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1. Introduction 
 

1.1. Deinococcus Radiodurans 
 

In 1956, Anderson et al. [1] isolated a novel vegetative bacterium from canned ground 

meat that had been γ-irradiated at 4.000 Gray (Gy), a dose approximately 250 times 

higher than typically used to kill Escherichia coli (E. coli). The authors named this 

species Micrococcus radiodurans because of its superficial morphological similarity to 

members of the Micrococcus genus. However, research on M. radiodurans over the 

next 30 years resulted in reclassification of this species and its closest relatives into a 

distinct phylum within the domain Bacteria [2-7]. The genus name - Deinococcus - was 

based on the Greek adjective ‘deinos’, which means strange or unusual; a suitable 

description for an organism with the ability to survive genetic damage setting it apart 

from much of the life on earth. 

 

 

1.1.1. The Deinococcae  Family 
 

Four species make up the genus Deinococcus: D. radiodurans, D. proteolyticus, D. 

radiopugnans, and D. radiophilus. D. radiodurans is the type species for the genus [5, 

8, 9]. 

The Deinococcus family is closely related to the Deinobacter and Thermus families.  
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Figure 1: (A, B) D. radiodurans colonies form tetrads in culture. (C) Optical sections of a tetrad of 

D.radiodurans R1. The series is in order from left to right of images within a row and from top to bottom 

of rows within the figure. Images are taken at 100 nm intervals. The DNA (blue) is stained with DAPI 

and the lipid membrane (red) is stained with FM-4-64 [figure taken from 10]. 

 
 

D. radiodurans is a pigmented, nonsporeforming, nonmotile, spherical bacterium that 

ranges from 1.5 to 3.5 µm diameter [8, 9]. Colonies are convex and smooth, and vary 

from pink to red. They are chemoorganotroph and use a respiratory metabolism under 

aerob conditions. With optimal growth conditions the generation time of a wildtype 

colony of D. radiodurans takes 80 minutes. 

D. radiodurans is Gram-positive but has a complex cell envelope similar to that of 

Gram-negative organisms. The cell D. radiodurans is unusual in terms of its structure 

and composition [11]. It is covered with a plasma membrane and outer membranes 

which are separated by 14-20 nm thick peptidoglycane layers and a still not further 

characterised “compartmentilised layer”. At least 6 layers were found by 

electronmicroscopy studies [12-14]. A few strains also exhibit a dense carbohydrate 

coat [12, 15, 20]. 

The D. radiodurans colonies are multigenomic [21, 22]. At the stationary phase they 

contain 4 genome equivalents. During active growth 4-10 copies are found per cell. The 

genome is organised as one circular chromosome of a size of about 3x106 base pairs 

[24] and arranged in tightly packed, structured rings [23]. The Deinococcae genomes 

have a very high GC-content 65-71 mol%.  

The D. radiodurans genome is totally sequenced, published [24] and analysed [25]. Of 

the 3187 open reading frames identified in the D. radiodurans, genome, only 1493 
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could be assigned a function based on similarity to other gene products found in the 

protein databases [26]. Of the 1694 proteins of unknown function, 1002 are, at present, 

unique to D. radiodurans, showing no database match. The secret to understanding the 

radioresistance of D. radiodurans will presumably be found among these proteins of 

unknown function [27]. 

 

 

1.1.2. Dessication and Manganese Accumulation 
 

Deinococcae colonies were isolated from numerous habitats worldwide. Ecological 

studies showed that they are mainly soil organisms [5, 8]. This was supported by 

isolations from habitats like nutrient-rich soils [5, 8, 9], feces [2], processed meat [28, 

29] and sewage [2]. But a lot of cultures were also isolated from hostile environments 

like dryed food [30, 31], dust [32], clean medical instruments [32] and textiles [33]. 

This indicates that these organisms have a high capacity to survive dry und nutrient-

poor environmental conditions. That qualifies them to exploit small niches in nature to 

survive because they are well adapted to periods of environmental stress. D. 

radiodurans is exceptionally resistant to desiccation: it can survive for six years in a 

desiccator with 10% viability [8]. Mattimore & Battista [34] have provided evidence of 

a connection between the ionising radiation resistance of D. radiodurans and its 

desiccation resistance. They evaluated the ability of 41 ionising radiation-sensitive 

(IRS) strains of D. radiodurans to survive six weeks in a desiccator and demonstrated 

that every IRS strain was sensitive to desiccation. In addition, they established that 

during dehydration D. radiodurans accumulates DNA damage - including DNA double-

strand breaks. It appears that D. radiodurans is an organism that has adapted to 

dehydration and that its DNA repair capability is one manifestation of this evolutionary 

adaptation [34]. 

 

It has been reported that D. radiodurans can accumulate large amounts of manganese 

[35], and Mn2+ was found to be required for the activity of a DNA repair enzyme [36] 

and is thought to be involved in its high radioresistance [37]. Daly et al. examined the 

effects of the high concentrations of Mn2+ that can accumulate in D. radiodurans on the 
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capacity of these cells to survive irradiation. When D. radiodurans cultures are starved 

of Mn2+, their resistance to ionising radiation decreases [38]. The numbers of DNA 

double-strand breaks formed at a specific dose of ionising radiation are the same in the 

presence or absence of Mn2+. This means Mn2+ does not prevent DNA damage [38], but 

cellular damage that results from exposure to high radiation doses, is better tolerated if 

Mn2+ is present. Most DNA damage that occurs after exposure to ionising radiation 

results from the generation of reactive oxygen species (ROS) and the hydrolytic 

cleavage of water. ROS produced by radiation or metabolism can kill cells [37, 39-41]. 

Hydroxyl radicals (HO˙), a primary product of the radiolysis of water, are extremely 

toxic [39], and in the presence of O2 can generate other ROS, including superoxide ions 

(O2
.–) and hydrogen peroxide (H2O2). Probably the most important source of ROS in 

aerobic cells is the respiratory chain, which can produce a high level of these reagents as 

byproducts [40]. H2O2 is relatively stable and diffusible, but in the presence of free Fe2+ 

the Fenton and Haber-Weiss reactions decompose H2O2 to HO˙ [40]. Mn2+ is not known 

to participate in Fenton-type chemistry in vivo [42]. The mechanism by which Mn2+ 

scavenges O2
.– is not understood but requires higher intracellular levels than needed for 

Mn-SOD–mediated protection [42]. For example, Lactobacillus plantarum lacks the 

protective enzyme superoxide dismutase, and instead substitutes with intracellular Mn2+ 

concentrations of 20–25 mM [43, 44]. Daly et al. [38, 45] have proposed that Mn2+ can 

prevent protein damage by superoxide and related ROS. Alternatively, the increased 

Mn2+ concentration could contribute to the condensation of the D. radiodurans genome 

[23, 46]. DNA can be condensed in vitro by adding multivalent cations to an aqueous 

solution of DNA - the cations neutralise the repulsion of phosphate groups in the DNA 

backbone [47]. This way, the proposals of Daly [38, 45] and Minsky [23, 46] could be 

related and have similar positive consequences in the context of genome reconstitution. 
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1.1.3. Radiation Resistance 
  

Cultures of D. radiodurans show an unusual high resistance to DNA damaging agents. 

Research was focused on tolerance to γ-radiation, UV light and crosslinking agents. It 

was also reported that D. radiodurans is resistant to high doses of nitrous acid, 

hydroxylamine, N-methyl-N-nitro-N-nitrosoguanidine (MNNG), and 4-nitroquinoline-

N-oxide [26, 48], but this was not further studied. D. radiodurans is the most resistant 

organism ever identified.  

It can survive doses of γ-radiation up to 15.000 Gy [8, 49]. A typical survival curve, as 

measured by Battista et al. [50] is shown in figure 2A. It displays a shoulder at 5.000 Gy 

for D. radiodurans which means no loss of viability up to those radiation doses. With 

higher doses the survival declines. The D37 value of an exponantially growing D. 

radiodurans culture is about 6.000 Gy [50] and for E. coli 30 Gy [26]. For comparison 

the survival curve of an E. coli culture is also blotted in figure 2. 

Radiation doses of 6.000 Gy result in approx. 200 double-strand breaks [51], more than 

300 single-strand breaks [52] and more than 1.000 sites of base damages per genome 

[53]. In literature it was reported that D. radiodurans can survive doses up to 50.000 Gy 

[54] but experiments could detect viability of exponantial growing cultures only up to 

18.000 Gy. 
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Figure 2: (A) Representative survival curve for D. radiodurans R1 (squares) and for E. coli (diamonds) 

following exposure to radiation as published by Battista et al. [figure taken from 50]. (B) Kinetics of 

restoration of genomic DNA. Bacteria were exposed to γ-irradiation at a dose of 6.800 Gy, diluted in 

TGY2X to an A650 = 0.2 and incubated at 30 °C. At different times after irradiation, aliquots were taken. 

DNA agarose plugs were prepared at the indicated post-irradiation times and digested with NotI before 

analyses as published by Hübscher et al. [figure taken from 55a]. (C) Representative survival curve for D. 

radiodurans R1 (squares) and for E. coli (diamonds) following exposure to UV radiation as published by 

Battista et al. [figure taken from 50].  

 

 

Kinetics of repair of double-strand breaks in cells exposed to 6800 Gy γ-radiation as 

published by Hübscher et al. are represented in figure 2B [55]. It has been previously 

shown that DNA damage causes a growth lag [56]. Recovery from DNA damage was 

monitored by the appearance of the complete pattern of the 11 resolvable fragments 

generated by NotI digestion of total genomic DNA [55]. An intact genome complement 

was reconstituted within 2.5 h post-radiation incubation in wild-type R1 cells. 

Studies showed that D. radiodurans can resist UV light exposure up to 1.000 J/m2 [50]. 

The typical survival curves are shown in figure 2C. The E. coli survival declines already 

at low doses and D. radiodurans is not affected up to 500 J/m2. The D37 value for E. coli 

is 30 J/m2 [26] and for D. radiodurans 550-600 J/m2 [50]. These tolerated doses cause 

an enormous amount of DNA damages like 5000 thymidine-thymidine dimers, that 

means one lesion every 600 base pairs [51, 57]. 

The Mitomycin C resistance is higher than in most other known vegetative bacteria. D. 

radiodurans is able to survive incubation with 20 µg/ml Mitomycin C for 10 minutes at 
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30 °C without any loss of viability. After 40 minutes incubation still 1% of the 

population is viable [58]. 

Screens for radiation [59], UV light [60] and Mitomycin C [61] sensitive strains 

following chemical mutagenesis were performed. Mutation of primarily the pol and rec 

loci resulted in strains sensitive to all damaging agents. The pol locus was identified to 

be homolog to E. coli DNA polymerase I [62] and the rec locus to the RecA protein of 

E. coli [63]. Both play similar roles in DNA repair as their homologs in E. coli. Another 

interesting target, contributing to damage resistance, is the gene product of the uvrA 

locus. In E. coli the homolog protein is induced during SOS response and is involved in 

error-free repair pathways [64]. For D. radiodurans it plays a role in damage tolerance. 

Udupa et al. screened 45.000 MNNG-treated colonies of the uvrA defective D. 

radiodurans strain 302 for their sensitivity to radiation. They found 49 putative 

irradiation sensitive strains (IRS), all compulsory double mutants. Further 

characterisation of the IRS mutant 18 showed a mutation in the irrB  locus. Resistance to 

radiation could be restored by sublementation of the defective uvrA gene. This shows 

that the mutant is only radiation sensitive with the uvrA defective background, which 

demonstrates that the uvrA gene product contributes to the radiation resistance of D. 

radiodurans [59]. 

 

 

1.2. DNA Polymerases 
 

1.2.1. DNA Polymerase Structure 
 
 
Polymerases are template-directed enzymes that catalyse a phosphoryl transfer. They 

have the ability to synthesise long polymers of nucleoside monophosphates, whose 

linear sequence depends on the complementary template DNA strand [65]. 

Their overall structure has been optimised through evolution to suit the specific tasks 

each polymerase performs within the cell. The most conserved domains are usually 

responsible for essential basic catalytic functions, whereas more divergent parts have 

evolved independently to full fill specific roles [66]. 
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On the basis of the polα sequence, six highly conserved regions termed I to VI have 

been identified among eukaryotic, prokaryotic and viral polymerases. Their replicative 

position along the primary sequence is also conserved: N-terminus - IV - II - VI - III - I 

- V - C-terminus. 

The conservation of parts of the sequence between families of DNA polymerases [67] is 

also extendable to reverse transcriptases, RNA replicases and DNA dependent RNA 

polymerases [68]. This implies a basic mechanism of phosphoryl transfer that is 

required for polynucleotide synthesis. Variable features were evolved depending on the 

utilisation of dNTPs or NTPs. 
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Figure 3: Alignment of the major conserved sequence regions of the polymerase families [figure taken 

from 69]. The listed motifs are based on published compilations: pol I and polα families [67], polβ family 

and DNA-dependent RNA polymerases [70], RNA-dependent polymerases [71]. Positions that are almost 

invariably occupied by a hydrophobic amino acid are indicated by "h." Hyphens denote nonconserved 

positions. Following published conventions, conserved sequence blocks in the pol I family are numbered 

1 through 5 [68], with the addition of motif 2a [72], the polα sequences [73] and the RNA-dependent 

polymerase sequences [71] are labeled according to Wong et al. and Poch et al. The black lines indicate a 

proposed alignment [68] that gives two motifs, A and C (labeled at the top of the figure), common to the 

entire polymerase family, containing two invariant aspartates and another highly conserved acidic residue 

(in motif C). Motif B: containing an invariant lysine, common to DNA-dependent polymerases [68, 70]. 

An alternative alignment between the pol I and polα families is indicated by grey lines [74] seems to give 

less conservation of the carboxylates and more variable spacing in regions corresponding to α-helices in 

the Klenow fragment structure [69]. 

 

 

Region I is located in the palm close to the thumb domain. It contains a conserved 

aspartate residue and forms the catalytic zone of the B-family polymerases (-YGDTDS- 

motif). Another invariant aspartate is located in region II. It is positioned in the tip of a 

β-sheet, which is part of the palm subdomain (-DxxSLYPS- II region). A part of this 

region is the highly conserved -SLYPS- region. These residues are important for dNTP 

binding. Other residues with the same function are located in region III and are folded 

into α-helices in the finger subdomain. Region IV is the N-terminal part of the 
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polymerase sequence and part of the 3´-5´-exonuclease domain. Regions V and VI are 

positioned in the thumb and fingers, respectively. Distinct functions of the catalytic 

reaction have been found for each subdomain [75]. 

The palm builds up the catalytic centre, is involved in the binding of the 3´primer end 

and in dNTP binding. It is the most conserved part among all polymerases. The fingers 

bind and orientate the template strand and are also involved in dNTP binding. Published 

structures of polymerases [75-78] and sequence alignments [68] suggest two structures 

for the finger domain: mixed α-helices/β-sheets as common in reverse transcriptases, 

RNA dependent polymerases and α-helices as typical for DNA dependent polymerases. 

The thumb is flexibly attached and contacts the minor groove of the product duplex [76, 

79]. Its flexibility is important for the access of the primer-template-complex and for the 

translocation of the product after synthesis. The subdomain is involved in interactions 

with the phosphate backbone of the DNA and amino acid side chains (Arg 631, Lys 

635, Asn 675, Asn 678) especially in members of the polymerase I family [67]. The 

primer approaches from the 3´-exonuclease direction and the large cleft of the 

polymerase domain binds the single-stranded template beyond the catalytic core. 

 

 

 

 

Figure 4: Direction of DNA synthesis and relative location of polymerase (“P”) and nuclease active sites 

in Klenow fragment [figure taken from 69] (A) and HIV-1 reverse transcriptase (B). For Klenow 

fragment, “E” indicates the 3´-5´exonuclease active site; in reverse transcriptase, the two metal ions mark 

the location of the RNase H active site [69, 80]. 
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The positioning of the dNTP is realised via van der Waals and hydrophobic interactions 

with residues at the bottom of the polymerase gap (Tyr 766 and His 881) [118, 119]. 

The β- and γ-phosphates of the incoming dNTP interact with the side chains of Arg 754, 

Lys 788 in the finger domain and Arg 682 on the thumb. The crystal structure of the 

ternary complex of T7 polymerase illuminates the role of the residues known to be 

essential for the nucleotidyl transfer [81].  

A common feature of polymerases is the movement of the finger subdomain. It rotates 

towards the palm to form a binding pocket for the incoming dNTP [82-86]. Thereby it 

switches from the “open” to the “closed” conformation. In the ternary complex of RB69 

polymerase with a primer-template-duplex and a dTTP it has been shown that the 

fingers rotate 60 ° towards the palm, what results in a movement of the finger tips of 30 

Å. The thumb rotates towards the palm by 8 °. These movements allow interactions of 

conserved residues in the finger with the dNTP binding site and the 3´- exonuclease and 

the wrapping of the thumb around the minor groove of the DNA complex [87]. Crystal 

structures of family B members show that this domain is folded around a central β-sheet 

that contains the active site and, together with the polymerase domain, creates a ring-

shaped structure with a central hole. The catalytic mechanism leading to the removal of 

the last incorporated nucleotide by the proofreading activity is again a phosphoryl 

transfer catalyzed by two metal ions. The 3´- 5´exonuclease activity allows the 

polymerase to remove misincorporated nucleotides, ensuring the high fidelity of DNA 

synthesis required for faithful genome replication [88]. 
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Figure 5: Surface of the closed ternary (A) and open binary (B) complexes of KTQ [figure taken from 

89]. Residues in the DNA are colour-coded according to atom type with phosphorus atoms in yellow, 

oxygen atoms in red and nitrogen atoms in blue [90]. The template and primer strand backbones are 

shown in blue and red, respectively. Helices O1 and Q, and loop H1H2 are indicated. The double cyan 

arrow in B indicates the only possible direction for DNA motion in the open binary complex [86]. 

 

 

 

Absolutely conserved between the families are the residues Asp 705 and Asp 882 [91]. 

They bind the two neccessary catalytic metal ions of the catalytic core. In the further 

discussion the cations are named “A” and “B”. 
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Figure 6: Nucleotidyl transfer in the T7 pol co-

crystal structure. Mechanism of nucleotidyl 

transfer in the T7 pol, using the KF numbering 

system. The active site features two metal ions 

that stabilise the resulting pentacoordinated 

transition state. Metal ion A activates the 

primer's 3'-OH for attack on the co-phosphate 

of the dNTP. Metal ion B plays the dual role of 

stabilising the negative charge that builds up on 

the leaving oxygen, and chelating the β- and γ-

phosphates [figure taken from 66]. 

 

 
 
 

Metal ion A is surrounded by two water molecules and the pro-R-oxygen of the 

nucleotide α-phosphate. It contacts with the 3´-OH of the primer that is perfectly 

positioned for an in-line attack. Metal ion B has contact to the oxygens of all three 

phosphates and to a main-chain oxygen [80, 92]. Metal ion A activates the 3´-OH of the 

primer for attack by lowering its pKa. This nucleophile attack at the α-phosphate 

generates a pentacoordinated intermediate, whose structure would be stabilised by both 

metal ions. A build-up of negative charge on the leaving oxygen of the β-phosphate 

could be stabilised by metal ion B. Once the reaction is complete, the pyrophosphate 

product and the metal ions dissociate, and the DNA must translate and rotate relative to 

the polymerase so that a newly formed primer terminus is correctly positioned in the 

primer binding site for another catalytic cycle [66]. 

The effect of different bivalent metal ions on the activity and fidelity of DNA synthesis 

has been studied in detail for E. coli polymerase I [93] and more recent for human pol β 

[94] and Dpo4 polymerase [95]. For pol I it was shown that Mn2+ and Co2+ are able to 

substitute Mg2+ in the phosphoryl transfer reaction. The maximun synthesis rate was 

obtained with Mg2+. With Mn2+ only about half of the synthesis rate could be detected. 
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The activity was further decreased with Co2+ and totally lost with Ni2+. The influence on 

polymerase fidelity was also investigated. For Mg2+ every 20.000th nucleotide was 

misincorporated, with Mn2+ nearly every 10.000th. The error rate further increased with 

Co2+ to a misincorporation every 7.500th nucleotide. These results demonstrate that the 

fidelity of DNA polymerases is partly determined by the used metal ion activator. For 

pol I it has been shown that the decreased fidelity is to some extent due to inhibition of 

the 3´exonuclease-proofreading activity [93, 96-98]. It was also speculated that ions like 

Mn2+ or Co2+ use additional binding partners of the amino acid side chains in the active 

site and therefore cause changes in the base-pairing specificity by conformational 

changes of the template strand [93, 99, 100] and enzyme structure [101, 102]. 

 

 

1.2.2. DNA Polymerase Families 
 
Based on sequence homology and structural similarities, polymerases have been 

grouped in six different families: A, B, C, D, X and Y [67, 103]. 

Homologs of the E. coli polymerase I, encoded by the polA gene, belong to the A 

family. The pol I is a high-fidelity enzyme with a proofreading and a 5´exonuclease 

activity. The 5´exonuxlease activity is required for viability and is necessary for the 

removal of the RNA primers from Okazaki fragments during lagging strand synthesis 

[104]. 

Eukaryotic mitochondrial DNA replication and repair requires the A family polymerase 

pol γ. The 3´exonuclease pol γ shows an additional dRPlyase activity. This function is 

used during BER to remove 5´dRP residues that remain after the combined action of a 

DNA glycosylase and an AP endonuclease [105]. Another eukaryotic member of the A 

family is polθ. It has been identified by homology to a gene in Drosophila melanogaster 

which is required for the repair of intrastrand crosslinks. [106]. 

Other prokaryotic members of this family are pol I from Thermus aquaticus (Taq) and 

the polA from D. radiodurans. Both contain exonuclease activities and show high-

fidelity replication [107, 108]. 

Proteins with homology to pol II from E. coli belong to the B family. Pol II is a high-

fidelity enzyme that plays a primary role in DNA replication restart of stalled forks 
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[109]. The major replicative polymerases of eukaryotes (pol α, pol δ, pol ε) are 

members of the B family. Pol α is a heterotetrameric enzyme. The catalytic p180 

subunit consists of three domains, whereas the central domain has the catalytic activity. 

The other subunits are involved in interaction and regulation of the polymerase action 

and two of them carry primase activity [110-112]. 

The major replicative polymerase of E. coli, pol III, and its homologs build up the C 

family. Pol III consists of ten subunits that catalyse the polymerase reaction in 

cooperation with other replication proteins [113]. 

The family D of DNA polymerases is unique to the archeae. A new polymerase activity 

was first identified in Pyrrococcus furiosus. After purification and sequencing no 

homolog of this protein could be found in bacterial databases. Later further 

characterisation showed that it is composed of a heterodimer, whereas the bigger 

subunit contains a polymerase and proofreading activity. The smaller subunit is thought 

to play a role in protein interaction and contains a PIP-box, clearly indicating PCNA 

binding. Pol D prefers single-primed template DNA to gapped double-stranded DNA 

and it can utilise RNA primers in contrast to the P. furiosus Pol B. Because of its strong 

primer elongation ability it is assumed to be the replicase of the euryarchaeotes [114]. 

The X family is a large family of nucleotidyl transferase proteins. Many of them have 

no DNA polymerase activity. In eukaryotes six different members were identified. Two 

of the polymerases - polβ [115] and polλ [116, 117] show dRPlyase activity. The 

terminal transferase (TdT) [118], polµ [119] and polσ1 [120] can also catalyse template-

independent DNA synthesis. Pol β is an important part of the base excision repair 

(BER) machinery. The dRPlyase activity can remove the 5´dRP residue remaining after 

AP endonuclease cleavage of an abasic site and the polymerase can replace the excised 

base [115, 121]. Polβ is a low-fidelity enzyme and makes deletion and insertion errors 

at a high rate in vitro. The enzyme is overexpressed in a number of different tumour 

types [122-124]. Mouse cells deficient in polβ or deficient in the dRPlyase activity are 

hypersensitive to some DNA methylating agents [121] and mice lacking polβ have 

severe growth retardation and die immediately after birth [125]. 

Pol λ is closely related to pol β and has a 5x greater DNA synthesis fidelity due to 

increased affinity to dNTPs. It can replicate templates with abasic site residues [126], 

processes small gaps up to 5 nucleotides with a free 5´phosphate group and lacks 
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proofreading activity [126-128]. Fidelity can be increased by binding to PCNA by 

stabilising the binding of pol λ to the primer-template complex, thus increasing the 

processivity. PCNA also increases the efficiency of DNA synthesis over an abasic site 

[127]. Pol λ has about 32% amino acid identity to polβ and can substitute it in base 

excision repair in vitro [117]. 

Another interesting member of the X family is the polX of D. radiodurans as described 

in 1.2.3. 

The Y family of polymerases is different from the other polymerase families, but shares 

some common structural features [129]. The founding members of this family were the 

UmuC (pol V) and DinB (pol IV) proteins of E. coli and the Rev1 and Rad30 proteins 

from S. cerevisiae [103]. Several members of this family have been identified in 

mammals. These polymerases appear to be specific to the type of lesion they can 

bypass. The two translesion polymerases of E. coli - pol IV/V - are transcriptionally and 

posttranscriptionally highly regulated during SOS response [130-132]. Pol IV extends 

mismatched primer ends on undamaged DNA and can also bypass some kind of DNA 

damage. Pol V conducts a more error-prone bypass of DNA lesions [133]. 

Y family polymerases have a much more open catalytic site. This can enable the 

polymerases to bypass damaged bases and to tolerate mispaired nucleotides [129]. Most 

of the members are known as error-prone polymerases, because they can bypass 

numerous DNA damages by incorporating the matching dNTP but on undamaged 

templates they mostly incorporate a mismatching nucleotide. Interesting eukaryotic 

members of this family are Rev1, polη, polι and polκ. Rev1 was originally identified as 

a gene required for UV-induced mutagenesis in yeast [134]. The yeast Rad30 gene, 

encoding polη, was identified by homology with the E. coli dinB and umuC genes [135, 

136]. Yeast cells lacking polη are slightly sensitive to UV radiation. Mammals have 

another homolog of Rad30, polι [137], which appears to be specialised for error-free 

bypass of deaminated cytosines. Although pol ι is error-prone on undamaged DNA and 

mostly inserts G opposite to T or U templates, it replicates A templates accurately and 

can extend a mispaired base [138-142]. Polι also has a dRPlyase activity [143], and can 

substitute polβ in base excission repair in vitro in the presence of Uracil N-glycosylase, 

AP endonuclease and DNA ligase I [144]. Besides that polι plays an important role in 

somatic hypermutation [103]. Another member is polκ, which can efficiently and 
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accurately bypass bulky adducts, e.g. BPDE (polycyclic aromatic hydrocarbene 

benzopyrene) [145], abasic sites [146], thymine glycols [147] and can extend mispaired 

bases [72]. 

 

 

1.2.3. DNA Polymerases of D. radiodurans 
 

Genome analysis of D. radiodurans suggests at least two DNA polymerases to be 

encoded [25]. Sequence alignments resulted in homologs to the DNA polymerases I of 

several related strains and a member of the X family. A putative - only replicative 

polymerase C - is still not further investigated. 

The member of the X family is D. radiodurans polX and therefore named polXDr. This 

polymerase is the product of gene DR0467. The purified enzyme shows DNA 

polymerase activity which is stimulated by Mn2+ instead of Mg2+ (figure 6B). 

Antibodies raised against polXDr also recognised human DNA polymerase I, polymerase 

β and the yeast polymerase 4. This cross-reactivity suggests a high structural 

conservation between members of the X family. 

A lack of polXDr reduced the rate of double-strand break repair in D. radiodurans cells, 

which leads to increased radiation sensitivity. Those results indicate that polXDr plays 

an important role in repair prosecces of D. radiodurans after radiation damages. In 

further experiments with ∆polXDr cells it has been shown that polXDr is not involved in 

nucleotide excision repair, because the knock-out cells show the same level of 

resistance to UV light as wildtype colonies do [148]. 
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Figure 7: Properties of D. radiodurans polX [figures taken from 148]. (A) Schematic representation of X 

family DNA polymerases domain structures [148]. NLS, nuclear localization signal; BRCT, BRCA1 C-

terminal domain; HhH, helix–hairpin–helix motif; HIS 2, histidinol phosphatase domain; h, human; Dr, 

D. radiodurans ; S.c., S. cerevisiae. Accession numbers of analysed proteins are: CAB14819 for Bacillus 

subtilis PolXBs; P25615 for S. cerevisiae Pol4; NM-013274 for human pol l; P06746 for human pol b; 

BAA13425 for Thermus aquaticus PolXTaq; AE001906 for D. radiodurans PolXDr ; NP-275693 for 

Methanothermobacter thermautotrophicus PolXMt. (B) The polymerase activity of PolXDr dependents on 

MnCl2. A. 200 ng of PolXDr were tested with different concentrations of MnCl2 (circles) or MgCl2 

(triangles). Note the log scale for the cation concentration axis. B. Different amounts of PolXDr (0, 50, 

100 or 200 ng) were tested either with 1 mM MnCl2 (circles) or 5 mM MgCl2 (triangles) [148]. 

 

 

 

The other known polymerase of D.radiodurans is polymerase A - homologuos to E. coli 

polymerase I. PolA is thought to be a replicative enzyme and involved in DNA damage 

repair as shown by several groups [41, 149-151]. Mutants with a lack of polA activity 

are highly sensitive to DNA damages.  

The E. coli polymerase I gene or a 5'-truncated polymerase I gene, that encodes the 

Klenow fragment, were introduced and expressed in two different D. radiodurans 

polymerase mutants: Strain 303, which is chemically modified, and strain 6R1A, which 

is isogenic with wild-type D. radiodurans except for an insertional mutation within the 

pol gene. Expression of E. coli polymerase I in both mutants fully restored resistance to 

ionising- and UV-radiation and Mitomycin C exposure. Expression of the Klenow 

fragment-encoding gene restored wild-type resistance to D. radiodurans strain 303, but 
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only partial resistance to strain 6R1A. Knockout mutants of other parts of the repair 

pathways in D. radiodurans indicate a role for polA in the UV endonuclease-α initiated 

pathway. Endonuclease-α assists in the repair of a broad range of DNA damage, and 

this enzyme appears to be functionally analogous to the ABC exconuclease of E. coli 

[152]. It was shown that the absence of polA would also affect the UV endonuclease-β 

pathway. Experimental evidence indicates that endonuclease-β is the product of the D. 

radiodurans uvsC, uvsD, and uvsE genes. The UV endonuclease-β has a more restricted 

substrate specificity than endonuclease-α and may be a pyrimidine dimer-specific 

endonuclease. Cell extracts of D. radiodurans that exhibit endonuclease-β activity have 

been shown to catalyze the initial incision necessary for the removal of pyrimidine 

dimers [36]. This was also shown in studies with double mutant strains [149].  

As mentioned above E. coli DNA polymerase I can restore the DNA damage resistance 

of mutated strains to the same level as the intrinsic D. radiodurans polymerase A. One 

interpretation of this observation is that E. coli polymerase I can carry out the same 

essential repair-related functions as D. radiodurans polymerase A, which indicates 

similar functions and properties of the enzymes.  

A further characterisation of the enzymatic properties of D. radiodurans polymerase A 

is the main topic of this work. 

 

 

 

1.3. Prokaryotic DNA Repair 
 

1.3.1. DNA Repair Pathways in E. coli 
 
During the lifespan of an organism several environmental influences, damaging agents 

and intrinsic reaction products influence the genome´s stability and integrity. Due to the 

normal cellular environment DNA is damaged by byproducts of the metabolism and 

hydrolysis - about 1000 depurinations occur per cell and per day, that means about 2-7 

abasic sites per minute and cell [153]. 

 

 



1. Introduction
 

 

 
24 

 
 

 
 
Figure 8: Frequency of occurrence and mutagenic potential of certain base and sugar damages. Note low 

to high orientation of the graph. Chemical composition of the damage is shown, and name/type of lesion 

is indicated below. Frequency of occurrence is related to spontaneous hydrolysis (AP site), deamination 

(uracil), oxidation, or non-enzymatic alkylation. Mutagenic potential refers to the efficiency of bypass 

and the likelihood of inaccurate duplication by the replication machinery, i.e. proofreading DNA 

polymerases. In general, error-prone (exonuclease-deficient) polymerases are more capable of lesion 

bypass and mis-incorporation [figure taken from 153]. 

 
 

Reactive oxygen species (ROS) continuously generated during metabolism (1–5% of 

consumed O2) in the mitochondriae, are the most abundant, endogenous toxic agents in 

aerobic organisms [154, 155]. An increased cellular level of ROS is formed when cells 

are exposed to redox agents and ionising radiation. ROS induces DNA damage, which 

includes oxidised base lesions, abasic sites, single and double-strand breaks containing 

3´sugar fragments or phosphates and all of these are invariably cytotoxic and/or 

mutagenic [156]. Most sporadic cancers, as well as a variety of other pathophysiological 

states and the aging syndrome, are likely consequences of mutations, cell death or 

signaling alterations induced by oxidative DNA damage [157]. Nearly all oxidatively 

induced DNA lesions (except double-strand breaks), as well as single-strand breaks, are 

repaired via the DNA base excision repair (BER) pathway in organisms ranging from E. 

coli to mammals [158-161].  
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E. coli responds to DNA damage with gene induction of elements of the SOS regulon 

[162-164]. 43 SOS genes are induced by DNA damage [165] and the resulting proteins 

are involved in nucleotide excision repair, base excision repair, recombinational repair 

and translesion synthesis. Three of the SOS genes encode for DNA polymerases: pol II 

[166-168], pol IV [169] and pol V [170-172]. 

The initial step is the cleavage of the LexA repressor by RecA. The RecA protein is 

involved in the initiation of the SOS response, assisting of polymerase V during 

translesion synthesis [170] and catalysis of the strand exchange during homologous 

recombination. 

 

 

 
 
 
Figure 9: Prokaryotic repair (A) UV induction of SOS in E. coli. LexA repressor (yellow), RecA (blue), 

nucleoprotein filament, RecA* (blue helix), pol II (grey), UmuD (green), UmuC (red) and pol V 

(UmuD_2C). (B) A cowcatcher model involving a RecA nucleoprotein filament (RecA*). (C) Translesion 

synthesis requires the presence of RecA. Pol V catalyzed TLS taking place within a 3-nt gap [figure taken 

from 137].  

 
 
 

When the replication fork stalls at a damaged site, uncoupling of the leading and the 

lagging strand synthesis occurs. This leads to the release of the replicative polymerase 

pol III [173]. A region of single.stranded DNA arises that triggers the assembly of a 

RecA filament. Thenucleoprotein filament of RecA binds to the single-stranded DNA 

and induces SOS response. This filament assembles in 5´-3´direction on the DNA in the 

presence of ATP [174, 175]. It is removed by pol V during translesion synthesis. The 
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contact of RecA to pol V triggers the activity of the polymerase. If contact is lost pol V 

dissociates from the DNA. 

Before pol V is expressed, the pol II enzyme is produced. Collapsed replication forks 

undergo RecA dependent regression [176] by forming a “chicken-foot” structure [177]. 

This uncoupled lagging strand is the template for pol II. It is copied without translesion 

synthesis. Afterwards a RecG dependent fork regression occurs in the opposite direction 

[178], reestablishing the replication fork. In a next step pol III is reloaded with the help 

of priA [179]. Pol II enables an error-free replication restart [180], whereas pol V is 

used for error-prone translesion synthesis. Pol V favours the misincorporation of dGTP 

opposite to a thymine-dimer [181], resulting in T-C transitions at damage hot spots 

[182, 183], but it is able to error-free bypass AAF-guanine adducts [184]. Pol IV is 

required to bypass bulky adducts like benzo(a)pyrene diol epoxide [184, 185] and it is 

responsible for resulting frameshifts after lesion bypass [186, 187]. These mistakes are 

controlled and partially corrected by the 3´exonuclease function of pol II [188]. 

Replication and repair of E. coli is coordinated by the β/γ-complex, which acts analog 

the eukaryotic PCNA as a platform for coordination with additional factors involved in 

replication, repair, cell cycle control and other cellular functions linked to DNA 

processing [189]. 

Another important factor of the repair machinery is the single-strand binding protein 

(ssb). It inhibits the action of the replicative polymerase cores and enhances the 

processivity of the complete enzyme complexes [190, 191]. Binding of pol II to the 

DNA is also enhanced by ssb [192, 193]. It is further involved in the helicase II 

mediated unwinding of the DNA around damaged sites, stimulation of the exonuclease 

I, reloading of pol III after mismatch repair and it promotes the RecA dependent 

cleavage of LexA during SOS response [194-196]. 

 

The nucleotide excision repair process in E. coli is initiated by the uvrA, uvrB and uvrC 

proteins. All three have a high affinity to single-stranded DNA. UvrA binds DNA with 

a zink-finger motif [197] and shows a DNA independent ATPase activity [198]. UvrB 

also contains an ATPase activity, which depends on single-stranded DNA and interacts 

with uvrA. It also reveals helicase functions. UvrA forms a dimer in solution, which 

binds to single-stranded DNA. Together with a monomer of uvrB it forms the 
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preincision complex [199]. This complex travels along the DNA up to 50 base pairs and 

stops at a damaged site. UvrB is then inserted in the DNA and unwinds the damaged 

region to make it accessible to other repair enzymes. UvrA dissociates after ATP 

hydrolysis and uvrC is bound to uvrB. This new complex incises the DNA 7-8 base 

pairs 5´ and 4-5 base pairs 3´ to the lesion [200]. This “incision at a distance” should 

help to avoid the possibility of nucleotide damage due to steric interferences and 

alteration of the DNA helix [201]. The excised oligonucleotide with the lesion is 

released, as well as the uvrBC complex [202, 203]. In a next step helicase II (uvrD) 

binds to the site of action, supports the turn-over of the uvrBC complex and stimulates 

pol I to load on the DNA and to fill the gap [203-206]. At the end the nicks are closed 

by ligation. 

An important protein of the repair machinery is the single-strand binding protein (SSB). 

It efficiently binds to single-stranded DNA to protect and mark the gap. SSB strongly 

inhibits the replicative polymerases I and III core enzymes [207-211] and enhances 

activity of the complexed holoenzymes [207, 208]. It enhances helix destabilisation by 

helicases, helps to organise and stabilise origin regions, ensures the specificity of 

priming and promotes the binding of the polymerase to the template [212]. 

 

Homologous recombination was described in E. coli in the 1940s [213] and for many 

years it was thought to be a sexual process, analog to the one found in eukaryotes. 

Genetic studies identified two pathways: a primary RecBC pathway for sexual 

recombination and a secondary RecF pathway taking over when the first is inactive and 

also working as postreplicational repair of daughter strand gaps [214-216]. Two-strand 

lesions can arise from replication, because DNA synthesis increases recombination in 

this region. If the recombination takes place on a strand containing a one-strand lesion 

and the homolog sister strand with an unrepaired lesion, it would result in a double-

strand damage [217]. Another source of two-strand DNA damage is direct induction by 

ionising radiation [218-220] or a crosslink caused by UV light or Mitomycin C [221, 

222]. The two types of double-strand lesions are repaired by two separate pathways in 

E. coli. Daughter strand gaps are removed with the RecF pathway and double-strand 

ends are repaired using the RecBC pathway. 
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Both pathways are composed of three phases: the presynapsis, during which the 

damaged DNA is prepared for homology search, followed by synapsis, where 

homologous pairing and strand exchange with the sister duplex occurs. In the final step, 

the postsynapsis, the recombination intermediates are resolved and DNA replication is 

restarted [212]. The repair of daughter strand gaps is initiated by binding the RecOR 

complex to the gap, protected by polymerised SSB. This process can be guided by Rec 

FR complex. The presence of RecO allows RecA polymerisation on the single strand. 

During the synapsis the RecA filament finds an intact homolog duplex and pairs it. The 

topoisomerases, DNA gyrase and topoisomerase I, relieve the supercoiled double 

strand. Pairing of the damaged and the intact strand allows gap filling by a DNA 

polymerase. In the postsynaptic phase RuvABC resolvasome or RecG helicase removes 

Holliday junctions and the associated RecA filaments [216]. If an intact homolog strand 

cannot be found pol V conducts translesion synthesis. 

To repair double-strand ends the ends are degradated by ExoV until RecBCD degradase 

is converted into RecBCD* recombinase. The recombinase further degradates the 5´end, 

generating a 3´overhang. This overhang is complexed by SSB and RecBCD* promotes 

the assembly of the RecA filament. Then RecA searches for the homolog sister strand 

and coordinates the exchange. The formed three-strand junction can be primed with pol 

I, which carries out limited DNA synthesis. Then priA binds to the displayed strand and 

catalyses the primosome asembly. This restals the replication fork and a four-stranded 

Holliday junction is formed. RuvAB translocase removes the RecA filament and attracts 

RuvC to remove the junction. Alternatively the displaced strand is cleaved near the 

invaded 3´end and the 5´end is ligated to the invaded end. The resulting three-strand 

junction binds RecG helicase, removing the RecA filament and restoring the replication 

fork [223-225]. 

 

 

 

1.3.2. DNA Repair Mechanisms in D. radiodurans  
 
 

As stated earlier, D. radiodurans is multigenomic [21, 22]. Stationary phase cells 

contain four copies of their chromosome, and actively dividing cells contain four to ten 
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copies. It is thought that a multiple genome can act as a reservoir of genetic information. 

Organisms containing several genome copies are expected to be more efficient in DNA 

repair processes.  

Mortimer et al. [226] demonstrated in 1958 that diploid and tetraploid forms of S. 

cerevisiae are more radiation resistant than haploid strains. From these results, it was 

assumed that the additional genetic information “protected” the polyploid cells from 

radiation-induced lethality. The presence of multiple genomes offered the possibility of 

restoring the DNA sequence that had been damaged or lost during irradiation through 

homologous recombination. Similar results were obtained by Krasin & Hutchinson 

[227] in their studies of E. coli. They showed that E. coli cultures grown in minimal 

media were more radiation sensitive than exponential phase cultures grown in rich 

media. When growing under optimal conditions, the E. coli chromosome replicates 

faster than the cell septates, which results in multigenomic cells. In contrast, in minimal 

media the cell replicates slowly, and individual cells are haploid. In case of E. coli and 

S. cerevisiae chromosome multiplicity leads to enhanced radiation resistance. But 

generally redundancy of genetic information does not compulsorily indicate enhanced 

resistance to DNA damage, because also mechanisms have to be involved using this 

additional information. 

D. radiodurans has an extremely efficient mechanism of recombinational repair. 

Defined media have been used to vary chromosome multiplicity between 5 and 10 

copies in D. radiodurans, but these studies fail to demonstrate any correlation between 

the number of copies and the radioresistance of D. radiodurans. Attempts to reduce 

chromosomal copies to less than four were unsuccessful [22]. The nucleoids of 

stationary phase D. radiodurans cells (fig. 1b) are arranged as a tightly structured ring 

[23] that remains unaltered by high-dose irradiation [10]. Minsky et al. [23] have 

suggested that this structure passively contributes to D. radiodurans radioresistance by 

preventing the fragments that are formed by double-strand breaks from diffusing apart 

during repair, which maintains the linear continuity of the genome even when it is 

fragmented. 

But it is also published that the existance of a ring-like nucleoid in an organism does not 

always correlate with radiation resistance [10, 38]. Examination of the nucleoids of 

members of the radioresistant genera Deinococcus and Rubrobacter showed a high 
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degree of genome condensation, relative to the more radiosensitive species E. coli and 

Thermus aquaticus [10], which could indicate that species with a condensed genome 

might at least be better protected from ionising radiation. In addition, Daly et al [38] 

have demonstrated that growth in different media alters the organisation of the D. 

radiodurans nucleoid, and that the change does not correspond to changes in 

radioresistance. Cultures of D. geothermalis [228] and D. radiopugnans [28] are as 

radioresistant as D. radiodurans, but their genomes are more fluid. That could indicate 

that a well-defined nucleoid shape is not neccessary to be radiation-resistant [10]. 

 

When an exponential phase culture of D. radiodurans is exposed to 5000 Gy radiation, 

more than 150 DNA double-stranded breaks (dsbs) are introduced into the chromosome 

[229]. Due to this high number of generated damage sites it is amazing that D. 

radiodurans is able to reassamble the fragments without loss of sequence information. 

Therefore genome multiplicity is an advantage. Strand breaks are generated randomly 

and every chromosome will suffer damage, but the distribution of the damaged sites 

will be different from chromosome to chromosome at sublethal doses of radiation. In 

principle, the total complement of fragments that remain after sublethal damage and 

repair should be sufficient to form an intact chromosome. Daly & Minton [230-233] 

have provided evidence that D. radiodurans uses interchromosomal recombination to 

reassemble the fragments after damage, because about 600 crossovers per four-

chromosome nucleoid were found after irradiation [230]. Approximately one third of 

these crossovers were identified as nonreciprocal. This indicates that D. radiodurans is 

restoring the fragments of its chromosomes out of the available homolog sequences. 

This idea suggests that D. radiodurans is able to bring the matching pieces together 

with a very efficient and reliable mechanism. In a theoretical discussion of this problem, 

Minton & Daly [233] point out that a search for homology among hundreds of 

fragments is a logistical nightmare. The used mechanism has to avoid any kind of 

systematical search, because after every successful repair step the genome fragments 

would have to be scanned again and again. This would lead to a repair process which 

runs out of time and chromosome reconstitution in D. radiodiurans would not be 

possible within 2 hours, as shown by several groups. Minton & Daly [233] have 

proposed that there is a pre-existing alignment between homologous regions on the 
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different D. radiodurans chromosomes, and that this alignment simplifies reconstitution 

of homologous sequences after irradiation. However, there is no experimental evidence 

to support this hypothesis. 

Immediately after irradiation the replication rate of D. radiodurans is inhibited [234-

236]. With sublethal doses there is a linear relationship between the duration of this 

hold and the applied dose. It is still not clear if this inhibition of replication is caused by 

blocked replication forks or if a regulatory mechanism prevents further replication until 

successful repair has occured - a regulatory system similar to DNA-damage checkpoints 

found in eukaryotic cells [48]. The latter theory is favoured by reports indicating that 

DNA replication only restarts after repair of DNA damage has been completed [48, 234-

236]. Given the extent of the DNA damage caused by high-dose irradiation, it seems 

likely that D. radiodurans can regulate cellular functions priority on DNA repair [27]. 

 

 

 

 

Figure 10: Schematic representation of the response of D. radiodurans to ionising-radiation-induced 

DNA damage. As DNA replication, degradation and recombination repair are coordinately regulated, it is 

proposed that these processes are sensitive to or responsible for the generation of intracellular signals. It is 

believed that the ability of D. radiodurans to survive ionising-radiation-induced DNA damage involves 

recombination repair, the regulation of DNA replication and the export of damaged nucleotides. The 

nature of the inhibitory protein controlling DNA degradation is unknown [figure taken from 27]. 

 

 

Mattimore et al [237] identified three mutant strains of D. radiodurans, named SLR2, 

SLR4, and SLR5 that showed a slow recovery phenotype after exposure to ionising 
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radiation. The SLR mutants are as resistant to radiation as the wild-type organism, but 

after irradiation they need 48 to 72 h longer than the wild type to form colonies on agar. 

They show no growth defects and have the same generation times as the wildtype. As 

they are obviously able to repair DNA damage after irradiation, the SLR strains seem to 

be defective in control of the initiation of the repair processes. 

The rate of degradation is dose-independent, with an estimated loss of 0.1% of genomic 

DNA per minute: the larger the dose, the longer the degradation continues and the 

greater the loss of chromosomal DNA [51, 235, 238]. If the degradative process is 

started, it has to be stopped somehow. Experiments showed that an uncharacterised 

inhibitory protein, induced by DNA damage, seems to do the job in D. radiodurans 

[239]. The termination of DNA degradation requires protein synthesis post-irradiation. 

Application of either chloramphenicol [240, 241] or actinomycin D [240] to cultures 

prior to irradiation resulted in extensive loss of chromosomal DNA and ultimately in 

cell death. Therefore it is likely that regulation of damage control, repair and replication 

are coordinated and linked with each other. If this is true, it is reasonable to expect that 

the same signal affects each process. The recently described IrrI protein of D. 

radiodurans [59] is a candidate for this inhibitor of DNA degradation. irrI  strains are 

extremely sensitive to ionising radiation, exhibiting a dramatic reduction in survival 

following doses that are sublethal to the wild-type organism. 

 

Non-homologous End Joining (NHEJ) and single-strand annealing (SSA) pathways 

have been hypothesised to function in D. radiodurans. Minsky et al. [23, 46] suggested 

that NHEJ would be a useful process for the repair of double-strand breaks in the 

context of a condensed chromosome, in which the ends might not be free to diffuse 

away from each other. An NHEJ system has been identified in Bacillus subtilis [242] 

and is probably present in other bacteria. Two other laboratories recently also suggested 

that NHEJ occurs in D. radiodurans [243, 244]. Two possible members of this pathway 

are PprA and polX [243, 244]. Classical NHEJ systems are known to be error-prone 

[245], which does not seem to suit efficient and accurate genome repair observed in the 

Deinococcacae. Plasmid repair and recircularisation of genome integrated plasmids 

during RecA-independent repair in D. radiodurans depends on the homology of the 

involved partners. This indicates that SSA plays a role in DNA repair [246]. Recent 
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research provides evidence that D. radiodurans R1 uses synthesis-dependent single-

strand annealing (SDSA) as a first step in genome re-assembly. During SDSA, the 3′end 

of a strand derived from a DNA double-strand break enters the homologous region of a 

sister duplex (fig. 11). The invading 3′end is used to prime new DNA synthesis, 

unwinding the sister duplex and enlarging the D-loop. The displaced strand in the 

undamaged complex anneals to the remaining free 3′end created by the double-strand 

break. Each 3′end primes complementary DNA synthesis and the resulting newly 

synthesised strands can anneal by sealing the break in the damaged duplex in an error-

free way [246]. This work shows that all RecA-independent genome assembly requires 

extensive polA-dependent DNA synthesis. 

 

 

 

 

Figure 11: Synthesis-dependent strand annealing. A mechanism of error-free double-strand break repair 

that is initiated by creating 3′ overhangs from the ends of the broken DNA duplex (green in the figure). 

One of these 3′ ends invades a homologous region on an undamaged sister duplex (blue in the figure), 

priming DNA synthesis and creating a D-loop that acts as a template or DNA synthesis primed by the 

other 3′ end. If displaced, the newly synthesised DNA can anneal, closing the double-strand break. Newly 

synthesised DNA is coloured red [figure taken from 247]. 

 

 

One additional RecA-independent pathway mediated by the DdrB protein is present in 

D. radiodurans. Although DdrB has not yet been characterised in vitro, deletion of ddrA 
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and ddrB produces a mutant that is significantly more sensitive to ionising radiation 

than either ddrA or ddrB mutants, indicating that DdrA and DdrB have complementary 

activities [248]. 

UV- and radiation-induced DNA degradation are accompanied by export of damaged 

DNA. The products formed are oligonucleotides approximately 2000 bp long, and a 

mixture of damaged and undamaged nucleotides and nucleosides [249]. These products 

are found in the cytoplasm and the growth medium. This indicates that D. radiodurans 

exports the degradation products once they are formed [57, 250, 251]. The release of 

degradation products ends, when DNA degradation is stopped. 

The removal of damaged nucleotides from the intracellular nucleotide pool, and their 

subsequent conversion to nucleosides, could represent a survival strategy. Moving 

damaged nucleotides outside the cell might protect the organism from increasing levels 

of mutagenesis by preventing the reincorporation of damaged bases into the genome 

during DNA synthesis on one hand. On the other hand removal of nucleotides from the 

cell is part of the signal that coordinates the DNA repair functions described above [56]. 

 

Taking all this together, the complexity of the genetic systems underlying DNA repair 

in D. radiodurans remains poorly defined [24, 25, 231, 246, 252], and three hypotheses 

have been proposed: (i) D. radiodurans uses conventional repair pathways with greater 

efficiency than other bacteria [25, 231, 248]; (ii) there are repair functions encoded 

among its hypothetical genes [84]; or (iii) repair is facilitated by its ringlike nucleoids 

[23]. 
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2. Aim of the Project 
 
 
The extremely radioresistant organism Deinococcus radiodurans was completely sequenced 

in 1999 [24]. The data were summerised in a databank and functions of the supposed open 

reading frames were partially identified by alignments with already known sequences of 

related organisms. All those data showed that there should be at least three DNA polymerases 

in D. radiodurans [25]. 

In the first part of this work the gene of the supposed DNA polymerase A should be cloned 

and expressed in E. coli. Protein purification should result in an active enzyme which presents 

polymerase functions. 

For further characterisation the properties of a DNA polymerase should be investigated in 

more detail. In a last step kinetic data should be collected, to enable a comparison with other 

already characterised DNA polymerases. 

 

This basic characterisation of the D. radiodurans DNA polymerase A would allow a more 

detailed insight into the action of this fascinating organism and would contribute to a broader 

understanding of the mechanisms used for establishing the management with radiation 

damages of the genome. 

 

 

 

 

 

Parts of the work are published in: 

 

Heinz K, Marx A. 2007. J. Biol. Chem. 282:10908-10914 
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3. Results and Discussion 
 

3.1. D. radiodurans DNA Polymerase A  
 

The polA gene has been identified and it was shown that polA is necessary for DNA damage 

resistance of D .radiodurans [62, 149]. Interestingly, polA has 35% protein sequence identity 

(51% similarity) with E. coli DNA polymerase I [253]. 

From sequence analysis and comparison with E. coli DNA polymerase I it was suggested that 

the gene of D. radiodurans polA (gene ID DR1707) harbours both a 5´-3´exonuclease and a 

DNA polymerase domain, which is linked with a flexible loop (fig.12) [24, 25].  

 

 

 

 

Figure 12: Predicted protein domains of D. radiodurans DNA polymerase A [S1] 

 

 

 

The alignment of Thermus aquaticus polymerase I (Taq), its restricted form Klentaq (KTQ), 

E. coli polymerase I, its short form Klenow fragment (KF) and D. radiodurans polA (fig. 13) 

shows the high analogy between the three polymerases.  

In order to investigate intrinsic DNA polymerase functions the conducted experiments were 

restricted to the polymerase domain of polA - further named polA*, which will not contain 

the expected 5´exonuclease domain. 
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Figure 13: Alignment of DNA polymerase D .radiodurans polA, Taq, KTQ1, E. coli polI and KF. Red amino acids - complete consensus, blue - partial consensus, black - no 
consensus [S1, S2]
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3.2. Cloning 
 

In order to clone the shortened D. radiodurans polA (polA*), genomic DNA and specific 

primers were used, which define the amplified region (sequences derived from the NCBI 

databank [S2]), containing the whole D. radiodurans genome sequence with known genes 

marked), containing restriction sites for NdeI and NcoI and introduce an N-terminal 6xHis-

Tag. PCR was performed under various annealing temperatures and different template 

concentrations, but no specific PCR product was obtained.  

For a new attempt to amplify the polA* ORF RNA was extracted from a D. radiodurans 

culture and RT-PCR was conducted. The results showed a specific band around 1900 bp (fig. 

14A). This protocoll was performed in larger scale and the specific PCR product purified via 

an agarose gel.  

 

Plasmid (pET15b) and PCR product were digested with NcoI and NdeI and ligation was 

performed in a 1:10 ratio plasmid : insert. The reaction products were visualised on an 

agarose gel (fig. 14B) to estimate a successful insertion of the polA* ORF into the expression 

plasmid. The ligated product was transformed into an E. coli XL10 strain via electroporation. 

Several clones were picked, cultured and plasmids extracted. Control digests were performed 

with BsmBI. Successful insertion of the polA* ORF into the pET15b plasmid should result in 

a specific pattern of DNA fragments of the size 702 bp, 1642 bp, 1667 bp and 3526 bp; if only 

a empty pET15b plasmid was obtained DNA fragments with 1642 bp and 4068 bp length will 

appear on the agarosegel (fig. 14C). 
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Figure 14: (A) Agarosegel electrophoresis of polA* RT-PCR amplification. M - DNA ladder, 1:3 without Q-

Solution, 4:6 RT-PCT conducted with Q-solution. 1,4:annealing at 55 °C, 2,5:annealing at 60 °C, 3,6:annealing 

at 65 °C. (B) Agarosegel electrophoresis of polA* ligation into pET15b. M:DNA ladder, 1:control without ligase 

and without insert, 2:control without insert, 3:ligation 1:5 plasmid : polA*, 4:ligation 1:10 plasmid : polA*. (C) 

Agarosegel electrophoresis of control digest of polA* clones. Two positive clones are shown as example. 

 

 

 

The plasmids of the positive clones were transformed into the expression strain E. coli BL21 

DE3 Gold. Protein expression was tested and crude lysates were analysed on an SDS-PAGE. 

All clones showed expression of a protein with the expected molecular weight of about 70 

kDa (fig. 15A), but only a very low expression level could be obtained.  

Nevertheless DNA polymerase activity was tested by primer extension using these crude 

lysates. Purified Klenow Fragment exo- (KF-) was used as a positive control for DNA 

polymerase activity in the primer extension assay: only clones 4, 10 and 21 showed activity 

comparable to KF-, clones 1 and 7 showed reduced activity and the other ones had no 

detectable DNA polymerase activity (fig. 15B). 
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Figure 15: (A) SDS-PAGE analysis of protein expression of several polA* clones in E. coli BL21. Expected 

protein length is marked with a frame at about 70 kDa. (B) Page analysis of DNA polymerase activity of polA* 

clones via primer extension assay. 1:negative control without lysate, 2:negative control with lysate of induced 

culture containing an empty plasmid, KF-positive control with 5 nM KF exo-, 1-40:tested polA* clones. 

 

 

These three active clones 4, 10 and 21 were sequenced and exclusively clone 21 showed the 

correct gene sequence. Only this clone was used for all further experiments concerning polA*. 

 

 

3.3. Protein Expression and Purification of the Rec ombinant Protein 
 

For further optimization of the protein expression different protocols were tested: induction of 

the expression in an overnight culture for 2 to 6 hours, new culture inoculated with an 

overnight culture and expression at OD600 ~ 0.4 for 2 to 6 hours and induction of expression 

via culturing overnight. All attempts could not further increase the low protein expression 

level (fig 16A).  

To test purification of the recombinant protein a 0.5 L culture (expression induced at OD600 ~ 

0.4 for 4 hours with 1 mM IPTG) was lysed and incubated with Ni-NTA sepharose at 4 °C to 

bind the 6xHis-tagged protein to the matrix. After washing with buffer B (containing 20 mM 

imidazole) and elution with buffer C (containing 0.5 M imidazole) the purification steps were 

analyzed via SDS-PAGE. As shown in figure 16B only a small extent of the expressed protein 

bound to the Ni-NTA matrix and most of it could be found in the flow-through of the binding 

step. The extent binding to the matrix could be eluted very purely with 0.5 M imidazole.  
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Figure 16: SDS-PAGE analysis of (A) several protein expression protocols of polA*. M:protein ladder with 

molecular weight markers as indicated, 1-3:induction after growth over night, expression for 1:2 hours, 2:4 

hours, 3:6 hours, 4-6 induction after growth up to OD600 0.5, induction for 4:2 hours, 5:4 hours, 6:6 hours. (B) 

Purification of polA* expression via Ni-NTA matrix. M:protein ladder with molecular weight markers as 

indicated, 1:cell lysate, 2:flow-through after binding, 3:first washing step, 4:second washing step, 5:elution 

fraction. 

 

 

To optimise this purification procedure the buffer ingredients were varied and tested in 

different purification attempts to get better yields of polA* in the eluted fraction. Also other 

purification strategies via anion-exchange or heparin-sepharose or combinations of these two 

column systems did not result in detectable improvement of purification. 

 

After that further E. coli BL21 strains were tested. First a BL21 pLysS strain was checked for 

better protein expression of polA*. Sometimes expression of special proteins is toxic for the 

expressing cell, which results in reduced growth and therby causes low levels of expressed 

protein. For this purpose pLysS strains were developed. They contain an additional plasmid in 

very low copy number, which encodes for T7 lysozyme. The expressed lysozyme will bind to 

T7 RNA polymerase and inhibits basal transcription before induction via IPTG. This will lead 

to better growth of the E. coli cells. After IPTG induction of protein expression 

overexpression of T7 RNA polymerase will render the inhibition by the small extent of 

lysozyme. Unfortunately expression in BL21 pLysS does not give higher expression levels of 

polA* (fig. 17B). 
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Then the BL21 Ril+ came into focus because they were developed to improve protein 

expression of non-bacterial proteins. Although D. radiodurans is a bacterium, the analysis of 

the protein and DNA composition of polA* (fig. 17A) shows a high percentage of used amino 

acid codons which are known to cause problems during recombinant expression in E. coli. 

Normally bacteria prefer a special t-RNA codon of amino acids with redundant possible t-

RNAs. Because of the high GC-content of the D. radiodurans genome, some of the used 

codons of the mostly affected amino acids (Arg - AGA, AGG; Ile - AUA; Leu - CUA; Pro - 

CCC; Gly) have a low abundance in E. coli. Forced high-level expression of a gene with 

codons that are rarely used by E. coli causes depletion of the internal t-RNA pools, called 

codon bias. Translation of the recombinant RNA is delayed, resulting in degraded proteins or 

codon substitutions and misincorporations that can destroy the functional characteristics of the 

protein. The RIL+ strain contains an additional plasmid which encodes supplementary t-

RNAs for the amino acids Arg (argU), Ile (ileY) and Leu (leuW).  

 

 

 

 

Figure 17: (A) Codon usage prediction of the first 300 amino acids of polA* in E. coli, whereas red dots stand 

for coding triplets which represent a bottle neck in protein biosynthesis [S3]. (B) SDS-PAGE analysis of polA* 

expression in different E. coli strains.  

 

 

While testing BL21 RIL+ for polA* expression one could observe increased expression rates 

(fig. 18B). The expression protocol was further optimised by analysing expression induction 

at different OD600 values and for different expression durations. As SDS-PAGE analysis (fig. 
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18A) shows, later induction of expression and longer incubation times could dramatically 

increase the yield of polA*. The expression condition no. 4, 6 and 14 (as indicated in fig. 

18B) were choosen to perform purification of the expressed polA* protein with an ion-

chelating affinity chromatography matrix (Ni-NTA batch, as described in the methods 

section). These results represent the successful purification of polA*. Expression in BL21 

Ril+ leads to higher expression levels due to the suplementary t-RNAs and therefore a higher 

yield of the purified enzyme. Longer expression also increased impurity of the eluted polA* 

fraction. For all further purifications expression was induced at OD600 ~0.5 for 4 hours at 37 

°C. 

 

 

 

 

Figure 18: SDS-PAGE analysis of (A) protein expression kinetics: N uninduced culture, 1-4:induction at OD600 

~ 0.15, 5-8:induction at OD600 ~ 0.3, 9-12:induction at OD600 ~ 0.45, 13-16:induction at OD600 ~ 0.6; 1, 5, 9, 

13:expression for 1 hour, 2, 6, 10, 14:expression for 2 hours, 3, 7, 11, 15:expression for 3 hours, 4, 8, 12, 

16:expression for 4 hours. (B) Ni-NTA batch purification of polA* expression at conditions 4, 6 and 14 as 

described in A. F:flow-through after binding, w1-w3:washing steps 1 to 3, E:elution fraction. 

 

 

 

To show that the purified enzyme is indeed polA* the SDS-PAGE (fig. 19A) containg all 

fraction of the purification procedure was blotted to a nitrocellulose membrane. Incubation 

with monoclonal anti-6xHis-antibodies, secondary anti-mouse-antibodies containing a 

horseraddish peroxidase and development of the fotofilm showed only bands at the expected 

size of 70 kDa (fig. 19B), verifying that the expressed and purified enzyme is polA*. 
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Figure 19: (A) SDS-PAGE analysis of polA* purification steps via Ni-NTA batch. M:molecular weight marker, 

L:lysate, F:flow-through, W1-W3:washing steps, E:elution fraction. (B) Western Blot of SDS-PAGE, index as 

described in A, incubated with primary monoclonal anti-6xHis antibodies and secondary anti-mouse antibodies. 

(C) SDS-PAGE analysis of polA* expression in E. coli RIL+ and Rosetta strain and elution fraction of Ni-NTA 

purification.  

 

 

 

A further increase of protein expression could be observed while using a BL21 Rosetta strain 

(fig. 19C) modified with an additional plasmid like RIL+, but with even more supplementary 

t-RNAs for the amino acids Arg, Ile, Leu, Pro and Gly.  

 

 

3.4. Temperature Dependence of Polymerase Activity 
 

Due to the tight relation of the Deinococcae to the Thermus family and the high sequence 

homology of polA* to the Thermus aquaticus DNA polymerase I [253], thermostability of the 

enzyme activity was investigated.  

Reactions for polA*, the large fragment of Taq DNA polymerase (Klentaq, KTQ) and the 

Klenow fragment of E. coli DNA polymerase I (KF) were conducted under increasing 

temperatures - an example of the results for polA* is shown in figure 20A. 

A primer template system, as explained in methods 5.4.3., was used to examine the 

thermostability of the used polymerases. After denaturation of the DNA, it was allowed to 

cool to rt over 20 min for annealing then dNTPs were added. The reactions were conducted 

either by adding the polymerase to the reaction mixture and incubation at the temperatures as 
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indicated in figure 20B for 10 min. Or the reaction mixture without DNA and dNTPs was 

incubated for 10 min at the indicated temperatures and the polymerase reaction was started 

afterwards by adding the annealed DNA complex and dNTPs and incubation for 10 min at 30 

°C. Both systems lead to the same results of thermotolerance of the three tested polymerases. 

Evaluation of the PAGE analysis showed stable activity of Klentaq at all choosen incubation 

temperatures. The activity of KF decreased rapidly over 40 °C and polA* was working up to 

49 °C (fig. 20B). 

 

 

 
 

Figure 20: (A) PAGE analysis of primer extension assay of polA* activity at different incubation temperatures: 

1:30 °C, 2:30.7 °C, 3:32.8 °C, 4:36.1 °C, 5:39.6 °C, 6:43.2 °C, 7:46.8 °C, 8:50.3 °C, 9:53.9 °C, 10:57.2 °C, 

11:59.3 °C, 12:60 °C. (B) Graphical representation of the polymerase activities of KTQ (circles), KF (triangles) 

and polA* (squares), all experiments were repeated at least three times. 

 

 

This indicates that polA* is not as thermostable as the DNA polymerase of the related 

Thermus family, but slightly more stable (about 20 °C) than DNA polymerase I of E. coli.  

 

 

3.5. Metal Ion Dependence of Polymerase Activity 
 

During dessication periods D. radiodurans accumulates manganese intracellularly, which is 

an important factor for radioresistance [35]. Due to this fact the response of polA* to 

increasing manganese concentrations was investigated.  
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The metal ion dependence of the polA* activity was tested with either one increasing metal 

ion concentration (Mg2+ or Mn2+) or keeping Mg2+ constant at 10 mM and varying the Mn2+ 

concentration. It was found that up to 1 mM Mn2+ the polymerase activity of polA* retains. 

At higher concentrations the activity is decreasing and over 7.5 mM totally lost (fig.21A). 

 

 

 
 

Figure 21: Graphical presentation of (A) polA* activity with increasing Mg2+ (squares) or Mn2+ (circles) 

concentrations; constant Mg2+ (10 mM) and varying Mn2+ (triangles) concentrations. (B) Polymerase activities at 

constant Mg2+ (10 mM) with increasing Mn2+ concentrations for KF, Taq and polA* as indicated. 

 

 

Compared to the other DNA polymerase of D. radiodurans PolX [148], polA* activity does 

not depend on and is fully active without manganese ions, but the polymerase activity can be 

increased by moderate Mn2+ concentrations.  

Constant magnesium ion concentrations with varying manganese ion concentrations were also 

used to characterise the activity of Taq and KF polymerases to be compared with the polA* 

metal ion dependence. Due to different enzyme concentrations used for the assay the dNTP 

incorporation values were normalised, whereas activity with 10 mM Mg2+ without Mn2+ was 

set as “1”. The results shown in figure 21B indicate that an increase of activity caused by 

manganese ions reached the highest values for Taq (1.25x) compared to activity without 

manganese ions. KF activity was decreased already at low manganese ion concentrations (1 

mM) and KF and Taq were completely inactive at 5 mM Mn2+.  
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Taking all data together polA* activity is less increased by manganese ions than Taq but more 

stable at higher Mn2+ concentrations than Taq and KF. 

 

 

3.6. Template Dependent Polymerase Activity and Pro cessivity 
 

In order to test whether polA* is a DNA dependent DNA polymerase, primer extension 

studies were performed with several combinations of template DNA and nucleoside 

triphosphates. As shown in figure 22A, combination of DNA as template and primer and 

dNTPs resulted in full length product formation without significant differences while 

incubated without manganese ions or 1 mM Mn2+. Whereas changing to ribonucleotides (fig. 

22B) decreases the product formation drastically to incorporation of only up to three 

nucleotides with very high enzyme concentrations (100 nM, compared to T7 RNA 

polymerase [254]) and 1 mM manganese ions containing buffer conditions.  

Combination of an RNA template with a DNA primer showed no differences if either dNTPs 

(fig. 22C) or NTPs (fig. 22D) were added, because no primer elongation could be observed 

even at 100 nM polA* and incubation with 1 mM Mn2+ containing buffer. 

 

 

 
 

Figure 22: Autoradiogramme of template dependent polymerase activity. 1,5:0 nM polA*, 2,6:100 nM polA*, 

3,7-10 nM polA*, 4,8:1 nM polA*; 1-4:0 mM Mn2+, 5-8:1 mM Mn2+. (A) DNA template, dNTPs (B) DNA 

template, NTPs (C) RNA template, dNTPs (D) RNA template, NTPs. 
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The results shown in figure 22 clearly show that polA* is a DNA dependent DNA polymerase 

which is not able to extend a DNA primer with NTPs nor to extend a RNA primer with either 

dNTPs or NTPs even in the presence of manganse ions. 

 

Due to the fact that polA* is thought to be a replicative polymerase of D. radiodurans, 

processivity is an important feature of enzyme activity. To test the ability to extend a primer 

on a long template to a product, primed M13 DNA was used to show this capacity of polA*. 

As shown in fig. 23 long products of about 300 bp can be obtained with very low enzyme 

concentrations and incubation of 10 min; longer incubation times and higher enzyme 

concentrations led to products of about 1000 bp. 

 

 

 

 

Figure 23: DNA polymerase processivity assay. 1,5:0 nM polA*, 2,6:1 nM polA*, 3,7:10 nM polA*, 4,8:100 

nM polA*; 1-4:0 mM Mn2+, 5-8:1 mM Mn2+. (A) 10 min incubation time. (B) 30 min incubation time. 

 

 

Due to the results shown in figure 23 polA* is able to elongate a primer to a long product in 

an adequate time. To get a more detailed view to the processivity of polA* a trapping assay 
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with competetive conditions for polymerase elongation would be suitable. The comparision of 

the results of this assay with real replicative polymerases like KF or KTQ under the same 

conditions would show the capacity of polA*. 

 

 

3.7. Selectivity of Nucleotide Incorporation 
 

Further characterisation of polA* activity properties leads to the selectivity of the dNTP 

incorporation. To investigate this purpose a template was used containing all possible variants 

of nucleobases at the first position after the 5´end of the primer. All possible combinations of 

template and single nucleotides were tested. 

 

In a first set of experiments the “A”-template was tested with all possible combinations of 

dNTPs as shown in figure 24B. Using 1 nM polA* for the experiment only the incorporation 

of the matching dTTP could be observed. Increasing the polymerase concentration up to 100 

nM polA* also the incorporation of dATP and to a very small extent dCTP opposite to “A” 

could be examined. Comparing these results with qualitative experiments of KF (fig. 24C) 

one could see that KF is also very selective at low enzyme concentrations and gets much more 

unselective at high concentrations than polA*. 

To get more detailed information of the mismatch incorporation frequency by polA* kinetic 

studies under steady-state conditions were conducted [255, 256]. The results calculated from 

at least three independent experiments are shown in figure 24D. The data clearly support the 

qualitative results from figure 24B: the selectivity of match incorporation was normalised to 1 

and the data for the not matching nucleotides show that they were used 500x less (dGTP) and 

about 5000x less (dATP, dCTP) than dATP. 
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Figure 24: Single nucleotide incorporation opposite to adenine in the absence of manganese ions. (A) Primer 

template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM polA* 

and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of polA* from 

at least three independent experiments with 1 nM polA*. 

 

 

The same experiments as explained above were carried out in a buffer system containing 1 

mM Mn2+. Figure 25B shows that polA* becomes less selective even with a low enzyme 

concentration (1 nM) and shows besides incorporation of dTTP opposite to “A” also 

incorporation of dATP. Increasing the enyme concentration to 100 nM polA* results in 

incorporation of all nucleotides and even elongation up to 3 nucleotides. Comparison with KF 

shows that the influence of manganese ions on this polymerase also leads to unselective 

elongation of a primer. Incubation with low enzyme concentrations shows incorporation of 

the matching dTTP and the usage of mismatching dATP and to a minor extent dCTP and 

dGTP opposite to “A”. Experiments with 100 nM KF resulted in incorporation of nucleotides 

without selectivity and elongation of the primer up to 4 nucleotides (fig 25C). 

The kinetic data for polA* (fig 25D) show, that the selectivity of the mismatching nucleotides 

was decreased. Incorporation of dGTP is less effected, whereas the dATP and dCTP are used 

about 10x more often than without manganese. 
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Figure 25: Single nucleotide incorporation opposite to adenine in the presence of 1 mM manganese ions. (A) 

Primer template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM 

polA* and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of 

polA* from at least three independent experiments with 1 nM polA*. 

 

 

Nucleotide incorporation opposite an adenine in the template strand shows that polA* is a 

very selective polymerase at low enzyme concentrations. Increased enzyme concentrations 

and manganese ions can support the incorporation of mismatching nucleotides. The 

combination of Mn2+ and a high enzyme concentration leads to unselective utilisation of 

nucleotides for primer extension. 

 

In a second set of experiments a template containing a “G” at the first position after the 3´ 

primer end was used. Again all possible nucleotide combinations were tested. 

Experiments carried out with low enzyme concentrations of polA* (1 nM) showed only 

incorporation of the matching dCTP. Increasing enzyme concentration to 100 nM polA* 

resulted in incorporation of the matching nucleotide and the usage of dATP and dTTP 

(fig.26B). Comparing these experiments with results for KF high selectivity could be 

observed with 1 nM KF - only dCTP was used and less selectivity with 100 nM KF - mainly 

dCTP but also all the mismatching nucleotides were incorporated (fig. 26C). 
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Kinetic data showed that dTTP was about 200x less incorporated than dCTP. The selectivity 

data displayed that dATP was used 2000x less and dGTP 10.000x less opposite to guanine 

compared to the matching dCTP (fig 26D). 

 

 

 

 

Figure 26: Single nucleotide incorporation opposite to guanine in the absence of manganese ions. (A) Primer 

template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM polA* 

and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of polA* from 

at least three independent experiments with 1 nM polA*. 

 

 

The experiments for nucleotide incorporation opposite to guanine were again conducted also 

in the presence of 1mM manganese ions. 

Incubation with Mn2+ and low enzyme concentrations of polA* (1 nM) resulted in mainly 

match incorporation but also dATP and dTTP were utilised. Increasing the enzyme 

concentration up to 100 nM, led to unselective incorporation of all nucleotides (fig. 27B). 

Similar experiments with 1 nM KF showed also incorporation of all nucleotides exept dGTP 

and with 100 nM KF all nucleotides were unselectively used nearly to the same extent fig. 

27C). 

Quantification of the selectivity of nucleotide incorporation opposite to guanine with kinetic 

data (fig. 27D) showed a strong decrease in selectivity for dATP and dTTP in the presence of 

Mn2+ (only about 10x less used for dATP and about 20x less usage for dTTP). The selectivity 

for dGTP was only slightly decreased in the presence of manganese ions. 
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Figure 27: Single nucleotide incorporation opposite to guanine in the presence of 1 mM manganese ions. (A) 

Primer template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM 

polA* and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of 

polA* from at least three independent experiments with 1 nM polA*. 

 

 

Nucleotide incorporation opposite to guanine in the template strand is also very selective for 

polA* at low enzyme concentrations. Increased enzyme concentrations and the presence of 

manganese ions could again decrease the incorporation selectivity. A high enzyme 

concentration and the presence of Mn2+ resulted in unselective incorporation of all nucleotides 

and primer extension up to 3 nucleotides. 

 

For the next set of experiments a template containing a cytosine at the first positions after the 

primer end was used.  

The experiments conducted with 1 nM polA* showed selective incorporation of dGTP and to 

a marginal extent dATP (fig. 28B). Higher polymerase concentration (100 nM) resulted in a 

slight increase of the dATP incorporation. Comparable experiments with KF showed a very 

selective incorporation with 1 nM enzyme and an additional usage of dATP and less dTTP 

after incubation with 100 nM KF (fig. 28C). Kinetic data also suggest a very selective 

incorporation of dGTP opposite to “C”. The incorporation of dATP could be detected with 
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2000x less and dTTP with 10.000x less than the matching nucleotide. Due to very high KM 

values, an incorporation of dCTP was almost not detectable (fig. 28D). 

 

 

 

 

Figure 28: Single nucleotide incorporation opposite to cytosine in the absence of manganese ions. (A) Primer 

template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM polA* 

and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of polA* from 

at least three independent experiments with 1 nM polA*. 

 

 

Performing the described experiments in the presence of 1 mM manganese ions, polA* shows 

a slightly decreased selectivity at low enzyme concentration (1 nM) - also dATP and to a 

minor extent dTTP are incorporated opposite a “C”. A strongly decreased selectivity can be 

obtained at 100 nM polA* - nearly all nucleotides are incorporated with less dCTP (fig 29B). 

Comparing the experiments with the results found for KF, one could say that KF is even less 

selective at low enzyme concentrations (1 nM), although incorporation of dCTP is also not 

detected. Incubation with 100 nM KF resulted in incorporation of all nucleotides with a 

marginal extent of dCTP (fig. 29C). 

Kinetic data for the nucleotide incorporation opposite to cytosine in the presence of 

manganese ions show, that the selectivity of polA* is decreased. The misincorporation of 

dATP is increased about 50x and of dTTP about 500x. Incorporation of dCTP is less affected, 

but could be measured at a very low level with a Mn2+ containing buffer system (fig. 29D). 
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Figure 29: Single nucleotide incorporation opposite to cytidine in the presence of 1 mM manganese ions. (A) 

Primer template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM 

polA* and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of 

polA* from at least three independent experiments with 1 nM polA*. 

 

 

Incorporation of a nucleotide opposite to “C” is very selective for polA*. Without manganese 

ions and low enzyme concentrations only the incorporation of the matching dGTP could be 

observed. Increasing the amount of enzyme or addition of Mn2+ resulted in misincorporation 

of mainly dATP and less dTTP. The utilisation of dCTP could not be detected. High enzyme 

concentrations and the presence of manganese ions led to incorporation of all four 

nucleotides, with less dCTP and a primer extension up to 4 nucleotides. 

 

Last but not least a “T” containing template was used for nucleotide incorporation 

experiments.  

Using 1 nM polA* only the incorporation of dATP could be observed, although a slight 

elongation up to 2 nucleotides was detected. Higher enzyme concentrations of polA* (100 

nM) led to incorporation of all nucleotides, with less dTTP and nearly no dCTP utilisation 

(fig. 30B). The experiments with KF showed similar results. With low enzyme concentrations 

(1 nM) only the matching dATP incorporation could be observed. With 100 nM KF 

incorporation of mainly dATP and dGTP was found (fig. 30C). 
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The kinetic data for polA* suggest a selectivity for nucleotide incorporation opposite to 

thymidine where the mismatching nucleotides are each used about 400x less than the 

matching dATP (fig. 30D). 

 

 

 

 

Figure 30: Single nucleotide incorporation opposite to thymine in the absence of manganese ions. (A) Primer 

template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM polA* 

and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of polA* from 

at least three independent experiments with 1 nM polA*. 

 

 

 

Experiments with the “T” template were also conducted in the presence of 1 mM Mn2+. 

Incubation with 1 nM polA* resulted in incorporation of all nucleotides with a minor extent of 

dCTP. Increasing the enzyme concentration up to 100 nM, lead to unselective incorporation 

of all nucleotides (fig. 31B). Comparable experiments with KF showed incorporation of 

mainly dATP and less dGTP and dTTP at 1 nM enzyme concentration. 100 nM KF showed 

unselective incorporation of all nucleotides (fig. 31C). 

The kinetic data of polA* show that manganese again decreases the selectivity of polA*. In 

the presence of Mn2+ the utilasation of the wrong nucleotide is increased to about 10x for all 

mismatching nucleotides (fig. 31D). 
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Figure 31: Single nucleotide incorporation opposite to thymine in the presence of 1 mM manganese ions. (A) 

Primer template context of the experiments. (B) Qualitative experiments of nucleotide incorporation with 1 nM 

polA* and 100 nM polA*. (C) Nucleotide incorporation with 1 nM KF and 100 nM KF. (D) Kinetic data of 

polA* from at least three independent experiments with 1 nM polA*. 

 

 

Incorporation of a nucleotide opposite to thymidine is also very selectively done by polA*. 

Increasing enzyme concentrations or the addition of manganese ions can reduce the selectivity 

to incorporate all nucleotides with mainly dATP, less dGTP and dTTP and nearly no dCTP. 

Combination of a high enzyme concentration and Mn2+ leads to unselective incorporation of 

all nucleotides at nearly the same rate and primer elongation up to 3 nucleotides. 

 

Taking all the results of the nucleotide incorporation studies together, polA* is a very 

selective DNA polymerase. The selectivity can be reduced by increasing the enzyme 

concentration or adding manganese ions. The presence of Mn2+ results in incorporation of 

nearly every nucleotide opposite a template base. In most cases the selectivity is decreased 

about 10x and in the case of incorporating dATP and dTTP opposite to guanine even about 

100x in the presence of manganese ions. 
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3.8. Remote Mismatch Recognition 
 

PolA* shows to be an accurate, processive and DNA dependent polymerase. Some 

polymerases also show some kind of “memory” for mismatches on the already elongated 

strand. To test whether polA* is able to detect mismatches upstream, a primer template 

system was used, which contains proxiterminal mismatches (fig 32A). These DNA complexes 

were incubated with low and high concentrations of polA* and a buffer system containing 

either magnesium ions or magnesium and manganese ions. 

Figure 32B shows the results with low concentrations of polA*. Up to two bases back the 

mismatched templates were not further elongated - only the matching control duplexes. If the 

mismatch is positioned three bases backwards elongation can be observed. Only an A-G 

mismatch at this position is not further elongated. Mismatches, that were present at more than 

three bases backwards were elongated without any problem. Incubation with Mn2+ containing 

buffer (fig. 32C) resulted in similar observations, only more product formation could be 

monitored. 

When the polymerase concentration was changed to nearly equimolar conditions of DNA and 

polA* all mismatched templates were elongated to full length products. Only less product 

formation was observed in case of the G-A mismatch on the “+2” template and the A-G 

mismatch on the “+3” template (fig 32D, E). 
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Figure 32: Remote mismatch recognition studies. (A) used primer and template sequences (B) 1 nM polA*, 0 

mM Mn2+, (C) 1 nM polA*, 1 mM Mn2+, (D) 100 nM polA*, 0 mM Mn2+, (E) 100 nM polA*, 1 mM Mn2+. N-

nucleotide; matching conditions are indicated underlined and bold. 

 

 

The results of the remote mismatch recognition system indicate that polA* is not able to 

extend mismatches at the +1 and +2 position, even in the presence of Mn2+ and at low enzyme 

concentrations. Increasing the enzyme concentration leads to extension of nearly all 

mismatched primer template systems. The combination of high enzyme concentration and 

manganese ions shows extension of all mismatches to full length products in quantative 

yields. 
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3.9. Lesion Bypass 
 

Untill now, two polymerases are further known for D. radiodurans - polX and polA. Both are 

involved in DNA repair pathways and polA is thought to be part of the replication machinery, 

too. Due to its maybe multiple functions, it would be necessary for polA to handle with DNA 

lesions and nucleotide adducts during repair and replication. 

 

3.9.1. Abasic site  
 

To test the behaviour of polA* with modified DNA, a first set of experiments, with a template 

containing an abasic site, was performed. First a primer was used which allows “running 

start” conditions - the lesion appears at the fourth position after the 3´end of the primer (fig. 

33A). 

The primer extension reaction was conducted with increasing enzyme concentrations of 

polA* or KF with a control template, which provides a normal adenine at the fourth positon 

after the 3´primer end, and with the lesion containing template. All reactions were incubated 

at 30 °C for 10 min with either a Mn2+ free buffer or 1 mM Mn2+ in the reaction buffer.  

Figure 33 B shows the results for the enzyme concentration depending on primer elongation 

with polA*. The two left panels demonstrate that without manganese polA* elongates the 

primer on the normal template up to full-length product with increasing product formation at 

higher enzyme concentrations. The incorporation of nucleotides on the damaged template 

stops at the base before the lesion with a low enzyme concentration (1 nM). A further 

elongation of one nucleotide could be observed with higher enzyme concentrations (10 nM 

and 100 nM) of polA*. In any case, the primer extension stops on the opposite site of the 

DNA lesion at the latest. 

Conducting the same reaction in the presence of manganese ions, the general enzyme activity 

is increased, as shown before. An enhanced product formation up to full-length can be 

monitored with the undamaged template. In case of the abasic site containing template the 

main product formation is shifted to one further nucleotide in the presence of manganese ions. 

As shown in figure 33B, right panels, with 1 nM polA* the elongation stops opposite the 

lesion and with increasing enzyme concentration (100 nM) a further incorporation can be 

observed, terminating at the position after the abasic site. 
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Figure 33: Lesion bypass of an abasic site under running start conditions. (A) Sequence context of the reaction. 

(B) Reactions performed with polA* in the absence (1-4) or presence (5-8) of 1 mM Mn2+ at increasing enzyme 

concentrations: 1, 5:0 nM polA*, 2, 6:1 nM polA*, 3, 7:10 nM polA*, 4, 8:100 nM polA* on a control template 

(Con) and a lesion containing template (as). (C) Control reactions performed with KF in the absence (1-4) or 

presence (5-8) of 1 mM Mn2+ at increasing enzyme concenntrations: 1, 5:0 nM KF, 2, 6:1 nM KF, 3, 7:10 nM 

KF, 4, 8:100 nM KF on a control template (Con) and a lesion containing template (as). 

 

 

As a control with a replicative polymerase, all the reactions were also performed with KF. 

Figure 33C, left panels, show that KF elongates the undamaged template up to full-length 

product and mainly stops opposite the abasic site in the absence of manganese ions. At high 

enzyme concentrations (100 nM) a further elongation up to full-length product can be 

observed, but only to a low extent. Incubation with 1 mM Mn2+ resulted in dramatic loss of 

enzyme activity. Even the control is only partly elongated at 100 nM KF. 

 

In the next set of experiments similar reactions were performed using a primer ending directly 

before the abasic site lesion on the template (fig. 34A). Same results as explained above could 

be obtained. The reactions with increasing concentrations of polA* show that the reaction 

stops opposite to the lesion and only little further incorporation is achieved in the presence of 

1 mM manganese ions (fig. 34B). Incubation with KF again resulted in a small extent of full-
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length product with high enzyme concentrations in the absence of Mn2+ and decreased 

enzyme activity in the presence of manganese ions (fig. 34C).  

 

 

 

 

Figure 34: Lesion bypass of an abasic site under standing start conditions. (A) Sequence context of the reaction. 

(B) Reactions performed with polA* in the absence (1-4) or presence (5-8) of 1 mM Mn2+ at increasing enzyme 

concentrations: 1, 5:0 nM polA*, 2, 6:1 nM polA*, 3, 7:10 nM polA*, 4, 8:100 nM polA* on a control template 

(Con) and a lesion containing template (as). (C) Control reactions performed with KF in the absence (1-4) or 

presence (5-8) of 1 mM Mn2+ at increasing enzyme concenntrations: 1, 5:0 nM KF, 2, 6:1 nM KF, 3, 7:10 nM 

KF, 4, 8:100 nM KF on a control template (Con) and a lesion containing template (as). 

 

 

To further characterise the incorporation of nucleotides on the abasic site containing template 

by polA*, single nucleotide incorporation reactions were conducted. The standing start 

conditions were used to monitor the usage of each possible dNTP.  

Figure 35A shows the qualitative results obtained with the control and the damaged template 

in the absence of manganese ions and 10 nM polA*. As expected mainly dTTP is 

incorporated opposite the undamaged adenine. Due to the high enzyme concentration also 

incorporation of dATP and dCTP is observed. On the damaged template mostly dATP and to 

a marginal extent dGTP is incorporated. To quantify these results the reactions were repeated 

with at least three times under steady-state conditions. The kinetic data for polA* are 

summarised in figure 35B. The matching nucleotide dTTP is used 45x less than dATP 
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opposite to an abasic site. The incorporation of dGTP is about 2x higher than dTTP opposite 

to the lesion by polA*.  

 

 

 

 

Figure 35: Single nucleotide incorporation opposite to an abasic site in the absence of manganese ions. (A) 

Nucleotide incorporation of polA* at an enzyme concentration of 10 nM on a control template (Con) and a 

lesion containing template (as). (B) Kinetic data of the single nucleotide incorporation reactions as shown in A, 

data of at least three independent experiments. (C) Control reactions with 10 nM KF on a control (Con) and a 

damaged template (as). X:dNTP mix, A:dATP, C:dCTP, G:dGTP, T:dTTP. 

 

 

Using KF again as control enzyme, incorporation of all nucleotides opposite to the control and 

the damaged template could be observed, due to the high enzyme concentration of 10 nM KF 

(fig. 35C). 

 

Single nucleotide incorporation was also conducted in the presence of 1 mM Mn2+ in the 

reactions using the same conditions as explained above were used. 

Figure 36A shows that polA* uses all nucleotides with less dCTP for incorporation opposite 

to a normal adenine and the abasic site with 10 nM enzyme and in the presence of manganese 

ions. Kinetic data for polA* (fig. 36B) show that the rate of dATP incorporation is slightly 

decreased - it is used about 40x more offen than dTTP - and the incorporation of dGTP and 

dCTP is increased about 4x compared to the reaction without manganese.  
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Reactions conducted with 10 nM KF (fig. 36C) also show incorporation of all nucleotides 

with mainly dATP and dGTP and less dCTP and dTTP. 

 

 

 

 

Figure 36: Single nucleotide incorporation opposite to an abasic site in the presence of manganese ions. (A) 

Nucleotide incorporation of polA* at an enzyme concentration of 10 nM on a control template (Con) and a 

lesion containing template (as). (B) Kinetic data of the single nucleotide incorporation reactions as shown in A, 

data of at least three independent experiments. (C) Control reactions with 10 nM KF on a control (Con) and a 

damaged template (as). X:dNTP mix, A:dATP, C:dCTP, G:dGTP, T:dTTP. 

 

 

Elongation of a primer on a template containing an abasic site by polA* is terminated 

opposite to the lesion even with high enzyme concentration (100 nM). The presence of 1 mM 

Mn2+ can trigger the incorporation of a further nucleotide after the lesion. Steady-state 

kinetics show that polA* mainly incorporates a dATP opposite to the lesion, as known from 

many other polymerases, which results in a point mutation in a further replication cycle. 

Incubation with manganese ions shifts the incorporation pattern to higher incorporation rates 

of all nucleotides, which varies the mutation pattern and can decrease the chance of forming a 

mutation, because the matching dTTP is used more offen under this condition. 
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3.9.2. oxoAdenine 
 

Another DNA lesion, caused by oxidative damage, was tested - oxoAdenine. 

The same primer template system as described above was used and instead of an abasic site, 

an oxoA was positioned at the sixth position after the 3´primer end (fig. 37A). First the 

running start conditions were tested with polA* and KF increasing enzyme concentrations. 

Incubation with several concentrations of polA* on the control template and the lesion 

containing templated showed that again the synthesis stops before and opposite to the lesion. 

High enzyme concentrations (100 nM) lead to incorporation of an additional nucleotide after 

the lesion, but no full-length product could be obtained (fig. 37B, left panels). In the presence 

of 1mM Mn2+ the main product formation with 10 nM polA* is shifted to elongation up to the 

site of the lesion and with 100 nM polA* a small extent of full-length product could be 

detected (fig. 37B, right panels).  

Comparing these results with the experiments done with increasing concentrations of KF, the 

main product with 1 nM enzyme is elongated up to the lesion and with higher enzyme 

concentrations the primer is extended to full length. Addition of 1 mM manganese ions again 

decreased the enzyme activity dramatically and product formation was only detectable for 

high enzyme concentrations (fig. 37C). 
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Figure 37: Lesion bypass of oxoAdenine under running start conditions. (A) Sequence context of the reaction. 

(B) Reactions performed with polA* in the absence (1-4) or presence (5-8) of 1 mM Mn2+ at increasing enzyme 

concentrations: 1, 5:0 nM polA*, 2, 6:1 nM polA*, 3, 7:10 nM polA*, 4, 8:100 nM polA* on a control template 

(Con) and a lesion containing template (oA). (C) Control reactions performed with KF in the absence (1-4) or 

presence (5-8) of 1 mM Mn2+ at increasing enzyme concenntrations: 1, 5:0 nM KF, 2, 6:1 nM KF, 3, 7:10 nM 

KF, 4, 8:100 nM KF on a control template (Con) and a lesion containing template (oA). 

 

 

Experiments conducted under standing start conditions showed similar results: incubation 

with increasing concentrations of polA* led to termination of the primer extension before (1 

nM polA*), opposite to the lesion (10 nM polA*) and one base past the lesion (100 nM 

polA*), as shown in figure 38B. Conditions with 1 mM Mn2+ enabled polA* to elongate the 

primer to full length. 

The results with KF were also reproducible under standing start conditions. Even at low 

enzyme concentrations (1nM) synthesis passing the lesion could be observed and higher 

enzyme concentrations induced full-length product formation. Addition of manganese ions 

decreased product formation (fig. 38C). 
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Figure 38: Lesion bypass of oxoAdenine under standing start conditions. (A) Sequence context of the reaction. 

(B) Reactions performed with polA* in the absence (1-4) or presence (5-8) of 1 mM Mn2+ at increasing enzyme 

concentrations: 1, 5:0 nM polA*, 2, 6:1 nM polA*, 3, 7:10 nM polA*, 4, 8:100 nM polA* on a control template 

(Con) and a lesion containing template (oA). (C) Control reactions performed with KF in the absence (1-4) or 

presence (5-8) of 1 mM Mn2+ at increasing enzyme concenntrations: 1, 5:0 nM KF, 2, 6:1 nM KF, 3, 7:10 nM 

KF, 4, 8:100 nM KF on a control template (Con) and a lesion containing template (oA). 

 

 

In a next step the single nucleotide incorporation of polA* opposite the oxoA lesion was 

tested. The primer template system was incubated with 10 nM polA* and one dNTP in each 

case. Figure 39A shows that polA* incorporates only dTTP opposite to the control template, 

containing a normal adenine. In case of the oxoA lesion also dTTP was used as the only 

nucleotide incorporated, but less product formation could be observed in general.  

The kinetic data, as presented in figure 39B, support the qualitative data. Mainly the matching 

dTTP is incorporated on the control and the damaged template. Incorporation of dGTP could 

be detected about 26x less and dATP about 34x less than dTTP. 
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Figure 39: Single nucleotide incorporation opposite to oxoAdenine in the absence of manganese ions. (A) 

Nucleotide incorporation of polA* at an enzyme concentration of 10 nM on a control template (Con) and a 

lesion containing template (oA). (B) Kinetic data of the single nucleotide incorporation reactions as shown in A, 

data of at least three independent experiments, n.a. not accessible. (C) Control reactions with 10 nM KF on a 

control (Con) and a damaged template (oA). X:dNTP mix, A:dATP, C:dCTP, G:dGTP, T:dTTP. 

 

 

Experiments using KF resulted in incorporation of all nucleotides, except dCTP, opposite to 

normal adenosine and the oxo lesion. Whereas dTTP was incorporated more often on the 

normal and dATP on the damaged template (fig. 39C). 

 

Next single nucleotide incorporation was conducted in the presence of 1 mM Mn2+. Primer 

extension of the normal and damaged template was again dominated by dTTP incorporation 

of polA*. But due to the presence of manganese ions also dATP was incorporated (fig. 40A). 

Evaluating the kinetic data of polA* (fig. 40B), increased incorporation of dATP could be 

observed - nearly every third nucleotide incorporated opposite to the lesion was a dATP. The 

usage of dGTP is also enhanced up to every tenth nucleotide. 

Comparing the experiments with KF, incorporation of all nucleotides on the normal and the 

damaged template with less dCTP usage could be observed (fig. 40C). 
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Figure 40: Single nucleotide incorporation opposite to oxoAdenine in the presence of manganese ions. (A) 

Nucleotide incorporation of polA* at an enzyme concentration of 10 nM on a control template (Con) and a 

lesion containing template (oA). (B) Kinetic data of the single nucleotide incorporation reactions as shown in A, 

data of at least three independent experiments, n.a. not accessible. (C) Control reactions with 10 nM KF on a 

control (Con) and a damaged template (oA). X:dNTP mix, A:dATP, C:dCTP, G:dGTP, T:dTTP. 

 

 

Bypass of the oxoAdenine lesion can be performed with low concentrations of polA* under 

running and standing start conditions. Even in absence of manganese ions full-length product 

could be obtained with high enzyme concentrations. Addition of Mn2+ increased the extent of 

fully elongated product and thereby the synthesis past the lesion. 

Kinetic data indicate that without manganese ions only dTTP is incorporated opposite the 

lesion, leading to a mistake-free bypass. With manganese the usage of the nucleotides 

switches to a more error-prone pattern, also dATP and dGTP are incorporated. That means a 

higher chance of mutation formation in the presence of manganese. 
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3.9.3. oxoGuanine 
 

As a third lesion an oxoGuanine was integrated into the sequence context of the primer 

template system (fig. 41A). First the running start conditions were incubated with increasing 

concentrations of polA*. Experiments conducted without manganese resulted in termination 

of the primer elongation before the lesion with 1 nM polA*, opposite to the lesion with 10 nM 

polA* and past the lesion but without full-length formation with 100 nM polA* (fig. 41B, left 

panels). Incubation with 1 mM Mn2+ led to further elongation of the primer up to the lesion 

with low enzyme concentrations and quantitative full-length product formation with 100 nM 

polA* (fig. 41B, right panels). 

Conducting the experiments with increasing KF concentrations, full-length elongation past the 

lesion could be observed even with 1 nM enzyme. Addition of manganese ions again 

decreased enzyme activity and therefore less primer extension was detected (fig. 41C). 

 

 

 

 

Figure 41: Lesion bypass of oxoGuanine under running start conditions. (A) Sequence context of the reaction. 

(B) Reactions performed with polA* in the absence (1-4) or presence (5-8) of 1 mM Mn2+ at increasing enzyme 

concentrations: 1, 5:0 nM polA*, 2, 6:1 nM polA*, 3, 7:10 nM polA*, 4, 8:100 nM polA* on a control template 

(Con) and a lesion containing template (oG). (C) Control reactions performed with KF in the absence (1-4) or 

presence (5-8) of 1 mM Mn2+ at increasing enzyme concenntrations: 1, 5:0 nM KF, 2, 6:1 nM KF, 3, 7:10 nM 

KF, 4, 8:100 nM KF on a control template (Con) and a lesion containing template (oG). 
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Next standing start conditions were performed with the oxoGuanine containing template (fig. 

42A). As shown in figure 42 B, incubation without manganese ions resulted in similar results 

as the running start shown above. Synthesis stopped opposite to the lesion and with 100 nM 

polA* also further elongation was observed. Manganese ions present in the reaction, enabled 

polA* to incorporate a nucleotide opposite to the lesion even with low enzyme concentrations 

(1 nM) and to full-length product formation with high enzyme concentrations (100 nM).  

Control reactions conducted with increasing KF concentrations showed full-length formation 

even with 10 nM enzyme and the presence of 1 mM manganese ions again reduced enzyme 

activity and product formation (fig. 42C). 

 

 

 

 

Figure 42: Lesion bypass of oxoGuanine under standing start conditions. (A) Sequence context of the reaction. 

(B) Reactions performed with polA* in the absence (1-4) or presence (5-8) of 1 mM Mn2+ at increasing enzyme 

concentrations: 1, 5:0 nM polA*, 2, 6:1 nM polA*, 3, 7:10 nM polA*, 4, 8:100 nM polA* on a control template 

(Con) and a lesion containing template (oG). (C) Control reactions performed with KF in the absence (1-4) or 

presence (5-8) of 1 mM Mn2+ at increasing enzyme concenntrations: 1, 5:0 nM KF, 2, 6:1 nM KF, 3, 7:10 nM 

KF, 4, 8:100 nM KF on a control template (Con) and a lesion containing template (oG). 

 

 

As a last step of this complex of experiments single nucleotide incorporation opposite to the 

oxoGuanine lesion by polA* was tested. 

First the system was incubated with 10 nM polA* in the absence of manganese ions with each 

dNTP alone (fig 43A). The results demonstrated that opposite to normal guanine and the 
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lesion oxoGuanine only the matching dCTP was incorporated. The kinetic data of polA* 

supported this observation - mainly the usage of dCTP was measured and about 40x less the 

incorporation of dATP. Use of dGTP and dTTP could not be detected (fig. 43B). 

Using KF in the same context, incorporation of all nucleotides with mostly dCTP opposite to 

the normal guanine and mainly dATP opposite the oxoGuanine lesion could be observed (fig. 

43C).  

 

 

 

Figure 43: Single nucleotide incorporation opposite to oxoGuanine in the absence of manganese ions. (A) 

Nucleotide incorporation of polA* at an enzyme concentration of 10 nM on a control template (Con) and a 

lesion containing template (oG). (B) Kinetic data of the single nucleotide incorporation reactions as shown in A, 

data of at least three independent experiments, n.a. not accessible. (C) Control reactions with 10 nM KF on a 

control (Con) and a damaged template (oG). X:dNTP mix, A:dATP, C:dCTP, G:dGTP, T:dTTP. 

 

 

Incubation of polA* with single nucleotides under 1 mM Mn2+, resulted in the incorporation 

of mainly dCTP, but also dATP and dTTP on the normal template and mainly dCTP and 

dATP on the damaged template (fig. 44A). The measured kinetic data supported this 

observation (fig. 44B). In the presence of manganese ions nearly every ninth incorporated 

nucleotide was a dATP and not the matching dCTP. Again the incorporation of dGTP and 

dTTP was not detectable. 

In case of incubation with KF, all nucleotides were incorporated on the undamaged and the 

damaged template (fig. 44C). Opposite to normal guanine mainly dCTP and dATP was used, 

which shifted on the damaged template to mostly dATP. 
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Figure 44: Single nucleotide incorporation opposite to oxoGuanine in the presence of manganese ions. (A) 

Nucleotide incorporation of polA* at an enzyme concentration of 10 nM on a control template (Con) and a 

lesion containing template (oG). (B) Kinetic data of the single nucleotide incorporation reactions as shown in A, 

data of at least three independent experiments, n.a. not accessible. (C) Control reactions with 10 nM KF on a 

control (Con) and a damaged template (oG). X:dNTP mix, A:dATP, C:dCTP, G:dGTP, T:dTTP. 

 

 

PolA* is able to perform a lesion bypass of the oxoGuanine lesion with high enzyme 

concentrations in the absence of manganese under running and standing start conditions. With 

low enzyme concentrations (1 nM and 10 nM) the synthesis was terminated before or 

opposite to the lesion. In the presence of manganese ions polA* elongated the primer past the 

lesion also with 10 nM enzyme concentration. Without manganese ions only dCTP was 

incorporated opposite to the lesion. Addition of Mn2+ enabled also the usage of dATP, which 

can result in an increasing mutation rate for the next replication cycle. 
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3.10. Strand Displacement 
 

The wildtype enzyme of D. radiodurans polA contains a 5´exonuclease domain. That means 

the enzyme is able to detect and remove 5´ single-strand overhangs. As known from the 

literature [257, 258] E. coli polymerase I 5´exonuclease is activated by the polymerase 

activity. If the polymerase synthesises a new strand and displaces the old one, a 5´single-

strand overhang is produced, that will be cut by the intrinsic 5´exonuclease activity. If the 

polymerase fills up a single strand gap between two double-stranded parts, the polymerase 

sythesises 3-5 nucleotides further into the double-stranded part, displaces the 5´end and cuts it 

with the exonuclease. Because of the high homology to polI it would be interesting to test the 

strand displacement activity of polA*.  

An assay was designed, which uses a 90 nt template where two primers were annealed and 

form a single-stranded gap of 7 nucleotides (fig. 45A). The primer, which is expected to be 

elongated in order to displace the second primer, is radioactively labeled. Experiments were 

conducted in polymerase concentration dependence (fig. 45B) and in reaction time 

dependence (fig. 45C) with a constant extent of polA*. Results shown in figure 45 

demonstrate a strand displacement activity of polA*.  
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Figure 45: Strand displacement experiments with either increasing amounts of polA* (B) or over a time course 

(C) each with or without 1 mM manganese. (A) used sequence context, (B) 1:0 nM polA*, 2:1 nM polA*, 3:10 

nM polA*, 4:100 nM polA* each for 10 min. (C) 1:0 min, 2:15 min, 3:30 min, 4:45 min, 5:60 min, 6:90 min, 

7:120 min each with 1 nM polA*. 

 

 

Strand displacement can be carried out by polA* even at low enzyme concentrations. A 

formation of product elongated for 7 nucleotides is accumulated but also a further elongated 

product can be obtained. With increasing enzyme concentration or longer incubation time the 

+7 band decreases and more longer products can be seen, indicating a strand displacement 

activity of polA*. The presence of manganese ions does not change the product composition 

in this experiment. 
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3.11. Chemically Modified DNA Templates 
 

High fidelity for DNA replication is required to maintain the proper transfer of genetic 

information during cell division. The first and most influential step determining this fidelity is 

the synthesis of a new base pair by a replicative DNA polymerase [85, 259-261]. This choice, 

which occurs dozens of times per second, involves the selection of one nucleotide among four 

for insertion into the growing primer strand, opposite each DNA template base as it is 

addressed in turn. In eukaryotes, the replicative enzymes are DNA polymerases δ, α, and ε 

[262]. In eubacteria, the replicative polymerases are Pol III, synthesising the leading strand, 

and Pol I, assisting Pol III with the lagging strand. These latter polymerases make a mistake 

(synthesis of a mismatched pair) only once in ~ 104 to 105 nucleotide insertions [263]. The 

biophysical origin of this fidelity is a long-standing topic of research on polymerases. Early 

studies often focused on the matching of Watson–Crick hydrogen bonds; however, it was 

subsequently recognised that at the terminus of DNA, base pairing selectivity in the absence 

of enzymes is too low to account for the observed enzymatic fidelity [264]. More recently, it 

was shown that a nonpolar isostere of thymine (difluorotoluene) can be replicated with nearly 

wild-type fidelity despite its lack of hydrogen bonding ability [265-267]. Such observations, 

in conjunction with structural [69, 268-271] and mutational [84, 271-273] studies, led to the 

hypothesis that the geometry of DNA base pairs may be regulated by a close fit in polymerase 

active sites [259, 274-276].  

 

Kool et al [277] described a systematic test, in which the size of a DNA base analog is 

gradually increased over a 1.0-Å range. They synthesised thymidine analogs with substituents 

at the 2,4 position (H, F, Cl, Br, I), which vary in size from 0.2 to 0.4 Å increments, giving a 

total size difference of 1 Å from the smallest to the largest. They prepared nucleoside 

triphosphates of the compounds and tested there incorporation properties in a polymerase 

assay.  

They examined the in vitro efficiency and fidelity of base pair synthesis by E. coli DNA Pol I 

(Klenow fragment) with these analogs, and then examined the same questions in vivo with a 

bacterial replication assay. It was found that both the DNA Pol I active site and the entire 

bacterial replication machinery are extraordinarily sensitive to very small changes in base pair 

size. In addition, they found that the optimum size is larger than the one of natural DNA, 

suggesting a simple steric mechanism for influencing evolutionary adaptability [277]. 
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As described by Kool et al the fluoro- and chloro-substituted thymines were integrated in a 

template and tested with a primer ending at the base before the modified nucleotide. This 

standing start conditions were tested with polA*. The upper panels of figure 46 B-D show the 

results of a primer extension assay conducted with increasing enzyme concentrations at 30 °C 

for 30 min. One can clearly see that the size expanded fluoro- and chloro-substitutions decrase 

the extent of full length product formed. Manganese ions support product formation but the 

yields of formed product are much less than in the control reaction with a normal thymidine. 

The lower panel shows the reaction with 1 nM polA* over a time course. Product formation 

can be monitored this way and it indicates that insertion opposite to modified bases is less 

efficient, the elongation is aborted after the first incorporation.  

 

 

 

 

Figure 46: Primer extension assay with chemically modified templates (A). (B-D) Upper panels with increasing 

enzyme concentrations. 1, 5:0 nM polA*, 2, 6:1 nM polA*, 3, 7:10 nM polA*, 4, 8:100 nM polA*. 5-8: with 1 

mM Mn2+, incubation 30 min at 30 °C. Lower panels show an incubation time course over 10 min as indicated. 

The experiments were carried out at 30 °C with 1 nM polA*. 
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The results suggest that polA* is not able to incorporate a nucleotide and elongate this primer 

opposite to the modified thymidines in quantitative yields with low enzyme concentrations 

and in the absence of manganese ions. This can be a hint that the active site of polA* is a bit 

more tight than that of KF. One can speculate that a more restricted active site of polA* 

would decrease the reincoporation of damaged nucleotides in DNA repair mechanisms after 

radiation damage. 

 

 



3. Results and Discussion
 

 

 
79 

3.12. Summary and Outlook 
 

Included in this work is the cloning and a basic characterisation of the DNA polymerase A 

from the extremely radioresistant organism Deinococcus radiodurans. 

The gene sequence of the polA was taken from the databank including the complete 

sequencing of the D. radiodurans genome. The open reading frame of polA was aligned to the 

sequences of the DNA polymerases I from E. coli (pol I) and Thermus aquaticus (Taq). Due 

to high sequence analogies only the polymerase domain of polA was used for this work. It is 

known that pol I and Taq used as shortened fragments (KF and KTQ) and are as active as the 

wildtype enzymes. 

According to this sequence identities the shortened gene of polA (polA*) was cloned and 

expressed in E. coli. For optimal expression conditions several E. coli strains were tested. A 

protocol for expression and purification from the t-RNA suplemented strain E. coli BL21 DE3 

RIL* was established. 

The purified polA* enzyme was tested successfully for polymerase activity. Experiments 

showed that polA* is not a thermostable polymerase, although the tight relations of the 

Deinococcacae to the Thermus family. It was detected that the enzyme activity of polA* is 

lost at temperatures higher than 49 °C. 

It was published that D. radiodurans accumulates actively manganese ions intracellular 

during radiation and DNA damaging events, but the comprehensive meaning of this is still not 

fully understood. These experiments were conducted to show if polA* is active only with 

Mg2+ or also with additional manganese ions. The results showed that Mn2+ up to 1 mM can 

increase the enzyme activity, higher concentrations will inhibit polA*. 

In a next set of experiments the template dependence of polA* was tested. A DNA primer-

template system, an RNA system and a DNA-RNA mixed system were tested for either NTP 

or dNTP incorporation. Because only DNA primer-template elongation with dNTPs could be 

detected in quantitative yields, polA* is a DNA-dependent DNA polymerase. 

For further characterisation the selectivity of nucleotide incorporation by polA* was tested. 

Qualitative experiments with all possible combinations of template and incorporated 

nucleotide were conducted. It was observed that under conditions with low enzyme 

concentrations polA* only inserts the matching nucleotide. This high selectivity can be 

modified by addition of manganese ions. To be able to compare these data for polA* with 
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other polymerases steady-state kinetic were measured for all reactions with and without 1 mM 

Mn2+.  

From the literature it is known that some DNA polymerases can remember proxyterminal 

mismatches. The next experiments should show if polA* is also able to detect mispairing on 

the upstream DNA strain. A primer-template system was used which contains all possible 

mismatches up to five bases upstream and the matched control. It was shown that the activity 

of polA* is decreased on the primer-template systems containing mismatches at the first and 

second position of the double helix upstream - no quantitative primer extension was detected. 

Addition of manganese could increase the yields, but also no quantitative elongation could be 

observed. 

It was shown that polA* is involved in DNA repair mechanisms of D. radiodurans. That is 

why the next set of experiments should show the ability of polA* for DNA lesion bypass. 

Modifications like an abasic site, oxoAdenine and oxoGuanine were intruduced to template 

strands, which were incubated with either a primer for running start conditions or standing 

start conditions. In primer extension experiments was observed that the incorporation stops 

prior to the lesion on the template strand. Higher enzyme concentrations and 1 mM Mn2+ 

enabled further synthesis - a nucleotide was incorporated opposite to the lesion. In case of the 

oxo-modifications also full-lenghth elongation could be detected. Next the single nucleotide 

incorporation opposite to the lesions was examined. The results showed that polA* 

incorporates mainly dATP opposite to the abasic site and the matching nucleotide opposite to 

oxo-modified bases. Again steady-state kinetics were conducted for all nucleotide 

combinations and with and without manganese ions. 

The wildtype enzyme of polA consists of a polymerase domain and a 5´-3´exonuclease. The 

latter is used to remove 5´overhangs from DNA double strains. This can be done by removing 

the flap directly at the beginning of the new strand or by strand displacement synthesis. To 

test whether polA* is able to displace an already existing DNA strand during synthesis, a 

primer-template system was developed which contains a single-stranded gap between two 

double-stranded parts. It could be shown that polA* can displace the strand with higher 

enzyme concentrations. Modification of the results by addition of manganese ions could not 

be observed. 
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To gain further insights into the action of polA, a crystal structure of the protein would be 

neccessary. Beside this experiments with purified and partially purified components of 

already known repair pathways of D. radiodurans could give more details of the involvement 

and action of polA.  
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3.13. Zusammenfassung und Ausblick 
 
Im Rahmen dieser Arbeit wurde die DNA Polymerase A aus dem strahlenresistenten 

Bakterium Deinococcus radiodurans kloniert und näher charakterisiert. 

Die Sequenz des Gens wurde der Datenbank zur kompletten D. radiodurans Sequenzierung 

entnommen. Die erhaltenen Sequenz wurde mit den Sequenzen der DNA Polymerase I aus E. 

coli (pol I) und Thermus aquaticus (Taq) verglichen. Aufgrund sehr hoher Sequenzidentität, 

wurde für die folgenden Experimente nur die Polymerasedomäne des Enzyms verwendet. 

Von pol I und Taq werden ebenfalls verkürzte Fragmente verwendet, welche vergleichbare 

Aktivität zum Wildtyp Enzym zeigen (KF, KTQ).  

Entsprechend dieser wurde das verkürzte polA-Gen (polA*) in einen Vektor kloniert und in 

E. coli exprimiert. Um eine optimale Expression zu erhalten wurden verschiedenen E. coli 

Stämme getestet. Es wurde ein Protokoll für Expression und Aufreinigung aus dem Triplett-

sublementierten Stamm E. coli BL21 DE3 RIL+ entwickelt. 

Das aufgereinigte Enzym wurde erfolgreich auf Polymeraseaktivität getestet. Es konnte mit 

Hilfe verschiedener Versuchsansätze festgestellt werden, dass die polA* keine thermostabile 

Polymerase ist, obwohl die Deinococcacae sehr eng mit der Thermus Familie verwandt sind. 

Es zeigte sich, dass die Enzymaktivität oberhalb von 49 °C verloren geht.  

Aus Untersuchungen zum Verhalten des Bakteriums D. radiodurans während 

Strahleneinwirkung und den folgenden DNA Reaparaturmechanismen weiss man, dass dieser 

aktiv intrazellulär hohe Konzentrationen an Manganionen akkumuliert, deren umfassende 

Bedeutung noch nicht komplett geklärt ist. Aufgrund dessen, wurde getestet, ob polA* nur 

mit Magnesiumionen oder auch mit Manganionen Polymeraseaktivität entfalten kann. Die 

Versuchsergebnisse ergaben, dass polA* mit bis zu 1 mM Mn2+ (zusätzlich zu Mg2+) in seiner 

Aktivität gesteigert werden kann. 

Als weiteres wurde untersucht, ob polA* sowohl DNA als auch RNA Primer-Templat -

Systeme akzeptieren und neue Nukleotide entsprechend anfügen kann. Es zeigte sich, dass 

polA* eine DNA-abhängige DNA Polymerase ist, da sowohl NTPs an einem DNA und RNA-

Primer als auch dNTP an einem RNA-Primer nicht quantitative eingefügt wurden. 

Im nächsten Schritt der Charakterisierung wurde die Selektivität des Nukleotideinbaus näher 

betrachtet. Anhand qualitativer Experimente konnte gezeigt werden, dass polA* eine sehr 

genaue Polymerase ist, d.h. mit kleinen Enzymkonzentrationen nur das passende Nukleotid 

eingebaut wird. Diese Genauigkeit kann durch Zugabe von Manganionen reduziert werden. 
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Um diese Daten besser untereinander und mit anderen Polymerasen vergleichen zu können, 

wurden zu allen möglichen Basenkombinationen kinetische Daten unter Steady-State 

Bedingungen erhoben sowohl ohne Mn2+ als auch unter Einfluss von 1 mM Manganionen. 

Aus der Literatur ist bekannt, dass manche Polymerase eine Art Gedächtnis besitzen 

bezüglich Fehlpaarungen auf dem bereits synthetisierten Primer-Templat-Strang, welches 

mehrere Basenpaare zurück reichen kann. Es sollte daher gezeigt werden, ob polA* ebenfalls 

„Remote Mismatches“ detektieren kann. Es wurde ein Primer-Templat-System verwendet, 

welches bis zu fünf Basenpaare zurück jeweils eine Fehlpaarung in allen möglichen 

Kombinationen und die zugehörige Positiv-Kontrolle enthält. Es zeigte sich, dass polA* bei 

Fehlpaarungen, die direkt am Primerende bzw ein Basenpaar vor dem Doppelstrangende 

liegen, diese nicht quantitativ verlängern kann. Unter Einfluss von Manganionen konnte der 

Umsatz gesteigert werden, welcher aber nicht das Niveau der Kontrolle erreichte. 

Da vermutet wird, dass polA* in DNA Reparaturmechanismen in D. radiodurans involviert 

ist, sollte als nächstes untersucht werden, wie polA* auf DNA-Schäden wie einer abasischen 

Stelle, oxo-Adenine und oxo-Guanine reagiert. Diese DNA-Modifikationen wurden jeweils in 

einen Templatstrang integriert und die Verlängerung eines Primers, der entweder mehrere 

Basen vor dem Schaden bzw. direkt am Basenpaar vor dem Schaden endet, untersucht. Es 

zeigte sich, dass die Synthese durch polA* vor der Modifikation abbricht. Durch Zugabe von 

Manganionen oder höheren Enzymkonzentrationen konnte der Einbau eines Nukleotides 

gegenüber dem Schaden induziert werden. Im Falle der oxo-Modifikationen von Adenine und 

Guanine konnte unter diesen Bedingungen sogar die komplette Verlängerung des Primers 

detektiert werden. Im nächsten Schritt wurde dann der Einzeleinbau gegenüber der 

Modifikation untersucht. Die Versuchsergenisse ergaben, dass gegenüber der abasischen 

Stelle hauptsächlich ein dATP eingebaut wird und zu den oxo-modifizierten Basen das 

passende Nukleotid verwendet wird. Zu allen Schaden und Nukleotidkombinationen sowohl 

ohne als auch mit Mn2+ wurden kinetische Steady-State Daten erhoben. 

Das Wildtyp-Enzym der polA enthält neben der Polymerase-Domäne auch eine 5´-3´-

Exonuclease-Funktion. Diese dient der Restriktion von 5´-Überhängen an DNA-

Doppelsträngen. Diese werden meist gezielt am nächsten überlappenden Basenpaar entfernt 

oder es erfolgt eine weitere Synthese in den bereits bestehenden Doppelstrang hinein, wobei 

der vorhandene Strang verdrängt wird. Dies wird als Strand-Displacement bezeichnet. Um zu 

testen, ob polA* bei der Neusynthese prinzipiell zum Verdrängen eines bereits vorhandenen 

DNA Stranges fähig ist, wurde ein Primer-Templat-System entwickelt, welches zwischen 
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zwei doppelsträngigen Bereichen eine einzelsträngige Lücke aufweisst. Im Experiment zeigte 

sich, dass polA* mit höheren Enzymkonzentrationen den vorhandenen Strang durch 

Neusynthese verdrängt. Bei diesen Versuchen konnte kein modifizierender Einfluss von 

Manganionen nachgewiesen werden. 

 

Um weitere Einblicke in die Funktionsweise der D. radiodurans Polymerase A zu erlangen, 

wäre eine Kristallstruktur des Enzyms hilfreich. Desweiteren könnten Experimente mit 

aufgereingten Komponenten der bereits näher untersuchten Reparaturstrategien aus D. 

radiodurans, die Beteiligung und Funktionsweise der Polymerase A näher beleuchten. 
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4. Materials 

 

4.1. Chemicals 
 

All chemicals used in this work, were of “p.a.“ or “molecular biology/cell culture” 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 Häen 

Ammonium peroxodisulfate Fluka 

β-Mercaptoethanol Roth 

Boric acid Fluka 

Bromphenol Blue Fluka 

Bovine Serum Albumine Sigma 

Benzamidine Sigma 

Bovine Calf serum Sigma 

Carbenicilline disodium salt Roth 

Chloroform Roth 

Chloramphenicol Roth 

Coomassie Brilliant Blue G 250 Roth 

1,4-Dithiotreitol Roth 

Dichlorodimethylsilane Fluka 

Dimethylsulfoxide Merck 

Disodium hydrogenphosphate Merck  

ECL solution Pierce 
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Ethanol (100%) Roth 

Ethidiumbromide (0.1%) Roth 

Ethylenediaminetetraacetic acid (EDTA) Roth 

Formamide Merck 

Formaldehyde (solution 36.5%) Riedel de Häen 

Gentamycine Roth 

Glucose Riedel de Häen 

Glutardialdehyde (solution 25%) Merck 

Glycerol Merck 

Glycine Roth 

HisTrap HP GE Healthcare 

Hydrochloric acid Riedel de Häen 

Imidazole Merck 

Isopropyl β-D-1-thiogalactopyranosidose (IPTG) Roth 

LB broth Roth 

Magnesium chloride Acros Organics 

Magnesium sulfate heptahydrate Merck 

Manganese(II)chloride tetrahydrate Riedel de Häen 

Ni-NTA Agarose Qiagen  

Ni Sepharose 6 Fast Flow GE Healthcare 

Nonidet P-40 Sigma 

1-Propanol Sigma 

Phenol (stabilised with TE-buffer, pH 8.0) Roth 

Sephadex G25 Superfine Amersham 

Silvernitrate Roth 

Sodium chloride Roth 

Sodium dodecyl sulfate (SDS) Roth 

Sodium hydroxide Merck 

TEMED Roth 

Tetracycline Roth 

Tris(hydroxymethyl)aminomethane Roth 

Triton X-100 Roth 
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Tween 20 Riedel de Häen 

Tryptone Roth 

Urea Roth 

Xylenecyanol Roth 

Yeast extract Roth 

 

 

 

4.2. Radiochemicals and nucleotides 
 

Reagent Supplier 

[γ-32P]-ATP Hartmann Analytic 

dNTPs Fermentas 

NTPs Fermentas 

 

 

 

4.3. Standards and kits 
 
Standards Supplier 

Gene Ruler DNA ladder Mix Fermentas 

Fast Ruler High Range Fermentas 

Page Ruler unstained Protein Ladder Fermentas 

  

Kits Supplier 

RNeasy Mini Kit Qiagen 

OneStep RT-PCR Kit Qiagen 

MinElute PCR Purification Kit Qiagen 

MinElute Gel Extraction Kit Qiagen 

QIAprep Spin Miniprep Kit Qiagen 

Bacculo Gold Transfection Buffer Set BD Biosciences 
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4.4. Enzymes 
 
Enzymes Supplier 

Antarctic Phosphatase NEB 

Lysozyme Sigma 

NcoI NEB 

NdeI NEB 

Phusion DNA Polymerase Finnzyme 

T4 DNA Ligase Fermentas 

T4 Polynucleotidekinase Fermentas 

 

 

 

4.5. Bacterial strains  
 
Strain Application Supplier 

D. rad. Isolation of genomic DNA/RNA DSMZ 

E. coli XL1 blue Expression KF- Stratagene 

E. coli XL10 Gold Plasmid storage 

Site directed mutagenesis 

Stratagene 

E. coli BL21 (DE3) Gold Expression polA*, Taq, KTQ1 Stratagene 

E. coli BL21(DE3) pLysS Expression polA* Novagen 

E. coli BL21 (DE3) RIL+ Expression polA* Stratagene 

E. coli BL21 (DE3) Rosetta pLysS Expression polA* Novagen 

 

 

 

4.6. Plasmids 
 
Plasmid Resistance Application Source 

pET15b AmpR Cloning polA* Novagen 

pET-A* AmpR Expression polA* this work, [108] 
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pRIL+ CamR Expression; codes for rare 

codon t-RNA Arg, Ile, Leu 

Stratagene 

pLysS CamR Expression; codes for T7-RNA 

polymerase lysozyme 

Novagen 

pRosetta CamR Expression; codes for rare 

codon t-RNA Arg, Ile, Leu, 

Pro, Gly 

Novagen 

 

 

 

4.7. Selection additives 
 

Selection of the plasmid carrying strains was realised by addition of the respective antibiotics. 

Following antibiotics were used: 

Carbenicillin  100 µg/ml 

Chloramphenicol 34 µg/ml 

 

 

4.8. Bacterial media 
 
Medium Component Concentration 

LB-broth pH 7.0 Tryptone 

Yeast extract 

NaCl 

 

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 

 

premixed LB-broth  

1% (w/v) 

0.5% (w/v) 

1% (w/v) 

2% (w/v) 

 

2% (w/v) 



4. Materials
 

 

 
90 

Agar 2% (w/v) 

SOB Tryptone 

Yeast extract 

NaCl 

KCl 

MgCl2 

MgSO4 

2% (w/v) 

0.5% (w/v) 

0.05% (w/v) 

0.015%(w/v) 

0.01 M 

0.01 M 

SOC Tryptone 

Yeast extract 

NaCl 

KCl 

MgCl2 

MgSO4 

Glucose (20% w/v) 

2% (w/v) 

0.5% (w/v) 

0.05% (w/v) 

0.015%(w/v) 

0.01 M 

0.01 M 

2% (v/v) 

M53 Tryptone 

Yeast extract 

NaCl 

Glucose 

1% (w/v) 

0.5% (w/v) 

0.5% (w/v) 

0.5% (w/v) 

Glycerol stocks LB broth 

Glycerol 

1 x 

50% (v/v) 

 

 

 

4.9. Blotting Solutions 

Buffer Component Concentration 

PBS NaCl 

KCl 

Na2HPO4 

KH2PO4 

137 mM 

2.7 mM 

4.3 mM 

1.4 mM 

 

Semi-Dry-Buffer Tris pH 8.5 

Glycine 

25 mM 

160 mM 
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Methanol 

SDS 

20% (v/v) 

1.3 mM 

Ponceau concentrated stock 1:50 in 50% water/ethanol 

PBST Tween 20 0.2% (v/v) in PBS 

Milk Powder fat free milk powder 5% in PBS 

 

 

 

4.10. Antibodies 

 

Antibody Application Supplier 

6xHis, monoclonal anti-6x-His-Tag AG Welte, Uni Konstanz 

GAM-POX, polyclonal anti-mouse Pierce Biotechnology 

 

 

 

4.11. DNA polymerase reaction buffers 
 
Buffer Component Concentration 

10 x KF buffer Tris pH 7.5 

MgCl2 

DTT 

Triton X-100 

500 mM 

100 mM 

10 mM 

0.5% 

10 x polA buffer Tris pH 8.5 

MgCl2 

DTT 

Triton X-100 

500 mM 

100 mM 

10 mM 

0.5% 

10 x KTQ buffer Tris pH 9.2 

(NH4)2SO4 

MgCl2 

Tween 20 

500 mM 

160 mM 

25 mM 

1% 
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4.12. Protein purification buffers 
 
Buffer Component Concentration 

polA*    

Lysis buffer Tris pH 8.0 

NaCl 

Imidazole 

Lysozym 

50 mM 

500 mM 

10 mM 

1.5 mg/ml 

Ni-NTA wash buffer Tris pH 8.0 

NaCl 

Imidazole 

50 mM 

500 mM 

25 mM 

Ni-NTA elution buffer Tris pH 8.0 

NaCl 

Imidazole 

50 mM 

500 mM 

500 mM 

storage buffer Tris pH 8.0 

NaCl 

DTT 

Glycerol 

protease inhibitors 

50 mM 

100 mM 

1 mM 

50% 

KF-   

Lysis buffer NaH2PO4 pH 8.0 

NaCl 

Lysozyme 

50 mM 

300 mM 

1.5 mg/ml 

Ni-NTA wash buffer K3PO4 pH 7.2 

NaCl 

50 mM 

150 mM 

Ni-NTA elution buffer NaH2PO4 pH 8.0 

NaCl 

Imidazole 

50 mM 

300 mM 

250 mM 

storage buffer K2HPO4 pH 6.5 

DTT 

100 mM 

1 mM 
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Glycerol 

protease inhibitors 

50% 

KTQ   

Lysis buffer Tris pH 7.9 

KCl 

MgCl2 

Tween 20 

Nonidet-P40 

50 mM 

50 mM 

10 mM 

0.5% 

0.5% 

Ni-NTA wash buffer Tris pH 7.9 

KCl 

MgCl2 

Tween 20 

Nonidet-P40 

Imidazole 

50 mM 

50 mM 

10 mM 

0.5% 

0.5% 

25 mM 

Ni-NTA elution buffer Tris pH 7.9 

KCl 

MgCl2 

Tween 20 

Nonidet-P40 

Imidazole 

50 mM 

50 mM 

10 mM 

0.5% 

0.5% 

500 mM 

storage buffer Tris pH 7.9 

KCl 

MgCl2 

Tween 20 

Nonidet-P40 

Glycerol 

50 mM 

50 mM 

10 mM 

0.5% 

0.5% 

50% 

 

 

 

4.13. Oligonucleotides 
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Oligonucleotides were obtained from Metabion, MWG Biotech, Operon Biotechnologies or 

IBA GmbH. Modified oligos were purchased from Purimex.  

Oligos used as primer for PEX and kinetic characterisations were purified by PAGE (5.1.3.). 

Templates and cloning primers were 2 x HPLC purged by the respective supplier. 

 

4.14. Electrophoresis buffers 
 
Buffer Component Concentration 

10 x TBE buffer Tris 

Boric acid 

EDTA pH 8.0 

890 mM 

890 mM 

20 mM 

6 x Agarosegel loading 

buffer 

Glycerol 

EDTA 

Bromphenol Blue 

Xylenecyanol 

60% 

60 mM 

0.09% 

0.09% 

Urea-PAGE  

loading buffer 

Formamide 

EDTA 

Bromphenol Blue 

80% 

20 mM 

0.09% 

Urea-PAGE buffer stock TBE 

Urea 

10 x 

8.3 M 

Urea-PAGE Acrylamide 

buffer stock 

Acrylamide solution 

N,N´-Methylenbisacrylamide 

Urea 

25% 

2% 

8.3 M 

Urea-PAGE urea stock  Urea 8.3 M 

SDS-PAGE  

stacking gel buffer 

Tris pH 6.8 1 M 

SDS-PAGE 

separation gel buffer 

Tris pH 8.8 1.5 M 

5 x SDS-PAGE 

loading buffer 

Tris 

EDTA pH 8.0 

Glycerol 

Bromphenol Blue 

1 M 

0.5 M 

50% 

0.05% (w/v) 
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β-Mercaptoethanol 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 Brilliant Blue 

50 ml 

125 ml 

300 ml 

375 mg 

Coomassie destaining 

solution 

Acetic acid 

Ethanol 

10% 

30% 

Silver staining 

fixing solution  

Ethanol 

Acetic acid 

H2O 

150 ml 

50 ml 

300 ml 

Silver staining 

cross-linking solution  

Sodium acetate 

Glytardialdehyde 

Sodium Thiosulfate 

Ethanol 

H2O 

16.4 g 

2.5 ml 

500 mg 

150 ml 

347.5 ml 

Silver staining 

staining solution  

Silver nitrite 

Formaldehyde 

H2O 

500 mg 

125 µl 

500 ml 

Silver staining 

developing solution  

Sodium carbonate 

Formaldehyde 

H2O 

12.5 g 

200 µl 

500 ml 

Silver staining 

stop solution  

Acetic acid 5% (v/v) 

 

 

 

4.15. Disposables 
 
Disposable Supplier 
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Disposable syringes Dispomed 

Electroporation cuvettes 0.5 mm BioRad 

Falcon Tubes (15 ml, 50 ml) Roth 

Glass wool (silanised) Serva 

Injection needle Braun 

PCR 96 well plates ABgene 

Parafilm Parafilm 

Petri dishes Peske Laborbedarf 

Reaction tubes (1.5 ml, 2.0 ml) Peske Laborbedarf 

Reaction tubes (200 µl) ABgene 

Scalpels Bayha 

Sephadex G-25 columns Amersham 

Syringe sterile filtration filters (0.2 µm) Roth 

Tips for multichannel pipettes Peske, Rainin 

Tips for laboratory pipettes Peske, Eppendorf 

UV cuvettes Eppendorf 

VIVASPIN20 50 kDa MWCO PES VIVA Science 

Whatman paper 3mm Merck Eurolab 

 

 

 

4.16. Devices 
 
Device Supplier 

Agarosegel racks Fisher Scientific 

Autoclav Systec 3150 ELV 

Centrifuge Eppendorf 5804R/Heraeus Multifuge 4KR 

Electroporator BioRad Gene Pulser Xcell 

Freezer 4 °C Premium 

Freezer -20 °C Liebherr profi line 

Freezer -80 °C Thermo Forma 

Gel documentation device BioRad Chemidoc XRS 
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Gel dryer BioRad 

Heating block Fisher Scientific 

Incubation shaker Innova 4430 

Laboratory pipettes Eppendorf research 

Magnetic stirrer Heidolph MR 3000D 

Manual radioactivity counter Contamat FHT111M 

Microwave oven micromaxx 

Multichannel pipettes Eppendorf, Rainin 

Nanodrop PeqLab 

Overhead shaker Heidolph Reax2 

PAGE electrophoresis racks BioRad, Biometra 

PCR thermocycler Biometra 

pH meter Mettler Toledo Seven Easy 

Phosphor screens Fujifilm BAS cassette 2025 

Phosphorimager BioRad 

Photometer Eppendorf Bio Photometer 

Power supply BioRad Power Pac 3000  

Radioactivity shields Roth 

Reverse osmosis/ultrafiltration unit Sartorius, arium-series 

Scales Chyo Balance JL-200/MK-500C 

SDS-PAGE racks BioRad 

Speed-Vac Eppendorf Concentrator 5301 

Sterile bench HERA safe 

Table top centrifuge Eppendorf 5417C/mini spin 

Table top shaker IKA KS 260 basic 

Test tube shaker NeoLab 

Thermomixer Eppendorf Thermomixer comfort 

Vortexer NeoLab 7-2020 

Water bath Memmert 
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5. Methods 

 

5.1. Molecularbiological methods 

5.1.1. Preparation of genomic DNA 

Cells of an overnight culture of D. radiodurans (25 ml, grown in M53 as described in 4.9. at 

30 °C and 220 rpm) were harvested by centrifugation at 5000 x g for 30 min at 4 °C. The cell 

pellet was washed twice with 10 mM Tris pH 8.0 and finally resuspended in 1.5 ml 10 mM 

Tris pH 8.0 containing 3 mg/ml lysozyme. After incubation at 25 °C for 15 min the cell lysate 

was mixed with the same extent of phenol and centrifuged for 2 min at 15000 x g - this 

procedure was repeated with the upper phase. The aqueous phase was then 1:1 spiked with a 

phenol/chloroform/isoamylalcohol (Roth) solution and centrifuged. Then the aqueous phase 

was mixed 1:2.5 with pure ethanol and DNA precipitation was conducted at -80 °C for 30 

min. After centrifugation at 4 °C, 15000 x g for 45 min the DNA pellet was washed twice 

with 70% ethanol/H2O and dryed in a speedvac at 45 °C. DNA was resuspended in 200 µl 

H2O and desalted via a G25 column (Amersham). The final concentration of the DNA was 

measured as described in 5.1.7. and stored at -20 °C until further use as PCR template. 

 

 

5.1.2. Preparation of genomic RNA 

Cells of an overnight culture of D. radiodurans (25 ml, grown in M53 as described in 4.9. at 

30 °C and 220 rpm) were harvested by centrifugation at 5000 x g for 30 min at 4 °C. The cell 

pellet was washed twice with 10 mM Tris pH 8.0 and finally resuspended in 2.5 ml 10 mM 

Tris pH 8.0 containing 3 mg/ml lysozyme. After incubation at 25 °C for 15 min the cell lysate 

was dispensed into aliquotes of 100 µl and stored at -80 °C till further use.  

The following steps of the RNA isolation were done via an RNeasy Kit (Qiagen) according to 

the manufacturer´s protocol. 

For RNA isolation from HeLa cells about 107 cells were harvested and directly resuspended 

in buffer RLT provided by the RNeasy Kit (Qiagen). Isolation was further conducted as 

indicated by the manufacturer´s protocol. 
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5.1.3. Purification of Oligonucleotides via PAGE 

Preparative polyacrylamide gel electrophoresis was applied for the purification of the DNA 

oligonucleotides employed in primer extension reactions and kinetic characterisations of 

respective enzymes.  

Gels were prepared as described in 5.5.2. Preparative gels were transfered to a TLC plate and 

the DNA to be excised from the gel was visualised by UV-shadowing (256 nm). It was taken 

care not to overexpose the DNA oligos to UV irradiation.  

The excised gel pieces were crushed by forcing them through a syringe and collected in 2.0 

ml Eppendorf tubes. The DNA was eluted from the crushed gel pieces by adding water and 

incubated at 55 °C shaking over night. After filtration through silanised glass-fibres, the DNA 

was dried in a speedvac and further purified by 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 vol 96% ethanol at -80 °C 

for 30 min. The precipitation assay was centrifuged at 25000 x g for 1 hour at 4 °C. The 

supernatent was discarded and the remaining pellet washed twice with 1 ml cold 70% ethanol 

and afterwards dried in a speedvac. The resulting desalted and dried DNA was then dissolved 

in water and quantified. 

 

 

5.1.4. Reverse transcriptase PCR 

To perform RT-PCR a “One-step RT-PCR” kit (Qiagen) was used. According to the 

manufacturer´s protocol several conditions were tested. The following table shows the final 

protocol for polA*. Reaction volumes of 50 µl were adjusted with RNAse free water to the 

final volume. 
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Reagent Volume Final Conc.  Temperature Time 

5 x buffer 10 µl 1 x  50 °C 30 min 

Primer upstream 3 µl 600 nM  95 °C 15 min 

Primer downstream 3 µl 600 nM  94 °C 1 min 

Template various 500 ng  65 °C 1 min 

dNTPs 2 µl 400 nM each  68 °C 4 min 

5 x Q-solution 10 µl 1 x   x 40 

Enzyme -Mix 2 µl   68 °C 10 min 

 

 

5.1.5. PCR 

For further amplification of the RT-PCR product or amplification from plasmids or genomic 

DNA, Phusion DNA Polymerase (NEB/Finnzyme) was used. Reaction conditions were 

adjusted to the appropriate primer/template system according to the manufacturer´s manual.  

 

 

Reagent Volume Final Conc.  Temperature Time 

5 x HF buffer 10 µl 1 x  98 °C 30 sec 

Primer upstream 1 µl 200 nM  98 °C 10 sec 

Primer downstream 1 µl 200 nM  65 °C 30 sec 

Template various 25 ng  72 °C 60 sec 

dNTPs 4 µl 800 nM each   x 30 

Phusion Pol 0.5 µl   72 °C 10 min 

 

 

5.1.6. Agarose gelelectrophoresis 

A respective extent of agarose was disolved in 0.5 x TBE via boiling in a microwave oven 

and poured into gel racks. DNA samples were mixed with loading buffer and separated at 150 

V. The sizes of the DNA markers employed are depicted in the respective figures.  
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Gels were stained with 0.01% (w/v) ethidiumbromide in 0.5 x TBE, destained in 0.5 x TBE 

for 5 min and documented in a Chemidoc XRS system. 

 

All preparative agarose-gels were run accordingly. It was taken care that UV irradiation of 

fragments to be isolated was minimised. The DNA of desired size was excised from the gel 

with a scalpel and transferred to a reaction tube. Subsequent DNA isolation from the agarose 

gel pieces was conducted by a Gel purification kit (Qiagen) according to the manufacturer´s 

protocol. 

 

 

5.1.7. Quantification of DNA and RNA 

Purine and pyrimidine bases absorb ultraviolet radiation between wave length of 250 to 270 

nm. The absorption spectrum shows a maximal value at a wavelength of 260 nm. In 

accordance to the 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: 

Abs260nm = 1 equals a concentration of 50 µg/ml dsDNA 

 

ssDNA 

In order to quantify single-stranded DNA oligos, a sequence specific equation employing the 

millimolar extinction coefficient was used. 

ε [mM-1] = (15.4 *A + 11.7 *G + 8.8 *T + 7.3 *C) *0.9 

In this equation the variables A, G, T, C resemble the quantity of the nucleoside in the 

respective DNA oligo. The concentration can then be calculated by the following equation: 

c [mM] = Abs260nm/ε [mM-1] 
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RNA 

In order to quantify isolated RNA an approximation equation was employed: 

Abs260nm = 1 equals a concentration of 40 µg/ml dsDNA 

 

 

5.1.8. Restriction digest 

Amplified PCR products and plasmid DNA were digested with the appropriate restriction 

enzymes. All used enzymes belong to the type I restriction enzymes. They cleave the DNA at 

their recognition site and produce a 3-4 nt overhang (sticky ends). Primers used in the PCR 

step before were designed in order to create the compatible overhangs for the subsequent 

cloning into the chosen vector. Restriction digests were conducted for 3 hours at 37 °C with 

heat inactivation of the enzymes for 20 min at 65 °C in an overall volume of 50 µl.  

If two enzymes were used, that were active in the same buffer system, the digest of both 

recognition sites was conducted in the same vial. If buffer systems were not similar, the 

reaction was purified after the first digest via a Reaction Cleanup Kit (Qiagen) and the eluted 

DNA was used again for the second digest for 3 hours as described above. 

Unit definitions and buffer components are described in the respective restriction 

endonuclease manuals provided by NEB. 

 

DNA Polymerase Vector system Restriction enzymes 

D. radiodurans polA* pET15b NcoI, NdeI 

 

After the complete restriction digest PCR products were again purified via a Reaction cleanup 

kit (Qiagen) and further used as ORF in ligation reactions as described in 5.1.9. 

 

Digested plasmid DNA was dephosphorylated with Antarctic phosphatase (NEB) in order to 

minimise vector religation in ligation reactions. Dephosphorylation reactions were conducted 

in an overall volume of 60 µl for 1.5 hours at 37 °C with subsequently heat inactivation of the 

enzyme at 65 °C for 20 min. Buffer and enzyme were directly added to the heat denaturated 

vector restriction digestion reactions. Afterwards also digested plasmid DNA was purified 

with a Reaction cleanup kit (Qiagen) before it was used in ligation reactions. 
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5.1.9. Ligation 

The ligation of digested dsDNA with cohesive compatible ends results in recombinant 

plasmids. Those plasmids can be transformed into E. coli or transfected into cell lines.  

Ligation reactions comprised linearised digested plasmids (50 ng), digested inserts (PCR 

products) and 1 unit of T4 DNA ligase (Fermentas). All reactions were performed at 16 °C for 

20 hours with following heat inactivation of the enzyme in an overall volume of 25 µl. An 

insert/vector ratio for the different polymerase-vector systems was chosen as shown in the 

table below. 

 

DNA Polymerase vector ratio 

D. radiodurans polA* pET15b 2 : 1 

 

Resulting ligation products were electrotransformed into E. coli XL10. In order to control 

ligation efficiency, religation controls comprising linearised vector only were treated 

respectively. 

 

 

5.1.10. Plasmid isolation 

Plasmids were isolated from E. coli XL10 liquid cultures by a Qiagen QiaPrep Spin Miniprep 

kit according to the manufacturer´s protocol. Culture size for this purpose was 25 ml. Cultures 

were prepared as described in section 5.2.4. 

 

5.1.11. DNA sequencing 

Sequencing reactions were performed by GATC and MWG Biotech. All sequenced plasmids 

were isolated from E. coli XL10 as described in section 5.1.10. 
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5.2. Microbiological methods 

5.2.1. Preparation of electro-competent cells 

Electrocompetent cells were prepared from different E. coli strains (XL10, BL21, BL21 

pLysS, RIL+, Rosetta) with the following protocol. From a single colony grown on a LB-

Agar plate at 37 °C overnight, a 50 ml LB liquid culture was inoculated and incubated at 37 

°C in a thermoshaker at 220 rpm overnight. With 2.5 ml of this overnight culture a 500 ml 

SOB liquid culture was inoculated and grown at 20 °C with 220 rpm up to an OD600 of 0.6. 

Subsequently the following steps were conducted: 

 a) Cultures were cooled down on ice for 20 min. 

 b) Cells were harvested at 5300 x g for 30 min at 4 °C. 

c) The resulting supernatent was discarded and the cell pellet resuspended in 10 ml ice 

cold sterile millipore water and then washed with 490 ml of the latter. 

d) Cells were then centrifuged at 5300 x g and c) and d) were repeated once. 

e) The resulting 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. 

 

 

 

5.2.2. Transformation of electro-competent cells 

For each electrotransformation, a 50 µl aliquot of the appropriate E. coli strain was thawed on 

ice. Cells were transformed with 1 µl of ligation products or plasmid DNA. 

Electrotransformation was conducted in 1 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 4.5 msec. 

After electroporation cells were regenerated in 0.5 ml SOC medium at 37 °C for 60 min at 

650 rpm. For further growth 200 µl of the cultures were spread on LB-agar plates with the 

appropriate antibiotics (as described in 5.2.3.) and cultured overnight at 37 °C. 
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5.2.3. Plate cultures 

Cultivation of E. coli on selective agar plates was realised by spreading up to 200 µl 

regenerated transformation culture on agar plates containing the respective antibiotics. For all 

used plasmids carbenicillin at a final concentration of 100 µg/ml was added to the medium. 

For cultures with BL21 pLysS, RIL+ or Rosetta additional 34 µg/ml chloramphenicol was 

used. Cultures based on BL21 Arctic Express RIL contained 100 µg/ml carbenicillin, 20 

µg/ml gentamycine and 10 µg/ml tetracycline. 

All agar plates were preheated and after spreading of regenerated transformation cultures 

incubated at 37 °C overnight until colony forming units were visible. 

 

 

5.2.4. Liquid cultures  

Bacterial LB-cultures with the respective antibiotics for preparation of glycerol-stocks and 

plasmid isolation were inoculated from a single clone grown on a LB-agar plate containing 

the respective antibiotics. 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 spectrometer over time. All measurments were 

conducted in 1 ml synthetic cuvettes with LB medium used for the respective culture. 

 

5.2.5. Glycerol stocks 

Bacterial cultures were cultivated as described in section 5.2.4. Overnight cultures were 

spiked with 1 vol glycerol, resulting in a 0.5 x LB/0.5 x glycerol mix. This mixture was 

aliquoted into 100 µl aliquots and stored at -80 °C until further use. 

 

 

5.2.6. Expression of recombinant protein 

The plasmid of D. radiodurans polA* was constructed as described in chapter 5.1. and 

allowed protein expression under control of a lac operator sequence.  
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PolA* was expressed in E. coli BL21 RIL+/Rosetta strains. Overnight cultures were 

inoculated from single colonies and grown overnight at 37 °C in 20 ml LB medium 

containing 100 µg/ml carbenicillin and 34 µg/ml chloramphenicol. Expression cultures (1 L 

LB medium with antibiotics) were inoculated with 2% overnight culture and induction of 

protein expression was started at an OD600 of 0.4 with 1 mM IPTG final. After expression for 

4-5 hours cells were harvested and the resulting pellet was stored at -20 °C until further use. 

 

 

5.2.7. SDS-PAGE 

Analysis of expressed proteins was realised by discontinous glycine SDS-PAGE. Samples 

were prepared by adding 5 µl 5 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 by denaturing SDS-PAGE gels at a constant current of 30 mA in 1 

x SDS-PAGE electrophoresis buffer. According to discontinuos SDS-PAGE protocols, a 

stacking and a separating gel were combined, ensuring size dependent separation of the 

proteins (the following table shows the gel composition for a 12% SDS-PAGE).  

 

 

Reagent Volume [µl] final concentration 

Separation gel   

H2O 1700  

1.5M Tris 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  

1.5M Tris pH 6.8  500 0.25 M 

10% SDS 10 0.1% 
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30% Bis-acrylamide 270 4% 

10% APS 10  

TEMED 2.5  

 

 

5.2.8. Coomassie-staining of SDS-PAGE gels 

All SDS-PAGE gels were stained with Coomassie brilliant blue. Gels were swivelled in 

Coomassie staining solution for 2 hours. Destaining of SDS-PAGE gels was conducted in 

destaining solution until protein bands were clearly visible. 

 

 

5.2.9. Silver staining of SDS-PAGE gels 

If the extent of loaded samples showed less staining with Coomassie, destained gels were 

stained with silver to obtain visible bands of proteins with low concentrations. 

Gels were first incubated with the fixation solution for 10 min and proteins were then cross-

linked for additional 10 min with the next solution. Gels were then washed with water for 20 

min and stained with staining solution for 15 min. To develop the staining the last solution 

was added until protein bands were clearly visible. The reaction was stopped with 5% acetic 

acid. 

 

 

5.2.10. Western Blot 

For the blotting of proteins onto a nitrocellulose membrane, the semi-dry method was used. 

After moisturing the filter paper, membrane and gel the components were stacked onto each 

other in that order. Blotting was conducted for 2 hours with 10 V and about 1mA/cm2 

membrane area. After blotting the membrane was stained with a ponceau-red solution as a 

control of a successful blotting process. After that the membrane was incubated in milk 

powder, dissolved in PBS solution for 2 hours at rt to block unspecific binding partners. To 

remove the remaining milk powder solution, the membrane was washed three times with 

PBST solution.  
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To stain the specific protein, the membrane was incubated with monoclonal anti-6xHis-

antibodies (diluted 1:500 in PBS) over night at 4 °C. The unbound antibodies were removed 

by washing three times with PBST. Binding of the second antibody (polyclonal anti-mouse, 

coubled with a horse-raddish-peroxidase) was conducted for 1 hour at rt. After a short 

washing step in PBST the chemiluminescence solution was applied to the membrane. The 

stained protein band becoame visible with a film, which was developed and fixed afterwards. 

 

 

5.3. Protein purification  

5.3.1. Cell lysis 

The resulting cell pellets of protein expression were resuspended in lysis buffer. Lysis was 

conducted at 25 °C for 20 min. Unlysed cell and unsoluble ingedients were removed by 

centrifugation at 20.000 g for 30 min at 4 °C. Supernatents of the cell lysis procedures were 

filtered through a syringe filter with pore size of 200 nm and applied to the first purification 

step. 

 

 

5.3.2. Ni-NTA Chromatography 

Histidine-tagged proteins have a high selective affinity for Ni2+ and several other metal ions 

that can be immobilised on chromatographic media using chelating ligands. Consequently, a 

protein containing a histidine tag will be selectively bound to metal-ion-charged media such 

as Ni-Sepharose High Performance (HP) and Ni-Sepharose 6 Fast Flow (FF) while other 

cellular proteins will not bind or bind weakly. This chromatographic technique is often called 

immobilised metal ion affinity chromatography (IMAC). In general, the histidine-tagged 

protein is the strongest binder among all the proteins in a crude sample extract (from, for 

example, a bacterial lysate). Eukaryotic extracts often have slightly more proteins that can 

bind. Moreover, histidine tags are small and generally less disruptive than other tags to the 

properties of the protein to which they are attached. Because of this, tag removal may not 

always be a priority [278]. 
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Figure 47: (A) Principle of binding to affinity chromatography material. Only proteins with a specific tag bind 

to the column matrix [figure taken from 278]. (B) Interaction between neighbouring residues in the 6xHis tag 

and the Ni-NTA matrix [figure taken from 279]. 

 

 

Centrifuged expression lysates were incubated with NTA-matrix preequilibrated in lysis 

buffer (Qiagen, 2-3 ml slurry/20 ml lysate) for 30 minutes at 4 °C in an overhead shaker. The 

resulting suspension was centrifuged for 5 min at 1000 x g. The NTA matrix was then washed 

twice with wash buffer and the protein was eluted with elution buffer. PolA* elution fractions 

were concentrated via an Amicon (MWCO 50 kDa) and stored in 50% glycerol/storage buffer 

at -20 °C. 

 

 

5.3.3. Determination of protein concentration 

Samples of the purified proteins were run on an SDS-PAGE to determine the protein 

concentration. Different BSA samples were used as standard with known concentrations. 

After Coomassie staining protein spots were quantified via software of the BioRad Geldoku 

system. A BSA standard curve was fitted with a linear fit and the resulting equation was used 

to calculate the concentration of the purified proteins. 
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5.4. DNA polymerase activity studies 

5.4.1. Radioactive labelling of DNA oligonucleotides 

For radioactive labelling of DNA oligos, T4 polynucleotide kinase (PNK) was employed. It 

catalyzes the transfer and exchange of an inorganic phosphate from the γ-position of the ATP 

to the 5´-hydroxyl terminus of DNA oligos. All kinase reactions were conducted in an overall 

volume of 50 µl: 

 

Reagent Final concentration 

DNA primer 0.2 µM 

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 hours and stopped by denaturing the PNK at 

65 °C for 20 min. In order to remove residual [γ-32P]-ATP and salts, 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 oligos. This radioactive labelled oligos were 

employed in primer extension reactions and kinetic characterisations of DNA polymerases 

employed in this work. 

 

 

5.4.2. Denaturing polyacrylamide gelelectrophoresis 

Preparative polyacrylamide gel electrophoresis was applied for purification of DNA oligos. 

Analytical polyacrylamide gel electrophoresis was applied for primer extension reactions and 

kinetic characterisations of respective enzymes. All denaturing polyacrylamide gels employed 

were 12%. Preparative gels had a gauge of 1.5 mm and analytical gels 0.4 mm. 

Gels were prepared by mixing the stock solutions as indicated in section 4.14. the following 

way: 
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Reagent Volume 

Acrylamide stock solution 48 ml 

Urea stock solution 42 ml 

TBE buffer stock solution 10 ml 

10% APS 800 µl 

TEMED 45 µl 

 

 

Polymerisation was initialised by 800 µl 10% (w/v) APS solution and 45 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 (at least 60 min) the gel was set up in a vertical 

rack. Analytical gels were preheated at 2300 V and preparative gels at 1600 V with 1 x TBE 

as electrophoresis buffer. Due to their substantially higher electrical resistance, all preparative 

gels were run in a cool environment to avoid overheating. 

Before loading, all samples were mixed with 3 vol loading buffer and incubated at 95 °C for 5 

min. Samples were then immediately transfered onto ice. 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 further handled as written in section 

5.1.3. 

 

 

5.4.3. Primer extension studies 

Primer/template substrates were annealed by mixing 5´-32P labeled primer with the 1.5 x 

extent of template in the specific reaction buffer. The mixture was heated to 95 °C for 5 min 

and subsequently allowed to cool to rt over 30 min. After annealing, dNTPs were added and 

the solution was incubated at the specific reaction temperature for 5 min.  

30 µl reaction mixtures were initiated by addition of 5 µl enzyme solution in 1 x reaction 

buffer to 25 µl annealing mix and were incubated at the specific reaction temperature for 10 

min. 
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Reaction mixtures included 150 nM primer, 225 nM template and dNTPs and enzymes as 

indicated in the appropriate experiments. Primer extension with polA* was conducted at 30 

°C (or as indicated in the figure), KF- at 37 °C and KTQ1 at 72 °C. Reactions were quenched 

by adding 3 vol gel loading buffer (80% formamide, 20 mM EDTA) and heating for 5 min at 

95 °C. Products were analysed by denaturating PAGE. 

 

 

5.4.4. DNA polymerase ion dependence 

Primer/template complexes were annealed and the reaction initiated as described in section 

5.5.3. The reaction mixtures contained varying mangnesium and/or manganese concentrations 

(0 - 20 mM), 10 µM dNTPs and 1 nM polA*. After incubation for 10 min at 30 °C, reactions 

were quenched and analysed as described above. 

Activity was measured by quantifying the intensity of each band produced by polA* using a 

phosphorimager. From this quantification the extent of incorporated nucleotides was 

calculated. The total extent of incorporated nucleotides for each reaction equals the sum of 

incorporated nucleotide of each band. The presented results are from experiments that were 

repeated independently at least three times. 

 

 

5.4.5. Steady state insertion kinetics 

Primer/template complexes were annealed and the reaction initiated as described in section 

5.5.3. The reaction mixtures contained varying extents of either dATP, dGTP, dCTP or dTTP 

(0.1 nM - 50 mM), 150 nM primer/template complex and 1 nM polA* for experiments with 

unmodified templates and 10 nM polA* for templates with DNA lesions. The reactions were 

incubated at 30 °C for 5 min, quenched with 3 vol loading buffer and analysed on a PAGE 

and data were quantified by phosphorimager analysis.  

Reaction conditions were adjusted to different reactions to allow 20% or less primer extension 

ensuring single completed hit conditions according to published procedures [255, 256]. 

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 
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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 a Eadie-Hofstee-blot with 

linear regression, whereas the gradient represents KM and the intersection with the y-axis 

Vmax. The presented data are from experiments that were repeated independently at least three 

times. 

 

 

5.4.6. Recognition of remote mismatches 

In order to probe effects of mismatched primer/template complexes located up to 5 bp 

proxyterminal to the 3´-primer terminus, as depicted in the appropriate figure in the results 

part were employed. Reaction setup was conducted as described in 5.5.3.  
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7. Appendix 
 

7.1. Abbrevations 
 
°    degree (angle) 
°C    degree Celsius 
µg    microgramme 
µl    microlitre 
µM    micromolar 
10 x    tenfold concentrated 
32P    phosphor 32 isotope 
A    adenosine 
Å    Ångström 
as   abasic site 
Amp    Ampicillin 
BER    base excision repair 
bp    base pairs 
BSA    bovine serum albumine 
c    concentration 
C    cytidine, carbon 
dATP    2´-desoxyadenosine-5´-triphosphate 
dCTP    2´-deoxycytidine 5´-triphosphate 
dGTP    2’-desoxyguanosine-5'-triphosphate 
DNA    deoxyribonucleic acid 
dNTP    deoxynucleoside-5’-triphosphate 
D. radiodurans Deinococcus radiodurans 
ds    double-stranded 
dsDNA   double-stranded DNA 
DTT    dithiotreitol 
E. coli    Escherichia coli 
EDTA    ethylendiaminetetraacetic acid 
Exo    exonuclease activity  
FPLC    fast performance liquid chromatography 
g    gramme 
G    guaninosine 
h    hour; human 
IPTG    isopropyl β-D-1-thiogalactopyranoside 
k    rate constant 
Kcat    maximal catalytic speed 
kDa    kilodalton 
KF exo-   Klenow fragment of E. coli DNA-Polymerase I (3´-5´-exo-) 
kcat    rate constant of the catalysed reaction 
KM    Michaelis-Menten-constant 
l   litre 
LB    Luria-Bertani 
M    molar 
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Mg    magnesium 
mg    milligramme 
MgCl2    magnesiumchloride 
min    minute 
ml    millilitre 
mM    millimolar 
Mn    manganese 
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 
oxoA   8-oxo-adenine 
oxoG   8-oxo-guanine 
p.a.    per analysii (purity) 
PAGE    polyacrylamide-gel electrophoresis 
PCR    polymerase chain reaction 
pM    picomolar 
pmol    picomole 
Pol    DNA polymerase 
polA*   D. radiodurans DNA polymerase A truncated form   
rel.    relative 
RNA    ribonucleic acid 
rpm    rotations per minute 
rt   room temperature 
RT    reverse transcription 
sec   second 
SDS    sodium dodecyl sulfate 
ss    single-stranded 
SSB (protein)   single-strand binding (protein) 
ssDNA   single-stranded DNA 
t    time 
T    thymidine 
Taq    Thermus aquaticus 
Pfu    Pyrococcus furiosus 
TEMED   N, N, N’, N’-tetramethylendiamine 
Tris    tris-(hydroxymethyl)-aminomethane 
TTP   thymidine-5'-triphosphate 
U    units, uridine 
UTP    uridinetriphosphate 
UV    ultraviolet 
V    volt 
Vmax    maximal catalytic speed 
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7.2. Sequences 
 

7.2.1. DNA Oligomers 
 
 
Cloning Primer 

 

polA* 

upstream: 5'- CGC ATC ATG CCA TGG GC AGC AGC CAT CAT CAT CAT CAT CAC AGC AGC GAA 

CGC GAA CAC GCG CAG ACC CCC GAG GAG–3´ 

NcoI site, 6xHis-Tag 

 

downstream: 5'- CGG GAA TTC CAT ATG TCA CTT CGT GTC AAA CCA GTT CGG CCC CGT CCC -3'  

NdeI site 

 

 

DNA / RNA Template Dependent Polymerase Activity: 

 

Template MS2 DNA Sequence 50mer: 

5’-ATC GCT CGA GAA CGC AAG TTC TTC AGC GAA AAG CAC GAC AGT GGT CGC TA 

 

Primer MS2 3’-Primer: 5’-TAG CGA CCA CTG TCG TGC TT 

 

 

Single Nucleotide Incorporation: 

 

P F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T F33 5´ AAA TCA ACC XAT CCT CCT TCA GGA CCA ACG TAC  

 

 

Modifications with DNA Lesions:  

  

- abasic site 

 

P F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T F33as 5´ AAA TCA aCC TAT CCT CCT TCA GGA CCA ACG TAC  
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P F23 3´ GG ATA GGA GGA AGT CCT GGT TGC 

T F33as  5´ AAA TCA aCC TAT CCT CCT TCA GGA CCA ACG TAC  

 

 

- 8-oxoG/8-oxoA 

 

P: F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T: F33O 5´ AAA T OA ACC TAT CCT CCT TCA GGA CCA ACG TAC 

 

P: F25 3´ T TGG ATA GGA GGA AGT CCT GGT TGC 

T: F33O 5´ AAA T OA ACC TAT CCT CCT TCA GGA CCA ACG TAC  

 

 

Remote Mismatch 

 

+1 

P F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T F33 5´ AAA TCA ACC A XT CCT CCT TCA GGA CCA ACG TAC  

 

+2 

P F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T F33 5´ AAA TCA ACC AA X CCT CCT TCA GGA CCA ACG TAC  

 

+3 

P F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T F33 5´ AAA TCA ACC AAT XCT CCT TCA GGA CCA ACG TAC 

 

+4 

P F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T F33 5´ AAA TCA ACC AAT C XT CCT TCA GGA CCA ACG TAC  

 

+5 

P F20H 3´ TA GGA GGA AGT CCT GGT TGC 

T F33 5´ AAA TCA ACC AAT CC X CCT TCA GGA CCA ACG TAC  
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M13 Processivity 
 
 
Primer: 5´ CCT TAG AAT CCT TGA AAA CAT AGC GA 
 
 
Sequence 7249 bp 
 
 aatgctacta ctattagtag aattgatgcc accttttcag ctcgcgc ccc aaatgaaaat 
 tagctaaac aggttattga ccatttgcga aatgtatcta atggtca aac taaatctact 
 cgttcgcaga attgggaatc aactgttaca tggaatgaaa cttcca gaca ccgtacttta 
 gttgcatatt taaaacatgt tgagctacag caccagattc agcaat taag ctctaagcca 
 tccgcaaaaa tgacctctta tcaaaaggag caattaaagg tactct ctaa tcctgacctg 
 ttggagtttg cttccggtct ggttcgcttt gaagctcgaa ttaaaa cgcg atatttgaag 
 tctttcgggc ttcctcttaa tctttttgat gcaatccgct ttgctt ctga ctataatagt 
 cagggtaaag acctgatttt tgatttatgg tcattctcgt tttctg aact gtttaaagca 
 tttgaggggg attcaatgaa tatttatgac gattccgcag tattgg acgc tatccagtct 
 aaacatttta ctattacccc ctctggcaaa acttcttttg caaaag cctc tcgctatttt 
 ggtttttatc gtcgtctggt aaacgagggt tatgatagtg ttgctc ttac tatgcctcgt 
 aattcctttt ggcgttatgt atctgcatta gttgaatgtg gtattc ctaa atctcaactg 
 atgaatcttt ctacctgtaa taatgttgtt ccgttagttc gtttta ttaa cgtagatttt 
 tcttcccaac gtcctgactg gtataatgag ccagttctta aaatcg cata aggtaattca 
 caatgattaa agttgaaatt aaaccatctc aagcccaatt tactac tcgt tctggtgttc 
 tcgtcagggc aagccttatt cactgaatga gcagctttgt tacgtt gatt tgggtaatga 
 atatccggtt cttgtcaaga ttactcttga tgaaggtcag ccagcc tatg cgcctggtct 
 gtacaccgtt catctgtcct ctttcaaagt tggtcagttc ggttcc ctta tgattgaccg 
 tctgcgcctc gttccggcta agtaacatgg agcaggtcgc ggattt cgac acaatttatc 
 aggcgatgat acaaatctcc gttgtacttt gtttcgcgct tggtat aatc gctgggggtc 
 aaagatgagt gttttagtgt attctttcgc ctctttcgtt ttaggt tggt gccttcgtag 
 tggcattacg tattttaccc gtttaatgga aacttcctca tgaaaa agtc tttagtcctc 
 aaagcctctg tagccgttgc taccctcgtt ccgatgctgt ctttcg ctgc tgagggtgac 
 gatcccgcaa aagcggcctt taactccctg caagcctcag cgaccg aata tatcggttat 
 gcgtgggcga tggttgttgt cattgtcggc gcaactatcg gtatca agct gtttaagaaa 
 ttcacctcga aagcaagctg ataaaccgat acaattaaag gctcct tttg gagccttttt 
 ttttggagat tttcaacgtg aaaaaattat tattcgcaat tccttt agtt gttcctttct 
 attctcactc cgctgaaact gttgaaagtt gtttagcaaa acccca taca gaaaattcat 
 ttactaacgt ctggaaagac gacaaaactt tagatcgtta cgctaa ctat gagggttgtc 
 tgtggaatgc tacaggcgtt gtagtttgta ctggtgacga aactca gtgt tacggtacat 
 gggttcctat tgggcttgct atccctgaaa atgagggtgg tggctc tgag ggtggcggtt 
 ctgagggtgg cggttctgag ggtggcggta ctaaacctcc tgagta cggt gatacaccta 
 ttccgggcta tacttatatc aaccctctcg acggcactta tccgcc tggt actgagcaaa 
 accccgctaa tcctaatcct tctcttgagg agtctcagcc tcttaa tact ttcatgtttc 
 agaataatag gttccgaaat aggcaggggg cattaactgt ttatac gggc actgttactc 
 aaggcactga ccccgttaaa acttattacc agtacactcc tgtatc atca aaagccatgt 
 atgacgctta ctggaacggt aaattcagag actgcgcttt ccattc tggc tttaatgaag 
 atccattcgt ttgtgaatat caaggccaat cgtctgacct gcctca acct cctgtcaatg 
 ctggcggcgg ctctggtggt ggttctggtg gcggctctga gggtgg tggc tctgagggtg 
 gcggttctga gggtggcggc tctgagggag gcggttccgg tggtgg ctct ggttccggtg 
 attttgatta tgaaaagatg gcaaacgcta ataagggggc tatgac cgaa aatgccgatg 
 aaaacgcgct acagtctgac gctaaaggca aacttgattc tgtcgc tact gattacggtg 
 ctgctatcga tggtttcatt ggtgacgttt ccggccttgc taatgg taat ggtgctactg 
 gtgattttgc tggctctaat tcccaaatgg ctcaagtcgg tgacgg tgat aattcacctt 
 taatgaataa tttccgtcaa tatttacctt ccctccctca atcggt tgaa tgtcgccctt 
 ttgtctttag cgctggtaaa ccatatgaat tttctattga ttgtga caaa ataaacttat 
 tccgtggtgt ctttgcgttt cttttatatg ttgccacctt tatgta tgta ttttctacgt 
 ttgctaacat actgcgtaat aaggagtctt aatcatgcca gttctt ttgg gtattccgtt 
 attattgcgt ttcctcggtt tccttctggt aactttgttc ggctat ctgc ttacttttct 
 taaaaagggc ttcggtaaga tagctattgc tatttcattg tttctt gctc ttattattgg 
 gcttaactca attcttgtgg gttatctctc tgatattagc gctcaa ttac cctctgactt 
 tgttcagggt gttcagttaa ttctcccgtc taatgcgctt ccctgt tttt atgttattct 
 ctctgtaaag gctgctattt tcatttttga cgttaaacaa aaaatc gttt cttatttgga 
 ttgggataaa taatatggct gtttattttg taactggcaa attagg ctct ggaaagacgc 
 tcgttagcgt tggtaagatt caggataaaa ttgtagctgg gtgcaa aata gcaactaatc 
 ttgatttaag gcttcaaaac ctcccgcaag tcgggaggtt cgctaa aacg cctcgcgttc 
 ttagaatacc ggataagcct tctatatctg atttgcttgc tattgg gcgc ggtaatgatt 
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 cctacgatga aaataaaaac ggcttgcttg ttctcgatga gtgcgg tact tggtttaata 
 cccgttcttg gaatgataag gaaagacagc cgattattga ttggtt tcta catgctcgta 
 aattaggatg ggatattatt tttcttgttc aggacttatc tattgt tgat aaacaggcgc 
 gttctgcatt agctgaacat gttgtttatt gtcgtcgtct ggacag aatt actttacctt 
 ttgtcggtac tttatattct cttattactg gctcgaaaat gcctct gcct aaattacatg 
 ttggcgttgt taaatatggc gattctcaat taagccctac tgttga gcgt tggctttata 
 ctggtaagaa tttgtataac gcatatgata ctaaacaggc tttttc tagt aattatgatt 
 ccggtgttta ttcttattta acgccttatt tatcacacgg tcggta tttc aaaccattaa 
 atttaggtca gaagatgaaa ttaactaaaa tatatttgaa aaagtt ttct cgcgttcttt 
 gtcttgcgat tggatttgca tcagcattta catatagtta tataac ccaa cctaagccgg 
 aggttaaaaa ggtagtctct cagacctatg attttgataa attcac tatt gactcttctc 
 agcgtcttaa tctaagcta t cgctatgttt tcaaggattc taagg gaaaa ttaattaata 
 gcgacgattt acagaagcaa ggttattcac tcacatatat tgattt atgt actgtttcca 
 ttaaaaaagg taattcaaat gaaattgtta aatgtaatta attttg tttt cttgatgttt 
 gtttcatcat cttcttttgc tcaggtaatt gaaatgaata attcgc ctct gcgcgatttt 
 gtaacttggt attcaaagca atcaggcgaa tccgttattg tttctc ccga tgtaaaaggt 
 actgttactg tatattcatc tgacgttaaa cctgaaaatc tacgca attt ctttatttct 
 gttttacgtg ctaataattt tgatatggtt ggttcaattc cttcca taat tcagaagtat 
 aatccaaaca atcaggatta tattgatgaa ttgccatcat ctgata atca ggaatatgat 
 gataattccg ctccttctgg tggtttcttt gttccgcaaa atgata atgt tactcaaact 
 tttaaaatta ataacgttcg ggcaaaggat ttaatacgag ttgtcg aatt gtttgtaaag 
 tctaatactt ctaaatcctc aaatgtatta tctattgacg gctcta atct attagttgtt 
 agtgcaccta aagatatttt agataacctt cctcaattcc tttcta ctgt tgatttgcca 
 actgaccaga tattgattga gggtttgata tttgaggttc agcaag gtga tgctttagat 
 ttttcatttg ctgctggctc tcagcgtggc actgttgcag gcggtg ttaa tactgaccgc 
 ctcacctctg ttttatcttc tgctggtggt tcgttcggta ttttta atgg cgatgtttta 
 gggctatcag ttcgcgcatt aaagactaat agccattcaa aaatat tgtc tgtgccacgt 
 attcttacgc tttcaggtca gaagggttct atctctgttg gccaga atgt cccttttatt 
 actggtcgtg tgactggtga atctgccaat gtaaataatc catttc agac gattgagcgt 
 caaaatgtag gtatttccat gagcgttttt cctgttgcaa tggctg gcgg taatattgtt 
 ctggatatta ccagcaaggc cgatagtttg agttcttcta ctcagg caag tgatgttatt 
 actaatcaaa gaagtattgc tacaacggtt aatttgcgtg atggac agac tcttttactc 
 ggtggcctca ctgattataa aaacacttct caagattctg gcgtac cgtt cctgtctaaa 
 atccctttaa tcggcctcct gtttagctcc cgctctgatt ccaacg agga aagcacgtta 
 tacgtgctcg tcaaagcaac catagtacgc gccctgtagc ggcgca ttaa gcgcggcggg 
 tgtggtggtt acgcgcagcg tgaccgctac acttgccagc gcccta gcgc ccgctccttt 
 cgctttcttc ccttcctttc tcgccacgtt cgccggcttt ccccgt caag ctctaaatcg 
 ggggctccct ttagggttcc gatttagtgc tttacggcac ctcgac ccca aaaaacttga 
 tttgggtgat ggttcacgta gtgggccatc gccctgatag acggtt tttc gccctttgac 
 gttggagtcc acgttcttta atagtggact cttgttccaa actgga acaa cactcaaccc 
 tatctcgggc tattcttttg atttataagg gattttgccg atttcg gaac caccatcaaa 
 caggattttc gcctgctggg gcaaaccagc gtggaccgct tgctgc aact ctctcagggc 
 caggcggtga agggcaatca gctgttgccc gtctcgctgg tgaaaa gaaa aaccaccctg 
 gcgcccaata cgcaaaccgc ctctccccgc gcgttggccg attcat taat gcagctggca 
 cgacaggttt cccgactgga aagcgggcag tgagcgcaac gcaatt aatg tgagttagct 
 cactcattag gcaccccagg ctttacactt tatgcttccg gctcgt atgt tgtgtggaat 
 tgtgagcgga taacaatttc acacaggaaa cagctatgac catgat tacg aattcgagct 
 cggtacccgg ggatcctcta gagtcgacct gcaggcatgc aagctt ggca ctggccgtcg 
 ttttacaacg tcgtgactgg gaaaaccctg gcgttaccca acttaa tcgc cttgcagcac 
 atcccccttt cgccagctgg cgtaatagcg aagaggcccg caccga tcgc ccttcccaac 
 agttgcgcag cctgaatggc gaatggcgct ttgcctggtt tccggc acca gaagcggtgc 
 cggaaagctg gctggagtgc gatcttcctg aggccgatac ggtcgt cgtc ccctcaaact 
 ggcagatgca cggttacgat gcgcccatct acaccaacgt aaccta tccc attacggtca 
 atccgccgtt tgttcccacg gagaatccga cgggttgtta ctcgct caca tttaatgttg 
 atgaaagctg gctacaggaa ggccagacgc gaattatttt tgatgg cgtt cctattggtt 
 aaaaaatgag ctgatttaac aaaaatttaa cgcgaatttt aacaaa atat taacgtttac 
 aatttaaata tttgcttata caatcttcct gtttttgggg cttttc tgat tatcaaccgg 
 ggtacatatg attgacatgc tagttttacg attaccgttc atcgat tctc ttgtttgctc 
 cagactctca ggcaatgacc tgatagcctt tgtagatctc tcaaaa atag ctaccctctc 
 cggcattaat ttatcagcta gaacggttga atatcatatt gatggt gatt tgactgtctc 
 cggcctttct cacccttttg aatctttacc tacacattac tcaggc attg catttaaaat 
 atatgagggt tctaaaaatt tttatccttg cgttgaaata aaggct tctc ccgcaaaagt 
 attacagggt cataatgttt ttggtacaac cgatttagct ttatgc tctg aggctttatt 
 gcttaatttt gctaattctt tgccttgcct gtatgattta ttggat gtt  
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Strand Displacement Synthesis: 
 
 
Template F90: 5’- CCG TCA GCT GTG CCG TCG CGC AGC ACG CGC CGC CGT GGA CAG AGG ACT 
GCA GAA AAT CAA CCT ATC CTC CTT CAG GAC CAA CGT ACA GAG 
 
 
Primer:  
Fgap16: 5´ CTC TGT ACG TTG GTC C 
Fgap24: 5´ G GAT AGG TTG ATT TTC TGC AGT CC 
 
 
 
 
 
 
Chemically Modified DNA [277]: 
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7.2.2. Protein Sequences 
 
D. radiodurans PolA 
 
polA - 956 aa, polA* - 595 aa 
 
 1 mvfcgdggls cesidfalcc lrgrsgnyvq srilpmadas pdps kpdtlv lidghalafr 
 61 syfalpplnn skgemthaiv gfmklllrla rqksnqvivv fdp pvktfrh eqyegyksgr 
121 aqtpedlpgq inriralvda lgfprleepg yeaddviasl trm aegkgye vrivtsdrda 
181 yqlldehvkv iandfsligp aqveekygvt vrqwvdyral tgd asdnipg akgigpktaa 
241 kllqeygtle kvyeaahagt lkpdgtrkkl ldseenvkfs hdl scmvtdl pldiefgvrr 
301 lpdnplvted lltelelhsl rpmilglngp eqdghapddl ler ehaqtpe edeaaalpaf 
361 sapelaewqt paegavwgyv lsreddltaa llaaatfedg var papvsep dewaqaeape 
421 nlfgellpsd kpltkkeqka lekaqkdaek araklreqfp atv deaefvg qrtvtaaaak 
481 alaahlsvrg tvvepgddpl lyaylldpan tnmpvvakry ldr ewpadap traaitghll 
541 relpplldda rrkmydemek plsgvlgrme vrgvqvdsdf lqt lsiqagv rladlesqih 
601 eyageefhir spkqletvly dklelasskk tkltgqrsta vsa leplrda hpiiplvlef 
661 reldklrgty ldpipnlvnp htgrlhttfa qtavatgrls sln pnlqnip irselgreir 
721 kgfiaedgft liaadysqie lrllahiadd plmqqafveg adi hrrtaaq vlgldeatvd 
781 anqrraaktv nfgvlygmsa hrlsndlgip yaeaatfiei yfa typgirr yinhtldfgr 
841 thgyvetlyg rrryvpglss rnrvqreaee rlaynmpiqg taa dimklam vqldpqldai 
901 garmllqvhd ellieapldk aeqvaaltkk vmenvvqlkv pla vevgtgp nwfdtk 

 
The complete sequence represents the wildtype enzyme of D. radiodurans polA. Light grey 
shadowed is the polA* part as descibed in 3.1.1.  
 
 
 
 
7.2.3. DNA Sequences 
 
 
D. radiodurans PolA 
 
polA - 2870 bp, polA* - 1912 bp 
 
1 ATGGTTTTTT GTGGTGACGG TGGTCTGTCT TGTGAGTCCA TTGACTTCGC CCTTTGCTGC 
61 TTGCGAGGCC GTTCCGGCAA TTACGTCCAG AGTAGAATCC TCCCTATGGC CGACGCTTCC 
121 CCAGATCCCT CCAAGCCAGA CACGCTGGTG CTGATTGACG GTCACGCGCT GGCGTTCCGT 
181 TCGTATTTCG CCCTGCCGCC GCTCAACAAC TCCAAGGGCG AGATGACCCA CGCGATTGTC 
241 GGCTTCATGA AGCTGCTCCT GCGGCTGGCG CGGCAAAAAT CCAATCAGGT CATCGTGGTC 
301 TTCGACCCGC CGGTCAAGAC CTTCCGGCAC GAACAGTACG AGGGCTACAA GTCGGGCCGC 
361 GCCCAGACGC CCGAAGACCT GCCCGGCCAG ATCAACCGCA TCCGCGCGCT GGTGGACGCG 
421 CTCGGCTTTC CCCGGCTCGA AGAACCCGGC TACGAGGCCG ACGACGTGAT CGCCTCGCTG 
481 ACCCGCATGG CCGAGGGCAA GGGCTACGAA GTCCGCATCG TGACGAGCGA CCGCGATGCG 
541 TATCAGTTGC TCGACGAGCA CGTGAAGGTC ATCGCCAACG ACTTTTCGCT CATTGGCCCG 
601 GCGCAGGTCG AGGAAAAATA CGGCGTCACC GTGCGGCAGT GGGTGGACTA CCGCGCCCTC 
661 ACCGGCGACG CCTCCGACAA CATCCCCGGC GCCAAGGGCA TCGGCCCCAA GACGGCGGCC 
721 AAGCTCTTGC AGGAATACGG CACGCTGGAG AAGGTGTACG AGGCGGCGCA CGCGGGCACC 
781 CTCAAGCCCG ACGGCACCCG CAAGAAGCTG CTCGACTCCG AGGAGAACGT GAAGTTCAGC 
841 CACGACCTCT CGTGCATGGT GACCGACCTG CCGCTCGACA TCGAATTCGG CGTGCGCCGC 
901 CTGCCCGACA ACCCGCTGGT GACCGAGGAC CTGCTCACCG AACTTGAGCT TCACTCGCTG 
961 CGCCCGATGA TTCTGGGGCT GAACGGGCCA GAACAGGATG GACACGCCCC CGACGACCTG 
1021 CTCGAACGCG AACACGCGCA GACCCCCGAG GAGGACGAGG CCGCCGCGCT GCCCGCCTTC 
1081 AGCGCCCCCG AGCTGGCCGA GTGGCAGACC CCCGCCGAGG GCGCCGTCTG GGGCTACGTC 
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1141 CTGTCACGCG AGGACGACCT GACCGCCGCG CTGCTCGCCG CCGCGACCTT TGAGGATGGT 
1201 GTGGCCCGCC CCGCGCCCGT CTCCGAGCCC GACGAGTGGG CGCAGGCGGA GGCCCCGGAG 
1261 AACCTGTTCG GCGAGCTGCT GCCGAGCGAC AAACCATTGA CCAAAAAAGA GCAGAAGGCG 
1321 CTGGAAAAAG CTCAGAAAGA CGCCGAAAAA GCGCGGGCCA AGCTGCGCGA ACAGTTCCCG 
1381 GCGACGGTGG ACGAGGCCGA GTTCGTCGGG CAGCGCACGG TGACGGCGGC GGCGGCCAAG 
1441 GCGCTCGCGG CGCACCTCAG CGTGCGCGGC ACCGTGGTGG AGCCGGGCGA CGACCCGCTG 
1501 CTTTACGCCT ACCTGCTCGA CCCCGCCAAC ACCAACATGC CGGTGGTGGC CAAGCGGTAT 
1561 CTGGACCGCG AGTGGCCCGC CGACGCCCCG ACCCGCGCCG CCATCACCGG GCACCTGCTG 
1621 CGCGAGCTGC CGCCGCTGCT CGACGACGCC CGGCGCAAGA TGTACGACGA GATGGAAAAG 
1681 CCGCTCTCGG GCGTGCTGGG GCGCATGGAA GTGCGCGGGG TGCAGGTGGA CAGTGACTTT 
1741 TTGCAGACGC TCTCCATTCA GGCCGGGGTG CGCCTTGCCG ACCTCGAATC CCAGATTCAC 
1801 GAGTACGCGG GCGAGGAGTT TCACATCCGC AGCCCCAAGC AGCTCGAAAC GGTGCTTTAC 
1861 GACAAGCTCG AACTCGCGAG CAGCAAGAAG ACCAAGCTGA CCGGGCAGCG CTCCACCGCC 
1921 GTCTCTGCCC TCGAACCGCT GCGCGACGCG CATCCCATTA TCCCGCTGGT GCTGGAGTTC 
1981 CGCGAACTCG ACAAGCTGCG CGGCACCTAC CTCGACCCCA TCCCCAACCT CGTCAACCCG 
2041 CACACGGGCC GCCTGCACAC CACCTTCGCG CAGACGGCGG TGGCGACCGG GCGTCTGAGC 
2101 AGCCTCAACC CCAACCTGCA AAACATCCCC ATCCGCTCGG AACTCGGGCG CGAGATTCGC 
2161 AAGGGCTTTA TTGCCGAGGA CGGCTTTACC CTGATTGCCG CCGACTACTC GCAAATCGAG 
2221 CTGCGGCTCC TCGCCCACAT CGCCGACGAC CCGCTGATGC AGCAGGCGTT CGTGGAGGGT 
2281 GCCGACATTC ACCGCCGCAC CGCCGCGCAG GTGCTCGGGC TCGACGAGGC CACCGTGGAC 
2341 GCCAATCAGC GCCGCGCCGC CAAAACGGTC AACTTCGGCG TGCTGTACGG CATGAGTGCT 
2401 CACCGCCTCA GCAACGACCT CGGTATTCCC TACGCCGAGG CCGCGACCTT CATCGAGATT 
2461 TATTTCGCCA CCTACCCCGG CATCCGGCGC TACATCAATC ACACGCTGGA CTTCGGGCGC 
2521 ACGCACGGCT ATGTGGAAAC GCTCTATGGC CGCCGCCGCT ACGTGCCGGG CCTGAGCAGC 
2581 CGCAACCGCG TGCAGCGCGA GGCCGAGGAG CGGCTCGCCT ACAACATGCC GATTCAGGGC 
2641 ACCGCTGCCG ACATCATGAA GCTGGCGATG GTGCAGCTCG ACCCGCAGCT CGACGCCATC 
2701 GGTGCCCGGA TGCTGCTGCA AGTGCACGAC GAACTGCTCA TCGAGGCGCC GCTCGACAAG 
2761 GCCGAGCAGG TCGCCGCGCT GACCAAAAAA GTCATGGAAA ACGTGGTGCA GCTCAAGGTG 
2821 CCGCTGGCGG TGGAAGTGGG GACGGGGCCG AACTGGTTTG ACACGAAGTG 

 
The complete sequence represents the wildtype enzyme of D. radiodurans polA. Light grey 
shadowed is the polA* part as descibed in 3.1.1.  
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