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1 Introduction 

The mobile genetic elements (MGEs), which in general replicate independently 

from the bacterial chromosome, play a prominent role in bacterial evolution. Horizontal 

gene transfer of these MGEs, encoding virulence factors, antibiotic resistance, 

superantigens, and certain metabolic functions support the adaptation of the bacteria. 

Most of the Staphylococcus aureus (Sa) genomes contain one or more such elements, 

these are the so-called pathogenicity islands (PIs)1. The expression of SaPI genes is 

induced upon infection of the bacteria by „helper” phages via the interaction of a specific 

bacteriophage protein with the life cycle regulator Stl repressor protein. It has been 

revealed that in the case of SaPIbov1 pathogenicity island dUTPase proteins of the phages 

are responsible for SaPI mobilization2.  

dUTPases catalyze the hydrolysis of dUTP and thereby lower the cellular 

dUTP/dTTP ratio. In dividing cells the amount of uracil incorporated into the DNA is 

directly proportional with this ratio due to the promiscuity of polymerases, thus dUTPase 

prevents the misincorporation of uracil in the genome by eliminating the dUTP. In the 

meantime uracil can be formed within the DNA by the spontaneous deamination cytosine 

bases resulting in the formation of U:G base pairs, which are mutagenic, in contrast to 

the generally harmless thymine replacing uracils. Therefore, uracil is recognized as an 

error and excised from the DNA by a specific repair mechanism. Nevertheless if the 

dUTP level is high uracil can be re-built to the DNA, which leads to a hyperactive futile 

cycle of misrepair and consequently to the fragmentation of the genome. Hence dUTPase 

plays a key role in preventive DNA repair, meanwhile it produces the essential dUMP 

precursor for dTTP biosynthesis3. Based on this prominent role of the enzyme it is in the 

focus of onco-therapeutic drug design projects and targeted to fight pathogenic 

microorganisms4,5.  

Most dUTPases belong either to the all- trimeric or to the all- dimeric 

structurally distinct enzyme families (Figure 1, Panels A and C). The active site of 

trimeric dUTPases is built up by conserved Motifs 1, 2 and 4 of one subunit and Motif 3 

of a second subunit, and it is closed by the carboxy-terminal Motif 5 of the third subunit 

upon substrate binding (Figure 1, Panel B). Dimeric dUTPases also contain five 

                                                 
1 Novick, R. P. et al. Nat. Rev. Microbiol. 8, 541–51 (2010) 
2 Tormo-Más, M. Á. et al. Nature 465, 779–82 (2010) 
3 Vértessy, B. G. et al. Acc. Chem. Res. 42, 97–106 (2009) 
4 Saito, K. et al. Cancer Chemother. Pharmacol. 73, 577–83 (2014) 
5 Nyíri, K. et al. Biochim. Biophys. Acta - Gen. Subj. 1861, 3593–3612 (2017) 
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conserved motifs residing within a rigid and a flexible domain of the protein. The two 

dUTP binding cavities are formed by the rigid domain (Motifs 1, 2, 4, 5) at the dimer 

interface of the protein, and when the substrate binds to the enzyme the flexible domain 

(Motif 3) forms a tight binding pocket via conformational rearrangement (Figure 1, Panel 

D). In case of some dimeric dUTPases an additional Motif 6 also contribute to the dUTP 

binding. 

 
Figure 1. Structural characteristics of the trimeric and dimeric dUTPases  

A) Cartoon representation of the trimeric human dUTPase (PDB ID: 3EHW). Chains colored by yellow, 

cyan and salmon, substrate analogue dUPNPP is shown as sticks with atomic coloring (carbon: black, 

oxygen: red, nitrogen: blue, phosphorus: orange). B) Close up representing the unique architecture of the 

active site of trimeric dUTPases. The substrate binding pocket is constituted at the interface of two 

subunits by conserved Motifs 1, 2 and 4 of one subunit and Motif 3 of the other subunit. Upon dUTP 

hydrolysis the pocket is closed by Motif 5 of the third subunit. Conserved motifs are colored by subunits, 

substrate analogue dUPNPP shown as sticks with atomic coloring according to Panel A. C) Cartoon 

representation of the dimeric Leishmania major dUTPase (PDB ID:2YAY), chains colored by yellow 

and cyan, substrate analogue dUPNPP is shown as sticks with atomic coloring as described for Panel A. 

D) Close up representing the specific architecture of the active site of dimeric dUTPases. The two active 

sites are formed at dimer interface by conserved Motifs 1, 2, 4, 5 and 6 of the rigid domains. Upon 

substrate binding the pocket is closed by Motif 3 of the flexible domains. Conserved motifs are colored 

by subunits, substrate analogue dUPNPP is shown as sticks with atomic coloring according to Panel A. 

Trimeric dUTPases of Staphylococcus aureus phages contain a 30-40-residue-long 

phage-specific insert between the third and fourth conserved motif (Figure 2)2. As no 
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SaPI induction was observed in the case of phages possessing dUTPases lacking this 

insert, Tormo-Más and her co-workers concluded that the insert is essential for the 

Stl-dUTPase interaction2. We have shown that the core of Φ11 phage dUTPase 

(11DUT) enzyme is similar to that of other trimeric isoenzymes and the insert 

constitutes a mini-domain consisting of four short β-strands, forming very few contacts 

with the enzyme core (Figure 2)6. Similar results have been obtained later for 80 phage 

dUTPase by the Penadés group7.  

 
Figure 2. Comparison of MtDUT and 11DUT structures8. 

A) X-ray crystal structure of the Mycobacterium tuberculosis dUTPase (MtDUT, PDB ID: 2PY4), 

protein trimer is shown in cartoon representation, substrate analogues (dUPNPP) as sticks. The 

Mycobacteria-specific insert colored dark blue other residues orange, ligands green. B) X-ray crystal 

structure of the 11 bacteriophage dUTPase (11DUT, PDB ID: 4GV8), protein trimer is shown in 

cartoon representation, substrate analogues (dUPNPP) as sticks. The phage-specific insert is colored dark 

blue other residues cyan, ligands red. C) Superimposition of the MtDUT and 11DUT structures. 

Coloring and representation are according to Panels A and B, ligands are not shown. The phage-specific 

insert did not affect the core dUTPase fold. 

We have also demonstrated that the insert does not have a role in the enzymatic 

activity of 11DUT6,8. In addition to this, we have revealed that Stl is a highly potent 

inhibitor of the Φ11 phage dUTPase9. In 2016 the group of Terje Dokland discovered 

that the dimeric dUTPase of the NM1 phage is also able to interact with the Stl protein, 

in spite its structure is markedly differ from that of the trimeric dUTPases of Φ11 and 

80 phages10,11. The dUTPase-Stl interaction also lead to the reduction of the activity of 

the dimeric enzyme.  

My aim was to explore the molecular mechanism of the Stl-dUTPase interaction. 

                                                 
6 Leveles, I. et al. Acta Crystallogr. Sect. D Biol. Crystallogr. 69, 2298–308 (2013) 
7 Tormo-Más, M. Á. et al. Mol. Cell 49, 947–58 (2013) 
8 Nyíri, K. et al. Struct. Chem. 26, 1425–1432 (2015) 
9 Szabó, J. E. et al. Nucleic Acids Res. 42, 11912–20 (2014) 
10 Hill, R. L. L. et al. J. Mol. Biol. 428, 142–152 (2016) 
11 Hill, R. L. L. et al. J. Mol. Biol. 429, 1570–1580 (2017) 
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As there was no structural information available for the Stl repressor of SaPIbov1 or any 

other pathogenicity island repressor, first I set out to characterize the structure of this 

protein. Then I have examined the role of the phage-specific insert in Stl-binding, and 

perturbation of DNA-Stl complex and tested the effect of Stl on the enzymatic activity 

of dUTPases from other species. I also investigated the interaction surface and the 

stoichiometry of several Stl-dUTPase complexes. Finally, I set out to find out how the Stl 

protein can bind to dUTPases possessing completely different folds. 

2 Methods 

The bacterial expression vectors of the dUTPase and Stl mutants were produced 

by molecular cloning or site-directed mutagenesis. Proteins were purified from cell 

extracts by affinity, ion-exchange and size exclusion chromatography. 

Following an integrated structural biology approach we studied wild-type and 

specific mutants of Stl and dUTPases and their complexes by native gel electrophoresis, 

electrophoretic mobility shift assay, chemical crosslinking, steady state activity 

measurements, isothermal titration calorimetry, electrospray ionization native mass 

spectrometry, synchrotron radiation circular dichroism and most prominently hydrogen-

deuterium exchange mass spectrometry (HDX-MS) and size-exclusion chromatography 

coupled with small-angle X-ray scattering (SEC-SAXS) methods. 

3 Results and Discussion 

First, we focused on to resolve how potential domains within the Stl repressor may 

be defined12 (Figure 3, Panel A). Towards this end, we created an in silico structural 

model of the full-length Stl protein and validated the predicted fold by synchrotron 

radiation circular dichroism (SRCD) experiments. Based on this 3D model verified by 

CD results, we produced truncated and point mutants of the Stl protein and studied their 

function in DNA- and dUTPase-binding. We showed that the produced carboxy-terminal 

segment is an independently folded domain, which retains its dimerization ability and 

binding affinity to Φ11 phage dUTPase (Φ11DUT), but exhibits reduced inhibitory 

effect12. The amino-terminal putatively DNA-binding segment of Stl was also studied by 

point mutations, which were designed by studying the experimentally determined 3D 

structures of DNA-bound bacteriophage repressors, which contain HTH motif. 

                                                 
12 Nyíri, K. et al. PLoS One 10, e0139086 (2015) 
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The sequence alignment of the HTH motif of Stl and these repressors it seemed likely 

that two polar residues, Q40 and N41 could have a prominent role in DNA binding of 

the Stl protein (Figure 3, Panel B). A Q40A, N41A double mutant Stl protein was created 

to eliminate the H-bonding ability at this positions, while preserving the helical 

secondary structure of the motif 12. According to our expectation, this double alanine 

mutant Stl construct was found to be highly defective in DNA binding based on EMSA 

experiments, compared to the wild type protein (Figure 3, Panels C and D)12. These in 

vitro results were reinforced by our recent in vivo experiments aiming to investigate this 

molecular switch in Mycobacterium smegmatis13. Thus our experimental results 

convincingly support the predicted position of helix-turn-helix motif 12,13. 

 
Figure 3. Structure and function of Stl repressor 12.  

A) 3D homology model of the Stl protein (cartoon), carboxy-terminal segment of the protein is colored 

by magenta (Stl-CTD), amino-terminal segment of the protein is colored by cyan, HTH motif is dark 

blue. B) Sequence alignment of the HTH motifs of bacteriophage repressors and Stl. The number before 

each segment is the position of the first residue of the segment in the respective protein sequence. Helices 

are with grey background, similar residues are in bold, box highlights residues interacting with DNA 

nucleobases. C-D) Electrophoretic mobility shift assay was performed to compare the DNA binding 

ability of Stl (Panel C) and Stl-Q40A,N41A (Panel D). Species and concentrations of monomers are 

indicated on the figure. Wild type Stl caused shift of the dsDNA oligo at 1 μM concentration. The band 

of dsDNA oligo was only partially shifted upwards even at relatively high concentrations of 

Stl-Q40A,N41A (3 μM). 

The dimerization ability of Stl was verified by native mass spectrometry and 

chemical crosslinking (Figure 4, Panels A and B) 9,14, while we also showed that the 

carboxy-terminal domain of the repressor (Stl-CTD) is likewise able to form dimers. 

Molecular shape and solution structure of Stl at low-resolution has been determined 

based on small angle X-ray scattering (SAXS) experiments (Figure 4, Panels C and D; 

SASBDB ID: SASDC67)14. Our results suggest that Stl protein is highly flexible, which 

might correspond with the multiple functions of Stl and the dynamic change between 

DNA and dUTPase binding. 

                                                 
13 Surányi, É. V. et al. Viruses 10, (2018) 
14 Nyíri, K. et al. Sci. Rep. 8, 4326 (2018) 
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Figure 4. Structural characterization of the Stl protein9,14.  

A) Peak series corresponding to Stl monomer and Stl dimer were assigned in native mass spectrum of 

Stl. B) Chemical crosslinking of full-length Stl and Stl-CTD (residues 85–267). Upon addition of the 

crosslinking agent, DSS to Stl (32.9 kDa) and Stl-CTD (22.4 kDa) bands corresponding to the size of Stl 

and Stl-CTD dimers appeared. Species and concentrations given in monomers are indicated on the figure. 

C) SAXS spectrum of Stl protein. D) Models generated based on SAXS measurements for Stl. 

The structure of the Φ11 phage dUTPase is highly similar to that of other trimeric 

dUTPases like the human and mycobacterial enzymes, although besides the well 

conserved protein structural core it contains phage-specific insert segment, which folds 

into a -pleated mini-domain6. We explored the role of this phage-specific insert of 

Φ11DUT in the enzymatic activity, in the dUTPase-Stl interaction and in the disruption 

of Stl-DNA complex6,8. We have shown previously that the truncated enzyme mutant 

lacking this insert (11DUT101G–122Q) has similar catalytic properties as the full-length 

phage dUTPase6. The insert was also found dispensable for complex formation with Stl 

based on native gel electrophoresis experiments and enzyme activity assays8. Based on 

the observed inhibitory effect and negative HDX signals around the ligand binding cavity 

upon addition of Stl to 11DUT and 11DUT101G–122Q we propose that Stl binds to the 

active site of both dUTPases15. The HDX-MS results reflect that the insert partially 

hinders the accessibility of the active centrum, while also provides additional possibilities 

for Stl-binding. On the other hand, our electrophoretic mobility shift assay experiments 

indicated that 11DUT101G–122Q does not effectively interfere with the interaction 

                                                 
15 Nyíri K. et al. manuscript in preparation 
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between Stl and DNA (Figure 5, Panel A)8. These results suggest that within its own 

protein context the phage-specific insert is essential for the derepression function.  

 
Figure 5. Perturbation of Stl-DNA complex by 11DUT, 11DUT101G–122Q, MtDUT and 

hDUT 8,14. Electrophoretic mobility shift assay experiments were performed to investigate the 

ability of different dUTPases to disrupt Stl-DNA complex. Species and concentrations of 

monomers (in M) are indicated on the figure. A) 11DUT101G–122Q did not perturb the 

DNA-binding of Stl even at elevated concentration. B) Unless MtDUT lacks the phage specific 

insert it is able to disrupt Stl-DNA complex. C) DNA-binding ability of Stl is perturbed during 

complex formation with hDUT although this dUTPase was less effective in perturbation of 

Stl-DNA complex, than 11DUT and MtDUT.  

We tested whether Mycobacterium tuberculosis and human dUTPases (MtDUT 

and hDUT) are able to bind to Stl and to disturb the Stl-DNA complex formation in 

vitro8,1614. We found that Stl is a potent inhibitor of both hDUT and MtDUT, and both 

dUTPases showed capability to disrupt the Stl-DNA interaction (Figure 5, Panels B 

and C). Taking together these results with experimental data available for the Drosophila 

melanogaster dUTPase-Stl complex formation17, and our preliminary results obtained 

for the interaction of Stl with Plasmodium falciparum and E. coli dUTPases we 

concluded that there is no obvious relationship between the inhibition of a specific 

enzyme by Stl and the ability of that dUTPase to disrupt the Stl-DNA complex. 

We followed an integrated structural biology approach, based on the combination 

of isothermal titration calorimetry (ITC), native mass spectrometry, and most 

prominently size-exclusion chromatography in line with small-angle X-ray scattering 

and hydrogen-deuterium exchange mass spectrometry to present detailed structural 

insights on the hDUT-Stl interaction14. Importantly, no rational solutions for the 

complexes could be realized by applying a dimeric model for Stl, suggesting that 

disruption of the Stl dimer could be a prerequisite for complex formation between Stl 

and trimeric dUTPases. In contrast if we included a trimer of hDUT and monomers of 

Stl the generated hDUT3Stl3 and hDUT3Stl2 structural models, were in good agreement 

                                                 
16 Hirmondó, R. et al. DNA Repair (Amst). 30, 21–27 (2015) 
17 Benedek, A. et al. FEBS Open Bio 8, 158–167 (2018) 
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with all the available experimental data (Figure 6, SASBDB ID: SASDC77, 

SASDC87)14. 

 

Figure 6. Models generated based on SEC-SAXS measurements for hDUT-Stl complex14. Overlay 

of the best SAXS/HDX-MS hybrid models of the hDUT3Stl3 (Panel A) and hDUT3Stl2 (Panel B) 

complexes and the ab initio shape envelopes reconstructed from SAXS data (SASBDB ID.: SASDC77 

and SASDC87, respectively). The hDUT monomers are displayed as red, yellow and blue cartoons. Stl 

monomers are shown as light-blue cartoons. Regions of missing sequence added during modeling as 

dummy residues are presented in wire format. 

It has been shown that representatives of both the β-pleated trimeric and all-α 

dimeric phage dUTPases interact with the Stl repressor protein within Staphylococcus 

aureus10,11. We performed HDX-MS experiments in order to characterize the structural 

background of the promiscuity of Stl for dUTPase binding15.  

In the presence of Φ11DUT, a specific region within the C-terminal domain of the 

Stl protein (residues 98Y–113Y) displayed a pronounced negative mass shift15. This 

suggests that this region is principally responsible for the Stl-Φ11DUT interaction. In 

addition to this, significant negative mass shifts were observed across the entire length 

of Stl, referring to global conformational tightening of the protein upon complex 

formation. Our HDX-MS results indicate that different segments of Stl interacts with the 

two phage dUTPases of different fold. This unique functional plasticity of Stl may imply 

that the presence of dUTPases is somehow advantageous the SaPI mobile genetic 

elements. 

According to our native gel electrophoresis, chemical crosslinking and native mass 

spectrometry experiments Stl and the dimeric NM1 phage dUTPase (NM1DUT) form 

a heterodimeric complex15.  
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Figure 7. Interaction of the Stl protein with dimeric and trimeric dUTPases. Stl (orange ellipses) 

forms dimers in solution and may bind to DNA (black) as dimers. Perturbation of Stl dimerization by 

dUTPases leads to the dissociation of the Stl-DNA complex. Stl inhibits both the trimeric (light blue 

triangles) and dimeric dUTPases (dark blue rectangles). The inhibition is based on competition between 

Stl and the substrate, dUTP (black dots) in case of the trimeric dUTPases. Stl monomers and dUTPase 

trimers form DUT3Stl2 and DUT3Stl3 complexes. The substrate binding site of dimeric dUTPases, which 

is located at the dimerization surface of the enzyme, is impaired upon formation of a heterodimeric 

complex of the dUTPase with Stl. This explains the reduction of the enzymatic activity of dimeric 

dUTPases in the presence of Stl.  

Based on our results Figure 7 shows a schematic model, which describes interaction of 

Stl with dimeric and trimeric dUTPases. Stl protein dimerizes in solution and based on 

the similarity with other repressors and the symmetry of the specific binding site of the 

protein within the SaPI DNA it is assumed that Stl binds to DNA as dimers12,18 (Figure 7). 

Interaction of Stl monomers with dUTPases perturbs the dimerization of the repressor, 

hence it leads to the dissociation of the Stl-DNA complex14. Trimeric dUTPases can form 

DUT3Stl2 and DUT3Stl3 complexes with Stl, while in the case of dimeric dUTPases the 

complex is a DUT-Stl heterodimer (Figure 7)15. Based on our results Stl binds directly to 

the active site of trimeric dUTPases and it acts as a competitive inhibitor of these 

enzymes9,13,14,15. Stl also reduces the activity of dimeric dUTPases, although via a 

different mechanism, than that observed for the trimeric enzymes15. Inhibition of dimeric 

dUTPases by Stl is resulting from the of the abolition of the active site, which resides at 

the dimer interface of the enzyme, during complex formation between the two proteins15. 

                                                 
18 Papp-Kádár, V. et al. PLoS One 11, e0158793 (2016) 
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4 Theses 

1. I have identified functional domains within the Stl repressor protein, which is the 

master bioregulatory protein of the SaPIbov1 Staphylococcus aureus pathogenicity 

island life cycle (1,4). I showed that the produced carboxy-terminal segment is 

an independently folded domain, which retains its dimerization ability and binding 

affinity to Φ11 phage dUTPase (Φ11DUT), but exhibits reduced inhibitory effect (1). 

The amino-terminal putatively DNA-binding segment of Stl was also studied by point 

mutations. My experimental results convincingly support the predicted position of 

helix-turn-helix motif (1). These in vitro results were reinforced by our recent in vivo 

experiments aiming to investigate this molecular switch in Mycobacterium 

smegmatis13. 

2. I have shown that the phage-specific insert is not essential for the formation of 

StlΦ11dUTPase complex, although in the context of Φ11 phage dUTPase the 

insert seems to be necessary for perturbation of the Stl-DNA complex (2). 

I revealed that Stl is fully capable of binding to and inhibiting the truncated, insert-

less Φ11DUT101G–122Q (2). Based on HDX-MS results the active site is involved in 

the Stl-binding in case of both dUTPases, although the active site of Φ11DUT is less 

well hidden by Stl than that of Φ11DUT101G–122Q. It seems that the insert somewhat 

hinders the accessibility of the active site of Φ11DUT, while also provides new sites 

for Stl-binding. 

3. I have revealed that the Stl protein from Staphylococcus aureus bacteria is able 

to interact with trimeric dUTPases from other species (4,7). I have provided 

experimental evidence that Stl interacts with the mycobacterial and the human 

dUTPases, and significantly reduce the enzymatic activity of those (4,7). Besides 

I have demonstrated that both dUTPases are able to perturb the DNS-Stl complex 

(4,7).  

4. I created a structural model of the Stl dimer in solution based on standard small-

angle X-ray scattering measurements and the experimentally validated 

homology model of the Stl (SASBDB ID: SASDC67) (1,4). The resulting ab initio 

and rigid-body models referred for inherent flexibility of the protein, which hindered 

its crystallization. 
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5. Following an integrated structural biology approach I combined the results 

obtained from native gel electrophoresis, isothermal titration calorimetry (ITC), 

native mass spectrometry, small angle scattering in line with size exclusion 

chromatography (SEC-SAXS) and hydrogen deuterium exchange mass 

spectrometry (HDX-MS) experiments to create structural models of the human 

dUTPase Stl complexes (4). Interestingly, no reasonable solutions for the complexes 

could be acquired using a dimeric Stl model, suggesting that disruption of the Stl 

dimer is inevitable for the formation of this complex (4). When the trimeric hDUT 

and Stl monomers were used combined to hDUT3Stl3 and hDUT3Stl2 complexes, the 

resulting structural models (SASBDB ID: SASDC77, SASDC87) were in good 

agreement with all experimental results. According to these models the dissociation 

of Stl-DNA complex caused by dUTPases is due to the perturbation of the Stl 

dimerization. 

6. I have demonstrated that different segments of Stl are responsible for binding of 

the protein to dimeric and trimeric phage dUTPases. The fact that the SaPI 

repressor Stl divergently evolved to target phages encoding dUTPases may refer to 

that the Staphylococcus aureus pathogenicity islands could perhaps be benefited from 

the uracil-free environment.  

5 Potential applications 

dUTPase is an intensively studied target of antiparasitic and cancer therapies4,5. Our 

focused study on the structural requirements of human dUTPase-Stl interaction may 

serve as the starting point of future development of a species-specific dUTPase inhibitory 

peptide or protein. We have identified a 15-residue-long peptide segment of Stl 

(98Y113Y), which showed pronounced HDX-MS signals upon binding to any of the 

studied trimeric dUTPases14,15. The effect of this peptide on the dUTPase enzymatic 

activity will be the subject of our future studies. In addition, Stl as a selective 

proteinaceous inhibitor of the human and mycobacterial dUTPase can be applied as 

a cellular tool for in vivo investigation of the physiological function of the enzyme. 
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