apparently, the DNA polymerase of phage RB69 (RB69) is the sole B family DNA polymerase 

of which the structure of a ternary complex is available. Amino acid alignments of RB69 and 

Pfu DNA polymerases make visualisation of the positions of the mutated residues in RB69 

feasible (Figure 37 and 38).  

For mutant SCM1 both mutations are located in the exonuclease domain in a loop between the 

two α-helices H and I (Figure 37).  

 

 
Figure 37 Homologous positions of mutated residues of mutant SCM1 in RB69 DNA polymerase 
(PDB code 1IG9[97]) visualised in molecular models. 
A – Model of RB69 with polymerase domains as depicted. Homologous positions of mutated residues in 
RB69 were located by amino acid alignments with the polymerases depicted in C. B - Close-up of the 
highlighted residues. “A” has been turned as depicted and magnified. Grey arrow – helix H; white arrow – 
helix I. C - Amino acid sequence alignment of Pfu wild-type exo-, mutant SCM1 and RB69. Conserved 
residues are highlighted in yellow/red.  
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The single mutation of mutant SCM2 is located in the thumb domain at the far C-terminus of the 

polymerase in close proximity to two α-helices (Figure 38). Mutations in both mutants are at 

remote positions form the active site, but in flexible linker or terminal regions. Furthermore, the 

mutated residues are exposed to the solvent.  

 

 
Figure 38 Homologous positions of mutated residue of mutant SCM2 in RB69 DNA polymerase 
(PDB code 1IG9[97]) visualised in molecular models. 
A – Model of RB69 with polymerase domains as depicted. Homologous positions of mutated residues in 
RB69 were located by amino acid alignments with the polymerases depicted in C. B - Close-up of the 
highlighted residues. “A” has been turned as depicted and magnified. C - Amino acid sequence 
alignment of Pfu wild-type exo-, SCM2 and RB69. Conserved residues are highlighted in yellow/red.  
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2.3.3 Discussion 

2.3.3.1 Screening and pool setup 

Besides the results described in section 2.2 of this work, mechanisms that influence or are 

responsible for mismatch extension selectivity in archaeal B family DNA polymerases have not 

been explored. Randomised mutagenesis through epPCR[159, 166] was shown to be 

successful in several studies.[167-169] It is the simplest and most versatile method for 

introducing random point mutations into a DNA sequence, which is taking advantage of the 

inherently low fidelity of Taq DNA polymerase in presence of Mn2+. This polymerase can 

misincorporate nucleotides with a frequency of up to 0.02% per position.[170] Exponential 

amplification through PCR leads to accumulation of these errors. Leung et al.[160] showed that 

the fidelity of copying by Taq DNA polymerase can be further decreased by skewing the relative 

dNTP concentrations, using a high Mg2+ concentration, and including Mn2+ in the reaction 

mixture. A similar strategy was applied to obtain an error rate per nucleotide position of about 

0.066% per PCR cycle.[159] This protocol has many useful qualities: (1) it is simple, as it does 

not require any modified reagents such as nucleotide analogues; (2) the epPCR efficiency is 

comparable to that for standard PCR conditions; (3) a wide spectrum of nucleotide substitutions 

is generated. Hence this method was chosen for the introduction of randomised mutations into 

the Pfu DNA polymerase ORF. However, in the process of pool design, many parameters have 

to be considered. Along this line, appropriate mutagenic rate, pool diversity and transformation 

efficiency have to be named.  

Accordingly, the first parameter that had to be adjusted was the mutagenic rate and more 

importantly the resulting count of residual PCR-active polymerases. It was shown that although 

structural and biochemical data suggested the opposite, the active site of DNA polymerases 

display high mutability in vivo.[134] Mutability of several different DNA polymerases has been 

described in the literature.[135, 171, 172] However, most of these mutations were focused on 

specific motifs or cassettes. Interestingly, the accumulation of mutations over the complete 

ORF leads to substantial loss of PCR activity (Figure 31). This can have several reasons. First, 

mutations introduced simply abolish essential enzyme functions such as catalytic activity or 

substrate affinity. Second, sufficient thermostability needed for PCR activity could be abolished 

by certain mutations and thus lead to undetectable activity under the screening conditions 

applied. Third, introduction of stop-codons into the ORF lead to inactive truncated polymerases 

or fragments thereof. Due to limitations of the screening process in terms of throughput, the 

desired residual fraction of PCR-active clones was chosen to be between 30-50%. As 

mentioned above, pool diversity, cloning- and transformation efficiency are important 

parameters that have to be carefully considered in all directed evolution experiments, especially 

if a large number of clones were to be screened. Although only about 4000 clones were 

screened herein, care was taken to ensure maximal pool diversity and transformation 
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efficiency. Therefore, gel purified epPCR products were reamplified with a high fidelity DNA 

polymerase to ensure conservation of mutated sequences and avoid further mutagenesis. 

Additionally, by using electroporation, transformation efficiency was kept at a level of >107 cfu / 

µg pASK-Pfu exo-, ensuring sufficient diversity. 

  

2.3.3.2 Screening assay 

The assay employed for screening for PCR activity was adapted from Summerer.[75] Therein, 

polymerase activity was measured via detection of dsDNA resulting from primer extension 

reactions employing crude E. coli expression lysates. The polymerase employed by Summerer 

was E. coli KF exo-[75, 125], a mesophilic polymerase with very high expression yields in E. 

coli. The signal to noise ratio described therein exceeded 5:1[75], which is slightly higher than 

the ~3.5:1 ratio described in this study (Figure 28). However, the polymerase employed herein, 

a thermophilic archeal DNA polymerase, displays very low expression yields in E. coli in 

comparison to E. coli KF exo-. In order to overcome low expression yields, cultures were grown 

to higher cell densities. Though, more genomic DNA was introduced into PCR reactions leading 

to a substantially higher background when employing SYBRgreenI. Apparently, PCR 

amplifications that employ crude expression lysates partly lead to unspecific amplification 

products, which could therefore additionally account for the herein observed signal to noise 

ratio. As SYBRgreenI preferably and non-specifically binds to dsDNA [173], PCR reactions 

were heated to 75 °C directly before measuring fluorescence. The heating step denatures short 

patch E. coli genomic dsDNA and shorter unspecific PCR products. Thus, the background 

measured is lowered, making endpoint qualitative activity determination feasible.  

A significant advantage of a system that uses SYBRgreenI in terms of screening for mutant 

enzymes with new functionalities is that native conditions can be applied. Hence, no modified 

substrates have to be employed. This removes unwanted bias towards mutants that can only 

process modified substrates. As no false positives were detected during the PCR activity 

screen, the adapted and optimised PCR activity screen reliably selected for active mutant 

polymerases that were capable to work in presence or without SYBRgreenI.  

Besides the optimisation and adjustment of the screening methods, the overall screening 

procedure had to be set up. The strategy employed herein was a two step screening process 

with a primary screen selecting for PCR active DNA polymerase mutants and a secondary 

screen for functional detection of pooled mutant DNA polymerases with enhanced mismatch 

extension fidelity (Figure 29). Separating mutant polymerases before screening for altered 

functionality, makes the selected polymerase pool available for detection other functionalities 

such as utilisation of chemically modified substrates.  
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2.3.3.3 Protein expression and purification 

Expression yields of Pfu DNA polymerase in E. coli BL21 (DE3) Gold were lower in comparison 

to expressions employing E. coli BL21 (DE3) RIL+. Nevertheless, during screening it was 

avoided to use the RIL+ expression host, because it carries an additional high copy plasmid. 

This plasmid encodes rare tRNAs for arginine, isoleucine and leucine.[174] Introduction of 

additional DNA (besides E. coli gDNA) into the screening assays would have resulted in higher 

background and furthermore in a reduced signal to noise ratio. The enhanced expression yields 

in E. coli BL21 (DE3) RIL+ may result from the availability of the additional three rare codons 

mentioned above. Indeed, rare codon tRNA depletion during expression can lead to inefficient 

expression and hence to low yields.[175, 176] Although expression yields could be increased 

and size exclusion chromatography was employed, the final polymerase stocks still contained 

impurities. It seems that under the buffer conditions applied, these impurities tightly bind to the 

polymerase and are thus co-purified. This is a common phenomenon for protein purifications 

and has been described in several studies.[177-179] However, the nature of these impurities 

remains elusive and they were not further considered due to their equal presence in all 

preparations.  

 

2.3.3.4 Characterisation of selected mutants 

Although the selection pressure during the primary screen, when polymerases were selected 

that are capable of amplifying amplicons of ~100 bp was relatively low, an amplicon of ~2.3 kb 

size can be efficiently amplified by the selected mutants (Figure 31 A). The applied screening 

procedure is therefore suitable for selection of polymerases that are, in spite of their lower 

specific activity (Figure 31 B), compatible with standard PCR applications. It also substantiates 

the general applicability of the primary screening procedure and mutants selected thereof for 

additional or other functional secondary screens.  

Lower specific activity of the selected mutants can have several reasons. In this context, DNA 

binding affinity and processivity are important factors. If an enzyme has lowered affinity to its 

substrate, the overall turnover rate will be diminished. Furthermore, lowered substrate affinity 

will result in less processivity, which could be an explanation for the lower PCR yields and 

efficiency of the selected mutants. Both mutants show enhanced mismatch extension fidelity in 

several assays and display slightly enhanced discrimination of remote mismatches (Figure 32, 

33, 34 and 35).  

Structural interpretation of the observed effects offers different mechanisms by which selectivity 

could be realised for each of the two selected mutants. The crystal structure of RB69 DNA 

polymerase was chosen, because it is the sole B family DNA polymerase of which the structure 

of a ternary complex is available. Several, more homologous family B DNA polymerases have 

been crystallised.[88-91, 180] Nevertheless, in addition to not being available as ternary 
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complexes, insufficient resolution especially at the C-terminal region of these structures renders 

them unemployable for the analysis of the herein described mutants.  

Mutant SCM1 carries two mutations (N304S/L305F) in the 3’-5’ exonuclease domain, which are 

at remote positions from the polymerase and exonuclease active site (Figure 37). Apparently, 

the mutations do not alter charge or polarity, but mostly sterical demand of the respective 

residues (Figure 36). Interestingly, asparagine can often be found near the beginning and end 

of alpha-helices and in turns in beta sheets. Its side chains can make efficient hydrogen bond 

interactions with the peptide backbone.[181] Furthermore, phenylalanine could enable stacking 

interactions with other aromatic side chains and thus stabilise or interact with adjacent 

structures. These properties could result in enhanced or decreased flexibility of the respective 

loop. It seems that these mutations somehow feed through the enzyme and thus have an 

influence on polymerase activity and selectivity. Interestingly, mutations do not have to be close 

to the polymerase active site in order to affect fidelity. A known mutation in human DNA 

polymerase β (Y265C) is not in the active site, but lowers fidelity markedly.[182] In the active 

ternary complex of RB69, the fingers subdomain is in a closed conformation as seen in family A 

polymerases.[97] In this conformation, the finger domain makes direct contact with the 

exonuclease site[97] and thus structural differences in the exonuclease domain could be 

transmitted to the polymerase domain. Longer distance mechanisms may occur by several 

mechanisms, but altered active site motions or closeness of fit (tightness) can be causes 

thereof.[110] Additionally, although the intrinsic 3’-5’ exonuclease activity has been 

abolished[155], the exonuclease domain might still bind ssDNA and melted dsDNA.[183] If so, 

kinetic partitioning between polymerase and exonuclease, which may occur by an 

intramolecular reaction[77, 184, 185], could be affected by the mutations, leading to a 

decreased rate of synthesis. Especially when encountering a mismatched primer/template 

complex, kinetic partitioning of the 3’-primer terminus to the polymerase associated 3’-5’ 

exonuclease is enhanced due to the slow rate of mispairs extension.[77] Thus, these 

exonuclease associated effects could be a rationale for the observed lower specific activity as 

well as the enhanced mismatch extension fidelity of mutant SCM1.  

In contrast to mutant SCM1, mutant SCM2 carries only one mutation at the very C-terminal 

region of the polymerase (Figure 38). The C-terminus of DNA polymerases comprises the 

thumb subdomain [35], which in RB69 makes contacts to the primer strand backbone and 

template minor groove[97] and is associated with DNA binding.[186-190] Similar to mutant 

SCM1, neither charge nor polarity is altered, but sterical demand is decreased. This could 

result in altered flexibility of the respective position. Hence, the mutation (N751S) being located 

in close proximity to two α-helices of the thumb domain, could alter structural organisation 

thereat. It is known in the literature that mutations in the thumb domain can have substantial 

effects on processivity and DNA binding affinity.[186-190] 

Hence, one rationale for the enhanced mismatch extension fidelity of the mutant SCM2 could 

be lowered affinity to DNA. If such a polymerase encounters a matched primer/template 

complex it will elongate it less efficiently than the wild-type enzyme, resulting in lower 



Results and Discussion 56 

activity.[125] Accordingly, both mutants display lower specific activities. Nevertheless, when 

encountering a mismatched primer/template complex, destabilisation of the enzyme substrate 

complex could have a more pronounced effect on mutants with lower substrate affinity.[125] 

Hence, mismatched primer/template complexes are extended less efficiently as displayed by 

the selected mutants. However, as no kinetic data has been collected for the herein selected 

mutants, the ultimate reasons for the reported functions remain elusive.  

Taken together, two mutants, which carry mutations at remote positions from the active site and 

that display higher mismatch extension selectivity in qualitative assays, were found. The 

mutations do not alter charge and polarity. Sterical demand of the respective residues was 

altered and could result in enhanced or decreased flexibility of the respective loop. It seems 

that these mutations somehow feed through the enzyme and thus have an influence on 

polymerase activity and selectivity. 

In order to further elucidate the observed effects, saturated mutagenesis of the respective 

residues altered in both polymerase mutants could be conducted. This could shed light onto the 

influence of sterical and functional properties of the respective residues on the observed 

effects.  
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2.4 Probing the active site of E. coli Uracil DNA glycosylase with 4’-
C-alkylated 2’-deoxyuridine  

2.4.1 Introduction 

As a result of deamination of cytosine a promutagenic U:G mismatch is formed several hundred 

times per cell each day.[191] If not repaired this mismatch leads to a C to T transition mutation 

in the next round of replication. Uracil-DNA glycosylase (UDG) recognises the RNA nucleobase 

uracil in DNA and cleaves the glycosylic bond between the 1’-C of the 2’-deoxyribose and the 

1-N of the uracil residue.[192, 193] This step initiates the multienzymatic DNA base excision 

repair pathway.[192, 193] 

Numerous structural and functional studies helped to gain insight into the reaction mechanisms 

of UDG. In order to study distinct mechanistic features of UDG like hydrogen bonding or 

stabilisation of a 1’-oxonium ion in the reaction pathway several oligonucleotide analogues 

have been employed in functional studies of the enzyme. The used derivatives comprise 

carbocyclic and C-nucleosides, 4’-thio or 2’-fluoro 2’-deoxyuridines and hydrophilic nucleoside 

surrogates with no hydrogen bonding capacity.[194-198]  

As shown by structural studies the enzyme UDG flips the RNA base uracil out of the DNA base 

stack in the active site (Figure 39).[197, 199-201] This process is accompanied with large 

conformational changes of the enzyme and the DNA substrate. The enzyme conformation 

changes from an “open” state when no substrate is bound to a “closed” state when the DNA 

substrate containing a uracil moiety is bound. The DNA bound to the enzyme is kinked and it 

appears that the phosphates flanking the flipped-out uracil are significantly compressed (Figure 

39). 

 
Figure 39 Structure of human Uracil DNA glycosylase with DNA in the active site.  
A – Connolly surface of human uracil DNA glycosylase (hUDG; PDB entry 1EMH[197]). Uracil of the 
bound DNA is flipped out of the duplex and is situated in the active site of hUDG. B – Magnified active 
site of hUDG as seen in A. The white arrow depicts the 4’-C position of the 2’-deoxyribose. At this 
position modifications were introduced. 
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However, the DNA at both ends from the flipped-out moiety is in the B-form. Several 

investigations of B-form DNA strongly indicate the presence of an ordered set of water 

molecules termed “spine of hydration” in the minor groove in which individual water molecules 

in the hydration spine are coordinated through hydrogen bonding with the nucleobases and 2’-

deoxyribose moieties of the DNA.[202-204] Hydrogen bonding is very important for the catalytic 

activity of UDG. Accordingly, active site residues are highly conserved even among E. coli UDG 

and human mitochondrial UDG (Figure 40) and build a complex hydrogen bonding pattern.[205]  

 

 
 

Figure 40 human UDG active site residues in close proximity to uracil and the ribose moiety.  
Specific hydrogen bonds (green dotted lines) contact cytosine bases. On the basis of UDG-DNA crystal 
structures, this model of the transition state shows the catalytic water (red sphere), which is coordinated 
by a Pro carbonyl and a His side chain (bottom left), activated by the catalytic Asp (bottom center) and 
poised for attack on the uridine C10 atom (center left). The figure was adapted from reference [205]. 
 

In order to kink a DNA-duplex, the spine of hydration of a duplex in its original entire B-form has 

to be interrupted. Recently, 4’-C-alkylated nucleotide probes were employed to investigate DNA 

duplex minor groove hydration.[206, 207] The employed 4’-C-alkylated probes are believed to 

act as steric barriers to exclude DNA minor groove hydration. Hence, disruption of hydrogen 

bonding patterns and the increased sterical demand of the applied probes could have an 

influence on catalytic performance of the enzyme.  

In order to probe the effects of DNA hydration in the action of UDG, novel modified 

oligonucleotides containing site-specifically introduced 4’-C-alkylated 2’-deoxyuridine residues 

were synthesised by Rangam and subsequently employed as probes in functional studies of 

UDG.  
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2.4.2 Results 

We investigated the action of UDG on the synthesised modified oligonucleotides. If these 

synthesised probes are functional competent, UDG should remove uracil from the DNA strands 

and generate an abasic site that can trigger DNA strand scission under basic conditions. The 

reactions were analyzed by polyacrylamide gel electrophoresis (PAGE). The action of UDG on 

the 4’-C-modified strands with the action on non-modified oligonucleotide (Figure 41) was 

compared. 

 

 
Figure 41 Action of E. coli Uracil-DNA Glycosylase on 4’-C-alkylated 2’-Deoxyuridines.  
A - Cleavage of uracil from non-modified, 4’-C-methylated, and 4’-C-ethylated moieties as indicated in 
the figure. Top panel: A radioactively labeled oligonucleotide 5’-d(TGC CTA AURG AGT GAG) was 
incubated with UDG for several time periods as indicated and subsequently treated with NaOH to 
introduce strand cleavage (ssDNA). Lower panel: same as above with usage of the same oligonucleotide 
in complex with the complementary strand (dsDNA). B – Chemical structure of Uracil and the applied 
alkylated derivatives. 
 

When the non-modified oligonucleotide was incubated with UDG and subsequently treated with 

NaOH strand scission was observed as indicated by the generation of a faster moving band. 

The reaction appears to be completed after 5 min incubation. No significant differences were 

detected when single or double stranded constructs were used. Interestingly, similar results 

were observed when 4’-C-modified oligonucleotides were employed in the investigations. 

Cleavage of the 4’-C-modified 2’-deoxyuridine moieties were virtually completed after 5 min 

incubation. Here again no significant differences between double and single stranded 

constructs were observed. These results unambiguously show that the developed probes are 

functional competent.  
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2.4.3 Discussion 

The applied steric probes can be employed in functional studies of UDG. Further in-depth 

biochemical analysis using the developed tools should yield valuable insights into the reaction 

mechanism of the enzyme. Features of the catalytic mechanism include the use of ground-state 

strain to preorganise the deoxyuridine reactant in a distorted 3’-exo sugar pucker that facilitates 

electronic stabilisation of a dissociative transition state and planar oxacarbenium ion 

intermediate (Figure 42).[208] Stabilisation of the intermediate is brought about by electrostatic 

interactions with the anionic uracil leaving group [195, 209], an aspartate residue (Asp145) 

[195, 209], and nearby phosphodiester groups of the DNA substrate [210, 211]. Then, in a 

second transition state, UDG promotes direct and irreversible attack of the nucleophilic water at 

the anomeric carbon, resulting in inversion of configuration at the anomeric center of the 

product (Figure 42).[199] Interestingly, the applied 4’-C modified 2’-deoxyuridine probes do not 

alter or inhibit this complex catalytic mechanism.  

 
Figure 42 Reaction pathway of UDG.  
A stepwise mechanism has been established involving a discrete oxacarbenium ion intermediate that is 
stabilised by electrostatic interactions with active site residues and the phosphodiester groups of the 
DNA. Two catalytic groups are indicated in the figure: His268, which serves as a hydrogen bond donor to 
stabilise the developing negative charge on uracil O-2 in the dissociative transition state, and Asp145, 
which stabilises the cationic sugar of the intermediate. The figure was taken from reference [208] 
 

The target uracil, deoxyribose and phosphate are flipped out through the DNA major groove 

and into the enzyme active-site pocket through a push-pull mechanism (Figure 39): The push of 

the leucine into the base stack is accompanied by the pull of specific recognition of the uracil 

nucleotide by complementary active-site residues (Figure 40).[200] Concerted UDG loop 

movements around the bound uridine exclude bulk solvent from the active site, insert a side 

chain into the DNA base stack, and bring a histidine into position to deliver a charged hydrogen 

bond to uracil O-2. This and other active-site hydrogen bonds to uracil polarise the N-C bond, 

making it susceptible to attack by a water nucleophile activated by an aspartate residue (Figure 

42).[205] Mutational analysis of human UDG verified the roles of these key UDG residues in 

uracil recognition and catalysis [201], and designed single-mutant enzymes exhibited cytosine 

and thymine DNA glycosylase activity, respectively.[212] Taken together, none of these 

complex mechanisms was altered by the probes applied in this preliminary study, suggesting 

that the 4’-C of the uracil ribose moiety is not sensitive to modifications tested herein. 
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2.5 Summary and outlook 
DNA polymerase fidelity is of immense biological importance due to the fundamental 

requirement for accurate DNA synthesis in both replicative and repair processes. Subtle 

hydrogen bonding networks between DNA polymerases and their primer/template substrates 

are believed to have impact on DNA polymerase selectivity.  

Summerer showed that increased DNA polymerase mismatch extension fidelity is feasible by 

modulating the steric and functional properties of a conserved enzyme motif, namely motif C. 

Specifically abolishing hydrogen bonding to the minor groove resulted in enhanced polymerase 

fidelity. At the beginning of this work it still had to be confirmed whether the observed effects 

account for a general mechanism that results in enhanced fidelity of DNA polymerases or not.  

In this work it could be demonstrated that these effects can be transferred into a thermostable 

member of the family A DNA polymerases, namely Taq. The mutations led to an enzyme that 

displays significantly enhanced mismatch extension fidelity. Although the mutations were 

introduced into the highly conserved polymerase motif C, it is of note that KF exo- and Taq do 

not share a high protein sequence homology (30%). These results indicate a new mechanism 

of mismatch sensing for family A DNA polymerases. Furthermore, wide structural conservation 

of motif C may reflect generality of this mechanism regarding the function of a wider range of 

nucleotidyl transferases. Hence, motif C variation potentially represents a general approach to 

modulate the fidelity of most nucleotidyl transferases for various biotechnological applications.  

In order to further substantiate the generality of the enhanced fidelity that results from altered 

properties of motif C in family A DNA polymerases, mutations were introduced into motif C of a 

thermophilic family B DNA polymerase, namely Pfu DNA polymerase. Apparently, the DNA 

polymerase of phage RB69 is the sole B family DNA polymerase of which the structure of a 

ternary complex is available. Although belonging to the same DNA polymerase family, Pfu and 

RB69 DNA polymerases share a sequence homology of only 16%. Based on structural data of 

RB69 DNA polymerase, rationally designed mutations were introduced into Pfu DNA 

polymerase. 

Herein, deleting H-bonding capability by rationally designed hydrophobic substitution mutations 

without significantly altering sterical demand, results in a more selective enzyme. Furthermore, 

a single atom replacement within the DNA substrate through chemical modification (2-

thiothymidine), which leads to an altered H-bonding acceptor potential and steric demand of the 

DNA substrate, further increased the selectivity of the tested polymerases. The results 

presented in this work give new insights into fidelity mechanisms of family B high fidelity DNA 

polymerases and describe for the first time the increase of the selectivity of a family B DNA 

polymerase.  

So far, the herein depicted amino acid substitutions have been studied exclusively. It remains 

to be elucidated whether other amino acid combinations at the respective positions may cause 

the similar effects as found for the mutants described herein.  
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However, the impact of hydrophobic modifications on DNA polymerase selectivity - enzyme- 

and substrate wise -, further highlights the influence of shape and hydrogen bonding capability 

on DNA polymerase selectivity.  

Taken together, the mutant polymerases described by Summerer and in this work that carry 

hydrophobic mutations within motif C (with the exception of the KF exo- PLQ mutant) display 

enhanced mismatch extension fidelity. The succsessfulf transfer of these hydrophobic 

modifications from a mesophilic to a thermophilic DNA polymerase, namely Taq, suggested a 

general fidelity mechanism for motif C. Furthermore, it is shown that by rational design of 

hydrophobic modifications in motif C of a family B DNA polymerase, namely Pfu, mismatch 

extension fidelity can also be enhanced. Additionally, modification of the substrate at a specific 

hydrogen bonding acceptor position (O-2 of the thymine base) for a motif C residue (in e.g. Pfu, 

lysine; see Figure 15), also and additionally leads to increased selectivity of the polymerases 

tested. Thus, it seems that modifications leading to loss or attenuation of the H-bonding 

interactions between motif C and the DNA minor groove can enhance the fidelity of both family 

A and B DNA polymerases and make a general fidelity mechanism for motif C very likely. 

Besides giving new insights into DNA polymerase fidelity mechanisms, the developed systems 

could find immediate application e.g. in advancement of genotyping methods. The merit a long 

this line of the described mutants (Taq and Pfu) is e.g. the identification of a single nucleotide 

variation using allele-specific real-time PCR.  

Additionally, it has been recently shown that diseases like cancer are directly linked to DNA 

polymerase selectivity. Mutated DNA polymerases found in some cancer cell lines, exhibit 

lower selectivity in comparison to the respective wild-type enzymes. Major parts of replicative 

DNA synthesis is catalyzed by eukaryotic DNA polymerases that exhibit the same sequence 

motifs as the family B DNA polymerase (Pfu) investigated herein. Thus, the depicted results 

might provide a rationale to increase the selectivity of these enzymes and study the effects on 

cell proliferation. Through this work, it is shown that rational modification of interactions found in 

crystal structures of the respective enzymes or even distant relatives thereof is feasible. This 

includes the applicability of this concept for detection of locally limited, sterical and functional 

interactions in large protein/DNA complexes.  

 

Apart from the results on the influence of motif C on mismatch extension selectivity, other 

mechanisms that influence or are responsible for mismatch extension selectivity in archaeal B 

family DNA polymerases have not been explored. In order to explore new mechanisms that 

influence selectivity, randomised mutagenesis of the Pfu DNA polymerase ORF by epPCR was 

employed. This method has not been applied for selectivity studies employing thermophilic 

family B DNA polymerases before. Hence, the appropriate mutation rate had to be specifically 

adjusted for the employed polymerase (Pfu). Furthermore, during the process of pool design, 

many parameters had to be considered. Along this line, pool diversity and transformation 

efficiency have to be named and thus care was taken to ensure proper constitution of these.  
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In the context of this work, the screening assay developed by Summerer was adjusted and 

optimised for application in PCR. Additionally, automated handling of the overall screening 

process and multiwell expression was further optimised. These optimised screening protocols 

allow for fast, efficient and reliable activity screening of thermostable DNA polymerases directly 

form crude E. coli expression lysates. Two mutants displaying higher mismatch extension 

selectivity in qualitative assays were found. Both mutants carry mutations at remote positions 

from the active site. The mutations do not alter charge and polarity, but mostly sterical demand 

and solvent accessibility of the respective residues. Accordingly, the altered side chains of the 

mutated residues could result in enhanced or decreased flexibility of the respective loop. It 

seems that these mutations somehow feed through the enzyme and thus have an influence on 

polymerase activity and selectivity. 

In order to further elucidate the observed effects, saturated mutagenesis of the respective 

residues altered in both polymerase mutants could be conducted. This could shed light onto the 

influence of sterical and functional properties of the respective residues on the observed 

effects.  

 

Besides investigating fidelity mechanisms of DNA polymerases in this work, a repair enzyme, 

namely Uracil DNA glycosylase, was investigated. The enzyme is exquisitely specific for the 

removal of uracil, but no other base, from DNA, but not from RNA. In order to investigate the 

mechanisms of action of UDG, probes that bear 4’-C-modified 2’-deoxyuridine residues were 

employed. Results on UDG described in this work, reveal that the developed probes are 

functional competent, due to three major catalytic determinants of UDG not being influenced by 

the applied 4’-C modifications. Thus such probes can be employed in further in-depth studies of 

UDG.  
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2.6 Zusammenfassung und Ausblick 
Die Genauigkeit von DNA-Polymerasen ist von immenser biologischer Bedeutung, da die 

genaue Synthese während der Reparatur und bei replikativen Prozessen besonders wichtig ist. 

Fein strukturierten Wasserstoffbrückennetzwerken zwischen der DNA-Polymerase und dem 

Primer/Templatkomplex wird eine wichtige Rolle in Hinsicht auf die Selektivität von DNA-

Polymerasen zugesprochen.  

Summerer konnte zeigen, dass erhöhte Fehlpaarungsverlängerungsgenauigkeit durch die 

Modulation der sterischen und funktionellen Eigenschaften eines konservierten Enzymmotivs, 

speziell Motiv C, möglich ist. Insbesondere das Entfernen von Wasserstoffbrückenbindungen 

mit der kleinen Furche der DNA führte zu erhöhter Genuaigkeit der Polymerase. 

Zu Beginn dieser Arbeit konnte noch keine Aussage über einen möglichen generellen 

Mechanismus getätigt werden, dem die Erkenntnisse von Summerer zugrunde liegen. 

Im Verlauf dieser Arbeit konnte nun gezeigt werden, dass diese Effekte von einer mesophilen 

DNA-Polymerase in eine thermostabile DNA-Polymerase, speziell Taq, übertragen werden 

können. Die Eingeführten Mutationen führten zu einem Enzym, dass eine signifikant erhöhte 

Fehlpaarungsverlängerungsgenauigkeit zeigt. Obwohl die Mutationen in das hoch konservierte 

Polymerasemotiv C eingeführt wurden, ist zu beachten, dass die DNA-Polymerasen KF und 

Taq nicht sehr homolog (30% Proteinsequenzhomologie) sind.  

Diese Ergebnisse sprechen für einen generellen Mechanismus der Fehlpaarungserkennung in 

DNA-Polymerasen der Familie A. Des Weiteren spricht die hohe strukturelle Konservierung von 

Motiv C für über einen weiten Bereich von Nukleotidyltransferasen, ebenfalls für einen 

generellen Mechanismus. Es wäre daher möglich, die Genauigkeit von vielen 

Nukleotidyltransferasen durch Veränderungen in Motiv C für spezifische biotechnologische 

Anwendungen anzupassen.  

Um diese Erkenntnisse über die Funktion von Motiv C weiter zu verdeutlichen, wurden rational 

geplante Mutationen in Motiv C einer thermophilen DNA-Polymerase der Familie B, speziell Pfu 

eingeführt. Als Modellpolymerase für den rationalen Übertrag, diente die DNA-Polymerase 

RB69, da es die einzige DNA-Polymerase der Familie B ist, von der eine Kristallstruktur im 

ternären Komplex vorliegt. Obwohl Pfu und RB69 Mitglied der gleichen Polymerasefamilie sind, 

zeigen beide eine sehr niedrige Sequenzhomologie von nur 16% (Proteinsequenz). Basierend 

auf strukturellen Daten von RB69, wurden die gewählten Mutationen in Pfu übertagen.  

Hierbei führte das Entfernen der Wasserstoffbrückenbildungsmöglichkeit durch hydrophobe 

Aminosäureaustausche, ohne den sterischen Anspruch signifikant zu ändern, zu einem 

selektiveren Enzym. Zusätzlich führte ein spezifischer Einzelatomaustausch im DNA-Substrat 

durch chemische Modifikation (2-Thiothymidin), der in einem veränderten Wasserstoffbrücken-

Akzeptorpotential und sterischem Anspruch resultierte, zu erhöhter Selektivität der getesteten 

Polymerasen. Die Ergebnisse dieser Arbeit geben neue Einsicht in Selektivitätsmechanismen 

von hochgenauen DNA-Polymerasen der Familie B. Des Weiteren beschreiben die Ergebnisse 

das erste Mal eine Selektivitätserhöhung einer DNA-Polymerase der Familie B.  
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Bis jetzt wurden ausschließlich die hierin beschriebenen Aminosäureaustausche beschrieben. 

Es muss also noch getestet werden, ob andere Austausche bzw. Aminosäurekombinationen 

einen ähnlichen Effekt herbeiführen.  

Nichtsdestotrotz, hebt der Einfluss von hydrophoben und sterischen Modifikationen im Enzym 

und Substrat die Bedeutung von Form und Wasserstoffbrücken-Bildungskapazität für die 

Selektivität von DNA Polymerasen hervor.  

Zusammengefasst zeigt sich, dass die Mutanten, die durch Summerer und in dieser Arbeit 

beschrieben wurden und hydrophobe Mutationen in Motiv C tragen (Mit Ausnahme der Mutante 

KF exo- PLQ), erhöhte Fehlpaarungsverlängerungsgenauigkeit haben. Der erfolgreiche 

Transfer dieser hydrophoben Modifikationen von einer mesophilen in eine thermophile DNA-

Polymerase, speziell Taq, legten einen generellen Selektivitätsmechanismus für Motiv C nahe. 

Des Weiteren, konnten diese Effekte auch in eine DNA-Polymerase der Familie B, speziell Pfu, 

übertragen werden. Außerdem, führte eine chemische Modifikation des Substrats an einer 

spezifischen Wasserstoffbrücken-Akzeptorposition (O-2 der Thyminbase) für einen 

Aminosäurerest des Motiv C (in z.B. Pfu, Lysin; Figure 15) zu einer zusätzlichen Erhöhung der 

Selektivität. Daher scheint es, dass Modifikationen, die einen Verlust oder eine Abschwächung 

von Wasserstoffbrückenbildung des Motiv C mit der kleinen Furche der DNA bewirken, zu einer 

erhöhten Selektivität von DNA-Polymerasen aus den Familien A und B führen. Diese Effekte 

machen einen generellen Selektivitätsmechanismus für das DNA-Polymerasemotiv C sehr 

wahrscheinlich.  

Abgesehen von den neuen Erkenntnissen über die Selektivität von DNA-Polymerasen, könnten 

die hierin beschriebenen Mutanten (Taq und Pfu) eine direkte Anwendung in z.B. 

Genotypisierungsmethoden, wie der allelspezifischen Realtime-PCR zur Detektion von 

Einzelnukleotidvariationen, finden und diese verbessern.  

Des Weiteren konnte kürzlich gezeigt werden, dass Krankheiten wie Krebs direkt mit der 

Selektivität von DNA-Polymerasen zusammenhängen können. In manchen Krebszelllinien 

wurden mutierte DNA-Polymerasen mit verminderter Selektivität im Vergleich zu dem 

entsprechenden Wildtypenzym gefunden. Viele Anteile der replikativen DNA-Synthese werden 

durch DNA-Polymerasen bewerkstelligt, die die gleichen Sequenzmotive haben, wie die in 

dieser Arbeit verwendete Pfu DNA-Polymerase. Daher könnten die hierin gewonnenen 

Erkenntnisse ein Anlass sein, die Selektivität solcher Enzyme zu erhöhen und die daraus 

resultierenden Effekte auf das Zellwachstum zu studieren. In dieser Arbeit konnte weiterhin 

gezeigt werden, dass rationale Modifikation von Interaktionen, die aus Kristallstrukturen des 

jeweiligen oder sogar eines entfernten verwandten Enzyms abgeleitet wurden, möglich ist. Dies 

schließt die Anwendbarkeit dieses Konzepts zur Detektion von lokal begrenzten, sterischen 

und funktionalen Interaktionen in großen DNA/Proteinkomplexen ein.  

Abgesehen von den Ergebnissen über den Einfluss von Motiv C auf die Selektivität von DNA-

Polymerasen, wurden bisher keine Erkenntnisse über weitere Faktoren, die die Selektivität von 

archaeellen Familie B DNA-Polymerasen beeinflusst, gewonnen.  
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Um neue Mechanismen, die die Selektivität beeinflussen zu erforschen, wurde eine 

randomisierte Mutagenese der Pfu DNA-Polymerase durchgeführt. Diese Methode wurde 

bisher in keiner Selektivitätsstudie über Familie B DNA-Polymerasen verwendet. Daher wurden 

in dieser Arbeit die entsprechenden Mutageneseparameter spezifisch an die verwendete 

Polymerase (Pfu) angepasst. Des Weiteren mussten während des Prozesses des Mutanten-

Bibliothek-Designs viele weitere Parameter beachtet und optimiert werden. In diesem 

Zusammenhang sollten z.B. die Diversität der Bibliothek und die Transformationseffizienz 

genannt werden. Im Verlauf dieser Arbeit wurde ein Durchmusterungstest, der durch Summerer 

entwickelt wurde, für die Anwendung in einer PCR-Reaktion angepasst und optimiert. Weiterhin 

wurde der gesamte Prozessablauf in Bezug auf Automatisierung und z.B. Multiwell-Expression 

weiter optimiert. Die optimierten Protokolle ermöglichen ein effizientes und zuverlässiges 

Durchmustern von thermostabilen DNA-Polymerasen direkt aus E. coli Rohlysaten. Es konnten 

hierbei zwei Mutanten gefunden werden, die in qualitativen Reaktionen eine höhere 

Fehlpaarungsverlängerungsgenauigkeit zeigen. Beide Mutanten tragen Mutationen, die weit 

vom reaktiven Zentrum der Polymerase entfernt sind. Diese Mutationen führen nicht zur 

Änderung von Ladung oder Polarität, sondern verändern hauptsächlich den sterischen 

Anspruch und den Zugang des Lösungsmittels (H2O) an den entsprechenden 

Aminosäureresten. Daher könnten die veränderten Seitenketten zu einer erhöhten oder 

verminderten Flexibilität der entsprechenden Schleife führen. Es scheint, dass diese 

Mutationen durch das Enzym wirken und daher einen Einfluss auf die Aktivität und Selektivität 

haben.  

Um diese Effekte näher zu studieren, wäre z.B. eine gesättigte Mutagenese der 

entsprechenden Aminosäurereste aufschlussreich. Hierbei könnte der Einfluss der 

unterschiedlichen Aminosäureseitenketten auf die beobachteten Effekte untersucht werden.  

 

Neben den Untersuchungen zur Selektivität von DNA-Polymerasen, wurde in dieser Arbeit ein 

Reparaturenzym, speziell die Uracil-DNA-Glykosylase (UDG), untersucht. Dieses Enzym 

entfernt spezifisch Uracil und keine andere Base aus DNA, jedoch nicht aus RNA. Um diesen 

Mechanismus zu untersuchen, wurden Sonden, die 4’-C-modifizierte 2’-Desoxyuridine tragen 

verwendet. Die Ergebnisse dieser Arbeit zeigen, dass die verwendeten Sonden funktional sind, 

da die drei Katalytischen Hauptfunktionen nicht durch die verwendeten 4’-C Modifikationen 

beeinflusst werden. Daher können diese Sonden für weitere Studien bezüglich der 

Funktionsweise von Uracil-DNA-Glykosylase eingesetzt werden.  
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3 Materials and Methods  

3.1 Materials 

3.1.1 Chemicals 

All chemicals used in this work, were – if not noted otherwise - of “p.a.“ or “molecular biology“ 

quality grade. Water was drawn from a combined reverse osmosis/ultrapure water system 

(Sartorius, arium-series).  

 

REAGENT SUPPLIER 
Acrylamide Roth 

Acetic acid Norma Pur 

Agar Roth 

Agarose Invitrogen 

Ammonium hydroxide solution (33%) Riedel de Haën 

Ammonium peroxodisulfate Fluka 

Anhydrotetracycline IBA 

β-Mercaptoethanol Roth 

Boric acid Fluka 

Bromphenol Blue Fluka 

Bovine Serum Albumin Standard (2 
mg/ml)

Pierce 

Bovine Serum Albumin (BSA) Sigma 

Benzamidine Sigma 

Carbenicilline disodium salt Roth 

Chloroform Acros Organics 

Chloramphenicol Roth 

Coomassie Brillant Blue G 250 Roth 

1,4-Dithiothreitol Roth 

Dichlorodimethylsilane Fluka 

Dimethylformamide Merck 

Dimethylsulfoxide Fluka 

Disodium hydrogenphosphate *2 H2O Merck 

Ethanol (100%) Roth 

Ethidiumbromide (0.1%) Roth 

Ethylenediaminetetraacetic acid (EDTA) Roth 

Formamide Merck 

Glucose Riedel de Haën 

Glycerol Merck 

Glycine Roth 
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REAGENT SUPPLIER 
Hydrochloric acid (37%) Riedel de Haën 

Imidazole Merck 

Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) 

Roth 

Kanamycin Sigma 

LB broth IDG 

Magnesium chloride Acros Organics 

Magnesium sulfate heptahydrate Merck 

Manganese(II) chloride tetrahydrate Riedel de Haën 

Ni-NTA-Agarose Qiagen 

N,N,N‘,N‘-Tetramethylenethylendiamine Roth 

Nonidet P-40 Sigma 

1-Propanol Sigma 

Phenol (stabilised with TE-buffer, pH 8.0) Roth 

Phenylmethylsulfonylfluoride (PMSF) Roth 

Reagents for  
solid phase oligonucleotide synthesis 

Applied 
Biosystems  
or PE Biosystems. 

Sodium acetate trihydrate Merck 

Sodium chloride Roth 

Sodium dodecyl sulfate (SDS) Roth 

Sodium hydroxide Merck 

Sephadex-75 Amersham 
Sephacryl S-300 High Resolution  Amersham 

SYBRgreenI Molecular Pobes 

Tris(hydroxymethyl)aminomethane (TRIS) Roth 

Triton X-100 Roth 

Tween 20 Riedel de Haën 

Tryptone Roth 

Urea Roth 

Yeast extract Roth 

 

3.1.2 Nucleotides and radiochemicals 

dNTPs Roche + Fermentas  

[γ-32P]-ATP NEN, Zaventem, Belgien 
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3.1.3 Standards and kits 

STANDARDS AND KITS SUPPLIER 
Gene Ruler 1 kp DNA-Leiter Fermentas 

Gene Ruler DNA Ladder Mix Fermentas 

DNA Clean & Concentrator – 5 and 25 Zymo Research 

Zymoclean Gel DNA Recovery Kit Zymo Research 

MiniPrep Extraction Kit Qiagen 

PageRuler Prestained Protein Ladder Fermentas 

PageRuler Unstained Protein Ladder Fermentas 

Nanoorange Protein Quantification Kit Molecular Probes 

 

3.1.4 Enzymes and proteins 

ENZYMES AND PROTEINS SUPPLIER 
Antarctic Phosphatase NEB 

BsaI NEB 

BsmBI NEB 

DpnI NEB / Fermentas 

Lysozyme Sigma 

Pfu Polymerase (Turbo) Fermentas / Stratagene 

T4 DNA-Ligase Fermentas / NEB 

T4 Polynukleotidkinase New England Biolabs 

Taq DNA-Polymerase NEB / Fermentas 

Uracil DNA glycosylase (UDG) NEB 

 

3.1.5 Bacterial strains and plasmids 

Bacterial strains 

STRAIN APPLICATION SOURCE 

E. coli XL1-blue Expression von KF- Stratagene 

E. coli XL10-Gold Site directed 
mutagenesis and plasmid 
storage 

Stratagene 

E. coli BL21 
(DE3) pLysS 

Expression of pET-Pfu 
exo- and derivatives 

Novagene 

E. coli BL21 
(DE3) Gold 

Expression of Pfu exo- 
during screen 

Stratagene 

E. coli BL21-
CodonPlus(DE3)
-RIL (RIL+) 

Expression of pASK-Pfu 
exo- for purification  

Stratagene 
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Plasmids 

PLASMID RESISTANCE 
MARKER 

APPLICATION SOURCE 

pQ-KF wt exo- AmpR Expression  Reference [31] 

pQ-KF QVA exo- AmpR Expression  This work 

pTTQ18-Taq wt AmpR Expression Reference [130] 

pTTQ18-Taq LVL AmpR Expression  This work 

pET-Pfu wt KanR Template for site directed 
mutagenesis  

Reference [142] 

pET-Pfu wt exo- KanR Expression and template for 
EpPCR/screen 

This work 

pET-Pfu D541L exo- KanR Expression  This work 

pET-Pfu K593M exo- KanR Expression This work 

pET-Pfu D541L/K593M exo- KanR Expression This work 

pASK-IBA37+ AmpR Cloning vector for screen IBA 

pASK-Pfu wt exo- AmpR Expression This work 

pASK-Pfu D541A/D543A exo- AmpR Expression This work 

pASK-Pfu N751S exo- AmpR Expression This work 

pASK-Pfu N304S/L305F exo- AmpR Expression This work 

pRIL+ CamR Expression; codes for rare 
codon tRNA Arg, Ile, Leu. 

Stratagene 

pLysS CamR Expression; codes for T7-
RNA polymerase lysozyme / 
inhibitor 

Novagene 

 

 

3.1.6 Selection additives 

Selection for plasmid carrying strains was realised by addition the respective antibiotic. 

Following antibiotics were used: 

Carbenicillin – 100-150 ng/µl; Kanamycin – 34 ng/µl; Chloramphenicol – 34 ng/µl. For details 

see materials and methods of the individual projects. 



Materials and Methods  71

3.1.7 Bacterial growth, cultivation and storage media  

MEDIA / BROTHS COMPONENTS CONCENTRATIONS 

LB-broth pH 7.0 Tryptone 
Yeast extract 
NaCl 
or premixed LB-Broth  

1%     (w/v) 
0,5%  (w/v) 
1%     (w/v) 
2%     (w/v) 

LB-agar pH 7.0 Tryptone 
Yeast extract 
NaCl 
Agar 
or premixed LB-Broth + 
Agar 

1%     (w/v) 
0,5%  (w/v) 
1%     (w/v) 
2%     (w/v) 
2%     (w/v) 
2%     (w/v) 

Super Broth Tryptone 
Yeast extract 
NaCl 
1M NaOH 

3.2%  (w/v) 
2%     (w/v) 
0.5%  (w/v) 
0.5%  (v/v) 

SOB-Medium pH 7.0 Tryptone 
Yeast extract 
NaCl 
After sterilisation 
MgCl2 
MgSO4 

2%     (w/v) 
0,5%  (w/v) 
0.05%(w/v) 
 
0,01M 
0,01M 

SOC-Medium pH 7.0 SOB Medium + 
Glucose 20%(w/v) 

 
2%     (v/v) 

Glycerol-stocks  LB broth 
Glycerol 

1x 
50% 

 

3.1.8 DNA polymerase reaction buffers  

BUFFER COMPONENTS CONCENTRATIONS 
10 x KF reaction buffer Tris-HCl pH 7.3 

MgCl2 
DTT  
Triton X-100 

500 mM 
100 mM 
10 mM 
0.5% 

10 x Taq reaction buffer  Tris-HCl pH 9.2 
(NH4)2SO4 
MgCl2 
Tween 20 

500 mM 
160 mM 
25 mM 
1% 

10 x Pfu reaction buffer Tris-HCl pH 8.8 
MgSO4  
(NH4)2SO4  
KCl  
Triton X-100 
BSA 

200 mM 
20 mM 
100 mM 
100 mM 
1% (v/v) 
0.1 mg/ml 
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3.1.9 Protein purification and storage buffers 

BUFFERS  COMPONENTS CONCENTRATIONS (1X) 
KF-lysis buffer NaH2PO4 pH 8.0   

NaCl 
Lysozyme   

50 mM 
300 mM 
1.5 mg/ml 

KF-NTA wash buffer K3PO4  
NaCl 
H3PO4 

50 mM 
150 mM 
Adjust to pH 7.2 

KF-NTA elution buffer NaH2PO4 pH 8.0 
NaCl 
Imidazol 

50 mM 
300 mM 
250 mM 

KF-storage buffer K2HPO4 pH 6.5 
DTT  
Glycerol 
NaOH 

100 mM 
1 mM 
50% 
Adjust to pH 6.5 

Taq-lysis buffer A Tris-HCl pH 7.9 
Glucose 
EDTA 
Lysozyme 

50 mM  
50 mM  
1 mM EDTA  
2 mg/ml 

Taq-lysis buffer B Tris-HCl pH 7.9  
KCl  
EDTA  
Tween20  
NonidetP40 

10 mM 
50 mM  
1 mM  
0.5%  
0.5% 

Taq-gel filtration buffer Taq reaction buffer 3 x 

Taq-storage buffer Taq reaction buffer Glycerol 1 x 
50% 

Pfu-lysis buffer Tris-HCl pH 9.55,  
NaCl  
Triton X-100,  
PMSF  
Lysozyme 

10 mM 
300 mM 
0.1% (v/v) 
1 mM 
1 mg/mL 

Pfu-NTA wash buffer Tris-HCl pH 8. 
NaCl 
Triton X-100 

10 mM 
100 mM 
0.1% (v/v) 

Pfu-NTA elution buffer Tris-HCl pH 8.1  
NaCl 
Triton X-100 
Imidazole 

10 mM 
100 mM 
0.1% (v/v)  
150 mM 

Pfu-gel filtration buffer Tris-HCl pH 8.2 
EDTA 

150 mM 
0.3 mM 

Pfu-storage buffer Tris-HCl pH 8.2 
EDTA 
DTT 
CHAPS 
Glycerol  

50 mM 
0.1 mM 
1 mM 
0.05% 
50% 
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3.1.10 Electrophoresis buffers 

BUFFER COMPONENTS CONCENTRATIONS / VOLUMES / 
AMOUNTS 

10 x TBE-Puffer  Tris 
Boric acid 
EDTA pH 8.0 

890 mM 
890 mM 
20 mM 

6 x Agarose gel 
loading buffer  

Bromphenol Blue 
Xylene-Cyanol FF 
Glycerol,  
EDTA 

0.09% 
0.09% 
60% 
60 mM 

Urea-PAGE loading 
buffer 

EDTA,  
Formamide 

20 mM 
80% 

Urea-PAGE stock 
solution α 

TBE 
Urea 

10 x  
8.3 M 

Urea-PAGE stock 
solution β 

Acrylamide solution 
Urea 
N,N’-Methylenbisacrylamide 

25% 
8.3 M  
2%  

Urea-PAGE stock 
solution χ 

Urea 8.3 M  

SDS-PAGE 
stacking gel buffer 

Tris-HCl pH 6.8 1 M 

SDS-PAGE 
resolving gel buffer 

Tris-HCl pH 8.8 1.5 M 

5 x SDS-PAGE 
loading buffer  

Tris 
EDTA pH 8.0 
Glycerol 
Bromphenol Blue 
β-Mercaptoethanol  

1 M 
0.5 M 
50% 
0.05% (w/v)  
1% (v/v) 

10 x SDS-PAGE 
electrophoresis 
buffer  

Tris pH 8.9 
Glycin 
SDS 

250 mM 
2 M 
1% (w/v) 

Coomassie staining 
solution 

Acetic acid  
Ethanol  
H2O  
Coomassie Brillant Blue G 250 

50 ml 
125 ml 
300 ml 
375 mg 

Coomassie 
destaining solution 

Acetic acid,  
Ethanol  

10% 
30% 

 

3.1.11 Oligonucleotides 

Oligonucleotides were obtained from MWG-Biotech, Operon Biotechnologies and IBA GmbH. 

Chemically modified oligos, oligos for allele specific reactions and kinetic characterisations 

were purified by PAGE (3.2.5). Templates and cloning primers were 2 x HPLC by the 

respective supplier.  
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3.1.12 Disposables 

DISPOSABLE SUPPLIER 

Gas Permeable Adhesive Seals ABgene 

Disposable syringes Dispomed 

96-Deepwell plates, 2.2 ml Peske 

384-Deepwell plates, 300 µl Abgene 

Easy Pierce sealing foil ABgene 

Electroporation cuvettes, 1 / 2 mm BIORAD 

Thin layer chromatography plates Merck 

Falcon Tubes (15 mL, 50 mL) Roth 

Glass wool (silanisied) Serva 

Injection needle Braun 

PCR-96/384-well Plates ABgene 

Parafilm Parafilm 

Petri dishes Roth 

Reactiontubes (1,5 ml, 2,0 ml) Peske Laborbedarf 

Reactiontubes (PCR 200µl) Abgene 

Scalpels Bayha 

Spinfilter (0.45 µM, Durapor membrane) Millipore 

Syringe filters QualiLab 

Sephadex G-25 columns Amersham Pharmacia Biotech 

Sterile filtration filters Nalgene 

Tips Hamilton Microlab Star Hamilton Robotics 

Tips for multichannel pipettes Peske, Rainin 

Tips for laboratory pipettes Peske, Eppendorf 

Fleischhauer’s Coffee Service Uni-Konstanz 

UV-cuvettes Eppendorf 

VIVASPIN20 30/50 k MWCO PES VIVA SCIENCE 

Whatmanpaper 3MM Merck Eurolab 

Centrifuge tubes (15 ml) TPP-Switzerland 

3.1.13 Devices 

DEVICES SUPPLIER 
Agarose gel racks Fisher Scientific, ABgene 

Autoclav Systec 3150 ELV 

PAGE electrophoresis racks BioRad, Biometra 

Electroporator Gene Pulser Xcell Bio Rad 

Fluorescence reader Labsystems und Polarstar, BMG 

Gel documentation device BioRad Chemidoc XRS 
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DEVICES SUPPLIER 
Gel dryer BioRad 

Manual radioactivity counter Contamat FHT111M 

Heating block Fisher Scientific 

Incubation shaker Innova; 4430 

Microplate incubation shaker Heidolph Titramax 1000 

Multichannel pipettes Eppendorf, Rainin 

Microwave oven micromaxx 

Laboratory pipettes Eppendorf; research 

Oligonucleotide synthesizer ABI 392 

SDS-PAGE racks Bio-Rad; Mini-Protean 3 Cell, Biometra 

PCR-thermocycler Biometra 

PCR-realtime cycler  BioRad, i-cycler 

pH-meter Mettler Toledo Seven Easy 

Phosphorimager BioRad 

Photometer Eppendorf Bio Photometer 

Pipet-boy Eppendorf; Easypet 

Pipetting robot Hamilton Robotics 

Test tube shaker NeoLab 

Reverse osmosis/ultrafiltration unit Sartorius, arium-series 

Phosphor screens Fujifilm; BAS-Cassette 2025 

Plate sealer Abgene 

Power supply Consort E865, BioRad Power Pac 3000 

Speed-Vac Eppendorf; Concentrator 5301 

Spectralphotometer Biometra 

Sterile bench HERA safe 

Thermomixer Eppendorf; Thermomixer comfort 

Table top centrifuges Eppendorf 5417, mini spin 

Dry chamber Memmert 

Overhead shaker Heidolph; Reax2 

UV-transilluminator Bachofer 

Vortexer NeoLab; 7-2020 

Scales Chyo Balance; JL-200 / MK-500C 

Freezer 4 °C Premium 

Freezer -20 °C Liebherr profi line 

Freezer -80 °C Thermo Forma 

Magnetic stirrer Heidolph, MR 3000 D 

Nanodrop Nanodrop 

Radioactivity shields Roth 

Table top shaker IKA KS 260 basic 

Cromatography columns Amersham; BioRad 

Chromatography device BioRad Explorer 
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DEVICES SUPPLIER 
Water baths Memmert 

Standard household Iron Any company 

Centrifuge Eppendorf; 5804R 

3.2 Methods for all sections 

3.2.1 Site directed mutagenesis 

The reaction setup described herein was employed for all site directed mutagenesis reactions. 

Mutations were introduced according to the QuickChange protocol (Stratagene). Alterations 

regarding template and primers are described in the individual parts. For all experiments with 

Pfu DNA polymerases, a Pfu exo- mutant was employed. 

Accordingly, all Pfu DNA polymerases carried two amino acid replacements, D141A and 

E143A, which eliminate the 3’-5’ exonuclease activity.  

 

Following primers were applied:  

Pfu-D141A/E143AQC1: 5’-d(GCT AAA GAT TCT TGC CTT CGC AAT AGC AAC CCT CTA 

TCA CGA AGG)-3’ and  

Pfu-D141A/E143AQC2: 5’-d(CCT TCG TGA TAG AGG GTT GCT ATT GCG AAG GCA AGA 

ATC TTT AGC)-3’. 

All reactions were conducted in an overall volume of 50 µl (Table 2).  

 
Table 2 Reaction setup for site directed mutagenesis 

REAGENT FINAL  VOLUME  
H2O  37  
Pfu reaction buffer [10 x] 1 x 5  
Templat pETPfu [10 ng/µL] 10 ng 1  
Primer Pfu-D141A/E143AQC1 [100 ng/µL] 2 ng/µL 1  
Primer Pfu-D141A/E143AQC2 [100 ng/µL] 2 ng/µL 1  
dNTP Mix [2.5 mM] 0.2 mM 4  
Pfu Turbo [2 U/µL] 2 U 1  
    
Programme    
    
Initial denaturation 95 °C 1 min  
Denaturation 95 °C 1 min 
Annealing 55 °C 1 min 
Elongation 72 °C 3 min 

 
20 PCR 
cycles 

Final elongation step 72 °C 5 min  

 

After PCR amplification, methylated template DNA was digested with DpnI by adding 10 U to 

the reaction mix with a subsequent incubation for 4 h at 37 °C. DpnI was heat denatured at 65 

°C for 20 min. As controls for this restriction digestion, reactions without primers were treated 
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respectively. The resulting mutant plasmids were transformed into chemically competent E. coli 

XL1-blue or XL10-Gold (3.2.2). If transformations of control reactions led to colony forming 

units (cfu), the DpnI digest was repeated.  

 

3.2.2 Transformation of chemically competent cells 

Chemically competent E. coli XL1-blue and XL10-gold were transformed as described in the 

manufacturer’s manual (Stratagene). Transformation efficiency (~109 cfu/µg pTTQ18::Taq) was 

controlled via plating serial dilutions of a transformation with 10 ng pTTQ18::Taq wt on LB-agar 

plates with 100 ng/µl carbencillin.  

 

3.2.3 Agarose-gelelectrophoresis 

Agarose was dissolved in 0.5 x TBE after boiling in a microwave oven and poured into gel 

racks. DNA samples were mixed with loading buffer and separated at 120 V. Sizes of DNA-

markers employed are depicted in the respective figures. Gels were stained for 5 min in 0.01% 

(w/v) ethidiumbromide (EtBr) in 0.5 x TBE, destained in 0.5 x TBE for 5 min and documented in 

a Chemidoc XRS System. 

All peparative agarose-gels were run accordingly. It was taken care that UV irradiation of 

fragments to be isolated was minimised.  

 

3.2.4 Denaturing polyacrylamide-gelelectrophoresis 

Preparative polyacrylamide-gelelectrophoresis was applied for purification of DNA–

oligonucleotides employed in asPCR, primer extension reactions and kinetic characterisations 

of respective enzymes. Analytical polyacrylamide-gelelectrophoresis was applied for primer 

extension reactions and kinetic characterisations of respective enzymes. All denaturing 

polyacylamide-gels employed were 12%. Preparative gels had a gauge of 1.5 mm and 

analytical gels a gauge of 0.4 mm.  

Gels were prepared by mixing stock-solutions α, β and χ (Table 3). Polymerisation was 

initialised by 800 µl 10% (w/w) APS-solution and 40 µl TEMED per 100 ml gel solution. 

Subsequently, this gel solution was poured into a clean and silanised gel rack with a maximum 

running length of 52 cm. Spacers were chosen according to preparative or analytical purposes. 

After polymerisation (60 min) the gel was set up in a vertical gel rack. Analytical gels were 

prewarmed at 2300 V and preparative gels at 1600 V with 1x TBE as electrophoresis buffer. 

Due to their substantially higher electrical resistance, all preparative gels were run at 4 °C to 

avoid overheating.  

Before loading, all samples were mixed with 2 volumes DP-loading buffer and incubated at 95 

°C for 10 min. Samples were then immediately transferred onto ice. Bromphenolblue and 
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xylencyanol dyes were used as size markers. Separation of samples was carried out at 2300 V 

for analytical gels and at 1600 V for preparative gels. After electrophoresis, analytical gels were 

transferred onto whatman paper, dried and exposed to a phosphor screen. Preparative gels 

were transferred to a TLC-plate and DNA to be excised fro the gel was visualised by UV-

shadowing (256 nm). Care was taken not to overexpose the DNA oligos with UV irradiation.  

 
Table 3 12% polyacrylamide-gel (100 ml) 

REAGENT VOLUME  

Stock—solution α:  
25% Bis-acrylamide 

 
48 mL 

Stock-solution β: 
8.3 M Urea 

 
42 mL 

Stock-solution χ: 
8.3 M Urea in 10x TBE 

 
10 mL 

10% APS 800 µL 

TEMED 40 µL 

 

 

3.2.5 DNA-isolation from polyacrylamide-gels 

Electrophoretically separated DNA was visualised by UV-shadowing and the respective bands 

were excised with a sterile scalpel. Excised gel pieces were crushed by forcing them through a 

syringe and collected in 2 ml eppendorf tubes. DNA was eluted form crushed gel pieces by 

adding H2O and incubating at 55 °C overnight. After filtration through silanised glass-fibres DNA 

was dried in a speedvac (Eppendorf) and further purified by ethanol precipitation. For details 

see 3.2.6.  

 

3.2.6 Ethanol precipitation 

In order to remove residual salt and other impurities, gel-purified dried DNA was dissolved in 

300 µl 0.3 M sodium-acetate and subsequently precipitated with 3 volumes 96% ethanol. 

Precipitation was carried out at -80 °C for 20 min. Subsequently, the precipitation assay was 

centrifuged at 25000 x g for 1 h at 0°C. The supernatant was discarded and the remaining 

pellet was washed twice with 1 ml cold 70% ethanol (-20 °C) and dried in a speedvac 

afterwards. The resulting desalted and dried DNA-pellet was then dissolved in H2O.  

 

3.2.7 Radioactive labelling of DNA-oligonucleotides 

For radioactive labelling of DNA-oligonucleotides, T4-polynucleotide kinase (T4-PNK; NEB) 

was employed. It catalyses the transfer and exchange of an inorganic phosphate (Pi) from the γ 
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position of ATP to the 5´-hydroxyl terminus of DNA-oligonucleotides. All kinase reactions were 

conducted in an overall volume of 20 µl (Table 4).  

 
Table 4 Reaction setup for radioactive labelling reactions 

REAGENT FINAL CONCENTRATION 

DNA-primer 0.2 µM (10 pmol) 

T4 PNK buffer 1 x 

[γ-32P]-ATP 0.2 µCi/µL 

T4 PNK    0.5 U/µl  

 

Kinase reactions were incubated at 37 °C for 2 h and stopped by denaturing the T4-PNK at 70 

°C for 20 minutes. In order to remove salts and residual [γ-32P]-ATP, reactions were purified by 

gel-filtration (Sephadex G-25). Addition of 20 µl non-labelled primer (10 µM) resulted in 70 µl of 

3 µM radioactively labelled DNA-oligonucleotides. Radioactively labelled DNA-oligonucleotides 

were employed in primer extension reactions and kinetic characterisations of DNA polymerases 

employed in this work.  

 

3.2.8 Determination of quantitative DNA concentration 

Purine- and pyrimidine bases absorb ultraviolet radiation between wavelengths of 250–270 nm. 

The absorption spectrum shows a maximal value at a wavelength of 260 nm. Accordingly, 

quantification of nucleic acids was conducted at a wavelength of 260 nm. In accordance to 

Lambert-Beer’s law, a linear correlation between extinction and concentration of DNA makes 

quantification through absorbance measurements at a wavelength of 260 nm feasible. 

Following empirical equations are valid for this purpose: 

 

dsDNA 

In order to quantify double stranded DNA an approximation equation was employed: Equation-

1: Abs260 = 1 equals a concentration of 50 μg/ml dsDNA. 

 

ssDNA 

In order to quantify single stranded DNA-oligonucleotides, a sequence specific equation 

employing the millimolar extinction coefficient was used.  

Equation-2:  ε [mM-1] = (15.4*A + 11.7*G + 8.8*T + 7.3*C)*0,9, 

 

In this equation, the variables A / G / C / T resemble the quantity of the respective nucleoside in 

the respective DNA-oligonucleotide. The concentration can then be calculated by equation-3:  

 

Equation-3: c [mM] = Abs260 / ε [mM-1] 
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3.2.9 Discontinuous SDS-polyacrylamide-gelelectrophoresis 

Analysis of expressed proteins was realised by discontinuous glycine SDS-PAGE. Samples 

were prepared by adding 4 µl 6 x SDS-PAGE loading buffer to 20 µl protein sample. After 

incubation at 95 °C for 5 min samples were loaded onto the SDS-PAGE gel. Protein separation 

was conducted in denaturing SDS-PAGE gels at a constant current of 35 mA in 1 x SDS-PAGE 

electrophoresis buffer. According to discontinuous SDS-PAGE protocols, a stacking- and a 

resolving-gel were combined, ensuring size dependent separation of proteins (Table 5).  
 

Table 5 SDS-PAGE separating- (12%) and collecting-gel (4%) 

REAGENT VOLUME [µL] FINAL 
   
Resolving-gel   
H2O 1700  
1,5 M Tris-HCl pH 8.8 1250 0.375 M 
10% SDS 50 0.1% 
30% Bis-acrylamide 2000 12% 
10% APS 50  
TEMED 5  
   
Stacking-gel   
H2O 1220  
1 M Tris-HCl pH 6.8 500 0.250 M 
10% SDS 10 0.1% 
30% Bis-acrylamide 270 4% 
10% APS  10  
TEMED 2,5  

 

3.2.10 Coomassie staining of SDS-PAGE gels 

All SDS-PAGE gels were stained with Coomassie-brilliant blue. Accordingly, SDS-PAGE gels 

were incubated for 15 min in SDS-PAGE fixative-solution. Subsequently, SDS-PAGE gels were 

swivelled in Coomassie-staining solution for 2 h. Destaing of SDS-PAGE gels was conducted in 

SDS-PAGE destaining solution until protein bands were clearly visible. 
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3.2.11 DNA-sequencing 

Sequencing reactions were performed by QIAGEN and Sequiserve. All sequenced plasmids 

were isolated from either E. coli XL1-blue or XL10-Gold cells as described in section 3.2.15.  

3.2.12 Growth conditions and measurements 

Bacterial LB-cultures (plus the respective antibiotic) for preparation of glycerol-stocks and 

plasmid isolation were inoculated from a single clone grown on an LB-agar-plate containing the 

respective antibiotic. If plasmids were to be isolated, bacterial LB-cultures could also be 

inoculated from a glycerol-stock. All cultures were then incubated in an incubation shaker at 

220 rpm overnight at 37 °C. Growth of all bacterial cultures was determined by measuring the 

optical density at 600 nm (OD600) in a spectrophotometer over time. All measurements were 

conducted in 2 ml synthetic-cuvettes with LB-medium used for the respective culture. 

 

3.2.13 Plate cultures  

Cultivation of E. coli on selective agar-plates was realised by spreading up to 100 µl 

regenerated transformation culture on agar-plates containing the respective antibiotic. For 

pETPfu based transformations, kanamycin at a final concentration of 34 ng/µl ws added to the 

medium. For pTTQ18::Taq and pASKPfu based transformations, carbencillin at a final 

concentration of 100 ng/µl was added to the medium. All agar-plates were prewarmed and after 

spreading of regenerated transformation cultures incubated at 37 °C overnight until colony 

forming units were visible.   

 

3.2.14 Glycerol stocks 

Bacterial cultures were cultivated as described in section 3.1.7. Overnight cultures were spiked 

with 1 volume 100% glycerol, resulting in a 0.5 x LB/50% glycerol mixture. This mixture was 

aliquoted into 100 µl aliquots and stored at -80 °C until further use. 

 

3.2.15 Plasmid isolation 

Plasmids were isolated from E. coli liquid cultures by QiaPrep Miniprep kits according to the 

manufacturers protocol. Culture size for this purpose was 20 ml. Cultures were prepared as 

described in section 3.1.7. 
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3.2.16 Realtime PCR  

Real-time PCR was performed using an iCycler (BIORAD) system. The reactions were 

performed in an overall volume of 20 µl in the respective DNA polymerase buffer. All results are 

from at least three times repeated independent measurements of duplicates that originated 

from one master-mix. DNA Sequences, DNA polymerase buffers, template and polymerase 

concentration applied are listed in the individual sections. 

 
Table 6 Reaction conditions for realtime-PCR 

REAGENT FINAL VOLUME [µL]  
H2O  11.2  
Pfu buffer [10 x] 1 x 2.0  
Templat [varying nM] varying pM 0.8  
Primer 1 [10 µM] 0.5 µM 1.0  
Primer 2 [10 µM] 0.5 µM 1.0  
dNTP Mix [2.5 mM] 0.2 mM 1.6  
SYBRGreenI [20 x] 0.4 x 0.4  
DNA polymerase [varying nM] varying nM 2.0  
    
Programmme    
    
Initial denaturation 95 °C 30 sec  
Denaturation 95 °C 30 sec 
Annealing 55 °C 35 sec 
Elongation 72 °C 40 sec 

30 PCR 
cycles 

    
Heating rate: maximum / cooling rate: 0.5 °C/s  

 

 

3.2.17 Software 

All protein sequence alignments presented in this work, were conducted with Vector NTI 9. All 

protein / DNA models present herein were constructed with Pymol V0.99.  
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3.3 Methods for section 2.1 

3.3.1 Site directed mutagenesis 

Taq LVL phenotype was introduced into the Taq QVH-motif (part of motif C) homologous to KF 

via the QuikChange method (3.2.1). The resulting mutant and wild-type plasmids were 

transformed into E. coli XL1-blue (3.2.2). Following primers were employed:  

Taq-LVL Quick 1:  

5´-d(GCC AGG ATG CTC CTT CTG GTC CTC GAC GAG CTG GTC CTC)-3´  

Taq-LVL Quick 2:  

5´-d(GAG GAC CAG CTC GTC GAG GAC CAG AAG GAG CAT CCT GGC)-3´ 

 

KF exo- 

QVA phenotype was introduced into the KF exo- QVH-motif (part of motif C) via the 

QuikChange method (3.2.1). The resulting mutant plasmid was transformed into E. coli XL1-

blue (3.2.2). Following primers were employed:  

KF-QVA Quick:  

5’-d(CGT ATG ATC ATG CAG GTA GCG GAT GAA CTG GTA TTT GAA G)-3’ 

KF-QVA Quick:  

5’-d(CTT CAA ATA CCA GTT CAT CCG CTA CCT GCA TGA TCA TAC G)-3’ 

 

3.3.2 Expression and purification of Taq DNA polymerases 

Expression 
Plasmid pTTQ18::Taq was constructed by Engelke et al.[130] and allows expression of Taq 

DNA polymerase under control of a tac promoter (Ptac) and lac operator sequence. All Taq DNA 

polymerases were expressed in E. coli XL1-blue. Overnight cultures were inoculated from 

single clones and grown overnight at 37 °C in 20 ml superbroth (100 ng/µl Carbenicillin). Taq 

Expression cultures (1 l superbroth, 100 ng/µl carbencillin) were inoculated with 2% overnight 

culture and induction of protein expression was started at an OD600 of 0.5 with 1 mM IPTG final.  

 

Purification 
After exression for 16 h, cells were harvested and the resulting pellet was resuspended in 1 x 

Taq-lysis buffer A (1 ml/100 ml expression culture) and lysis was conducted at 22°C for 15 min. 

Subsequently, Taq-lysis buffer B was added (1 ml/100 ml expression culture) and samples 

were incubated at 75 °C for 1 h in order to denature E. coli host proteins. Dentaured proteins 

were then removed by centrifugation at 20000 x g for 30 min at 4 °C. The last two steps were 

repeated and the resulting supernatant was subjected to gel filtration. Gel filtration was 

conducted employing a Sephadex-75 (Amersham) column preequilibrated in 1 x KTQ1-buffer. 
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Fractions containing Taq with >90% purity were pooled and spiked with 1 volume glycerol, 

resulting in 0.5 x KTQ1 / 50% glycerol buffer (Taq-storage buffer). Accordingly, obtained 

enzymes were >90% pure as confirmed by SDS PAGE and Coomassie blue staining. 

Concentrations were measured using the nanoorange assay (Molecular Probes) as described 

in the manufacturer’s manual and SDS-PAGE with Coomassie blue staining (see section 

3.2.10). For determination of DNA polymerase concentrations via SDS-PAGE, samples were 

loaded in parallel with BSA-standard dilutions and related to measured intensities of the latter 

accordingly. Quantification of the respective protein bands was conducted on a BioRad 

Chemidoc XRS (Quantity One 4.5.0). Adjustments of protein concentration were carried out by 

diluting with 0.5 x KTQ1/50% glycerol. 

 

3.3.3 Expression and purification of KF exo- DNA polymerases 

Expression 
Plasmid pQ-KF wt exo for expression of N-terminally 6-His-tagged KF was constructed by 

Brakmann et al..[31] Overnight cultures were inoculated from single clones and grown 

overnight at 37 °C in 20 ml superbroth (100 µg/ml Carbenicillin). Taq Expression cultures (1 l 

superbroth, 100 ng/µl carbencillin) were inoculated with 2% overnight culture and induction of 

protein expression was started at an OD600 of 0.7-0.8 with 1 mM IPTG.  

 

Purification 
After expression for 3 h, cells were harvested and the resulting pellet was resuspended in 1 x 

KF-lysis buffer (100 µl / 1 ml expression culture) and lysis was conducted at 4°C for 1 h whilst 

shaking at 400 rpm. Subsequently, Ni-NTA Agarose (10 µl / 1 ml KF-lysis buffer). The resulting 

suspension was transferred to 0.45 µm spin filters and centrifuged for 2 min at 1200 x g. The 

residual Ni-NTA-agarose was washed twice with 50 µl KF-NTA wash buffer / 1 ml lysis buffer. 

Bound polymerases were eluted from the resin thrice with 10 µl KF-elution buffer / 1 ml KF-lysis 

buffer. Eluates were then 20 x concentrated (VIVASPIN 20 30000 MWCO PES) taken up in 2 x 

KF-storage buffer to the initial volume. This step was repeated and 1 volume glycerol was 

added to the concentrate, resulting in 1 x KF-storage buffer / 50% glycerol. Adjustments of 

protein concentration were carried out by diluting with 1 x KF-storage buffer / 50% glycerol. All 

purification steps were conducted at 4 °C and all materials that were in contact with the 

polymerases to be purified, were chilled to 4 °C respectively.  

 

3.3.4 Real-time PCR experiments 

The reactions were performed in Taq DNA polymerase reaction buffer, an overall volume of 20 

µl containing 40 pM template or for dilution series as depicted in Figure 13. The final mixtures 
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contained 20 nM of wt and LVL Taq DNA polymerase. For further details see 3.2.16. All 

sequences employed are listed below. 

 

Sequences of the Factor V Leiden disease context:  

Primer probe LeiT 5’-d(CAA GGA CAA AAT ACC TGT ATT CCT T)-3’  

Reverse primer: 5´-d(GAC ATC ATG AGA GAC ATC GC)-3’  

Target template LeiX: 5’-d(GAC ATC ATGA GAG ACA TCG CCT CTG GGC TAA TAG GAC 

TAC TTCT AAT CTG TAA GAG CAG ATC CCT GGA CAG GCX AGG AAT ACA GGT ATT 

TTG TCC TTG)-3’  

X: A, LeiA; G, LeiG.  

 

Sequences of the BRAF context:  

Primer probe BrafT: 5´-d(GAC CCA CTC CAT CGA GAT TTC T) -3’ 

Reverse primer: 5´-d(AGA GGA AAG ATG AAG TAC TAT G) -3’   

Target template BrafX: 5’-d(CAA CTG TTC AAA CTG ATG GGA CCC ACT CCA TCG AGA 

TTT CXC TGT AGC TAG ACC AAA ATC ACC TAT TTT TAC TGT GAG GTC TTC ATG AAG 

AAA TAT ATC TGA GGT GTA GTA AGT AAA GGA AAA CAG TAG ATC TCA TTT TCC TAT 

CAG AGC AAG CAT TAT GAA GAG TTT AGG TAA GAG ATC TAA TTT CTA TAA TTC TGT 

AAT ATA ATA TTC TTT AAA ACA TAG TAC TTC ATC TTT CCT CT)-3’; X: A, BrafA; T, BrafT.  

 

Sequences in the DPyD context:  

Primer probe DpyDT: 5´-d(GTT TTA GAT GT TAA ATC ACA CTT AT)-3’  

Reverse primer: (5´-AAA GCT CCT TTC TGA ATA TTG AG)-3’ 

target template DPyDX: 5’-d(AAA ATG TGA GAA GGG ACC TCA TAA AAT ATG TCA TAT 

GGA AAT GAG CAG ATA ATA AAG ATT ATA GCT TTT CTT TGT CAA AAG GAG ACT CAA 

TAT CTT TAC TCT TTC ATC AGG ACA TTG TGA CAA ATG TTT CCC CCA GAA TCA TCC 

GGG GAA CCA CCT CTG GCC CCA TGT ATG GCC CTG GAC AAA GCT CCT TTC TGA 

ATA TTG AGC TCA TCA GTG AGA AAA CGG CTG CAT ATT GGT GTC AAA GTG TCA CTG 

AAC TAA AGG CTG ACT TTC CAG ACA ACX TAA GTG TGA TTT AAC ATC TAA AAC)-3’; X: 

A, DPyDA; G, DPyDG.  

 

3.3.5 Primer extension assays 

Primer/template substrates were annealed by mixing 5'-32P labeled primer with twice the 

amount of template in the specific reaction buffer. The mixture was heated to 95 °C for 5 min 

and subsequently allowed to cool to room temperature over 1 h. After annealing, dNTPs were 

added and the solution was incubated at the specific reaction temperature for 5 min. 15 µl 

reactions were initiated by addition of 5 µl enzyme solution in 1x reaction buffer to 10 µl 

annealing mix and were incubated at the specific reaction temperature for 10 min. Assays 
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included 150 nM primer, 225 nM template, 1 mM of each dNTP. Reactions employing Taq wt or 

Taq LVL were conducted at 72 °C in 50 mM Tris-HCl (pH 9.2 at 25 °C), 16 mM ammonium 

sulfate, 2.5 mM MgCl2 and 0.1% Tween 20 and contained 500 nM purified enzyme. Reactions 

employing KF exo- or KF exo-- mutants were conducted at 37 °C in 50 mM Tris-HCl pH 7.3, 10 

mM MgCl2, 1 mM DTT and 0.05% Triton X-100 and contained 590 nM enzyme. After incubation 

for 10 min, reactions were quenched by addition of 30 µl gel loading buffer (80% formamide, 

EDTA (20 mM) and product mixtures were analysed by 14% denaturating PAGE. 

Primer/template sequences for contexts of different SNPs (positions underlined) were:  

 

Factor V Leiden human genomic DNA sequence (FVL):  

Primer FVL20T: 5´-ACA AAA TAC CTG TAT TCC TT-3´  

FVL Wild-type template:  

5´-d(GAT CCC TGG ACA GGC GAG GAA TAC AGG TAT TTT GT)-3´  

FVL mutant template:  

5´-d(GAT CCC TGG ACA GGC AAG GAA TAC AGG TAT TTT GT)-3´  

 

Human BRAF somatic SNP T1796A:  

Primer BRAF22T: 5´-d(GAC CCA CTC CAT CGA GAT TTC T)-3´ 

BRAF wild-type template:  

5´-d(GGT CTA GCT ACA GTG AAA TCT CGA TGG AGT GGG TC)-3´ 

BRAF mutant template:  

5´-d(GGT CTA GCT ACA GAG AAA TCT CGA TGG AGT GGG TC)-3´ 

 

Human dihydropyrimidine dehydrogenase (DPyD) SNP G735A:  

Primer DPyD25T: 5´-d(GTT TTA GAT GTT AAA TCA CAC TTA T)-3´ 

DPyD wild-type template:  

5´-d(CTT TCC AGA CAA CGT AAG TGT GAT TTA ACA TCT AAA AC)-3´  

DPyD mutant template:  

5´-(CTT TCC AGA CAA CAT AAG TGT GAT TTA ACA TCT AAA AC)-3´  
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3.4 Methods for section 2.2 

3.4.1 Site directed DNA polymerase mutations 

All Pfu DNA polymerases carried two amino acid replacements, D141A and E143A, which 

eliminate the 3’-5’ exonuclease activity. Mutant phenotypes D541L and K593M were introduced 

into the Pfu DNA polymerase ORF via the QuikChange method (Stratagene) using the following 

primers: Pfu-L541QC1: 5’-d(GGA TTT AAA GTC CTC TAC ATT TTA ACT GAT GGT CTC TAT 

GC)-3’; Pfu-L541QC2: 5’-d(GCA TAG AGA CCA TCA GTT AAA ATG TAG AGG ACT TTA AAT 

CC)-3’ and Pfu-M593QC1: 5’-d(GGA TTC TTC GTT ACG AAG ATG AGG TAT GCA GTA ATA 

G)-3’ Pfu-M593QC2: 5’-d(CTA TTA CTG CAT ACC TCA TCT TCG TAA CGA AGA ATC C)-3’. 

For details see 3.2.1. 

 

3.4.2 Expression and purification of Pfu DNA polymerases 

Expression 
Expression of all Pfu DNA polymerases (in pETPfu [142]) was conducted in E. coli BL21 (DE3) 

pLysS. Expression cultures were inoculated with 2% of an overnight-culture grown at 30 °C and 

expression was induced at OD600 = 0.5 with IPTG at a final concentration of 1 mM. After 4 hours 

of expression, cultures were centrifuged at 5300 x g for 30 minutes. All cultures were grown in 

LB-medium with 34 ng/µl kanamycin and 34 ng/µl chloramphenicol.  

 

Purification 
Collected cell pellets were resuspended in Pfu-lysis buffer and lysed at 37 °C for 10 minutes. E. 

coli proteins were denatured through heating to 75 °C for 45 minutes with a subsequent 

centrifugation at 25000 x g for 30 minutes at 4 °C. Centrifuged expression lysates were purified 

either by an adapted batch-procedure[213] or by liquid chromatography.  

 

For liquid chromatography based purifications, an 8 ml column packed with NTA-matrix was 

used. Centrifuged cleared expression lysates were directly applied at a flow rate of 0.5 ml / min 

followed by two wash steps with Pfu-NTA wash buffer. Wash step 1 was conducted in presence 

of 20 mM imidazole, whereas wash step 2 in presence of 40 mM imidazole. Elution of bound 

polymerases was realised by flushing the column with Pfu-NTA elution buffer.  

 

For batch purifications, centrifuged expression lysates were incubated with preequilibrated  

(Pfu-lysis buffer without PMSF) NTA-matrix (2-3 ml slurry / 20 ml lysate) for 20 minutes at 4 °C 

in an overhead-shaker. The resulting suspension was transferred to 0.45 µm spin filters and 

centrifuged for 2 min at 1200 x g. The NTA matrix was then washed twice with Pfu-NTA wash 

buffer and protein was eluted twice with Pfu-NTA elution buffer.  
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Resulting protein solutions from either batch or column purifications were applied to a 

Sephacryl S-300 High Resolution column, preequilibrated with Pfu-gel filtration buffer, in order 

to exchange buffer, remove imidazole and residual protein impurities. The applied flow rate was 

0.25 ml /min. All purification steps were conducted at room temperature.  

 

Fractions containing Pfu DNA polymerase were pooled and 20 x concentrated by VIVASPIN 20 

50000 MWCO PES. Purified DNA polymerases were stored in Pfu-storage buffer and were 

>95% pure as verified by SDS-PAGE. Protein concentrations were measured via the Bradford-

assay with a BSA-standard curve. Adjustments of protein concentration were carried out by 

diluting with 1 x Pfu-storage buffer. 

 

3.4.3 PCR experiments 

PCR experiments were conducted in an overall volume of 50 µl. Reactions included 10 ng 

template (pETPfu wt exo-) in Pfu-reaction buffer. Final enzyme concentration in all reactions 

was 150 nM with dNTPs (200 µM each) and follwing primers (0.2 µM each) were employed: 

Primer Pfu-QualiPCR 1: 5’-d(GGT ATT GAG GGT CGC ATG ATT TTA GAT GTG GAT TAC 

ATA ACT G)-3’,  

Primer Pfu-QualiPCR 2: 5’-d(AGA GGA GAG TTA GAG CCC TAG GAT TTT TTA ATG TTA 

AGC CAG GAA G)-3’.  

Following cycle program was applied: 95 ˚C 1 minute, then 25 cycles with 95 ˚C for 1 minute, 

55 ˚C for 1 minute, 72 ˚C for 3 minutes and a final elongation step at 72 ˚C for 5 minutes. 

Reaction products were seperated on a 0.8% agarose gel and stained with ethidium bromide. 

 

3.4.4 Primer extension assays  

Primer/template substrates were annealed by mixing 5'-32P labelled primer and template in Pfu-

reaction buffer. The mixture was heated to 95 °C for 5 min and subsequently cooled down to 20 

˚C over 30 minutes. After annealing, reactions were initiated by addition of 10 µl enzyme and 

dNTP solution in 1 x Pfu-reaction buffer to 10 µl annealing mix. Reactions were incubated at 68 

˚C for 5 or as depicted in the figure, including 22.5 nM of each enzyme, 200 µM dATP only 

(Figure 20 C) or 200 µM of each dNTP (Figure 20 D) and 150 nM primer/template complex. 

Sequences for the Figure 20 C:  

Primer FT20T (5’-d(CGT TGG TCC TGA AGG AGG AT)-3’) and  

template strand F33A (X: A) (5’-d(AAA TCA ACC TXT CCT CCT TCA GGA CCA ACG TAC)-3’,  

F33G (X: G), F33C (X: C) and F33T (X: T).  
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Sequences for Figure 20 D: FT20T and F33A respectively. After incubation, reactions were 

quenched by addition of two reaction-volumes gel loading buffer (80% formamide, 20 mM 

EDTA) and product mixtures were analysed by 12% denaturating PAGE with subsequent 

phosphorimager analysis. 

 

3.4.5 DNA polymerase activity determination 

Primer/template (FT20T/F33A) complexes were annealed and the reaction initiated as 

described in section 3.4.4. The reactions contained varying enzyme amounts (1 - 80 nM), 100 

µM dNTPs and 150 nM primer/template complex. After incubation for 10 min at 68 °C, reactions 

were quenched by addition of two reaction-volumes gel loading buffer (80% formamide, 20 mM 

EDTA) and product mixtures were analysed by 12% denaturating PAGE. Activity was 

measured by quantifying the intensity of each band produced by the respective DNA 

polymerase using a Phosphorimager. From this quantification the amount of incorporated 

nucleotides was calculated. The total amount of incorporated nucleotides for each reaction 

equals the sum of incorporated nucleotide of each band. The presented results (Figure 20) are 

from measurements that were at least three times independently repeated.  

 

3.4.6 Steady state insertion kinetics 

Primer/template (FT20T/F33A) complex was annealed and the reaction initiated as described in 

section 3.4.4. The reactions contained varying amounts of dATP, dGTP, dCTP or TTP (5 nM - 

1mM) and 150 nM primer/template complex, with varying enzyme amounts (0.5 - 5 nM). The 

reactions were incubated at 68 °C, quenched after varying time intervals (10 - 60 min) by 

addition of two reaction-volumes gel loading buffer (80% formamide, 20 mM EDTA). Reaction 

conditions were adjusted for different reactions to allow 20% or less primer extension ensuring 

single completed hit conditions according to published procedures.[79] Product mixtures were 

analysed by 12% denaturating PAGE, and data were quantified by phosphorimager analysis. 

Relative steady-state velocity v was measured as the ratio of extended product (Iext) to 

remaining primer (Iprim) as follows v = Iext/Iprim x t, where t represents the reaction time (the 

“steady state” is the state in which the formation and destruction of enzyme bound 

intermediates is balanced and the reaction rate does not change within the investigated time 

period). Steady-state KM and Vmax values were obtained by fitting with the Michaelis-Menten 

equation. The presented results (Table 1) are from measurements that are at least three times 

independently repeated. 
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3.4.7 Recognition of remote mismatches 

In order to probe effects of mismatched primer/template complexes locted up to 4 bp upstream 

of the 3’-primer terminus, sequences depicted in Figure 22 were employed. Primer/template 

complexes were annealed as described in section 3.4.4. After annealing, reactions were 

initiated by addition of 10 µl enzyme and dATP solution in 1 x Pfu-reaction buffer to 10 µl 

annealing mix. Assays included 200 µM dATP and 22.5 nM of each enzyme. Reactions were 

incubated at 68 ˚C for 5 minutes. After incubation, reactions were quenched by addition of two 

reaction-volumes gel loading buffer (80% formamide, 20 mM EDTA) and product mixtures were 

analysed by 12% denaturating PAGE with subsequent phosphorimager analysis. 

 

3.4.8 Primer extension assays – time course 

These primer extension reactions (Figure 25 A) were conducted as described in section 3.4.4 

including the following alterations. The reactions were quenched after incubation for the 

indicated time (0, 2, 16, 30, 60 min). 60 nM of each enzyme, 100 µM of each dNTP and 150 nM 

primer/template complex.  

Sequences:  

Primer FT20T or FT202ST 5’-d(CGT TGG TCC TGA AGG AGG A2ST)-3’; 2ST: 2-thiothymidine 

residue, respectively.  

Template strands: F33A or F33G (see 3.4.4), respectively. 

 

3.4.9 Steady state extension kinetics  

Primer/template (FT20T/F33A or F33G; FT202ST/F33A or F33G, respectively) complexes were 

annealed and the reaction initiated as described in section 3.4.4. The reactions contained 100 

µM dNTPs and 150 nM primer/template complex, at given enzyme amounts (0.5 - 75 nM). The 

reactions were incubated at 68° C, quenched after varying time intervals (2 - 120 min) by 

addition of two reaction-volumes gel loading buffer (80% formamide, 20 mM EDTA). Product 

mixtures were analysed by 12% denaturating PAGE. Activity was measured by quantifying the 

intensity of each band produced by the respective DNA polymerase using a phosphorimager. 

From this quantification the amount of incorporated nucleotides per time was calculated. The 

total amount of incorporated nucleotides for each reaction equals the sum of incorporated 

nucleotide of each band. The presented results (Figure 25 B) are from measurements that were 

at least three times independently repeated. 
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3.4.10 Real-time PCR experiments 

The purified mutant polymerases were further evaluated in realtime PCR experiments 

employing matched and mismatched primer/template complexes. The reactions were 

performed in an overall volume of 20 µl containing 40 pM of the respective templates and as 

indicated in the figures in Pfu-reaction buffer. The final mixtures contained 20 nm Pfu DNA 

polymerases and as indicated in the figures.  

Following sequences were employed: 

Primer probe FT20T 5’-d(CGT TGG TCC TGA AGG AGG AT)-3’ 

Reverse primer F20-: 5´-d(CGC GCA GCA CGC GCC GCC GT)-3' 

Target template FarX: 5’-d(CCG TCA GCT GTG CCG TCG CGC AGC ACG CGC CGC CGT 

GGA CAG AGG ACT GCA GAA AAT CAA CCT XTC CTC CTT CAG GAC CAA CGT ACA 

GAG)-3'; X: A, FarA; G, FarG  

The presented results are from at least three times repeated independent measurements of 

duplicates that originated from one master-mix. Real time PCR experiments were conducted as 

described in section 3.2.16. 
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3.5 Methods for section 2.3 

3.5.1 Mutagenesis of Pfu DNA polymerase  

Error prone PCR 
Reaction conditions were adjusted according to Current protocols in Molecular Biology Chapter 

8.3. Error prone PCR (epPCR) was conducted in an overall volume of 100 µl. Reactions 

conditions are listed in Table 7.  

Primers:  

pASK-Pfu FW 5’-d(ATG GTA CGT CTC AGC GCA TGA TTT TAG ATG TGG ATT ACA TAA 

CTG)-3’ and  

pASK-Pfu RV 5’-d(ATG GTA CGT CTC ATA TCA GGA TTT TTT AAT GTT AAG CCA GGA 

AG)-3’ were employed.  

Manganese chloride (MnCl2) was added immediately before the thermal cycling and Taq DNA 

polymerase was added during the first annealing step.  

 
Table 7 Reaction conditions for epPCR 

REAGENT FINAL VOLUME [µL]  
H2O  34.0  
TrisCl pH 8.3 [100 mM] 10 mM 10.0  
MgCl2 [200 mM] 7 mM 3.5  
KCl [2 M] 50 mM 2.5  
MnCl2 [375 µM] 50 µM 20.0  
dCTPs [25 mM] 1 mM 4.0  
dTTPs [25 mM] 1 mM 4.0  
dATPs [5 mM] 0.2 mM 4.0  
dGTPs [5 mM] 0.2 mM 4.0  
Template pETPfu exo- [8 ng/µL] 0.4 ng/µL 5.0  
Primer pASK-Pfu FW [100 µM] 2 µM 4.0  
Primer pASK-Pfu RV [100 µM] 2 µM 4.0  
Taq Polymerase [5 U/µL] 5 U 1.0  
    

Programme    
    
Initial denaturation 95 °C 2 min  
Denaturation 95 °C 1 min 
Annealing 55 °C 1 min 
Elongation 72 °C 5 min 

 
15 PCR 
cycles 

Final elongation step 72 °C 5 min  
 

For determination of the mutability of the Pfu DNA polymerase ORF, epPCR was conducted 

with different MnCl2 concentrations. The concentrations were adjusted to have 0, 0.05, 0.075, 

0.1 and 0.2 mM MnCl2 final in separate reaction mixes. 
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Purification and reamplification of epPCR products 
Reaction products were separated on a 0.8% agarose gel, stained with ethidium bromide and 

visualised on a UV-table. EpPCR products were gel-purified (see 3.5.4) and quantified (see 

3.2.8). Of this gel-purified epPCR product, 40 ng were reamplified with Pfu DNA polymerase 

(see 3.5.15).  

 

3.5.2 Restriction digests of dsDNA 

Reamplified error prone PCR products were gel-purified (see 3.5.4) and digested with BsmBI. 

BsmBI is a type IIs restriction enzyme and cleaves 1 bp downstream of its recognition site 

leaving a 4 nt 5’-overhang. It thereby removes its recognition site and the resulting overhang 

sequence can be freely chosen making cloning without any extra insertions into the insert to be 

cloned feasible. Primers were designed in order to create compatible 5’-overhangs for 

subsequent cloning into pASK-IBA37plus. Restriction with BsmBI was conducted for 4 h at 

55°C with a subsequent heat denaturation of 20 min at 80 °C in an overall volume of 50 µl 

(Table 8).  

 
Table 8 Restriction of reamplified and purified epPCR products with BsmbI 

REAGENT VOLUME [µL] 
10x reaction buffer NEB 3 5 
Reamplified  
epPCR-product (65 fmol/µl) 

37 

BsmBI (10 U/µl) 2.5 
H2O 5.5 

 

In order to create 4 nt 5’-overhangs being compatible to the digested epPCR product, purified 

pASK-IBA37plus vector was digested with BsaI. BsaI also is a type IIs restriction enzyme and 

cleaves pASK-IBA37plus twice. Restriction was conducted for 4 h at 50 °C with a subsequent 

heat denaturation of 20 min at 65°C in an overall volume of 50 µl (Table 9). Unit definitions and 

buffer components are described in the respective restriction endonuclease manuals provided 

by NEB.  

After restriction digestion and dephosphorylation of the vector, the epPCR inserts and pASK-

IBA37plus were purified (see 3.5.5) and ligated (see 3.5.6). 

 
Table 9 Restriction of plasmid DNA with Bsa I 

REAGENT VOLUME [µL] 
10x reaction buffer NEB 3 5 
pASK-IBA37plus (70 fmol/µl)  30 
BsaI (10 U/µl)  2.5 
H2O 12 
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3.5.3 Dephosphorylation of the digested vector 

In order to minimise vector religation in ligation reactions, digested pASK-IBA37plus was 

dephosphorylated with Antarctic phosphatase (NEB). Dephosphorylation reactions were 

conducted in an overall volume of 60 µl (Table 10). Buffer and enzyme was directly added to 

heat denatured vector restriction digestion reactions. 

 
Table 10 Dephosphorylation of pre-digested pASK-IBA37plus 

REAGENT VOLUME [µL] 
10x antarctic buffer NEB 6 
Antarctic Phosphatase (5 U/µl) 1 
H2O 3 
Plasmid restriction reaction (BsaI) 50 

 

 

3.5.4 DNA isolation from agarose gels 

After gel-electrophoretic separation, staining and destaining, DNA (e.g. PCR products, digested 

plasmids) of desired size was excised from the gel and transferred to a sterile eppendorf tube. 

Subsequent DNA-isolation from the excised gel pieces was conducted by Zymoclean Gel DNA 

Recovery KitsTM according to the manufacturer’s protocol.  

 

3.5.5 Purification of DNA 

Purification of DNA was carried out by applying DNA (e.g. from restriction digestions), to DNA 

Clean & Concentrator-5™ or DNA Clean & Concentrator-25™ kits, depending on the amount of 

DNA to be cleaned. Purification was conducted according to the manufacturer’s protocol. 

 

3.5.6 Ligation reactions 

Ligation of digested dsDNA with cohesive compatible ends results in recombinant plasmids. 

Such plasmids can be transformed e.g. into E. coli. Ligation reactions comprised linearised 

BsaI-digested pASK-IBA37plus, BsmBI-digested insert (epPCR product) and QuickLigase 

(Fermentas). All reactions were incubated at 22 °C for 20 minutes and were conducted in an 

overall volume of 25 µl. An insert/vector ratio of 3:1 was chosen for all ligation reactions (Table 

11). Resulting ligation products were purified (see 3.5.5) and electrotransformed into E. coli 

BL21 (DE3) Gold (see 3.5.8). In order to control ligation efficiency, religation controls 

comprising linearised vector only, were treated respectively.  



Materials and Methods  95

Table 11 Ligation reactions of vector and insert 

REAGENT VOLUME [µL] 
Fermentas QuickLigase buffer 5x 5 
Vector 25 fmol/µl 2 
Insert 33 fmol/µl 4.6 
QuickLigase 5 U/µl 1 
H2O 12.4 

 

3.5.7 Preparation of electrocompetent cells 

Electrocompetent cells were prepared form E. coli BL21 (DE3) Gold (Stratagene). From a 

single colony grown on LB-Agar at 37 °C overnight, a 50 ml LB liquid culture was inoculated 

and incubated at 25 °C in a thermoshaker at 220 rpm overnight. With 2.5 ml of this overnight 

culture a 500 ml LB liquid culture was inoculated and grown at 25 °C at 220 rpm to an OD600 of 

0.5. Subsequently the following steps were conducted: 

a) Cells were harvested at 5300 x g for 30 minutes at 2 °C.  

b) The resulting supernatant was discarded and the cell pellet was resuspended in 10 ml 

ice cold sterile millipore water and then washed with 490 ml of the latter.  

c) Cells were then centrifuged at 5300 x g and b.) and c.) were repeated once. 

d) The resulting cell pellet was resuspended in 40 ml ice cold 10% glycerol/H2O and 

subsequently centrifuged at 5300 x g for 30 minutes. 

e) This cell pellet was resuspended in 4 ml ice cold 10% glycerol/H2O to an approximate 

cell density of 5 x 106 cells/ml and distributed in 100 µl aliquots into prefrozen (-80 °C) 

eppendorf tubes. 

The Electrocompetent cells were stored at -80 °C until further usage. 

 

3.5.8 Electrotransformation  

For each electrotransformation, a 100 µl aliquot of electrocompetent E. coli BL21 (DE3) Gold 

cells was thawed on ice. Cells were transformed with 2 µl of purified ligation products. 

Electrotransformation was conducted in 2 mm cuvettes in a BioRad GenePulser Xcell. 

Electroporation parameters were chosen as follows: 2.5 kV, 25 µF and 200 Ω, resulting in a 

pulse length of 5 ms.  

After electroporation, cells were regenerated in 1 ml SOC-Medium at 37 °C for 60 minutes at 

500 rpm. Transformation efficiency (>107 cfu/µg pASK-Pfu wt exo-) was controlled via plating 

serial dilutions of a transformation with 10 ng pASK-Pfu wt exo-. on LB-agar plates with 100 

ng/µl carbencillin. 
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3.5.9 Colony-PCR 

By means of colony-PCR, colonies transformed with ligation products were tested for the 

presence of vectors carrying inserts. For this purpose, single colonies were transferred to PCR-

tubes and resuspended in 50 µl H2O (Table 12). Subsequently, these suspensions were 

incubated at 95 °C for 5 min and 1 µL of the latter served as template in PCR. Following PCR-

setup was chosen: 

 
Table 12 Reaction conditions for colony-PCR 

REAGENT FINAL  VOLUME [µL]  
H2O  36.8  
Fermentas Taq buffer [10 x] 1x 5.0  
Denatured bacterial  
suspension (template) 

- 1.0  

pASK-Pfu FW [10 µM] 0.2 µM 1.0  
pASK-Pfu RV [10 µM] 0.2 µM 1.0  
dNTP mix [2.5 mM] 0.25 mM 5.0  
Taq DNA-Polymerase [5 U/µl] 1 U/rxn 0.2  
    
Programme    
    
Initial denaturation 95 °C 2 min  
Denaturation 95 °C 1 min 
Annealing 52.5 °C 1 min 
Elongation 72 °C 3 min 

 
15 PCR cycles 

Final elongation step 72 °C 5 min  

 

PCR-products were analysed on agarose-gels (0.8%).  

 

3.5.10 Preparation of 384-well glycerol stocks 

After electrotransformation of purified ligation products into E. coli BL21 (DE3) Gold colonies 

were picked and collected in 384-wells. 384-well cultures (150 µl) were grown overnight in LB-

medium at 30 ˚C and mixed with 1 volume 1 x LB/glycerol (50% v/v) medium. After thorough 

mixing, 384-wells were stored at -80 °C until further use.  

 

3.5.11 96-well coexpression and crude purification 

LB-expression cultures were inoculated with 0.5% 384-well glycerol stock (in LB-medium) and 

grown overnight at 30 ˚C in a multiwell shaker at 1500 rpm. After overnight growth, cultures 

were incubated at 37˚ C for 30 minutes and after that expression was induced with 

anhydrotetracycline (AHT) at a final concentration of 400 ng/ml. After 4 hours expression at 37 
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°C, cultures were centrifuged at 3000 x g for 30 minutes. Pellets were resuspended and lysed 

in 1x Pfu-reaction buffer with 1 mg/ml lysozyme for 10 minutes at 37 ˚C. Subsequently E. coli 

host proteins were denatured at 75 ˚C for 1 hour and lysates were then centrifuged at 3000 x g 

for 30 minutes. The resulting cleared lysates were directly applied for screening reactions. 

 

3.5.12 Screening 

Primary screen - PCR activity of mutant polymerases 
PCR activity screening reaction mixtures were conducted in an overall volume of 20 µl. Cleared 

lysated were dispensed in 384 PCR well plates using an automated liquid handling device 

(Hamilton Microlab Star). For positive controls cultures of E. coli BL21 (DE3) Gold cells 

harboring a pASK-Pfu wt exo- were employed (Figure 43 green squares). Negative controls 

were represented by analogously treated cultures of E. coli BL21 (DE3) Gold cells harboring a 

pASK-Pfu exo- D541A/D543A (Figure 43 red squares). These mutations abolish polymerase 

activity and ensure expression of an inactive DNA-polymerase. Fluorescence intensities were 

quantified using a fluorescence plate reader (Polarstar Optima, BMG Labtechnologies GmbH) 

with excitation at 485 nm and emission at 520 nm. Active polymerases were defined as 

polymerases displaying a fluorescence intensity of at least 60% compared to the wild-type 

enzyme. Before fluorescence was measured, 384-well plates were heated to 75 °C for 10-20 s.  

PCR reactions were conducted according to following protocol: 

 
Table 13 Reaction conditions for primary screen PCR 

REAGENT FINAL VOLUME [µL]  
H2O  13.2  
Pfu Reaktionspuffer 1x 2.0  
Templat FarA [10 nM] 0.04 nM 0.8  
Primer 1 FT20H [10 µM] 0.2 µM 1.0  
Primer 2 F20- [10 µM] 0.2 µM 1.0  
dNTP Mix [2.5 mM] 0.25 mM 1.6  
SYBRGreenI [20 x] 0.4 x 0.4  
Cleared lysate  
of mutant polymerases 

- 5  

    
Programme    
    
Initial denaturation 95 °C 3 min  
Denaturation 95 °C 30 sec 
Annealing 55 °C 35 sec 
Elongation 72 °C 40 sec 

 
30 PCR cycles 

Final elongation step 72 °C 3 min  
Heat rate: maximum / cool rate: 0.5 °C/s 
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Secondary screen - functional screening  
The resulting mutant polymerases were further evaluated in realtime PCR experiments 

employing matched and mismatched primer/template complexes. Following sequences were 

employed: 

Primer probe FT20T 5’-d(CGT TGG TCC TGA AGG AGG AT)-3’ 

Reverse primer F20-: 5´-d(CGC GCA GCA CGC GCC GCC GT)-3' 

Target template FarX: 5’-d(CCG TCA GCT GTG CCG TCG CGC AGC ACG CGC CGC CGT 

GGA CAG AGG ACT GCA GAA AAT CAA CCT XTC CTC CTT CAG GAC CAA CGT ACA 

GAG)-3'; X: A, FarA; G, FarG  

Polymerases displaying higher differences in CT-values (ΔCT-values) in comparison to the wild-

type were selected. For each 96-well, two positive and negative control were run in parallel 

(Figure 43). Real time PCR experiments were conducted as described in section 3.2.16.  

 

 
Figure 43 Plate setups for storage, activity PCR, expression and realtime PCR 
A – setup for all 96-well configurations. Each 96-well comprised both positive and negative controls. B – 
setup for all 384-well configurations. Each 96-well being transferred to 384-wells had its own set of 
controls, eliminating 96-well-specific bias and ensuring reliability of all controls tested. At all remaining 
positions on both 96- and 384-wells were occupied by mutant polymerases (pool).  
 

3.5.13 Inactive Pfu DNA polymerase  

In order to have reliable and representative negative controls during the primary (activity) 

screen, Pfu DNA polymerases carrying two amino acid replacements, D541A and D543A, 

which eliminate polymerase activity, were constructed. Mutations were introduced via the 

QuickChange method (3.2.1)  

Following primers were applied:  

Pfu-D541A/D543A QC1: 5’-d(GGA TTT AAA GTC CTC TAC ATT TTA ACT TTA GGT CTC 

TAT GCA ACT ATC)-3’   

Pfu-D541A/D543A QC2: 5’-d(GAT AGT TGC ATA GAG ACC TAA AGT TAA AAT GTA GAG 

GAC TTT AAA TCC)-3’.  
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All PCR plates were sealed with a plate sealer. If seals were not fully attached to the respective 

PCR plates they were ultimately attached by a commercially available electric iron.  

 

3.5.14 Expression and purification of Pfu DNA polymerases 

Expression 
Expression of all Pfu DNA polymerases (in pASK-IBA37plus) was conducted in E. coli BL21 

(DE3) RIL+. Expression cultures were inoculated with 2% of an overnight-culture grown at 30 

°C and expression was induced at OD600 = 0.5 with AHT at a final concentration of 200 ng/ml. 

After 4 hours of expression, cultures were centrifuged at 5300 x g for 30 minutes. All cultures 

were grown in LB-medium with 150 ng/ml.  

 

Purification 
Collected cell pellets were resuspended in Pfu-lysis buffer with 5 ml lysis buffer / 50 ml culture 

and lysed at 37 °C for 10 minutes. E. coli host proteins were denatured through heating to 75 

°C for 45 minutes and subsequent centrifugation at 25000 x g for 30 minutes at 4 °C. 

Centrifuged expression lysates were incubated with NTA-matrix preequilibrated in Pfu-lysis 

buffer without PMSF (Qiagen, 2-3 ml slurry/20 ml lysate) for 20 minutes at 4 °C in an overhead-

shaker. The resulting suspension was transferred to 0.45 µm spin filters and centrifuged for 2 

min at 1200 x g. The NTA matrix was then washed twice with Pfu-NTA wash buffer and protein 

was eluted twice with Pfu-NTA elution buffer.  

Resulting protein solutions were applied to a Sephacryl S-300 High Resolution (Amersham) 

column, preequilibrated with Pfu-gel filtration buffer, in order to exchange buffer, remove 

imidazole and residual protein impurities. Fractions containing Pfu DNA polymerase were 

pooled and 20 x concentrated by VIVASPIN 20 50000 MWCO PES. Purified DNA polymerases 

were stored in Pfu-storage buffer and were >80% pure as verified by SDS-PAGE. Protein 

concentrations were measured via the Bradford-assay with a BSA-standard curve. Adjustments 

of protein concentration were carried out by diluting with 1 x Pfu-storage buffer. 

 

3.5.15 Qualitative PCR  

Reactions were carried out with the respective Pfu DNA polymerases according to the protocol 

described in section 3.4.3. 
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3.5.16 Primer extension assays  

Primer/template substrates were annealed by mixing 5'-32P labelled primer and template in Pfu-

reaction buffer. The mixture was heated to 95 °C for 5 min and subsequently cooled down to 20 

˚C over 30 minutes. After annealing, reactions were initiated by addition of 10 µl enzyme and 

dNTP solution in 1 x Pfu-reaction buffer to 10 µl annealing mix. Reactions were incubated at 68 

˚C for 30 minutes, including 100 nM of each enzyme, 200 µM of each dNTP and 150 nM 

primer/template complex.  

Farber sequences:  

Primer FT20T 5’-d(CGT TGG TCC TGA AGG AGG AT)-3’  

Template F33A (X: A) 5’-d(CAT GCA ACC AGG ACT TCC TTC TXT CCA ACT AAA)-3’, F33G 

(X: G).  

BRAF sequences:  

Primer BFw22T 5´-d(GAC CCA CTC CAT CGA GAT TTC T)-3’ 

Template strand BFw35A (X: A) 5´-d(GGT CTA GCT ACA GXG AAA TCT CGA TGG AGT 

GGG TC)-3´ and BFw35T (X: T).  

Factor V Leiden sequences:  

FVL20T 5´d(-ACA AAA TAC CTG TAT TCC TT)-3´   

Template strand FVL35A (X: A) 5´-d(GAT CCC TGG ACA GGC XAG GAA TAC AGG TAT TTT 

GT)-3´ and FVL35G (X: G).  

After incubation, reactions were quenched by addition of two reaction-volumes gel loading 

buffer (80% formamide, 20 mM EDTA) and product mixtures were analysed by 12% 

denaturating PAGE. 

 

3.5.17 Time resolved primer extension reactions 

Reactions were carried out with the respective Pfu DNA polymerases according to the protocol 

described in section 3.4.8. 

 

3.5.18 Real-time PCR with purified mutants 

The resulting purified mutant polymerases were further evaluated in realtime PCR experiments 

employing matched and mismatched primer/template complexes. Reactions comprised 20 nM 

of the respective Pfu DNA polymerase in Pfu-reaction buffer. For details see 3.2.16 and 3.4.10. 
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3.5.19 Recognition of remote mismatches  

Reactions were carried out with the respective Pfu DNA polymerases according to the protocol 

described in section 3.4.7. 

 

3.5.20 DNA polymerase activity determination  

Reactions were carried out with the respective Pfu DNA polymerases according to the protocol 

described in section 3.4.5. 
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3.6 Methods for section 2.4 

3.6.1 Synthesis of modified Oligonucleotides  

The synthesis of oligonucleotides was carried out on an Applied Biosystems, Model 392 DNA 

synthesizer on 0.2 µmol scale applying commercially available 2-cyanoethylphosphoramidites. 

A standard method for 2-cyanoethylphosphoramidites was used, with the exception that the 

coupling times of and from the modified nucleotides were extended to 10 min. After synthesis 

(trityl-off) the oligonucleotides were cleaved from the support by treatment with conc. NH4OH at 

55° C for 12 h. After removal of NH4OH the residue was purified by preparative electrophoresis 

on a 12% polyacrylamide gel containing 8 M urea (see general methods xxx).  

The sequence employed for the cleavage studies was  

5’-d(TGC CTA AURG AGT GAG),  

UR is either the non-modified 2’-deoxyuridine, 4’-C-methyl- or 4’-C-ethyl 2’-deoxyuridine 

respectively.  

 

3.6.2 Action of E. coli Uracil-DNA Glycosylase on 4’-C-alkylated 2’-deoxyuridines 

For functional investigations of UDG the oligonucleotides were radioactively labeled using T4 

polynucleotide kinase and γ-32P-ATP and subsequently purified by gel filtration (see 3.2.7). 

Reactions containing either the single stranded oligonucleotide or the duplex with the 

complementary strand were performed in a reaction buffer composed out of 20 mM Tris-HCl 

(pH 8.0 at 25° C), 1 mM DTT and 1 mM EDTA in a total volume of 20 µl. Each reaction 

contained 25 nM of the respective oligonucleotide and 50 nM of the enzyme. After incubation at 

37 °C NaOH (30 µl, 0.1 M) was added and the mixture heated to 95 °C for 5 min. After addition 

of 50 µl of gel loading buffer (80% formamide, 20 mM EDTA) and subsequently heating to 95 

°C for 5 min the reactions were analysed by 12% polyacrylamide gel electrophoresis containing 

8 M urea, transferred to filter paper, dried under vacuum, and visualised by 32P-phosphor 

imaging.  
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5 Appendix 

5.1 Nomenclature of natural amino acids 
 

Amino acid One-letter code Thre-letter code 
Alanine A Ala 
Cysteine C Cys 
Aspartate D Asp 
Glutamate E Glu 
Phenylalanine F Phe 
Glycine G Gly 
Histidine H His 
Isoleucine I Ile 
Lysine K Lys 
Leucine L Leu 
Methionine M Met 
Asparagine N Asn 
Proline P Pro 
Glutamine Q Gln 
Arginine R Arg 
Serine S Ser 
Threonine T Thr 
Valine V Val 
Tryptophane W Trp 
Tyrosine Y Tyr 
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5.2 Abbreviations 
° degrees (angle) 
°C degrees Celsius 
µg Microgramme 
µl Microlitre 
µM Micromolar 
10x Tenfold concentrated 
32P Phosphor 32 isotope 
A Adenosine 
Å Ångström 
Amp Ampicillin 
ASA Allele specific amplification 
BER Base excision repair 
Bst  Bacillus stearothermophilus 
bp Base pairs 
BSA Bovine serum albumine 
c Concentration 
C Cytidine, carbon 
cDNA complementary DNA  
dATP 2´-desoxyadenosine-5´-triphosphate 
TLC Thin layer chromatography 
dCTP 2´-deoxycytidine 5´-triphosphate 
ddCTP 2’,3’-dideoxycytidine-5´-triphosphate 
ddNTP 2’,3’-didesoxynucleoside triphosphate 
dGTP 2’-desoxyguanosine-5'-triphosphate 
DNA Deoxyribonucleic acid 
dNTP Deoxynucleoside-5’-triphosphate 
DPYD Dihydropyrimidine dehydrogenase 
Dpo4 Y-family DNA polymerase from Sulfolobus solfataricus 
ds double stranded  
dsDNA Double stranded DNA 
DTT Dithiotreitol 
E. coli Escherichia coli 
EDTA Ethylendiaminetetraacetic acid 
Exo Exonuclease activity 
F Fluorescence 
g Gramme 
G Guaninosine 
h Hour; human 
HIV Human immunodeficiency virus 
HPLC High performance liquid chromatography 
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HTS High throughput screening 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
k Rate constant 
Kcat Maximal catalytic speed 
kD Kilodalton 
kexo Rate constant of the 3´-5´-exonuclease reaction 
KF exo- Klenow fragment of E. coli DNA-Polymerase I (3´-5´-exo-) 
kcat Rate constant of the catalysed reaction 
KM Michaelis-Menten-constant 
knext Rate constant of translocation 
koff Rate constant of dissociation 
Kpol Rate constant of dNTP-incorporation 
l Litre 
LB Luria-Bertani 
M molar 
Mg Magnesium 
mg Milligramme 
MgCl2 Magnesiumchloride 
min Minute 
ml Millilitre 
mM Millimolar 
n.a. Not accessible 
ng Nanogramme 
Ni-NTA Nickel-nitrilotriacetic acid 
nM Nanomolar 
nmol Nanomole 
nt Nucleotide 
NTP Nucleotide-5’-triphosphate 
O Oxygen 
OD Optical density 
ORF Open reading frame 
p.a. Per analysii (purity) 
PAGE Polyacrylamide-gelelectrophoresis 
PCR Polymerase Chain Reaction 
pdb Protein database 
pM picomolar 
pmol pikomole 
PMSF Phenylmethylsulfonylfluorid 
Pol  DNA polymerase 
PP Pyrophosphate  
Q-PCR quanitative PCR 
Rel. Relative 
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RNA Ribonucleic acid 
rpm rotations per minute  
RT Reverse transcription 
s Seconds 
SDS sodium dodecyl sulfate  
SNP single nucleotide polymorphism 
ss single stranded  
SSB (protein) Single strand binding (protein) 
ssDNA Single stranded DNA 
t Time 
T Thymidine 
T4 T4-Phage 
T7 T7-Phage 
Taq Thermus aquaticus 
Pfu Pyrococcus furiosus 
TEMED N, N, N’, N’-Tetramethylendiamin 
Tris Tris-(hydroxymethyl)-aminomethan 
TTP Thymidine-5'-triphosphate 
U Units, Uridine   
UDG Uracil DNA glycosylase 
UTP Uridinetriphosphate 
UV Ultraviolet 
V Volt 
Vmax Maximal catalytic speed x enzyme concentration 
V Volume 
WT Wild-type 
XP-V Xeroderma pigmentosum 
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5.3 Vector maps and sequences 

5.3.1 pTTQ18::Taq expression plasmid[130]  

 

 
 

 

5.3.2 Thermus aquaticus DNA polymerase I protein and nucleic acid sequences 

 
      M  R  G  M  L  P  L  F  E  P  K  G  R  V  L  L  V  D  G  H   

1     atgagggggatgctgcccctctttgagcccaagggccgggtcctcctggtggacggccac  60 

      H  L  A  Y  R  T  F  H  A  L  K  G  L  T  T  S  R  G  E  P   

61    cacctggcctaccgcaccttccacgccctgaagggcctcaccaccagccggggggagccg  120 

      V  Q  A  V  Y  G  F  A  K  S  L  L  K  A  L  K  E  D  G  D   

121   gtgcaggcggtctacggcttcgccaagagcctcctcaaggccctcaaggaggacggggac  180 

      A  V  I  V  V  F  D  A  K  A  P  S  F  R  H  E  A  Y  G  G   

181   gcggtgatcgtggtctttgacgccaaggccccctccttccgccacgaggcctacgggggg  240 

      Y  K  A  G  R  A  P  T  P  E  D  F  P  R  Q  L  A  L  I  K   

241   tacaaggcgggccgggcccccacgccggaggactttccccggcaactcgccctcatcaag  300 

      E  L  V  D  L  L  G  L  A  R  L  E  V  P  G  Y  E  A  D  D   

301   gagctggtggacctcctggggctggcgcgcctcgaggtcccgggctacgaggcggacgac  360 

      V  L  A  S  L  A  K  K  A  E  K  E  G  Y  E  V  R  I  L  T   

361   gtcctggccagcctggccaagaaggcggaaaaggagggctacgaggtccgcatcctcacc  420 

      A  D  K  D  L  Y  Q  L  L  S  D  R  I  H  V  L  H  P  E  G   

421   gccgacaaagacctttaccagctcctttccgaccgcatccacgtcctccaccccgagggg  480 

      Y  L  I  T  P  A  W  L  W  E  K  Y  G  L  R  P  D  Q  W  A   
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481   tacctcatcaccccggcctggctttgggaaaagtacggcctgaggcccgaccagtgggcc  540 

      D  Y  R  A  L  T  G  D  E  S  D  N  L  P  G  V  K  G  I  G   

541   gactaccgggccctgaccggggacgagtccgacaaccttcccggggtcaagggcatcggg  600 

      E  K  T  A  R  K  L  L  E  E  W  G  S  L  E  A  L  L  K  N   

601   gagaagacggcgaggaagcttctggaggagtgggggagcctggaagccctcctcaagaac  660 

      L  D  R  L  K  P  A  I  R  E  K  I  L  A  H  M  D  D  L  K   

661   ctggaccggctgaagcccgccatccgggagaagatcctggcccacatggacgatctgaag  720 

      L  S  W  D  L  A  K  V  R  T  D  L  P  L  E  V  D  F  A  K   

721   ctctcctgggacctggccaaggtgcgcaccgacctgcccctggaggtggacttcgccaaa  780 

      R  R  E  P  D  R  E  R  L  R  A  F  L  E  R  L  E  F  G  S   

781   aggcgggagcccgaccgggagaggcttagggcctttctggagaggcttgagtttggcagc  840 

      L  L  H  E  F  G  L  L  E  S  P  K  A  L  E  E  A  P  W  P   

841   ctcctccacgagttcggccttctggaaagccccaaggccctggaggaggccccctggccc  900 

      P  P  E  G  A  F  V  G  F  V  L  S  R  K  E  P  M  W  A  D   

901   ccgccggaaggggccttcgtgggctttgtgctttcccgcaaggagcccatgtgggccgat  960 

      L  L  A  L  A  A  A  R  G  G  R  V  H  R  A  P  E  P  Y  K   

961   cttctggccctggccgccgccagggggggccgggtccaccgggcccccgagccttataaa  1020 

      A  L  R  D  L  K  E  A  R  G  L  L  A  K  D  L  S  V  L  A   

1021  gccctcagggacctgaaggaggcgcgggggcttctcgccaaagacctgagcgttctggcc  1080 

      L  R  E  G  L  G  L  P  P  G  D  D  P  M  L  L  A  Y  L  L   

1081  ctgagggaaggccttggcctcccgcccggcgacgaccccatgctcctcgcctacctcctg  1140 

      D  P  S  N  T  T  P  E  G  V  A  R  R  Y  G  G  E  W  T  E   

1141  gacccttccaacaccacccccgagggggtggcccggcgctacggcggggagtggacggag  1200 

      E  A  G  E  R  A  A  L  S  E  R  L  F  A  N  L  W  G  R  L   

1201  gaggcgggggagcgggccgccctttccgagaggctcttcgccaacctgtgggggaggctt  1260 

      E  G  E  E  R  L  L  W  L  Y  R  E  V  E  R  P  L  S  A  V   

1261  gagggggaggagaggctcctttggctttaccgggaggtggagaggcccctttccgctgtc  1320 

      L  A  H  M  E  A  T  G  V  R  L  D  V  A  Y  L  R  A  L  S   

1321  ctggcccacatggaggccacgggggtgcgcctggacgtggcctatctcagggccttgtcc  1380 

      L  E  V  A  E  E  I  A  R  L  E  A  E  V  F  R  L  A  G  H   

1381  ctggaggtggccgaggagatcgcccgcctcgaggccgaggtcttccgcctggccggccac  1440 

      P  F  N  L  N  S  R  D  Q  L  E  R  V  L  F  D  E  L  G  L   

1441  cccttcaacctcaactcccgggaccagctggaaagggtcctctttgacgagctagggctt  1500 

      P  A  I  G  K  T  E  K  T  G  K  R  S  T  S  A  A  V  L  E   

1501  cccgccatcggcaagacggagaagaccggcaagcgctccaccagcgccgccgtcctggag  1560 

      A  L  R  E  A  H  P  I  V  E  K  I  L  Q  Y  R  E  L  T  K   

1561  gccctccgcgaggcccaccccatcgtggagaagatcctgcagtaccgggagctcaccaag  1620 

      L  K  S  T  Y  I  D  P  L  P  D  L  I  H  P  R  T  G  R  L   

1621  ctgaagagcacctacattgaccccttgccggacctcatccaccccaggacgggccgcctc  1680 

      H  T  R  F  N  Q  T  A  T  A  T  G  R  L  S  S  S  D  P  N   

1681  cacacccgcttcaaccagacggccacggccacgggcaggctaagtagctccgatcccaac  1740 

      L  Q  N  I  P  V  R  T  P  L  G  Q  R  I  R  R  A  F  I  A   

1741  ctccagaacatccccgtccgcaccccgcttgggcagaggatccgccgggccttcatcgcc  1800 

      E  E  G  W  L  L  V  A  L  D  Y  S  Q  I  E  L  R  V  L  A   

1801  gaggaggggtggctattggtggccctggactatagccagatagagctcagggtgctggcc  1860 
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      H  L  S  G  D  E  N  L  I  R  V  F  Q  E  G  R  D  I  H  T   

1861  cacctctccggcgacgagaacctgatccgggtcttccaggaggggcgggacatccacacg  1920 

      E  T  A  S  W  M  F  G  V  P  R  E  A  V  D  P  L  M  R  R   

1921  gagaccgccagctggatgttcggcgtcccccgggaggccgtggaccccctgatgcgccgg  1980 

      A  A  K  T  I  N  F  G  V  L  Y  G  M  S  A  H  R  L  S  Q   

1981  gcggccaagaccatcaacttcggggtcctctacggcatgtcggcccaccgcctctcccag  2040 

      E  L  A  I  P  Y  E  E  A  Q  A  F  I  E  R  Y  F  Q  S  F   

2041  gagctagccatcccttacgaggaggcccaggccttcattgagcgctactttcagagcttc  2100 

      P  K  V  R  A  W  I  E  K  T  L  E  E  G  R  R  R  G  Y  V   

2101  cccaaggtgcgggcctggattgagaagaccctggaggagggcaggaggcgggggtacgtg  2160 

      E  T  L  F  G  R  R  R  Y  V  P  D  L  E  A  R  V  K  S  V   

2161  gagaccctcttcggccgccgccgctacgtgccagacctagaggcccgggtgaagagcgtg  2220 

      R  E  A  A  E  R  M  A  F  N  M  P  V  Q  G  T  A  A  D  L   

2221  cgggaggcggccgagcgcatggccttcaacatgcccgtccagggcaccgccgccgacctc  2280 

      M  K  L  A  M  V  K  L  F  P  R  L  E  E  M  G  A  R  M  L   

2281  atgaagctggctatggtgaagctcttccccaggctggaggaaatgggggccaggatgctc  2340 

      L  Q  V  H  D  E  L  V  L  E  A  P  K  E  R  A  E  A  V  A   

2341  cttcaggtccacgacgagctggtcctcgaggccccaaaagagagggcggaggccgtggcc  2400 

      R  L  A  K  E  V  M  E  G  V  Y  P  L  A  V  P  L  E  V  E   

2401  cggctggccaaggaggtcatggagggggtgtatcccctggccgtgcccctggaggtggag  2460 

      V  G  I  G  E  D  W  L  S  A  K  E  * 

2461  gtggggataggggaggactggctctccgccaaggagtga  2499 

 

Highlighted green: QVH-motif. 
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5.3.3 pQKF exo- expression plasmid[31] 

 
 

5.3.4 E. coli DNA polymerase I Klenow fragment exo- protein and nucleic acid 

sequences 

 
      M  V  Q  I  P  Q  N  P  L  I  L  V  D  G  S  S  Y  L  Y  R   

1     atggttcagatcccccaaaatccacttatccttgtagatggttcatcttatctttatcgc  60 

      A  Y  H  A  F  P  P  L  T  N  S  A  G  E  P  T  G  A  M  Y   

61    gcatatcacgcgtttcccccgctgactaacagcgcaggcgagccgaccggtgcgatgtat  120 

      G  V  L  N  M  L  R  S  L  I  M  Q  Y  K  P  T  H  A  A  V   

121   ggtgtcctcaacatgctgcgcagtctgatcatgcaatataaaccgacgcatgcagcggtg  180 

      V  F  D  A  K  G  K  T  F  R  D  E  L  F  E  H  Y  K  S  H   

181   gtctttgacgccaagggaaaaacctttcgtgatgaactgtttgaacattacaaatcacat  240 

      R  P  P  M  P  D  D  L  R  A  Q  I  E  P  L  H  A  M  V  K   

241   cgcccgccaatgccggacgatctgcgtgcacaaatcgaacccttgcacgcgatggttaaa  300 

      A  M  G  L  P  L  L  A  V  S  G  V  E  A  D  D  V  I  G  T   

301   gcgatgggactgccgctgctggcggtttctggcgtagaagcggacgacgttatcggtact  360 

      L  A  R  E  A  E  K  A  G  R  P  V  L  I  S  T  G  D  K  D   

361   ctggcgcgcgaagccgaaaaagccgggcgtccggtgctgatcagcactggcgataaagat  420 

      M  A  Q  L  V  T  P  N  I  T  L  I  N  T  M  T  N  T  I  L   

421   atggcgcagctggtgacgccaaatattacgcttatcaataccatgacgaataccatcctc  480 

      G  P  E  E  V  V  N  K  Y  G  V  P  P  E  L  I  I  D  F  L   
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481   ggaccggaagaggtggtgaataagtacggcgtgccgccagaactgatcatcgatttcctg  540 

      A  L  M  G  D  S  S  D  N  I  P  G  V  P  G  V  G  E  K  T   

541   gcgctgatgggtgactcctctgataacattcctggcgtaccgggcgtcggtgaaaaaacc  600 

      A  Q  A  L  L  Q  G  L  G  G  L  D  T  L  Y  A  E  P  E  K   

601   gcgcaggcattgctgcaaggtcttggcggactggatacgctgtatgccgagccagaaaaa  660 

      I  A  G  L  S  F  R  G  A  K  T  M  A  A  K  L  E  Q  N  K   

661   attgctgggttgagcttccgtggcgcgaaaacaatggcagcgaagctcgagcaaaacaaa  720 

      E  V  A  Y  L  S  Y  Q  L  A  T  I  K  T  D  V  E  L  E  L   

721   gaagttgcttatctctcataccagctggcgacgattaaaaccgacgttgaactggagctg  780 

      T  C  E  Q  L  E  V  Q  Q  P  A  A  E  E  L  L  G  L  F  K   

781   acctgtgaacaactggaagtgcagcaaccggcagcggaagagttgttggggctgttcaaa  840 

      K  Y  E  F  K  R  W  T  A  D  V  E  A  G  K  W  L  Q  A  K   

841   aagtatgagttcaaacgctggactgctgatgtcgaagcgggcaaatggttacaggccaaa  900 

      G  A  K  P  A  A  K  P  Q  E  T  S  V  A  D  E  A  P  E  V   

901   ggggcaaaaccagccgcgaagccacaggaaaccagtgttgcagacgaagcaccagaagtg  960 

      T  A  T  V  I  S  Y  D  N  Y  V  T  I  L  D  E  E  T  L  K   

961   acggcaacggtgatttcttatgacaactacgtcaccatccttgatgaagaaacactgaaa  1020 

      A  W  I  A  K  L  E  K  A  P  V  F  A  F  D  T  E  T  D  S   

1021  gcgtggattgcgaagctggaaaaagcgccggtatttgcatttgataccgaaaccgacagc  1080 

      L  D  N  I  S  A  N  L  V  G  L  S  F  A  I  E  P  G  V  A   

1081  cttgataacatctctgctaacctggtcgggctttcttttgctatcgagccaggcgtagcg  1140 

      A  Y  I  P  V  A  H  D  Y  L  D  A  P  D  Q  I  S  R  E  R   

1141  gcatatattccggttgctcatgattatcttgatgcgcccgatcaaatctctcgcgagcgt  1200 

      A  L  E  L  L  K  P  L  L  E  D  E  K  A  L  K  V  G  Q  N   

1201  gcactcgagttgctaaaaccgctgctggaagatgaaaaggcgctgaaggtcgggcaaaac  1260 

      L  K  Y  D  R  G  I  L  A  N  Y  G  I  E  L  R  G  I  A  F   

1261  ctgaaatacgatcgcggtattctggcgaactacggcattgaactgcgtgggattgcgttt  1320 

      D  T  M  L  E  S  Y  I  L  N  S  V  A  G  R  H  D  M  D  S   

1321  gataccatgctggagtcctacattctcaatagcgttgccgggcgtcacgatatggacagc  1380 

      L  A  E  R  W  L  K  H  K  T  I  T  F  E  E  I  A  G  K  G   

1381  ctcgcggaacgttggttgaagcacaaaaccatcacttttgaagagattgctggtaaaggc  1440 

      K  N  Q  L  T  F  N  Q  I  A  L  E  E  A  G  R  Y  A  A  E   

1441  aaaaatcaactgacctttaaccagattgccctcgaagaagccggacgttacgccgccgaa  1500 

      D  A  D  V  T  L  Q  L  H  L  K  M  W  P  D  L  Q  K  H  K   

1501  gatgcagatgtcaccttgcagttgcatctgaaaatgtggccggatctgcaaaaacacaaa  1560 

      G  P  L  N  V  F  E  N  I  E  M  P  L  V  P  V  L  S  R  I   

1561  gggccgttgaacgtcttcgagaatatcgaaatgccgctggtgccggtgctttcacgcatt  1620 

      E  R  N  G  V  K  I  D  P  K  V  L  H  N  H  S  E  E  L  T   

1621  gaacgtaacggtgtgaagatcgatccgaaagtgctgcacaatcattctgaagagctcacc  1680 

      L  R  L  A  E  L  E  K  K  A  H  E  I  A  G  E  E  F  N  L   

1681  cttcgtctggctgagctggaaaagaaagcgcatgaaattgcaggtgaggaatttaacctt  1740 

      S  S  T  K  Q  L  Q  T  I  L  F  E  K  Q  G  I  K  P  L  K   

1741  tcttccaccaagcagttacaaaccattctctttgaaaaacagggcattaaaccgctgaag  1800 

      K  T  P  G  G  A  P  S  T  S  E  E  V  L  E  E  L  A  L  D   

1801  aaaacgccgggtggcgcgccgtcaacgtcggaagaggtactggaagaactggcgctggac  1860 



Appendix  121

      Y  P  L  P  K  V  I  L  E  Y  R  G  L  A  K  L  K  S  T  Y   

1861  tatccgttgccaaaagtgattctggagtatcgtggtctggcgaagctgaaatcgacctac  1920 

      T  D  K  L  P  L  M  I  N  P  K  T  G  R  V  H  T  S  Y  H   

1921  accgacaagctgccgctgatgatcaacccgaaaaccgggcgtgtgcatacctcttatcac  1980 

      Q  A  V  T  A  T  G  R  L  S  S  T  D  P  N  L  Q  N  I  P   

1981  caggcagtaactgcaacgggacgtttatcgtcaaccgatcctaacctgcaaaacattccg  2040 

      V  R  N  E  E  G  R  R  I  R  Q  A  F  I  A  P  E  D  Y  V   

2041  gtgcgtaacgaagaaggtcgtcgtatccgccaggcgtttattgcgccagaggattatgtg  2100 

      I  V  S  A  D  Y  S  Q  I  E  L  R  I  M  A  H  L  S  R  D   

2101  attgtctcagcggactactcgcagattgaactgcgcattatggcgcatctttcgcgtgac  2160 

      K  G  L  L  T  A  F  A  E  G  K  D  I  H  R  A  T  A  A  E   

2161  aaaggcttgctgaccgcattcgcggaaggaaaagatatccaccgggcaacggcggcagaa  2220 

      V  F  G  L  P  L  E  T  V  T  S  E  Q  R  R  S  A  K  A  I   

2221  gtgtttggtttgccactggaaaccgtcaccagcgagcaacgccgtagcgcgaaagcgatc  2280 

      N  F  G  L  I  Y  G  M  S  A  F  G  L  A  R  Q  L  N  I  P   

2281  aactttggtctgatttatggcatgagtgctttcggtctggcgcggcaattgaacattcca  2340 

      R  K  E  A  Q  K  Y  M  D  L  Y  F  E  R  Y  P  G  V  L  E   

2341  cgtaaagaagcgcagaagtacatggacctttacttcgaacgctaccctggcgtgctggag  2400 

      Y  M  E  R  T  R  A  Q  A  K  E  Q  G  Y  V  E  T  L  D  G   

2401  tatatggaacgcacccgtgctcaggcgaaagagcagggctacgttgaaacgctggacgga  2460 

      R  R  L  Y  L  P  D  I  K  S  S  N  G  A  R  R  A  A  A  E   

2461  cgccgtctgtatctgccggatatcaaatccagcaatggtgctcgtcgtgcagcggctgaa  2520 

      R  A  A  I  N  A  P  M  Q  G  T  A  A  D  I  I  K  R  A  M   

2521  cgtgcagccattaacgcgccaatgcagggaaccgccgccgacattatcaaacgggcgatg  2580 

      I  A  V  D  A  W  L  Q  A  E  Q  P  R  V  R  M  I  M  Q  V   

2581  attgccgttgatgcgtggttacaggctgagcaaccgcgtgtacgtatgatcatgcaggta  2640 

      H  D  E  L  V  F  E  V  H  K  D  D  V  D  A  V  A  K  Q  I   

2641  cacgatgaactggtatttgaagttcataaagatgatgttgatgccgtcgcgaagcagatt  2700 

      H  Q  L  M  E  N  C  T  R  L  D  V  P  L  L  V  E  V  G  S   

2701  catcaactgatggaaaactgtacccgtctggatgtgccgttgctggtggaagtggggagt  2760 

      G  E  N  W  D  Q  A  H  * 

2761  ggcgaaaactgggatcaggcgcactaa  2787 

 

Highlighted green: QVH-motif. 
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5.3.5 pETPfu expression plasmid[142] 

 

 
 

5.3.6 pASK-Pfu expression plasmid 

 
 



Appendix  123

5.3.7 Pyrococcus furiosus DNA polymerase protein and nucleic acid sequences 

      M  I  L  D  V  D  Y  I  T  E  E  G  K  P  V  I  R  L  F  K   

1     atgattttagatgtggattacataactgaagaaggaaaacctgttattaggctattcaaa  60 

      K  E  N  G  K  F  K  I  E  H  D  R  T  F  R  P  Y  I  Y  A   

61    aaagagaacggaaaatttaagatagagcatgatagaacttttagaccatacatttacgct  120 

      L  L  R  D  D  S  K  I  E  E  V  K  K  I  T  G  E  R  H  G   

121   cttctcagggatgattcaaagattgaagaagttaagaaaataacgggggaaaggcatgga  180 

      K  I  V  R  I  V  D  V  E  K  V  E  K  K  F  L  G  K  P  I   

181   aagattgtgagaattgttgatgtagagaaggttgagaaaaagtttctcggcaagcctatt  240 

      T  V  W  K  L  Y  L  E  H  P  Q  D  V  P  T  I  R  E  K  V   

241   accgtgtggaaactttatttggaacatccccaagatgttcccactattagagaaaaagtt  300 

      R  E  H  P  A  V  V  D  I  F  E  Y  D  I  P  F  A  K  R  Y   

301   agagaacatccagcagttgtggacatcttcgaatacgatattccatttgcaaagagatac  360 

      L  I  D  K  G  L  I  P  M  E  G  E  E  E  L  K  I  L  A  F   

361   ctcatcgacaaaggcctaataccaatggagggggaagaagagctaaagattcttgccttc  420 

      D  I  E  T  L  Y  H  E  G  E  E  F  G  K  G  P  I  I  M  I   

421   gatatagaaaccctctatcacgaaggagaagagtttggaaaaggcccaattataatgatt  480 

      S  Y  A  D  E  N  E  A  K  V  I  T  W  K  N  I  D  L  P  Y   

481   agttatgcagatgaaaatgaagcaaaggtgattacttggaaaaacatagatcttccatac  540 

      V  E  V  V  S  S  E  R  E  M  I  K  R  F  L  R  I  I  R  E   

541   gttgaggttgtatcaagcgagagagagatgataaagagatttctcaggattatcagggag  600 

      K  D  P  D  I  I  V  T  Y  N  G  D  S  F  D  F  P  Y  L  A   

601   aaggatcctgacattatagttacttataatggagactcattcgacttcccatatttagcg  660 

      K  R  A  E  K  L  G  I  K  L  T  I  G  R  D  G  S  E  P  K   

661   aaaagggcagaaaaacttgggattaaattaaccattggaagagatggaagcgagcccaag  720 

      M  Q  R  I  G  D  M  T  A  V  E  V  K  G  R  I  H  F  D  L   

721   atgcagagaataggcgatatgacggctgtagaagtcaagggaagaatacatttcgacttg  780 

      Y  H  V  I  T  R  T  I  N  L  P  T  Y  T  L  E  A  V  Y  E   

781   tatcatgtaataacaaggacaataaatctcccaacatacacactagaggctgtatatgaa  840 

      A  I  F  G  K  P  K  E  K  V  Y  A  D  E  I  A  K  A  W  E   

841   gcaatttttggaaagccaaaggagaaggtatacgccgacgagatagcaaaagcctgggaa  900 

      S  G  E  N  L  E  R  V  A  K  Y  S  M  E  D  A  K  A  T  Y   

901   agtggagagaaccttgagagagttgccaaatactcgatggaagatgcaaaggcaacttat  960 

      E  L  G  K  E  F  L  P  M  E  I  Q  L  S  R  L  V  G  Q  P   

961   gaactcgggaaagaattccttccaatggaaattcagctttcaagattagttggacaacct  1020 

      L  W  D  V  S  R  S  S  T  G  N  L  V  E  W  F  L  L  R  K   

1021  ttatgggatgtttcaaggtcaagcacagggaaccttgtagagtggttcttacttaggaaa  1080 

      A  Y  E  R  N  E  V  A  P  N  K  P  S  E  E  E  Y  Q  R  R   

1081  gcctacgaaagaaacgaagtagctccaaacaagccaagtgaagaggagtatcaaagaagg  1140 

      L  R  E  S  Y  T  G  G  F  V  K  E  P  E  K  G  L  W  E  N   

1141  ctcagggagagctacacaggtggattcgttaaagagccagaaaaggggttgtgggaaaac  1200 

      I  V  Y  L  D  F  R  A  L  Y  P  S  I  I  I  T  H  N  V  S   

1201  atagtatacctagattttagagccctatatccctcgattataattacccacaatgtttct  1260 

      P  D  T  L  N  L  E  G  C  K  N  Y  D  I  A  P  Q  V  G  H   
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1261  cccgatactctaaatcttgagggatgcaagaactatgatatcgctcctcaagtaggccac  1320 

      K  F  C  K  D  I  P  G  F  I  P  S  L  L  G  H  L  L  E  E   

1321  aagttctgcaaggacatccctggttttataccaagtctcttgggacatttgttagaggaa  1380 

      R  Q  K  I  K  T  K  M  K  E  T  Q  D  P  I  E  K  I  L  L   

1381  agacaaaagattaagacaaaaatgaaggaaactcaagatcctatagaaaaaatactcctt  1440 

      D  Y  R  Q  K  A  I  K  L  L  A  N  S  F  Y  G  Y  Y  G  Y   

1441  gactatagacaaaaagcgataaaactcttagcaaattctttctacggatattatggctat  1500 

      A  K  A  R  W  Y  C  K  E  C  A  E  S  V  T  A  W  G  R  K   

1501  gcaaaagcaagatggtactgtaaggagtgtgctgagagcgttactgcctggggaagaaag  1560 

      Y  I  E  L  V  W  K  E  L  E  E  K  F  G  F  K  V  L  Y  I   

1561  tacatcgagttagtatggaaggagctcgaagaaaagtttggatttaaagtcctctacatt  1620 

      D  T  D  G  L  Y  A  T  I  P  G  G  E  S  E  E  I  K  K  K   

1621  gacactgatggtctctatgcaactatcccaggaggagaaagtgaggaaataaagaaaaag  1680 

      A  L  E  F  V  K  Y  I  N  S  K  L  P  G  L  L  E  L  E  Y   

1681  gctctagaatttgtaaaatacataaattcaaagctccctggactgctagagcttgaatat  1740 

      E  G  F  Y  K  R  G  F  F  V  T  K  K  R  Y  A  V  I  D  E   

1741  gaagggttttataagaggggattcttcgttacgaagaagaggtatgcagtaatagatgaa  1800 

      E  G  K  V  I  T  R  G  L  E  I  V  R  R  D  W  S  E  I  A   

1801  gaaggaaaagtcattactcgtggtttagagatagttaggagagattggagtgaaattgca  1860 

      K  E  T  Q  A  R  V  L  E  T  I  L  K  H  G  D  V  E  E  A   

1861  aaagaaactcaagctagagttttggagacaatactaaaacacggagatgttgaagaagct  1920 

      V  R  I  V  K  E  V  I  Q  K  L  A  N  Y  E  I  P  P  E  K   

1921  gtgagaatagtaaaagaagtaatacaaaagcttgccaattatgaaattccaccagagaag  1980 

      L  A  I  Y  E  Q  I  T  R  P  L  H  E  Y  K  A  I  G  P  H   

1981  ctcgcaatatatgagcagataacaagaccattacatgagtataaggcgataggtcctcac  2040 

      V  A  V  A  K  K  L  A  A  K  G  V  K  I  K  P  G  M  V  I   

2041  gtagctgttgcaaagaaactagctgctaaaggagttaaaataaagccaggaatggtaatt  2100 

      G  Y  I  V  L  R  G  D  G  P  I  S  N  R  A  I  L  A  E  E   

2101  ggatacatagtacttagaggcgatggtccaattagcaatagggcaattctagctgaggaa  2160 

      Y  D  P  K  K  H  K  Y  D  A  E  Y  Y  I  E  N  Q  V  L  P   

2161  tacgatcccaaaaagcacaagtatgacgcagaatattacattgagaaccaggttcttcca  2220 

      A  V  L  R  I  L  E  G  F  G  Y  R  K  E  D  L  R  Y  Q  K   

2221  gcggtacttaggatattggagggatttggatacagaaaggaagacctcagataccaaaag  2280 

      T  R  Q  V  G  L  T  S  W  L  N  I  K  K  S  *   

2281  acaagacaagtcggcctaacttcctggcttaacattaaaaaatcctag 

 

Highlighted red: residues that abolish 3’-5’-exonclease activity. 

Highlighted pink: residues that abolish polymerase activity. 

Highlighted pink and blue/yellow: residues of mutants in section 2.2. 

Highlighted green: residues of mutants in section 2.3. 



 125

5.4 Danksagung 
Ich möchte mich bedanken bei… 

 

Herrn Prof. Dr. Andreas Marx für das in mich gesetzte Vertrauen und natürlich für das Thema 

und die Betreuung der Arbeit. Insbesondere zu erwähnen sind die vielen Diskussionen über die 

und neben der Arbeit, innerhalb und auch ausserhalb des universitären Kontextes. Des 

Weiteren möchte ich auch für die hervorragenden Arbeitsbedingungen bedanken.  

 

Herrn Prof. Dr. Martin Scheffner für die Übernahme des Korreferats. 

 

Herrn Prof. Dr. Valentin Wittmann für die Übernahme des Prüfungsvorsitzes. 

 

Den Herren Dr. Daniel Summerer und Dr. Michael Strerath für eine unvergleichliche 

Arbeitsatmosphäre, und die Diskussionen über Wissenschaft und „Gott und die Welt“.  

 

Allen Mitgliedern der Arbeitsgruppen Marx und Famulok für die stete Hilfsbereitschaft während 

der Anfangszeit meiner Arbeit in Bonn und natürlich auch später in Konstanz.  

 

Herrn Dr. Christoph „Böse“ Röhrig für die kritische durchsicht der Arbeit.  

 

Meinen Eltern, die mich immer voll und ganz unterstützt haben und mir in so manch 

„frustrationsreicher“ Situation zur Seite standen.  

 

Natürlich auch meinen Freunden…..wobei hierbei besonders das „Jimi-Heinrich-Orchestra“ für 

Stunden der „abstrusen Kreativität“ zu erwähnen ist; den Mathegenies, Vermessungsprofis und 

Psychologen, mit denen man sich so oft in „konstruktivem Nichtstun“ üben konnte und natürlich 

der Volleyballfraktion aus Konstanz, mit denen Sand zu meiner zweiten Heimat wurde.  

 

Konstanz für Nina, und Nina dafür, dass es sie gibt…… 



 126

5.5 Lebenslauf 

 
Persönliche Daten  

  

Name Nicolas Zackes RUDINGER 

Geboren 25.08.1975 

Ort Bonn 

Familienstand ledig 

  

Ausbildung  

  
 

Seit 05/2006 Laborleiter (Scientist R&D) bei der Firma QIAGEN, Hilden 
Arbeitsgruppe Amplification & Modification 

04/2006 Ende der experimentellen Arbeiten im Labor 

Seit 08/2003 Doktorand in der Arbeitsgruppe von Professor Dr. Andreas 
Marx mit dem Thema: „Erhöhung der Selektivität von DNA-
Polymerasen – biologische und chemische Ansätze unter 
Verwendung von HTS–Methoden“ 
 

 04/2004 bis 05/2006 Lehrstuhl für Organische Chemie und Zelluläre Chemie der 
Universität Konstanz 
 

 08/2003 bis 03/2004 Kekulé-Institut für Organische Chemie und Biochemie der 
Rheinischen Friedrich-Wilhelms-Universität Bonn 
 

07/2003 Biologie-Diplom an der Rheinischen Friedrich-Wilhelms-
Universität Bonn in den Fächern Mikrobiologie, Biochemie und 
Genetik 
 
 
 
 
 
 



 127

07/2002 - 06/2003 Diplomarbeit  
(Klonierung, Expression und Charakterisierung von TeaA und 
Entwicklung einer affinitätschromatographischen Methode zur 
Reinigung von TeaA) am Institut für Mikrobiologie und 
Biotechnologie an der Rheinischen Friedrich-Wilhelms 
Universität Bonn unter Leitung von Prof. Dr. E. A. Galinski und 
PD Dr. H. J. Kunte 
 

04/2001 - 05/2002 Biologie-Hauptstudium an der an der Rheinischen Friedrich-
Wilhelms Universität Bonn – Mikrobiologie, Biochemie und 
Genetik 
 

10/1999 - 03/2001 Biologie-Hauptstudium an der an der Christian-Albrechts 
Universität zu Kiel – Meereskunde, Mikrobiologie, Biochemie 
und Zoologie 
 

04/2000 Forschungsreise auf dem Forschungsschiff ALKOR (IFM-
Geomar Kiel) in Zuge der Projektarbeit “Diversität von 
Sulfatreduzierenden Bakterien in tiefen Ostseesedimenten” 
 

04/2000 und 11/2000 Studentische Hilfskraft am Institut für Meereskunde IFM 
(Marine Mikrobiologie) der Christian-Albrechts Universität zu 
Kiel 
 

11/1998 - 09/1999 Auslandsstudium and der James-Cook University of North 

Queensland, Australia - Marine Mikrobiologie, Marine 
Planktologie, Marine Ökologie 
 

10/1996 - 07/1998 Biologie-Grundstudium an der Christian-Albrechts Universität 
zu Kiel. 
 

 



 128

5.6 Eidesstattliche Erklärung 
Ich erkläre hiermit, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter und ohne 

Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe. Die aus anderen Quellen 

direkt oder indirekt übernommenen Daten und Konzepte sind unter Angabe der Quelle 

gekennzeichnet. Weitere Personen, insbesondere Promotionsberater, waren an der inhaltlich 

materiellen Erstellung dieser Arbeit nicht beteiligt. Die Arbeit wurde bisher weder im In- noch im 

Ausland in gleicher oder ähnlicher Form einer anderen Prüfungsbehörde vorgelegt. 

 

 

 

(Nicolas Zackes RUDINGER) 

 


	Text1: Konstanzer Online-Publikations-System (KOPS)URL: http://www.ub.uni-konstanz.de/kops/volltexte/2007/2861/URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-28611


