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1. Introduction  

1.1  DNA structure  

 

Deoxyribonucleic acid, short DNA, is the storage of genetic information in all living organisms and one 

of the largest biopolymers found in cells. DNA can be cut down in single building blocks, the so called 

nucleotides. These nucleotides are comprised of a ribose sugar in its 2′-deoxy form, a nucleobase and 

a phosphate moiety (Fig. 1.1 B). A phosphatediester between the C3′ atom of the ribose of one 

nucleotide and the C5′-ribose atom of the next nucleotide, forms the DNA backbone (Fig. 1.1 B). The 

nucleobase moiety, which is the only variable part, can be further subdivided into purine (adenine and 

guanine) and pyrimidine (cytosine and thymin) bases. These nucleobases are connected by their N9 

and N3 atoms, respectively, to the C1′ atom of the ribose via a glycosylic bond. Thereby, they form the 

four canonical nucleosides: 2′-deoxyadenosine (A), 2′-deoxyguanosine (G), 2′-deoxycytidine (C) and 

2′-deoxythymidine (T).  

 

Figure 1.1: Nucleosides and nucleotides. (A) The four nucleobases form specific hydrogen bonds via their 

Watson-Crick base pairing site. Guanine (G) and cytosine (C) form three hydrogen bonds. Adenine (A) and thymin 

(T) form two hydrogen bonds. (B) A short oligonucleotide comprised of four nucleotides, consiting of the 

nucleobase (green), the sugar (blue) and the phosphate (orange). The nucleosides (sugar and nucleobase) are 

connected by a phosphodiester bond, forming the phosphate backbone (orange) of the DNA strand. (C) dATP 

with its Watson-Crick (gray) and Hoogsteen (pink) site as well as the α-, β- and γ-phosphate of the triphosphate 

moiety. (D) The sugar pucker conformation of A-DNA (C2′-endo) and B-DNA (C3′-endo).  

 

These nucleosides form pairs with specific hydrogen bonding patterns via their Watson-Crick base 

pairing site: A and T form two hydrogen bonds, G and C form three hydrogen bonds (Fig. 1.1 A). These 
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specific interaction patterns are used by DNA polymerases (DNA pols) to copy a given DNA strand in a 

sequence specific manner, using the triphosphate forms of the nucleotides as substrates: 

2′-deoxyadenosine-5′-triphosphate (dATP, Fig. 1.1 C), 2′-deoxyguanosine-5′-triphosphate (dGTP), 

2′-deoxycytidine-5′-triphosphate (dCTP) and 2′-deoxythymidine-5′-triphosphate (dTTP). 

 

Figure 1.2: A- and B-form DNA. (Left) A double stranded A-form DNA (PDB: 1ZF8 [1]). (Right) A double stranded 

B-form DNA (PDB: 2L8Q [2]). The major and minor grooves are indicated, respectively. The view from the top of 

the helix is shown at the bottom, respectively. Distances are given in Å.  

 

DNA in cells mainly consists as a right-handed double stranded helix, with the two base pairs forming 

complementary DNA strands coiling around a common axis in an anti-parallel direction, as described 

by Watson and Crick 1953 [3]. The DNA helix is thereby held together by base pairing, base stacking 

and solvent interactions. Apart from the most abundant B-form, DNA can adopt different 

conformations which are influenced by the orientation of the nucleobase in respect to the sugar 

moiety (syn- and anti-conformation) as well as the conformation of the ribose sugar (“sugar 

puckering”), which is defined by the pseudorotaion angle ψ. The two major ribose conformations 

found in DNA are the C2′-endo and C3′-endo conformations (Fig. 1.1 D), where endo refers to the 

position of the respective atom above the plane formed by the other four atoms of the ribose ring. A 

transition between the C2′-endo and C3′-endo conformation occurs via stepwise conformational 

changes, which are also found in DNA strands.  Additionally, ribose conformations in the so called “exo” 

conformation are found, where the respective atom lies below the plane of the four other ribose atoms 

[4].

 

B-form DNA is the most common DNA conformation in cells and at high humidity. All nucleotides of a 

B-form DNA are in anti- and the sugar pucker is predominantly in C2′-endo conformation [5, 6]. The 
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helix exhibits 10.4 nucleotides per turn, with a base to base distance of 3.4 Å. B-form DNA is also 

characterized by a wide major groove (11.7 Å width, 8.5 Å depth) and a deep minor grove (5.7 Å width, 

7.5 Å depth) (Fig. 1.2) [5]. Thus, modifications as used in biochemical applications (see section 1.3 and 

1.4) attached to the 5 position of pyrimidines and the 7 position of purines, pointing into the major 

groove of the DNA helix, are well accommodated [7-12]. 

 

A-form DNA is a more compact DNA helix that is abundant at low humidity, with its ribose moieties 

predominantly being in C3′-endo conformation [5, 6]. The altered sugar pucker results in a decreased 

phosphate to phosphate distance compared to B-form DNA (A-form: 5.9 Å, B-form: 7.0 Å), more 

nucleotides per helix turn (11 bp) as well as a smaller base to base distance (2.9 Å). Additionally, a deep 

major groove (2.7 Å width, 13.5 Å depth) and a wide minor groove (11.0 Å width, 2.8 Å depth) are 

characteristic (Fig. 1.2) [5], leading to less major groove space to accommodate bulky nucleobase 

modifications. A-form DNA plays a role in the replication by A-family DNA polymerases. 

 

1.2  DNA polymerases  
 

The first DNA polymerase was discovered 1956 by Kornberg et. al., only three years after the structure 

of DNA was solved. Using 14C- and 32P labelled dNTPs, Kornberg and his colleagues found a fraction of 

E.coli cell lysate containing a protein, which they called “polymerase”, that is capable of generating 

DNA in the presence of all four dNTPs, Mg2+ and DNA [13, 14]. This polymerase should later be called 

E. coli DNA pol I. DNA pol I contains the polymerase activity as well as a 5′-3′ and 3′-5′-exonucleoase. 

As observed by Klenow et. al., DNA pol I can be cleaved in two fragments by limited proteolysis, leading 

to an N-terminal truncated fragment that lacks the 5′-3′-exonuclease activity with enhanced 

polymerase activity [15]. Due to his discovery, this C-terminal fragment of DNA pol I is named Klenow 

fragment (KF) and was the first DNA pol to be crystallized in 1985 [16]. Steitz et. al. solved the crystal 

structure of DNA pol I without DNA in complex with dTMP, showing two large domains of the protein: 

the N-terminal domain comprised of approx. the first 200 amino acids containing the 3′-5′-exonuclease 

activity and the larger C-terminal domain, containing the polymerase activity. The C-terminal domain 

contained “a very deep cleft similar to the shape of a right hand holding a rod” [16], which was assumed 

to bind the DNA. In analogy to a human right hand, the subdomains of the C-terminal domain were 

named palm, thumb and finger domain. The palm domain is located at the base of the crevice between 

finger and thumb domain and harbors the catalytically essential amino acid residues. The thumb 

domain is essential for DNA and the finger domain for dNTPs binding [13]. 
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Over the years, different DNA pols were found in E.coli (DNA pol II, III, IV and V) as well as DNA pols in 

other organisms and several crystal structures of the enzyme alone (apo structure), the DNA pol in 

complex with DNA (binary structure) as well as the DNA pol in complex with DNA and dNTP (ternary 

structure) were solved. These structures revealed, that the three dimensional “right hand” orientation 

of the domains is universal to all DNA pols but not the overall protein conformation (Fig 1.3). The 

structure of RB69 DNA pol revealed a circular protein with a central cavity and five domains [17, 18]. 

In analogy to DNA pol I, the domains for DNA and dNTP binding as well as the domain harboring the 

polymerase active site, were called thumb, finger and palm, respectively. Additionally, RB69 DNA pol 

has an N-terminal domain that shows homologies to RNA binding proteins as well as a 

3′-5′-exonuclease [13]. 

 

 

Figure 1.3: The seven DNA pol families. The protein is shown in grey with highlighted palm (cyan), thumb (green) 

and finger (yellow) domains. A-family: T7 DNA pol (PDB: 1SKR [19]), B-family: RB69 DNA pol (PDB: 3NCI [20]). 

C-family: DNA pol C (PDB: 3F2B [21]); X-family: DNA pol β (PDB: 1BPZ [22]). Y-family: DNA pol η (PDB: 4ECV [23, 

24]). RT-family: HIV-1 RT DNA pol (PDB: 2HMI [25, 26]), both chains (p66 and p51) of the heterodimer are shown. 

D-family: DNA pol D (PDB: 5IHE (DP1), 5IJL (DP2) [27]), its two subdomains DP1 and DP2 were solved by 

crystallography. The two domains as well as the DNA duplex were then fitted into the cryo-EM map (PDB: 6MHS 

[28]). 

 

Combining the crystallographic knowledge with primary sequence homology, the DNA pols were 

grouped into seven families: A, B, C, D, X, Y and RT (Fig 1.3), with each family being specialized for tasks 

like replication, DNA repair and reverse transcription. The main replicative DNA pols belong to family 

A (bacteriophages), family B (archaea and eukaryots) and family C (bacteria). Family A also contains 

the DNA pols involved in DNA repair in bacteria like E. coli DNA pol I, Thermus aquaticus (Taq) and 
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Bacillus stearothermophilus (Bst) DNA pols. Families X and Y contain DNA pols involved in repair 

mechanisms like the eukaryotic DNA pol β that is involved in base excision repair (X-family) and the 

eukaryotic DNA pol η (Y-family) that is involved in bypassing DNA lesion, so called translesion DNA 

synthesis. Family RT contains its most prominent representative, the reverse transcriptase from the 

human immunodeficient virus 1 (HIV1-RT) as well as eukaryotic telomerases, both being 

RNA-dependent DNA pols [13, 29]. 

According to the topology of their palm domain, DNA pols can be further subdivided into three groups: 

“right-handed Klenow-fold DNA pols” (A-, B-, Y- and RT-family), “DNA pol β-like” (C- and X-family) and 

“two-barrels” DNA pols (D-family) [27]. So far, the least well characterised DNA pol family is D, with 

each one crystal structure for the two subdomains of DNA pol D and a respective cryo-EM structure 

[27, 28] (Fig. 1.3).  

 

 

Figure 1.4: General minimal mechanism. (A) Depiction of DNA synthesis by a DNA pol. According to the Watson-

Crick base pairing, the respective triphosphate (dark grey) is bound in the active site, stacking above the 

3′-terminal primer nucleotide with its 3′-OH group. Metal ions in the active site are shown as yellow spheres. (B) 

Minimal polymerase mechanism: E = enzyme, p/t = primer/template duplex; (1) the DNA pol binds the p/t; (2) 

the dNTP is bound in the active site forming the closed ternary complex E:p/t:dNTP; (3) upon a rate limiting step, 

the active complex E*:p/t:dNTP is formed, which can undergo catalysis; (4) the primer strand is elongated by one 

nucleotide and pyrophosphate (PPi) is released. (Figure 1.4 B adopted from [13]).  

 

Although the DNA pols may fulfill different tasks in the cell, a general minimal mechanism for all DNA 

pols has been proposed, following the semi conservative DNA replication mechanism as shown by 

Meselson and Stahl [30]. Hereby, the DNA duplex gets separated into two single strands, where each 

parental strand functions as a template for the 5′-3′ directed DNA replication (Fig. 1.4 A). This 

replication usually needs a DNA or RNA primer bearing a 3′-OH group and is a continuous process, that 

can be subdivided into four steps, as depicted in Fig. 1.4 B: (1) As the start of the polymerization, the 

DNA pol (E) binds to the primer/template (p/t), associated with a conformational change of the thumb 
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domain. The tip of the thumb domain usually is unstructured and not resolved in DNA pol apo 

structures. Upon binding of the DNA to the enzyme, the thumb domain gets structured and is resolved 

in the crystal structure. (2) The dNTP binds into the active site with the associated closure of the finger 

domain, forming the ternary complex (E:p/t:dNTP). Hereby, the correct substrate is selected, where 

the efficiency of binding the correct dNTP strongly relies on the function of the DNA pol. Replicative 

DNA pols like T7 DNA pol (A-family) and T4 DNA pol (B-family) show a 390- and 263-fold difference in 

the KD of the correct vs. the incorrect dNTP, respectively. DNA pols involved in repair mechanisms like 

Klenow DNA pol (A-family) and yeast DNA pol η (Y-family) only show a 3.4- and 4-fold difference in the 

KD, respectively [13]. (3) A conversion from the E:p/t:dNTP complex to an activated complex 

E*:p/t:dNTP that undergoes catalysis occurs and is the rate limiting step of the polymerization reaction, 

which is believed to be a conformational change. (4) In the active E*:p/t:dNTP complex, the 

phosphodiester bond between the primer strand and the dNTP is formed by nucleophilic attack of the 

3′-OH group to the α-phosphate of the dNTP, thereby releasing pyrophosphate. Afterwards, the DNA 

pol either dissociates from the primer/template duplex prior to a new polymerization reaction 

(distributive synthesis) or translocates to the next templating nucleotide (processive synthesis) [13]. 

The components of the chemical reaction and the mechanism of the polymerization reaction is 

explained in more detail in section 1.2.3.  

 

1.2.1 A-family DNA polymerases  

 

The A-family consists of viral, bacterial and eukaryotic DNA pols which are involved in replication like 

T3, T5 and T7 DNA pol (viral) and the mitochondrial DNA pol γ (eukaryotic). Additionally, the A-family 

comprises DNA pols involved in repair mechanisms like DNA pol θ (eukaryotic), that is involved in 

double-strand-break repair [31] and the bacterial DNA pols I from E.coli, Thermus aquaticus (Taq) and 

Bacillus stearothermophilus (Bst). The later, are involved in nucleotide excision repair and the 

processing of Okazaki fragment, which occur after lagging strand DNA synthesis [13, 29]. Here, the RNA 

primers are excised by the 5′-3′-exonuclease activity of the DNA pol I and the resulting gap is filled with 

a DNA oligonucleotide by the polymerase activity [13]. 
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Figure 1.5: A-family DNA pols I. The protein is shown in grey with the 3′-5′-exonuclease domain highlighted in 

cyan and the N-terminal 5′-3′-exonuclease domain in blue. NTD = N-terminal domain. (A) Klenow fragment (KF) 

of E. coli DNA pol I (PDB: 1KLN [32]) in a binary complex. (B) KlenTaq DNA pol (PDB: 3RTV [33]) in a closed ternary 

complex. The 3′-5′-exonuclease is inactive in KlenTaq due to mutations of the active site amino acids. (C) Apo Taq 

DNA pol (PDB: 1TAQ [34]) with the 5′-3′-exonuclease. (D) Sequence depiction of DNA pol I, KlenTaq and Taq DNA 

pols, color coded in blue, cyan and grey for the 5′-3′-exonuclease, N-terminal and central polymerase domain, 

respectively.  

 

As described in section 1.2, E.coli DNA pol I was the first DNA pol to be characterised and was employed 

in PCR reactions, until the discovery of thermostable DNA pols [35]. One of these thermostable DNA 

pols is DNA pol I from the thermophilic gram-negative bacterium Thermus aquaticus, the so called Taq 

DNA pol. Thermus aquaticus was isolated from thermal springs and man-made thermal habitats and 

has an optimal growth temperature of 70 °C [36]. The purified Taq DNA pol has a temperature optimum 

of 80 °C and utilizes MgCl2 as well as MnCl2 for catalysis, however, clearly preferring MgCl2 over MnCl2 

[37]. In analogy to E.coli DNA pol I, an N-terminal truncated fragment of Taq DNA pol was generated, 

lacking the 5′-3′-exonuclease activity [38, 39]. The truncation of the exonuclease activity results in an 

approx. 2-fold increase in temperature stability to a half-live of 21 min at 97.5 °C [38] and a decrease 

of the error rate by 2-fold compared to full length Taq DNA pol [39]. The 235 amino acid truncated 

form of Taq DNA pol generated by Barnes et. al. [39], was named Klenow fragment of Taq DNA pol 

(short: KlenTaq DNA pol), in spite of the homologous Klenow fragment of E. coli DNA pol I. The crystal 

structure of KlenTaq DNA pol, revealed the identical three dimensional structure of its C-terminal 

domain compared to the Klenow fragment of DNA pol I (Fig. 1.5), sharing 49.6 % sequence identity 

[40]. Due to a displacement of the catalytic amino acid residues of the 3′-5′-exonucleoase active site 

by hydrophobic side chains, KlenTaq DNA pol is deficient of exonuclease activity. 
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Additionally, mutations and thus, optimization of electrostatic interactions in KlenTaq DNA pol, seem 

to be the basis of its thermostability compared to E.coli DNA pol I [40].  

 

1.2.1.1 Structure of KlenTaq DNA polymerase  

 

KlenTaq DNA pol in its three dimensional structure, reminding of a human right hand, consists of four 

domains: the finger, palm, thumb and N-terminal domain (Fig. 1.6). As for all DNA pols, the palm 

domain harbours the catalytically important amino acids (D785, Y611, D610). The finger and thumb 

domain are essential for dNTP and DNA binding, respectively. The N-terminal domain of KlenTaq DNA 

pol, contains the inactive 3′-5′-exonuclease domain and is structurally not related to the N-terminal 

domains of other DNA pols like B-family DNA pol [13]. 

 

 

Figure 1.6: KlenTaq DNA pol in a binary and ternary complex. The domains of KlenTaq DNA pol are colored in 

cyan (N-terminal domain = NTD), magenta (palm), green (thumb) and yellow (finger). The depicted protein 

sequence with the same color coding is shown at the bottom. The DNA helix is shown in grey. (A) Binary KlenTaq 

DNA pol structure (PDB: 3SZ2 [33]). (B) Zoom in the active site of the binary complex. The O-helix of the finger 

domain is in an open conformation and Y671 is positioned on top of the last (n-1) base pair, displacing the 

templating dNMP (dark grey) from its templating position. (C) Zoom in the active site of the ternary KlenTaq DNA 

pol structure. The O-helix is closed and packs against the nascent base pair. Y671 does no longer occupy the 

templating position. The two metal ions coordinated in the active site, are shown as purple spheres. (D) Ternary 

KlenTaq DNA pol structure (PDB: 3RTV [33]).  

 

Crystal structures of the apo KlenTaq DNA pol were solved, showing a disordered tip of the thumb [40], 

which becomes structured upon DNA binding [41]. For this DNA binding, the thumb domain rotates by 

17° to open a DNA-binding crevice and then back rotates by 12° to bring the tip of the thumb domain
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 closer to the DNA [41]. Thereby, the thumb domain forms a cylinder around the DNA helix. The DNA 

helix in such binary, and also ternary, complexes of KlenTaq DNA pol, shows B-form, except for the last 

three 3′-terminal nucleotides of the primer strand. These are in A-form, as also observed for DNA pols 

Taq [34], T7 [42], Bst [43] and β [44]. Additionally, the DNA duplex is distorted by interactions with the 

palm and thumb domain, bending the DNA in an S shape. The DNA duplex interacts with the protein 

at a distance of 9 and 7 nucleotides, for the template and primer strand, respectively. The seventh 

primer nucleotide is already positioned outside the confines of the DNA pol, and only shows an 

interaction between its phosphate group and a neighbouring lysine residue [41]. 

Interestingly, the templating dNMP in the binary complex is not in templating position, but is rather 

flipped out of the stacking interaction with the primer/ template duplex by a sharp angle of its 

phosphate backbone. In binary, open complexes, the templating position is occupied by the O-helix 

(finger domain) residue Y671, which lies on top of the first base pair and seems to function as a 

positioning device for the DNA [41] (Fig. 1.6 B). Upon dNTP binding and the associated closure of the 

O-helix, Y671 is released from its stacking interaction and the templating base moves to this position. 

Thereby, the fully closed O-helix packs against the nascent base pair [41] (Fig. 1.6 C). During binding of 

the dNTP and the closure of the finger domain, the O-helix rotates by 40° towards the active site, 

forming a tight dNTP binding pocket in the ternary, closed complex [41]. This finger domain closure of 

A-family DNA pols was shown not to be the rate limiting step during DNA replication [45]. 

The ternary, closed KlenTaq DNA pol complex that is poised for catalysis, further shows two metal ions 

coordinated in the active site (Fig. 1.6 C). These metal ions are coordinated in an octahedral manner 

by D610, Y611, D785 of the palm domain as well as two water molecules (for further details see section 

1.2.3).  

 

1.2.2 B-family DNA polymerases  

 

The B-family consists of replicative DNA pols from all four kingdoms of life. The eukaryotic DNA pols α, 

δ and γ, the bacterial E. coli DNA pol II, viral DNA pols such as T4, phi29 and RB69 DNA pols as well as 

archaeal DNA pols. Thereof, RB69 DNA pol was the first crystal structure of the B-family [18] and is by 

far the best characterised DNA pol with various available crystal structures, giving insights into the 

processing of natural substrate [17, 20], DNA lesions [46, 47], nucleotide analogs [48, 49], mismatches 

[50] and nucleotide excision by the 3′-5′-exonuclease domain [51]. Additionally, structural data of 

ternary closed complexes of further viral DNA pols like phi29, eukaryotic and bacterial DNA pols, are 

available. These data overall show the typical enzyme conformation of a B-family DNA pol with its 



1. Introduction – B-family DNA polymerases 

10 
 

palm, finger, thumb, N-terminal and exonuclease domain being arranged in a circular shape (Fig. 1.7 

A). However, the metal ion composition in the active site differs, from two metal ions in the viral RB69 

DNA pol [20] and the bacterial DNA pol II [52], to three metal ions in the eukaryotic DNA pol δ [53]. 

 

Figure 1.7: B-family DNA pols. (A) Apo structure of RB69 DNA pol (PDB: 1IH7 [18]). The domains are color coded 

in blue (N-terminal domain = NTD), cyan (palm), green (thumb), yellow (finger) and magenta (exonuclease). (B-

D) Ternary closed crystal structures of RB69 DNA pol (PDB: 3NCI [20]), E. coli DNA pol II (PDB: 3K57 [52]) and 

yeast DNA pol δ (PDB: 3IAY [53]). The protein is colored in grey with the finger domain in yellow and the DNA in 

blue. The metal ions in the active site are shown as pink spheres. (E) Binary crystal structure of KOD DNA pol 

(PDB: 4K8Z [54]). The protein is shown in grey, the DNA in blue and the finger domain in orange.  

 

Structural data of ternary closed complexes of archaeal B-family DNA pols, were not available by the 

start of this PhD thesis. They were limited to apo structures of enzymes from Thermococcus 

kodakaraensis (KOD [55]), Thermococcus sp. 9°N-7 (9°N [56]), Thermococcus litoralis (Deep Vent [57]), 

Pyrococcus furiosus (Pfu [58]), Pyrobaculum calidifontis (Pc [59]) and Thermococcus gorgonarius (Tgo 

[60]) as well as the binary structures of KOD [54], 9°N [54] and Pfu [58] DNA pols. Due to the lack of a 

ternary crystal structure, the viral RB69 DNA pol was used as a general model for B-family DNA pols 

[57, 58] even though the sequence identity with archaeal DNA pols (e.g. 18.1 % between KOD and 

RB69 DNA pols) is low. As archaeal B-family DNA pols are important enzymes in biochemical 

applications like next-generation sequencing [7, 8] and often exhibit a better acceptance of chemically 

modified substrates compared to A-family DNA pols like KlenTaq [11, 61-68], structural data of the
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active complex would help to improve such applications by directed enzyme mutagenesis as well as by 

enhancing the understanding of the processing of chemically modified dNTPs by these enzymes.  

 

1.2.2.1 Structure of KOD DNA polymerase  
 

KOD DNA pol is a thermostable DNA pol from the archaean Thermococcus kodakaraensis, with a 

temperature optimum of 75°C and a half-life at 95 °C of 12 h. Compared to RB69, KOD DNA pol has 

two disulphide bonds and is more compact, which seems to be an adaptation to high temperature. 

KOD DNA pol is a highly processive DNA pol, having an extension rate of 100-130 nt/s, 4 to 5-fold higher 

than the extension rate of Pfu and Deep Vent DNA pol (25 and 23 nt/s, respectively) and 2-fold higher 

compared to Taq DNA pol (61 nt/s) [69]. Like the other B-family DNA pols, KOD DNA pol exhibits a 

3′-5′-exonuclease domain, with a β-hairpin that stabilizes the melted DNA in the exonuclease active 

site, as observed for RB69 DNA pol [70].  

 

Figure 1.8: KOD DNA pol. (A) The binary KOD DNA pol (PDB: 4K8Z [54]) structure and its depicted sequence color 

coded in blue (N-terminal = NTD), green (thumb), cyan (palm), magenta (exonuclease) and yellow (finger) for the 

respective domains. The DNA duplex is shown in grey. (B) Superimposition of the binary and apo KOD DNA pol 

(PDB: 1WNS [55]) structures. The largest conformational change upon DNA binding is observed in the thumb 

domain (green: binary; orange: apo), which rotates towards the DNA and becomes structurally resolved upon 

DNA binding. The movement of the thumb domain is indicated by an arrow.  

 

To avoid truncation of the DNA primer, an exonuclease inactive mutant of KOD DNA pol was utilized 

for generation of the binary complex [54], as demonstrated before for 9 °N DNA pol [71] which shares 

91 % sequence homology with KOD DNA pol. The largest conformational change of the binary 

compared to the apo structure of KOD DNA pol is observed in the thumb domain (Fig.1.8 B), where the 

U-helix rotates by approx. 27° and shifts by approx. 22 Å, to interact with the DNA duplex [54]. By 

binding of the DNA duplex to the enzyme, the thumb domain also becomes more structured, as it is 

highly flexible in the apo structure (Fig. 1.8 B). The enzyme interacts with the template and primer 
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strand at a distance of 9 and 6 nucleotides, respectively [54]. Compared to the A-family DNA pol 

KlenTaq, the DNA in KOD DNA pol is throughout in B-form with the C2′-endo sugar pucker or more 

flexible B-form DNA sugar puckers (C1′-exo, C3′-exo, O4′-endo, C4′-exo). Additionally, KOD DNA pol 

forms less interactions with the minor groove of the DNA duplex, explaining the acceptance of C4′ 

modified dNTPs [54].  

Unique among the B-family DNA pols is the sensitivity of archaeal B-family DNA pols towards uracil in 

PCR [72] and their 2-magnitude lower KD for single stranded uracil containing DNA compared to non-

uracil containing DNA [73]. As archaea live at elevated temperature often exceeding 80 °C, their 

genome is prone to hydrolysis of DNA bases, so called “deamination” [74, 75], causing the generation 

of pro-mutagenic uracil from cytosine and pro-mutagenic hypoxanthine from guanine. To avoid 

elevated levels of point mutations in the genome, archaeal DNA pols have evolved a so called “read 

ahead” mechanism to sense uracil and hypoxanthine in the template strand, before it reaches the 

polymerase active site [76, 77]. Therefore, a conserved pocket is placed in the N-terminal domain of 

archaeal B-family DNA pols, causing an inhibition of the polymerase activity upon binding of uracil [73, 

76]. The precise mechanism for the signal transduction between uracil sensing and inhibition of the 

polymerization as well as the sensing mechanism for hypoxanthine, are still unknown.  

 

1.2.3 Two and three metal ion mechanism of DNA polymerases 
 

DNA pols catalyze the nucleophilic attack of a hydroxyl group to a phosphate, thereby forming a new 

phosphodiester- and breaking a phosphoanhydride bond. For this chemical reaction, a two metal ion 

mechanism was postulated for all DNA pols, in analogy to the nearly identical mechanism of 

3′-5′-exonucleases [78]. The DNA pol binds the DNA duplex with its 3′-terminal primer OH-group, the 

dNTP and two metal ions in the A- and B-site, coordinated by conserved carboxylate residues (KlenTaq 

DNA pol: D610, D785; KOD DNA pol: D542, D404). (Fig 1.9). Metal ion A is coordinated by the enzyme, 

the α-phosphate, the 3’-OH and two water molecules and is supposed to lower the pKa-value of the 

3′-OH group to facilitate the nucleophilic attack. However, the activation of the nucleophile may also 

occur by a self-activated mechanism as postulated by De Vivo et. al., where the 3′-OH of the bound 

dNTP gets deprotonated after phosphodiester formation in favor of the leaving pyrophosphate [79] 

and then translocates in its deprotonated form to function as a new 3′-terminus. This deprotonation 

of the 3′-OH group is facilitated by the close proximity and hydrogen bonding between the 3′-OH and 

the β-phosphate of the dNTP.  

Metal ion B is coordinated by the active site amino acids and the triphosphate. It is supposed to 

stabilize the charge and structure of the pentacovalent transition state and assist the leaving of the 
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pyrophosphate, after formation of the new phosphodiester bond [78]. Furthermore, time-resolved 

crystallography using DNA pol IV (Y-family) revealed the intrinsic pyrophosphate hydrolysis by the DNA 

pol, ensuring an energetically favourable reaction [80]. Utilizing β-γ-non hydrolysable dNTPs, this 

associated pyrophosphate hydrolysis was also proven to be essential for DNA polymerization of the 

A- and B-family [80].  

The two metal ions in the A and B site are usually Mg2+, but can readily be replaced by other divalent 

metal ions like e.g. Mn2+, Co2+, Ni2+ and Ca2+ [81], whereof only Mn2+ and Co2+ are promoting DNA 

polymerization in all tested DNA pols.  

 

 

Figure 1.9: The two metal ion mechanism as 

postulated by Steitz [78]. The dNTP and the 

3′-terminus of the primer strand with its OH 

group are bound in the active site and 

coordinate two metal ions (A and B, purple 

spheres). Metal ion A is supposed to lower 

the pKa value of the 3′-OH to facilitate the 

nucleophilic reaction. Metal ion B is 

supposed to stabilize the transition state and 

promote the leaving of the pyrophosphate. 

The water molecules coordinating metal ion 

A are shown as red spheres. The catalytic 

amino acids are D610, Y611 and D785, as 

observed in KlenTaq DNA pol.  

 

 

This active site conformation and the binding mode of two metal ions were crystallographically proven 

for various DNA pols [82], like: KlenTaq DNA pol [33, 83] (A-family, bacteria), T7 DNA pol [19] (A-family, 

viral), DNA pol II (B-family, bacterial, PDB:3K57 [52]), DNA pols RB69 (PDB: 3NCI [20]) and phi29 (PDB: 

2PYL [84]) (B-family, viral), DNA pol β (PDB:1BPY [22]) (X-family, eukaryotic) and DNA pol IV (PDB: 5YUX 

[80] Y-family, bacterial).  

As this paradigm only describes a steady state observed in crystal structures, a more precise 

mechanism could only be uncovered with the emerging of time resolved crystallography. This 

technique allows to follow bond formation in crystallo (as mentioned above) and gives new insights 
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into the process of DNA polymerization. Using this technique, bond formation in the Y-family DNA pol 

η [23, 85, 86] and the X-family DNA pol β [87-89] were followed. Surprisingly, a third metal ion was 

found in the active site during and after product formation in DNA pol η and β, respectively (Fig. 1.10 

A+B). In both DNA pol structures, the third metal ion occupies a transient position and is coordinated 

by four water molecules, a non-bridging oxygen atom of the new phosphodiester bond and the former 

β-phosphate [23, 87]. As the third C-site metal ion occurs after product formation of the natural 

substrate in DNA pol β, it seems not to be involved in the chemistry step but rather necessary for 

phosphorolysis [87]. In DNA pol η on the other hand, metal ion C appears simultaneously with the 

reaction product and may be important to neutralize the negative charge of the transition state, 

facilitate protonation of the pyrophosphate as well as preventing DNA translocation [23, 85, 86]. 

Thereby, a more detailed mechanism for DNA polymerization could be postulated for DNA pol η: 

(1) binding of dNTP and metal ion B in the active site; (2) binding of metal ion A is favoured due to 

correct Watson-Crick base pairing of the nascent base pair; (3) the 3′-OH group and the α-phosphate 

move closer together, caused by thermal motion, opening the C-site; (4) binding of the C-site metal 

ion facilitates the phosphate bond breakage and protonates the pyrophosphate; (5) dissociation of 

metal ion A due to the loss of the coordination by the α-phosphate and 3′-OH prevents the back 

reaction [86]. 

 

Figure 1.10: The third metal ion. The dNTP is shown in pink, the 3′-primer terminus nucleotide in white. The 

metal ions are color coded as follows: Mg2+ = yellow, Na+ = green, Ca2+ = blue. Water molecules are shown as red 

spheres. (A) The active site of DNA pol β (PDB: 4KLJ [87]), with the third metal ion appearing after product 

formation. (B) The active site of DNA pol η (PDB: 4ECV [23]) with the third metal ion appearing during catalysis. 

(C) The active site of DNA pol δ (PDB: 3IAY [53]) with the third metal ion being coordinated at the γ-phosphate 

prior to catalysis. 

 

The metal ion C does not only occupy a transient position, which cannot be captured by steady state 

crystallography, it also has a higher KD compared to the A- and B-metal ions and shows a temperature 

dependent binding [86]. Thus, the third metal ion may be the rate limiting step during DNA 

polymerization of DNA pol η [86].  
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It is questionable if the three metal ion mechanism is a common feature to all DNA pols or a unique 

feature of eukaryotic repair enzymes. So far, two findings speak against a common three metal ion 

mechanism as observed in DNA pol η: (1) In A- and B-family DNA pols, the C-site is occupied by a 

positively charged amino acid (KlenTaq DNA pol: K663, KOD DNA pol: K487), which is thought to be 

important for the nucleotidyl transfer reaction [90] and may serve in the same manner as metal ion C. 

(2) Time resolved crystallography of E. coli DNA pol IV (Y-family) showed no third metal ion in the C-site, 

during and after bond formation [80]. Only by using elevated amounts of MgCl2 (50 mM for 30 min), 

the C site was occupied by a Mg2+ ion. Using high metal ion concentrations may lead to crystallization 

artefacts, which may also be true for DNA pol β, using 200 mM MgCl2 for the generation of the 

catalytically active ternary closed complex [87, 89].  

Binding of a third metal ion during catalysis may be a common feature of eukaryotic DNA pols, as also 

a third metal ion was found in the active site of the B-family DNA pol δ [53]. Here however, the third 

metal ion occupies a different position, and is coordinated by the γ-phosphate, two aspartate residues 

and three water molecules prior to catalysis (Fig. 1.10 C). Here, the third metal ion is believed to affect 

the incorporation of either right or wrong nucleotides, thereby modulating the catalytic efficiency. 

[53]. Computational studies further highlighted the importance of the third metal ion in DNA pol δ. In 

presence of a correct dNTP and three metal ions no transition of the primer strand to the exonuclease 

domain is observed, whereas a loss of the third metal ion causes a disruption of the active site and 

signals the transition to the exonuclease domain [91].  

 

1.2.4 Selectivity of DNA polymerases  

 

Throughout all living organisms, the accurate replication of the genome is essential for genome 

stability. Therefore, DNA pols select the correct dNTP from a pool of nucleotides and incorporate the 

respective dNTP following the Watson-Crick base pairing rule. The ratio between the efficiency of 

incorporation for the correct versus the incorrect nucleotide is described in the DNA pol’s fidelity. This 

fidelity ranges from 10-2 - 10-4 for repair DNA pols to 10-3 - 10-6 for replicative DNA pols [13, 92, 93]. The 

3′-5′-exonuclease activity adds another 10-2 - 10-4 to the DNA pols fidelity, by its proofreading 

mechanism [13]. Hence, the fidelity of a given DNA pol relies on (1) the selection of the correct dNTP 

and (2) the excision of wrong nucleotides by the 3′-5′-exonuclease. Additional cellular repair 

mechanisms and DNA pol cofactors like PCNA further increase the accuracy of DNA replication, which 

results in a total error rate of 1 per 109 to 1010 nucleotides [92, 94, 95]. 
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The complete mechanism of dNTP selection by DNA pols is not yet fully understood. However, aspects 

like hydrogen bonding, minor groove sensing, solvation, π-π-stacking and steric effects play important 

roles [94, 96, 97].  

 

Steric effects as described in the “active site tightness” mechanism by Kool et. al. are probably one of 

the major aspects for base selectivity. The four canonical base pairs are equal in thickness (approx. 

3.4 Å, the thickness of an aromatic system) and length (C1′-C1′ distance: 10.7 – 11.0 Å), but differ in 

the major and minor groove sites due to different substituents (Fig. 1.11). However, the four base pairs 

have an overall common shape, that can be superimposed (Fig. 1.11 B), resulting in the “consensus 

pocket” for dNTP binding in DNA pols. This consensus dNTP binding pocket is formed in the closed 

ternary complex, where it is tightly constrained by the enzyme’s amino acids [94]. By keeping the 

length of the active site binding pocket rigid, mutations in a Watson-Crick base pair with an altered 

base pair length, cause steric problems within the protein’s active site. Thus, the incoming incorrect 

dNTP cannot bind or the triphosphate moiety cannot correctly align in the active site, preventing the 

incorporation of the wrong nucleotide [94]. 

 

 

Figure 1.11: Consensus pocket of DNA pols. (A) The shape of the four base pairs G-C, C-G, A-T and T-A. (B) Top: 

the superimposed shapes of the four base pairs showing the overall equal length and the differences in the major 

and minor groove sites, due to different substituents. Bottom: outline of the superimposed base pair shapes 

showing the consensus base pair binding pocket. The figure was adopted from [94] using RB69 DNA pol structures 

[50]. 

 

Base stacking are the most important non-covalent interactions of a DNA helix and also play an 

important role in base selectivity [94]. Due to the differences in stacking efficiency (A > G > C, T), 

adenosine, with the best stacking efficiency [98], is incorporated best opposite abasic sites by DNA 

pols. The importance of stacking interactions during DNA replication becomes even more pronounced, 
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as larger pyrene nucleotides are even better incorporated opposite an abasic site than adenine, due 

to the enhanced stacking interactions [99]. 

 

Solvation of nucleotides is an important aspect during the incorporation of a correct dNTP. Due to 

closely associated water molecules to polar groups of the dNTP like amines and carbonyls, the 

nucleotides are larger in solution than their own chemical structure. Only upon formation of a correct 

base pair, the solvent molecules can be replaced by correct Watson-Crick hydrogen bonds. Thus, 

binding of a wrong nucleotide cannot fully replace associated water molecules, leading to steric clashes 

in the nucleotide binding pocket due to the enlarged nucleotide size [94].  

 

1.3 DNA polymerases in biotechnology 

 

Since the development of PCR, DNA pols have become the driven force for numerous biotechnological 

applications. Among these is the Sanger sequencing, which has dominated the field of DNA sequencing 

for almost two decades [100], the Systematic Evolution of Ligands by Exponential Enrichment (short: 

SELEX) [101, 102], DNA microarray analysis for e.g. the detection of cancer [103, 104] and pathogens 

[105, 106], qPCR approaches for e.g. genotyping [107], gene expression analysis [108] and pathogen 

determination [109] as well as the emerging field of next-generation sequencing approaches.  

Like the first generation sequencing (Sanger sequencing) also the next generation approaches rely on 

a DNA pol to faithfully replicate the genomic template. DNA pols utilized in sequencing technologies 

should be DNA-dependant DNA pols with a high nucleotide incorporation efficiency, high replicative 

fidelity and processivity as well as being active as a monomer, for simplified handling [110]. These 

criteria are only fulfilled by bacterial and viral A-family and bacterial, viral and archaeal B-family DNA 

pols [110].  

In addition to the DNA pol, sequencing approaches usually also rely on chemically modified dNTPs to 

(temporarily) terminate the DNA polymerization. In the Sanger sequencing 2′,3′-dideoxy-nucleotide 

triphosphates (ddNTP), terminating the polymerase reaction due to the missing of the 3′-OH 

nucleophile, are used. These ddNTPs can be processed using A-family DNA pols (T7 and Taq DNA pol, 

E. coli DNA pol I) [110]. By length analysis of the various terminated products, the DNA sequence can 

be reconstructed [111]. With the development of fluorophor labelled DNA primers [112] and later the 

use of fluorophor labelled ddNTPs [113], Sanger Sequencing could be automated and even more 

simplified, when capillary-array electrophoresis was adopted for DNA analysis [110]. However, Sanger 
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sequencing remains limited to smaller DNA fragments, making the analysis of whole genomes and 

high-throughput sequencing, tedious.  

 

 

Figure 1.12: Chemical structure of modified dNTPs utilized in next-generation sequencing approaches. The 

chemical modification is depicted in blue and pink, whereof the pink part stays at the nucleobase after cleavage 

of the terminator and fluorophor moiety. Fluo = fluorophor. The terminator group is highlighted in green.  

 

To overcome the limitations of Sanger sequencing, next-generation sequencing approaches were 

developed, relying on so called “reversible terminators” (Fig. 1.12 A+B). These dNTPs are base modified 

nucleotides, bearing a base specific fluorophore as well as a chemical group that terminates the DNA 

polymerization after processing of the nucleotide. In contrast to Sanger sequencing, these terminator 

group can be cleaved off from the dNMP, leading to a continuous three step DNA sequencing: (1) dNTP 

processing and subsequent washing to remove remaining dNTPs; (2) imaging of the fluorophor and 

determination of the incorporated nucleotide; (3) cleavage of the fluorophor and the terminator group 

to start the next round of incorporation [100]. 

The dNTPs utilized in next generation approaches can be divided in 3′-unblocked and 3′-blocked 

reversible terminators (Fig. 1.12 A+B). 3′-unblocked terminators bear e.g. a second nucleoside analog 

that acts as an inhibitor of the DNA pol after processing of the dNTP. The 3′-blocked terminators bear 
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a 3′-O-allyl [8] or a 3′-O-azidomethyl [7] group, preventing the DNA pol from further catalysis due to 

the blocking of the 3′-OH nucleophile.  

These reversible terminators are well accepted and processed by B-family DNA pols like 9 °N (sharing 

91.1 % sequence homology with KOD DNA pol), having mutations in the A motiv (A485L) and B motiv 

(Y409V) [114]. Illumina® [115], one of the largest next-generation companies, presumably uses a 

further engineered 9°N DNA pol variant, harbouring various palm domain mutations [116] to utilize 

3′-blocked reversible terminators.  

One drawback of these reversible terminator, is the remaining chemical “scar”, which is left at the 

nucleobase after cleavage of the linker attaching the fluorophor to the nucleobase (Fig. 1.12). This 

molecular “scar” may impact DNA-protein interactions during upstream processing of the DNA pol. 

However, structural studies on the impact of these “scars” on the utilized DNA pols are not available, 

due to the lack of ternary closed structures of archaeal B-family DNA pols. 

One possibility to circumvent the molecular “scar” are third generation/real-time sequencing 

approaches, using phosphate modified dNTPs (Fig. 1.12 C). Upon catalysis and cleavage of the 

α-β-anhydride bond, the fluorophore is released and natural dNMPs are incorporated into the growing 

DNA strand [100].  

Overall, the developments made in the field of next-generation sequencing approaches nowadays 

allow a cost efficient high throughput screening of whole genomes for evolutionary, health or disease 

related studies [100, 115].  

 

1.4 Structural insights into the processing of modified dNTPs  
 

DNA pols have evolved to utilize the canonical dNTPs. Surprisingly, they also accept chemically 

modified nucleotides (dN*TP), which is the basis for various biotechnological applications (see section 

1.3). The incorporation efficiency of the modified nucleotide is determined by the DNA pol, the kind of 

modification and its attachement (e.g. via an alkyne bond) [117, 118], the position the modification is 

introduced at (e.g. 7-deaza) and the nucleobase itself. Generally, all parts of the nucleoside 

triphosphate, the ribose, phosphate and nucleobase, are chemically accessible for modifications. 

Especially, modifications at the sugar moiety diminish the DNA pol’s activity, as they point into the 

minor groove of the DNA helix, disturbing DNA-protein interactions [119]. Modifications attached at 

the C5 and 7-deaza position of pyrimidine and purine bases, respectively, point into the major groove 

of the DNA helix and have proven to be well accepted by various DNA pol. Even bulky modifications, if 

attached via a flexible linker to these positions, can be enzymatically incorporated. Thereby, dN*TPs 
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modified at the C5 or 7-deaza position with amino acids [120], sugars [121], alkenes [122-124], 

dendrimers [125], spin labels [126], nucleotides [127] and oligonucleotides [128, 129], fluorophores 

(see also section 1.3) [130-132], carboranes [133], redox labels [134], biotin [135], conjugating 

moieties like e.g. vinyl and diene moieties [132, 136, 137] and even whole enzymes [138] and 

antibodies [139] have been enzymatically incorporated by DNA pols into DNA strands, broadening the 

application possibilities of functionalized DNA.  

 

Figure 1.13: Chemical structure of base modified dNTPs crystallized in complex with KlenTaq DNA pol. (A) The 
modifications are either introduced at the 7-deaza position of purine or the C5-position of pyrimidine 
triphosphates. (B) The chemical modifications investigated in crystallization trials with KlenTaq DNA pol. The site 
of interaction (hydrogen bonding or cation-π-stacking) between the modification and the protein is indicated by 
a blue sphere.  

 

To obtain structural insights into the processing of such base modified dN*TPs and the interactions 

formed between the DNA pol and the modification, the A-family DNA pol KlenTaq was used as a model. 

By co-crystallization and soaking trials, where binary complex crystals are incubated with a solution 

containing the dN*TPs, various ternary closed complexes of KlenTaq DNA pol with different modified 

dN*TPs (Fig. 1.13) were obtained. These structures show KlenTaq DNA pol prior to catalysis with the 

O-helix of the finger domain packing against the respective nascent base pair, forming a tight complex. 

Thereby, amino acids of the O-helix are located in close proximity to the modifications. The amino acid 

side chains of T664, R660 and K663, whereof the later is supposed to be necessary for the nucleotidyl 

transfer reaction [90], are hydrogen-bonding to amino and carbonyl groups of the modifications (Fig. 

1.13 B), which may account for additional stabilization of the respective dN*TP in the active site [10, 

125, 140]. Additionally, R660 has shown to be very flexible, as it adopts different conformations due 

to the modifications [10, 125], thereby e.g. also providing space for the rigid, apolar 

1,4-diethynylbenzene modification [141]. The benzene ring of 1,4-diethynylbenzene even causes 

cation-π stacking interactions with positively charged amino acid side chains (K663, R587), which may 
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account for the good processivity of the dN*TP [141]. Overall, these studies indicate that hydrogen 

bonding [10, 140] and cation-π stacking interactions [141] account for the good processing of modified 

dN*TPs bound in the active site.  

One crystallography study has also investigated the consecutive processing of two 1,4-diethynylbenze 

modified nucleotides, with one dN*MP located at the 3′-primer terminus and one dN*TP bound in the 

active site [142]. Here, π-π stacking interactions between the two benzene rings of the 

1,4-diethynylbenzene modification seems to account for the good processing of the two consecutive 

dN*TPs [142].  

 

Biotechnological applications not only rely on the single or double incorporation of modified 

nucleotides, but moreover on a sufficient post-incorporation elongation after the modified dN*TP. 

Interactions between the modification and the enzyme may thereby disturb or enhance the processing 

of the modified primer. However, the steps of this post-incorporation elongation process of a modified 

primer, have so far not been investigated. Furthermore, structural data of a DNA pol in complex with 

C5 and 7-deaza modified dN*TPs, are so far limited to the A-family DNA pol KlenTaq. Obtaining such 

insights also with archaeal DNA pols, would be highly beneficial for applications like next-generation 

sequencing (see section 1.3). 
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2. Aim of this Work  
 

DNA pols have evolved to faithfully process the canonical nucleotides and thereby, faithfully replicate 

the genome of all living organisms. Surprisingly, DNA pols also have the ability to accept chemically 

modified nucleotides, with C5 and 7-deaza modified pyrimidines and purines, respectively, being well 

processed and the modifications attached at these positions being well positioned in the major groove 

of the DNA helix. Thus, DNA pols have also become an essential part of biotechnology, being the 

work-horse of applications like next-generation sequencing.  

To further improve such biotechnological applications either by protein engineering or by redesigning 

the chemical modification, structural data of DNA pols in complex with modified nucleotides are of 

outstanding importance. These crystal structures allow insights into the processing of chemically 

modified dNTPs in the confines of the DNA pol and resolve interactions between amino acid side chains 

of the enzyme and the modification, that account for an either stabilization or destabilization of the 

ternary, closed complex. So far, these crystallographic studies have focused on the A-family DNA pol 

KlenTaq and its processing of modified triphosphates bound in the active site of the polymerase. 

However, for many applications not only the incorporation of a modified nucleotide but moreover, the 

sufficient post-incorporation elongation of the modified primer strand is crucial, where interactions 

between the modification and the enzyme are most likely for the first six primer nucleotides, being 

positioned within the enzyme. As this has not been investigated on a structural level so far, KlenTaq 

DNA pol should be crystallized in ternary closed complexes with primer strands containing one 

modification at the first (3′-terminus) to the seventh primer position upstream. Thereby, interactions 

between the modification and the enzyme should be investigated, as the modification “moves” from 

the 3′-primer terminus through the confines of the enzyme, reflecting the single steps of 

post-incorporation elongation of a modified primer (see section 3.1).  

Among the biotechnological relevant DNA pols, the B-family DNA pols have proven to generally accept 

a broader substrate range of chemically modified nucleotides and to successfully incorporate modified 

nucleotides in a consecutive manner, compared to the A-family DNA pols like KlenTaq DNA pol. Thus, 

especially the thermostable archaeal B-family DNA pols are utilized in next-generation sequencing 

approaches. Albeit, archaeal B-family DNA pols are essential for these and other approaches, ternary 

closed crystal structures of archaeal B-family DNA pols were not available by the start of this thesis, 

which would be the basis for understanding the superiority of B-family over A-family DNA pols 

concerning the acceptance of chemically modified nucleotides. Utilizing the archaeal B-family DNA pol 

KOD, a reproducible system for the generation of closed ternary complexes of KOD DNA pol, should be 
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established and the structure of the ternary closed KOD DNA pol complex should be solved (see section 

3.2).  

To further obtain first insights into the processing of a modified nucleotide by KOD DNA pol, the 

established system should be used to generate a closed ternary complex of KOD DNA pol in complex 

with a C5 or 7-deaza modified pyrimidine or purine, respectively, bearing the linker “scar” of Illumina® 

next-generation sequencing (see Fig. 1.12 A), due to its importance in biotechnology. For comparison, 

the A-family KlenTaq DNA pol should also be crystallized in a ternary closed complex with the same 

chemically modified nucleotide. Thus, interaction patterns of the modification in the A- and B-family 

DNA pols should be compared, broadening the knowledge about the different mechanisms for the 

acceptance of chemically modified substrates (see section 3.3).
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3. Results and Discussion  
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Numerous key biotechnological processes rely on the ability of thermostable DNA pols to accept 

chemically modified nucleotides. Here, the acceptance of modified nucleotides by the DNA pols is 

dependent upon interactions between the modification and the enzyme. Recent structural studies (see 

section 1.4) investigated the incorporation step of modified nucleotides bound in the active site of 

DNA pols [10, 125, 140-142]. To perform these studies the Klenow fragment of Thermus aquaticus DNA 

pol I (in short KlenTaq DNA pol) was employed [10, 33, 41, 83, 125, 140-148]. They elucidate 

conformational changes of the amino acids within the DNA pol that interact with the modification of 

the incoming dNTP.  

However, for several applications like sequencing, PCR reactions and in vivo DNA synthesis, it is crucial 

that the DNA pol is able to perform post-incorporation elongation from the modified nucleotide. As 

DNA pols interact with the primer template duplex from the 3′-terminus up to the sixth nucleotide 

upstream [54], each incorporated modified nucleotide has to migrate through the confines of the 

enzyme during elongation. This elongation process has not been investigated on a structural level so 

far, though insights into this process might impact future nucleotide designs for advanced applications. 

To address this knowledge gap, I aimed at solving seven crystal structures of KlenTaq DNA pol in 

complex with primers, bearing the modification at one of seven positions reaching from the 3′-primer 

terminus to the seventh upstream primer position. Thereby, obtaining a full coverage of the enzyme 

crevice’s interactions with the modified nucleotide during primer elongation as well as the first primer 

position outside of the enzyme.  

 

Contributions  
 

Synthesis of the primers p1, p2, p3 and p4 was performed during my master thesis. Also the crystal 

structure of KlenTaq-p1, was obtained during my master thesis.  

All DFT and QM/MM calculations were performed by Simon L. Dürr. in collaboration with Prof. Dr. 

Christine Peter.  
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3.1.1 Following a modified nucleotide through the confines of KlenTaq DNA polymerase 
 

Alkyne modified nucleotides have proven to be of high potential and utility for obtaining highly 

functionalized DNA exploiting DNA pol-mediated DNA synthesis in primer extension [122, 123, 149] 

and PCR reactions [123, 124]. Interestingly, alkyne modified nucleotides are even processed during 

DNA synthesis in living cells [150, 151]. The alkyne modifications are particularly interesting due to 

their ability to react in the bioorthogonal copper-catalyzed alkyne-azide cycloaddition (CuAAC), 

building a versatile toolbox for post-synthetic modification of DNA that reaches from fluorophores 

[152] and carbohydrates [152] to the immobilization of DNA on solid support [153] and 

nanobiotechnology [154].  

As our group has recently gained structural insights into the incorporation process of one and two 

adjacent alkyne-modified nucleotides within KlenTaq DNA pol [141, 142], that show how well the 

seemingly rigid, apolar 1,4-diethynylbenzene modification is accepted by the enzyme, I focused on this 

alkyne modification, for further studies.  

 

 

Figure 3.1.1: The modified primer sequences. (A) The position of the modified nucleotide within the primer 

sequence is shown in bold. (B) Chemical structure of the C5-modified cytidine phosphoramidite.  

 

I performed solid phase DNA synthesis using the C5 1,4-diethynylybenzene modified cytidine 

phosphoramidite (Fig. 3.1.1 B), as described before [142]. The obtained seven primers bear the 

modified nucleotide at the first to the seventh primer position (Fig. 3.1.1 A), reaching from the 

3′-terminus to the seventh nucleotide upstream.  
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Figure 3.1.2: Depiction of 

the modified nucleotide 

„moving“ through KlenTaq 

DNA pol. (A) KlenTaq DNA 

pol (blue) binds to the 

primer/template complex 

bearing the modified 

nucleotide (pink) at the 

3′-primer terminus. Upon 

incorporation of 5 dNTPs, 

the primer is elongated and 

the modified nucleotide 

“moves” through the 

enzyme from the first to the 

sixth primer position, 

respectively. Upon one more 

incoporated nucleotide, the 

modified nucleotide 

“moves” to the seventh 

primer position, reaching the 

outside of the enzyme. (B) 

Legend and chemical 

structure of the modified 

nucleotide and the non-

hydrolysable dGpNHpp.  

 
 

Utilizing these primers in co-crystallization trials with KlenTaq DNA pol, I obtained seven crystal 

structures of KlenTaq DNA pol in ternary, closed complexes, bound to primers bearing the modification 

at the respective site (in the following abbreviated as: KlenTaq-p1 to KlenTaq-p7) and an incoming non-

hydrolysable triphosphate (here: the non-hydrolysable dGTP analog 2′-deoxyguanosine-5′-[(α,β)-

imido]triphosphate, dGpNHpp, Fig. 3.1.2 B). Thereby, the modified nucleotide can be followed 

“moving” through the confines of KlenTaq DNA pol, as in the case of primer elongation (Fig. 3.1.2 A). 

For comparison, I also crystallized KlenTaq DNA pol in complex with a fully natural primer having the 

same sequence as the p1-primer (Fig. 3.1.1 A) and a dGpNHpp bound in the active site (in the following 

abbreviated as: KlenTaq-pnatural). 

The structures were solved by refinement against a published KlenTaq DNA pol structure (PDB: 3RTV 

[33]) with resolutions of 1.5 – 2.1 Å. The modified cytidine is clearly visible in all KlenTaq DNA pol 

structures, as confirmed by omit and polder maps (Fig. 3.1.3). 
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Figure 3.1.3: Omit and polder maps for the modified cytidine. The position of the nucleotide is indicated by a 

black number on top of each depiction. (A-G) The omit map is shown as a blue mesh (3 σ), the polder map is 

shown as a grey mash (3 σ). (H) Side view of the modified nucleotide at the seventh position. As the polder map 

shows a broad electron density distribution at the position where the benzene ring is located, two conformations 

were modelled.  

 

The overall structures are very similar, showing only minor changes compared to the KlenTaq-pnatural, 

leading to r.m.s.d. values of 0.147 - 0.226 for Cα atoms.  

All crystal structures show complexes that are poised for catalysis, with the active site metal ions 

coordinating the triphosphate and the terminal 3′-OH of the primer. The metal ions are coordinated 

by the active site residues (Y611, D610, D785) and two water molecules (exemplarily shown for 

KlenTaq-p1 in Fig. 3.1.5 C), with the closed O-helix packing against the nascent dGpNHpp – dCMP pair. 

Due to the anomalous signal of the active site metal ions, Mn2+ was modeled at these positions, as the 

crystallization conditions of all structures contained 20 - 25 mM MnCl2.  

The active sites shown here align to other KlenTaq DNA pol crystal structures bound to C5-modified 

nucleotides and Mg2+ in the active site [125, 141], as well as to KlenTaq DNA pol in complex with natural 

substrate and Mg2+ [33, 41] (data not shown). 
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3.1.2 KlenTaq DNA pol in complex with dGpNHpp  
 

The KlenTaq DNA pol structure bound to unmodified DNA and dGpNHpp, KlenTaq-pnatural, shows a 

nearly identical conformation to the ddGTP bound KlenTaq DNA pol structure from Waksman et. al. 

[147]. K663, which is crucial for the nucleotidyl transfer [90], forms hydrogen bonds to the α- and 

γ-phosphate of dGpNHpp (3.0 Å, Fig. 3.1.4 B). R660 forms hydrogen bonds to O6 (3.0 Å) and N7 (3.1 Å) 

of dGpNHpp, as well as to T664 (2.7 Å) (Fig. 3.1.4 A). These interactions were also observed by 

Waksman et. al., who showed that the R660 interaction with the nucleobase of the triphosphate is 

specific for guanine. [147] 

 

 

Figure 3.1.4: Close up view to the active site of KlenTaq-pnatural. Distances are shown as black dashes and are 

given in Å. The protein surface is shown in grey. The O-helix and respective amino acid side chains are shown in 

green. The dGpNHpp is shown in yellow. (A) R660 forms hydrogen bonds to N7 (3.1 Å) and O6 (3.0 Å) of dGpNHpp, 

as well as to T664 (2.7 Å). (B) K663 is in close proximity to the α- and β-phosphate of dGpNHpp, forming hydrogen 

bonds (3.0 Å), R660 forms water mediated hydrogen bonds to the α-phosphate of dGpNHpp and to the primer 

backbone. (C) R660 points towards O6 and N7 of dGpNHpp, forming a pocket at the nucleotide binding site. 

 

3.1.3 The modified nucleotide at the 3′-primer terminus  
 

At the 3′-primer terminus, the modified dCMP coordinates the metal ion A with its 3′-hydroxyl group 

(2.3 Å), forming a complex, that is poised for catalysis (Fig. 3.1.5 C+I). The modification is positioned 

directly underneath the O-helix, displacing R660 from its interaction with dGpNHpp and T664 

(Fig. 3.1.5 A+G) and opening a pocket for the modification itself (Fig. 3.1.5 E+F).  
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Figure 3.1.5: Interactions between the modification and the protein in KlenTaq-p1. Distances are shown as 

black dashes and are given in Å. The protein surface is shown in grey. The O-helix and its respective amino acid 

side chains are shown in blue and green for KlenTaq-p1 and KlenTaq-pnatural, respectively. The modified cytidine 

is shown in pink. The bound dGpNHpp is shown in purple and yellow for KlenTaq-p1 and KlenTaq-pnatural, 

respectively. (A) K663 interacts with N7 of dGpNHpp and via a water molecule with O6 of dGpNHpp and T664. 

(B) View from the primer backbone to K663, showing water mediated interactions with the α-phosphate of 

dGpNHpp and the primer backbone. (C) Active site of KlenTaq-p1, showing the metal ion coordination by D610, 

Y611 and D785. (D) The modification is positioned underneath the O-helix and can form cation-π interactions 

with R587 (4.7 Å) and K663 (3.2 Å and 4.4 Å); R660 points towards the primer backbone. (E) Due to the 

displacement of R660, a pocket is formed in KlenTaq-p1 in which the modification is embedded. 

(F) Superimposition of KlenTaq-p1 with KlenTaq-pnatural, showing the protein surface and the O-helix of 

KlenTaq-pnatural, highlighting the clash of the modification with the protein in case of a non-displaced R660. 

(G-I) Superimpositions of KlenTaq-p1 and KlenTaq-pnatural. (G) In KlenTaq-p1, K663 occupies the position of R660 

in KlenTaq-pnatural. (H) Due to the conformational change of K663 in KlenTaq-p1 with respect to KlenTaq-pnatural, a 

water molecule (indicated with an asterisk) occupies the α-β-phosphate interaction site, K663 occupies in 

KlenTaq-pnatural. (I) The active site in KlenTaq-p1 and KlenTaq-pnatural, showing the superimposition of all residues. 

Only the water molecule in Klentaq-p1 (indicated with an asterisk) is not observed in KlenTaq-pnatural, due to the 

different conformation of K663.  
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R660 was modelled using phenix polder maps [155] in two conformations, both pointing upwards in 

direction of the primer backbone and showing an elevated b-factor of its side chain (58.2 Å2 

(A-conformation), 60.0 Å2 (B-conformation)). Due to the displacement of R660, K663 can occupy this 

position, forming hydrogen bonds to N7 of dGpNHpp and water mediated hydrogen bonds to O6 and 

the α-phosphate of dGpNHpp, T664 and the primer backbone (Fig. 3.1.5 A+B). Thereby, K663 loses its 

interactions to the α- and β-phosphate of dGpNHpp (Fig. 3.1.5 B+H). This phosphate interaction site is 

now occupied by a water molecule in KlenTaq-p1 (Fig. 3.1.5 B+H). Additionally, K663 can form cation-π 

interactions to the π-system of the 1,4-diethynylbenzene (3.2 Å to the alkene bond, 4.4 Å to the 

benzene ring, Fig. 3.1.5 D), which are in accordance with cation-π interactions found for NH4+, reaching 

from 3.1 Å (above the aromatic plane) to 4.6 Å (side-on interaction) [156] as well as for cation-π 

interactions found in biological systems [157, 158]. Such cation-π interactions can also be found for 

R587 (4.7 Å, Fig. 3.1.5 D) that also forms hydrogen bonds to the phosphate backbone. Thus, the 

aromatic modification is sandwiched between two positively charged amino acid side chains, showing 

a curved conformation towards the O-helix. Furthermore, a considerable 31° twist around the 

diethynyl axis that connects the nucleobase and the benzene ring of the modification is observed 

(Fig. 3.1.7). The terminal atom of the 1,4-diethynylbenzene is in close proximity to the protein surface 

(Fig. 3.1.10), being closest to R587 (2.7 Å). 

 

To account for the origin of the twisted conformation of both the aromatic system and the curvature 

of the 1,4-diethynylbenzene, we initially performed DFT geometry optimizations of the modified 

nucleoside, in collaboration with Simon L. Dürr and Prof. Dr. Christine Peter. The calculations showed, 

that the optimal geometry of the substituent in vaccum is not bent and slightly twisted. The twist, 

which is observed in the DFT calculations, can be attributed to interactions of the N6-amino group of 

the cytosine and the modification (the distance of the amine hydrogen to the C6 carbon of the proximal 

alkyne is 2.5 Å) [159]. To further investigate the bending of the 1,4-diethynylbenzene modification, 

found in the crystal structure, we conducted quantum mechanics/molecular mechanics (QM/MM) 

calculations using the KlenTaq-p1 structure [159]. We performed three energy minimizations with two 

different sizes of the QM region as well as with an in silico mutant, where the amino acids most likely 

interacting with the 1,4-diethynylbenzene (V586A, R587A, R660A, K663A,T664A) were mutated to 

alanine. We observed, that the modification gets less bent compared to the crystal structure, but stays 

twisted, when changing the size of the QM region. Additionally, K663 moves out of its electron density 

towards the α-phosphate of dGpNHpp during the optimization of the small QM region [159], as it is 

displaced from its position by a water molecule. Thus, the bending and twisting of the modification is 

not only caused by interaction with K663 but moreover by the protein environment, as K663 shows 

different conformations depending on the size of the QM region. The importance of the protein 
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environment on the 1,4-diethynylbenzene’s conformation is further emphasized by the in silico 

mutant, showing a propeller twist of about 87° of the benzene ring in relation to the nucleobase [159].  

 

The energy barrier of rotation around the diethynyl axis of the nucleobase and the benzene ring of the 

modification from the co-planar to the state with a 90° twist angle (energy maximum) of both aromatic 

systems was determined in an in vacuo potential energy scan to 3.5 kJ mol-1 at the B3LYP D3/def2-

TZVP level of theory [159]. These findings are consistent with earlier calculations of the rotation around 

the alkyne bond in diphenylethyne of ~ 4 kJ mol-1 at the same level of theory [160]. This low energy 

barrier explains the rotation of the modification, not only in the QM simulation, but moreover in the 

KlenTaq DNA pol structures. 

 

To further investigate the impact of the modification on the enzyme function, if positioned at the 

3′-primer terminus, single nucleotide incorporation kinetics under steady state and single completed 

hit conditions, as described before [161-164], were measured. The KM and kcat values derived from the 

modified substrate are very similar to the ones derived from the unmodified system, indicating that 

the structural alterations that are caused by the modification have little impact on the enzyme function 

(Fig. 3.1.6). 

 

 

 C   p1 pnatural  

KM [µM] 15.64  

± 4.92 

22.22  

± 5.92 

kcat [s-1] 682.8  

± 22.8 

803.2  

± 40 

kcat/KM  

[s-1/µM] 

43.66  

± 15.19 

36.15  

± 11.43 

 

Figure 3.1.6: Steady state kinetics of single nucleotide incorporation (dGTP) using the primers p1 (A) and pnatural 

(B). The primer sequence is given above each image and the position of the modified nucleotide is indicated 

with C*. (C) Steady state kinetic analysis. Data points derive from triplicates. ± gives standard deviation. 
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3.1.4 The modified nucleotide at position 2 from the primer terminus  
 

Next, I investigated the interaction of the modification at position 2 upstream from the 3′-primer 

terminus. The modified nucleotide is positioned in the crevice between the finger and thumb domain. 

The benzene ring of the modification is significantly twisted by 57° (Fig. 3.1.7) and forms cation-π 

interactions with R587, which is also located to interact with the primer phosphate backbone (Fig. 3.1.8 

A+D). However, bending, as described above, is not observed at this position anymore. The same holds 

true when the modification is located further upstream from the 3′-primer terminus (see section 

3.1.5). The amino acid side chains of K663 and R660 show high flexibility (b-factors: 76.0 Å2 and 94.6 

Å², respectively), where K663 seems to point towards the N7 of dGpNHpp and R660 towards the primer 

backbone. 

 

3.1.5 The modified nucleotide moving upstream to position 6  
 

During further elongation, the modification will pass positions 3 to 6 upstream from the 3′ primer 

terminus. (Fig. 3.1.8 and 3.1.9). The conformation of the modification at these four positions differs, 

showing twists of the benzene ring in relation to the nucleobase ranging from 5 - 58° (Fig. 3.1.7). The 

most planar conformations are observed for KlenTaq-p3 and KlenTaq-p5, with 5° and 8°, respectively.  

 

 

Figure 3.1.7: Depiction highlighting the conformational flexibility of the modification at the seven different 

primer positions. Shown is the twist of the benzene ring in respect to the nucleobase plane. The position of the 

nucleotide is indicated by a black number above the image. 
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The modification in KlenTaq-p3 is located in the crevice between finger and thumb domain, pointing 

towards the thumb, showing no interactions with the protein (Fig. 3.1.8 B) and being in close proximity 

to A517 (2.7 Å, Fig. 3.1.10).  

In KlenTaq-p4, the modification points into a pocket formed by the thumb domain and the single 

stranded template (Fig. 3.1.8 C). The phosphate backbone of the single stranded template, the amino 

acid side chains of S513 and S515 as well as the backbone of K505 (Fig. 3.1.8 C) are in close proximity 

to the 1,4-diethynylbenzene. Here, the twist of the benzene ring in relation to the nucleobase is 58° 

(Fig. 3.1.7).  

 

Figure 3.1.8: Following the modified nucleotide to position four upstream. The position of the nucleotide is 

indicated by a black number on top of each depiction. Distances are shown as black dashes and are given in Å. 

The protein surface is shown in grey. The modified dCMP is shown in pink. The O-helix is shown in blue. (A) 

Position 2: The benzene ring of the modified dCMP is twisted by 57° with regard to the plane of the nucleobase 

and forms cation-π interactions with R587. (B) Position 3: The modified dCMP points towards the thumb domain. 

(C) Position 4: The modified dCMP is in close proximity to the template overhang and the thumb domain with 

the residues K505, S513 and S515, showing a twist of the benzene ring in respect to the nucleobase. 

(D-F) Superimposition of KlenTaq-pnatural with KlenTaq-p2, KlenTaq-p3 and KlenTaq-p4, respectively. The protein 

surface of KlenTaq-pnatural is shown in grey, the O-helix in green. R587 is shown as white sticks, with the 

conformation observed in KlenTaq-p2 indicated by an asterisk.  

 

 



3.1.5 The modified nucleotide moving upstream to position 6 

36 
 

The modification in KlenTaq-p5 is positioned at the tip of the thumb domain, not displaying any 

interactions with the protein (Fig. 3.1.9 A). Afterwards, the modification reaches position 6 in 

KlenTaq-p6, where the benzene ring is in close proximity to K508 (Fig. 3.1.9 B). The benzene ring is 

positioned parallel to the amino group of K508, and twisted by 29° in relation to the plane of the 

nucleobase (Fig. 3.1.7).  

 

Figure 3.1.9: Following the modified nucleotide to position seven upstream. The position of the modified 

nucleotide is indicated by a black number on top of each depiction. Distances are shown as black dashes and are 

given in Å. The protein surface is shown in grey. The modified dCMP is shown in pink. The O-helix is shown in 

blue. (A) Position 5: The modification points towards the tip of the thumb domain. (B) Position 6: The 

modification is located in close proximity to the tip of the thumb and comes close to K508 (6.0 Å). The benzene 

ring is flipped in respect to the nucleobase plane and is parallel to the amino group of K508. (C) Position 7: The 

modification is outside of KlenTaq DNA pol and was modelled in two conformations. (D-F) Superimposition of 

KlenTaq-pnatural with KlenTaq-5, KlenTaq-p6 and KlenTaq-p7, respectively. The protein surface of KlenTaq-pnatural 

is shown in grey, the O-helix in green. 

 

Additionally, the amino acid side chains of the catalytically important residues K663 and R660 show 

different conformations in KlenTaq-p4 and KlenTaq-p5 and high flexibility in KlenTaq-p3 and 

KlenTaq-p6. In positions 4 and 5, K663 interacts with the bound triphosphate, however in different 

modes. In KlenTaq-p4, K663 forms hydrogen bonds to the α- and β-phosphate whereas in KlenTaq-p5, 

K663 forms hydrogen bonds to N7 of the nucleobase of dGpNHpp. Also R660 adopts different 
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conformations, forming hydrogen bonds to N7 of dGpNHpp in KlenTaq-p4 and pointing towards the 

primer backbone in KlenTaq-p5.  

 

Also the terminal atoms of the modification in KlenTaq-p4 and KlenTaq-p5 are in close proximity to the 

protein surface, with 2.9 Å and 2.3 Å, respectively, whereas KlenTaq-p6 shows a larger distance to the 

protein surface (4.0 Å) (Fig. 3.1.10).  

 

Figure 3.1.10: Distances of the terminal alkyne carbon atom of the modification to the protein surface. The 

terminal carbon atom of the modification is shown as a sphere. (A) KlenTaq DNA pol is shown as a white cartoon 

with the secondary structure elements closest to the terminal alkyne carbon atoms as a grey surface. The 

terminal alkyne carbon atoms are color coded for each KlenTaq DNA pol structure as follows: green = KlenTaq-

p1, cyan = KlenTaq-p2, red = KlenTaq-p3, yellow = KlenTaq-p4, orange = KlenTaq-p5, blue = KlenTaq-p6. (B) Zoom 

into the crevice between finger and thumb domain, showing the amino acids closest to the terminal alkyne 

carbon atoms. The distances between the alkyne carbon atom and the closest protein atom are shown as black 

dashes and are given in Å.  

 

3.1.6 The modification at the seventh position upstream  
 

Finally, the modified nucleotide reaches position 7 upstream in KlenTaq-p7. The modification is now 

positioned outside the enzyme, in the major groove of the DNA duplex, being closest to the phosphate 

backbone of the primer strand (Fig. 3.1.9 C). The modification was modelled in two conformations due 

to the observed polder map (Fig. 3.1.3 G+H), where both conformations show a twist of the benzene 

ring in respect to the nucleobase of 81°and 75° (Fig. 3.1.7), respectively. Again, the amino acid side 

chain of the catalytically important residues K663 and R660 show high flexibility in the active site, as 

observed for KlenTaq-p3 and KlenTaq-p6 (see section 3.1.5).  
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To investigate the impact of the modification and the alterations observed here, during primer 

elongation to the full length product by incorporation of multiple nucleotides, primer extension 

experiments employing the p1-primer and all four natural dNTPs in a time dependent manner (Fig. 

3.1.11) were performed. The p1-primer is elongated to the full length product, revealing that the 

conformational changes observed in the crystal structures do not significantly comprise the enzyme’s 

activity.  

 

 

 

Figure 3.1.11: Primer extension experiment using 

p1 primer and pnatural primer, the corresponding 

template (5‘-d(CTGTCAAGACGTGGCCGTGGTC)-

3‘), KlenTaq DNA pol and all four natural dNTPs at 

55 °C. The conditions were chosen as to observe 

single incorporation steps. Time points as 

indicated in lines 1-10 are: 0, 2, 6, 10, 15, 20, 25, 

30, 40 and 60 min.  
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3.1.7 Discussion  
 

Structural investigation of DNA pols in complex with modified nucleotides have so far been limited to 

modified triphosphates bound in the active site [10, 125, 140-142]. These studies indicate that 

modifications capable of forming hydrogen bonding interactions are well suited for incorporation by 

the enzyme [10, 140]. However, also the apolar 1,4-diethynylbenzene C5-modification in pyrimidine 

triphosphates is well accepted as substrate for KlenTaq DNA pol [141]. The formation of cation-π 

interactions with positively charged amino acid side chains might be the mechanistic basis for this 

property.  

Here, the interactions of this modification in post-incorporation elongation events by KlenTaq DNA pol 

were further investigated. Using seven different chemically modified primer strand that bear the 

modified nucleotide at positions 1 – 7 upstream from the 3′-terminus of the primer, I could mimic the 

post-incorporation movement of the nucleobase modification through the confines of an A-family DNA 

pol.  

The most prominent interactions between the modification and the protein occur at the 3′-terminal 

position, where the 1,4-diethynylbenzene is directly positioned underneath the O-helix, causing 

conformational changes of catalytically important amino acids. The aromatic system of the 

modification can form cation-π interactions with K663 and R587. It is sandwiched between these two 

positively charged amino acids and is positioned within a pocket that is formed by the displacement of 

R660. Also at the second position, the modification forms cation-π interactions to R587. These 

interactions may contribute to an additional stabilization of the ternary closed complex and the primer.  

But more surprisingly, the structures revealed that the modification adopts several distinct 

conformations, depending on its position in the primer strand (Fig. 3.1.7). These conformations show 

a twist of the benzene ring in respect to the nucleobase ranging from 5° to 81°. Among them the 

additionally bent conformation of the 1,4-diethynylbenzene in KlenTaq-p1 at the 3′-terminus is the 

most pronounced. Initial DFT calculations revealed, that the preferred geometry in vacuum is non-bent 

and slightly twisted, due to interactions of the N6 amino group of the cytosine and the modification 

[159]. QM/MM simulations showed that the bending of the modification depends on the protein 

environment which modulates the conformation of the aromatic system. The low energy barrier of 

rotation along the acetylene axis that connects the nucleobase and the benzene ring of the 

modification (3.50 kJ mol-1) allows comparatively easy rotation of the modification and results in the 

twisted conformations in KlenTaq-p2, KlenTaq-p4, KlenTaq-p6 and KlenTaq-p7 (Fig. 3.1.7) [159]. 

Moreover, the twisted conformation of the modification at the fourth and sixth position may also be 

due to the protein environment, even though no direct interaction with the protein is observed. 
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However, the modifications in KlenTaq-p4 and KlenTaq-p6 point into a pocket formed by the thumb 

domain and the template overhang or are in close proximity to a lysine residue, respectively. The 

conformations in KlenTaq-p3 and KlenTaq-p5, show no interactions with the protein and only a minor 

twist of the benzene ring in respect to the nucleobase, which resembles the preferred conformation, 

observed in vacuum [159]. Overall, the modifications located within the confines of KlenTaq DNA pol, 

adopt nearly planar conformations (KlenTaq-p3, KlenTaq-p5) or show a twist of the benzene ring in 

respect to the nucleobase, due to interactions with amino acid side chains. The largest twist however, 

is observed in KlenTaq-p7, with 75° and 81° for the two modelled conformations. This large twist 

resembles the conformation observed in the in silico mutant of KlenTaq DNA pol in the QM/MM 

simulations [159], and may be due to the location outside the enzyme. Additionally, KlenTaq-p7 with 

its two conformations for the 1,4-diethynyl modification, demonstrated again the flexibility of the 

chosen modification.  

Since the structural studies revealed most pronounced conformational effects caused by the 

modification at position 1, enzyme kinetics were measured. The obtained kinetic data indicate that the 

observed conformational changes do not impair the enzymes’ capability to process the modified 

substrate. Moreover, KlenTaq DNA pol’s activity is little higher in case of the p1-primer compared to 

pnatural even though K663 is displaced from its usual position and interacts with dGpNHpp via hydrogen 

bonds and with the modification via cation-π interaction. For KlenTaq-p2, KlenTaq-p3 and KlenTaq-p5, 

K663 was also observed to be in this displaced position. On the first glance this observation is puzzling 

since it was shown that K663 is important for the nucleotidyl transfer reaction [90], and a KlenTaq DNA 

pol K663A mutant shows a diminished activity (see Appendix Fig. 6.3.1). Considering that crystal 

structures represent snapshots of the average conformation in the crystal that were here measured at 

100 K, it can be assumed that residues are more flexible in solution at ambient temperature and may 

change their conformation to promote catalysis. Also the QM/MM simulations have indicated that the 

preference for K663 to be in the position observed in the X-ray KlenTaq-p1 structure is rather small, as 

a change of the QM region alters the conformation of K663 [159]. Even though K663 is important for 

the nucleotidyl transfer reaction [90] and R660 may specifically interact with an incoming guanine 

[147], both amino acid side chains are found to be very flexible. Additionally, cation-π interactions as 

observed between K663 and the benzene ring of the modification, were shown to be significantly 

attenuated by solvent [156]. Moreover, the modification is positioned underneath the O-helix of the 

finger domain, where these interactions may stabilize the closed complex and can contribute to the 

enhanced activity of KlenTaq DNA pol with the p1-primer.  

Overall, the good acceptance of the modification by KlenTaq DNA pol seems not only to rely on the 

modification’s flexibility but also on its size. The terminal carbon atom of the chosen modification is 
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always in close proximity to the protein surface (Fig. 3.1.10), with distances ranging from 2.1 Å to 4.2 

Å, thus, the 1,4-diethynylbenzene modification being small enough to be well positioned in the crevice 

between finger and thumb domain. 

 

3.1.8 Conclusive Summary  
 

Insights into the processing of a modified nucleotide within the confines of KlenTaq DNA pol were 

gained. As the modification “moves” from the 3′-terminus upstream to position 7, different 

conformations of the modification were observed. X-ray crystallography and QM/MM calculations 

show how KlenTaq DNA pol is modulated by the modification to accommodate it at the 3′-terminus 

and in turn, how the protein environment modulates the conformation of the 1,4-diethynylbenzene 

modification on its “movement” through KlenTaq DNA pol. Interestingly, these aberrations come 

without compromising the enzyme’s activity, as shown by steady state kinetics and primer extension 

experiments. This highlights the unexpected flexibility of the seemingly rigid 1,4-diethynylbenzene 

modification and, together with the size of the modification, accounts for the good processing by 

KlenTaq DNA pol.  
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Archaeal B-family DNA pols are reported to accept a broader range of modified nucleotide 

triphosphates as substrate than the bacterial A-family DNA pols [62, 63]. Thus, B-family DNA pols are 

the enzymes of choice for important biotechnological applications like next-generation sequencing [7, 

8, 165].  

As described in section 1.2.2 only structural data of viral (RB69 [18, 20], phi29 [84]), bacterial (E. coli 

DNA pol II [52]) and eukaryotic (yeast DNA pol α [166], δ [53] and ε [167]) B-family DNA pols in closed 

ternary complexes are available. Remarkably, these enzymes differ in several aspects like in the 

coordination of the active site metal ions that are essential for catalysis. Therefore, the available data 

does not allow to predict how archaeal DNA pols bind and coordinate the triphosphate and metal ions 

in a ternary state that is poised for catalysis. Due to this lack of a ternary crystal structure for archaeal 

B-family DNA pols, the viral RB69 DNA pol was used as a general model for B-family DNA pols even 

though the sequence identity with archaeal DNA pols e.g. 18.1 % between KOD and RB69 DNA pols, is 

low [57, 58]. 

To close this knowledge gap for the biotechnological important archaeal DNA pols like KOD DNA pol, I 

aimed at crystallizing the ternary closed complex of an exonuclease deficient variant (D141A, E143A) 

of the wild-type KOD DNA pol.  

 

Contributions  

 

Protein purification and crystallization trials with the KOD DNA pol R67 mutants as well as the 

crystallization trials with dCTP, dGTP and dTTP have been performed by Vera Hedwig during her 

bachelor thesis.  

 

3.2.1 Obtaining a binary closed complex of KOD DNA polymerase  

 

After Hashimoto et. al. [55] published the apo structure of KOD DNA pol, it took another 12 years until 

a binary structure of the exonuclease deficient KOD DNA pol (D141A, E143A) was published by Bergen, 

et. al. in 2013 [54]. For the successful crystallization of the binary complex, a 11 nt primer, containing 

two thymidine residues (5′-d(CGC GAA TTG CG)-3′), that was terminated using ddATP and a 16 nt 5′-dye 

labelled template (5′-(Cy5)-d(AAA TTC GCA GTT CGC G)-3′)) in the presence of 20 mM MgCl2 was used. 

Here, the dye label allowed visual distinction between apo and DNA bound protein crystals, but also 

lead to false positive hits, due to unspecific binding of DNA.  
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3.2.2 Obtaining a ternary closed complex of KOD DNA polymerase 

 

As the technique used for obtaining the binary complex of KOD DNA pol (see section 3.2.1) did not 

result in ternary closed complexes, the single steps and components used for KOD DNA pol 

crystallization were investigated as described in sections 3.2.2.1 to 3.2.2.6. The full purification and 

crystallization protocols are given in sections 5.1.6 and 5.2.1.3.  

 

3.2.2.1 Protein expression  

 

Protein crystallography relies on the three dimensional arrangement of conformational homogenous 

protein molecules, building up the crystal lattice. Thus, pure protein is a key aspect of protein 

crystallography, as impurities may also pack into the lattice, thereby increasing the crystal’s mosacity 

and decreasing data quality.  

 

Figure 3.2.1: SDS PAGE of KOD DNA pol expression optimization. The protein was expressed using the respective 

vectors and samples were taken after the indicated time points. Prior to loading on the gel, the cells were lysed 

and heat denatured (see section 5.1.4.7) (A) KOD DNA pol is expressed using a pET24a vector at 37, 25 and 20 °C. 

The amount of truncated protein decreases with decreasing temperature. Truncated protein fragments are 

indicated by an asterisk. (B) Protein expression of KOD DNA pol in the pET24a vector and the “new” KOD DNA 

pol in the pET21b vector. The protein was expressed at 37 and 16 °C. Truncated protein is indicated by an asterisk. 

KOD DNA pol = 89 kDa. Marker (M) given in kDa.  

 

For the expression of KOD DNA pol, E.coli BL21 (DE3) cells containing a pET24a vector with the KOD 

DNA pol gene, that was optimized according to the standard protocol utilizing the most abundant 
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tRNAs, was used (KOD DNA pol sequence, see section 6.4), as described by Bergen et. al. [54]. The cells 

were grown at 37 °C and harvested after 4 h of protein expression. However, this lead to the 

accumulation of large amounts of truncated KOD DNA pol fragments (Fig. 3.2.1 A). By growing the cells 

at 20 °C overnight, not only the cell density of the liquid culture was increased, resulting in higher 

amount of protein, but more importantly, the amount of truncated fragments was significantly 

decreased (Fig. 3.2.1 A). In combination with an improved protein purification protocol (see section 

3.2.2.2), KOD DNA pol could be obtained in high purity.  

 

In parallel, a KOD DNA pol gene (“new” KOD DNA pol gene) in a pET21b vector was ordered, which was 

optimized to code not only for the most abundant but also rarer tRNAs, to avoid truncation during 

protein translation, due the high usage of single codons. The pET21b vector containing the “new” KOD 

DNA pol gene, was transfected into chemically competent E. coli Rosetta (DE3) cells using the standard 

heat shock transformation (see section 5.1.8). A transformation into E. coli BL21 (DE3) cells was neither 

successful using chemically competent nor electro competent cells. During protein expression at 37 °C, 

the “new” KOD DNA pol gene, lead to a significant decrease of truncated KOD DNA pol, which could 

even be improved by expression of the protein at 16 °C overnight (Fig 3.2.1 B).  

 

3.2.2.2 Protein purification  

 

KOD DNA pol, as used in the studies for the binary complex, was purified according to Takagi et. al. 

[69] using a Heparin column purification with a linear gradient and a subsequent Superdex 200 size 

exclusion chromatography. However, this allowed only for minor removal of the truncated KOD DNA 

pol fragments, due to co-elution of the full length and truncated protein. By changing the cation 

exchange gradient from linear to stepwise as well as decreasing the volume per size exclusion 

chromatography run from 1 mL to 250 µL and using a Superdex 75 size exclusion column, highly 

purified full length KOD DNA pol could be obtained (Fig. 3.3.2).  
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Figure 3.2.2: Protein purification of KOD DNA pol (pET24a vector). (A) The chromatogram of the Heparin column 

purification step with the absorbance at 214 nm (blue), 254 nm (red) and 280 nm (black) as well as the 

concentration of buffer B (green), indicating the salt gradient. (B) Size exclusion chromatogram of KOD DNA pol 

with the absorbance given as in (A). (C) SDS PAGE of KOD DNA pol at concentrations from 0.2 to 4 mg/mL, as 

determined by Bradford assay, and BSA standard at 0.2 and 2 mg/mL. (D) SDS PAGE of the Heparin column 

purification shown in (A), p.I.: prior induction, p.h.: prior harvest, p.c.: prior column, fractions are indicated by 

numbers (3 – 56). (E) SDS PAGE of the size exclusion shown in (B), fractions are given by numbers (12-23). M = 

marker.  
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The additional adjustment of pH and salt concentration of the size exclusion buffer as well as 

concentrating the protein at 8 – 12 °C, decreased the precipitation of KOD DNA pol during protein 

concentration and lead to a final concentration of 15 – 20 mg/mL. The higher protein concentration, 

compared to the 10 mg/mL KOD DNA pol reported by Bergen et. al. [54], allowed screening for 

crystallization conditions using a broader and higher range of protein concentrations.  

 

3.2.2.3 Metal ion composition  

 

Divalent metal ions are essential catalytic cofactors for DNA pols as described in section 1.2.3. As Mg2+ 

ions are usually coordinated in the active site of these enzymes, MgCl2 is often used in crystallographic 

studies employing DNA pols [19, 22, 23, 33, 52]. Additionally, other divalent metal ions like Mn2+ [86, 

168, 169] are used for DNA pols crystallization, as it can efficiently replace Mg2+ during catalysis. Mn2+ 

offers the great advantage to promote the formation of ternary closed complexes, which may be due 

to the stronger electrostatic interactions formed in the active site of the enzyme compared to Mg2+. 

Thereby a homogenous solution of ternary closed enzyme complexes may be formed, which enhances 

the crystallization behavior of this state.  

Investigating the crystallization behavior of KOD DNA pol with the addition of either MgCl2 or MnCl2, 

showed only minor crystallization employing 20 mM MgCl2 under the chosen conditions, whereof no 

data could be obtained. Surprisingly, also the addition of 20 mM MnCl2 lead to minor crystallization. 

Only the simultaneous use of MnCl2 and MgCl2 in a 1:1 ratio strongly increased the crystallization of 

KOD DNA pol and produced high resolution data of ternary closed complexes with a mixed metal ion 

composition in the active site, as determined by anomalous signal (see section 3.2.3.1).  

 

3.2.2.4 DNA sequence  

 

Throughout this work with DNA pols, thymidine containing primers showed a decreased crystallization 

behavior in complex with the A-family DNA pol KlenTaq. Thus, the primer sequence initially used for 

KOD DNA pol crystallization (see section 3.2.1) was changed to the primer sequence used for 

crystallizing KlenTaq-p1 (see section 3.1), due to its good crystallization properties. For KOD DNA pol 

the 11 nt primer (5′-d(GAC CAC GGC CA)-3′) was used, which was further terminated by the addition 

of ddCTP.  
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The corresponding template (see section 5.2.3) was used without a 5′-dye label as the addition of a 

bulky modification may interfere with crystallization contacts.  

Additionally, the length of the single stranded template overhang was investigated, showing that the 

16 nt and the 21 nt template (see sections 3.2.3.3 and 5.2.1.3) had the best crystallization behavior in 

complex with KOD DNA pol. The 21 nt template resulted in a slightly better crystallization behavior, 

which may be due to the additional crystal contacts formed with the single stranded template 

overhang as well as the additional interaction with the exonuclease and N-terminal domain (see 

section 3.2.3.3).  

 

3.2.2.5 dNTP in the active site  
 

Having changed the primer sequence still left the question open, which dNTP should be trapped in the 

active site of KOD DNA pol. Thus, all four canonical dNTPs were tested in crystallization trials with their 

respective templates. dGTP and dCTP resulted in precipitation of protein either during the preparation 

of the crystallization solution or in the crystallization plates. The only data obtained, employing dCTP 

or dGTP in the crystallization mixture are apo structures of KOD DNA pol (data not shown). dTTP on 

the other hand, lead to the successful formation of a ternary closed complex (see section 3.2.3) but 

was outdone by dATP, showing the best crystallization behavior with KOD DNA pol.  

 

3.2.2.6 Mutagenesis of KOD DNA pol  
 

To further improve the crystallization behavior of KOD DNA pol, the crystal contacts of spacegroup 

P21212 were investigated, as first data were obtained from crystals grown in this spacegroup. Among 

all crystal contacts, the stacking contact of the DNA blunt end and the protein surface of the 

neighbouring KOD DNA pol molecule was further investigated. In KOD DNA pol wildtype crystals, the 

DNA forms a π-cation-π system with Y86 and R67 of one molecule and the 3′ template nucleobase of 

the other molecule (Fig. 3.2.3 B+D). To further stabilize this interaction, R67 was mutated to aromatic 

amino acids (W, Y, F) to obtain a stronger π-π-π stacking at this crystal contact site. Employing the KOD 

DNA pol R67Y, R67W and R67F mutants in co-crystallization trials, the R67Y and R67F mutants resulted 

only in apo structures of KOD DNA pol (data not shown). Only KOD DNA pol R67W, resulted in a ternary 

closed complex with dTTP in the actite site, seemingly with multiple conformations of the dTTP, as 

determined by polder map (data not shown). Here, the tryptophan at position 67 is positioned  
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Figure 3.2.3: Crystal contact in KOD DNA pol. The DNA blunt end of molecule I is shown in white, the amino acid 

residues of molecule II are shown in green and blue for KOD R67W DNA pol and KOD DNA pol, respectively. The 

crystal contact is indicated by a dashed line. (A+C) Crystal contact in KOD R67W DNA pol, showing the position 

of the tryptophan residue between the two nucleobases of molecule I. (B+D) Crystal contact in KOD DNA pol, 

showing R67 positioned between Y86 and the pyrimidine base, forming a π-cation-π interaction.  

 

underneath the blunt end base pair, forming a π-π stacking with Y86 and the nucleobases (Fig. 3.2.3 

A+D). In the wildtype enzyme, R67 further interacts with E35 and via a water molecule with the amino 

acid backbone of E70, which may also add stabilization to this crystal contact. This interaction is no 

longer observed in the R67W mutant.  

Overall, mutagenesis of amino acid residues involved in crystal contact formation, decreased the 

crystallization behavior of KOD DNA pol, leading to the exclusive use of wildtype KOD DNA pol for 

further crystallization trials.  

 

3.2.2.7 Summary  
 

For years, obtaining a closed ternary complex of the archaeal B-family DNA pol KOD was a challenge. 

Having optimized all parameters contributing to the crystallization of KOD DNA pol, a stable and 

reproducible system to crystalize KOD DNA pol in closed ternary complexes was established. This 

system relies on the following core parameters: 1. pure protein as obtained by protein expression at 

16 - 20 °C overnight and an optimized purification protocol; 2. usage of dATP or dTTP in co-

crystallization trials; 3. utilizing 10 mM MnCl2 and 10 mM MgCl2; 4. a primer strand containing no 

thymidine residue as well as a template strand of 16 or 21 nt length with no fluorophore tag. Finally, 

these changes lead to high resolution data of KOD DNA pol in ternary closed complexes.  
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3.2.3 Crystal structure of the ternary closed complex of KOD DNA polymerase  

 

Employing the changes described in sections 3.2.2, KOD DNA pol was successfully crystallized in a 

closed ternary complex with dATP (KOD-dATP) and dTTP (KOD-dTTP) in the active site. As both 

structures are highly similar (rmsd of 0.211 for 676 Cα atoms), the KOD-dTTP structure will only be 

mentioned in case of significant differences.  

The KOD DNA pol structures were solved using molecular replacement and the binary KOD DNA pol 

(PDB: 4K8Z [54]) structure as model. Compared to KlenTaq DNA pol structures, that generally exhibit 

a highly flexible finger domain (indicated by higher b-factors compared to the other domains) 

(Fig. 3.2.4 B), KOD-dATP only shows elevated b-factors for its thumb domain as well as the DNA duplex 

(Fig. 3.2.4 A). The finger domain in KOD-dATP is more rigid, most probably because it forms crystal 

contacts with the N-terminal domain of two neighbouring symmetry related KOD DNA pol molecules. 

Thus, ternary closed complexes of KOD DNA pol in this space group can only be obtained by 

co-crystallization, as the closure of the finger domain has to occur prior to crystal formation. Soaking 

of dNTPs into binary crystals of this space group to obtain a closed ternary structure, as for KlenTaq 

DNA pol [10], is not possible for KOD DNA pol.  

 

Figure 3.2.4: Depiction of b-factors of KOD and KlenTaq DNA pols. The structures are color coded by b-factors, 

indicating the flexibility. Low flexibility is indicated by a small b-factor (blue), high flexibility is indicated by a large 

b-factor (red). 

 

Among the published ternary closed structures of B-family DNA pols, KOD DNA pol has the highest 

sequence similarity to eukaryotic DNA pol δ (27.4 %), followed by the bacterial DNA pol II (21.7 %) and 

the viral DNA pol RB69 (18.4 %). Thereof, RB69 is the best studied B-family DNA pol (see section 1.2.2) 
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and was used as a general model for B-family DNA pols [57, 58], despite the low sequence homology. 

Thus, the KOD DNA pol structures will be compared to DNA pol δ and RB69 DNA pol.  

The domain organization of KOD DNA pol is similar to the published B-family DNA pols, with the highest 

similarity to DNA pol δ [53] (rmsd of 1.718 for 519 Cα atoms, RB69 DNA pol: rmsd of 6.792 for 505 Cα 

atoms), showing interactions of the primer strand with the palm, thumb, finger and exonuclease 

domain (Fig. 3.2.5).  

 

Figure 3.2.5: Comparison of the B-family DNA pols KOD and δ. The domains are color coded as followed: the 

N-terminal (blue), exonuclease (magenta), finger (yellow), palm (cyan) and thumb (green). The p/t complex is 

shown in grey. The bound dNTP as well as the metal ions are shown as sticks and spheres, respectively. 

 

The palm domain of KOD DNA pol is structurally highly related to DNA pol δ’s palm domain (rmsd of 

the palm domain = 1.031 for 135 Cα atoms) with the same structural elements of two long and one 

short α-helix as well as a six stranded β-sheet (Fig. 3.2.5). The N-terminal domain interacts with the 

last resolved nucleotide of the single stranded template, which is bend into the crevice between thumb 

and exonuclease domain. Except for the two 5′-terminal nucleotides of the template, which are highly 

flexible in KOD-dATP and show no electron density, all nucleotides of the template and primer as well 

as the dATP are well resolved (Fig. 3.2.6 B).  

Also the finger domain of KOD-dATP is well resolved (Fig. 3.2.6 C). It is structurally related to the finger 

domain of DNA pol δ, both showing two α-helices which extend by approx. 40 Å, whereas RB69 DNA 

pol exhibits a longer finger domain which extends by approx. 60 Å and includes an additionally short 

α-helix [18]. In comparison to the binary structure of KOD DNA pol, the finger domain shows a closed 

conformation, indicated by a rotation of the two α-helices by approx. 24° (Fig 3.2.6 A). Thereby, the 

amino acids interacting with the dATP move 2.7 – 6.6 Å (Fig. 3.2.6 A, measured from the Cα atoms), 

packing against the nascent base pair and forming the active complex.  
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Figure 3.2.6: Finger domain movement and electron density maps. (A) Bottom: superimposition of the binary 

(grey) and ternary closed complex of KOD DNA pol. The domains of the ternary closed complex are color coded 

as in Fig. 3.2.5. The finger domain of the binary complex (orange) rotates by 24° upon binding of the dNTP in the 

ternary closed complex (yellow). Top: the movement of amino acids of the finger domain. The Cα atom of the 

respective amino acid is shown as a sphere. Distances are given in Å. (B+C) The electron density (2Fo-Fc) is given 

as a blue mesh at 1 σ. (B) The electron density of the primer/template complex, dATP and the bound metal ions. 

The anomalous signal of the Mn2+ is shown as a green mesh at 3 σ. The omit map of dATP is shown as a pink 

mesh at 3 σ. (C) The electron density of the finger domain in KOD-dATP. 

 

The DNA duplex in KOD-dATP adopts B-conformation (see Appendix Table 6.2.1), with only the 

3′-primer nucleotide having C3′-endo conformation, which is in contrast to A-family DNA pols like 

KlenTaq [83], T7 DNA pol [42] and Bacillus fragment (BF) DNA pol [170], where the DNA close to the 

active site adopts A-form.  

The exonuclease domain of B-family DNA pols exhibits a β-hairpin, which is supposed to facilitate 

strand separation by keeping the template strand in place while the primer strand swings into the 

exonuclease active site, thus maintaining the DNA pol stably bound to the DNA template strand during 

execution of exonuclease activity. For RB69 DNA pol it was shown that this β-hairpin plays a direct role 

in facilitating the movement of the primer strand to the exonuclease active site. The structure of KOD 

DNA pol reveals that the β-hairpin is shorter than in RB69 DNA pol (12 and 18 amino acids, respectively) 

but has approximately the same length as observed for DNA pol δ (12 and 13 amino acids, respectively) 

(Fig. 3.2.7). However, the loop connecting the β-hairpin to the exonuclease domain is reduced in KOD 

DNA pol compared to DNA pol δ, leading to an overall shorter exonuclease domain. Thus, the β-hairpin  
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Figure 3.2.7: Position of the β-hairpin in DNA pols KOD, RB69 and δ. After superimposition of the polymerases, 

the β-hairpins and the DNA of DNA pols KOD, RB69 and δ are shown in pink, cyan and green, respectively. The 

protein of KOD DNA pol is shown in grey.  

 

 

Figure 3.2.8: Sequence comparison of DNA pols KOD, δ and RB69. KOD DNA pol is shown as a grey surface with 

the bound DNA in purple. The amino acids which are identical between DNA pols KOD and δ are highlighted in 

blue. Sequence patches of high identity according to sequence alignments using PROMALS3D (see section 

5.2.2.4) between DNA pols KOD (1st row), δ (2nd row) and RB69 (3rd row) are shown for the different domains 

alongside the figures with blue letters indicating identical amino acids and orange letters indicating homologue 

amino acids. The residues needed for metal coordination in the exonuclease and polymerase active site are 

highlighted by grey boxes.
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in KOD DNA pol is located further away from the template strand, not undergoing interactions with 

the DNA. 

KOD DNA pol has conserved sequence patches with DNA pol δ and RB69 DNA pol for the polymerase 

active site, the minor groove sensing residues, the palm residues interacting with the 5′ template and 

the triphosphate binding pocket (Fig 3.2.8). Additionally, KOD DNA pol shares highly conserved 

sequence patches in the exonuclease, finger and N-terminal domain as well as the third metal binding 

site with DNA pol δ (Fig 3.2.8). 

 

3.2.3.1. Active site coordination in KOD DNA polymerase 
 

KOD DNA pol binds the incoming dATP in a pocket formed by the palm and closed finger domain. The 

dATP adopts C3′-endo conformation and packs with its sugar against Y409, where the C2′ atom is 

closest to the aromatic ring of Y409, which explains the discrimination against ribo nucleotides [171]. 

The purine-pyrimidine base pair stacks against S492 and N491 (Fig. 3.2.9 A), which are conserved in 

DNA pol δ and RB69 DNA pol (Fig. 3.2.8). The dATP makes further direct contacts with the conserved 

amino acid side chains of N491, K487, R460 and water mediated contacts to Q483 and K464 (Fig. 

3.2.9 A) of the finger domain. Additionally, KOD DNA pol forms water mediated interactions with the 

dATP via Q461 (Fig. 3.2.9 A), which is not conserved among the B-family DNA pols RB69 and δ. All of 

these interactions form hydrogen bonds to phosphate groups, where N491 (2.9 Å, 3.2 Å) interacts with 

the β-phosphate, R460 (2.9 Å, 2.7 Å), Q483 (Q - 3.5 Å - H2O - 3.8 Å - γ), Q461 (Q - 3.5 Å - H2O - 2.6 Å - 

γ), K487 (3.2 Å) and K464 (K - 2.8 Å - H2O - 2.6Å - γ) with the γ-phosphate and K487 (3.3 Å) additionally 

with the α-phosphate. N491 (3.3 Å) can also form a hydrogen bond to the 3’-OH group of dATP. This 

formed pocket closes tightly around the triphosphate of the dATP, however leaving the Hoogsteen 

side with the N7 atom accessible to the solution (Fig. 3.2.9 C).  

The structure exhibits three metal ions at the active site (Mg2+ in position A, Mn2+ in position B and C; 

Fig. 3.2.9 A), which are coordinated by the enzyme and the triphosphate. The presence of the two 

manganese ions was determined by the anomalous signal (Fig. 3.2.6 B). The metal ions in position A 

and B are observed in other DNA pols like KlenTaq [147], RB69 [20] (Fig. 3.2.10 F) and T7 [42], where 

metal ion A is assumed to lower the pKa of the 3′-OH group for the nucleophilic attack and B to facilitate 

the pyrophosphate leaving [172]. Also the octahedral coordination of metal ion A and B is analogous 

to the observed coordination in various other DNA polymerases [172] as well as to the B-family DNA 

pols (Fig. 3.2.10). The third metal ion in position C however, was so far only observed in DNA pol δ 
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(Fig. 3.2.10 B and section 1.2.3). In KOD DNA pol, the third ion is coordinated by the γ-phosphate, 

D404, E580 and three water molecules, whereof one water molecule is coordinated by E580, one by 

 

 

Figure 3.2.9: Active site of KOD DNA pol in complex with dATP and dTTP. (A) The metal ions are coordinated by 

residues of the palm domain (cyan). Metal ion A (Mg2+, green) is coordinated by two water molecules, D542, the 

α-phosphate of dATP (pink) and D404. Metal ion B (Mn2+, purple) is coordinated by the α-, β- and γ- phosphate, 

D404, F405 and D542. Metal ion C (Mn2+, purple) is coordinated by the γ-phosphate, E580, F405, D404 and three 

water molecules, whereof one molecule is coordinated by E578, one by E580 and one by K464 (yellow) of the 

finger domain. The dATP makes further direct contacts with conserved residues of the finger domain (yellow), 

N491, K487 and R460 as well as water mediated contacts to Q483 and K464. Additionally, a water mediated 

interaction with the not conserved Q461 can be formed. (B) Same as for (A) with dTTP in blue, Mg2+ as green 

spheres and Mn2+ as purple sphere. The amino acid side chains interacting with the dTTP have the same 

conformation as observed for dATP, with Q461 and E580 having a less well defined electron density as in 

KOD-dATP. The water, mediating a hydrogen bond between metal ion C and E578 in the dATP bound structure 

is missing here. E580 was modelled in an “open” conformation. (C+D) DNA pols’ protein surface is shown in grey, 

the template in cyan, the primer in blue, the bound dATP in pink with the N7 atom indicated as a blue sphere. 

(C) KOD DNA pol shows the N7 atom pointing towards a wide open crevice between the finger (yellow), palm 

and exonuclease domain. (D) KlenTaq DNA pol shows the N7 atom pointing towards the O-helix of the finger 

domain (yellow) and the thumb domain, the crevice overall being narrower compared to KOD DNA pol. (E) 

Superimposition of the active site of KOD-dATP and KOD-dTTP, color coded as in (A+B); E580 and Y402 adopt a 

different conformation in KOD-dTTP (blue), with Y402 shifting upwards to E580 by 1.0 Å. (F) Superimposition of 

dATP and dTTP with their respective metal ions. Metal ion C (green) of KOD-dTTP is shifted in respect to metal 

ion C (purple) in KOD-dATP, increasing the phosphate metal distance from 2.2 Å in KOD-dATP to 2.6 Å in 

KOD-dTTP.  
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K464 and one by E578 in an octahedral manner (Fig. 3.2.9 A). In contrast, the bacterial and viral B-

family DNA pols exhibit only two metal ions in the active site (Fig. 3.2.10). However, DNA pol II, has an 

analogous glutamate (E595) residue to E578 found in KOD DNA pol, and may thereby also be able to 

coordinate a third metal ion in its active site. 

For KOD DNA pol in complex with dTTP (KOD-dTTP), the same interactions between the enzyme and 

the incoming triphosphate are observed, compared to KOD-dATP (Fig. 3.2.9 A+B). Only Q461 and E580 

show weaker electron density, compared to the respective amino acids in KOD-dATP, with E580 being 

modeled in an “open” conformation (Fig. 3.2.9 D). Also the water mediated hydrogen bonding 

interaction between E578 and metal ion C is not observed in KOD-dTTP, due to the missing of the water 

molecule. The KOD-dTTP crystal structure, obtained from a crystallization condition containing Mg2+, 

Ca2+ and Mn2+, also exhibits a third metal ion. The metal ion C was modelled as Mg2+, due to no 

anomalous signal (usually observed for Mn2+) and a lower b-factor compared to a modelled Ca2+ in the 

C-site (b-factor Mg2+: 52.61, b-factor Ca2+: 71.82). The metal ion C in KOD-dTTP is shifted compared to 

KOD-dATP (Fig. 3.2.9 E+F), being coordinated 2.6 Å apart from the γ-phosphate of dTTP. As E580 is 

more flexible in KOD-dTTP and seems to adopt an “open” conformation, it opens space for Y402, which 

shifts by 1.0 Å towards E580 (Fig. 3.2.9 E), thereby losing one hydrogen bonding interaction with a 

water molecule coordinating metal ion A (3.5 Å in KOD-dTTP compared to 3.1 Å in KOD-dATP). The 

shift observed for metal ion C in KOD-dTTP may be due to (1) partial occupancy with Ca2+, leading to a 

larger coordination distance and/or (2) a pre-insertion stage of the third metal ion, with E580 in an 

“open” conformation. In the second case, thermal motion may cause a diffusion of metal ion C towards 

the γ-phosphate. The associated conformational change of E580 may result in a coordination of metal 

ion C, as observed in KOD-dATP, with Y402 also moving closer to the active site, restoring the hydrogen 

bonding interaction with the coordinating water molecule of metal ion A. Overall, KOD-dTTP resembles 

a complex poised for catalysis with metal ions A and B as well as the triphosphate and primer terminus 

being properly aligned (Fig. 3.2.9 B+E).  

As the three metal ions were not only found in reproduced crystals of KOD DNA pol but also in different 

crystallization conditions (data not shown), it was assumed that this feature may be characteristic for 

archeal DNA pols. In collaboration with Dr. Karin Betz, we obtained a structure of 9°N DNA pol in 

complex with dATP and also three metal ions bound in the active site (Fig 3.2.10 C). [173] The three 

metal ions show the same coordination as observed for KOD DNA pol (Fig 3.2.10 A), with Mg2+ 

occupying the third metal binding site in 9°N DNA pol. Additionally, we also obtained a closed structure 

of 9°N DNA pol with a bound dATP, a Mg2+ in position A and a Mn2+ in position B (Fig 3.2.10 D), missing 

the third metal ion. [173] 
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Figure 3.2.10: The active sites of B-family DNA pols. The active site of DNA pols KOD, δ (PDB: 3IAY [53]), 9°N 
(with two and three metal ions, PDB: 5OMV and 5OMQ, respectively [173]), pol II (PDB: 3K57 [52]) and RB69 
(PDB: 3NCI [20]) is shown. Conserved amino acids of the finger domain as well as the metal ion coordinating 
amino acids of the finger domain are shown. The bound dNTP is shown in pink, the metal ions are shown as 
spheres (yellow = Mg2+, green = Ca2+, purple = Mn2+). 
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For RB69 DNA pol a third metal ion was also previously found close to the active site (PDB: 4FK0 [50]). 

This “third” metal ion is located 3.5 Å apart from metal ion C in KOD DNA pol and solemnly water 

coordinated, showing no interaction neither with the dNTP nor with amino acid residues. Due to the 

usage of high CaCl2 concentrations (150 mM) in the crystallization trials [50], and its coordination 

pattern, the “third” metal ion seems to be a crystallization artefact and seems not to be involved in 

catalysis.  

 

3.2.3.2 Comparison of DNA interactions  
 

KOD DNA pol accepts a wide range of modified nucleotides [11, 61-68] and shows high processivity 

among archaeal DNA pols (> 300 nt) and a high elongation rate (106-138 nt/s) [69]. Therefore, 

interactions with the DNA substrate might be causative. Thus, the protein-DNA interactions for RB69, 

KlenTaq and KOD DNA pols and DNA pol δ were assigned and compared (Fig. 3.2.11 and 3.2.12). To 

account for the strength of the interaction, the hydrogen bonds were separated in direct strong bonds 

(2.2 – 3.2 Å, white) and direct weak bonds (> 3.2 – 4.0 Å, grey). Additionally, indirect hydrogen bonds 

which are formed via one water molecule were assigned (strong 2.2 – 3.2 Å, red and weak > 3.2 – 4.0 

A, red/grey striped).  

Inspecting the interactions between the protein and the primer sugar-phosphate backbone, the DNA 

pols structures of RB69, KlenTaq and KOD DNA pols and DNA pol δ show no significant difference in 

the number and pattern of interactions. However, in case of the template sugar phosphate backbone, 

KlenTaq DNA pol (PDB: 3RTV [33]) has various direct interactions with the 5′ template region (t to t-5) 

(Fig. 3.2.11 B). Here, KOD, RB69 DNA pols (PDB: 3NCI [20]) and DNA pol δ (PDB: 3IAY [53]) have fewer 

direct interactions. DNA pol δ and RB69 DNA pol form various water mediated hydrogen bonds 

(Fig. 3.2.12). At the 3′ template region (t-6 to t-10) KlenTaq, RB69 and δ DNA pols undergo fewer direct 

interactions (4, 5 and 3, respectively) with the template backbone compared to KOD DNA pol, which 

has direct hydrogen bonds to every phosphate group. In total KOD DNA pol forms 10 direct hydrogen 

bonds to the 3′ template region (Fig. 3.2.11 A). 
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Figure 3.2.11: Interaction pattern of KOD and KlenTaq DNA pol, according to the strength of the interaction. 

The interactions between the enzyme and the respective dNTP as well as between the enzyme and the 

template/primer strand were assigned according to their strengths (see legend). Top: the interactions with the 

dNTP are shown, the stacking between the sugar moiety and Y409 in KOD DNA pol or E615 in KlenTaq DNA pol, 

is indicated by a dashed line. Bottom: the interaction between the protein and the template and primer strand 

are shown. 
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Figure 3.2.12: Interaction pattern of RB69 DNA pol and DNA pol δ, according to the strength of the interaction. 

The interactions between the enzyme and the respective dNTP as well as between the enzyme and the 

template/primer strand were assigned according to their strengths (see legend). Top: the interactions with the 

dNTP are shown, the stacking between the sugar moiety and Y416 in RB69 DNA pol or Y613 in DNA pol δ, is 

indicated by a dashed line. Bottom: the interaction between the protein and the template and primer strand are 

shown. 
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In comparison to KlenTaq DNA pol and DNA pol δ, KOD and RB69 DNA pols form the fewest interactions 

to the nucleobases, with only 7 and 10 direct and water mediated hydrogen bonds, respectively. Both, 

KlenTaq DNA pol and DNA pol δ show about at least twice the interactions (21 and 17, respectively) 

with the nucleobases compared to KOD DNA pol. Out of these interactions, DNA pol δ and KlenTaq 

DNA pol form not only minor groove interactions but also protein interactions with the major groove 

of the bound DNA. In case of DNA pol δ, K444 of the β-hairpin and Q586 of the palm domain form the 

major groove interactions. Both interactions are not found in KOD DNA pol due to a shorter β-hairpin 

and a serine (S389) residue at position Q586 of DNA pol δ. For KlenTaq DNA pol, the interactions with 

the nascent major groove may proceed by R660, which vary depending on the nature of the incoming 

nucleotide [147]. Additionally, R587 was shown to change its conformation and positions itself in the 

major groove to form interactions with modified nucleotides [141], which may also be true for R484 

of the finger domain in KOD DNA pol.  

The number of interactions with the oxygens of the sugar heterocycle moieties does not differ 

significantly between the four DNA pols.  

Inspecting the binding of the triphosphates in the active sites of the four DNA pols (Fig. 3.2.11 and 

3.2.12), reveals overall a very similar binding pattern. All dNTPs have interactions with a lysine residue 

for the α- and γ-phosphate as well as with an arginine residue for the γ-phosphate. Noticeable, KOD 

DNA pol can form the most water mediated interactions with the γ-phosphate of the bound dATP 

(Fig. 3.2.11 A), whereas the other interactions are equal to RB69, KlenTaq and DNA pol δ. However, 

KlenTaq DNA pol is the only DNA pol that has an interaction with the nucleobase (Fig. 3.2.11 B) [147]. 

Thereby, KlenTaq DNA pol also forms a very narrow pocket surrounding the dATP (Fig. 3.2.9 C), which 

leads to the positioning of the N7 atom close to the finger and thumb domain.  

In comparison to the A-family DNA pol KlenTaq, the B-family DNA pols KOD, RB69 and δ structures 

exhibit a long crevice with an electro positive potential, stretching from the DNA binding region at the 

thumb domain upwards along the β-hairpin and the palm domain, to the N-terminal domain 

(Fig. 3.2.13 and section 5.2.2.4). Due to the larger β-hairpin in DNA pol δ and DNA pol RB69, the formed 

crevice is narrower compared to KOD DNA pol. In the B-family DNA pols, this positively charged crevice 

between the β-hairpin and the N-terminal domain, could interact with the 5′ single stranded template 

overhang and thus further stabilize the melted DNA (see section 3.2.3.3), which is not possible for 

KlenTaq DNA pol, due to the short and narrow DNA binding crevice. Additionally, in archaeal B-family 

DNA pols this crevice is supposed to sense uracil in a “read ahead” mechanism in the 5′ single stranded 

template [73, 174].
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Figure 3.2.13: Electropotential map of KOD, KlenTaq and RB69 DNA pols as well as DNA pol δ. The 

electropotential is shown from +6 (blue) to -6 (red) kBT/e (T=310 K). The primer is shown in pink, the template in 

violet and the dNTP is shown as yellow sticks. (A) KOD DNA pol exhibits a long crevice between the thumb and 

palm domain reaching up along the β-hairpin to the N-terminal domain, in which the single stranded template 

may bind. (B) This crevice is missing in KlenTaq DNA pol, where the single stranded template leaves the 

polymerase between the thumb and finger domain. (C+D) RB69 DNA pol and DNA pol δ show the same positively 

charged crevice between N-terminal and exonuclease domain, as observed for KOD DNA pol, where the single 

stranded template may bind. (D) Additionally, DNA pol δ shows two positively charged patches at the 

exonuclease and thumb domain. The structures are not drawn to scale.  

 

3.2.3.3 KOD DNA polymerase with a 21 nt template 
 

As an electropositive crevice between the N-terminal and exonuclease domain in KOD-dATP was 

observed (see section 3.2.3.2), which is supposed to be the binding site of the single stranded 

template, I wanted to further investigate the exact binding mode of the template. Therefore, I set up 

co-crystallization trials employing a 19 nt and a 21 nt template (Fig. 3.2.14 and section 5.2.1.3). In co-

crystallization trials with KOD DNA pol the 19 nt template resulted in minor crystallization and no data 

could be obtained. The 21 nt template on the other hand, showed enhanced crystallization behavior 

of KOD DNA pol, compared to the 16 nt template used before (see section 3.2.2), and data from various 

crystallization conditions could be obtained.  
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Figure 3.2.14: The template (top) and primer (bottom) sequence used for the crystallization of KOD-21nt. The 

nucleotide incorporation site is indicated in bold and assigned position +1. 

 

The structure with the 21 nt template (KOD-21nt) and the 12 nt primer, used before, shows a closed 

ternary complex, with dATP and three metal ions (Mg2+: A-site, Mn2+: B- and C-site) bound in the active 

site. Overall, the structure resembles the KOD-dATP structure (rmsd value 0.164 for 688 Cα atoms) and 

shows the same metal ions and triphosphate coordination in the active site. The single stranded 

template moves along the N-terminal domain, as observed for KOD-dATP and folds as a loop structure 

into the positively charged crevice between N-terminal and β-hairpin/exonuclease domain 

(Fig. 3.2.15 A). Here, the template forms some non-canonical base pairs (Fig. 3.2.15 D+E), that may 

stabilize the single stranded template in this conformation. Additionally, the β-hairpin, forms two 

hydrogen bonds to the phosphate backbone of T+7 and A+8, where T+7 forms further hydrogen bonds 

to the amino acids T9 and Y7 of the N-terminal domain (Fig. 3.2.15 B).  

 

Figure 3.2.15: KOD DNA pol in complex with a 21 nt template. The protein surface is shown in grey, the primer 

strand in blue and the template strand in cyan. Distances are shown as black dashed lines and are given in Å. (A) 

The single stranded template overhang is located in the crevice between the N-terminal and the exonuclease 

domain with its β-hairpin. (B) The thymidine at position +7 (T+7) forms hydrogen bonds to amino acids of the 

N-termin domain as well as π-π stacking interactions to Y7. (C) The β-hairpin is lockated alongsite the single 

stranded template and forms hydrogen bonds to the phosphate backbone. (D+E) Non-canonical base pairing 

between nucleobases in the single stranded template region. 
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T+7 also forms a π-π stacking interaction with the amino acid side chain of Y7 (Fig. 3.2.15 B) and a 

cation-π crystal contact to K429 of the next molecule of the crystal lattice (data not shown), that seems 

to stabilize the template in the crevice. 

Besides binding of the single stranded template, the crevice between N-terminal and exonuclease 

domain fulfills one more important task in archaeal B-family DNA pols: the so called “read-ahead” 

sensing of uracil and hypoxanthine in the DNA [73, 76, 77, 175]. As archaea usually live at temperatures 

exceeding 80 °C, their DNA is prone to deamination, resulting in cytosine to uracil and adenine to 

hypoxanthine conversion. If not repaired, these alterations will lead to G:C to A:T and vice versa 

transition mutations in the genome.  

Thus, archaeal B-family DNA pols have evolved special mechanisms to sense uracil and hypoxanthine 

in the template strand and stall DNA replication upon sensing of these mutations [77, 175]. In case of 

uracil, this sensing is carried out by a special binding pocket in the N-terminal domain (Fig. 3.2.16 C+D), 

as shown for the archaeal B-family DNA pol Tgo by Connolly et. al. [76]. The same pocket is also found 

in KOD DNA pol which superimposes with the pocket in Tgo DNA pol (Fig. 3.2.16 C). The position of this 

uracil binding pocket in respect to the active site, was assumed to be four nucleotides upstream (+4) 

of the active site [76, 174]. Connolly et. al. made this assumption due to a lack of crystal structures of 

B-family DNA pols in complex with a long single stranded template, thus taking a RB69 DNA pol 

structure for guidance (PDB: 1IG9 [17]) [174]. They crystallized Tgo DNA pol in complex with a DNA 

hairpin structure, containing a dUMP at the +4 position (Tgo-dUMP) [76]. Superimposition of the 

KOD-21nt and the Tgo-dUMP structures however, shows the uracil binding pocket being located in 

close proximity to the +6 position of the single stranded template (G+6) (Fig. 3.2.16 C). This may account 

for uracil sensing six nucleotides upstream of the active site, rather than four nucleotides upstream, 

as assumed by Connolly et. al. [73, 76, 174].  

Next to the uracil sensing pocket in KOD-21nt, two more structural elements are located: a metal ion 

binding site (Fig. 3.2.16 C+E) that was not observed in KOD-dATP and KOD-dTTP as well as a binding 

pocket for purine bases (Fig. 3.2.16). In KOD-21nt, the metal ion binding site exhibits a Mg2+ ion, that 

is coordinated by E251 and five water molecules, whereof three water molecules are coordinated by 

the enzyme. All of these amino acids involved in coordination of the metal ion and/or the water 

molecules, are conserved among the archaeal B-family DNA pols Tgo, KOD and 9°N. However, they are 

not conserved among the other kingdoms of the B-family. (Fig. 3.2.16 F).  

The binding pocket for the purine base, which is also located at the +6 position of the template, is 

formed by the amino acids P115, K118, N351, W355 and K371. Here, P115 is also part of the uracil 

sensing pocket. These amino acids of the purine pocket show specific hydrogen bonds to the N1, N2, 
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O6 and N7 atoms of the guanine base (Fig 3.2.16 A). Additionally K371 can form a hydrogen bond to 

N2 of G+6 via an ethylene glycol molecule. Even though the ethylene glycol molecule is bound due to 

the crystallization condition, in vivo, its position may be occupied by water molecules, leading to a 

comparable hydrogen bonding pattern with K371 and G+6 (Fig. 3.2.16 B). As observed for the amino 

acids of the metal ion binding site, the amino acids of the purine binding site are highly conserved in 

the archaeal B-family DNA pols. However, they are not found in the other kingdoms of the B-family 

DNA pols (Fig. 3.2.16 F).  

 

 

Figure 3.2.16: The uracil, purine and metal ion binding sites in KOD DNA pol. The protein surface is shown in 
grey. Distances are shown as black dashed lines and are given in Å. (A+B) The purine binding site at the G+6 
position in KOD DNA pol. G+6 forms hydrogen bonds to W355, K118, N351 (a = 3.1 Å, b = 2.8 Å, c = 3.4 Å) and via 
an ethylene glycol molecule to K371. (C) The location of the purine (blue), uracil (pink) and metal ion (yellow) 
binding sites in the N-terminal domain of KOD DNA pol. The template of Tgo-dUMP is superimposed on KOD-21nt 
and shown in rose, the template of KOD-21nt is schown in cyan. The Mg2+ is shown as a yellow sphere. (D) The 
uracil pocket with bound dUMP, as observed in the Tgo-dUMP structure (PDB: 2VWJ [76]). (E) The metal ion 
binding site in KOD-21nt, with the Mg2+ coordinated by E251 and five water molecules, whereof three molecules 
are coordinated by amino acids of the N-terminal domain. (F) Sequence alignment of B-family DNA pols from all 
four kingdoms of life, showing the high conservation of the amino acids involved in hydrogen bonding and 
coordination in the purine and metal ion binding sites, respectively, within the archaeal DNA pols. Amino acids 
interaction either with G+6 or the metal binding site in the KOD-21nt structure are highligthed in bold.  

 

Overall, KOD-21nt resembles a complex poised for catalysis with the thumb domain rotated towards 

the palm domain, holding the DNA duplex in the active site (Fig. 3.2.17 A). In comparison, the 
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Tgo-dUMP structure shows no active complex, as the dNTP and metal ions are missing and the thumb 

domain is rotated outwards, as observed in the editing complex of RB69 DNA pol (PDB: 1CLQ [51]). 

However, the β-hairpin is not in editing mode, compared to RB69 DNA pol (Fig. 3.2.17). Whereas the 

DNA in KOD-21nt is clearly bound in the polymerase active site, the DNA in Tgo-dUMP has a similar 

conformation as observed in the editing mode of RB69 (Fig. 3.2.17), even though it is unclear, whether 

the altered DNA and thumb conformation truly rely on the presence of dUMP in the template or 

moreover on the missing of protein-DNA interactions due to the design of the DNA construct (see 

discussion in section 3.2.4.4).  

 

Figure 3.2.17: Conformation of the thumb and DNA in KOD-21nt, Tgo-dUMP and the editing complex of RB69. 

The protein is shown as a grey cartoon, the exonuclease active site is highlighted with a circle. The thumb domain 

and the β-hairpin are sown in blue, green and purple for KOD, RB69 and Tgo DNA pol, respectively. (A) KOD DNA 

pol (KOD-21nt) with a closed thumb domain and the primer strand being located in the polymerase active site. 

(B) RB69 DNA pol in the editing mode (PDB: 1CLQ [51]), with an open thumb domain and a β-hairpin shifting the 

primer strand in the exonuclease active site. (C) Superimposition of KOD and RB69 DNA pol. (D) Same as for (A). 

(E) Tgo DNA pol bound to a template containing a dUMP at the +4 position (PDB: 2VWJ [76]). The thumb domain 

has an open conformation, the β-hairpin is not in editing mode. The primer strand takes a similar conformation, 

as observed in RB69 DNA pol (B). (F) Superimposition of KOD and Tgo DNA pol. (G) Superimposition of the 

primer/hairpin DNA strands of KOD (blue), RB69 (green) and Tgo (rose) DNA pols.  
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3.2.3.4 Channel volume of the DNA polymerase structures  
 

To estimate the channel volume that is accessible within the enzyme and that could be used for 

diffusion of the triphosphate and the leaving pyrophosphate as well as for modifications attached to 

nucleobases, the 3V algorithm was used [176]. The radii of the large and small sphere were set to 7.0 Å 

and 2.7 Å, respectively, as this turned out to be the radii best suited for the investigated DNA pols. KOD 

DNA pol has two channels within the enzyme (Fig. 3.2.18 A+B), the larger one (green, 3939 Å³) reaching 

from the β-hairpin and between the palm and the tip of the thumb domain along the DNA strand to 

the nucleobase of the triphosphate. The smaller channel (yellow, 1301 Å³) spans from the phosphate 

groups of the bound triphosphate and between the finger and palm domain to the outside of the 

protein. These channels are also found in DNA pol δ with 2009 Å³ and 2874 Å³ as well as in RB69 DNA 

pol with 4354 Å³ and 2898 Å³, respectively (Fig. 3.2.18 E-H). For RB69 DNA pol the channel between 

the β-hairpin and N-terminal domain exhibits an “outer” channel (Fig. 3.2.18 E+F) which is not directly 

located at the DNA and is therefore hardly accessible for modifications. This “outer” channel occupies 

the electropositive crevice in which the single stranded template may bind, thereby enlarging the 

calculated channel volume.  

In contrast, KlenTaq DNA pol has one major channel (3118 Å³) stretching from the tip of the thumb 

domain along between the finger and thumb to the O-helix and the bound triphosphate 

(Fig. 3.2.18 C+D). This channel is similar to the channel in the B-family DNA pols reaching from the 

β-hairpin to the triphosphate. The second channel for KlenTaq DNA pol could not be calculated with 

the used radii. However, a narrow channel also exists in KlenTaq DNA pol, reaching from the 

triphosphate, underneath the O-helix to the palm domain (Fig. 3.2.18 C). 
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Figure 3.2.18: The channel volumes for KOD, KlenTaq and RB69 DNA pols as well as DNA pol δ. The channel 

volumes were calculated with 3V algorithm [176] for KOD (A+B), KlenTaq (C+D) and RB69 (E+F) DNA pols as well 

as DNA pol δ (G+H). The protein is shown as grey surface, the primer in cyan and the template in blue. The bound 

dNTP is shown in magenta. A, C, E and G show the location within the enzyme. B, D, F and H the channels with 

respect to the DNA and triphosphate. The triphosphate is shown as pink sticks. The structures are not drawn to 

scale. 
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3.2.4 Discussion  
 

3.2.4.1 Metal ion binding at the active site 
 

The universal paradigm of DNA pols utilizing two metal ions for catalyzing the nucleotidyl transfer has 

been accepted for many decades [82, 172]. It has been proven for different DNA pol families as well as 

for different kingdoms of life [20, 22, 42, 52, 80, 147]. Recent crystal structures of eukaryotic DNA pols 

from the B- (DNA pol δ 23 [53]), X- (DNA pol β [87-89]) and Y-family (DNA pol ƞ [23, 85, 86]) revealed 

a third metal ion in the polymerase active site (see section 1.2.3). For DNA pols ƞ and β this third metal 

ion is transiently coordinated by non-bridging oxygens of the α- and β-phosphates during and after 

product formation, respectively. In DNA pol ƞ, the third metal ion seems to facilitate product formation 

by lowering the energy barrier of the transition state [23, 85, 86] whereas in DNA pol β, this metal ion 

seems to facilitate the reverse reaction, pyrophosphorolysis [87]. In A- and B-family DNA pols, a 

conserved lysine residue is placed in the vicinity where the third metal ion binds in DNA pols ƞ and β 

[90]. This lysine is thought to be crucial for the protonation during the nucleotidyl transfer [90], but it 

may also serve in the same way as the third metal ion in the X- and Y-family. Thus, in DNA pol δ the 

third metal ion is found at a different position in the active site [53]. The ion is present prior to catalysis 

in the active complex and is coordinated by the γ-phosphate of the incoming triphosphate, the enzyme 

(E802, D608) and three water molecules [53]. Here, the third metal ion is believed to affect the 

incorporation of either right or wrong nucleotides, thereby modulating the catalytic efficiency. This 

third metal ion is also present in the complexes of KOD and 9°N DNA pols [173], which show a similar 

coordination as observed in DNA pol δ. The metal coordinating amino acid side chains in KOD DNA pol 

(D404, E580) adopt a slightly different conformation compared to DNA pol δ (D608, E802) (Appendix 

Fig. 6.3.2), which may be due to the high b-factors observed for the metal ions bound in position A and 

C (43.3 and 40.7, respectively; metal ion B 20.2) in DNA pol δ, indicating high flexibility.  

Overall, the third metal ion seems to have a lower binding affinity than the two core metal ions (A and 

B), as observed for the 9°N DNA pol structures [173]. Similar observations were made for metal ion A 

in A- and B-family DNA pols [143, 167]. This may be due to water coordination of metal ions A and C 

compared to the exhaustively enzyme- and dNTP-coordinated metal ion B and in addition due to the 

missing 3’-OH group in some structures. Furthermore, it is questionable, if bacterial B-family DNA pols 

like Pol II, which also exhibit glutamate residues analog to E578 and E580 of KOD DNA pol, also 

coordinate a third metal ion in their active site, which could so far not be captured by crystallography. 

As the presence or absence of the third metal ion in the B-family DNA pols may point to different 

modes of catalysis and/or discrimination, it may also point to an evolutionary relationship between 

these DNA pols. However, the discrete role of the third metal ion in the B-family is so far unclear.  
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Simultaneously to our published KOD DNA pol structure, a KOD DNA pol mutant, capable of 

synthesizing TNA at 3.2 Å resolution was published [177]. The structure shows a closed ternary 

complex of the TNA pol, as indicated by the conformation of the finger domain. The active site exhibits 

a tATP with occupancy 0.59 and three Mg2+ ions (see Appendix Fig. 6.3.3). Besides the low occupancy 

for the incoming triphosphate, the tATP shows low electron density for its sugar and nucleobase 

residue (see Appendix Fig. 6.3.3 A+B). Furthermore, metal ion A is coordinated by the α-phosphate of 

tATP and the 3′-terminal primer phosphate; metal ion B is located 1.3 Å apart from the β-phosphate 

of tATP; metal ion C does not show any electron density at 1 σ. Overall, the active site seems disordered 

and not well aligned for catalysis, leaving the correct binding mode of the tATP and the metal ions 

open [177]. Thus, the KOD TNA pol structure cannot be compared to the KOD DNA pol crystal 

structures presented here.  

 

3.2.4.2 Comparison to other DNA polymerases  
 

The B-family DNA pols RB69, δ and KOD share high sequence similarity in the palm domain, the 

5′-template interacting region, the sugar binding pocket and the metal coordinating region (D404 and 

D542 – in KOD DNA pol) as well as in the minor groove sensing region. Additionally, DNA pols KOD and 

δ share conserved residues in the metal coordinating region of the third metal ion (E578) and an α-helix 

of the palm domain. The finger domain of the B-family DNA pols exhibits conserved residues that 

interact with the triphosphate (K487, R460, K464) as well as the nascent base pair (S492, N491). The 

finger domain of KOD DNA pol is structurally closely related to the finger domain of DNA pol δ as both 

consist of two α-helices. The O-helix in KOD DNA pol (termed according to 9°N DNA pol [56]), which is 

the analog to the O-helix in the A-family DNA pols, shows high sequence identity with the P-helix in 

DNA pol δ. Furthermore, KOD and δ DNA pols show high sequence similarity in the exonuclease domain 

as well as in a patch in the N-terminal domain (see Fig. 3.2.8). Overall, the B-family DNA pols show high 

similarity in catalytically essential regions, but the high sequence conservation especially in the finger 

domain and the same metal coordination in the active site especially point to a close relationship 

between KOD DNA pol and DNA pol δ. Due to the simpler finger domain compared to RB69, KOD and 

DNA pol δ exhibit a broader gap between palm and finger domain, through which the pyrophosphate 

may diffuse [20, 53]. 

In case of DNA-protein interactions KOD DNA pol differs from other DNA pols, as it exhibits more 

interactions with the 3′ template region compared to DNA pols δ, RB69 and KlenTaq. These direct 

strong hydrogen bonds may contribute to a good stabilization of the template strand and the bound 
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DNA duplex and may thereby account for the high processivity of KOD DNA pol [69]. Additionally, all 

investigated B-family DNA pols exhibit a crevice with an electropositive potential between the 

β-hairpin and the N-terminal domain, which may bind the single stranded template, and thereby 

further stabilizes the enzyme binding to the DNA strand. This might further contribute to the protein’s 

proficiencies in processivity. 

 

3.2.4.3 B-family polymerases and their application in biotechnology  
 

As the incorporation of modified triphosphates is crucial for various biochemical approaches like next 

generation sequencing [7, 8, 100, 165] the ability of thermostable A- and B-family DNA pols to 

incorporate modified nucleotides was extensively studied. It was shown that B-family DNA pols accept 

nucleotides with the modification pointing into the major groove (C5 for pyrimidines and 7-deaza for 

purines) often better than the A-family DNA pols [11, 61-68]. The B-family DNA pols exhibit broader 

substrate tolerance [62, 63] and incorporate multiple modified nucleotides [64, 65, 67] into the 

nascent DNA strand. So far, all structural knowledge concerning the incorporation of C5 modified 

pyrimidine and 7-deaza modified purine dNTPs is derived from the A-family DNA pol KlenTaq. [10, 125, 

140-142]. These structures revealed certain aspects: DNA adopting A-form close to the active site, the 

small channel between the thumb and finger domain as well as amino acid side chains that can form 

interactions with the major groove of the DNA [141, 147]. The interaction via R660 with the nascent 

major groove seems to be specific for dGTP in KlenTaq DNA pol [147]. In comparison, the DNA in KOD 

DNA pol adopts B-form, which leads to a wider major groove compared to A-form DNA [5]. KOD DNA 

pol also has two large channels between its thumb and palm domain, where modifications attached at 

the nucleobase could be accommodated (Fig. 3.2.18). Additionally, in the KOD DNA pol structure no 

major groove interacting amino acid side chains are visible. KOD DNA pol does not exhibit an arginine 

residue that is analogous to R660 in KlenTaq DNA pol. Furthermore, the arginine residues in KOD DNA 

pol, which interact with the primer strand close to the active site (R606, R613) do not position into the 

major groove, as this would most likely need significant conformational changes. Only R484 of the 

finger domain may interact with modifications, however, due to its location at the crevice between 

finger and palm domain R484 has a lot of space to accommodate to modifications.  

Overall, the missing major groove interacting amino acids, the wider major groove in B-form DNA, the 

larger channels in KOD DNA pol as well as the shape of the pocket formed around the bound dATP with 

its good solvent accessibility of the N7 atom of the bound dATP (Fig 3.2.9 B), provide more space for 

accommodating nucleotide modifications than in the A-family DNA pols. This might be causative for 

the superiority of archaeal B-family DNA pols in processing modified nucleotides.  
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The proficient acceptance of modified nucleotides by DNA pols from archaea resulted in the use of a 

9°N DNA pol mutant A485L in next generation sequencing [7, 8, 114]. The A485 is embedded in the 

O-helix of the finger domain, pointing towards the I-helix residues M329, Glu330 and l333 of the 

N-terminal domain. Thereby, the A485L mutation may cause hydrophobic interactions with the 

neighboring α-helix that could affect the closure of the finger domain.  

 

3.2.4.4 Sensing of uracil and hypoxanthine in archaeal B-family DNA pols 
 

Unlike other DNA pols like Taq DNA pol (A-family) and viral B-family DNA pols, archaeal B-family DNA 

pols are highly sensitive towards dUTP in PCR reactions [72]. This sensitivity relies on a mechanism that 

prevents archaeal B-family DNA pols from replicating dUMP containing templates. As archaea, unlike 

bacteria, viruses and eukaryotes, mostly live at temperatures exceeding 80 °C, their genome is prone 

to enhanced deamination of cytosine and adenine residues, resulting in uracil and hypoxanthine 

containing DNA, respectivley. Without a sensing mechanism, that prevents the replication of such 

damaged DNA, the genome of archaea would undergo enormous mutagenesis. Therefore, archaeal B-

family DNA pols have evolved a so called “read ahead” mechanism, utilizing a pocket located in the 

single stranded template region between the N-terminal and exonuclease domain, as shown by 

Connolly et. al. for the archaeal B-family DNA pol Tgo (Tgo-dUMP). [73, 76]. Due to steric demand and 

hydrogen bonding patterns, a specific sensing of uracil against thymine and cytosine, respectively, is 

guaranteed. This uracil sensing pocket is highly conserved in archaeal B-family DNA pols. 

Superimposition of KOD-21nt and Tgo-dUMP showed the identical location of the uracil binding pocket 

in the N-terminal domain of both archaeal B-family DNA pols.  

However, looking at the distance of the uracil binding pocket from the polymerase active site, given in 

nucleotides, the values differ for the KOD and Tgo DNA pols structures. At the time, Connolly et. al. 

solved the structure of Tgo DNA pol in complex with the uracil containing DNA (Tgo-dUMP), no ternary 

closed crystal structures of archaeal B-family DNA pols were available. Thus, they estimated the 

approx. distance of the uracil binding pocket to the active site to be 4 nucleotides, taking a RB60 DNA 

pol structure for guidance [76, 174]. They crystallized Tgo DNA pol with a respective DNA hairpin 

containing the dUMP (U+4) at the +4 position upstream from the active site. The obtained Tgo-dUMP 

structure, clearly shows the binding mode of the U+4 into the uracil pocket of the N-terminal domain. 

However, the structure lacks protein DNA interactions at the single stranded template, has low 

resolution of single bases, an altered thumb conformation compared to KOD-21nt and a DNA binding 

mode comparable of the DNA binding in the editing complex of RB69 DNA pol [76]. Superimposition 

of KOD-21nt and Tgo-dUMP shows the uracil binding pocket being located in close proximity to the +6 
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template nucleotide (G+6) upstream from the active site, rather than +4 nucleotides, as assumed by 

Connolly et. al.. Thereby, an uracil at the +6 template position in KOD-21nt may bind into the pocket, 

allowing a sensing of uracil six bases upstream of the DNA junction. As archaeal DNA pols have a 

2-magnitude lower KD for single stranded uracil containing DNA compared to non-uracil containing 

DNA [73], binding of the uracil into the uracil binding pocket in the Tgo-dUMP structure may be 

predominant over a correct DNA binding. Thus, the chosen DNA construct in Tgo-dUMP may has 

caused crystallization artefacts, leading to the observed alterations of the structure.  

Besides their sensitivity towards uracil, archaeal B-family DNA pols also show replication stalling, on 

encountering hypoxanthine in the DNA template [77]. Hypoxanthine is, like uracil, a deamination 

product, caused by the deamination of adenine [178], and causes a conversion of A:T to C:G base pair, 

if not repaired. So far, the structural mechanism of hypoxanthine sensing of archaeal B-family DNA 

pols is not known. However, hypoxanthine may not be sensed by the uracil pocket due to steric 

demand of the purine base. KOD-21nt revealed an additional purine binding pocket in close proximity 

of the uracil sensing pocket at the +6 templating position (Fig. 3.2.16 A-C). Here, the bound guanine 

forms specific hydrogen bonds to amino acid side chains and its N1, N2, O6 and N7 atoms. Upon 

binding of adenine or hypoxanthine into this pocket, the hydrogen bonding pattern with the enzyme 

will be altered, due to the amino group in 6-position or the missing of the amino group in 2-position of 

the purine ring, respectively. Thereby, the enzyme may specifically sense the presence of the 

deaminated base.  

The function of the additional observed metal binding site (Fig. 3.2.16 C+E), is so far unknown. The 

binding of the metal ion in this distinct position may be a crystallographic artefact, due to the usage of 

10 mM MgCl2 in the crystallization trials. However, as the metal ion was not observed in the KOD-dATP 

and KOD-dTTP structures, it may be due to the presence of the 21 nt template. The involvement of a 

metal ion binding site in the signal translation of the uracil and hypoxanthine sensing may be possible, 

especially due to the close proximity of these three binding pockets/sites (Fig. 3.2.16 C). 
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3.2.5 Conclusive Summary  
 

Archaeal B-family DNA pols are the work-horse of biotechnological important applications like next-

generation sequencing. However, so far structural data of ternary closed complexes of these important 

enzymes was missing, which would guide the development of protein engineering and nucleotide 

analog design for improving these technologies.  

By solving ternary closed structures of KOD DNA pol, structural insights into the KOD DNA pol complex, 

poised for catalysis were gained. These complexes exhibit B-form DNA throughout as well as a large 

channel within the enzyme and no major groove interacting amino acids. This may account for the 

superior processing of various modified dNTPs, compared to the A-family DNA pols. Furthermore, 

stabilization of the single stranded template in an electropositive crevice between the N-terminal and 

exonuclease domain as well as numerous protein-DNA interactions with the downstream template 

strand, may account for the high processivity of KOD DNA pol. 

Furthermore, the KOD DNA pol structures revealed insights into intrinsic properties of archaeal 

B-family DNA pols and possible evolutionary relationships among the B-family DNA pols.  

Archaeal B-family DNA pols have a “read ahead” mechanism for uracil sensing in the template strand, 

avoiding replication of this pro-mutagenic alteration. The KOD-21nt structure indicated the uracil 

sensing pocket at a position six nucleotides upstream of the dNTP binding pocket as well as a putative 

hypoxanthine sensing pocket located in close proximity, also at the +6 position of the template strand. 

The precise mechanism for the sensing of uracil and hypoxanthin however, are still unknown.  

Surprisingly, the active site coordinates three metal ions, as observed previously for DNA pol δ. Overall, 

DNA pol KOD and δ show high similarity in their finger domain and active site metal ion binding sites, 

pointing to a possible evolutionary relationship.  
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DNA pols are the driving force of numerous biotechnological applications such as next-generation 

sequencing [7, 8, 165], employing archaeal B-family DNA pols. This technique, and others, relies on the 

DNA pol and its capability to accept chemically modified nucleotides. Surprisingly, even though DNA 

pols have evolved to utilize the canonical nucleotides, they have proven to also process diverse 

modified analogs (see sections 1.3, 1.4 and 3.2.4.3).  

So far, structural data of DNA pols in complex with chemically modified dNTPs are limited to the 

A-family DNA pol KlenTaq. These studies indicate that hydrogen bonding [10, 140] and electrostatic 

interactions (see section 3.1) [159] between the modification and the enzyme support the 

incorporation of the modified substrate. Due to the lack of structural data for archaeal B-family DNA 

pols in complex with modified nucleotides, the underlying mechanisms that enhance the acceptance 

of unnatural substrates remain elusive for B-family DNA pols that are most important for numerous 

applications like next-generation sequencing.  

I addressed this issue and aimed at crystallizing KOD DNA pol in a ternary, closed complex with a 

chemically modified nucleotide.  

 

3.3.1 KOD DNA polymerase in complex with dA*TP  
 

Since unmodified dATP showed the best crystallization behavior with KOD DNA pol, I focused to modify 

this nucleotide and commenced triphosphate synthesis of a 7-deaza-modified adenosine derivative 

(Scheme 3.3.1). As modification I chose the linker “scar” of next-generation sequencing [7, 100, 165], 

due to its importance in biotechnology.  

First, the modification starting from 2-bromo-N-(prop-2-yn-1-yl)acetamide 1 that was reacted with 

ethylene glycol and further acetylated to obtain 3 was synthesized. The modification was coupled to 

7-deaza-7-iodo adenosine 4 in a Sonogashira reaction [179] followed by a Yoshikawa triphosphate 

synthesis [180] and deprotection of the modification in aqueous ammonia yielding dA*TP (Scheme 

3.3.1).  

The obtained dA*TP was utilized in co-crystallization trials with KOD DNA pol. Following the approach 

as for KOD DNA pol in complex with unmodified dATP (KOD-dATP) (see section 3.2.2), utilizing 10 mM 

MnCl2 and 10 mM MgCl2, I obtained a closed ternary structure of KOD DNA pol in complex with  
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Scheme 3.3.1: Synthesis scheme of the dA*TP synthesis. a: ethylene glycol, Na; b: Ac2O, pyridine; c: CuI, Et3N, 

Pd(PPh3)4, DMF; d: 1. POCl3, TMP; 2. pyrophosphate, tributylamine; 3. 30 % NH3 aq. solution. 

 

dA*TP (KOD-dA*TP). The structure was solved by refinement against the KOD-dATP structure at a 

resolution of 2.0 Å. Overall, the KOD-dA*TP structure exhibits high similarity compared to the 

KOD-dATP structure (rmsd value of 0.264 for 697 Cα atoms, Fig. 3.3.1 A). KOD-dA*TP also exhibits high 

flexibility, indicated by elevated b-factors, for its thumb and 3′-template/5′-primer region (Fig. 3.3.1 B) 

as observed for KOD-dATP. 

 

Figure 3.3.1: KOD DNA pol. (A) Superimposition of KOD-dA*TP (blue) and KOD-dATP (grey). (B) B-factor 

representation of KOD-dA*TP.  

 

KOD-dA*TP shows a complex poised for catalysis, with a closed finger domain packing against the 

nascent dA*TP-dTMP base pair. The dA*TP in the active site forms a canonical Watson-Crick base pair 

with the templating thymidine. The modification points into the crevice between finger and palm 

domain (Fig. 3.3.2 C) and is structurally well resolved until the amide bond (Fig. 3.3.2 F). The ethylene 

glycol chain lacks electron density and was therefore modelled with zero occupancy. The carbonyl 

group of the modification forms hydrogen bonds to K487 (2.9 Å), which in turn interacts with the 

α- (2.9 Å) and β-phosphate (3.1 Å) of dA*TP and is crucial for the nucleotidyl transfer reaction [10]. 
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Additionally, R484 is positioned on the opposite site (5.0 Å) of the carbonyl group, leaving it to be 

sandwiched between two positively charged amino acid side chains (Fig 3.3.2 A). These hydrogen 

bonding and electrostatic interactions seem to well stabilize the dA*TP in the active site.  

 

Figure 3.3.2: Active site of KOD-dA*TP. The finger domain of KOD-dA*TP and KOD-dATP are shown in blue and 

green, respectively. Distances are shown as black dashed lines and are given in Å. (A) The modification is 

sandwiched between the two positively charged amino acid side chains of K487 (2.9 Å) and R484 (5.0 Å). 

(B) Active site with the two metal ions and E580 in the “open” conformation. (C) The modification points into the 

crevice between the finger and palm domain. (D) Superimposition of KOD-dA*TP and KOD-dATP. dATP and the 

respective metal ions of KOD-dATP are shown in yellow. K487 in KOD-dATP forms hydrogen bonds to the α- 

(3.2 Å) and β-phosphate (3.3 Å), as observed for K487 in KOD-dA*TP. (E) Superimposition as for (D); the 

conformation of E580 and Y402 in KOD-dA*TP are indicated by an asterisk. E580 adopts an “open” conformation 

in KOD-dA*TP opening space for Y402 to move in the direction of E580. (F) Omit map of dA*TP at 3 σ.  

 

Furthermore, the active site exhibits two metal ions, which were determined as Mg2+ (A-site) and Mn2+ 

(B-site), due to anomalous signal. The third metal ion (C-site), which is so far unique to DNA pol δ [53], 

9°N [173] and KOD DNA pol when bound to the natural substrate (see section 3.2), is missing in the 

KOD-dA*TP structure (Fig. 3.3.2). It is usually coordinated by the γ-phosphate, E580, D404 and three 

water molecules. Thereof, one water molecule is coordinated by E578. Whereas all residues and water 

molecules are positioned as observed in KOD-dATP, E580 adopts an “open” conformation, which 

impairs a coordination of a third metal ion (Fig. 3.3.2 B+E). 
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In addition to E580, Y402 adopts a different conformation in KOD-dA*TP (Fig. 3.3.2 B+E) compared to 

KOD-dATP, but similar to Y402 observed in KOD-dTTP (see section 3.2.3). The side chain of Y402 moves 

towards E580 by 1.2 Å, which may be due to the different conformation of E580, opening space at that 

position. By this movement, Y402 loses its hydrogen bonds to a water molecule coordinating metal ion 

A (3.7 Å) and a water molecule coordinating the primer phosphate backbone (3.7 Å). Upon binding of 

the third metal ion and the associated conformational change of E580, Y402 may move closer to the 

active site. Thereby, the stabilizing interactions of the primer strand and the active site water 

molecules will be restored.  

 

3.3.1.1 Discussion 
 

KOD DNA pol in complex with dA*TP gives first insights into the binding and interaction modes of a 

modified nucleotide in the confines of an archaeal B-family DNA pol. The carbonyl group of the 

modification is sandwiched between the two positively charged finger domain amino acids K487 and 

R484. Thereby, K487 adopts the same conformation as observed in KOD-dATP, being in hydrogen 

bonding distance to the α- and β-phosphate. R484 on the other site of the modifications’s carbonyl 

group, is more rigid compared to KOD-dATP, where R484 exhibits barely electron density for its amino 

acid side chain (b-factor of the side chain in KOD-dATP = 91.4 Å²). Even though, R484 in KOD-dA*TP is 

not in hydrogen bonding distance to the modification, the electrostatic environment of the complex 

causes a stabilization of R484 and vice versa, positions the modification to point into the crevice 

between finger and palm domain.  

The most obvious alteration, compared to KOD-dATP, is the missing of the third metal ion and the 

associated “open” conformation of E580. So far, the role of the third metal ion in the archaeal B-family 

DNA pols is unknown [173]. In DNA pol δ it is believed to modulate the catalytic efficiency by affecting 

the incorporation of the either right or wrong nucleotide, yet showing that the nucleotidyl transfer 

reaction can also occur without the third metal ion [53]. This may also apply for the archaeal B-family 

DNA pols. As discussed before in section 3.2, a similar conformation for E580 was observed in 

KOD-dTTP (see section 3.2.3) and 9°N DNA pol, which was previously crystallized with two metal ions 

in the active site [173]. The third metal ion seems to have a weaker binding affinity, compared to the 

two core metal ions of the A- and B-site. However, as E578 as well as all water molecules in the active 

site of KOD-dA*TP are positioned and coordinated as observed for KOD-dATP (Fig. 3.3.2 B+E), it can be 

assumed that KOD-dA*TP resembles an active complex, poised for catalysis and the missing of the 

third metal ion is due to the crystallization condition. 
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As archaeal B-family DNA pols are the driving force of biotechnological applications like next-

generation sequencing, they are also always in the focus for optimizing the acceptance of modified 

nucleotides by directed evolution of the DNA pol. The mutations used for the generation of engineered 

next-generation DNA pols are so far located at the triphosphate and sugar binding pocket (minor 

groove site), to enlarge the binding pocket for accommodating the 3′-terminator group [116]. None of 

these mutations as well as the A485L mutation [7, 8, 114] (see section 1.3), are in close proximity to 

the C7-modification. Thus, these mutations have very unlikely a direct influence on the modification. 

Overall, the C7-modification of nucleotides used in next-generation sequencing, are well positioned in 

the DNA pol and cause, at least in the dNTP binding pocket, no disturbance of the active complex. 

However, to further optimize the acceptance of modified substrates by archaeal B-family DNA pols, 

amino acids of the finger domain, that are in close proximity to the C7-modification like R484 and I488, 

may be a good target for mutagenesis.  

Superimposition of KOD-dA*TP and KOD-dTTP (see section 3.2 and Appendix Fig. 6.3.4), show the local 

superimposition of the C7- and C5-atom of the purine and pyrimidine base, respectively. However, an 

alkyne linker attached to the C5 position of a pyrimidine base, may have a different conformation, due 

to stereochemistry (see Appendix Fig. 6.3.4). Furthermore, different conformations for a given 

modification attached to the four canonical nucleobases were observed in crystal structures of KlenTaq 

DNA pol [10]. This may also be true for KOD DNA pol and can only be investigated by crystallization of 

a pyrimidine modified nucleotide in the confines of the archaeal B-family DNA pol. Nonetheless, 

C5- and C7-modified dNTPs seem to be well positioned in KOD DNA pol due to the large channel volume 

within the enzyme close to the active site.  

 

3.3.2 KlenTaq DNA polymerase in complex with dA*TP  
 

For comparison, I also crystallized KlenTaq DNA pol in complex with dA*TP (KlenTaq-dA*TP). I set up 

co-crystallization trials employing the same primer/template sequence as well as the same amount of 

MgCl2 and MnCl2, as used for KOD DNA pol. To compare KlenTaq-dA*TP to a natural structure, that 

was crystallized using the same primer/template and metal ion composition, also KlenTaq DNA pol in 

complex with dATP (KlenTaq-dATP) was crystallized. The KlenTaq-dA*TP and KlenTaq-dATP structures 

were solved by refinement against a published KlenTaq DNA pol structure (PDB: 3RTV [33]) at 

resolutions of 2.0 Å. Overall, KlenTaq-dATP and KlenTaq-dA*TP adopt a very similar conformation with 

an rmsd value of 0.108 for 468 Cα atoms. Both structures show complexes poised for catalysis with 

each two metal ions coordinated in the active site. In both cases, the metal ions are Mg2+ and Mn2+ for 

the A and B metal ion, respectively, as observed for KOD-dA*TP, and determined by anomalous signal.  



3.3.3 Processing of dN*TPs by KOD and KlenTaq DNA polymerases 

83 
 

 

Figure 3.3.3: Active site of KlenTaq-dA*TP. The O-helix of KlenTaq-dA*TP is shown in blue and dA*TP is shown 

in pink. Distances are shown as black dashed lines and are given in Å. (A) The modification is positioned 

underneath the O-helix, forming hydrogen bonds to the N6 of the 3′-terminal dCMP (2.7 Å), via a water molecule 

(3.1 Å) to the primer backbone (2.7 Å) and to T664. (B) K663 forms hydrogen bonds to the α- (2.8 Å) and 

β-phosphate (2.7 Å) of dA*TP. R660 was modelled in two conformations, both being positioned near the primer 

backbone, forming direct and water mediated hydrogen bonds to the phosphate moieties. (C) The modification 

is sandwiched between T664 and R660 of the O-helix and points into the crevice between finger and thumb 

domain. (D) Omit map of dA*TP at 3 σ. (E) Superimposition of KlenTaq-dA*TP and KlenTaq-dATP. dATP and the 

respective metal ions of KOD-dATP are shown in yellow. The O-helix and its amino acids are shown in green. K663 

and R660 in KlenTaq-dATP adopt the same conformation as observed in KlenTaq-dA*TP. (F) Superimposition of 

dA*TP of KOD-dA*TP (pink) and dA*TP of KlenTaq-dA*TP (cyan).  

 

The O-helix is fully closed and packs against the nascent dATP-dTMP and dA*TP-dTMP pair, with K663 

forming hydrogen bonds to the α- (2.7 Å (dATP), 3.2 Å (dA*TP)) and β- (2.8 Å (dATP), 2.8 Å (dA*TP)) 

phosphate (Fig 3.3.3 B+E). 

In KlenTaq-dA*TP, the modification is situated between the O-helix residues R660 and T664 (3.5 Å) and 

points towards the thumb domain (Fig. 3.3.3 A+C). R660, as observed for R484 in KOD dA*TP, is in 

close proximity (3.9 Å) to the carbonyl group of the modification and was modelled in two 

conformations (Fig. 3.3.3 B+E). Both conformations of R660 are in hydrogen bonding distance to the 

primer backbone (2.9 Å) (Fig. 3.3.3 E). Compared to KOD-dA*TP, the modification in KlenTaq-dA*TP is 
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more rigid, as electron density for the ethylene glycol chain is observed (Fig. 3.3.3 D). The carbonyl 

group, compared to KOD-dA*TP, is turned by 180 ° (Fig. 3.3.3 G) and points towards the N6 of the 

3′-terminal cytidine, hydrogen bonding with the exocyclic amine (2.7 Å) (Fig. 3.3.3 A). As the DNA 

duplex close to the active site of A-family DNA pols adopts A-form (see Appendix Table 6.2.2), the 

duplex has a narrower major groove and a closer nucleobase distance at the 3′-primer terminus in 

KlenTaq DNA pol compared to KOD DNA pol. Thereby, hydrogen bond formation of the carbonyl group 

with the N6 of the cytidine may be facilitated. Additionally, the carbonyl group forms a hydrogen bond 

via a water molecule (3.1 Å) to the primer backbone (2.7 Å) (Fig. 3.3.3 A). This additional interaction 

with the primer backbone is not observed in KlenTaq-dATP.  

 

3.3.3 Processing of dN*TPs by KOD and KlenTaq DNA polymerases 
 

In order to evaluate the efficiency of dA*TP processing in comparison to its natural counterpart by KOD 

and KlenTaq DNA pol, I performed single nucleotide incorporation experiment in which the modified 

dA*TP directly competed with natural dATP (Fig. 3.3.4), as described before [10, 140]. The 5′-32P 

labelled 12 nt primer and 16 nt template with the same sequence as used for crystallization were used. 

The reactions were analyzed and the ratio of dATP versus dA*TP was determined by 16 % denaturating 

polyacrylamide gel electrophoresis (PAGE) and autoradiography exploiting the significant different 

migration of the primer elongated by either processing of dA*TP or dATP due to the additional 

modification of dA*TP.  

For KOD DNA pol the modification of dA*TP has only minor effects on the enzyme, as KOD DNA pol 

incorporates the modified nucleotide with a 1.2 fold higher efficiency compared to dATP (Fig. 3.3.4 C). 

Interestingly, KlenTaq DNA pol processes dA*TP with a 2-fold higher efficiency compared to dATP 

(Fig. 3.3.4 D). Similar superior processing was reported for other dATP analogs as well [140, 181]. This 

may be due to the interactions formed by the carbonyl group of the modification and the primer 

strand, which might lead to an additional stabilization of the ternary complex. As the hydrogen bond 

of the carbonyl to the N6 of the 3′-terminal cytosine is sequence specific, it was questioned if the 

enhanced incorporation efficiency by KlenTaq DNA pol when using dA*TP persists if a thymidine 

instead of a cytidine is located at the 3′ primer terminus, preventing the hydrogen bond formation of 

the carbonyl group to the 3′-terminal primer nucleobase. Employing the 3′-terminal dTMP primer in 

the single nucleotide incorporation competition experiments, indeed a drop of the incorporation 

efficiency to 1.5-fold was observed (Fig. 3.3.4 E). 
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Figure 3.3.4: Competitive primer extension experiments. (A) Sequences of the primer/template complexes. (B) 

PAGE analysis of the competition experiment using KOD and KlenTaq DNA pol. (C-E) Graphical readout of the 

PAGE analysis. The point of 50 % incorporation is indicated with a dashed line. Data from triplicates. (C) KOD DNA 

pol with 3’-terminal C-primer. (D) KlenTaq DNA pol with 3’-terminal C-primer. (E) KlenTaq DNA pol with 

3’-terminal T-primer. 

 

As KlenTaq DNA pol showed superior processing of dA*TP compared to KOD DNA pol, I further 

questioned, if this enhanced processivity also persists in case of a multiple incorporation of modified 

nucleotides in a consecutive manner. Therefore, the C5-modified cytidine derivative (dC*TP, Fig. 

3.3.5 B), bearing the same modification as the dA*TP was also synthesized. Sonogashira coupling and 

triphosphate synthesis were conducted in an analogous way to the dA*TP synthesis (see section 5.3.4 

and scheme 5.3.4).  

I performed a multiple nucleotides incorporation primer extension experiment with the same primer 

sequence also used for the competitive primer extension experiments and a 53 nt template with a 

randomized sequence coding for the processing of dATP and dCTP (Fig. 3.3.5 C), in a time dependent 

manner. Both KOD and KlenTaq DNA pol, show full elongation of the primer strand after 10 min, using 

only the natural nucleotides. However, if only modified nucleotides (dA*TP/ dC*TP) are provided as 

substrates in the primer extension reaction, clear differences between the A- and B-family DNA pols 

are observed. Whereas KOD DNA pol also reaches full conversion of the primer after 10 min, using only 

modified nucleotides, KlenTaq DNA pol shows clear pausing sites within the first seven nucleotides, 

most prominent at 4 and 7 incorporated modified nucleotides, and only reaches full conversion of the 

primer after more than 60 min (Fig. 3.3.5 A).  
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Figure 3.3.5: Multiple incorporation primer extension experiments. (A) PAGE analysis of the multiple 

nucleotides incorporation experiment using KOD and KlenTaq DNA pol and either only dNTPs or only dN*TPs, in 

a time dependent manner. Time points are 0, 1, 2, 10, 60 and 120 min. (B) Chemical structure of dC*TP. (C) 

Sequence of the 53 nt template. Sites of incorporation are marked in bold. (D) Primer sequence.  
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3.3.4 Discussion  
 

Comparing now KOD and KlenTaq DNA pol structures in terms of processing a single dA*TP leads us to 

two main differences between the enzymes, that result in the two distinct conformations of the 

modification of dA*TP (Fig. 3.3.3 F), observed here: the protein environment and the DNA 

conformation close to the active site as well as the associated channel volume within the enzyme to 

accommodate modifications.  

KOD DNA pol has a larger channel volume within its ternary closed complex compared to KlenTaq DNA 

pol (see section 3.2.3.4) as well as a larger crevice between its finger and thumb/palm domains. 

Thereby, KOD DNA pol has more space to accommodate modifications, which results in a highly flexible 

ethylene glycol chain of dA*TP in KOD-dA*TP. Additionally, KOD DNA pol exhibits B-form DNA 

throughout, compared to the A-form DNA of the first three primer nucleotides in KlenTaq DNA pol (see 

Appendix Table 6.2.2). This B-form DNA seems to prevent sequence specific interactions of the 

modification with upstream nucleotides compared to KlenTaq-dA*TP. In KlenTaq-dA*TP, on the other 

hand, the modification is not only situated underneath the O-helix, whose electrostatic interactions 

may promote the processing of the modified nucleotide (see section 3.1), but also forms more 

hydrogen bonds to amino acid side chains and to the primer strand, due to A-form of the DNA. These 

interactions seem to further stabilize the dA*TP in the active site, thus enhancing the processing of the 

dA*TP by KlenTaq DNA pol (Fig. 3.3.4). 

 

Comparing KOD and KlenTaq DNA pol in terms of multiple incorporation of modified nucleotides, the 

protein environment and DNA form in the A- and B-family, again cause major differences. KOD DNA 

pol with its large internal channel and its B-form DNA (see section 3.2), offering more space to 

accommodate major groove modifications such as those at C5 of pyrimidines and 7-deaza purines, 

seems to facilitate the consecutive incorporation of modified nucleotides. Thus, KOD DNA pol 

processes the natural and unnatural substrates with the same efficiency. KlenTaq DNA pol, however, 

shows clear pausing sites, during the processing of multiple modified nucleotides. A-form DNA, as 

observed close to the active site in KlenTaq DNA pol, has a smaller major groove compared to B-form 

DNA and thus less space to accommodate several modifications. Moreover, KlenTaq DNA pol has 

additional major groove interacting amino acids (see section 3.2.3.4) and a smaller internal channel 

volume, thereby decreasing the processing of several modified dNTPs.  
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3.3.5 Conclusive Summary 
 

Insights into the processing of a modified nucleotide by KOD and KlenTaq DNA pol were gained, which, 

for the first time, allows a direct comparison of interactions of the modification in the B- and A-family 

DNA pol, respectively. The structures show how the modification’s conformation is modulated into 

two distinct conformations by the protein and DNA environment and how these different 

conformations contribute to the enhanced incorporation efficiency, especially by KlenTaq DNA pol. 

However, the features that enhance the incorporation of a single dA*TP, like A-form DNA and a narrow 

protein channel in KlenTaq DNA pol, seem to impair the consecutive incorporation of multiple modified 

nucleotides in the A-family DNA pol. Here, KOD DNA pol is clearly superior over the A-family, showing 

high propensity to process modified nucleotides in a consecutive manner, which may be due to the 

larger protein channel as well as the B-form of the DNA.  
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4. Summary and Outlook 
 

A- and B-family DNA pols are important tools in biotechnology. By their acceptance of not only natural 

but moreover chemically modified substrates, they drive technologies like next-generation 

sequencing. Especially, C5- and 7-deaza modified pyrimidines and purines, respectively, are well 

accepted by the DNA pols, as the chemical modification attached at this position points into the major 

groove of the DNA duplex. To further improve these applications, either by engineering of the DNA pol 

or by altering the chemical structure of the modification, knowledge about the interactions between 

DNA pol and the modification is needed. Macromolecular X-ray crystallography allows investigating 

these interactions at a molecular level. So far, the A-family DNA pol KlenTaq was used as a general 

model, to obtain structural insights into the processing of aberrant nucleotides. However, these 

studies were limited to KlenTaq DNA pol in ternary closed complexes bound to chemically modified 

dNTPs in the active site. As KlenTaq DNA pol interacts with the primer strand over six nucleotides, a 

modified dNTP that is processed by the enzyme has to migrate through the confines of the DNA pol 

during post-incorporation elongation. Thereby, the modification may interfere with upstream located 

amino acids of the DNA pol.  

I aimed at investigating the post-incorporation elongation steps of a modified nucleotide. I solved 

seven crystal structures of KlenTaq DNA pol in complex with each a primer bearing the chemically 

modified nucleotide at the first to seventh primer position, upstream. As a modification a seemingly 

rigid, apolar 1,4-diethynylbenzene modification was chosen, due to its prior investigation in 

crystallography and its application possibility in copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC). The 1,4-diethynylbenzene modification interacted with amino acid side chains at the first 

(3′-primer terminus) and second primer position. Additionally, the aromatic system showed twisting 

and bending at the first primer position, which was unexpected. DFT calculations revealed a low energy 

barrier of rotation around the alkyne axis connecting the benzene ring and the nucleobase, explaining 

the twisting of the modification. Additional QM/MM calculations demonstrated the influence of the 

protein environment in shaping the modifications conformation, leading to the bend conformation of 

the 1,4-diethynylbenzene. Following the modification even further upstream (third to seventh primer 

position), shows how it adopts to the protein environment, by twisting the aromatic system in respect 

to amino acids and and/or nucleotides in close proximity. These alterations come without comprising 

the DNA pol’s activity. This may furthermore be due to the size of the modification, whose terminal 

alkyne carbon atom is always in close proximity to the protein surface but is still small enough to 

accommodate within the enzymes crevice. Overall, the 1,4-diethynylbenzene modification is well 
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accepted in the confines of KlenTaq DNA pol as the seemingly rigid modifications adopts to its 

environment due to a low energy barrier of rotation.  

 

Although, KlenTaq DNA pol has been widely used in crystallography, to examine the interactions with 

chemically modified substrate, the archaeal B-family DNA pols like KOD have shown superior 

acceptance of C5 and 7-deaza modified nucleotides compared to the A-family DNA pols. Thereby, these 

thermostable DNA pols are used in important biotechnology applications like next-generation 

sequencing. Ternary closed crystal structures of archaeal B-family DNA pols with natural as well as 

unnatural substrates would help to understand this superiority as well as improving biotechnological 

applications by directed evolution of the enzyme and the modification itself. As by the start of this 

thesis, only apo and binary crystal structures of archaeal B-family DNA pols were available, I aimed at 

solving a ternary closed crystal structure of KOD DNA pol.  

After optimizing protein expression and purification as well as the DNA primer and template sequence 

used for crystallization, crystallization conditions employing different dNTPs and metal ion 

compositions were screened. The obtained crystal structures of KOD DNA pol in complex with dATP 

and dTTP revealed a unique metal ion composition in the active site. KOD DNA pol not only coordinates 

two metal ions in its active site, as observed for various other DNA pols like KlenTaq, but also a third 

metal ion, which is coordinated by the triphosphate and glutamate residues, as observed for the 

eukaryotic B-family DNA pol δ. Comparison to other B-family DNA pols, showed that also the bacterial 

DNA pol II may coordinate a third metal ion in its active site, due to homologues glutamate residues. 

The appearance of the third metal ion may point to an evolutionary relationship between the different 

B-family DNA pols. The ternary closed complex of KOD DNA pol further revealed features, that may 

promote the processing of chemically modified substrates: it has a large channel volume within its 

closed complex as well as a more open crevice between finger and palm domain, compared to the 

A-family DNA pol KlenTaq, where modifications may be accommodated. KOD DNA pol also forms more 

hydrogen bonds to the 3′-template region compared to DNA pols δ, KlenTaq and RB69, which may 

account for its high processivity. Additionally, stabilization of the single stranded template in the 

electropositive crevice between N-terminal and exonucleoase domain of KOD DNA pol, may further 

enhance the enzyme’s processivity. This binding mode was proven by crystallography, employing KOD 

DNA pol and a 21 nt long template.  

As archaea live at high temperature, exceeding 80 °C, their genome is prone to deamination. Thus, 

they have evolved a “read-ahead” mechanism, to sense deaminated bases (uracil and hypoxanthine) 

in the template strand and pause replication upon encountering these pro-mutagenic adducts. 
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Employing a 21 nt template, revealed not only the binding mode of the single stranded template in the 

electropositive crevice between N-terminal and exonuclease domain in KOD DNA pol, but moreover, 

showed the uracil sensing pocket being located six nucleotides upstream from the active site. Also a 

putative hypoxanthine sensing pocket and metal ion binding site are located in close proximity to the 

uracil sensing pocket. However, the mechanism for signal transduction between sensing of 

deaminated bases and stalling of replication is still unknown.  

 

Having established a reproducible system for obtaining high resolution data of KOD DNA pol, I further 

investigated the interactions between the archaeal B-family DNA pol and a chemically modified 

nucleotide. Triphosphate synthesis of a 7-deza adenosine, bearing the linker scar of next-generation 

sequencing at its C7 position was performed. By co-crystallization trials, I obtained a closed ternary 

complex of KOD DNA pol in complex with the modified dA*TP (KOD-dA*TP). The modification is 

resolved until the amide bond, with the ethylene glycol chain being highly flexible resulting in no 

electron density. The carbonyl group of the modification is sandwiched between the two positively 

charged amino acids R484 and K487. For comparison, I also crystallized KlenTaq DNA pol in complex 

with the same dA*TP. The KlenTaq-dA*TP structure shows a different conformation of the 

modification, being turned by 180 ° in respect to KOD-dA*TP. Due to the A-form DNA conformation in 

KlenTaq DNA pol, the carbonyl group of the modification can form hydrogen bonds to the 3′-terminal 

cytidine of the primer strand. These interactions seem to be sequence specific, as a 3′-terminal 

thymidine decreases the incorporation efficiency of dA*TP by KlenTaq DNA pol, as determined by 

competitive single nucleotide primer extension experiments. Nonetheless, KlenTaq DNA pol has a 

higher incorporation efficiency of the modified dA*TP (1.5 to 2.0 fold) than KOD DNA pol (1.2 fold) 

compared to the natural dATP. This may be due to the additional interactions with the primer strand 

due to the A-form DNA and the more compact ternary closed complex. Overall, the modification 

adopts two distinct conformations in the A- and B-family DNA pols, with flexibility for the ethylene 

glycol chain in KOD DNA pol and a more rigid modification in KlenTaq DNA pol.  

As biotechnological applications like next-generation sequencing do not rely on the single 

incorporation of a modified nucleotide but moreover on a consecutive multiple incorporation, the 

processing of only modified nucleotides in a consecutive manner by KOD and KlenTaq DNA pol was 

investigated. The multiple primer extension experiment clearly showed that the archaeal B-family DNA 

pol KOD has a high propensity to process multiple modified nucleotides in a consecutive manner. The 

A-family DNA pol KlenTaq on the other hand, showed clear pausing sites during the processing of only 

unnatural substrates. Thus, the more compact ternary complex and the A-form DNA close to the active 

site may enhance single incorporation of the dA*TP but seem to decrease multiple incorporation. KOD 
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DNA pol, with its more open ternary closed complex and its B-form DNA throughout, offers more space 

to accommodate modifications within the enzyme, leading to the observed good processing of 

modified nucleotides in a consecutive manner.  

 

In this work, insights into the processing of a modified nucleotide during post-incorporation elongation 

by the A-family DNA pol KlenTaq were obtained, highlighting the importance of the protein 

environment on a modifications conformation. Furthermore, the ternary closed complexes of KOD 

DNA pol revealed an unexpected third metal ion, large channels within the enzyme as well as a binding 

mode for the single stranded template. Finally, KOD DNA pol revealed its high processivity of 

chemically modified nucleotides, which may be caused by features like the large channels and the 

B-form DNA. For future studies, the processing of multiple modified nucleotides in a consecutive 

manner by A- and B-family DNA pols would further broaden the understanding of the differences 

between the two families. Crystallization trials with both KOD and KlenTaq DNA pol in complex with a 

fully modified primer, may reveal interactions between the modifications and the enzyme, hat can 

account for the respective processing efficiency. Thereby, this knowledge may improve 

biotechnological applications using both A- or B-family DNA pols and chemically modified substrates.  
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4. Zusammenfassung und Ausblick  
 

A- und B-Familien DNA Pols sind wichtige Werkzeuge der Biotechnologie. Durch ihre Akzeptanz nicht 

nur natürlicher sondern auch unnatürlicher chemisch modifizierter Substrate, treiben sie Technologien 

wie Next-Generation Sequencing voran. Besonders C5-modifizierte Pyrimidine und 7-deaza 

modifizierte Purine werden von den DNA Pols gut akzeptiert, da die chemische Modifikation an dieser 

Stelle in die große Furche des DNA Duplex ragt. Um diese Anwendungen durch Weiterentwicklung der 

DNA Pol oder Veränderung der chemischen Struktur der Modifikation weiter zu verbessern, ist Wissen 

über die Interaktionen zwischen DNA Pol und der Modifikation von Nöten. Mittels makromolekularer 

Röntgenstrukturanalyse können diese Interaktionen auf molekularer Ebene untersucht werden. Bisher 

wurde die A-Familien DNA Pol KlenTaq als ein generelles Model benutzt, um strukturelle Einblicke in 

die Prozessierung unnatürlicher Nukleotide zu erhalten. Diese Studien waren jedoch auf KlenTaq DNA 

Pol in ternär geschlossenen Komplexen mit chemisch modifizierten dNTPs im aktiven Zentrum 

beschränkt. Da KlenTaq DNA Pol mit dem Primerstrang über eine Länge von sechs Nukleotiden 

interagiert, muss ein modifiziertes dNTP, welches von KlenTaq DNA Pol prozessiert wird, während der 

nachfolgenden Primerverlängerung durch das Enzym hindurch wandern. Dabei können 

Modifikationen mit strangaufwärts gelegenen Aminosäuren der DNA Pol interagieren.  

Ich beabsichtigte die einzelnen Schritte der Primerverlängerung nach Einbau des modifizierten 

Nukleotids zu untersuchen. Ich löste hierzu sieben Kristallstrukturen von KlenTaq DNA Pol in Komplex 

mit je einem Primer, welcher das chemisch modifizierte Nukleotid an der ersten bis zur siebten 

Primerposition strangaufwärts trägt. Als Modifikation wurde das scheinbar starre, apolare 

1,4-Diethynylbenzol, auf Grund der vorangegangenen Kristallisationsstudien und seiner 

Verwendbarkeit in der Kupfer(I) katalysierten Azid-Alkine Cycloaddition, ausgewählt. Die 

1,4-Diethynylbenzol Modifikation an der ersten (3′-Primerende) und zweiten Primerposition 

interagierte mit Aminosäureseitenketten. Zusätzlich zeigte das aromatische System an der ersten 

Primerposition eine unerwartete Drehung und Krümmung. DFT Berechnungen enthüllten eine geringe 

Rotationsengeriebarriere um die Alkinachse, welche den Benzolring mit der Nukleobase verbindet, 

was die Drehung der Modifikation erklärte. Ergänzende QM/MM Berechnungen demonstrierten den 

Einfluss der Proteinumgebung auf die Konformation der Modifikation, was sich in der Krümmung des 

1,4-Diethynylbenzol zeigte. Der Modifikation strangaufwärts (dritte bis siebte Primerposition) folgend 

zeigte sich wie sich die Modifikation an die Proteinumgebung durch Drehung des aromatischen 

Systems, in Bezug auf nahe gelegene Aminosäuren und/oder Nukleotide, anpasst. Diese Änderungen 

beeinflussen jedoch nicht die Aktivität der DNA Pol. Dies kann des Weiteren an der Größe der 

Modifikation liegen, wessen endständiges Alkinkohlenstoffatom immer in der Nähe der 
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Proteinoberfläche ist, welche jedoch klein genug ist, um sich in der Enzymfurche unterzubringen. 

Insgesamt wird die 1,4-Diethynylbenzol Modifikation gut innerhalb der KlenTaq DNA Pol akzeptiert, da 

die scheinbar starre Modifikation sich auf Grund der geringen Rotationsenergiebarriere an ihre 

Umgebung anpassen kann.  

 

Obwohl KlenTaq DNA Pol umfangreich in der Kristallographie verwendet wurde, um Interaktionen 

zwischen chemisch modifizierten Substraten zu untersuchen, zeigten die archaealen B-Familien DNA 

Pols wie KOD im Vergleich zu den A-Familien DNA Pol, überlegene Akzeptanz für C5- und 7-deaza 

modifizierte Nukleotide. Dadurch werden diese thermostabilen DNA Pols in wichtigen 

biotechnologischen Anwendungen wie Next-Generation Sequencing verwendet. Ternäre geschlossene 

Kristallstrukturen archaealer B-Familien DNA Pols mit natürlichen als auch unnatürlichen Substraten 

würden helfen diese Überlegenheit zu verstehen. Dadurch könnten des Weiteren biotechnologische 

Anwendungen durch gerichtete Evolution der Enzyme und der Modifikation selbst verbessert werden. 

Da zu Beginn dieser Thesis nur apo und binäre Kristallstrukturen von archaealen B-Familien DNA Pols 

verfügbar waren, beabsichtigte ich eine ternär geschlossene Struktur von KOD DNA Pol zu lösen.  

Nach der Optimierung der Proteinexpression, -reinigung sowie der DNA Primer- und Templatsequenz, 

welche für die Kristallisation verwendet werden, wurden verschiedene Kristallisationsbedingungen, 

unterschiedliche dNTPs und die Metallionenkomposition getestet. Die erhaltenen Kristallstrukturen 

von KOD DNA Pol in Komplex mit dATP und dTTP offenbarten eine einzigartige Metallionen-

komposition im aktiven Zentrum. KOD DNA Pol koordiniert nicht nur zwei Metalionen im aktiven 

Zentrum, wie es bei zahlreichen anderen DNA Pols wie KlenTaq beobachtet wurde, sondern zusätzlich 

ein drittes Metallion, welches vom Triphosphat und Glutamatresten, wie in der eukaryotischen DNA 

Pol δ beobachtet, koordiniert wird. Vergleiche mit anderen B-Familien DNA Pols zeigten, dass auch die 

bakterielle DNA Pol II ein drittes Metallion koordinieren könnte, da sie über homologe Glutamatreste 

im aktiven Zentrum verfügt. Das Vorhandensein eines dritten Metallions könnte auf eine evolutionäre 

Beziehung zwischen den verschiedenen B-Familien DNA Pols hindeuten. Der ternäre geschlossene 

Komplex von KOD DNA Pol zeigte weitere Eigenschaften, welche die Prozessierung chemisch 

modifizierter Substrate begünstigen können: sie hat, verglichen mit der A-Familien DNA Pol KlenTaq, 

ein großes Kanalvolumen innerhalb ihres geschlossenen Komplexes und eine offenere Furche zwischen 

Finger- und Handflächendomäne, in welche Modifikationen platziert werden können. KOD DNA Pol 

bildet zusätzlich, verglichen mit DNA Pols δ, KlenTaq und RB69, mehr Wasserstoffbrücken zum 3′-Ende 

des Templats aus, was ihre hohe Prozessivität ausmachen kann. Zusätzlich kann die Stabilisierung des 

einzelsträngigen Templats in der elektropositiven Furche zwischen N-terminaler und 

Exonukleasedomäne von KOD DNA Pol, die Prozessivität des Enzyms zusätzlich erhöhen. Die Bindung 
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des einzelsträngigen Templates in diese Furche wurde kristallographisch mit KOD DNA Pol und einem 

21 nt langen Templat nachgewiesen.  

Da Archaean bei Temperaturen leben, welche gewöhnlich 80 °C überschreiten, ist ihr Genom anfällig 

für Deaminierungen. Daher haben sie einen Kontrollmechanismus entwickelt, um deaminierte Basen 

(Uracil und Hypoxanthin) im Templatstrang aufzuspüren und die Replikation im Falle des Auffindens 

eines solchen pro-mutagenen Addukts zu pausieren. KOD DNA Pol im Komplex mit dem 21 nt langen 

Templat zeigte nicht nur den Bindungsmodus des einzelsträngigen Templats in der elektropositiven 

Furche zwischen N-terminaler und Exonukleasedomäne von KOD DNA Pol, sondern auch die 

Uracilbindetasche, welche sich sechs Nukleotide strangaufwärts des aktiven Zentrums befindet. Auch 

eine vermeindliche Hypoxanthinbindetasche und eine Metallionenbindestelle sind in Nähe der 

Uracilbindetasche zu finden. Der Mechanismus der Signaltransduktion zwischen Aufspüren der 

deaminierten Base und Anhalten der Replikation ist jedoch weiterhin unbekannt.  

 

Nachdem ein reproduzierbares System zum Erhalt hochaufgelöster Daten von KOD DNA Pol etabliert 

wurde, untersuchte ich des Weiteren die Interkationen zwischen archaealen B-Familien DNA Pols und 

chemisch modifizierten Nukleotiden. Ein 7-deaza modifiziertes Adenosintriphosphatderivat, welches 

den Linkerrest des Next-Generation Sequencings trägt wurde synthetisiert. Durch Co-Kristallisations-

experimente erhielt ich einen ternären geschlossenen Komplex von KOD DNA Pol in Komplex mit dem 

modifizierten dA*TP (KOD-dA*TP). Die Modifikation ist bis zur Amidbindung aufgelöst, wobei die 

Ethylenglykolkette flexibel ist und keine Elektronendichte zeigt. Die Carbonylgruppe der Modifikation 

ist zwischen den beiden positiv geladenen Aminosäureseitenketten von R484 und K487 gelegen. Zum 

Vergleich kristallisierte ich auch KlenTaq DNA Pol im Komplex mit demselben dA*TP. Die KlenTaq-

dA*TP Struktur zeigt eine andere Konformation der Modifikation, welche um 180 ° in Bezug zu KOD-

dA*TP gedreht ist. Durch die A-Form DNA in KlenTaq DNA Pol, kann die Carbonylgruppe der 

Modifikation Wasserstoffbrückenbindungen zum 3′-terminalen Cytidin des Primerstrangs ausbilden. 

Diese Interaktionen scheinen sequenzspezifisch zu sein, da ein 3′-terminales Thymidin die 

Einbaueffizienz des dA*TPs durch KlenTaq DNA Pol verringert. Diese Einbaueffizienz wurde mittels 

kompetitiver Einzelnukleotidprimerverlängerungsexperimente bestimmt. Nichtsdestotrotz hat 

KlenTaq DNA Pol eine höhere Einbaueffizienz für das modifizierte dA*TP (1.5 bis 2.0-fach) als KOD DNA 

Pol (1.2-fach), verglichen mit dem natürlichen dATP. Dies liegt womöglich an zusätzlichen 

Interaktionen mit dem Primerstrang auf Grund der A-Form DNA und des kompakteren ternär 

geschlossenen Komplexes von KlenTaq DNA Pol. Insgesamt, nimmt die Modifikation zwei 

unterschiedliche Konformationen in den A- und B-Familien DNA Pols an, wobei sich hohe Flexibilität 
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der Ethylenglykolkette in KOD DNA Pol und eine starrere Konformation der Modifikation in KlenTaq 

DNA Pol zeigten.  

Da biotechnologische Anwendungen wie Next-Generation Sequencing nicht nur vom Einzeleinbau 

eines modifizierten Nukleotids abhängen, sondern vielmehr von dem konsekutiven Einbau mehrerer 

modifizierter Nukleotide, wurde die konsekutive Prozessierung ausschließlich modifizierter Nukleotide 

durch KOD und KlenTaq DNA Pols untersucht. Die Primerverlängerungsexperimente mit mehreren 

modifizierten Nukleotiden zeigen eindeutig, dass die archaeale B-Familien DNA Pol KOD eine hohe 

Neigung zum konsekutiven Einbau modifizierter Nukleotide hat. Die A-Familien DNA Pol KlenTaq 

andererseits, zeigt klare Stellen, an welchen die Replikation zum Pausieren kommt. Der kompaktere 

ternäre Komplex und die A-Form DNA nahe des aktiven Zentrums in KlenTaq DNA Pol mögen zwar den 

Einzeleinbau von dA*TP erhöhen, scheinen jedoch den Mehrfacheinbau zu verringern. KOD DNA Pol 

mit ihrem offeneren ternär geschlossenen Komplex und ihrer durchwegs B-Form DNA, bietet mehr 

Raum, um Modifikationen inneralb des Enzyms unterzubringen. Dies führt zu der beobachteten guten 

konsekutiven Prozessierung modifizierter Nukleotide.  

 

In dieser Arbeit wurden Einblicke in die Prozessierung eines modifizierten Nukleotids im Primerstrang 

während der Elongation durch die A-Familien DNA Pol KlenTaq erhalten, welche die Wichtigkeit der 

Proteinumgebung auf die Konformation einer Modifikation hervorgehoben haben. Des Weiteren 

offenbarte der ternär geschlossene Komplex der KOD DNA Pol ein unerwartetes drittes Metallion, 

große Kanäle innerhalb des Enzyms und einen Bindungsmodus für den einzelsträngigen 

Templatüberhang. Schließlich zeigte KOD DNA Pol ihre hohe Prozessivität chemisch modifizierter 

Nukleotide, welche durch Eigenschaften wie die großen Kanäle und die B-Form DNA hervorgerufen 

sein kann. Zukünftige Studien, welche die konsekutive Prozessierung mehrerer modifizierter 

Nukleotide durch A- und B-Familien DNA Pols untersuchen, würden das Verständnis für die 

Unterschiede zwischen den beiden Familien zusätzlich erweitern. Kristallisationsexperimente mit 

sowohl KOD als auch KlenTaq DNA Pol im Komplex mit einem vollständig modifizierten Primer, könnten 

Interaktionen zwischen den Modifikationen und dem Enzym offenbaren, welche für die jeweilige 

Prozessierungseffizienz verantwortlich sind. Dieses Wissen könnte biotechnologische Anwendungen 

mit A- und B-Familien DNA Pols und chemisch modifizierten Substraten weiter verbessern.  
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5. Materials and methods  
 

5.1 Molecular biological work  
 

5.1.1 Laboratory equipment and disposables  
 

Chemicals  

Chemicals, salts and buffers were purchased from commercial suppliers (Sigma Aldrich, Fluka, Roth, 

Merck, VWR, Biozyme, Riedel-de Haёn) and used without further purification.  

Antibiotics were purchased from Roth.  

[γ-32P]-ATP was purchased from Hartmann Analytics.  

 

Laboratory Equipment  

Device Supplier 

Agarose Gel Electrophoresis BioRad 

Agarose Gel Racks Fischer Scientific 

ÄktaTM Pure FPLC System GE Lifescience 

BioPhotometer Eppendorf 

Centrifuge 5810 R Eppendorf 

Filtration System Solvac Pall 

Freeze Dryer  

Freeze Dryer 

LYOVAC GT2 (Leybold Heraeus)  

Beta 2-8 LDplus (Martin Christ)  

Gel Reader Chemidoc XRS BioRad 

Incubation Shaker Innova®44, New BrunswickTM Eppendorf 

Incubator HeraTherm Thermo Scientific 

Minispin centrifuge Eppendorf 

Multifuge 4 KR centrifuge Unity LabServices/ Thermo Scientific 

NanoDrop® Spectrometer ND-1000 peQLab Biotechnologie 

PCR Thermocycler Bioer Life Touch Biozym  

PCR Thermocycler T Gradient Biometra  

pH meter 766 Calimatic Knick 

Phosphorimager Typhon FLA 7000 GE Healthcare  
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Phosphorimager Molecular ImagerTM FX BioRad 

(Multichannel-)Pipettes Eppendorf 

Pipet-Boy Eppendorf 

Power supply for electrophoresis Power Pac 3000 BioRaq 

Power supply for electrophoresis Power Pac HV BioRad 

SDS-PAGE electrophoresis  BioRaq 

Sorvall Lynx 4000 Superspeed centrifuge Thermoe Scientific 

ThermoMixer® F2.0 Eppendorf  

 

Disposables  

  

15 and 50 mL falcons Sarsteadt 

Cuvettes Roth 

Filter paper (70 mm) Millipore 

Membrane filters (0.2 / 0.45 µm) Millipore 

Petri dishes Roth 

Pipette tips Starlab 

Reaction tubes Sarsteadt 

Sterile filtration filter Nalgene 

Syringes and canula B. Braun 

Vivaspin® Ultrafiltration Unit Sartorius 

Whatmann paper Merck 

96 well skirted PCR plates, FrameStar® 4titude 

 

 

5.1.2 Oligonucleotides and triphosphates  
 

Natural dNTPs (dATP, dTTP, dCTP, dGTP) were purchased from Jena Bioscience and stored at -20 °C 

as 10 mM solutions. 

Oligonucleotides for side directed mutagenesis were purchased cartridge purified from Biomers.  
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5.1.3 Plasmids and bacterial strains  
 

Table 5.1.1: Plasmids and bacterial strains. 

gene vector strain antibiotic resistance 

    
KlenTaq DNA pol pET21b E.coli BL21 (DE3) Gold carbenicillin 
KOD DNA pol pET24a E.coli BL21 (DE3) Gold kanamycin 
“new” KOD DNA pol pET21b Rosetta (DE3) carbenicillin 
KOD DNA pol R67W pET24a E.coli BL21 (DE3) Gold kanamycin 
KOD DNA pol R67F pET24a E.coli BL21 (DE3) Gold kanamycin 
KOD DNA pol R67Y pET24a E.coli BL21 (DE3) Gold kanamycin 

 

 

5.1.4 General procedures  
 

5.1.4.1 Buffers, solutions and media  
 

All buffers were prepared using Milli-Q water and were filtered using membrane filters with a pore 

size of 0.2 or 0.45 µm.  

 

Table 5.1.2: Buffers and solutions for electrophoresis  

Buffers / solutions  Supplier or composition  

  

SDS PAGE  

SDS PAGE loading buffer (6x)  225 mM Tris HCl pH 6.8 
50 % (v/v) glycerol  
0.05 % (w/v) bromphenol blue  
12.5 % (v/v) β-mercaptoethanol  
5 % (w/v) SDS 

SDS electrophoresis buffer (10x) 250 mM Tris HCl pH 8.9 
2 M glycerol  
1 % (w/v) SDS  

Comassie staining 50 % (v/v) methanol  
10 % (v/v) acetic acid  
0.115 % (w/v) Comassie brilliant blue R250  

Destaining solution 50 % (v/v) methanol  
10 % /v/v) acetic acid  

SDS stacking polyacrylamide gel 0.65 mL 30 % Rotiphorese® gel (37.5 : 1) 
1.25 mL 1 M Tris-HCl pH 6.8  
3.1 mL water 
35 µL 10 % (v/v) APS in water 
5 mL TEMED 
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SDS resolving polyacrylamide gel  4.3 mL 30 % Rotiphorese® gel (37.5 : 1) 
2.5 mL 1.5 M Tris-HCl pH 8.8  
3.3 mL water 
75 µL 10 % (v/v) APS in water 
10 µL TEMED 

Rotiphorese® gel (37.5 : 1) Roth  

Comassie brilliant blue R250 Roth 

Bromphenol blue Roth 

PAGE Ruler TM unstained protein ladder Thermo Fischer 

PAGE Ruler TM prestained protein ladder Thermo Fischer 
  

Agarose gel electrophoresis  

TAE buffer (10x) 0.4 M Tris HCl pH 7.5 
0.01 M EDTA 
0.2 M acetic acid 

Loading buffer 6x Gel loading dye purple, New England Biolabs 

DNA ladder 1 kb ladder, New Englang Biolabs or  
Gene Ruler, 1 kb, DNA ladder, Thermo Fischer 

  

Radioactive PAGE  

16 %-ig denaturing polyacrylamide gel 96 mL Rotiphorese® sequencing gel concentrate 
(19:1) 
39 mL 8.3 M urea 
15 mL 8.3 M urea in 10 % TBE 
850 µL 10% (w/v) APS in water 
65 µL TEMED  

Stop solution  80 % (v/v) formamide  
20 mM EDTA 
0.25 % (w/v) bromphenol blue 
0.25 % (w/v) xylene cyanol  

TBE buffer (10x) 890 mM Tris HCl  
890 mM boric acid 
20 mM EDTA pH 8.0  

Xylene cyanol Roth 

Bromphenol blue Roth 

Rotiphorese® sequencing gel concentrate (19:1) Roth 
 

 

Table 5.1.3: Buffers and solutions for protein expression, storage and concentration determination. 

Buffers / solutions  Supplier or composition  

  
LB medium Roth 
SOB-medium 
SOC-medium 
 
Bradford solution Roti®-Quant (5x) 
Albumine (BSA) standard 2 mg/mL 

Roth 
1 mL 50% glucose are dissolved in 50 mL SOB 
medium 
Roth 
Thermo Scientific 
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oligo-annealing buffer  10 mM Tris pH 7.5 
50 mM NaCl 
1 mM EDTA 

  

KlenTaq DNA pol expression and purification   

KlenTaq DNA pol lysis buffer 50 mM Tris HCl pH 8.55 
10 mM MgCl2 
16 mM (NH4)2SO4 
0.1 % (v/v) Triton X-100 
0.1 % (v/v) Thesit  

KlenTaq DNA pol low salt buffer 20 mM Tris pH 8.55 
1 mM EDTA 
1 mM β-mercaptoethanol 

KlenTaq DNA pol high salt buffer 20 mM Tris HCl pH 8.55 
1 mM EDTA 
1 mM β-mercaptoethanol  
2 M NaCl 

KlenTaq DNA pol storage buffer (crystallization) 20 mM Tris HCl pH 7.5 
1 mM EDTA 
1 mM β-mercaptoethanol 
150 mM NaCl 

KlenTaq DNA pol reaction buffer (PEx)  50 mM Tris HCl pH 8.0 
16 mM (NH4)2SO4 
2.5 mM MgCl2 
0.1 % (v/v) Tween20 

  

KOD DNA pol expression and purification   

KOD DNA pol low salt buffer 10 mM Tris HCl pH 8.0 
1 mM DTT 
0.1 mM EDTA 
10 % (v/v) glycerol  
200 mM NaCl 

KOD DNA pol high salt buffer 10 mM Tris HCl pH 7.0 
1 mM DTT 
0.1 mM EDTA 
10 % (v/v) glycerol  
1 M NaCl 

KOD DNA pol storage buffer (crystallization) 10 mM Tris HCl pH 7.8 
1 mM DTT 
0.1 mM EDTA 
10 % (v/v) glycerol  
200 mM NaCl  

KOD DNA pol reaction buffer (PEx)  50 mM Tris HCl pH 8.0 
16 mM (NH4)2SO4 
2.5 mM MgCl2 
0.1 % (v/v) Tween20 
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5.1.4.2 SDS-PAGE 
 

For separation of protein samples the SDS-PAGE method according to Lämmli [182] was used. All gels 

contained a 4 % stacking gel and a 12.5 % resolving gel. The resolving gel was poured into a gel-chamber 

and overlayed with 2-propanol until complete polymerization. The 2-propanol was removed and the 

stacking gel was poured on top into the gel chamber.  

The protein samples were mixed with 1/6 of loading buffer and boiled for 5 min at 95 °C prior to loading 

on the gel. Gels were run in electrophoresis buffer at 20-30 mA. Gels were stained at RT for 15-30 min 

using Comassie staining, followed by destaining in destaining solution. For comparison, a molecular 

weight marker (see table 5.1.2) was loaded on each gel. Gels were imaged with the gelreader 

ChemDocTM XRS. 

 

5.1.4.3 Agarose gel electrophoresis  
 

For separation of DNA after PCR reactions, an agarose gel (0.8 % (w/v)) in 1x TAE-buffer was used. Prior 

to loading, the samples were mixed with 6x agarose gel loading buffer and separated at 110 V in 1x 

TAE-buffer. The gel was stained in 1x TEA-buffer containing ethidium bromide, followed by washing in 

1x TAE-buffer. For comparison, a DNA ladder (see table 5.1.2) was loaded on each gel.  

 

5.1.4.4 Protein concentration determination   
 

KlenTaq DNA pol: The protein concentration was determined by UV-spectroscopy using a NanoDrop 

device. Here, the protein concentration is calculated using the Lambert-Beer law 

A280 = ε280 ∙ cProtein ∙ d 

with A280 = absorbance at 280 nm; ε280 = molar absorbance coefficient at 280 nm (M-1 cm-1); cProtein= 

protein concentration; d = cuvette width, defined as 1 cm for NanoDrop.  

The theoretical molar absorbance coefficient (ε280) for KlenTaq DNA pol (ε280 = 69130 M-1 cm-1) was 

calculated with the PROTEIN CALCULATOR v3.4 (http://protcalc.sourceforge.net/).  

 

KOD DNA pol: The protein concentration was determined by Bradford assay [183]. The Bradford 

solution (see table 5.1.3) was diluted with water to 1x concentration and filtered through a filter paper. 

For calibration, a BSA protein solution, was diluted to 0.125 – 1.5 mg/mL. The KOD DNA pol protein 
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solution was diluted 1:10, 1:20, 1:40. Each 20 µL of protein solution was mixed with 980 µL filtered 

Bradford solution and incubated for 10 min at RT, prior to measuring. The samples were measured 

using the BioPhotometer and the absorbance of the BSA dilution series were plotted against the known 

BSA concentrations. Using this standard curve, the concentration of the KOD DNA pol solution was 

calculated.  

 

5.1.4.5 DNA pol activity assay  
 

After each protein purification and prior to setting up crystal trails, the enzyme’s polymerase activity 

was determined by amplifying a 1044 bp long part of the KOD DNA pol gene using 1x Phusion HF Buffer 

(New England Biolabs), 0.2 ng/µL template (pET24a vector with the KOD DNA pol gene), 500 nM 

forward primer (5′-d(TTTGCACTGGGTCGTGATG)), 500 nM reverse primer 

(5′-d(CAGTTCCAGTGCACCCGGC)), 200 µM dNTPs, DNA pol (5 – 50 nM DNA pol or 2 units Phusion HF 

(New England Biolabs)) and 28 µL H2O in a total volume of 50 µL.  

PCR program: 95°C 5 min; 39 repeats of: 95 °C 30 sec, 55 °C 30 sec, 72 °C 60 sec; 72 °C 10 min.  

 

5.1.4.6 DNA sequencing  
 

For sequencing of KOD DNA pol constructs, 2 mL of an overnight culture was pelleted by centrifugation 

at 13.000 rpm for 5 min and the plasmid DNA was further isolated using the QIAprep Spin Miniprep Kit 

(Quiagen). 5 µL of the obtained sample (> 80 ng/µL DNA concentration as determined by Nanodrop) 

was mixed with 5 µL of a 5 µM primer and sequenced at GATC Biotech.  

The primers used for KOD DNA pol construct sequencing:  

T7-primer 5′-d(TAA TAC GAC TCA CTA TAG GG)-3′ 
Middle primer 5′- d(TTTGCACTGGGTCGTGATG)-3′ 
pET-RP-primer 5′-d(GCT AGT TAT TGC TCA GCG G)-3′ 

 

 

5.1.4.7 DNA pol test expression  
 

For text expression of KOD DNA pol cloned into the pET24a or pET21b vector, 10 mL LB-Medium with 

34 mg/mL Kanamycin or 100 mg/mL Carbenicillin was inoculated with the respective overnight culture 

to an OD600 = 0.1. The cells were grown at 37 °C to an OD600 = 0.6 and further expression at 37°C was 

induced using 1mM IPTG. For expressions at lower temperatures (25, 20 and 16°C), the cell containing 
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media was cooled to the respective temperature, followed by induction of the expression using 1 mM 

IPTG. Cell density (OD600) was measured at respective time points and cells were harvested by 

centrifugation at 13.000 rpm for 10 min. The cell pellet was resuspended in KlenTaq DNA pol lysis 

buffer (see table 5.1.3) to an OD600 = 5.0 and lysed at 37 °C for 1 h, followed by heat denaturation at 

75 °C for 20 min and centrifugation at 13.000 rpm for 45 min at RT. The supernatant was mixed with 

1/6 SDS PAGE loading buffer, samples were boiled at 95 °C for 5 min and analyzed by SDS PAGE (see 

section 5.1.4.2)  

 

5.1.4.8 5′-radioactive labelling of DNA oligonucleotides 
 

DNA oligonucleotides were 5′-radioactively labelled using [γ-32P]-ATP and T4 polynukleotide kinase 

(T4 PNK, New England Biolabs). A typical reaction of 50 µL contained 39 µL H2O, 5 µL 10x T4 PNK buffer, 

2 µL T4 PNK, 2 µL of a 10 µM DNA oligonucleotide solution and 2 µL [γ-32P]-ATP. The reaction mixture 

was incubated at 37 °C for 1 h, followed by heat denaturation of the T4 PNK for 5 min at 95 °C. 

Unreacted [γ-32P]-ATP was removed by gel filtration, using columns packed with 750 µL SuperdexTM 

G-25 Superfine (GE Healthcare) and centrifugation at 3300 rpm for 2 min. The gel filtration material 

was prepared by suspending 10 g SuperdexTM G-25 Superfine in 75 mL H2O containing 60 mg NaN3. 

Prior to filtration, the packed gel filtration columns were washed with 400 µL H2O, to remove NaN3. 

Finally, the samples were diluted with 20 µL of the 10 µM unlabeled DNA oligonucleotide solution to 

give a final 3 µM DNA oligonucleotide concentration.  

 

5.1.4.9. Denaturating PAGE  
 

For separation of DNA samples a denaturating PAGE was used. All gels contained 16 % polyacrylamide 

(see table 5.1.2) and were run in 1x TBE buffer at 100 W at max. 45 °C. The location of radioactively 

labelled samples was determined using a Geiger counter and the respective gel parts were transferred 

onto Whatman paper and dried at 80 °C for 1 – 1.5 h. Gels were imaged by phosphorimaging using a 

Typhon FLA 7000 or Molecular ImagerTM FX phosphorimager.  
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5.1.5 Expression and purification of KlenTaq DNA pol  
 

KlenTaq DNA pol was cloned in a pET21b vector (5′: NdeI, 3′: NotI) and overexpressed in E.coli BL21 

(DE3) using a codon optimized sequence. 2 L of LB-media containing 100 mg/mL Carbenicillin were 

inoculated with overnight culture to a final OD600 = 0.05 – 0.1. The cells were grown at 37 °C to an OD600 

of 0.6 and protein expression was induced using 1 mM IPTG. Cells were further grown at 37 °C for 4 h, 

followed by harvesting by centrifugation at 4000 rpm. The cell pellet was resuspended in approx. 30 

mL KlenTaq DNA pol lysis buffer (see table 5.1.3) and lysed at 37 °C for 1h using 0.5 mg/mL lysozyme 

and 1 mM PMSF. The lysate was heat denatured for 20 min at 75 °C in a water bath and the cell depris 

were pelleted by centrifugation (24000 rpm, 60 min, 4°C). Genomic DNA was precipitated using a 5 % 

(w/v) polyethylenimine in water solution, which was added dropwise to the protein solution (approx. 

400 µL per 40 mL lysate). The solution was incubated on ice for 20 min and centrifuged for 20 min at 

4000 rpm to pellet the DNA. The supernatant was applied to a Sepahrose-Q column (HiTrapTM Q, 5 mL, 

GE Healthcare) at the ÄktaTM Pure FPLC System using the KlenTaq DNA pol low salt buffer (see table 

5.1.3) and eluted by increasing concentrations of NaCl using the high salt buffer (see table 5.1.3) and 

a stepwise gradient of the high salt buffer (B) (300 mL 0 % B, 300 mL 0-8 % B, 100 mL 8-20 % B, 100 mL 

20-50 % B, 60 mL 100 % B, 1 mL/min). Purest fractions, as determined by SDS-PAGE were pooled and 

concentrated to 1 mL using a 30 kDa Vivaspin to a final volume of 1 mL. The protein was further purified 

by gel filtration chromatography using a Superdex 75 16/600 column (GE Healtcare) and the KlenTaq 

DNA pol crystallization storage buffer (see table 5.1.3). The purest fractions (as determined by SDS-

PAGE) were pooled and concentrated using a 30 kDa Vivaspin to a final concentration of 15-20 mg/mL 

as determined by Nanodrop and stored at 4°C. 

For primer extension and kinetic analysis, size exclusion chromatography was run with 2x KlenTaq 

DNA pol reaction buffer (see table 5.1.3). The protein was concentrated to 10 μM, followed by 

dilution with glycerol (1:1) and stored at -20 °C. 

 

5.1.6 Expression and purification of KOD DNA pol  
 

For the crystallization experiments the exonuclease deficient mutant D141A, E143A was used. KOD 

DNA pol was cloned into a pET24a vector (5′: NdeI, 3′: NotI) and overexpressed in E.coli BL21 (DE3) 

using a codon-optimized sequence as described by Bergen et. al. [54] or cloned in a pET21b vector (5′: 

NdeI, 3′: NotI) and overexpressed in RosettaTM(DE3) cells using a codon optimized sequence (see 

section 3.2.2.1). 2 L of LB-media containing 34 mg/L Kanamycine or 100 mg/mL Carbenicillin, 

respectively, were inoculated with overnight culture to a final OD600 = 0.05 – 0.1. The cells were grown 
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at 37 °C to an OD600 of 0.6, followed by cooling the media on ice to approx. 15 – 20 °C and inducing the 

expression using 1 mM IPTG. The cells were further grown at 15 – 20 °C, 190 – 200 rpm overnight and 

harvested at 4000 rpm. The cell pellet was resuspended in approx. 30 mL KOD DNA pol low salt buffer 

(see table 5.1.3) and lysed for 1 h at 37°C by adding lysozyme to a final concentration of 1 mg/mL and 

PMSF to a final concentration of 1 mM. The lysate was heat denatured at 75°C for 20 min and the cell 

debris were pelleted by ultracentrifugation (24000 rpm, 4 °C, 60 min). The genomic DNA was 

precipitated using a 5 % (w/v) polyethylenimine in water solution that was added dropwise to the 

supernatant (approx. 400 µL per 40 mL lysate). The supernatant was incubated for 20 min on ice, 

followed by pelleting of the DNA (4000 rpm, 20 min). The supernatant was applied to a 5 mL Hi-TrapTM 

Heparin HP column (GE Healthcare) at the ÄktaTM Pure FPLC System with the low salt buffer and the 

proteins were eluted by increasing concentrations of NaCl using the high salt buffer (see table 5.1.3) 

and a step wise gradient of the high salt buffer (B) (0 % B 10 mL, 0-5 % B 50 mL, 5 % B 50 mL, 5-10 % B 

50 mL, 10 % B 50 mL,  10-20 % B 300 mL, 20-100% B 200 mL at 1 mL/min). Purest fractions, eluting 

between 10-20 % high salt buffer (as determined by SDS-PAGE) were pooled and concentrated with 

repeated resuspending in 10 min intervals at 4000 rpm and 8-12 °C using a 50 kDa Vivaspin to a final 

volume of 1 mL or until precipitation of the protein was visible. The protein was further purified in 

portions à 250 µL by gel filtration chromatography using a Superdex 75 16/600 column (GE Healtcare) 

and the KOD DNA pol crystallization storage buffer (see table 5.1.3). The purest fractions (as 

determined by SDS-PAGE) were pooled and concentrated using a 50 kDa Vivaspin to a final 

concentration of 15-20 mg/mL as determined by Bradford-assay and stored at 4°C. 

For primer extension and kinetic analysis, size exclusion chromatography was run with 2x KOD DNA 

pol reaction buffer (see table 5.1.3). The protein was concentrated to 170 μM, followed by dilution 

with glycerol (1:1) and stored at -20 °C. 

 

5.1.7 Site directed mutagenesis and transformation of KOD DNA pol R67 mutants 
 

Mutations of the KOD DNA pol gene in the pET24a vector were introduced by site directed mutagenesis 

using the respective forward primer with the altered genetic codon for the new amino acid and a 

reverse primer with a 5′-phosphate (P).  

forward R67F 5′-d(CCG TTA AAT TTG TTG AAA AAG TGC AG)-3′ 

forward R67Y 5′-d(CCG TTA AAT ATG TTG AAA AAG TGC AG)-3′ 

forward R67W 5′-d(CCG TTA AAT GGG TTG AAA AAG TGA AG)-3′ 

reverse  5′-P-d(TAA CAA CGG TGC CAT GAC)-3′ 
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Figure 5.1.1: Scheme of the employed side directed mutagenesis method. Forward primers are shown in blue 

with the mutation highlighted as a pink cross. The reverse primer is shown in purple.  

 

A typical reaction mixture (100 µL) contained 200 µM dNTPs (each), 0.1 ng/µL template, 0.6 µM primer 

(each), 3 % DMSO, 0.02 U/µL Phusion HF DNA pol (New England Biolabs) and 1 x Phusion HF buffer in 

a total 100 µL reaction volume. The reaction was placed in a PCR-thermal cycler and the PCR was 

started with an initial denaturation at 98 °C for 30 sec followed by an amplification over 30 cycles in a 

three step protocol: (1) denaturation at 98 °C for 5 sec, (2) primer annealing at 58 °C for 15 sec and 

(3) amplification at 72 °C for 190 sec, followed by a final extension step at 72°C for 5 min. Methylated 

parental DNA was digested by adding 1 µL DpnI (20 U/µL, New England Biolabs) in 1 x Cutsmart buffer 

and 89 µL PCR solution. The reaction mixture was incubated at 37 °C for 1 h followed by denaturation 

of the restriction enzyme for 20 min at 80 °C. 5 µL of the obtained PCR product were analyzed by 

agarose gel electrophoresis (see section 5.1.4.3) and the remaining PCR product was purified using the 

NucleoSpin® Gel and PCR Clean-up (Machery-Nagel) or the QIAquick PCR Purification (Quiagen) kits 

with elution of the DNA from the columns using 25 µL 70 °C elution buffer or 25 µL H2O, respectively. 

The DNA was ligated by adding 1 µL T4 DNA ligase (400 U/µL, New England Biolabs) in 1x ligase buffer 

to 17 µL PCR product in a final volume of 10 µL. The reaction mixture was incubated at RT for 2h and 

the plasmid was transformed into chemically competent E.coli BL21-Gold (DE3) (KOD DNA pol R67F) 

or XL10-Gold ® (KOD DNA pol R67W and R67Y) cells by adding 45 µL cells to 10 µL ligation product, 

incubation on ice for 10 min, heat shock at 42 °C for 45 sec and incubation on ice for 10 min. 

Afterwards, cells were diluted with 200 µL of room temperature SOC medium (see table 5.1.2) and 

incubated at 37 °C for 1 h at 200 rpm. The cells were plated on LB agar plates containing kanamycin 

(34 mg/mL) and incubated at 37 °C overnight. Formed clones were picket and DNA was sequenced 

according to section 5.1.4.6.  

For the KOD DNA pol R67W and R67Y mutants, plasmids isolated from the XL10-Gold ® cells, were 

transformed into chemically competent BL21-Gold (DE3) cells according to the procedure described 

above, using 50 – 200 ng DNA.  
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For storage, 500 µL of the respective BL21 Gold (DE3) cell overnight culture were mixed with 500 µL 

glycerol and stored at -80°C.   

 

5.1.8 Transformation of “new” KOD DNA pol  
 

The “new” KOD DNA pol gene, cloned into the pET21b vector, was commercially obtained from 

Trenzyme GmbH (Konstanz). 0.5 µL (56 ng/µL) plasmid was transformed into chemically competent 

NEB® Express Competent E. coli (High Efficiency) C2523H cells. The cells were thawed on ice for 10 min, 

the plasmid was added and the mixture was placed on ice for 30 min. The cells were heat shocked for 

20 s at 42°C followed by incubation on ice for 5 min. 900 µL of room temperature SOC-media was 

added and the cells were incubated at 37 °C for 60 min at 250 rpm. 200 µL of the cells were plated on 

LB agar plates containing 100 mg/mL Carbenicillin and incubated at 37 °C overnight. Formed clones 

were picket and the DNA was sequenced according to section 5.1.4.6.  

The isolated plasmid from the C2523H cells was further transformed into chemically competent 

RosettaTM (DE3) cells, which were kindly provided by AG Scheffner. 2 µL plasmid (100 ng/µL) was mixed 

with the cells and incubated on ice for 10 min, heat shock for 45 s at 42 °C and again incubation on ice 

for 10 min. 900 µL room temperature SOC medium (see table 5.1.2) was added and the mixture was 

incubated at RT for 1.5 h. 50 - 250 µL cells were plated on LB agar plates containing 100 mg/mL 

Carbenicillin and incubated at RT for 3 days. All colonies were picket and tested for KOD DNA pol gene 

expression (see section 5.1.4.7). Cells were harvested after 4 h of expression and the cell pellet was 

resuspended in H2O to OD600 = 3.0. The plasmid of the clone showing KOD DNA pol gene expression 

was sequenced according to section 5.1.4.6. For storage of the cells, 500 µL of the overnight culture 

were mixed with 500 µL glycerol and stored at -80°C.  

 

5.1.9 Radioactive assays  
 

All radioactive assays were analyzed by 16 % denaturing polyacrylamide gel electrophoresis (PAGE) 

(see table 5.1.2 and section 5.1.4.9) and visualized by phosphorimaging. The sequences of the 

employed oligonucleotide sequences are given in table 5.1.4.  

Prior to the addition of the DNA pol, primer and template were annealed in 1x KlenTaq/ KOD reaction 

buffer (see table 5.1.3) at 95 °C for 2 min and stepwise cooled to 2 °C (gradient: 95 °C 2 min, 65 °C 30s, 

55 °C 30s, 45 °C 30s, 25 °C 30s, 15 °C 30s, 10 °C 30s, 5 °C 10s, 5 °C 10s, 2°C ∞). Afterwards, the DNA pol 
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was added and the reaction mixture was warmed to 55°C. The reaction was started by the addition of 

dNTP(s).  

Oligonucleotide concentration of commercially available oligonuceltides were adjusted by Nanodrop 

to 10 µM and radioactively labelled according to section 5.1.4.8. 1µL of a 10 – 50 nM solution of the 

radioactively labelled oligonucleotide was applied to a 16 % denaturing polyacrylamide gel. Equal 

oligonucleotide concentration was validated by equal band intensities.  

Concentrations of modified oligonucleotides were adjusted by HPLC. 20 µL of a 10 µM oligonucleotide 

solution was applied to an EC 250/4 Nucleodur 100-5 C18 (Macherey Nagel) column and peak areas of 

the respective peaks were calculated. By comparison of the peak area of the modified oligonucleotide 

to a reference unmodified oligonucleotide of the same length, concentrations of modified 

oligonucleotides were adjusted, if necessary.  

 

Table 5.1.4: Oligonucleotide sequences employed in primer extension and steady state kinetic 

experiments. The site of incorporation in the template is marked in bold. The position of modified 

nucleotides in the primer strand are indicated by an asterisk. 

Multiple incorporation primer extension 

modified primer 5′-d(GAC CAC GGC CAC*)-3′ 

unmodified primer 5′-d(GAC CAC GGC CAC)-3′ 

template 5′-d(CTG TCA AGA C GTG GCC GTG GTC)-3′ 

Steady state kinetics  

modified primer 5′-d(GAC CAC GGC CAC*)-3′ 

unmodified primer 5′-d(GAC CAC GGC CAC)-3′ 

template  5′-d(AAA C GTG GCC GTG GTC)-3′ 

Competitive single nucleotide primer extensions 

3′-C-primer 5′-d(GAC CAC GGC CAC)-3′ 

template for 3′-C-primer 5′-d(AAC T GTG GCC GTG GTC)-3′ 

3′-T-primer 5′-d(GAC CAC GGC CAT)-3′ 

template for 3′-T-primer 5′-d(AAC T ATG GCC GTG GTC)-3′ 

Multiple incorporation primer extensions with modified nucleotides 

primer 5′-d(GAC CAC GGC CAC)-3′ 

template  5′-d(T GTT GTG TGT TGG TGT GGT TGT GGT GTG 

TGG TTG GTG TTG T GTG GCC GTG GTC)-3′ 
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5.1.9.1 Multiple incorporation primer extension  
 

Primer extensions were performed using 150 nM of either modified or unmodified primer and 200 nM 

template in KlenTaq DNA pol reaction buffer (see table 5.1.3). After annealing for 2 min at 95 °C and 

subsequently cooling to 4 °C, KlenTaq DNA pol (0.3 nM) was added. The reaction was started by 

addition of 10 μM dNTPs at 55 °C. In a time-dependent manner, 4 μL reaction mixture were quenched 

by addition of 16 μL stop solution (see table 5.1.2) and analyzed by 16 % denaturing PAGE.  

 

5.1.9.2 Steady state kinetics  
 

Steady state kinetics of KlenTaq DNA pol were measured under single completed hit conditions [161-

163]. Single-nucleotide incorporation was performed using 150 nM of the template and 100 nM of the 

primer in 1x KlenTaq DNA pol reaction buffer (see table 5.1.3). After annealing for 2 min at 95 °C and 

subsequently cooling to 4 °C, KlenTaq DNA pol (0.025 nM) was added, so that less than 20 % of the 

primer was extended. The reactions were started at 55 °C by the addition of dGTP to reach various 

concentrations. Reactions (6μL) were stopped by the addition of 12 μL stop solution (see table 5.1.2). 

Samples were denatured at 95 °C for 5 min prior to analysis by 16 % denaturing PAGE. The rate of 

single-nucleotide incorporation was determined for various dGTP concentrations (varying from 2.5 – 

800 μM) at 80 and 105 s for the unmodified and modified primers, respectively. The reaction velocities 

were plotted against the employed dNTP concentrations. Experimental data were fit to a hyberbolic 

equation ([velocity] = vmax[dGTP]/(KM+[dGTP])) to determine KM, vmax and kcat (kcat = vmax/[DNA pol]), 

using Origin 9.2. 

 

5.1.9.3 Competitive single nucleotide primer extensions 
 

A typical reaction (6µL) contained 1x KlenTaq/ KOD reaction buffer (see table 5.1.3), 100 nM primer, 

150 nM template, 0.1 nM KlenTaq or KOD DNA pol and 10 µM dA*TP or dATP. The primer and template 

were annealed in 1x reaction buffer, followed by the addition of DNA pol (0.1 nM). The reaction mixture 

was incubated at 55 °C and the reaction was started by the addition of 3 µL dNTP. The reaction was 

quenched after 5 min for the 3′-C-primer and 1 min for the 3′-T-primer by the addition of 12 µL stop 

solution (see table 5.1.2). The reaction mixture was analyzed by 16 % denaturing PAGE. The 

incorporation in % of dA*TP and dATP was plotted against the employed concentrations using Origin 

2015. All reactions were done in triplicates.  

dA*TP/ dATP: 1/0, 10/1, 6/1, 4/1, 2/1, 1/1, 1/2, 1/4, 1/6, 1/10, 0/1.  
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5.1.9.4 Multiple incorporation primer extensions with modified nucleotides  
 

A typical reaction (6 µL) contained 1x KlenTaq/ KOD reaction buffer (see table 5.1.3), 100 nM primer, 

150 nM template (see table 5.1.4), 2 nM KlenTaq/ KOD DNA pol and 250 µM dNTPs (each). The primer 

and template were annealed in 1x reaction buffer, followed by the addition of the DNA pol. The 

reaction mixture was incubated at 55°C and the reaction was started by the addition of 3µL dNTPs. The 

reaction was quenched after 1, 2, 10, 60 and 120 min by the addition of 12 µL stop solution (see table 

5.1.2). The reaction mixture was analyzed by 16 % denaturing PAGE.  
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5.2 Crystallization and data analysis  
 

5.2.1 General crystallization procedures  
 

Natural dNTPs (dATP, dTTP, dCTP, dGTP) and ddNTPs (ddCTP) were purchased from Jena Bioscience 

as well as the nonhydrolysable dGTP derivative (2′-deoxyguanosine-5′-[(α,β)-imido]triphosphate, 

GpNHpp) and stored at -20 °C as 100 mM or 10 mM solutions. 

Oligonucleotides for crystallization were purchased HPLC purified from MWG Eurofins and Biomers 

and were used without further purification.  

Primers and templates were stored as 6 mM solutions. The concentrations were adjusted by Lambert-

Beer law using, in case of modified primers, the absorbance coefficients (ε) of the natural sequence. 

Commercially available oligonucleotides were stored in “oligo-annealing buffer” (see table 5.1.3). 

Chemically modified primers were stored in MilliQ-H2O.  

Primer and template were mixed in a ratio of 1:1 and were heated to 95 °C for 5 min, followed by the 

stepwise cooling (2 °C per 20 sec) to 4 °C.  

DNA pol, buffer, MgCl2 and/or MnCl2 and ddNTPs/ dNTPs/ dNpNHpps were added and incubated as 

described in sections 5.2.1.2 – 5.2.1.4.  

Prior to crystallization the solutions were filtered through a 0.1 µm centrifugal filter (Ultrafree®-MC-

VV, Durapore® PVDF, Millipore) at 4000 rpm and stored at RT (KOD DNA pol) or on ice (KlenTaq DNA 

pol). 

Screening of crystallization conditions by sitting drop vapour diffusion (see section 5.2.1.1) was 

performed in 96-well plates (ARI Instruments, Dunn Labortechnik) with 3 different protein:reservoir 

ratios per condition. Total drop sizes were screened from 0.4 – 0.9 µL. Reservoir volume was 70 – 75 

µL. 96-well sitting drop plates were set up using the Crystal Gryphon robot (ARI Instruments). The 

sitting drop plates were sealed with UV transparent sealing sheets (Molecular Dimensions).  

For initial screening of crystallization conditions for KOD DNA pol commercial available screens from 

Molecular Dimensions (Clear Strategy™ Screen I HT-96, Clear Strategy™ Screen II HT-96, ProPlex™ 

HT-96, Structure Screen 1 & 2 HT-96, JCSG-plus™ Eco Screen, WizardTM Classic 1 & 2 HT96, Morpheus® 

MD1–46) and Hampton Research (PEGRx 1 + 2) were used.  

Promising conditions were further optimized by sitting or 15 well hanging drop vapour diffusion 

(Qiagen) (see section 5.2.1.1) by varying the pH, salt/ precipitant concentration and/or salt 

composition of the crystallization condition as well as the protein concentration, drop size and/or 



5.2 Crystallization and data analysis 

113 
 

reservoir volume. Optimization screens were set up using the Scorpion Screen Builder (ARI 

Instruments, Dunn Labortechnik).  

Crystallization plates were kept vibration protected at 18 °C and were inspected by eye using a 

binocular (Olympus) as well as the Rock Imager 2 (Formulatrix).  

To avoid ice formation which may damage the crystal lattice, crystals were cryo protected by short 

incubation in the reservoir solution containing 20 % glycerol or 20 % ethylene glycol and frozen and 

stored in liquid nitrogen until measurement.  

For crystallization of KlenTaq DNA pol a screen assembled by Dr. Karin Betz was used. The composition 

of the “KlenTaq screen” is described in table 5.2.1 and was optimized if needed.  

 

Table 5.2.1: “KlenTaq screen”  

 
number 1 2 3 4 5 6 7 8 9 10 11 12 

row 
             

  13-24 % PEG 8000, 0.1 M Tris, 0.2 M magnesium formate, pH 8.0 

A 13 14 15 16 17 18 19 20 21 22 23 24 

  13-24 % PEG 8000, 0.1 M Tris, 0.2 M magnesium formate, pH 8.0, 10 % glycerol1 

B 13 14 15 16 17 18 19 20 21 22 23 24 

  13-24 % PEG 8000, 0.1 M Tris, 0.2 M magnesium formate t, pH 8.55 

C 13 14 15 16 17 18 19 20 21 22 23 24 

  20-35 % PEG 8000, 0.2 M NH4OAc 0.02 M Mg(OAc)2, 0.05 M sodium cacodylat2, pH 6.5 

D 20 22 24 26 27 28 29 30 31 32 33 35 

  7-18 % PEG 4000, 0.1 M HEPES, 20 mM MnCl2, 0.1 M NaOAc, pH 7.0 

E 7 8 9 10 11 12 13 14 15 16 17 18 

  14-25 % PEG 8000, 0.05 M sodium cacodylate3, 0.2 M KCl, 0.1 M Mg(OAc)2, pH 7.0 

F 14 15 16 17 18 19 20 21 22 23 24 25 

  24-35 % PEG 4000, 0.2 M NH4OAc, 0.01 M Mg(OAc)2, 0.05 M sodium cacodylat2, pH 6.5 

G 24 25 26 27 28 29 30 31 32 33 34 35 

  16-38 % PEG 4000, 0.05 M Tris, 0.2 M NH4Cl, 0.01 M CaCl2, pH 8.0 

H 16 18 20 22 24 26 28 30 31 33 35 37 
1: alternatively 10 % ethylene glycol are used 
2: sodium cacodylate pH 6.5 was replaced by 0.1 M MES pH 6.5 for crystallization trails in section 
5.2.1.4. 
3: sodium cacodylate pH 7.0 was replaced by 0.01 M Tris pH 7.0 for crystallization trails in section 
5.2.1.4. 
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5.2.1.1 Protein crystallization by vapour diffusion  
 

To obtain protein crystals, supersaturation of the protein solution, followed by spontaneous nucleation 

and crystal growth is needed. To achieve this, vapour diffusion methods like sitting and hanging drop 

vapour diffusion can be used. (Fig. 5.2.1). Here, a protein solution is mixed with the reservoir solution, 

containing a precipitant like polyethylene glycol or high molar salt. This protein/ reservoir drop is 

placed spatially separated from the remaining reservoir solution in a sealed well (Fig. 5.2.1 C+F).  

The dilution of the reservoir solution by the protein solution in the protein/reservoir drop results in a 

higher vapour pressure of the protein/reservoir drop compared to the reservoir itself. Thereby, causing 

a net water (or generally volatile) diffusion via the vapour phase into the reservoir solution. This vapour 

diffusion ends, when equilibrium is reached. Thereby, the protein concentration in the protein/ 

reservoir drop is increased, which may cause supersaturation and spontaneous nucleation leading to 

crystal growth.  

 

 

Figure 5.2.1: Sitting and hanging drop vapour diffusion. (A) Depiction of a typical 96-well sitting drop plate. (B) 

Zoom to a well with the reservoir and the three spots for protein/reservoir drops. (C) Site view with the vapour 

diffusion indicated with arrows. (D) Depiction of a typical 15-well hanging drop plate. (E) Zoom to a well with the 

6 spots for different protein/reservoir drops. (F) Side view of the hanging drop. The lid with the protein/reservoir 

drops is screwed into the reservoir solution.  
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5.2.1.2 Crystallization of KlenTaq DNA pol in complex with modified primers  
 

For crystallization of KlenTaq DNA pol in ternary closed complexes with modified and unmodified 

primers (see table 5.2.2), primer and template were annealed as described in section 5.2.1. KlenTaq 

DNA pol and MgCl2 were added to a final concentration of 6.2 mg/mL and 20 mM, respectively and 

incubated at 30 °C for 30 min. The non-hydrolysabel dGpNHpp was added to a final concentration of 

1 mM and the solution was again incubated at 30 °C for 30 min.  

Exemplarily, for KlenTaq-pnatural the following volumes and concentrations were used:  

2.07 µL 6 mM primer (1.2 eq) and 2.07 µL 6 mM template (1.2 eq) were mixed and annealed. 38.1 µL 

KlenTaq storage buffer (see table 5.1.3), 2.03 µL 1 M MgCl2 and 46.9 µL 13.4 mg/mL KlenTaq DNA pol 

(1 eq) were added and the solution was incubated at 30 °C for 30 min. 10.34 µL 10 mM dGpNHpp 

(10 eq) was added and the solution was again incubated at 30 °C for 30 min, resulting in a final KlenTaq 

DNA pol concentration of 6.2 mg/mL.  

The ratios between primer/template/dGpNHpp and KlenTaq DNA pol were kept at 1.2/1.2/10 eq for 

all crystallization trials.  

 

Table 5.2.2: Primer and template sequences used for KlenTaq DNA pol crystallization. The position 

of the modified nucleotide is indicated by an asterisk and is highlighted in bold.  

primer sequence template sequence 

    
pnatural 5′-d(GAC CAC GGC CAC)-3′ tnatural 5′-d(A AAC GTG GCC GTG GTC)-3′ 

    
p1 5′-d(GAC CAC GGC CAC*)-3′ t1 5′-d(A AAC GTG GCC GTG GTC)-3′ 
p2 5′-d(GAC CAC GGC AC*C)-3′ t2 5′-d(A AAC GGT GCC GTG GTC)-3′ 
p3 5′-d(GAC CAC GCA C*CC)-3′ t3 5′-d(A AAC GGG TGC GTG GTC)-3′ 
p4 5′-d(GAC CAG CAC* CGC)-3′ t4 5′-d(A AAC GCG GTG CTG GTC)-3′ 
p5 5′-d(GAC CAC AC*C GGC)-3′ t5 5′-d(A AAC GCC GGT GTG GTC)-3′ 
p6 5′-d(GAC CCA C*CG GAC)-3′ t6 5′-d(A AAC GTC CGG TGG GTC)-3′ 
p7 5′-d(GAC CAC* CGG GAC)-3′ t7 5′-d(A AAC GTC CCG GTG GTC)-3′ 

 

The crystals were grown by sitting or hanging drop vapor diffusion against 70 or 500 – 800 µL reservoir 

at 18 °C for 4 - 8 days, respectively, using the “KlenTaq screen” (see table 5.2.1) or optimized conditions 

thereof. Prior to freezing in liquid nitrogen, all crystals were cryo protected with 20% ethylene glycol 

or 20 % glycerol in the reservoir solution. During screening of crystallization conditions, the condition 

containing 20 mM MnCl2 resulted in the crystals showing the best resolution. Thus these crystallization 

conditions were further optimized, resulting in the following crystallization conditions: 
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KlenTaq-pnatural: data collected from three crystals were merged. The crystallization solution was mixed 

in 2:1 ratio with the reservoir containing 15 % PEG 4000, 0.1 M MES pH 6.5, 0.1 M NaOAc, 20 mM 

MnCl2, in a 2:1 ratio with the reservoir containing 16 % PEG 4000, 0.1 M MES pH 6.5, 0.1 M NaOAc, 

20 mM MnCl2 and in a 3:1 ratio with the reservoir containing 17 % PEG 4000, 0.1 M HEPES pH 7.0, 

0.1 M NH4OAc, 20 mM MnCl2. 

KlenTaq-p1: the crystallization solution was mixed in a 1:1 ratio with the reservoir containing 14 % PEG 

4000, 0.1 M HEPES pH 7.0, 20 mM MnCl2, 0.1 M NaOAc.  

KlenTaq-p2: the crystallization solution was mixed in a 1:2 ratio with the reservoir containing 16 % PEG 

4000, 0.1 M HEPES pH 7.0, 25 mM MnCl2, 0.1 M NaOAc.  

KlenTaq-p3: the crystallization solution was mixed in a 2:1 ratio with the reservoir containing 20 % PEG 

4000, 0.1 M HEPES pH 7.0, 20 mM MnCl2, 0.1 M NaOAc.  

KlenTaq-p4: the crystallization solution was mixed with the reservoir in a 3:1 ratio containing 16 % PEG 

4000, 0.1 M Tris-HCl pH 6.0, 20 mM MnCl2, 0.1 M NaOAc.  

KlenTaq-p5: the crystallization solution was mixed in a 2:1 ratio with the reservoir containing 15 % PEG 

4000, 0.1 M HEPES pH 7.0, 20 mM MnCl2, 0.1 M NaOAc.  

KlenTaq-p6: the crystallization solution was mixed in a 2:1 ratio with the reservoir containing 29 % 

PEG 4000, 0.05 M Tris-HCl pH 7.0, 20 mM MnCl2, 0.2 M NH4Cl. 

 

 

5.2.1.3 Crystallization of KOD DNA pol in a ternary closed complex  
 

For crystallization of KOD DNA pol in ternary closed complexes with different dNTPs, primer and 

template (see table 5.2.3), primer and template were annealed as described in section 5.2.1. KOD DNA 

pol, MgCl2, MnCl2 and ddNTP were added and the solution was incubated at 55 °C for 30 min. 

Afterwards, the dNTP was added at a final concentrarion of 1.36 mM and the solution was incubated 

at 30 °C for 45 min.  

Exemplarily, for KOD-dATP the following volumes and concentrations were used:  

3.8 µL 6 mM primer (1.78 eq, “11-mer primer”) and 3.8 µL 6 mM template (1.78 eq, “dATP-template”) 

were mixed and annealed. 33.2 µL KOD DNA pol storage buffer (see table 5.1.3), 71.8 µL 16 mg/mL 

KOD DNA pol (1 eq) and 5.69 µL 10 mM ddCTP (4.4 eq) were added and the solution was incubated at 

55 °C for 30 min. 18.98 µL 10 mM dATP (14.8 eq) were added and the solution was incubated at 30 °C 

for 45 min, resulting in a final KOD DNA pol concentration of 8.2 mg/mL.  
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The ratios between primer/template/ddNTP/dNTP and KOD DNA pol were kept at 1.78/1.78/4.4/14.8 

eq for all crystallization trials.  

For crystallization trials with dCTP, dGTP and dTTP in the active site, the dCTP-, dGTP- and dTTP-

templates (see table 5.2.3) were used, respectively. For crystallization trials with longer templates, the 

19 nt and 21 nt templates (see table 5.2.3) were used, whereof the 21 nt template improved 

crystallization of KOD DNA pol and resulted in high resolution data and the KOD-21nt structure.  

 

Table 5.2.3: Primer and template sequences used for KlenTaq DNA pol crystallization. The site of 

incorporation of the respective dNTP is marked in bold.  

primer sequence template sequence 

    
11-mer 5′-d(GAC CAC GGC CA)-3′ dATP 5′-d(AAC T GTG GCC GTG GTC)-3′ 

  dTTP 5′-d(AAC A GTG GCC GTG GTC)-3′ 
  dCTP 5′-d(AAC G GTG GCC GTG GTC)-3′ 
  dGTP 5′-d(AAC C GTG GCC GTG GTC)-3′ 
    
  19 nt 5′-d(TGC AAC T GTG GCC GTG GTC)-3′ 

  21 nt 5′-d(TA TGC AAC T GTG GCC GTG GTC)-3′ 
 

Crystallization trials employing KOD DNA pol were done in 96-well sitting drop plates with 75 µL 

reservoir volume and protein drop sizes of 0.6/0.4/0.3 µL or 0.4/0.3/0.2 µL in 1:2, 1:1 and 2:1 mixed 

with the reservoir solution.  

All crystals were grown in the Morpheus MD1-46 screen® (Molecular Dimensions) and were cryo 

protected with 20 % ethylene glycol in the reservoir solution. The crystallization conditions of the 

respective KOD DNA pol crystal structures were:  

 

KOD-dATP: the crystallization solution was mixed in a 2:1 ratio with the H7 condition of the Morpheus® 

MD1-46 screen containing 0.1 M amino acids (each 0.2 M DL-glutamatic acid monohydrate, DL-alanine, 

glycine, DL-lysine monohydrochloride and DL-serine), 0.1 M sodium Hepes/MOPS buffer pH 7.5 and 

50 % (v/v) of a mixture of glycerol (40 % v/v) and PEG 4000 (20 % w/v).  

KOD-dATP crystals could also be reproduced in different conditions from Morpheus® screen, e.g. A3, 

A7, C12 and E3.  

KOD-dTTP: the crystallization solution was mixed in a 2:1 ratio with the A3 condition of the Morpheus® 

MD1-46 screen containing 0.06 M MgCl2 and CaCl2, 0.1 M imidazole/MES buffer pH 6.5, 50 % (v/v) of 

a mixture of glycerol (40 % v/v) and PEG 4000 (20 % w/v).  
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KOD-21nt: the crystallization solution was mixed in a 2:1 ratio with the E7 condition of the Morpheus® 

MD1-46 screen containing 0.12 M ethylene glycols (0.3 M diethylene glycol, 0.3 M triethylene glycol, 

0.3 M tetraethylene glycol, 0.3 M pentaethylene glycol), 0.1 M sodium HEPES/MOPS pH 7.5, 50 % (v/v) 

of a mixture of glycerol (40 % v/v) and PEG 4000 (20 % w/v). KOD-21nt crystals could also be 

reproduced in the G3, F7, H7, D7 and F3 conditions of Morpheus® screen.  

 

Generally, crystallization conditions of Morpehus® screen containing precipitant mix 3 (a 50 % (v/v) of 

a mixture of glycerol (40 % v/v) and PEG 4000 (20 % w/v)), resulted in high resolution data of KOD DNA 

pol in ternary closed complexes. These ternary, closed complexes crystallized as long thin needles 

(Fig. 5.2.2), well distinguishable from the square shaped apo KOD DNA pol crystals.  

 

 

Figure 5.2.2: Crystals of KOD DNA pol grown under different conditions in complex with dATP and the 21-nt 

template, as well as crystals resembling the apo complex. The repective crystallization condition of Morpheus ® 

screen is given at the left upper top of each picture.  
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5.2.1.4 Crystallization of KOD and KlenTaq DNA pol with dA*TP  
 

For crystallization of KOD DNA pol in a ternary closed complex with the 7-deza modified dA*TP, primer 

and template (see table 5.2.4) were annealed as described in section 5.2.1. KOD DNA pol, MgCl2, 

MnCl2, ddNTP and dNTP were mixed in the same ratios as described for KOD-dATP in section 5.2.1.3.  

In detail, the following volumes and concentrations were used for KOD-dA*TP:  

2.18 µL 6 mM primer and 2.18 µL 6 mM template were mixed and annealed. 51.5 µL KOD DNA pol 

storage buffer (see table 5.1.3), 33.5 µL 19.8 mg/mL KOD DNA pol, 1.06 µL 1 M MgCl2, 1.06 µL 1 M 

MnCl2 and 3.27 µL 10 mM ddCTP were mixed and incubated at 55 °C for 30 min. 10.89 µL 10 mM dA*TP 

were added and the solution was incubated at 30 °C for 45 min, resulting in a final KOD DNA pol 

concentration of 6.3 mg/mL.  

 

Table 5.2.4: Primer and template sequences used for trapping dA*TP in the active site of KOD and 

KlenTaq DNA pol. The site of incorporation is highlighted in bold.  

primer sequence template sequence 

    
11-mer 5′-d(GAC CAC GGC CA)-3′ dATP 5′-d(AAC T GTG GCC GTG GTC)-3′ 

 

 

Crystallization solutions of KlenTaq DNA pol in complex with dA*TP/dATP were set up using the 

molar ratios described in section 5.2.1.3, in combination with the incubation temperatures used for 

KOD DNA pol and the primer/template sequences given in table 5.2.4.  

Exemplarily, for KlenTaq-dA*TP the following procedure was used:  

1.04 µL 6 mM primer and 1.04 µL 6 mM template were mixed and annealed. 18.6 µL KlenTaq DNA pol 

storage buffer (see table 5.1.3), 21.4 µL 14.8 mg/mL KlenTaq DNA pol, 1.56 µL ddCTP and 0.96 µL of a 

solution containing 0.5 M MgCl2 and 0.5 M MnCl2 were mixed and incubated at 55 °C for 30 min. 5.19 µL 

10 mM dA*TP were added and the solution was incubated at 30 °C for 45 min, resulting in a final 

KlenTaq DNA pol concentration of 6.5 mg/mL.  

 

KOD DNA pol in complex with dA*TP and KlenTaq DNA pol in complex with dATP were crystallized 

using sitting drop vapour diffusion in a 96-well plate with 75 µL reservoir volume and protein drops 

sizes of 0.4/0.3/0.2 µL. KlenTaq DNA pol in complex with dA*TP was crystallized using hanging drop 

vapour diffusion in a 15-well plate with 500 µL reservoir volume and protein drop sizes of 2 µL.  
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All crystals were cryo protected with 20% ethylene glycol in the reservoir solution. The crystallization 

conditions of the respective KOD and KlenTaq crystals were:  

 

KOD-dA*TP: the crystallization solution was mixed in a 2:1 ratio with the C12 condition of Morpheus® 

MD1-46 screen containing 0.09 M NPS (0.3 M sodium nitrate, 0.3 M sodium phosphate dibasic, 0.3 M 

ammonium sulphate), 0.1 M Tris/BICINE pH 8.5, 50 % (v/v) of a mixture of MPD (25 % v/v), PEG 1000 

(25 % w/v) and PEG 3350 (25 % w/v).  

KlenTaq-dA*TP: the crystallization solution was mixed in a 2:1 ratio with the B3 condition of the 

“KlenTaq screen” containing 14 % PEG 8000, 0.1 M Tris pH 8.0, 0.2 M magnesium formate, 10 % 

glycerol.  

KlenTaq-dATP: the crystallization solution was mixed in a 2:1 ratio with the G4 condition of the 

“KlenTaq screen” containing 27 % PEG 4000, 0.1 M MES pH 6.5., 0.2 M ammonium acetate, 0.1 M 

magnesium acetate.  

 

 

5.2.2 Data analysis 
 

5.2.2.1 Data collection  
 

Data were collected at the Swiss Light Source (SLS) of the Paul Scherrer Institue (PSI) in Villigen, 

Switzerland at the beam lines PXI (X06SA – Pilatus 6M detector, since November 2015: Eiger 16M 

detector) or PXIII (X06DA – Pilaus 2M detector). A full dataset was measured if the four test images 

every 90 ° of the crystal showed satisfying diffraction. Dataset acquisition for KlenTaq and KOD DNA 

pol crystals usually recorded 180 ° with rotating the crystal 0.1 ° and an exposure time per frame of 

0.1 s. The intensity of the beam was adjusted to obtain well visible spots on the detector and keep the 

dose per dataset at approx. 20 MGy, to avoid radiation damage. Radiation damage was investigated 

for each data set using xdsgui [184].  

 

5.2.2.2 Data processing and structure determination  
 

Data were processed using the XDS package [184]. Data statistics were investigated using the xdsgui 

[184]. KlenTaq DNA pol structures were solved by rigid body refinement against published KlenTaq 

DNA pol structures of the same spacegroup (PDB: 3RTV [33]). The initial ternary closed KOD DNA pol 
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structure was solved by molecular replacement with the binary KOD DNA pol structure (PDB: 4K8Z 

[54]) and the phenix gui [185]. According to Matthews coefficient, as calculated using the web server 

(http://www.ruppweb.org/mattprob/default.html), the expected number of KOD DNA pol molecules 

per asymatric unit was one, which was used in the molecular replacement.  

 

5.2.2.3 Refinement and model building  
 

Structure refinement was done with phenix.refine of the phenix suite [185]. For the first ternary closed 

KOD DNA pol structure, Rfree values were generated using the uniqueify command of the CCP4 suite 

[186]. For all later ternary closed KOD DNA pol structures, the same Rfree values were used and 

expanded using the cad command in the CCP4 suite [186], if needed. For KlenTaq DNA pol structures 

existing Rfree values were used and expanded using the cad command in the CCP4 suite [186].  

Model building was done in Coot [187, 188] and model quality was evaluated by the MolProbity [189] 

web server (http://molprobity.biochem.duke.edu/) and the PDB validation server (https://validate-

rcsb-1.wwpdb.org).  

Binding of Mn2+ ions in the active site of the enzyme or at other locations of the protein was 

determined by anomalous signal. Therefore, unmerged intensities were used during the refinement. 

The occupancy of metal ions and ligands was refined if difference density appeared during refinement.  

A typical refinement procedure was as followed:  

(1) rigid body refinement against starting model or molecular replacement  

(2) refinement of individual sites and individual adp (simulated annealing)  

(3) automated addition of water molecules (ordered_solvent=true) 

(4) addition of tls groups (phenix.find_tls_groups) 

(5) addition of metal restraints if applicable (phenix.metal_coordination) 

(6) addition of hydrogen atoms (phenix.reduce) 

(7) refinement of disulphide distance (disulphide_distance_cutoff= 0.1 ) 

(8) geometry validation by MolProbity  

(9) optimization of target weights (optimize_xyz_weight=true, optimize_adp_weight=true) 

 

Structures were refined until geometry was satisfying in an iterative process of steps (3) – (9).  

http://www.ruppweb.org/mattprob/default.html
http://molprobity.biochem.duke.edu/
https://validate-rcsb-1.wwpdb.org/
https://validate-rcsb-1.wwpdb.org/
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Smiles strings for unnatural nucleotides were generated using the Online SMILES Translator and 

Structure File Generator (https://cactus.nci.nih.gov/translate/), which were then converted to CIF and 

PDB format using the grade web server (http://grade.globalphasing.org/cgi-bin/grade/server.cgi). 

Simulated annealing omit maps were generated by setting the occupancy of the ligand to zero and 

running phenix.refine including simulated_anealing. Alternatively, omit and polder maps were 

generated by running phenix.polder [155]. The generated .mtz-map was converted using phenix.fft to 

.cpp4-format, for visualization with PyMOL [190]  

 

5.2.2.4 Structure alignment and figure creation  
 

For secondary sequence homology, structures were superimposed in Coot [187, 188] using the 

“secondary structure matching” command (SSM superpose).  

For superimposition in figures and rmsd value calculation, structures were superimposed in PyMOL 

using the “align” command. Therefore, the whole enzyme-primer/template complex was 

superimposed by their Cα-atoms using “align model1.pdb and name CA, model2.pdb and name CA”.  

Figures were created with PyMOL. Figures showing the channel volume within the DNA pols were 

created with Chimera [191]. All figures were assembled using Adobe Illustrator®.  

Electropotential maps (see Fig. 3.2.13) were generated with the PDB2PQR Server (http://nbcr-

222.ucsd.edu/pdb2pqr_2.0.0/) and the APBS plugin for PyMOL (see https://pymolwiki.org/index.php/ 

APBS).  

Sequence alignment according to secondary structure (see Fig. 3.2.8) was done using the web 

PROMALS3D web server (http://prodata.swmed.edu/promals3d/promals3d.php).  

 

https://cactus.nci.nih.gov/translate/
http://grade.globalphasing.org/cgi-bin/grade/server.cgi
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5.3 Chemical synthesis  
 

5.3.1 General experimental synthesis details  
 

All reported temperatures are uncorrected. Chemicals were purchased from commercial suppliers 

(Sigma Aldrich, Acros-Organics, Roth, VWR, ABCR, Merck, Carbosynth, TCI) and were used without 

further purification. Dry solvents were purchased from Sigma-Aldrich and used for moisture and/or 

oxygen sensitive reactions.  

Solvents for flash chromatography were either purchased as technical grade and purified by 

evaporation before use or purchased as p.a. grade and used without further purification. Column flash 

chromatography (FC) was carried out on silica gel 60 (Merck, Germany) at 0.3 bar. High-resolution 

reverse phase MPLC was performed using a PrepChrom C-700 (Büchi) instrument equipped with a SVP 

D40-RP18 25-40 µm 90 g (Götec Labortechnik GmbH) column with a flow rate of 20 mL/min and a 

gradient of MeCN in MilliQ-H2O. Reverse phase HPLC of triphosphates was performed using a SIL-10 

AP system (Shimadzu) instrumented with a VP 250/21 Nucleodur C18 Htec, 5 µm (Macherey-Nagel) 

column and a gradient of MeCN in 50 mM triethylammonium bicarbonate buffer (TEAB buffer, pH 7.5). 

Reverse phase HPLC of oligonucleotides was performed using a SIL-10 AP system (Shimadzu) equipped 

with a VP 250/8 Nucleodur C18 HTec 5 µm (Macherey-Nagel) column and a gradient of MeCN in 50 

mM triethylammonium acetate buffer (TEAA buffer, pH 7.0). Ion exchange chromatography was 

performed using a PrepChrom C-700 (Büchi, Germany) instrument equipped with a 250 /22 DNAPac® 

PA-100 (Dionex, USA) and a gradient of aqueous buffer B (25 mM Tris pH 8.0, .5 M NaClO4, 5 % MeCN) 

in aqueous buffer A (25 mM Tris pH 8.0, 5 % MeCN). All compound purified by HPLC were repeatedly 

freeze dried and obtained as their triethylammonium salt.  

ESI-TOF mass spectrometric analysis was performed on a micrOTOF II (Bruker Daltonics, Germany). 

NMR spectra were recorded at 298 K using Avance 400 (1H =400 MHz, Bruker, Germany). Data were 

evaluated using the Compass Data Analysis program from Bruker.  

1H, 13C and 31P chemical shifts are reported relative to the residual solvent peak or an absolute 

reference, and are given in ppm (δ). 1H NMR signals for triethylamine are not reported. NMR spectra 

were analyzed using MestreNova (Mestrelab Research). Chemical structures were generated using 

ChemDraw (Perkin Elmer).  

Reported yields refer to isolated analytically pure compounds. The yields for triphosphates were 

determined via UV absorbance by Lambert-Beer-Law. The specific extinction coefficient ε was 

determined for each nucleoside.  
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5.3.2 General procedures  
 

5.3.2.1 TLC  
 

Thin-layer chromatography (TLC) was performed on TLC aluminium sheets covered with silica gel 60 

F254 (0.2 mm, Merck, Germany). For staining, the following solutions were used:  

Anisaldehyd: 5 mL conc. H2SO4, 1 mL acetic acid, 5 mL 4-methoxybenzaldehyd, 180 mL ethanol  

Ninhydrin: 0.2 g ninhydrin, 100 mL ethanol  

Potassium permanganate: 1 g KMnO4, 13.2 g K2CO3, 100 mg NaOH, 200 mL H2O 

 

5.3.2.2 HPLC-buffers 
 

TEAA (triethylammonium acetate) buffer was prepared by dissolving 1 mol triethylamine (139.4 mL) 

and 1 mol acetic acid (57.2 mL) in 800 mL MilliQ water. After adjusting of the pH to 7.0 with either 

triethylamine or acetic acid, the buffer was filled up to 1 L to obtain 1 M TEAA buffer.  

 

TEAB (triethylamonium bicarbonate) buffer was prepared by dissolving 5 mol (700 mL) triethylamine 

in 3.5 L water and adding CO2 by evaporation of 5 kg dry ice, passing through the solution, overnight. 

If needed, the pH was adjusted to 7.5 by passing more CO2 through the solution, followed by filling the 

buffer up to 5 L to obtain 1 M TEAB buffer.  

 

5.3.2.3 Determination of extinction coefficient ε 
 

The extinction coefficients of the 2′-deoxy-adenosine and 2′-deoxy-cytidine derivatives were 

determined using the Lambert-Beer-Law (see section 5.1.4.4) and a solution of known concentration.  

Therefore, 11.5 mg of the 2′-deoxy-adenosine and 12.7 mg of the 2′-deoxy-cytidine derivatives were 

dissolved in 1400 µL MilliQ-H2O containing 40 µL DMSO. The absorbance spectra were measured by 

Nanodrop against a blank solution containing 40 µL DMSO in 1400 µL MilliQ-H2O. Hence, the following 

extinction coefficients at their respective absorbance were determined:  

dA*TP: ε260nm = 7200 M-1 cm-1, ε280nm = 11500 M-1 cm-1 

dC*TP: ε260nm = 5300 M-1 cm-1, ε280nm = 6100 M-1 cm-1 



5.3 Chemical synthesis 

125 
 

5.3.3 Oligonucleotide synthesis  
 

The phosphoramidite was synthesized as described before by Obeid et. al. [142].  

The oligonucleotide synthesis was performed in 200 nmol scale on a solid phase DNA synthesizer 

(Applied Biosystems Model 392) with the modified phosphoramidite and commercially available 

2-cyanoethylphosphoramidites (Ac-dC, isoBu-dG, Bz-dA) as well as synthesizer-grade chemicals by 

Linktech, J.T. Baker and Transgenomics. As Activator: 0.25 M DCI in MeCN was used.  

For the phosphoramidite coupling, a standard method with 1.5 min coupling time (LV200 long new) 

and a final trityl-on step was used. The p1-primer was synthesized using a universal Q CPG support 

(Linktech, pore size 500 Å). The p2-, p3-, p4-, p5-, p6- and p7-primers were synthesized using a dC CPG 

support (Linktech, pore size 1000 Å).  

The oligonucleotides were cleaved from the solid support using 1 mL aq. NH3 at 65°C for 12 h per 

200 nmol scale synthesis. The NH3 was removed by evaporation (Speedvac, 80 °C, 0.01 Torr), the 

residue was dissolved in 200 µL water and purified with DMT-on via HPLC (gradient: 5 % B 2.5 min, 

5-60 % B 20 min, 60-70 % B 2.5 min, 70 % B 2.5 min, 70-5 % B 2.5 min, 5 % B 5 min). The respective 

fractions were combined and the solvent was evaporated (Speedvac, 80 °C, 0.01 Torr). The residue was 

dissolved in 1mL 80 % acetic acid and incubated at RT for 1 h. The solvent was evaporated (Speedvac, 

80 °C, 0.01 Torr) and the residue was again purified by HPLC (DMT-off, gradient: 5 % B 2.5 min, 5-20 % 

B 15 min, 20-70% B 5 min, 70 % B 2.5 min, 70-5 % B 5 min, 5 % B 5 min). After repeated freeze drying, 

the oligonucleotides were stored as 6 mM solutions in MilliQ water. 

 

Table 5.3.1: Sequences and ESI-MS measurement for the synthesized, modified primers. 

 sequence formula  

[M-1H]- 

calculated 

[M-1H]- 

found 

[M-1H]- 

p1 5′-d(GAC CAC GGC CAC*)-3′ C124H148O69N47P11 3722.6836 3722.7 

p2 5′-d(GAC CAC GGC AC*C)-3′ C124H148O69N47P11 3722.6836 3722.7 

p3 5′-d(GAC CAC GCA C*CC)-3′ C123H148O69N45P11 3682.6771 3682.7 

p4 5′-d(GAC CAG CAC* CGC)-3′ C124H148O69N47P11 3722.6836 3722.7 

p5 5′-d(GAC CAC AC*C GGC)-3′ C124H148O69N47P11 3722.6836 3722.7 

p6 5′-d(GAC CCA C*CG GAC)-3′ C124H148O69N47P11 3722.6836 3722.7 

p7 5′-d(GAC CAC* CGG GAC)-3′ [C125H148O67N50P11 3762.6897 3762.7 

 C* modified nucleotide    
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5.3.4 Chemical synthesis  
 

5.3.4.1 dA*TP synthesis  
 

2-(2-hydroxyethoxy)-N-(prop-2-yn-1-yl)acetamide (2) 

 

Sodium (453 mg, 19.7 mmol) was dissolved under nitrogen atmosphere in 15 mL ethyleneglycol. 

2-bromo-N-(2-propyn-1-yl)acetamide (3.3 g, 18.7 mmol) was added and the reaction mixture was 

stirred at RT for 6 h. Excess of ethylene glycol was distilled of at high vacuum (0.02 mbar, 35-40 °C). 

The residue was purified by column chromatography (4 % MeOH/DCM, Rf = 0.2) to obtain the desired 

product as a yellow oil (1.92 g, 65 %).  

 

1H NMR (400 MHz, Chloroform-d) δ 7.09 (s, 1H, NH), 4.10 (dd, 2H, J = 2.5 Hz, 5.5 Hz, HC C-CH2), 4.04 

(s, 2H, O=CH2-O), 3.81 (m, 2H, O-CH2-CH2-O-C), 3.67 (m, 2H, O-CH2-CH2-O-C), 2.23 (t, 1H, J = 2.5 Hz, HC

C-CH2).  

 

13C NMR (101 MHz, Chloroform-d) δ 169.66 (NH-C=O), 79.43 (HC C-CH2), 73.17 (O-CH2-CH2-O-C), 

71.71 (HC C-CH2), 70.52 (O=CH2-O), 61.75 (O-CH2-CH2-O-C), 28.69 (HC C-CH2). 

 

HRMS: m/z calculated for [C7H12NO3
+]: 158.0812; found: 158.0817 

 

 

2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)ethyl acetate (3) 

 

 

 

2-(2-hydroxyethoxy)-N-(prop-2-yn-1-yl)acetamide 2 (7.54 g, 48 mmol) was dissolved in 75 mL pyridine. 

Acetic anhydride (13.6 mL, 144 mmol) was added dropwise and the reaction was stirred for 1.5 h at 

RT. The solvent was evaporated and the residue was dissolved in DCM. The organic layer was washed 

with 1 M HCl (5x 50 mL) and the aqueous layer was back extracted with DCM. The combined organic 
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layers were once washed with sat. NaHCO3 and water, dried over MgSO4 and the solvent was 

evaporated to obtain 2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)ethyl acetate as an orange oil (9.01 g, 

45.2 mmol, 94 %). 

 

1H NMR (400 MHz, Chloroform-d) δ 6.81 (bs, 1H, NH), 4.29 – 4.16 (m, 2H, O-CH2-CH2-O-C), 4.08 (dd, 

2H, J = 5.5, 2.5 Hz, HC C-CH2), 4.00 (s, 2H, O=CH2-O), 3.80 – 3.63 (m, 2H, O-CH2-CH2-O-C), 2.23 (t, 1H, 

J = 2.6 Hz, HC C-CH2), 2.09 (s, 3H, CH3).  

 

13C NMR (101 MHz, Chloroform-d) δ 170.89 (O=C-CH3), 169.16 (NH-C=O), 79.31 (HC C-CH2), 71.77 

(HC C-CH2), 70.47 (O=CH2-O), 69.79 (O-CH2-CH2-O-C), 63.30 (O-CH2-CH2-O-C), 28.62 (HC C-CH2), 

20.99 (CH3).  

 

HRMS: m/z calculated for [C9H14NO4
+]: 200.0917; found: 200.0928 

 

 

7-deaza-7-(2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)ethyl acetate)-2′-deoxy-adeonsine (5) 

 

7-deaza-7-Iodo-2′-deoxy-adenosine 4 (100 mg, 0.27 mmol), CuI (10 mg, 53 µmol), Pd(PPh3)4 (31.2 mg, 

27 µmol) were dried at high vacuum for 30 min. 2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)ethyl acetate 

3 (106 mg, 0.53 mmol) was dissolved in dry, degassed DMF (4 mL) and was added to the solid 

components. Et3N (112 µL, 0.81 mmol) was added and the reaction mixture was stirred under nitrogen 

at RT overnight. The solvent was evaporated and the residue was applied to column chromatography 

(0 – 10 % MeOH in DCM, Rf (10%) = 0.3). The solvent was again evaporated and the residue was 

dissolved in 10 mL 5 % MecN in H2O and applied to reverse phase column chromatography (solvent 

A = H2O, solvent B = MeCN, gradient: 0-5 min 0 % B, 5-10 min 5 % B, 10-40 min, 5-40 % B, 40-45 min 

40-100 % B, 45-50 min 100% B, 50-55 min 100-5 % B, Rt = 32 min (31 % B)). After evaporation of the 

solvent, the product was obtained as a colorless solid (104 mg, 87 %). 

1H NMR (400 MHz, Methanol-d4) δ 8.08 (s, 1H, H-2), 7.56 (s, 1H, H-8), 6.46 (dd, J = 7.9, 6.1 Hz, 1H, H1′), 

4.51 (dt, J = 5.7, 2.7 Hz, 1H, H3′), 4.29 – 4.21 (m, 4H, O-CH2-CH2-O-C, C C-CH2 ), 4.06 (s, 2H, O=CH2-O) 
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4.00 (q, J = 3.3 Hz, 1H, H4′), 3.83 – 3.74 (m, 3H, H5′, O-CH2-CH2-O-C), 3.73 (dd, J = 3.7 Hz, 1H, H5′), 2.61 

(ddd, J = 13.8, 8.1, 5.9 Hz, 1H, H2′), 2.32 (ddd, J = 13.4, 6.0, 2.8 Hz, 1H, H2′), 2.05 (s, 3H, CH3).  

 

13C NMR (101 MHz, Methanol-d4) δ 172.75 (O=C-CH3), 172.67 (NH-C=O), 159.14 (C-6), 153.25 (C-2), 

149.95 (C-4), 127.99 (C-8), 104.74 (C-5), 96.84 (C-7), 89.20 (C C-CH2), 89.15 (C-4′), 86.63 (C-1′), 76.14 

(C C-CH2), 72.96 (C-3′), 71.28(O=CH2-O), 70.73 (O-CH2-CH2-O-C), 64.56 (O-CH2-CH2-O-C), 63.61 (C-5′), 

41.56 (C-2′) , 30.24 (C C-CH2), 20.78 (CH3).  

 

HRMS: m/z calculated for [C20H24N5O7
-]: 446.1681; found: 446.1689 

 

 

7-deaza-7-(2-(2-hydroxyethoxy)-N-(prop-2-yn-1-yl)acetamide)-2′-deoxy-adeonsine 

triphosphate (dA*TP) 

 

Compound 5 (50 mg, 0.112 mmol) was dried at high vaccum for 1 h and dissolved in 

trimethylphosphate (1mL). Phosphoryl chloride (12.2 µL, 0.134 mmol) was added under ice bath 

cooling and the reaction mixture was stirred at 0 °C for 1.5 h. (Bu3N)2H2P2O7 (307 mg, 0.56 mmol) and 

freshly distilled tributyl amine (111 µL, 0.47 mmol) were dissolved in 1 mL dry DMF and added to the 

reaction mixture at 0°C. The reaction mixture was allowed to warm to RT and was stirred for 30 min, 

followed by the addition of 2 mL 0.1 M TEAB and again stirring at RT for 30 min. The reaction mixture 

was diluted with 10 mL H2O and was extracted three times with 10 mL ethyl acetate. The aqueous layer 

was concentrated and purified by HPLC (solvent A = 50 mM TEAB buffer, solvent B = MeCN, Rt = 24 

min, 21 % B, gradient: 0-10 min 5 % B, 10-40 min 5-40 % B, 40-45 min 40-100 % B, 45-50 min 100 % B, 

50-55 min 100-5 % B). The fractions containing product were pooled and the solvent was evaporated. 

The residue was dissolved in 3 mL 30 % NH3/H20 and stirred at RT for 2 h. The solvent was evaporated, 

the residue was dissolved in H2O and purified by HPLC (5.2 min, 5 % B), ion exchange MPLC (IEX) 

(solvent A = 25 mM Tris pH 8.0, 5 % MeCN, solvent B = 25 mM Tris pH 8.0, 5 % MeCN, 0.5 M NaClO4, 

Rt = 19.2 min, 17 % B, gradient: 0-5 min 0 % B, 5-35 min 0-40 % B, 35-40 min 40-100 % B, 40-45 min 

100 % B, 45-50 min 100-0% B) and again HPLC (Rt = 21.3 min, 18 % B). The product was obtained in 

11 % yield (12 µmol) and stored at -20 °C as an aqueous 10 mM solution.  
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1H NMR (400 MHz, Deuterium Oxide) δ 8.21 (s, 1H, H-2), 7.73 (s, 1H, H-8), 6.58 (t, J = 6.7 Hz, 1H, H-1′), 

4.75 (s, 1H , H-3′ ), 4.35 – 4.16 (m, 7H, H-4′, H-5′,C C-CH2, O=CH2-O), 3.81 (m, 2H, O-CH2-CH2-O-C), 

3.74 (m, 2H, O-CH2-CH2-O-C), 2.71 – 2.47 (m, 2H, H-2‘). 

 

 31P NMR (162 MHz, Deuterium Oxide) δ -10.54 (Pγ) , -11.20 (Pβ) , -22.98 (Pα). 

 

HRMS: m/z calculated for [C18H25N5O15P3
-]: 644.0565; found: 644.0588 

 

 

5.3.4.2 dC*TP synthesis  
 

 

Scheme 5.3.4: Synthesis scheme of the dC*TP synthesis. a: CuI, Et3N, Pd(PPh3)4, DMF; b: POCl3, TMP; 

2. pyrophosphate, tributylamine; 3. 30 % NH3 aq. solution 

 

5-Iodo-2′-deoxy-cytidine (6) 

 

2′-deoxy-cytidine (1 g, 4.4 mmol) was dried at high vaccum for 15 min and dissolved in 16 mL dry DMF. 

I2 (5.58 g, 22.0 mmol) was added and the reaction mixture was stirred at RT for 20 h. The reaction 

mixture was cooled with an ice bath and saturated Na2S2O3 solution was added until the mixture turned 

yellow. The solvent was evaporated, the residue was taken up in water and again saturated Na2S2O3 

solution was added until the mixture turned yellow. The solvent was again evaporated and the residue 

was suspended in 150 mL DCM/MeOH (1:1), filtered and the filtrate was applied to column 
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chromatography (5 – 10 % MeOH/ DCM, 1 % NH3 (aq)). The 5-Iodo-2′-deoxy-cytidine was obtained as 

a yellow foam (783 mg, 50 %).  

 

alternatively: 

 

5-Iodo-5′-3′-acetyl-uridine (3.33 g, 7.6 mmol) was dissolved in MeCN (75 mL). DMAP (1.86 g, 15.2 

mmol) was added and the reaction mixture was stirred until full dissolving of the reagents. On ice, Et3N 

(2.1 mL, 15.2 mmol) and 2,4,6-triisopropylbenzolsulfonylchlorid (4.6 g, 15.2 mmol) were added and 

the reaction mixture was stirred on ice for 15 min, followed by stirring at RT for 70 min. 30% NH3 in 

H2O (75 mL) was added and stirred at RT for 30 min. The solvent was evaporated and the residue was 

dissolved in 120 mL 0.3 M NaOMe and stirred at RT for 1.5 h. The reaction was neutralized with AcOH, 

the solvent was evaporated and the residue was purified by column chromatography (10 – 15 % 

MeOH/DCM). The yellow residue was suspended in cold methanol and the crystalline product was 

filtered off as a white solid (1.86 g, 5.27 mmol, 70 %). 

 

1H NMR (400 MHz, DMSO-d6) δ 8.29 (s, 1H, H-4), 7.79 (bs, 1H, NH), 6.58 (bs, 1H, NH), 6.08 (t, J = 6.4 Hz, 

1H, H-1’), 5.19 (d, J = 4.3 Hz, 1H, 3’-OH), 5.09 (t, J = 5.0 Hz, 1H, 5’-OH), 4.21 (dd, J = 6.2, 3.6 Hz, 1H, H-

3’), 3.78 (t, J = 3.4 Hz, 1H, H-4’), 3.63 (ddd, J = 11.8, 5.0, 3.4 Hz, 1H, H-5’), 3.55 (ddd, J = 11.8, 5.0, 3.5 

Hz, 1H, H-5’), 2.14 (ddd, J = 13.2, 6.1, 3.8 Hz, 1H, H-2’), 2.00 (dt, J = 13.1, 6.5 Hz, 1H, H-2’). 

 

 

5-(2-(2-oxo-2-(prop-2-yn-1-ylamino)ethoxy)ethyl acetate)-2′-deoxy-cytidine (7) 

 

5-Iodo-cytosine 6 (600 mg, 1.70 mmol), CuI (65 mg, 0.34 mmol), Pd(PPh3)4 (195 mg, 0.169 µmol), 2-(2-

oxo-2-(prop-2-yn-1-ylamino)ethoxy)ethyl acetate 3 (677 mg, 3.94 mmol) were dried at high vaccum 

for 30 min and dissolved in dry, degassed DMF (24 mL). Dry Et3N (707µL) was added and the reaction 

was stirred at RT overnight. The solvent was evaporated and the residue was purified by column 

chromatography (5 – 15 % MeOH, DCM, Rf (15%) = 0.35). The residue was dissolved in 50 mL 10 % 

MeCN in H2O, filtered via a syringe filter and applied to reverse phase column chromatography (solvent 

A: H2O, solvent B: MeCN, gradient: 0-5 min 5 % B, 5-40 min 5-34 % B, 40-42 min34-100 % B, 42-47 min 
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100 % B, Rt = 27 min (24 % B)). After evaporation of the solvent, the product was obtained as a colorless 

solid (599 mg, 1.41 mmol, 83 %). 

 

1H NMR (400 MHz, Methanol-d4) δ 8.32 (s, 1H, H-4), 6.22 (t, J = 6.3 Hz, 1H, H-1‘), 4.37 (dd, J = 6.3, 3.9 

Hz, 1H, H-3‘), 4.30 – 4.24 (m, 4H, O-CH2-CH2-O-C, C C-CH2), 4.06 (s, 2H, O=CH2-O), 3.96 (t, J = 3.5 Hz, 

1H, H-4‘), 3.83 (dd, J = 12.1, 3.2 Hz, 1H, H-5‘), 3.81 – 3.71 (m, 3H, H5‘,O-CH2-CH2-O-C), 2.41 (ddd, J = 

13.6, 6.1, 4.0 Hz, 1H, H-2‘), 2.15 (dt, J = 13.3, 6.4 Hz, 1H, H-2‘), 2.08 (s, 3H, CH3). 

 

13C NMR (101 MHz, Methanol-d4) δ 171.37 (O=C-CH3) , 171.10 (NH-C=O) , 165.13 (C-6) , 155.31 (C-2) , 

144.56 (C-4), 90.99 (C C-CH2) , 90.77 (C-5) , 87.68 (C-4’) , 86.57 (C-1’) , 73.19 (C C-CH2), 70.35 (C-3’) 

, 69.85 (O=CH2-O) , 69.35 (O-CH2-CH2-O-C) , 63.16 (O-CH2-CH2-O-C) , 61.11 (C-5’), 41.00 (C-2’) , 28.70 (C

C-CH2) , 19.40 (CH3) . 

 

HRMS: m/z calculated for [C18H25N4O8
+]: 425.1667; found: 425.1654 

 

 

5-(2-(2-hydroxyethoxy)-N-(prop-2-yn-1-yl)acetamide)-2′-deoxy-cytidine triphosphate 

(dC*TP) 

 

Compound 7 (50 mg, 111 µmol) was dried at high vaccum for 1 h and dissolved in trimethylphosphate 

(1mL). Phosphoryl chloride (12 µL, 153 µmol) was added under ice bath cooling and the reaction 

mixture was stirred at 0 °C for 2 h. (Bu3N)2H2P2O7 (302 mg, 0.55 mmol) and freshly distilled tributyl 

amine (109 µL, 0.46 mmol) were dissolved in 1 mL dry DMF and added to the reaction mixture at 0°C. 

The reaction mixture was allowed to warm to RT and was stirred for 1.5 h, followed by the addition of 

2 mL 0.1 M TEAB and again stirring at RT for 30 min. The reaction mixture was diluted with 10 mL H2O 

and was extracted three times with 10 mL ethyl acetate. The aqueous layer was concentrated and 

purified by HPLC (solvent A = 50 mM TEAB buffer, solvent B = MeCN, Rt = 24 min, 21 % B, gradient: 0-10 

min 5 % B, 10-40 min 5-40 % B, 40-45 min 40-100 % B, 45-50 min 100 % B, 50-55 min 100-5 % B). The 

fractions containing product were pooled and the solvent was evaporated. The residue was dissolved 
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in 8 mL 30 % NH3/H20 and stirred at RT for 2.5 h. The solvent was evaporated, the residue was dissolved 

in H2O and purified by HPLC (Rt = 9.8 min, 5 % B). Due to bad solubility of the compound in MilliQ-water 

after repeated freeze drying, 1.92 mL of 1 M aqueous NaHCO3 solution were added and again freeze 

dried, to obtain the sodium salt of the compound. The product was obtained in 22 % yield (24 µmol) 

and stored at -20 °C as an aqueous 10 mM solution. 

 

1H NMR (400 MHz, DMSO-d6) δ 8.84 (s, 1H, NH-C=O), 8.10 (s, 1H, H-4), 7.66 (s, 1H, NH2), 6.83 (s, 1H, 

NH2), 6.05 (t, J = 5.7 Hz, 2H, H-1’), 4.31 (q, J = 5.7 Hz, 1H, H-3’), 4.19 – 4.10 (m, 3H, H-5’, C C-CH2), 

3.98 – 3.91 (m, 3H, H5’, O=CH2-O), 3.82 – 3.76 (m, 1H, H-4’), 3.55 – 3.45 (m, 4H, O-CH2-CH2-O-C, 

O-CH2-CH2-O-C), 2.14 (dt, J = 12.2, 6.0 Hz, 2H, H-2’, 1.99 (dt, J = 12.7, 6.0 Hz, 2H, H-2’). 

 

31P NMR (162 MHz, DMSO-d6) δ -11.20 (d, J = 22.1 Hz, γ-P), -12.88 (d, J = 24.7 Hz, α-P), -23.99 (t, J = 

23.3 Hz, β-P). 

 

HRMS: m/z calculated for [C16H24N4O16P3
-]: 621.0406; found: 621.0402 
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6. Appendix  
 

6.1 Crystallographic data tables  
 

Table 6.1.1: Data processing and refinement statistics for KlenTaq-p1, KlenTaq-p2 and Klentaq-p3. 

* Numbers in brackets refer to highest resolution shell. p: primer, t: template. 

 

 KlenTaq-p1 KlenTaq-p2 KlenTaq-p3 

PDB 6FBC 6FBD 6FBE 

Wavelength (Å) 1.0 1.0 1.0 

Space group P3121 P3121 P3121 

Cell dimensions    

a, b, c (Å) 109.23, 109.23, 90.70 109.96, 109.96, 91.17 108.48, 108.48, 90.31 

, β, γ (°) 90.00, 90.00, 120.00 90.00, 90.00, 120.00 90.00, 90.00, 120.00 

Resolution (Å)* 
47.298 – 1.540 (1.548 

– 1.540) 
47.616 – 2.099 (2.110 

– 2.099) 
46.973 – 1.589 (1.597 

– 1.589) 

No. of total reflections 871680 (139990) 373090 (60704) 766701 (114419) 

No. of unique reflections 172578 (28726) 72040 (11669) 159958 (25710) 

Rmeas (%) 9.2 (236.0) 7.3 (87.3) 10.8 (140.4) 

I / σ 10.89 (0.66) 13.91 (1.94) 8.39 (0.90) 

Completeness (%) 96.3 (99.1) 99.9 (99.8) 99.8 (99.3) 

Redundancy 5.05 (4.87) 5.18 (5.2) 4.79 (4.45) 

CC1/2 (%) 99.9 (23.3) 99.9 (76.7) 99.8 (27.0) 

ISa [192] 26.97 21.30 21.02 

Refinement    

Resolution (Å) 47.298 – 1.540 47.082 – 2.099 46.973 – 1.589 

No. of reflections 172458 72023 159948 

Rwork/ Rfree 18.58 / 20.85 19.83 / 23.31 17.51 / 20.32 

Coordinate error 0.22 0.28 0.21 

No. of atoms    

Protein 8542 8239 8609 

DNA (p/t/dGpNHpp) 388 / 509 / 44 387 / 511 / 44 384 / 512 / 44 

Water 433 164 463 

Average b-factors (Å)    

Protein 38.11 60.56 44.21 

DNA (p/t/dGpNHpp) 32.93 / 35.99 / 23.61 50.08 / 54.69 / 47.74 40.32 / 49.19 / 28.95 

Water 36.97 46.14 39.92 

R.m.s. deviations    

Bond lengths (Å) 0.006 0.007 0.006 

Bond angles (°) 0.842 0.575 0.704 

Ramachandran (%)    

Favored/ Allowed/ 
Outlier 

97.40/ 2.42 / 0.19 95.72/ 3.91 / 0.37 97.77/ 2.05 / 0.19 
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Table 6.1.2: Data processing and refinement statistics for KlenTaq-p4, KlenTaq-p5 and KlenTaq-p6. 

* Numbers in brackets refer to highest resolution shell. p: primer, t: template. 

 

 KlenTaq-p4 KlenTaq-p5 KlenTaq-p6 

PDB  6FBF 6FBG 6FBH 

Wavelength (Å) 1.0 1.0 1.0 

Space group P3121 P3121 P3121 

Cell dimensions    

a, b, c (Å) 109.31, 109.31, 91.12 109.29, 109.29, 90.72 109.71, 109.71, 91.29 

, β, γ (°) 90.00, 90.00, 120.00 90.00, 90.00, 120.00 90.00, 90.00, 120.00 

Resolution (Å)* 
47.333 – 2.001 (2.011 

– 2.001) 
47.323 – 1.702 (1.711 

– 1.702) 
47.504 – 1.800 (1.809 

– 1.800) 

No. of total reflections 438750 (69604) 685695 (106924) 585436 (92107) 

No. of unique reflections 81905 (13044) 132688 (21384) 113900 (18357) 

Rmeas (%) 5.8 (66.1) 9.4 (307.1) 9.9 (186.2) 

I / σ 19.53 (2.87) 11.39 (0.58) 8.68 (0.67) 

Completeness (%) 99.7 (98.1) 99.9 (99.5) 99.9 (99.7) 

Redundancy 5.36 (5.34) 5.17 (5.00) 5.14 (5.02) 

CC1/2 (%) 99.9 (86.9) 99.9 (15.8) 99.8 (38.9) 

ISa [192] 35.78 34.60 16.81 

Refinement    

Resolution (Å) 47.333 – 2.001 47.323 – 1.702 47.504 – 1.800 

No. of reflections 81885 132682 113873 

Rwork/ Rfree 19.98 / 22.56 19.50 / 21.70 19.61 / 22.30 

Coordinate error 0.25 0.28 0.29 

No. of atoms    

Protein 8229 8446 8361 

DNA (p/t/dGpNHpp) 387 / 509 / 44 387 / 509 / 44 387 / 509 / 44 

Water 266 266 264 

Average b-factors (Å)    

Protein 49.78 46.96 61.21 

DNA (p/t/dGpNHpp) 45.26 / 49.06 / 31.93 44.22 / 50.95 / 32.23 50.71 / 52.44 / 38.91 

Water 38.17 42.82 48.05 

R.m.s. deviations    

Bond lengths (Å) 0.004 0.004 0.009 

Bond angles (°) 0.523 0.583 0.841 

Ramachandran (%)    

Favored/ Allowed/ 
Outlier 

97.20 / 2.43 / 0.19 97.39 / 2.43 / 0.19 
97.39 / 2.42 / 0.19 
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Table 6.1.3: Data processing and refinement statistics for KlenTaq-p7 and KlenTaq-pnatural. 

* Numbers in brackets refer to highest resolution shell. p: primer, t: template. 

 

 KlenTaq-p7 KlenTaq-pnatural 

PDB  - 6FBI 

Wavelength (Å) 1.0 1.0 

Space group P3121 P3121 

Cell dimensions   

a, b, c (Å) 110.12, 110.12, 91.50 109.77, 109.77, 91.46 

, β, γ (°) 90.00, 90.00, 120.00 90.00, 90.00, 120.00 

Resolution (Å)* 47.701 – 2.093 (2.103 
– 2.093) 

47.532 – 1.90 (1.95 – 
1.90) 

No. of total reflections 363094 (57029) 1452332 (104586) 

No. of unique reflections 36982 (5827) 97132 (7175) 

Rmeas (%) 12.7 (171.0) 12.0 (244.5) 

I / σ 9.68 (1.06) 14.61 (1.30) 

Completeness (%) 96.8 (95.6) 100 (99.9) 

Redundancy 9.90  (9.79) 14.95 (14.58) 

CC1/2 (%) 99.8 (47.4) 99.9 (59.7) 

ISa [192] 10.22 29.70 / 24.43 / 28.94 

Refinement   

Resolution (Å) 47.701 – 2.093 47.532 – 1.900 

No. of reflections 70734 96941 

Rwork/ Rfree 20.15 / 23.58 20.71 / 23.52 

Coordinate error 0.32 0.28 

No. of atoms   

Protein 8291 8332 

DNA (p/t/dGpNHpp) 434 / 506 / 44 373 / 509 / 44 

Water 102 209 

Average b-factors (Å)   

Protein 71.35 58.56 

DNA (p/t/dGpNHpp) 65.50 / 65.64 / 48.23  44.88 / 50.21 / 39.85 

Water 47.69  42.67 

R.m.s. deviations   

Bond lengths (Å) 0.003 0.004 

Bond angles (°) 0.544 0.713 

Ramachandran (%)   

Favored/ Allowed/ 
Outlier 

96.65 / 3.17 / 0.19  96.65 / 3.17 / 0.19 
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Table 6.1.4: Data processing and refinement statistics for KOD-dATP, KOD-dTTP and KOD-21nt. 

* Numbers in brackets refer to highest resolution shell. p: primer, t: template. 

 

 KOD-dATP KOD-dTTP KOD-21nt 

PDB  5OMF - - 

Wavelength (Å) 1.0 1.0 1.0 

Space group P21212 P21212 P21212 

Cell dimensions    

a, b, c (Å) 
107.95, 147.57, 71.18 107.96 / 148.20 / 

71.67 
108.08, 147.15, 71.33 

, β, γ (°) 90.00, 90.00, 90.00 90.00 / 90.00 / 90.00 90.00, 90.00, 90.00 

Resolution (Å)* 
49.19 – 2.09 (2.22 – 

2.09) 
46.50 – 1.91 (1.92 – 

1.91)  
49.05 – 2.01 (2.02 – 

2.01) 

No. of total reflections 455650 (68286) 489531 (26069) 502370 (60962) 

No. of unique reflections 127923 (20049) 152890 (14581) 145908 (22740) 

Rmeas (%) 18.5 (172.0) 13.9 (192.1) 16.2 (217.6) 

I / σ 6.37 (0.81) 6.76 (0.40) 6.32 (0.45) 

Completeness (%) 98.8 (95.8) 89.1 (52.6) 99.0 (95.1) 

Redundancy 3.56 (3.41) 3.20 (1.79) 3.44 (2.68) 

CC1/2 (%) 99.3 (28.5) 99.6 (19.5) 99.5 (17.8) 

ISa [192] 32.30 22.21 30.76 

Refinement    

Resolution (Å) 46.266-2.092 46.495 – 1.922 46.281-2.005 

No. of reflections 127892 149642 144284 

Rwork/ Rfree 19.53/23.35 18.89 / 22.86 20.84 / 23.07 

Coordinate error 0.32 0.27 0.33 

No. of atoms    

Protein 12455 12543 12531 

DNA (p/t/dGpNHpp) 371/447/46 373 / 436 / 42 373/670/42 

Water 269 300 277 

Average b-factors (Å)    

Protein 58.61 48.86 53.60 

DNA (p/t/dGpNHpp) 62.61/57.05/34.30 52.54 / 49.80 / 32.43 57.55/60.09/33.98 

Water 46.24 43.63 46.77 

R.m.s. deviations    

Bond lengths (Å) 0.002 0.011  0.002 

Bond angles (°) 0.527 0.894 0.508 

Ramachandran (%)    

Favored/ Allowed/ 
Outlier 

96.55 / 3.18 / 0.27 96.42 / 3.33 / 0.13 
97.48 / 2.52 / 0.00 
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Table 6.1.5: Data processing and refinement statistics for KOD-dA*TP, KlenTaq-dA*TP and KlenTaq-

dATP. * Numbers in brackets refer to highest resolution shell. p: primer, t: template, dNTP: dA*TP or 

dATP 

 

 KOD-dA*TP KlenTaq-dA*TP KlenTaq-dATP 

PDB  6Q4T 6Q4U 6Q4V 

Wavelength (Å) 1.0 1.0 1.0 

Space group P21212 P3121 P3121 

Cell dimensions    

a, b, c (Å) 107.94, 146.42, 71.48 109.36, 109.36, 90.89 109.48, 109.48, 91.25 

, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 120.00 90.00, 90.00, 120.00 

Resolution (Å)* 
48.808 – 1.997  
(2.007 – 1.997) 

47.354 – 2.005 
(2.016 – 2.005) 

47.407 – 2.006 
(2.016 – 2.006) 

Total no. of reflections 468430 (40014) 428101 (70423) 424793 (66787) 

No. of unique reflections 138630 (16466) 81414 (13148) 81683 (12970) 

Rmeas (%) 18.9 (254.2) 9.0 (84.9) 7.6 (81.6) 

I / σ 5.60 (0.35) 11.21 (1.66) 11.59 (1.53) 

Completeness (%) 93.3 (68.5) 99.9 (99.8) 99.6 (97.8) 

Redundancy 3.4 (2.4) 5.2 (5.4) 5.2 (5.1) 

CC1/2 (%) 99.4 (19.5) 99.8 (77.4) 99.9 (80.7) 

ISa [192] 24.20 20.93 18.03 

Refinement    

Resolution (Å) 46.219 – 1.997  47.354 – 2.005 47.407 – 2.006 

No. of reflections 138318 81381 81638 

Rwork/ Rfree 20.23 / 23.11 18.49 / 21.97 18.57 / 21.86 

Coordinate error 0.37 0.28 0.27 

No. of atoms    

Protein 12555 8747 8608 

DNA (p/t/dNTP) 373 / 511 / 67 373 / 508 / 67 373 / 509 / 42 

Water 277 266 191 

Average b-factors (Å)    

Protein 52.52 59.43 66.15 

DNA (p/t/dNTP) 53.94 / 57.26 / 41.64 47.55 / 51.74 / 48.48 52.74 / 56.92 / 46.95 

Water 46.94 46.07 46.81 

R.m.s. deviations    

Bond lengths (Å) 0.004 0.003 0.003 

Bond angles (°) 0.701 0.615 0.623 

Ramachandran (%)    

Favored/ Allowed/ 
Outlier 

97.48 / 2.52 / 0.00 96.65 / 3.17 / 0.19 96.83 / 2.99 / 0.19 
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6.2 Sugar pucker tables  
 

Table 6.2.1: P-values of sugar moieties in the dATP and primer of KOD-dATP, determined using the 

3DNA server [193]. The P-value was not restraint during refinement in phenix 

 

base v0 v1 v2 v3 v4 tm P Puckering DNA 
form 

          
dATP 1.1 -25.8 39.1 -39.5 24.4 40.9 17.1 C3’-endo A 
          
3’-C -4.8 -18.3 32.9 -36.5 26.4 46.6 26.0 C3’-endo A 
A -11.2 23.4 -26.0 20.1 -5.8 26.2 173.7 C2’-endo B 
C -36.3 31.0 -14.7 -5.7 26.3 35.5 114.5 C1’-exo   B 
C -36.6 33.8 -18.8 -1.6 23.9 36.4 121.1 C1’-exo   B 
G -32.7 27.1 -12.0 -6.3 24.5 31.8 112.2 C1’-exo   B 
G -36.2 29.2 -12.1 -8.2 27.9 35.2 110.2 C1’-exo   B 
C -35.0 30.4 -15.1 -4.5 24.8 34.3 116.2 C1’-exo   B 
A -14.3 27.8 -30.0 22.4 -5.3 30.4 171.2 C2’-endo B 
C -27.6 32.5 -24.9 9.6 11.2 32.0 141.2 C1’-exo   B 
C -34.7 21.1 -0.9 -18.9 33.9 35.3 91.5 O4’-endo B 
A -14.8 29.1 -31.5 23.6 -5.7 31.9 171.5 C2’-endo B 
G -24.0 32.1 -27.6 14.4 5.8 31.6 150.8 C2’-endo B 
 

v0: C4′-O4′-C1′-C2′, v1: O4′-C1′-C2′-C3′, v2: C1′-C2′-C3′-C4′, v3: C2′-C3′-C4′-O4′, v4: C3′-C4′-O4′-C1′, 

tm: the amplitude of pucker, P: the phase angle of pseudorotation. 

 

Table 6.2.2: P-values of sugar moieties in primer of KOD-dA*TP, determined using the 3DNA server 

[193]. The P-value was not restraint during refinement in phenix. 

base v0 v1 v2 v3 v4 tm P Puckering DNA 
form 

          
3’-C -3.5 -13.0 23.1 -25.8 19.0 25.8 26.5 C3′-endo A 
A -13.7 25.6 -27.2 20.0 -4.2 27.7 169.8 C2′-endo B 
C -40.2 28.7 -7.5 -15.2 34.9 39.4 101.0 O4′-endo B 
C -38.0 38.6 -24.8 3.7 21.4 39.4 129.0 C1′-exo B 
G -32.1 25.0 -9.4 -8.7 25.7 31.2 107.6 O4′-endo B 
G -32.5 37.8 -28.8 10.8 13.5 37.3 140.5 C1′-exo B 
C -36.1 35.3 -22.0 1.9 21.4 36.9 126.7 C1′-exo B 
A -15.1 33.5 -38.4 30.5 -10.0 38.5 176.1 C2′-endo B 
C -26.7 29.6 -21.5 6.6 12.5 29.5 136.7 C1′-exo B 
C -38.8 25.9 -4.8 -17.2 35.3 38.4 97.2 O4′-endo B 
A -16.7 29.4 -30.3 21.3 -3.1 31.1 166.9 C2′-endo B 
G 3.0 -13.0 17.5 -16.2 8.4 17.7 9.0 C3′-endo A 

 

v0: C4′-O4′-C1′-C2′, v1: O4′-C1′-C2′-C3′, v2: C1′-C2′-C3′-C4′, v3: C2′-C3′-C4′-O4′, v4: C3′-C4′-O4′-C1′, 

tm: the amplitude of pucker, P: the phase angle of pseudorotation. 
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Table 6.2.3: P-values of sugar moieties in primer of KlenTaq-dA*TP, determined using the 3DNA 

server [193]. The P-value was not restraint during refinement in phenix. 

 

base v0 v1 v2 v3 v4 tm P Puckering DNA 
form 

          
3’-C -5.8 -9.9 20.2 -24.4 19.5 24.0 32.6 C3′-endo A 
A -6.5 17.4 33.1 -37.6 28.0 37.6 28.2 C3′-endo A 
C 0.7 -24.6 37.7 -38.1 23.6 39.5 17.4 C3′-endo A 
C -32.6 44.1 -37.8 20.0 7.7 43.2 151.0 C2′-endo B 
G -43.3 35.2 -14.6 -9.7 33.1 42.0 110.3 C1′-exo B 
G -31.7 36.2 -27.0 9.5 13.7 35.7 139.1 C1′-exo B 
C -38.1 26.4 -6.2 -15.4 33.9 37.5 99.5 O4′-endo B 
A -14.4 28.4 -31.1 23.4 -5.9 31.4 172.0 C2′-endo B 
C -28.2 11.5 8.1 -24.5 33.4 32.7 75.6 O4′-endo A 
C -10.3 -0.8 10.7 -16.9 17.3 17.8 53.0 C4′-exo A 
A -24.8 18.5 -6.0 -8.0 20.6 24.1 104.4 O4′-endo B 
G -15.2 -3.7 19.8 -29.0 28.1 29.8 48.5 C4′-exo A 

 

v0: C4′-O4′-C1′-C2′, v1: O4′-C1′-C2′-C3′, v2: C1′-C2′-C3′-C4′, v3: C2′-C3′-C4′-O4′, v4: C3′-C4′-O4′-C1′, 

tm: the amplitude of pucker, P: the phase angle of pseudorotation. 
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6.3 Figures  
 

 

Figure 6.3.1: Primer extension experiment with KlenTaq K663A DNA pol. 150 nM p1-primer (5′-d(GAC CAC GGC 

CAC*)-3′) and 200 nM template (5′-d(GTG CGT CTG TCA AGA CGT GGC CGT GGT C)-3′) with 0.2 nM KlenTaq DNA 

pol wildtype or 2 nM KlenTaq K663A DNA pol (kindly provided by Dr. Govindan Raghunathan) were used. 

p: primer, sections 1 + 3: KlenTaq DNA pol, 2 + 4: KlenTaq K663A DNA pol. Time points: 1, 2, 10 and 30 min. 

Sections 1 + 2 show single incorporation using 100 µM dGTP. Sections 3 + 4 show multiple incorporation using 

100 µM dNTPs each. The KlenTaq DNA pol K663A mutant shows a clearly diminished activity compared to the 

wildtype enzyme.  
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Figure 6.3.2: Metal ion coordination in DNA pols KOD and δ. Water molecules are shown as red spehres. 

(A) Active site metal ion coordination in KOD DNA pol. The Mn2+ are shown as purple spheres, Mg2+ as yellow 

sphere. (B) Active site metal ion coordination in DNA pol δ. The Ca2+ are shown as green spheres. (C) 

Superimposition of DNA pols KOD and δ. (D) Close up view to the amino acids D404, E578 and E580 (KOD DNA 

pol) and D608, E800 and E802 (DNA pol δ), showing the different conformation observed in the two DNA pols.  

 

 

Figure. 6.3.3: Active site of KOD TNA pol. The electron density (2Fo-Fc map) is shown as a pink and blue mesh at 

1 σ. (A) The tATP (pink) bound in the active site of KOD TNA pol with three Mg2+ modelled. Thereof, metal ion C 

shows no electron density at 1 σ and metal ion B being in close proximity (1.3 Å) to the β-phosphate of tATP. 

(B) Electron density of the tATP, the metal ions and the templating dT at 1 σ. (C) Superimposition of the 

triphosphates and metal ions bound in KOD TNA pol and KOD DNA pol. The dATP and metal ions of KOD DNA pol 

are shown in grey.  
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Figure 6.3.4: Superimposition of dA*TP and dTTP in KOD DNA pol. KOD-dA*TP is shown in pink, KOD-dTTP is 

shown in blue. The C5- and C7-atoms of the pyrimidine and purine base superimpose locally, however, an 

alkyne modification attached to a pyrimidine base at position C5 may have a slightly altered conformation to 

dA*TP, due to stereochemistry. The trace of the alkyne bond is indicated by a dashed line.  
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6.4 KOD DNA pol gene sequences 
 

The KOD DNA pol gene sequence of the “old” construct in the pET24a vector (lower line) and the 

“new” construct in the pET21b vector (upper line) are shown. The mutation sites in the exonuclease 

domain D141A and E143A and R67 are highlighted in blue.   

  

  M  I  L  D  T  D  Y  I  T  E  D  G  K  P  V  I  R  I  F  K  K 

1 ATGATCCTGGACACCGATTATATCACCGAAGATGGTAAACCGGTGATTCGCATCTTCAAAAA 
 ATGATTCTGGATACCGATTACATTACCGAAGATGGTAAACCGGTGATTCGCATTTTTAAAAA 
  

22   E  N  G  E  F  K  I  E  Y  D  R  T  F  E  P  Y  F  Y  A  L 

 AGAAAACGGCGAGTTCAAAATCGAGTATGATCGTACCTTTGAGCCGTATTTCTATGCACTGC 

 AGAAAACGGCGAATTTAAAATCGAATATGATCGCACCTTTGAACCGTATTTTTATGCACTGC 
  

42 L  K  D  D  S  A  I  E  E  V  K  K  I  T  A  E  R  H  G  T  V 

 TGAAAGATGATAGCGCCATTGAAGAAGTGAAAAAAATCACCGCAGAACGTCATGGCACCGTT 

 TGAAAGATGATAGCGCCATTGAAGAAGTGAAAAAAATTACCGCAGAACGTCATGGCACCGTT 
  

63  V  T  V  K  R  V  E  K  V  Q  K  K  F  L  G  R  P  V  E  V  W 

 GTTACCGTTAAACGTGTTGAAAAAGTGCAGAAAAAATTCCTGGGTCGTCCGGTTGAAGTTTG 

 GTTACCGTTAAACGTGTTGAAAAAGTGCAGAAAAAATTTCTGGGTCGTCCGGTTGAAGTGTG 
  

84   K  L  Y  F  T  H  P  Q  D  V  P  A  I  R  D  K  I  R  E  H 

 GAAACTGTATTTTACCCATCCGCAGGATGTTCCGGCAATTCGTGATAAAATTCGTGAACATC 

 GAAACTGTATTTTACCCATCCGCAGGATGTTCCGGCAATTCGTGATAAAATTCGTGAACATC 
  

104 P  A  V  I  D  I  Y  E  Y  D  I  P  F  A  K  R  Y  L  I  D  K 

 CGGCAGTGATCGATATCTATGAATATGATATTCCGTTCGCCAAACGCTACCTGATTGATAAA 

 CGGCAGTGATTGATATTTATGAATATGATATTCCGTTTGCCAAACGCTATCTGATTGATAAA 
  

125  G  L  V  P  M  E  G  D  E  E  L  K  M  L  A  F  A  I  A  T  L 

 GGTCTGGTTCCGATGGAAGGTGATGAGGAACTGAAAATGCTGGCATTTGCCATTGCAACCCT 

 GGTCTGGTTCCGATGGAAGGTGATGAAGAACTGAAAATGCTGGCATTTGCAATCGCAACCCT 
  

146   Y  H  E  G  E  E  F  A  E  G  P  I  L  M  I  S  Y  A  D  E 

 GTATCATGAAGGTGAAGAATTTGCCGAAGGTCCGATTCTGATGATTAGCTATGCAGATGAAG 

 GTATCATGAAGGTGAAGAATTTGCCGAAGGTCCGATTCTGATGATTAGCTATGCAGATGAAG 
  

166 E  G  A  R  V  I  T  W  K  N  V  D  L  P  Y  V  D  V  V  S  T 

 AAGGTGCACGCGTTATTACCTGGAAAAATGTTGATCTGCCGTATGTTGATGTTGTTAGCACC 

 AAGGTGCACGCGTTATTACCTGGAAAAATGTTGATCTGCCGTATGTTGATGTTGTTAGCACC 
  

187  E  R  E  M  I  K  R  F  L  R  V  V  K  E  K  D  P  D  V  L  I 

 GAACGTGAAATGATTAAACGTTTTCTGCGTGTGGTGAAAGAAAAAGATCCGGATGTGCTGAT 

 GAACGCGAAATGATTAAACGTTTTCTGCGTGTGGTGAAAGAAAAAGATCCGGATGTTCTGAT 
  

208   T  Y  N  G  D  N  F  D  F  A  Y  L  K  K  R  C  E  K  L  G 

 TACCTATAACGGCGATAATTTCGATTTCGCCTATCTGAAAAAACGCTGCGAAAAACTGGGTA 

 TACCTATAATGGCGATAATTTTGATTTTGCCTATCTGAAAAAACGCTGCGAAAAACTGGGCA 
  

228 I  N  F  A  L  G  R  D  G  S  E  P  K  I  Q  R  M  G  D  R  F 

 TTAACTTTGCACTGGGTCGTGATGGTAGCGAACCGAAAATTCAGCGTATGGGTGATCGTTTT 

 TTAATTTTGCACTGGGTCGTGATGGTAGCGAACCGAAAATTCAGCGTATGGGTGATCGTTTT 
  

249  A  V  E  V  K  G  R  I  H  F  D  L  Y  P  V  I  R  R  T  I  N 

 GCAGTTGAAGTTAAAGGTCGCATCCACTTTGATCTGTATCCGGTTATTCGTCGTACCATTAA 

 GCCGTTGAAGTTAAAGGTCGCATTCATTTTGATCTGTATCCGGTTATTCGTCGCACCATTAA 
  

270   L  P  T  Y  T  L  E  A  V  Y  E  A  V  F  G  Q  P  K  E  K 

 TCTGCCGACCTATACACTGGAAGCAGTTTATGAAGCCGTTTTTGGTCAGCCGAAAGAAAAGG 

 TCTGCCGACCTATACCCTGGAAGCAGTTTATGAAGCAGTTTTTGGTCAGCCGAAAGAAAAAG 
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290 V  Y  A  E  E  I  T  T  A  W  E  T  G  E  N  L  E  R  V  A  R 

 TTTATGCCGAAGAAATCACCACCGCATGGGAAACAGGTGAAAATCTGGAACGTGTTGCACGT 

 TTTATGCCGAAGAAATTACCACCGCATGGGAAACAGGCGAAAATCTGGAACGTGTTGCACGT 
  

311  Y  S  M  E  D  A  K  V  T  Y  E  L  G  K  E  F  L  P  M  E  A 

 TATAGCATGGAAGATGCAAAAGTTACCTATGAGCTGGGCAAAGAATTTCTGCCTATGGAAGC 

 TATAGCATGGAAGATGCAAAAGTTACCTATGAACTGGGCAAAGAATTTCTGCCGATGGAAGC 
  

332   Q  L  S  R  L  I  G  Q  S  L  W  D  V  S  R  S  S  T  G  N 

 ACAGCTGAGCCGTCTGATTGGTCAGAGCCTGTGGGATGTTAGCCGTAGCAGCACCGGTAATC 

 ACAGCTGAGCCGTCTGATTGGTCAGAGCCTGTGGGATGTTAGCCGTAGCAGCACCGGTAATC 
  

352 L  V  E  W  F  L  L  R  K  A  Y  E  R  N  E  L  A  P  N  K  P 

 TGGTTGAATGGTTTCTGCTGCGTAAAGCCTATGAACGTAATGAACTGGCACCGAACAAACCG 

 TGGTTGAATGGTTTCTGCTGCGTAAAGCCTATGAACGTAATGAACTGGCACCGAATAAACCG 
  

373  D  E  K  E  L  A  R  R  R  Q  S  Y  E  G  G  Y  V  K  E  P  E 

 GATGAAAAAGAGCTGGCACGTCGTCGTCAGAGCTATGAAGGTGGTTATGTTAAAGAACCGGA 

 GATGAAAAAGAACTGGCACGTCGTCGTCAGAGCTATGAAGGTGGTTATGTTAAAGAACCGGA 
  

394   R  G  L  W  E  N  I  V  Y  L  D  F  R  S  L  Y  P  S  I  I 

 ACGTGGTCTGTGGGAAAATATTGTTTATCTGGATTTCCGTAGCCTGTATCCGAGCATTATCA 

 ACGTGGTCTGTGGGAAAATATTGTTTATCTGGATTTTCGCAGCCTGTATCCGAGCATTATTA 
  

414 I  T  H  N  V  S  P  D  T  L  N  R  E  G  C  K  E  Y  D  V  A 

 TTACCCATAATGTTAGTCCGGATACACTGAATCGTGAAGGCTGTAAAGAATATGATGTTGCA 

 TTACCCATAATGTGAGTCCGGATACCCTGAATCGTGAAGGTTGTAAAGAATATGATGTTGCA 
  

435  P  Q  V  G  H  R  F  C  K  D  F  P  G  F  I  P  S  L  L  G  D 

 CCGCAGGTTGGTCATCGTTTTTGTAAAGATTTTCCGGGTTTTATTCCGAGCCTGCTGGGTGA 

 CCGCAGGTTGGTCATCGTTTTTGTAAAGATTTTCCGGGTTTTATTCCGAGCCTGCTGGGTGA 
  

456   L  L  E  E  R  Q  K  I  K  K  K  M  K  A  T  I  D  P  I  E   

 TCTGCTGGAAGAACGTCAGAAAATCAAAAAAAAGATGAAGGCCACCATCGATCCGATTGAAC 

 TCTGCTGGAAGAACGTCAGAAAATTAAAAAAAAAATGAAAGCCACCATTGATCCGATTGAAC 
  

476 R  K  L  L  D  Y  R  Q  R  A  I  K  I  L  A  N  S  Y  Y  G  Y 

 GTAAACTGCTGGATTATCGTCAGCGTGCAATCAAAATTCTGGCCAATAGTTATTATGGCTAC 

 GTAAACTGCTGGATTATCGTCAGCGTGCAATTAAAATTCTGGCCAATAGTTATTATGGCTAT 
  

497  Y  G  Y  A  R  A  R  W  Y  C  K  E  C  A  E  S  V  T  A  W  G 

 TATGGTTATGCACGTGCCCGTTGGTATTGCAAAGAATGTGCAGAAAGCGTTACCGCCTGGGG 

 TATGGTTATGCACGTGCCCGTTGGTATTGTAAAGAATGTGCAGAAAGCGTTACCGCATGGGG 
  

518   R  E  Y  I  T  M  T  I  K  E  I  E  E  K  Y  G  F  K  V  I 

 TCGTGAATATATCACCATGACCATTAAAGAAATCGAAGAAAAATATGGCTTCAAAGTGATCT 

 TCGTGAATATATCACCATGACCATTAAAGAAATTGAAGAAAAATACGGCTTTAAAGTGATTT 
  

538 Y  S  D  T  D  G  F  F  A  T  I  P  G  A  D  A  E  T  V  K  K 

 ATAGCGATACCGATGGTTTTTTTGCAACCATTCCGGGTGCAGATGCCGAAACCGTTAAAAAG 

 ATAGCGATACCGATGGCTTTTTTGCAACCATTCCGGGTGCAGATGCAGAAACCGTTAAAAAA 
  

559  K  A  M  E  F  L  K  Y  I  N  A  K  L  P  G  A  L  E  L  E  Y 

 AAAGCAATGGAATTCCTGAAGTATATCAACGCAAAACTGCCTGGTGCACTGGAACTGGAATA 

 AAAGCCATGGAATTTCTGAAATATATTAATGCCAAACTGCCGGGTGCACTGGAACTGGAATA 
  

580   E  G  F  Y  K  R  G  F  F  V  T  K  K  K  Y  A  V  I  D  E 

 TGAAGGTTTCTATAAACGCGGTTTCTTCGTGACCAAGAAAAAATACGCAGTGATTGATGAAG 

 TGAAGGTTTTTATAAACGCGGTTTTTTTGTGACCAAAAAAAAATATGCCGTGATTGATGAAG 
  

600 E  G  K  I  T  T  R  G  L  E  I  V  R  R  D  W  S  E  I  A  K 

 AGGGCAAAATTACAACCCGTGGTCTGGAAATTGTTCGTCGTGATTGGAGTGAAATTGCCAAA 

 AAGGCAAAATTACCACCCGTGGTCTGGAAATTGTTCGTCGTGATTGGAGCGAAATTGCAAAA 
  

621  E  T  Q  A  R  V  L  E  A  L  L  K  D  G  D  V  E  K  A  V  R 

 GAAACCCAGGCACGTGTTCTGGAAGCACTGTTAAAAGATGGTGATGTGGAAAAAGCCGTGCG 

 GAAACCCAGGCACGTGTTCTGGAAGCCCTGCTGAAAGACGGTGATGTTGAAAAAGCCGTGCG 
  

6342   I  V  K  E  V  T  E  K  L  S  K  Y  E  V  P  P  E  K  L  V   
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 CATTGTGAAAGAAGTTACAGAAAAACTGAGCAAGTATGAAGTGCCTCCGGAAAAGCTGGTTA 

 CATTGTTAAAGAAGTTACCGAAAAACTGAGCAAATATGAAGTTCCGCCGGAAAAACTGGTGA 
  

662 I  H  E  Q  I  T  R  D  L  K  D  Y  K  A  T  G  P  H  V  A  V   

 TTCATGAGCAGATTACCCGTGATCTGAAAGATTATAAAGCAACCGGTCCGCATGTTGCAGTT 

 TTCATGAGCAGATTACCCGTGATCTGAAAGATTATAAAGCAACCGGTCCGCATGTTGCAGTT 
  

683  A  K  R  L  A  A  R  G  V  K  I  R  P  G  T  V  I  S  Y  I  V  

 GCAAAACGTCTGGCAGCACGTGGTGTGAAAATTCGTCCGGGTACAGTTATTAGCTATATTGT 

 GCAAAACGTCTGGCAGCACGTGGTGTTAAAATTCGTCCGGGTACAGTGATTAGCTATATTGT 
  

704   L  K  G  S  G  R  I  G  D  R  A  I  P  F  D  E  F  D  P  T  

 TCTGAAAGGTAGCGGTCGCATTGGTGATCGTGCAATTCCGTTTGATGAATTTGATCCGACCA 

 TCTGAAAGGTAGCGGTCGTATTGGTGATCGTGCAATTCCGTTTGATGAATTTGATCCGACCA 
  

724 K  H  K  Y  D  A  E  Y  Y  I  E  N  Q  V  L  P  A  V  E  R  I  

 AACACAAATATGATGCCGAGTATTATATCGAGAATCAGGTTCTGCCTGCCGTTGAACGCATT 

 AACATAAATATGATGCCGAATATTATATTGAAAATCAGGTTCTGCCGGCTGTTGAACGTATT 
  

755  L  R  A  F  G  Y  R  K  E  D  L  R  Y  Q  K  T  R  Q  V  G  L  

 CTGCGTGCATTTGGTTATCGTAAAGAAGATCTGCGTTATCAGAAAACCCGTCAGGTGGGTCT 

 CTGCGTGCATTTGGTTATCGTAAAGAAGATCTGCGCTATCAGAAAACACGTCAGGTTGGTCT 
  

766   S  A  W  L  K  P  K  G  T 

 GAGCGCATGGCTGAAACCGAAAGGCACC 

 GAGCGCATGGCTGAAACCGAAAGGCACC 
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6.5 NMR spectra 
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Table 6.2.2 P-values of sugar moieties in primer of KOD-dA*TP 138 
Table 6.2.3 P-values of sugar moieties in primer of KlenTaq-dA*TP 139 
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6.7 List of abbreviations  
 

° degree 
°C degree Celcius 
% percent 
σ sigma 
9°N Thermococcus sp. 9°N-7 
A adenosine 
Å angstrom 
approx. approximately  
APS ammonium peroxodisulfate 
BICINE 2-(Bis(2-hydroxyethyl)amino)acetic acid 
bp base pair 
BF Bacillus fragment; Large fragment of DNA pol I 

from Bacillus stearothermophilus 
C cytidine 
C-terminus carboxylic protein terminus 
cryo Em cryo electron microscopy  
Cy5 cyanine dye 5  
dATP 2′-deoxyadenosine triphosphate 
DCI 4,5-dicyanoimidazole 
DCM dichlormethane 
dCTP 2′-deoxycytidine triphosphate 
ddNTP 2′-3′-dideoxynucleoside triphosphate 
DFT Discrete Fourier Transform 
dGpNHpp 2’ deoxyguanosine-5′-[(α,β)-imido]triphosphate 
dGTP 2′-deoxyguanosine triphosphate  
DMAP 4-(dimethylamino)-pyridine 
DMF dimethylformamide  
DNA deoxyribonucleic acid 
DNA pol DNA polymerase 
dNTP 2′-deoxynucleoside triphosphate  
DTT dithiothreitol 
dTTP 2′-deoxythymidine triphosphate 
dUTP 2′-deoxyuridine triphosphate  
E.coli Escherichia coli 
EDTA ethylenediaminetetraacetic acid 
e.g. for example 
et. al.  et alii/ et aliae/ et alia 
g gram(s) 
G guanosine 
h hour(s) 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid 
HPLC high performance liquid chromatography  
IPTG isopropyl β-D-1-thiogalactopyranoside 
kcat turnover number / catalytic constante 
KD dissociation constant  
kDa kilodalton  
KM Michaelis constant  
kpol polymerase constant 
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KF Klenow fragment (of E.coli DNA pol I) 
KlenTaq Klenow fragment of Taq DNA pol  
KOD Thermococcus kodakaraensis 
L liter(s) 
m meter(s) 
M Molar  
MeCN acetonitrile  
Mg(OAc)2 magnesium acetate 
MGy megagray 
MHz megahertz 
min minutes 
MOPS 3-(N-morpholino)propanesulfonic acid 
MPD 2-methylpentan-2,4-diol 
MPLC medium 155ressure liquid chromatography  
n nano 
NaOAc sodium acetate  
NH4OAc ammonium acetate 
NMR Nuclear Magnetic Resonance 
nt nucleotides 
nt/s nucleotides/second 
N-terminal amino protein terminus 
OD600 optical density at 600 nm 
p.a. pro analysi 
PAGE polyacrylamide gel electrophoresis  
PCNA proliferating cell nuclear antigen 
PCR  polymerase chain reaction  
PDB Protein data bank  
PEG polyethylene glycol  
PMSF phenylmethylsulfonylfluoride 
p/t primer/ template 
QM/MM quantum mechanics/molecular mechanics) 
qPCR quantitative polymerase chain reaction  
RB69 DNA pol I from Enterobacteria phage RB69 
Rf retention factor  
RP reverse phase  
rmsd root mean square deviation 
rpm rounds per minute  
Rt retention time 
RT room temperature 
s second 
SDS sodium dodecyl sulfate 
SELEX Systematic Evolution of Ligands by Exponential 

Enrichment 
T thymidine 
tATP 2′-deoxy-α-L-threofuranosyl adenosine 

triphosphate 
Taq Thermus aquaticus 
TEMED tetramethylethylenediamine 
Tgo Thermococcus gorgonarius 
TNA α-L-threofuranosyl nucleic acid 
Tris tris(hydroxymethyl)aminomethane 
tRNA transfer ribonucleic acid  
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µ mycro 
 

Amino acid abbreviations  
 

A alanine 
R arginine 
N asparagine 
D aspartate 
C cysteine 
Q glutamine 
E glutamate 
G glycine 
H histidine 
I isoleucine 
L leucine 
K lysine 
M methionine 
F phenylalanine 
P proline 
S serine 
T threonine 
W tryptophane 
Y tyrosine 
V valine  
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6.8 Crystallographic data storage  
 

Data name Data storage  
  
KlenTaq-p1 /home/hkropp/SLS2014/aug22/C1-tri-2 

 /nfs/loop1/synchrotron/SLS-2014/aug22/hkropp/C1-tri-2_1 
KlenTaq-p2 /home/hkropp/SLS2015/aug22/C2-F035-5 
 /nfs/loop1/synchrotron/SLS-2015/aug22/hkropp/C2-F035-5_1 
KlenTaq-p3 /home/hkropp/SLS2015/sep02/C3-F036-13 
 /nfs/loop1/synchrotron/SLS-2015/sep01/PXI/hkropp/C3-F036-13_1 
KlenTaq-p4 /home/hkropp/SLS2015/okt23/C4-F040-8 
 /nfs/loop1/synchrotron/SLS-2015/oct23/hkropp/C4-F040-8 
KlenTaq-p5 /home/hkropp/SLS2015/mar13/C5-tri-1 
 /nfs/loop1/synchrotron/SLS-2015/mar13/hkr/C5-tri-1_1 
KlenTaq-p6 /home/hkropp/SLS2015/jun10/C6-ter-1 
 /nfs/loop1/synchrotron/SLS-2015/jun10/PXI/hkropp/C6-ter-1_1 
KlenTaq-p7 /home/hkropp/SLS2016/mar11/F046_C7_C1 
 /nfs/loop1/synchrotron/SLS-2016/mar11/Messung_hkropp/F046_C7_C1 
KlenTaq-pnatural /home/hkropp/SLS2016/feb12/reference_model  

/home/hkropp/SLS2016/feb12/NGG_2_6_17 
 /nfs/loop1/synchrotron/SLS-2016/feb12/hkropp/NGG_F048_dehy_2_3 

/nfs/loop1/synchrotron/SLS-2016/feb12/hkropp/NGG_F048_dehy_6_3 
/nfs/loop1/synchrotron/SLS-2016/feb12/hkropp/NGG_F048_17_5 

KOD-dATP /home/hkropp/SLS2016/aug10/F061-H7-3_3 
 /nfs/loop1/synchrotron/SLS-2016/aug10/hk/KOD_F061-H7-3 
KOD-dTTP /home/hkropp/SLS2017/sep03/V03_A3_4 
 /nfs/loop1/synchrotron/SLS-2017/sep03/hkropp/V03_A3_4 
KOD-21nt /home/hkropp/SLS2018/nov30/F143_E7_3_KOD_21nt 
 /nfs/loop1/synchrotron/SLS-2018/nov30/HK/F143_E7_3 
KOD-dA*TP /home/hkropp/SLS2017/nov07/F097_C12_2a_KOD_modATP 
 /nfs/loop1/synchrotron/SLS-2017/nov07/hkropp/F097_C12_2a 
KlenTaq-dA*TP /home/hkropp/SLS2018/apr27/F117_B3-2_KTQ_modATP 
 /nfs/loop1/synchrotron/SLS-2018/apr27/hkropp/F117_B3-2 
KlenTaq-dATP /home/hkropp/SLS2018/apr27/F107_G4_3_KTQ_ATP 
 /nfs/loop1/synchrotron/SLS-2018/apr27/hkropp/F107_G4 
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