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SUMMARY 27 

dUTPases (Duts) have emerged as promising regulatory molecules controlling relevant 28 

cellular processes. However, the mechanism underlying this regulatory function remains 29 

enigmatic. Using staphylococcal pathogenicity island (SaPI) repression as a model, we 30 

report here that phage Duts induce the transfer of SaPI-encoded virulence factors by 31 

switching between active (dUTP-bound) and inactive (apo state) conformations, a 32 

conversion catalysed by their intrinsic dUTPase activity. Crystallographic and mutagenic 33 

analyses demonstrate that binding to dUTP re-orders the C-terminal motif V of the phage-34 

encoded Duts, rendering these proteins into the active conformation required for SaPI 35 

derepression. By contrast, the conversion to the apo state conformation by hydrolysis of 36 

the bound dUTP generates a protein that is unable to induce the SaPI cycle. Because 37 

none of the requirements involving Duts in SaPI transfer is exclusive to the phage-38 

encoded proteins, we propose that Duts are widespread cellular regulators acting in an 39 

analogous manner to the eukaryotic G proteins. 40 

 41 
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INTRODUCTION 42 

Preserving DNA integrity is of vital importance for all organisms. Cellular metabolism 43 

constantly generates non-canonical nucleoside triphosphates, such as dUTP, dITP, dXTP, 44 

8-oxo-dGTP or 2-oxo-dATP, which arise from oxidation, deamination or from other 45 

modifications of canonical nucleotides. Incorporation of non-canonical nucleotides into the 46 

nascent DNA results in increased mutagenesis and overloads the DNA excision repair 47 

system, leading to multiple DNA strand breaks and cell death. The most common non-48 

canonical nucleoside triphosphate is dUTP, which is continuously produced in the 49 

pyrimidine biosynthesis pathway by phosphorylation of dUDP or by deamination of dCTP 50 

(Vértessy and Tóth, 2009). Most DNA polymerases cannot distinguish between thymine 51 

and uracil (except for some archaeal enzymes), and the uracil/thymine incorporation ratio 52 

depends on the relative level of dUTP and dTTP. Genomes of all free-living organisms 53 

and many viruses encode the enzyme dUTPase (dUTP pyrophosphatase; Dut; EC 54 

3.6.1.23), which cleaves dUTP into dUMP and pyrophosphate and plays a key role in 55 

preventing uracil misincorporation into DNA (Vértessy and Tóth, 2009). It has been 56 

traditionally assumed that Duts are essential for DNA integrity and viability in many 57 

prokaryotic and eukaryotic organisms including Escherichia coli, Saccharomyces 58 

cerevisiae, trypanosomes and human cancer cells (Koehler and Ladner, 2004; 59 

Kouzminova and Kuzminov, 2004; Whittingham et al., 2005; Tchigvintsev et al., 2011), 60 

functions that are related with the role that the enzyme plays in preventing dUTP 61 

incorporation into the chromosome.  62 

However, recent reports using completely different models have done away with 63 

the dogma that DNA uracilation is deleterious under all conditions. Deamination of 64 

cytosine bases in DNA to uracil by the activation-induced deaminase (AID) is essentially 65 

required for the diversity of immunoglobulin genes (Petersen-Mahrt et al., 2002; Maul et 66 

al., 2011). On the other hand, rather than being dangerous, HIV DNA uracilation benefits 67 

the early phase of the viral life cycle by inhibiting autointegration (Yan et al., 2011). 68 
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Finally, it has recently been demonstrated that Drosophila melanogaster tolerates high 69 

levels of uracil in DNA during some developmental stages, suggesting a novel role of 70 

uracil-containing DNA in Drosophila metamorphosis (Muha et al., 2012). If we assume 71 

that DNA uracilation is beneficial in some biological processes, and since the cellular 72 

enzyme Dut is present in these scenarios, it is tempting to speculate that these enzymes 73 

perform additional functions in the cell.  74 

Most viruses, including herpes viruses, poxviruses, retroviruses and 75 

bacteriophages, encode Dut. It is an intriguing question, however, why these viruses 76 

encode an enzyme that is already present in all of their eukaryotic or prokaryotic host 77 

cells. Recent studies support the hypothesis that virus-encoded Duts could be 78 

moonlighting as proteins with different regulatory functions. Thus, the Epstein-Barr virus 79 

(EBV) Dut activates NF-B expression and produces immune dysregulation in the host by 80 

binding to the cellular Toll-like receptor 2 (Glaser et al., 2006; Ariza et al., 2009). This 81 

same receptor is the target for the human endogenous retrovirus K (HERV-K) Dut, which 82 

has recently been found to be involved as a potential contributor to psoriasis 83 

pathophysiology (Ariza and Williams, 2011). In the same manner, Leang and coworkers 84 

demonstrated that the expression of the MHV-68 viral Dut is essential in this viral infective 85 

process by blocking the expression of the type I interferon signalling pathway, a process 86 

that does not depend on the intrinsic enzymatic activity of MHV-68 viral Dut (Leang et al., 87 

2011). Finally, its has recently reported that the Kaposi’s sarcoma Dut down-regulates the 88 

immune response by targeting several cytokine receptors, a process that does not depend 89 

of the enzymatic activity of the protein (Madrid and Ganem, 2012).  90 

In a previous work, we also demonstrated that Duts have regulatory functions that 91 

involve the proteins in the control of the transfer of different Staphylococcus aureus 92 

pathogenicity islands (SaPIs) (Tormo-Más et al., 2010). SaPIs are a family of related 15–93 

17 kb mobile genetic elements that carry and disseminate superantigen and other 94 

virulence genes, especially those for toxic shock toxin and enterotoxin B (Novick et al., 95 
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2010). SaPIs are very widespread among the staphylococci and are responsible for at 96 

least one important human disease: menstrual toxic shock syndrome. The key feature of 97 

their mobility and spread is the induction by certain phages of their excision, replication 98 

and efficient encapsidation into specific small-headed phage-like infectious particles. This 99 

sequence of events is referred to as the SaPI excision–replication–packaging (ERP) cycle 100 

(reviewed in Novick et al., 2010). In the absence of a helper phage, the SaPIs reside 101 

passively in the host chromosome, under the control of Stl, a global SaPI-coded repressor 102 

(Úbeda et al., 2008). Following infection by a helper phage, the SaPI cycle is induced, and 103 

the SaPIs are finally packaged in phage-like particles composed of phage virion proteins, 104 

leading to very high frequencies of inter- as well as intrageneric transfers (Chen and 105 

Novick, 2009; Maiques et al., 2007). Surprisingly, the de-repressor protein for a subset of 106 

clinically relevant pathogenicity islands (including the prototype SaPIbov1, SaPIbov5, 107 

SaPIov1 and SaPIS0385) are helper phage-encoded Duts, which bind to the SaPI-108 

encoded repressor Stl and act as antirepressors (Tormo-Más et al., 2010). However, how 109 

Dut proteins interact with the SaPI-encoded Stl repressor, and how this interaction leads 110 

to SaPI derepression remains to be elucidated.  111 

In this manuscript we report that phage-encoded Duts control the transfer of SaPIs 112 

by an entirely novel and surprising strategy wherein these proteins are involved in cellular 113 

signalling. Namely, we have demonstrated that in addition to the 5 classical domains 114 

present in all trimeric Duts, staphylococcal phage-encoded Dut proteins have an extra 115 

region (domain VI) involved in SaPI de-repression by binding to the SaPI-encoded 116 

repressor (Stl). This extra domain, although necessary, is not sufficient to induce the SaPI 117 

cycle. In addition, Duts control the transfer of SaPIs by switching between the active 118 

(dUTP-bound) and inactive (apo state) conformations, a conversion catalysed by their 119 

intrinsic dUTPase activity. As reported for the proto-oncogenic G proteins, we propose 120 

that Dut proteins have an active dUTP-bound state that interacts with their specific 121 

targets. The hydrolysis of the bound dUTP by their intrinsic dUTPase activity triggers a 122 
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conformational change to a more relaxed conformation that releases the target protein 123 

and downregulates the inducing activity by returning the Dut proteins to their resting state. 124 

In addition, and as previously suggested for dUTP (Williams et al., 2011) and reported for 125 

other nucleotides, our results support an emerging role for dUTP as second messenger. 126 

 127 

RESULTS 128 

SaPI induction depends on Dut conformation 129 

In a previous work, we demonstrated that the expression of the cloned phage 11 Dut 130 

protein induced the SaPIbov1 cycle (Tormo-Más et al., 2010). Moreover, we also 131 

demonstrated that the expression of the inactive mutant phage 11 D81A Dut was also 132 

capable of inducing SaPIbov1, indicating that dUTPase activity per se is not responsible 133 

for SaPI induction (Tormo-Más et al., 2010). However, a more exhaustive analysis have 134 

now revealed that the wild-type and D81A forms of the cloned phage 11 or 71 Duts 135 

exhibited the same SaPIbov1 derepression activity only when they were fully over-136 

expressed, but reduced expressions of dutD81A failed to derepress SaPIbov1, although 137 

there was still full derepression by dutwt under these conditions (Figure 1). A more 138 

dramatic example of this behaviour was seen in a complementation analysis using the 139 

phage 80 D81A mutant Dut, which was unable to induce SaPIbov1 even when 140 

expressed at a high level (Figure 1). This result was confirmed in vivo by generating a 141 

lysogenic strain for the 80 phage carrying the Dut D81A mutation in the phage genome. 142 

As expected, the phage expressing the D81A mutant protein did not induce SaPIbov1 143 

(Figure 2). Similar results were obtained with SaPIbov5, which is also induced by the 144 

Dut80 protein (Figure 2). As the Dut protein levels produced from the wild-type (wt) and 145 

D81A mutant were comparable in all these experiments (Figures 1 and 2), we concluded 146 

that the wt Dut proteins are more effective than the D81A mutants in the de-repression of 147 

SaPIbov1 and SaPIbov5.  148 
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What are the structural bases for this difference? The previous results raised a 149 

surprising possibility of Dut-Stl interaction that we decided to explore; namely, that the Dut 150 

proteins had two conformations with different inducing capacities. The SaPI-inducing 151 

conformation would correspond to that adopted by the wild-type Dut proteins, whereas the 152 

non-inducing conformation would be adopted by the D81A mutants.  153 

The dUTP-bound form of the phage 80-encoded Dut induces the SaPI cycle  154 

In all the trimeric Dut proteins, the equivalent position of D81 is strictly occupied by a 155 

conserved catalytic aspartic residue (Barabas, 2004). This acidic residue localises and 156 

polarises a water molecule for an in-line nucleophilic attack on the αP during dUTP 157 

hydrolysis (Barabas, 2004; Chan et al., 2004). The conservative mutation D  N of the 158 

equivalent residue in the human Dut impairs the water molecule accommodation, 159 

rendering enzymes with nearly null catalytic activity, but also generally preserves dUTP-160 

binding capacity (Barabas, 2004). In addition, this mutant is predicted to have disordered 161 

the C-terminal region of the trimeric proteins (named motif V), as adequate interaction 162 

among the D81 residue, the catalytic water and the substrate dUTP are required for the 163 

correct ordering of this domain in the human Dut (Varga et al., 2007). 164 

In agreement with previous results concerning the human Dut protein (Barabas, 165 

2004), calorimetric studies using purified Dut80wt, Dut80D81A and Dut80D81N proteins 166 

confirmed that the D81 mutants presented only a slightly reduced dUTP-binding capacity 167 

(3-fold reduction, Figure S1, Table S1) but an extremely low hydrolytic activity (not 168 

detectable in our enzymatic assay) when compared with the wild-type Dut80 (Table S1). 169 

In addition, and as expected given the mutation affected the same catalytic D81 residue, 170 

the Dut80D81N mutant was unable to induce SaPIbov1 or SaPIbov5 (Figure 2). 171 

 In light of these results, we hypothesised that the different inducing capacities 172 

observed in the Dut80wt and D81 mutants were related to conformational changes 173 

induced during the proper nucleotide binding process. To confirm this hypothesis, the 174 
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structures of both the Dut80wt apoenzyme and its ternary complexes with the non-175 

hydrolysable dUTP analogue ,-imido-dUTP (dUMpNpp) with Mg2+ were determined at 176 

2.9 Å and 2.8 Å resolution, respectively (Table 1). Note that these two forms correspond 177 

to those present in vivo, as once Duts hydrolyse dUTP to yield dUMP and PPi, dUMP 178 

dissociates quickly from the active centre (Vértessy and Tóth, 2009).  179 

Dut80wt presents a prototypical homotrimeric Duts organization with three 180 

independent active sites, each of which is formed by five conserved motifs (Figures 3-4 181 

and S2). All three subunits contribute to each active site: motifs I, II and IV from one 182 

subunit contribute to the binding of the triphosphate moiety, motif III from the adjacent 183 

protomer is involved in nucleoside binding and provides the catalytic aspartate (D81 in 184 

Dut80), while the aforementioned motif V from the third subunit is the swapping P-loop-185 

like element covering the dUTP triphosphate (Figures 3-4 and S2).  186 

Interestingly, Dut80wt contains an additional motif VI (residues 99-124; Figures 3-187 

4 and S2) that corresponds to a divergent region present in many uncharacterized phage-188 

encoded Duts (Tormo-Más et al., 2010) but absent from the structurally-related human-189 

encoded Dut protein (Figure S3). This extension folds as an L-shape β-hairpin, which, 190 

being laterally projected from the rim of a characteristic channel formed at the trimer 191 

interface, rests in the molecule main body (Figures 3-4 and S2-S3). As our previous 192 

studies demonstrated that this extra domain modulates the affinity of the different phage-193 

encoded Dut proteins for the SaPIbov1 repressor Stl (Tormo-Más et al., 2010), we 194 

hypothesised that the nucleotide-regulated Dut-Stl recognition mechanism could be 195 

mediated by alternative conformations of this extension depending on the presence of 196 

dUTP. This was not the case. Superimposition of the apo- and nucleotide-bound 197 

structures revealed that the conformation of this extra motif remained constant (Figures 3-198 

4, S2 and S4). Indeed both structures were basically indistinguishable (rmsd of 0.58 Å for 199 

154 residues; Table S2), except for motif V, which was not visible in the apoenzyme 200 

(Figure 3-4 and S2). This observation agrees with previous structural data, including that 201 
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of prokaryotic and eukaryotic dUTPases, which demonstrated that dUTP binding induces 202 

a major conformational change restricted to motif V (Vertessy et al., 1998), the proper 203 

organisation of which is essential for catalysis (Varga et al., 2007; Freeman et al., 2009; 204 

Pécsi et al., 2011). Motif V caps the active site upon ligand binding and is necessary for 205 

efficient substrate discrimination and dUTP hydrolysis but not for nucleotide binding or 206 

structural integrity (Vertessy, 1997; Freeman et al., 2009; Pécsi et al., 2011). Interactions 207 

of Dut80 motif V residues with the dUMpNpp phosphates, sugar and base confirm the 208 

role of this structural element in nucleotide discrimination and binding (Figure 3D and 3E). 209 

In addition, the conserved motif V R160 residue, which is essential for dUTP hydrolysis 210 

(Pécsi et al, 2012), participates actively in the contact network required to localize and to 211 

activate the nucleophilic water by forming a salt-bridge with the catalytic Asp (Figure 3E). 212 

This network also includes hydrogen bonds of this nucleophilic water with the conserved 213 

Q137 and with the main chain of K79 (Figure 3E). Likewise in Dut80, motif V is 214 

disordered in various Dut structures and is ordered only in the presence of the non-215 

hydrolysable analogues of dUTP (Varga et al., 2007), suggesting that the dUTP-induced 216 

motif V organisation could be responsible for the conformational switch that triggers Dut-217 

Stl binding. 218 

If our hypothesis was correct, the 3D structure of the Dut80D81A and Dut80D81N 219 

mutants should be identical to that observed in the apo state of the Dut80wt protein. To 220 

test this, we solved the X-ray structures of the Dut80D81A and Dut80D81N mutants (2.9 221 

and 3.0 Å resolution, respectively; Table 1). As predicted, the 3D structures of both D81 222 

mutants in the presence of the dUMpNpp were practically identical to that of the wild-type 223 

apoenzyme (Figures 4-5, S2, and S4-S5; Table S2). Matching results were obtained with 224 

the 3D structures of the D81 mutants in the absence of dUMpNpp (data not shown). Like 225 

the wild-type apoenzyme, motif V was totally disordered in both mutants even though the 226 

active centre was occupied by the nucleotide in the Dut80D81A and Dut80D81N structures 227 

(Figures 4-5, S2 and S5). This result confirmed that the proper location of the nucleophilic 228 
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water molecule by the catalytic aspartic (D81) residue is essential for motif V organisation 229 

(Varga et al., 2007), and the result supports the notion that the catalytically-competent 230 

disposition of motif V is a key element for interaction with Stl. In agreement with this 231 

notion, the expression of Dut80-mutant protein carrying a deletion in motif V (V) was 232 

unable to induce SaPIbov1 and SaPIbov5 replication (Figure 2). 233 

To clearly confirm that the binding of the nucleotides induced the conformational 234 

changes that control SaPIbov1 induction, three additional mutants (Y84F, Y84A and Y84I) 235 

of the strictly conserved Tyr (Y84), responsible for deoxyribose discrimination, were 236 

structurally and functionally analysed (Figure 2; Table1). The Y84I mutant presented a null 237 

dUTP-binding capacity (Figure S1, Table S1) and was unable to order the C-terminal motif 238 

V of the protein (Figures 4, S2 and S5). Consequently, Dut80Y84I neither induced 239 

SaPIbov1 nor SaPIbov5 (Figure 2). The structure, basically identical to that observed in 240 

the apo state, indicates that dUMpNpp is not bound to the active centre that is partially 241 

occupied by the new Ile side-chain (Figures 4, S2, S4-5; Table S2). By contrast, 242 

Dut80Y84F presented almost wild-type dUTP-binding capacity and activity (Figure S1, 243 

Table S1), induced the SaPI cycle (Figure 2) and had a P-loop motif V that was well 244 

ordered over the nucleotide (Figures 4-5, S2 and S4; Table S2). Interestingly, 245 

intermediate properties were observed for the Y84A mutant. This mutant presented a 246 

reduced dUTP-binding capacity but retained some enzymatic activity (Figure S1, Table 247 

S1). These findings correlate well with an increased conformational freedom for the C-248 

terminal motif V, which was reflected in the poor local electron density that only enabled 249 

us to build a partial model for this region (Figures 4, S2, S4-5 and S6). As expected, 250 

expression of the Dut80Y84A protein did not induce the SaPIbov1 cycle (Figure 2). As 251 

previously demonstrated, the Dut-Stl interaction requires a stable motif V in the 252 

catalytically-competent conformation. 253 

The proper conformation of the Dut P-loop motif V, but not the dUTPase activity, is 254 

required for SaPI induction  255 
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In a previous work we proposed that the dUTPase activity was not required to derepress 256 

the SaPI cycle (Tormo-Más et al., 2010). This was supported by the analysis of the 257 

Dut80D95E mutant, which retained the enzymatic activity but did not induce SaPIbov1. In 258 

addition, overexpression of the inactive 11 DutD81A protein from plasmid pCN51 induced 259 

SaPIbov1 (Figure 1)(Tormo-Más et al., 2010). However, the data reported herein appears 260 

to contradict this confirmation, as only those proteins with a wild-type enzymatic activity 261 

induced SaPIbov1. Based on our crystallographic data, and to clearly confirm that the 262 

unique role for the enzymatic activity in derepressing SaPIbov1 is to properly order and 263 

stabilise the C-terminal motif V, we introduced into the enzymatically inactive Dut80D81A 264 

mutant substitutions in the D110 (motif VI) and S168 (motif V) residues, converting these 265 

residues to cysteines (D110C and S168C). The proximity of these residues (Figure 3) is 266 

predicted to allow disulphide bond formation, rendering motif V competent for SaPI 267 

derepression. To confirm that the proposed intersubunit disulphide bound was indeed 268 

formed and motif V was ordered, we solved the crystal structure of Dut80D81A-CC mutant 269 

(2.6 Å resolution; Table 1). The disulphide bound linking C110 and C168 was easily 270 

modelled following the density map as well as the motif V that presented a quite similar 271 

wild-type conformation (Figures 4-5 and S2), except for the last three residues (Figure 272 

S4B). dUMP but not dUMpNpp was present in the Dut80D81A-CC active center, even 273 

though 5 mM dUMpNpp was added to the crystallization cocktail. This nucleotide was co-274 

purified with the protein, suggesting that the restricted mobility of the motif V imposed by 275 

the disulphide bound limited the nucleotide dissociation. As proposed, these changes 276 

generated a mutant protein (Dut80D81A-CC) without enzymatic activity (Table S1) but with 277 

a greater capacity to induce SaPIbov1 replication than the wt Dut80 protein (Figure 2), 278 

suggesting that the limited differences observed in the motif V conformation (Figure S4B) 279 

have a minor impact on Stl binding, or that the Stl repressor induces a motif V fit during 280 

the binding process. Interestingly, the increased capacity of this mutant to induce the SaPI 281 

cycle can be explained because this protein does not exhibit an allosteric response to the 282 
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dUTP pool. Note, however, that this increased replication was not accompanied with an 283 

increased SaPI transfer (Figure 1), confirming that an extensive SaPI replication is not 284 

required for high-frequency SaPI transfer (Úbeda et al., 2008). A possible explanation for 285 

this is given below. 286 

The Dut mutant proteins differ in their affinity for the SaPI-encoded Stl repressor 287 

We have previously demonstrated that the only function for the phage-encoded Dut 288 

proteins in the SaPI cycle is to disrupt the binding of the SaPI-encoded Stl repressor to its 289 

target DNA site (Tormo-Más et al., 2010). Consequently, it was predicted that different Dut 290 

mutant proteins should induce transcription of the Stl-repressed SaPIbov1 genes in a 291 

different manner. This was confirmed using plasmid pJP674, which carries a -lactamase 292 

reporter gene fused to xis, downstream of str and the Stl-repressed str promoter, and also 293 

encodes Stl (see Figure 6A). This plasmid was introduced into strains expressing the 294 

different cloned Dut proteins and expression was tested in the presence of an inducing 295 

concentration of CdCl2. Induction of the plasmids expressing Dut80wt, Dut80Y84F or 296 

Dut80D81A-CC proteins increased -lactamase expression, but plasmids lacking the motif 297 

V (V) or carrying the D81A, D81N, Y84A or Y84I mutations did not induced-lactamase 298 

expression (Figure 6A). As expected, the Dut80D81A-CC mutant protein demonstrated 299 

increased affinity for the Stl repressor compared with the wt and the Y84F Dut proteins 300 

(Figure 6A). These results confirm our previous results from the SaPI replication analysis 301 

(Figure 2). We conclude from these latest results that the conformational changes 302 

observed previously determine the binding capacities of the Dut proteins for the Stl 303 

repressor.  304 

The switch on/off mechanism prevents uncontrolled SaPI replication 305 

The process by which the staphylococcal pathogenicity islands have acquired the ability to 306 

exploit the dUTP-mediated conformational change of Duts as an antirepressor represents 307 

a remarkable evolutionary adaptation. Why is a strictly controlled mechanism needed to 308 
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induce SaPIbov1? We have previously reported that an inactivating mutation in any SaPI-309 

encoded Stl repressor provokes an uncontrolled SaPI replication that does not increase 310 

SaPI transfer but severely affects bacterial viability (Úbeda et al., 2008). This was also 311 

observed after expression of the Dut80D81A-CC mutant protein, which did not increase 312 

SaPI transfer but severely affected bacterial growth (Figures 1 and 6B). Consequently, 313 

and as SaPIs require some cellular components to be efficiently transferred, it is logical 314 

that they make use of an on/off mechanism to prevent uncontrolled replication.  315 

 316 

DISCUSSION 317 

Our previous results have demonstrated that staphylococcal phage-encoded Duts control 318 

both the induction and transfer of SaPIs by a mechanism (see the scheme in Figure 7) 319 

similar to that reported for the proto-oncogenic G proteins. Mammalian G proteins are a 320 

large family of GTP-regulated molecular switches in signalling pathways that modulate 321 

many cell behaviour aspects, including proliferation, differentiation, motility and death 322 

(Etienne-Manneville and Hall, 2002). Normally, these proteins have an active GTP-bound 323 

state that interacts with the targets. The hydrolysis of the bound GTP by its intrinsic or 324 

induced GTPase activity triggers a conformational change to a more relaxed conformation 325 

of two γ-phosphate interacting switch regions, which, in turn, release the target protein 326 

and turn off their activity by returning G proteins to their resting state (Vetter and 327 

Wittinghofer, 2001). This mechanism is similar to that described herein for the SaPI-328 

inducing capacities of the phage-encoded Duts, but in this case involving a single switch, 329 

the P-loop motif V. If we bear in mind the high motif V conservation, this element must be 330 

responsible for the on/off mechanism, with the characteristic additional motif (extra motif 331 

VI) present in these phage-encoded Duts providing the specificity for the target protein (Stl 332 

in the case of staphylococcal phage-encoded Dut proteins). We have previously reported 333 

that this extra domain controls the affinity between the Dut and the Stl proteins (Tormo-334 

Más et al., 2010). However, although involved in the process, the domain is not sufficient 335 
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to induce the SaPI cycle, as demonstrated here. The connection between these two 336 

motifs is highlighted by their close proximity (e.g., the hydrophobic interaction of Ile109 337 

with Val170 in the insertion and P-Ioop-like structural elements, respectively) observed in 338 

the Dut80-dUMpNpp structure (Figure 3). 339 

It has been previously reported that the rat Dut protein interacts with the 340 

transcriptional factor PPARα (peroxisome proliferator-activated receptor alpha), 341 

repressing the PPAR-mediated transcriptional activation (Chu et al., 1996). Analogously to 342 

the Stl-Dut interaction presented herein, the rat Dut-PPARα interaction depends on an 343 

“extra” N-terminal motif VI present in the rat Dut protein, and requires the C-terminal 344 

domain contribution (Chu et al., 1996), strongly suggesting as a general theme the current 345 

mechanism involving Duts in signalling. Do we have any extra evidence that supports the 346 

hypothesis that the mechanism described herein involving Duts in signalling is 347 

widespread? As expected for a general mechanism, none of the three requirements for 348 

the Dut-mediated signalling is exclusive to the staphylococcal phage-encoded Dut 349 

proteins. Firstly, it has been extensively reported that binding of dUTP orders motif V in all 350 

trimeric Duts tested (Vertessy et al., 1998; Varga et al., 2007; Freeman et al., 2009; Pécsi 351 

et al., 2011). Secondly, the existence of extra domains in the Dut proteins has been 352 

previously reported for the aforementioned rat, Drosophila melanogaster, Plasmodium 353 

falciparum and Mycobacterium tuberculosis Dut proteins (Chan et al., 2004; Dubrovay, 354 

2004; Whittingham et al., 2005). In addition, a database search revealed the existence of 355 

multiple prokaryotic and eukaryotic dUTPases carrying extra domains (Figure S7). 356 

Although the roles of these extra domains have not yet been identified, recent studies 357 

have demonstrated that the deletion of the mycobacteria-specific loop, which is close to 358 

the C-terminal region, has no major effect on dUTPase enzymatic properties despite the 359 

region being essential in the living cell (Pécsi et al., 2012). Finally, Dut-mediated protein-360 

protein interactions with specific partners have also been reported. For example, as 361 

mentioned previously, the EBV and HERV-K viral Duts interact with Toll-like receptor 2 362 
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(Ariza et al., 2009; Ariza and Williams, 2011), while the MHV-68 viral Dut blocks the type I 363 

interferon-dependent signalling pathway (Leang et al., 2011). In eukaryotes, in addition to 364 

the aforementioned Dut:PPARα interaction (Chu et al., 1996), recent interactomics studies 365 

have revealed several promising Dut partners that need further confirmation. For example, 366 

the implication of human Dut in processes such as apoptosis, autophagy, and controlling 367 

the epidermal growth factor signalling pathway (by interacting with the Rho-related GTP-368 

binding protein RhoB, the associated GABA receptor proteins GABARAPL1, GABARAPL2 369 

and GABARAP, the growth hormone 1 GH1 and the nuclear oestrogen receptor) has 370 

been suggested (Blagoev et al., 2003; Ewing et al., 2007; Kim et al., 2009; Behrends et 371 

al., 2010). Furthermore, yeast Dut interaction studies implicate several regulatory proteins, 372 

including the GTPase-interacting proteins TEM1, MUK1 and eIF-2B, along with the cyclin-373 

dependent kinase CKS1 (Ito et al., 2001; Ho et al., 2002; Yu et al., 2008).  374 

In summary, all these results strongly support the idea that the mechanism 375 

described herein for the Dut-Stl interaction is widespread. Although additional studies are 376 

necessary to define the signalling pathways activated by the these proteins and to 377 

determine how dUTP controls these processes, our results suggest that dUTPases define 378 

a new family of relevant signalling molecules involved in several relevant pathogenic 379 

processes. 380 

 381 

EXPERIMENTAL PROCEDURES  382 

Bacterial strains and growth conditions  383 

The bacterial strains used in these studies are listed in Table S3. The procedures for 384 

preparation and analysis of phage lysates, in addition to transduction and transformation 385 

of S. aureus, were performed essentially as previously described (Tormo-Más et al., 386 

2010).    387 

DNA methods 388 
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General DNA manipulations were performed using standard procedures. The 389 

oligonucleotides used in this study are listed in Table S4. The labelling of the probes and 390 

DNA hybridization were performed according to the protocol supplied with the PCR-DIG 391 

DNA-labelling and Chemiluminescent Detection Kit (Roche).  392 

To produce the dut mutations, we used plasmid pMAD, as previously described 393 

(Tormo-Más et al., 2010).    394 

Plasmid construction  395 

The plasmid constructs were prepared by cloning PCR products obtained with the 396 

oligonucleotide primers listed in Table S4. All clones were sequenced by the Institute Core 397 

Sequencing Lab. Dut proteins were expressed in S. aureus under inducing conditions 398 

from the Pcad promoter in the expression vector pCN51, as previously described (Tormo-399 

Más et al., 2010). 400 

Enzyme assays  401 

β-Lactamase assays, using nitrocefin as a substrate, were performed as described 402 

(Tormo-Más et al., 2010). β-Lactamase activities were recorded as initial slopes divided 403 

by cell density (Vmax)/OD650. 404 

dUTPase enzyme activity assays were performed using the EnzCheck 405 

Pyrophosphate Assay Kit (Molecular Probes). 406 

Isothermal titration microcalorimetry (ITC)  407 

ITC was used to evaluate the dissociation constants of Dut80α and mutants against 408 

dUMpNpp. All experiments were carried out at 25º C with protein concentrations between 409 

20 and 30 mM and nucleotide concentrations between 150 mM and 400 mM in 25 mM 410 

Tris, pH 8.0. The reactions were performed in an AUTO ITC instrument Microcal Auto-411 

iTC200. Data integration, correction and analysis were carried out using Origin 7 412 

(Microcal) with a single-site binding model. 413 

Production of wild-type and mutant proteins 414 
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His-tagged wt and mutant Dut proteins were produced in E. coli BL21 (DE3) (Novagen) 415 

strain transformed with the corresponding gene cloned in pET-28a plasmid (Novagen). 416 

Proteins were overexpressed in E. coli by first growing the cells at 37 ºC in LB medium 417 

supplemented with 33 µg/ml kanamycin to OD600=0.5-0.6 and then inducing expression 418 

with 1 mM isopropyl-β-D thiogalactopyranoside (IPTG) for 3 h. Cells were collected by 419 

centrifugation and resuspended in buffer A (100 mM Tris pH 8.0, 150 mM NaCl) 420 

supplemented with 1 mM phenylmethanesulfonyl fluoride (PMSF). Cells were lysed by 421 

sonication and soluble proteins present in the supernatant were loaded on a His Trap HP 422 

column (GE Healthcare) equilibrated with buffer A. The resin was washed with buffer A 423 

supplemented with 10 mM imidazole and proteins were eluted with buffer A supplemented 424 

with 350 mM imidazole. Duts were concentrated and loaded onoto a Superdex S200 (GE 425 

Healthcare) equilibrated with buffer A. Fractions were analysed by SDS/PAGE and the 426 

purest fractions were pooled, concentrated and stored at -80 ºC.    427 

Crystallization, data collection, and model building 428 

The crystals were grown as hanging drops at 21ºC with a vapour-diffusion approach. 429 

Wild-type Dut80 and the mutant forms (6-9 mg/ml) in the presence of 5mM dUMpNpp 430 

and 10 mM MgCl2 were crystallized from solutions of 2-6% tert-butanol (NH4)2SO4, 0.1 M 431 

Tris (pH 8.5) and either 30-50% MPD or 30-50% PEG400. Apo Dut80 crystals were 432 

obtained in similar conditions but in the absence of nucleotide. Crystals were directly 433 

frozen in liquid N2 and X-ray diffraction was carried out at 100 K at the ESRF and DLS 434 

synchrotrons or in home (Supernova X-ray microsource from Agilent). All the Dut80 435 

crystals belonged to space group P213 and presented similar cell size with a monomer in 436 

the asymmetric unit (Table 1). The final model of apo Dut80 was obtained after iterative 437 

building and refining with Coot and CCP4 suite programs. The phases were obtained by 438 

molecular replacement using the structure of human Dut (PDB 2HQU) as a search model. 439 

Apo Dut80 structure was used as initial model for the refinement and model building of 440 

the rest of Dut structures (Table 1). 441 
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Accession numbers 442 

Coordinates and structure factors have been deposited with the RCSB Protein Data Bank 443 

(http://www.rcsb.org/pdb/) under accession codes 3zez (wt Dut80α-dUMpNpp), 3zf2 (wt 444 

Dut80α-apo), 3zf0 (Dut80α D81A-dUMpNpp), 3zf1(Dut80α D81N-dUMpNpp), 3zf3 445 

(Dut80α Y84I), 3zf4 (Dut80α Y84A-dUMpNpp), 3zf5 (Dut80α Y84F-dUMpNpp) and 3zf6 446 

(Dut80α D81A C110 C168-dUMP).       447 
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FIGURE LEGENDS 593 

Figure 1. Induction of SaPIbov1 by different phage-encoded Dut proteins  594 
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SaPIbov1 excision and replication after induction with CdCl2 of cloned dut alleles (wt and 595 

D81A) from phage 11, 71 and 80. A non-lysogenic S. aureus strain carrying SaPIbov1 596 

was complemented with pCN51 derivative plasmids expressing 3xFLAG-tagged Dut 597 

proteins under inducing conditions from the cadmium dependent Pcad promoter. One ml 598 

of each culture (OD540=0.3) was collected 2 h after treatment with CdCl2 (ranging from 599 

0.05 to 2 M) and used to prepare standard minilysates, which were resolved on a 0.7% 600 

agarose gel, Southern blotted and probed for SaPIbov1 DNA. The upper band is "bulk" 601 

DNA, including chromosomal, phage and replicating SaPI. CCC indicates covalently 602 

closed circular SaPIbov1 DNA. The lower panel is a western blot probed with antibody to 603 

the FLAG tag carried by the Dut proteins. +: wt protein; -: D81A mutant.   604 

Figure 2. Effects of phage 80 Dut mutations on SaPI replication and transfer 605 

(A) SaPIbov1 excision and replication after induction of cloned dut alleles from phage 606 

80. A non-lysogenic derivative of strain RN4220 carrying SaPIbov1 was complemented 607 

with pCN51 derivative plasmids expressing different 3xFLAG-tagged Dut proteins. One ml 608 

of each culture (OD540=0.3) was collected 2 h after treatment with 2 M CdCl2 and used to 609 

prepare standard minilysates, which were resolved on a 0.7% agarose gel, Southern 610 

blotted and probed for SaPIbov1 DNA. The upper band is "bulk" DNA, including 611 

chromosomal, phage and replicating SaPI; covalently closed circular (CCC) molecules 612 

indicate replicating SaPIbov1 DNA. In these experiments, as no helper phage was 613 

present, the excised SaPI DNA appears as CCC molecules rather than the linear 614 

monomers that are seen following helper phage-mediated induction and packaging. The 615 

lower panel is a western blot probed with antibody to the FLAG tag carried by the Dut 616 

proteins.  617 

(B) Southern blot after induction of 80 mutant lysates. Samples were isolated for 60 min 618 

after induction with mitomycin C of the different lysogenic strains carrying SaPIbov1 619 

tst::tetM. The samples were separated on agarose and blotted with a SaPIbov1-specific 620 

probe. The upper band is "bulk" DNA. The intermediate band is SaPI linear monomers 621 
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released from phage heads and the lower band corresponds to the CCC SaPI form. As 622 

previously indicated, the lower panel is a western blot probed with antibody to the FLAG 623 

tag carried by the phage-encoded Dut proteins.  624 

(C) The figure shows the number of transductans (log10) per ml of induced culture, using 625 

RN4220 as recipient strain. The means of results from three independent experiments are 626 

presented. The frequency observed in the D81A, D81N, Y84I and motif V mutants is 627 

typical of transfer by generalized transduction, and is not SaPI-specific.   628 

Figure 3. Structures of wild-type Dut80α in apo and dUMpNpp bound conformations 629 

(A) Overview of a dUMpNpp bound Dut80α protomer isolated form the trimeric complex. 630 

The protein is organized around a distorted β-barrel core from which the motifs V and VI 631 

(labelled) are projected. Bound nucleotide is shown as stick with atomic colouring (carbon, 632 

nitrogen, oxygen and phosphorus in green, blue, red and orange, respectively).  633 

(B) Top view of the protomer, rotated by 90º around the horizontal axis relative to the view 634 

in (A).  635 

(C) Trimeric (monomers in blue, yellow and pink) apo and dUMpNpp-bound forms of wild-636 

type Dut80α orientated as the monomer in (A). Both structures are virtually identical to 637 

each other (r.m.s.d. of 0.58 Å, Table S3) as well as with other trimeric dUTPases (see 638 

Figure S4) with the exception of a characteristic insertion (motif VI) in the top of the trimer, 639 

highlighted with darker shade and indicated by a black star in the dUMpNpp trimer, that 640 

generates a flat surface. In the nucleotide-bound form, each independent active site 641 

contains a molecule of dUMpNpp represented and coloured as in (A). The active centre is 642 

closed by the P-loop-like C-terminal motif V, highlighted in a darker shade and indicated 643 

by a black arrow, which is only ordered when the nucleotide is bound in a catalytic 644 

competent conformation (dUMpNpp form).  645 

(D) Close view of the dUMpNpp bound active site. The five conserved motives in the 646 

dUTPases and the additional insertional motif VI in phage dUTPases are coloured in 647 
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darker hues, and the dUTP interacting residues are shown as sticks with carbon atoms in 648 

the colour of the corresponding motif. Motif V covering the active centre is only visible 649 

when the catalytic water (cyan sphere) is coordinated by D81 in a catalytic competent 650 

conformation. The Mg ion chelated by the nucleotide is shown as a grey sphere.  651 

(E) Close-up view of co-ordination of catalytic machinary in the active site of Dut80. The 652 

nucleophilic water (cyan sphere) is placed to atack dUTP (sticks with green carbons) -653 

phosphate by a network of direct and indirect contacts. Dashed lines indicate the contacts 654 

and are colored as follow; direct nucleophilic water contacts (Black), D81 contacts (green) 655 

and contacts of other conserved residues (dark-red). Residues are shown in stick, colored 656 

according to its monomer and labelled. Mg is represented as a dark-green sphere. 657 

Figure 4. Motifs V and VI in wild-type Dut80α and mutant forms 658 

The structures of the wild-type and mutant forms of Dut80α are shown, from a top view, in 659 

cartoon form coloured by subunits. The conformation of the insertional motif VI, 660 

highlighted by a darker shade and indicated by a black star in the WT structure, is 661 

conserved in all the protein forms independently of mutations or the presence of 662 

nucleotides. In those structures, the ordered P-loop motif V is highlighted in a darker 663 

shade and indicated by black arrows. The partial ordered P-loop motif V of Y84A mutant is 664 

indicated by green arrows.  665 

Figure 5. Global architecture and active centre of Dut80α mutants  666 

(A) Cartoon representation of the trimeric Dut80αD81N, Dut80αY84F and Dut80αD81A-CC 667 

mutant proteins (same view that Figure 3C) in complex with dUMpNpp, except for the 668 

Dut80αD81A-CC mutant, which showed a dUMP molecule in its active center. In those 669 

structures that the P-loop motif V was ordered is highlighted in a darker shade and 670 

indicated by black arrows. The disulphide bound in the Dut80αD81A-CC mutant is indicated 671 

by a cyan arrow. 672 

(B) Closed-view of the active centres. The nucleotide and the interacting residues are 673 
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shown in stick with atomic colouring (carbons in green for the nucleotide and in the colour 674 

of the corresponding protomer for the residues). The Cys residues (C110-C168) forming 675 

the disulphide bound in Dut80αD81A-CC are shown in stick with the sulphur atoms in cyan.  676 

Figure 6. Derepression of str transcription by dut expression  677 

(A) Schematic representation of the blaZ transcriptional fusion generated in plasmid 678 

pJP674. Strains containing pJP674- and pCN51-derivative plasmids expressing the 679 

different 80 dut alleles were assayed for -lactamase activity after induction with 2 M 680 

CdCl2. Samples were normalized for total cell mass. Values presented are the averages 681 

(±SD) of three independent assays. 682 

(B) Growth phase analysis of S. aureus strains after induction of cloned dut alleles from 683 

phage 80. A non-lysogenic derivative of strain RN4220 carrying SaPIbov1 was 684 

complemented with pCN51 derivative plasmids expressing different Dut80 proteins (wt, 685 

D81A or D81A D110C-S168C). The bacteria were cultured in LB (with 0.1 M CdCl2) on a 686 

rotary shaker at 37°C. At the time indicated, the optical density of the culture was 687 

determined at 540 nm. Values presented are the averages (±SD) of three independent 688 

assays. 689 

Figure 7. Schematic diagram of dUTPase activities  690 

Top, dUTP is degraded to dUMP and pyrophosphate by the canonical activity of 691 

dUTPases (a). The binding of the dUTP in a catalytic competent conformation implicated 692 

the P-loop motif V in stabilisation, allowing the in-line attack of the α phosphate by the 693 

catalytic water (cyan) that is placed and activated by a conserved aspartic residue (D). 694 

The hydrolysis of α-β bound phosphate induces a conformational change of the nucleotide 695 

that destabilizes the P-loop motif V and allows the release of products (dUMP and PPi). 696 

Bottom, dUTPases present a G-like signalling activity. The dUTP-bound form is 697 

recognized by the target protein using the extra domain VI and the P-loop motif V as a 698 

switch (b). The release of the nucleotide and pyrophosphate after dUTP hydrolysis (c) 699 
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allows the P-loop switch region to relax into a disordered conformation that induces the 700 

target liberation.  701 
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Table 1. Crystallographic statistics for WT and mutant Dut80α proteins. 
 

 

  Dut80wt 
dUMpNpp 

Dut80wt 
Apo 

Dut80
D81A

 
dUMpNpp 

Dut80
D81N

 
dUMpNpp 

Dut80
Y84I

 

 

Dut80
Y84A

 
dUMpNpp 

Dut80
Y84F

 
dUMpNpp 

Dut80
D81A-CC

 
dUMP 

Data Collection          

Beamline ESRF-ID23.1  DLS-I04-1  DLS-I04-1  DLS-I04-1  DLS-I04-1  DLS-I04-1  In home ESRF-ID23.2 

Wavelength (Å) 0.9334 0.9173 0.9334 0.9334 0.9795 0.9795 1.54 0.8726 

Space group P213 P213 P213 P213 P213 P213 P213 P213 

Cell dimensions (Å) a = 88.66 a = 87.37 a = 87.12 a = 87.21 a = 87.18 a = 87.47 a = 88.24 a = 87.46 

Resolution (Å)
a
 44.3 – 2.8 

(2.95 - 2.8)  
50.4 – 2.9 
(3.06 - 2.9)  

50.3 – 2.9 
(3.06 – 2.9)  

50.4 – 3.0 
(3.16 – 3.0)  

61.7 – 3.1 
(3.27 – 3.1)  

61.9 – 3.1 
(3.27 – 3.1)  

14.9 – 3.0 
(3.16 – 3.0)  

39.11 – 2.60 
(2.74 – 2.60)  

Unique reflections 5949 (849)  5142 (744)  5103 (722)  4611 (666)  4199 (601)  4224 (600)  4719 (682)  7102 (1028) 

Completeness (%) 99.9 (100) 100 (100) 99.9 (100) 99.7 (100) 99.9 (100) 99.7 (100) 98.5 (100) 99.9 (100) 

Multiplicity 6.1 9.2 8.1 7.4 5.2 5.3 4.4 5.7 

I/σ(I) 11.2 (2.1)  8.7 (1.9)  6.8 (2.1)  7.6 (2.2)  6.8 (2.6)  8.2 (2.4)  7.5 (2.3)  23.2 (3.9) 

Rmerge 0.067  
(0.375)  

0.080 
(0.402)  

0.068 
(0.352)  

0.083 
(0.333)  

0.084 
(0.295)  

0.062 
(0.326)  

0.166 
(0.348)  

0.047  
(0.403) 

Refinement          

Rwork 
Rfree 

0.217  
0.264  

0.212  
0.252  

0.242 
0.275  

0.230 
0.285  

0.232 
0.278  

0.240 
0.291  

0.222 
0.277  

0.224 
0.273 

Number of atoms         

    Protein 1317 1238 1177 1244 1234 1279 1316 1329 

    Ligand 28 - 28 28 - 28 28 20 

    Water 67 41 31 39 27 12 34 51 

    Others 8 18 2 2 2 3 3 2 

RMSD, bonds (Å) 0.0039 0.0046 0.0057 0.0051 0.0041 0.0041 0.0039 0.0046 

RMSD, angles (°) 1.021 0.8166 0.9960 0.9610 0.7825 0.9221 0.8581 0.8691 

Ramachandran plot:          

    Preferred (%) 100 97.39 97.24 95.39 96.73 93.67 96.41 93.59 

    Allowed (%)   2.61 2.76 3.95 3.27 5.06 3.59 4.49 

a
Numbers in parentheses indicate values for the highest resolution cell  
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Figure S1. Effect of mutations on nucleotide binding.  

ITC experiments on wild-type Dut80α and different D81 and Y84 mutants with dUMpNpp. The Kd 

calculated from the ITC experiments is indicated. 
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Figure S2, related to Figures 3-5. 
 

 
 
 
 

 
 

 
 

 

Figure S2. P-loop motif V in wild-type Dut80α and mutant forms.  

The structures of the wild-type and mutant forms of Dut80α are shown, from a bottom view, in cartoon 

form coloured by subunits. When present, the nucleotide is shown in stick form with atomic colouring 

(carbons in green). In those structures, the ordered P-loop motif V is highlighted in a darker shade 

and indicated by black arrows. The partial ordered P-loop motif V of Y84A mutant is indicated by 

green arrows.  

  

D81N 

Y84I 

Y84A 

Apo D81A 

Y84F 

WT 

D81A-CC 



Figure S3, related to Figure 3. 
 

 
 

 
 

 

Figure S3. Structural comparison of Dut80α and human dUTPases.  

The structure of Dut80α (blue) is virtually identical to that of human dUTPase (red, PDB 2HqU) 

(r.m.s.d. approximately 1 Å for the trimer), with quite similar disposition of their conserved motifs I-V 

(not shown), but presents a characteristic insertion (motif VI) in the top of the trimer, highlighted with a 

darker shade, that generates a flat surface. Two views (lateral and top) are shown: left, cartoon 

representation with the nucleotides in stick form; right, the human trimer is represented as a surface 

to highlight the Dut80α motif VI, displayed in cartoon form.  
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Figure S4, related to Figures 3-5.  

 
 

 
 

Figure S4.  

(A) Superposition of nucleotide-bound wild-type Dut80α with mutant and apo forms.  

The trimer forms were structural aligned onto dUMpNpp Dut80α (magenta). The nucleotides are 
shown as sticks and coloured according to the trimer. 

(B) Nucleotide binding sites of wt Dut80α and Dut80D81A-CC mutant.  

Trimeric structures of wt Dut80α (hues of blue) and Dut80D81A-CC (hues of red) were superimposed, 

and a close view of the one of the active center is shown. Despite D81 mutation in Dut80D81A-CC and 

the presence of different nucleotides (dUMpNpp for wt Dut80α and dUMP for  Dut80D81A-CC), motif V 
present a similar disposition in both structures except for the slight conformational differences in their 

last three residues. The nucleotides and the disulphide bond in Dut80D81A-CC are represented in 
sticks.  
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Figure S5, related to Figures 4-5.  

 
 

 
 

Figure S5. Global architecture and active centre of Dut80α mutants.  

(A) Cartoon representation of the Dut80αD81A, Dut80αY84A and Dut80αY84I mutant proteins in complex 
with dUMpNpp, except for the Dut80αY84I mutant, which does not bind the nucleotide analogue. The 
partial ordered P-loop motif V of Dut80αY84A mutant is indicated by black arrows.  

(B) Closed-view of the active centres. The nucleotide and the interacting residues are shown in stick 
with atomic colouring (carbons in green for the nucleotide and in the colour of the corresponding 
protomer for the residues). In Dut80αY84I which active centre is empty, the conserved interacting 
residues are shown.   
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Figure S6, related to Figures 4-5.  
 

 
 

 
 
 

Figure S6. Motif V localization in wt Dut80α and Y84 mutants.  

The modelled residues of the C-terminal end (152-170) are shown in stick model with atomic 

colouring and carbon atoms in different hues of pink. A dark shade is used for motif V (161-170) 

carbon atoms.  The 2Fo–Fc maps used to model the structures are shown in grey and contoured at 

1.5  level. The nucleotide is represented as sticks with atomic colouring (carbon, nitrogen, oxygen 

and phosphorus in green, blue, red and orange, respectively) and the rest of subunits are shown in 

ribbon representation (coloured blue and yellow). 

WT 
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Figure S7, related to points raised in the Discussion section. 

 

 

Figure S7. Monomeric structure of Dut proteins and localisation of the extra motif VI.  

The structures of the Mycobacterium tuberculosis, Plasmodium falciparum, Drosophila melanogaster 
and staphylococcal 80α Dut proteins have been previously experimentally solved. Bartonella 
bacilliformis and enterococcal (E. faecium and E. faecalis) proteins were modelled against the 
Brucella melitensis and Streptococcus mutants Duts, respectively, using Swiss-Model server 
(http://swissmodel.expasy.org/workspace/). Rat Dut was modelled using SAM-T08 server 
(http://compbio.soe.ucsc.edu/SAM_T08/T08-query.html). The conformation of the insertional motif VI 
is highlighted in green and pointed out by black arrows. Note that the extra domains are located in the 
N-terminal region (Rattus, Plasmodium and Drosophila), C-terminal region (Bartonella, 
Mycobacterium and Drosophila) or in the middle (staphylococcal and enterococcal) of the Dut 
proteins. Although with a different localisation, the extra motif VI from the Rattus and the 
Mycobacterium Duts are also involved in signalling.  

Dut 80α 

E. faecium E. fecalis B.  bacilliformis M. tuberculosis 

Prokaryotic Dut  

Eukaryotic Dut  

Phage Dut  

D. melanogaster R. norvegicus  P. falciparum 



 

 

Table S1. dUTPase activity.  

 
 

Phage Proteina Activity 

(nM/min)b 

Kd 

(µM) 

80 wt 1.81 0.88 

80 D81A 0 2.63 

80 D81N 0 2.64 

80 Y84A 0.44 3.37 

80 Y84F 1.40 0.88 

80 Y84I 0 > 400 

80 V 0 ND 

80 D81A C-C 0 ND 

a
His(6)-Dut protein purified.  

b
Measured as production of PPi, using 0.1 µg of purified 

protein. Variation was within  ±5% in all cases. 
ND: Not determined. 

  
 

  



 
 

Table S2. RMSD values in Å (lower part) from the superposition of the indicated number 

of C-atoms with residues matches in brackets (upper part).  
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Table S3. Strains and plasmids used in this study. 

Strains Description Reference 

RN4220 Restriction-defective derivate of RN450 Laboratory strain 

RN450 NCTC8325 cured of φ11, φ12 and φ13 Laboratory strain 

BL21(DE3) E. coli expression strain Stratagene 

RN10359 RN450 80α (Úbeda et al., 2007) 

JP3603 RN10359 SaPIbov1 tst::tetM (Tormo-Más et al., 2010) 

JP7084 RN10359 SaPIbov5 tetM This work 

JP6774 RN4220 Δspa SaPIbov1 tst::tetM (Tormo-Más et al., 2010) 

JP9338 RN450 Δspa SaPIbov1 tst::tetM This work 

JP8255 JP3603 3xflag-dut 80α This work 

JP8256 JP3603 3xflag-dut D81A 80α This work 

JP8258 JP3603 3xflag-dut D81N 80α This work 

JP8941 JP3603 3xflag-dut Y84A 80α This work 

JP8257 JP3603 3xflag-dut Y84I 80α This work 

JP8766 JP3603 3xflag-dut Y84F 80α This work 

JP9051 JP3603 3xflag-dut ΔV 80α This work 

JP9340 JP3603 3xflag-dut D81A, D110C, S168C 80α This work 

JP9016 JP7084 dut D81A 80α This work 

JP9017 JP7084 dut D81N 80α This work 

JP9018 JP7084 dut Y84A 80α This work 

JP9020 JP7084 dut Y84I 80α This work 

JP9019 JP7084 dut Y84F 80α This work 

JP9021 JP7084 dut ΔV 80α This work 

JP9341 JP7084 dut D81A, D110C, S168C 80α This work 

JP5359 BL21(DE3) pJP753 (Tormo-Más et al., 2010) 

JP8474 BL21(DE3) pJP1132 This work 

JP8475 BL21(DE3) pJP1133 This work 

JP9348 BL21(DE3) pJP1143 This work 

JP9349 BL21(DE3) pJP1144 This work 

JP9350 BL21(DE3) pJP1145 This work 

JP9351 BL21(DE3) pJP1146 This work 

JP8434 BL21(DE3) pJP1147 This work 

JP9026 JP6774 pJP821 (Tormo-Más et al., 2010) 

JP9027 JP6774 pJP1157 This work 

JP9028 JP6774 pJP1158 This work 

JP9029 JP6774 pJP985 This work 

JP9030 JP6774 pJP982 This work 

JP9031 JP6774 pJP983 This work 

JP9032 JP6774 pJP1159 This work 

JP9343 JP6774 pJP1160 This work 

  



 
 
Strains Description Reference 

JP9344 JP9338 pJP821 This work 

JP9345 JP9338 pJP1157 This work 

JP9040 JP9338 pJP812 This work 

JP9041 JP9388 pJP1161 This work 

JP9346 JP9388 pJP1162 This work 

JP9347 JP9388 pJP1163 This work 

JP9033 pJP674 pJP821 This work 

JP9034 pJP674 pJP1157 This work 

JP9035 pJP674 pJP1158 This work 

JP9036 pJP674 pJP985 This work 

JP9037 pJP674 pJP982 This work 

JP9038 pJP674 pJP983 This work 

JP9039 pJP674 pJP1159 This work 

JP9342 pJP674 pJP1160 This work 

 
 
  



 

Plasmids Description Reference 

pMAD Vector for efficient allelic replacement (Arnaud et al., 2004) 

pCN51 Expresion vector (Charpentier et al., 2004) 

pET28a Expresion vector Novagen 

pRN8298 Expresion vector (Charpentier et al., 2004) 

pJP1156  pMAD-dutD81A 80α This work 

pJP943 pMAD-dutD81N 80α This work 

pJP972 pMAD-dutY84A 80α This work 

pJP973 pMAD-dutY84I 80α This work 

pJP974 pMAD-dutY84F 80α This work 

pJP1141 pMAD-dutΔV 80α This work 

pJP1136 pMAD-dutD81A, D110C, S168C 80α This work 

pJP980 pMAD-3xflag-dut 80α This work 

pJP753 pET28a-dut 80α (Tormo-Más et al., 2010) 

pJP1132 pET28a-dutD81A 80α This work 

pJP1133 pET28a-dutD81N 80α This work 

pJP1143 pET28a-dutY84A 80α This work 

pJP1144 pET28a-dutY84F 80α This work 

pJP1145 pET28a-dutY84I 80α This work 

pJP1146 pET28a-dutΔV 80α This work 

pJP1147 pET28a-dutD81A, D110C, S168C 80α This work 

pJP821 pCN51-3xflag-dut 80α (Tormo-Más et al., 2010) 

pJP1157 pCN51-3xflag-dutD81A 80α This work 

pJP1158 pCN51- 3xflag-dutD81N 80α This work 

pJP985 pCN51- 3xflag-dutY84A 80α This work 

pJP982 pCN51- 3xflag-dutY84F 80α This work 

pJP983 pCN51- 3xflag-dutY84I 80α This work 

pJP1159 pCN51- 3xflag-dutΔV 80α This work 

pJP1160 pCN51- 3xflag-dutD81A, D110C, S168C 80α This work 

pJP812 pCN51- 3xflag-dut 11 This work 

pJP1161 pCN51- 3xflag-dutD81A 11 This work 

pJP1162 pCN51- 3xflag-dut 71 This work 

pJP1163 pCN51- 3xflag-dutD81A 71 This work 

pJP674 pRN8298-clor-pInt-20-19-18blaZ (Tormo-Más et al., 2010) 

 
  



 

Table S4. Oligonucleotides used in this study. 

Plasmids Oligonucleotides Sequence (5´-3´) 

pJP1156 Orf32-80α -3mB CGCGGATCCATCGAGTTTAAAGAAGGAGCC 

 Orf25phi11-6m GAAACAGGCAAGATAGCTGCAGGATATCACGGC 

 Orf25phi11-7c GCCGTGATATCCTGCAGCTATCTTGCCTGTTTC 

 Orf32-80α-6cS ACGCGTCGACGCATCATTCTTAACATAGCCC 

pJP943 Orf32-80α -3mB CGCGGATCCATCGAGTTTAAAGAAGGAGCC 

 Orf25-phi11-51c   GCCGTGATAACCCGCGTTTATCTTGCC 

 Orf32phi80a-50m  GGCAAGATAAACGCGGGTTATCACGGC 

 Orf32-80α-6cS ACGCGTCGACGCATCATTCTTAACATAGCCC 

pJP972 Orf32-80α -3mB CGCGGATCCATCGAGTTTAAAGAAGGAGCC 

 Orf25-phi11-57c  CCTAAATTGCCGTGAGCTCCCGCGTC 

 Orf25-phi11-56m  GACGCGGGAGCTCACGGCAATTTAGG  

 Orf32-80α-6cS ACGCGTCGACGCATCATTCTTAACATAGCCC 

pJP973 Orf32-80α -3mB CGCGGATCCATCGAGTTTAAAGAAGGAGCC 

 Orf25-phi11-53c  GCCGTGAATTCCCGCGTCTATCTTGCC 

 Orf25-phi11-52m  GGCAAGATAGACGCGGGAATTCACGGC 

 Orf32-80α-6cS ACGCGTCGACGCATCATTCTTAACATAGCCC 

pJP974 Orf32-80α -3mB CGCGGATCCATCGAGTTTAAAGAAGGAGCC 

 Orf25-phi11-55c  GCCGTGAAATCCCGCGTCTATCTTGCC 

 Orf25-phi11-54m   GGCAAGATAGACGCGGGATTTCACGGC 

 Orf32-80α-6cS ACGCGTCGACGCATCATTCTTAACATAGCCC 

pJP1141 Orf32-80α -48mB CGCGGATCCGGATGACACAAATGAATAATCG 

 Orf25-phi11-63c AACACTTTCGAACTCCTCCACTTGC 

 Orf32-80α -53m GCAAGTGGAGGAGTTCGAAAGTGTTTAAAGACATATTAGATAGA
GTCAAGG 

 Orf32-80α-6cS ACGCGTCGACGCATCATTCTTAACATAGCCC 

pJP1136 Orf32-80α -3mB CGCGGATCCATCGAGTTTAAAGAAGGAGCC 

 orf32-phi80a-38m   CTTTTTAAGAAACATATGCAATA 

 orf32-phi80a-39c  CAATATTGCATATGTTTCTTAAA 

 orf32-phi80a-40m   GGCTTCGGAAGTTGCGGAGTGTAAAGACATATTAGATAG 

 orf32-phi80a-41c   CTTTACACTCCGCAACTTCCGAAGCCTTTTTCTCCAC 

 Orf32-80α-6cS ACGCGTCGACGCATCATTCTTAACATAGCCC 

pJP980 Orf31phi80α-1mB  CGCGGATCCCGTTAATCTGGAAAGATGGGG 

 orf31-phi80alpha-5c   CATCGTGATCTTTATAATCCATTTTCCTATTCCTCCTCATATTTA 

 orf32-phi80alpha-
29m 

ATGGATTATAAAGATCACGATGGCGATTATAAAGATCACGATATC
GATTATAAAGATGATGATGATAAAATGACTAACACATTACAAGTAA
AA 

 Orf31phi80α-4cS  ACGCGTCGACCTGACCCACTTTAATAACTGC 

 
 
 
 
 
  



Plasmids Oligonucleotides Sequence (5´-3´) 

pJP1132 Orf32phi80α -12mB  CGCGGATCCATGACTAACACATTACAAGTAAAAC 

pJP1133 Orf32phi80α -13cS ACGCGTCGACTCTTTACACTCCGCTACTTCC 

pJP1143 (these plasmids were constructed using the same oligonucleotides 
but different DNA templates) 

pJP1144 

pJP1145 

pJP1147 

pJP1146 Orf32phi80α -12mB  CGCGGATCCATGACTAACACATTACAAGTAAAAC 

 Orf32-80alpha-54cS ACGCGTCGACTCTTTAAACACTTTCGAACTCCTCC 

pJP1147 Orf32phi80α -12mB  CGCGGATCCATGACTAACACATTACAAGTAAAAC 

 Orf32-phi80alpha-
31cH 

CCCAAGCTTCTTGACTCTATCTAATATGTC 

pJP1157 

pJP1158 

pJP985 

pJP982 

pJP983 

pJP1159 

pJP1160 

Orf32-80α-17m  

 

ATGGATTATAAAGATCACGATGGCGATTATAAAGATCACGATATC
GATTATAAAGATGATGATGATAAAATGACTAACACATTACAAGTAA
AAC 

Orf32-80α-2cB CGCGGATCCTCACCAAAACCTCCTTGACTC 

Orf32-80α-18mS  ACGCGTCGACATTATGGCAGGTCAAGTTGTCTATAAATATGAGGA
GGAATAGGAAAATGGATTATAAAGATCACGATGG 

(these plasmids were constructed using the same oligonucleotides but 
different DNA templates) 

pJP812 ORF25-phi11-36mS 

 

ACGCGTCGACGAAATTGAGAATAGCGTTTGCTACAGCTAGGGAG
GAGCAGGAAAATGGATTATAAAGATCACGATGG 

Orf25-phi11-35m 

 

ATGGATTATAAAGATCACGATGGCGATTATAAAGATCACGATATCG 

ATTATAAAGATGATGATGATAAAATGACTAACACATTACAAGTAAG 

G 

ORF25-phi11-5cB CGCGGATCCCTTGACTCGATCTAAGATGTC 

pJP1161 ORF25-phi11-36mS 

 

ACGCGTCGACGAAATTGAGAATAGCGTTTGCTACAGCTAGGGAG
GAGCAGGAAA ATGGATTATAAAGATCACGATGG 

Orf25phi11-6m GAAACAGGCAAGATAGCTGCAGGATATCACGGC 

Orf25phi11-7c GCCGTGATATCCTGCAGCTATCTTGCCTGTTTC 

ORF25-phi11-5cB CGCGGATCCCTTGACTCGATCTAAGATGTC 

pJP1162 Orf26-phi71-3xflag-
1mS 

ACGCGTCGACATGAAATTAATGTAGAGGTGGAACAGGAAAATGG
ATTATAAAGATCACGATGGC 

Orf26phi71-3xflag-
2m 

ATGGATTATAAAGATCACGATGGCGATTATAAAGATCACGATATC
GATTATAAAGATGATGATGATAAAATGACTAACACATTACAAGTAA
AA 

Orf26-phi71-3cB CGCGGATCCCCCCAAAACCTCCTTGACTCG 

pJP1163 Orf26-phi71-3xflag-
1mS 

ACGCGTCGACATGAAATTAATGTAGAGGTGGAACAGGAAAATGG
ATTATAAAGATCACGATGGC 

 ORF26-phi71-4m GAAACAGGCAAGATAGCTGCAGGATATCATGGT 

 ORF26-phi71-5c ACCATGATATCCTGCAGCTATCTTGCCTGTTTC 

 Orf26-phi71-3cB CGCGGATCCCCCCAAAACCTCCTTGACTCG 

Probe Oligonucleotides Sequence (5´-3´) 

SaPIbov1 SaPIbov1-112mE CCGGAATTCAATTGCTGAGGCAAAACTTC 

 SaPIbov1-113cB CGCGGATCCTAATTCTCCACGTCTAAAGC 
Sequences recognized by the restriction enzymes used in cloning are underlined 
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