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1 Introduction 

DNA replication is a fundamental process for maintaining the life of every organism, and is 

properly controlled by several methods. Interestingly, the fidelity of DNA replication is not the 

only factor which contributes to the longstanding transmission of life from generation to 

generation, but there is another effect that sustains life since the very beginning of it.  

This process allows DNA to be slightly modified during replication without being repaired. 

This occasional event serves under changing environmental conditions as a chance that a better 

viable entity can be generated, and is therefore the driving force of evolution. For that reason, 

understanding the mechanism how any variation can occur in DNA is crucial. It is even more 

so nowadays since antibacterial and anticancer therapies often fail in the clinics due to drug 

resistance caused by DNA variations1,2. Thus, this PhD thesis aims to investigate several factors 

which have the potential to contribute to this rare event, in order to have the opportunity to 

develop better therapies.     

1.1 Deoxynucleotide metabolism and its importance 

DNA is built up basically by the four canonical 2’-deoxynucleoside 5’-triphosphate (dNTP) 

precursors: dATP, dTTP, dGTP, dCTP. It has been long known that the size and balance of the 

pool of precursors play an important role in faithful DNA replication3–5. Perturbation of the 

balanced pool results in enhanced mutagenesis and contributes to chromosome breaks or 

oncogenic transformation3–5. The following deoxynucleotide metabolic processes are 

responsible for keeping DNA building blocks in the proper range and balance during the cell 

cycle: dNTP synthesis, dNTP consumption by DNA synthesis and degradation of the excess 

dNTPs6. In most organisms, dNTP synthesis can take place via two main processes: i) the de 

novo dNTP synthesis, when purine and pyrimidine nucleobases are synthesized from small 

organic compounds (glucose, glutamine, aspartate and HCO3
−)7, and ii) via the salvage 

pathways, when nucleobases and nucleosides arising from degraded nucleic acids are taken up 

and get reutilized8. The de novo synthesis of dNTPs is extremely energy consuming, justifying 

the salvage pathway as an alternate route for dNTP synthesis to preserve the already 

synthesized nucleotides7,9. General deoxynucleotide metabolic routes are shown in Figure 1. 

While purine nucleotides are synthesized from the compound inosine 5’-monophosphate (IMP) 

in a multi-step reaction, pyrimidine nucleotides are generally built from uridine 

5’-monophosphate (UMP). As it is highly rational, the de novo pathway utilizes the more 

abundant ribonucleoside 5’-diphosphates (NDPs) for dNTP synthesis, since high amount of 
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ribonucleotides are available for the continuous ribonucleic acid (RNA) synthesis during the 

cellular life cycle. The crucial reducing step of the NDPs is catalyzed by the enzyme 

ribonucleotide reductase (RNR). This enzyme promiscuously produces all the four 

deoxynucleotide 5’-diphosphates (dNDPs) from the corresponding ribonucleotides. The next 

step in the dNTP biosynthesis is the phosphorylation of the dNDPs to dNTPs by nucleoside 

diphosphate kinase (Ndk). This enzyme also has the potential to generate all 5 dNTPs 

promiscuously. Finally, dNTPs are used for DNA synthesis by DNA polymerase in a 

pyrophosphatase reaction. 

 
Figure 1: Deoxyribonucleotide metabolic pathways in general. RNR: ribonucleotide 

reductase, dCk: deoxycytidine kinase, dGk: deoxyguanosine kinase, dAk: deoxyadenosine 

kinase, Tk: thymidine kinase, Dctd: dCMP deaminase, TS: thymidylate synthase, 

Gmk: guanylate kinase, Amk: adenylate kinase, Cmk: cytidylate kinase, Tmk: thymidylate 

kinase, Ndk: nucleoside diphosphate kinase, Dcd: dCTP deaminase, Dcd-dut: dCTP 

deaminase-dUTPase, Dut: dUTPase. Brown arrows indicate aspecific reaction routes, while 

black arrows demonstrate specific reactions. Dashed lines represent multi-step reactions. 

As a result of the de novo biosynthesis taking advantage of cellular ribonucleotide compounds, 

one essential deoxynucleotide, namely dTTP should be synthesized in a different way since 

RNA utilizes uridine 5’-triphosphate (UTP) instead of thymine and the above mentioned 

synthesis routes directly generate dUTP. For dTTP biosynthesis, cytosine 

deoxyribonucleotides can be deaminated to generate dUMP precursor. The deamination 

reaction can take place starting off either dCMP or dCTP, and in the latter case the dUTPase 
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enzyme function converts the dUTP intermediate to the desired dUMP. dUMP is then 

5’-methylated on the pyrimidine ring via thymidylate synthase (TS) to generate dTMP, which 

is phosphorylated in two steps by thymidylate kinase (Tmk) and Ndk to produce the desired 

dTTP.  

The salvage pathway utilizes deoxyribonucleosides by specific (dGk, dAk) or aspecific (dCk, 

dTk) deoxynucleoside kinases and produces deoxynucleotide 5’-monophosphates (dNMPs). 

dNMPs are further converted to dNDPs by specific monophosphate kinases (Gmk, Amk, Cmk, 

Tmk) from which compounds the synthesis follows the same path as the de novo. 

In eukaryotic cells, dNTP biosynthesis is mostly cell cycle controlled and tightly coupled to 

DNA synthesis. This process is controlled by the regulation of RNR which has been shown to 

be activated in the S phase and degraded after replication in the G2 / M phase10,11. The cell 

cycle control of dNTP synthesis prevents the illegitimate use of these resources for DNA 

synthesis in a possible virus attack event in the G1, G2 and M phases. However, it is not only 

the degradation of the RNR enzyme that is responsible for the depleted dNTP levels outside of 

the S phase. There exists also a dNTP hydrolyzing enzyme, SAMHD1, upregulated in the G1, 

G2 and M phases, which efficiently hydrolyzes the remaining dNTPs after replication12,13. 

SAMHD1 was first acknowledged as an important restriction factor for HIV replication in non-

proliferating dendritic cells because of its dNTP hydrolyzing activity14,15. Later studies showed 

in addition, that it is not only the major dNTP regulator of the innate immune system, but is 

also a general controller of the dNTP levels of other proliferating cell types12. It has been shown 

that SAMHD1 expression is downregulated in many types of cancer to keep cellular dNTPs at 

a higher level16,17. For that reason, it also has an important role in cancer therapy, since 

functioning SAMHD1 was proposed to have antiproliferative and tumor suppressor function18. 

Interestingly, this cellular evolutionary strategy for tumor suppressor mechanism is very 

similar to the intervention mechanisms of clinical therapies that also aim to disrupt dNTP 

biosynthesis by nucleoside analogues or enzyme inhibitors19.  

Low level of RNR in the G1, G2 and M phases serves to produce the necessary and sufficient 

amount of dNTPs for mitochondrial DNA replication and for cellular DNA repair11,13. Since 

dNTP biosynthesis occurs primarily in the cytosol, mitochondria have several transporters for 

taking up dNMPs, dNDPs and dNTPs, and mitochondrial nucleotide mono/diphosphate kinases 

produce the desired dNTPs20. Another sources of mitochondrial dNTPs are the passively 

diffusing nucleosides which are phosphorylated by the mitochondrial salvage pathway distinct 
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from the cytosolic ones20,21. Thirdly, NDPs can also be taken up by mitochondria and RNR 

reduces them to the proper dNDPs21. Taken together these routes, mitochondria have an 

absolutely separate dNTP pool with a different nucleotide balance22,23.  

1.1.1 Mutagenesis induced by failures in dNTP biosynthesis   

Many studies suggest that the rate limiting step during replication depends on the cellular dNTP 

supply5,6. dNTP synthesis primarily occurs at the site of DNA replication, and since 

ribonucleotide starting materials are in much higher concentration available in the cell, the 

bottleneck of the synthesis route is the reduction of NDPs via RNR. This hypothesis was tested 

in budding yeast by RNR upregulation and it was found that the rate of DNA chain elongation 

was increased both in case when RNR R1 subunit was overexpressed, or in case when the 

expression of an RNR inhibitory protein was blocked24. These results confirm that the 

deoxynucleotide levels are the limiting agents for DNA synthesis and are in good agreement 

with the in vitro DNA elongation observations25. It was also observed that the elevated dNTP 

levels caused by RNR upregulation stimulated replication fork progression even on damaged 

DNA template24. Unfortunately, authors of this study did not investigate the mutagenic 

capability of these strains, but the fact that dNTP pool expansion pushed forward replication in 

case of replicative stress or damaged template suggests higher mutation rate in these strains. 

Overexpression of Escherichia coli (E. coli) RNR also exhibited elevated but balanced dNTP 

pool, which resulted in increased mutagenesis26. The connection between dNTP levels increase 

and the promotion of translesion DNA synthesis with inhibition of DNA polymerase 

proofreading activity was later established as the direct cause of higher mutation rate27. There 

are three major classes of RNRs based on the substrate specificity, subunit structure and 

allosteric regulation: class I, II, and III28. E.coli RNR belongs to the class I RNR, as well as 

many bacteria, viruses, yeast and all the mammalian species including human29. Class I RNRs 

have two major regulatory sites, one of them is the activity site with an ATP/dATP binding 

pocket which has an on/off switch activity on the enzyme, where the ATP binding activates 

and the dATP binding blocks the enzyme activity. The other regulatory site is the specificity 

site with dATP, ATP, dGTP and dTTP binding site, which determines which of the four NDPs 

(ADP, CDP, GDP, UDP) will be reduced at the catalytic site30. Since RNR produces all four 

dNDPs, it has a major role in balancing indirectly the cellular dNTP levels. However, in vitro 

studies suggest that RNR produces balanced dNDPs, when NDP levels are also balanced21,31. 

Interestingly, it has been shown a very long time ago that mutations affecting the regulatory 

sites of RNR lead to a mutator phenotype with dNTP pool imbalances32, but only recent studies 
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have identified those RNR regions in E. coli systematically, the mutations of which lead to 

enhanced mutagenesis in DNA replication29,33. These sensitive sites are i) the activity site, ii) a 

site on the small protein subunit adjacent to the activity site domain and iii) the specificity 

site29. Mutations in the activity site or adjacent to this site on the other subunit damaged protein 

dATP feedback inhibition capacity, therefore dNTP levels were elevated. In the third case, 

when specificity site domain was interrupted, dNTP levels were modestly changed since the 

activity site was not affected, but the ratio of the four dNTPs has been disturbed29. 

Consequently, in all of these cases high mutation rates were observed. Based on this study, 

analogous investigation was done recently with yeast RNR and not surprisingly, very similar 

results were found with elevated and imbalanced dNTP pools when activity or specificity sites 

were affected by random mutagenesis, respectively, with increased mutation rates34.  

The other critical component of dNTP biosynthesis is the Ndk enzyme which is able to directly 

produce dNTPs as the last step of the procedure. Remarkably, several studies showed that the 

loss of Ndk did not result in lethal phenotype in many organisms such as E. coli35, 

Saccharomyces cerevisiae36, Schizosaccharomyces pombe37, Pseudomonas aeruginosa38 and 

Bacillus anthracis39. Although deletion of ndk is not lethal, it also coincides with a modestly 

enhanced mutagenesis as a consequence of dNTP pool imbalances in E. coli35. However, 

connection between increased mutagenesis and dNTP pool imbalances of ndk mutant strains 

could get decoupled, since human ndk paralogue nm23-H2 was able to rescue mutagenic 

phenotype of E. coli ndk mutant, while dNTP imbalances remained perturbed40. It is important 

to note that the authors of this study may misinterpreted their data, since they did not take into 

consideration some important factors with important roles in enhanced mutagenesis or in 

complementation. For example, these are the next nucleotide effect, the missing evidence about 

dUTP presence in the mutant cell lines, or that the dATP level was restored to the original level 

in the complemented strain, and ndk function of the complemented strain was only one-sixth 

of the wild-type (wt) strain. Highlighting these weaknesses, a more thorough study found 

plausible correlation between dNTP pool changes and the mutational consequences in the ndk 

deleted E. coli strain41. 

The third major contributor for a proper dNTP synthesis constitutes the entire dTTP 

biosynthetic route. Failures in this pathway result in high dUTP/dTTP ratio which has fatal 

outcome on cell life since DNA polymerases cannot distinguish between dUTP and dTTP, and 

for that reason, dUTP will be incorporated into the genome. Although it is not mutagenic if it 

replaces thymine, usually it is excised by uracil DNA repair mechanism42 which leads to a 
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vicious cycle if dUTP is reincorporated due to its high concentration. For that reason, the repair 

process becomes overwhelmed which may eventually lead to cell death3,43. This strategy is 

used by the treatment of cancer with 5-fluorouracil (5-FU). Its active metabolite is 

5-fluorodeoxyuridine monophosphate (5-FdUMP) known as a TS inhibitor44,45. Similarly, 

inhibition of TS by other compounds (e.g., the folate antimetabolite raltitrexed) induces the 

same effect44. Moreover, dUTPase dysfunctionality also results in high dUTP/dTTP ratio with 

lethality: dUTPase is considered to be an essential enzyme in many organisms e.g., in E. coli46, 

Mycobacterium smegmatis (M. smegmatis)47, Saccharomyces cerevisiae48, 

Caenorhabditis elegans49, Drosophila melanogaster50, Arabidopsis thaliana51, and also in 

mouse52. Nothing indicates better the importance of dTTP biosynthetic pathway than the fact 

that both TS and dUTPase enzymes are targets for cancer treatment43,45 due to their ability to 

disrupt dNTP biosynthesis when they are inhibited.  

So far, we concluded that dNTP metabolism plays significant role in cell viability and in 

genome maintenance. Since the salvage pathway of the dNTP metabolism alleviates the 

consequences of dNTP pool disturbances, we searched for a model organism lacking this 

alternative route for deeper and unbiased investigations of the de novo dNTP metabolism. We 

found that in the Mycobacterium genus the salvage pathway is completely absent, thereby these 

organisms provide the possibility to explore several unknown factors of the dNTP biosynthesis.  

1.1.2 Mycobacterium species have reduced dNTP biosynthetic routes suitable for genetic 

investigations 

The mycobacterial dNTP biosynthetic routes are presented in Figure 2. Interestingly, besides 

the salvage metabolic routes, dCTP deaminase (Dcd) and dCMP deaminase (Dctd) are also not 

present in these organisms despite the fact that they usually serve the major flux of dUMP for 

the thymidylate biosynthesis53,54. In Mycobacteria, the dUMP precursor is produced by only 

two enzymes, the bifunctional dCTP deaminase-dUTPase (Dcd-dut) and dUTPase, both 

possessing dUTPase activity. 

In this genetic background environment, the question as to what extent Dcd-dut and dUTPase 

contributes i) to dTTP biosynthesis, and ii) to the low dUTP/dTTP ratio maintained in the cells 

can be investigated. To answer this question, we have selected M. smegmatis, as it is a non-

pathogenic and fast growing bacterium among Mycobacteria cultivable under straightforward 

laboratory procedures. 
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Figure 2: The deoxynucleotide metabolism of mycobacterial species lacks the salvage 

pathway. RNR: ribonucleotide reductase, ThyA, ThyX: thymidylate synthase, 

Gmk: guanylate kinase, Amk: adenylate kinase, Cmk: cytidylate kinase, Tmk: thymidylate 

kinase, Ndk: nucleoside diphosphate kinase, Dcd-dut: dCTP deaminase-dUTPase, 

Dut: dUTPase. Brown arrows indicate aspecific reaction routes, while black arrows 

demonstrate specific reactions. Dashed lines represent multi-step reactions. 

1.2 Enzymes contributing to faithful DNA replication investigated in this 

study 

1.2.1 dUTPase plays a crucial role in dNTP pool sanitizing 

As it was mentioned earlier, dUTPase has a significant role in dNTP pool maintenance via 

dUTP hydrolysis (Figure 3). Since dUTP can also be the substrate of DNA polymerases, 

dUTPase enzyme prevents uracilation of genomic DNA55. 

 
Figure 3: dUTPase reaction catalyzes the hydrolysis of dUTP in the presence of Mg2+. 

Uracil is recognized as an error in DNA because cytosine deamination occurs at relatively high 

frequency in the DNA (hundreds of times in a day in a medium size mammalian genome56,57) 

producing uracil:guanine mispair. This is highly mutagenic since guanine will be replaced by 

adenine in the next replication cycle resulting in a stable C:G→T:A point mutation. For that 

reason, uracil is excised by the uracil DNA glycosylase (UDG) enzyme family as the initiator 
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step of the base excision repair (BER) mechanism followed by the cleavage of AP 

endonuclease (APE). The resulting gap is than restored by DNA polymerase and DNA 

ligase55,58. The most common and most effective UDG enzyme is uracil N-glycosylase (UNG) 

which acts on both U:G and U:A pairs59,60. Supporting the connection between futile DNA 

repair caused by elevated dUTP levels and dUTPase inactivity, it is not surprising that the lethal 

phenotype of dUTPase deficit can be rescued by the inactivation of ung gene in the investigated 

cases: in E. coli61, Saccharomyces cerevisiae62, Caenorhabditis elegans49. It is equaly 

interesting that the inactivity of the dUTP producing enzyme Dcd also rescues the deleterious 

effects of dUTPase mutation61 as ca. 70% of the cellular dUTP is produced by Dcd54. 

dUTPase enzyme is a member of the dUTPase superfamily enzymes. Structurally there are 

three major and distinct groups of dUTPases: the mostly β-sheet containing trimeric 

dUTPases55, the -helical dimeric dUTPases63, and the very rarely occurring β-sheet 

containing monomeric dUTPases64. The all-β (trimeric and monomeric) and all- (dimeric) 

dUTPases catalyze the same reaction by very different mechanisms65. As most eukaryotes 

(including human), prokaryotes (including E. coli and Mycobacteria), and many viruses encode 

trimeric dUTPases, further discussion will be only about trimeric dUTPases. 

The homotrimeric dUTPases consist of three identical subunits in a symmetric form 

(Figure 4A) with a central channel and three active center. The active sites of the protein 

assemble with the contribution of all three subunits. The active center is built up by the 5 

conserved motifs which contains highly conserved residues. The contribution of monomers to 

the active sites is as follows: one of the monomers provides the conserved motif 1, 2 and 4, 

another monomer provides the conserved motif 3 and the third monomer contributes to the 

active center with its conserved motif 555 (Figure 4B). 

As a matter of fact, the reaction is catalyzed by the divalent metal cofactor Mg2+, the main role 

of which is to keep the phosphate chain of the substrate dUTP in the proper orientation in the 

active center66 (cf. Figure 3, 4A). Residues in the conserved motif 1, 2 and 4 also coordinate 

the phosphate chain of the nucleotide (cf. Figure 4A). The catalysis is initiated by a nucleophilic 

attack of a water molecule on the -phosphate of the substrate67 (Figure 3). The catalytic water 

is coordinated by a highly conserved aspartate residue (Asp83 in Mycobacterium tuberculosis) 

present in the third motif. Replacement of this aspartate with the very similar asparagine results 

in loss of catalytic ability68,69. The fifth motif containing C-terminal arm of the structure plays 

an important role in triphosphate substrate discrimination70 and also in the closure of the active  
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Figure 4: Structure of the Mycobacterium tuberculosis dUTPase (PDB ID: 2PY4). 

A) Homotrimeric enzyme with the substrate analogue dUPNPP. Different subunits are 

colored with different colors. dUPNPP is in stick representation. Mg2+ is presented as green 

sphere. B) Active center of dUTPase. Conserved motifs are colored with different colors 

representing subunit contribution of the active site. dUPNPP is in stick representation, Mg2+ is 

shown as green sphere. Numbers represent the numbering of the different conserved motifs. 

site upon substrate binding71. Because of its flexibility, the C-terminal arm is often not localized 

in crystal structures. After hydrolysis, dUMP is released and pyrophosphate (PPi) remains 

coordinated with the Mg2+ ion55 (Figure 3). Another possibility to disturb enzyme function is 

to change the small apolar alanine residue to phenylalanine right before the third motif in 

human dUTPase (A98F) 69. This mutation excludes the uracil ring of the substrate from the 

enzyme active center since phenylalanine ring accommodates the place of it69. 

Since dUTPase inactivity leads to catastrophic consequences in all organisms, no wonder that 

it was designated as a drug target for many bacterial infections and for cancer treatment, too. 

But for different medical purposes very specific drugs are needed to be developed. Despite the 

high similarities of trimeric dUTPases, there are some exploitable differences among different 

species. First of all, the central channel exhibits different hydrophobicity in eukaryotes and 

prokaryotes: eukaryotic dUTPases represent hydrophilic central channel because they are built 

up mostly by polar and charged residues, while prokaryotes share hydrophobic central 

channel72. In connection to that, human dUTPase carries a structural Mg2+ in the central 

channel, while prokaryotic dUTPases cannot provide enough space for such Mg2+ among the 

densely packed hydrophobic residues in the central channel73. Secondly, many species contain 

unique insertions in their dUTPase sequence far distinctive from each other74. One example to 

that is that mycobacterial species contain a 5 amino acid long sequence between the conserved 

motif 4 and 547. Although deletion of this 5 amino acid Mycobacterium specific loop did not 

change the in vitro activity of Mycobacterium tuberculosis (M. tuberculosis) dUTPase, in vivo 

effect of this deletion resulted in inviable strain using M. smegmatis47. This result suggests that 
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dUTPase has a still unknown cellular function in connection with this specific segment47. 

Search for small molecule inhibitors against this species-specific motif of M. tuberculosis 

dUTPase was evaluated using molecular docking algorithm75. As a result, 10 new compounds 

were found to be active against M. tuberculosis, from which one and its derivatives were further 

investigated in vitro. The top hit molecule was investigated in vivo in M. tuberculosis infected 

guinea pig model, and very good efficacy was found against the pathogen75. As for targeting 

dUTPase for cancer treatment, it was shown that dUTPase deficiency caused increased 

sensitivity towards TS inhibitors in cancer cell lines76,77. Recently, a new class of human 

dUTPase inhibitors was developed78,79, from which the one called TAS-114 was successfully 

passed through the phase 1 clinical trial80,81. A phase 2 study also revealed that this molecule 

in combination with S-1 cancer therapeutic has higher efficiency in patients with advanced 

solid tumors82.   

In 2014, the Stl regulatory protein of Staphylococcus aureus (S. aureus) pathogenicity island 

SaPIbov1 was identified as a proteinaceous inhibitor of the S. aureus 11 helper phage 

dUTPase83. Soon it was also discovered that this staphylococcal Stl protein is capable of 

cross-species inhibition of the evolutionarily very distant, but structurally similar 

M. tuberculosis dUTPase, and causes perturbation in cellular dNTP pool and colony formation 

in Mycobacteria in vivo84. Surprisingly, Stl protein was also proved to be an efficient inhibitor 

of the fruitfly dUTPase85, and the human dUTPase86, and even the structurally unrelated 

dimeric dUTPase of the S. aureus NM1 phage87. Since proteinaceous inhibitors are far more 

specific to target other macromolecules in cellulo as compared to small molecular inhibitors, 

deciphering the structural mechanism of the offbeat interactions of Stl and different dUTPases 

became necessary in order to promote specific drug design to dUTPases. 

1.2.2 Dcd-dut hydrolyzes both dCTP and dUTP 

The bifunctional Dcd-dut enzyme is also the member of the dUTPase superfamily enzymes. 

This protein is coded by many archaea and prokaryotes, so it was also identified in 

M. tuberculosis88. Indeed, Dcd-dut accepts both dCTP and dUTP as a substrate in its active 

site88,89. However, when dCTP is bound, the oxidative deamination takes place without 

releasing the dUTP intermediate89. With this mechanism cells protect themselves from the 

accumulation of the harmful dUTP. Dcd-dut catalyzes both deamination and pyrophosphatase 

reaction (Figure 5). It was also shown that deamination and pyrophosphatase reactions are 

independent from each other, as a mutant Dcd-dut unable to deaminate dCTP was still able to 
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hydrolyze dUTP89. Similarly to the dUTPases, both dCTP and dUTP substrate bound to the 

active site in complex with Mg2+ ion89.  

 
Figure 5: Dcd-dut catalyzes the two-step hydrolysis of dCTP to dUMP in the presence of 

Mg2+. 

Since dUTPase and Dcd-dut proteins are encoded by homologous genes, structurally they are 

closely related to each other, as well. Figure 6 represents the schematic view of M. tuberculosis 

Dcd-dut structure superimposed to the M. tuberculosis dUTPase. As it is visible, protein folds 

are very similar, as both organization are homotrimers with 3 active sites and a central channel. 

 
Figure 6: The structure of M. tuberculosis Dcd-dut (PDB ID: 2QLP) depicted in yellow 

superimposed to M. tuberculosis dUTPase (PDB ID: 2PY4) represented in green. Note that 

the quaternary structures of these proteins are analogous. Both proteins are organized into 

homotrimers with 3 structurally similar active sites with the substrate analogue dUPNPP in it. 

Also, central channel is present in both cases. Figure is from ref. 90. 

Besides these structural similarities, active site architecture is also very similar in this 

superfamily of enzymes. From the 5 conserved motifs present in all dUTPases, conserved 

motifs 1-4 are also represented in Dcd-duts89. The active site contribution of the homotrimers 

also resembles each other: conserved motif 1, 2 and 4 is provided from one of the monomers, 

and conserved motif 3 is provided by another monomer. Although conserved motif 5 is 

apparently not present in Dcd-duts, C-terminal arm becomes ordered upon substrate binding88. 

The catalytic mechanism is also shared throughout this superfamily of enzymes. Mutation of 

the catalytic aspartate residue present in the conserved motif 3 results in total catalytic loss in 

both deaminase and pyrophosphatase acitvity89. One major difference among these enzymes is 

that Dcd-duts are allosterically regulated by dTTP while dUTPases are not88,89. As Dcd-dut 
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also contributes to the thymidylate biosynthesis with the production of the bottleneck dUMP 

as a starting material, it is very likely that the allosteric regulation of dTTP is a form of feedback 

regulation. Another interesting difference is that unlike dUTPase, Dcd-dut was supposed to be 

non-essential in the mycobacterial genome91.  

1.2.3 MutT enzyme plays an important role upon oxidative stress 

As a normal consequence of cellular metabolism of aerobic organisms utilizing oxygen, 

reactive oxygen species (ROS) such as hydrogen peroxide, superoxide and hydroxyl radicals 

are produced continuously intracellularly92. Also, ROS is generated by various chemicals or by 

ionizing radiation. However, nucleic acids and nucleotides are vulnerable when exposed to 

these radicals, generating many types of oxidized bases92. Among these, the oxidized form of 

guanine base is overrepresented, while it is the most susceptible base to oxidation reaction. 

Usually oxidation damage on guanine base results in 7,8-dihydro-8-oxo-guanine (8-oxoG) in 

both DNA and in the nucleotide pool93. This form of guanine is highly mutagenic, since 8-oxoG 

potentially pairs with both cytosine and adenine in the genome with the same efficiency94.  

In the latter case, G:C→T:A or A:T→C:G mutations can occur depending on whether 8-oxoG 

was in the DNA or in the nucleotide pool, respectively95. Obviously, cells evolved to protect 

themselves from this harmful event by expressing proteins against the damaged 8-oxoG bases. 

While E. coli MutM and MutY proteins remove either 8-oxoG or A of an 8-oxoG:A mispair 

from DNA, respectively96,97, E. coli MutT protein was identified as a preventive repair enzyme 

effectively hydrolyzing 8-oxo-dGTP98 in the nucleotide pool.  

MutT protein belongs to the Nudix hydrolase enzyme family which members were proposed 

to hydrolyze nucleoside diphosphate linked to some other moiety, X, where X is a phosphate 

group in case of the substrate of MutT. In this protein family, all enzymes are “housecleaning” 

enzymes cleansing the cell from potentially deleterious endogenous metabolites99. MutT 

converts 8-oxo-dGTP into its monophosphate form in the presence of Mg2+ ion (Figure 7).  

 
Figure 7: The pyrophosphatase reaction catalyzed by MutT. 

Interestingly, it was also found that not only 8-oxo-dGTP is the specific substrate of the E. coli 

MutT enzyme, but it also hydrolyzes 8-oxo-rGTP, the ribonucleotide form of the damaged 

guanine base at least with the same efficiency100. Although 8-oxo-rGTP is able to be 

incorporated into RNA100, it was also reported that 8-oxo-rGTP is not the major contributor to 
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the transcriptional errors found in the MutT deficient cell lines101. Another interesting evidence 

was shown that incorporation of 8-oxoG substrates to DNA or RNA appears to be a much 

slower process than incorporation of the canonical G nucleotides98,100. As for the substrate 

preference for E. coli MutT enzyme, it was also analyzed how effectively it hydrolyzes other 

nucleotides. Despite the fact that MutT is highly specific for both the damaged 8-oxo-dGTP 

and 8-oxo-rGTP, it is able to hydrolyze dGTP, GTP, dTTP and dCTP, with a much less 

efficiency98 (Table 1).  

Table 1: The substrate preference for E. coli MutT enzyme. Table was compiled from 

ref. 98 and 100. N.d.: No data available. 

Substrate KM (μM) vmax vmax/KM Specificity 

8-oxo-rGTP N.d. N.d. N.d.     

8-oxo-dGTP 0.48 4.2 8800 

dGTP 1100 4.8 4.3 

GTP 1200 1.6 1.4 

dTTP 1800 1.3 0.72 

dCTP 1700 0.28 0.16 

Surprisingly, the Ndk enzyme converting dNDPs to dNTPs reaction (cf. Fig. 1) contributes to 

the mutator phenotype of MutT deficient E. coli, since it was proved to also convert 

8-oxo-dGDP to 8-oxo-dGTP and vica versa. Although reaction of Ndk is reversible, it was 

observed that the formation of 8-oxo-dGTP is preferred since its rate is thrice as efficient as 

the backward hydrolysis reaction102. This observation may has higher importance in those 

organisms which are exposed to higher level of oxidation stress102. 

The mycobacterial genome has four MutT proteins annotated. Although the substrate 

preference of these four enzymes has not yet been fully determined, the MutT2 protein has 

higher activity on dCTP and 5-me-dCTP than on 8-oxo-dGTP in both M. tuberculosis and 

M. smegmatis103. The dCTP hydrolyzing activity was interpreted as an inherent need in these 

G+C rich organisms to prevent their genome during DNA synthesis via slowing down the 

replication process in case of oxidative stress. While M. smegmatis MutT2 could rescue 

phenotypes of MutT deficient E. coli, M. tuberculosis MutT2 could not. However, authors 

concluded that the overall 8-oxo-dGTP hydrolyzing activity of these three proteins is in 

correlation with their growth rates (E. coli > M. smegmatis >> M. tuberculosis). This would 

give an explanation to the different rescue potential of the different mycobacterial MutT2 

proteins103. The M. smegmatis MutT1 was characterized to hydrolyze 8-oxo-dGTP to its 

diphosphate analogue104. Not much later, it was also found that this MutT1 protein exhibits 

diadenosine polyphosphate hydrolysis activity, as an additional function105. Despite the 
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potential of 8-oxo-dGTP hydrolyzation by mycobacterial MutT1 and MutT2 proteins, a true 

mycobacterial homologue to E. coli MutT has not yet been identified102. 

Mammalian MutT homologue 1 (MTH1) proteins were also found in human106,107, mice108 and 

rats109. The human MTH1 hydrolyzes 8-oxo-dGTP into the corresponding monophosphate 

very effectively, and is also capable to hydrolyze dGTP and dATP in a much lesser extent 

(~ 5% to that of 8-oxo-dGTP activity)106. Neither dCTP nor dTTP are hydrolyzed by this 

human protein106. However, it was also shown that the human MTH1 is more efficient on 

oxidized adenine nucleotides like 2-OH-dATP, 2-OH-rATP, and has similar activity on 8-oxo-

dATP than that of 8-oxo-dGTP110,111. Surprisingly, MTH1-/- mice showed high susceptibility 

for spontaneous tumorigenesis as compared to the wt mice 18 month after birth112. Greater 

number of tumors were grown in the lung, stomach and liver reflecting the metabolic balance 

of oxidative stress in different organs112,113. In spite of these potential consequences, MTH1 

was identified and validated as an anticancer target since inhibitors cause DNA damage in 

cancer cells by incorporation of oxidized dNTPs114–116. 

As for the detection of cellular 8-oxo-dGTP level, attempts to that seemed to be very difficult 

when the amount of this compound was undetectable in extracts of E. coli MutT deficient 

cells117. Some years later detection of 8-oxo-dGTP was made possible in rat mitochondria in 

several tissues118. It needs to be added that the dNTP pool of rat mitochondria is highly 

asymmetric with dGTP being the most abundant whereas usually it has the lowest amount in 

the eukaryotic cellular dNTP pools4,23. Mitochondria are more susceptible to oxidation damage, 

and the trace amount of 8-oxo-dGTP measured in rat mitochondria is high enough to promote 

replication infidelity contributing to mitochondrial dysfunction and disease118.  

1.2.4 DNA polymerase incorporates dNTPs into DNA 

DNA polymerase is essential in every organism for the DNA replication process to be able to 

duplicate the genetic information and transfer it into two separate daughter cells. Prokaryotes, 

as well as eukaryotes usually contain more DNA polymerases with highly divergent 

subfunctions. Despite of this fact, there are several common features shared among all DNA 

polymerases. The reaction catalyzed by them is the DNA elongation with the usage of dNTPs 

in the presence of two divalent metal ions, usually Mg2+ ions (Figure 8). For this, a template 

DNA is needed with a short complementary 5’-3’ DNA or RNA (primer). The elongation step 

always occurs at the 3’-OH end of the primer, and synthesis proceeds in the 5’→3’ direction 
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antiparallel to the template DNA. The correct base selection is directed by the template DNA 

according to the Watson-Crick base pair rules119. 

 
Figure 8: DNA polymerase catalyze the reaction of DNA elongation by hydrolyzing 

dNTPs in a pyrophosphatase reaction in the presence of Mg2+. 

The first DNA polymerase identified was E. coli DNA polymerase I (DNA pol I)120. Later it 

was found that it is not DNA pol I which is responsible for the majority of DNA replication, 

but rather DNA polymerase III119,121. DNA pol I acts as a DNA repair polymerase and it is also 

responsible for processing the nascent Okazaki fragments with excision of the RNA primers 

during the synthesis122. To date, 5 different DNA polymerases were found in E. coli termed 

DNA Pol I-V.  

For biotechnology applications, the most widely used DNA polymerase is Thermus aquaticus 

DNA polymerase (Taq polymerase). It was isolated from thermal vent living Thermus 

aquaticus, and therefore Taq polymerase is a heat-stable DNA polymerase123. It belongs to the 

family A polymerases, and to the type I DNA polymerases, similarly to E. coli DNA pol I. 

Type I polymerases have three main domains: i) a polymerase domain, ii) a 3’-5’ exonuclease 

(proofreading) domain, and iii) a 5’-3’ exonuclease domain124 (Figure 9A). The polymerase 

domain catalyzes the DNA synthesis. This domain is highly conserved structurally among all 

DNA polymerases. Polymerase domain structure resembles a right hand with a palm, fingers 

and thumb forming together the DNA binding cleft125 (Figure 9B). The primer-template DNA 

is located in the palm in the orientation that the 3’-OH of the primer is nearby the three 

catalytically important carboxylate amino acid residues of the palm126. Upon DNA binding into 

the active site, the thumb undergoes a conformational change and closures DNA127. The fingers 

play a role in the proper orientation of the incoming dNTPs close to the 3’-end base of the 

primer. Upon dNTP binding, the fingers also perform a closure motion completely burying the 

dNTP from the solvent127,128. At this point, the full length of the polymerase is involved in a 

coordinated global conformational change129. The chemical reaction occurs in the tight binding 

state of the DNA polymerase, whereas DNA translocation occurs in the loose binding state127. 

With the DNA translocation, a series of dNTP incorporation reaction can take place one after 

another without the release of the substrate DNA127. Taq polymerase was considered highly 

processive since its processivity was measured to be 60 nucleotides per sec at 70 °C130. One of 
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the two Mg2+ ions is coordinated by the α, β and γ phosphate of the dNTP and by two of the 

catalytical carboxylate residues (Asp610, Asp785). This Mg2+ ion is thought to play important 

role in the coordination of the leaving pyrophosphate group. The other Mg2+ ion is coordinated 

by the α phosphate of the dNTP and by the carboxylate residues (Asp610, Asp785), and also 

by the 3’-OH of the primer. This Mg2+ ion is supposed to facilitate the 3’-OH attack on the α 

phosphate by lowering the affinity of the 3’-OH for the hydrogen127.  

 
Figure 9: The crystal structure of Taq polymerase. A) Structure of the full-length protein 

(PDB ID: 1TAQ131). Different colors represent different domains of the protein: polymerase 

domain is in green, 3’-5’ exonuclease domain is in salmon and 5’-3’ exonuclease domain is in 

yellow. Figure was created based on ref. 132. B) Structure of the polymerase domain with 

DNA in the active site (PDB ID: 1TAU126). 

Although the presence of 3’-5’ exonuclease domain is ubiquitous among the type I DNA 

polymerases, Taq polymerase possesses a dramatically altered 3’-5’ exonuclease domain, 

missing all the four catalytically important carboxylates which are essential for the divalent 

metal ion binding and for the catalysis of 3’-5’ exonuclease domain of E. coli DNA pol I131. 

This loss results in an inactive domain completely lacking the proofreading activity. For that 

reason, the fidelity of Taq polymerase is very low. It was shown that out of every 9000 

nucleotides incorporated one single base substitution appears, and out of every 41000 

nucleotides incorporation event one frameshift mutation occurs133.  

As for the 5’-3’ exonuclease activity of Taq polymerase, it is involved in nick translation, in 

RNA primer removal during replication and in the removal of damaged nucleotides during 

repair process134,135. This activity is not sequence specific, but rather structure specific135. The 

degradation of the 5’ oligonucleotide results in dNMPs134. It was shown that nor the free 
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oligonucleotide itself neither heat denatured DNA are substrates of this activity (both are 

ssDNA), but rather the 5’-end of a nick on a duplex DNA134. Also, 5’-end of a blunt-end duplex 

DNA is not the proper substrate of this activity. It was also found that the cleavage of the 5’-end 

of an annealed primer can also occur without DNA synthesis or without an adjacent primer 

forming a real nick upstream, but the 5’-cleavage occurs three times faster in case if nick is 

present134,135. The 5’-3’ activity of Taq polymerase is directed by conserved amino acid 

residues present also in E. coli DNA pol I, and by divalent metal ions (Mg2+ or Mn2+)136.  

Taq polymerase has a temperature optimum at around 75-80 °C, and its half-life is ca. 45-

50 min at 95 °C137. These favorable properties made Taq polymerase soon to be the primarily 

applied DNA polymerase in polymerase chain reaction (PCR) applications138. The possibility 

of using high temperature in PCR resulted in higher specificity, improved the yield and the 

sensitivity of the procedure, and the product length could be extended as well138. It made PCR 

even simpler that there was no more need to add fresh polymerase at each cycle. It is still the 

most commonly used polymerase for PCR reactions. The 5’-3’ exonuclease activity of Taq 

polymerase is exploited in TaqMan assay, widely used in quantitative PCR assays (qPCR) to 

detect specific DNA139. Another application of Taq polymerase was established for application 

in DNA sequencing130. 

DNA polymerases are promiscuous enzymes accepting all four dNTPs for the incorporation 

reaction. Besides the canonical dNTPs, many alternative dNTPs are also capable to be 

processed by DNA polymerases, e.g. dUTP140, dITP141, 8-oxo-dGTP98, 5-me-dCTP141, 

ddNTPs130 and also fluorescently labeled ddNTPs142. Extension of the binding capability of 

DNA polymerases to special or unnatural dNTPs are under continuous improvement according 

to the biotechnological needs143.  

1.3 Investigation of the dUTPase inhibitory Stl protein 

As it was mentioned in Chapter 1.2.1, the staphylococcal SaPIbov1 regulatory Stl protein is an 

efficient dUTPase inhibitor, therefore it has a potential therapeutic role. S. aureus pathogenicity 

islands (SaPIs) are mobile genetic elements usually encoding virulence factors such as toxins, 

antibiotic resistance genes and antigens144. In case of SaPIbov1, the master repressor Stl prevents 

transcription of the pathogenicity island by binding to a specific DNA segment within the SaPI 

genome145. SaPIbov1 can be mobilized upon infection of the bacteria by 80α, φ11 and NM1 

helper phages due to formation of Stl:phage dUTPase complex abolishing the Stl-DNA 

complex87,146. After the excision and replication of SaPI DNA is initiated, copies of SaPI are 
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packed into newly synthesized phage particles thereby promoting its own 

spread146 (Figure 10). 

 
Figure 10: The mechanism of SaPI mobilization via phage infection 

Structural investigations have also been carried out for determining major protein segments 

involved in the different Stl complexes. In the absence of any crystal structure, a Phyre2 model 

of Stl protein was generated (Figure 11)147. According to the result, 74% of the protein structure 

was α-helical in great agreement with CD spectroscopy measurements147.   

 
Figure 11: The structural model of Stl protein. 

Based on this, the major Stl protein domains identified were i) the N-terminal domain, 

ii) the C-terminal domain and iii) the helix-turn-helix (HTH) motif. The N-terminal domain 

containing the HTH motif was considered to participate in the DNA binding. Introduction of 

point mutations into the HTH motif resulted in a decreased DNA binding ability147, supporting 

its role in DNA binding, similarly to other bacteriophage repressors148. The C-terminal domain 

of Stl was proposed to be involved in protein-protein interactions. Indeed, a truncated Stl 

mutant containing only the C-terminal domain was not able to bind to the DNA, while that 

retained its inhibitory interaction with the derepressor φ11 phage dUTPase, although in a lesser 

extent. This property of the Stl suggests that the N-terminal part may also contribute to the 

protein-protein interaction147. 
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1.4 Approaches for determining cellular dNTP pools 

The dNTP metabolism has nowadays evoked interest in the scientific community due to its 

involvement in many biologically important processes. For example, while dNTP biosynthesis 

is coupled to cell cycle control via dTTP metabolism149,150, it also plays a crucial role in 

antiviral defense when dNTPs are degraded via SAMHD1 activity13,151, and it also has a role 

in antibody hypermutation via SAMHD1 inactivation152. Besides, it was also revealed that the 

imbalances of dNTP pool influence aging via telomerase activity153 and mitochondrial 

dysfunction154, and also promotes oncogenic transformation155–157.  

Consequently, measuring the exact cellular dNTP pool is of great scientific desire. As no direct 

measurement technique is available for in vivo investigation of dNTP pools, cellular extracts 

are typically used for in vitro measurement of dNTPs. The two main techniques available 

nowadays are i) methods based on the high performance liquid chromatography (HPLC) or 

ii) enzymatic assays based on DNA polymerization. The most challenging part in both of these 

methods is the separation of dNTPs from the ribonucleoside triphosphates (rNTPs) present also 

in the samples in much higher abundance. Another difficulty is the separation of dNTPs from 

each other and from the sample matrix.  

1.4.1 HPLC-based dNTP quantifying methods 

The HPLC-based techniques can be coupled with either UV or mass spectrometry (MS) 

detection. But both of them have the restriction of requiring specialized laboratories with 

expensive equipment (especially for MS), and high level of analytical expertise. To facilitate 

the retention of nucleotides on reversed-phase columns in chromatography, ion-pairing agents 

are needed to neutralize the negative charges of the nucleotides.  

1.4.1.1 HPLC coupled with UV detection 

The problem of separating the more abundant rNTPs from dNTPs was solved by using boronate 

chromatography followed with an anion-exchange column separation of dNTPs158,159, and by 

applying gradient ion-pairing reagents in order to allow the simultaneous measurement of 

rNTPs and dNTPs160. In the first case, 99% of rNTPs can be removed from the sample matrix. 

However, even 1% of rNTP can perturb dNTP quantification, and this method cannot be 

applied with MS detection system due to the high-salt concentration used in boronate 

chromatography161. The specific chemical or enzymatic degradation of rNTPs also could not 

fully deplete rNTPs161. 
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The main advantage of HPLC coupled with UV detection when measuring the dNTP levels is 

the possibility of measuring also the rNTP levels from the same sample. This could serve as a 

good control whether the extraction method worked properly. However, the biggest 

disadvantage of HPLC-UV quantification is the requirement of large sample size because of 

the small sensitivity. This could limit its applicability in such case when sample volume could 

not be increased. 

1.4.1.2 HPLC coupled with MS detection 

As for the HPLC-MS quantification of cellular dNTP pools, its main advantage is the highest 

available sensitivity even at femtomole level162. However, it has also some disadvantages. First 

of all, the use of ion-pairing reagents (usually alkylamines, like diethylamine, 

tetrabutylammonium salts, hexylamine, etc…) for HPLC separation of the different dNTPs is 

often incompatible with other standard usage of MS instruments163. For that reason, specialized 

laboratories with dedicated instrumentations are needed for quantifying dNTP levels. Ion-

pairing agents make the full procedure even more time-consuming due to the need for 

additional washing steps. Also, ionization of the analyte with ion-pairing agents can result in 

reduced signal162. The second issue with MS detection is the problem with isobaric nucleotides 

which share the same molecular mass and have similar fragmentation patterns (and sometimes 

also have same separation behavior in HPLC). For instance, the naturally occurring [13C]-dCTP 

shares the same mass with dUTP, and even though the abundance of cellular dCTP over dUTP, 

the occurring 1% [13C]-dCTP can disturb dUTP analysis164. Another example to that is the 

isobaric ATP and dGTP. Since ATP is present in much higher quantities in cells, even after a 

highly thorough 99% separation of that, the remaining 1% could make it impossible to 

differentiate the two compunds161. By using hydrophilic interaction liquid chromatography 

(HILIC), the use of ion-pairing reagents could be omitted, and the simultaneous detection of 

all four dNTPs and rNTPs was made possible from biological samples165. 

1.4.2 DNA polymerization-based enzymatic assays for dNTP quantification 

The DNA polymerization-based methods have the advantage of high specificity based on the 

used DNA polymerase. These methods have high sensitivity as well. The signal detection upon 

polymerization is based on either radioactive or fluorescence labeling.   
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1.4.2.1 Radioactivity-based detection of dNTPs upon DNA polymerization 

The radioactive dNTP incorporation-based DNA polymerization assay166 is a commonly used 

method for dNTP quantification. The assay works with a synthetic oligonucleotide template 

and primer annealed to each other, where primer elongation depends on the amount of the 

limiting dNTP to be measured, originating exclusively from the sample (in this example,  

the dCTP) (Figure 12). To complete the chain, radioactive labeled dATP is added in excess to 

the assay (or labeled dTTP, in case of dATP measurement). The synthesized DNA has 

radioactive signal proportional to the dCTP incorporated. The exact dCTP amounts of the 

samples are determined by using a standard curve with known amounts. The four dNTPs are 

measured in separate reactions. As a refinement of the original method, the Klenow polymerase 

was replaced with Taq polymerase in case of dCTP and dGTP measurement, due to the rNTP 

incorporation ability of Klenow polymerase167. 

 
Figure 12: The schematic view of the dCTP measurement assay. For total chain extension, 

three molecules of dCTP need to be incorporated by DNA synthesis, and also several dATPs. 

Star represents radiolabeling of dATP. Figure is from ref. 167. 

The single nucleotide incorporation radioactive dNTP measurement was designed to achieve 

higher sensitivity to be able to measure intracellular dNTP levels of nondividing cells as 

well168. The single nucleotide incorporation event is detected on a high-resolution denaturing 

gel, while the 5’-end of the extended primer is 32P radiolabeled. With this method, femtomoles 

of dNTPs can be measured168. 

Although both radioactive methods are reliable and sensitive, they are time-consuming and 

labor-intensive. For that reason, these methods cannot be easily used for high-throughput 

investigations. Also, because the use of harsh radioactive reagents poses health hazards, it 

needs special handling.    

1.4.2.2 Fluorescent detection of dNTPs incorporated by DNA polymerization  

A recently developed fluorescence-based assay utilizes the 5’-3’ exonuclease activity of Taq 

polymerase169. The principles of this TaqMan assay-like method are similar to that of 

radioactive dNTP incorporation-based method (Figure 13). Briefly, a certain number of dNTP 

analyte must be incorporated into the complementary strand of the template. The amount of 

the investigated dNTP is limiting from the sample, while the other three dNTPs are in excess 
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in the solution. When polymerization reaches the fluorescently-labeled probe, Taq polymerase 

hydrolyzes it, and the fluorescence signal is released from the quenching169. 

 
Figure 13: Fluorescence-based dTTP measurement method. In this setup, 6 molecules 

dTTP should be incorporated to release the fluorescent signal. Figure from ref. 169 was edited. 

By this method, the use of Taq polymerase was carefully considered from the rNTP 

incorporation point of view, too. Even a 1000-fold excess of rNTPs over dNTPs could give 

reliable output in the assay using Taq polymerase169. 

This method is highly applicable for high-throughput dNTP measurements, and has the 

advantage to be relatively cheap (in comparison to the other available methods). 

Another fluorescence-based dNTP quantifying method was established using the idea of a fuel-

limited isothermal DNA machine170. This method works with DNA polymerase and two 

restriction enzymes, which together serve as a self-directed machine multiplying the signal 

generated by the dNTP incorporation. With this technique, high sensitivity can be achieved 

(1.3 femtomole as the lower limit), however, the scientific community has not applied this 

method for any investigations yet. In case of the use of many enzymes in the same assay, the 

outcome might be influenced by the different kinetics of the used enzymes. Recently, a new 

fluorescence-based dNTP quantifying method using click reactions was also established171. 

This method was also not tested by the scientific community. 

1.5 Mycobacterial stress adaptation 

In Chapter 1.1.2, it was shown that the Mycobacterium species lacking the salvage pathway 

are suitable subjects for investigation of dNTP metabolism. There are several pathogens among 

Mycobacteria, e.g., M. tuberculosis, the causative agent of pulmonary tuberculosis, or 

Mycobacterium leprae, causing leprosy in humans. Several other Mycobacteria cause disease 

in animals or humans with similar symptoms to that of tuberculosis (Mycobacterium bovis, 

Mycobacterium microti, Mycobacterium caprae…etc.). There are also non-tuberculous 

infectious species among Mycobacteria. 



31 

Tuberculosis is one of the major global health issues causing ca. 10 million new infections 

annually, and ca. 1.5 million death cases, according to the WHO172. Although tuberculosis is 

preventable and curable, it is one in the top 10 leading causes of death. While successful global 

efforts have been made to reduce the number of new cases, the cases in connection with 

multidrug-resistant tuberculosis (MDR-TB) constitute a public health crisis172. WHO has 

estimated that one quarter of the population is infected with latent tuberculosis, from which 

5-10% will turn into active disease. Although most of the incidents arise in poor countries, 

cases are also found in developed countries. The most susceptible people for infection are 

people with otherwise weak immune system (malnourished people, HIV patients, homeless 

people). For that reason, amongst the HIV patients, M. tuberculosis infection has the highest 

mortality172. 

Tuberculosis spreads in the air with droplets, by cough, sneeze or spit. The symptoms are 

cough, fever, night sweat and weight loss, may not be enough specific to diagnose the illness 

for several months. The bacillus infects usually the lungs forming tubercles in it.  

The standard treatment of tuberculosis is a 6-months long therapy with four of the first-line 

drugs (rifampicin, isoniazid, ethambutol and pyrazinamide) used in combination. Although the 

cure is successful in most of the cases (in 85%), the improper use of antibiotics often results in 

development of antibiotic resistance genes. The MDR-TB strains are resistant at least to the 

two most effective tuberculosis drugs, to rifampicin and isoniazid. The therapy of patients with 

MDR-TB can be achieved by second-line antibiotics (e.g. fluoroquinolones, amikacin). 

However, these strong medicals are often more toxic and more expensive, the treatments with 

them needs even more time (2 years), and have a lower success rate (56%)172. Extensively or 

totally drug-resistant tuberculosis (XDR-TB) cases has also been reported173,174, which are 

resistant to any fluoroquinolones and another second-line antibiotics besides being resistant to 

rifampicin and to isoniazid. 

1.5.1 The unusual way of antibiotic resistance occurrence in Mycobacteria 

In most organisms, acquired resistance against antibiotics can occur via two main mechanism: 

i) by genetic mutations somehow connected to the action of antibiotic or ii) by acquisition of 

exogenous DNA coding the resistance gene by horizontal gene transfer175. Uptake of the 

already developed antibiotic resistance genes by horizontal gene transfer is a more efficient 

way for cells to establish the protection against antibiotics. In hospitalization, the most probable 
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scenario for the acquisition of drug resistance arises with conjugation, when plasmids holding 

the resistance determinants are transferred from a donor bacterium through a pilus175. 

Interestingly, Mycobacterium species do not encode the genes necessary for horizontal gene 

transfer176. But instead, antibiotic resistance is built up in M. tuberculosis exclusively by 

chromosomal mutations177,178, mostly by single nucleotide polymorphisms (SNPs)179.  

Several kinds of genetic mutations could be manifested in antibiotic resistance. Mutations 

leading to resistance can appear i) in the gene of the molecular target of the antibiotic, or ii) in 

genes which cause decreased permeability for the harmful agent, or iii) in genes which activate 

efflux pumps to exclude the antibiotic out of the cell, or iv) in genes causing the degradation 

or chemical modification of the antibiotic itself175. 

The molecular mechanism of resistance against antituberculosis agents has also been 

investigated and deciphered in many cases177,180. For example, rifampicin inhibits RNA-

polymerase via binding its β subunit (coded by rpoB gene) and therefore, resistance appears in 

mutations in a hot-spot region of the rpoB gene181. Isoniazid is activated by KatG enzyme and 

the active form inhibits the protein translated from inhA gene. Therefore, the resistance against 

isoniazid bears mutations either in katG gene182, or in the regulatory region of the inhA gene183 

or even in some other genes. Fluoroquinolones act on inhibiting bacterial DNA gyrase enzyme 

and therefore, resistance against fluoroquinolones occurs in mutations in gyrA or gyrB 

genes184,185. Ethambutol resistance usually arises in mutations in embB gene186, since 

ethambutol targets arabinosyltransferase encoded by embB. However, in several cases, 

mutations could not be detected in any of these known regions associated with drug 

metabolisms180. In some of these unidentified cases, decreased permeability for the drug or 

higher activity of efflux pumps or other unknown mechanism was suspected180. Related to this, 

a case study was reported with an XDR-TB which evolved within a single patient187. RNA 

sequencing revealed that transcriptional regulation resulted in increased drug efflux and also, 

downregulation of the cell wall component mycolic acid synthesis was observed. The authors 

concluded that these effects may also contribute to the increased growth efficiency of that 

XDR-TB strain in the presence of multiple drugs187.  

Due to the emergence of drug resistance cases upon tuberculosis treatment, a further 

understanding of the evolution of genetic mutations must be obtained. Strikingly, the in vitro 

spontaneous mutation rate of M. tuberculosis is very low, being 2.1 × 10-10 base mutations per 

generation188. This low basal mutation rate observed in laboratory environment represents only 
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9 mutations in every 10000 genomes copied188, which is much lower than for other bacteria189. 

In contrast to that, whole genome sequencing analysis of M. tuberculosis sputum samples 

derived from treated tuberculosis patients has revealed that active tuberculosis disease exhibits 

considerable genetic diversity, including 4-5 resistance-conferring mutations even in the same 

sample190. Although mutation rate cannot be directly measured in vivo, the high frequency of 

the observed mutations suggests higher mutation rate in these samples as well. Highlighting 

this controversial phenomenon between the in vivo and in vitro samples (Figure 14), it was 

proposed that M. tuberculosis mutation rate might be modulated when entering the host191. 

However, it is unknown whether some factors contribute to the elevated mutation rate within 

the host upon infection, but its possibility was raised191. 

 
Figure 14: The controversial phenomenon of M. tuberculosis mutation rate and frequency 

obtained from in vitro and in vivo samples. 

As internal cellular mechanisms, the following factors were considered which might influence 

the mutation rate in the host: the lack of mismatch repair (MMR), the already existing 

drug-resistance, mistranslation of proteins, the transcriptional mutagenesis, and the action of 

error-prone DNA polymerases. Apart from these, several external factors were also considered. 

These are: the use of antibiotics, the use of antiretroviral drugs, exposure of M. tuberculosis to 

UV radiation, oxidative stress, alkylative stress, hypoxia, and smoking191.  

Knowing the role of dNTP biosynthesis in mutagenesis (discussed in Chapter 1.1), we 

hypothesized that the abovementioned stress factors which potentially have role in the elevated 

mutation rate in Mycobacteria, may act via affecting the cellular dNTP pool. Imbalanced or 

altered dNTP pool could promote erroneous DNA repair, which results in the elevated level of 

DNA mutations. If the causative agent of the stress factor is an antibiotic, the stress tolerance 

results in antibiotic resistance. Here we found an interesting gap in knowledge which we are 

able to investigate to get insight into the mechanism of drug resistance acquisition. 

The mycobacterial DNA repair has some own characteristics. As it was mentioned above, 

Mycobacterium species lack the MMR, a near ubiquitous pathway repairing DNA mismatches 

upon DNA polymerization192. Nonetheless, Mycobacteria maintaining a very low basal 
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mutation rate even in the lack of this repair indicates the presence of some compensatory 

mechanism. One of the compensatory mechanisms was identified as a context-specific codon 

choice of proteins, which could contribute to the genome stability193. Another compensatory 

mechanism could be the redundancy of several enzyme functions found in the other repair 

processes in Mycobacteria (e.g., dUTPase and Dcd-dut; or four MutT proteins, cf. 

Chapter 1.2)194. Mycobacterium species bear the base excision repair (BER) pathway195, the 

nucleotide excision repair (NER) pathway195, the SOS response194, error-prone polymerases194, 

preventive repair194, homologous recombination (HR)196, the non-homologous end joining 

(NHEJ) repair197, and single-strand annealing (SSA) repair196. A non-canonical mismatch 

repair was also observed in Mycobacteria198.  

All in all, the combination of these exceptional genetic possessions makes Mycobacterium 

species suitable objects for the investigation of the mechanism of drug resistance development. 

First, the lack of horizontal gene transfer ensures to catch only cases when antibiotic resistance 

develops exclusively de novo. Secondly, the lack of salvage pathway carries the advantage that 

these species cannot supply their dNTP needs from external sources, therefore the effect of 

different factors on dNTP pool can be investigated. Thirdly, lacking the MMR system allows 

to investigate the arising mutations which otherwise would be hindered due to the MMR 

activity. However, working with an infectious organism possesses high risk. The described 

properties are highly conserved in the genus of Mycobacterium, therefore we chose 

M. smegmatis, as a valid non-pathogenic model organism for M. tuberculosis. 
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2 Aims 

In this study, we aimed to investigate cellular deoxyribonucleotide metabolism from several 

aspects in order to get a better insight into its roles and to have potential options for 

interventions with enzyme inhibitors. As deoxyribonucleotide metabolism constitutes the 

ingredients to the DNA synthesis, no wonder that several health care problems arise when key 

processes involved in the dNTP synthesis are disturbed. For example, alterations in the dNTP 

pool can contribute to cancer development, aging, and can also ease virus attack. Better 

understanding of key processes of dNTP biosynthesis can contribute to more effective drug 

development and increases chances to have better therapeutic possibilities for diseases which 

were associated to an altered dNTP pool.  

Considering this, we wished to investigate 6 key points in connection with deoxyribonucleotide 

metabolism. We would like to answer the following questions: 

1) What is the role of the two dUTPases in the dTTP biosynthesis in Mycobacteria? How 

do the protein levels change when mutant or inactive proteins are present in the cell? Is 

the Dcd-dut A115F mutant really an inactive enzyme? 

2) How does the dUTPase inhibitory Stl protein interact with DNA in vivo? Are there key 

protein segments involved in the binding? Is there a quick and easy way to identify new 

potential Stl partners? 

3) What are the thermodynamic properties of Stl binding to the E. coli dUTPase? How 

does the thermodynamics change when the inhibitory capacity of Stl on dUTPase is 

altered due to a dUTPase point mutation? 

4) Does the known metal chelator ethylenediaminetetraacetic acid (EDTA) bind to 

dUTPase enzyme? If so, what other enzymes are capable to binding to EDTA?  

5) How is the fluorescence-based dNTP measurement applicable for precise and high-

throughput dNTP measurements? How can we design a process for automated data 

evaluation? 

6) What are the roles of different stress factors in the mycobacterial stress tolerance?  

Is the dNTP pool altered when exposing bacteria to stress? How is the mutation pattern 

altered in Mycobacteria upon stress conditions? Is there any connection between dNTP 

pool alterations and mutation pattern?  
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3 Materials and methods 

3.1 Bacterial strains, media and growth conditions 

The M. smegmatis mc2155 strain used for the experiments was grown in Lemco liquid medium 

or on solid Lemco plates with the addition of 15 g/L Bacto agar as described previously199. 

Kanamycin was used at 20 µg/mL, hygromycin B at 50 µg/mL, chloramphenicol at 34 µg/mL, 

X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) at 40 µg/mL final concentration. 

Tetracycline was used for the induction of protein expression in M. smegmatis at 20 ng/mL 

final concentration. 

3.2 Mutagenesis and cloning 

The M. smegmatis Dcd-dut was amplified from p2NIL_dcdWT and p2NIL_dcdA115F 

vectors90 with Msm_dcd_BamHI_f forward and Msm_dcd_HindIII_r reverse primers. Both 

Dcd-dutWT and Dcd-dutA115F amplicons were cloned into pET45b vector with BamHI and 

HindIII restriction sites resulting in pET45b-Dcd-dutWT and pET45b-Dcd-dutA115F plasmids90. 

To generate the pKW08-StlA236T plasmid, the colony PCR product (cf. Chapter 3.11) of the 

random mutagenesis experiment was inserted with BamHI and HindIII restriction sites into 

pKW08-Lx vector200. The pGex-4T-1-StlA236T plasmid was generated by site-directed 

mutagenesis (QuikChange method, Stratagene) of pGex-4T-1-Stl-WT83 using Stl_A236T_f 

and Stl_A236T_r primers200. The φ11 dut gene sequence with hsp60 promoter was synthesized 

by GenScript in order to construct the pSJ27-φdut plasmid from the pSJ27 plasmid201 using 

SbfI and HindIII restriction sites by recombination cloning (Appendix, Figure A1). The 

sequences of oligonucleotides used in this study are listed in the Appendix, Table A1. 

Successful cloning and mutagenesis were verified in all cases by sequencing of the appropriate 

region of the plasmids. 

3.3 Protein expression and purification 

3.3.1 M. smegmatis Dcd-dutWT and Dcd-dutA115F proteins 

Dcd-dutWT and Dcd-dutA115F proteins were expressed from pET45b-Dcd-dutWT and 

pET45b-Dcd-dutA115F plasmids, respectively in E. coli BL21 (DE3) pLysS cells90. The cells 

were grown to an OD600 of 0.4, then protein overexpression was induced with 0.5 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG), and expressed for 6 hours at 30 °C. Cells 

expressing Dcd-dutWT or Dcd-dutA115F were centrifuged (3600 g, 20 min, 4 °C) and lysed in a 
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buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2, 10 mM β-ME, 

0.1% v/v TRITON-X-100, ca. 10 μg/ml RNase, ca. 100 μg/ml DNase, 5 mM benzamidine, 

0.1 mg/ml lysozyme and EDTA-free protease inhibitor (Roche). Cell suspensions were 

sonicated (3 × 60 s) and centrifuged (15550 g, 30 min, 4 °C). The supernatant after cell 

extraction was loaded onto a Ni-NTA column (Novagen) and purified according to the protocol 

of the manufacturer. The purity of the protein preparation was analyzed by SDS-PAGE, and 

was estimated to be <99%. Protein concentration was measured by UV absorbance (ε 280 = 

9970 M−1 cm−1 for the M. smegmatis Dcd-dutWT and the M. smegmatis Dcd-dutA115F mutant 

enzyme) and is given in monomers. 

3.3.2 StlWT and StlA236T proteins 

The Stl proteins were expressed and purified as described previously147. The pGex-4T1-Stl and 

pGex-4T-1-StlA236T vectors were transformed into E. coli BL21 Rosetta (DE3) strain. The cells 

were grown in 500 ml Luria-Bertani broth (LB) to an OD600 of 0.6. The culture was then cooled 

to 30 °C and induced with 0.5 mM IPTG for 4 h. Cells expressing StlWT or StlA236T were 

centrifuged (3600 g, 20 min, 4 °C) and resuspended in 30 ml of lysis buffer containing 50 mM 

HEPES pH 7.5, 200 mM NaCl, supplemented with 2 mM dithiothreitol (DTT), 2 µg/ml RNase 

and DNase, and one tablet of EDTA-free protease inhibitor (cOmplete ULTRA Tablets, Mini). 

Cell suspensions were sonicated (4 × 1 min) and then centrifuged (16000 g, 30 min, 4 °C).  

The resulting supernatant was loaded onto a glutathione-agarose affinity-chromatography 

column which was previously pre-equilibrated with 10 volumes of lysis buffer.  

The glutathione-S-transferase (GST) tag was then cleaved on the column overnight by the 

addition of 80 cleavage unit thrombin. Stl was then eluted from the column. The purity of the 

protein preparation was analyzed by SDS-PAGE, and was estimated to be <95%. 

3.3.3 M. tuberculosis dUTPase protein (mtDUT) 

The mtDUT protein was expressed and purified as described previously90, but with the 

exception that for studies of mtDUT activity in the presence of EDTA, we never used MgCl2 

during protein purification. pET19b-mtDUT plasmid was expressed in E. coli BL21 Rosetta 

(DE3) cells. The cells were grown to an OD600 of 0.4, then protein overexpression was induced 

with 0.5 mM IPTG, and expressed for 3 hours at 37 °C. Cells were centrifuged (3600 g, 20 min, 

4 °C) and lysed in a buffer containing 50 mM TRIS HCl pH 8, 150 mM NaCl, 0.5 mM EDTA, 

0.1% v/v TRITON-X-100, 1 mM phenylmethylsulfonyl fluoride, ca. 10 μg/ml RNase, 

ca. 100 μg/ml DNase, 5 mM benzamidine, and one tablet of EDTA-free protease inhibitor 
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(Roche). Cell suspensions were sonicated (4 × 30 s) and centrifuged (15550 g, 30 min, 4 °C). 

The supernatant after cell extraction was loaded onto a Ni-NTA column (Novagen) and purified 

according to the protocol of the manufacturer. The purity of the protein preparation was 

analyzed by SDS-PAGE, and was estimated to be <95%. Protein concentration was measured 

by UV absorbance (ε280 = 2980 M−1cm−1) and is given in monomers. 

3.3.4 E. coli MutT (EcMutT) protein 

The EcMutT protein was expressed and purified as described previously103.  

The pBADEco-MuT plasmid (kind gift of Umesh Varshney) was expressed in E. coli BL21 

(DE3) pLysS cells. The cells were grown to an OD600 of 0.4, then protein overexpression was 

induced with 0.02% arabinose, and expressed for 3 hours at 37 °C. Cells were centrifuged 

(3600 g, 20 min, 4 °C) and lysed in a buffer containing 20 mM TRIS HCl pH 8, 500 mM NaCl, 

10% v/v glycerol, 2 mM β-ME, 20 mM imidazole. Cell suspensions were sonicated (4 × 1 min) 

and centrifuged (15550 g, 30 min, 4 °C). The supernatant after cell extraction was loaded onto 

a Ni-NTA column (Novagen) and purified according to the protocol of the manufacturer.  

The purity of the protein preparation was analyzed by SDS-PAGE, and was estimated to 

be <95%. Protein concentration was measured by UV absorbance (ε280 = 28990 M−1cm− 1). 

3.3.5 Other proteins used in the study 

The following proteins were expressed and purified by colleagues or other lab members as 

described previously. The human dUTPase (hDUT and hDUTA98F)202 with the exception that 

for studies of hDUT activity in the presence of EDTA, we never used MgCl2 during protein 

purification. The E. coli dUTPase (EcDUT, EcDUTQ93H, EcDUTQ93R) was purified as 

described previously for Drosophila melanogaster dUTPase85. The Staphylococcus aureus 

uracil glycosylase inhibitor (SaUGI)203, the Petroselinum crispum phenylalanine ammonia-

lyase (PcPAL)204, and the rabbit skeletal myosin subfragment-S1205 were purified as described 

previously. We also used a modified Taq polymerase from commercial source: VWR® 

TEMpase Hot Start DNA polymerase. This protein was heat activated before the measurement 

for 15 min at 95 °C according to the protocol of the manufacturer. Protein concentration was 

determined by UV absorbance (ε280 = 10430 M−1cm−1 for hDUT, ε280 = 15930 M−1cm−1 for 

hDUTA98F, ε280 = 8480 M−1cm−1 for EcDut, EcDUTQ93H, and EcDUTQ93R, 

ε280 = 112760 M−1cm−1 for Taq polymerase, ε280 = 21890 M−1cm−1 for SaUGI and 

ε280 = 45,840 M−1cm−1 for PcPAL).  
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3.4 Steady-state dCTP deaminase activity measurements 

For measurement of the dCTP deaminase activity, a continuous spectrophotometric assay was 

used. The method was based on the difference in the molar extinction coefficients between 

deoxycytidine and deoxyuridine at 286 nm wavelength (Δε286 = 3240 M−1 cm−1). A Specord 

200 (Analytic Jena, Germany) spectrophotometer was used at 20 °C with 10 mm path length 

thermostatted quartz cuvettes. The buffer used for the assay contained 20 mM HEPES pH 7.5, 

100 mM NaCl and 5 mM MgCl2. The reaction was initiated by the addition of dCTP into the 

buffer supplemented with the Dcd-dutWT or Dcd-dutA115F enzyme90.  

3.5 dNTP extraction  

M. smegmatis cells were grown until the culture reached OD600 of 0.7 or until the end of the 

8 – 16 hours stress treatment. The total colony forming units (CFUs) were determined for each 

culture, and cultures were centrifuged (20 min, 3600 g, 4 °C) for the extraction. Cell pellets 

were resuspended in 0.5 ml of ice-cold 60% methanol and samples were stored at −20 °C, 

overnight. The samples were boiled at 95 °C for 5 minutes, then cell debris was removed by 

centrifugation (20 min, 16000 rpm, 4 °C). The methanolic supernatant containing the soluble 

dNTP fraction was transferred into a new tube and was totally vacuum-dried at 45 °C. The 

resulting extracts were dissolved in 50 µl nuclease-free water and stored at −20 °C until use206. 

3.6 Quantification of M. smegmatis dcd-dut and dut mRNA expression levels  

M. smegmatis strains were grown in 50 ml liquid culture until saturation. Then cells were 

washed in ice-cold PBS and harvested by centrifugation (20 min, 3100 g, 4 °C). Pellets were 

resuspended in 1 ml Trizol (Life Technologies), and the cells were disrupted by repetitive 

vortexing with glass beads (6 × 1 min). After addition of 0.2 ml chloroform, nucleic acids were 

recovered from the aqueous phase, then nucleic acids were precipitated with the addition of 

0.5 ml isopropanol. The samples were treated with DNase for 10 min at 37 °C, and afterwards 

they were purified with the Nucleospin RNA Clean-up kit according to the instructions of the 

manufacturer. The RNA yields were measured using the Nano-Drop ND-2000 

Spectrophotometer (NanoDrop Technologies). 1 µg of total RNA was reverse-transcribed by 

random hexamer primers using the Transcriptor First Strand cDNA Synthesis Kit (Roche) to 

generate cDNA. The cDNA was quantified by qPCR using EvaGreen (Bioline) and MyTaq 

PCR master mix (Bioline) in a Stratagene Mx3000P instrument. The sigA gene 

(MSMEG_2758) was used as an endogenous reference gene to normalize the input cDNA 
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concentration of the samples207,208, and dut or dcd-dut levels were determined. The 

Msm_sigA_f, Msm_sigA_r, Msm_dut_f, Msm_dut_ r, Msm_dcd_f and Msm_dcd_ r primers 

were used for the amplification of cDNA samples90. The sequences of the primers are found in 

Appendix, Table A2. The calculation was done using the comparative Ct method (ΔΔCt), also 

known as Livak method, which results in relative expression ratios of the examined genes.  

3.7 Statistical analysis  

The statistical analysis was carried out with the software STATISTICA.13. In cases when 

samples passed the equal variance (Bartlett’s) criterion, the non-parametric Kruskal–Wallis test 

or the one-way ANOVA test with Student-Newman-Keuls multiple comparison post-hoc test 

was used. In case if samples did not pass the Bartlett’s criterion, Box-Cox transformation was 

used to normalize the data, followed by the non-parametric Kruskal–Wallis test or the one-way 

ANOVA test90. 

The dNTP results of stress treated M. smegmatis were subjected to independent two sample t-

test. In this case, we considered significance at P=0.05 level. 

3.8 Construction of the Stl-DNA reporter strain  

Electrocompetent M. smegmatis wt strain was electroporated with 0.5 µg p2NIL-LacZStr-INT 

plasmid to generate the Stl switch system200. 

3.9 Analysis of different Stl mutants in the Stl-DNA reporter system  

Electrocompetent Stl switch system carrying M. smegmatis strain was electroporated with 

0.5 µg of the pKW08-Stl, pKW08-StlC-term, pKW08-StlAA, pKW08-StlA236T or pKW08-StlMUT 

vectors. 100 µl of the transformants was plated on kanamycin, hygromycin B, and X-gal 

containing agar plates and also on kanamycin, hygromycin, X-gal, and tetracycline containing 

agar plates200. Plates were then incubated for 5 days at 37 °C. 

3.10 Random mutagenesis of Stl protein 

Error-prone PCR conditions209 were used to generate random mutagenesis events during the 

amplification of Stl sequence from pKW08-Stl vector with Stl_Au_BamHI_f and 

Stl_HindIII_r primers. An extra 6 mM MgCl2 and 0.5 mM MnCl2 was used in PCR to result in 

less faithful replication by the RedTaq polymerase (Sigma). The PCR product was cloned into 

pKW08-Lx using BamHI and HindIII restriction sites generating the pKW08-StlMUT library200.  
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3.11 Selection of the Stl mutants 

The pKW08-StlMUT library was investigated in the Stl switch system carrying M. smegmatis 

strain. If StlMUT is not able to repress the promoter of lacZ, blue colonies indicate the lacZ 

transcription, otherwise white colonies indicate the functional repression of the promoter. Blue 

colonies were selected and StlMUT sequence was amplified by colony PCR with Stl_seq_f and 

Stl_seq_r primers. The resulting amplicons were submitted to sequencing200.  

3.12 Electrophoretic mobility shift assay (EMSA)  

A 229-mer dsDNA oligonucleotide carrying the Stl regulated promoter region145 was used for 

the EMSA experiments. The Stl-Str (Appendix, Table A2) oligonucleotide and its 

complementary DNA sequence were custom synthesized by Eurofins MWG Operon. The two 

complementary oligonucleotides were incubated at 95 °C for 5 min, which was followed by 

gradual cooling of the oligonucleotides resulting in hybridized DNA sequence. 100 ng DNA 

was then mixed with either StlWT or StlA236T protein in 20 µL total volume. The samples were 

incubated at room temperature for 5 min, then they were loaded onto 8% polyacrylamide gel. 

The gel was previously pre-electrophoresed for 1 h at 150 V in TRIS-Borate-EDTA (TBE) 

buffer. The sample electrophoresis was carried out at room temperature for 70 min at 100 V. 

DNA bands were detected using 3333x GelRed (Biotium) in 100 mM NaCl solution200. 

3.13 Construction of the Stl:φ11 dUTPase switch system 

The pSJ27-φdut vector was electroporated into the Stl switch system also possessing Stl protein 

generating the Stl:φ11 dUTPase double switch system200. 

3.14 Isothermal titration calorimetry (ITC) 

ITC experiments were carried out on a Microcal ITC200 instrument (Malvern) at 20 °C.  

The E. coli dUTPase and Stl proteins were dialyzed against a buffer containing 20 mM HEPES 

pH 7.5, 300 mM NaCl, 5 mM MgCl2 and 1 mM TCEP. The hDUT, hDUTA98F, mtDUT, 

EcMutT, Taq polymerase, SaUGI, PcPAL and rabbit myosin S1 proteins were dialyzed against 

a buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP. We used 22–

57 µM Stl in the cell and 330–550 µM E. coli dUTPase enzyme (EcDUT, EcDUTQ93H, 

EcDUTQ93R) in the syringe210. We used 10–250 µM hDUT, hDUTA98F, mtDUT, EcMutT, Taq 

polymerase enzyme in the cell and 70–500 µM EDTA or 500–1500 µM dUPNPP in the 

syringe211. For SaUGI, PcPAL and rabbit myosin S1 titrations, 20–80 µM enzyme was used in 
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the cell and 40–120 µM EDTA in the syringe211. To titrate EDTA with MgCl2, 500 µM EDTA 

was used in the cell and 5 mM MgCl2 was used in the syringe. All protein concentrations 

correspond to monomeric subunits. To consider mixing and dilution heat effects, enzymes were 

also titrated with the corresponding buffer. The titrations were performed with the injection 

syringe rotating at 750 rpm (except for mtDUT titration, at 200 rpm). A series of 20 injections 

spaced 3 min apart from each other was performed with the injection volumes of 0.5 µl for the 

first injection and 2 µl for the subsequent 19 injections. For the data analysis of E. coli dUTPase 

and Stl titrations, Microcal Origin software was used following the directions of the 

manufacturer (Malvern). Briefly, the one set of independent sites binding model was applied 

for determination of the dissociation constant (Kd), stoichiometry (N), enthalpy (∆H) and 

entropy (∆S). For the data analysis of titrations with EDTA or dUPNPP, the integration of the 

obtained isotherms was performed using NITPIC v1.2.5 software212. The global analysis was 

performed using SEDPHAT v12p1b software213,214 applying the A + B to AB heteroassociation 

(1:1 binding model) fitting model. This model resulted in stoichiometry (n), apparent binding 

affinity (Ka) and enthalpy change (∆H) parameters. The fitting was exported to GUSSI v1.3.2 

software to plot the processed data215. The mean and standard deviation (SD) of all of the 

parameters were calculated from at least two independent measurements. 

3.15 Fluorescent dNTP measurement: reaction conditions, data acquisition 

and evaluation  

For the fluorescent dNTP measurement, we used the described reaction conditions and data 

analysis at first169. The assay was composed by 10 pmol template, 10 pmol probe and 10 pmol 

primer (sequences are found in Appendix Table A2), 100 µM of the non-specific dNTPs, 

0.9 unit of the VWR® TEMPase Hot Start DNA Polymerase and 2.5 mM MgCl2 in a buffered 

25 µl volume reaction. For the calibration curves, a series of known specific dNTP 

concentrations were added to the assay in the range of 0-10 pmol or 0-20 pmol, depending on 

the applied dT1 or dT2 template, respectively. The concentration of each stock 

oligonucleotides and dNTPs were determined by measuring the absorbance at 260 nm. 

Fluorescence was recorded every 13 seconds for ca. 45 minutes in a qPCR instrument 

(CFX96 Touch™ (Bio-Rad), QuantStudio 1 (Thermo Fisher) or AriaMx (Agilent)).  

The thermal profile involved a heat activation step at 95 °C for 15 min followed by the reaction 

with data acquisition at 55 °C for dCTP, dGTP and dTTP measurements, and at 60 °C for dATP 
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measurement. Later, the template, probe, primer and MgCl2 concentrations were varied to 

optimize the reaction conditions for amplitude-based dNTP quantification206.  

3.16 Denaturing urea-PAGE gel 

We used denaturing 14% polyacrylamide-urea gel (7.5 M urea) to separate oligonucleotides at 

one base pair precision168,216, to demonstrate the exonuclease activity of the Taq polymerase 

on the template-probe complex. We used the dTTP fluorescent measurement assay under the 

same reaction conditions as described above: 10 pmol dTTP-dT1 template, 10 pmol NDP1 

primer (for sequences, see Appendix Table A2), 10 pmol dTTP-probe (Appendix Table A1), 

with or without specific and aspecific dNTPs, VWR® TEMPase Hot Start DNA Polymerase 

and 2.5 mM MgCl2 in a buffered 25 µl reaction. Note that the FAM-dTTP-probe was not able 

to penetrate into the gel containing the FAM fluorophore and the ZEN and iBFQ quenchers. 

For that reason, dTTP-probe was used with identical sequence of FAM-dTTP-probe without 

the fluorophore and quenchers. The thermal profile involved the incubation of the reaction 

mixtures at 95 °C for 15 minutes followed by incubation at 60 °C for 0 – 90 minutes. 25 μl of 

the 2x formamide gel loading buffer (95% formamide, 0.025 w/v% Bromophenol Blue, 

5 mM EDTA) was used for termination of the reactions, followed by a heat denaturation step 

for 5 minutes at 95 °C. The gel was prerun at 150 V at 45 °C in TBE buffer for 1 hour, when 

20 μl of each sample were loaded and the subsequent run was carried out at 100 V at 45 °C in 

TBE buffer for 75 minutes. The DNA bands were detected using 3333x GelRed in 100 mM 

NaCl solution206. 

3.17 Fluorescent dNTP measurement: kinetic analysis 

Fluorescent dNTP measurement data were plotted against time (sec) and fitted with double or 

single exponential functions (Equations 1 and 2, respectively) for applying a kinetic analysis 

for dNTP quantification: 

Equation 1 𝐹 = − 𝐴1 ∙ 𝑒−𝑘1𝑜𝑏𝑠 𝑥 − 𝐴2 ∙ 𝑒−𝑘2𝑜𝑏𝑠 𝑥 + 𝐹0 

Equation 2 𝐹 = − 𝐴 ∙ 𝑒−𝑘𝑜𝑏𝑠 𝑥 + 𝐹0 

where F is the observed fluorescence, x is the variable (time), A1, A2 and A are amplitudes, 

k1obs, k2obs and kobs are the rate constants of the observable fluorescence phases, while F0 is the 

y offset. The resulting values (A1, A2 and k1obs, k2obs) were plotted against the corresponding 

dNTP concentrations to extract mechanistic information about the reaction206. 
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3.18 Akaike information criterion (AIC) 

The AIC was used to compare the goodness of fit with the double exponential and the single 

exponential functions (Equation 1 and Equation 2, respectively) of the raw dNTP measurement 

reaction curves206. The formula of AIC for independent normally distributed random variables 

(Equation 3) is217,218: 

Equation 3 𝐴𝐼𝐶 = {
2𝑘 + 𝑁 ∙ ln(𝑅𝑆𝑆) ,                             when 

𝑁

𝑘
≥ 40

2𝑘 + 𝑁 ∙ ln(𝑅𝑆𝑆) +
2𝑘(𝑘+1)

𝑁−𝑘−1
,           when 

𝑁

𝑘
< 40

 

where AIC is the indicator upon the AIC calculation, k is the number of parameters of the fit 

(k = 3 for single exponential fitting, k = 5 for double exponential fitting), N is the number of 

data points within the curves, RSS is the residual sum of squares. 

3.19 dNTP quantification based on kinetic analysis 

The raw fluorescent dNTP measurement reaction curves were plotted against time and fitted 

with Equation 1 (as specific dNTP containing reaction curves are better fitted by Equation 1 

than Equation 2 according to the AIC). The A1 values from the fits were plotted against the 

specific dNTP concentration to generate the calibration curve. The appropriate linear range was 

fitted with linear function and the parameters of the linear fit were used to quantify the unknown 

dNTP amounts in biological samples206. 

3.20 Construction of the nucleoTIDY software  

The Python-based software termed ‘nucleoTIDY’ was created by using the Matplotlib, 

NumPy, SciPy, xlrd and xlsxwriter free packages without any modification. nucleoTIDY fits 

single and double exponential equations (Equation 2 and Equation 1, respectively) to the raw 

fluorescent dNTP measurement reaction curves using non-linear least squares minimization 

method built in the SciPy package206.  

3.21 Analysis of fluorescent dNTP measurement assay performance 

Inter-assay coefficient of variation (CV) was calculated based on at least four independent 

experiments performed on different days. The intra-assay CV was calculated from at least four 

independent samples, replicated within the same assay. Limit of detection (LOD) was 

calculated as the calibration line intercept + 3×SD of the A1 values for parallel measurements 

of the lowest calibration point. Limit of quantitation (LOQ) was calculated as the calibration 
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line intercept + 5×SD of the A1 values for parallel measurements of the lowest calibration point. 

The accuracy was determined by comparing the nominal concentrations with the corresponding 

calculated values based on the calibration curve. Recovery was determined by adding known 

standard dNTP to unknown sample, and by comparing the resultant value with the outcome of 

the unknown sample, and is expressed as percentage206.  

3.22 Stress treatments of M. smegmatis 

For the stress treatment of M. smegmatis, three independent colonies were inoculated to Lemco 

broth and they were grown until they reached OD600 of 0.1. The cultures were divided into two 

separate flasks for the untreated (control) and the treated cultures. The treated cultures were 

supplemented with 0.1 µg/ml – 100 µg/ml rifampicin, or 1 µg/ml – 1000 µg/ml isoniazid, or 

0.1 µg/ml – 1000 µg/ml ethambutol, or 0.1 µg/ml – 100 µg/ml ciprofloxacin, or 0.5 µg/ml – 

10 µg/ml clofazimine, or 0.01 µg/ml – 1 µg/ml mitomycin-C, or 1 – 20 mM NaNO2. Parallelly, 

solvent of the appropriate drug was added to the untreated cultures. For the hypoxia treatment, 

atmosphere of the cultures was saturated with nitrogen, and bottles were screwed. For the 

dormancy treatment, M9 minimal media supplemented with 0.1% – 0.4% glucose, 2 mM 

MgCl2 and 0.1 mM CaCl2 was used instead of Lemco broth. For the UV treatment, the divided 

cultures with OD600 of 0.1 were centrifuged (3600 g, 20 min, 4 °C), resuspended in 5 ml of 

PBS and transferred to sterile Petri dishes. Cultures were treated with 65 J/m2 UV at 254 nm 

wavelength, then the treated and untreated cultures were added to 45 ml Lemco broth and were 

grown for 2 hours. The total CFUs were determined for each cultures before the treatment. 

Cells were grown for 8 hours (except for hypoxia and UV treatment, for 16 hours and 2 hours, 

respectively). The total CFUs were determined for each culture after the treatment. 

3.23 Whole genome sequencing (WGS) and mutation detection 

The DNA library preparation and WGS was done at Novogene, Beijing, China. Sequencing 

was executed on Illumina 1.9 instruments with 600 basepairs (bp) fragments as 2 × 150 bp 

paired end sequencing. An average sequencing depth of 267 × was achieved across all samples. 

We sequenced three samples per treatment, all samples contained 5 or 6 individually treated 

cell lines. The quality of the raw reads was analyzed by using FastQC. If it was needed, adapters 

and low-quality bases (Phred score < 20) were trimmed with Trimmomatic219. Paired end reads 

were then mapped to M. smegmatis mc2155 reference genome (GenBank accession number: 

NC_008596.1) using Bowtie2220. PCR duplicates were removed with Samblaster221. SAM files 

were converted to BAM files, and sorted with SAMtools222. Read groups were replaced by the 

https://www.ncbi.nlm.nih.gov/nuccore/NC_008596.1
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Picard tool. Single nucleotide variations (SNVs), insertions and deletions were called from 

each alignment file using Genome Analysis Toolkit222. Variant filtering was carried out by 

using in-house Python script which removes variants in case the ancestor strain contained the 

variant in any depth. Only variants which have reached at least 6% frequency of the reads at 

the corresponding position were considered.  
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4 Results and Discussion 

4.1 The differential functions of mycobacterial dUTPases  

The genetic background in Mycobacteria made it possible to investigate the role of the two 

dUTPase enzymes: the dUTPase and the bifunctional Dcd-dut possessing also dUTPase 

function, cf. Figure 2. As dUTPase takes part in the dTTP biosynthesis and in the dNTP pool 

sanitization via dUTP breakdown, we wanted to analyze at which rate the two enzymes 

contribute to these cellular functions. For that, we generated M. tuberculosis dUTPase mutants 

(S148A, T138stop, D83N), in which activity was gradually tuned down, respectively, as 

compared to the wt dUTPase activity (Figure 15A). The D83N mutant exhibits such a low 

activity that it was considered as a practically inactive enzyme. Also, we attempted to abolish 

the activity of Dcd-dut via the A115F mutation. This mutation prevents substrate binding to 

the active site since the bulky Phe residue occupies the place of the uracil or cytosine base. 

This mutation also has the advantage that the overall protein structure remains intact. While 

the wt Dcd-dut proved its functionality in both the steady-state dCTP deaminase and dUTPase 

activity assays (Figure 15B), the Dcd-dutA115F was found to be practically inactive 

(Figure 15C). 

 
Figure 15: The in vitro activity of wt and mutant enzymes of M. tuberculosis dUTPase and 

Dcd-dut. A) The steady-state activity of the M. tuberculosis dUTPaseWT, dUTPaseS148A, 

dUTPaseT138stop and dUTPaseD83N proteins. The following kcat and KM values were yielded upon 

fitting the Michaelis-Menten equation to the curves: 1.22 ± 0.06 s−1 and 1.7 ± 0.5 μM for wt, 

0.43 ± 0.04 s−1 and 1.5 ± 0.6 μM for S148A, 0.0035 ± 0.0001 s−1, 6.7 ± 0.4 μM for T138stop 

and 0.0013 ± 0.0005 s−1, 7.7 ± 6.7 μM for D83N mutant dUTPase. B) The bifunctional 

M. tuberculosis Dcd-dut enzyme activity with the substrate dCTP and dUTP. Fitting the curves 

yielded the following kcat and KM values: 0.022 ± 0.005 s−1, 20 ± 12 μM for the dCTP 

deaminase activity, 0.033 ± 0.008 s−1, 12 ± 3 μM for the dUTPase activity C) Time course 

representation of the dCTP deaminase measurement of M. smegmatis Dcd-dutA115F mutant 

enzyme. The assay was initiated with the addition of 0.2 mM dCTP to the Dcd-dutA11F 

containing premix. Note that upon addition of wt Dcd-dut, the reaction took place, confirming 

the assay functionality. Figure was edited from ref. 90. 
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As the in vitro activity of these mutants indicated diminished or completely abolished enzyme 

activity, we wanted to analyze the in vivo effects of these mutations to ascertain their potential 

cellular role. We introduced these mutations into M. smegmatis dUTPase or Dcd-dut knockout 

strains, generating strains carrying either S148A, or T138stop, or D83N mutation in dUTPase 

(in these cases, no wt dUTPase was present), or A115F Dcd-dut mutation (no wt Dcd-dut was 

present)90. While these mutant strains are viable even with totally inactive dUTPase (D83N) or 

Dcd-dut (A115F), the double mutant strain carrying D83N dUTPase and A115F Dcd-dut was 

inviable. This observation confirms the essential role of dUTPase function in Mycobacteria. 

While dUTPase mutants carried mutator phenotype, the A115F Dcd-dut exhibited only a 

modest elevation in the mutation rate (Figure 16A). The increase in the mutation rate of 

dUTPase mutants proved to be significant and showed correlation with the in vitro activity of 

the enzymes. Also, the genomic uracil content was significantly elevated in the dUTPase 

mutant strains, but not in the Dcd-dut mutant (Figure 16B). The pyrimidine dNTP 

measurements also proved that cells contain increased dUTP levels in the case of dUTPase 

mutants, but not in the case of Dcd-dut mutant (Figure 16C). However, a remarkable difference 

in the dNTP levels of Dcd-dutA115F was shown, with highly elevated dCTP level and decreased 

dTTP level. Both differences were significant. The ratio of these nucleotides was 

extraordinarily imbalanced, supporting the role of Dcd-dut in the dTTP biosynthesis. The lack 

of active deamination of dCTP by Dcd-dut resulted in decreased dTTP level, but the 

inactivation of dUTPase did not show such effect. We also investigated whether these 

remarkable differences arose due to modified expression of the mutant enzymes. We found 

however, that no disturbances were present in the level of dUTPase mutants according to their 

mRNA levels, as no significant difference was detected, but increased level of Dcd-dutA115F 

was found (Figure 16D).  

We found that even though both dUTPase and Dcd-dut possess dUTPase activity, the control 

of dTTP biosynthesis and genome integrity maintenance are decoupled. Since the inactivity of 

dUTPase caused elevation in the mutation rate with high genomic uracil content, we concluded 

that dUTPase is primarily responsible for the maintenance of the genome integrity via dUTP 

breakdown. The increased level of dUTP and the balanced dCTP and dTTP levels also support 

this theorem. In contrast to that, inactivation of Dcd-dut led to greatly imbalanced dCTP:dTTP 

ratio, but mutagenicity and DNA uracilation were not observed in connection with the 

Dcd-dutA115F mutation. For that reason, we concluded that Dcd-dut is responsible for 

maintaining a balanced level of the pyrimidine nucleotides in the cell. Also, as dTTP synthesis 
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was defective in the absence of Dcd-dut activity, we propose that Dcd-dut is the primary 

responsible enzyme for dTTP biosynthesis. These findings are in good agreement with the 

literature data, showing that dUTPase inactivity causes elevated genomic uracil content and 

dUTP level in other organisms as well223–225. Also, the effects of Dcd-dut mutation are 

consistent with the literature data showing that dTTP precursor dUMP is mostly generated by 

the Dcd or Dctd enzymes53,54. Modest increase in the total pyrimidine nucleotide level was 

observable in the case of dUTPaseD83N mutant, as well as higher increase in case of 

Dcd-dutA115F mutant. This also supports literature data which show that the increase of dNTP 

level is a general stress response27,226, which facilitates stress tolerance via DNA polymerase 

next nucleotide effect. However, according to our measurements, dCTP:dTTP imbalance 

seems to be less mutagenic than uracilation of DNA. 

 
Figure 16: The in vivo effects of mutations in M. smegmatis dUTPase or Dcd-dut proteins. 

A) Mutation rates measured in wt and mutant strains. Significance levels are: P = 0.000115 for 

S148A, P = 0.000034 for T138stop and P =0.000004 for D83N. “+” means the wt enzyme. 

B) Genomic uracil content of the wt and mutant strains. Significance levels are: P = 0.074 for 

T138stop, P = 0.018 for D83N. C) Pyrimidine deoxyribonucleotide pool of the wt and mutant 

strains. Significance levels are: P = 0.063 for the T138stop dUTP level, P = 0.095 for the D83N 

dTTP level, P = 0.047 for the D83N dUTP level, P = 0.000012 for the A115F dCTP level, 

P = 0.066 for the A115F dTTP level. D) mRNA expression level of the dUTPase or Dcd-dut 

genes investigated in the wt and mutant strains. Significance level: P = 0.029 for the A115F 

mutant. All measurements (in A-D panels) were carried out by using three independent 

colonies. In all cases, means and standard errors (SE) are plotted. Figure is from ref. 90. 
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4.2 Insight into the Stl protein interactions 

In the absence of crystal structures for Stl and its complexes, we wanted to explore Stl regions 

participating in Stl-DNA binding. For that, we designed a switch system in M. smegmatis, using 

the lacZ reporter gene (Figure 17A, 17B). The natural binding site of Stl145 was cloned into the 

promoter region of lacZ gene (green letters in Figure 17A) to allow blue/white colony selection 

of M. smegmatis. In the presence of functional Stl able to bind to DNA, repression of the lacZ 

gene results in white colonies (Figure 17B). If Stl binding to DNA is perturbed (e.g., an Stl 

mutant incapable of DNA binding is present, or derepressor protein sequestrates the Stl from 

the promoter region), blue colonies are formed (Figure 17A, 17C). 

 
Figure 17: The Stl switch system allows the investigation of Stl-DNA binding capability. 

A) The arrangement of the system. Stl binding region from SaPIbov1 is shown with letters in 

the lacZ promoter region. Green letters indicate specific binding sites, capital letters denote 

conserved sites. B) Functional Stl binding to DNA repress lacZ transcription. C) Stl 

binding to DNA is disturbed when derepressor protein (e.g., φ11 dUTPase) interacts with 

Stl. Figure is from ref. 200. 

We validated our system with known Stl mutants, which showed no or decreased DNA binding 

capability previously: the truncated C-terminal construct of Stl (StlC-term) and the HTH motif 

mutant Q40A, N41A Stl (StlAA) were used for that147 (cf. Chapter 1.3). The full-length Stl 

protein (StlWT) was used as a control for demonstrating proper DNA binding. As it was 

expected, the StlWT capable to bind to DNA forms white colonies, while expression of StlC-term 
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and StlAA resulted in blue colonies (Figure 18). These results confirm that our system is fully 

functional for investigation of Stl binding capability to its cognate DNA segment.  

 
Figure 18: The validation of the functionality of our switch system with different Stl 

proteins. Expression of the full-length StlWT protein resulted in 70% white colonies on a plate 

indicating proper DNA binding. The StlC-term protein in the absence of the HTH motif showed 

no DNA binding, as 100% of the colonies were blue. The StlAA protein that has diminished 

DNA binding ability also produced blue colonies. Note that the Stl structure presented here is 

the Phyre2 model of Stl147. Figure is from ref. 200. 

Next, we took the challenge to analyze a series of Stl mutants with unknown DNA binding 

capability in our in vivo system in a high-throughput manner (as compared to the in vitro 

investigation possibilities) to get in-depth structural information about segments involved in 

DNA binding. For that, we generated a series of randomly mutagenized Stl proteins (StlMUT). 

We introduced these StlMUT proteins into our switch system and searched for blue colonies 

indicating reduced DNA binding ability of the appropriate Stl mutant. We isolated these 

colonies for determining the Stl mutant sequence by colony PCR reaction followed by 

sequencing. With this method, several mutants were identified, which showed decreased 

capability of DNA binding in vivo (Appendix, Table A3). Many of our hits contained more 

than one amino acid change in the Stl structure. Our aim was to study the structural information 

about Stl binding to DNA. Hits containing more mutations may have biased information about 

one position or completely disturbed structure due to the several mutations. For that reason, we 

focused on the hits we identified as single mutation event: E59K, I123T, V144A, R177H, 

K214*, A236T, K238E. We projected these mutations to the structural model of Stl in PyMol, 

to investigate these hits. The presence of E59K mutation seems to be reasonable due to the 

negative to positive electrostatic change in the vicinity of HTH. We found that the large 

threonine may cause steric clashes in the Stl structure holding the I123T mutation, which 
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perturb the protein structure. We found similar reason why we got the hit R177H mutation. 

The occurrence of V144A mutation seems not to be reasonable by our in silico investigations. 

Even though the stop mutation occurs in the C-terminal domain of the K214* mutant, the 

possible reason for this hit is that the protein might probably be too short to be functional. The 

A236T mutation demonstrated a hydrophobic to polar change in the structure. The K238E 

mutation resulted in large electrostatic change in the structure. We wanted to further verify that 

our hits are valid and possess disturbed DNA binding ability. For that reason, we chose StlA236T 

mutant for our further investigations, since the effect of this amino acid change is minor as 

compared to the others. Our aim was to exclude any background effect in our system. Thus, 

we cloned the StlA236T mutant and expressed it in the Stl switch system (Figure 19A). The 

resulted colonies showed exclusively blue phenotypes, indicating that StlA236T mutant really 

has disturbed DNA binding ability in vivo. To verify further that the DNA binding capacity of 

that mutant is disturbed, we performed EMSA experiment with the wt and A236T mutant Stl. 

For that purpose, we used a dimeric oligonucleotide DNA containing the natural Stl binding 

region of SaPIbov1. As it was expected, the in vitro EMSA experiment also showed diminished 

DNA binding capacity with the StlA236T protein as compared to the StlWT protein (Figure 19B).  

 
Figure 19: The StlA236T mutant shows diminished DNA binding ability both in vivo and 

in vitro. A) The StlA236T mutant in the Stl switch system. B) In vitro EMSA experiment 

with the StlWT and StlA236T proteins. C) Densitometric analysis of the EMSA gel. Figure is 

from ref. 200. 

We analyzed the EMSA gel by densitometry to quantify the difference of wt and A236T 

proteins. While StlWT sequestrates all DNA at 1.5 µM concentration, the StlA236T mutant is 

incapable to bind to all DNA even at 4 µM concentration (Figure 19C). The amount of the 
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different Stl-DNA complexes (Complex 1, 2 and 3) also shifted in the case of StlA236T mutant 

as compared to the StlWT (cf. green, yellow and grey columns length in Figure 19C). However, 

the weak binding ability of StlA236T mutant to DNA indicates that the A236T mutation does not 

perturb the overall protein structure. The in vitro EMSA experiment upholds the in vivo 

observation of StlA236T protein with diminished DNA binding capacity. This result suggests 

that the hits we got in the random mutagenesis experiments are valid. It also demonstrates that 

our system is suitable for identification of Stl protein segments responsible for DNA binding.  

In conclusion, we got a lot of hits in the C-terminal segment of Stl. For that reason, we 

identified the C-terminal segment of Stl as an important part which contributes to DNA binding 

besides the HTH motif. The crystal structure of StlC-term was later published227. The apo 

structure of StlC-term (protein residues: E178 – T266) unfortunately did not contain the 228-239 

amino acid residues, but the crystal structure of StlC-term in complex with φO11 dimeric 

dUTPase luckily contains it. Interestingly, both A236T and K238E mutations are parts of a 

short helix on the protein surface. Both A236T and K238E establish electrostatic interactions 

with arginine and glutamate residues of φO11 dUTPase, respectively. For that, we concluded 

that the moderate contribution to the DNA binding of these amino acid residues are abolished 

by the strong interaction with dimeric dUTPases and thus, Stl is released from the DNA. 

However, we cannot extend this to trimeric dUTPases since they bind Stl very differently. 

Furthermore, we wanted to extend the Stl switch system capability to detect protein-protein 

interaction, as well (cf. Figure 17C). In view of that, we used φ11 phage dUTPase, as a known 

proteinaceous interaction partner of Stl, and introduced it into the Stl switch system. As it was 

expected, 100% of the resulting colonies showed blue phenotypes (Figure 20), indicating that 

StlWT is properly sequestrated from the DNA by φ11 phage dUTPase. This result confirms that 

the Stl switch system is applicable to investigate protein-protein interactions of Stl. Our system 

allows high-throughput investigation of phage protein libraries to identify new potential 

derepressing interaction partners of Stl. 

 
Figure 20: φ11 phage dUTPase and Stl co-expressed in the Stl switch system resulted in 

100% of blue colonies. Figure is from ref. 200. 
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4.3 Stl inhibition on E. coli dUTPase depends on a key amino acid 

As it was discussed in detail in Chapter 1.2.1, the Stl protein was proved to be a proteinaceous 

inhibitor of several origins of dUTPases (e.g. mycobacterial, human, fruitfly). We investigated 

the interaction properties of E. coli dUTPase with Stl. It was found by size-exclusion 

chromatography and thermofluor experiments that E. coli dUTPase is able to form complex 

with Stl protein (Figure 21A, 21B). However, steady-state activity measurement of E. coli 

dUTPase revealed that the Stl does not inhibit E. coli dUTPase even in 8-time 

access (Figure 21C). 

 
Figure 21: Complex formation of Stl and E. coli dUTPase without inhibitory effect. 

A) Size-exclusion chromatography demonstrates that complex is formed B) Thermofluor 

experiment revealed altered melting point for the protein complex C) Steady-state activity 

measurement of E. coli dUTPase with Stl revealed that Stl does not inhibit dUTPase. Figure 

is from ref. 210. 

This unexpected observation forced us to investigate the complexation of E. coli dUTPase and 

Stl further. Our aim was to identify why E. coli dUTPase is not inhibited by Stl, despite the 

high similarity and homology of trimeric dUTPases of different origin. We compared each 

amino acid positions of E. coli dUTPase and other dUTPases inhibited by Stl. Some amino 

acid positions were found to differ markedly in these two distinct group of dUTPases. We 

prepared several E. coli dUTPase mutants based on these investigations, where amino acids of 

E. coli dUTPase were changed to that of inhibitable dUTPases one by one. It was found that 

the glutamine residue in the 93rd position of E. coli dUTPase plays a decisive role in the Stl 

inhibitory capacity. Changing the 93rd glutamine to histidine (present in φ11 dUTPase) or 

arginine (present in human, mycobacterial and fruitfly dUTPase) resulted in mutant E. coli 

proteins able to be inhibited by Stl (Figure 22). The steady-state velocity of Q93H and Q93R 

E. coli dUTPases decreased by 53% and 47%, in the presence of 400 nM Stl, respectively. 
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Figure 22: The Q93H and Q93R mutant of E. coli dUTPase can be inhibited by the Stl 

protein A) Steady-state activity measurement of the wt, Q93H and Q93R mutant E. coli 

dUTPase proteins in the presence of 0-400 nM Stl. B) Relative kcat values of E. coli 

dUTPase proteins measured in the presence of 400 nM Stl. Figure is from ref. 210. 

As we successfully identified the dUTPase protein region that convey Stl inhibition, we wanted 

to characterize the amino acid mutations, which alter the inhibition probability of dUTPase. 

For that reason, we measured ITC to analyze the thermodynamics of binding (Figure 23). The 

binding event of wt E. coli dUTPase with Stl showed similar characteristics, as the previously 

investigated dUTPase-Stl complexes83,86. The ΔG of the binding was -9.0 kcal/mol and is really 

close to the ΔG value of human and φ11 dUTPase binding with Stl. The Kd of the binding is 

199 nM, which represents a stronger binding compared to the human dUTPase (Kd = 230 nM), 

but a weaker binding than with the natural Stl partner, φ11 dUTPase (Kd = 100 nM). 

Interestingly, the ΔG of the binding remained similar in case of Q93H and Q93R mutant E. coli 

dUTPases, but its distribution between enthalpy and entropy has changed (Figure 23B, 23C). 

Q93H and Q93R mutant E. coli dUTPases show a much more enthalpy driven process, 

compared to the wt E. coli dUTPase. The reason behind this phenomenon could be the presence 

of an additional enthalpy driven interaction. The Kd value of the Q93H and Q93R mutant E. coli 

dUTPases decreased by a factor of two or three as compared to the wt E. coli dUTPase, 

meaning that a stronger binding occurs in case of the mutant proteins. However, what was 

really striking is that the Kd value of the Q93H mutant dUTPase showed even stronger binding 

with Stl than with its natural partner, φ11 dUTPase (cf. Kd = 61 nM for the Q93H dUTPase, 

while Kd = 100 nM for φ11 dUTPase).  

In order to understand deeper this unexpected phenomenon, we crystallized the Q93H mutant 

E. coli dUTPase in the presence of substrate analogue dUPNPP. Surprisingly, the flexible 

C-terminal arm of dUTPase was fully visible in our structure in one of the subunits. In all other 

available structures of wt E. coli dUTPases, the C-terminal arm was disordered so far. The 

histidine residue of the 93rd position showed additional interactions with the C-terminal arm of 
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the protein. For that reason, we conclude that the sensitivity of Q93H and Q93R mutant E. coli 

dUTPases for Stl inhibition may arise also from an additional interaction which is much more 

preferable for Q93H dUTPase than for the wild-type. 

 

Figure 23: ITC measurement of wt, Q93H and Q93R E. coli dUTPases. A) Titration of wt 

(left) Q93H (middle) and Q93R (right) dUTPases with Stl. B) Thermodynamics of the 

binding. C) Thermodynamic parameters of the binding. Figure is from ref. 210. 
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4.4 The small molecule EDTA inhibits dUTPase and tightly binds to 

dNTPase proteins like Taq polymerase and MutT 

Divalent metal ions, like Mg2+, Mn2+, Ni2+, Cu2+, Zn2+, Fe2+ are usually used for enzymatic 

catalysis. dNTPase proteins also use one or two divalent metal ions, especially Mg2+ for the 

catalysis of the reaction which they are responsible for (cf. Chapter 1.2). For investigation of 

enzyme catalysis in the absence of metal cofactors, the small molecule EDTA is commonly 

used to generate metal free conditions. EDTA seems to be safe and beneficial choice for this 

purpose, since it is water-soluble, optically inactive and does not interfere with compounds 

usually used in the buffers. When measuring enzyme activity without the cofactors, in most of 

the cases decrease in the catalytic activity (kcat) is reported. In the case of dUTPase enzyme 

activity, large number of publications provide experimental data about enzyme activity in metal 

free conditions. What is surprising is that some of these publications concluded that the lack of 

Mg2+ reduce enzyme activity only by a factor of two73,228. In contrast to that, many publications 

found that the enzyme activity was totally abolished without Mg2+ ion229,230. Facing these 

controversial observations, we aimed to resolve this discrepancy. We found that in cases when 

total inactivity of dUTPase was reported, high concentration of EDTA was used, or generation 

of metal free conditions was not straightforwardly reported. For that reason, we purified human 

and mycobacterial dUTPase in Mg2+ free conditions and measured activities in the presence 

and absence of Mg2+, and EDTA (Figure 24). We found that in the absence of Mg2+, hDUT 

and mtDUT enzyme activities decreased by 30% and 67%, respectively (cf. black and white 

boxes on panel A and B of Figure 24, and data in Figure 24C). Moreover, it was surprising that 

both enzyme activities further decreased in the presence of EDTA. The use of 100 µM EDTA  

 
Figure 24: EDTA has inhibitory properties on human and mycobacterial dUTPases 

A) The Michaelis-Menten activity curves of hDUT in the presence and absence of Mg2+ 

and EDTA. B) The Michaelis-Menten activity curves of mtDUT in the presence and 

absence of Mg2+ and EDTA. C) Kinetic parameters of Michaelis-Menten curves presented 

in A) and B) panel. Figure was compiled from ref. 211. 
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in case of hDUT decreased the enzyme activity to 6%, while mtDUT activity was further 

decreased only by higher (300 µM) concentrations of EDTA. We also investigated by 

thermofluor measurement whether the hDUT protein structure remains intact upon the addition 

of EDTA. It was found that EDTA does not destabilize the enzyme. Thus, the decreased 

enzyme activity could not be accounted for perturbed protein structure.  

Blind docking experiments were also applied on hDUT and mtDUT proteins with EDTA and 

the ligand dUTP. Our aim was to identify the potential binding sites of EDTA on the dUTPase 

enzyme. Notably, both dUTPase proteins efficiently bind EDTA in their active site, and EDTA 

also binds to the protein surface. To examine the binding conformation of EDTA in the 

dUTPase active site, active site docking was also performed. Interestingly, EDTA explored the 

same space within the active site as the cognate ligand, dUTP, sharing common interaction 

points with the dUTPases. However, docking with EDTA-Mg2+ complex to dUTPase resulted 

in the value of ΔG being close to zero, meaning that EDTA in complex with Mg2+ is unlikely 

to bind to the dUTPase active site.  

Since both enzyme activity measurement and in silico docking investigations indicated that 

EDTA binds to dUTPases, we aimed to obtain direct proof of the binding. For that reason, we 

used ITC, as it provides thermodynamic data about the binding event. Titration of hDUT and 

mtDUT with EDTA is shown in Figure 25A, 25B, respectively. What was interesting to see is 

that exothermic binding occurs between dUTPases and EDTA in the absence of Mg2+ ion. 

Strong binding was represented by the Kd value, being 199 nM for hDUT and EDTA, and 

78 nM for mtDUT and EDTA (Table 2). To examine whether the binding occurs really within 

the active site, we used our previously produced human dUTPase active site mutant, hDUTA98F. 

The alanine to phenylalanine change at the 98th position resulted in a protein incapable of ligand 

binding, since the phenyl ring of the phenylalanine occupies the space of uracil in the active 

site. Since active site docking experiments showed that EDTA occupies the same space within 

the active site as the ligand dUTP, we hypothesized that hDUTA98F is also not capable to bind 

to EDTA. Indeed, titration of hDUTA98F with EDTA did not show that binding occurs between 

these compounds (Figure 25C). Since active site mutant hDUTA98F lost its EDTA binding 

capacity, we concluded that EDTA binds to dUTPases primarily in the nucleotide binding 

pocket. 
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Figure 25: ITC titration curves of hDUT, mtDUT and active site mutant hDUT with 

EDTA strongly proves that binding occurs within the protein active site. A) Titration of 

hDUT with EDTA. B) Titration of mtDUT with EDTA. C) Active site mutant hDUTA98F 

titrated with EDTA shows no binding event. Figure is from ref. 211. 

Table 2: Thermodynamic parameters of ITC measurements of dUTPases and EDTA 

titrand titrant 
ΔH 

(kcal/mol) 

-TΔS 

(kcal/mol) 

ΔG 

(kcal/mol) 
n Kd (μM) 

hDUT EDTA -11.2 ± 0.4 2.2 ± 0.4 -9.0 ± 0.0 0.15 ± 0.00 0.20 ± 0.009 

mtDUT EDTA -4.2 ± 1.0 -5.3 ± 1.2 -9.6 ± 0.2 0.40 ± 0.05 0.078 ± 0.023 

To show that both dUTPases were functional proteins, we also titrated them with the non-

hydrolyzable substrate analogue dUPNPP in the absence of Mg2+ (Figure 26). Titrations 

resulted in both cases in the known exothermic binding curves, confirming protein 

functionality. The thermodynamic parameters of bindings are listed in Table 3. We found that 

the Kd value of hDUT-dUPNPP binding is 44 µM without Mg2+ ion. This represents weaker 

binding with the substrate analogue dUPNPP (Table 3) than with EDTA. Interestingly, hDUT 

titrations with dUPNPP in the presence of Mg2+ ion previously resulted in Kd value around 

2 – 7 µM66,231,232. Our results are in good agreement compared to literature data, if we consider 

the role of Mg2+ ion which enables a stronger binding between the substrate analogue and the 

enzyme. Thus, the increase in the Kd without Mg2+ ion is reasonable.  
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Figure 26: ITC titrations of human and mycobacterial dUTPases with dUPNPP confirm 

that proteins are functional. A) Titration of hDUT with dUPNPP B) Titration of mtDUT 

with dUPNPP. Figure is from ref. 211. 

Table 3: Thermodynamic parameters of dUTPase titrations with dUPNPP 

titrand titrant 
ΔH 

(kcal/mol) 

-TΔS 

(kcal/mol) 

ΔG 

(kcal/mol) 
n Kd (μM) 

hDUT dUPNPP -17.4 ± 3.6 11.5 ± 3.7 -5.9 ± 0.2 0.45 ± 0.06 43.9 ± 14.6 

mtDUT dUPNPP -4.5 ± 0.2 -2.1 ± 0.4 -6.6 ± 0.6 0.83 ± 0.24 13.9 ± 11.7 

As a control, we also titrated EDTA with Mg2+ (Figure 27A). Interestingly, the titration curves 

indicated endothermic binding between these reagents, well separable from that of dUTPase 

titrations with EDTA. For that reason, we concluded that the titration curves of dUTPase with 

EDTA did not arise from the binding of potential residual Mg2+. The Kd value of EDTA binding 

with Mg2+ is 2.53 µM (Table 4), which is in good agreement with literature data233. The 

thermodynamic parameters also differ in case of EDTA-Mg2+ titration from those of EDTA-

enzyme titrations. While EDTA-Mg2+ titration is an entropy-driven process, the EDTA-

enzyme titrations are mostly enthalpy-driven (cf. Table 4 with Table 2 and Table 5). We also 

titrated hDUT with EDTA in the presence of Mg2+ (Figure 27B). In this case, we observed a 

mixed binding curve, as exothermic binding of EDTA to dUTPase and endothermic binding of 

Mg2+ to EDTA takes place at the same time. Since this titration curve differ so much from the 

titration of hDUT and mtDUT with EDTA in the absence of Mg2+, we conclude that specific 

binding between EDTA and dUTPases unquestionably occurs.  
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Figure 27: Control titrations including Mg2+ exclude the possibility of titration the 

potentially present residual Mg2+ in case of titration dUTPases with EDTA. A) Titration 

of EDTA with Mg2+. B) Titration of hDUT in the presence of Mg2+ with EDTA. Figure is 

from ref. 211. 

Table 4: Thermodynamic parameters of titration of EDTA with Mg2+. 

titrand titrant 
ΔH 

(kcal/mol) 

-TΔS 

(kcal/mol) 

ΔG 

(kcal/mol) 
n Kd (μM) 

EDTA Mg2+ 4.4 ± 0.3 -12.5 ± 0.6 -8.0 ± 0.9 0.96 ± 0.18 2.53 ± 0.18 

Since EDTA binding to dUTPases takes place at the nucleotide binding pocket, we 

hypothesized that other enzymes processing dUTP may also be able to bind to EDTA. For that 

reason, we chose EcMutT and Taq polymerase for further investigations. Both of these 

enzymes are promiscuous dNTP hydrolyzing enzymes (cf. Chapter 1.2.3 and 1.2.4). Thus, we 

tested whether these enzymes are also capable of binding to EDTA. Titration of EcMutT and 

Taq polymerase with EDTA is shown in Figure 28. Strikingly, both of these enzymes bind 

EDTA as well. The titration curves are really similar to that of EDTA binding to dUTPases. 

The characteristics of binding is also similar in both cases (Table 5). Interestingly, the 

exothermic binding of Taq polymerase to EDTA represents the strongest measured interaction 

with EDTA, with a Kd value of 47 nM. In comparison, Taq polymerase exhibits weaker binding 

with the natural substrates dNTPs, having Kd value between 35-57 µM234. In contrast to that, 

the EcMutT has similar strength of binding to the 8-oxo-dGTP substrate as to EDTA98. 



62 

 
Figure 28: Titrations with dNTP hydrolyzing enzymes with EDTA. A) Titration of 

EcMutT with EDTA. B) Titration of Taq polymerase with EDTA. Figure is from ref. 211. 

Table 5: Thermodynamic parameters of EcMutT and Taq polymerase titrations with 

EDTA. 

titrand titrant 
ΔH 

(kcal/mol) 

-TΔS 

(kcal/mol) 

ΔG 

(kcal/mol) 
n Kd (μM) 

EcMutT EDTA -9.7 ± 0.02 1.3 ± 0.1 -8.4 ± 0.1 0.07 ± 0.01 0.55 ± 0.066 

Taq polymerase EDTA -6.3 ± 0.7 -3.5 ± 0.7 -9.8 ± 0.0 0.91 ± 0.09 0.047 ± 0.001 

As a next step, we wanted to identify the enzyme group which interacts with EDTA. Therefore, 

we tested an NTP binding enzyme, the rabbit skeletal myosin S1 domain, having ATPase 

activity. It turned out that EDTA did not bind to this enzyme which possesses an ATP binding 

pocket (Figure 29A). We also tested whether other enzymes not possessing (d)NTP binding 

pockets at all are capable of EDTA binding. For that reason, we titrated SaUGI and PcPAL 

proteins we had at hand with EDTA (Figure 29B, 29C, respectively). As expected, these 

enzymes not having dNTP binding pocket do not bind to EDTA. Demonstration that not any 

enzymes bind to EDTA solely owing to its highly charged nature at the pH of our assay is of 

great importance. These results confirm that our EDTA-dUTPase titrations indicate specific 

binding. Thus, these findings also support that EDTA undoubtedly binds to dUTPases, EcMutT 

and Taq polymerase.  
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Figure 29: Titration of enzymes not having dNTP pocket with EDTA do not show binding. 

A) Titration of rabbit skeletal myosin S1 subdomain with EDTA. B) Titration of SaUGI 

with EDTA. C) Titration of PcPAL with EDTA. Figure is from ref. 211. 

As these findings indicate potent inhibition of dUTPase by EDTA and tight binding with 

EcMutT and Taq polymerase, we searched the literature and found that EDTA was reported to 

inhibit many other types of enzymes as well (e.g., liver arginase235, veratryl alcohol oxidase236, 

horseradish peroxidase237). Also, ethylenedimaine-based inhibitors of farnesyltransferase were 

developed as antimalarial and anticancer agents238. These findings provide the possibility that 

EDTA may also be a potent inhibitor/binding partner of a greater set of enzymes. We hope that 

our striking observation will contribute to shift the incorrect view in the scientific community 

that EDTA is an inert metal cofactor in biochemical investigations. Furthermore, we propose 

that selective ethylenediamine-based inhibitors could be developed against DNA polymerases 

and DNA repair enzymes of certain pathogens to extend the therapeutic possibilities against 

them. 
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4.5 Development of a user-friendly, high-throughput and precise tool for the 

quantification of dNTPs from biological samples 

We aimed to measure cellular dNTP pools to investigate mycobacterial stress adaptation 

(cf. Chapter 1.5 and Chapter 2) in a high-throughput manner, therefore we needed to adapt a 

dNTP quantifying method. Our trials of measuring dNTPs with HPLC-based method failed 

due to the abovementioned incompatibility of the harsh reagents used by the assay with other 

uses of the HPLC instruments. The radioactivity-based DNA polymerisation method is not 

suitable for high-throughput investigations and the proper handling of biohazard reagents 

makes the method little user-friendly. The TaqMan-like fluorescence-based dNTP quantifying 

method169 seemed to be the best choice since it makes possible dNTP measurement for low 

price in a high-throughput manner. After several trials of measuring cellular dNTP level, we 

encountered various obstacles. The most astonishing was that biological extracts often resulted 

in negative values, especially when dATP measurement was applied. Since this method is the 

most attainable for high-throughput dNTP measurements, we aimed to overcome the 

difficulties in order to provide an easily accessible method for any molecular biology 

laboratory.  

The original method suggested to evaluate the raw data at a given time-point on the basis of a 

calibration curve measured in water. But in reality, biological samples often run below even 

the lowest calibration point. Likewise, the same problem arose upon standard addition of the 

corresponding dNTP to the biological sample (Figure 30A). We also observed that the kinetics 

of the reaction curves containing biological samples were slower than that of calibration curves 

measured in water. This phenomenon was also recognized by the developers of the method, 

and therefore they omitted the evaluation based on kinetics. The original developers suggested 

to use the fluorescence data after saturation at 15 minutes in case of the dGTP, dCTP and dTTP 

measurement, and at 20 minutes in case of the dATP measurement. However, we did not detect 

the completion of the reaction after 15-20 minutes either with AmpliTaq Gold™ polymerase 

they used, or with VWR® TEMPase Taq polymerase (Figure 30A) (this latter is a much faster 

polymerase than the AmpliTaq Gold™). This was true for all dNTP measurements. 

Furthermore, we also found it problematic that the blank reaction curve, not containing the 

specific dNTP to be incorporated also exhibited some increasing signal in time (Figure 30A, 

red curve). This means that fluorescence signal arose even if no polymerisation occurred. This  
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Figure 30: dCTP measurement of M. smegmatis using the dCTP-dT2 template and 

TEMPase polymerase A) Raw reaction curves in the absence of biological sample 

(0-40 pmol dCTP, calibration reactions, hollow squares) and in the presence of M. smegmatis 

bacterial sample (1.5*108 cells + 0-40 pmol added dCTP / reaction, black triangles). The 

signal production of the blank reaction (0 pmol dCTP, red curve) was corrected by the 

developers via subtracting the blank curve from sample curves (shown in Panel B). 

B) Reaction curves normalized according to the original paper. C) Calibration curve 

(0-40 pmol dCTP, hollow squares), and biological samples containing dCTP standard 

added (0-40 pmol dCTP, black triangles), derived from reading the fluorescence in Panel 

B at 4 min. The linear fit to the calibration points yielded the following parameters as 

calibration equation: slope = 225 ± 32, intercept = 288 ± 396, R2 = 0.87. The average and sd of 

2 technical parallels are shown. D) Exponential fitting (continuous lines) of the raw 

calibration curves (scatter plots). Blank reaction curve (0 pmol dCTP) could be fitted with a 

single exponential, while specific dNTP (here, dCTP) containing reaction curves could be fitted 

with double exponential. The exponential fitting yielded the following parameters: 

0 pmol dCTP: A = 16609, kobs = 6.7 *10-4 s-1, y0 = 23806; 3 pmol dCTP: A1 = 5446, 

k1obs = 1.5 * 10-3 s-1, A2 = 12021, k2obs = 4.3 * 10-4 s-1, y0 = 24718; 40 pmol dCTP: A1 = 6408, 

k1obs = 1.5 * 10-2 s-1, A2 = 9513, k2obs = 3.7 *10-4 s-1, y0 = 22748. Figure is from ref. 206. 

problem was eliminated in the evaluation of the original method by subtracting the raw 

fluorescence values of blank reaction from all reaction curves. This extraction resulted in 

fluorescence time courses showing a maximum (Figure 30B). In the case when we used 
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AmpliTaq Gold™ polymerase, this maximum point arose at 15-20 minutes, while in case of 

the faster TEMPase Taq polymerase, it arose at 3-5 minutes. We read the fluorescence at the 

maximum point in each case. For that reason, in order to generate calibration curve and results, 

fluorescence was read out at 4 minutes in our example with TEMPase Taq polymerase (Figure 

30C). It is well observable that biological samples containing added dCTP are below the 

calibration curve (Figure 30C). All in all, these difficulties led us to conclude that single-point 

read out is not the proper way to get quantitative results from biological samples. 

The fact that blank reaction also produces signal, and that none of the reaction curves reached 

saturation suggests (Figure 30A) that there is another ongoing process in the background. To 

resolve that, we recorded longer time courses. This revealed that a substantial slow signal 

generating process is present in every case, even if no specific dNTP to be measured is present 

in the assay (Figure 30D). This background phenomenon was observed in all dNTP 

measurements. For details, it was not dependent on the sample type (bacterial or human), on 

the applied polymerase (AmpliTaq Gold™ and TEMPase Taq), on the applied template (dT1 

for the measurement of 0-10 pmol dNTP, or dT2 for the measurement of 0-20 pmol dNTP), 

and on the qPCR instrument (three suppliers: Bio-Rad, Thermo Fisher Scientific and Agilent). 

To decipher the source of the background process, we set up an experiment where reaction 

components were left out one by one (Figure 31). Figure 31A shows the raw reaction curves 

generated in this experiment, while Figure 31B represents the schematic view of the assay 

components. Interestingly, there is a large increase in the fluorescence signal if template, probe 

and enzyme are present in the assay together (curves 1, 2, 3 and 4). This observation suggests 

that the background phenomenon originates from a polymerase reaction on the template-probe 

complex. This enzyme-based reaction could be the polymerization independent 

5’-3’ exonuclease activity of Taq polymerase. We used 14% polyacrylamide-urea gel 

electrophoresis able to separate 1-2 base pair differences of small DNA oligonucleotides to 

decipher whether the source of the background signal is really the polymerization independent 

5’-3’ exonuclease activity of Taq polymerase. We analyzed the reaction conditions of 1-3 

presented in Figure 31A and 31B using denaturing 14% polyacrylamide-urea gel 

electrophoresis (Figure 31C). For control, we loaded primer (14 bp), probe (23 bp) and template 

(43 bp) in the gel separately to make them identifiable in other lanes. We set up time-course 

reactions (0 min, 20 min, 50 min and 90 min) without dNTPs present in the assay (reaction 

condition 3). As we expected, in this time course, the primer, the template and the probe run at 

the proper height comparing to their respective controls at 0 min. The polymerization 
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independent exonuclease activity of the Taq polymerase was demonstrated at later time points 

(20, 50 and 90 min), since a new DNA band appeared below the size of the probe (red arrow) 

in the assay. We also applied a reaction condition where no specific nucleotide (dTTP) was 

present in the assay (reaction condition 2). In this case, the hydrolyzed probe was also present 

demonstrating the same polymerization independent exonuclease activity of the polymerase. 

However, instead of the 14 bp primer, an elongated primer was present (17 bp, yellow arrow),  

 
Figure 31: The background reaction of the assay arises from dNTP incorporation 

independent 5’-3’ exonuclease activity of Taq polymerase A) Raw reaction curves 

obtained under the conditions schematically shown in Panel B. TEMPase Taq was used in 

the dTTP assay using the dT2 template. Exponential fits (continuous lines) generated the 

following parameters: 10 pmol dTTP (1), red curve: A1 = 12508, k1obs = 2.05*10-3 s-1, 

A2 = 15014, k2obs = 4.85*10-4 s-1 y0 = 36952; 0 pmol dTTP (2), cyan curve: A = 24118, 

kobs = 5.45*10-4 s-1, y0 = 33165; No aspecific dNTP added (3), blue curve: A = 28676, 

kobs = 5.71*10-4 s-1, y0 = 38969; No primer added (4), green curve: A = 28902, 

kobs = 3.88*10-4 s-1, y0 = 39555. The black line is a single exponential function fitted to the 

‘10 pmol dTTP’ (1). B) Schematic representation of the macromolecular complexes of the 

different assays. dNTP incorporation is shown as purple line. C) Demonstration of the 

polymerization independent 5’-3’ exonuclease activity of Taq polymerase using 

denaturing urea-PAGE gel. Numbers in parenthesis correspond to reaction conditions 

presented in panels A-B. Red arrow: hydrolyzed probe; yellow arrow: elongated primer; green 

arrow: duplicated template. Figure is from ref. 206. 
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since non-limiting dNTPs were incorporated into the primer DNA in this condition. We also 

set up a control reaction with all assay components including the specific nucleotide dTTP too 

(reaction condition 1). Not surprisingly, the primer was fully elongated in this condition, while 

the probe was totally hydrolyzed. For that reason, these were not visible on the gel. The 

generation of the duplex DNA (green arrow) from the template resulted in a wide band. Our 

observation is in good agreement with literature data showing the same polymerization 

independent 5’-3’ exonuclease activity of Taq polymerase134,135. Based on these investigations, 

we identified the polymerization independent 5’-3’ exonuclease activity of Taq polymerase as 

the source of the process generating background signal. 

Our remarkable observation was that fitting the raw fluorescence measurement curves with 

exponential equations enables to separate the background process from the main 

polymerization reaction. This means that upon fitting, we can decouple the background signal 

from that what we want to measure: the signal of the limiting dNTP incorporation. 

Interestingly, those assay curves which contain any of the limiting dNTP to be measured can 

be fitted with double exponential function (Equation 1). In contrast to that, the blank reaction 

not containing the limiting dNTP could be fitted with single exponential function (Equation 2). 

The goodness of the fit was estimated in every case by the AIC analysis, which serves as a 

comparing tool to describe which function generates better fit without the risk of overfitting. 

AIC indicated that fitting the double exponential function (Equation 1) to the curves generated 

by incorporation of the specific limiting dNTP is more reasonable than single exponential 

fitting. Fitting showed that reaction curves reached completion only around 1000 min by using 

the AmpliTaq Gold™ polymerase and around 400 min by using the TEMPase Taq polymerase 

(Figure 30E).  

Next, we investigated the fitting parameters of the reaction curves in a concentration range of 

0 – 40 pmol specific dNTP / reaction for dCTP measurement using the dT2 template 

(Figure 32). The k1obs and k2obs values indicated two kinetically well separable ongoing 

processes, as k1obs and k2obs differed largely from each other (Figure 32A). The fast phase k1obs 

values arose from dNTP dependent polymerization reaction, as it showed some concentration 

dependence of the limiting dNTP. However, this concentration dependence differed in the 

substoichiometric (below 20 pmol dCTP) and superstoichiometric (above 20 pmol dCTP) 

range of the assay. While k1obs exhibited a decaying dCTP dependence in the substoichiometric 
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Figure 32: Specific dNTP dependent polymerization reaction competes with the 

background exonuclease activity of TEMPase Taq polymerase in a dNTP concentration 

dependent manner. Figure was generated using the dT2 template in dCTP assay. A) Specific 

dNTP concentration dependence of the rate constants of the two kinetic phases of the 

assay (k1obs and k2obs, respectively). B) Specific dNTP concentration dependence of the 

slower phase rate constant (k2obs). C) Specific dNTP concentration dependence of the 

amplitudes of the two phases (A1 and A2, respectively). Note that the amplitude follows a 

hyperbola, which initial linear phase can be used for calibration. D) Specific dNTP 

concentration dependence of the relative amplitudes of the two phases (relA1 and relA2, 

respectively). Amplitudes were normalized to the total amplitude of the reaction (A1+A2). The 

average and SE of two technical parallels are shown. Figure is from ref. 206. 

range of the assay, in the superstoichiometric range it exhibited a linear concentration 

dependence. As compared to that, k2obs did not show any concentration dependence of the 

limiting dNTP (Figure 32B). Interestingly, the kobs value of the blank reaction was in the range 

of k2obs, indicating that the slower k2obs arises from the dNTP independent 5’-3’ exonuclease 

activity of Taq polymerase. Figure 32C and Figure 32D show the dCTP concentration 

dependence of the raw amplitudes and relativized amplitudes, respectively. While A1 exhibits 

increasing dCTP concentration dependence, A2 exhibits decreasing dCTP concentration 

dependence. The A1 signal representing the dNTP dependent polymerization reaches saturation 

at 20 pmol dCTP, apparently (Figure 32D). This is the theoretical maximum when using 
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10 pmol dCTP-dT2 template, primer and probe in the assay. Relative A1 has a maximum of 

0.8, meaning that only 80% of the template-primer-probe complex was available for the 

specific dNTP dependent polymerization reaction. The other 20% of the template-primer-probe 

complex was used up by the aspecific background reaction. As it is visible in Figure 32C and 

Figure 32D, the reaction of the specific dNTP dependent polymerization and the aspecific 

background process compete with each other. This conclusion can be drawn as the increasing 

concentration of the specific dNTP increases the signal of the specific phase (A1), while 

decreases the signal of the aspecific phase (A2). Note that the maximum of the background 

signal was reached in the blank reaction (A) and at the lower calibration points (A2). Since the 

original authors subtracted the blank curve from sample curves, they subtracted a relatively 

high value from all assay curves. This could be a reason for getting negative sample dNTP 

results we presented in Figure 30. 

Since the initial part of the A1 hyperbola is highly linear (Figure 32C), the linear phase can be 

used as a measure to quantify the specific dNTP. Figure 33 shows that all the four dNTPs are 

quantifiable using the linear phase of the A1 parameter since it exhibits strong concentration 

dependence for all dNTPs. 

 
Figure 33: The linear phase of the amplitude of the specific phase (A1) gives a reliable 

readout for precise quantification of dNTPs. dCTP-dT2, dGTP-dT2, dATP-dT1 and dTTP-

dT2 templates were used with TEMPase Taq Polymerase. The following parameters were 

yielded upon linear fit of the curves: dCTP, intercept = -530 ± 141, slope = 932 ± 36, R2 = 0.99; 

dGTP, intercept = -3031 ± 127, slope = 2210 ± 32, R2 = 0.999; dATP, intercept = 4719 ± 959, 

slope = 1733 ± 100, R2 = 0.98; dTTP, intercept = -118 ± 734, slope = 906 ± 89, R2 = 0.95. Note 

that the dCTP curve is identical with the linear phase of the hyperbola presented in Figure 32C. 

The average and SE of two technical parallels are shown. Figure is from ref. 206. 

The high quality calibration curves presented in Figure 33 were generated after an optimization 

of the assay conditions. These include optimization of i) the amount of MgCl2, ii) the amount 
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of the template-primer-probe complex, iii) the frequency of data acquisition (cycle length) and 

iv) the assay temperature. The optimized conditions of TEMPase Taq polymerase are presented 

in Appendix, Table A4.  

After that, we wanted to analyze our assay performance in biological samples too. For that 

reason, we chose M. smegmatis bacterial cells, and MES-SA human sarcoma cells and 

subjected the same biological samples for investigation of their dNTP content by i) the original 

fluorescence-based method169, ii) our improved fluorescence method206 and iii) the well-

established radioactive method166,167 (Figure 34). The human MES-SA cell line had also a good 

control: it’s dNTP content was measured by HPLC-MS method previously and published in 

the literature239. The dNTP content of mid log-phase M. smegmatis cells is presented in 

Figure 34A. Interestingly, our assay performed very well compared to the radioactive method, 

since the two methods produced indistinguishable differences of the M. smegmatis dNTPs. 

However, the original method failed in the measurement of dATP, resulting in a value which 

does not correspond to the control radioactive measurement. The high level of dNTPs of the 

bacterial cells hides the problem of the original method, and it appeared only by the most 

difficult dATP measurement. Eukaryotic cells usually contain lower level of dNTPs. In case of 

human MES-SA sarcoma cells, the comparison of the original method and our improved assay 

yielded large differences (Figure 34B). While our method produced reliable results according 

to the radioactive and the independent MS measurements, the original method failed to measure 

the proper dNTP concentrations in all cases. This also implies that our improved method can 

decouple the disturbing background signal, and it generates precise dNTP values from 

biological extracts.  

Ours is the first report of the dNTP pool of a mycobacterial species (Figure 34A). Strikingly, 

the dGTP is the most abundant deoxyribonucleotide of the M. smegmatis dNTP pool, whereas 

it’s concentration is the lowest in other species (e.g. in the human, presented in Figure 34B, in 

E. coli240, and in yeast241). Since RNR is responsible in large part for the balance of dNTP 

production in the cell, we suppose that the alternate balance of the dNTP content of 

mycobacterial species may be the result of a different RNR. Indeed, while M. smegmatis 

belongs to the class Ib of RNRs, E. coli, yeast and human possess a class Ia RNR. 
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Figure 34: Validation of our assay performance by comparing dNTP content of biological 

samples with that of measured by the radioactive and MS method. A) M. smegmatis dNTP 

content accurately measured by our new method but not the original method compared 

to the radioactive method. B) Human MES-SA sarcoma cells dNTP content is accurately 

measured by our new method as compared to the radioactive method and MS literature 

data239. Original fluorescent measurement fails in all cases, especially in the dATP 

measurement. Figure is from ref. 206. 

Our kinetics-based analysis performs better for the precise dNTP quantitation of biological 

extracts than the original method. The observed slower kinetics of the biological samples may 

originate from the competing binding of rNTPs, (d)NDPs and (d)NMPs to the Taq polymerase. 

While this competition is responsible for the decreased progress rate, the amplitude of the 

reaction is not affected. Therefore, our assay development was necessary and with the 

improved method, we could successfully measure dNTP contents of different biological 

extracts (Figure 34). 

The method we developed is the most high-throughput and most accessible method of all 

existing ones today. However, the necessity of kinetic analysis may dissuade the potential for 

inexperienced users. Therefore, we aimed to offer a user-friendly method for an average user, 

and thus, we implemented our evaluation algorithm into a software called ‘nucleoTIDY’. 

nucleoTIDY is a standalone executable Python-based program, which reads the exported qPCR 

runs. It can complete the full evaluation from the kinetic analysis of raw measurement curves 

to the generation of final results. As part of our aim to generate a user-friendly solution for the 

evaluation which is accessible for everyone, we provided a graphical user interface to our 

software (Figure 35). Several checkpoints were built into the software, so that even 

unexperienced users can confidently rely on the presented results. These built-in checkpoints 

prevent users from using unreliable results when low quality raw data are analyzed with the 
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software. Since curves not containing dNTPs (blank reaction, or samples with really low dNTP 

level) also produce signal which can be fitted with exponential, we wanted to exclude the 

possibility of overfitting a single exponential curve with double exponential function which 

would result in two identical phases, inseparable for kinetic analysis. For that reason, 

nucleoTIDY fits all reaction curves with both a single (Equation 2) and a double (Equation 1) 

exponential function. Using the AIC method (Equation 3), the parameters of the single and 

double exponential fits are compared by the software, and it chooses whether the single or 

double exponential fit is more appropriate. If the AIC calculation results that single exponential 

fit is more appropriate (AICsingle exponential fit < AICdouble exponential fit), those results will be excluded 

from further analysis. If the double exponential fit is more appropriate, the quality of the 

parameters will be checked. The built-in checkpoints of the parameters include the recognition  

 
Figure 35: nucleoTIDY is a user-friendly software which facilitates the kinetics-based 

evaluation method of our assay. The graphical interface of the software displays instructions 

for use, the raw curves of the fitting, the calibration and the results of the analysis as well. The 

raw measurement curves (top left panel, salmon data points) are fitted by the program with 

double exponential functions (top left panel, yellow lines). Users should define the calibration 

wells and amounts. Then, hitting the ‘Calculate’ button in the menu bar executes linear 

regression of the calibration points (shown in the top right panel) and at the same time the 

dNTP amounts in the ‘sample wells’ are calculated (shown in the bottom 96-well panel). If it 

is necessary, users can refine the calibration by removing outlying data points (grey wells in 

the 96-well panel). The built-in checkpoints prevent the use of inappropriate raw data, the 

results of these are shown as an ‘x’ in the 96-well panel. The analysis can be exported to Excel. 

The Excel file contains the results and the fitted parameters, and it also provides information 

on calculation failure, if any. The output file also warns the user if the result fell outside of the 

calibration range. The presented figure demonstrates a dCTP measurement using dT1 template 

and TEMPase Taq polymerase. Figure is from ref. 206. 
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of i) high error of the A1 key parameter (error > value); ii) k1obs being within the error range of 

the average of k2obs values of the entire plate; iii) k2obs being lower than 10-5 s-1; iv) negative A1 

values (inverse run of the exponential); and v) 50% smaller fluorescence signal change of the 

investigated curve than the total fluorescence signal change of the lowest calibration point. 

nucleoTIDY displays an ‘x’ of the corresponding wells if the analysis recognizes any of these 

failures. With these measures, low quality data are exluded from generation of false results. If 

the raw curves contain a lag phase, before fitting, the data points of the lag phase are trimmed 

to improve quality of the fitting. The quantitation is based on the A1 parameter of the fit, as 

discussed above. The users should select wells containing the calibration points on the 96-well 

panel (orange wells in Figure 35) and give the amount of the dNTP standard in it. Next, by 

hitting the ‘Calculate’ button in the menu bar, calibration is plotted and fitted with a linear 

equation. At the same time, results of the ‘Samples’ are calculated and displayed in each well. 

The calibration equation and the regression parameter of the fit is also displayed in the 

calibration panel; therefore, users can evaluate its quality. If it is needed, refinement of the 

calibration curve can be carried out by the exclusion of outlying data points (grey wells in 

Figure 35). When the analysis is completed, results can be transferred into Excel or saved in 

the software for later use. The Excel file also contains the fit parameters and if results were 

removed because of failures discussed above, the explanation of that is also reported there.  

The full analysis of a 96-well plate can be completed within 2-3 minutes with nucleoTIDY, 

therefore, it saves significant time and effort for the users. nucleoTIDY is a free software 

available at http://nucleotidy.enzim.ttk.mta.hu/. This site also contains a tutorial video 

presenting its simple use. 

To sum up, our improved method based on the original fluorescence-based assay eliminated 

the problem of the background signal and of the sample matrix effect as well. Taking the whole 

progress curve into the analysis, we successfully established kinetics-based evaluation method 

to which we offer our software nucleoTIDY. 
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4.6 Altered dNTP content and mutation rates under genotoxic stress 

conditions contribute to mycobacterial stress adaptation 

As tuberculosis presents an important global health issue worldwide, and the emergence of 

drug resistant infections further complicate the already difficult and long treatments, we aimed 

to address crucial steps related to the occurrence of antibiotic resistance in Mycobacterium. As 

it was discussed in Chapter 1.5, Mycobacterium species are especially appropriate organisms 

for the investigation of their genetic alterations and dNTP metabolism, since they lack 

horizontal gene transfer, the nucleotide salvage pathway and MMR. As the processes to be 

tested are highly conserved in this genus, we chose a non-pathogenic model for M. tuberculosis, 

the fast-growing M. smegmatis as subject of our investigations. We aimed to investigate the 

dNTP metabolism and mutation pattern and relate that with to the occurrence of antibiotic 

resistance. Literature data show that increased mutation rate is observed when highly 

imbalanced or elevated dNTP levels are present in the cell (Chapter 1.1). Our hypothesis was 

that stress conditions trigger altered dNTP concentrations and altered mutation pattern in 

Mycobacteria which in turn results in the observed drug resistance. To test our hypothesis, we 

investigated several stress factors which are important in the life cycle of M. tuberculosis. We 

identified stress factors from the environment, the host or the treatments themselves. While 

spreading in aerosol droplets in the air, M. tuberculosis keeps its virulence for a long time in 

dry circumstances. Thus, we identified UV radiation and starvation as environmental stress 

factors. Inside a host, M. tuberculosis is phagocytized by alveolar macrophages, where it can 

survive and reproduce despite the harsh conditions. We identified the following stress factors 

that affect the bacteria in a host: dormancy, alkylation, reactive oxygen species (ROS), and 

reactive nitrogen intermediates (RNI), from which the latter two are defense mechanisms of 

the immune system. If treated with first-line and second-line antibiotics, these also present 

stress factors for the bacterium, against which it must strive for survival. We wished to study 

these effects systematically. For that reason, we generated these stress conditions separately 

from each other to decipher to which extent these contribute to an increased mutagenesis rate. 

To establish the stress conditions, we designed the adequate experimental parameters of 

treatment times and drug concentrations. Determination of the duration of the treatments was 

based on the growth curve of M. smegmatis cells (Figure 36A). Data clearly show that the 

exponential phase of the growth curve occurs from 0.1 to 0.8 OD600. This growth phase lasts 

for 18 hours under our laboratory conditions. In our pilot experiments, we observed differences 

in the level of dNTPs when cultures with different OD600 values were measured. To establish 
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a reproducible range of growth for the overall experimentation, we measured dNTP levels of 

the differential stages of the growth curve of non-treated bacteria with our new method (cf. 

Chapter 4.5) (Figure 36B). The highest level of the dNTPs was measured at OD600 0.7, in the 

middle of the exponential growth, while the lowest level was measured at OD600 1.1, when the 

culture reaches saturation. At the beginning of the exponential growth, we measured dNTP 

levels between 25-90 pmol/108 CFU, which was slightly fluctuating. It is important to note that 

the pattern of the four dNTPs was the same in all measured cases, with dGTP concentration 

being the highest and dCTP concentration being the lowest of the four 

(dGTP>dTTP>dATP>dCTP, cf. also Figure 34A). This observation suggests that precise ratio 

of the four dNTPs is needed for the proper DNA replication. To standardize our stress 

treatments, we decided to start the treatments with growing cultures at OD600 0.1. Our aim was 

to treat as many generations as possible, but we wanted to avoid reaching the saturation phase. 

For that reason, we restricted the duration of every treatment to be 8 hours (with a few 

exceptions, cf. Materials and methods, Chapter 3.22). In this case, non-treated (‘control’) 

cultures will reach the maximum level of dNTP at the end-point of the experiments.  

 
Figure 36: The dNTP level in the context of growth of M. smegmatis cells. A) The growth 

curve of M. smegmatis measured by OD600. Scatter plots represent the average of 3 different 

M. smegmatis cultures, error bars are standard deviations. The red line represents fitting of the 

data with 𝒚 =
𝒂

𝟏+ 𝒆
−𝒌(𝒙−𝒙𝒄)

 equation; the following parameters were yielded: a = 1.15 ± 0.02, 

k = 0.48 ± 0.03, xc = 28.13 ± 0.25. B) dNTP levels of M. smegmatis depending on the 

different stages of growth.  

To determine the concentration of the materials to be used for the treatments, we applied a wide 

range of concentrations of every material based on literature data. We aimed to determine such 

concentrations which still enable growth of the M. smegmatis cells, and are not fully lethal. 

This was important in order to be able to isolate dNTPs after the treatment. The applied stress 

treatments and conditions are summarized in Appendix Table A6. The effect of each treatment  
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Figure 37: dNTP concentrations upon genotoxic stress treatments applied on 

M. smegmatis cells measured with our improved method. A) Rifampicin, B) Isoniazid, 

C) Ethambutol, D) Ciprofloxacin, E) Clofazimine, F) Mitomycin-C, G) NaNO2, 

H) Dormancy, I) Hypoxia, J) UV treatment. 

on M. smegmatis cultures is shown in Appendix Figure A2 and A3. We investigated the dNTP 

pool of each stress treatment. For that, we used our improved dNTP measurement method 

discussed in Chapter 4.5. In most cases, we determined the average cell size of the treated and 

non-treated population using microscopy following the treatments. In these cases, we 

calculated the average cell volume for the bacillus shape bacteria as cylindrical body and 

normalized the dNTP levels to the cell volume, to generate micromolar (µM) values of the 

concentration. In the other cases, we normalized the results to 108 CFU. The effect of the 

different stresses to the cellular dNTP levels is presented in Figure 37. Interestingly, in most 



78 

cases, imbalanced dNTP levels were observed. Not surprisingly, we detected extraordinary 

changes in the dNTP concentration in case of UV and ciprofloxacin treatments, which 

underlines their strong genotoxic effect. We observed that the decrease of the otherwise 

dominating dGTP level is a general stress response. This phenomenon could be observed in 

case of rifampicin, isoniazid, ethambutol, ciprofloxacin, clofazimine, mitomycin-C, starvation, 

and hypoxia treatments (Figure 37A-F, 37H, 37I, respectively). One exception for this is the 

UV treatment, where increase of dGTP level was observed upon the stress treatment (Figure 

37J). Also, in case of NaNO2 treatment, no changes in the dGTP level were observed (Figure 

37G). However, NaNO2 generally did not change any of the dNTP levels. Since NaNO2 

treatment was effective in inhibiting cell growth (Appendix, Figure A2G, Figure A3G), it 

proves that not every stress factor contributes to dNTP changes. This unusual observation 

confirms our other results where dNTP changes occurred. Another striking observation was 

that the levels of dCTP and dTTP are coupled to each other. When the dCTP level was 

increased, the dTTP level also increased (cf. rifampicin, ciprofloxacin, mitomycin-C, 

starvation and UV treatments, Figure 37A, 37D, 37F, 37H, 37J, respectively), while the 

decreased level of dCTP coincided with the decreased level of dTTP (cf. ethambutol and 

clofazimine treatments, Figure 37C, 37E, respectively). If dCTP level did not change, dTTP 

level did not change either (in case of isoniazid and NaNO2 treatments, Figure 37B, 37G, 

respectively). The reason behind this phenomenon is undoubtedly the coupled in vivo 

biosynthesis of pyrimidine nucleotides, as dCTP serves as a precursor for dTTP synthesis, 

while oxidative deamination reaction takes place on dCTP by Dcd-dut enzyme (cf. Figure 2). 

The only exception for this trend was the hypoxia treatment (Figure 37I), where the dCTP level 

increased while the dTTP level decreased. Considering that hypoxia treatment normally causes 

an altered redox potential in the cell and that the dCTP to dTTP conversion includes a reduction 

step, we concluded that the disturbance of this reduction reaction can lead to the observed 

dNTP pattern. Interestingly, dTTP is an important nucleotide for the cell wall synthesis too, 

since one of the cell wall synthesis enzymes, RmlA synthesizes dTDP-rhamnose with the use 

of dTTP. Interestingly, the elevated level of dTTP resulted in an elevated cell size, while the 

decreased level of dTTP coincided with decreased cell size.  

Next, we carried out mutation accumulation experiment, to analyze the mutation rate and 

pattern of these stresses by next generation sequencing. We generated the treated cell lines by 

streaking single individual cell colonies from plates to plates. This technique enables that each 

cell line was passed through a single-cell bottleneck. The treatments were carried out for 60 
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days, which approximately equal 360 generations, considering that treated cells grow slower 

than non-treated cells (cf. Appendix Figure A2, A3). All treatments were carried out from a 

single cell of a common ancestor, which ancestor was also sent for sequencing. We used 15-

16 parallel cell lines for each stress treatments. We generated non-treated cell lines for 

comparison, in this case streaking was carried out for 120 days to accumulate enough mutations 

for the analysis. All lines were sent for WGS to generate genome-wide estimate of mutation 

rate and pattern. The results of our mutation accumulation experiment upon stress treatments 

are presented in Figure 38. It was astonishing that our treated cell lines did not exhibit 

significantly higher mutation rate as compared to our mock treatment in many cases. Only two 

treatment increased the mutation rate. Not surprisingly, one of them was the UV treatment 

(Figure 38K), which is generally used to generate mutations as a ‘positive control’. However, 

UV treatment did not change the mutation pattern, only the mutation rate was elevated. The 

other mutator treatment was the mitomycin-C (Figure 38G), which is an alkylating agent we 

used to mimic the M. tuberculosis host inner alkylating environment. Surprisingly, the elevated 

mutation rate was associated with altered mutation pattern phenotype: including mostly 

C:G→T:A transitions, C:G→A:T, C:G→G:C transversion mutations were dominating. What 

was interesting in it is that all these mutations involve changes of the C:G base pair. Cytosine 

is the most vulnerable nucleotide to alkylation on its 5’-carbon atom of the pyrimidine ring. A 

possible reason for the observed phenomenon is that might be the alkylation of the cytosine 

resulted in higher DNA repair progress. The DNA repair progress could be overwhelmed due 

to the vicious cycles when 5-me-dCTP is rebuilt to DNA. This process could eventually lead 

to the increased mutation rate. However, with this sequencing technique we could not 

differentiate which DNA strand was mutated: either cytosine or guanine could be mutated. In 

the other stress treatment cases, only minor changes in the mutation patterns were observed, 

while mutation rate was not increased. We observed that in these cases, the dNTP pattern 

always showed decreased level of dGTP.  
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Figure 38: Mutation rate and pattern of M. smegmatis cells upon genotoxic stress 

treatments. A) Rifampicin, B) Isoniazid, C) Ethambutol, D) First-line drugs in 

combination, E) Ciprofloxacin, F) Clofazimine, G) Mitomycin-C, H) NaNO2, I) H2O2, 

J) Hypoxia, K) Starvation, L) UV, M) D-Cycloserine, N) Linezolid, O) Streptomycin. 
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To sum up our stress tolerance investigations, we identified that the level of dGTP plays a 

major role in stress response. In agreement, literature data indicate that the level of dGTP plays 

a key role in mutation generation33. It was shown that decrease in the level of dGTP is not 

especially mutagenic, however, dGTP level increase leads to high mutagenicity of the 

investigated strains34,242. We also observed this phenomenon in the UV treatment as the only 

treatment causing elevated dGTP level. In this case, high increase in the mutation rate was also 

observed. Interestingly, literature data also indicate that the decreased level of dGTP 

contributes to an increased DNA replication fidelity by slowing down replication process 

which promotes proofreading activity34. We also observed that in all other treatment cases, the 

mutation rate was not significantly changed, and in connection to that, the level of dGTP was 

decreased by these treatments. 
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5 Summary 

dNTP metabolic enzymes and the proper level of dNTPs play a major role in DNA replication 

fidelity, and thus, these are responsible for genetic stability. Changes in the level of dNTPs 

were proved to be mutagenic, potentially contributing to the occurrence of antibiotic resistance 

genes in bacteria, or to the development of tumor cells in eukaryotes. We investigated several 

key factors in connection with dNTP metabolism. First, we identified that the mycobacterial 

Dcd-dut enzyme functions rather as a balancer of pyrimidine nucleotides (dCTP, dTTP, dUTP) 

than a dNTP pool sanitizer eliminating mutagenic dUTP due to its dUTPase activity. 

Accordingly, the mycobacterial dUTPase is predominantly responsible for the dUTP 

breakdown in the cell. Since dUTPase is an essential protein, its targeting with selective 

inhibitors is a great need e.g. for new antibacterial therapies. For that reason, we investigated 

the dUTPase inhibitory Stl protein in an assay developed in Mycobacterium. We identified key 

regions in Stl-DNA binding sites. Also, we offered a new method to identify new Stl partners 

from protein libraries. We found that the E. coli dUTPase was not inhibitable by Stl protein 

even though dUTPases of many other species are sensitive to Stl binding. We identified a key 

amino acid residue change in E. coli dUTPase that ensures the inhibition of Stl on dUTPase. 

We also determined the thermodynamics of mutant and wt dUTPases binding to Stl by ITC. 

We concluded that new enthalpy driven interaction was present in the binding event by the 

inhibitable mutant dUTPases. We discovered a new inhibitory material for dUTPase enzymes, 

the small molecule EDTA. We also proved that EDTA binds to the active site of dUTPases. 

We identified two other EDTA binding protein, the Taq polymerase and E. coli MutT enzymes. 

We investigated other enzymes, as well, and since those did not bind to EDTA, we concluded 

that EDTA binding proteins are dNTPase enzymes. We further developed an existing 

fluorescence-based dNTP measurement assay for high-throughput investigation of cellular 

dNTPs. We identified that the background reaction originates from Taq polymerase 

polymerization independent 5’-3’ exonuclease activity on the template-probe complex. We 

eliminated this problem by kinetic analysis of the assay curves. We set up reaction conditions 

and assay evaluation to be able to precisely quantify the dNTPs originating from biological 

samples. We also developed the nucleoTIDY software for the user-friendly and quick 

evaluation of dNTP measurements. We generated stress treatments of M. smegmatis and 

analyzed dNTP changes and mutation rate and patterns upon stress. We found that the dNTP 

pool was specifically affected by stress conditions, however, the mutation rate was not changed 
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significantly in most cases. We identified dGTP as a key factor whose level is decisive in 

mutagenicity upon stress treatments in M. smegmatis cells.  

Our results are relevant nowadays since many therapeutic agents try to intervene via nucleotide 

metabolism. These therapies usually exploit the strategy of enzyme inhibition mostly by 

nucleoside and nucleotide analogues. Drugs targeting nucleotide metabolism are efficient 

against cells or viruses that carry out intense growth e.g. infections of host cells, or cancer cells. 

For example, the dihydrofolate reductase inhibitors methotrexate, aminopterin and pemetrexed 

used in cancer treatment are inhibitors of folic acid synthesis and thus, they disrupt thymidylate 

biosynthesis and cause depletion of the dTTP243. As a result, DNA, RNA and protein synthesis 

are inhibited. Thymidylate synthase inhibitors 5-FU and capecitabine are fluoropyrimidine 

nucleobase and nucleoside analogues, respectively, and therefore, they are used in many types 

of cancer (e.g. breast and colorectal cancer)19,243. Purine analogues are fludarabine and 

cladribine especially used for treating leukemia19. Pyrimidine nucleoside analogues are 

cytarabine and gemcitabine also used for treating leukemia, and the latter for many other types 

of cancer (e.g. lung, breast, pancreatic cancer)19. Antiviral agents against HIV virus are 

typically nucleoside/nucleotide analogues reverse transcriptase inhibitors (abacavir, 

emtricitabine, lamivudine, tenofovir alafenamide etc.)244. Non-nucleotide reverse transcriptase 

inhibitors are also used for HIV treatment (efavirenz, delaviridine, rilpivirine, etc.)245. Other 

nucleoside analogues are also used for antiviral therapies like ribavirin against hepatitis C, 

galidesivir against ebola and hepatitis C (in experimental phase), and favipiravir nucleobase 

analogue against influenza. Ribavirin, favipiravir, and the not yet registered galidesivir and 

remdesivir are used in clinical trials for COVID-19246. These nucleobase/nucleoside/nucleotide 

analogues are inhibitors of RNA-dependent RNA polymerase of the SARS-CoV-2 virus246.  

The use of these drugs indicate the potential of new drug development against various illnesses 

based on nucleotide metabolism. 

  



84 

6 Összefoglalás 

A genom stabilitásához és a DNS megkettőződésének pontosságához nagyban hozzájárulnak 

a dNTP anyagcserefolyamatok enzimei, mellyel a dNTP-k megfelelő szintjét tartják fent. 

Irodalmi tapasztalatok alapján a dNTP szintek megváltozása mutagén hatású, ami 

hozzájárulhat antibiotikum rezisztencia gének kialakulásához baktériumokban, illetve 

tumorsejtek képződéséhez eukariótákban. A doktori dolgozatomban ezzel kapcsolatban több 

fontos faktor vizsgálatára került sor. Megállapítottuk, hogy a mikobakteriális Dcd-dut enzim 

elsősorban a pirimidin nukleotidok (dCTP, dTTP, dUTP) sejten belüli pontos arányának 

fenntartásáért felel, míg a dUTPáz aktivitásával kifejtett dUTP eliminálás csak másodlagos 

funkció. Ezzel összhangban azt találtuk, hogy a mikobakteriális dUTPáz enzim a fő felelőse a 

dUTP lebontásának sejten belül. Mivel a dUTPáz esszenciális fehérje, az ezt célzó szelektív 

inhibitorok fejlesztése hasznos lehet például a baktériumok elleni küzdelemben. Ezért 

vizsgáltuk a dUTPázt gátolni képes Stl fehérjét egy Mycobacteriumban létrehozott esszével. 

Kulcsfontosságú régiókat azonosítottunk az Stl-DNS kötésben. Egy új módszert is 

kidolgoztunk az Stl fehérje egyéb, eddig ismeretlen partnereinek felfedezésére. Érdekes 

módon, az E. coli dUTPázt nem gátolta az Stl, noha egészen idáig úgy tűnt, hogy nagyon sok 

vizsgált faj esetén a dUTPáz érzékeny az Stl kötésre. A gátlásban szerepet játszó aminosavat 

azonosítva sikerült olyan E. coli dUTPáz mutánst létrehozni, ami érzékennyé tette az E. coli 

dUTPázt az Stl fehérjére. Meghatároztuk a mutáns és a vad típusú dUTPázok Stl-lel való 

kölcsönhatásának termodinamikáját ITC-vel. Azt találtuk, hogy egy új entalpia vezérelt 

kölcsönhatás jön létre a kötés pillanatában a gátolható mutáns dUTPázokkal. Egy új dUTPáz 

inhibitor molekulát is felfedeztünk, mely a kismolekulás EDTA volt. Bebizonyítottuk, hogy az 

EDTA a dUTPázok aktív helyéhez kötődik. Két másik EDTA-kötő fehérjét is azonosítottunk, 

ezek a Taq-polimeráz és az E. coli MutT enzimek voltak. Más enzimek viszont nem kötötték 

az EDTA-t, így arra jutottunk, hogy az EDTA kötésére képes fehérjék mind dNTPáz funkcióval 

bírnak. Egy irodalomban leírt fluoreszcencia alapú dNTP mérő módszert fejlesztettünk tovább 

annak érdekében, hogy sejtbeli dNTP szintek meghatározását tegyük lehetővé nagy 

áteresztőképességgel. Azonosítottuk, hogy a módszert addig korlátozó háttér reakciót a Taq-

polimeráz polimerizációtól független 5’-3’ exonukleáz aktivitása fejti ki a templát-próba 

komplexen. Ezt a problémát sikerült kiküszöbölni a teljes reakciógörbe kinetikai elemzésével. 

Beállítottuk a reakciókörülményeket és a kiértékelést, amivel lehetővé vált biológiai mintákból 

származó dNTP-k precíz mennyiségi meghatározása. A kinetikai kiértékelés gyors és egyszerű 

elvégzéséhez létrehoztuk a nucleoTIDY nevű szoftvert. A M. smegmatis sejteket különféle 
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stresszkezelésnek kitéve vizsgáltuk a dNTP szintek változását és a mutációs ráta és mintázat 

alakulását. Azt találtuk, hogy a dNTP szintek jelentősen megváltoznak a stresszkörülmények 

hatására, ezzel ellentétben a mutációs rátában nem volt különösebben nagy változás. A dGTP 

nukleotidot kulcsfontosságú faktorként azonosítottuk, melynek szintje meghatározza a 

mutagenitást a stressz kezelések hatására M. smegmatisban.  

Kutatásunk azért is releváns, mivel rengeteg forgalmazott gyógyszer a nukleotid anyagcsere 

folyamatok megzavarásával fejti ki hatását. Ezek általában az anyagcsere folyamatok 

valamelyik enzimét gátolják, legtöbbször valamilyen nukleozid vagy nukleotid analóggal. A 

nukleotid anyagcserefolyamatokat megzavaró gyógyszerek általánosságban a gyorsan 

növekvő sejtekre vagy vírusok ellen hatnak, így például a gazdaszervezetet fertőző mikróbák, 

vírusok, vagy éppen a szervezet rákos sejtjei ellen. A dihidrofolát-reduktáz inhibitor 

metotrexát, aminopterin és pemetrexed rákos megbetegedésekre használt gyógyszerek, melyek 

a folsavszintézist gátolják, ezzel pedig a timidilát bioszintézisbe avatkoznak bele. A dTTP 

kimerülésével leáll a DNS, RNS és fehérjeszintézis a sejtben243. A timidilát-szintáz inhibitora 

az 5-FU és kapecitabin, mind fluoropirimidin analógok, és sokféle daganatos megbetegedés 

ellen hatásosak (mellrák, vastagbélrák)19,243. A purin analóg fludarabin és kladribin főként a 

leukémia kezelésére használatos szerek19. A pirimidin nukleozid analóg citarabin és 

gemcitabin szintén leukémiára használatos szerek, és ez utóbbi még néhány másik rákos 

megbetegedésre is (pl. tüdőrák, mellrák, hasnyálmirigyrák ellen)19. A HIV vírus ellen 

alkalmazott vírusellenes szerek többsége nukleozid/nukleotid analóg reverz-transzkriptáz 

inhibitorok (abakavir, emtricitabin, lamivudin, tenofovir, stb.)244. Ugyanakkor nem nukleotid 

reverz-transzkriptáz inhibitorok is bőven akadnak a HIV vírus kezelésére (efavirenz, 

delaviridin, rilpivirin, stb.)245. Más nukleozid analógok is használatosak vírusok elleni 

terápiákban, mint például a ribavirin hepatitisz C ellen, a galidesivir még kísérleti fázisban 

ebola és hepatitisz C ellen, a favipiravir pedig nukleobázis analóg, mely az influenza ellen 

hatásos vegyület. A ribavirin, favipiravir, és a még nem törzskönyvezett galidesivir és 

remdesivir hatóanyagok klinikai tesztelése megkezdődött a COVID-19 betegség ellen246. Ezek 

a nukleobázis/nukleozid/nukleotid analógok a SARS-CoV-2 vírus RNS-függő RNS-

polimerázát gátolják246. Az említett példákból következik, hogy a nukleotid anyagcserén 

keresztül ható gyógyszerek fejlesztése új lehetőségeket rejt számos betegség kezelésére.  
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7 Thesis points 

1 I have proven by in vitro steady state activity measurement that A115F mutant Dcd-dut 

protein is inactive. I have identified that dUTPase mutants of M. smegmatis are equally 

expressed in cells compared to the wt dUTPase, while the level of inactive Dcd-dut is 

significantly elevated compared to the wt Dcd-dut (1). 

2 I have identified key regions in the Stl protein which are important in its DNA binding 

capability. I developed a new method which allows the identification of new Stl 

interaction partners from protein libraries (2, 4). 

3 I have determined the thermodynamics of two mutants and the wt E. coli dUTPase 

binding to Stl. I identified that the mutant E. coli dUTPases which are sensitive to Stl 

binding possess an extra enthalpy driven interaction in the binding compared to the wt 

E. coli dUTPase (6). 

4 I have experimentally proven that EDTA inhibits dUTPases by occupying their active 

sites. I also discovered that Taq polymerase and E. coli MutT enzymes binds to EDTA. 

I determined that EDTA binding proteins are dNTPase enzymes (5). 

5 I have further developed assay conditions and evaluation method of a fluorescence-

based dNTP measurement assay for the quick and precise quantification of dNTPs from 

cellular extracts. I have proven that the background noise signal originates from Taq 

polymerase polymerization independent 5’-3’ exonuclease activity on the template-

probe complex of the assay. I also created a new software for the easy and quick 

kinetics-based evaluation of dNTP measurements (3). 

6 I have proven that the cellular balance and/or levels of dNTPs change upon stress 

treatments of M. smegmatis. I have identified that dGTP is mostly reduced upon 

different stress treatments, while the level of dTTP is coupled to the level of dCTP. I 

have identified that dGTP is a key factor whose level is decisive in mutagenicity upon 

stress treatments in M. smegmatis cells.  
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8.1 List of my first-author publications related to the thesis 

1 Rita Hirmondo*, Anna Lopata*, Éva Viola Surányi*, Beáta G. Vértessy, Judit Tóth 

*: joint first authors 

Differential control of dNTP biosynthesis and genome integrity maintenance by 
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8.2 List of my co-author publications related to the thesis 
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9 Author contributions for the articles presented in my thesis 

The data presented in my Ph.D. thesis is the result of the combined effort of several researchers, 

therefore ‘first person plural’ is used throughout the text.  

The thesis is based on my first-author and co-author articles listed in Chapter 8.1 and 8.2. The 

experiments carried out by my colleagues or by our collaborators are indicated below. I only present 

those experiments performed by my co-authors that were important to draw the conclusions of the 

thesis. 

1 Hirmondo, Lopata, Suranyi et al. Scientific Reports 7, (2017) 

Wild-type and mutants (S148A, T138stop, D83N) M. tuberculosis dUTPase activity was 

measured by Dr. Anna Lopata, Figure 15A is the result of her work. Wild-type Dcd-dut activity 

was measured by Dr. Rita Hirmondó, Figure 15B is the result of her work. Generation of 

M. smegmatis S148A, or T138stop, or D83N dUTPase or A115F Dcd-dut mutant strains, 

measurement of mutation rate, genomic uracil content and dNTP levels of these strains were 

carried out by Dr. Rita Hirmondó, Figure 16A, 16B, 16C are results of her works, while 

statistical analysis on these results were carried out by myself. The M. smegmatis Dcd-dutWT 

and Dcd-dutA115F proteins were cloned and purified by myself, and also their in vitro activity 

measurements were executed by myself (Figure 15C). The expression levels of M. smegmatis 

dUTPase and Dcd-dut mutants were measured by myself (shown in Figure 16D). 

2 Surányi, Hirmondó et al. Viruses 10, 168 (2018) 

Cloning of the following plasmids: p2NIL-LacZStr-INT, pKW08-Stl, pKW08-StlC-term, 

pKW08-StlAA, generation of the Stl switch system, executing the random mutagenesis 

experiment and selection of the mutants were done by Dr. Rita Hirmondó. Validation of the Stl 

switch system was executed by Dr. Rita Hirmondó, and independently by myself, Figure 18 

represents the experiment which was carried out by myself. The sequences of the Stl mutants 

of the random mutagenesis experiment were determined by myself. Cloning and purifying the 

StlA236T mutant, and the in vivo and in vitro experiments with this mutant were carried out by 

myself (Figure 19). Electroporation of the φ11phage dUTPase into the Stl switch system was 

carried out by myself (Figure 17C, and 20.) 
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3 Szabó, Surányi et al. Nucleic Acids Res., 1, 1–17 (2020) 

The experiment where reaction components were left out one by one was planned by Dr. Judit 

Eszter Szabó (Figure 31B), while measuring these reactions were executed by Bence Mébold, 

so Figure 31A is result of their work. Determination of the background reaction signal source 

with urea-PAGE gel electrophoresis was carried out by myself (shown in Figure 31C). Fitting 

the raw reaction curves with exponential functions and altering the evaluation method to be 

based on kinetic analysis was the brilliant idea of Dr. Judit Eszter Szabó. Notwithstanding, 

Figure 30, Figure 32 and Figure 33 show results of my work using TEMPase Taq polymerase. 

The fluorescent and radioactive dNTP measurement of M. smegmatis cells were executed by 

Dr. Judit Eszter Szabó, Figure 34A is result of her work. However, the M. smegmatis samples 

for this reaction were prepared by myself. The human MES-SA sarcoma cells were extracted 

for the measurement by Mihály Cserepes. The radioactive dNTP measurement of MES-SA cell 

line was carried out by Dr. Judit Eszter Szabó, while the fluorescent dNTP measurement was 

carried out by myself (green and red columns in Figure 34B). Programming the software 

nucleoTIDY was carried out by myself (Figure 35). 

4 Lopata et al. Biomolecules, 9, 621 (2019) 

The steady-state activity measurements of human and mycobacterial dUTPases in the presence 

and absence of Mg2+, and EDTA were carried out by Dr. Anna Lopata, Figure 24 is result of 

her work. Thermofluor experiments were also measured by Dr. Anna Lopata. Molecular 

docking studies, as well as blind docking experiments and active site dockings were carried out 

by Dr. Balázs Jójárt. The ITC measurements and their evaluation were carried out by myself 

(Figures 25-29, Tables 2-5.). 

5 Benedek et al. Biomolecules, 9, 221 (2019) 

Dr. András Benedek compared each amino acid positions of inhibitable and non-inhibitable 

dUTPases, and he generated the mutant E. coli dUTPases. The size-exclusion chromatography, 

and the thermofluor experiment on E. coli dUTPases were measured by Dr. András Benedek, 

Figure 21 is result of his work. The steady-state activity measurements on mutant E. coli 

dUTPases were executed by Fanni Temesváry-Kis, Tamjidmaa Khatanbaatar and Dr. András 

Benedek, Figure 22 is result of their work. Crystallographic studies were made by Dr. András 
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Benedek and Ibolya Leveles. The ITC measurements and their evaluation were carried out by 

myself (Figure 23). 

6 Results under publication 

The OD600 measurement of M. smegmatis cell cultures at different times was joint work with 

Richárd Szentgyörgyvári (Figure 36A). The dGTP measurements of different OD600 levels 

M. smegmatis cells were performed by Tamás Trombitás, while dCTP, dATP and dTTP 

measurements of the same samples were carried out by myself (Figure 36B). Optimization of 

the stress conditions were done together with Tamás Trombitás, Dániel Molnár and Dr. Rita 

Hirmondó. The dNTP measurements of stress treated M. smegmatis cells were mostly executed 

by Tamás Trombitás, (Figure 37A, 37B, 37C, 37D, 37E, 37F, 37H, 37I) one set of 

measurements were carried out together with Nikoletta Gálik (Figure 37J), and one set of 

measurements was performed by myself (Figure 37G). Microscopic investigations of treated 

and non-treated M. smegmatis cells were carried out by Tamás Trombitás and Dr. Rita 

Hirmondó. Tamás Trombitás determined the average cell size based on microscopic 

measurements. The dNTP results were calculated in µM value by myself based on the average 

cell size. Statistical analysis of the dNTP results was carried out by myself. The mutation 

accumulation experiments of stress treated M. smegmatis cells, and their DNA preparation for 

sequencing were carried out by Dr. Rita Hirmondó. Analysis of whole genome sequencing data 

were carried out by myself (Figure 38).  
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Appendix 

Table A1: The list of the used oligonucleotide primers* 

Name 5’–3’ sequence Used for 

Msm_dcd_BamHI_f ATTAGGATCCAGTGCTGCTTTCCGATCGTGACATCC M. smegmatis Dcd-dut 

cloning Msm_dcd_HindIII_r ATTAAAGCTTTCAGGACTTGATGAAGTTGAGGTGCG 

Stl_A236T_f CGAACCATCATTATGATACGATTAAAGGCAAACCG generation of pGEX-4T-1-

StlA236T vector Stl_A236T_r CGGTTTGCCTTTAATCGTATCATAATGATGGTTCG 

Msm_sigA_f CGTCGCCGATGGTCTG 
sigA cDNA amplification 

Msm_sigA_r CCACGCCCGAAGAGC 

Msm_dut_f CATACCGCACGGAATGGT 
dut cDNA amplification 

Msm_dut_ r TGATCAGCGAAACCTTGATCTC 

Msm_dcd_f CTTCATCGATCCGGGCTTC 
dcd-dut cDNA amplification 

Msm_dcd_ r CAGCTGCCCGATCTTCAT 

Stl_Au_BamHI_f AATTAGGATCCATGGATACGTATCGCTACATAGCTAGCC Error prone PCR, cloning of 

pKW08-StlA236T, 

pKW08-StlMUT Stl_HindIII_r ATTAAAAGCTTGCGGCCGCTTAGTTGGTATC 

Stl_seq_f GGTGGTGAGTCATAGTTGC 
Colony PCR 

Stl_seq_r CGCTTAATCCAAAGTTCAAACG 

Stl-Str 

TCGTAAACATATTCTCACCTCCTCGAACAAATTATCTCACATCGAGATATTTATTTCA

ACATTAAATATTGCAAATTGAGATATTTTTTTCGATATGATATCATTTGGATGGAAGG

AGCTGGTCAAATGGCAGAATTACCAACACATTACGGCACAATTATTAAAACTCTTAGA

AAATACATGAAATTAACTCAAAGCAAATTGAGTGAAAGGACAGGATTTAGGATCC 

EMSA 

dTTP-probe AGGACCGAGGCAAGAGCGAGCGA Denaturing urea-PAGE 

*: The used restriction sites are underlined 
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Table A2: Oligonucleotides used for the fluorescent dNTP measurement 

Name 5’–3’ sequence 

NDP1 primer CCGCCTCCACCGCC 

FAM-dTTP probe 6-FAM/AGGACCGAG/ZEN/GCAAGAGCGAGCGA/IBFQ 

FAM-dATP probe 6-FAM/TGGTCCGTG/ZEN/GCTTGTGCGTGCGT/IBFQ 

FAM-dGTP probe 6-FAM/ACCATTCAC/ZEN/CTCACACTCACTCC/IBFQ 

FAM-dCTP probe 6-FAM/AGGATTGAG/ZEN/GTAAGAGTGAGTGG/IBFQ 

dTTP-dT1 template TCGCTCGCTCTTGCCTCGGTCCTTTATTTGGCGGTGGAGGCGG 

dTTP-dT2 template TCGCTCGCTCTTGCCTCGGTCCTTTATTTATTTGGCGGTGGAGGCGG 

dATP-dT1 template ACGCACGCACAAGCCACGGACCAAATAAAGGCGGTGGAGGCGG 

dCTP-dT1 template CCACTCACTCTTACCTCAATCCTTTGTTTGGCGGTGGAGGCGG 

dCTP-dT2 template CCACTCACTCTTACCTCAATCCTTTGTTTGTTTGGCGGTGGAGGCGG 

dGTP-dT1 template GGAGTGAGTGTGAGGTGAATGGTTTCTTTGGCGGTGGAGGCGG 

dGTP-dT2 template GGAGTGAGTGTGAGGTGAATGGTTTCTTTCTTTGGCGGTGGAGGCGG 
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Table A3: Stl mutations showing reduced DNA binding ability in the Stl switch system   

Number of 

mutations 
Stl mutants 

1 mutation StlK19K, StlE59K, StlG62Afs*88, StlG66Afs*88, StlI123T, StlY143Y, StlV144A, StlR177H, StlK214*, StlA236T, StlK238E 

2 mutations StlQ6H, S76T, StlG15S, K240R, StlT16S, D142A, StlG92D, V229M, StlI134V, H256R, StlK158N, I220V 

3 mutations StlD174V, G185G, K193K  

4 mutations StlI18T, Y98H, D142D, R227C, StlV55M, F79L, N137D, I161T 

5 mutations StlY70C, K80K, K93R, L152R, I181Lfs*188 

6 mutations StlM1Rª, G54V, L129P, D140E, E186V, H188H, StlI17V, F38S, L72P, G92S, D95G, D108N, StlN41D, E186V, R227R, D235D, K240R, K244E 

7 mutations StlI17T, S76S, G92A, I212T, L222P, R227R, I237I  

8 mutations StlS30G, Y84H, I134A, Y143H, N168S, L194L, E224E, Q257Q 

10 mutations StlF38L, H46Y, N48S, I58T, L65P, P86Q, Y112H, S114N, N135I, N203S 

11 mutations StlK31N, I53I, K63K, I67I, R74H, K93K, D155D, K193E, T197A, L245P, Y246* 

ªSince Stl vector pKW08-Stl contains AU1 epitope tag before the coding sequence of Stl84, it is very likely that protein is translated from the 

vector even in case of the first Met of Stl protein is mutated. 
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Table A4: Analysis of assay performance using TEMPase Taq Polymerase 

 
Temp-

late 
Assay conditions qPCR  

Data 

acquisition 

T 

(°C) 

Calibra-

tion range 

(pmol) 

R2 
LOD1 

(pmol) 

LOQ2 

(pmol) 

Accuracy 

Low, 

High (%) 

Inter-

assay CV 

(%) 

Intra-

assay 

CV (%) 

Recovery  

(%) 
CFU 

or cell3 

Sample 

type  

dTTP 

dT1 

10 pmol TPP4 

0.9 u TEMPase Taq, 

2 mM MgCl2 

Quant-

Studio 1 

13 s for 

260 cycles 
55 0.1-6  0.999 0.05 0.10 

102 ± 7 

109 ± 4 
5.5 ± 6.5  5.3 ± 3.7 101 1 X 105  MES-SA  

dT2 

10 pmol TPP,  

0.9 u TEMPase Taq,  

2 mM MgCl2 

Quant-

Studio 1 

13 or 15 s 

for 260 

cycles 

55 2-20  0.99 1.5 2.5 
100 ± 2 

99 ± 3 
 3.7 ± 2.5 3.1 ± 2.6 N.D N.D - 

dCTP 

dT1 

10 pmol TPP,  

0.9 u TEMPase Taq,  

2 mM MgCl2 

Quant-

Studio 1 

13 s for 

260 cycles 
55 0.6-10  0.992 0.30 0.50 

101 ± 3 

100 ± 9 
6.5 ± 4.4 5.2 ± 2.9  92 6 X 107  

M. 

smegmatis  

dT2 

10 pmol TPP, 

0.9 u TEMPase Taq, 

2 mM MgCl2 

BioRad 

CFX96 

13 or 17 or 

19 s for 

260 cycles 

55 1.5-20  0.99 0.7 1.2 
109 ± 6 

99 ± 1 
4.3 ± 1.7 3.6 ± 2.0 102 ± 5 1 X 108 

M. 

smegmatis 

dGTP 

dT1 

10 pmol TPP,  

0.9 u TEMPase Taq, 

3.5 mM MgCl2 

Quant-

Studio 1 

13 s for 

260 cycles 
55 0.4-10  0.999 0.11 0.19 

99 ± 2 

101 ± 5 
5.6 ± 4.9 4.5 ± 2.5 101  6 X 106 

M. 

smegmatis 

dT2 

10 pmol TPP, 

0.9 u TEMPase Taq, 

3.5 mM MgCl2 

BioRad 

CFX96 

13 or 15 s 

for 260 

cycles 

55 3-20 0.999 1.4 2.4 
103 ± 3 

100 ± 1 
6.1 ± 0.3 2.8 ± 1.2 110 ± 9  1 X 108 

M. 

smegmatis 

dATP dT1 

15 pmol TPP,  

0.9 u TEMPase Taq,  

5 mM MgCl2 

BioRad 

CFX96 

13 s for 

260 cycles 
60 1.5-15  0.977 1.68 2.81 

104 ± 3 

99 ± 1 
10.1 ± 2.4 3.3 ± 1.8 97 1 X 108 

M. 

smegmatis 

1LOD calculated as follows: LOD= calibration line offset + 3*SD A1-low calibration points 
2LOQ calculated as follows: LOQ= calibration line offset + 5*SD A1-low calibration points 
3dNTP extract from the given number of CFU (for bacteria) or cells (for eukaryotic cells) / well 
4TPP: template, probe, primer (NDP1), u: unit 
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Table A5: Stress conditions used to treat M. smegmatis cells 

Stress treatment Applied condition  

UV irradiation 65 J 

Dormancy 0.4% glucose 

Mitomycin-C 0.01 µg/ml 

NaNO2 5 mM 

Hypoxia 16 hours 

Rifampicin 3 µg/ml 

Isoniazid 150 µg/ml 

Ethambutol 100 µg/ml 

Ciprofloxacin 0.3 µg/ml 

Clofazimine 5 µg/ml 
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SbfI-Hsp65 promoter from pGOAL17-AU1-NdeI-Phi11 dut-HindIII 

CCTGCAGGGTGACCACAACGACGCGCCCGCTTTGATCGGGGACGTCTGCGGCCGACCATTTACGGGTCTTGTTGTCGTTGGCGGTCATGGGCCGAA

CATACTCACCCGGATCGGAGGGCCGAGGACAAGGTCGAACGAGGGGCATGACCCGGTGCGGGGCTTCTTGCACTCGGCATAGGCGAGTGCTAAGAA

TAACGTTGGCACTCGCGACCGGTGAGTGCTAGGTCGGGACGGTGAGGCCAGGCCCGTCGTCGCAGCGAGTGGCAGCGAGGACAACTTGAGCCGTCC

GTCGCGGGCACTGCGCCCGGCCAGCGTAAGTAGCGGGGTTGCCGTCACCCGGTGACTCGAGGTCGATACTTTGGCGTCACCCCTTACATATTTTAG

GTCTTTTTTTATTGTGCGTAACTAACTTGCCATCTTCAAACAGGAGGGCTGGAAGAAGCAGACCGCTAACACAGTACATAAAAAAGGAGACATGAA

CGATGGATACGTATCGCTACATACATATGACCAATACCCTCCAAGTCCGCTTGCTCAGCGAAAATGCCCGGATGCCCGAGCGTAATCATAAGACCG

ATGCGGGTTATGACATCTTTAGCGCCGAGACCGTCGTCTTGGAGCCCCAAGAGAAGGCCGTCATTAAAACGGACGTGGCGGTCTCGATTCCGGAGG

GTTACGTGGGGCTGCTCACCTCCCGTTCGGGCGTGAGCAGCAAAACCCACCTGGTGATCGAGACGGGCAAAATTGATGCGGGCTATCATGGTAATC

TGGGCATCAACATCAAAAACGATGCCATTGCCAGCAATGGTTACATTACCCCCGGTGTGTTTGATATTAAAGGCGAAATTGATCTGTCGGACGCCA

TTCGGCAGTATGGCACGTATCAAATTAACGAGGGGGACAAACTGGCCCAGCTCGTGATCGTGCCCATCTGGACCCCAGAGCTCAAACAAGTCGAGG

AGTTCGAATCGGTGTCCGAGCGGGGGGAAAAGGGCTTTGGGTCGTCCGGTGTGTAATAATAAGATATCTATCAATTGATAAGCGGCCGCATAATGC

ATGTACTTAATTAAGCGACTAGTCTCAAGCTT 

Figure A1: The ordered sequence of φ11 dut gene with hsp65 promoter and SbfI and HindIII restriction sites 
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Figure A2: The effect of genotoxic stress treatments applied on M. smegmatis cells. A) Rifampicin, B) Isoniazid, C) Ethambutol, 

D) Ciprofloxacin, E) Clofazimine, F) Mitomycin-C, G) NaNO2, H) Dormancy, I) Hypoxia, J) UV treatment. 
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Figure A3: Normalized CFUs of genotoxic stress treatments applied on M. smegmatis cells. A) Rifampicin, B) Isoniazid, C) Ethambutol, 

D) Ciprofloxacin, E) Clofazimine, F) Mitomycin-C, G) NaNO2, H) Dormancy, I) Hypoxia, J) UV treatment. 


