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The data obtained in my Ph.D. thesis is the result of the combined effort of several scientists, 

therefore I have written the text in ‘first person plural’. 

Most of the thesis is based on my first author papers and on my co-author paper listed in section 

8.1. The experiments carried out by my colleagues or by our collaborators are indicated in the text. 

I only present those experiments performed by my co-authors that were important to draw the 

conclusions of the thesis. 
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1 Introduction 

My thesis focuses on the enzymatic properties of the trimeric dUTP pyrophosphatase and the 

interconnections of these properties with the traditional and regulatory functions of dUTPase. To 

understand how the properties of dUTPase aid the traditional role of the enzyme, I also would like 

to compare this enzyme with other enzymes belonging to the same superfamily. Therefore, I will 

overview the role and the enzymatic properties of the enzymes of dUTPase superfamily. Besides, 

I also would like to present some examples in which dUTPase may have regulatory role, focusing 

on one process which was investigated also in this work, namely the activation of the horizontal 

gene transfer of a Staphylococcus aureus pathogenicity island (SaPI).  

1.1 Role of the dUTPase superfamily in dNTP metabolism 

1.1.1 Thymidylate biosynthesis 

The blueprint of life, DNA is built up from deoxyribonucleoside triphosphates (dNTP) by 

DNA polymerases. The information content of the DNA is carried in the order of the DNA building 

four nucleobases. Out of the four nucleobases DNA shares three, adenine, guanine and cytosine, 

with RNA. The 4th nucleic acid building base is uracil in RNA and thymine in DNA. As three 

building blocks of RNA and DNA differ only in the presence of the 2’OH group of the ribose ring, 

dATP, dGTP and dCTP are produced in most organisms from the respective rNDPs (ribonucleoside 

diphosphates) by the sequential action of ribonucleotide reductase (RNR) and nucleoside 

diphosphate kinase (NDK). The de novo synthesis of dTTP is more complicated than the 

production of the other dNTPs (Figure 1). The thymine base is produced with the methylation of 

uracil, as these bases differ only in the presence of the 5’methyl group of the pyrimidine ring. The 

methylation reaction occurs at the deoxynucleoside monophosphate (dNMP) level by the action of 

thymidylate synthase (TS). After the methylation of dUMP the produced dTMP is phosphorylated 

to dTTP by thymidylate kinase (TYMK) and by NDK. The dNMP kinases (NMK), such as the 

TYMK, catalyze the reversible phosphorylation of dNMPs to deoxynucleoside diphosphates 

(dNDP). These enzymes are usually promiscuous. TYMK kinase for example, besides the 

phosphorylation of dTMP is able to phosphorylate dUMP also. The promiscuity of the NMK 

enzymes is proposed to be important in the maintenance of the dNTP pool balance 1–3. 
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The thymidylate synthase reaction is the bottleneck of the de novo dTTP biosynthesis 

(Figure 1), which connects the dTTP synthesis to the metabolism of the other nucleotides. Besides, 

the methylation of dUMP is the rate limiting reaction of the de novo dTTP biosynthesis and thus 

also the rate limiting step of DNA synthesis 4. 

 
Figure 1  

Overview of the dTTP biosynthesis pathways 

The three dimensional structures of the nucleotides were extracted from Protein Data Bank (PDB) 

files (dCTP: 1XS4; dUTP: 2V9X; dUMP: 1SNF; dTMP: 1TMK; dTTP: 2QXX; dCMP: 1B5E; 

thymidine (dThd): 2V9X) and are shown as atomic colored sticks (C: grey, O: red; N: blue; P: 

orange). Circled chemical groups call attention to the differences relevant to the enzymatic 

reactions that transform pyrimidine nucleotides into each other. The names of the enzymes 

discussed in text are also shown. Note, that the figure presents the possible pathways of dTTP 

biosynthesis; however, different organisms may possess different enzyme sets. 
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The substrate of the thymidylate synthase, dUMP can be produced from both deoxyuridine 

and deoxycytidine nucleotides. Interestingly, however in the de novo biosynthesis of 

ribonucleotides cytosine is produced from uracil, dUMP is created mostly from deoxycytidine 

nucleotides. Therefore, the reduction of UDP to dUDP has minor role in dNTP metabolism 5–8. 

There are two pathways for the production of dUMP by cytosine deamination. In eukaryotes 

and in a many prokaryotes, the main pathway is the deamination of dCMP to dUMP by dCMP 

deaminase 8. In these organisms, dCMP is produced by specific or aspecific nucleotide hydrolyses 

and by the spontaneous hydrolysis of dCDP and dCTP. In other prokaryotic species, such as in 

Enterobacteria and Mycobacteria the dCTP pathway is dominant, in which dUMP is produced by 

the deamination of dCTP and by the hydrolysis of the resulting dUTP 6. Interestingly, the most 

important enzymes that are involved in the dCTP pathway belong to the same enzyme superfamily. 

The superfamily comprises the trimeric dUTPase (DUT), dCTP deaminase (DCD) and the 

bifunctional dCTP deaminase-dUTPase (DCD-DUT) enzymes 9–12. DCD and DCD-DUT are more 

similar to each other than to dUTPases, and they both belong to the DCD family. The bifunctional 

enzyme is able to catalyze both the dCTP deaminase and the dUTP pyrophosphatase reaction. 

Besides, there are also dimeric dUTPases (DUT2) that are not related to the trimeric dUTPase 

superfamily 13,14. Dimer dUTPases catalyze the hydrolysis of both dUTP and dUDP 15. 

Beside the de novo biosynthesis of thymidylate, dTTP can be derived also with the 

recycling of nucleosides through the salvage pathway (Figure 1). In this pathway thymidylate is 

created by thymidine kinase (TK) enzyme that catalyzes the phosphorylation of thymidine (dThd). 

1.1.2 Keeping uracil out of DNA 

Spontaneous cytosine deamination resulting in U:G mismatch is one of the most frequent 

base modifications. Actually, it is generally accepted that the reason for replacing uracil with 

thymine in the genetic material is the chemical instability of cytosine. If DNA contained uracil 

instead of thymine, it would be more difficult to detect cytosine deamination, because uracil would 

be a bona fide constituent of DNA at U:A pairs. However, replacing uracil with thymine did not 

by itself eliminate the mutations arising from cytosine deamination, but eased the recognition of 

cytosine to uracil mutations. Still, dUTP can be incorporated into the DNA opposite to adenine, as 

most DNA polymerases are not able to differentiate between dUTP and dTTP (Figure 2). 
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Nevertheless, uracil opposite to adenine is removed also from the DNA, as uracil is not a canonical 

building block of DNA, although the thymine to uracil exchange is not mutagenic by itself 9,16. 

 

Figure 2  

Maintenance of uracil free DNA 

The two main mechanisms which are responsible for keeping out uracil from DNA are shown. On 

one hand, dUTPase sanitizes the dNTP pool from dUTP and produces indirectly dTTP for DNA 

synthesis. On the other hand, BER removes the incidentally incorporated uracils and the 

deaminated cytosines. 

Uracil in DNA is repaired by the base excision repair (BER) (Figure 2), which is responsible 

for the removal of non-canonical bases. Removal of uracil from DNA is initiated by uracil DNA 

glycosylase (UDG) enzymes. These enzymes recognize the uracil in the DNA and hydrolyze the 
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N-glycosidic bond of the nucleoside leaving an abasic (AP) site. Subsequently AP endonucleases 

(APE) remove also the remaining sugar-phosphate. The sequential action of UDG and AP 

endonuclease results in a strand break that is further processed by DNA polymerase and DNA 

ligase. The most efficient and most common UDG is the uracil-N-glycosylase (UNG) enzyme. 

UNG excises uracil in both AU and GU pairs. However, there are also UDGs, which process single 

stranded DNA or excise uracil (and thymine) only from U/T:G mismatches 17,18. 

High frequency of uracil incorporation into the DNA may lead to multiple DNA strand 

breaks and eventually to chromosome fragmentation due to the repetitive futile attempts of the 

BER to eliminate genomic uracil 19. Therefore to maintain a low dUTP/dTTP ratio is of high 

importance for the organism. The dUTPase enzyme breaks down dUTP and produces dUMP, the 

key intermediate of dTTP biosynthesis, thus it has dual role in the maintenance of the correct 

dUTP/dTTP ratio (Figure 2) 9. Besides, dUTP generating enzymes, such as the monofunctional 

DCD may also influence the amount of dUTP. 

1.1.3 Importance of dUTPase superfamily in DNA metabolism 

It was shown for several organisms that knock out, knock down or inactivation of dUTPase causes 

lethality or thymidine auxotrophy (Escherichia. coli 20, Saccharomyces cerevisiae 21, Arabidopsis 

thaliana 22, Mycobacterium species 23,24, Drosophila melanogaster 25). In most of the investigated 

cases the lethality caused by the absence of dUTPase could have been rescued by the inactivation 

of the UNG enzyme. The consequences of dUTPase inactivation could have been followed too, in 

those cases where shut down of dUTPase was achieved with the use of thermosensitive dUTPase 

mutants or with RNA silencing. In these cases it was shown that the lack of dUTPase results in 

elevated mutation rate 26,27, DNA strand breaks and hyper-recombination phenotype 22,26–28. These 

observations suggest that lack of dUTPase causes increased dUTP incorporation and the futile 

cycles of DNA repair. Indeed, elevated dUTP level and uracil in DNA was also detected in the few 

investigated cases 25,28. In agreement with this, in E. coli, inactivation of the dUTP producing DCD 

enzyme (Figure 1) could rescue the lack of dUTPase too. It is important to note also, that 

observations in connection with dUTPase silencing in eukaryotic cell lines are less severe and less 

robust. However in some eukaryotic cell lines elevation of dUTP level 29,30 and DNA strand breaks 

were detected 31, the lack of dUTPase was not found to be lethal and the effects were cell line 
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dependent. However, the above described observations all together support that dUTPase has an 

important role in the preventive protection of the genome. 

The thymine auxotrophy of the dUTPase deficient organisms indicates that dUTPase is 

important in dTTP production in these organisms. This is corroborated also by the observation that 

inactivation of UNG and DCD could rescue the lethality of the dUTPase deficient strains, but not 

the thymine auxotrophy 21,32. Although, the dTTP precursor producing role of dUTPase may have 

the highest importance in those organisms where the dCTP pathway is present, organisms that 

possess only the dCMP pathway were also shown to require environmental thymine, if dUTPase 

activity was eliminated 21,33. Beside the thymine auxotrophy of some organisms, it was shown as 

well in several cases that dUTPase deficiency increases the sensitivity to TS inhibitors 22,30,31,34. 

Although the exact consequences of dUTPase inactivation are diverse and somewhat 

organism-dependent, the in vivo observations present convincingly that dUTPase play an important 

role both in dUTP break down and dTTP biosynthesis. As presented by the organism dependent 

effect of dUTPase inactivation, the importance of the two roles may depend also on the enzyme set 

available for dTTP synthesis and uracil DNA repair in the given organism. 

In contrast to dUTPases, dCTP deaminases and bifunctional dCTP deaminase-dUTPase 

enzymes were shown to be nonessential in the few investigated cases 24,35. However, strains 

defective in dCTP deaminase activity showed dNTP pool imbalances and mutator phenotype in E. 

coli 35,36. It was presented in several other cases that imbalance in dNTP pool 37–40 or shift in rNTP/ 

dNTP ratio 41,42 results in accumulation of different mutations in the DNA, sometimes leading to 

severe consequences. Accordingly, the appropriate concentration of rNTPs and dNTPs is 

commonly regulated by both homotrop and heterotop allosteric mechanisms in enzymes involved 

in nucleotide metabolism. Beside the chief regulator RNR 2, UMP kinase 43,44, CTP synthase 45, 

aspartate transcarboxylase 46, glutamine phosphoribosylpyrophosphate amidotransferase 47,48, 

dCMP deaminase 39 and the dUTPase superfamily enzymes, DCD and DCD-DUT 49,50 are also 

allosterically regulated. 
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1.2 Enzymatic and structural properties of dUTPase superfamily enzymes 

1.2.1 Overall structure of dUTPase superfamily enzymes 

The enzymes of the dUTPase superfamily are homotrimers (Figure 3A), in which the 

protomers are folded into distorted β-barrels (Figure 3B). The homotrimer has a centered symmetry 

and its protomers form a central channel in the center of the homotrimer (Figure 3A). The dUTPase 

superfamily enzymes have three active sites arranged symmetrically around the central channel. 

The active sites are formed at the intersubunit clefts and are covered by the C-terminal arm of one 

of the subunits (Figure 3C-D) 9–12. 

Although the fold of the dUTPase superfamily enzymes is similar, there are some 

remarkable structural differences between the enzymes of the dUTPase and the dCTP deaminase 

families. In case of dUTPases the C-terminal arm covering the active site reaches out from its 

protomer to contact the remote active site (Figure 3C) leading to a highly intricate interaction 

pattern between the subunits. As a result in dUTPases all three subunits are involved in the 

formation of each active site. In DCDs the C-terminal arm folds back to the same subunit from 

which it is derived (Figure 3D) 12,50 and the active sites are built up by two subunits. 

Another difference between the two enzyme families, that DCD family enzymes possess a 

few additional structural elements reaching out from the β-plated fold (compare Figure 3A, D and 

E also). These structural elements are somewhat divergent within the DCD family. The most 

general additional element is an insertion between the first and the second conserved motif (Figure 

3E, Appendix 8.1). The presence, but not the sequence and the folding of this insertion is conserved 

in DCD family enzymes 10–12,50. 

Interestingly dUTPases may also contain different insertions at different positions; 

however, these insertions are rather species specific. For example, Plasmodium falciparum 

dUTPases contain an insertion in similar position as DCD enzymes 51, while Staphylococcus aureus 

phage dUTPases possess an insertion between motif III and IV (Figure 3E, Appendix 8.1) 52–54. In 

some cases, these insertions have some extra role while in other cases, no function was described 

for those 55. 
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Figure 3  

Quaternary structure of dUTPase superfamily enzymes 
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A, Superimposed core structures of Mycobacterium tuberculosis dUTPase (mtDUT) (PDB: 2PY – 

forest green) and mtDCD-DUT (PDB: 2QPL – light pink) trimers. Active sites are highlighted by 

the substrate analogue α,β-imido-dUTP (dUPNPP) : Mg2+ complex present in the dUTPase 

structure. The nucleotides are shown as yellow sticks, while the Mg2+ ions are presents as yellow 

spheres. B, Superimposed cores (Motif I-IV) of mtDUT (PDB: 2PY4), mtDCD- DUT (PDB: 

2QPL) and E. coli DCD (PDB: 1XS1) monomers. Structures are colored by secondary structural 

elements (ß-sheet: yellow, α-helix: red, loops: green) C - D, Folding of the C-terminal arm in 

mtDUT and in mtDCD-DUT (PDB:2QXX), respectively. The highlighted subunit of the trimers is 

colored forest green (DUT) and light pink (DCD-DUT), while the other subunits are colored grey.  

E, Conserved motifs of dUTPase superfamily and their arrangement within the protein sequence. 

An active site is built up by motifs originating from different subunits of the trimer, as indicated 

by the color of the motifs (subunit A: brown, subunit B: grey, subunit C: violet). The positions of 

the proposed catalytic amino acids are indicated by stars (blue for dUTPase reaction, light pink for 

the deaminase reaction). The base binding cleft is marked by dark red. dUTPase and DCD specific 

elements are shown in forest green and light pink. The role of the motifs in substrate binding is 

also indicated. 

1.2.2 The central channel of dUTPase superfamily enzymes  

Within the central channel, the residues of the subunits establish threefold interactions. The 

type of the interactions differs between enzyme families and subfamilies. The properties of the 

central channel were investigated mostly in dUTPases. The dUTPase family can be divided into 

two main groups based on the character of the central channel. The eukaryotic and DNA virus 

dUTPases display polar and charged amino acid residues participating in threefold intersubunit 

interactions, while in bacterial and retroviral dUTPases, threefold interactions are mainly 

hydrophobic 56. In case of eukaryotic dUTPases it was proposed also that the hydrophilic central 

channel may contain conserved metal binding sites (Figure 4A) 57,58. Among the bacterial 

dUTPases there is also some divergence in the hydropathy of the channel. In E. coli dUTPase, the 

threefold interface is totally hydrophobic (Figure 4B). In contrast, in other cases, such as in case of 

M. tuberculosis dUTPase (mtDUT) and Equine Infectious Anemia Virus (EIAV) dUTPase, a 

cluster of a few polar residues are also present within the central channel. These residues form a 

central cavity filled by water molecules isolated from the bulk solvent 59–61. Mg2+ binding to 

different hydrophilic sites within the central channel of these dUTPases was shown in crystal 

structures in a few cases 54,62. 
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Figure 4  

Group specific properties of the central channel within the dUTPase family 

A, Longitudinal view of the central channel of human dUTPase (hDUT) (PDB:1Q5H). Amino 

acids participating in threefold interactions are shown as surface and colored by atoms (O: red, N: 

blue, C: cyan) to highlight the hydrophilic character of the central channel. Predicted Mg2+ binding 

sites within the central channel are colored by pink. A conserved tyrosine (TYR 79) within the 

structure is also highlighted by brown coloring. Active sites are marked by the bound nucleotide 

(dUDP: shown as stick, colored by atoms, C: lime green). B, Longitudinal view of the threefold 

trimer interface (surface representation, atomic colors) of E. coli DUT is also shown to highlight 

the hydrophobic character of the central channel. Two subunits are shown. (PDB:1RN8). 

For DCD family enzymes, it was reported that in case of the Methanocaldococcus 

jannaschii DCD-DUT enzyme the trimeric interface is largely hydrophobic lined by hydrophobic 

and polar residues 10,11. However, this may not be typical for DCDs, since only a few of the residues 

involved in these interactions are conserved 11. No metal binding sites were suggested within the 

central channel 10–12,49,50,63. 

The character of the central channel was shown to influence the stability of the homotrimer 

64, as thermal stability of bacterial dUTPase enzymes was found to be largely increased compared 

to the eukaryotic enzymes (melting temperature (Tm) = 74.5 °C for E. coli dUTPase and 

Tm = 53.2 °C for D. melanogaster dUTPase) 58. It was shown as well that the presence of Mg2+ 

slightly, but significantly increases the thermal stability of D. melanogaster dUTPase 58,64. It was 

proposed that in case of the thermophilic M. jannaschii the rather hydrophobic character of the 

central channel may be required for the extreme temperature and the high salt concentration within 

the bacterium 10. 
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The hydrophilic character of the central channel in eukaryotic dUTPases raised the idea 

also that allosteric communication between the three active sites may have emerged in these 

enzymes 56. Interestingly, later it was shown that allosteric communication between the active sites 

through the central channel exists in DCD family enzymes (see later). 

1.2.3 The active site and the catalytic mechanism of dUTPase superfamily enzymes 

Beside the quaternary and tertiary structure, the substrate binding pockets of DUTs and 

DCDs are also quite similar. The active sites of dUTPases are formed by five conserved motifs, 

from that the first four motifs are shared with DCDs (Figure 3E, Appendix 8.1). Although these 

motifs are more or less divergent in DCDs compared to dUTPases, their structure and function in 

substrate coordination are conserved. The active sites at the subunit clefts are built up so that motif 

I, II and IV come from one of the neighboring subunits and motif III from the other (Figure 3E) in 

both families 9,11. 

Both enzymes bind dNTP in complex with Mg2+ as a substrate 12,58,65,66. Motif I, II and IV 

coordinate the Mg2+ ion and the phosphate chain. The dNTP:Mg2+ complex is bound to the active 

site in a so called gauche conformation 60. In this conformation the phosphate chain is bent in a 

semicircle with the metal ion in the middle (Figure 5B) and the phosphate groups coordinate the 

Mg2+ ion in a tridentate coordination pattern. Besides, the metal ion is bound also to three water 

molecules, resulting an octahedral coordination sphere typical to Mg2+ ion (Figure 5B). Two of the 

Mg2+ ion coordinating water molecules are positioned by an aspartate from Motif I, conserved 

throughout the superfamily 9,12. 

Conserved motif III and its surrounding non-conserved amino acids form a binding cleft 

for the nucleoside motion of the substrate (Figure 5). The binding of the nucleobase occurs at the 

beginning and at the end of the nucleobase binding cleft (Figure 5B). As dUTPases bind strictly 

dUTP and the primary ligand of DCDs is dCTP, the nucleobase coordinating amino acids are not 

conserved throughout the superfamily and are not necessarily part of motif III. Moreover, these 

amino acids are not even strictly conserved in dUTPases, as mostly main chain atoms participate 

in uracil coordination (see later) in these enzymes 9,10,59. 

Other property of motif III is a conserved aromatic residue at the bottom of the nucleobase 

binding cleft. This residue stacks over the deoxyribose ring and it is responsible for the 

discrimination against ribonucleotides (Figure 5B) 11,61. The binding cleft also carries the catalytic 
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residues for both the dUTPase and the deaminase reaction (Figure 5A; see later also). The aspartate 

proposed to be the catalytic residue of dUTP hydrolysis is conserved throughout the superfamily. 

Besides the initiation of dUTP hydrolysis, this amino acid makes contact with the hydroxyl group 

of the deoxyribose ring as well (Figure 5B) 10,12,61,67. 

 

Figure 5  

Overview of the active site of dUTPase superfamily enzymes 

Participation of the IV conserved motifs shared by dUTPases and DCDs in the active site formation 

(hDUT, PDB: 3EHW). Motifs are shown as cartoons and are colored as in Figure 3E. Conserved 

amino acids discussed in the text are shown as sticks with atomic coloring (C: colored by subunits, 

O: red, N: blue, P: orange). Nucleotide is shown as atomic colored stick (C: yellow). Mg2+ ion and 

conserved structural water molecules coordinating Mg2+ ion are shown as magenta and red spheres, 

respectively. Polar contacts are shown by blue dash dot. 

The active site is covered by the carboxyl-terminal end of the protein (C-terminus) in both 

families. In dUTPases, the very C-terminus of the protein is the location of the conserved motif V, 

which is absent from DCDs (Figure 3E). However, the conformation and the sequence of the C-
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terminal arm is different in the two families, the arm goes through a disordered to ordered transition 

upon substrate binding in every dUTPase superfamily enzymes. In case of bacterial dUTPases and 

DCD family enzymes, the arm was shown to order over the active site only in the presence of 

dNTP:Mg and it remained invisible in crystal structure where the bound ligand was dNMP or 

dNDP or Mg2+ ion was not present at the active site 11,12,60. In contrast, in case of eukaryotic 

dUTPases, dUMP was found to be already sufficient to induce the ordering of motif V, as presented 

by crystallization 57 and solution studies 58,68. It was also shown that in some dUTPases such as E. 

coli dUTPase the C-terminal arm is loose in the absence of the substrate 69, while in cases of other 

dUTPases, such as human dUTPase (hDUT), it stays close to the enzyme core, although it is 

flexible in the absence of the substrate and therefore not visible in crystal structures 70. 

What regards to the function of the C-terminal arm, it has an important role in the enzymatic 

activity, since deletion or tryptic cleavage of this motif results in an inactive enzyme as presented 

for several dUTPases from different species and also for DCD family enzymes 71–73. Although the 

C-terminal arm is indispensable for activity, it is not necessary for protein integrity 73–75 and it does 

not contribute largely to substrate binding 71,74–77. It was suggested in cases of both enzymes 

families that the role of the C-terminal arm is to shield the active site from solvent and to promote 

catalysis by changing the local environment of the catalytic site 10,60,76. Interestingly, dUTPase 

superfamily enzymes accept only dNTPs as substrate 9,66,73. However, nothing seems to exclude 

the processing of dNDPs or the deamination of dCMP. As the C-terminal arm makes contacts 

primarily with the γ-P of the substrate and it becomes structurally ordered in most cases only in the 

presence of the γ-P, it was proposed that the C-terminal arm has a role in dNDP/dNTP 

discrimination 71,74. 

In case of dUTPases, motif V was suggested to be involved in several ways in dUTP 

hydrolysis. These proposed roles of motif V are discussed later. 

1.2.3.1 dUTPase specific elements of the active site  

1.2.3.1.1 Nucleobase recognition 

In dUTPases, the nucleobase binding cleft makes contact with the uracil base in a pattern 

that is typical for the base pairing interaction of uracil (Figure 6). The base binding site is narrow 

in dUTPases compared to dCTP deaminases. These two features are responsible for specific uracil 

recognition and for the exclusion of other dNTPs. 
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Figure 6  

Base recognition in dUTPases 

Coordination of the uracil moiety of the substrate A, in hDUT (PDB:2HQU) and in B, in mtDUT 

(PDB:2PY4). The main chains of the base binding clefts of the two enzymes are shown as atomic 

colored sticks. The two residues long bulge present in the mtDUT is highlighted (C: green). 

Hydrogen bonds are shown as blue dash. 

In eukaryotic and viral dUTPases, the protein atoms that form H-bonding with the uracil 

moiety belong to the main chain (Figure 6A). Besides the main chain atoms, the uracil ring makes 

contact with a conserved structural water coordinated by main chain atoms 57,59. Importantly, this 

base recognizing pattern makes main chain conformation of major importance in uracil 

accommodation. In prokaryotic dUTPases, the beginning of the base binding cleft contains a bulge. 

This bulge puts the main chain atoms further from the uracil ring. In these enzymes, the side chain 

of an asparagine residue provide H-bonding interaction for the uracil base (Figure 6B). 

This difference in base binding between the different dUTPase groups is manifested also in 

the specificity for dUTP. While the prokaryotic dUTPases are highly specific for  dUTP, some 

dCTP or dTTP binding and hydrolysis may occur in other dUTPases. Even so, the observed binding 

affinities and catalytic rates for dCTP and dTTP are not relevant in vivo 57,59,78–82. 
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1.2.3.1.2 P-loop like motif V 

Although the structural ordering of the C-terminus over the active site is a general feature 

of dUTPase superfamily enzymes, the presence of motif V is unique to the dUTPase family (Figure 

3E). Motif V is glycine rich, which explains the flexibility of this segment in the absence of the 

substrate. Upon substrate binding, the charged and the polar amino acids of motif V make extensive 

contacts primarily with the γ-P of the dUTP substrate. Besides, a conserved aromatic residue of the 

motif stacks over the uracil base. Thus this conserved motif coordinates both ends of the dUTP 

molecule. This is possible due to the flexibility of the glycine residues within the motif. Some main 

chain atoms of motif V make contacts also with other amino acids of the active site. 

Interestingly, motif V is in many respects similar to the Walker A motif, also known as 

P-loop (phosphate-binding loop) (Figure 7A). The Walker A motif is typical to NTPases, such as 

GTPases and ATPases. The common properties of motif V and the Walker A motif are the glycine 

rich nature and the participation in the coordination of the phosphate chain of the nucleotide 61,83,84. 

In addition to the similarities, there are also some important differences between the two motifs. 

Besides the sequential differences (Figure 7A), the Walker A motif constitutes a loop connecting 

a β-strand to a following α-helix nearby the N-terminus of the corresponding polypeptides. The 

motif V in dUTPases, in contrast, is situated at the very C-terminus of the polypeptide. As a result 

of these differences the P-loop coordinates the β- and the γ-phosphates, while dUTPase motif V 

coordinates the γ-phosphate only (Figure 7B). This difference, likely arising from the C-terminal 

position of the dUTPase loop and an eclipsed dUTP conformation, also supports the role of this 

motif in γ-P discrimination in dUTPase 61,74,85. 
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Figure 7  

Active site of dUTPases 

A, Comparison of P-loop sequences with the conserved sequence of motif V. X denotes any amino 

acid. B, The active site of hDUT (PDB:3EHW). The conserved motifs are colored according to 

Figure 3E). The catalytic water molecule positioned for in-line attack is shown as blue sphere, 

while Mg2+ ion and water molecules are shown as magenta and red spheres, respectively. The most 

important amino acids and their interactions are highlighted also. Note that motif V contacts 

primarily the γ-P. Note also that the conserved aromatic residue of motif V (Phe158) stacks over 

the substrate base. 
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1.2.4 Mechanism of dUTP hydrolysis by dUTPase 

1.2.4.1 Insights into the catalytic mechanism of dUTP hydrolysis 

In homotrimeric dUTPases, dUTP hydrolysis is initiated by nucleophilic attack on the α-P 

by a water molecule, which was identified in several crystal structures positioned ideally for in line 

attack on the α-P (Figure 7B) 60,61,67,72. This water molecule is coordinated by a strictly conserved 

aspartate from motif III (Asp101 in hDUT, Figure7B). Aspartate to asparagine mutation results in 

a practically inactive enzyme with identical substrate binding properties 67. Although in this mutant 

the active site substrate complex has the same architecture, the catalytic water molecule is absent 

from the crystal structure. It was also shown in O18 labeled water, that the labeled oxygen appears 

in the dUMP product, indicating that the reaction occurs through associative type bimolecular 

nucleophilic substitution (SN2) 78.  

Besides the conserved catalytic aspartate, the conserved serine of motif II (hDUT Ser85), 

and the conserved glutamine (hDUT Gln131) of motif IV were also suggested to be involved in 

the chemical step of the reaction (Figure 7B)60,86.  

As mentioned above, dNTP:Mg2+ complex, the real substrate of dUTPase superfamily 

enzymes, is bound to the active site in the so called gauche conformation (Figure 5 and 7B). One 

role of the metal ion is to ensure this catalytically competent conformation. As Mg2+ ion remains 

bound to the pyrophosphate (PPi) product after hydrolysis, therefore it was suggested that the metal 

ion has a role also in leaving group stabilization 9,60,87. 

Motif V was proposed to participate in the reaction in several ways besides its active site 

shielding role. For example, the conserved aromatic residue (hDUT Phe158) was hypothesized to 

play a role in substrate release, by “pulling out” the dUMP product from the nucleotide binding 

pocket in eukaryotic dUTPases. In these dUTPases, the C-terminus of the enzyme was found to be 

ordered in crystal structures also in the presence of the product dUMP. Therefore, it was 

hypothesized that some allosteric effect could help the opening of the C-terminal arm and the 

release of dUMP 57. 

In another study investigating the role of the conserved aromatic residue, it was found that 

the stacking interaction has an important role in the catalytic step itself. The authors suggested that 

the π-π interaction contributes to the electrostatic stabilization of the electron rich pentacovalent 

transition state 88. Other mutations in motif V, aimed to perturb the coordination of the γ-P, were 

found to impair the hydrolytic step itself too. These results suggest that motif V supports catalysis 
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on both sides of the scissile bond. The same study confirmed also, that motif V has a role in 

dUDP/dUTP discrimination 85. 

1.2.4.2 Kinetic mechanism of dUTPases 

The kinetic mechanism of dUTPases was investigated in case of several species. In these 

studies mainly two experimental approaches were used. The first applied approach took advantage 

of the fact that hydrolysis of dUTP to dUMP and PPi is coupled to proton release. Using pH 

indicator to follow nucleotide hydrolysis of E. coli dUTPase continuously, it was determined that 

E. coli dUTPase follows Michaelis-Menten kinetics and that the enzyme has a high catalytic 

efficiency (kcat/KM = 3*107 M-1s-1) 78. It was proposed in the same paper that the dUTPase reaction 

is rate limited by a step that leads from enzyme-bound substrate to enzyme-bound products. It was 

shown also that proton release occurs after the rate limiting step. Based on the results, it was 

suggested that the products release occurs in a fast and unordered way. The other successfully 

applied approach was the use of tryptophan fluorescence to detect different steps of the ongoing 

reactions. This method was first used to characterize the EIAV dUTPase 75. In case of this dUTPase, 

a tryptophan present in the central channel of the wild type enzyme could sense the binding of the 

substrate, as its fluorescence was quenched by nucleotide binding. This approach made possible 

the use of the transient stopped-flow method and the determination of the rate constants of substrate 

and inhibitor binding. The same method was also used to show that the C-terminal arm does not 

have an important role in substrate binding. 

The most detailed kinetic mechanism was determined for human dUTPase using the 

combination of the above described methods and the quench flow technique 70. For the 

determination of the kinetic mechanism of this enzyme, a tryptophan was engineered to the active 

site of the enzyme, by replacing the conserved aromatic residue of motif V 72,89. This tryptophan 

proved to be a sensitive fluorescence sensor, which was affected differently by the binding of the 

substrate and the products (Figure 8). The fluorescence of the sensor showed different degrees of 

quenching depending of the length of the phosphate chain. The largest quench was observed at the 

state of steady-state hydrolysis, which was achieved with the addition of dUTP in high access. 

While the smallest quench was observed in the dUMP-bound form. The presence of the PPi product 

resulted in an increase in the tryptophan fluorescence intensity. With the help of this sensitive active 

site label four resolvable kinetic steps was explored in case of human dUTPase. Namely, (i) rapid 
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substrate binding followed by (ii) relatively slow, substrate induced isomerization, (iii) rate limiting 

hydrolytic step, (iv) rapid, unordered release of the products. 

Importantly, the results are in agreement with earlier kinetic results obtained during the 

investigations of E. coli and EIAV dUTPase 75,78. Later, mtDUT was also found to have similar 

kinetic characteristics 88 indicating that the kinetic mechanism of dUTP hydrolysis is conserved in 

the dUTPase family. 

 
Figure 8  

Kinetic mechanism of human dUTPase 

A, Single turnover (STO) reaction curve of hDUTF158W enzyme conditions recorded by 

fluorescence stopped-flow. The solid line is a global fit to the data points using the kinetic model 

shown in B B, The proposed kinetic mechanism of human dUTPase. Daggers and stars indicate 

fluorescence decrease or increase compared with the apo enzyme, respectively. Figure is from Tóth 

et. al., 2007 70.  
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1.2.5 Catalytic mechanism and allosteric regulation of DCD family enzymes 

1.2.5.1 Catalytic mechanism of dCTP deaminases and bifunctional DCD-DUTs  

The binding site of the pyrimidine moiety of the substrate in dCTP deaminases is the same 

as in case of dUTPases. However, the active site of DCDs is able to accommodate dCTP, as a 

substrate, dUTP, as a product and also dTTP as an inhibitor. Unlike in dUTPases, mostly side chain 

atoms participate in the coordination of the pyrimidine base in DCDs. Importantly, as the DCDs 

catalyze the deamination of the dCTP, some of these side chains are involved in catalysis also. 

The catalytic mechanism of dCTP deaminases is unique among nucleotide and nucleoside 

deaminases. Other enzymes that catalyze the deamination of a nucleobase, such as cytosine 

deaminase, cytidine deaminase, adenosine deaminase and adenine deaminase all require a catalytic 

metal ion. In case of dCTP deaminases, a catalytic water molecule was suggested to initialize the 

reaction. This catalytic water molecule is activated by a glutamate, located following motif III 

(Figure 3E). This glutamate is strictly conserved in the DCD family, but not in dUTPase family. In 

the proposed reaction mechanism the catalytic glutamate activates the nucleophile water molecule, 

the reaction goes through a tetrahedral intermediate and ammonia is expelled upon extraction of a 

proton from a second water molecule. The conserved motif II serine, which was shown to be 

essential for the dUTPase reaction also, was proposed to activate this second water molecule. 

Amino acids located between motif II and III were suggested to participate in the deaminase 

reaction as well 12. 

In case of the bifunctional DCD-DUT enzymes, the deaminase and the pyrophosphatase 

reaction go through the same mechanism as proposed for the monofunctional enzymes 12,50. The 

hydrolysis of dUTP is possible in these enzymes because the essential catalytic amino acids of the 

reaction, such as the catalytic aspartate form motif III, and the serine from motif II (Figure 7B), are 

conserved throughout the superfamily. Although the catalytic aspartate is present also in 

monofunctional dCTP deaminase, the dUTP hydrolysis is not possible in these enzymes, because 

the aspartate is hydrogen bounded to a nearby arginine, which is not present in bifunctional 

enzymes. The presence of this arginine prevents the activation of the nucleophile water molecule 

by the catalytic aspartate 12. 
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1.2.5.2 Regulation of the dCTP deaminase activity  

The activity of dCTP deaminases is regulated by a complicated mechanism that is a mixture 

of homotrop and heterotrop allostery, competitive inhibition and of kinetic cooperativity. 

Importantly, the feedback inhibitor dTTP also has a major role in this regulation. 

In the investigated enzymes the regulation pattern showed some species specific differences 

however, the following characteristics were observed for all of the investigated enzymes: (i) the 

reaction shows kinetic cooperativity if investigated under steady-state conditions 49,50,73, (ii) the 

enzyme activity is inhibited by dTTP binding to the active site, but the mechanism of inhibition is 

more complicated than simple competition 49,50,63,73,90, (iii) dTTP binds to an inactive conformation 

of the active site, (iv) the inactive conformation of one active site forces the same conformation to 

the other active sites 49,50, (v) pre-steady-state experiments show that product formation is preceded 

by a time lag, which was shown to be prolonged upon the addition of dTTP 49,63. 

 

Figure 9  

Cooperative switch within the central channel of DCD-DUT enzyme 

Concerted conformational switch within the central channel of M. tuberculosis DCD-DUT (apo 

enzyme in active conformation, PDB: 2QLP; dTTP bound enzyme in inactive conformation, PDB: 

2QXX). Arrows highlight the most important conformational changes. Note that (i) conformational 

changes in Subunit A cause conformational changes in Subunit B to avoid steric clash and so on 

(ii) Inactive conformation is necessary to accommodate the methyl group of dTTP (grey sticks, 

Mg2+ ions: grey spheres). The top left corner shows the position of the highlighted enzyme part 

within the superpositioned enzyme cores form Figure 3A (“side” view). 
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The binding of dTTP is possible only to the inactive conformation, because the additional 

metal group of the thymine ring cannot be accommodated in the active conformation 49,50. 

Accordingly, the difference between the active and inactive conformation is localized to a loop at 

the nucleobase binding site (referred as allosteric loop from now on - Figure 3E, Figure 9). In the 

inactive conformation, the catalytic amino acids are positioned further from the amino group of the 

cytosine base. The conformation change between the active and the inactive conformation have to 

happen in a concerted switch, due to steric hindrance within the central channel (Figure 9) 49,50,90. 

This mechanism conforms to the classical view of allostery, in which cooperativity is based on a 

series of distinct structural changes leading to functionally different conformers of a given protein.  

In spite of the structural evidence for the binding of dTTP to the mutually exclusive inactive 

conformation, dTTP binding was shown to be non-cooperative in case of E. coli dCTP deaminase 

49,90. In this enzyme, the binding of dTTP to a mutually exclusive inactive conformation is 

manifested only in the inhibition, as the cooperativity of dCTP deamination is increased in the 

presence of dTTP. In turn, the cooperativity of dTTP inhibition is also increased in the presence of 

dCTP. In case of mtDCD-DUT, cooperative dTTP inhibition could not be detected, although the 

mutually exclusive inactive and active conformations of the enzyme were observed in crystal 

structures. Also, it was shown that the uninhibited dCTP deaminase and dUTPase reaction is 

cooperative 50. In case of M. jannaschii DCD-DUT, it was proposed that the observed kinetic 

cooperativity is the result of a slow conformation between the active and the inactive conformation. 

It was also suggested, that the rate of the conformational shift between the active and inactive form 

is different in apo and in dCTP bound forms 63. Supposing that the ratio of the molecules in active 

and inactive states and the ratio of the rate constants responsible for the manifestation of kinetic 

cooperativity differ for the investigated enzymes, this model provide explanation for all the 

observed results. 

It is important to highlight that in case of DCD-DUT enzymes both the dCTP deaminase 

and the dUTPase reaction were found to be cooperative and showed the same dTTP inhibition 

pattern 50,63. 

1.2.6 Potential allosteric regulation of dUTPases 

The intricate quaternary structure of dUTPases inspired the proposition that allosteric 

communication between the active sites of dUTPases should exist in several cases 56,57,68. As 
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mentioned above also, crystallographic observations in the human dUTPase suggested that some 

allosteric effect must help the release of the dUMP product 57. It was proposed based on the altered 

hydropathy of eukaryotic central channel, that this allosteric effect promoting the release of the 

substrates from the closed active site could operate through the hydrophilic central channel 56. A 

subsequent NMR study suggested that the Drosophila enzyme exhibits cooperativity in both 

substrate and product binding based on signal intensity titrations well above the Kd of the respective 

complexes 68, seemingly supporting the earlier hypotheses. Besides, in the EIAV (Equine 

Infections Anemia Virus) enzyme, a tryptophan at the central channel senses the nucleotide-bound 

states of the active site 75 corroborating the potential of active site communication through the 

central channel. On the other hand, detailed kinetic analyses of dUTPases from various species 

(human 70, E. coli 78, EIAV 75, Plasmodium falciparum 82) failed to detect any cooperative behavior 

in the enzymatic mechanism. 

In case of DCDs the cooperative behavior was best observed in the presence of the dTTP 

inhibitor. The substrate binding pocket of dUTPases, however, does not accommodate other bases 

than uracil with considerable affinity 57,78,79. This property of dUTPases may make it difficult to 

recognize any allosteric behavior potentially manifested as alterations of conformational 

distribution. It would be interesting to see whether the conformational switch within the central 

channel observed for DCD-(DUT) enzymes, or communication between the active sites and the 

central channel is possible in dUTPases, even if it is not manifested in the kinetic behavior. 

1.3 Uracil DNA, dUTP and dUTPase in regulatory roles 

Several examples have been presented in the literature in which uracil in DNA proved to 

beneficial. The most widely known processes in which uracil-DNA plays a key role are class switch 

recombination and somatic hypermutation of the immunoglobulin genes which are highly 

important for the proper working of the adaptive immune system. Both processes are initiated by 

the action of activation induced deaminase (AID) enzyme, which catalyzes the deamination of 

cytosine bases resulting in U:G mismatches. The subsequent processing of these mismatches by 

UNG enzyme and other DNA repair enzymes is manipulated so in B-cells that it results in double 

strand breaks or in hypermutation leading to the required recombination process or to antibody 

diversification, respectively 91,92. 
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Uracil-DNA was shown to play important role also in virus host interactions. For example, 

in case of Human Immunodeficiency Virus (HIV) it was shown that the uracilation of its DNA 

during the reverse transcription influences highly the integration of the virus to the host genome 

93,94. Accordingly, HIV carries a dUTPase similarly to several other viruses that reproduce in 

dUTPase-deprived, non-dividing host cells. In contrast, Bacillus subtilis PBS2 phage has uracil 

substituted genome. This phage, however, carries an UNG inhibitor (UGI) to protect its own DNA 

from degradation by the host UNG enzyme. 

The role of dUTPases and dUTP was emerged also in several processes. Interestingly, dUTP 

was proposed to be a pro-apoptotic second messenger in Bax mediated apoptosis in yeast and 

mammalian cells, as it was found that the expression of the mitochondrial dUTPase isoform 

prevents apoptosis in internal (Bax expression) and exogenous (H2O2, cadmium) stresses 95. In 

another case Epstein-Barr virus (EBV)-encoded dUTPase was shown to modulate the innate 

immune response 96. One of the most recent phenomena in which dUTPase was found to fulfill a 

regulatory role was the activation of the horizontal gene transfer (HGT) of S. aureus pathogenicity 

islands (SaPI). Here, the enzymatic cycle of dUTPase was suggested to play a key role in the 

activation process. Moreover, in this process the dUTPase-regulated gene transfer was proposed to 

adopt a mechanism highly similar to G protein mediated signaling, where the switching 

conformational change between the on/off states occurs upon GTP binding to the G protein 52. We 

set out to explore the mechanism of this dUTPase driven molecular switch. Therefore, a short 

introduction is given below about the pathogenicity islands of S. aureus, about their horizontal gene 

transfer and about the proposed SaPI activation mechanism. 

1.3.1 Horizontal gene transfer of pathogenicity islands is activated by phage dUTPases in 

S. aureus 

1.3.1.1 Pathogenicity islands of Staphylococcus aureus 

S. aureus is one of the most important opportunistic pathogens causing nosocomial and 

community acquired infections, including several toxinoses such as food poisoning, toxic shock 

syndrome (TSS), necrotizing pneumonitis and necrotizing fasciitis. The mobile genetic elements 

of S. aureus contribute largely to pathogenesis and to the spread of virulence factors and antibiotic 

resistance 97,98. Major superantigenes (e.g. toxic shock syndrome toxin 1 (TSST-1), enterotoxin B 
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(SEB)) responsible for the different toxinoses, are encoded as accessory genes by phage related 

SaPIs of diverse size (2-17kB). 

 

Figure 10  

SaPI lifecycle 

Activation of SaPIs integrated to the genome by phage protein dUTPase. The scissors symbolize 

the excisionase and the integrase that are responsible for cutting out of the SaPI from the genome. 

Figure was created based on Penades and Novick 2010 Nat Gen Rev 98. 

SaPIs themselves do not encode any machinery for HGT, instead they take advantage of 

phage reproduction instead (Figure 10) 98. In the absence of a helper phage, the expression of SaPI-

encoded transfer initiating proteins (integrase and excisionase 99) is repressed by SaPI-encoded 

repressor proteins called Stl. Helper phage infection or prophage activation relieves Stl repression 

and leads to the excision and extensive replication of the SaPI. The resulting SaPI DNA is packaged 

into phage capsids, resulting SaPI containing phages with altered morphology98. Thus, SaPIs 

interfere with the reproduction of the helper phage 100. The helper phage proteins responsible for 

the de-repression are identified only in a few cases: SaPI1 is de-repressed by Sri, a DNA-binding 

protein, SaPIbov2 is de-repressed by a small protein of unknown function, while SaPIbov5 and 

SaPIbov1 are de-repressed by dUTPases from phage 80α (for both) and phage Φ11 (for 

SaPIbov1))52,53. 
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1.3.1.2 Proposed G protein like mechanism of SaPI activation by dUTPases 

Regarding to the mechanism of SaPIbov1 de-repression by phage dUTPases, it was shown 

that the repressor protein of this particular SaPI, StlSaPIbov1 (Stl, from now on) and the phage 

dUTPases proposed to be responsible for the activation of the SaPIbov1 HGT interact physically. 

It was also shown that the phage Φ11 dUTPase disrupts the preformed Stl-DNA interaction, 

relieving the transcription of the repressed protein responsible for the initiation of the transfer. The 

80α and the Φ11 dUTPases contain a S. aureus phage specific insertion between motif III and motif 

IV. This insertion was proposed to be important for both the activity and de-repression 53. 

Besides, another study showed that dUTPase mutants that are defective in dUTPase activity 

are also defective in SaPI activation 52. The authors also found that only those mutants were able 

to induce the SaPI excision that had an ordered C-terminus in the crystal structure in the presence 

of the substrate. Based on these and indirect cellular experiments it was concluded that the specific 

conformational shift of the C-terminal arm of dUTPase, induced by dUTP binding is indispensable 

for the dUTPase:Stl interaction 52. Furthermore, it was proposed that the dUTPase-regulated gene 

transfer adopts a mechanism highly similar to the G protein mediated signaling, where the 

switching conformational change occurs upon GTP binding to the G protein 52. There, it was 

proposed that dUTP binding and consequently the ordering of the C-terminal arm switches on the 

HGT activating function of the phage dUTPase, while the hydrolysis of the substrate switches off 

the de-repression process.  

This suggestion is surprising because the kinetics of G proteins and dUTPases are very 

different (first part of Appendix 8.2 and Figure 8) 54,70,74,78,85,101 and kinetics is fundamental in the 

signaling function of G proteins. G proteins, unlike dUTPases, are very slow hydrolases and exist 

predominantly in ligand-bound states. For both efficient hydrolysis and product release, G proteins 

require additional protein regulators (GAPs (G-protein Activating Protein) and GEFs (Guanine 

nucleotide Exchange Factor)). The multi-step regulatory pattern relying on various factors allows 

G proteins to fulfill widespread fine-tuned signaling processes. Such a mechanism is in 

disagreement with the kinetic properties of the dUTPase enzymatic cycle.  
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2 AIMS  

As I have presented in the Introduction chapter, dUTPases are essential enzymes playing key roles 

both in the maintenance of the appropriate dUTP/dTTP ratio, and in various additional biological 

processes. No surprise that dUTPases are investigated as potential drug targets. Understanding the 

exact role and mechanism of this enzyme is essential. 

In this study, we had two main goals. 

I.  We set out to investigate the manifestation of allostery within the superfamily of dUTPases.  

Although the kinetic mechanism of dUTPases did not reveal unequivocal allosteric behavior 

earlier, the inherent allosteric potential in proteins may only appear by mutations that shift 

the distribution of the various conformational states 102,103. First, we designed mutations to 

access inactive conformational states in dUTPase potentially mimicking the ones observed 

in DCD and DCD-DUT. Towards this end, we created covalently linked human dUTPase 

pseudoheterotrimers (called hybrids henceforth) in which the active sites could be turned off 

selectively (Figure 11). We studied how the interruption of different steps of the enzyme 

cycle in one active site of the hybrid affects the non-mutated active sites using various 

enzymatic and structural biology approaches. We also aimed to investigate the characteristics 

of the central channel of dUTPases to explain the manifestation of allosteric behavior within 

the dUTPase superfamily. 

Figure 11  

Schematic representation of the potential active site 

communication within dUTPase, based on the 

example of DCDs and DCD-DUTs 

Grey color at the active sites represents inactive catalytic 

site. In case of DCD (-DUT) arrows in the central channel 

show that the conformational switch is transmitted 

through the central channel in a concerted way. Note that 

in case of dUTPase the C-terminal arms are reaching out 

from one subunit to contact the remote active site. 
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II. dUTPase and its enzymatic function were shown to play a key role in SaPI HGT activation 

52. Besides, a G protein-like mechanism was proposed including a dUTP induced 

conformational change in the P-loop-like motif V as key switch between the active and 

inactive states of dUTPase 52. However, the interconnection of the enzymatic cycle and the 

de-repressing function was not studied.  

a. We aimed to characterize the enzymatic properties of Φ11 dUTPase and its 

interaction with the Stl protein. 

b. We also wished to explore how the dUTP substrate and the Stl protein influence 

the binding of each other to dUTPase. 

For the in-depth characterization of the dUTPase-induced de-repression mechanism we 

wished to use biophysical methods and enzyme kinetics. 

  



38 

 

3 Materials and Methods 

3.1 Materials 

3.1.1 Reagents 

Molecular biology products were from New England Biolabs and Fermentas, 

electrophoresis and chromatography reagents were from Bio-Rad US, QIAGEN and GE 

Healthcare. Phenol red was from Merck, dUDP and α,β-imido-dUTP (dUPNPP) were from Jena 

Bioscience, dUTP and other chemicals were from Sigma-Aldrich, if not indicated otherwise. 

3.1.2  Buffers 

The dUTPase buffer was a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffered saline (HBS) containing 20 mM HEPES (pH 7.5), 0-300 mM NaCl, 5 mM MgCl2 and 

10 mM β-mercaptoethanol. The NaCl concentration was varied, therefore the NaCl content of the 

buffer is always indicated. For example, dUTPase buffer-100 means that the buffer contained 

100 mM NaCl. 

The Stl buffer was a phosphate-buffered saline (PBS) containing 1.8 mM KH2PO4, 10 mM 

Na2HPO4 (pH 7.3), 5 mM MgCl2, 0-400 mM NaCl, 10 mM β-mercaptoethanol and 1 % Triton X-

100. The NaCl concentration was varied, therefore the NaCl content of the buffer is always 

indicated. For example, Stl buffer-400 means that the buffer contained 400 mM NaCl. 

Phenol red buffer contained 1 mM HEPES (pH 7.5), 100 mM KCl, 40 µM phenol red and 

5 mM MgCl2. 

EMSA (Electrophoretic Mobility Shift Assay) buffer was a PBS (pH 7.3) buffer containing 

5 mM MgCl2, 75 mM NaCl, and 0.5 mM ethylenediaminetetraacetic acid (EDTA). 

TBE (Tris (2-Amino-2-hydroxymethyl-propane-1,3-diol)-Borate-EDTA) buffer contained 

890 mM Tris, 890 mM Boric acid, 20 mM EDTA. 

Quarz Crystal Microbalance (QCM) buffer was a HBS-T (HBS–Tween20 (Polyoxyethylene 

(20) sorbitan monolaurate)) buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM 

MgCl2, and 0.005 % Tween 20. 
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3.2 Cloning, expression and protein purification 

3.2.1 Cloning 

Cloning of covalent hDUT trimers 

The covalent wild type hDUT trimer enzyme (denoted as WWW) was created by genetic 

engineering. The hDUT enzyme conferring a single tryptophan in the active site (hDUTF158W) 

70,72,88 was amplified with different primers to create the three subunits of WWW with the linkers 

and the appropriate restriction site (for the sequences of the primers and the linkers see Appendix 

8.3). The subunits were cloned to pET45b plasmid next to each other. Covalent heterotrimers were 

created by changing one or two wild type subunit in WWW to a mutant subunit. 

Mutant subunits were created by amplifying the appropriate mutant from pET19b plasmid 

with the primers used for the creation of WWW with the exception of the third subunit where the 

original primers were changed to more efficient ones (Appendix 8.3). The Ala98 to Phe mutant 

(hDUTF158W, A98F) was created from hDUTF158W
pET19b. Site-directed mutagenesis was performed by 

the QuikChange method (Stratagene) and was verified by sequencing at MWG Eurofins GmbH. 

Mutagenic forward and reverse primers are presented in Appendix 8.3. 

3.2.1.1 Cloning of Φ11 dUTPase variants 

The affinity tag free variants of Φ11 phage dUTPase (Φ11DUT) (Appendix 8.1) were 

created by QuikChange site-directed mutagenesis from the wild type Φ11 dUTPase (Φ11DUTWT) 

construct (Φ11DUTWT
 pETDuet-1) described earlier 104. The resulting constructs were verified by 

DNA sequencing at MWG Eurofins GmbH. Mutagenic primers are listed in Appendix 8.3. 

3.2.1.2 Cloning of Stl 

The cDNA of the StlSaPIbov1 protein (GenBank ID AAG29617.1) from Staphylococcus 

aureus was synthesized as a codon-optimized construct (EnCor Biotechnology Inc.). The codon-

optimized construct was cloned into the vector pETDuet-1 from Novagen with EcoRI and NotI 

restriction sites at MWG Eurofins GmbH. Thus, a His-tag and a thrombin cleavage site were 

attached to the amino-terminal end of the protein (N-terminus) (Appendix 8.1E). For glutathione-

S-transferase (GST) fusion expression, Stl was further amplified from this expression vector with 

StlpETDuet-1 primers (Appendix 8.3), and was cloned into the EcoRI/XhoI restriction sites of the 
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pGEX-4T-1 vector in frame with the N-terminal GST tag, as well as with a thrombin cleavage site 

and a 6xHis tag between the GST and the dUTPase sequence. The resulting constructs were verified 

at MWG Eurofins GmbH. 

3.2.2 Protein expression and purification 

3.2.2.1 Protein expression 

Expression of different dUTPases was done as described previously 54,72,89,104. Briefly, 

transformed BL21 or BL21 Rosetta (pLysS) cells (Novagen) were grown until exponential phase 

(optical density ~ 0.6) in 500 ml LB at 37 °C then were induced with 0.5 mM isopropyl-β-D-

thiogalactoside (IPTG). After induction, the cell cultures were grown for a further 4 h at the same 

temperature. Finally the cells were harvested by centrifugation and stored at -80 °C. Covalent 

dUTPase pseudo-trimers were expressed strictly in BL21 Rosetta (pLysS) cells (Novagen), since 

expression in BL21 cells was not sufficient. Expression of the Stl protein was done similarly to the 

dUTPase constructs, except, that before induction the culture was cooled to 30 °C and after 

induction the cell cultures were grown at 30 °C.  

3.2.2.2 Protein purification 

3.2.2.2.1 Cell lysis 

For purification of dUTPases and Stl cell pellets were solubilized in dUTPase buffer-100 

and in Stl buffer-400, respectively, supplemented with 2 µg/ml RNase and DNase. One tablet of 

cOmpleteTM ULTRA Tablets, Mini, EDTA-free protease inhibitor preparation was added to every 

100 ml of the solution. Cell suspensions were stirred for 10 min, sonicated (4 x 60 s), and 

centrifuged (16000 g for 30 min). 
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3.2.2.3 Chromatography 

3.2.2.3.1 Purification of His-tagged proteins 

Purification of His-tagged dUTPases (hDUT and mtDUT variants) was done as described 

previously 72,89. Briefly, supernatant of the centrifugation after cell lysis was loaded onto a Ni-

nitrilotriacetic acid agarose (QIAGEN) column, pre-equilibrated with dUTPase buffer-100. The 

column was washed with dUTPase buffer-300, then with dUTPase buffer-100 and subsequently 

with imidazole washing buffer (dUTPase buffer-100, containing 50 mM imidazole). His-tagged 

protein was eluated with elution buffer (dUTPase buffer-100 containing 0.5 M imidazole and 

1 tablet cOmpleteTM ULTRA Tablets, Mini, EDTA-free /100 ml). Eluted protein was dialyzed 

against dUTPase buffer-100 supplemented with 1 mM benzamidine hydrochloride (BA) and 

0.1 mM phenylmethylsulfonyl fluoride (PMSF). 

3.2.2.3.2 Purification of GST-tagged proteins 

Supernatant of the centrifugation after cell lysis was diluted in Stl buffer-0 to contain 

200 mM NaCl and loaded on a pre-equilibrated benchtop glutathione-agarose affinity-

chromatography column (GE Healthcare). The column was washed with ten volumes of Stl buffer -

200. After that, 80 cleavage units of thrombin (GE Healthcare) were added in one volume of Stl 

buffer-200 to perform on-column cleavage for the removal of GST tag. After overnight cleavage 

at 20°C >95 % pure protein was eluted from the column. The eluted protein solution was 

supplemented with NaCl to 400 mM final concentration. The protein preparation was flash-frozen 

in liquid nitrogen, and stored at -80 °C. Before use, aliquots of the enzyme were dialyzed against 

the respective buffers. 

3.2.2.3.3 Purification of tag-free Φ11 dUTPases 

The purification of the tag-free Φ11 dUTPases was performed using an AKTA Purifier system, 

with Unicorn software (GE Healthcare). Supernatant of the centrifugation after cell lysis was 

directly loaded on a Q-Sepharose anion exchange column (5 ml) equilibrated with dUTPase buffer-

100 (supplemented with 0.1 mM PMSF) followed by a 50 ml gradient elution up to 1 M NaCl. The 

dUTPase constructs were typically eluted at 0.3–0.5 M NaCl. A second purification step was 

performed on a size exclusion column (Superdex 200 10/300 GL, GE Healthcare) in dUTPase 
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buffer-100 containing 0.1 mM PMSF with a molecular weight separation range between 10-600 

kDa. The absorbance of the eluate was monitored at 280 and 260 nm. Enzyme stocks were 

concentrated on Millipore centrifugal filters (10 kDa cutoff) to a final concentration, flash-frozen 

in liquid nitrogen, and stored at -80 °C. Before use, aliquots of the enzyme were dialyzed against 

respective buffers. 

3.2.2.3.4 Quality control and protein quantification 

The purified proteins were analyzed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). The purified preparations appeared as single bands on SDS-PAGE, 

gel densitometry suggested at least 90% purity. DNA/protein ratio was checked by UV absorbance 

based on 260 nm/280 nm ratio. Protein concentration was measured using the Bradford method 

(Bio-Rad Protein Assay) and by UV absorbance. Extinction coefficients of the proteins were 

calculated with the Protparam tool (http://web.expasy.org/protparam). Protein concentration is 

indicated for monomers or pseudo-monomers in every case. 

3.3 Protein characterization 

3.3.1 Equilibrium fluorescence measurements 

Measurements were done fundamentally as described previously 70,89. Intrinsic fluorescence 

of tryptophan and tyrosine residues of the investigated proteins were excited at 295 nm and at 

275 nm, respectively. Tryptophan emission spectra were recorded between 320-400 nm. If 

emission spectrum was recorded in the presence of a ligand, it was added in saturating 

concentration. 

Concentration of proteins was 2-5 µM depending on the measurement, fluorescence 

intensity and amplitude change of the investigated phenomenon. The exact concentrations are 

indicated in the figure legends of the given measurements. Each measurement was performed at 

20 °C. Additional fluorescence or inner filter effect imposed on the measured intensities during 

titration experiments were corrected by subtracting the intensity of the assay buffer. Stl protein has 

high background tyrosine fluorescence in the tryptophan fluorescence region due to the high 

number of tyrosines in this protein. Therefore if tryptophan fluorescence of dUTPases was 

investigated in the presence of Stl, the fluorescence intensity of Stl was subtracted from the 

measured intensities. Background intensity belonging to Stl at the respective concentration was 
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determined with the help of a calibration curve. If Stl background was subtracted from the 

measured intensities the intensity of the assay buffer was not subtracted additionally. 

In order to have comparable signal change fluorescence was relativized. In case of 

fluorescence spectra the intensities were relativized to the peak fluorescence of the apo dUTPase 

protein. In case of titrations the fluorescence was relativized to the intensity of the apo dUTPase 

protein in the absence of titrant at the applied wavelength.  

3.3.1.1 Measurements in Jobin Yvon Spex Fluoromax-3 spectrofluorometer 

Most fluorescence spectra and intensity titrations were recorded on a Jobin Yvon Spex 

Fluoromax-3 spectrofluorometer. Excitation and emission slit were 1 nm and 5 nm, respectively. 

3.3.1.2 Measurements in Perkin Elmer EnSpire® Multimode Plate Reader 

Measurements were done in 96 Well Black Non-Binding Microplates (Greiner Bio-One). 

Excitation and emission slits were 1 nm. Fluorescence was measured in top detection mode; 

measurement height was optimized for every plate. 120 µl sample volume was used. Each sample 

was measured in triplicates.  

3.3.1.3 Investigation of the equilibrium binding constants of the substrate and substrate  

analogues to dUTPases 

For the determination of equilibrium binding constant (Kd) of different ligands, the investigated 

ligand (titrant) was added in increasing concentration to dUTPase (titrand) of fixed concentration 

in Jobin Yvon Spex Fluoromax-3 spectrofluorometer. Increasing concentration of ligand was added 

manually to the sample step by step. Fluorescence was measured continuously. Fluorescence 

intensities were recorded at the emission peak wavelength of the apo protein: 345 nm and 350 nm 

for human and Φ11 phage dUTPase, respectively. Measurements were done in dUTPase buffer -

100 (hDUT measurements) and in Stl buffer-300 and 400 (Φ11DUT measurements). Fluorescence 

of the formed complexes was corrected for dilution and then the fluorescence was relativized. Data 

were plotted against the concentration of the titrant. Result was fitted to the quadratic binding 

equation (Equation 1) describing 1:1 stoichiometry for the dissociation equilibrium with no 

cooperativity: 
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F =  𝐹0 + A ∗
(𝐸𝑇 + 𝐿𝑇 + 𝐾𝑑 ) ± √(𝐸𝑇 + 𝐿𝑇 + 𝐾𝑑)2 − 4 × 𝐸𝑇 × 𝐿𝑇

2 × 𝐸𝑇  

(Equation 1)
  

where F is the relative fluorescence of the sample, F0 is fluorescence of the enzyme in the absence 

of ligand, A is the total change in activity in the presence of saturating ligand, ET is the 

concentration of enzyme used in the measurement, Kd is the equilibrium binding constant of the 

investigated ligand, LT is the independent variable and it stands for total added ligand concentration.  

3.3.1.4 Binding of Stl to phage dUTPase in the presence and absence of dUPNPP and dUMP 

To investigate the equilibrium binding of Stl to Φ11 phage dUTPase in the absence and 

presence of dUPNPP and dUMP Perkin Elmer EnSpire® Multimode Plate Reader was used due to 

the slow complex formation. Concentration series were prepared where the concentration of the 

titrand was fixed while the concentration of the titrant was increasing. The binding partners were 

preincubated in Stl buffer-400 for 20 minutes. Corrected and relativized fluorescence intensities 

were plotted against the concentration of the titrant and fitted to the quadratic binding equation 

(Equation 2). 

F =  𝐹0 + A ∗
(𝐸𝑇 + 𝐼𝑇 + 𝐾𝑖 ) ± √(𝐸𝑇 + 𝐼𝑇 + 𝐾𝑖 )2 − 4 × 𝐸𝑇 × 𝐼𝑇

2 × 𝐸𝑇
 

(Equation 2)  

where Ki is the equilibrium binding constant or the apparent equilibrium binding constant (Ki,app, 

if competing ligand was present) of the inhibitor protein, IT is the independent variable and it stands 

for total inhibitor concentration. The other parameters are the same as for Equation 1. 

3.3.2 Kinetic measurements 

3.3.2.1 Phenol red indicator assay 

3.3.2.1.1 Principles of the measurements 

In the dUTPase reaction protons are released during the transformation of dUTP into dUMP 

and PPi. The continuous phenol red indicator assay allows the detection of these protons with the 

absorbance change of phenol red indicator in a slightly buffered reaction mixture, as described 
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previously 74,89. Substrate was added in high excess compared to enzyme concentration. The first 

10 % of the progress curves were fitted with linear equation. Initial velocity was calculated using 

Equation 3. 

𝑉0 =  
𝑚

𝐸𝑇 ×
∆𝐴
𝑆𝑇

 

(Equation 3)  

where m is the slope of the linear fitted to the first 10 % of the progress curve, ET is the total enzyme 

concentration in the reaction, ΔA is the total absorbance change during the reaction, and ST is the 

total substrate concentration added to the reaction mixture. 

3.3.2.1.2 General conditions of the measurements 

A Specord200 spectrophotometer and 10 mm path length thermostatted cuvettes were used 

at 20 oC and absorbance was recorded at 559 nm continuously. Enzyme was freshly diluted in 

Phenol red buffer, since some of the dUTPase variants were not stable in this buffer in low 

concentration for elongated time. Reaction was started with the addition of substrate in every case. 

Substrate was added in 1-10 µl volume to the 1 ml reaction mixture to minimalize dilution. Enzyme 

was used in 10 nM – 3 µM concentration. Enzyme concentration was chosen depending on the 

catalytic properties of the investigated enzyme variants. Exact enzyme concentrations of the given 

measurements are given in the figure legends. 

3.3.2.1.3 Determination of Michaelis-Menten parameters 

Initial velocities were measured in the presence of 1-50 µM dUTP and plotted against 

substrate concentration. Data were fitted with the Michaelis–Menten equation (Equation 4). 

𝑉𝑚𝑎𝑥 =  
𝑉0 × 𝑆𝑇

𝐾𝑀 + 𝑆𝑇
 

(Equation 4)  

where Vmax is the maximal velocity measured in the presence of saturating substrate, V0 is initial 

velocity, KM is the Michaelis constant and ST is the total substrate concentration added to the 

reaction mixture. 
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3.3.2.1.4 Determination of the inhibition constant of the Stl inhibitor 

 To determine the apparent inhibition constant of the Stl protein on dUTPase reaction, initial 

velocity of dUTPase hydrolysis was determined in the presence of different concentrations of Stl. 

dUTPase and dUTP concentration were the same at every measurement and are indicated in the 

figure legends. Measurement was done similarly as described in the previous section. 

 Initial velocity data were plotted against Stl concentration. Since Stl proved to bind stronger 

to dUTPase than the substrate the tight binding quadratic equation (Equation 5) was used to 

determine total inhibition and Ki of Stl 105. 

𝑉0 =  𝑉0𝑇 + 𝐷𝑇 ∗
(𝐸𝑇 + 𝐼𝑇 + 𝐾𝑖,𝑎𝑝𝑝) ± √(𝐸𝑇 + 𝐼𝑇 + 𝐾𝑖,𝑎𝑝𝑝)2 − 4 × 𝐸𝑇 × 𝐼𝑇

2 × 𝐸𝑇
 

(Equation 5)  

where V0 is the measured initial reaction rate, V0T is the initial reaction velocity of the enzyme in 

the absence of inhibitor, DT is the total decrease in activity in the presence of saturating inhibitor, 

ET is the concentration of enzyme used in the measurement, Ki,app is the apparent inhibition constant 

of the inhibitor, IT is the total inhibitor concentration added to the reaction mixture and it is the 

independent variable. 

3.3.3 Transient kinetic measurements 

3.3.3.1 Fluorescence transient kinetic measurements in stopped-flow 

3.3.3.1.1 General settings and conditions 

Stopped-flow fluorescence measurements were carried out at 20 oC using an SX-20 (Applied 

Photophysics, UK) stopped-flow apparatus, following the fluorescence signal change of 

tryptophan. Tryptophan residues were excited at 295 nm and emission was selected with a 320 nm 

long pass filter. Equal volumes (50 μl) of the investigated species were mixed and 4-8 traces were 

recorded and averaged for each data point. Logarithmic data acquisition was acquired. As detector 

sensitivity was set to optimum for every measurement, the fluorescence intensities and amplitude 

changes of different measurements are not comparable. The mixed species and their concentrations 

(post mixing) are indicated in the figure legends. The curves are shown from 0.002 s, which 
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corresponds to the dead time of the instrument. Time courses were analyzed by Origin 8.5. 

(OriginLab Corp., Northampton, MA). In some cases the fluorescence was relativized similarly as 

described for the equilibrium fluorescence measurements, i.e. the signal of the buffer was 

subtracted and then the fluorescence was normalized to the signal of the apo dUTPase.  

3.3.3.1.2 Determination of the single turnover hydrolytic rate constant 

To ensure single turnover conditions, the concentrations of the substrate and the enzyme 

were high above the Kd of their collision complex and the enzyme was added in excess compared 

to the substrate. Under single turnover conditions, the reaction curve can be fitted with a 

multiexponential decay function. Single turnover reaction curves were fitted with a triple 

exponential equation 70 (Equation 6). 

F =  𝐴1 × 𝑒−𝑘𝑜𝑏𝑠1𝑡 + 𝐴2 × 𝑒−𝑘𝑜𝑏𝑠2𝑡 + 𝐴3 × 𝑒−𝑘𝑐𝑎𝑡,𝑆𝑇𝑂𝑡 + 𝐹02 

(Equation 6)  

where F is the observed fluorescence intensity, t is the time, A1-3 are the amplitudes of the 

observable fluorescence phases of the reaction curve, kobs1 and kobs2 are the observed rate constants 

of substrate binding at the given enzyme and substrate concentration, kcat,STO is the single turnover 

catalytic rate constant of the enzyme and 𝐹02 is the final fluorescence of the curve. 

3.3.3.1.3 Active site titration 

For active site titration, the enzyme was titrated with substrate so that at the beginning of 

the titration the concentration of substrate did not reach the concentration of the active sites and at 

the end of the titration the substrate was in excess. Until the substrate concentration is lower than 

the concentration of the active sites, the reaction is single turnover and the reaction curve can be 

fitted with Equation 6. If the concentration of the substrate exceeds the concentration of the active 

sites the reaction becomes multi-turnover and the reaction curves cannot be fitted adequately with 

the multi-exponential decay function. The last substrate concentration where the reaction was still 

single turnover was taken as minimum active site concentration. 
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3.3.3.1.4 Investigation of complex formation 

For the kinetic characterization of complex formation between dUTPase enzyme and 

substrate or the inhibitor protein Stl, titration was performed in a stopped-flow apparatus. 

Measurements were done under pseudo-first-order conditions. To achieve pseudo-first-order 

conditions the titrant was added in at least 5 fold excess compared to the titrand. The observed 

fluorescence signals were fitted with single or double exponential function. If substrate binding 

had a single observable fluorescence phase, single exponential decay function was fitted 

(Equation 7), while if there were two observable phases double exponential decay function was 

fitted (Equation 8). 

𝐹 =  𝐴1 × 𝑒−𝑘𝑜𝑏𝑠1𝑡 + 𝐹02 

(Equation 7)  

𝐹 =  𝐴1 × 𝑒−𝑘𝑜𝑏𝑠1𝑡 + 𝐴2 × 𝑒−𝑘𝑜𝑏𝑠2 𝑡 + 𝐹02  

(Equation 8)  

where F is the observed fluorescence intensity, t is the time. A1-2 are the amplitudes of the 

observable fluorescence phases, the rate constants kobs1 and kobs2 are the observed rate constants of 

the binding and F02 is the fluorescence intensity measured following the complex formation. 

The observed rate constants of binding were plotted against the concentration of the titrant. 

Observed rate of collision complex formation under pseudo-first-order condition is the linear 

function of the concentration of the titrant (Equation 9). 

𝑘𝑜𝑏𝑠1  =  𝑘𝑜𝑓𝑓 + 𝑘𝑜𝑛 × 𝑇𝑇 

(Equation 9)  

where koff and kon are the dissociation and the association rate constant, respectively and TT is the 

total added concentration of the titrant at the given titration point. 

Dissociation constant (KD) of the collision complex was calculated using Equation 10. 

KD =   
koff

kon
 

(Equation 10)  

The amplitudes of the observed fluorescence phases and the total amplitude of complex formation 

were also plotted against the concentration of the titrant. These data were fitted by hyperbolic 

binding equation (Equations 11and 12). 
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𝐴1 =  
𝐴𝑖,𝑚𝑎𝑥 × 𝑇𝑇

𝐾𝑖 + 𝑇𝑇
 

(Equation 11)  

𝐴𝑡 =  
𝐴𝑡,𝑚𝑎𝑥 × 𝑇𝑇

𝐾 +  𝑇𝑇
 

(Equation 12)  

where Ai is the amplitude, Ai,max is the maximal amplitude change of the respective fluorescent 

phases and Ki is the equilibrium constant of respective binding step. At is the amplitude, At,max are 

the total amplitude and the maximal total amplitude and K is the equilibrium constant of the 

investigated process. TT is the total added concentration of the titrant at the given titration point. 

3.3.3.1.5 Substrate or substrate analogue binding 

As substrate binding is fast in case of human dUTPase, the most part of the amplitude was 

lost in the dead time. The amplitude belonging to the collision complex formation was estimated 

with large error in the fitting process. This is because during the iteration the initial fluorescence 

preceding the complex formation is often overestimated. However this initial fluorescence 

theoretically is identical with the fluorescence of the apo dUTPase. Therefore the parameters of 

amplitudes in Equations 11 and 12 were substituted based on Equations 13 and 14. 

𝐴𝑡  =  𝐹01 − 𝐹02 =  𝐴1 + 𝐴2 

(Equation 13)  

𝐴1 =  (𝐹01 − 𝐹02) − 𝐴2 

(Equation 14)  

where F01 is the fluorescence of dUTPase measured in the absence of substrate. Other parameters 

are the same as in Equation 7-8 and 11-12. 

In case of human dUTPase it was described that substrate binding occurs in two steps. After 

the initial collision complex formation there is a second, isomerization step 70. The observed rate 

constant of the isomerization step is expected to be the hyperbolic function of substrate 

concentration (Equation 15). 

𝑘𝑜𝑏𝑠2  =  𝑘−iso + 
𝑘iso × 𝑇𝑇

𝐾𝐷 + 𝑇𝑇
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(Equation 15)  

where kiso and k-iso are the forward and the backward rate constants of the isomerization step, 

dissociation and the association rate constant, respectively. Other parameters are the same as 

previously. 

3.3.3.1.6 Investigation of Stl binding to dUTPase 

During the investigation of the complex formation between Stl and dUTPase, Stl was 

titrated with dUTPase, as the latter was more stable in high concentration. Note that here the titrant 

was bearing the signal source; therefore to analyze the dependence of the amplitudes on the 

concentration of the titrant initial fluorescence (F01) of the binding curves was subtracted from the 

fluorescence time curves. Initial fluorescence was practically identical with the fluorescence of apo 

dUTPase at a given concentration due to the slow complex formation of the two proteins. 

3.3.3.1.7 Transient kinetic investigation of slow processes in Jobin Yvon Fluoromax-3 

instrument 

Long time transients were recorded in a Jobin Yvon Spex Fluoromax-3 

spectrofluorometer. Tryptophan emission was monitored continuously at 347 nm. The setup of the 

instruments was the same as described before. After 5 minutes pre-incubation of 

Φ11 dUTPaseF164W with excess Stl in Stl buffer-400, dUTP was added in various concentrations 

(500-2300 µM) manually. Time courses were analyzed using Origin 8.5 (OriginLab Corp., 

Northampton, MA). 
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3.3.4 Electrophoretic mobility shift assay (EMSA) 

3.3.4.1 Production of Stl binding site183 for EMSA experiments 

The 171mer oligonucleotide that was described earlier to contain the Stl binding site 53 was 

custom synthetized and cloned into the NotI/NotI sites of the vector pEX-A ordered form MWG 

Eurofins GmbH. The sequence was additionally flanked by an EcoRI site on 5’ and BamHI site on 

the 3’ end resulting in the Stl binding site183 that was used in our EMSA experiments. The Stl 

binding site183 was amplified from the pEX-A plasmid for EMSA experiments in polymerase chain 

reaction (PCR) (for primers see Appendix 8.3). The PCR product was purified with Qiagen PCR 

clean up kit. 

3.3.4.2 EMSA experiments 

DNA carrying the Stl binding site183 (75 ng DNA) and 1-3 µM protein were mixed in EMSA 

buffer in the presence or absence of 1 mM dUPNPP in 20 µl total volume. Samples were incubated 

for 15 min at room temperature to reach equilibrium between the binding partners. The total volume 

of the samples was loaded onto 8 % polyacrylamide gel following one hour pre-electrophoresis. 

Electrophoresis was performed in TBE buffer for about 60 min at room temperature. Gels were 

stained with GelRed (Biotium) and detected using the Uvi-Tec gel-documentation system (Cleaver 

Scientific Ltd., Rugby, UK). 

3.3.5 Quartz crystal microbalance (QCM) measurements 

3.3.5.1 Immobilization of Stl 

QCM measurements were done fundamentally as described earlier 106. Stl was immobilized 

on sensor chips (Attana AB (Stockholm)). LNB-carboxyl chips were prewetted with MilliQ water 

prior to immobilization, and inserted in the Attana A100 QCM biosensor instrument (Attana AB, 

Stockholm, Sweden). Immobilization was carried out at a flow rate of 10 µl/min in HBS-T buffer 

at 25 °C. Thereafter, 0.4 mM N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride and 

0.1 mM sulfo-NHS were mixed at 1:1 ratio and this solution was injected immediately with 300 s 

of contact time to activate the chip’s surface. After rinsing the injection loop with MilliQ wa ter, 

the ligand solution containing 20 µg/ml of purified Stl in 10 mM CH3COONa, pH 4.0, was loaded 

to the chip for 300 s. The injection loop was washed again with MilliQ water, and finally, the 
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remaining activated carboxyl groups on the chip’s surface were neutralized by the injection of 1 M 

ethanolamine, pH 8.5 for 300 s. 

3.3.5.2 Binding experiments 

Binding experiments were performed with a continuous flow (25 µl/min) of running buffer 

allowing for a contact time of 90 s. Analyte samples were prepared in QCM buffer for Φ11DUTW T 

and Φ11DUTF164W (0.46 µM) at 23 °C. After each measurement, the surface of the chip was 

regenerated by an injection of 50 mM NaOH for 40 s to remove any remaining analyte. At least 

three independent experiments were performed. The frequency response curves were analyzed 

using the BIAevaluation 4.1 software.  

3.3.6 Circular dichroism (CD) spectrometry 

CD spectra were recorded with a JASCO 720 spectropolarimeter at 20 oC, as described 

previously64. Far UV and near UV spectra were recorded at 200-250 nm and 250-300 nm, 

respectively. In case of far UV measurements quartz cuvette with 1 mm path length was used. The 

concentration of the protein was 25 μM in the measurements. The measured ellipticity was 

transformed into ellipticity per decimole of aminos acids ([Θ]MRW)107 to aid the comparability of 

the spectra. In case of near UV measurements quartz cuvette with 10 mm path length and a protein 

concentration of 55 μM was used. The measured ellipticity was transformed into molar ellipticity 

([Θ])107. During the transformation one trimer was counted as one molecule both in the cases of 

homotrimers and the covalent trimers to aid signal comparability. 

3.3.7 ThermoFluor assay 

ThermoFluor 108,109 assays were carried out on an Mx3000P® QPCR System (Agilent 

Technologies Company). Thermal shift reactions were performed in a 96-well thin-wall microplate 

in a total volume of 25 μl containing 1000 fold diluted Sypro® Orange dye. Samples were gradually 

heated from 25 to 80 oC with a heating rate of 1 °C / minute. The concentration of hDUTF158W and 

the WWW enzyme was 0.8 mg / ml and 2 mg / ml in the measurements, respectively. To 

compensate for the difference in the ionic strength between the samples with and without MgCl 2, 

NaCl was added according to Equation 16: 

𝐼 =  0.5 ∗ ∑(𝑐𝑖 ∗ 𝑧𝑖
2) 
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(Equation 16)  

where I is the ionic strength, ci is the concentration, zi is the charge of the particular ion and i is the 

index of summation. 

The raw data of the heat-induced unfolding monitored by fluorescence emission were 

converted to the apparent fraction of native protein FN, according to Equation 17, as described in 64: 

𝐹𝑁  =   
(𝜃𝑈 + 𝑚𝑈 ∗ 𝑇) − 𝜃

(𝜃𝑈 + 𝑚𝑈 ∗ 𝑇) − (𝜃𝑁 + 𝑚𝑁 ∗ 𝑇)
 

(Equation 17)  

where Θ is the observed spectroscopic signal at temperature T, ΘN and ΘU are the intercepts and 

mN and mU are the slopes of the pre- and post-transitional base lines of the raw data, respectively. 

The FN vs. T plot was converted to the FU vs. T plot by using the FN + FU = 1 equation, where FU 

is the fraction of unfolded protein. The FU vs. T plot was then fitted with the Boltzmann or the 

double Boltzmann equation (Equations 18 and 19) to determine the midpoint of the transition(s)  

𝑦 =  
𝐴1 + 𝐴2

1 + 𝑒
𝑥−𝑥0

𝑑𝑥

+ 𝐴2 

(Equation 18)  

where A1 and A2 are the pre- and post-transitional base lines and x0 is the transition midpoint.  

𝑦 =  𝑦0 + 𝐴 (
𝑝

1 + 𝑒
𝑥−𝑥01

𝑘1

+
1 − 𝑝

1 + 𝑒
𝑥−𝑥02

𝑘2

) 

(Equation 19)  

where A is the total signal change, p is the fraction of the first transition, k1 and k2 are the slope 

factors of the two transitions, y0 is the offset, while x01 and x02 are the transition midpoints.  
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3.3.8 Limited trypsinolysis 

3.3.8.1 Limited trypsinolysis in the presence of nucleotides 

The limited tryptic digestion of dUTPases was performed at 37 oC using 0.5 mg/ml protein 

concentration and 1:20 trypsin : dUTPase ratio in assay buffer also containing either 0.1 mM EDTA 

or 5 mM MgCl2. The tryptic digestion was terminated by the addition of 1 mM PMSF to the 

samples taken at different time points. The time dependence of the trypsinolysis was analyzed on 

SDS-PAGE. Limited trypsinolysis in the presence of 1 mM dUPNPP was performed likewise in 

the same buffer either with or without Mg2+. SDS-PAGE gels were analyzed by densitometry with 

the UVIdoc software. 

3.3.8.2 Cleavage of covalent trimer linkers by limited trypsinolysis 

The cleavage of the linkers of the WWN covalent enzyme (see later) was performed at 25 oC 

using 0.8 mg / ml protein concentration and 1:500 trypsin : dUTPase ratio in the assay buffer also 

containing 1 mM dUPNPP or dUTP for the protection of the C-terminus 72 and 5 mM MgCl2. The 

digestion was terminated by the addition of 1 mM BA after 5 minutes. The sample was dialyzed 

against assay buffer containing 1 mM BA and 5 mM MgCl2 to remove dUPNPP. The control 

sample was treated similarly without the addition of trypsin. The trypsinolysis product, the W/W/N 

heterotrimer, was analyzed on SDS-PAGE and by enzymatic assays. 

3.4 Sequence analysis 

Multiple sequence alignments were performed with the ClustalX program, using the standard 

parameters. 

3.4.1 S. aureus genome analysis 

Completed genomes (to date 03/05/2014; http://www.ncbi.nlm.nih.gov/genome/genomes/154) of 

different S. aureus strains were searched in the REFSEQ database with trimeric dUTPase (Φ11 

dUTPase, GeneID: 1258034) and with dimeric dUTPase (Φeta3 dUTPase, GeneID:927341) 

sequences using the tblastn algorithm 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM = tblastn&PAGE_TYPE = BlastSearch&LI

NK_LOC = blasthome). The search was performed with the basic parameter settings offered by 

http://www.ncbi.nlm.nih.gov/genome/genomes/154
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=tblastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=tblastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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the software. Prophage regions were identified based on the publications describing the genomic 

sequence or by the PHAST software 110. 
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4 Results and Discussion  

4.1 Investigation of the independency of active sites within the dUTPase superfamily 

4.1.1 Establishment of hybrid dUTPases 

4.1.1.1 Establishment of trimeric dUTPase linked covalently by peptide linkers 

Mutations introduced to a homo-oligomeric protein appear in each subunit as the oligomer 

is assembled from identical monomers (Figure 12A).  

 

Figure 12  

Schematic representation of the covalent trimer concept 

A, Schematic representation of the assembly of trimeric dUTPase. Green spheres represent the wild 

type like hDUTF158W monomer. The structures reaching out from the monomer represents the 

swapping arm of the dUTPase. Yellow stars mark the Trp serving as intrinsic fluorescence signal 

for following the enzymatic reaction cycle. Small, pink spheres sign Mg2+ ions. B, Schematic 
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representation of covalent pseudo-trimers. Free-hand drawn projections of the swapping arms with 

color transition represent the flexible linkers connecting the C-terminus of one dUTPase protomer 

to the N-terminus of another one. Different colors of the protomers represent the possible 

heterogeneity within the trimer, i.e., that every protomer can be changed independently from the 

others. 

To generate hybrid enzymes of the human dUTPase, we created a covalently linked pseudo 

homotrimer (termed WWW) in which each subunit could be exchanged to selectively contain the 

desired mutation (Figure 12B). The previously described sensor-bearing hDUTF158W human 

dUTPase 70,85 monomer (W) was used as a scaffold. The F158W substitution enables the 

fluorescent monitoring of certain enzymatic reaction steps without altering the mechanism 70,72,88. 

We linked the monomers together with well-tried flexible peptide linkers 111 (Appendix 8.1).  

4.1.1.2 Characterization of the effect of linkage of dUTPase protomers with peptide linkers  

To see whether the linkage of the dUTPase protomers influences the enzymatic properties 

we tested the structural and enzymatic characteristics of the WWW enzyme. 

4.1.1.2.1 Characterization of structural properties: CD spectra and thermal unfolding 

The far-UV CD spectrum of the WWW enzyme was very similar to the far UV spectrum 

of hDUT and showed the characteristics of an all-β protein (Figure 13A). The near-UV CD 

spectrum (Figure 13B) of WWW was remarkably different from the near UV spectrum of 

hDUTF158W. The main real difference between WWW and hDUT spectra is in the phenylalanine 

region (250-270 nm) of the spectra 107. The hDUTF158W protein contains a phenylalanine (Phe214 

and Phe400, see in Appendix 8.1B) in the flexible N-terminal part. The presence of the linker may 

change the flexibility and conformation of the flexible N-terminal part in the second and in the 

third subunit. As a consequence the conformation of Phe48 is also probably different in WWW and 

this results in the observed difference in the phenylalanine region of the near UV spectrum. The N-

terminal part of the human dUTPase is involved in the nuclear import of the protein 112, but not in 

the enzymatic reaction 72,112. 

The thermal unfolding of the hDUT homotrimer happens in one, highly cooperative step 

(Figure 13C), similarly to D. melanogaster and E. coli dUTPases 64. The analysis of the thermal 

unfolding curves of WWW revealed two transition midpoints (Figure 13D). One of those was 

identical with the Tm of hDUTF158W (~ 60 °C). The additional Tm was observed around 45 °C and 
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represented the lower fraction of the amplitude. The less cooperative thermal unfolding curve and 

the additional, low temperature Tm may indicate a populated folding intermediate of a less stable 

conformation of WWW due to the linkers. 

 

Figure 13  

Structural study of WWW 

Panel A, and B, show far UV and near UV spectra of hDUTF158W (grey) and WWW (black) enzyme. 

The spectra of the buffers are marked by dash dot. C, Representative measurements of thermal 

unfolding of hDUTF158W. Smooth lines through data are Boltzmann fit (Equation 18). Melting 

temperature was determined from the midpoint of transition and was found to be 59.8 ± 0.1 °C 

(standard error (SE) for n = 3). D, Representative measurements of thermal unfolding of WWW. 

Smooth lines through data are double Boltzmann fit (Equation 19). Melting temperatures were 

determined from the midpoints of transitions and were found to be Tm1 = 45.1 ± 0.1 °C, 

Tm2 = 59.7 ± 0.1 °C. Fractions of the first and second transition were 0.14 ± 0.02 and 0.86 ± 0.02 

respectively. Errors represent standard error of means (n = 3).  
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4.1.1.2.2 Characterization of kinetic properties of the quasi wild type covalent dUTPase, 

WWW 

In our experiments WWW showed similar enzymatic properties to hDUTF158W under 

steady-state conditions (Figure 14A, Table I). To confirm that the covalent linkage of the dUTPase 

protomers does not alter the enzymatic mechanism we also performed transient kinetic analysis. 

We determined the single turnover catalytic rate constant of WWW (Figure 14B, Table I) and 

found that it is very close to the one reported for hDUTF158W (Table I). 

We investigated the substrate binding properties as well under pseudo-first-order conditions 

and found that WWW binds dUTP in two steps (Figure 14C-E, Table I) similarly to hDUTF158W . 

The observed rate constants for the collision complex formation at different concentrations of 

dUTP were found to be higher than in the case of hDUTF158W. Since large proportion of the 

amplitude for this complex formation step was lost in the dead time (Figure 14C) the observed rate 

constant from this phase is only a rough estimate (> 600 s-1) (Figure 14D) and did not yield exact 

association and dissociation constants. 

The observed rate constant of the second binding phase, that was proposed to be the 

isomerization of enzyme-substrate complex 70 did not depend on the dUTP concentration in the 

investigated concentration range, as expected high above the KM (Figure 14D). In this concentration 

range the observed rate constants for the isomerization step approximates the sum of the forward 

and the backward rates of the suspected conformational change (Eq. 15). In the kinetic model of 

hDUTF158W the rate constants for the isomerization step are kiso = 21.2 s-1 and k-iso = 3.7 s- 1 70. The 

average value of the observed rate constants for the isomerization step was found to be 

kobs2 = 30.4 ± 9.1 s-1 in case of WWW. This indicated that this step of the enzyme reaction was not 

altered at all due to the linkage of dUTPase protomers. The total amplitude change was used also 

to estimate the Kd of enzyme substrate complex. This value did not change considerably compared 

to hDUTF158W. 
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Figure 14  

Validation of covalent pseudo-trimers as a model system: kinetic analysis 

Panel A, shows representative measurements of steady-state kinetics of WWW. Smooth lines 

through data are hyperbolic fits (Eq. 3) yielding Vmax = 7.9 ± 0.5 s-1 and KM = 1.7 ± 0.4 μM values. 

The measurement was done several times (n=4); the results are summarized in Table I. B, 
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Fluorescent time courses recorded upon the reaction of dUTP with 20 μM WWW. Single turnover 

traces were fitted with triple exponential yielding (Eq. 6) kcat, STO = 6.24 s-1. C, Fluorescence time 

courses recorded upon the initial binding phase of the reaction of various concentrations of dUTP 

with 0.5 μM WWW (post mixing concentration). Smooth lines are double exponential fits (Eq. 8) 

to the experimental curves. D, Analysis of measurements from Panel C. Filled black scatters show 

the observed rate constants from first phase of the fitted double exponential. Empty black squares 

show the observed rate constants of the second phase from double exponential fits. Results are 

summarized in Table I. E, Fluorescence intensity titrations by stopped-flow measurements, in 

which 0.125 μM WWW enzyme was mixed with various concentrations of dUTP. The graph shows 

the amplitude change upon substrate binding. Smooth line through data is hyperbolic fit (Eq. 12) 

yielding Kd value presented in Table I. 

Table I  

Kinetic comparison of hDUTF158W and WWW 

 hDUTF158W WWW 

Vmax (s-1)  8 ± 3 72 6.9 ± 0.5 # 

KM (μM) 3.6 ± 1.9 70 1.7 ± 0.5 ## 

kcat, STO (s-1) 6.4 70 6.33 ± 0.03 # 

kon (μM-1s-1) 120 70 > 120 ## 

koff (s-1) 100 70 > 100 ##  

kiso,obs(kiso + k-iso) (s-1) 20 ± 18 70 30.4 ± 9.1 ## 

Kd  < 1 70 0.29 ## 

# Data are presented as mean and standard error (SE) of mean. 
## Experimental results presented in Figure 14  

To further test the effect of the linkers on the enzymatic cycle of dUTPase we also 

performed tryptic digestion on one of the covalently linked hybrid enzymes (WWN, see later) to 

cleave the linkages between the subunits. The human dUTPase has two very sensitive tryptic 

cleavage sites. One of those is located at the flexible N-terminal segment, while the other is located 

at the beginning of the essential Vth motif. Cleavage at the N-terminal tryptic site occurs very 

quickly (5 minutes under the applied conditions), and does not influence the enzymatic activity. 

The second sensitive tryptic site gets cleaved somewhat slower, but results in the loss of enzyme 

activity. This site can be protected by adding the substrate analogue dUPNPP. After the cleavage 

of the sensitive N-terminal and C-terminal site the resulting protein core remains stable for long 

time 72. 
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To achieve the detachment of the linked protomers, without the cleavage of the essential motif 

V, we performed very short limited trypsinolysis in the presence of dUPNPP. From this treatment 

we gained dUTPase monomers and dUTPase monomers containing the attached linkers 

(Figure 15A). No C-terminal truncated hDUT monomer was observed (compare Figure 15A Lane 3 

and Lane 5). 

After we get rid of the dUPNPP, we tested the steady-state and the single turnover activity of 

the cleaved covalent trimers. The cleaved covalent enzyme displayed basically identical steady-

state and transient kinetic properties to that of the covalently linked one (Figure 15).  

 

Figure 15  

Heterotrimers with cleaved linkers have similar properties to pseudo heterotrimers 

A, SDS-PAGE analysis of the products of limited trypsinolysis. Lane 1: marker; Lane 2: hDUT; 

Lane 3: hDUT treated with trypsin (empty arrow head: N-terminal cleaved protein fragment, black 

arrowhead: N- and C-terminal cleaved protein fragment); Lane 4: WWN covalent heterotrimer, 

without trypsin, supplemented with dUPNPP; Lane 5: WWN heterotrimer after limited tryptic 

digestion (W/W/N). The substrate analogue dUPNPP was present to give protection against the 

cleavage of the C-terminus (containing important conserved motif). Black arrowhead and empty 

arrowhead points to monomers with linkers (2 monomers form one trimer) and without linkers (one 

monomer from a trimer), respectively. Note that no fragment cleaved both on N- and C-terminus 

is present. B, Single turnover analysis of cleaved (W/W/N) and uncleaved WWN heterotrimer 

measured by stopped-flow. Catalytic constants derived from triple exponential fit (red curves) were 

5.5 ± 0.0 s-1 (12 μM dUTP) and 5.9 ± 0.1 s-1 (24 μM dUTP) for WWN; and 5.6 ± 0.1 s-1 (12 μM 

dUTP) and 5.3 ± 0.0 s-1 (24 μM dUTP) for W/W/N. The indicated errors are the errors of the triple 

exponential fits (Eq. 6). The detector sensitivity was identical in the presented measurements; 

therefore the signal changes are comparable. 
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In summary, the only change in kinetics of WWW enzyme compared to hDUTF158W is 

found in the collision complex formation. We assume that the change in the rate of this first binding 

step is due to the altered flexibility of the swapping arm and the conserved motif V caused by the 

inserted peptide linker. This alteration affects only the very fast formation of the collision complex; 

therefore we do not expect that it would influence the kinetics of any other step of the dUTPase 

reaction. 

We concluded that the linkers do not influence the enzymatic mechanism and thus the 

covalent enzyme is suitable for further investigations. 

4.1.1.3 Mutations introduced to the covalent trimer to create hybrid enzymes  

Four different hybrid enzymes were subsequently created to investigate the possible 

allosteric effects of conformational changes upon substrate binding, hydrolysis or product release 

(Figure 16A). The enlisted constructs were designed to investigate whether conformational changes 

occurring upon hydrolysis or product release are necessary to be transmitted to neighboring active 

sites for the global activity of the trimer. 

To investigate the allosteric effect of a possible global conformational change upon 

substrate binding, we designed an active site that is unable to accommodate the uracil ring 

(Figure 16B) and is thus defective in substrate binding and any conformational change coupled to 

it. To achieve a nonbinding dUTPase mutant we substituted an alanine with a phenylalanine (A98F, 

Appendix 8.1A) at the active site. This kind of mutation was not introduced earlier into any 

dUTPases; therefore, we created a homotrimer human dUTPase variant containing the A98F 

substitution (hDUTF158W, A98F) for testing before introducing this mutation into the covalent human 

dUTPase construct. The characterization of this mutant will be detailed in the next chapter. 

To see what happens at the neighboring active sites if one or two active sites can bind the 

substrate but cannot hydrolyze it, we created the WWN and the WNN hybrid enzymes. In the 

WWN and WNN constructs, the conserved catalytic Asp from the 3rd motif was changed to Asn 

(D102N, Appendix 8.1A) (Figure 16C) in one or two monomers, respectively. The corresponding 

Asp/Asn substitution has been described in E. coli, M. tuberculosis and human dUTPase to reduce 

the catalytic activity close to zero without any change of the substrate binding properties 67,113). We 

also reinforced that the hDUTF158W, D102N enzyme is almost inactive, as the catalytic activity 
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decreased below detectable levels (< 0.002 s-1) both under steady-state and single turnover 

conditions. 

 

Figure 16  

Mutations introduced into the hybrid enzymes 

A, Schematic representation of the created covalent heterotrimers. Blue, red and yellow spheres 

represent dUTPase protomers containing the D102N, A98F and T148STOP mutations, 

respectively. Note that all protomers contain the F158W mutation except the one containing the 

STOP mutation. B, A98F mutation created by PyMol. Uracil binding β-hairpin and the motif V 

from the swapping arm of human dUTPase is shown as grey stick backbone. Substrate analogue 

dUPNPP is shown as transparent green sticks with atomic coloring (C: green, O: red, N: blue, 

P: orange). Phe98 is highlighted by yellow coloring. C, D102N mutation in the active site of human 

dUTPase created by PyMol. The active site is presented as grey cartoon and sticks. Substrate 

analogue is shown with similar coloring as in Panel B. Red and magenta spheres are water 

molecules and Mg2+ ion respectively. Dashed lines represent hydrogen bonding interactions and 

Mg2+ coordination. Catalytic water is represented as transparent red sphere. This molecule is 

presented transparently because this water molecule is not expected to be present in the D102N 
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mutant 67. The mutation generated by PyMol is shown as yellow sticks with atomic coloring (C: 

yellow, others as before). D, Figure highlights the deleted motif V of hDUT in the T148STOP 

mutant. One protomer is shown by grey cartoons. The deleted C-terminal part is presented in 

yellow. The substrate analogue is also shown as green sticks. 

In the WWS enzyme, the C-terminal P-loop-like motif of the last subunit of the pseudo heterotrimer 

was removed (Figure 16D, T151STOP mutation, Appendix 8.1A). This conserved motif interacts 

with the γ-phosphate of dUTP and stacks over the uracil ring to orient the catalytic apparatus and 

stabilize the transition state 72,85,88,114. The P-loop-like motif is only present in dUTPases and is 

missing from DCDs or DCD-DUTs. Its removal results in major decrease (~720 fold) of the 

catalytic constant and minor (~3 fold) increase in the dissociation constant of the enzyme-substrate 

complex in case of human dUTPase 85.  

4.1.1.3.1 Characterization of the substrate nonbinding dUTPase mutant 

Control experiments with the homotrimeric form of the A98F mutant (hDUTF158W, A98F) 

confirmed that this mutant is entirely inactive (Figure 17), as it was expected. 

 

Figure 17  

The hDUTF158W, A98F mutant is inactive 

Representative activity measurement of hDUTF158W, A98F. Reaction was started with 30 µM dUTP 

that was added to 0.3 µM hDUTF158W, A98F diluted in phenol red buffer. After the addition of dUTP 

no time dependent absorbance decrease, i.e. dUTP hydrolysis was observed. As a positive control, 

0.3 µM hDUTWT was added to the reaction mixture. The wild type enzyme quickly hydrolyzed the 

dUTP that was untouched by hDUTF158W, A98F.  
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To exclude that inactivity was caused by folding problem we tested the thermal unfolding 

of the protein. The thermal unfolding of hDUTF158W, A98F was cooperative and showed similar 

melting temperature to hDUTF158W (compare Figure 18A and B). However, the value of the melting 

temperature was a bit lower than in the case of hDUTF158W, indicating slight destabilization due to 

the A98F mutation. As presence of a ligand can shift the melting temperature of a protein to higher 

temperature 115, we performed the experiment also in the presence of saturating deoxyuracil 

nucleotides, dUMP and dUTP. We could not observe any shift in the melting temperature in the 

case of our nonbinding mutant (Figure 18A), while in case of hDUTF158W (Figure 18B), the shift in 

the melting temperature in the presence of nucleotides is clearly visible and similar to that observed 

in the case of D. melanogaster dUTPase 64. 

 

Figure 18  

The hDUTF158W, A98F mutant does not bind nucleotide 

A, Thermal unfolding of hDUTF158W, A98F in the absence of nucleotides (square), in the presence of 

5 mM dUMP (circle) or 1 mM dUTP (triangle). Smooth lines through data are Boltzmann fits (Eq. 
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18) yielding the following melting temperatures: 58.6 ± 0.1 °C (n = 2) in the absence of nucleotides, 

58.6 ± 0.1 °C (n = 2) with dUMP and 58.6 °C with dUTP (n = 1). The melting temperatures are 

also presented as bar graph in the inset for better readability. Data represents mean and SE of the 

mean. B, Representative measurements of thermal unfolding of hDUTF158W without nucleotide 

(square), with 5 mM dUMP (circle) and with 1 mM dUPNPP (triangle). Smooth lines through data 

are Boltzmann fits (Eq. 18). Boltzmann fit to data yielded the following melting temperatures: 

59.8 ± 0.1 °C (n = 3) in the absence of nucleotides, 65.7 ± 0.1 °C (n = 6) with dUMP and 68.9± 0.1 

°C with dUPNPP (n = 6). The melting temperatures are also presented as bar graph in the inset for  

better readability. Data represents mean and SE of the mean. Panel C, shows the limited 

trypsinolysis of hDUTF158W and hDUTF158W, A98F in the absence and in the presence of 1 mM 

dUPNPP (hDUTF158W) or dUTP (hDUTF158W, A98F). Numbers annotated to the lanes show the 

duration of tryptic treatment (in minutes). Open white arrow head, black arrow head and open, 

black arrow head shows the intact, the N-terminal cleaved and the N- and C-terminal cleaved 

enzyme, respectively. Panel D, shows the densitometric analysis of the gels presented in Panel C. 

To further test the stability and nucleotide binding ability of the hDUTF158W, A98F protein, 

we performed limited trypsinolysis experiments in the presence and absence of nucleotides as well  

72.. In case of the apo enzyme, the limited trypsinolysis resulted in similar digestion patterns in both 

hDUTF158W and hDUTF158W, A98F (Figure 18C). The protection effect of dUPNPP was well 

observable in hDUTF158W but was absent in hDUTF158W, A98F (Figure 18D). Both the thermal 

unfolding and the limited trypsinolysis results confirm that the hDUTF158W, A98F protein is well 

folded but is not able to bind nucleotides. 

 

4.1.2 Defective active sites do not influence the substrate turnover in the neighboring WT active 

sites  

Potential allosteric interactions within the hybrids WWF, WWN, WNN and WWS were 

analyzed using the combination of steady-state and transient kinetic measurements. All constructs 

proved to be active indicating that the arrest of the enzyme cycle in a given active site does not 

eliminate the enzymatic turnover in the others. Steady-state activity titrations of all hybrid enzymes 

exhibited Michaelis-Menten kinetics (Figure 19). The maximal initial velocities (Vmax) decreased 

proportionally with the number of inactivated sites, i.e. WWN, WWF and WWS displayed about 

2/3, while WNN displayed approximately 1/3 activity compared to WWW (Figure 19, Table II). 

This indicates that the activity per working subunit is unaltered in the hybrid enzymes. The 

Michaelis constants did not change considerably compared to the WT (Table II). 
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Figure 19  

Characterization of hybrid enzymes: steady-state kinetics 

Steady-state kinetics of human dUTPase constructs: WWW (solid squares), WWN (solid 

triangles), WNN (open triangles), WWF (solid stars), and WWS (solid circles). Smooth lines 

through data are hyperbolic fits (Eq. 3) yielding Vmax = 7.9 ± 0.5 s-1 for WWW (presented also in 

Figure 14A), Vmax = 4.4 ± 0.2 s-1 for WWF, Vmax = 3.8 ± 0.2 s-1 for WWN, Vmax = 1.8 ± 0.1 s-1for 

WNN, Vmax = 2.9 ± 0.3 s-1 for WWS. KM values yielded from the fitting process are listed in 

Table II. 

Single turnover stopped-flow measurements showed that the kinetic mechanism of the 

asymmetric hybrids is identical with that of the control WWW (Figure 19, Table II). This implies 

that the observed decrease in the steady-state activity is only due to the decreased active site 

concentration.  

The kinetics of substrate binding to the hybrid enzymes was also investigated under pseudo 

first order condition. A large part of the time courses got lost in the dead-time of the instrument 

which hindered the determination of the rate constants. The total signal change, however, could be 

used to determine the Kd of the enzyme-dUTP complexes (Figure 19E). The obtained Kd-s were 

similar to that of the WWW-dUTP complex (Table II). 
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Figure 20  

Characterization of hybrid enzymes: transient kinetics 

Fluorescence time courses were recorded upon mixing substoichiometric amount of dUTP with 

20 μM WWN (A), WNN (B), WWF (C) or WWS (D). Single turnover traces were fitted with triple 

exponential function (Eq. 6) yielding the following kSTO values: 6.43 s-1 for WWN, 5.4 s-1 for 

WNN, 5.99 s-1 for WWF and 6.26 s-1 for WWS. Figure shows representative measurements. Each 

measurement was repeated several times (n=3-7), the mean values and errors are shown in Table II. 

Note that the signal changes are not comparable due to the optimization of the detector sensitivity 
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in each measurement. E, Fluorescence intensity titrations are shown upon dUTP binding to human 

dUTPase constructs: WWW (solid squares), WWN (solid triangles), WNN (open triangles), WWF 

(solid stars), and WWS (solid circles). Smooth lines through the data are hyperbolic fits (Eq. 12) 

yielding Kd values summarized in Table II. 

Table II  

Kinetic comparison of WWW and the hybrid enzymes 

 kcat (s
-1) ## ksto (s

-1) ## KM (µM) # Kd,dUTP (µM) # 

WWW 6.9 ± 0.5 6.33 ± 0.03 1.7 ± 0.5 0.29 ± 0.02 

WWF 4.1 ± 0.5 6.13 ± 0.05 0.4 ± 0.3 0.29 ± 0.10 

WWN 3.7 ± 0.3 6.31 ± 0.05 0.4 ± 0.3 0.59 ± 0.08 

WNN 2.0 ± 0.1 5.72 ± 0.13 2.1 ± 0.5 0.29 ± 0.03 

WWS 3.2 ± 0.3 6.26 ± 0.04 2.5 ± 1.2 0.70 ± 0.02 

# Errors represent the fitting error  
## Errors represent the SE 

In summary, a global active to inactive conformational transition observable in DCDs could 

not be identified in dUTPase. On the contrary, Figure 21 clearly indicates that the active sites turn 

over independently from each other. In case of a cooperative transition to a global inactive state, 

we would expect inactivity following the first turnover or non-proportional activity decrease in the 

hybrid enzymes containing one or two defective active sites. 

 

Figure 21  

Asymmetric hybrids do not show changes in the kinetics 
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Apparent catalytic constants (grey) and catalytic constants (striped) of the dUTPase constructs 

determined by single turnover and steady-state experiments, respectively. The figure clearly shows 

that the catalytic constant does not change in the hybrid enzymes and that the apparent decrease in 

the steady-state activity is proportional to the decrease in the active site concentration. Data 

presented here graphically are summarized in Table II. 

4.1.3 The conformational flexibility of human dUTPase is restricted by Mg2+ binding to the 

central channel 

The conformational changes resulting in the observed cooperative behavior are transmitted 

through the central channel in DCD family enzymes. We therefore investigated the structural 

features of the channel possibly responsible for the lack of conformational transmission in 

dUTPase. The site of cooperative conformational change of DCD(-DUT) enzymes corresponds to 

one of the two Mg2+ binding sites in the human dUTPase 57 (Asp95, Figure 4A). In contrast, no 

metal binding to DCD (-DUT) enzymes has been reported.  

To evaluate the role of Mg2+ binding to the central channel on the global structure of hDUT, 

we conducted structural investigations in the presence and absence of Mg2+ in solution. The near-

UV CD spectra of hDUTF158W and WWW showed considerable changes upon the addition of Mg2+ 

indicating that the metal ion binds to the enzyme and modifies its structure (Figure 22A, B). The 

largest signal change was observable at 285 nm probably yielded by the rearrangement of Tyr 

residues (Figure 4A). The far-UV CD spectra, on the other hand, showed only minor changes upon 

Mg2+ addition (Figure 22C, D) implying that metal binding leaves the secondary structure 

unaffected. 

We also investigated the effect of Mg2+ binding to human dUTPase constructs with 

ThermoFluor assay. In the absence of Mg2+, we observed a slight but reproducible decrease in the 

melting temperature of hDUTF158W (Figure 23A) suggesting that the stability of the enzyme is 

slightly decreased in the absence of Mg2+ similarly to that in the D. melanogaster dUTPase 58. 
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Figure 22  

Mg2+ binding to the central channel causes structural changes in human dUTPase constructs  

A-B, Near UV spectra of hDUTF158W (A) and WWW (B) in the presence (dash-dot-dot) and in the 

absence (solid line) of 5 mM MgCl2. C-D, Far UV spectra of hDUTF158W (C) and WWW (D) in the 

presence (dash-dot-dot) and in the absence (solid line) of 5 mM MgCl2. 

In case of WWW, the value of the transitional midpoints did not show a pronounced change  

upon the addition of MgCl2 however, the lower transition midpoint (see also Figure 13) slightly 

decreased (Figure 23B). More pronounced change was observed in the relative fractions of the two 

transitions. The fraction of the first transitions were 0.29 ± 0.04 in the absence and 0.14 ± 0.04 in 

the presence of MgCl2 indicating that the species (intermediate state or conformer) with low Tm is 

less populated in the presence of Mg2+. The decrease in the fraction of the lower temperature 

transition could be responsible also for the slight change of its transitional midpoint. 

Altogether, the thermal unfolding curves reinforce that Mg2+ binds to human dUTPase and 

stabilizes its structure. 
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Figure 23  

Mg2+ binding to the central channel increases the thermal stability of human dUTPase 

constructs 

Representative measurements of thermal unfolding of hDUTF158W (A) and WWW (B) in the 

presence and absence of 5 mM Mg2+. Smooth lines through data are Boltzmann fits (hDUTF158W) 

(Eq. 18) or double Boltzmann fits (WWW) (Eq. 19). Melting temperatures were determined from 

the midpoints of transitions and were found to be Tm = 59.8 ± 0.1 °C in the presence of MgCl2 and 

Tm = 58.4 ± 0.1 °C in the absence of MgCl2 for hDUTF158W. In case of WWW melting temperatures 

were found to be Tm1 = 45.1 ± 0.1 °C and Tm2 = 59.7 ± 0.1 °C in the presence of Mg2+. In the 

absence of Mg2+ the fit yielded Tm1 = 46.6 ± 0.2 °C and Tm2 = 59.8 ± 0.1 °C. The fraction of the 

first transitions was 0.14 ± 0.01 and 0.29 ± 0.01 in the presence and in the absence of Mg2+, 

respectively. Errors represent SE at n = 3. 

To test the potentially increased flexibility of hDUT in the absence of Mg2+, it was subjected 

to limited trypsinolysis. hDUT was highly sensitive to tryptic digestion in the absence of Mg2+ 

(Figure 24A, C) whereas the control mtDUT, that does not contain Mg2+ binding sites in its central 

channel was not (Figure 24). In case of hDUT following the expected cleavage of the flexible N- 

and C-termini 72, the remaining enzyme core disappeared within an hour (Figure 24A). In case of 

mtDUT, the enzyme core remained stable during the experiment (i.e. for 1h). This phenomenon 

indicates that the quaternary structure of hDUT is significantly more flexible in the absence than 

in the presence of Mg2+.  
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Figure 24  

Mg2+ binding to the central channel reduces the flexibility of the dUTPase trimer 

A, Limited trypsinolysis of hDUTF158W and mtDUTH145W performed in the presence and absence 

of 5mM MgCl2. Open grey arrow head, black arrow head and open, black arrow head shows the 

intact, the N-terminal cleaved and the N- and C-terminal cleaved enzyme, respectively. B, 

Densitometric analysis of the limited trypsinolysis experiment shown in Panel A.  The relative 

amount of core enzyme is plotted against time. Core enzyme means the sum of the intact enzyme, 

the N-terminal cleaved enzyme and the N- and C-terminal cleaved enzyme. 

4.1.4 Structural comparison of dUTPase superfamily enzymes reveals developments of 

dUTPases to catalyze specific and efficient dUTP elimination  

4.1.4.1 Specialization for dUTP coincides with structural flexibility of the central channel 

and with the lack of cooperativity 

To understand the structural basis of the mechanistic differences within the dUTPase 

superfamily, we compared the central channel, the region of the allosteric loop and the nucleobase 

binding region in DCDs and dUTPases (Figure 25A-B). 

The amino acids responsible for the binding of the nucleobase are located around motif III 

(Figure 25A) at the N- and C-terminal parts of the β-hairpin accommodating the nucleoside 

(Figure 6, 25A-B). The N-terminal few amino acids of the β-hairpin overlap with the allosteric 

loop in the DCD family. We found that this region is highly diverse in size and amino acid 

composition within the superfamily (Figure 25B).  

In eukaryotic dUTPases, the loop is shorter by 2 or 3 amino acids than in DCDs resulting 

in a tighter uracil binding cleft (Figure 25A). In these enzymes, mostly main chain atoms establish 
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hydrogen bonding interactions with the nucleobase, which was proposed to contribute to their 

specificity for uracil 57. The very same loop confers the Mg2+ binding site facing the central channel 

(Figure 4, 25C). 

In retroviral dUTPases (EIAV shown as a representative), the loop is even shorter than 

those of the Mg2+ binding site-bearing eukaryotic dUTPases (Figure 25A-B). 

The allosteric loop of prokaryotic dUTPases is of the same length as that of DCDs. However, its 

amino acid composition is different (Figure 25A) resulting in a tighter central channel mainly due 

to the LV/SM/SP/AP residues protruding into it (Figure 25A-B, D-E). The conformational 

flexibility of the channel is restricted by the hydrophobic interactions of the modified allosteric 

loop (Figure 25D) or by a conserved Pro (Figure 25E). In DCDs, the conserved Ala of the allosteric 

loop forms a H-bond with the oxo group of the substrate uracil. If thymine is bound to the active 

site, the HVTA peptide containing this Ala moves into the channel (cf. Figure 9). In contrast, a 

conserved Asn plays the same H-bonding role in prokaryotic dUTPases but it resides in a 

conformationally restricted peptide bond (Figure 6, 25). 

The sequence and structural comparison with DCD enzymes reveals that the various groups 

of dUTPases possess an altered or shortened allosteric loop which coincides with the 

conformational stabilization of the central channel. Interestingly, most of the observed alterations 

contribute to the specificity for dUTP at the same time. We propose that the central channel of 

dUTPases features increased stability at the cost of lacking the potential for mediating cooperativity 

as observed in DCDs. Apparently, the same structural element is responsible for the substrate 

specificity at the active site and for the communication through the central channel. 
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Figure 25  

The central channel – active site communication is prevented in dUTPases by the stabilization 

of the central channel 

A, The region of the allosteric loop (yellow background) and the uracil binding cleft (underlined) 

are shown. Alignment was created by ClustalX2, with minimal manual editing. Conserved motifs 
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of dUTPases are highlighted by grey background. Amino acids involved in uracil ring coordination 

are shown in bold. Amino acid conservation is marked by * (identity), : (strong similarity), . (weak 

similarity). B, Superposition of representative dUTPase superfamily enzymes from Figure 25 

(PDB: E. coli DCD – 1XS1, hDUT – 2HQU, EIAV DUT – 1DUC, E. coli DUT – 1RN8, mtDUT 

– 3HZA). Superposition was performed by the alignment of the nucleotides in PyMol. Main chains 

are represented as line (C: colored by proteins as labeled, N: blue O: red), nucleoside parts of the 

ligands are represented as sticks (atomic colored). C-E, Central channel of C, hDUT (1Q5H) D, E. 

coli DUT and E, mtDUT in the level of the uracil binding pocket. Side chains protruding into the 

central channel and the uracil coordinating Asn of bacterial dUTPases are shown as sticks with 

atomic coloring (cf. Figure 15) and labeled by residue name. Ligands are represented as atomic 

colored sticks (C: yellow). In Panel C the potential Mg2+ of hDUT atom is represented as blue non-

bound sphere. In the inset of Panel D longitudinal view of the threefold trimer interface (surface 

representation, atomic colors) of E. coli DUT is also shown to highlight the hydrophobic character 

of the central channel. Two subunits are shown. 

4.1.5 Trading in cooperativity for specificity to ensure uracil free DNA  

 It is common in enzyme evolution that mutations in flexible active site loops are responsible 

for altered substrate specificity 116. Since active sites are often located at intersubunit / interdomain 

clefts, these flexible loops have a potential to mediate allosteric communication between the active 

sites. In our case, it seems that the specialization for a single substrate results in the loss of allosteric 

communication. The shorter / less flexible allosteric loop compared to that of DCDs and DCD-

DUTs related to increased dUTP specificity (Figure 25). Another dUTPase invention is the C-

terminal P-loop-like motif that discriminates against dUDP and makes dUTP hydrolysis more 

efficient by several orders of magnitude than DCD-DUTs 85. The gain of specificity together with 

the enhancement of the catalytic power represent features that make dUTPases more powerful in 

dUTP breakdown compared to DCD-DUTs. This advance may be necessary to avoid the 

appearance of the non-canonical uracil base in DNA 117. Otherwise, the activation of DNA repair 

mechanisms upon non-physiological uracil accumulation leads to severe to fatal consequences for 

the cell 21,33,118. The cooperative allosteric behavior in DCDs and DCD-DUTs, on the other hand, 

make these enzymes suitable for the regulation of the nucleotide pool. We propose that the trade-

off between cooperativity and specificity in the dUTPase superfamily represents instances of 

adaptation to the distinct roles of dUMP production for dTTP synthesis and dUTP elimination for 

uracil-DNA avoidance, respectively.  



78 

 

4.2 Characterization of a molecular switch driven by dUTPase enzymatic activity 

4.2.1 Establishment of recombinant proteins to be investigated 

For the determination of the molecular mechanism of SaPI activation first we established 

the recombinant production of wild type Φ11 dUTPase (Φ11DUTWT) and Stl. Both proteins were 

expressed and purified successfully. Stl as a DNA binding protein was unstable under the 

conditions that are usually used for dUTPases (assay buffer). However, under high salt 

concentration (3-400 mM NaCl) the stability of this protein was also satisfactory. 

4.2.2 Φ11 dUTPase is a typical dUTPase with high catalytic efficiency 

To be able to see later how the enzymatic cycle influences the de-repression activity of Φ11 

dUTPase, we wanted to characterize the substrate binding and the catalytic properties of this 

particular dUTPase. 

For the investigation of the catalytic properties of Φ11 dUTPase, we established mutants. 

To design useful point mutants we used the three-dimensional structure of the enzyme that was 

determined in our laboratory by Ibolya Leveles, Ábris Bendes and Kinga Nyíri 54. The crystal 

structure clearly shows that Φ11 dUTPase has the typical trimeric structure (Figure 26) 9. The phage 

specific insert folds into a mini domain reaching out from the structure. It is clear that the presence 

of this insert does not perturb the conserved structure characteristic to dUTPases. 

We wished to explore the kinetic mechanism of Φ11 dUTPase therefore, we established a 

variant of the phage dUTPase (Φ11DUTF164W) that contains a phenylalanine to tryptophan 

exchange at motif V of the active site (Figure 26, Appendix 8.1D). With this mutant we wished to 

follow the characteristic fluorescence changes during the enzymatic reaction which is typical for 

this type of mutants in other dUTPases 70,88. 

We also wanted to see whether the phage specific insert influences the reaction as it was 

proposed earlier 53. This earlier study concluded that the removal of the insert is deleterious to 

enzymatic activity. However, the truncated construct might also have been compromised in its 

proper folding as the deletion affected the conserved motif IV. The structural knowledge of this 

protein enabled us to design a truncated construct (Φ11DUTΔ101-122) where the folding may not be 

perturbed (Appendix 8.1D). In another mutant, Φ11DUTF108W (Appendix 8.1D), we introduced a 

tryptophan to the phage specific insert. We presumed that if the phage specific insert is in touch 
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somehow with the active site, the introduced tryptophan will show characteristic signal changes 

upon substrate binding or hydrolysis. One possibility for the interaction between the phage specific 

insert and the active site is a connection between the insert and the C-terminal arm, since these 

segments are not far from each other (Figure 26). It was also shown that a tryptophan residue that 

does not interact directly with the substrate but is in the vicinity of Motif V similarly shows 

characteristic changes in its fluorescence parameters during dUTP hydrolysis catalyzed by 

dUTPase (Lopata et al unpublished data), most probably by sensing the conformational changes of 

Motif V. 

 

Figure 26  

Three dimensional structure of Φ11 dUTPase  

The enzyme (PDB: 4GV8) is colored by subunits. The phage specific inserts are colored magenta . 

The positions of the established tryptophan mutations (F108 and F164) are indicated. The 

tryptophan present in Φ11DUTWT is also highlighted (W143). This Figure is from Leveles et. al. 

2013 54.  
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4.2.2.1 Steady-state characterization of the Φ11 dUTPase variants 

The enzymatic activity of Φ11DUTWT followed Michaelis-Menten kinetics. The Vmax and 

the KM values were found to be in the typical range for dUTPases (Table III). 

The mutants containing tryptophan substitution had similar steady-state enzymatic 

properties to Φ11DUTWT indicating that neither of the tryptophan mutations influenced the 

catalytic cycle.  

We found that the maximal steady-state reaction rate and the KM value of Φ11DUTΔ101-122 

were only slightly changed as compared to the wild type enzyme (Table IV). We conclude 

therefore, in contrast to the previous report 53 that the phage-specific insert does not have any 

significant effect on the catalytic rate constant of the Φ11 dUTPase.  

Table III  

Steady-state activity determined for wild type and mutant Φ11 dUTPase proteins. 

Enzyme constructs Vmax(s-1) KM (µM) 

Φ11DUTWT  5.5 ± 1.6 1.2 ± 0.5 

Φ11DUTF164W 5.0 ± 1.2 1.6 ± 0.3 

Φ11DUTΔ101-122 4.5 ± 1.3 2.5 ± 0.4 

Φ11DUTF108W 5.3 ± 1.8  ND 

Data were measured by the steady-state proton release assay. Data represents mean and standard deviation (n = 2) The 
steady-state measurements were done by Veronika Papp-Kádár, Veronika Németh and myself. 

4.2.2.2 Characterization of fluorescence properties of Φ11 dUTPase variants 

Fluorescence properties of Φ11 dUTPases were investigated in the absence and presence 

of substrate, substrate analogue dUPNPP and the product, dUMP. The Φ11DUTF164W enzyme 

showed very similar signal changes upon ligand binding as compared to previously characterized  

dUTPases (Table IV, Figure 27A) 70,88. The relative signal quench upon ligand binding is somewhat 

less extensive as compared to the human or MTB dUTPases (Table IV), presumably due to the 

presence of a second tryptophan residue (W143) in Φ11 phage dUTPase. Residue W143 locates 

between Motifs IV and V (cf. Figure 3E, 26, Appendix 8.1D), it is not part of the active site and 

does not contact Motif V. This tryptophan does not change its spectral parameters (Table IV, 

Figure 27B) upon substrate or product binding as it is expected based on its location. The presence 
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of this wild type tryptophan probably “dilutes” the signal that results in the less extensive 

fluorescence signal changes of the Φ11DUTF164W upon nucleotide binding. 

To confirm that the fluorescence change is specific for the ligand binding in case of 

Φ11DUTF164W, we also performed titration with the substrate analogue dUPNPP (Figure 27C). The 

titration yielded Kd = 0.32 µM for the Φ11DUTF164W, which is in good agreement with previous 

data for other dUTPases investigated with the same method 70,72,85,89,119. 

 

Figure 27  

Active-site tryptophan labeling allows detection of substrate and product binding to Φ11 

phage dUTPase. 

Panel A, B, and D, show fluorescence spectra of Φ11DUTF164W, Φ11DUTWT and Φ11DUTF108W  

enzymes, respectively, in the absence of ligands or in the presence of 1mM dUMP, or 100 µM 

dUPNPP or 500 µM dUTP (saturating concentrations). Panel C, shows fluorescence intensity 

titration upon dUPNPP binding to the Φ11DUTF164W construct. Data were fitted with the quadratic 

binding equation (Eq. 1). Error bars show standard deviation (n = 2). The titration measurement 

presented was done by Veronika Papp-Kádár. 

We found that Φ11DUTF108W did not show any fluorescence spectral changes upon the 

addition of substrate analogue and product, however, this construct was active in the phenol red 
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assay. This indicates that the insert may not contact Motif V when that flips over the active site or 

their interaction may not change upon ligand binding. 

Table IV  

Fluorescence properties of differrent Φ11 dUTPase variants  

 ΦDUTWT ΦDUTF164W hDUTF158W # ΦDUTF108W 

Fmax
apo 1 1 1 1 

Fmax
dUMP 1 0.90 0.64a 0.96 

Fmax
dUTP 0.97 0.67 0.20a 1 

Fmax
dUPNPP 0.94 0.64 0.40a 0.94 

λmax
apo (nm) 342 347 353a 346 

λmax
dUMP (nm) 342 347 347a 346 

λmax
dUTP (nm) 342 344 339a 346 

λmax
dUPNPP (nm) 343 342 343a 346 

a Data from 70 

4.2.2.2.1 Investigation of the single turnover of the Φ11 dUTPase 

As we obtained characteristic fluorescence change upon the binding of substrate and 

product to Φ11DUTF164W, we performed active site titration by stopped-flow to observe the 

intrinsic catalytic rate constant and the real active site concentration (Figure 28A). Active site 

titration showed similar fluorescence progress curves upon substrate reaction as those reported for 

hDUT and mtDUT 70,88 (cf. Figure 8). 

The first two reaction curves in Figure 28A could be fitted with three exponential phases 

(Equation 6) similarly to the single turnover reaction curves of previously investigated 

dUTPases 70,88. Accordingly, the observable fluorescence phases are supposed to be (i) fast 

substrate binding (ii) relatively slow substrate-induced isomerization and (iii) product release, rate-

limited by the hydrolysis step. 

Single turnover conditions allow the investigation of the catalytic rate constant, while the 

other steps were analyzed in further transient kinetic experiments. The value of the observed rate 

constant belonging to the third phase, i.e. the single turnover catalytic rate constant was found to 
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be kcat (STO) = 7.6 ± 0.3 s-1, which is also in good agreement with previously reported values for 

other dUTPases.  

 
Figure 28  

Transient kinetic investigation of Φ11 dUTPase  

A, Active site titration of Φ11DUTF164W enzyme by stopped-flow kinetics. 20 µM Φ11DUTF164W  

enzyme was mixed with 10-40 µM dUTP, as indicated on the graph. Triple exponential fit (smooth 

lines, Eq. 6)) to the reaction curve yielded kobs1 = 375 s-1, kobs2 = 52 s-1 and kcat,STO = 7.9 s-1 for 

10 µM dUTP and kobs1 = 396 s-1, kobs2 = 34 s-1 and kcat,STO = 7.6 s-1 for 15 µM dUTP. Panel B, 

shows a representative measurement of dUTP binding. Φ11DUTF164W of constant concentration 

(0.5 µM) was mixed with dUTP of various concentrations in stopped-flow. Smooth lines are single 

exponential fits (Eq. 7) to the experimental curves. Panel C, and D, shows the analysis of 

measurements presented in Panel A. Error bars represent SD for n = 3. Smooth line in Panel C is 

linear fit (Eq. 9) to data yielding rate constants kon = 21.4±0.7 µM-1s-1 and koff = 17.7±9.5 s-1, and 

Kd = 0.8 ± 0.5 µM (Eq. 10). In Panel D, black scatters show the total amplitude change of the 

fluorescence signal upon dUTP substrate binding. Fit of hyperbolic function (Eq. 11) to the data 

yielded Kd = 0.3 ± 0.03 µM. All measurements presented here were done in PBS buffer (300 mM 

NaCl). 
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Based on the active site titration we concluded that the major part (>75%) of the protein 

preparation was active. The measured single turnover catalytic rate constant and the measured 

active proportion of the enzyme preparation are consistent with the maximal catalytic rate 

determined under steady-state conditions (cf. Table III). 

4.2.2.2.2 Investigation of the substrate binding of Φ11 dUTPase 

Substrate binding was investigated under pseudo-first-order conditions (Figure 28B-D). 

The initial fluorescence decrease observed upon mixing the enzyme and the substrate was fitted 

with single exponential equation (Equation 7). The value of the observed rate constants belonging 

to this phase depended linearly on the substrate concentration (Figure 28B) indicating that this step 

is equivalent with the collision complex formation. Substrate binding under the applied conditions 

was found to be fast, but somewhat slower than those previously reported for human and EIAV 

dUTPase 70,75 (cf. Table V with Figure 8). 

No other fluorescence step was observed upon substrate binding under pseudo-first-order 

conditions, which is surprising because a further fluorescence phase was observed under single 

turnover conditions, indicating the presence of the previously described isomerization step. 

Moreover the rate of this step was in the same order of magnitude as it was described for the 

isomerization step of human dUTPase. 

In case of human dUTPase, the fluorescence signal change between the dUTP and dUPNPP 

bound forms of the enzyme confirmed the existence of two prehydrolytic active site conformations 

70 (Table IV). Such difference is not observable in case of the Φ11 dUTPase (Figure  27A and 

Table IV). 

4.2.2.2.3 Substrate binding properties of Φ11 dUTPase are dependent on salt concentration 

The observed substrate binding rate constants of Φ11 dUTPase are somewhat smaller than those 

reported previously for human dUTPase. One possible reason for this can be the different buffer 

conditions including NaCl concentrations used in the measurements. As high salt concentration 

was indeed necessary to enable adequate solubility of Stl, therefore it was important to see how the 

substrate binding properties depended on salt concentration. 

We found that with increasing NaCl concentration, both koff and kon were decreasing 

(Table V). The dependence of koff values on NaCl concentration is less evident. This is due to the 



85 

 

considerable uncertainty in the determination of koff. For the same reason, the correlation between 

the Kd and the NaCl concentration is uncertain.  

The previously performed transient kinetic analyses of human dUTPases were done in a 

buffer containing 150 mM NaCl. The binding of the substrate to Φ11 dUTPase was still relatively 

slow under these conditions compared to that of the human dUTPase. Therefore, we concluded that 

substrate binding to the Φ11 dUTPase is slower than that previously reported for other dUTPases 

70,75. Although the uncertainty of the koff determination is relatively high, the Kd value determined 

at 150 mM NaCl concentration was still in perfect agreement with the KM value determined under 

steady-state conditions in the phenol red assay (150 mM NaCl). Based on these results we were 

also able to consider the different substrate binding properties of Φ11 dUTPase at various NaCl 

concentrations in each of our experiments. 

Table V  

Salt concentration dependence of the substrate binding parameters of the Φ11 dUTPase 

 kon (µM-1 s-1) koff (s
-1) Kd (µM)(koff/kon) 

150 mM NaCl 24.6 ± 0.2 40.5 ± 6.2 1.6 ± 0.3 

300 mM NaCl 21.4 ± 0.4  17.7 ± 4.8  0.8 ± 0.3 

400 mM NaCl 17.7 ± 0.7 20.4 ± 5.4 1.2 ± 0.4 

Data represent mean and SE of the mean (n = 2). The measurements with 150 mM and 400 mM NaCl was performed 
by Paula Dobrotka. The salt concentration used in measurements containing Stl is highlighted. 

4.2.2.2.4 The kinetic model of the Φ11 dUTPase enzyme cycle 

We found that the kinetic mechanism of Φ11 dUTPase (Figure 29) is fundamentally similar 

to that of the human dUTPase (Figure 8). The catalytic cycle of the Φ11 dUTPase involves fast 

substrate binding and product release, the rate-determining step being the hydrolysis of dUTP. The 

enzyme is characterized with a kcat of 7.6 s-1 that allows the quick removal of dUTP from the 

nucleotide pool. Although the kinetics of the product release steps was not investigated, we 

presume that these steps are fast similarly to human dUTPase, as we did not see the sign of any 

differences. Remarkably, we found two main differences between Φ11 dUTPase and human 

dUTPase: (i) the substrate binding of Φ11 dUTPase is slower than reported for the human enzyme; 

(ii) the signal change coupled to the isomerization step is different. The latter unfortunately 

hindered the exact determination of the isomerization rate constants under pseudo-first-order 
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conditions. Based on the single turnover experiments the rate constants of this step seems to be 

similar to those for human dUTPase. 

 

Figure 29  

Simplified kinetic mechanism of Φ11 dUTPase.  

Our ligand binding, steady-state and transient kinetic studies showed that irrespectively of 

the presence of the species-specific insert, the Φ11 phage dUTPase is an efficient enzyme. This is 

clearly shown by the value of the catalytic efficiency: kcat/KM = 4.75*106 which is in the same order 

of magnitude as it was previously reported for the human dUTPase 70. The kinetic mechanism and 

catalytic efficiency of Φ11 phage dUTPase are not consistent with the proposed G protein-like 

signaling mechanism 52. Small G proteins are inefficient catalysts without an activating protein that 

is fundamental in the mechanism of their signaling process. 

4.2.3 Characterization of the interaction of dUTPase and Stl 

4.2.3.1 Stl and Φ11 dUTPase form a tight complex with slow binding 

4.2.3.2 Both Φ11 DUTWT and Φ11 DUTF164W bind to Stl slowly and tightly  

To characterize Stl binding and to see how Stl influences the enzymatic reaction we wished 

to exploit the useful tryptophan label within the active site of Φ11DUTF164W. As we already showed 

this phenylalanine to tryptophan substitution does not change the enzymatic properties (Table III). 

We had to test whether the dUTPaseF164W variant had wild type characteristics not just for the 

enzymatic activity, but also for the interaction with the Stl protein. To validate Φ11DUTF164W as a 

model for the Φ11DUTWT enzyme, we chose the quartz crystal microbalance (QCM) method. This 

method provides kinetic insights into the complex formation and allows for the non-fluorescence 

based comparison of the Stl binding properties of the two enzyme variants. 

QCM yielded the best fit to the data when a two state reaction model was applied (Figure 30, 

Table VI) in case of both dUTPase variants. This model assumes bimolecular complex formation, 

followed by a conformational change. QCM results showed that both the association and 
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dissociation rate constants of the dUTPase:Stl complexation, and also the rate constants for the 

conformational change are approximately two orders of magnitudes lower than those for the 

dUTPase:dUTP complexation (cf. Figure 28, Table V at 150 mM NaCl). Both the Kd for collision 

complex formation (koff/kon) and the equilibrium dissociation constants, calculated from the 

association and dissociation rate constants are in the submicromolar range indicating tight binding.  

 

Figure 30  

Stl binding to Φ11DUTWT and Φ11DUTF164W measured by QCM 

Figure shows experiments for complex formation of wild type Φ11DUTWT (blue line) and 

Φ11DUTF164W (black line) with Stl protein (150 mM NaCl). The solid grey lines represent the fit 

of a two state reaction model. Rate constants and the dissociation constants derived from the fitted 

model are shown in Table IV. The presented QCM measurements were performed by Balázs 

Besztercei and Károly Liliom.  

It is important to highlight that QCM is actually refractory to conformational changes, since 

it only reflects mass changes. However, according to the manufacturer’s manual, a good fit of 

experimental data to a multi-state model might be taken as an indication for a putative 

conformational change.  

There was no remarkable difference between the two investigated dUTPase variants in Stl 

binding; therefore, we conclude that the Φ11DUTF164W shows wild-type behavior in both enzyme 

kinetics and Stl-interaction, allowing us to use this mutant in stopped-flow and other experiments 

as well. 
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Table VI  

Rate constants and the dissociations constants derived from fitting a two state model to the 

QCM data of the Stl:Φ11DUT interaction 

 Φ11 DUTWT Φ11 DUTF164W 

kon (µM-1 s-1) 0.108 ± 0.005 0.131 ± 0.013 

koff (s
-1) 0.007 ± 0.001 0.0088 ± 0.0001 

KD koff / kon (µM) 0.062 ± 0.012 0.067 ± 0.008 

k2 (s
-1) 0.011 ± 0.002 0.0073 ± 0.0004 

k-2 (s
-1) 0.0013 ± 0.0003 0.0011 ± 0.0001 

KEquilibrium (µM) 0.007 ± 0.003 0.008 ± 0.001 

Results are represented as mean and SE. Measurements were repeated for several times (n = 5 for Φ11DUTWT  and 
n = 3 for Φ11DUTF164W). 

4.2.3.3 Fluorescence stopped-flow results confirm the slow and tight binding character of 

the dUTPase Stl interaction 

In order to investigate the enzymatic characteristics of Φ11 dUTPase in the presence of Stl, 

we had to check whether Stl binding causes any change in the fluorescence of the intrinsic 

tryptophan label within Φ11 dUTPaseF164W. As shown in Figure 31A, Stl binding to the Φ11 

dUTPaseF164W enhances the fluorescence intensity that allowed us to perform the kinetic 

characterization of Stl binding with a second method. 

In the stopped-flow, a single binding step was detected and identified as the bimolecular 

complex formation (Figure 31B-C). No further resolvable fluorescence phases were observed, i.e. 

the existence of a conformational change indicated by QCM method was not reinforced by the 

stopped-flow experiments. Otherwise, the results observed with two fundamentally different 

methods and at different salt concentrations1 were in a surprisingly good agreement. The 

association and dissociation rate constants yielded from the stopped-flow experiments were very 

close to those obtained in the QCM measurements (compare Table VI and Figure 31 legend), and 

reinforced the slow and tight binding character of Φ11 dUTPase: Stl complex formation. Both the 

QCM and stopped-flow measurements clearly indicate that a strong complex is formed between 

                                                 
1 Stopped-flow mearurements were done in 400 mM NaCl since we needed highly concentrated Stl to perform the 
experiment. QCM experiments were done in 150 mM NaCl. 
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dUTPase and Stl in the absence of dUTP. This finding does not support the earlier hypothesis that 

this interaction requires the presence of dUTP 52. 

 

Figure 31  

Stl binding to Φ11DUTF164W measured by stopped-flow 

A, Steady-state fluorescence spectra of 3 µM Φ11DUTF164W enzyme in the presence (grey lines) 

and absence (black lines) of 3 µM Stl. The maximum relative fluorescence of the complex was 

1.94 at 341 nm for Φ11DUTF164W:Stl. B, Fluorescence time courses observed upon the binding of 

Stl (1.5-8 µM) to 0.25 µM Φ11DUTF164W. Smooth lines are single exponential fit (Eq. 7) to the 

experimental curves. C, Concentration dependence of the pseudo-first-order rate constant (kobs) 

observed upon Φ11DUTF164W:Stl complex formation. Error bars represent SD for n = 2. Linear fit 

(Eq. 9) to the data (r2 = 0.99) yielded the association rate constant kon = 0.42 ± 0.01 µM-1s-1 and 

koff = 0.003 ± 0.053 s-1. Note that the determination of a such small intercept value is very uncertain, 

therefore it is suitable only for estimation. However it is clear that the koff value is small and indicate 

submicromolar Kd. The estimated Kd is 7 nM (Eq. 10). Stl is a slow-tight binding competitive 

inhibitor of Φ11 dUTPase 
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4.2.3.3.1 Stl is a slow and tight binding inhibitor of Φ11 dUTPase 

We measured the enzymatic activity of dUTPase in the dUTPase:Stl complex using the 

phenol red pH indicator assay and found that Stl exerts highly potent inhibition of dUTPase 

activity. This inhibition was only observed if dUTPase was pre-incubated with Stl prior to dUTP 

addition. Such behavior is typical for a slow and tight binding inhibitor 120 and is in excellent 

agreement with data obtained for the formation of the dUTPase:Stl complex (Figure 30-31, 

Table VI) as well as with the kinetics of dUTP binding (Figure 29, Table IV). 

By investigation of the concentration dependence of Stl inhibition, we found that the Ki 

value of Stl was in the nanomolar range which was also observed for the Kd of the protein-protein 

complex in QCM and stopped-flow (Figure 32). In addition, we found that the extent of inhibition 

was 95%. 

 

Figure 32  

Inhibitory effect of Stl on the Φ11DUTWT catalytic activity 

Solid line represents fit of quadratic binding equation (Eq. 5) to the data, yielding Ki = 1.2 ± 0.3 nM. 

The total activity decrease was 6.9 s-1 which corresponds to 95% inhibition. The measurement was 

done with 50 nM enzyme and 30 µM dUTP. Data represent average and SE of 3 parallel 

measurements. The presented measurement was performed by Kinga Nyíri.  

It is important to highlight that in case of slow and tight binding inhibitors the conditions 

of steady-state approximations are not valid. First of all, steady-state approximations assume fast 

complex formation compared to the enzymatic conversion. The assumptions of steady-state 

approximations such as fast substrate binding are meant relative to the catalytic rate. Similarly, the 

definition of a slow – tight inhibition is also relative. Tight binding of the inhibitor is meant relative 
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to the strength of the enzyme-substrate complex, and also, slow binding of the inhibitor is meant 

relative to the binding of the substrate and to the enzyme catalysis 121,122.  

4.2.3.3.2 Stl is a competitive inhibitor of dUTPase 

4.2.3.3.2.1 Equilibrium binding of the substrate but not the product to dUTPase is inhibited by Stl  

To determine which part of the dUTPase reaction is inhibited by Stl, we performed 

fluorescence equilibrium titration. We investigated the binding of Stl in the absence and presence 

of the substrate analogue dUPNPP and the product dUMP. The fluorescence titration of the 

dUTPase:dUPNPP complex with Stl (Figure 33) resulted in an equilibrium fluorescence intensity 

that was close to that of the dUTPase:Stl complex. The apparent Kd of Stl in the presence of 

dUPNPP was found to be one order of magnitude larger than in the absence of the dUTP analogue 

(Figure 33). This may indicate two potential mechanisms: (i) Stl binds to dUTPase:dUPNPP 

complex with micromolar Kd, (ii) Stl and dUPNPP interfere with each other in dUTPase binding. 

The large Kd (apparent Kd) argues for the second possibility. 

 

Figure 33  

Equilibrium fluorescence titration of the dUTPase:Stl complex with nucleotides 

Titration of Φ11DUTF164W (1.5 µM) and Φ11DUTF164W (1.5 µM): dUPNPP (3 mM) /dUMP (2mM) 

complex with Stl. Error bars represent SD for n = 3. Solid lines represent quadratic fits to the data 

(see Eq. 2). Dissociation constants and apparent dissociation constants of dUTPase:Stl complex 

were found to be Kd = 0.031 ± 0.062 µM in the absence of nucleotides; Kd = 0.026 ± 0.048 µM 

and Kd,app = 3.17 ± 1.17 µM in the presence of dUMP and dUPNPP, respectively. The indicated 

errors of the Kd values are from the fitting process. 
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On the other hand, dUMP, the product of the dUTPase reaction does not influence the 

binding of Stl to dUTPase (Figure 33). This titration yielded a distinct fluorescence state 

characterized with lower fluorescence intensity than that of the dUTPase:Stl complex. These 

observations indicate that the dUTPase:dUMP:Stl ternary complex is formed. 

Note that the dUTPase protein bearing the tryptophan fluorophore was present in 

micromolar concentration (see Materials and Methods, Figure 33) in this measurement to obtain a 

detectable signal. Under these conditions, the nanomolar Kd of Stl dUTPase complex formation is 

not well determinable. Therefore, these results are applicable for the comparison of the different 

conditions rather than representing a quantitative analysis. Still, these data clearly show that the 

non-hydrolysable dUTP analogue interferes with Stl binding, while the product does not influence 

this event. The fact that Stl does not bind to the dUTPase:dUPNPP complex rules out non 

competitive inhibition and argues for competition between the substrate and the Stl protein. 

4.2.3.3.2.2 Transient kinetic measurements confirm the competition for dUTPase binding between 

Stl and the substrate dUTP 

If Stl is a slow-tight binding competitive inhibitor of dUTPase, the followings are expected: 

1, if dUTP is added to the pre-incubated Stl - dUTPase complex, dUTP will be able to bind to 

dUTPase only upon Stl dissociation. Since the dissociation of Stl is slow (c.f. Figure 31 B-C with 

Figure 28 B-C and Table V), it will limit the rate of dUTP binding and hydrolysis. 

2, if dUTP is added with Stl together to dUTPase, dUTP will be bound and hydrolyzed quickly. 

The slower binder Stl will be able to bind to dUTPase only after dUTP is hydrolyzed. 

Our steady-state results obtained using the phenol red assays are in perfect agreement with 

these expectations. In order to confirm that the mechanism of the inhibition is competitive, we 

performed fluorescence transient kinetic experiments as well, in which the important phases 

(substrate binding, hydrolysis and product release) are resolvable. 

Our transient kinetic experiments showed that pre-incubation of dUTPase and Stl fully 

prevented any enzymatic reaction on the time scale used to observe the reaction in the absence of 

Stl (Figure 34A, compare curves 1 and 2, cf. control curves 5 and 6). At longer time scales, we 

observed a slow decrease in fluorescence intensity followed by a fluorescence increase, which is 



93 

 

reminiscent of dUTP binding and product release (cf. Figure 28 and 34B). In agreement with the 

competition between Stl and dUTP for dUTPase binding, single exponential fit to the decreasing 

phase indicated a dUTP concentration independent slow process (in the 500-2300 µM range) with 

an observed rate constant agreeing with that of Stl dissociation from dUTPase (cf. Figure 30-31, 

Table VI).  

 

Figure 34  

Transient kinetic investigation of the inhibiton mechanism performed by Stl 

A, Transient kinetic investigation of the mixing order dependency of Stl inhibition. 2 µM 

Φ11DUTF164W, 3 µM Stl and 50 µM dUTP was mixed (post mixing concentrations: X indicates the 

mixing of species in syringe A and B (syringe A X syringe B), parenthesis indicates that the 

components were pre-mixed. The curves are shown from 0.002 s (after the dead time). B, 

Interaction of 2.3 mM dUTP with premixed Φ11DUTF164W(2 µM):Stl (4 µM) complex. Single 

exponential fit (Eq. 7) to the first phase with fluorescence decrease (represented as smooth black 

line) yielded the observed rate constant of 0.00303 ± 0.00008 s-1. 

In contrast, if the mixture of dUTP and Stl are added together to dUTPase, the fluorescence 

time course (Figure 34, curve 3) is analogous to the curve observed in the absence of Stl (curve 2) 

except that the equilibrium fluorescence intensity approaches that of the dUTPase:Stl complex 

(curve 4). Stl binding, reflected in fluorescence increase (paralleled with product release that also 

causes fluorescence increase, cf. arrow on curve 3), may only occur when the concentration of the 

dUTPase:dUTP Michaelis complex starts to decrease. This is in agreement with the steady-state 

results and reinforces the conclusion that Stl is a competitive, slow and tight binding inhibitor of 

dUTPase. 
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It is important to highlight that Stl stands as the first and single potent and directly identified 

protein inhibitor of dUTPase. Earlier suggestions for Drosophila and phage PBS2 proteins 

remained elusive 123,124. The regulation of the uracil content of DNA primarily depends on dUTPase 

and on UDG-s 22,25,27,34,125,126. It is therefore relevant to note that UGI, the similarly tight binding 

protein inhibitor of UNG is encoded in phage PBS1 and PBS2 127. Interestingly, UGI was shown 

to be capable of inhibiting UNG-s from other species as well 128. Our further results, not discussed 

here indicate that Stl is a potent inhibitor of several other dUTPases too 129. The results of the same 

work indicate also that Stl may be used as in vivo tool for dUTPase inhibition which would ease 

the clarification of the various roles of dUTPases in different species. 

4.2.4 The presence of dUTP analogue abolishes the de-repression activity of dUTPase 

It was also of immediate interest whether the de-repression activity (i.e. the physiological 

function) of the dUTPase:Stl complex is also modulated by dUTP. To this end, we performed 

EMSA experiments (Figure 35). 

 

Figure 35  

Effect of dUPNPP on the dUTPase de-repression activity characterised by EMSA 

We observed that dUTPase inhibits the binding of Stl to its cognate DNA sequence only in 

the absence of the dUTP analogue dUPNPP. This suggests that dUTP counteracts the de-repression 

event by preventing the dUTPase:Stl complex formation.  
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The EMSA results again disagree with the previous model in which dUTP was suggested to 

enhance de-repression and the ensuing horizontal transfer of mobile genetic elements 52. Instead, 

our results support that dUTP counter-acts de-repression. 

4.2.5 Staphylococcus aureus strains do not encode genomic dUTPase 

To consider the physiological relevance of the regulatory role of dUTP, we need to take 

cellular nucleotide concentrations into account. It is known that the general cellular concentrations 

of dNTPs are in the order of 5-40 µM 130, with the exception of dUTP which is under the control 

of dUTPase 131 and normally, its concentration is around 0.2 µM 130. dUTPase is considered to be 

a ubiquitous enzyme, due to its important role in nucleotide pool control. Accordingly, knock down 

of dUTPase results in significant increase of the dUTP level reaching the concentration of the 

canonical dNTPs, as it was shown in several human cell lines 29,31,132. According to our results an 

elevated cellular dUTP concentration probably interferes with the dUTPase:Stl interaction and 

consequently inhibits the activation of SaPI transfer. 

To investigate if dUTPase, the major regulator of dUTP levels, is also present in S. aureus, 

we analyzed the genome data available for different S. aureus strains. Interestingly, neither of these 

strains encodes endogenous trimeric or dimeric dUTPase genes. However, in most cases the 

chromosome contained integrated prophages carrying dUTPase genes (Appendix 8.4). 

Importantly, the expression of proteins located in the replication module of prophages are probably 

under repression in the lysogenic phase and dUTPase expression is upregulated only after prophage 

induction 133. 

Such an expression pattern of dUTPase is expected to be paralleled with an increased dUTP 

level within S. aureus. Interestingly, it was also found recently that a conserved S. aureus protein 

(SaUGI) has an UNG inhibitory effect 134. The lack of dUTPase and UNG activity may lead to the 

accumulation of uracil in the genomic DNA 25,135 and to an increased mutagenic rate in this 

biomedically challenging pathogenic microorganism (cf. 27,136,137).  

4.2.6 dUTP hydrolysis drives SaPI HGT  

Our data leaves an earlier G protein-like hypothesis unsubstantiated 52. The fundamental 

differences between G protein regulation and the dUTPase:Stl interaction-based regulation are 

displayed in Figure 36 A-B, and in Appendix 8.2. dUTPases are responsible for fast and efficient 



96 

 

clearance of dUTP from the cellular pool, facilitated by fast release of the products, not just in the 

cases of previously characterized dUTPases, but also in the case of the Φ11 dUTPase. As the 

hydrolysis step is rate-limiting, dUTPases remain predominantly in dUTP-bound form while the 

level of dUTP is high (cf. 54,70). Besides the kinetic mechanism of Φ11 dUTPase, its interaction 

with Stl also differs from the interaction between G-proteins and their effector partners. In fact, the 

mechanism of the dUTPase driven switch is just the opposite of the G-protein driven switch 

(Compare Figure 36A and B). 

Our results suggest a new model for the regulation of horizontal gene transfer by dUTPase 

shown in Figure 36C. We propose that in the absence of genomic dUTPase, S. aureus strains may 

contain a relatively high dUTP concentration. Upon helper phage infection or prophage activation, 

phage dUTPase is expressed and hydrolyses dUTP in a fast and efficient process. dUTPase and Stl 

do not interact efficiently if dUTP is present therefore, dUTPase becomes available for binding to 

the Stl repressor protein only after the dNTP pool is cleared from dUTP. In our proposed 

mechanism, the helper phage dUTPase breaks down dUTP and subsequently activates the 

transcription of the transfer initiating proteins within the pathogenicity island. It is important to 

emphasize that while our model of the dUTP-regulated dUTPase:Stl interaction contradicts the 

earlier proposed G protein-like scheme, it is still fully consistent with the experimental observations 

reported in the same study which suggested the G protein- like mechanism 52, as demonstrated in 

Appendix 8.5. Importantly, these in vivo results also show that the extent of SaPI activation 

correlates with dUTPase activity. 

Our proposed mechanism of this molecular switch suggests that the excision and extensive 

replication of SaPI occurs under dUTP-cleaned, sanitized nucleotide pool conditions, ensuring 

uracil-free replication of the subsequently transferred mobile genetic element. The presence of 

uracil in SaPI DNA is probably unfavorable, as the uracil content of a mobile genetic element may 

negatively influence its integration into the DNA of the new host, as it was recently shown for HIV 

93,94. In case of HIV, if the new host cell contains an active UNG, the uracilated viral DNA may be 
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degraded before its integration into the genome could happen 93. However, it remains to see whether 

the mechanism of this molecular switch influences the genomic stability of SaPIbov1.  

 

Figure 36  

Model of the mechanism of dUTPase-controlled SaPI activation 

A, Molecular mechanism of dUTP controlled dUTPase:Stl interaction. B, Molecular mechanism 

of G-protein-based switch. On panels B and C ES represents substrate bound, while E represents 

substrate-free enzyme (free enzyme or product bound enzyme). Red and green arrows represent 

inhibition and activation, respectively. C, Our novel model for dUTPase-based SaPI activation. 
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5 Summary 

 The members of the homotrimeric dUTPase superfamily – dCTP deaminases (DCD), dCTP 

deaminase-dUTPase bifunctional enzymes (DCD-DUT), and dUTPases – produce important 

precursors for dTTP biosynthesis. In addition, dUTPase also has a preventive DNA repair role by 

the removal of dUTP from the dNTP pool which prevents dUTP incorporation into DNA. In case 

of DCDs and DCD-DUTs it was shown that their active sites communicate with each other by 

allosteric mechanism. Allosteric communication of dUTPase active sites were proposed also in 

some cases. Besides their metabolic and preventive DNA repair role, dUTPases participate in 

additional processes. For example it was shown recently that phage dUTPases activate the 

horizontal gene transfer (HGT) of a Staphylococcus aureus pathogenicity islands (SaPI) by 

interacting a repressor protein, called Stl. 

This study aims to explore the allosteric potential of dUTPases and to unfold the molecular 

switch mechanism that leads to the activation of SaPI HGT using a variety of mutants and 

biochemical methods, such as steady-state and transient kinetics. 

We attempted to detect allosteric behavior in dUTPases by engineering hybrid enzymes to 

restrict putative allosteric transmission between active sites at various stages of the enzymatic 

cycle. The results combined with a comparative structural analysis of dUTPase superfamily 

enzymes reveal an intriguing trade-off between cooperativity and specificity in the dUTPase 

superfamily. We propose that the properties manifested in DCDs and dUTPases represent instances 

of adaptation to the distinct roles of dUMP production for dTTP synthesis and dUTP elimination 

for uracil-DNA avoidance, respectively. 

Investigating the molecular mechanism of the phage dUTPase driven molecular SaPI HGT 

activation, we have found that the interaction of dUTPase and Stl is regulated by dUTP through a 

novel mechanism. Our results allowed setting up a model for this molecular switch, in whichthe 

phage dUTPase is able to de-repress the HGT genes only after sanitizing the dNTP pool from 

dUTP, due to the kinetics of the dUTPase:Stl interaction. This promotes the uracil free replication 

of the SaPI DNA. Besides the understanding of such an important mechanism like the HGT of 

pathogenicity islands, it is also noteworthy that we identified Stl as the first, highly efficient protein 

inhibitor of dUTPase. If Stl proves to be a general dUTPase inhibitor – which it seems to be 129 – 

it can ease the clarification of the various roles of dUTPases in different species in vivo.  
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6 Összefoglalás 

A dUTPáz szupercsalád tagjai, a dUTPáz, a dCTP-dezamináz (DCD), és a bifunkciós 

dCTP-dezamináz-dUTPáz (DCD-DUT) a dTTP bioszintézis fontos prekurzorait állítják elő. 

Emellett a dUTPáz enzimnek preventív DNS hibajavító funkciója is van, hiszen a dUTP 

hidrolízisével eltávolítja a dUTP-t a dNTP készletből, megakadályozva ezzel annak DNS-be 

épülését. A DCD és DCD-DUT enzimek esetében megmutatták, hogy az aktív helyek 

allosztérikusan kommunikálnak egymással. Az allosztérikus kommunikáció a dUTPázok esetében 

is felmerült. A metabolikus és preventív DNS hibajavító szerepük mellett a dUTPázok más 

folyamatokban is részt vesznek. Nemrégiben írták le például, hogy a Staphylococcus aureus 

baktériumban fág dUTPázok aktiválják bizonyos patogenitási szigetek (SaPI) horizontális 

géntranszferjét (HGT) az Stl nevű represszor fehérjével való kölcsönhatáson keresztül.  

Munkánk során az volt a célunk, hogy megvizsgáljuk a dUTPázok allosztérikus potenciálját 

és hogy feltárjuk a SaPI HGT fág dUTPáz általi aktiválás molekuláris mechanizmusát, különböző 

mutánsok elsősorban enzimkinetikai vizsgálatával. 

A dUTPázok allosztérikus potenciáljának vizsgálatához hibrid enzimeket hoztunk létre, 

amelyekben egy-egy aktív helyet valamilyen mutáció segítségével inaktiváltunk, ezzel 

megakadályozva a reakció során bekövetkező konformáció-változásokat is. Eredményeink a 

dUTPáz szupercsalád összehasonlító szerkezeti analízisével kiegészítve, azt mutatják, hogy a 

szupercsaládban a kooperativitás csereviszonyban áll a szubsztrátspecificitással. A 

csereviszonyban álló tulajdonságok közül a DCD és DCD-DUT enzimekben a kooperativitás, míg 

a dUTPázokban erős specificitás került előtérbe a dCTP/dTTP egyensúly fenntartása, illetve a 

dUTP DNS-be való beépülésének elkerülése érdekében. Ez az eset az enzimek funkcionális 

adaptációjának kiváló példáját szolgáltatja. 

A fág dUTPázok által szabályozott SaPI HGT vizsgálata során azt találtuk, hogy a 

dUTPáz:Stl kölcsönhatást a dUTP egy eddig nem ismert módon szabályozza. Eredményeink 

alapján felállított modellünk szerint a fág dUTPáz csak azután képes kölcsönhatni az Stl 

represszorral, miután megtisztította a dNTP készletet a dUTP-től, ezáltal elősegítve a SaPI DNS 

uracilmentes replikációját. Fontos eredményünk az is, hogy az Stl-ben egy potens 

fehérjetermészetű dUTPáz inhibitort azonosítottunk. Egy fehérje természetű, általános dUTPáz 

inhibitor, mint aminek az Stl is tűnik 129, megkönnyítheti a dUTPázok pontos in vivo szerepének 

tisztázását a különböző élőlényekben. 
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9 Appendix 

9.1 Protein sequences of the constructs used in this study 

The sequences were numbered according to the UniProt sequences of the WT variants of the 

respective proteins, i.e. the affinity tags (colored grey) were omitted from the numbering. The 

dUTPase motifs are underlined. A, Sequence of the hDUTF158W protein (numbering: UniProt: 

P33316-2). The positions of the mutations used in this study are colored and shown in bold. B, 

Sequence of WWW. The peptide linkers connecting the subunits are shown in subscript. The Phe 

amino acids discussed in the 4.1.1.2.1 section are shown in bold. The mutations introduced into 

this construct are shown in Panel A, as the WWW assembled from hDUT. C, Sequence of the 

mtDUTH145W protein (numbering: UniProt: P9WNS5). The position of H145W mutation is 

highlighted by bold and colored lettering. D, Sequence of the Φ11DUTWT protein (numbering: 

UniProt: Q8SDV3). The positions of the mutations used in this study are highlighted by bold and 

colored lettering. The Trp which is present in the WT protein is highlighted also. The S. aureus 

phage specific insert is shown as superscript. E, Protein sequence of the Stl protein (numbering 

based on: UniProt: Q9F0J8). The star demarks the thrombine cleavage site. 

A 

hDUTF158W 
           1                                       

MAHHHHHHVGTMPCSEETPAISPSKRARPAEVGGMQLRFARLSEHATAPTRGSARAAGYDLYSAY 
                                           98    102                         

DYTIPPMEKAVVKTDIQIALPSGCYGRVAPRSGLAAKHFIDVGAGVIDEDYRGNVGVVLFNFGKE 
                                              151       158                         
KFEVKKGDRIAQLICERIFYPEIEEVQALDDTERGSGGWGSTGKN 

B 

WWW 
                 1                                        

MAHHHHHHVGTMPCSEETPAISPSKRARPAEVGGMQLRFARLSEHATAPTRGSARAAGYDLYSAY 

DYTIPPMEKAVVKTDIQIALPSGCYGRVAPRSGLAAKHFIDVGAGVIDEDYRGNVGVVLFNFGKE 

KFEVKKGDRIAQLICERIFYPEIEEVQALDDTERGSGGWGSTGKNASGAGGSEGGGSEGGTSGATGSMPCSE 
                                214                         

ETPAISPSKRARPAEVGGMQLRFARLSEHATAPTRGSARAAGYDLYSAYDYTIPPMEKAVVKTDI 

QIALPSGCYGRVAPRSGLAAKHFIDVGAGVIDEDYRGNVGVVLFNFGKEKFEVKKGDRIAQLICE 

RIFYPEIEEVQALDDTERGSGGWGSTGKNASGAGGSEGGGSEGGTSGATLQMPCSEETPAISPSKRARPAEV 
        400                                                

GGMQLRFARLSEHATAPTRGSARAAGYDLYSAYDYTIPPMEKAVVKTDIQIALPSGCYGRVAPRS 
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GLAAKHFIDVGAGVIDEDYRGNVGVVLFNFGKEKFEVKKGDRIAQLICERIFYPEIEEVQALDDT 

ERGSGGWGSTGKN 

C 

mtDUTH145W 
                              1          

MGSSHHHHHHSSGLVPRGSHMSTTLAIVRLDPGLPLPSRAHDGDAGVDLYSAEDVELAPGRRALV 

                                        

RTGVAVAVPFGMVGLVHPRSGLATRVGLSIVNSPGTIDAGYRGEIKVALINLDPAAPIVVHRGDR 
                                                  145         

IAQLLVQRVELVELVEVSSFDEAGLASTSRGDGGWGSSGGHASL 

D 

Φ11DUT 

MTNTLQVRLLSENARMPERNHKTDAGYDIFSAETVVLEPQEKAVIKTDVAVSIPEGYVGLLTSRS 
                                                 101    108           122                            

GVSSKTHLVIETGKIDAGYHGNLGINIKNDAIASNGYITPGVFDIKGEIDLSDAIRQYGTYQINEGDKLAQLVI 
                                   164                                      
VPIWTPELKQVEEFESVSERGEKGFGSSGV 

E 

Stl 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKL 

TQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEML 

KMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKS 
                                           *                   1          

SKYIAWPLQGWQATFGGGDHPPKSDLVPRGSPEFHHHHHHGSMEGAGQMAELPTHYGTIIKTLRK 

YMKLTQSKLSERTGFSQNTISNHENGNRNIGVNEIEIYGKGLGIPSYILHRISDEFKEKGYSPTL 

NDFGKFDKMYSYVNKAYYNDGDIYYSSYDLYDETIKLLELLKESKINVNDIDYDYVLKLYKQILS 

TDTEKSIINYETLANTRKSSDKKREVTIEEIGEFHEKYLKLLFTNLETHNDRKKALAEIEKLKEE 

SIYLGEKLRLVPNHHYDAIKGKPMYKLYLYEYPDRLEHQKKIILEKDTN 
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9.2 Kinetic comparison of dUTPase and G protein based switches. 

 dUTPase* p21H-Ras ** 

Properties of nucleotide hydrolase reaction 

(d)NTP kon (µM-1s-1) 1.2 * 102 70 2.1 81 

(d)NTP koff (s-1) 1.0 * 102 70 2.9 * 10-5 138 

Kd (µM) (koff / kon) 8.3 * 10-1 70 1.4 * 10-5  

kon product nucl. (µM-1s-1) 3.1 * 101 70 8.4 * 10-1 81 

koff product nucl. (s-1) 1.0 * 103 70 1.8 * 10-5 81 

Kd product nucl.(µM) (koff / kon) 3.2 * 101 70 2.1 * 10-5 81 

kcat (s-1) 6.4 70 5.5 * 10-3 139 

p120-GAP activated kcat (s-1) NA  105 stimulation 140 

Interaction with the effector 

 Stl Ras Binding domain of Raf 

Effect on activity total inhibition  none 141 

kon (µM-1s-1) 4.1 * 10-1 (This work)# NA 

koff (s-1) 2.8 * 10-3 (This work) # NA 

Kd (µM) (koff / kon) 6.8 * 10-2 (This work) ## NA 

protein.(d)NTP kon (µM-1s-1) NA  4.5 * 101 142 

protein.(d)NTP koff (s-1) NA  7.4 142 

protein.(d)NTP Kd (µM) (koff / kon) NA  1.6 * 10-1 142 

protein.product nucl. Kd (µM) (Keqv). 9.2 * 10-2 (This work) ## 3.2 * 101 142 

* 20°C; ** 25°C; # From stopped-flow experiments, cf. Table I. ## From QCM experiment 
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9.3 Oligonucleotide sequences 

Name# Sequence (5’ - 3’) Description 

hDUTA98F_F GATGTAGGATTTGGTGTCATAGATG For site directed mutagenesis to create 

hDUTA98F hDUTA98F_R CATCTATGACACCAAATCCTACATC 

Subunit-I_F GGGGTACCATGCCCTGCTCTGAAGAG 

Creation of WWW, subunit exchange 

Subunit-I_R 
CGGGATCCGGTCGCGCCGCTGGTGCCGCCTTCGCTGCCGC

CGCCTTCGCTGCCGCCCGCGCCGCTCGCATTCTTTCCAGT

GGAACC 

Subunit-II_F CGGGATCCATGCCCTGCTCTGAAGAG 

Subunit-II_R 
AACTGCAGGGTCGCGCCGCTGGTGCCGCCTTCGCTGCCGC

CGCCTTCGCTGCCGCCCGCGCCGCTCGCATTCTTTCCAGT

GGAACC 

Subunit-III_F AACTGCAGATGCCCTGCTCTGAAGAG 

Subunit-III_R CCCAAGCTTTTAATTCTTTCCAGTGGAACC 

Subunit-IIIb_F CTACGCGGCTGCAGATGCCCTGCTCTGAAGAGACAC 
Subunit III. exchange 

Subunit-IIIb_R GCGCCAGCTCGAGTTAATTCTTTCCAGTGGAACC 

Φ11DUTF108W_F CTATATTACCCCGGGCGTGTGGGATATTAAAGGCGAAATT

GATC For site directed mutagenesis to create 

Φ11DUTF108W 
Φ11DUTF108W_R GATCAATTTCGCCTTTAATATCCCACACGCCCGGGGTAAT

ATAG 

Φ11DUTF164W_F GCGAACGCGGCGAAAAAGGCTGGGGCAGCAGCGGCGTG For site directed mutagenesis to create 

Φ11DUTF164W Φ11DUTF164W_R CACGCCGCTGCTGCCCCAGCCTTTTTCGCCGCGTTCGC 

Φ11DUTΔ101-122_F GCGATTGCGAGCAACTATGGCACCTATCAGATTAACGAA

G 
For site directed mutagenesis to create 

Φ11DUTΔ101-122 
Φ11DUTΔ101-122_R CTTCGTTAATCTGATAGGTGCCATAGTTGCTCGCAATCGC 

StlpETDuet_F 
TATTGAATTCCATCATCATCATCATCACGGCAGCATGGAA

GGCGCGGGCCAGATG Subcloning of Stl from pETDuet-1 to 

pGEX-4T-1 
StlpETDuet_R GGTCCTCGAGTTAGTTGGTATCTTTTTCCAGAATAATTTTT

TTCTGATG 

Stl binding site183_F GAATTCATTTCAACATTAAATATTG For the amplification of Stl binding site183 

from pEX-A plasmid Stl binding site183_R GGATCCTAAATCCTGTCCTTTCAC 

Stl binding site183 

GAATTCATTTCAACATTAAATATTGCAAATTGAGATATTT

TTTTCGATATGATATCATTTGGATGGAAGGAGCTGGTCAA

ATGGCAGAATTACCAACACATTACGGCACAATTATTAAA

ACTCTTAGAAAATACATGAAATTAACTCAAAGCAAATTG

AGTGAAAGGACAGGATTTAGGATCC 

Sequence of the oligonucleotide used in  

EMSA experiments 

# F and R stand for forward and reverse primers, respectively. 
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9.4 Occurrence of dUTPases in Staphylococcus aureus strains 

Genome 

sequence 

Organism 

(NCBI Genome) 

Genomic 

dUTPase1 

Phage dUTPases 

Dimer1 Trimer1 
Prophage carrying 

dUTPase2 

Reference for 

prophage 

detection 

NC_002745.2 N315  1124674  N315 
143 

NC_009632.1 JH1 
 

 

5317510  Phage 92 –like  144 

 5317603 SaST5-K  
144,145 

5317432  Sa2USA-like 

144 

 

5317353   N315 -like  

NC_017331.1 TW20  
12862042  Sa1TW20 

146 

 

12863174  Sa3TW20  

NC_017340.1 04-02981  
 12865016 SaST5-K 

145 

12864800  N315  

NC_018608.1 08BA02176     
147 

NC_021059 M1  
15299711   Sa2USA –like 

148 

15300291   Sa3USA –like   

NC_007622.1 RF122  3795196  SaBov 
149 

NC_020566.1 ST228 isolate 16125  14837587  P954-like(100/ 1984860) 

110,150 

NC_020568.1 ST228 isolate 18583  14839621  NM3-like(60/1984723) 

NC_020564.1 ST228 isolate 10497  14835590  NM3-like(70/1984906) 

NC_020537.1 ST228 isolate 18412  14817523  P954-like(70/1984670) 

NC_020536.1 ST228 isolate 18341  14815488  P954-like(90/1984905) 

NC_020533.1 ST228 isolate 16035  14813492  P954-like(90/1984851) 

NC_020532.1 ST228 isolate 15532  14811453  P954-like(60/1985219) 

NC_020529.1 ST228 isolate 10388  14809415  P954-like(70/1984919) 

NC_017351.1 11819-97  

 12424268 Sa2 
151 12424797  Sa3, 

12423395  37-like 

NC_017673.1 71193   12731126 3 
152 

NC_002951.2 Col   3236924 Col 
153 

NC_017343.1 ECT-R2  12336428  N315-ike(136/1950872) 
110 

NC_017337.1 ED-133  

12324986  Saov1 
154  12324459 Saov2 

 12323829 Saov3 

NC_013450.1 ED-98  
 8613603 Av1 155 
8614777  Avß 

NC_017763.1 HO 5096 0412  
 12799907 Sa2 156 
 12801001 Sa3 

NC_009487.1 JH9  

5168136  Phage 92 –like  144 

 5169631 SaST5-K  
144,145 

5168479  Sa2USA-like 144 
5168299  N315 -like 

NC_017338.1 JKD6159  
12327664  Sa2 157 
12326670  Sa3 

NC_017349.1 LGA251   12907879 Sa8 
158 

NC_016928.1 M013  11862817  PVL 
159 

NC_002952.2 MRSA252  
2860609  Sa2 160 
 2861519 Sa3 

NC_016941.1 MSHR1132   11931868 Sa3 
161 

NC_002953.3 MSSA476  2863935  Sa4 
160 

NC_003923.1 MW2  1003527  Sa2MW 
162 
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1 Gene ID of the hits is given in the indicated columns. 

2 Only the prophages that carry a dUTPase are indicated. In case of PHAST detection the PHAST score of the 

appropriate hit and the starting site of the prophage region are indicated as subscript (score/starting site). Meaning of 

PHAST scores: >90 indicates intact and inducible prophage, 60-90 indicates that the inducibility of the prophage is 

questionable, <60 indicates that the prophage is probable not activable anymore. 

3 Provisional REFSEQ 

  

NC_009782.1 Mu3  
 5559151 Mu50AMu3 143,163 
5560392  Mu50B Mu3 

NC_002758.2 Mu50  
 1121986 Mu50A 

143 
1120851  Mu50B 

NC_007795.1 NCT8325  

 3919744 11 
164  3920595 12 

3919570  13 

NC_017333.1 ST398  
12322852  Sa2S0385 165,166 
12323353  Sa6S0385 

NC_017347.1 T0131  12338028  NM3-like(100/2058773) 
110,167 

NC_017342.1 TCH60   12333594 7401PVL-like(150/1737832) 
110 

NC_007793.1 USA300_FPR3757  
3913324  Sa2USA 168 
 3913209 Sa3USA 

NC_010079.1 USA300_TCH1516  
5776354  SLTUSA300 169 
 5776354 ßUSA300 

NC_016912.1 VC40      

NC_017341.1 JKD6008  
12331190  Phage 92 –like(60/1964562) 110,170 
12331352  NM3(60/2113993) 

NC_009641.1 Newman  

5331083  NM1 

171 
5330616  NM2 

 5331168 NM3 

5330123  NM4 

NC_022222.13 6850     
110,172  

NC_022113.13 

 
55/2053  

16643574  PVL108-like(90/1971076) 110 
 16643031 NM3-like(130/1457369) 

NC_021670.13 Bmb9393  

16042074  P954-like(80/2165809) 

110  16041143 
StauST398_2-

like(150/1165187) 

 16041551 MR1-like(1130/1632359) 

NC_021554.13 CA-347  
16168865  Staphy_2-like(117/2068311)  

110 
16169566  NM3-like(150/1517475)  

NC_022226.13 CN1  16743935  NM3-like(113/1973210) 
110 

NC_022443.13 SA40     
110,173 

NC_022442.13 SA957  
17054050 

 
 

5967PVL-

like(146/1523591) 
110,173 

NC_022604.13 Z172  

17370004  
NM3-

like(108/2105565) 
110 

17369075  
MR11-

like(100/1151302) 
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9.5 Our model is consistent with previous in vivo results 

Protein Kd (µM) Activity (%)* Probable state 

in vivo 

SAPI induction Consistent with 

our model? 

11 dUTPaseWT 0.8 54 157 53 dUTP bound until  

dUTP is converted 
into dUMP 

Yes (better than 80α) YES 

80α dUTPaseWT 0.88 52 100 52 dUTP bound until 

dUTP is converted 
into dUMP 

Yes 4 YES 

80α dUTPaseD81A  2.63 52 0 52 dUTP bound no, only if 
overexpressed 52 

YES 

80α dUTPaseD81N 2.64 52 0 52 dUTP bound No 52 YES 

80α dUTPaseY84A 3.37 52 24 52 dUTP bound until 
dUTP is converted 

into dUMP 

Low 52 YES 

80α dUTPaseY84F 0.88 52 77 52 dUTP bound until 

dUTP is converted 
into dUMP 

Yes 52 YES 

80α dUTPaseY84I >400 52 0 52 substrate free No 52 not enough 
information 

80α dUTPaseV ND, probably similar 

to dUDP binding5 

0 52 dUTP/dUDP 

bound5 

No 52 YES 

C-C ND 0 52 not enough 

information 

Hyperactive 52 not enough 

information,  

80α dUTPaseD95E ND 66 53 dUTP bound until 

dUTP is converted 
into dUMP 

No 53 not enough 

information 

* 100% activity relates to the activity of wild type 80α dUTPase, the values of the mutant species are related to this 
value  


