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Abstract dUTPases are essential for maintaining genome

integrity. Recently, in the case of a dUTPase from a Sta-

phylococcal phage, another different physiological func-

tion was also suggested. Namely, it was shown that

dUTPase from the Staphylococcus aureus bacteriophage

A11 is capable of binding to the Staphylococcal Stl

repressor protein. This binding interferes with the function

of Stl. In the present study, we investigated the putative

role of a phage dUTPase-specific peptide segment in the

interaction of dUTPase with Stl and in impeding Stl–DNA

complex formation. We show that dUTPase from My-

cobacterium tuberculosis that lacks the phage-specific

insert is also capable of disrupting the complexation

between Stl and DNA. Hence, the insert segment is not

essential for perturbation of the Stl function. However, we

also demonstrate that in case of the phage dUTPase, the

insert-lacking construct is deficient in perturbation of Stl

activity. These findings clearly indicate that the phage-

specific insert has a well-defined role only in the context of

the phage dUTPase.
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Introduction

Genome integrity is essential in all living organisms.

Numerous cellular pathways are involved in maintaining

the integrity of genomic DNA, among which both saniti-

zation of nucleotide pools and proper recognition and

repair of damage sites are highly important. The enzyme

family of dUTPases is responsible for maintaining the

ample supply of nucleotides by decreasing the dUTP

concentration in the cellular milieu [1, 2]. The product of

the dUTPase enzymatic reaction is dUMP, which also

serves as the precursor for dTTP biosynthesis. Knockout or

silencing the dut gene encoding dUTPases leads to lethal

cellular consequences in various species [3–9]. From the

structural viewpoint, there are two major dUTPase enzyme

families: b-pleated trimers and a-helical dimers [2, 10, 11].

Most dUTPases belong to the b-pleated trimer family,

including also several representatives from viruses and

bacteriophages [12–19].

In addition to the well-conserved dUTPase fold and the

five conserved sequence motifs within the trimeric dUT-

Pase family, several dUTPases also possess species-speci-

fic additional segments (Fig. 1a). It has been shown that the

amino-terminal extension of eukaryotic dUTPases func-

tions as a localization signal [20–25]; this motif of rat

dUTPase was also suggested to have crucial role in form-

ing interaction with the transcriptional factor PPARa [26].

Besides the N-terminal extension, both isoforms of the

Drosophila melanogaster dUTPase contain a 28-residue-

long segment at the C-terminus that is found only in the
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Drosophila dUTPases, and showed no significant effect on

the enzyme activity in vitro; however, it might modulate

enzyme function in vivo [21, 27, 28]. In b-retroviral
dUTPases, an amino-terminal extension is constituted by

the retroviral nucleocapsid protein, which is hypothesized

to localize dUTPase to the DNA/RNA, thereby enhancing

the fidelity of replication by in situ lowering the dUTP

level at the site of reverse transcription [15, 29, 30].

In Mycobacterial dUTPase enzymes, a small insert of

five residues has been shown to be dispensable for enzy-

matic activity, but essential for some yet undiscovered

cellular activity (Fig. 1b) [31]. The function of the

25-residue-long insert situated between the second and

third conserved motifs in Plasmodium falciparum dUTPase

has not yet been identified either [32].

In a recently discovered dUTPase protein, another

moonlighting function was suggested, namely involvement

in regulation of horizontal gene transfer in Staphylococcus

aureus [33]. In this instance, the dUTPase enzyme from the

S. aureus phage A11 was shown to possess derepression

activity via removal of the master repressor Stl protein

from its cognate DNA site, thereby ensuring replication of

a S. aureus pathogenicity island (SaPIbov1) genetic element.

We have shown that the derepression by A11 dUTPase is

only possible if dUTP is cleared from the nucleotide pool.

This may indicate that dUTPase-mediated activation of the

Fig. 1 Non-canonical segments of dUTPases. a Schematic represen-

tation of the non-canonical segments of dUTPases and their function,

b X-ray crystal structure of the Mycobacterium tuberculosis dUTPase

(mtDUT, PDB ID: 2PY4), protein trimer is shown in cartoon

representation, substrate analogs (dUPNPP) as sticks. The Mycobac-

teria-specific insert colored dark blue other residues orange, ligands

green. c X-ray crystal structure of the U11 bacteriophage dUTPase

(U11DUTWT, PDB ID: 4GV8), protein trimer is shown in cartoon

representation, substrate analogs (dUPNPP) as sticks. The phage-

specific insert colored dark blue other residues cyan, ligands red.

d Superimposition of the mtDUT and U11DUTWT structures.

Coloring and representation are according to (b) and (c); ligands

are not shown. The phage-specific insert did not affect the core

dUTPase fold (Color figure online)
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SaPIbov1 promotes the genomic stability of this mobile

genetic element [34].

Interestingly, compared to other dUTPases, the S.

aureus phage A11 dUTPase (U11DUTWT) possesses a

phage-specific insert of 26 residues situated between the

third and fourth conserved motifs (cf. Fig. 1c) [18]. This

feature of a ca. 30–40-residue-long inserted segment is

well observed also in other Staphylococcus phage dUT-

Pases; however, to our knowledge, no other dUTPase

possesses such segments at this location. It has been

suggested that the insert has a crucial role in Stl-mediated

SaPI replication and dUTPase activity, based on a dele-

tion of a 39-residue-long region from U11 dUTPase,

containing the insert (U11DUTD96A-134L) [33]. Sequence

alignment of the U11 dUTPase with other dUTPases

revealed that this deletion included residues from the

fourth catalytic motif of the dUTPase, which explains the

loss of enzymatic activity. The 3D crystal structure

obtained by our group also affirmed the importance of

these residues in formation of the active site [18]. This

compromises the hypothesis based on the studies of the

U11DUTD96A-134L mutant. Based on the structure of

U11DUTWT, we found no interaction of the 26-residue-

long phage-specific insert with the active site. This motif

also did not cause any detectable major interference with

the folding of the dUTPase trimer [18]. This led us to the

hypothesis that the insert does not influence the dUTPase

activity, which contradicts the former model. To verify

this suggestion, we constructed a mutant U11 dUTPase, in

which the conserved motifs are still intact, while most

part of the insert (20 residues out of the 26) is removed

(U11DUTD101G-122Q) [18]. This U11DUTD101G-122Q

protein showed the same activity as the wild-type U11
dUTPase. We also studied the role of the insert in dUT-

Pase enzymatic activity using the U11DUTF108W mutant

in which we introduced a tryptophan fluorophore into the

phage-specific insert [35–37]. There were no observable

fluorescence spectral changes upon binding of either

nucleotide ligand to this protein that possessed the same

enzymatic properties as U11DUTWT [18]. This further

supported our hypothesis that the phage-specific insert has

no effect on dUTPase activity of the U11 dUTPase.

However, the role of the phage-specific insert in Stl-

binding and derepression activity has not yet been well

characterized.

In an attempt to deal with this intriguing open question,

in the present study we aimed to explore the role of the

phage-specific insert in the interaction with Stl and in the

disruption of Stl–DNA complex. We show that Stl is fully

capable of binding to and inhibiting an insert-lacking

mutant construct of phage dUTPase, with practically the

same characteristics that also govern Stl binding and

inhibition to wild-type phage dUTPase. Our data also

show, however, that the insert-lacking mutant construct of

dUTPase is deficient in derepression activity. Though in

another protein context, namely in the case of Mycobac-

terium tuberculosis dUTPase, which also lacks the phage-

specific insert, we find strong derepression activity for Stl.

This shows on the one hand that derepression of Stl may be

observed in a cross-species setting and on the other hand

that the phage-specific insert has a distinct role only within

the protein structure context of the phage dUTPase.

Methods

Cloning and expression of proteins

The cloning of cDNA of Stl protein into pGEX-4T-1 and

U11 dUTPase into pETDuet-1 vectors and the deletion of

the insert by site-directed mutagenesis to obtain

U11DUTD101G-122Q are described in our previous works

[18, 34, 38]. Cloning of the recombinant Mycobacterium

smegmatis dUTPase (mtDUT) carrying an N-terminal

hexa-His tag to pET19-b vector was published in an earlier

work [39].

Vectors coding Stl and U11 dUTPases were transformed

into Escherichia coli strain BL21 Rosetta (DE3) and

propagated in 500 ml Luria-Bertani medium on 310 K till

OD600 = 0.6, and then the culture was induced with

0.5 mM isopropyl-b-D-thiogalactoside (IPTG). After

induction, the cell cultures were grown at 303 K for further

4 h. Finally the cells were harvested by centrifugation and

stored at 193 K. The mtDUT protein was expressed in

E. coli BL21(DE3) pLysS cells following the procedure

described above; however, after induction by IPTG, cells

were temperated on 310 K for 3 h.

Purification of proteins

For purification of Stl, cell pellets containing glutathione

S-transferase–Stl (GST–Stl) fusion protein were solubi-

lized using Potter–Elvehjem homogenizer in 20 ml buffer

A (15 ml HEPES (pH 7.5), 200 mM NaCl) supplemented

with 2 mM dithiothreitol (DTT), 1 % Triton X-100, ca.

2 lg/ml RNase and DNase and one tablet of Complete

ULTRA Tablets, Mini EDTA-free protease inhibitor. Cell

suspensions were sonicated (4 9 1 min) and centrifuged

(16,000g for 30 min). The resulting supernatant was loaded

on a pre-equilibrated benchtop glutathione-agarose affinity-

chromatography column (GE Healthcare). The column was

washed with ten volumes of buffer A, and then on-column

cleavage for the removal of the GST-tag was performed by

addition of 80 cleavage units of thrombin (GE Healthcare).

Following the overnight cleavage, the purified protein was

obtained in the flow-through fraction. Purification of U11
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dUTPases was performed as described previously [38];

briefly supernatant resulting from centrifugation of cell

lysate was purified on Q-Sepharose (GE Healthcare) anion-

exchange column, followed by gel filtration on a Superdex

75 column (GE Healthcare) using an AKTA Explorer

purifier. Protein purification of mtDUT was carried out

based on our previously published protocol [40]. The final

supernatant after cell extraction was loaded on a NiNTA

column (Novagen), and the first salt wash was followed by

washing with 50 mM Tris–HCl, pH 7.5, buffer containing

30 mM NaCl, and 50 mM imidazole. Elution of the

mtDUT was performed with 0.5 M imidazole solution (pH

7.5), and the protein was afterward dialyzed into 10 mM

Tris–HCl (pH 7.0) buffer supplemented with 50 mM NaCl,

10 mM MgCl2, and 0.1 mM TCEP.

All protein preparations were used freshly or were flash-

frozen in liquid nitrogen and stored at 193 K and were

proven to be[95 % pure as judged by SDS-PAGE.

Protein quantification

NanoDrop 2000 UV–Vis spectrophotometer was used for

measuring protein concentration using the following

A 0.1 %
280 values 1.087, 0.786, 0.810, and 0.166 ml mg-1*

cm-1 for Stl, U11DUTWT, U11DUTD101G-122Q, and mtDUT,

respectively, calculated based on amino acid composition [41]

(http://web.expasy.org/protparam/).

Native polyacrylamide gel electrophoresis (native

PAGE)

Native gel electrophoresis was performed in 12 %

polyacrylamide gel. After pre-electrophoresis with con-

stant voltages of 100 V for 1 h, 20 ll aliquots of the

premixed samples was applied on the gel. Elec-

trophoresis was performed for 3.5 h on 150 V in pH 8.7

in electrophoresis buffer, containing 2.5 mM Tris base,

and 19.2 mM glycine. Denaturation during the elec-

trophoresis caused by the evolving heat was avoided by

cooling the tank on ice. Coomassie Brilliant Blue dye

was used to stain the gels.

Steady-state kinetics

Proton release during the transformation of dUTP into

dUMP and PPi was followed at 559 nm and 293 K using a

Jasco V550 spectrophotometer [15]. Reaction mixtures

contained 50 nM dUTPase enzyme in 1 mM HEPES–HCl

(pH 7.5) supplemented with 5 mM MgCl2, 150 mM KCl,

and 40 lM phenol red pH indicator. The reaction was

started with the addition of 30 mM dUTP after pre-incu-

bation of the two proteins for 5 min. All measurements at

different Stl concentrations were repeated three times. The

initial velocities were determined from the slope of the first

10 % of the progress curves. Quadratic binding equation

was fitted to the data.

Electrophoretic mobility shift assay (EMSA)

A 57-mer dsDNA oligonucleotide (50-GCTCATATTATT
CCTCTCCTACCATTTTATCTCTAATTGAGATATTTA

TATTCAGAT-30) was used in electrophoretic mobility shift

assay (EMSA) experiments. Complementary oligonu-

cleotides were custom-synthesized by Eurofins MWG

Operon and hybridized by controlled gradual cooling after

5-min incubation on 95 �C. Proteins were mixed with

100 ng DNA in 20 ll total volume, and concentration of

NaCl was set to 100 mM in each mixture. Samples were

loaded onto 12 % polyacrylamide gel following 15-min

incubation at 4 �C.After 1 h pre-electrophoresis of the gel in

TBE buffer (89 mM Tris base 89 mM boric acid and 2 mM

EDTA, pH8.3), electrophoresis was performed for 70 min at

room temperature. Bands were detected after staining with

GelRed (Biotium), using a Uvi-Tec gel documentation sys-

tem (Cleaver Scientific Ltd., Rugby, UK).

Results and discussion

Our previous studies showed that the Stl–dUTPase inter-

action can be well characterized by native polyacrylamide

gel electrophoresis, and complex formation could be made

clearly visible with this method [34, 42]. Besides Stl is

proven to be an effective dUTPase inhibitor; thus, enzyme

inhibition curves provide information on the binding

characteristics of Stl to dUTPases [34, 42]. In this study,

the role of the phage-specific insert of the U11 dUTPase in

forming interactions with Stl was investigated using these

two different methods. First, the wild-type and the trun-

cated U11 dUTPase proteins and their mixtures with Stl

were run on native polyacrylamide gel. Based on the native

gel electrophoresis results, the truncated protein shows

very similar complexation pattern with Stl as compared to

the wild type (Fig. 2a). At 1:1 monomer ratio, the formed

complex clearly appears at a distinct upper position as

compared to Stl and dUTPase bands (Complex A, Fig. 2a).

Decreasing the amount of Stl in the protein mixtures results

in the appearance of the excess dUTPase and a band of a

second complex type (Complex B, Fig. 2a). Although the

band of Complex B appears close to the Stl band, since

U11DUT was in excess that is certainly not free Stl. The

two types of complexes have different stoichiometries.

Based on the applied concentrations, the Stl/U11DUT ratio

is higher in Complex A as compared to that in Complex B.

Previous electrospray ionization native mass spectrometry

measurements of the mixture of Stl and U11DUTWT
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revealed that one of the complexes results from the inter-

action of a trimer U11DUTWT with an Stl dimer or with

two Stl monomers (U11DUT3Stl2) [34]. Considering the

relative intensity of the bands of the complex and the free

proteins at 3:1 dUTPase/Stl monomer ratios, we hypothe-

size that Complex B reflects the U11DUT3Stl2 stoichiom-

etry, and consequently, Complex A has the stoichiometry

of U11DUT3Stl3 [34].

Considering the potential complexation equilibria in the

three component systems, Fig. 2b summarizes some major

possibilities that may offer explanations to our observed

experimental results and serves as a model for designing

further studies. Our previous electrospray ionization native

mass spectrometry results revealed that Stl exists as

monomer and dimer in solution [34]. The experimentally

observed Stl–U11DUTWT complex did not provide any

indication of dissociation of the dUTPase trimer [34],

which is also in agreement with the general consideration

that the trimeric dUTPases are extremely stable in this

oligomer form in solution [35]. Thus, the monomer–trimer

equilibrium was excluded from this model. Our experi-

mental data support that two types of complexes present

between Stl and U11 dUTPase (Complexes A and B,

Fig. 2a), but the exact molecular architecture of those is yet

unknown; hence, two possible representations of these

complexes are shown in Fig. 2b.

Since the two dUTPases showed similar patterns of the

bands, thus we suggest that the same statements are also

valid for the truncated U11DUTD101G-122Q protein. Nev-

ertheless, there is a slight difference in the distribution of

the proteins between the two types of complexes at the

same dUTPase/Stl ratios.

It has been shown that the truncated U11DUTD101G-122Q

has similar dUTPase activity as compared to that of

U11DUTWT and that Stl effectively inhibits theU11DUTWT

enzyme [18, 34]. Therefore, we also investigated the inter-

action of Stl with U11DUTD101G-122Q by enzyme activity

measurements applying varying Stl concentrations in this

work (Fig. 2c). The activity of U11DUTWT and

U11DUTD101G-122Q was measured to be 7.3 ± 0.1 s-1 and

7.6 ± 0.3 s-1. The maximal activity decrease was found to

be 6.9 ± 0.1 s-1 for U11DUTWT and 7.4 ± 0.3 s-1 for

U11DUTD101G-122Q, which is equal to 94 ± 2 % and

98 ± 4 % inhibitions for the two dUTPases, respectively.

We observed very similar inhibition curves for the two

dUTPases, with the apparent equilibrium constants of

Ki = 1.2 ± 0.8 nM for U11DUTWT and Ki = 1.5 ± 0.6

nM for U11DUTD101G-122Q (Fig. 2c).

All in all, we concluded that the insert has no specific

role in Stl binding. This conclusion was also supported by

our study on the interaction between Stl and M. tubercu-

losis dUTPase (mtDUT), which does not contain the

Fig. 2 Stl-binding ability of U11DUTD101G-122Q. a Native gel

electrophoresis experiment was performed to investigate the Stl-

binding ability of U11DUTD101G-122Q comparing to U11DUTWT.

Species and concentrations given in monomers are indicated. The

mixtures of Stl and dUTPases show up a band in distinct position

comparing to the individual proteins, which clearly indicates the

complex formation. U11DUTD101G-122Q shows very similar com-

plexation pattern to U11DUTWT. b Schematic view of the possible

complex equilibrium between Stl (sphere), dUTPases (triangle), and

DNA (helices). This model may offer explanations for the observed

experimental results. The dimerization of Stl and the formation of

Complex B were proven by our previous electrospray ionization

native mass spectrometry measurements [34]. The existence of

Complex A is shown by native polyacrylamide gel electrophoresis.

We suggest that as the general prophage regulator repressors, Stl also

binds DNA as a dimer. We applied this simple model; however, some

more complex patterns may possibly exist. c Activity of the

U11 dUTPaseD101G-122Q and U11DUTWT was measured in the

presence and absence of Stl. Each measurement was repeated three

times. The quadratic binding equation was fit to the data resulted in

the apparent Ki = 1.2 ± 0.8 for dUTPaseWT and Ki = 1.5 ± 0.6 nM

for dUTPaseD101G-122Q. The total change in amplitude of the activity

was[90 % for both proteins
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phage-specific insert [42]. Previously we observed com-

plex formation between Stl and mtDUT on native gel, and

based on enzyme activity measurements, the inhibitory

effect of Stl can also be described with a very low apparent

inhibitory constant, Ki = 6.8 ± 4.4 nM, and the overall

inhibition was found to be 81 ± 10 % [42]. We also found

elevated cellular dUTP levels and disturbed colony for-

mation upon expressing Stl protein in M. smegmatis. These

alterations are undoubtedly due to the inhibition of the

bacterial dUTPase by Stl. Altogether strong interaction

between Stl and Mycobacterial dUTPases was proven to

exist by in vitro and in vivo experiments [42].

Having established that the phage-specific insert has no

observable effect on the complex formation between Stl

and dUTPases, we tested whether this insert may have any

role in perturbation of the Stl function.

As a life-cycle-regulating repressor, Stl binds to specific

DNA segments and herewith prevents the replication and

excision of the SaPImobile genetic element.We hypothesize

that as it is well known for other prophage repressors, Stl

binds DNA as a dimer (Fig. 2b). Although since Stl regulates

the expression of at least three proteins higher-order com-

plexes between Stl and DNA may also possibly exist [43],

further investigations are needed to address this question.

It has been shown by in vitro experiments that the DNA

binding of Stl repressor is disturbed by U11DUTWT [33,

34]. In these studies, the DNA binding of Stl was observed

by the change in electrophoretic mobility of a DNA oligo

upon protein binding: The DNA band appears at a higher

position when bound to Stl protein as compared to the

position of free DNA. So the complex equilibria were

shifted toward the free DNA form upon addition of

U11DUTWT to the DNA–Stl mixture (Fig. 2b). It has also

been presented that the Stl–U11DUTWT interaction results

in derepression and SaPI replication in S. aureus [33].

Thus, the in vivo derepression activity of U11DUTWT was

proven to be well described by the applied in vitro exper-

imental method.

The role of the insert in disturbing the DNA-binding

ability of Stl was tested with electrophoretic mobility shift

assay experiments (Fig. 3a). If U11DUTWT was added to

the DNA–Stl mixture, the resulting band appears at the

same position as the free DNA, confirming the derepres-

sion activity of the phage protein (Fig. 3a) [33, 34].

However, in case of adding U11DUTD101G-122Q to the

same Stl–DNA mixture, the band shows up at the position

of the Stl–DNA complex. This result suggests that the

insert is necessary for the disruption of the Stl–DNA

complex and so the derepression activity of U11 dUTPase.

We also tested the derepression ability of the mtDUT,

which lacks the phage-specific insert, with the same

method (Fig. 3b). The M. tuberculosis dUTPase showed

similar derepression activity in EMSA experiments as the

U11DUTWT protein (Fig. 3b). This result led us to the

conclusion that the insert is only necessary for perturbing

Stl–DNA interaction in the context of U11 dUTPase.

Considering that the truncated U11 dUTPase has very

similar overall apparent Ki as compared to the wild-type

protein, the change in its derepression activity can only be

explained with more complex or non-equilibrium models.

Conclusions

Besides the well-conserved protein structural core, several

trimeric dUTPases contain non-canonical segments that

may be related to moonlighting functions of these enzymes.

In this work, we explored the role of the phage-specific

insert of the U11 bacteriophage dUTPase, which acts as a

derepressor of a S. aureus pathogenicity island (SaPIbov1)

through interacting with Stl, the master repressor of this

mobile genetic element. We have shown previously with

the truncated enzyme mutant U11DUTD101G-122Q that this

extra segment does not influence dUTPase activity [18]. In

Fig. 3 Derepression activity of U11DUTD101G-122Q and mtDUT.

Electrophoretic mobility shift assay experiments were performed to

investigate the derepression activity of U11DUTD101G-122Q and

mtDUT. Species and concentrations given in monomers are indicated

in the figure. a Lack of derepression was observed in the case of

U11DUTD101G-122Q even at elevated concentration of the protein.

b Unless mtDUT lacks the phage-specific insert, it has similar

derepression activity comparing to U11DUTWT
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this study, we addressed the role of the phage-specific

insert in protein–protein interaction and derepression. The

insert was found dispensable in complex formation with Stl

based on native gel electrophoresis experiments. The

truncated mutant U11DUTD101G-122Q showed also very

similar inhibition characteristics as compared to the wild-

type protein, U11DUTWT. It has been proven by elec-

trophoretic mobility shift assay (EMSA) tests that

U11DUTWT effectively disrupts the Stl–DNA complex [33,

34]. On the contrary, EMSA experiments indicated that

U11DUTD101G-122Q does not interfere with the interaction

between Stl and DNA. This led us to a conclusion that

within its own protein context the phage-specific insert is

essential. To provide a more general view on this subject,

we tested whether M. tuberculosis dUTPase is able to

disturb the Stl–DNA complex formation in vitro. Our

results suggest cross-species existence of the derepression

ability of dUTPases and allowing the design in vivo

experiments to further investigate this molecular switch.
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