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1 Introduction 

1.1 The physiological role of dUTPase 

Several environmental factors pose significant risk for DNA integrity. However, one of the 

most frequent mutagenic changes in DNA, cytosine deamination may occur spontaneously, in 

absence of any external risk factor. This process is in fact a hydrolysis in which the amino 

group of cytosine is replaced by an oxo group, resulting in another pyrimidine base, uracil and 

therefore U:G mismatch base-pairs [1]. Uracil has exactly the same base-pairing ability as its 

methyl-derivative, thymine (5-methyluracil). If the base excision repair system of the cell fails 

to recognize this mistake before the subsequent round of DNA replication, U:A base-pairs are 

going to be formed during the subsequent round of DNA replication, leading to a stable point 

mutation. 

Due to the risk of cytosine to uracil transformation it is definitely not a perfect choice for living 

organisms to use cytosine and uracil parallelly for storing their genetic information. As cytosine 

instability carries the risk of point mutations, almost all biological systems possessing DNA as 

genetic material are striving for exclusion of uracil from their genetic material. Probably this 

is the reason for the presence of thymine in DNA, which can in fact be regarded as a labelled 

uracil derivative carrying the correct genetic information. Therefore the appropriate T:A base-

pairs are clearly distinguishable from the erroneous cytosine deamination-derived U:G pairs 

[2]. On the other hand, uracil-DNA glycosylase (UDG) enzymes recognize and excise uracil 

bases from DNA. The resulting apirimidic site is then transformed to a nick on the DNA sugar-

phosphate backbone by an AP endonuclease (mainly exonuclease III plays this role in E. coli 

[3]) and going to be replaced with the correct complementary base by a DNA-polymerase and 

ligase [4][5]. 

The base excision repair process would have been a perfectly operating process if conventional 

DNA polymerases were strictly specific for thymine against uracil, but they are not. Most of 

these enzymes are able to incorporate uracil instead of thymine depending on the intracellular 

dUTP/dTTP ratio. The resulting U:A base pairs carry the correct genetic information, just as 

in RNA molecules from where thymine is missing, though they are somewhat less stable than 

T:A pairs [6, 7]. Unfortunately, most uracil-DNA glycosylases recognize and cleave these 

uracils from DNA, as well [1].  
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The base excision repair process carries a risk factor. If two uracils are situated in close 

proximity of each other on the opposite DNA strands and are excised at the same time, a double 

strand break is formed during the repair process. Simultaneously formed double strand breaks 

due to increased uracil incorporation may carry the risk of overloading the capacity of the repair 

process and can easily lead to cell death [1]. This pointless hyperactivation of base excision 

repair may be prevented if the cellular dUTP/dTTP level ratio is kept constantly low. The 

enzyme dUTPase (deoxyuridine 5'-triphosphate nucleotidohydrolase, EC 3.6.1.23) is 

responsible for this duty. The role of dUTPase is to hydrolyze dUTP into dUMP and 

pyrophosphate. The reaction product dUMP is not a substrate of DNA polymerases any more 

and thereby uracil incorporation instead of thymine is precluded (Fig. 1). The enzyme dUTPase 

is therefore a key repair enzyme for all organisms which rely on UDG enzymes to defend their 

genetic code against cytosine instability [2]. 

 

Fig. 1 The enzyme dUTPase hydrolyses dUTP to preclude its incorporation into DNA  

On the other hand dUTPase activity has a dual role in keeping dUTP/dTTP levels constantly 

low [2]. The dUTPase reaction product dUMP is the sole precursor of de novo dTTP 

biosynthesis, as dTMP is synthetized from dUMP in the thymidylate synthase reaction via 

reductive methylation of the uracil ring [8]. The dTMP nucleotides are then phosphorylated to 

dTTP in two consecutive reaction steps catalyzed by the enzymes dTMP kinase and nucleoside 

diphosphate kinase (Fig. 2A). However, a recent study has pointed out that in most organisms 

dUTPase is not the sole source of cellular dUMP and therefore it plays a more pronounced role 

in exclusion of dUTP from DNA than supplying dTTP pools [9]. 

dUTPase 
+3H+ 

https://dictzone.com/english-hungarian-dictionary/pyrophosphate
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Fig. 2 Physiological role of dUTPase (A) and consequences of increased uracil accumulation in DNA 

(B). This graph is the work of Dr. András Horváth completed with the scheme of de novo thymidylate 

biosynthesis according to [10]. 

 

In case if the thymidylate synthase or dUTPase reaction is inhibited for some reason, the normal 

cellular ratio of dUTP/dTTP nucleotides becomes unbalanced. This results in more frequent 

uracil incorporation by DNA polymerases into the genetic code. This change provokes 

hyperactivation of the base-excision repair pathway which in fact operates in order to prevent 

point mutations caused by cytosine derived uracils. This hyperactivation increases probability 

of DNA double strand brakes which may be followed by chromosome fragmentation and cell 

death (cf. Fig. 2B). This process is referred to as “thymine-less cell death” [11]. 
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1.2 Is it possible to survive without dUTPase? 

Realizing the importance of dUTPase in maintenance of genome integrity, numerous studies 

have already investigated its potential essentiality. Escherichia coli was one of the first 

organisms to be tested for dUTPase essentiality. Interestingly, while a point mutation in the dut 

gene enabling dUTPase to retain only 1% of its in vitro activity resulted only in a conditionally 

lethal phenotype (the cells became thymine auxotrophs), a completely inactive (knock-out) dut 

gene product harbouring an antibiotic resistance gene in its sequence was absolutely lethal to 

the bacteria. The authors suggested that “the dut gene product might have an essential function 

apart from its deoxyuridine triphosphatase activity”, for example it may be a part of an essential 

enzyme complex or it may have a role to in transferring the dUMP reaction product to 

“acceptors other than water via an enzyme-dUMP intermediate” [12]. 

In Mycobacterium smegmatis, similarly to the above mentioned experiments with E. coli 

bacteria, knock-out of the dUTPase gene proved to be lethal despite of the fact that 

mycobacteria do encode a bifunctional dCTP deaminase / dUTPase enzyme (Dcd:dut) [13]. In 

addition, it turned out that a five amino-acid long insert being present only in mycobacterial 

dUTPases plays a crucial role in essentiality of the enzyme. This short sequence part forms a 

surface loop close to the entrance of the active site. Though a so-called delta-loop mutant of 

the enzyme lacking this surface extension “does not have a major impact on catalysis itself” in 

vitro, interestingly it has failed to escape viability of M. smegmatis when its monofunctional 

dUTPase possessing this loop has been knocked out experimentally. Similarly to the conclusion 

of the E. coli dUTPase knock-out experiments, it was concluded that the monofunctional 

dUTPase should have an additional essential role in mycobacteria which may be unrelated to 

dUTP hydrolysis [13]. On the other hand, in their later later study the authors investigated 

viability of dUTPase and Dcd:dut double point mutant M. smegmatis cells, where the core 

structures of the two enzymes remained intact but neither of the two was able to hydrolyse 

dUTP and produce dUMP for dTTP synthesis. Their straightforward conclusion was that the 

dUTPase reaction itself is just as essential for viability of mycobacteria as the presence of the 

mycobacteria-specific loop on the surface of the monofunctional mycobacterial dUTPase. As 

in mycobacteria there is no so called “salvage pathway” which would enable utilization of any 

external thymine source (because the thymidine kinase enzyme is missing from their genome, 

see later in Fig. 3), the authors explained unviability by the exclusive role of dUTPase activity 

in mycobacterial dTTP biosynthesis [9]. 
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From the above discussed examples one should come to the conclusion that dUTPase is 

essential for all free-living organisms. However, in numerous bacterial and Archeal species 

none of the known dUTPase genes (trimeric, Dcd:dut or dimeric) were found [14]. Though 

there is chance that these unicellular species encode genes which were previously not 

associated with dUTPase activity, these data indicate that several prokaryotic species are able 

to cope with a dut ‒ genotype and this condition potentially leads to “an unusual uracil-

enrichment in their genomic DNA” [14]. 

Despite of the evidence of dUTPase lacking prokaryotes, so far no eukaryotes without dUTPase 

function were found in nature. Those yeast cells in which dUTPase was knocked out 

experimentally were only able to survive with external thymine supply. Contrary to 

mycobacteria, they encode the gene of thymidine kinase which helps them to stay alive as 

thymine auxotrophes utilizing this “salvage pathway” [15]. 

Among multicellular eukaryotes, RNA silencing studies of dUTPase were carried out with 

Drosophila melanogaster, Caenorhabditis elegans, planarians and human cell lines [16]. In  

D. melanogaster an early pupal lethality was documented upon RNA silencing [17, 18], while 

in C. elegans silencing interfered with embryonic development [19]. In planarians RNA 

silencing of dUTPase was proven to be lethal, probably due to fragmentation of their genomic 

DNA [19]. 

Effective RNA silencing of human cell lines did not prove to be lethal, but it greatly increased 

sensitivity of these cells towards 5-fluorodeoxyuridine (FUdR) and 5-fluorouracil (5FU) [20]. 

However, complete knock-out of the dUTPase gene in mice has recently been reported, leading 

to early embryonic lethality [16]. 

These experimental observations raised possibility of using dUTPase as a therapeutic target 

[21-23]. 
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1.3 Therapeutic significance of dUTPase inhibition 

The chance to use the option of dUTPase inhibition in human cancer therapy has come into 

prominence as a combined therapeutic application with thymidylate synthase inhibition [24]. 

Three out of the four deoxyribonucleotide triphosphates (dNTPs) are formed from their 

corresponding ribonucleotide diphosphates during their de novo biosynthesis patway in a two-

step biosynthesis reaction. At first, ribonucleotide reductase catalyses the NDP  dNDP 

chemical reaction, then the resulting dNDPs are phosphorylated to dNTPs by nucleotide 

diphosphate kinase. However, uracil is supposed to be methylated to thymine. Interestingly, 

there is no enzyme to catalyse the dUTP  dTTP or the dUDP  dTDP methylation reaction 

steps. Methylation of uracil occurs on the dUMP  dTMP level during de novo dTTP synthesis 

instead in the thymidylate synthase (TS) catalyzed reaction [25]. As de novo dTTP biosynthesis 

must go through this way (cf. Fig. 2A), importance of TS inhibition in cancer treatment has 

long been realized [26]. Unfortunately, in many cancer cases a native or acquired resistance 

against TS inhibitors has been observed. One reason for this may be dUTPase overexpression 

which may protect cancer cells from hyperactivation of base excision repair process and 

therefore from TS inhibition induced cell death [10, 24, 27]. (Note that in humans there is a 

salvage pathway to utilize thymidine coming from an external source, i.e. from food uptake 

[28]. 

Synthetic small molecule dUTPase inhibitors acting as substrate analogues were reported to 

enhance effectivity of a TS inhibitor, 5-fluoro-2’-deoxyuridine (5-FUdR) for HeLa S3 tumor 

cells [29]. This combinatory therapy later proved to be effective on mouse breast cancer 

xenograft experimental models, as well. These small molecules were further optimized and a 

drug candidate named TAS-114 is currently under clinical trials at Taiho Pharmaceutical 

Company in Japan [30, 31]. 

Another great challenge and hopefully a future application is to harness dUTPase inhibition in 

antibiotic and antiviral therapies. Theoretically all pathogens harbouring a dUTPase could have 

been promising targets, since invasion of the host organism requires excessive replication of 

pathogenic DNA [32]. Practically this approach has considerable relevance in those cases 

where the so-called salvage pathway of dTTP biosynthesis is not present in the pathogen, 

meaning that they are not able to utilize any external source of thymidine for de novo dTTP 

biosynthesis. As shown in Fig. 3, the enzyme thymidilate kinase makes possible to 

phosphorylate thymidine being present in the cell from an external source (food supply). This 
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enzyme is missing from the genome of Pseudomonas aeruginosa, Helicobacter pylori [33], 

Plasmodia and Mycobacteria [2, 9]. Therefore these species may be a promising target of dUTPase 

inhibitory antibiotics. 

Enterobacteria, Mycobacteria and Plasmodia are “candidates” for successful growth inhibition 

via targeting of the dUTPase reaction from another aspect, as in these species cytosine 

deamination in order to supply dUMP for de novo thymidilate biosynthesis takes place at the 

dCTP level [2], meaning that the reaction product dUTP has to be processed further in the 

dUTPase enzymatic reaction (Fig. 3) [9]. However, the challenge is that only species-specific 

dUTPase inhibitors would have been suitable for in vivo therapeutic applications in order to avoid 

side-effects from inhibition of the human or livestock dUTPase. This is complicated due to the fact 

that the active site of trimeric dUTPases is built up by five conserved sequence motifs of these 

enzymes in all cases, showing only minor dissimilarities among homologues [32]. 

 

Fig. 3 Schematic map of dTTP biosynthesis pathways and enzymes [9]. “Processes present in 

Mycobacteria are shown in black. Most organisms encode for additional de novo and salvage pathways 

that are shown in grey. Abbreviations: Dcd – dCTP deaminase, Dut – dUTPase, Dctd – dCMP 

deaminase, Dcd:dut – bifunctional dCTP deaminase: dUTPase, Nrd – Ribonucleotide reductase 

(nucleoside diphosphate reductase), Ndk – Nucleoside diphosphate kinase, Tmpk – dTMP kinase, Tk – 

Thymidine kinase, ThyA,ThyX – thymidylate synthases” [9] 

 

It is remarkable to note that several DNA viruses and two distinct lineages of retroviruses 

encode their own dUTPase [34]. These dUTPases are often fusion proteins with additional 

functions due to the compactness of viral genomes [35]. Probably those viruses encode their 

endogenous dUTPase which are able to infect non-dividing cells where dUTPase activity is 

low. Those viruses which replicate in actively dividing cells may use the host cell’s dUTPase 
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instead [36]. Inhibition of these viral dUTPases is proven to be an experimentally successful 

tool for inhibiting virus replication and release from the infected cell [37-39]. 

1.4 Structural characteristics of dUTPases 

Though most dUTPases adopt a homotrimeric beta-pleated structure [40], this is not the unique 

enzymatic structure capable of dUTP hydrolysis. Dimeric dUTPases with an alpha-helical 

structural arrangement also exist, though these enzymes share no structural homology with 

trimeric dUTPases [41, 42]. Dimeric dUTPases are present in protozoans like Leishmania and 

Trypanosoma, in some Gram-negative bacteria like Campylobacter jejuni and in T4-like 

phages [43, 44]. However, since the large majority of dUTPases belong to the β-pleated 

trimeric family (Fig. 4) [44], my doctoral studies are focused on this group of dUTPases. 

 

Fig. 4 Structural classification of dUTPases. A, The homodimeric Leishmania major dUTPase (PDB-

ID: 2CJE. B, The monomeric Epstein-Barr virus dUTPase (PDB-ID: 2BSY). C, The homotrimeric 

human dUTPase (PDB-ID: 2HQU). 

The majority of beta-pleated dUTPases are homotrimers consisting of three identical 

polypeptide subunits. These subunits adopt a “jelly-roll” fold in which the neighbouring beta 
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sheets are arranged in an antiparallel orientation. Though the overall sequence identity of beta-

pleated dUTPases encoded by different species may be considerably low if we compare their 

homologues encoded by evolutionary distant species, their active site architecture is strictly 

conserved from bacteria to humans. Three active sites are formed by three sets of five 

conserved sequence motifs corresponding to the three identical (or almost identical, exceptions 

are discussed below) subunits. These motifs are located far from each other along the protein 

sequence [45] (Fig. 5).  

 

Fig. 5 Conserved sequence motifs of beta-pleated dUTPases highlighted by a multiple sequence 

alignment of their homologues encoded by five evolutionary distant species. Three conserved residues 

playing a crucial role in the catalytic reaction itself are labelled by blue arrows. Abbraviations denote 

for the following dUTPase homologues. Ec - E. coli, Phi11 – Φ11 bacteriophage, MTB – 

Mycobacterium tuberculosis, Dmel – Drosophila melanogaster, HDUT – human dUTPase. 

Each subunit contains all five conserved motifs being necessary for active site formation. Still, 

active sites are formed by the contribution of all three subunits, as they donate different parts 

of their five conserved motifs to form the binding pocket [46]. The reason for this is that the 

five conserved motifs are only able to get close to each other in space via formation of the 

trimeric structural interface [2]. Folding of the three subunits therefore becomes inseparable 
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from trimer formation. This was verified by microcalorimetric (differential scanning 

calorimetry, DSC) and thermofluorimetric (differential scanning fluorimetry, DSF) 

measurements for the E. coli dUTPase [40]. The active sites of dUTPases are situated at the 

intersubunit clefts [47] and are formed in the following way: one subunit out of the three 

donates its 1st, 2nd and 4th conserved motif, while the neighbouring one provides its 3rd 

conserved motif for the active site architecture [48]. The 5th conserved motif belongs to the 

third subunit. This is a short P-loop-like sequence part which is situated at the C-terminal end 

of the polypeptide chain, often referred to as the “C-terminal arm” of the enzyme [49]. This C-

terminal segment including the P-loop-like sequence motif stretches out from its own protomer 

and forms main chain and side-chain interactions with the neighbouring subunit [2]. The P-

loop-like 5th conserved motif itself establishes hydrogen-bond interactions with the γ-

phosphate of the bound substrate, which results in a strongly effective discrimination against 

dUDP and enhancement of the catalytic reaction rate [50-52]. 

To ensure optimal catalytic efficiency of beta-pleated dUTPases, Mg2+ ions are required [53, 

54]. Their role is to position the substrate in the catalytically competent gauche conformation 

[55]. It is possible for the dUTPase reaction to take place in absence of Mg2+ ions but the 

catalytic reaction rate becomes much smaller [54]. 

 
Fig. 6. The beta-pleated dUTPase active sites are formed by the interaction of all three subunits (human 

dUTPase, PDB-ID: 3EHW). Only those active site residues are visible which make direct contact with 

the substrate analogue 2'-deoxyuridine 5'-(α,β-imido) triphosphate (dUPNPP) molecule, except for 

G100 and V101. These two are omitted from the graph to ensure clear visibility of the bound dUPNPP 

(orange). Amino acid residues belonging to different subunits are colour coded (green, yellow, cyan). 

Residues R153 and F158 are part of the C-terminal arm, which is shown as a cyan-coloured cartoon at 
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the background, closing the active site from that direction. The Mg2+ ion coordinating the phosphate 

chain of the substrate and the catalytic water molecule are highlighted by a green and a red ball, 

respectively. Conserved sequence motifs are indicated by Roman numerals. The 1st conserved motif is 

not visible on this slide as it coordinates the Mg2+ ion throughout water molecules, but not directly the 

substrate analogue itself [56]. 

In Fig. 6 a H2O molecule is visible, which is referred to as “the catalytic water” in 

corresponding literature. This molecule initiates a nucleophilic attack on the alpha-beta 

pyrophosphate linkage of the substrate dUTP which is the first step of the hydrolysis reaction. 

This nucleophilic attach may take place only in presence of a strictly conserved aspartate 

residue from the 3rd conserved motif (III/D102 in Fig. 6) which is responsible for proper 

coordination of the catalytic water [57, 58]. Hence this aspartate has a key role in dUTP 

hydrolysis [57], just as two other conserved residues, the conserved serine of the 2nd and the 

conserved glutamine of the 4th motif [59, 60]. 

Beta pleated dUTPases are strictly specific for dUTP [44]. A part of the active site is a close 

beta-hairpin recognition motif formed by main-chain atoms of the 3rd conserved motif (Fig. 7). 

This architecture is mainly responsible for the steric exclusion of purines and thymine from the 

active site. 

 

Fig. 7 The active site of beta-pleated dUTPases (human dUTPase, PDB-ID: 3EHW) from another 

perspective. The beta barrel anchoring the deoxyuridine moiety of the substrate is formed by main-

chain atoms of the 3rd conserved motif, except for the III/Y105 side-chain [50]. Interactions of the 

deoxyuridine moiety of the substrate analogue dUPNPP are labelled with dashed yellow lines. 



21 
 

The RNA building block UTP ribonucleotides could still fit in this beta-hairpin, but the 

conserved Tyr residue of the 3rd motif (III/Y105 in Fig. 5) achieves an effective discrimination 

against ribose and therefore against all ribonucleotides. 

Discrimination against dUDP and dUMP favouring the accommodation of dUTP takes place 

via the hydrogen-bonding interactions of the 5th conserved motif (C-terminal-arm) established 

with the γ-phosphate of dUTP [52, 61, 62]. The 5th motif contains another key residue in dUTP 

accommodation. This is usually a phenylalanine (Phe 158 in the human dUTPase, cf. V/F158 

in Fig. 5) but in rare cases another aromatic residue which forms a π-π interaction with the 

uracil ring of the bound substrate, thereby playing an important role in anchoring the substrate 

at the active site and stabilizing the associative type transition state of the catalytic reaction 

[63]. The first residue of the fifth conserved motif, numbered Arg153 in the human dUTPase 

(V/R153 in Fig. 6) „has a crucial role in the coordination of the γ-phosphate of the substrate by 

a bifurcated hydrogen bond and hence in the enzymatic catalysis” [56]. 

Interactions among the three subunits may be divided into three groups. On the one hand, the 

above discussed overlapping of the C-terminal arms has a crucial role in holding the three 

monomers together as a functional enzyme. On the other hand, two-fold interactions among 

neighbouring subunits exist, as well. Finally, there are numerous intearctions along the free-

fold axis of symmetry of the enzyme. This interface shapes the central channel of the protein. 

 

Fig. 8. Well conserved overall fold of trimeric dUTPases. The Ф11 phage (orange, PDB 4GV8), M. 

tuberculosis (green, PDB 2PY4) and D. melanogaster (blue, a homology model built on PDB 3EHW) 

homotrimeric dUTPases are aligned to each other. (A) Trimeric and (B) monomeric overlay of these 

enzymes highlights the central channel (left) and the C-terminal arm (right), as two common structural 

feature of beta-pleated dUTPases [P2]. 
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1.5 Species-specific alterations in trimeric dUTPase structure 

Throughout the previous section the conserved overall structural homology and active site 

architecture of beta-pleated dUTPases was emphasized. Though the similar segments are 

responsible for positioning the substrate analogue dUPNPP in E. coli dUTPase as in the human 

enzyme homologue (Fig. 9), even the amino acids of conserved sequence motifs are not equally 

well-conserved. For instance, in the 3rd conserved motif only the catalytic water anchoring 

aspartate (D102 in hDUT and D89 in EcDUT) and the tyrosine responsible for steric exclusion 

of ribonucleotides (Y105 and Y92 in hDUT and EcDUT, respectively) are strictly conserved. 

The other amino acids being responsible for formation of the beta barrel architecture may be 

slightly different from each other (cf. Fig. 5), as only their main chains are directly involved in 

active-site formation (cf. Fig. 6) [50]. There is a certain degree of variation among the residues 

of the 5th conserved motif, as well. For instance in mycobacterial dUTPases a histidine ring 

replaces the phenylalanine ring being responsible for uracil accommodation in almost all other 

dUTPases (cf. Fig. 5) [46, 63]. In Ф11 phage dUTPase and some retroviral dUTPases a lysine 

replaces the arginine being present as the first amino acid of the 4th conserved motif [46, 64]. 

However, these minor differences at conserved positions seem to have no direct influence on 

catalytic competence of these dUTPase homologues. 

 
Fig. 9 Active site of the beta-pleated E. coli dUTPase (PDB-ID: 1RN8). Similar accommodation of 

dUPNPP is observed as in the human dUTPase active site represented in Fig.6. However, a remarkable 

difference is that here Arg140, the first amino acid of the 5th conserved motif is missing from the refined 

crystal structure, as the C-terminal arm is never visible in E. coli crystal structures deposited so far, 

probably owing to its high flexibility.  
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C-terminal-arm overlapping and the formation of dimeric interface interactions follows similar 

pattern for the vast majority of beta-pleated dUTPases, though the amino acid side-chains 

taking part in their formation are only slightly conserved except for the P-loop-like 5th 

conserved motif [47].  

However, even the interaction pattern of the C-terminal arm could be different for some 

exceptional cases. In the case of the Plasmodium falciparum and Mason-Pfizer monkey-virus 

dUTPases the C-terminal arm folds back to its own protomer and therefore the arm-swapping 

interactions do not exist. These enzymes still adopt the homotrimeric architecture through 

compensatory subunit interactions [22, 35]. 

There is a remarkable difference between prokaryotic, retroviral and eukaryotic dUTPases 

regarding their central channel. While prokaryotic and retroviral beta-pleated dUTPases 

possess a hydrophobic central channel, in case of eukaryotic beta-pleated dUTPases the central 

channel is enclosed by polar amino acid side-chains [46]. According to heat- and chemical-

denaturation measurements a bacterial (E. coli, M. tuberculosis) dUTPase shows significantly 

higher stability then its eukaryotic homologues (D. melanogaster and human dUTPase). These 

experimental data correlate with the hypothesis that the more robust structural characteristics 

of bacterial dUTPases compared to their eukaryotic counterparts may be attributed to their 

hydrophobic central channel architecture [40] [51] [55]. 

There are certain differences in mobility of the C-terminal arm among dUTPase homologues. 

The whole C-terminal arm is rarely visible [65] in apo dUTPase crystal structures due to high 

flexibility of this sequence part [55, 66]. However, substrate (analogue) binding decreases arm 

flexibility, as attractive interactions are formed between the 5th conserved motif and the beta- 

and γ-phospate of the bound molecule. When a γ-phosphate containing substrate analogue (eg. 

dUPNPP) is added to the molecule, the 5th conserved motif becomes clearly visible in some 

dUTPase homologues, for instance in the human and M. tuberculosis dUTPase [55, 63] 

structures. It was observed that even binding of the hydrolysis reaction product dUMP 

contributed to the ordering of the C-terminal arm in eukaryotic dUTPases, while dUMP binding 

was not sufficient to initiate C-terminal arm ordering in the prokaryotic homologues [47]. 

Moreover, it was impossible to locate the 5th conserved motif in any of the E. coli dUTPase 

crystal structures deposited in Protein Data Bank so far, not even when the γ-phosphate bearing 

dUPNPP substrate analogue was added as a ligand for crystallization [57, 66-70]. Interactions 
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affecting C-terminal arm mobility are therefore species-specific for a certain extent and they 

are only partially characterized [56] at the moment. 

Besides the above mentioned intersubunit interactions, in some dUTPases the subunits are 

linked together even at the level of the genetic code. In other words, some exceptions are known 

to have evolved from the common homotrimeric arrangement via gene duplication and 

triplication [44]. These enzymes are referred to as monomeric [71] and covalent pseudo-

heterotrimeric dUTPases according to the number of functional active sites in the folded 

enzyme molecule. 

The dUTPase of Herpes simplex virus is encoded in a monomeric form which has evolved via 

gene duplication and subsequent structural rearrangement of its conserved sequence motifs 

being characteristic for the active site architecture of beta-pleated dUTPases. The resulting 

duplicated polypeptide folds into three domains and hence it mimics the homotrimeric 

architecture. As one out of its two set of conserved sequence motifs has lost its functionality, 

this enzyme is only able to form one functional active site “that has a structure extremely 

similar to one of the three active sites of trimeric dUTPases” [71]. 

A surprising example of dut gene triplication was first reported for the Caenorhabditis elegans 

dUTPase [72]. The triplicated gene was predicted to be present in one open reading frame, 

where the three copies are separated from each other by short linker sequences [34]. It seemed 

straightforward that this enzyme is being transcribed as one single polypeptide and adopts a 

homotrimer-mimicking architecture [2, 44], but this presumption remained experimentally 

unproved until now. Based on our gene and domain database search results we supposed that 

the dUTPase is present in the same tandemly triplicated form in the genome of Caenorhabditis 

briggsae and Drosophila virilis, as well [73, 74]. A peculiarity of these tandemly triplicated 

dut gene structures is that this architecture provides a favourable genetic environment for the 

evolution of species- and subunit-specific point mutations among the three linked subunits. 
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Fig. 10 Schematic representation of the homotrimeric (D. melanogaster, abbreviated as D. mel.) and 

covalent pseudo-heterotrimeric (D. virilis) dUTPase subunit architecture. Different colours of the 

triangles represent sequence alterations among the subunits of covalent pseudo-heterotrimeric 

dUTPases, while subunits of the homotrimeric dUTPases, eg. D. melanogaster dUTPase are completely 

identical to each other. Subunits of the covalent-pseudo-heterotrimeric enzyme homologues are not 

separate polypeptide chains, as the linker DNA regions between the triplicated dut gene copies are 

translated to short amino acid segments, coupling the three subunits into one separate polypeptide. 

Small loops represent this linked domain architecture in D. virilis dUTPase on the upper right panel of 

the graph. 

 

Presence of these point-mutations together with the linker sequence regions being present in 

the polypeptide makes these enzymes clearly distinguishable from the human dUTPase 

homologue. These alterations could serve as the basis for species-specific inhibitor design if 

this tandemly triplicated structural arrangement is present in any representative of human 

pathogens. 

Finally, there is a remarkable degree of sequence divergence within the non-conserved regions 

of beta-pleated dUTPase homologues (cf. Fig. 5). On the one hand, there are point-like 

alterations between the homologues, which results in a largely varied distribution of polar, 

charged and hydrophobic surfaces (Fig. 11). 
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Fig. 11. Surface representation of the Φ11 phage (left), M. tuberculosis (middle) and D. melanogaster 

(right) dUTPase 3D structures. Color code: gray for carbon, blue for nitrogen, and red for oxygen atoms. 

Pink denotes for negatively charged, white for neutral and blue for positively charged surfaces [P2]. 

In addition, we also find several species- and genus-specific inserts, N-terminal and C-terminal 

extensions within the sequence of beta-pleated dUTPase homologues (cf. Fig. 5). Most 

eukaryotic dUTPases have two isoforms, a nuclear and a non-nuclear one processed by 

alternative splicing [75]. The human dUTPase has a nuclear and a mitochondrial, while the  

D. melanogaster dUTPase has a nuclear and a cytoplasmic isoform [17, 51]. 

Correspondingly, eukaryotic dUTPases possess N-terminal extensions harbouring a nuclear 

localization signal or mitochondrial leader sequences (cf. the human dUTPase sequence on Fig. 

5) [75]. The D. melanogaster dUTPase sequence contains a Drosophila-specific C-terminal 

extension with a yet uncharacterized in vivo function [51]. The mycobacterial dUTPases have 

a five amino acid-long insert preceding the 5th conserved sequence motif which was found 

essential in vivo in M. smegmatis, despite of the fact that it has no major contribution for 

dUTPase activity [13]. The staphylococcal Ф11 phage dUTPase possesses a 25 amino acid 

long insert between its 3rd and 4th conserved motifs, which does not influence its dUTPase 

activity [76] and its in vivo role is not characterized unequivocally. 
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1.6 Species-specific inhibitors of dUTPase activity 

As the active sites of beta-pleated dUTPases are closely homologues or almost identical to each 

other, development of species-specific inhibitors against a dUTPase homologue is a 

challenging task. 

In chapter 1.4 the significance of dUTPase inhibitor development was discussed, both from 

cancer therapeutic and antimicrobiotic/antiviral point of view. TAS-114 is currently under 

development for human cancer therapeutic indication as a dual dUTPase/ dihydropyrimidine 

dehydrogenase (DPD) inhibitor to improve therapeutic efficiency of of oral fluoropyrimidine-

based chemotherapy [30]. No information is available about species-specificity of this agent 

for the human dUTPase. This might seem straightforward as a first thought, but the idea of 

taking the human microbiome into consideration when a cancer therapy is applied on the 

patient should not be excluded [77]. Evidently, species-specificity has more pronounced 

importance from „the opposite approach”, when an infection is supposed to be cured without 

any side-effects on the human body. 

 

Fig. 12. A simplified scheme of combined inhibition of the thymidilate synthesis route with cancer 

therapeutic purpose. FdUMP stands for 5-fluorodeoxyuridine monophosphate, TS for thymidilate 

synthase, DHF and THF for dihydrofolate and tetrahydrofolate, respectively. 

Though the presence of naturally existing dUTPase inhibitors in Drosophila and Bacillus 

subtilis PBS2 phages was postulated roughly 30 years ago [78], these protein interaction 

partners are still to be found. However, a synthetic substrate analogue inhibitor of the enzyme, 

2'-deoxyuridine 5'-(α,β imido) triphosphate (dUPNPP) is well known in our everyday 

laboratory practice as a commonly used, practically non-hydrolysable substrate analogue of 

dUTP [79] for in vitro mechanistic and crystallization studies with dUTPases [35, 80] and DNA 

polymerases [81, 82]. The reason why the bond between the α and β phosphate groups is only 

very slowly hydrolyzable in this molecule is that the oxygen atom from the α,β P-O-P 
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phosphate ether bond was replaced by an amino group [79]. However, dUPNPP and some other 

similar substrate analogue inhibitors are not stable enough for therapeutic use, neither 

chemically nor enzymatically, as „their high charge prevents penetration across membranes” 

[22]. On the other hand, based on the published studies and crystal structures in complex with 

this substrate analogue, dUPNPP is not a species-specific inhibitor of dUTPases and it also 

binds to DNA polymerases. 

In the case of the Plasmodium falciparum dUTPase, laboratory development of substrate 

analogue inhibitors with hundredfold increased in vitro selectivity over the human dUTPase 

was reported. Though the P. falciparum dUTPase is a “special” case due to the lack of C-

terminal arm swapping (cf. chapter 1.6) and it contains a species-specific sequential insert 

between the 1st and 2nd conserved motifs, these differences were not responsible for the 

promising experimental results. Instead, P. falciparum specific sequence alterations in the 

vicinity of the active site, but outside the conserved sequence motifs were able interact with 

the 5’-triphenylmethyl group of the inhibitor molecule [22, 83]. This functional group replaced 

the 5’-triphosphate moiety of the natural substrate, dUTP [22]. These first successful trials were 

followed by the synthesis of acyclic nucleoside analogues of dUTP. These molecules, lacking 

the ribose ring but still maintaining the uracil ring of substrate, showed equal or slightly better 

potency and selectivity for the P. falciparum dUTPase over the human enzyme than the cyclic 

5’- triphenylmethyl analogues reported previously [84]. 

In the case of the mycobacterial dUTPase, a promising target of inhibitor development is the 5 

amino acid-long species-specific “loop” of the mycobacterial enzyme homologues, which was 

proven to be essential to cell survival independently from dUTPase activity [13]. Ten new 

antimycobacterial molecules were identified as a result of a high-throughput in silico screening 

method implemented on the ligand library of the free ZINC database of the Shoichet laboratory 

of the University of California at San Francisco [85, 86]. The most promising candidate showed 

promising anti-tuberculotic results in a guinea pig model, where it was tested as a phagocytosis 

stimulating tuftsin peptide derivative being encapsulated into poly-lactic-co-glycolic acid 

(PLGA) nanoparticles [87]. This strategy, aiming to target a species-specific sequence motif 

on the surface of a pathogen-encoded enzyme homologue instead of the active site itself was 

termed imaginatively as „allosteric drug design” [32]. 

Interestingly, selective inhibition of the E. coli dUTPase over the human and the feline 

immunodeficiency virus dUTPase homologue by a 3’-azido dideoxy-UTP derivative was also 
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reported, but the structural background of its selectivity remains to be discovered [88]. A 

notable fact is that the tested uracil derivative was previously reported to inhibit the human 

immunodeficiency virus reverse transcriptase, as well [89]. 

Though the above discussed small molecule inhibitors are promising steps towards 

development of a new line of antimicrobial treatment, to the best of our knowledge neither of 

them are under further development. The sole exception is TAS-114, but this molecule is going 

to be used in human cancer treatment. However, recent discovery of a naturally occurring 

protein interaction in which staphylococcal phage dUTPases are involved [90] might give a 

new impulse for the prospective development of species-specific dUTPase inhibitors. 

 

1.7 Stl SaPIbov1, a staphylococcal protein as a dUTPase interaction partner and 

inhibitor 

Bacteriophages, viruses infecting bacteria are widely known entities for more than a hundred 

years [91]. However, it is less known that even phages have their own molecular parasites, 

mobile genetic elements (MGEs) residing in the bacterial genome, being suppressed from 

transcription until a certain phage infects the bacterium. These mobile genetic elements are 

more specifically referred to as Phage-Inducible Chromosomal Islands (PICIs) or 

Staphylococcal Pathogenicity Islands (SaPIs) if they reside in the genome of Staphylococcus 

aureus cells [90, 92]. They are probably derived from ancestral prophages or protophages [93]. 

They hinder helper phage reproduction and therefore they increase survival expectancy of the 

overall bacterial population [92]. 

When a certain phage infects the bacterium for which the PICI (SaPI) is adapted, a protein-

protein interaction is formed between a specific phage protein and a repressor protein from the 

pathogenicity island side, which is responsible for suppression of the mobile genetic element’s 

transcription in absence of helper phage infection [94]. This repressor protein is called 

StlSaPIbov1 in case of the staphylococcal SaPIbov1 pathogenicity island. Other SaPI-s have other, 

structurally different repressor proteins which are also referred to as Stl-s. Different Stl proteins 

have different phage-derived interaction partners. The physiological role of Stl proteins is to 

sense if their specific phage has infected the host cell. They work like a molecular switch: when 

a certain phage enters the cell of which the SaPI has been adapted, a complex is formed between 

the repressor protein and a specific phage derived protein interaction partner. SaPI DNA is 

released from represson upon complex formation and SaPI encoded proteins are being 
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expressed. The SaPI encoding DNA segment is then excised from the bacterial genome and 

replicated by a DNA polymerase. Finally, the replicated SaPI copies are being packed into the 

helper phage capsids and leave the cell as SaPI containing phages, being able to infect other 

cells by horizontal gene transfer [90]. 

The SaPI life cycle attracted our research group’s interest when the specific phage-derived 

interaction partners of the SaPIbov1 pathogenicity island repressor protein, Stl SaPIbov1 were 

published [90]. This repressor, referred to as „protein Stl” or „Stl” from later on, is able to form 

complex with the dUTPase of at least three phage-encoded dUTPases, namely the Ф11, 80α 

and ϕNM1 bacteriophage dUTPases when they infect a SaPIbov1 encoding S. aureus strain. 

These dUTPases are able to release StlSaPIbov1 from repression upon complex formation. 

(Fig. 13) [90, 95]. It was really surprising that protein Stl interacts with the ϕNM1 

bacteriophage dUTPase, as well, since this latter enzyme belongs to the all-alpha-helical 

dimeric dUTPases (cf. Fig. 4 in chapter 1.5) sharing no structural homology with beta-pleated 

dUTPases [95, 96]. 

 

Fig. 13 A schematic representation of dUTPase-based SaPI activation [97]. Please note that according 

to later studies on complex stoichiometry, protein Stl dissociates and binds to dUTPases in its 

monomeric form (Fig. 15 in chapter 1.9) [98]. 

 

In vitro experiments with the Ф11 phage dUTPase made clear that the dUTPase activity is 

strongly inhibited in return upon complex formation. StlSaPIbov1 proved to be a strong 

competitive inhibitor of the Ф11 phage dUTPase [97]. Following this realization our main 

challenge with my colleagues at the Laboratory of Genome Metabolism and Repair was to 

decipher if protein Stl could be a universal inhibitor of dUTPases, as suggested by the above 

discussed results. 
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1.8 Species-specific alterations in protein Stl’s inhibitory potential 

After proving that protein Stl is a strong competitive inhibitor of the Ф11 phage dUTPase 

exerting complete in vitro inhibition on the enzyme via a slow-tight binding mechanism [97], 

my colleagues investigated if it is also able to exert its inhibitory effect on the mycobacterial 

dUTPase homologues., by performing experiments both on in vitro level with the  

M. tuberculosis dUTPase and on in vivo level in M. smegmatis cell cultures [99, 100].  

(M. smgematis is a non pathogenic model organism of M. tuberculosis dUTPase used 

commonly in laboratories [13]. They found that the Stl protein is a potent competitive inhibitor 

of M. tuberculosis dUTPase, as well, though the maximal degree of in vitro inhibition was 

somewhat lower compared to Ф11 phage dUTPase, its physiological interaction partner (Table 

1). That was the point when I joined to the protein Stl-related research projects of our 

laboratory, ambitioned to determine if protein Stl is a universal inhibitor of dUTPase and to 

unravel any species-specific alterations in Stl mediated inhibition of beta-pleated dUTPases.  

 

 

The effects of Stl on various dUTPases 

Species of origin In vivo interaction 
In vitro complex 

formation 
Maximal in vitro 

inhibition (%) 

Φ11 phage SaPI induction + 100 

80α phage SaPI induction + n. d. 

ϕNM1 phage SaPI induction + n. d.  

M. tuberculosis Non-existing + 84 

M. smegmatis 
Perturbed colony formation, 
increased dUTP levels* 

n. d. n. d. 

* Not a physiologically occuring interaction, achieved by recombinant expression of StlSaPIbov1 in  

M. smegmatis. 

Table 1. Some of the published knowledge on StlSaPIbov1 - dUTPase complexes, as of 2016. Table 

was created based on Table 3. in [98]. 
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1.9 The state of knowledge on dUTPase – Stl complexes 

Beta-pleated dUTPases are relatively stable molecules and their crystallization trials were 

proven to be successful in several cases. Hence we have the detailed knowledge about their 

oligomeric and active site architecture, which is discussed in detail in chapters 1.5 and 1.6 of 

my thesis. On the contrary, protein Stl is a less stable protein which has made its crystallization 

a challenging goal.  

In lack of successful crystallization results, synchrotron radiation circular dichroism and 

homology model building based on known bacterial repressor structures was applied to model 

protein Stl’s structure. A mostly α-helical secondary structure was predicted for the protein and 

a homology model was created based on the protein sequence (Fig. 14).  

 

Fig. 14 A monomeric homology model of protein Stl [101]. 

Based on this model it was suggested that Stl consists of two independently folding segments. 

Using protein domain annotation engines, a helix-turn-helix (HTH) DNA binding motif was 

identified at the amino-terminal side of the protein sequence, implying that this part of the 

repressor protein should be responsible for DNA binding. As the truncated N-terminal part of 

the protein containing residues 1-84 was not able to fold independently, this assumption was 

then verified by point mutagenesis within the HTH sequence part of the whole-length Stl 

protein [101]. 

The independently expressed C-terminal part of protein Stl containing residues 84-263 was 

able to fold independently and bind to the Ф11 dUTPase in vitro. In addition, it was able to 

inhibit the activity of the enzyme, though less effectively than the whole-length Stl protein, 

exerting 40% inhibition at saturating inhibitor concentration [101]. 
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Presence of a HTH motif in a protein sequence suggested that protein Stl is a dimeric protein 

in solution and binds DNA in its dimeric form. This presumption was later verified by size-

exclusion chromatography coupled small angle X-ray scattering (SEC-SAXS) measurements 

of protein Stl and its complex with the human dUTPase homologue [98]. Based on these 

measurements and earlier soft-ionization mass spectrometric data on other dUTPase 

homologues’ Stl-bound complexes where 3:2 and 3:3 dUTPase:Stl molar mass ratios were 

measured [97], the following stoichiometric model of interaction was proposed (Fig. 15). 

Protein Stl represses transcription of the SaPI genome in the form of a homodimeric protein 

and preferably forms dimers in solution in absence of dUTPases. However, according to SEC-

SAXS measurements, it is only able to bind beta-pleated dUTPases in its monomeric form. 

Consequently, its sequence parts responsible for dUTPase binding and dimerization should 

overlap or at least interphere with each other [98]. 

Contrary to the dissociation of the Stl homodimer, the trimeric dUTPase architecture remains 

intact upon complex formation [98]. The substrate dUTP and protein Stl are competitive 

binding partners of the dUTPase. Hence, dUTP binding precludes Stl binding until all dUTP is 

hydrolyzed from the cellular or in vitro environment [97]. 

 

 

Fig. 15 A schematic model for Stl – SaPI DNA and Stl – human dUTPase interaction [98]. 

 

In order to gain information on the complex interaction surface even in lack of a complex 

crystal structure, hydrogen-deuterium exchange mass spectrometric (HDX-MS) measurements 

were carried out with the human dUTPase – Stl and the Φ11 dUTPase – Stl complexes. These 

measurements identified a tyrosine-rich amino acid segment in protein Stl’s sequence between 
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residues 98-113 (YSYVNKAYYNDGDIYY) which was implied to be strongly involved in 

complex formation with both investigated trimeric dUTPase homologues [98, 102]. Strikingly, 

another sequence part towards the C-terminal end of protein Stl concerning residues 227-247 

(RLVPNHHYDAIKGKPMYKLYL) was found to be responsible for inhibition of the φNM1 

dimeric dUTPase [102]. This is surprising because the competitive nature of Stl binding with 

dUTP binding implied that the Stl binding surface of dUTPases involves or at least interferes 

with the dUTPase active site [97]. As the only common feature of beta-pleated and alpha-

helical dUTPases is dUTP binding, the same dUTP-mimicking Stl motif was supposed to be 

involved in both type of interactions [102]. 

Based on these results it seems clear (since last month) how to tailor protein Stl into smaller 

fragments in order to differentially inhibit beta-pleated and alpha-helical dUTPases (as long as 

these smaller fragments of Stl are able to fold without the missing parts of the protein core). 

But it is yet to be discovered how to tailor protein Stl to obtain species-specific beta-pleated 

dUTPase inhibitors. During my PhD studies I was intended to pinpoint and characterize 

species-specific patterns in protein Stl’s interaction with beta-pleated dUTPas homologues, 

keeping the goal of species-specific beta-pleated dUTPase inhibitor development in my mind. 

The overlapping but not identical interaction surfaces of the Φ11 dUTPase - Stl and human 

dUTPase – Stl complexes underline validity of this approach (Fig. 16). 
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Fig. 16 Pairwise sequence alignment of Φ11 and human dUTPase homologues to compare their 

interaction surface with protein Stl according to recently published HDX-MS data [98, 102] on complex 

formation. Red letters correspond to Φ11 and blue leters for human dUTPase interaction surface. 

Though the 3rd and 4th conserved motifs are part of the interaction surface in both cases, species-specific 

differences are clearly detectable. Namely, part of the species-specific insert of Φ11 dUTPase is 

involved in the interaction but its C-terminal are not at all, contrary to the human dUTPase where the 

insert is missing and the C-terminal arm is part of the protein interaction surface. 

1.10 Evolutionary development of covalent pseudo-heterotrimeric dUTPases raises a 

structural question 

As two out of the four articles connected to my PhD studies concerns the covalent pseudo-

heterotrimeric dUTPase architecture, some background knowledge on their evolutionary 

development is provided in this section. 

Repeated occurrence of the same DNA fragments in a certain part of the genome may be 

explained by two basic theories, namely retrotransposonal activity and repeated gene 

duplication events. Retrotransposons are mobile genetic elements just as S. aureus 

pathogenicity islands, but instead of the phage-mediated excision-insertion of SaPI-s, they self-

replicate throughout an RNA intermediate [103]. They accomplish this throughout encoding a 

reverse transcriptase, which is an RNA-dependent DNA polymerase. This enzyme is able to 

transcribe mRNA “back” to DNA, which is then integrated into the genome in order to ensure 

self-replication of the retrotransposon. However, reverse transcriptases may have a certain 

degree of sequence preference for other genes than those initially encoded on the 

retrotransposon, therefore it may be able to copy mRNA transcipts of other genes and integrate 

them into the genome, as well [104]. If this other gene encodes for a protein subunit, the 

retrotransposon hence may be able to promote domain multimerization of proteins. However, 

if this mechanism was responsible for dut gene triplication and the evolution of covalent 
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pseudo-heterotrimeric architecture, two out of the three dut gene copies of the organism should 

not contain introns. But introns are present in the tandemly triplicated dut gene copies at least 

in C. elegans [105], hence repeated gene duplication events may more likely be responsible for 

the emergence of the tandemly triplicated dut gene architecture in all involved organisms. 

Gene duplication is a rare genetic event, which may explain why the covalent pseudo-

heterotrimeric dUTPase architecture is so rare among dUTPase encoding organisms. A gene 

duplication occurs when information exchange in gametes is carried out erroneously between 

non-homologous genetic segments during the process of homologous recombination. [106].  

As gene duplication is a rarely occuring event and three dut gene copies are present in covalent 

pseudo-heterotrimeric dUTPase-encoding organisms, it is possibly that a long time was left 

between the first and the second duplication event of the dut gene, and this is the point what 

makes the evolutionary development of covalent pseudo-heterotrimeric dUTPases quite 

extraordinary. Namely, folding of the beta-pleated dUTPase subunits is known to be 

inseparable from trimer formation (cf. section 1.5) [40]. Therefore, if a tandemly duplicated 

dut gene architecture persisted in the genome at some point, these organisms might have had a 

functional covalent pseudo-dimeric dUTPase as an evolutionary intermediate. But this enzyme 

architecture might have dramatically hampered the proper folding of this dUTPase homologue. 

Therefore, the scientific question is the following: is it structurally possible for a beta-pleated 

dUTPase to function as a pseudo-dimer?  

(Please note that though herpesvirus dUTPases are beta-pleated and evolved via gene 

duplication, they are considered monomeric as only one functional active site is formed, as 

discussed in chapter 1.5 and indicated in Fig. 4). 

  

https://dictzone.com/english-hungarian-dictionary/erroneously


37 
 

2 Aims of my PhD research 

 

A long term goal of the Genome Metabolism and DNA Repair Research Group is to provide 

in-depth structural and enzyme kinetic information on dUTPase homologues in order to 

pinpoint and characterize species-specific differences among dUTPase homologues. We hope 

that the proper structural knowledge on the structural and functional characteristics of 

dUTPases will provide a solid background knowledge for species-specific dUTPase inhibitory 

development. These future pharmaceuticals targeting a pathogen-encoded dUTPase should be 

used without blocking the human dUTPase homologue. On the contrary, future anti-cancer 

therapies involving inhibition of the human dUTPase would be more safe and efficient if they 

were unable to block those dUTPase homologues that are encoded by the essential members 

of human microbiome. 

My PhD studies aimed to cover two basic research goals connected to each other with relation 

to dUTPase structure and function. The first one was to characterize the previously uncharted 

covalent pseudo-heterotrimeric dUTPase architecture using the Drosophila virilis dUTPase as 

a laboratory model. Here the potential evolutionary development of this rare dUTPase 

architecture and the role of subunit divergence in enzyme function stood in the middle of 

interest. However, our results clearly showed that this specific subunit architecture is present 

in at least one human and livestock pathogen, a nematode called Trichinella spiralis. The 

following questions were posed within the framework of this research project. 

1. Do tandemly triplicated dut genes indeed encode a single polypeptide which adopts a 

trimer-like dUTPase fold? 

2. Was a beta-pleated covalent pseudo-dimeric dUTPase functional if existed as an 

evolutionary intermediate? 

3. How sequence alterations along the triplicated genetic code affect interactions of the 

neighbouring pseudo-subunits? 

The second research goal is to understand the species-specific differences in inhibition 

efficiency of protein Stl on various dUTPases. According to this, I was dedicated to find an 

answer for the following scientific problems. 

1. May protein Stl be a universal dUTPase inhibitor? 

2. Which amino acid side-chains and structural motifs may be decisive in effective 

inhibition of a beta-pleated dUTPase homologue upon complex formation? 

  



38 
 

3 Materials and methods 

 

3.1 Western blot analysis 

 

Western blot is an immunological analysis method for identification of an individual protein in 

a cell extract. It uses a specific antibody developed against the target protein. The method is 

based on the specific nature of an antigen-antibody interaction. 

As a first step of the analysis, proteins of the sample are separated by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis based on their molecular weight. The separated protein 

bands are then transferred to a membrane from the gel which has better mechanical properties 

than the gel itself using electric current. This process is called blotting. Before blotting, sodium 

dodecyl sulfate (SDS) is washed out from the gel in order to prevent aspecific binding to the 

membrane as a result of its modified surface charge. Proteins partially gain back their native 

structure upon SDS removal, so pH and salt composition of the buffer used for blotting must 

be in accordance with the isoelectric point of the protein. The pH of the buffer must be kept 

above the isoelectric point of the target protein, as it is supposed to be negatively charged in 

order to be able to migrate towards the positive pole. 

The buffer we used for dUTPase contained 25 mM TRIS, 192 mM glycine and 15 % methanol 

at pH = 8.3. The blotting process was carried out using 180 mA current intensity for 16 hours 

at 4 °C. After blotting, proteins immobilized on the membrane were made permanently visible 

by Ponceau-S protein dye which binds to proteins in a reversible way in order to check if the 

blotting process was indeed successful. The membrane was washed with “TBS” buffer (25 mM 

TRIS, 140 mM NaCl, 3 mM KCl, 0,05 % Tween-20, pH=7.44) in order to remove all non-

bounded molecules.  

The PVDF carrier membrane was treated with thin 5% milk powder for 2 hours in order to 

block all of remaining aspecific binding capacity after the blotting process. As a next step, the 

blocked membrane was incubated for 1 hour in TBS-T solution containing 5% thin milk 

powder and the primary antibody (a polyclonal anti-dUTPase IgG serum produced by rabbits 

in 100000-fold dilution). After this time period a second one-hour long incubation step 

followed in the same TBS-T buffer with 5% thin milk powder being dissolved, but this time 

the secondary antibody (an anti-rabbit IgG conjugated with horse-radish peroxidase from GE 
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Healthcare in 5000-fold dilution) was added to the solution. Detection of chemiluminescence 

was carried out by using enhanced chemiluminescence luminol solution (MilliporeTM Western 

Chemiluminescent HRP Substrate) and a photosensitive X-ray film.  

The primary antibody we used was prepared via immunization of rabbits with the full-length 

Drosophila melanogaster dUTPase [17] [P1]. 

 

3.2 Phylogenetic analysis 

The amino acid sequences of dUTPase proteins were assembled from Genbank for the 12 

genome annotated Drosophila species. D. virilis dUTPase A, B, and C segments were included 

separately, defined with residues 1-164, 165-324, 325-510, respectively. The full length protein 

sequences together with the D. virilis subunits were aligned using the program MUSCLE (v3.7) 

[107] with default parameters on the Phylogeny.fr portal [108]. This resulted in a final 

alignment of 216 sites. Ambiguously aligned sites were subsequently removed from both 

datasets using the GBlocks program [109] with default relaxed parameters. This led to a final 

alignment with 145 amino acid sites. Maximum-likelihood phylogenetic reconstruction was 

conducted on this data set using PHYML 3.0 [110]. The Whelan and Goldman (WAG) 

substitution model [111] was selected assuming an estimated proportion of invariant sites and 

4 γ-distributed rate categories to account for rate heterogeneity across sites. The statistical 

robustness of phylogenetic inference was assessed by performing 100 bootstrap replicates 

using the same heuristic search strategy as for the initial analyses [P1]. 

3.3 Ancestral sequence reconstruction 

Multiple sequence alignment was performed by the ClustalOmega software [112] on the repeat 

segments of the extant D. virilis dUTPase protein (Uniprot code: B4LTG5). The repeat 

sequences were defined with the following residue boundaries, A, 18-164; B, 180-324; C, 338-

484, thereby omitting the N-terminal (1-17) and C-terminal (485-510) flanking regions as well 

as inter-repeat linker peptides (165-179 and 325-337) from the alignment. The Fast Maximum 

Likelyhood (FASTML) [113] server was used to infer the posterior residue probability per site 

in the D. virilis dUTPase ancestor enzyme by computing Maximum Likelihood ancestral 

sequence reconstruction from the above alignment with the LG model of substitution [P1]. 
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3.4 Gene synthesis and cloning of B*B* D. virilis dUTPase 

The gene encoding B*B* D. virilis dUTPase was codon optimized for E. coli expression and 

synthesized by Genescript (NJ, USA). The gene was subsequently subcloned into pET15b (+) 

(Novagen) using NdeI and BamHI restriction sites [P1]. 

3.5 Site-directed mutagenesis and molecular clonig 

Construction of the artificially engineered Drosophila virilis dUTPase species was carried out 

in the following way. Genomic DNA was isolated from adult D. virilis using Epicentre 

MasterPure DNA isolating kit. Full length dUTPase was amplified from genomic DNA by 

PCR using the primers, Dvir-LF1 (5’- GGA ATT CCA TAT GGC CTC GCC TGT TAT TGA 

CG -3’) and Dvir-R3 (5’- CGA AGA TCT CTA TGT GGA AAT GGG TGT AGC ATC ATT 

TTC -3’). Subfragments were amplified using the primers Dvir-LF1 and Dvir-R2 (5’- CGA 

AGA TCT AAG TTA CAA TCT GCT GCT TGT CTC CTG G -3’) for fragment “A” encoding 

sequence; Dvir-F2 (5’- GG AAT TC CAT ATG GCA AAA ACA CCA ACC GAT AAG AAA 

TGC -3’) and Dvir-R2 for fragment “B” encoding sequence; Dvir-F2 and Dvir-R3 for fragment 

“BC” and “C” encoding sequences. Bands of the PCR products at the expected size were 

isolated and purified from agarose gel. The DNA fragments were cleaved by the restriction 

endonucleases NdeI and BglII and ligated into pET15b digested by NdeI and BamHI. “AC” 

fragment encoding vector was constructed from pET15b-ABC after BamHI cleavage and 

religation removing “B” encoding fragment. DNA sequence of all constructs were verified by 

sequencing at Eurofins MWG GmbH (Martinsried, Germany) [P1]. 

The Quikchange mutagenesis method was used to obtain the B* ancestor sequence of D. virilis 

dUTPase. We have introduced 3 point mutations (K40I, S43A and E128V) into the sequence 

segment encoding the second “B” repeat with the following primers. For K40I and S43A 

tandem mutagenesis the 5’-TTG ATT GTG CCG GCG CGT GGC AAG GCT ATT GTG AAG 

ACT G-3’ and 5’- ACG CGC CGG CAC AAT CAA GTC GTA GGC GCT GCG C – 3’ 

primers, whereas for E128V mutagenesis, 5’-GGA ACA GGT GGA CAA ATT GGA TGA 

TAC CGA GCG GGG - 3’ and 5’ - CAA TTT GTC CAC CTG TTC CAG CTC TGG ATA 

GAA GAT GCG – 3’ primers were used. For the S139A mutagenesis carried out in the A 

repeat, the primer pair 5’- TTT TGG TTC AAC TGG AGT CAA GGA ATT ACC AGG AGA 

C – 3’ and 5’ - TCC AGT TGA ACC AAA ACC CGC CTC GCC – 3’ was used [P1]. 
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In case of all investigated full-length and artificially engineered dUTPases (D. virilis,  

D. melanogaster, E. coli) the dUTPase encoding gene (dut gene) has been ligated into a pET-

15b vector between the BamHI and NdeI cleavage sites, resulting in translation of an N-

terminally His-tagged dUTPase construct enabling purification with Ni-NTA affinity 

chromatography [P1, P2, P3]. 

The gene encoding protein Stl was expressed from a pGEX-4T-1 vector [GE Healthcare] as a 

glutathione S-transferase (GST)-fused construct. The GST-tag was cleaved from the protein 

via overnight thrombin digestion during its purification process [P2, P3]. 

Concerning the interaction studies of the E. coli dUTPase with protein Stl, site-directed 

mutagenesis was carried out based on either the original QuikChange mutagenesis protocol 

(Agilent Technologies) or on a modified version using only partially overlapping primers 

[114]. The sequence of the primers used in our PCR reactions is listed in Table 2. 
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Q93H _FW  5’ GATCGATTCTGACTATCATGGCCAGTTGATGATTTCC 3’ 

Q93H_REV  5’ GGAAATCATCAACTGGCCATGATAGTCAGAATCGATC 3’ 

Q93R_fw 5’ GACTATCGGGGCCAGTTGATGATTTCCGTGTGG 3’ 

Q93R_rev 5’ CTGGCCCCGATAGTCAGAATCGATCAATCCTACCAGG 3’ 

E114D_fw 5’ CATTCAACCTGGCGATCGCATCGCCCAG 3’ 

E114D_rev 5’ CTGGGCGATGCGATCGCCAGGTTGAATG 3’ 

R115K_fw 
5’ CCTGGCGAAAAAATCGCCCAGATGATTTTTGTTCCGGTAGTACAGGCTGAATTTAATCTGGTGG 
3’ 

R115K_rev 5’ CTGGGCGATTTTTTCGCCAGGTTGAATGGTGAAGCTGTCCTGACCACGG 3’ 

ER114-5DK_fw 
5’CAACCTGGCGATAAAATCGCCCAGATGATTTTTGTTCCGGTAGTACAGGCTGAATTTAATCTGG
TGG 3’ 

ER114-
5DK_rev 

5’ CATCTGGGCGATTTTATCGCCAGGTTGAATGGTGAAGCTGTCCTGACCACGG 3’ 

F145W_fw 5’ GAAGGCGGCTGGGGTCACTCTGGTCGTCAGTAACACATACGGATCCGGC 3’ 

F145W_rev 5’ AGAGTGACCCCAGCCGCCTTCACCGCGGTCGGTGGCGTC 3’ 

H147S_fw 5’ CCGCGGTGAAGGCGGCTTTGGTAGCTCTGGTCGTCAGTAACAC 3’ 

H147S_rev 5’ GTGTTACTGACGACCAGAGCTACCAAAGCCGCCTTCACCGCGG 3’ 

Table 2. List of primers used for site-directed mutagenesis of the E. coli dUTPase [P3] 

 

3.6 Protein expression and purification 

The core method of our expression system was first described in [115]. Recombinant protein 

constructs were expressed in E. coli BL21 (DE3) Rosetta cells. 0.5 l of LB medium was 

inoculated with a 5 ml overnight cell culture and grown at 37 °C until OD600 reached 0.5. After 

10 min chilling at 20 °C, protein expression was induced by addition of 0.5 mM Isopropyl β-

D-1-thiogalactopyranoside. The cells were incubated for further 4 hours in order to enable them 

to express our target protein in significant amounts. The temperature of protein expression 

varied according to the respective protein. 25 °C was applied for the D. virilis dUTPase  

[P1, P4], 37 °C for D. melanogaster dUTPase [P2] and 30 °C for protein Stl [P2, P3]. In case 

of the E. coli dUTPase, both 25 °C and 37 °C expression temperatures were tested and applied 

successfully. The lower tempereature was used when we expressed protein for crystallization 

experiments, but higher temperature yielded higher protein expression volumes [P3]. 

After centrifugation at 3600 rpm for 20 min at 4°C, cell pellets were resuspended in 15 ml 

precooled PBS and centrifuged again at 3600 rpm for 20 min at 4°C, then stored at - 80 °C 

until further usage [P1-P4]. 

In case of the dUTPase enzymes the thawed cells were resuspended in 50 ml of 50 mM TRIS-

HCl containing 300 mM NaCl, 0.5 mM EDTA, 0.1% Triton-X 100, 1 mM PMSF, 5 mM 
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benzamidine, EDTA-free protease inhibitor cocktail tablet, 10 mM β-mercaptoethanol, 0.1 

mg/ml lysozyme, 0.1 mg/ml DNase and 0.01 mg/ml RNase A at pH 8.0 [P1-P4]. DNase and 

RNase were excluded from most protein purification rounds published in [P3]. The solution 

was sonicated, centrifuged, then applied onto a pre-equilibrated benchtop nickel-nitriloacetic 

acid-agarose affinity-chromatography column. The protein was eluted with 50 mM HEPES 

containing 30 mM KCl, 500 mM imidazole, 10 mM β-mercaptoethanol, 0.1 mM PMSF and 

EDTA-free protease inhibitor cocktail tablet at pH 7.5 [P1-P4]. The eluted samples were 

dialysed overnight into 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2 and 10 mM β-

mercaptoethanol at pH=7.5 (dUTPase buffer) [P1, P4]. For the first experiments with 

dUTPase-Stl complexes sodium-chloride concentration was increased to 1M [2]. However, in 

further experiments with dUTPase-Stl complexes only 300 mM NaCl was added to the buffer 

(Stl buffer) [P2, P3]. 

When samples were prepared for mass spectrometric analysis or protein crystallization, they 

were further purified on a Superose 12 10/300 GL column (GE Healthcare) previously 

equilibrated with dUTPase buffer or Stl buffer [P1-P4]. 

Cells containing protein Stl in a GST-fused form were resuspended in 30 ml of 50 mM TRIS-

HCl containing 1 M NaCl, EDTA-free protease inhibitor cocktail tablet, 10 mM dithiothreitol, 

0.1 mg/ml DNase and 0.01 mg/ml RNase A at pH 7.5. After sonication and centrifugation the 

suspension was applied onto a glutathione column. Stl elution was carried out by cleavage of 

the column-bound GST-tag using 80 units of thrombin in 3 ml reaction volume after an 

overnight digestion at 18-19 °C [P2-P3]. 

Protein concentration was determined spectrophotometrically (Nanodrop 2000c, Thermo 

Scientific) from the absorbance at 280 nm by using the extcinction coefficient values calculated 

on the basis of amino acid composition by using the Expasy ProtParam [116] server and the 

molecular weight of the respective protein construct. Throughout my PhD thesis, enzyme 

concentrations refer to monomeric polypeptide chains [P1-P4]. 

3.7 Size exclusion chromatography 

Size exclusion chromatography (gel filtration) was carried out on AKTA FPLC purification 

system using a Superose 12 10/300 GL column (GE Healthcare) previously equilibrated with 

dUTPase buffer or Stl buffer (20 mM HEPES, 100 or 300 mM NaCl, 5 mM MgCl2, 10 mM β-

mercaptoethanol, pH = 7.5). When dUTPases alone were gel filtrated – throughout the D. virilis 
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dUTPase studies [P1-P4] and in cases when gel filtration precluded an E. coli dUTPase 

crystallization experiment [P3] – only 100 mM NaCl was added to the buffer. However, during 

complex gel filtration experiments, 300 mM NaCl was added to stabilize protein Stl being 

present in the solution [P2, P3]. 

In case of complex gel filtration, the respective dUTPase homologue, protein Stl and their 1:1 

monomeric molar ratio mixture were injected on the column in dUTPase buffer. Peak elution 

volumes of the three separate injections were compared and plotted on the same graph. 

Complex formation was estimated based on comparison of the peak elution volumes of separate 

proteins with the value corresponding to the mixture of the two components [P2, P3]. 

Fractions of 0.5 ml were collected after each injection. Peak elution fractions were concentrated 

on Amicon Ultra-4 ultrafiltration membranes (Merck-Millipore) before subsequent mass 

spectrometric analysis [P1-P4] and on Vivaspin 500 (10,000 MW cut off value) centrifugation 

columns (Sartorius) before crystallization experiments [P3]. 

3.8 Mass spectrometry measurements 

In the mass spectrometric study of protein complexes, a commercial Waters QTOF Premier 

instrument equipped with electrospray ionization source was used in the positive ion mode. 

Mass spectra were obtained under native conditions: namely, the ions were generated from 

aqueous 5 mM NH4HCO3 buffer solution (pH 7.8) containing the protein at 1 µM monomer 

concentration. These conditions allow transfer of the native protein complex present in the 

solution into the gas phase. The capillary voltage was 2800 V, the sampling cone voltage was 

128 V and the temperature of the source was kept at 90 °C. Mass spectra were recorded in the 

mass range of 1500–8000 m/z [P1, P2]. 

3.9 Dynamic light scattering 

These measurements were carried out in “dUTPase buffer” consisting of 20 mM HEPES, 100 

mM NaCl, 5 mM MgCl2, 10 mM 2-mercaptoethanol, pH = 7.5. Particle size distributions were 

determined by an ALV goniometer with a Melles Griot diode-pumped solid-state laser at 457.5 

nm wavelenght (type: 58 BLD 301). The intensity of the scattered light was measured at 90° 

at room temperature. The autocorrelation function was calculated using an IBM PC-based data 

acquisition system developed in the Institute of Biophysics and Radiation Biology, 

Semmelweis University. The most probable particle distribution was estimated using the 
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maximum entropy method that produces normalized distribution [117]. The hydrodynamic 

radii of the particles were calculated based on the Einstein-Stokes equation. The real 

distribution plotted by the number of particles was obtained by correction of the obtained 

functions, taking into consideration that scattered light is proportional not by particle radius, 

but particle mass [P1]. 

3.10 Steady-state kinetic assay and thermal inactivation 

Hydrolysis of dUTP results in proton release to the solution which can be followed as a change 

in pH. However, this change is quite small and therefore the buffer capacity of the reaction 

medium must be kept low enogh to enable detection of these minute changes in pH. Towards 

this end only 1 mM HEPES is added to the reaction buffer, which also contains phenol red 

indicator in order to make pH changes visually and spectrophotometrically detectable. 

However, this buffer (1mM HEPES, 150 mM KCl, 5 mM MgCl2, 40 µM phenol red, pH 7.5) 

is not optimal for long-term preservation of enzyme stability. This is the reason why another 

buffer containing 20 mM HEPES, 100 mM NaCl (or 300 mM NaCl when protein Stl is also 

present in the reaction mixture), 5 mM MgCl2, 10 mM β-mercaptoethanol, pH 7.5 is used for 

heat-stability and most other analytical measurements on dUTPase homologues [P1-P3]. 

In almost all measurements (an exception of 100 nM D. melanogaster dUTPase concentration 

was used in [P2]) of the dUTP hydrolysis rate by dUTPases, a final concentration of 50 nM 

(0.05 μM) dUTPase and 30 μM dUTP (or exceptionally 30 μM dTTP when substrate preference 

measurements were carried out [P1]) were set in 1 ml final volume of the reaction mixture. 

This applies to the determination of catalytic rate constants (kcat values), heat inactivation 

measurements and Stl inhibition curves of dUTPases. A 100-500-fold dilution of concentrated 

dUTPase stock solutions to reach the final 50 nM concentration enables us to change the 

buffering solution, as the 1 ml final reaction volume is set by addition of excessive amounts 

(960 – 990 µl) of the reaction buffer (1mM HEPES, 150 mM KCl, 5 mM MgCl2, 40 µM phenol 

red, pH 7.5) to minute volumes (10-40 µl) of the dUTPase solution dissolved in the more 

concentrated “dUTPase buffer” (20 mM HEPES, 100 or 300 mM NaCl, 5 mM MgCl2, 10 mM 

β-mercaptoethanol, pH = 7.5 [P1-P3]. 

To follow the dUTPase reaction, absorbance of the reaction buffer was measured continuously 

as a function of time at 559 nm and 20 °C using a 10 mm path length plastic cuvette. Initial 

velocity was determined from the first 10% of the progress curve when only dUTPase itself 

was measured [P1-P3]. When inhibition by protein Stl was measured, quasi steady-state 
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velocity (v0) was determined by fitting a curve to the linear phase of the progress line. At least 

three parallel measurements were carried out in all cases [P2-P3]. 

Heat inactivation studies were conducted in the following manner: protein samples were 

incubated for 15 min in 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 10 mM β-

mercaptoethanol, pH 7.5 buffer at various temperatures. Right after the incubation at the varied 

temperature values, enzyme activity was measured at 20 °C [P1]. 

Stl inhibition measurements were carried out according to our previously used protocol [97], 

after 5 min pre-incubation of the Stl - dUTPase mixture at 20 °C. The enzymatic reaction was 

always initiated by addition of the dUTP molecule after mixing all other components. The 

concentration of dUTPase was kept constant (50 nM for E. coli and 100 nM for  

D. melanogaster dUTPase), while Stl concentration varied between 0 and 400 nM. 30 µM 

dUTP was used to initiate the enzymatic reaction after pre-incubation of the proteins. Three 

parallels were measured in each cases. For plotting relative kcat values, propagation of standard 

errors was taken into consideration according to the following formula: 

𝑆𝐷𝐹
2 =  

 𝑘𝑐𝑎𝑡,400
2

𝑘𝑐𝑎𝑡,0
2 ∗ ( 

𝑆𝐷400
2

 𝑘𝑐𝑎𝑡,400
2 +  

𝑆𝐷0
2

 𝑘𝑐𝑎𝑡,0
2  ), (Eq. 1) 

where SDF is the propagated standard deviation, kcat,0 and kcat,400 is the catalytic rate constant in 

absence and presence of 400 nM Stl, and SD0 and SD400 are their respective standard deviations. 

A quadratic equation was fitted on the Stl inhibition curves of the EcDUTQ93H and EcDUTQ93R 

mutants according to the following formula: 

 

𝑦 = 𝑠 +  
𝐴[(𝑐+𝑥+𝐾)−√(𝑐+𝑥+𝐾)2−4𝑐𝑥]

2𝑐
, (Eq. 2) 

where y is the (relative) steady-state enzyme activity, x is protein Stl’s concentration, s is the 

(relative) steady-state enzyme activity without Stl addition, A is the total decrease in (relative) 

steady-state activity, c is dUTPase concentration (kept constant) and K is the Ki (IC50) value 

which is the “output” parameter obtained from curve fitting [P2-P3]. 

 

3.11 Isothermal titration calorimetry (ITC) 

“ITC experiments were carried out at 20 °C on a Microcal ITC200 instrument (Malvern 

Instruments, Malvern, UK) [P1, P3]. The proteins were dialysed against a buffer pH 7.5 

comprising 20 mM HEPES, 300 mM NaCl and 1 mM TCEP. We used 22 – 57 μM Stl in the 
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cell and 330 – 550 μM enzyme (EcDUTWT, EcDUTQ93H, EcDUTQ93R) in the syringe. Both 

protein concentrations correspond to monomeric subunits. The titrations were performed with 

the injection syringe rotating at 750 rpm and included a series of 20 injections spaced 180 s 

apart from each other, with injection volumes of 0.5 μl for the first titration and 2 μl for the 

subsequent 19 titrations. The data were analysed using Microcal Origin software following the 

directions of the manufacturer. The one set of independent sites binding model was applied to 

data for determination of thermodynamic parameters: dissociation constant (Kd), stoichiometry 

(N), enthalpy (ΔH) and entropy (ΔS). The mean and SD of the parameters were calculated from 

three independent experiments” [P3]. 

“Proteins were dialyzed into 20 mM HEPES (pH 7.5), 100 mM NaCl, 5 mM MgCl2, 2 mM 

Tris(2-carboxyethyl)-phosphine, 5% glycerol. A3 dUTPase was used at 400 µM in the syringe 

while ΔNLS A3 dUTPase was used at 550 µM in the syringe, together with 40 and 55 µM 

importin-α in the cell, respectively. ABC and ΔNLS-ABC dUTPase were used at 250 µM in 

the syringe, together with 25 µM importin-α in the cell. The concentrations are given in 

monomers for the A3 dUTPase. Aliquots of 1.5 µl were used for at least 20 injection steps (the 

first step of 0.5 µl was not considered in the analysis). As a control, dUTPase constructs were 

also injected into the buffer to allow for consideration of mixing and dilution heat effects, and 

were withdrawn from the binding data (data not shown). Data analysis was performed using 

Origin 7.5 software (Northampton, MA, USA). The binding isotherms were fitted using the 

independent binding sites model ‘One Set of Sites’. The values extracted are shown” in Table 

5 [P4]. 

3.12 Circular dichroism spectrometry 

Heat denaturation measurements were performed in a JASCO 720 spectropolarimeter at 215 

nm as described before (cf. [40]). Briefly, protein samples were dialysed overnight at 0.3 mg/ml 

concentration in a buffer containing 100 mM Na3PO4 and 2 mM MgCl2 at pH 7.5 (CD-buffer), 

sterile-filtered through a 0.22 µm pore-sized membrane (Millex GP, Merck-Millipore). A 

thermostated 1 mm pathlength cuvette was heated from 20 to 75, 80 or 85 °C with 60°C/h rate. 

Ellipticity was recorded with every half degree temperature change, using 1 nm spectral width, 

100 mdeg sensitivity and 16 s response time. Temperature below 43.5 °C, 49 °C and 50 °C 

were not plotted for the D. virilis ABC, B*B* and B*
3 dUTPases, respectively, due to the high 

signal to noise ratio of their baselines [P1]. 
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3.13 Differential scanning fluorimetry (DSF) 

The D. virilis dUTPase and D. melanogaster dUTPase – protein Stl complex heat stability 

measurements were carried out using a Stratagene MxPro 3000 qPCR instrument (Agilent 

Technologies). Samples were heated from 20 to 80 °C, adding the dUTPase homologue in 0.8 

mg/ml concentration. This meant approximately 39 µM D. melanogaster dUTPase 

concentration and molar concentration of protein Stl was set to this value. Three parallels and 

25 µl final volumes were used for each experimental set-up. The buffer we used contained  

20 mM HEPES, 100 mM [P1] or 1 M [P2] NaCl, 5 mM MgCl2 and 10 mM 2-mercaptoethanol 

at pH 7.5.  

The E. coli dUTPase – Stl complex heat stability measurements were carried out in a BioRad 

CFX96 Touch instrument. Samples were heated from 25 to 85 °C using three parallels of each 

measurement in 25 µl volumes. EcDUT and protein Stl were used in 1:1 molar ratio in their 

mixture and single protein concentrations were set to 40 µM corresponding to monomeric 

protein subunits. Here the buffer contained 20 mM HEPES, 300 mM NaCl, 5 mM MgCl2 and 

10 mM 2-mercaptoethanol at pH 7.5 [P3]. 

Sypro Orange dye (ThermoFisher Scientific) was added to the samples in 1000-fold dilution to 

follow protein unfolding in all measurements. Melting points were determined as the extremum 

values corresponding to the first negative derivate of the melting curve [P1-P3]. 

 

3.14 Limited trypsinolysis 

For these measurements 2 µg/ml trypsin was added to 0.5 mg/ml protein solution, using CD-

buffer. Three protein constructs were digested parallelly at the same time. Samples of 10 µl 

were taken from the reaction mixtures immediately before addition of trypsin and 5, 10, 20, 30, 

60 minutes after the reaction initiation. Samples were mixed with sodium-dodecyl sulphate 

(SDS) loading dye (bromophenol blue, sodium dodecyl sulphate, dithiothreitol, glycerin) 

containing 1 mM phenylmethylsulfonyl fluoride and kept at 98 °C for 5 minutes to inactivate 

trypsin. The digestion samples were analyzed by 14% SDS-PAGE gels [P1]. 

3.15 Electrophoretic mobility shift assay (EMSA) 

EMSA experiments were carried out on 8% TRIS-borate-EDTA (TBE) gels using a double-

stranded 43-mer oligonucleotide (corresponding to the oligo termed “Inter-R” in [118], with 

http://www.bio-rad.com/en-us/product/cfx96-touch-real-time-pcr-detection-system
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the sequence 5’ tcctcgaacaaattatctcacatcgagatatttatttcaacat 3’ representing the Stl-specific 

DNA binding site. Samples were mixed in “EMSA buffer” (TBE pH = 7.5, 100 mM NaCl, 0.5 

mM EDTA). Before loading onto the gel samples were incubated for 15 min at 293 K. After  

1 hour pre-electrophoresis of the empty gel on 150 V, the samples were run using the same 

voltage for 45 minutes at room temperature. GelRed was used to stain DNA. DNA bands were 

visualized by UVI-Tec gel documentation system after 15 min [P2]. 

 

3.16 Native gel electrophoresis 

Native gel electrophoresis was set up in a two-phase polyacrylamide gel. Acrylamide 

concentration was 4% in the stacking gel (pH = 6.8) and 10% in the resolving gel (pH = 8.8). 

After 30 min. pre-electrophoresis without sample addition at constant 100 V on ice, the 

electrophoresis was performed for another 2.25 hours at 200 V in native „ELFO buffer” (30.3 

g/l TRIS base, 144 g/l glycine, pH = 8.7). During electrophoresis the whole apparatus was 

placed on ice. The gel was stained with Coomassie-Brilliant Blue G250 dye (Thermo Fisher 

Scientific) [P2]. 

3.17 Homology modelling 

The homology model of D. virilis dUTPase was created using the Swiss-Model server [119, 

120], with a human dUTPase crystal structure (PDB code: 3EHW) as a template. For the ABC 

enzyme manual target-template alignment was performed by the program Swiss PDB Viewer 

[121]. The model quality estimation was assessed by the Swiss-Model server. Figures were 

created by PyMOL (version 0.99rc6) [122]. Cation-π interactions were identified by the 

CaPTURE program [123][P1]. 

The D. melanogaster dUTPase structure was visualized as a homology model based on the 

same human dUTPase crystal structure (PDB code: 3EHW) as applied previously for the  

D. virilis dUTPase using the SWISS-MODEL server [120] [P2]. 

3.18 Multiple sequence alignment based mutational screen 

The dUTPase protein sequences were obtained from the Protein Data Bank and the UniProt 

database [124, 125]. Sequence alignments were carried out using the Clustal Omega server 

[112]. Conserved dUTPase sequence motifs were identified based on earlier studies on 
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dUTPases [2, 57]. Recent HDX-MS measurements on the interaction surface of human 

dUTPase and protein Stl were also taken into consideration in the sequence alignment [98] 

[P3]. 

3.19 Protein crystallization and structural refinement 

EcDUTQ93H was gel filtrated in 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, pH = 7.5 (gel 

filtration buffer) and then immediately concentrated to 43 mg/ml and mixed with 5 mM 

dUPNPP before crystallization. The enzyme – dUPNPP complex was incubated on ice for at 

least 30 minutes before being mixed with the reservoir solution (0.1 M TRIS, 18-33.75% 

polyethylene glycol 3350, 400 mM NaAc, pH = 7.5) in 2:1 or 1:1 protein-reservoir ratios. 

Crystals were grown with hanging drop vapour diffusion method at 295 K. Data were collected 

at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) at Beamline ID30A-

3. For data collection, a cryoprotectant containing 12% glycerol was used. For data processing 

and scaling the XDS program package was used [126] [P3]. 

The crystal structure was solved by molecular replacement using a wild-type E. coli dUTPase 

crystal structure in complex with dUPNPP (PDB-ID: 1RN8) as a template [57]. For structural 

refinement, the program packages PHENIX and CCP4 were used [127-130]. Data collection 

and refinement statistics are summarized in Table 2. Three monomers are present in the 

asymmetric unit. Coordinates and crystallographic data are deposited in Protein Data Bank 

with the identification code 6HDE. Figures were created using PyMOL [131] [P3]. 
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Data collection  

Space group  P 21 21 21 

Unit-cell parameters (Å)  a = 63.20, b = 66.50, c = 95.30 

Unit-cell parameters (angles) α = β = γ = 90° 

Resolution range (Å) 45.811-1.8 

Total No. of reflections  113402 

No. of unique reflections  36491 

Completeness (%)  99.2 

<I/σ(I)> 1.64 (at 1.82 Å) 

Rmeas 0.043 

Refinement  

No. of dUTPase subunits in asymmetric unit 3 

No. of protein atoms 3257 

No. of ligand atoms  84 

No. of waters  162 

No. of Mg2+ ions  3 

Rcryst/Rfree 0.1806/0.2209 

Average B factors (Å2) (all atoms) 33.0 

Wilson B factor (Å2) 27.4 

R.m.s. deviations from ideal values  

Bond lengths (Å)  0.007 

Bond angles (°) 1.01 

Ramachandan plot analysis, residues in 

(%)  

Favoured region  96.97 

Allowed region  3.03 

Disallowed region  0.00 

Table 3. Data collection and refinement statistics for the EcDUTQ93H structure  

(PDB-ID: 6HDE) [P3] 

 

3.20 Tryptophan fluorimetry 

Samples of 3 µM dUTPase in 20 mM HEPES, 300 mM NaCl, 5 mM MgCl2, pH = 7.5 were 

prepared. Protein Stl or dUPNPP were added in 4.5 µM or 100 µM final concentration, 

respectively. Tryptophan fluorescence spectra were recorded at 293 K on a Jobin Yvon Spex 

FluoroMax-3 spectrofluorometer between 300 and 400 nm, using 295 nm excitation 

wavelength. Excitation and emission slits were set to 1 and 5 nm, respectively. Fluorescence 

spectrum of the assay buffer was subtracted from all protein spectra to eliminate additional 

fluorescence or inner filter effects [P3]. 
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3.21 Acrylamide quenching and statistical analysis 

Acrylamide quenching was measured on a BioTek Synegry MX plate reader on 96-well plates 

in 25 µl final volumes using 4 µM dUTPase concentration. Both the EcDUTF145W and 

EcDUTQ93H,F145W enzymes were measured in order to compare their C-terminal arm 

movements. A titration of the enzyme, enzyme-dUPNPP, enzyme-Stl or N-acetyl-L-

tryptophanamide (NATA) solutions was carried out with high purity acrylamide (Sigma-

Aldrich, cat. no.: A9099) in 0 - 0.40 µM concentration range on three parallel plates ensuring 

three independent titration curves of the compared protein samples. Samples were excited at 

295 nm and their emission was measured at 338 nm. Protein Stl or dUPNPP was added to the 

respective samples in 6 µM or 1.5 mM final concentration. Fluorescence of the acrylamide 

solution itself was subtracted from all titration curves. A modified Stern-Volmer equation was 

fitted to the titration curves (Equation 3) [P3]. 

𝑭𝟎

𝑭
= 𝟏 +  𝑲𝑺𝑽 ∗ [𝑸] ∗ 𝒆𝑽[𝑸]     (Eq. 3) 

In the equation F0 is the unquenched and F is the quenched tryptophan fluorescence, Q is the 

quencher (acrylamide), Ksv is the dynamic (bimolecular) quenching constant and V is the static 

(sphere of action) component of quenching [132][56, 58] [P3]. 

Analysis of variance (ANOVA) was carried out on the obtained Ksv data by using Statistica 13 

software. ANOVA was followed by two planned comparisons (t tests) between the apo and 

dUPNPP-bound states of the EcDUTF145W and EcDUTQ93H,F145W enzymes. Significance level 

was set at 5% using two-sided p values [P3]. 
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4 Results and discussion 

 

4.1 Characterization of the covalent pseudo-heterotrimeric Drosophila virilis dUTPase 

 

4.1.1 The dUTPase of Drosophila virilis and the human pathogen Trichinella spiralis 

are encoded in the unusual tandemly triplicated form 

 

We wished to identify other tandemly triplicated dUTPase genes along with the already known 

case of the C. elegans dUTPase. Therefore we carried out a genome and domain database 

search for triplicated dut gene copies which are clear indications in a genome for the covalent 

pseudo-heterotrimeric dUTPase architecture [34, 133]. We have found that Drosophila virilis 

and another four Nematoda species the human pathogen T. spiralis encode tandemly triplicated 

copies of the dut gene, similarly to Caenorhabditis elegans, the first known example of dut 

gene triplication (cf. chapter 1.6) [72] [P1]. 

Nobody ever proved before on the protein level that the tandemly triplicated dut gene copies 

indeed fold as one separate polypeptide. Therefore we obtained tissue homogenates from  

D. virilis, C. elegans and T. spiralis and looked for their dUTPase protein content with Western 

blot analysis, using the D. melanogaster homotrimeric dUTPase as a control [51] (Fig. 17A). 

While the D. melanogaster dUTPase disassembled to form monomers as a result of sodium-

dodecyl sulfate mediated denaturation, protein bands of the dUTPases of D. virilis, C. elegans 

and T. spiralis appeared at positions corresponding to their trimeric molecular mass. With this 

experiment we became the first scientists who proved the covalent pseudo-heterotrimeric 

protein architecture of tandemly fused dut genes with three consecutive dut repeats [P1]. 

The fused trimeric dUTPases of Drosophilidae and Nematodes have probably emerged via 

independent evolutionary events, as this structure is missing from species with an annotated 

dut gene positioned between Nematoda and Drosophilidae on the evolutionary tree (Fig. 17B). 

We were searching for other representatives of the tandemly triplicated dut gene by blasting on 

the 12 fully sequenced Drosophila genomes [133], but we have found that subunit triplication 

appears only in the case of D. virilis dUTPase among this family (Fig. 17B). From this result 

we came to the conclusion that this structural solution was not present in the last common 

ancestor of the Drosophila species, which further argues for independent evolution of 

Drosophila and Nematoda dut gene triplication [P1].  
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Fig. 17. Emergence of covalent pseudo-heterotrimeric dUTPases. A) Western blot analysis of different 

Drosophila and Nematode samples performed by Dr. Angéla Békési and Dr. András Horváth (species 

with fused trimeric forms are in colour). Note that a single dominant band appears on every blot image 

indicating adequate specificity of the used antibody (originally developed against D. melanogaster 

dUTPase [17]. Numbers next to the gel images indicate molecular mass marker positions. B) Different 

organization of dut genes in various animal species. Species possessing a tandemly triplicated genomic 

assembly are highlighted with coloured background, other species possessing the more common dut 

gene encoding a single dUTPase subunit are shown without a background [P1]. 
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4.1.2 Reconstitution of the probable homotrimeric ancestor and covalent pseudo-

dimeric evolutionary intermediate of the D. virilis dUTPase 

 

We decided to characterize the covalent pseudo-heterotrimeric dUTPase architecture using the 

D. virilis encoded enzyme homologue as a model, as we already had in-depth information on 

the closely related D. melanogaster dUTPase architecture, which was easy to use as a reference. 

In order to decide which pseudo-subunit of the D. virilis dUTPase shares the closest sequence 

homology with the extant homotrimeric dUTPase homologues of closely related species, we 

have carried out a multiple sequence alignment based phylogenetic analysis of dUTPase 

homologues encoded by the 12 fully sequenced Drosophila species (Fig. 18) [P1]. 

 

Fig. 18. Evolutionary relationship between Drosophila dut gene copies assessed by multiple sequence 

alignment-based phylogenetic tree of dut genes from the 12 completely sequenced Drosophila species. 

Note that the three copies of the D. virilis dUTPase were analyzed as separate polypeptides. UniProt 

codes of the related enzymes are shown in brackets after the name of the species [P1]. 

 

The phylogenetic analysis, carried out by the ClustalOmega [112] and FASTML [113] servers, 

has indicated that subunit “B” (cf. Fig. 10 in chapter 1.5) shares the closest sequence homology 

with the other 11 fully-sequenced Drosophila dut genes being encoded as homotrimers. This 

relationship was also reflected when we compared only the three pseudo-subunits of D. virilis 

dUTPase by a multiple sequence alignment (Fig. 19). 18 amino acid positions are highlighted 

on the graph at which the pseudo-subunits encoded by the three dut gene copies are different 

from each other. Two residues are always the same and there is only one “outlier” in case of 
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40 43 

all respective positions, making predictable in almost all cases which residues are consensus 

and which is divergent from the putative ancestral homotrimeric D. virilis dut gene sequence 

at the respective position. (In case of position 128, however, valine corresponds to the ancient 

homotrimeric sequence, as all 11 homotrimeric dUTPases included in our phylogenetic 

analysis possess valine at this position.) It became evident from these findings that subunit “B” 

displays the closest homology to the putative ancestral sequence, which we therefore termed 

‘B*’ (see Fig. 19) [P1]. 

 

 

Fig. 19 Multiple sequence alignment between the three homologous subunits (termed A, B and C) as 

well as their assumed evolutionary ancestor (B*). The five conserved motifs characteristic for trimeric 

dUTPases are highlighted with bold black case and upper lines. Residue differences between 

homologous subunits are shown as red letters with bold case and gray background. Those residue 

positions which are different between the assumed B* homotrimeric ancestror and the B pseudo-subunit 

are labelled with black arrows and numbers [P1]. 

 

Comparing the sequence alignment of the three pseudo-subunits (Fig. 19) with the phylogenetic 

tree (Fig. 18) we concluded that the second and third repeats (termed D. virilis B and C, 

respectively) possess fewer residue alterations and display shorter evolutionary distance than 

the first subunit (D. virilis A). This suggests that the extant form (also termed as D. virilis ABC, 

cf. Fig. 10) of the fused three-repeat enzyme may have emerged as a result of two independent 

duplications and not as a result of a one-step triplication catalyzed by retrotransposons  

128 
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(cf. chapter 1.10). Consequently, emergence of a transiently existing fused dimeric dUTPase 

encoded by a duplicated dut gene was possible. This enzyme architecture may have replaced 

the ancient homotrimeric form of the enzyme before the second gene duplication event took 

place [P1]. 

We decided to reconstruct the ancient homotrimeric and the putative pseudo-heterodimeric 

intermediate architecture of the currently existing covalent pseudo-heterotrimeric D. virilis 

dUTPase to investigate their potential catalytic competence and structural stability [P1]. 

For reconstruction of the ancient homotrimeric form of the D. virilis dUTPase, we generated 

the gene of this ancestral protein form by performing a series of site-directed mutagenesis 

experiments (namely, the K40I, S43A and E128V mutations were subsequently introduced) on 

a truncated single dut gene copy of the D. virilis dUTPase encoding only pseudo-subunit B in 

the expression cassette. We expected that this single-repeat version will oligomerize into 

homotrimers, as this is universally observed for the all-beta pleated dUTPase enzyme family. 

This arrangement is denoted by the B*
3 symbol later in the text [P1]. 

In order to reconstruct the putative pseudo-heterodimeric evolutionary intermediate (termed 

B*B* in Fig. 20), we obtained its gene by gene synthesis and cloned it into the same Escherichia 

coli expression vector in which the full-length “ABC” D. virilis dUTPae and the B*
3 ancient 

homotrimeric form were expressed. Both the single repeat B* and the fused dimeric B*B* 

constructs were successfully expressed in E. coli BL21 Rosetta cells as soluble proteins [P1]. 
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Fig. 20. Assumed evolutionary trajectory of D. virilis dUTPase. We propose that a homotrimer ancestor 

enzyme (B*3, depicted as green triangles) was subjected to a gene duplication and fusion event leading 

to a fused dimer evolutionary intermediate (B*B*, shown as blue triangles), which could possibly have 

retained its potential for oligomer formation. A second gene duplication and fusion event then restored 

the original three-fold symmetry with the emergence of the extant fused trimeric form of D. virilis 

dUTPase (ABC, depicted as light pink, purple and orange triangles). The emergent peptide bonds 

connecting subunits in the fused dimeric intermediate and in the extant fused trimer are represented by 

line tracing [P1]. 

 

4.1.3 Experimental characterization of the reconstituted ancestor and the proposed 

evolutionary intermediate of D. virilis dUTPase 

 

We were intended to confirm validity of the evolutionary pathway suggested in Fig. 20 

throughout a detailed experimental investigation of the assumed protein forms. Towards this 

end we used several independent approaches assessing enzyme kinetics, thermal stability and 

oligomerization properties of these dUTPase constructs. First we determined their enzymatic 

kinetic parameters kcat and KM at ambient temperature (20 °C). As shown in Fig. 21A, the single 

repeat ancestor B*
3, expected to form the usual noncovalent homotrimeric assembly, has a very 

similar kcat value to the extant ABC species, although its KM is somewhat higher than that of 

the ABC enzyme (Fig. 21 A, B) [P1]. 
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Fig. 21. Biochemical characterization of the different evolutionarily related forms of D. virilis dUTPase. 

(A, B) Steady-state kinetic analysis of the enzyme forms. Means and SE of triplicate measurements are 

shown. Data are fitted with the Michaelis–Menten kinetic model. (C) Thermal denaturation of ABC, 

B*3 and B*B* followed by far UV CD signal change at 225 nm. (D) Thermal inactivation curves of 

ABC, B*3 and B*B* forms of D. virilis dUTPase. The plot displays the fraction of remaining dUTPase 

activity of the enzymes at different thermostating temperatures. The enzyme samples were incubated 

for 15 min at different temperatures prior to the activity measurement performed at 20 °C. Means and 

SE of triplicate measurements are shown [P1]. 
 

 

This competent enzymatic behaviour also argues for the oligomerization of the B* construct to 

form homotrimers in solution, since in this family of dUTPases, formation of the conserved 

active site architecture necessarily requires that the single repeat subunits form an oligomeric 

assembly [2, 43] [P1].  

The proposed pseudo-dimeric evolutionary intermediate B*B* dUTPase was found to be 

catalytically active, as well, although its maximal activity per repeat was somewhat lower than 

that of the ancient and the extant forms (Fig. 21 A, B). This dUTPase construct showed an 

approximately fivefold higher KM than that observed for the extant fused trimeric (ABC) 
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dUTPase form. The catalytic competence of the two-repeat B*B* species also suggested 

potential assembly of non-covalent oligomers to restore the usual active site architecture in this 

dUTPase family (see the suggested formation of functional oligomers in Fig. 20). This potential 

was studied further by gel filtration and mass spectrometry (see below) [P1]. 

In addition to enzyme kinetics, thermal stability of the different dUTPase species was also 

investigated by following enzymatic activity after incubation at different temperatures (‘heat 

inactivation’) and by unfolding followed using circular dichroism (CD) spectroscopy (Fig. 21 

C, D and Table 4). Enzyme activity of the ancient B*
3 and the evolutionary intermediate B*B* 

fused dimer dUTPases showed significantly larger thermal tolerance as compared to the extant 

ABC form. Apparent melting point of heat inactivation was around 35 °C for the ABC enzyme 

while this was around 50 °C for both the B*3 and the B*B* dUTPase species (Fig. 21D) [P1]. 

Thermal denaturation of the B*
3, the B*B* and the extant ABC enzymes was deduced from 

secondary structural changes followed by far UV CD spectroscopy. Melting temperatures (Tm 

values) of the B*
3 and the B*B* dUTPases were resembling that of the ABC dUTPase, albeit 

with a steeper transition of the curve (Fig. 21C). The steepness of the unfolding transition 

argues for a strong cooperativity of the protein fold. All these data strongly underline that the 

ancestor single repeat B* gene encoded an adequately functional dUTPase enzyme, with equal 

or even higher thermal stability than its extant counterpart, the ABC dUTPase [P1]. 

We have also shown that the strong discrimination against dTTP as a substrate that is observed 

for the trimeric dUTPases (cf. [51]) is also characteristic for the ancient B*3 (Fig. 22) and for 

the extant ABC dUTPase form (data not shown) [P1]. 

 

Fig. 22. Substrate preference of B*3 D. virilis dUTPase. Lack of the gradually decreasing absorbance 

signal upon dTTP addition, but not in the case of dUTP addition, indicates that the ancient B*3 enzyme 

form possesses high dUTP/dTTP specificity [P1]. 
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Based on its catalytic competence and thermal stability, the presumed B*B* enzyme could 

have been present as a functional dUTPase evolutionary intermediate. We suggest that the 

ability of the fused dimer B*B* to form oligomers (which thus contain altogether four repeats 

of the dUTPase subunits) may contribute to its functionality. In fact, this suggestion is well 

supported by native electrospray mass spectrometry experiments, as well as gel filtration  

(Fig. 23) [P1]. 

 

Fig. 23. Oligomerization of the different evolutionarily related forms of D. virilis dUTPase. (A–C) Mass 

spectra of ABC, B*3 and B*B* protein forms under native electrospray ionization conditions. Signals 

from higher m/z ranges are enlarged in the insets. Signals for monomeric (M) and dimeric (D) 

oligomeric states of the respective protein forms are depicted with letters with numbers indicating 

charged states. The respective monomer and dimer oligomeric forms are also depicted with the triangle 

scheme introduced in Fig. 3. (D) Size exclusion chromatography and SDS/PAGE analysis of B*B* and 

B*3 samples [P1]. 
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dUTPase 

Specific 

activity 

(kcat) 

Tm by 

thermal 

denaturation 

Unfolding 

steepness 

Apparent 

Tm of heat 

inactivation 

Molecular 

mass by 

ESI-MS  

Calculated 

molecular 

mass 

  (s-1) (°C) (Δθ*min-1) (°C) (kDa) (kDa) 

ABC 4.7 ± 0.1 65.0 ± 0.5 0.11 34.7 ± 0.9 57.9 57.9 

(B*)3 4.6 ± 0.3 65.9 ± 0.3 0.09 55.4 ± 5.5 19.8 19.8 

B*B* 3.4 ± 0.3 66.2 ± 0.4 0.12 51.3 ± 0.9 37.9 38.0 

(A)3 0.54 ± 0.09 46.5 ± 1.0 0.08 19.3 ± 1.0 62.8 21.0 

(AS139A)3 0.18 ± 0.02  n.d. n.d.  18.8 ± 3.0  n.d. 21.0 

(B)3 0.15 ± 0.04 45.0 ± 0.5 0.09 29.9 ± 0.5 59.6 19.9 

(C)3 0.25 ± 0.03 52.4 ± 0.5 0.16 n.d. 64.7 21.6 

AC 0.42 ± 0.12 59.0 ± 0.2 0.23 22.4 ± 1.3 40.3 40.3 

BC 0.37 ± 0.22 61.4 ± 0.7 0.11 38.6 ± 0.6 39.0 39.2 

 

Table 4. Characterization of evolutionarily relevant and artificial D. virilis protein constructs. For the 

kcat and heat inactivation measurements, parallel measurements ± SD values are presented. In case of 

thermal denaturation only one dataset was measured and standard error of curve fitting is shown. n.d.: 

not determined. θ: molar ellipticity. [θ] = deg*cm2*dmol–1 [P1]. 

 

Native mass spectrometry (MS) is a highly useful and reliable technique that provides 

information about potential non-covalent oligomerization of protein complexes [134-136]. 

Previously we have shown that MS analysis can correctly reflect non-covalent homotrimeric 

interactions for the homotrimeric S. aureus ɸ11 phage dUTPase [97]. We have therefore 

employed this technique and found that the ABC extant species shows one single form that 

clearly corresponds to the fused trimeric state, whereas in the sample of the B*B* fused two-

repeat species, some non-covalent oligomers are also present (Fig. 23 A-C). Size-exclusion 

chromatography data (Fig. 23 D) also show that while the B*
3 ancient species elute as a 

symmetric peak (corresponding to a trimeric assembly) (blue chromatogram in Fig. 23 D), the 

chromatogram of the B*B* fused protein (in green color) shows a marked shoulder at an earlier 

elution position associated with higher molecular mass, probably indicating non-covalent 

oligomerization (dimers or even higher order oligomers of the two-repeat fused protein) [P1]. 

In summary, data clearly argue that both the ancient form (B*) and the proposed evolutionary 

intermediate species (B*B*) are functional enzymes, with well folded structures. The proposed 

evolutionary pathway for D. virilis dUTPase involving the transient two-repeat fused 

intermediate presented in Fig. 20 is therefore validated. The second gene duplication led to the 
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emergence of the three-repeat protein. Note here that no substantial increase in the efficiency 

of folding could have been observed throughout the evolutionary trajectory, in contrast to 

examples reported for beta-propeller lectins [137, 138] [P1].  

There were also some later mutation events leading to the sequence alterations within the extant 

ABC molecule and we therefore wished to characterize these evolutionary changes, as well 

[P1]. 

4.1.4 Structural consequences of amino acid sequence divergence among the repeat 

copies of the D. virilis pseudo-heterotrimeric dUTPase 

To analyze the effect of sequence divergence that followed the gene duplication events, we 

have cloned and expressed separate polypeptides from the extant repeat segments of D. virilis 

dUTPase, and labelled these with three-letter codes (A3, B3, C3) (Fig. 24), expecting to see a 

homotrimeric organization [P1]. We proved this assumption for the A3 dUTPase construct via 

investigation of its importin-α protein binding ability compared to the wild-type (ABC)  

D. virilis dUTPase. Importin-α is an adaptor protein being responsible for recognition of 

nuclear localization signals and binding of nucleus targeted proteins [P4]. 

The ABC dUTPase possesses a nuclear localization signal at the N-terminus of the A pseudo-

subunit. Consequently, the A3 dUTPase should bind three importin-α molecules if a 

homotrimer is formed, contrary to the ABC dUTPase which is only able to bind one molecule 

of importin-α. Our isothermal titration calorimetry measurements showed unequivocally that 

the change in entropy upon importin-α binding (ΔS) is approximately three times greater for 

the A3 dUTPase than in case of the ABC dUTPase (Table 5) [P4] 

The more effective importin-α binding capability of the A3 dUTPase compared to the wild-

type D. virilis dUTPase was also proven by in vivo cellular localization studies of my colleague, 

Dr. Gergely Róna. He found that the ABC wild-type D. virilis dUTPase having only one 

nuclear localization signal has a diffuse nuclear and cytoplasmic localization pattern, while the 

A3 dUTPase localizes strictly in the nucleus with its three nuclear localization signals [P4]. 

 

Table 5. Thermodynamic parameters of importin-α binding by the A3 (AAA) and ABC D. virilis 

dUTPases [P4]. 
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Besides the artificial D. virilis dUTPase homotrimers we also designed fused dimeric 

constructs, containing two linked repeats of the dut gene (AC and BC dUTPase in Fig. 24), 

potentially referring to the evolutionary intermediate state (cf. Fig 20). Note that in contrast to 

the proposed ancient B*3 and evolutionary intermediate B*B* enzyme forms, these protein 

species never existed [P1]. 

 

 

Fig. 24. Constructs engineered from the extant form of D. virilis dUTPase. Bar diagram and triangle 

schematic representation of the engineered constructs encompassing single repeats or fused repeat 

dimers from the extant D. virilis dUTPase. Note the line tracing representation of peptide linkers 

connecting repeat segments [P1]. 
 

The oligomeric state of the different constructs was further assessed by protein mass 

spectrometry. In the MS spectra of the single repeat artificially engineered D. virilis dUTPase 

constructs the presence of monomers as well as dimeric and trimeric oligomers was clearly 

observable (Fig. 25). These results demonstrate diminished intersubunit interactions of these 

constructs as compared to the reference homotrimeric dUTPase structure [97]. We suppose 

existence of a dynamic equilibrium between different oligomeric states of these constructs [P1]. 

Mass spectrometry measurements of the artificial fused two-repeat AC and BC dUTPases were 

also carried out in order to exclude possibility of a partial proteolytic degradation at the linker 

sequence region. Both AC and BC enzymes mainly contained separate covalent pseudo-

heterodimeric molecules, with a minority of molecules identified as dimers of the pseudo-

dimers (Fig 25). Peaks corresponding to the molecular mass of monomeric dUTPase subunits 

could not be identified, excluding the possibility that catalytic activity measured for the AC 

and BC dUTPases arises due to intersubunit proteolytic cleavage [P1]. 
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Fig. 25. Mass spectra of single repeat and tandem repeat constructs engineered from the extant D. virilis 

dUTPase as well as of D. melanogaster homotrimer dUTPase. Signals for monomeric (M), dimeric (D) 

and trimeric (T) oligomeric states of the respective protein forms are depicted with letters with numbers 

indicating charged states. The respective monomer and trimer (if applicable) oligomeric forms are also 

depicted with the triangle scheme introduced in Fig. 3. (A–C) ESI-MS spectra of engineered single 

repeat D. virilis dUTPase constructs A3, B3 and C3, respectively. Mass spectra of these constructs show 

a distribution between monomeric (M), dimeric (D) and trimeric (T) oligomeric states, with numbers 

denoting the charged state of molecules. (D, E) ESI-MS spectra of AC (D) and BC (E) engineered fused 

dimer dUTPase constructs. Mass spectra of these constructs shows a distribution between monomeric 

(M) and dimeric (D) oligomeric states. (F) ESI-MS spectrum of D. melanogaster dUTPase [P1]. 

 

Dynamic light scattering measurement was also used to compare apparent molecular mass and 

hydrodynamic radius of the AC and BC constructs with the wild-type ABC dUTPase. The 

covalent pseudo-heterodimers had obviously lower hydrodynamic radii compared to that of the 

wild-type enzyme, suggesting that they do not form stable higher association complexes  

(Fig. 26) [P1]. 
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Fig. 26. Dynamic light scattering (DLS) spectra of the engineered tandem constructs (AC and BC 

dUTPases) compared to the wild-type ABC dUTPase. N (r) is the number of particles possessing a 

given hydrodynamic radius (r), presented in percentage of the total number of particles. These spectra 

indicate higher average molecular radius and molecular mass for the wild-type form than the engineered 

tandem repeat forms. The catalytic competence of these artificial constructs were tested in enzyme 

activity assays [P1]. 

 

As reported in Table 4 and in Figs 27 and 28, all of these species showed enzymatic activity to 

some extent; however, these were approximately one order of magnitude lower than in the 

ABC extant enzyme, suggesting coevolution of the fused dUTPase subunits. Among the 

artificial single repeat constructs, A3 possesses the highest enzymatic activity. In order to 

account for this, we have investigated if there is any difference in the active site residues (within 

the five dUTPase conserved motifs indicated in Fig. 19) that are present in the A repeat copy. 

Solely a single non-conservative replacement was found that caused the emergence of a serine 

(Ser139) adjacent to Motif 5 in repeat A, which has replaced the usually occurring alanine that 

is present in both the B and C repeats. We therefore designed a point mutation in the A repeat 

sequence (S139A) and as shown in Table 4 and Fig. 27, this point mutation indeed had a 

negative effect on enzyme activity of the respective A3S139A protein construct. These data 

suggest that the Ser139 residue may be responsible for the higher enzymatic activity of the 

artificial A repeat construct (see also Fig. 31) [P1]. 
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Fig. 27. Thermal inactivation of the A3 S139A and the A3 dUTPase, plotted on the same graph. I have 

plotted the absolute reaction rates in order to make the remarkable difference in the two enzyme’s 

catalytic competence comparable. Means and SE of triplicate measurements are shown [P1]. 
 

Table 4 and Fig. 28 also indicate that the artificial single repeat constructs are considerably less 

stable against thermal denaturation than the extant ABC enzyme or the ancient single repeat 

B*3 dUTPase. The enzymatic activity loss upon heating shows extraordinarily high sensitivity 

for these artificial single repeat constructs. This result indicates that the mutations which 

occurred during evolution in the different repeat copies do not result in a positive effect in the 

context of the artificial single repeat constructs. Within the ABC fused trimer, however, the 

enzymatic activity is much higher, arguing for the possibility that the mutations in the different 

repeats somehow complement each other in the extant dUTPase/extant enzyme form [P1]. 

    

    
Fig. 28. Thermal denaturation and thermal inactivation of the engineered constructs encompassing 

single repeats from the extant D. virilis dUTPase. (A) Thermal denaturation data followed by far UV 

CD signal change at 215 nm. (B) Thermal inactivation curves display the fraction of remaining dUTPase 

activity of constructs at different thermostating temperatures. Means and SE of triplicate measurements 

are shown [P1]. 
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The artificial AC and BC constructs show very similar thermal stability as compared to the 

ABC enzyme (Fig. 29). Intriguingly, the BC form was characterized with even higher apparent 

melting point of heat inactivation than that of the extant ABC dUTPase. These dimer repeat 

proteins were found to be significantly more stable as compared to the artificial single repeat 

constructs (Table 4; also compare Figs 28 and 29). As a possible explanation for this 

phenomenon, it may be suggested that for the artificial single repeat constructs, formation of 

the catalytically competent oligomer enforces adverse contacts at the subunit interfaces. In the 

fused dimeric AC and BC constructs, at least some of the contacts between the folded repeats 

may reflect the putative coevolved character of the ABC species [P1]. 

 

 

Fig. 29. Thermal denaturation and thermal inactivation of the engineered fused dimer constructs 

encompassing repeats from the extant D. virilis dUTPase. (A) Thermal denaturation followed by far 

UV CD signal change at 215 nm. (B) Thermal inactivation curves display the fraction of remaining 

dUTPase activity of constructs at different thermostating temperatures. Protein samples were incubated 

for 15 min at different temperatures prior to the measurement performed at 20 °C. Means and SE of 

triplicate measurements are shown [P1]. 

Stability of the artificial constructs was also tested by limited trypsinolysis. Although this 

technique is admittedly indirect, it may still provide additional insights. Higher protease 

resistance reflects a more compact, better folded protein structure that possesses a relatively 

stable core region. Our data (Fig. 30) demonstrated that while the extant ABC as well as most 

of the artificial constructs are relatively stable against tryptic digestion, the single repeat A 

construct showed very fast degradation upon trypsinolysis [P1]. 
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Fig. 30. Protease resistance of the single repeat and tandem repeat constructs engineered from the extant 

D. virilis dUTPase. (A–F) Limited trysinolysis results of the extant D. virilis dUTPase (A), its 

engineered constructs encompassing its tandem fused repeats (B, C) as well as single repeats (D–F) or 

fused dimer repeats. Top labels denote sampling time points in minutes; labels at the left indicate 

molecular mass marker positions. Note that the A3 and B3 homotrimeric enzyme constructs display 

markedly less tryptic stability than the extant D. virilis dUTPase (ABC). However, the covalent 

pseudoheterodimeric BC dUTPase is significantly more stable compared to the ABC dUTPase [P1]. 
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4.1.5 3D structural homology model reveals potential interactions between the 

mutations of the different copies in the extant D. virilis dUTPase 

 

Multiple sequence alignment focusing on differences between the three homologous subunits 

of D. virilis dUTPase revealed 18 amino acid alterations which emerged as a result of point 

mutations (Fig. 19). To investigate which point mutations may have influenced each other or 

possess a marked effect on overall stability and activity of the enzyme, we opted for the 

visualization of enzyme architecture. Considerable sequence similarity (69%) enabled the 

creation of a D. virilis dUTPase homology model using the human dUTPase structure (PDB 

code: 3EHW) as a template [55, 139]. While it would have been straightforward to employ the 

homotrimeric D. melanogaster dUTPase structure ([47], PDB code: 3ECY) displaying even 

higher sequence homology (87%) as a template, this structure shows a dimer assembly 

preserving only the C-terminal arm crossing from the three basic intersubunit interactions. The 

dimeric oligomer arrangement within this structure is clearly a crystallization artefact, since 

solution studies unanimously show that the native D. melanogaster dUTPase protein is a trimer 

[51] [P1]. 

The homology model of the covalent pseudo-heterotrimeric D. virilis dUTPase revealed some 

potentially concerted mutations between neighboring subunits, which are situated in close 

proximity to each other at intersubunit interfaces and may confer a positive effect on the 

organization of the pseudo-heterotrimeric structure (Figs 19 and 31A). To estimate which 

subunit carries the most frequent residue at a given sequence position, residues at all 18 altering 

positions were compared to their counterparts in the 11 other dUTPases from the fully 

sequenced Drosophila species (Fig. 19, Table 6). In all residue positions the predominant 

sidechain character defined by the set of other Drosophila dUTPases appeared in at least one 

repeat copy out of the three fused subunits. Most of the residue differences appeared in repeat 

copy A, while repeat copy B displayed the highest similarity to the other Drosophila dUTPases. 

Mutations that may affect inter- and intrasubunit stability, i.e. change sidechain polarity or 

aromaticity, fall into three groups based on their respective localization (Fig. 31A) [P1]. 

Firstly, alterations occur at the trimeric interface, at both top and bottom entrances of the central 

channel. At the top entrance, the model suggests cation-π interactions between A–B and B–C 

but not between A–C neighboring subunit pairs, which implies that subunit B may play a 

central role in maintaining local intersubunit interactions (Fig. 31). At the bottom entrance of 

the central channel, a His residue is present in subunit C which may be able to interact with the 
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arginine side-chain of subunit B (Fig. 31C). Secondly, three mutations appear at the dimeric 

interface. Val128, present in subunit A as well as in other dUTPases at the respective position, 

is replaced by a Glu in subunits B and C. This alteration may allow subunit B and C to establish 

polar intersubunit interactions with subunit A and B, respectively (Fig. 31D). Finally, a peculiar 

mutational site directly adjacent to the fifth conserved motif of the enzyme is located in 

proximity to the substrate analog 2’-deoxyuridine 5’-(α,β-imido)triphosphate (dUPNPP)  

(Fig. 31E). This Ala139Ser exchange occurred only in subunit A, while the other two subunits 

retained Ala, present in the majority of the investigated other Drosophila dUTPases (see Fig. 

19). As shown in Table 4, the mutation of serine to alanine within the A single repeat construct 

had a significant adverse effect on enzymatic activity, underlining the potential importance of 

this residue in enzyme function [P1]. 

Subunit 

Number 

of 

changes 

Polarity Aromaticity No change in 

polarity or 

aromaticity 

↑ ↓ ↔ ↑ ↓ 

A 10 3 3 0 1 1 1 

B 3 3 0 0 0 0 0 

C 6 1 1 1 1 0 2 

Table 6. Altered residue characters in D. virilis dUTPase subunits as compared to the most frequent 

residues in homotrimeric Drosophila dUTPases at the corresponding positions.  

Arrows indicate direction of changes. ↑: increase, ↓: decrease, ↔: change [P1]. 
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Fig. 31. Residue alterations located at subunit interfaces of the extant D. virilis dUTPase. (A) In silico 

homology model of D. virilis dUTPase. Close-up regions focusing on selected residue alterations are 

marked by colored rectangles and shown enlarged in the other panels. (B, C) Mutations at the trimeric 

interface from different orientations. (D) Close-up of residue alterations at respective positions of the 

dimeric interfaces. At position 128, B and C repeat segments contain a Glu whereas A contains a Val 

residue. Dashed lines indicate polar contacts with < 3.5 Å distance in the homology model. Residues 

not forming polar contacts are represented by thinner stick radii. (E) Residue alteration in subunit A at 

the proximity of the active site, indicated by the position of the substrate analog α,β-imido dUTP 

(dUPNPP), shown as sticks with atomic color code. Position of the substrate analog is inferred by 

structural overlay with the template human dUTPase structure (PDB: 3EHW) [P1]. 
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4.2 Species-specific differences in inhibition efficiency of protein Stl on trimeric 

dUTPase homologues 

4.2.1 Protein Stl forms complex with both the D. melanogaster and the E. coli dUTPase 

After answering both of our scientific questions related to the covalent pseudo-heterotrimeric 

dUTPase architecture, I turned all my attention towards examination of dUTPase – Stl complex 

formation. As of the year of 2016 we were only aware of the existence of Φ11 phage  

dUTPase - Stl, 80α phage dUTPase – Stl and M. tuberculosis dUTPase – Stl complex formation 

and strong consequent inhibition of these enzymes as a result of complex formation  

(cf. Table 1). It seemed likely that protein Stl may be a universal inhibitor of dUTPases, but 

only three dUTPases were tested by that time. Our aim was to examine if protein Stl is also 

able to bind and inhibit the dUTPase of two well-known and evolutionary distant laboratory 

organisms, the eukaryotic Drosophila melanogaster and the prokaryotic Escherichia coli. 

To study the potential binding of these two dUTPase homologues to Stl, first I applied size 

exclusion chromatography as a widely used straightforward technique to investigate protein –

protein interactions. The chromatograms shown in Fig. 32 clearly indicated that a complex is 

formed in the mixture of the two protein components in both cases, and this complex elutes at 

a position associated with higher molecular mass as compared to either of the other two 

components. This experiment also allowed me to conclude that the complex of the two proteins 

is stable enough in both cases to be withheld in the complex state upon a cetain degree of 

dilution that necessarily occurs during the gel filtration process [P2-P3].  

Fig. 32. Protein Stl forms complex with both the D. melanogaster dUTPase (A) and the E. coli dUTPase 

(B). Color code: Blue stands for D. melanogaster dUTPase, grey for protein Stl and green for E. coli 

dUTPase. Complex chromatograms are red and yellow for the respective complexes [P2-P3].  
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Wishing to prove complex formation between the two dUTPase homologues and protein Stl 

with other independent measurement methods, we performed native gel electrophoresis on both 

the D. melanogaster dUTPase – Stl [P2] and the E. coli dUTPase – Stl mixtures. 

A complex formed between protein Stl and D. melanogaster dUTPase is clearly visible as a 

dictinct band on the native gel. I have used more than one component ratios corresponding to 

different potential stoichiometries. Bands corresponding to the separate components almost 

completely disappear at one exact molar ratio being close to 3:2 dUTPase - Stl monomer 

assembly. The 3:2 stoichiometry was also suggested for the complex of the staphylococcal Φ11 

phage dUTPase and Stl [97] [P2]. 

 

Fig. 33 Native polyacrylamide gel electrophoresis. Names with black arrows on the left of the gel 

identify the different protein bands. The table on the top shows the molar amounts of proteins. Two 

separately drawn pictograms stand for two distinct protein species – a complex and excess Stl molecules 

- within one lane [P2]. 

The existing interaction between the E. coli dUTPase and protein Stl was demonstrated with a 

native gel electrophoresis experiment, as well (Fig. 34). Here a positive control was used, as 

well, the Ф11 bacteriophage dUTPase. While in case of the Ф11 dUTPase – Stl interaction the 

complex gives a distinct band which is clearly separate from the bands corresponding to the 

separate protein interaction partners, similarly to the above discussed D. melanogaster 

dUTPase-Stl interaction, the E. coli dUTPase – Stl protein complex does not give a separate 

band. Here, widening of the protein band corresponding to protein Stl is visible, and at the same 

time the band corresponding to the separate E. coli dUTPase (visible at bottom of the gel) 

almost entirely disappears from the lanes into which a mixture of the two proteins was placed. 
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Fig. 34 Native polyacrylamide gel electrophoresis underlines E. coli dUTPase-Stl complex formation. 

Grey triangles denote for protein Stl, green circles for E. coli dUTPase and yellow circles for Ф11 phage 

dUTPase, respectively. 

Finally, we verified complex formation with a third independednt method, differential scanning 

fluorimetry (DSF, thermofluorimetric assay). This measurement shows us if complex 

formation has any effect on protein heat stability. Consistently to the other two methods, 

complex formation with protein Stl is detectable both for the D. melanogaster and the  

E. coli dUTPases (Fig. 35) [P2-P3]. 

 

Fig. 35. Complex formation followed by differential scanning fluorimetry.  

Dmel DUT – D. melanogaster dUTPase, EcDUT – E. coli dUTPase [P2-P3].  

While in case of the D. melanogaster dUTPase – Stl interaction the complexation induced a 

higher thermal stability compared to the separate proteins (left), complex formation between 

E. coli dUTPase and Stl only has a stabilizing effect for protein Stl, but not for the E. coli 

dUTPase itself (right). It is also of high contrast that melting of protein Stl is different in the 

D. melanogaster dUTPase - Stl E. coli dUTPase - Stl 

A B 
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two measurement arrangements. The most straightforward explanation for this is the high 

dependence of protein Stl’s solubility on the ionic strength of the applied buffer. Namely, as 

indicated in “materials and methods”, NaCl concentration of the buffer was different in the two 

cases. The buffer contained 1 M NaCl in the case of the D. melanogaster dUTPase – Stl 

complex experiment, but only 300 mM NaCl was added to the buffer used in the E. coli 

dUTPase – Stl measurement. 

While all these independent experiments provided unequivocal evidence for the physical 

contact between the two dUTPase homologues and protein Stl, only the native gel 

electrophoresis of D. melanogaster dUTPase and protein Stl allowed some estimation on the 

stoichiometry of the complex. Therefore, we decided to analyze the gel filtrated complex of  

D. melanogaster dUTPase and protein Stl by mass spectrometry. Our aim was to compare the 

molecular ionic species present in the mixture of the two proteins to those molecular ions that 

are present in the separate solutions of the two proteins. Fig. 36A (the upper panel) shows the 

mass spectrum of the fruitfly dUTPase on its own. Mass data indicate that the trimeric fruitfly 

dUTPase can dissociate into monomers under the mass spectrometric conditions. This 

phenomenon was also observed in the case of the D. virilis dUTPase artificial homotrimers. 

Mass spectra for the Stl protein on its own were already published [97] and showed presence 

of both monomeric and dimeric Stl species under the experimental condition of native mass 

spectrometry [P2]. 

Mass spectra of the gel-filtrated complex of Stl and the D. melanogaster dUTPase (Fig. 36B) 

once more presents an evidence for complexation of these two proteins. Namely, a species with 

a molecular mass corresponding to the complex formed between one dUTPase trimer and one 

Stl dimer or two Stl monomers is observed. (Please note that according to later published results 

protein Stl binds in its monomeric form to the human dUTPase [98].) This stoichiometry is 

also in agreement with the data of the native gel experiment [P2]. 
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Fig. 36 Estimation for the D. melanogaster dUTPase – Stl complex stoichiometry by mass 

spectrometry. (A) Gel filtrated D. melanogaster dUTPase. (B) Gel filtrated D. melanogaster dUTPase 

– Stl mixture. Blue circles symbolize D. melanogaster dUTPase monomers; gray triangles denote Stl 

monomers. Letters M, D, T, and DT denote monomeric, dimeric, trimeric, and complex molecular ion 

peaks, respectively, while numbers denote the charge states [P2]. 

 

4.2.2 The D. melanogaster dUTPase is only partially inhibited by protein Stl and the  

E. coli dUTPase is not inhibited at all 

Having found that protein Stl is able to form complex with both the eukaryotic D. melanogaster 

and the prokaryotic E. coli dUTPase, we wished to determine the putative functional effects of 

this complexation. First we tested if Stl may inhibit the enzymatic activity of our two model 

dUTPases, in a similar way as seen previously for phage and mycobacterial dUTPases. We 

pre-incubated the two proteins before addition of the dUTP substrate to start the enzymatic 

reaction, as it was done previously by my colleagues in the case of phage and mycobacterial 

dUTPases [97, 99]. 

The D. melanogaster dUTPase can be inhibited by protein Stl, but only up to 40% decrease in 

its reaction rate [P2]. Strikingly, the E. coli dUTPase is not inhibited by protein Stl under the 

used reaction conditions (Fig. 37) [P3]. 

 

A 

B 



78 
 

0 100 200 300 400

0.6

0.7

0.8

0.9

1.0

1.1

 E. coli dUTPase

 D. mel. dUTPase

R
e
la

ti
v
e

 r
e
a

c
ti

o
n

 r
a
te

Stl (nM)
 

Fig. 37 Functional effects of complex formation. Protein Stl inhibits the D. melanogaster dUTPase (red 

measurement points), but does not inhibit the E. coli dUTPase (black measurement points). Panel shows 

average and standard deviation of three parallel measurements. Red curve shows a quadratic binding 

equation fitted to the D. melanogaster dUTPase – Stl measurement data, from which  

IC50 = 30 ± 5 nM was calculated [P2-P3]. 

 

In case of the partially inhibited D. melanogaster dUTPase I was able to fit a quadratic binding 

equation (cf. materials and methods) to the data points, from which an apparent IC50 value of 

Stl binding was calculated. This value, 30 ± 5 nM is one order of magnitude higher than the 

IC50 of Stl determined for the Ф11 phage (1.2 nM) and for the mycobacterial (5.5 nM) 

dUTPase. The total inhibition of 40% which I observed at saturating Stl concentrations was 

much below the 100% inhibition of the Φ11 phage dUTPase and the 80% inhibition of the 

mycobacterial dUTPase reaction rate [97, 99]. These characteristics indicate that although the 

complexation proceeds similarly for the D. melanogaster dUTPase, the changing actual 

inhibitory capacity of Stl within the different complexes may reflect species-specific alterations 

[P2]. 

The in vivo functional consequence of Φ11 bacteriophage - Stl interaction for protein Stl itself 

in S. aureus cells is that it is not able to bind to its specific DNA sequence and the pathogenicity 

islands are no longer repressed [90]. This was verified in vitro by my colleagues in 

electrophoretic mobility shift assay (EMSA) experiments [97], and it was shown the  

M. tuberculosis dUTPase is also able to disrupt the specific DNA-Stl complex [99]. In order to 

see how complex formation with the D. melanogaster dUTPase affects DNA binding ability 

of protein Stl, we also performed an EMSA experiment. Our results indicate that the  
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D. melanogaster dUTPase is not able to disrupt Stl-DNA complexation, but most probably a 

ternary complex is formed between DNA, Stl and the D. melanogaster dUTPase (Fig. 38) [P2]. 

 

Fig. 38 EMSA experiment shows that the D. melanogaster dUTPase–Stl interaction does not disrupt  

DNA–Stl complexation, differently from the Φ11 dUTPase–Stl interaction. Complexation leads to an 

upward shift in DNA positions, while complex disruption results in free DNA reappearance in its lower 

position. Please note that only DNA bands are visible on this gel [P2]. 

 

Though only 40% inhibition efficiency of Stl on the D. melanogaster dUTPase and the inability 

of D. melanogaster dUTPase to disrupt Stl-DNA complexation [P2] are definitely valuable 

results, no inhibition of the E.coli dUTPase upon complex formation [P3] was the most striking 

difference from all previous knowledge on Stl-dUTPase complexes. 

4.2.3 Searching for key residues in dUTPase inhibition upon complex formation 

It was of immediate interest to determine the structural background for this unexpected lack of 

inhibition of E. coli dUTPase (EcDUT) by Stl. Towards this end we started with investigation 

of differences in the primary structure of EcDUT as compared to all the other dUTPases where 

Stl was shown to be a protein inhibitor (Fig. 39C). Our rational was to locate residues that are 

conserved in all other dUTPases which are inhibited by Stl, but not in EcDUT. We also 

included residues suggested to be relevant in this aspect from comparisons between the 

complexes formed by Stl and different phage dUTPases (80α and Φ11 phage dUTPases) [64]. 

These residues are indicated on a green background in Fig. 39C. We then performed rationally 

designed mutations where the residue in the EcDUT protein was exchanged for the residue 

observed in another dUTPase inhibitable by Stl. Results are shown in Fig. 39A and are also 

summarized on the inset table of Fig. 39B [P3]. 
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Several of these mutations (EcDUTE114D, EcDUTE114D, R115K, EcDUTH147S) did not lead to any 

observable inhibition by Stl. However, we could successfully locate one specific position 

(EcDUTQ93) where mutation of the glutamine side-chain either into histidine or arginine led to 

strong inhibition of dUTPase activity by Stl (Fig. 39 A, B). Histidine was found at this position 

in the Φ11 dUTPase, whereas in M. tuberculosis, Drosophila melanogaster and Homo SaPIens 

dUTPases, arginine is present at this site. Interestingly, as shown in recent hydrogen-deuterium 

exchange mass spectrometry (HDX-MS) experiments [98], this side-chain position is located 

within a peptide segment involved in formation of the interaction surface of the human 

dUTPase-Stl protein complex [P3]. 

The successful modification of the E. coli enzyme structure clearly resulted in a character being 

inhibitable by Stl, arguing for the key importance of the mutated residue position in the 

inhibitory mechanism. The two resulting mutant constructs (EcDUTQ93H and EcDUTQ93R) were 

both clearly inhibited by Stl and the inhibition resulted in a decrease of the steady-state velocity 

by 58% and 47%, respectively (Fig. 39 A, B) [P3]. 



81 
 

 
Fig. 39 Identification of key residues in dUTPase inhibition upon Stl binding. (A) Stl inhibits the 

EcDUTQ93H and EcDUTQ93R point mutants but not the wild-type EcDUT. Steady-state activities of 

EcDUT (green), EcDUTQ93R (blue) and EcDUTQ93H (red) against Stl concentration are plotted on the 

graph. A quadratic equation was fitted on the inhibitable enzymes, from which Ki (IC50) values were 

calculated. Ki was measured to be 4.83 ± 3.46 nM for EcDUTQ93H and 5.90 ± 0.73 for EcDUTQ93R, 

respectively. (B) Relative kcat values of EcDUT constructs upon 400 nM Stl addition, referred to the 

activity measured without Stl addition. For standard deviation values, propagation of uncertainty upon 

normalization was taken into consideration (cf. Materials and methods). (C) Multiple sequence 

alignment comparing the non-inhibitable (E. coli) and inhibitable (Φ11 phage, M. tuberculosis, D. 

melanogaster, human) dUTPases. Conserved dUTPase sequence motifs contributing for active site 

architecture are numbered (I – V) and shown on grey background. Altered side-chain characteristics of 

EcDUT compared to the inhibitable dUTPases are shown on green background. Interaction surface of 

human dUTPase with protein Stl determined by recent HDX-MS measurements is highlighted on the 

human dUTPase sequence with the same colour code as it was published in ref. [98] [P3]. 
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4.2.4 Quantification of the strength of interaction of EcDUT-Stl complex formation 

We also wished to quantify the strength of interaction of the complexes of wild-type EcDUT 

and the mutant EcDUT constructs with Stl. Fig. 40 shows the results of isothermal titration 

microcalorimetric experiments. Based on these data we observe that mutation of the 93rd 

glutamine position into either arginine or histidine increases the strength of interaction by 

approximately two-three fold (Fig. 40C). Although the ΔG values for the complexes involving 

the wild-type and the mutant dUTPases are very similar, it is important to note that ΔH values 

are significantly higher for the EcDUTQ93H – Stl and EcDUTQ93R – Stl complexes. This finding 

indicates the creation of additional favourable enthalpic interactions for these complexes 

(potential H-bonds, polar or Van der Waals interactions) [P3]. 

 

Fig. 40 Thermodynamic characterization of EcDUT-Stl complex formation. (A) Titration of 

EcDUT (left), EcDUTQ93H (middle) and EcDUTQ93R (right) with protein Stl. (B) and (C) 

Thermodynamic data of complex formation [P3]. These measurements were carried out by Éva Surányi. 
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4.2.5 Crystallization of the EcDUT Q93H mutant to understand the structural 

background of inhibitability 

It was of clear interest to understand the exact changes in the enzyme structure caused by the 

point mutations at the 93rd amino acid position. Towards this end we crystallized the 

EcDUTQ93H dUTPase mutant in the presence of the non-hydrolysable substrate analogue 

dUPNPP and compared its structure to the already deposited wild-type E. coli dUTPase 

structures (Fig. 41). The three-dimensional structure of the EcDUTQ93H dUTPase mutant (PDB 

ID 6HDE) is shown in Fig. 41B-G [P3]. 

A novelty of our structure is that the whole C-terminal arm of the enzyme is visible in one of 

the subunits, whereas major parts of this segment are also visible in the other two subunits. 

This part of the enzyme has central role in catalysis, however it was so far missing from all 

existing E. coli dUTPase structures, even if they were crystallized in the presence of a substrate 

analogue. Our crystal structure provides a strong implication for existing interactions among 

the histidine point mutation at the 93rd position and the C-terminal arm of the enzyme, serving 

with a straightforward explanation for increased visibility of the C-terminal arm section [P3]. 

On the one hand, as a result of the Q93H mutation, three aromatic residues are getting close in 

space to each other, raising a possibility for the formation of π – π interactions among them 

(Fig. 41C-E). Though the 93rd amino acid position itself is far from the C-terminus of its own 

polypeptide chain, one out of the three interacting aromatic side-chains belongs to Phe135 of 

the neighbouring subunit which is located just 4 residues away from the 5th conserved motif 

towards the N-terminal direction (cf. Fig. 39C) [P3]. 

On the other hand, a water-linked hydrogen-bonding contact may be present among the 

mutated His93 side-chain and the Glu142 side-chain of the neighbouring subunit. Glu142 is 

situated within the 5th conserved motif at the C-terminal arm section of the polypeptide chain 

(cf. Fig. 39C) [P3]. 

We hypothesized that the increased sensitivity of the EcDUTQ93H and EcDUTQ93R mutants for 

inhibition by protein Stl and their stronger Stl binding ability compared to the wild-type E. coli 

dUTPase (cf. Kd values on Fig. 40C) is in connection with the restricted conformational 

freedom of the C-terminal arm of the enzyme [P3]. 
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Fig. 41 Structural insights into mutation-induced conformational changes. Subunits of the enzyme 

are colour coded (orange, green, blue). The three dUPNPP molecules at the active sites are highlighted 

with wheat-coloured sticks. (A) Wild-type EcDUT crystal structure (PDB-ID: 1RN8) [57] that was used 

as a template in our molecular replacement. Missing parts of the C-terminal arms are indicated with 

empty arrows. Only F145, R150 and Q151 are visible out of the last 15 C-terminal residues of the 1RN8 

model, visualized by line representation. (B) The presently determined EcDUTQ93H crystal structure 

(PDB ID: 6HDE). Positions of the mutated H93 residues are marked with boxes. (C), (D), (E). The 

point-mutant H93 side-chain can establish aromatic contacts with the C-terminal arm of the 

neighbouring subunit. (F) The EcDUTQ93H crystal structure from side-view. (G) A water-linked 

hydrogen-bonding contact between the mutated H93 residue and the E142 side-chain of the C-terminal 

arm [P3]. 
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4.2.6 Following C-terminal arm movements in the solution phase 

To find further explanation for the fact that the EcDUTQ93H and EcDUTQ93R point mutants 

can be readily inhibited by Stl, and to test our arm-flexibility hypothesis, we were intended to 

establish a technique to follow C-terminal arm movements upon substrate or Stl binding. 

Towards this end, we introduced a tryptophan point mutation into the C-terminal arms of the 

wild-type, EcDUTQ93H and EcDUTQ93R mutant dUTPases, obtaining three additional enzyme 

variants, namely EcDUTF145W, EcDUTQ93H, F145W and EcDUTQ93R, F145W [P3]. 

The engineered Trp residue indeed allowed us to follow substrate analogue and Stl binding of 

the three arm-tryptophan mutant enzyme variants (Fig. 42 and cf. Fig. 39B) [140]. In 

comparison with earlier published studies we therefore confirm here that binding of the cognate 

ligand to the dUTPase active site is readily transmitted to decreased fluorescence intensity of 

the tryptophan fluorophore within the C-terminal arm [48, 63, 140] [P3]. 

 

Fig. 42 The active site tryptophan sensor reports on ligand binding to EcDUT. (A) Binding of the 

substrate analogue dUPNPP. (B) Binding of protein Stl. (C) Comparison of peak relative 

fluorescence values. Black dashed lines stand for the EcDUTF145W, EcDUTQ93H,F145W and 

EcDUTQ93R,F145W apoenzyme constructs. Ligand bound EcDUTF145W, EcDUTQ93H,F145W and 

EcDUTQ93R,F145W are represented by grey, red and blue straight lines, respectively [P3]. 

To enable a more direct comparison of the arm movement behaviour of our tryptophan sensor 

containing mutants, acrylamide quenching experiments were planned. The Ksv constant values 

obtained by this method revealed that the “quasi wild-type” EcDUTF145W and EcDUTQ93H,F145W 

mutant enzymes are remarkably different in their arm movements upon dUPNPP substrate 
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analogue binding (Fig. 43A and B). Data from the quenching experiments clearly argue that 

solvent accessibility of the tryptophan residue in the EcDUTQ93H,F145W dUTPase – dUPNPP 

complex is decreased as compared to the complex formed with EcDUTF145W. Difference in 

solvent accessibility (Ksv values) between the apo and dUPNPP-bound state of the 

EcDUTQ93H,F145W mutant enzyme was proved to be statistically significant (p = 0.0073, cf. Fig. 

43A), while in the case of the EcDUTF145W enzyme no significant difference was observed  

(p = 0.5957). We therefore conclude that the quenching experiments in the solution state 

provide re-enforcement for the restricted conformational flexibility of the C-terminus observed 

in the crystal structure [P3]. 

 

Fig. 43 Acrylamide quenching reveals altered solvent accessibility upon mutation in EcDUT. (A) 

Comparison of quenching constants (Ksv values). Please note that lower Ksv values argue for less solvent 

exposed C-terminal arms. Blue colour refers to NATA solution (reference). The apo-state fluorescence 

of EcDUTF145W and EcDUTQ93H,F145W (green) was compared to their dUPNPP-bound (grey) and Stl- 

bound (orange) state. A star above the respective bars indicates that Ksv difference between the apo- 

and dUPNPP-bound state is statistically significant for EcDUTQ93H,F145W but not for the EcDUTF145W 

enzyme construct. (B) F0/F values as a function of acrylamide concentration [P3]. 
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5 Conclusions 

5.1 Conclusions on evolutionary and structural characterization of the covalent 

pseudo-heterotrimeric D. virilis dUTPase 

The D. virilis fused trimeric dUTPase served as a useful model to investigate the potential 

evolutionary pathway leading to the occurrence of covalent pseudo-heterotrimeric dUTPases. 

We proved that this specific three-repeat-fused arrangement exists at the protein level in several 

Nematodes, as well. We proposed an evolutionary pathway with two consequent gene 

duplication events and the transient involvement of a unique two-repeat intermediate. Although 

the overall trimeric symmetry of the all-β dUTPase enzyme family argues against functionality 

in a fused two-repeat form, I have shown experimentally that the proposed evolutionary 

intermediate is a functional dUTPase enzyme with remarkable structural stability and folded 

character. In this way, it could have contributed to the survival of the organism at this transient 

evolutionary step [P1]. 

It is probable that the second gene duplication and fusion event may have been promoted by 

the advantageous restoration of the three-fold symmetry. Reconstructing the evolutionary 

events of the enzyme, I have identified the probable ancestor version of D. virilis dUTPase in 

the form of a single copy gene, very probably leading to a non-covalent homotrimer assembly 

at the protein level (B*3 dUTPase) [P1]. This assumption is underlined by the almost equal 

catalytic reaction rate and heat stability of B*3 dUTPase with the extant covalent pseudo-

heterotrimeric ABC enzyme. 

A clear advantage associated with the covalent pseudo-heterotrimeric (ABC) enzyme as 

compared to the ancient single copy version may be related to its complex cellular localization 

pattern. As shown by my colleague Dr. Gergely Róna, a single nuclear localization signal on 

the N-terminal segment of the covalent pseudo-heterotrimeric D. virilis dUTPase allows for 

both nuclear and cytoplasmic localization, while in D. melanogaster two dUTPase isoforms 

are required to ensure its nuclear and cytoplasmic localization at the same time [P4]. 

Another potential advantage of the “ABC” covalent pseudo-heterotrimeric architecture is its 

increased sensitivity towards the substrate dUTP compared to the putative ancestor B*3 

dUTPase (cf. Fig. 21B). However, according to the heat-inactivation measurements the “ABC” 

dUTPase is less robust then the B*3 and B*B* dUTPases, its putative ancestors (cf. “apparent 

Tm of heat inactivation” in Table 4). 
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Another aim of my research study was to address how sequence alterations along the triplicated 

genetic code affect interactions of the neighbouring pseudo-subunits. Towards this end, I 

separated the triplicated genetic code of D. virilis dUTPase and expressed artificial 

homotrimers from these (A3, B3, C3 dUTPases, as shown on Fig. 24). These enzymes proved 

to be less heat-stable and catalytically less active than the extant ABC dUTPase, arguing for 

their less compact architecture and weaker catalytic competence [P1]. 

I have shown that there is a difference in stability even bewteeen the A3, B3, C3 artificial 

homotrimers. The C3 enzyme shows the highest heat stability and it has the most trypsin 

resistanct core structure. On the contrary, the A3 dUTPase was proven to be extremely sensitive 

for proteolytic degradation, arguing for its higher flexibility compared to its counterparts, the 

B3 and C3 dUTPase species. The B3 enzyme shares the highest sequential homology with other 

Drospohila dUTPases and the proposed ancient B*3 homotrimer. Based on the homology 

model of the ABC D. virilis dUTPase, subunit B preserved its ability to establish cation-π 

interactions with the other two subunits on the threefold interaction surface (central channel 

entrance) of the protein (cf. Fig. 31B), playing a central role in maintenance of subunit cohesion 

[P1]. 

My results showed that sequence alterations along the triplicated genetic code of D. virilis 

dUTPase are structurally related to each other. Their emergence has lead to increased subunit 

complementarity which is reflected in the markedly decreased catalytic activity of the A3, B3 

and C3 artificial homotrimers compared to the physiologically occurring ABC dUTPase [P1]. 
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5.2 Conclusions on the species-specific patterns of StlSaPIbov1 – dUTPase interaction 

The first cross-species inhibition studies on mycobacterial dUTPase raised the question if 

protein Stl was a universal dUTPase inhibitor. Our research group decided to investigate 

protein Stl’s inhibitory effect on other dUTPases, as well. My PhD research project related to 

this topic initially aimed to investigate if protein Stl is able to bind an inhibit other dUTPase 

representatives, namely the β-pleated dUTPase homologues encoded by two well-know 

laboratory organisms, the fruitfly Drosophila melanogaster and the enterobacterium 

Escherichia coli. I have found that on the one hand protein Stl is able to establish a protein-

protein interaction with both dUTPases. On the other hand, the maximal degree of inhibition 

was much lower for the D. melanogaster dUTPase than reported previously for cross-species 

inhibition of the M. tuberculosis enzyme homologue. In addition, no steady-state inhibibition 

of the E. coli dUTPase was detectable, despite of complex formation (Table 7). Based on these 

finding I came to the conclusion that protein Stl is not a universal dUTPase inhibitor of 

dUTPases, though it might be their universal interaction partner.  

From a structural point of view, the trimeric dUTPase protein sequences involved in binding 

to Stl are partially conserved through evolution from bacteria to eukaryotes. Species-specific 

differnces in dUTPase inhibitability are a result of partially alternative interaction surfaces  

(cf. also Fig. 16). 

A further amibition of my PhD studies was to identify those amino acid side-chains or structural 

motifs in the amino acid sequence of E. coli dUTPase which may be responsible for the lack 

of inhibition upon complex formation. Based on my “multiple sequence alignment based 

mutational screen” I was able find an amino acid position in the E. coli dUTPase sequence 

which plays key role in effectivity of inhibition. We successfully proved that changing the 

wild-type glutamine into either arginine or histidine at the 93rd position (EcDUTQ93H or 

EcDUTQ93R) has lead to enzyme variants being strongly inhibitable by protein Stl (Table 7). 

We crystallized the EcDUTQ93H point mutant in complex with a non-hydrolysable substrate 

analogue (2'-deoxyuridine 5'-(α,β-imido) triphosphate, abbreviated as dUPNPP) and solved its 

structure by molecular replacement. We were curious to see if the point mutation we introduced 

cases any structural change. Another possible scenario is that the point mutation gains 

significance only via a direct side-chain interaction with protein Stl. We realized that our crystal 

structure has a novel feature compared to any E. coli dUTPase crystal structures deposited in 

Protein Data Bank so far. Namely, one C-terminal arm was completely and an other was mostly 
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visible in the crsytal structure. I was able to detect those amino acid interactions that are most 

probably responsible for the decreased conformational flexibility of the C-terminal arm. My 

results suggest that flexibility of the C-terminus in the wild-type E. coli dUTPase is responsible 

for the lack of Stl-mediated inhibition of this enzyme. However, it may not be excluded that 

the His93 side-chain establishes a specific interaction with protein Stl at the same time, which 

is not able to form if the Gln93 side-chain of the wild-type E. coli dUTPase is present at this 

position. 

In vitro effects of Stl on different dUTPases 

Species of origin 
 Complex 
formation 

Maximal in vitro 
inhibition (%) 

Inhibition 
efficiency 

Affinity by 
ITC 

Ki or IC50 (nM) Kd (nM)  

Φ11 phage + 100 1.2 100 

ϕNM1 phage* + 40 34 n. d. 

M. tuberculosis + 84 5.5 n. d. 

Human + 70 6.7 230 

D. melanogaster  + 40 30 n. d. 

E. coli WT + 0 ‒ 199 

E. coli Q93H + 53 4.8 61 

E. coli Q93R + 47 5.9 97 

*This dUTPase belongs to the family of α-helical dimeric dUTPases. 

Table 7. Summary of the published in vitro knowledge on StlSaPIbov1 - dUTPase complexes, as of 

2019. My own results discussed in the present study are highlighted by bold black letters. This table 

was created based on Table 3. in [98], completed with data published later in [102] by my colleagues 

and in my own publications about the D. melanogaster dUTPase – Stl and E. coli dUTPase – Stl 

complexes. 

5.3 Possible applications of my results 

Species-specific structural characteristics of β-pleated dUTPase homologues and their protein 

complexes were discussed in the present study. Species-specificity has utmost importance if 

dUTPase inhibition is to be used in antimicrobial therapies, as the human cells also encode a 

trimeric dUTPase homologue. Development of a dUTPase inhibitor harnessing the covalent 

pseudo-heterotrimeric enzyme organization may provide a new antibiotic against the human 

and mammalian pathogen nematode, Trichinella spiralis or any other pathogens possibly 

encoding their dUTPase in this unusual form. Fine-tuning the interaction between protein Stl 

and dUTPase homologues is a promising way of species-specific dUTPase inhibitor 
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development. Hopefully the piece of knowledge published in our referred articles [P1-P4] and 

in my thesis will provide useful information for the development of future medical therapies. 

5.4 Thesis points of my PhD studies 

Thesis I. We have experimentally shown that the triplicated genetic code of Dropsohila virilis 

dUTPase is indeed translated as one single polypeptide, but artificial D. virilis dUTPase 

homotrimers may be created if the triplicated dut gene copies are disconnected from each other 

and engineered into separate open reading frames. 

Thesis II. I have proven that the putative evolutionary intermediate of D. virilis dUTPase is a 

functional enzyme in the form of a covalent pseudo-dimer. 

Thesis III.: I have shown that the point-like sequence alterations among the subunits of  

D. virilis dUTPase are complementary to each other and hence these subunits became slightly 

different in terms of flexibility and heat stability.  

Thesis IV.: I have shown that a remarkable difference may be present in the maximal degree 

of Stl mediated inhibition among dUTPase homologues. Consequently, the trimeric dUTPase 

protein sequences involved in binding to Stl are only partially conserved through evolution 

from bacteria to eukaryotes. 

Thesis V.: I have made clear that protein Stl may be a universal interaction partner but not a 

universally effective inhibitor of dUTPases. The explanation for this lies behind the existence 

of minor structural differences among dUTPase homologues. These minor differences may 

serve as a basis for the design of species-specific dUTPase inhibitory peptides. 

Thesis VI.: I have pointed out that most probably the high flexibility of the C-terminal arm is 

responsible for the lack of Stl-mediated inhibition in the wild-type E. coli dUTPase.  
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6 List of my publications related to my PhD thesis 

P1.  Benedek A, Horváth A, Hirmondó R, Ozohanics O, Békési A, Módos K, Révész Á, Vékey 

K, Nagy GN, Vértessy BG. Potential steps in the evolution of a fused trimeric all-β 

dUTPase involve a catalytically competent fused dimeric intermediate. (2016) FEBS J. 

2016 Sep;283(18):3268-86. Editor’s choice. Impact factor in 2016: 4.237. My personal 

contribution excluding co-authors who obtained their PhD degrees: 100%. 

P2.  Benedek A, Pölöskei I, Ozohanics O, Vékey K, Vértessy BG. The Stl repressor from 

Staphylococcus aureus is an efficient inhibitor of the eukaryotic fruitfly dUTPase. (2017) 

FEBS Open Bio. 2017 Dec 27;8(2):158-167. Fig. 1A chosen for cover illustration of FEBS 

Open Bio. Impact factor in 2017/2018: 1.782. My personal contribution excluding co-

authors who obtained their PhD degrees: 95%. 

P3.  Benedek A, Temesváry-Kis F, Khatanbaatar T, Leveles I, Surányi ÉV, Szabó JE, 

Wunderlich L, Vértessy BG. (2019) The Role of a Key Amino Acid Position in Species-

Specific Proteinaceous dUTPase Inhibition. Biomolecules. 2019 Jun 6;9(6). Impact 

factor in 2019: 4.694. My personal contribution excluding co-authors who obtained their 

PhD degrees: 70%. 

P4.  Róna G, Pálinkás HL, Borsos M, Horváth A, Scheer I, Benedek A, Nagy GN, Zagyva I, 

Vértessy BG. (2014) NLS copy-number variation governs efficiency of nuclear import--

case study on dUTPases. FEBS J. 2014 Dec;281(24):5463-78. Impact factor in 2014: 

4.001. My personal contribution excluding co-authors who obtained their PhD degrees: 

15%. 
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