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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. It has been long known that the size and balance of the 

2’-deoxynucleoside 5’-triphosphate (dNTP) pool play an important role in faithful DNA 

replication. Perturbation of the balanced pool results in enhanced mutagenesis and contributes 

to chromosome breakage or oncogenic transformation1. dNTP synthesis can take place via two 

main processes: i) the de novo dNTP synthesis, and ii) via the salvage pathways. The de novo 

biosynthesis utilizes the cellular ribonucleotide compounds. For that reason, one essential 

deoxynucleotide, namely dTTP should be synthesized in a different way since RNA is built up 

by uridine 5’-triphosphate (UTP) instead of thymine. For dTTP biosynthesis, cytosine 

deoxyribonucleotides are deaminated to generate dUMP precursor. Failures in the dTTP 

biosynthetic pathway result in high dUTP/dTTP ratio which has fatal outcome on cell life. For 

that reason, both thymidylate synthase and dUTPase enzymes are targets for cancer treatment2.  

2 Research Background 

2.1 The mycobacterial dTTP biosynthesis 

In the case of Mycobacterium genus, nucleotide salvage pathway is completely missing from 

dNTP metabolism. Another specialty of Mycobacteria is that the dUMP precursor for the dTTP 

biosynthesis is produced by only two enzymes, the bifunctional dCTP deaminase-dUTPase 

(Dcd-dut) and dUTPase, both possessing dUTPase activity. In the mycobacterial genetic 

background, I aimed to answer 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. To answer 

this question, we chose Mycobacterium smegmatis (M. smegmatis), as it is a non-pathogenic 

and fast growing bacterium among Mycobacteria with simple laboratory handling. 

2.2 Enzymes contributing to proper dNTP pool maintenance  

2.2.1 dUTPase plays a crucial role in dNTP pool sanitizing 

Since dUTP can also be the substrate of DNA polymerases, dUTPase enzyme prevents 

uracilation of genomic DNA3. Although not mutagenic if uracil replaces thymine, the futile 

DNA repair cycles eventually lead to cell death. dUTPase enzyme is a member of the dUTPase 

                                                 
1 Mathews, C. K., Nat. Rev. Cancer 15, 528–539 (2015) 
2 Ladner, R., Curr. Protein Pept. Sci. 2, 361–370 (2005) 
3 Vértessy, B. G. & Tóth, J. Acc. Chem. Res. 42, 97–106 (2009) 
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superfamily enzymes. Most eukaryotes (including human), prokaryotes (including E. coli and 

Mycobacteria), and many viruses encode trimeric dUTPases. The homotrimeric dUTPases 

consist of three identical subunits in a symmetric form with a central channel and three active 

centers. The active center is built up by the 5 conserved motifs which contain highly conserved 

residues. The reaction is catalyzed by the divalent metal cofactor Mg2+. Since dUTPase 

inactivity is associated 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.  

In my study, I aimed to investigate dUTPase function in Mycobacteria. I also aimed to study 

the thermodynamics of the interaction of existing and new inhibitor partners. 

2.2.2 Dcd-dut is a bifunctional enzyme hydrolyzing both dCTP and dUTP 

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

Both dCTP and dUTP substrate bound to the active site in complex with Mg2+ ion4. Similarly 

to the dUTPases, Dcd-dut structure consists of homotrimers with 3 active sites and a central 

channel. 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 acitvity4. Dcd-duts are allosterically 

regulated by dTTP. This is a form of feedback regulation, since Dcd-dut contributes to the 

thymidylate biosynthesis with the production of the bottleneck dUMP as a starting material. 

Unlike dUTPase, Dcd-dut was supposed to be non-essential in the mycobacterial genome5.  

In my study, I aimed to investigate Dcd-dut function in Mycobacteria. 

2.2.3 MutT enzyme plays an important role upon oxidative stress 

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

reactive oxygen species are produced continuously intracellularly. Guanine base is the most 

vulnerable nucleotide to the oxidative damage, resulting 7,8-dihydro-8-oxo-guanine (8-oxoG) 

in both DNA and in the nucleotide pool. This form of guanine is highly mutagenic, leading to 

G:C→T:A or A:T→C:G mutations in the genome. E. coli MutT protein was identified as a 

preventive repair enzyme effectively hydrolyzing 8-oxo-dGTP in the nucleotide pool, 

converting 8-oxo-dGTP into its monophosphate form in the presence of Mg2+ ion6. Despite the 

                                                 
4 Li, H., Xu, H., Graham, D. E. & White, R. H., J. Biol. Chem. 278, 11100–6 (2003) 
5 Sassetti, C. M., Boyd, D. H. & Rubin, E. J., Mol. Microbiol. 48, 77–84 (2003) 
6 Maki, H. & Sekiguchi, M., Lett. to Nat. 355, 273–275 (1992) 
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fact that MutT is highly specific for both the damaged 8-oxo-dGTP and the ribonucleotide 

8-oxo-rGTP7, it is able to hydrolyze dGTP, GTP, dTTP and dCTP, with a much less efficiency6.  

2.2.4 DNA polymerase incorporates dNTPs into DNA 

The reaction catalyzed by DNA polymerase is DNA elongation with the usage of dNTPs in the 

presence of two divalent metal ions, usually Mg2+ ions8. For biotechnology applications, the 

most widely used DNA polymerase is Thermus aquaticus DNA polymerase (Taq polymerase). 

Taq polymerase has three main domains: i) a polymerase domain, ii) a 3’-5’ exonuclease 

(proofreading) domain, and iii) a 5’-3’ exonuclease domain. Taq polymerase possesses an 

inactive 3’-5’ exonuclease domain, therefore proofreading activity is missing from it. For that 

reason, the fidelity of Taq polymerase is very low. The 5’-3’ exonuclease activity of Taq 

polymerase is involved in nick translation and in the RNA primer removal during replication. 

It was also found that the 5’-3’ exonuclease cleavage of the 5’-end of an annealed primer can 

also occur without DNA synthesis or without an adjacent primer forming a real nick upstream9. 

The favorable heat tolerance properties made Taq polymerase soon to be the primarily used 

DNA polymerase in polymerase chain reaction (PCR) applications. The 5’-3’ exonuclease 

activity of Taq polymerase is exploited in TaqMan assay, widely used in quantitative PCR 

assays (qPCR) to detect specific DNA. Besides the canonical dNTPs, many alternative dNTPs 

are also capable to be processed by DNA polymerases, e.g. dUTP, or 8-oxo-dGTP.  

In my study, I aimed to investigate EDTA binding properties of the enzymes involved in dNTP 

metabolism, e.g. dUTPases of different origin, E. coli MutT and Taq polymerase. 

2.3 Investigation of the dUTPase inhibitory Stl protein 

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 

dUTPase10. Soon it was also discovered that the Stl protein is able to cross-species inhibition 

of the evolutionary very distant Mycobacterium tuberculosis (M. tuberculosis) dUTPase11. 

Surprisingly, Stl protein was also assigned as an efficient inhibitor of the fruitfly dUTPase12, 

and the human dUTPase13, and even the structurally unrelated dimeric dUTPase of the 

                                                 
7 Taddei, F. et al., Science 278, 128–130 (1997) 
8 McHenry, C. S., Annu. Rev. Biochem. 57, 519–550 (1988) 
9 Longley, M. J., Bennett, S. E. & Mosbaugh, D. W., Nucleic Acids Res. 18, 7317–7322 (1990) 
10 Szabó, J. E. et al., Nucleic Acids Res. 42, 11912–20 (2014) 
11 Hirmondó, R. et al., DNA Repair (Amst). 30, 21–27 (2015) 
12 Benedek, A., Pölöskei, I., Ozohanics, O., Vékey, K. & Vértessy, B. G., FEBS Open Bio (2017) 
13 Nyíri, K. et al., Sci. Rep. 8, 4326 (2018) 
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S. aureus NM1 phage14. Since proteinaceous inhibitors are far more specific to targeting other 

macromolecules in cellulo as 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. A Phyre2 model of Stl protein revealed that 74% of the 

protein structure was α-helical, which was in great agreement with CD spectroscopy 

measurements15. In vitro experiments strengthened that the N-terminal domain participates in 

the DNA binding, while C-terminal domain of Stl is involved in protein-protein interaction15.  

I aimed to study Stl protein interaction with DNA in vivo. I aimed to identify key protein 

segments involved in the binding. I wanted to develop a quick and easy way to identify new 

potential Stl partners. I also aimed to analyze the thermodynamics of Escherichia coli (E. coli) 

dUTPase and Stl binding. 

2.4 Approaches for determining cellular dNTP pools 

Due to its involvement in tumorigenesis, aging, cell cycle control and antiviral defense, 

measuring the exact cellular dNTP pool is of great scientific desire. Usually, cellular extracts 

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

i) high performance liquid chromatography (HPLC) methods or ii) DNA polymerization based 

enzymatic assays. 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 at MS), and high level of analytical 

expertise. The DNA polymerization-based methods have the advantage of high specificity and 

high sensitivity, as well. The signal detection upon polymerization is based on either 

radioactive or fluorescence labeling. Although 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. A recently developed fluorescence-based assay 

utilizes the 5’-3’ exonuclease activity of Taq polymerase16. The principles of this TaqMan 

assay-like method is similar to that of radioactive dNTP incorporation based method. 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 in the solution. When polymerization reaches the fluorescently-

                                                 
14 Hill, R. L. L. & Dokland, T., J. Mol. Biol. 428, 142–152 (2016) 
15 Nyíri, K., Kőhegyi, B., Micsonai, A., Kardos, J. & Vertessy, B. G., PLoS One 10, e0139086 (2015) 
16 Wilson, P. M. et al., Nucleic Acids Res. 39, 1–15 (2011) 
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labeled probe, Taq polymerase hydrolyzes it, and the fluorescence signal is released from the 

quenching16. 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). 

In my study, I aimed to develop further this fluorescence-based dNTP measurement method to 

be applicable for precise and high-throughput dNTP measurements from biological samples 

too. I also aimed to offer an easy and quick data evaluation method via automation. 

2.5 Mycobacterial stress adaptation 

The emergence of multidrug-resistant tuberculosis is one of the major global health issues. 

Interestingly, antibiotic resistance is built up in M. tuberculosis mostly by single nucleotide 

polymorphisms. The in vitro spontaneous mutation rate of M. tuberculosis is very low, being 

2.1 × 10-10 base mutations per generation17. In contrast to that, whole genome sequencing 

analysis of sputum samples revealed 4-5 resistance-conferring mutations in the M. tuberculosis 

samples18. We hypothesized that stress factors potentially have role in the elevated mutation 

frequency in vivo, and they 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 the knowledge which we are able 

to investigate to get insight into the mechanism of drug resistance development. The lack of 

horizontal gene transfer, the lack of nucleotide salvage pathway and the lack of mismatch repair 

system make Mycobacterium species really suitable objects for investigation of the mechanism 

of drug resistance development. 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. 

I aimed to investigate the dNTP pool and mutation pattern of M. smegmatis under different 

genotoxic stress factors in order to study the mycobacterial antibiotic resistance development.  

                                                 
17 Ford B., C. et al., Nat. Genet. 43, 482–486 (2011) 
18 Sun, G. et al., J. Infect. Dis. 206, 1724–1733 (2012) 
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3 Materials and methods 

The plasmids for protein expression were already constructed for previous studies, or we 

constructed them by molecular cloning or mutagenesis. The proteins were expressed in E. coli 

and purified by affinity chromatography. Steady-state activity measurements of proteins were 

accomplished with spectrophotometer at a given wavelength.  

M. smegmatis strains were grown in liquid media or solid agar plates. dNTP extraction of 

M. smegmatis cells were accomplished with the use of 60% methanol, the final samples were 

dissolved in water. Gene expression studies were carried out by measuring mRNA expression 

levels. We applied statistical analysis of our results with the software STATISTICA.13. 

We constructed our Stl-DNA reporter strain and Stl-dUTPase double switch system by 

electroporation of the corresponding plasmids into M. smegmatis. We analyzed different Stl 

mutants in our Stl-DNA reporter system. Randomly mutagenized Stl vectors were selected in 

the Stl-DNA reporter strain by colorimetric analyzis of the plaques, the vectors were sent to 

sequencing. We analyzed Stl-DNA binding with EMSA gel. 

Isothermal titration calorimetry (ITC) was accomplished for the analyzis of E. coli dUTPase 

proteins and Stl binding thermodynamics. We also applied ITC for EDTA binding studies with 

different proteins. 

We applied fluorescent dNTP measurement technique for measuring cellular dNTP pools. Data 

evaluation of dNTP measurements were based on kinetic analyzis of assay curves. We created 

nucleoTIDY software for the quick and easy analyzis of 96-well plate measurements of dNTPs. 

Denaturing urea-PAGE gel was accomplished for proving background reaction source of dNTP 

measurements.  

We generated stress treatments on M. smegmatis. We measured dNTP pool upon stress 

treatments. We analyzed whole genome sequencing data of M. smegmatis strains after mutation 

accumulation treatments. 
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4 Results  

4.1 The differential functions of the dUTPases found in Mycobacteria 

We aimed to investigate at which rate the mycobacterial Dcd-dut and dUTPase enzymes 

contribute to dUTP breakdown and dTTP biosynthesis. For that, we generated several mutants 

including Dcd-dutA115F mutation. This mutation prevents substrate binding to the active site. 

We showed by steady-state dCTP deaminase activity that the Dcd-dutA115F was practically 

inactive. We found that despite 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. In contrast to that, inactivation of Dcd-dut led to greatly 

imbalanced dCTP:dTTP ratio, but mutagenicity and DNA uracilation was not observed in 

Dcd-dutA115F strains. For that reason, we concluded that Dcd-dut is responsible for maintaining 

a balanced level of the pyrimidine nucleotides in the cell. We also investigated, whether these 

remarkable differences are affected 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, but increased level of Dcd-dutA115F was found. 

4.2 Insight into the Stl protein interactions 

We aimed to explore Stl regions participating in the Stl-DNA binding. For that, we designed a 

switch system in M. smegmatis, using the lacZ reporter gene allowing blue/white colony 

selection. We validated our system with known Stl mutants, which showed no or decreased 

DNA binding capability previously. The full-length Stl protein (StlWT) was used as a control. 

We introduced a series of randomly mutagenized Stl proteins (StlMUT) into our switch system, 

to get in-depth structural information about segments involved in DNA binding. We searched 

for colonies indicating reduced DNA binding ability of the appropriate Stl mutant. We got the 

following single mutation event hits: E59K, I123T, V144A, R177H, K214*, A236T, K238E. 

We chose StlA236T mutant for our further investigations, since the effect of this amino acid 

change is minor as compared to the others. We wanted to exclude any background effect in our 

system. For that reason, we cloned the StlA236T mutant and expressed it in the Stl switch system. 

The resulted colonies indicated that StlA236T mutant really has disturbed DNA binding ability 

in vivo (Figure 1A). The in vitro EMSA experiment also showed diminished DNA binding 
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capacity with the StlA236T protein as compared to the StlWT protein (Figure 1B, 1C). This result 

indicates that all our hits we got in the random mutagenesis experiments are valid hits. 

 
Figure 1: The StlA236T mutant shows both in vivo and in vitro diminished DNA binding ability. 

A) The StlA236T mutant in the Stl switch system. B) In vitro EMSA experiment with the StlWT 

and StlA236T proteins. C) Densitometry analysis of the EMSA gel. 

Furthermore, we wanted to extend the Stl switch system capability to detect protein-protein 

interaction as well. For that, we introduced φ11 phage dUTPase into the Stl switch system. As 

it was expected, StlWT is properly sequestrated from the DNA by φ11 phage dUTPase in our 

system. This result confirms that our system allows high-throughput investigation of phage 

protein libraries to identify new potential derepressing interaction partners of Stl. 

4.3 Stl inhibition on E. coli dUTPase depends on a key amino acid 

We investigated the interaction properties of E. coli dUTPase with Stl. It was found that Stl is 

able to form complex with E. coli dUTPase without inhibiting it. This unexpected observation 

forced us to investigate why E. coli dUTPase is not inhibited by Stl. We identified that the 

glutamine residue in the 93rd position of E. coli dUTPase plays a decisive role in the Stl 

inhibitory capacity on it. Changing the 93rd glutamine to histidine or arginine resulted in mutant 

E. coli proteins able to be inhibited by Stl. We measured ITC to analyze the thermodynamics 

of binding (Figure 2). The binding event of wt E. coli dUTPase with Stl showed similar 

characteristics, as the previously investigated dUTPase-Stl complexes19,20. In contrast to that, 

                                                 
19 Szabó, J. E. et al. Nucleic Acids Res. 42, 11912–11920 (2014) 
20 Nyíri, K. et al. Sci. Rep. 8, 4326 (2018) 
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Q93H and Q93R mutant E. coli dUTPases show a much more enthalpy driven process, 

indicating an additional enthalpy driven interaction. The Kd value of the mutant proteins show 

even stronger binding than with the natural partner, φ11 dUTPase.  

 
Figure 2: ITC titrations of wt, Q93H and Q93R E. coli dUTPases with Stl. 

4.4 The small molecule EDTA inhibits dUTPase and tightly binds to dNTPase proteins 

like Taq polymerase and MutT 

Since we found controversial observations in the literature when dUTPase activity was 

measured in the absence of Mg2+ ion, we aimed to resolve how EDTA effect dUTPase activity. 

It was surprising that both human and M. tuberculosis dUTPase (hDUT and mtDUT, 

respectively) enzyme activities decreased in the presence of EDTA. For obtaining direct proof 

of the binding, we used ITC. Titration of hDUT and mtDUT with EDTA is shown in 

Figure 3A, 3B, respectively. Interestingly, exothermic binding occurs between dUTPases and 

EDTA in the absence of Mg2+ ion. Titration of active site mutant hDUTA98F with EDTA did 

not show binding event indicating that EDTA binds to dUTPases primarily in the nucleotide 

binding pocket. Control titration of EDTA with Mg2+ was proved to be endothermic, well 

separable from that of dUTPase titrations with EDTA. We hypothesized that other enzymes 

processing dUTP are may also be able to bind to EDTA. For that reason, we investigated E. coli 

MutT and Taq polymerase EDTA binding capacity. Strikingly, both of these enzymes bind 

EDTA, as well (Figure 3C, 3D, respectively). 

As a control, we tested other enzymes not possessing dNTP binding pocket. We tested rabbit 

skeletal myosin S1 domain, having ATPase activity and S. aureus UGI and Petroselinum 

crispum PAL proteins with EDTA. These enzymes not having dNTP binding pocket do not 
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bind to EDTA. Thus, these findings also support that EDTA undoubtedly binds to dUTPases, 

E. coli MutT and Taq polymerase.  

 
Figure 3: ITC titration curves of dNTP binding proteins with EDTA Titration of A) hDUT 

B) mtDUT C) E. coli MutT D) Taq polymerase with EDTA. 

4.5 Development of a user-friendly, high-throughput and precise tool for quantification 

of dNTPs from biological samples 

The TaqMan-like fluorescence-based dNTP quantifying method seemed to be the best choice 

for making dNTP measurements for low price in a high-throughput manner. However, we run 

into the obstacle that biological extracts often resulted in negative values, even if we used 

standard addition. We aimed to resolve the difficulties with it in order to provide an easily 

accessible method for any molecular biology laboratory. We observed that the original single-

point read out is not the proper way to get quantitative results. Our observations suggested that 

there is another ongoing process in the background. We identified the source of the background 

signal as the polymerization independent 5’-3’ exonuclease activity of Taq polymerase by gel 

electrophoresis (Figure 4A, red arrow indicates a new DNA band below the size of the probe). 

The remarkable observation we did was that fitting the raw fluorescence measurement curves 

with the equation 𝐹 = − 𝐴1𝑒−𝑘1𝑜𝑏𝑠 𝑥 − 𝐴2𝑒−𝑘2𝑜𝑏𝑠 𝑥 + 𝐹0 enables to separate the background 

process from the main polymerization reaction. We observed that A1 (amplitude) parameter 

exhibits strong dNTP concentration dependence. Figure 4B shows that all the four dNTPs are 

quantifiable using the A1 parameter. We analyzed our assay performance in biological samples 

too. We subjected MES-SA human sarcoma cells for dNTP measurement applying i) the 

original method, ii) our improved method and iii) the radioactive method (Figure 4C) and we 

compared these with HPLC-MS method previously published in the literature21. While our 

method produced reliable results according to the radioactive and the independent MS 

                                                 
21 Machon, C. et al. Anal. Bioanal. Chem. 406, 2925–2941 (2014). 
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measurements, the original method failed to measure the proper dNTP concentrations in all 

cases. This implies that our improved method is able to decouple the disturbing background 

signal, and it generates precise dNTP values from biological extracts. 

 
Figure 4: Our improved assay serves precise dNTP results. A) The background reaction of the 

assay arises from polymerization independent 5’-3’ exonuclease activity of Taq polymerase. 

B) A1 parameter gives a reliable readout for precise quantification of dNTPs. C) dNTP content 

of human MES-SA sarcoma cells is accurately measured by our new method as compared to 

the radioactive method and MS literature data.  

We wished to offer a user-friendly method for an average user, and thus, we implemented our 

evaluation algorithm into the software ‘nucleoTIDY’. nucleoTIDY can complete the full 

evaluation generating the final results (Figure 5). Several checkpoints were built into the 

software, so even unexperienced users can rely on the results. The results can be transferred 

into Excel. nucleoTIDY saves significant time and effort for the users and is freely available at 

http://nucleotidy.enzim.ttk.mta.hu/. 

All in all, our development of the original fluorescence-based assay eliminated the problem of 

the background signal and sample matrix effect. Taking the whole progress curve into the 

analysis we successfully accomplished kinetics-based evaluation method to which we serve 

our software nucleoTIDY. 
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Figure 5: nucleoTIDY is a user-friendly software for the kinetics-based evaluation method of 

our assay. The final results are presented in the 96-well plate area. The presented figure 

demonstrates a dCTP measurement using dT1 template and TEMPase Taq polymerase. 

4.6 Altered dNTP content and mutation rates under genotoxic stress conditions 

contribute to mycobacterial stress adaptation 

As multi-drug resistant tuberculosis cases raise an important global health issue worldwide, we 

aimed to address crucial steps in connection with the occurrence of antibiotic resistance in 

Mycobacterium. We investigated the dNTP metabolism and mutation pattern which potentially 

lead to the occurrence of antibiotic resistance. We investigated several stress factors which are 

important in the life cycle of M. tuberculosis. Interestingly, imbalanced dNTP levels were 

observed in many cases. We identified that a general stress response was the decrease of the 

otherwise dominating dGTP level. Another striking observation was that the levels of dCTP 

and dTTP are coupled to each other. Our mutation accumulation experiment upon stress 

treatments did not exhibit significantly higher mutation rate as compared to our mock treatment 

in many cases. However, we could couple dNTP metabolism with mutagenesis via dGTP 

nucleotide, the level of which is decisive in stress response.  
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5 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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6 Potential applications 

dUTPase is a drug target of cancer cells and microbial cells. For that reason, species-specific 

inhibitors are need to be developed. Many of our studies investigated Stl protein which 

potentially inhibits dUTPases. Studies of Stl-DNA binding and Stl binding to E. coli dUTPase 

and dUTPase mutants has the potential for species-specific dUTPase inhibitor development in 

the future. Our investigation about EDTA enzyme binding capacity also offers the possibility 

for future ethylendiamine-based inhibitor development for dNTPase enzymes. The dNTP 

measurement method we developed is applicable for precise dNTP quantitation of biological 

samples, especially for measurements in connection with cancer cell therapy, aging, cell cycle 

control and antibiotic resistance genes development. Investigation of the occurrence of 

mycobacterial antibiotic resistance genes is crucial for predicting the newly developed drugs 

usability and therefore providing better therapy possibilities in the future.  
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