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1. INTRODUCTION

2’-deoxyuridine  5’-triphosphate  nucleotidohydrolases  (EC  3.6.1.23) 

catalyse the hydrolysis of dUTP into dUMP and pyrophosphate:

DUTPases are homotrimers with three identical active sites located at 

the subunit  interfaces.  There are  five highly conserved sequence motifs  in 

each monomer. Each active site is built up by these swapped motifs of the 

three monomers.
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Figure 1. Crystal structure of FIV dUTPase in complex with dUDP (PDB ID: 1F7R). A. 
Overall structure. B. Close-up of the active site. Motif 1,2 and 4 comes from one monomer, 
motif 3 from the second one, while motif 5 is provided by the third one.
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The dUTPase reaction keeps a low dUTP/dUMP ratio, thus preventing 

dUTP incorporation into DNA instead of dTTP. It also produces dUMP, the 

basis  of  de  novo dTTP biosynthesis.  Enzyme function  deficiency  leads  to 

thymine-less  cell  death.  Enzymes of  de  novo thymidylate  biosynthesis  are 

often targeted by drugs in anticancer and antiviral chemotherapy. These drugs 

aim to perturb the cellular dUTP/dTTP pools which result in thymine-less cell 

death  preferentially  killing  cells  with  actively  ongoing  DNA  synthesis. 

Targeting dUTPase has therefore been suggested as a promising approach in 

combination with drugs already in clinical use against thymidylate synthase 

and dihydrofolate reductase.

The therapeutic potential of inducing thymine-less cell death could be 

exploited  not  only  in  human  cancer  cells,  but  also  in Mycobacterium 

tuberculosis,  where  there  is  no  alternative  pathway  for  de  novo dTTP 

synthesis, but through dUTPase function.

Despite their importance, the enzymatic properties of neither human 

nor  M. tub. dUTPases have been characterised before this study, so our aim 

was  on  one  hand,  to  create  a  quantitative  description  of  human  dUTPase 

enzymatic cycle by revealing the structure-function relations, and on the other 
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hand to identify species-specific segments of M. tub. dUTPase and to develop 

an activity assay potent for high-throughput screening of potential inhibitors.
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2. EXPERIMENTAL METHODS

An overexpression system in  E. coli BL21(DE3) strains was created 

for  the  recombinant  nuclear  isoform of  human  dUTPase  and  its  different 

mutant  constructs  as well  as for the recombinant  M. tub. dUTPase and its 

mutant construct.

To investigate  the  thermal  stability  of  human dUTPase,  differential 

scanning microcalorimetry, a useful technique to follow the thermal unfolding 

of a protein, was applied.

Limited trypsinolysis yields information about the flexible degments 

of a protein in solution, so it was applied on human dUTPase complexes to 

investigate any protective effect of the substrate/product..

Equilibrium  binding  studies  were  performed  either  by  isothermal 

titration  calorimetry  or  fluorimetry  following  the  heats  of  binding  or  the 

fluorescent signal change of a Trp residue engineered into the dUTPase.

Steady-state kinetic analyses were performed following absorbance in 

a spectrophotometer, and transient kinetic analyses were performed following 

fluorescence in a stopped-flow apparatus.
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3. RESULTS

3.1 Structural analysis of human dUTPase

The  crystal  structure  of  human  dUTPase:α,β-imido-dUTP:Mg2+ 

complex at a resolution of 2.2 Å was determined in our laboratory. There are 

novel features in this structure as compared to the previous ones: the full-

length C-terminal region is visualized for two monomers, and the structure 

contains an isosteric substrate analogue in the catalytically competent gauche 

conformation,  as  well  as  the  cofactor  Mg2+.  The  analysis  revealed  the 

followings: There are only two interactions between the C-terminal tail and 

the dUMP moiety, Phe158 ring stacks over the uracil ring, and the Phe158 

amide N H-bonds with the deoxyribose ring (Fig. 2.A). Main chain atoms of 

residues  159–161  form  H-bonds  to  the  β-  and  γ-phosphates.  Arg153 

contributes to neutralization of the γ-phosphate negative charge (Fig. 2.B). For 

the first time, the role of the conserved Ser160 and Thr161 residues, suggested 

to be of importance, could be assigned. The hydroxyl groups of these residues 

form H-bonds with the two oxygen atoms of γ–phosphate  not  involved in 

chelating Mg2+(Fig. 2.B).
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Figure  2.  3D  structure  of  the  human  dUTPase:α,β-imido-dUTP:Mg2+ complex.  A. 
Interactions of the C-terminal tail with the ligand molecule.  B. Close-up of the interactions 
formed by Arg153.

The  visualisation  of  the  near-attack  conformation  has  also  become 

possible in the two active sites with the full-length C-terminus present, since 

the distance between the O atom of the nucleophilic attacking water molecule 

and the α-phosphorus (2.77 and 2.79 Å) is below the H-bond distance (3.32 

Å).

3.2 Thermal stability

Melting  temperature  was  determined  by  differential  scanning 

calorimetry, and was found to be 61.7°C, considerably lower than for E. coli 

dUTPase (74.7°C), indicating decreased stability of eukaryotic dUTPases.
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3.3 Flexibility in solution

Results of limited trypsinolysis of human dUTPase in its apo-form, in 

complex with the substrate analogue and in complex with its product, dUMP 

revealed two main tryptic sites at Arg15 and Arg153 indicating the increased 

flexibility of the N-terminus, and the C-terminus. The second one, however, 

was partially protected by both the substrate analogue and the product arguing 

for the ordering of this segment upon nucleotide binding. Human dUTPase 

was also found to be approx. 25 times more sensitive against tryptic digestion 

than the E. coli enzyme.

3.4 Binding studies by isothermal titration calorimetry

In  order  to  determine  the  binding  constant  of  α,β-imido-dUTP, 

isothermal titration calorimetry was performed. The built-in model was fitted 

to the binding isotherm, and Kd was estimated to be 7.2 ± 0.2 μM.

3.5 The design of the two Trp mutant constructs

In order to have a sensitive reporter of the active site conformational 

changes, Phe158 was mutated to Trp, and equilibrium binding studies were 
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performed  following  this  intrinsic  fluorescent  signal.  In  order  to  have  a 

saturation curve with the real substrate, Asp102 was mutated to Asn in the 

above construct  to  obtain  an  inactive  mutant  human  dUTPase  with  a  Trp 

sensor.

3.6 Fluorescent equilibrium binding studies

Kd values were found to be 1.6 ± 0.2 μM for α,β-imido-dUTP and 26.3 

± 2.8 μM for dUMP (Fig. 3.A).
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Figure 3. Equilibrium ligand binding followed by fluorimetry. A. Fluorescent spectra of 
unliganded  dUTPase  (straight  line),  dUTPase:α,β-imido-dUTP complex  (dashed  line)  and 
dUTPase:dUMP complex (dash dotted line)  B. 3 titration curves are plotted to demonstrate 
the  substrate  and  its  analogue  have  different  binding  conformations.  Squares  represent 
hDUT158W vs  α,β-imido-dUTP,  diamonds  represent  hDUT158W,102N vs  dUTP and  triangles 
represent hDUT158W,102N vs α,β-imido-dUTP saturation curves.
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Comparison of the saturation curves of the inactive enzyme with the substrate 

and  its  analogue  reveals  the  two  nucleotides  have  different  binding 

characteristics (Fig. 3.B).

3.7 Transient kinetics

Based on the equilibrium binding studies (cf. the previous section and 

Fig. 4A), the complex progress curve (Fig. 4B) could be assigned.
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Figure  4.  The  signal  of  the  intrinsic  Trp  sensor.  A.  Fluorescence  emission  spectra  of 
hDUT158W at saturating concentrations of ligands.Data are normalized to the emission peak of 
the apo enzyme. [hDUT158W] = 4 μM, [dUMP] = 500 μM, [dUDP] = 300 μM, [α,β-imido-
dUTP] = 100μM, [dUTP] = 2mM, [PPi] = 5mM. To capture the dUTP-bound cycling steady 
state, a high excess of dUTP was used, and the spectrum was recorded within 30 s after dUTP 
was added. B. The graph of a time course upon mixing 7.5 µM hDUT158W with 5.25 µM dUTP 
is shown, prepared for global fitting. The solid line is a global fit to the data points.

The dUTP hydrolysis cycle consists of at least four distinct enzymatic 

steps  (Fig.  5):  (i)  fast  substrate  binding,  (ii)  isomerization  of  the  enzyme-
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substrate  complex  into  the  catalytically  competent  conformation,  (iii)  a 

hydrolysis (chemical) step, and (iv) rapid, nonordered release of the products. 

Independent quenched-flow experiments indicate that the chemical step is the 

rate-limiting step of the enzymatic cycle.

Figure 5. The dUTPase enzymatic cycle.

3.8 Structural analysis of M. tub. dUTPase

The  crystal  structure  of  M.  tub. dUTPase:α-β-imido-dUTP:Mg2+ 

complex  has  been  solved  at  1.5  Å  resolution  in  our  laboratory.  The 

interactions of the residues within the species-specific region with the other 

parts  of  the  molecule  were  analysed,  and  the  His145  residue  in M.  tub. 

dUTPase replacing a highly conserved Phe was also localised. The His145 

residue is situated next to the uracil ring of the substrate analogue similarly to 

the previously observed Phe-uracil stacking in human enzyme. Interactions of 
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the  other  sepcies-specific  structural  element,  the  C-terminal  tetrapeptide, 

probably facilitate the ordering of Motif 5 upon the active site. The  M. tub. 

specific  five-residue loop (Glu132-Gly137)  locally  alters  the  peptide chain 

folding but residues within this segment do not show interactions either with 

the active site or with the protein surface.

3.9 The M. tub. dUTPase active site Trp sensor

Based on the structural analysis, the His145 residue was mutated to 

Trp, and a sensitive sensor was obtained similarly to the human enzyme. M. 

tub. dUTPase binds the substrate analogue, α-β-imido-dUTP with a Kd = 0.2 

μM. This value is significantly different from that of the human enzyme (Kd = 

1.6 μM), indicating that  M. tub. dUTPase binds its substrate much stronger 

than the human enzyme.

3.10 Coupled activity assay to detect pyrophosphate formation

The pyrophosphate assay was optimised on the basis of (Webb 1992) 

and the commercially available EnzCheck Pyrophosphate Assay Kit, in order 

that the catalytic reaction can be followed continuously (Fig. 6.A). Thus, a 
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reliable  and approx.  8  times more  sensitive assay was developed than the 

conventional dUTPase assay potent even for large-scale screening of potential 

inhibitors (Fig. 6.B).
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Figure 6. The coupled pyrophosphate assay. A. The coupled reactions. The pyrophosphate is 
cleaved  by  inorganic  diphosphatase,  and  the  a  purine  nucleoside  is  phosphorylated  in  a 
subsequent  reaction  to  yield  ribose-phosphate.  The  absorbance  of  the  released  purine 
derivative is followed at 360 nm. B. Progress curve of the dUTPase-pyrophosphate coupled 
reaction.
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4. APPLICATIONS

The previously unavailable structural data of both human and M. 

tub. dUTPases on the crucial C-terminal segment and on the referring part 

of the active site provide the basis for the design of potentially species-

specific inhibitors.

The  Trp  sensor  engineered  into  the  enzymes  is  an  especially 

sensitive and reliable reporter of the active site conformational changes 

and enables  the  detection  of  active  site  binders,  thus  allowing  for  the 

determination of the binding constants for the potential active site-binder 

inhibitors.

The  optimised  continuous  pyrophosphate  assay  is  a  robust 

screening  method  potent  for  even  large  scale  screening  of  potential 

inhibitors. Since the progress curve of this assay is siply linear, it has an 

advantage of inhibition as compared to the complex progress curve of Trp 

fluorescence.
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