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1. INTRODUCTION 
 
 
DNA Synthesis and Nucleotide Metabolism 
 
All organisms have evolved systems to defend themselves against pathogens and 
toxins. On a molecular level, various enzymes work together to neutralize harmful 
substances. Sometimes natural metabolites are harmful if accumulated in the cell, 
and this is the case with deoxyuridine triphosphate, dUTP. The present thesis 
concerns the ubiquitous enzyme deoxyuridine triphosphatase or dUTPase (EC 
3.6.1.23), which removes dUTP through hydrolysis and which thereby, contributes 
to the production of error free DNA at cell replication. The dUTPases exists in 
three oligomeric forms, monomeric, dimeric and homotrimeric. Most organisms, 
including humans and the majority of bacteria and viruses express the 
homotrimeric C3-symmetric form of the dUTPase, which is also at the focus of 
this thesis. 
 
 
DNA is made up of deoxyribonucleotides, each composed of a nitrogenous base, a 
sugar and a phosphate group. The bases in DNA are adenine, (A), guanine, (G), 
cytosine, (C), and thymine, (T), which are present in the respective 5´-deoxy-
ribonucleotide triphosphate (dNTP). Cell proliferation depends ultimately on the 
duplication of the chromosomal DNA of the mother cell. This, in turn, requires 
access to the DNA building blocks, dATP, dCTP, dGTP and dTTP, in sufficient 
quantities and appropriate proportions. The DNA building blocks are generated 
through 2´-deoxygenation of the RNA metabolites, ADP, GDP, UDP and CDP, a 
step catalyzed by the ribonucleotide reductase enzyme. The generated dNDPs are 
phosphorylated to the corresponding dNTPs, by NDP kinases [1]. Thus, dUTP is 
present in the nucleotides pool, and it can be incorporated into DNA, which leads 
to strand breakage and cell death [2-5]. Because DNA polymerase cannot 
distinguish between dTTP and dUTP [6,7], the incorporation of uracil into DNA 
depends on the dTTP/dUTP ratio. A key component in nature’s solution to this 
problem is the enzyme dUTPase which catalyzes the hydrolysis of dUTP into 
dUMP and pyrophosphate [8,9], according to:  
 

dUTP + H2O → dUMP + PPi         
 
This reaction not only removes dUTP from the DNA polymerase substrate pool, 
but feeds the cell with dUMP, the precursor for synthesis of dTTP via the 
thymidylate synthase reaction.  
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The degree to which dUTP is used, instead of dTTP, as a substrate in the 
replication process is determined by the concentration ratio between these two 
nucleotides. The key position with respect to DNA-replication occupied by the 
dUTPase enzyme is illustrated in Fig. 1.1. 
 

 
 

Figure 1.1 DNA replication and dUTPase activity. The potentially fatal incorporation 
of dUTP into DNA instead of dTTP is determined by the dUTP/dTTP ratio in the 
nucleotide pool. Points of drug intervention, practiced or potential, are indicated. 
 
 
Thymidylate Synthase (TS), which catalyzes the methylation of deoxyuridylate 
(dUMP), into thymidylate (dTMP), is an important target of the chemotherapeutic 
agents used in cancer treatment. The TS reaction is the sole de novo source of 
dTMP for DNA replication and repair. The methyl group transferred to uracil is 
provided by 5,10-methylene tetrahydrofolate. This has led to the development of 
antifolate-based antitumor drugs with specific inhibition of TS [10], as well as to 
the fluoropyrimdine class of anticancer agents. Inhibitors of dihydrofolate 
reductase, such as methotrexate, deplete the tetrahydrofolate pools necessary for 
the TS reaction, and indirectly block dTMP formation [11,12]. The other group of 
anticancer drugs include fluorouracil [13], which is converted in vivo into 
fluorodeoxyuridylate (FdUMP) which irreversibly inhibits the TS. The inhibition of 
TS depletes the cell of dTTP and results in accumulation of dUMP, subsequently 
phosphorylated by mono and dinucleotide kinases into dUTP [14]. The resulting 
DNA damage and cytotoxicity has been termed ‘thymineless cell death’ [15]. 
Because inhibition of dUTPase has similar consequences, the dUTPases have 
emerged as potential targets for drugs against cancer and infectious diseases [16-
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20]. In cancer treatment, dUTPase inhibitory drugs could alternatively be 
administered to enhance the effects of the TS inhibitors. The two drug-target 
points are indicated in Fig. 1.1. 
 
The ribonucleotide reductase reaction and subsequent phosphorylation is not the 
only source of dUTP, and the dUTPase reaction is not the only provider of dUMP. 
In certain bacteria dUTP is also formed through the deamination of dCTP, a 
reaction catalyzed by dCTP deaminases. The dCTP deaminases have been found in 
enterobacteria [21], mycobacteria [22], and archaeabacteria [23,24]. Some of these 
enzymes are bifunctional and catalyze also the hydrolysis of the dUTP product into 
dUMP and pyrophosphate [22-24]. Another route for dUMP formation, which is 
present in higher organisms, is the deamination of dCMP by dCMP deaminases. 
However in enterobacteria, which lack dCMP deaminases, the main route of 
dUMP formation is through the action of dCTP deaminases and dUTPases. The 
different pathways of dUMP formation are summarized in Fig. 1.2 
 

 
 
Figure 1.2 The pathways for formation of dUMP, the precursor for synthesis of dTTP. In 
enterobacteria, cytosine deamination occurs only by dCTP deaminases, which makes the 
dUTPase the only source of dUMP. 
 
In recent years the number of crystal structures that have been resolved for 
dUTPases has increased dramatically [25-30]. The structural information should 
help in the development of drugs intended for dUTPase inhibition. It may also 
form the basis for functional studies aiming at a better understanding of how 
nature, by carefully varying a common theme, has created efficient catalysts for the 
hydrolysis of dUTP into dUMP and pyrophosphate. On a broader level such 
studies may increase our understanding of enzyme catalysis in general, a field still 
open to debate. 
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Besides the pioneering structural study on the E. coli dUTPase [25], two structural 
studies in particular [29,31] have contributed to our understanding of the catalytic 
mechanism operated by the homotrimeric and monomeric dUTPases. The two 
studies confirm what was already deduced regarding the mechanism in the first 
structural [25] and functional [32] reports on the E. coli dUTPase, and provide new 
information on the structural basis for a carboxylate assisted in-line nucleophilic 
attack by the substrate water on the α-phosphorus of dUTP. One of the studies 
[29], indicates a role in catalysis for a serine residue, which is strictly conserved at 
the active site of the homotrimeric and monomeric dUTPases. 
 
 
Enzyme Inhibitors as Drugs  
 
Enzymes are proteins with a catalytic function. They control the flow of 
metabolites in the catabolic and anabolic paths of the cell and without them, 
virtually none of the reactions in the living organism would proceed at an 
appreciable rate. But enzymes also promote the growth of tumors and pathogenic 
organisms, which makes some of them suitable targets for drug intervention. 
Drugs against retroviral enzymes, (reverse transcriptase inhibitors), are in use for 
the treatment of HIV [33], and new directions are emerging for the development 
of drugs against glycogen synthase kinase-3, one of the enzymes involved in 
protein aggregation that causes Alzheimer’s disease [34,35]. Other drugs are 
designed to inhibit glycogen phosphorylase, which has been linked to diabetes type 
2, and may lead to antihyperglycaemic drugs [36]. Thus, drug design, based on the 
structural and functional properties of enzymes, is one of the leading tendencies in 
Biomedical Sciences, and promise to provide cures for many common diseases. In 
this process, the developments in genetic engineering and protein structure 
determination are of invaluable importance.  
 
 
The Thesis: A Brief Presentation 
 
The present thesis is based on a series of functional studies which have provided 
insights into the catalytic mechanism of the homotrimeric dUTPases, as well as 
into the ligand binding properties of dUTPases from various sources.  
 
In Paper I we report how the substitution of hydrogen for the β-hydroxyl group 
of a strictly conserved serine affects substrate binding and catalysis in the E. coli 
dUTPase reaction. This work provides not only insights into the dUTPase 
mechanism, but gives experimental support to the catalytic theory which considers 
ground state destabilization as part of the process together with transition state 
stabilization. 
 
In Paper II we have investigated the role of the 3´-hydroxyl group of the dUTP 
ribose moiety in substrate biding and catalysis. This was done by testing 3´-
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dideoxy-UTP (ddUTP) as a substrate. To identify differences between the active 
sites of various dUTPases, the investigation was broaden to include a comparison 
of the homotrimeric dUTPases from three different sources, namely the human, 
the E. coli bacterium and the equine infectious anaemia virus (EIAV). With the 
ordinary substrate the three enzymes exhibit the same catalytic efficiency but with 
the dideoxy form, the EIAV dUTPase is seven times less efficient than the cellular 
forms. 
 
In Paper III the importance of various substitutions at the 3´-carbon of dUTP is 
further investigated. The substrate derivative 3´-azido-dUTP, which is analogous 
to a drug used in the treatment of HIV, is tested for inhibition of the dUTPases 
studied in Paper II. The results prove azido-dUTP to be a dUTPase inhibitor, and 
the first reported to be highly specific for a bacterial dUTPase. 
  
In Paper IV we investigate two non-nucleotide and triskelion shaped compounds 
[37] for inhibition of our target dUTPases. Both substances are shown to inhibit 
the human and E. coli dUTPases, but not the viral form. 
 
In Paper V we combine two mutations at the active site of the E. coli dUTPase. 
Both mutations affect strictly conserved residues, and when introduced 
individually, each of them has drastic and well characterized consequences for the 
substrate binding and catalytic properties of the enzyme. The double mutant is 
devoid of catalytic activity but binds the substrate much stronger than the native 
enzyme. The results support conclusions drawn in Paper I and make the complex 
of the double mutant with substrate attractive for structural studies. 
  
Thus, the properties of dUTPases obtained from three different sources have been 
investigated. The methods used are diverse, and some of them applied for the first 
time in the study of the dUTPases. The latter include the variation of medium 
viscosity to probe the kinetics of substrate binding, and frontal chromatography, 
on immobilized dUTPase.  
 
All together, this thesis contributes to the understanding of the catalytic function 
of the homotrimeric dUTPases, and of how these enzymes, when obtained from 
various species, differ with respect to binding of the substrate, substrate analogues 
and uracil derivatives. This information may prove valuable for the design of 
general and species-specific dUTPase inhibitors.  
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1.1 dUTPASES 
 
 

Homotrimeric, Dimeric and Monomeric dUTPases 
 
The subunits of the homotrimeric dUTPase are related by the symmetry of a 
threefold rotation axis (Fig. 1.3). The substrate binding sites are in pockets created 
at the subunit interfaces. In the apo enzyme, the pockets are lined by four 
conserved sequence motifs [25,38]. Motifs I, II and IV are located to one subunit 
and Motif III to the other. A fifth conserved motif is located at the C-terminus. 
The C-terminus constitutes a mobile part of the subunit, a ‘flexible arm’, which 
wraps around the trimer to let motif V complete the active site by covering the 
bound substrate [29]. The C-terminus is usually not resolved in structural studies 
due to its flexibility [31], and it is not visible in the structure of the homotrimeric 
E. coli dUTPase, shown in Fig. 1.3. Complete immobilization of motif V over the 
active site has been observed only in a complex of the human dUTPase with the 
α,β-imido-dUTP⋅Mg substrate analogue [29]. 
 
The three active sites are independent in substrate binding and catalysis [32]. 
Despite considerable sequence differences among the various homotrimeric 
dUTPases, they have virtually identical substrate pockets, a fact that makes the 
design of species-specific inhibitors a difficult task. 
 

 
 

Figure 1.3 The E. coli dUTPase with the substrate analogue α,β-imido dUTP⋅Mg (PDB 
1RN8). The last 15 C-terminal residues are not resolved on this structure. Color codes: 
Carbon: yellow, Nitrogen: blue, Oxygen: Red, and Phosphorus: Orange. The figure was 
produced using PyMol (Delano Scientific, 2003). 
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Dimeric dUTPases have been identified in the protozoans Trypanosoma cruzi [39,40] 
(Fig. 1.4), and Leishmania major [41], as well as in the bacteria Campylobacter jejuni 
[42]. The dimeric dUTPases show no homology with the trimeric forms, and they 
catalyze the reaction by a different mechanism [40,42]. In contrast, the monomeric 
dUTPases, which only occur in the herpes viruses such as the Epstein-Barr virus 
(EBV), have a single active site (Fig. 1.5) that mimics in detail that of the trimeric 
dUTPases [30].  
 
Trypanosoma cruzi is a parasite that causes the Chagas disease, wide spread in Central 
and South America. Inhibitors of the parasite dUTPase, may provide a solution to 
this problem. 
 

 
 

Figure 1.4 Dimeric Trypanosoma cruzi dUTPase in complex with dUDP (PDB 1OGK). The 
subunits are marked in different colors. The ligand color code is the same as in Fig. 1.3, 
except C: grey. The structure was generated with PyMol (Delano Scientific, 2003). 
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Figure 1.5 Epstein-Barr Virus monomeric dUTPase in complex with the α,β-imido dUTP 
(PDB 2BT1). The ligand color code is the same as in Fig. 1.3. The figure was created with 
PyMol (Delano Scientific, 2003). 

 
 
The dCTP Deaminase:dUTPases 
 
In gram negative bacteria, the dCTP deaminases, which catalyze the deamination 
of dCTP to dUTP, provide for a route of dUTP formation additional to 
dehydrogenation of UTP, catalyzed by the ribonucleotide reductase. The dCTP 
deaminases have a core and active site architecture homologous to that of the 
dUTPases [21-23]. Interestingly, except for motif V, the conserved sequence 
motifs that create the active sites of the dUTPase are found in structurally 
equivalent positions in the bifunctional dCTP deaminase [23]. Recently, the dCTP 
deaminase of the thermophile Methanocaldococcus jannaschii (Fig. 1.6) was reported to 
be a bifunctional enzyme, which in addition to deamination of the pyrimidine ring, 
in a second step catalyses the hydrolysis of the intermediate dUTP product [43,44]. 
The list of organisms that expresses such bifunctional dCTP deaminases has 
expanded to include the M. tuberculosis pathogen [22]. 
 
In Paper I, we presented a catalytic model for dUTPases, which appears to solve 
the question why, in the reaction catalyzed by the bifunctional dCTP deaminases, 
deamination of the pyrimidine ring must precede hydrolysis of the phosphate 
moiety. 
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Figure 1.6 The homotrimeric bifunctional Methanocaldococcus jannaschii dCTP deaminase-
dUTPase in complex with dUTP and Mg2+ (PDB 2HXD). The figure was created with 
PyMol (Delano Scientific, 2003). 
 
 
 

1.2 THE REACTION CATALYZED  
 
 
The In-line Nucleophilic Attack 
 
The enzyme dUTPase belongs to the family of hydrolases (EC 3). As the name 
indicates the hydrolases catalyze the hydrolysis of a chemical bond, which can be 
represented by the following generic reaction: 
 

A-B + H2O → A-OH + B-H         
 
The substrate of the dUTPase reaction is dUTP. Its hydrolysis into dUMP and 
pyrophosphate can occur by a nucleophilic attack by water on either the α- or β- 
phosphorus. However, experiments with O18 enriched water showed that the 
hydrolysis of dUTP by the homotrimeric E. coli dUTPase, takes place by a 
nucleophilic attack on the α-phosphorus (G. Rogers et al. personal 
communication). 
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In consistence with this finding, several molecules of water were found in close 
proximity of the α-phosphate in the crystal structure of the E. coli dUTPase in 
complex with dUDP and Mg2+[45]. The structure of the monomeric dUTPase 
from Epstein-Barr virus, suggested that this enzyme operates by the same 
mechanism as that used by the homotrimeric group [30]. In contrast, the dimeric 
dUTPases catalyze the reaction by a different mechanism, where the attack occurs 
on the β-phosphorus [40,42]. 
 
Irrespective of which phosphorus is attacked by the water molecule the reaction 
can proceed either by an in line attack, where the nucleophile attacks opposite to 
the leaving group or by an adjacent attack, where the nucleophile attacks on the side 
where the leaving group resides [46].  
 
Sufficient evidence has accumulated to show that the monomeric and trimeric 
dUTPases catalyze a direct in-line nucleophilic attack by water on the α-
phosphorus with displacement of dUMP and pyrophosphate. This reaction 
proceeds via formation of a penta-coordinated transition state: 
 

 
 

Because the nucleophilic water molecule needs to get rid of at least one of its 
protons, this reaction is open for base catalysis. Structural information showed that 
a strictly conserved aspartate (D90, in E. coli dUTPase) is in position to activate the 
suggested catalytic water, by attracting one of its protons [29,31,32]. 
 
In analogy with peptide hydrolysis by the serine proteinases, the dUTPase reaction 
should also be promoted if the negative charge that develops around the α-
phosphate in the transition state is balanced by the enzyme. The β-hydroxyl group 
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of the strictly conserved serine (Ser72, in E. coli dUTPase) at the opposite side of 
the reaction center compared to D90, has been proposed to play this role in 
dUTPase catalysis [29]. This proposal was based on the hydrogen bond observed 
between the hydroxyl of the conserved serine and the nitrogen that bridges the α- 
and β-phosphorus of the α,β-imido-dUTP⋅Mg substrate analogue in complex with 
the M. tuberculosis dUTPase. Results presented in Paper I indicate that the analogue 
acts donor in this hydrogen bond. However, in the complex with dUTP⋅Mg the 
corresponding hydrogen bond could be formed with the serine β-hydroxyl group 
as donor, such that it would balance the negative charge of the transition state. As 
an alternative, the charge balancing act of the serine could be directed towards a 
non-bridging oxygen of the α-phosphorus, as indicated here: 
     

 
             
The strictly conserved nature of the catalytic aspartate and serine residues indicates 
that they have the same function throughout the homotrimeric dUTPases and 
dCTP deaminase:dUTPases, as well as in the related monomeric dUTPases. 
  
The role of the conserved serine in catalysis, together with an extended model of 
how this strictly conserved residue may direct the catalytic steps by a rotation of its 
side chain, is explained in detail in Paper I, and expanded on in section 3.1. 
 
 
Conformation of the Phosphate Moiety 
 
Structural studies on dUTPases in complex with substrate or substrate analogues 
have indicated that the phosphate moiety of the ligand can adopt two 
conformations, which differ with respect to the C3′-C4′-C5′-O5′ torsion angle. A 
torsion angle of 60° results in the gauche conformation whereas an angle of 180° 
characterizes the trans conformation:  
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In complexes of the human, and feline immunodeficiency virus (FIV) dUTPases 
[26,27], formed in the absence of Mg2+, the phosphate moiety adopts the trans 
conformation, whereas in structures of complexes of the E. coli and M. tuberculosis 
dUTPases, formed with dUTP⋅Mg or α,β-imido-dUTP⋅Mg the gauche 
conformation was observed. The gauche conformation appears to be stabilized by 
Mg2+ and is considered to be the catalytically active conformation [29]. 
 
 
 

1.3 PRINCIPLES OF CATALYSIS  
 
 
Definition of a Catalyst 
 
A catalyst is a substance that increases the rate of a reaction without being affected 
itself. It could be a pure element (Pt), a compound substance (MnO2), or it could 
be a more complex molecule such as a protein. Proteins with catalytic activity are 
called enzymes. 
 
 
Transition State Theory 
 
According to the transition state theory, the reactant(s) and product(s) of a chemical 
reaction are separated by an energy barrier. The height of this barrier represents 
the activation energy (∆G‡) of the reaction. The activation energy is the amount of 
energy each mol of reactant must acquire to reach the transition state (X‡), a 
strenuous form of the reactant which collapses instantaneously to form product 
(Fig. 1.7). The activation energy determines the rate of the reaction through: 
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1)-(1       eAk RT
∆G‡

−−−−
====  

 
Here R is the gas constant, T the absolute temperature and A is a constant specific 
for the reaction in question. A catalyst functions by reducing the height of the 
barrier allowing more molecules to pass from reactants to products per unit of 
time.  
 

 
 

Figure 1.7 A schematic energy profile for the reaction of R to P. The reaction coordinate 
shows the progress of the reaction as it proceeds from reactant (R) to product (P). The 
energy axis shows the potential acquired by the reactant at the various states of completion 
of the reaction. The transition state is marked by X‡, the free energy of the reaction 
denoted ∆G and the activation energy of the catalyzed and uncatalyzed reactions, ∆G‡

cat 
and ∆G‡

uncat, respectively. 

 
 
Enzymes as Catalysts 
 
Enzymes are far more efficient than the catalysts employed in industry and 
transportation and they operate in aqueous solutions at low temperatures. With an 
enzyme as catalyst the yield is determined solely by the equilibrium position of the 
reaction catalyzed. With conventional catalysts the yield of the desired product is 
usually reduced through the occurrence of one or several competing side reactions. 
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The Active Site and Ground State Destabilization 
 
Part of the secret behind the extraordinary catalytic properties of enzymes is that 
an enzyme has a preorganized site to which the substrate binds in a fixed position 
relative to functional groups of the enzyme. However, binding of the ground state 
to a perfectly matching binding site would stabilize this state of the substrate and 
impede catalysis. Natures answer to this problem is the formation of an ‘active 
site’, that is an enzyme substrate pocket which is complementary to the transition 
state of the reaction catalyzed, rather than to the substrate or product of the same 
reaction. This concept was proposed by Michael Polanyi in 1921, and by Haldane 
in 1930. In 1946 Linus Pauling suggested that an enzyme must be complementary 
to the transition state of a reaction, in order to catalyze it. With such a binding site, 
it follows that the intrinsic binding energy is used in full for tight binding of the 
transition state, but only in part for binding of the substrate. The surplus binding 
energy is instead used to distort the bound substrate along the reaction coordinate. 
To account for this phenomenon we must include formation of the enzyme 
substrate complex ES in the energy profile for enzyme catalysis (Fig. 1.8).  
 

 
 
Figure 1.8 Schematic energy diagrams for an enzyme catalyzed reaction.  
 
 
The two profiles in Fig. 1.8 show that the difference in chemical potential between 
enzyme bound substrate ES and the corresponding transition state (EX)‡, i.e., the 
activation energy ∆G‡ of the reaction catalyzed, can be reduced both through 
destabilization of the ground state and stabilization of  the transition state.  
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Stabilization of the transition state has been found experimentally to be the role of 
individual enzyme active site groups [31]. As indicated in Fig. 1.8, reduction of the 
activation energy can be achieved also through destabilization of the substrate 
ground state by the enzyme [47]. Ground state destabilization has been suggested 
to contribute to the extraordinary catalytic power (catalysis factor = 1017) of the 
enzyme orotidine 5´-monophosphate [48,49].  Nevertheless, destabilization of the 
ground state as part of catalysis, has been under debate, due to the scarce of 
experimental evidence.  
 
Results we presented in Paper I associates both transition state stabilization and 
destabilization of the ground state with the strictly conserved serine at the active 
site of the homotrimeric dUTPases. 
 
 
Transition State Analogues 
 
In the context of enzyme complexes, stabilization means tighter binding, and the 
transition state of the reaction is the specie most stabilized by the enzyme. It 
follows that transition state analogues should be efficient enzyme inhibitors. As 
such they could serve as leads for the development of drugs. To build a transition 
state analogue we must first characterize the transition state. For this purpose, both 
enzyme structural and functional studies are necessary. Structural studies may 
define the active site. Functional studies are required to determine the specific role 
of the functional groups that line the active site and this, in turn, may provide 
information on the nature of the transition state. 
 
 
Enzyme Kinetics 
 
Despite the purposive less than perfect match between substrate and enzyme, 
experimental conditions which saturate the enzyme with substrate are easily 
achieved (although this may rarely occur in vivo). Enzyme saturation was observed 
long before the structure of an enzyme was known. It led Leonor Michaelis and 
Maud Menten to suggest in 1913 a simple scheme [50] known as the Michaelis-
Menten scheme, to account for the activity of enzymes:  
 

    k1       kcat 
E + S ⇌⇌⇌⇌ ES → → → → E + P 

    k-1  
 
Scheme 1 

 
The first step in the Michaelis-Menten scheme is the reversible formation of the 
enzyme-substrate complex, ES, which is directly followed by its decomposition 
into free enzyme and product. This reaction scheme accounts for the behaviour of 
the vast majority of enzyme catalyzed reactions in experimental situations at which 



26 
 

the product can be neglected. In reality, the first step is followed by the chemical 
transformation of the enzyme bound substrate to enzyme bound product (EP), 
and dissociation to give product and free enzyme. Thus, a more realistic scheme 
would be: 
 

E + S ⇌⇌⇌⇌ ES ⇌⇌⇌⇌ EP ⇌⇌⇌⇌ E + P 
 

Scheme 2 
 

Scheme 2, takes into account the fact that the enzyme operates (with the same 
efficiency) in both directions of the catalyzed reaction. However, it is not necessary 
to take the reverse reaction into account to explain the behaviour of enzymes 
which are studied in the absence of significant amounts of product. In the case of 
the dUTPases studied here, and at the experimental conditions chosen, this 
simplification is valid over the complete reaction. 
 
According to Scheme 1 the rate of an enzyme catalyzed reaction is given by Eqn. (1-
2): 
 

2)-(1      
[S]

[S]

M

max K
Vv

++++
====  

 
Here, Vmax represents the maximum velocity that the reaction can achieve at a 
specific total concentration of enzyme CE and it is defined as: 
 

3)-(1       Ecatmax CkV ====  
 

The catalytic constant, kcat, is the first order rate constant for the forward decay of 
the enzyme substrate complex, also known as the turn-over number. It is expressed in 
units of s-1.  
 
According to Eqn. (1-2), KM equals the concentration of substrate that results in v 
= Vmax/2. In terms of rate constants it is defined as: 
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If kcat << k-1, we have: 

5)-(1       K 
k
k
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1
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It can be seen from Eqn. (1-2) that if [S] is increased above KM, v approaches Vmax. 
At the other end, with [S] << KM, the rate equation reduces to: 
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and the decay of the substrate becomes exponential (first order). At the latter 
condition, CE is approximately equal to [E] the concentration of free enzyme, so 

 

7)-(1[E][S]        
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k

v
M

cat====  

 
This makes kcat/KM the limiting second order rate constant for product formation 
as [S] approaches zero. The upper limit of kcat/KM is restricted by diffusion to be 
108-109 s-1 M-1 at 25°C. The kcat/KM ratio is alternatively named the specificity constant 
or the catalytic efficiency. 
 
 
 

1.4 dUTPASE INHIBITORS 
 
 
The Role of Enzyme Functional Groups in Catalysis 
 
Regarding the dUTPases we are well supplied with structural information. In 
particular, the structure of the apo form of several dUTPases as well as their 
complexes with the substrate analogue α,β-imido-dUTP⋅Mg are known [25-31]. In 
this perspective, functional studies are lagging behind.  
 
Site-directed mutagenesis has proven to be an effective tool in elucidating the 
contributions to catalysis and binding of individual groups in the active site of 
enzymes [46]. It was recently practiced on the E. coli dUTPase to show that the 
strictly conserved motif III aspartate, i.e., D90, provides transition state 
stabilization, but has no effect on substrate binding [31]. The information obtained 
in comparative kinetic studies (regarding the effect of the mutation on kcat and KM, 
and further, on the individual rate constants of the system) may tell us if the 
functional group that was modified contributes to transition state stabilization or 
ground state destabilization. Ground state destabilization appears to be inherent in 
enzyme catalysis but direct experimental evidence, is scarce, a fact that enhances 
the importance of our first study (Paper I). 
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The Role of Substrate Functional Groups in Catalysi s 
 
The distinction between binding and catalysis discussed above for enzyme 
functional groups is valid also for groups carried by the substrate. The concept of 
substrate assisted catalysis, where a substrate functional group participates directly in 
catalysis to increase kcat, is a topic much discussed in literature [51-53]. 
 
For sterical reasons UTP is excluded from the active site of the dUTPases, where 
its 2´-hydroxyl group would interfere with the strictly conserved tyrosine of the 
loop which connects β-strands 5 and 6 [29] (Tyr93 in E. coli dUTPase). The 
hydroxyl group remaining at the 3´-position of dUTP is however accommodated 
by the enzyme in a position from which it could play a role in both binding and 
catalysis. In Paper II we study the effect of removing the 3´-hydroxyl group of 
dUTP on its hydrolysis by three homotrimeric dUTPases, namely the E. coli, the 
human and the EIAV forms.  
 
 
Finding  dUTPase Inhibitors 
 
Due to their crucial role in keeping uracil out of DNA, described in the 
introduction, the dUTPases have emerged as potential targets for drugs against 
cancers, parasites, viruses and bacteria [16-20]. Recent attempts at finding an 
inhibitor, which is specific for the dUTPase of the malaria parasite (Plasmodium 
falciparum), have resulted in three reports [54-56]. It is essential that a dUTPase 
inhibitor intended to cure an infectious disease does not bind to the dUTPase of 
the host, because of the anticipated cytostatic effect. Specific binding is of less 
importance in the case of cancer treatment, unless this can be cured by fighting an 
infection. An in silico approach was applied by Ladner and co-workers to find 
inhibitors of the human enzyme [57]. Stivers et al. synthesized a library of triskelion 
shaped uracil derivatives and tested them as inhibitors of the enzyme uracil DNA 
glycosidase and the human dUTPase respectively. Two of these compounds 
showed inhibitory effects on the latter enzyme [37].  
 
The design of dUTPase inhibitors is a current approach in finding treatments 
against parasitic-caused diseases such as malaria and Chagas disease, as well as in 
the development of new chemotherapeutic agents for cancer. Drugs inhibiting the 
human enzyme could potentially be used as standalone drugs or in combination 
with the thymidylate synthase inhibitors. A major difficulty in developing drugs 
against dUTPases of pathogens lies in the fact that the homotrimeric dUTPases, 
which include viral, bacterial and the human dUTPases, have almost identical 
substrate pockets, which bind the substrate with high affinity (KM≈10-7 M).  
 
To address this problem, we have studied the binding of various analogues of 
dUTP to dUTPases of different origin. This was done in an attempt at disclosing 
differences in binding that could guide the design of pathogen-specific drugs. In 
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this effort, we have studied the effect of replacing the 3´-hydroxyl group of the 
substrate by hydrogen (Paper II), or by the azido group (Paper III), on the 
binding to the human, the E. coli and the EIAV dUTPases. 
 
To extend the search for dUTPase inhibitors to include non-substrate based 
compounds, we have performed studies on the inhibition of the same three 
enzymes by uracil containing triskelion shaped compounds (Paper IV). These 
studies were made in collaboration with Dr. Stivers, who kindly provided two 
compounds, previously reported to inhibit the human dUTPase [37].  
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2. EXPERIMENTAL APPROACH 
 
 
 
Production and Purification of dUTPases 
 
I have produced all the dUTPases used in this work, according to standard 
protocols [58] and purified them using established techniques reported previously 
for dUTPases [59]. These procedures are well explained in the respective report, 
and shortly summarized below.  
 
As starting material we used the plasmids containing the gene (dut) for the 
respective dUTPase. The plasmids containing the human and EIAV genes, 
respectively, were kindly provided by Dr. Per Olof Nyman. On our request, the 
plasmids for E. coli dUTPase with the single (S72A) and double (S72A/D90N) 
mutations were produced and sequenced by Kristian Becker at Lund University, 
using the plasmid with the original bacterial dut gene as a starting point. 
 
The plasmids were purified and transformed into E. coli BL21 competent cells. 
Cultures were grown based on single colonies, selected by antibiotic resistance 
according to standard protocols. The cultivated cells were lysed and the dUTPase 
was extracted and purified using a combination of affinity chromatography, 
fractional precipitation and gel filtration. The purified proteins were analyzed by 
SDS-PAGE [60] and activity assays.  
 
The following section describes in more detail the procedures used for the 
functional characterization of the purified dUTPases. 
 
 

2.1 KINETIC MEASUREMENTS 
 

The steady-state kinetic parameters Vmax (kcat) and KM are usually determined in 
multiple turn over experiments, in which substrate is used in large excess over 
enzyme and a single measurement typically lasts over a minute or more. The 
determination of the magnitude of individual rate constants, i.e., k-1 and k1, usually 
rely on the use of a rapid reaction instrument, such as a stop-flow 
spectrophotometer, which allow the reactions to be studied in the milliseconds 
time range. With enzyme in excess over substrate the reaction is restrained to a 
single turn over. 
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2.1.1    STEADY-STATE MEASUREMENTS 
 
 
The pH-Indicator Technique  
 
The dUTPase reaction is optically transparent (there is no difference in absorbance 
between substrate and products over the accessible wavelength range), and for this 
reason it cannot be studied directly by spectrophotometric techniques. However, 
the reaction releases up to two protons per dUTP hydrolyzed, depending on the 
pH and metal ion concentration: 
 

dUTP⋅⋅⋅⋅Mg + H2O → dUMP + PPi ⋅⋅⋅⋅Mg + n H+   (n = 0-2) 
 
 
Data Acquisition 
 
By including a suitable pH-indicator in the reaction medium, product formation in 
the dUTPase reaction can be monitored indirectly (in a spectrophotometer) at a 
wavelength at which the acidic or basic component of the indicator absorbs at 
maximum. To avoid pH-changes triggered by temperature changes or carbon 
dioxide uptake it is essential to reduce the reaction time and to seclude the medium 
from the atmosphere. This makes the stop-flow apparatus the ideal instrument 
(Fig. 2.1), because it is designed for fast measurements and the reaction takes place 
in a closed compartment. 

 
Figure 2.1 The stop-flow spectrophotometer, a simplified scheme. The contents of the 
drive syringes are pushed pneumatically through the mixer and reaction chamber to reach 
the stop syringe. Measurement starts at, or just prior to, the flow stops. In our system, the 
dead-time, i.e., the average age of the reaction mixture at flow stop, is 3 milliseconds.  
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The stop-flow machine we use is an old but updated Durrum D-100 instrument. 
The detector consists in a digital oscilloscope device which stores the voltage, 
which is registered over a preset reaction time, in a memory buffer for subsequent 
transfer to a computer. 
 
 
Data Treatment 
 
Reaction traces covering the complete hydrolysis of the dUTP substrate are 
collected. The signal voltage is converted to transmittance (T) and then to 
absorbance (A) through A = -log (T). The absorbance scale is related to one in 
product concentration through Eqn. (2-1) [32].  
 

1)-(2[P]        
qln

A

ii

i

εεεε∆∆∆∆
∆∆∆∆∆∆∆∆ ====  

 

Here, n is the number of protons exchanged in the reaction, ∆εi the difference 
between the extinction coefficients of the basic and acidic forms of the indicator at 
the wavelength studied, l the optical path length, and qi is the relative buffer 
capacity provided by the indicator. However, the conversion of absorbance to 
product concentration is based on the fact the total absorbance change reflects 
hydrolysis of all dUTP included in the reaction mixture, as exemplified in Fig. 2.2.  
 

 
 

Figure 2.2 Traces reflecting the hydrolysis of dUTP by the E. coli dUTPase under standard 
reaction conditions (dUTPase 0.2 µM, dUTP 2 µM, Mg2+ 5 mM, cresol red 50 µM, bicine 
50 µM, pH 7.8). The two panels show the trace before (A) and after (B) conversion of the 
absorbance scale to one in product concentration.  The total change in absorbance, i.e., in 
pH, is kept at a desirably low (and adjustable) level by the inclusion of small amounts of 
buffer in the reaction medium. 
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If we take the trace shown in Fig. 2.2.B that shows product (P) versus time (t), and 
calculate its first derivative (d[P]/dt) pointwise along the trace, we obtain the rate of 
the reaction, ν, supported by the corresponding concentrations of residual free 
substrate. By plotting the reciprocal rate (1/ν) versus the reciprocal concentration 
of free substrate (1/[S]), we obtain the conventional Lineweaver-Burk plot [61] 
displayed in Fig. 2.3. The concentration of free substrate was calculated based on 
the trace in Fig. 2.2B and the KM evaluated for the trace. 
 

 
 
Figure 2.3 Lineweaver-Burk plot representing the data in Fig. 2.2B, for the hydrolysis of 
dUTP⋅Mg catalyzed by the E. coli dUTPase. 
 
 
The plot in Fig. 2.3 demonstrates the number of initial rate measurements covered 
by a single complete reaction trace, and is neither intended nor used for data 
analysis. Its linear nature attests to the fact that the Michaelis Menten mechanism 
in Scheme 1, at the experimental conditions typically used here, is valid throughout 
the reaction. 
  
 
Using Enzyme Intrinsic Fluorescence as Signal 
 
We found the pH-indicator technique unsuitable for the kinetic characterization of 
the S72A mutant E. coli dUTPase (Paper I), because of the extremely low activity 
displayed by the mutant. Instead, we used the fact that the intrinsic fluorescence of 
E. coli S72A dUTPase decreases about 15% upon binding to the substrate 
(dUTP⋅Mg) to monitor the reaction catalyzed by the mutant. The trace in Fig. 2.4 
shows the fluorescence changes associated with the hydrolysis of dUTP (10 µM) 
by the S72A mutant (4 µM) at saturating Mg2+. The second phase of the trace 
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represents the hydrolysis of the last enzyme bound substrate, releasing the more 
strongly fluorescent free enzyme. This phase is preceded by ~1.5 rounds of 
enzyme turn over at which the enzyme is present as the less fluorescent ES 
complex. The flat nature of the first phase and the abrupt transition from zero to 
first order kinetics indicate tight binding in the ES complex.  

 
 
Figure 2.4 Hydrolysis of dUTP by the S72A E. coli dUTPase monitored through the 
effects of substrate binding on the intrinsic protein fluorescence. The signal is quenched 
when the enzyme is bound to the substrate, and recovered as this is hydrolyzed.  
 
 
This method was applied to measure the activity of the S72A E. coli dUTPase 
under different conditions, and is explained in detail in Paper I. 
 
 
Parameter Evaluation 
 
Integrated forms of rate equations for various enzyme systems, including the 
Michaelis Menten equation have been derived. Such equations can form the basis 
for analysis of complete reaction curves as demonstrated [32]. However, from a 
trace like that in Fig. 2.2A, only the total concentration of substrate ([S] + [ES]) 
can be calculated directly. Ideally, and in particular if CE is comparable to KM, this 
should be converted to the concentration of free substrate before analyzed in 
terms of the integrated rate equation. Steady state rate equations are derived based 
on the assumption that [ES] is insignificant compared to [S]. 
 
The differential equations describing the rate of change of the four species in the 
Michaelis Menten scheme are shown in Eqns. (2-2). 
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The steady-state approximation assumes that the two central equations amounts to 
zero, that is, that the concentration of enzyme containing species does not change 
(at least not over the time the reaction is studied). With this condition the system 
can be solved analytically to give the Michaelis Menten rate equation. In the 
general case, an approximate solution can be arrived at by various numerical 
methods [62-63]. In principle these methods multiply the right hand side of the 
equations with a small time increment, and this process is repeated for the desired 
length of accumulated time. 
 
The program Dynafit [64] that we have been using throughout this work, 
combines modern numerical methods [62-63] to solve the differential equations 
valid for the mechanism chosen as model, with an efficient fitting algorithm [65]. 
This means that as an experimentalist you are no longer restrained to a limited set 
of experimental conditions in order to evaluate your system. Practically any set-up 
is open to analysis. In addition, the program Dynafit has a simulation capability 
which can be used to predict, if an experiment is feasible under a specific set of 
conditions. 
 
The numerical approach necessitates that the individual rate constants are used as 
parameters. The precision to which they can be evaluated individually depends, 
however, on the experimental conditions. For instance, with our most typical set 
up, we can evaluate Vmax (kcat if the enzyme concentration is known) and KM, but 
not k-1 or k1 (or one of them, provided the other is known). 
 
 
 

2.1.2     SUBSTRATE BINDING KINETICS 
 
In order to obtain estimates of the rate constants for substrate binding (k-1 and k1) 
to the dUTPases studied, three alternative methods were used. 
 
 
Viscosity Effects Approach  
 
If k-1 and kcat in the Michaelis Menten reaction are of comparable magnitudes, the 
kinetic constants k1 and k-1 can be determined from the effects of medium 
viscosity on the kinetics of the reaction [66,67]. We used sucrose as viscous agent 
and monitored the reactions by the pH indicator method (Fig. 2.5). The 

d[S]/dt = -k1 [S][E] + k-1 [ES] 

d[E]/dt = -k1 [S][E] + k-1 [ES] + kcat [ES] 

d[ES]/dt = k1 [S][E] - k-1 [ES] - kcat [ES] 

d[P]/dt = kcat [ES] 

2)-(2
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dependence of KM/kcat on the relative viscosity ηrel, defined as the ratio of η, the 
viscosity of the sucrose solution, to η0, the viscosity of water, at the same 
temperature, is given by Eqn. (2-3): 
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If KM/kcat is plotted versus ηrel, Eqn. (2-3) predicts that the data points should 
adhere to a straight line. The slope of the line equals 1/k1 and the intercept on the 
y-axis equals k-1/(kcat k1).  
 
Complete traces for the hydrolysis of dUTP by the E. coli dUTPase were collected 
at increasing viscosity of the reaction medium (Fig. 2.5A), obtained by the 
inclusion of sucrose (0-50 %, w/w). The kcat and KM evaluated for each trace were 
used to determine k1 and k-1 with Eqn. (2-3) (Fig. 2.5B, upper line). A parallel 
series of measurements, serving as a control of method, were done using EIAV 
dUTPase as catalyst. For this enzyme, k1 and k-1 have been determined previously 
by a direct method [68]. 
 

 
 

Figure 2.5 A) Reaction traces for the hydrolysis of dUTP⋅Mg, catalyzed by the E. coli 
dUTPase, obtained at (from left to right) increasing concentrations of sucrose. B) Analysis 
of data obtained for E. coli (●) and EIAV (▼) dUTPases, respectively, according to Eqn. (2-
3).  
 
 

Pre-Steady-State Measurements  
 
In the case of the S72A mutant, characterized in Paper I, a favourable signal and 
relatively slow kinetics enabled direct determination of k1 by stop-flow fluorimetry, 
and k-1 was calculated based on the numbers obtained for KM and kcat. 
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By changing indicator (to bromocresol purple) and accessory buffer (to MES), we 
could apply the pH-indicator method to compare the rate of substrate binding to 
the E. coli wild type and S72A mutant dUTPase, respectively at pH 6 (Fig. 2.6). In 
addition to the lower pH, the concentration of Mg2+ was reduced to 20 µM. Under 
such conditions, the substrate will be mostly metal free and protonated. In binding 
to the dUTPase, the substrate picks up a magnesium ion and the proton is 
expelled: 
 

E + (dUTP⋅⋅⋅⋅H)3- + Mg2+ + H2O → (E⋅⋅⋅⋅H2O⋅⋅⋅⋅dUTP⋅⋅⋅⋅Mg)2- + H+  
 
This accounts for the indicator absorbance decrease observed in the pre-steady-
state phase of the reaction with both forms of the enzyme (Fig 2.6). The overall 
reaction is best described by: 
 

(dUTP⋅⋅⋅⋅H)3- + H2O →  
  → (dUMP⋅⋅⋅⋅H)- + n(PPi ⋅⋅⋅⋅H2)

2- + (1-n)( PPi ⋅⋅⋅⋅H)3- + (1-n)H+ 
 
where n is a fraction. This means that a 1-n fraction of a proton is released in each 
enzyme turn over, as demonstrated by the ‘steady-state’ absorbance decrease in the 
trace obtained with the wild type enzyme (Fig. 2.6, left panel). 

 
 

Figure 2.6 Kinetics of formation of the enzyme-substrate complex of the E. coli dUTPase 
A) wild type B) S72A mutant. (Figure from Paper I, reproduced with permission). 

 
 
As the concentration of substrate approaches that of enzyme active sites, the scene 
becomes dominated by the enzyme substrate complex:  
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(E⋅⋅⋅⋅H2O⋅⋅⋅⋅dUTP⋅⋅⋅⋅Mg)2- + H+ →  
 

→E + (dUMP⋅⋅⋅⋅H)- + n(PPi ⋅⋅⋅⋅H2)
2- + (1-n)( PPi ⋅⋅⋅⋅H)3- + (1-n)H+ Mg2+ 

 
The first order decomposition of this complex is associated with uptake of n 
protons as demonstrated (Fig. 2.6, left panel inset). 
 
The time constant r associated with the pre-steady-state absorbance change, can be 
evaluated by non-linear regression using, 
 

A = A0 + ννννA t + ∆∆∆∆A e-r t   (2 -
 4) 

 
Here, A is the absorbance at time t, ∆A the amplitude of the exponential phase of 
the reaction, A0 the final absorbance extrapolated to zero reaction time, and νA the 
steady state rate of absorbance change.  
 
Evaluation of the time constant r in Eqn. (2-5), and knowledge of KdUTP⋅Mg, the Kd 
for the dUTP⋅Mg complex, as well as of k-1 and kcat, allows the estimation of k1 
based on the following equation: 
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where CdUTP, is the initial concentration of substrate.  
 
 
 

2.2 EQUILIBRIUM BINDING STUDIES 
 
 
Frontal Chromatography  
 
Ligand binding studies were performed with the enzyme immobilized to the matrix 
in a small column. Information on the strength of binding is obtained by 
comparing the distance between the ligand fronts when a binding and inert ligand, 
respectively, are flushed through the column. This technique is named frontal 
chromatography [69] and has not previously been reported applied to a dUTPase 
system. A major advantage with this technique is that the column can be used over 
and over again and that it does not depend on a differential signal. It was applied 
to measure binding of the following ligands to the S72A E. coli mutant dUTPase: 
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dUTP, ddUTP, (both in the absence of metal ions) α,β-imido-dUTP, dUMP, 
dTTP, dCTP. As inert control we used ATP. 
 
The volume (V) passing through the chromatography system in front of a 
substance that binds to the immobilized enzyme will be larger than the 
corresponding volume (V0) for a non-binding substance (i.e., ATP). The difference 
depends on the ligand concentration Clig, the Kd and the number of immobilized 
binding sites NE, according to the following relationship: 
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Elution profiles obtained with this technique, testing the binding of metal-free 
dUTP to the S72A E. coli dUTPase, using ATP as reference, are shown in Fig. 2.7.  
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Figure 2.7 Frontal Chromatography of dUTP on immobilized S72A E. coli dUTPase. The 
effect on V-V0 of the concentration of dUTP, is shown in the main panel. The elution 
profiles of ATP and dUTP at a single concentration are displayed in the inset. (Figure from 
Paper I, reproduced with permission). 
 
 
 

2.3 PROTEIN STABILITY  
 
 

Thermal Stability 
 
The structure of most proteins is sensitive to changes in the environment, such as 
pH, ionic strength and temperature. If such changes result in loss of the three-
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dimensional structure of the protein, it is called denaturation. The denaturated 
protein, does not necessarily imply a completely unfolded state, it could consist of 
several partially folded states. 
 
Profiles showing the dependence of some physical property of the protein, such as 
fluorescence, on an agent, such as temperature, can be used to compare the 
stability of a wild type enzyme with that of a mutated form. A thermal transition 
occurs in the E. coli dUTPase around 50 ◦C [70]. Data in Fig. 2.8 indicates that this 
transition occurs at a higher a temperature in the S72A E. coli dUTPase.  

 
 

Figure 2.8 Thermal transition curves for the E. coli dUTPase wild type (●) and S72A 
mutant (■) forms. (Figure from Paper I, reproduced with permission). 
 
 
Chaotropic Stability  
 
Another method for testing protein stability uses chaotropic agents, such as urea or 
the guanidinium ion, to induce denaturation of proteins. The E. coli wt dUTPase 
was reported to be 50% unfolded at a concentration of GuHCl of about 1.4 M 
[70]. To investigate the relative stability of the wild type and S72A E. coli dUTPases 
(Paper I), we decided to monitor continuously the unfolding of the two proteins 
at various concentrations of the chaotropic agent (1.5 – 4 M). This was because we 
wanted to compare the properties of the intact forms of the two proteins, that is, 
their unfolding. The signal used was, as in the thermal transition study, the intrinsic 
fluorescence of the two proteins. In Fig. 2.9 the kinetics of unfolding each protein, 
triggered by exposing them to GuHCl (2 M), is shown. 
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Figure 2.9 Time courses of guanidinium induced denaturation of the E. coli dUTPase wild 
type and S72A mutant forms. The concentration of the chaotropic agent was 2 M. 
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3. RESULTS AND DISCUSSION 
 
 
 
The α,β-imido-dUTP⋅Mg binds to the E. coli dUTPase in the same way as 
dUTP⋅Mg binds to the D90N mutant of the same enzyme (Fig 3.1). One of the 
differences observed is a rotation of the side chain of serine 72, strictly conserved 
in motif II among the dUTPases and dCTP deaminases. In the complex with the 
true substrate, the β-hydroxyl of S72 points inward in the intersubunit cleft to 
approach the pyrimidine ring. In the complex with the analogue, the β-hydroxyl 
has rotated away from the pyrimidine to form a hydrogen bond to the nitrogen 
that bridges the α- and β-phosphorus.  
 

 
 
Figure 3.1 Views down the active site of the E. coli D90N single mutant (left panel, PDB 
1SYL) and wild type dUTPase (PDB 1RN8), respectively (green surface: subunit 1 with 
motif III; violet surface: subunit 2 with motif I, II and IV; yellow surface: part of motif V 
in the distal subunit 3). The D90N form holds the substrate dUTP⋅Mg and the latter the 
α,β-imido-dUTP⋅Mg analogue. Except for the rotation of the S72 side chain, a partial 
immobilization of motif V is observed in the complex with the α,β-imido-dUTP⋅Mg 
substrate analogue (in yellow).  
 
 
A identical arrangement exists in the complex of the M. tuberculosis dUTPase with 
the α,β-imido substrate analogue [29], and led to the proposal that S72 stabilizes 
the transition state by balancing negative charge at the α,β-bridging oxygen of the 
latter. 
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3.1 MUTATIONAL STUDIES  
 
 
A Dual Role for the Strictly Conserved Serine 
 
To test the role of the conserved serine in motif II in substrate binding and 
catalysis, we replaced its β-hydroxyl by hydrogen. This was done by mutating Ser72 
in the E. coli dUTPase to an alanine. A chromatographic assay indicated that kcat of 
the mutant was reduced to 0.008 s-1. This corresponds to an increase in the 
activation energy of the catalytic step of more than (ln(kcat/k ćat)RT =) 16 kJ mol-1 
compared to the wild type enzyme (the prime is used to denote constants for the 
mutant). The low k ćat represents a 725-fold reduction compared to kcat (5.8 s-1) 
and confirms a catalytic role for S72. With such a low activity we reasoned that it 
should be possible to determine K´M by using the S72A mutant as a competitor for 
substrate in the standard assay of the wild type enzyme. With this technique, we 
had previously confirmed that substrate binding to the D90N mutant (kindly 
provided by Prof. Vertessy) is characterized by a KM of 0.5 µM, as previously 
reported [31].  

 
 

Figure 3.2 Competition for dUTP⋅Mg (2 µM) between the wild type and S72A E. coli 
dUTPases. The concentration of the former was 0.18 µM. The dashed black lines were 
obtained after inclusion of the mutant in the reaction mixture at 0.8, 1.2 and 1.6 µM, 
respectively (top to bottom). The grey dashed line was simulated and shows the course the 

reaction would take at 0.8 µM of the mutant if K´M is identical to KM (0.21 µM). 
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However, as shown by the data in Fig. 3.2, the mutant enzyme appears to trap the 
substrate in a concentration dependent manner, indicating that K´M is much 
reduced compared to KM. We thought this was an exciting finding because it could 
mean that the β-hydroxyl destabilizes the bound substrate, resulting in the higher 
KM of the wild type enzyme. Although substrate destabilization seems to be 
involved in enzyme catalysis (see above) the concept has been much discussed and 
experimental evidence is scarce. 
 
Activity measurements confirmed that k ćat is 0.008 s-1 and indicated a K´M (0.006 
µM) reduced 35 times compared to that of the wild type enzyme (0.21 µΜ). This 
does not automatically mean that the substrate is bound tighter to the mutant than 
to the wild type enzyme because it follows from KM = (k-1 + kcat)/k1 that the 
reduced KM could be caused by the large reduction in kcat. Moreover, if Kd is 
reduced, is this a consequence of the properties of the free mutant (reflected in k´1) 
or its complex with the substrate (k -́1)? 
 
To answer these questions we set out to determine the individual rate constants. 
By combining the techniques, described above, we could determine, apart from 
k ćat, k1 and k-1 for both the wild type and S72A mutant form of the E. coli 
dUTPase, none of which had been reported previously.  
 
The results are summarized in Table 1. 
 
Table 1: Kinetic constants determined for E. coli wild type and S72A dUTPases. 

 
 
 
We conclude that replacing the β-hydroxyl of the strictly conserved serine by 
hydrogen results in major changes in kcat and k-1, and a minor change in k1. The 
effects of the mutation are illustrated by an energy diagram (Fig. 3.3): 

 dUTP⋅⋅⋅⋅Mg 

 
k1 

(µµµµM-1s-1) 

k-1 

(s-1) 

kcat 

(s-1) 

KM 

(µµµµM) 

Wild 
type 
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47.6 
6.2  5.8  0.21 

S72A 17.0 0.10  0.008 0.006 
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Figure 3.3 Energy diagrams for the reactions catalyzed by the wild type (solid line) and 
S72A (dashed line) dUTPase, showing the dual catalytic effect of the β-hydroxyl of the 
strictly conserved serine. 
 
 
The profiles show that the catalytic effect of the β-hydroxyl group of the strictly 
conserved Ser72 side chain is caused at least as much by a destabilization of the 
enzyme substrate ground state complex as by a stabilization of the corresponding 
complex with the transition state. 
 
 
An Extended Catalytic Model 
 
Based on this work, we proposed a model, which in addition to base catalysis by 
the D90 carboxylate, gives the side chain of the strictly conserved Ser72 a dual 
function in catalysis, ground state destabilization and transition state stabilization, 
exercised at different positions in the active site. The model is presented in Fig. 3.4. 
  
This model is supported by an earlier structural study on the human dUTPase in 
complex with the α,β-imido-dUTP⋅Mg, in which the structure of the C-terminus is 
fully resolved. This study reports that immobilization of the C-terminal arm closes 
the active site and reduces the distance between the oxygen of the nucleophilic 
water and the α-phosphate below the sum of their respective van der Waals radii 
[71]. 
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Figure 3.4 The extended model for dUTPase catalysis involving a dual position and role 
for the strictly conserved serine. Residue numbering applies to the E. coli dUTPase. 
 
 
The conformational freedom of the β-hydroxyl side chain of the conserved serine, 
is observed also in structures of the M. jannaschii dCTP deaminase:dUTPase (PDB 
2HXD), mentioned in the introduction. The position of the serine side chain in the 
complex of this enzyme with α,β-imido-dUTP⋅Mg is identical to that for Ser72 in 
the right panel of Fig. 3.1. In the corresponding complexes with dCTP and dUTP 
it is close to that observed for Ser72 in left panel of Fig. 3.1. In the latter position it 
has been implicated to take part in the deamination (at C4) of cytosine. This may 
explain why the intermediate product dUTP⋅Mg, but not the substrate dCTP⋅Mg, 
is hydrolyzed by the bifunctional deaminase: the serine side chain is not set free to 
rotate and catalyze hydrolysis of the phosphate moiety prior to the exchange of 
water for the ammonium ion at the pyrimidine ring.  
 
The fact that S72A E. coli dUTPase is more stable than the wild type form, both 
against a thermal transition and chemical denaturation induced by GuHCl, suggests 
that some folding energy is used to bring the serine into its position. This is well in 
line with recently presented results, obtained in a mutational study of lysozyme 
[72], and with ideas on enzyme catalysis emphasizing the importance of a 
preorganized active site [73]. 
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Properties of the S72A/D90N Double Mutant 
 
Ongoing Work-Paper V: An extended chromatographic assay was used to show 
that the double Mutant S72A/D90N E. coli dUTPase, is devoid of activity. It was 
shown, however, to bind the substrate about 7 times stronger (Kd" ≈ 0.02 µM) 
than the wild-type enzyme (Kd = 0.13 µM) and about 25 times stronger than the 
D90N single mutant (Kd' = 0.5 µM). 
 
The complete loss of activity emphasizes the catalytic roles of the two mutated 
residues, addressed separately in Ref. 31 and Paper I. The higher affinity for 
dUTP⋅Mg, compared to the wild type and D90N dUTPases confirms, that the 
conserved serine β-hydroxyl destabilizes the enzyme substrate complex, as 
discussed in Paper I. We postulate that, unlike the complex of the D90N single 
mutant with dUTP⋅Mg, or the wild type enzyme with α,β-imido-dUTP⋅Mg, the 
dUTP⋅Mg complex with the D90N/S72A double mutant should immobilize the 
C-terminus in a complete fashion. Structural studies of such a complex may 
provide additional insights into the structure-function relationships of the 
dUTPase. 
 
The double mutant form of the E. coli dUTPase was shown to bind 2´,3´-O-
trinitrophenyl-uridine-5´-triphosphate (TNP-ddUTP). The substrate derivative did 
not show significant binding to the wild type enzyme. TNP-ddUTP is fluorescent 
and its fluorescence was increased and blue-shifted upon binding to the double 
mutant. The changes were however small, indicating that the environment of the 
TNP of the bound ligand is rather polar. We reasoned that it is the removal of the 
serine hydroxyl group, rather than the exchange of Asp for Asn, that permits 
binding of the bulky derivative to the substrate pocket. To test this hypothesis, the 
S72A single mutant was titrated with TNP-ddUTP and shown to bind the 
derivative as tight as the double mutant. 
 
 
 

3.2 MODIFIED SUBSTRATES  
 
 

The Substrate Analogue ddUTP  
 
Paper II: In all structurally characterized complexes of dUTPases with dUTP⋅Mg 
dUMP, dUDP or the α,β-imido-dUTP⋅Mg, the 3´-hydroxyl group of the 
nucleotide forms a hydrogen bond to the carbonyl group of the catalytic Asp (or 
the amide group of the corresponding Asn in the D90N mutant of the E. coli 
enzyme). As demonstrated above, the generally accepted idea is that the carboxyl 
group of the conserved Asp acts as a base in dUTPase catalysis (Figs. 3.1, 3.4). 
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Because the hydrogen bond provided by the 3´-hydroxyl should reduce the basicity 
of the carboxyl group, and impair its catalytic potential, we felt that a study of the 
properties of the ddUTP⋅Mg as a substrate for dUTPase was well motivated. In 
ddUTP the 3´-hydroxyl group has been replaced by hydrogen. Our study was 
extended to include, besides the E. coli dUTPase, the human dUTPase as well as 
that from the EIAV. We did this extension in search of differences among the 
three enzymes that could guide the development of drugs that bind only to a 
dUTPase of a specific origin. 
 
We found that only with the E. coli dUTPase as catalyst, turn over with ddUTP is 
faster than with dUTP, and the difference is small (8 s-1 compared to 5.8 s-1). With 
the other two enzymes, the kcat was essentially the same with both substrate types. 
Our interpretation is that the hydrogen bond from the 3´-hydroxyl to the D90 
carboxyl group helps optimize the orientation of the latter in relation to the 
substrate water molecule (Figs. 3.1, 3.4) and that this effect compensates the 
reduced basicity of the carboxylate caused by the bond.  
 
We also found that with the human or bacterial enzyme as catalyst, the KM is 10 
times higher with ddUTP⋅Mg than with dUTP⋅Mg as substrate. With the viral 
enzyme this factor is increased to 50. In Paper II, we present arguments for that 
the effect in KM is caused largely by an increase in the rate of dissociation of 
ddUTP⋅Mg compared to dUTP⋅Mg. We attribute the larger effect on KM seen with 
the viral enzyme to its weaker binding of dUTP⋅Mg, which could result in a greater 
loss in synergy as the 3´-hydroxyl interactions are lost. The results are summarized 
by the reaction profiles in Fig. 3.5. 

 
Figure 3.5 Energy diagram for the hydrolysis of dUTP⋅Mg (solid line) and ddUTP⋅Mg 
(dashed line) catalyzed by homotrimeric dUTPases. 
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The generally weaker binding of ddUTP⋅Mg than of dUTP⋅Mg, and the lack of 
effect on kcat, means that with ddUTP⋅Mg, the enzyme substrate and enzyme 
transition state complexes are destabilized to the same extent, compared to the 
situation with dUTP⋅Mg as substrate (Fig. 3.5). This indicates that the two states of 
the reaction are equally dependent on the 3´-hydroxyl interactions, that is, they 
undergo only small changes as the reaction proceeds from ground to transition 
state. We therefore conclude that the ‘left’ subunit in two panels of Fig. 3.1, takes 
the role of a ‘vise’ that holds the substrate in proper alignment with the catalytic 
aspartate and the associated substrate water, whereas the ‘right’ and the ‘distal’ 
third subunits provide the flexibility and tools required to complete catalysis. 
 
 
The results also tell us that inhibitors based on the substrate and intended for the 
viral enzyme, should benefit from retaining the 3´-hydroxyl group. However in 
search for an explanation to why the substrate binds weaker to the viral enzyme, 
we made the observation that two ligands, dUMP and α,β-imido-dUTP⋅Mg, has 
been reported to bind considerably stronger to the viral than to the bacterial 
enzyme. We also found that these two ligands are the only nucleotides observed to 
attract the β-hydroxyl of the strictly conserved serine in a hydrogen bond. We 
therefore argue that inhibitors specific for the EIAV type of dUTPase should not 
only retain the 3´-hydroxyl of the deoxyribose but attract the serine side chain in a 
hydrogen bond that brings its β-hydroxyl out of the intersubunit cleft (Figs. 3.1, 
3.4).  
 
 
Inhibition Studies with 3´-Azido-ddUTP  
 
Another commercially available derivative of dUTP, is the 3´-azido-ddUTP (azido-
ddUTP). This derivative has been reported to inhibit the HIV reverse transcriptase 
[74]. It is analogous to the anti-HIV drug 3´-azido-dideoxy-thymidine (AZT, 
Zidovudine), which inhibits the HIV reverse transcriptase, as well as other 
enzymes involved in nucleotide metabolism [75].  In Paper III we test azido-
ddUTP⋅Mg as an inhibitor of the human, E. coli and EIAV dUTPases, i.e., the same 
three enzymes that were subjected to tests with ddUTP in Paper II. 
 
In view of the close to identical shape of the substrate pocket in these dUTPases, it 
came as a surprise to us to find that only the bacterial dUTPase was significantly 
inhibited by the azido-ddUTP. The inhibition of the bacterial enzyme was, as 
anticipated, competitive and indicated a Ki of 9.3 µM. At 100 µM of azido-ddUTP, 
the effect on the kinetics of the human enzyme was hardly discernable, and on the 
viral enzyme completely absent, indicating that with these enzymes the Ki is 1 mM 
or higher.  
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This is the first demonstration of an inhibitor with a strong preference for binding 
to a bacterial dUTPase over the human form of the enzyme. We conclude that the 
azido-ddUTP provides a frame for the design of drugs against pathogenic strains 
of E. coli, and potentially against other bacteria producing dUTPases which are 
homologous to the E. coli form.  
 
To explain the observed specificity, we suggest that the E. coli dUTPase substrate 
pocket is more flexible than those of the human and viral forms, such that it can 
accommodate the bulkier azido-ddUTP. The association of the three subunits is 
notably different among the dUTPases tested in this study. This difference may 
provide for significant differences also in substrate pocket flexibility. Using 
classical terminology, we conclude that a fit of the analogue can be induced with 
the bacterial dUTPases, whereas with the human and viral forms the energetic cost 
of this inducement is too high to allow significant binding even at an analogue 
concentration of 100 µM. 
 
 
 

3.3 URACIL DERIVATIVES 
 
 
Triskelion-Shaped Uracil Derivatives 
 
Paper IV: In this work we investigated two uracil derivatives, denoted C51 and 
C52 (Fig. 3.6), that were designed and synthesized by Dr. James Stivers and his co-
workers [37]. The triskelion-shaped C51 and C52 carry uracil, at the end of one 
and two of their flexible legs, respectively. The idea behind these and a series of 
similar molecules was to place an active site anchor at the end of at least one of the 
legs to leave the other two to exploit binding sites in the vicinity of the substrate 
pocket. Both C51 and C52 had been shown by IC50 measurements to inhibit the 
human dUTPase [37]. 
 

 
Figure 3.6 Triskelion-Shaped Uracil Derivatives designed and synthesized by Dr. James 
Stivers and co-workers. 
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In collaboration with Dr. Stivers, we expanded the characterization of compounds 
C51 and C52 to include type of inhibition and tests of inhibition of the E. coli and 
EIAV dUTPases. We found that, in addition to the human enzyme, the bacterial 
form was inhibited by both C51 and C52, but not as strongly as the human 
dUTPase. The viral enzyme was not affected at the concentrations of C51 and C52 
tested. The inhibition observed was, as predicted, competitive. This is clearly 
demonstrated by the Lineweaver-Burk representation of the full reaction traces 
obtained with the human dUTPase in the absence and presence of C51 (Fig. 3.7). 
 

 
 
Figure 3.7 Lineweaver-Burk plot representations of the complete reaction traces for 
hydrolysis of dUTP by the human dUTPase under standard conditions, obtained in the 
absence (lower data) and presence of compound C51.  
 
 
Our results substantiate the idea of Dr. Stivers and co-workers regarding the 
mechanism of binding of these compounds. In addition we show that C51 and 
C52, as they are, exhibit specific binding to the two cellular dUTPases tested, 
notably to the human form. Variation of the triskelion leg length and chemistry is a 
potential route towards compounds with strong and specific binding to one or the 
other form of dUTPase. 
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4. CONCLUDING REMARKS  
 
 
In this thesis I summarize five studies on the function of the homotrimeric 
dUTPase. The results presented have narrowed the gap between the structural and 
functional knowledge of these enzymes. Thus, we have confirmed a role as 
transition state stabilizer for the serine that is strictly conserved in motif II. We 
could show that, in line with current thinking, the serine hydroxyl group is brought 
into the active site at the cost of folding energy, and that part of its impact on 
catalysis comes from destabilization of the ground state rather than from 
stabilization of the transition state. To the best of our knowledge, such a dual role 
for a single enzyme active-site residue has not previously been demonstrated. We 
could also link the observed freedom of mobility of the serine side chain to its 
specific roles in catalysis. The fact that the catalytic model we present provides an 
explanation to the strict order of catalytic events in the bifunctional dCTP 
deaminases lends credence to the model. 
 
The tight binding of the substrate to the S72A/D90N E. coli dUTPase, and the fact 
that the mutant is inactive, makes it attractive to crystallize its complex with the 
substrate. This complex could provide additional information on the interactions 
involved in the active site, including those provided by the C-terminus, that occur 
with a more narrow intersubunit cleft.  
 
Because we had focused so much on the serine β-hydroxyl group and its position 
in the intersubunit cleft, we were well prepared to suggest that the unexpected 
preference for the binding of ddUTP⋅Mg, 3´-azido-dUTP⋅Mg (and as shown 
previously, of α,β-imido-dUTP⋅Mg and dUMP) to one of three tested dUTPases, 
is related to intersubunit phenomena. In contrast to the virtually identical substrate 
pockets of the tested enzymes, the subunit interactions are notably different. We 
are currently developing and refining these ideas based on additional experiments, 
but preliminary discussions are found in Paper II and III. This is done with the 
hope of providing guidelines for the development of inhibitors that are specific for 
the dUTPase of a human pathogen. 
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ABSTRACT: Ser72 at the active site of the Escherichia coli dUTPase has been mutated to an alanine, and
the properties of the mutant have been investigated. The serine is absolutely conserved among the
monomeric and trimeric dUTPases (including the bifunctional dCTP deaminase:dUTPases), and it has
been proposed to promote catalysis by balancing negative charge at the oxygen that bridges the R- and
�-phosphorus of the substrate. In all reported complexes of dUTPases with the substrate analogue R,�-
imido-dUTP ·Mg, the serine �-OH is indeed hydrogen bonded to the R,�-bridging nitrogen of the analogue.
However, in the complex of the Asp90 f Asn mutant dUTPase with the true substrate dUTP ·Mg, the
serine �-OH points in the opposite direction and may form a hydrogen bond to Asn84 at the bottom of
the pyrimidine pocket. Here we show that the replacement of the �-OH by hydrogen reduces kcat from 5.8
to 0.008 s-1 but also k-1, the rate of substrate dissociation, from 6.2 to 0.1 s-1 (KM ) 6 × 10-9 M). We
conclude that the serine �-OH exercises both ground state (GS) destabilization and transition state (TS)
stabilization, effects not usually linked to a single residue. With experimental support, we argue that the
�-OH destabilizes the GS by imposing conformational constraints on the enzyme and that formation of
the TS depends on a rotation of the serine side chain that not only relieves the constraints but brings the
�-OH into a position where it can electrostatically stabilize the TS. This rotation would also allow the
�-OH to promote both deamination and hydrolysis in the bifunctional deaminases. We find that the E.
coli dUTPase does not catalyze the hydrolysis of the R,�-imido-dUTP ·Mg, suggesting that the analogue
provides the hydrogen in the bond to the serine �-OH.

The ubiquitous enzyme dUTP1 diphosphatase (EC 3.6.1.23),
or dUTPase, catalyzes the hydrolysis of the dUTP4- Mg2+

complex (dUTP ·Mg) into dUMP and pyrophosphate. This
reaction effectively reduces the cellular dUTP/dTTP ratio
by removing dUTP and providing dUMP as the precursor
for dTTP synthesis via the thymidylate synthase pathway.
An elevated dUTP/dTTP ratio results in fragmentation of
nascent DNA and cell death. For this reason, members of
the dUTPase family of enzymes are currently recognized as
potential targets for drugs in the treatment of cancers and
infectious diseases (1–3).

The human dUTPase (4) and most bacterial (5, 6) and viral
dUTPases (7–9) are C3-symmetric entities with the three
substrate pockets located at the subunit interfaces (Figure
1A). An unusual feature is that all subunits contribute to each
site. The C-terminus of one subunit is integrated as a �-strand
with its neighbor and extends from this to interact with the

remote site. The representation of the Escherichia coli
dUTPase trimer shown in Figure 1A does not include the
last 15 residues of the C-termini. This part of the subunit
was not resolved in the crystal study (10). It constitutes a
flexible arm which becomes ordered upon formation of the
productive enzyme substrate complex (6). Despite the
intertwined nature of the trimer, the sites appear independent
in substrate binding and catalysis (11).

Dimeric dUTPases have been found in protozoans (12, 13)
and bacteria (14). They show no homology to the trimeric
dUTPases and catalyze the reaction by a different mecha-
nism. In contrast, the monomeric dUTPases, which only
occur in the herpes viruses, such as the Epstein-Barr virus
(EBV), have a single active site that mimics in detail that of
the trimeric dUTPases (15). The monomeric and trimeric
dUTPases catalyze a direct in-line nucleophilic attack by
water on the R-phosphorus with displacement of pyrophos-
phate. The substrate water becomes enclosed at the active
site upon formation of the productive complex and does not
share its protons with the reaction medium. Instead, a strictly
conserved aspartate, D90 in the E. coli dUTPase, activates
thewaterby temporarilyharboringoneof itsprotons (6,10,11).
Apart from the aspartate, a strictly conserved serine, S72 in
the E. coli dUTPase, at the opposite side of the reactive center
has been proposed to play a direct role in dUTPase catalysis
(Figure 1B,C) (6).
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The side chain of S72 exhibits conformational freedom
in the apoenzyme (16)but is fixed in complexes with the
substrate (10) and the substrate analogues R,�-imido-
dUTP ·Mg (6, 10, 15) and R,�-methylene-dUDP (17).
However, the orientation of the side chain differs drastically
depending on which ligand is bound to the enzyme The
structures of the complexes formed with R,�-imido-
dUTP ·Mg and the trimeric dUTPases from E. coli and
Mycobacterium tuberculosis, as well as with the monomeric
EBV dUTPase, are essentially superimposable with respect
to the analogue and the enzyme functional groups with which
it interacts. Invariably, the nitrogen that bridges the R- and
�-phosphorus of the analogue is engaged in a hydrogen bond
to the �-OH of the conserved serine residue. The observation
of this bond in the M. tuberculosis dUTPase complex led to
the proposal that the serine �-OH promotes catalysis by
balancing negative charge that develops at the R,�-bridging
oxygen in the course of the reaction (6). However, in the
complex of the D90N E. coli dUTPase with the substrate
proper, the �-OH of S72 points away from the R,�-bridging
oxygen and may form a hydrogen bond to the amide group
of N84 at the bottom of the pyrimidine pocket (Figure
1B) (10, 17).

The dCTP deaminases, which in Gram-negative bacteria
provide for a route of dUTP formation additional to the
ribonucleotide reductase pathway, have a core and active site
architecture homologous to that of the dUTPases (18–20).
Interestingly, the dCTP deaminase of the thermophile Metha-
nocaldococcus jannaschii is a bifunctional enzyme catalyzing
the hydrolysis of the intermediate dUTP ·Mg product by the
same mechanism as the trimeric dUTPases (21, 22). Re-
cently, the list of organisms that expresses such bifunctional
dCTP deaminases has expanded to include the M. tubercu-
losis pathogen (23). The dUTPase active site residues “D90”
and “S72” are conserved also in the dCTP deaminases, as is
the conformational freedom of the serine side chain. In the
strict deaminases an arginine side chain blocks the pocket
for a putative dUTPase substrate water molecule, which

explains why these enzymes do not catalyze hydrolysis of
the dUTP ·Mg product (18).

In the present study we have replaced the �-hydroxyl group
of S72 at the active site of the E. coli dUTPase by hydrogen,
effective in the S72A mutant, and probed the effects of the
mutation on the properties of the enzyme. The results were
at first surprising to us, in particular a drastically reduced
KM. But after dissecting the kinetics of the wild-type and
mutant enzyme systems down to the magnitude of the
individual rate constants and after probing the binding of
metal-free dUTP and the R,�-imido-dUTP ·Mg complex to
the two enzyme forms and testing the latter as a substrate, a
pattern emerged, which we believe is best explained by a
dual and dynamic role for the conserved serine, in both the
dUTPases and the bifunctional deaminases.

EXPERIMENTAL PROCEDURES

The genes coding for the enzymes used in this study were
supplied in plasmids through the courtesy of Dr. Per-Olof
Nyman (retired from Lund University, Lund, Sweden). If
not otherwise indicated, chromatographic equipment and
media were obtained from GE Healthcare Bio-Sciences AB,
Uppsala, Sweden. The concentration of enzymes is given as
the respective active site concentration throughout this paper.

Construction of the S72A E. coli dUTPase. The E. coli
strains TG1 (supE thi-1 ∆(lac-proAB) ∆(mcrB-hsdSM)5 (rK

-

mK
-) [F′ traD36 proAB lacIqZ∆M15]) and BL21(DE3)pLysS

(Novagen, U.K.) were used as hosts in all experiments, and
the plasmid pET3a (Novagen, Madison, WI) was used as
the expression vector. Restriction endonuclease DpnI and
DNA polymerase pfu Ultra were both obtained from Strat-
agene (La Jolla, CA). Nucleotides were from Roche (Man-
nheim, Germany), and the plasmid purification kit was from
Qiagen (Basel, Switzerland). Other chemicals were of
analytical grade and obtained from Sigma.

All cloning procedures were performed as described by
Sambrook et al. (24). The dUTPase gene was amplified with

FIGURE 1: E. coli dUTPase, structure, catalysis, and side chain conformational ambiguity (10). (A) The complex of the Asp90 f Asn
mutant with dUTP ·Mg is displayed to demonstrate the C3-symmetric architecture of the trimeric dUTPase (PDB 1syl). Note in particular
the position of the active sites at the subunit interfaces and how all subunits participate in the formation of each of these sites. (B) Close-up
of the Asp90f Asn mutant active site region with bound substrate. The hydroxyl of the conserved Ser72 forms a hydrogen bond to Asn84
at the bottom of the pyrimidine pocket, which in turn is linked to the pyrimidine ring of the substrate (dashed lines). (C) The active site of
the wild-type enzyme occupied by the substrate analogue R,�-imido-dUTP ·Mg (PDB 1rn8). Here the side chain of Ser72 has rotated to
bring the hydroxyl group within hydrogen bond distance of the R,�-bridging nitrogen of the analogue. As indicated by the arrow, the
catalytic reaction is assumed to be initiated by the nucleophilic attack of a water molecule, which is enclosed at the active site and activated
by the conserved Asp90 base. The pictures were generated with PyMol (DeLano Scientific).
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plasmid pET3a as template. Complementary oligonucleotides
carrying mismatches for the specific modification as primers
were obtained from MWG Biotech AG (Ebersberg, Ger-
many). Except for the mismatches, the sense primer was
identical to the coding strand of the dUTPase gene. Sense
primer: 5′-CGG CAA TGA TGC TGC CGC GCG CCG
GAT TGG GAC ATA AGC-3′. Antisense primer: 5′-GCT
TAT GTC CCA ATC CGG CGC GCG GCA GCA TCA
TTG CCG-3′. After digestion with DpnI, the newly con-
structed plasmid was used to transform competent E. coli
TG1 cells. The cells were spread over Luria-Bertani (LB)
agar plates containing 100 µg/mL ampicillin. Colonies were
selected randomly and sequenced using BigDye terminators
version 3.0 from Applied Biosystems (Warrington, U.K.)
according to the supplier’s instructions. The results were
analyzed on an ABI 3100 DNA sequencer by the BM unit
at Lund University.

Expression of the S72A E. coli dUTPase. The plasmid
containing the S72A dUTPase gene was used to transform
E. coli BL21(DE3)pLysS competent cells according to a
standard protocol (heat shock at 42 °C). Streaking on LB
plates containing ampicillin (100 µg/mL) provided positive
colonies of transformants. Shaking flasks containing 250 mL
of LB medium with ampicillin (200 µg/mL) were each
inoculated with transformed bacteria from an isolated single
colony on the LB plate, and the flasks were incubated on a
shaker at 37 °C. The bacteria were grown to an OD600 of
0.5-0.7 and then induced with IPTG to a final concentration
of 1 mM. The induced cultures were incubated on the shaker
at 37 °C for another 5 h. Cells were harvested by centrifuga-
tion at 6650g for 20 min at 4 °C, and the pellets were stored
at -20 °C.

Extraction and Purification of the S72A E. coli dUTPase.
The pellet obtained from a 250 mL culture was dissolved in
24 mL of extraction buffer, pH 7.5, containing Hepes (20
mM), NaCl (50 mM), EDTA, EGTA, DTT, PMSF (all 1
mM), and glycerol (10%). The cells were lysed, and their
content was extracted by three cycles of freezing and
thawing, followed by three cycles of sonication on ice (60
mA for 2 min). The resulting suspension was centrifuged at
6650g for 45 min at 4 °C. The clear extract in the supernatant
was stored at -20 °C.

The bacterial extract was subjected to chromatography on
phosphocellulose (P11; Whatman International Ltd., En-
gland) (25) packed in a XK26 column. The column was
preequilibrated with a pH 5.5 buffer, containing NaCl (0.04
M), sodium acetate (20 mM), and DTT (1 mM), and
developed with a linear gradient in NaCl (0.04-1.0 M) in
the same buffer. Chromatographic fractions were analyzed
by SDS-PAGE (Mini PROTEAN 3; Bio-Rad). Fractions
containing highly purified dUTPase were combined, and the
protein content was fractionated with ammonium sulfate. The
fraction that precipitated in the 35-75% range of ammonium
sulfate saturation was collected by centrifugation and redis-
solved in a minimum volume of the buffer described above.
The dissolved protein was stored at -20 °C.

The purified mutant dUTPase fraction was analyzed by
SDS-PAGE (26). The mutant active site concentration was
determined ultimately through a kinetic titration procedure
described in the Results section. The other dUTPases used
in this study, i.e., the E. coli wild-type and the equine
infectious anemia virus (EIAV) dUTPases, were produced

and analyzed by identical, or similar (25), protocols. The
concentrations of the E. coli dUTPases and the EIAV
dUTPase preparations were determined spectrophotometri-
cally using the extinction coefficients 0.51 mL mg-1 cm-1

and 15300 M-1 cm-1, respectively (27, 28).

Prior to each experiment the frozen dUTPase solution was
thawed on ice and desalted on a PD-10 column equilibrated
with the appropriate buffer. The desalted stock was subse-
quently diluted into the buffer system of the experiment. The
assay, frontal chromatography, and viscosity measurements
were carried out at a constant ambient temperature in the
range 23-25 °C.

ActiVity Assay. The purified mutant dUTPase (0.5 µM)
was incubated with dUTP (60 µM) in a pH 7.5 buffer,
containing MgCl2 (5 mM), Hepes (0.025 M), and NaOH
(∼0.0125 M), and adjusted to 0.1 M ionic strength with KCl
()buffer A). The reaction mixture was transferred to a
syringe attached to the loading loop of an FPLC system (Äkta
Explorer). At timed intervals, 1.0 mL aliquots of the reaction
mixture were subjected to analysis by ion-exchange chro-
matography on Q-Sepharose (HiTrap, 5 mL), using a linear
0.04-1.0 M NaCl gradient in buffer A, lacking MgCl2, for
elution. The same technique was applied to measure the rate
of hydrolysis of the R,�-imido-dUTP ·Mg complex (20 µM)
in the absence and presence of the wild-type dUTPase (4
and 8 µM) and the S72A mutant (4 µM). The well-separated
dUMP and dUTP elution peaks were integrated, and the area
of the respective peak was divided by the total peak area
and multiplied by 60 ()[dUTP]0) to obtain the amount of
product formed and substrate remaining. The former was
plotted against time to obtain the progress of the reaction.
The dUTP and dUMP positions in the chromatograms were
determined by running a mixture of the respective pure
nucleotide over the column.

Control of Endogenous Expression. To evaluate the
expression of the endogenous dUTPase in the E. coli
BL21(DE3)pLysS cells, the expression procedure was re-
peated twice using one pET3a plasmid lacking the dut gene
and one carrying the S72A dut gene with an additional point
mutation (manuscript in preparation). The proteins of the
cells were extracted, purified, and analyzed using the same
protocols as described above.

Frontal Chromatography. The S72A dUTPase was im-
mobilized on agarose in prepacked columns (HiTrap, 1 mL
NHS-activated) following the procedure recommended by
the manufacturer. In brief, each column was incubated with
solutions of S72A dUTPase (50 nmol active sites) in 1 mL
0.1 M Hepes/NaOH, pH 8.3. Columns thus prepared were
attached, three in series, to the FPLC system. Solutions of
dUTP (1-5 µM) or R,�-imido-dUTP (2-6 µM), in a pH
7.5 buffer containing Hepes 10 mM, NaOH (∼4 mM), and
Na2EDTA (1 mM), and with the ionic strength adjusted to
0.1 M with KCl, were run through the columns, and the
elution volume for the ligand was determined at each
concentration. Binding of the monoprotonated form of dUTP
was studied at pH 6.0 (MES, 10 mM; KCl, 80 mM;
Na2EDTA, 1 mM). Binding of the R,�-imido-dUTP ·Mg
complex was probed by excluding EDTA and including
MgCl2 (5 mM) in the ligand solution. The effective void
volume of the system was determined by running a solution
of ATP through the column, at otherwise identical conditions.
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Under the conditions described, ATP shows no binding to
the E. coli wild-type dUTPase (11).

Protein Fluorescence. The fluorescence excitation spec-
trum of the S72A mutant was recorded at 25 °C on a
Fluoromax 3 fluorescence spectrophotometer (Horiba Jobin
Yvon), with the enzyme dissolved to 4 µM in buffer A. The
emission wavelength was set to 335 nm, and the excitation
and emission bandwidths were set to 1 and 5 nm, respec-
tively. The effect of substrate binding on the spectrum was
measured by making the enzyme solution 8 µM in dUTP.
The spectrum was recorded within 100 s to ensure that
sufficient dUTP remained to keep the mutant saturated.

Steady-State Kinetic Characterization of S72A. The activity
of the S72A mutant was studied at 25 °C by monitoring the
changes in the intrinsic protein fluorescence (λex ) 275 nm,
λem ) 335 nm). The corresponding signal has been used to
study the transient state kinetics of substrate binding to the
EIAV dUTPase (29). The reactions were initiated by mixing
dUTP (6-10 µM) with the mutant (2-4 µM) in the presence
of saturating MgCl2 (5 mM). The inhibition of wild-type and
S72A E. coli dUTPase by R,�-imido-dUTP ·Mg was studied
spectrophotometrically using the pH indicator method with
cresol red as reporting agent (11).

Viscosity Effects. The pH indicator method was applied
for measurements of the effects of viscosity on the reaction
catalyzed by the E. coli and EIAV wild-type dUTPases. The
bacterial and viral enzymes, at 0.12 and 0.015 µM, respec-
tively, were reacted with dUTP, at 2 and 4 µM, respectively,
in a pH 8 reaction medium containing MgCl2 (5 mM), cresol
red (25 µM), Bicine (50 µM), and KCl to adjust the ionic
strength to 0.1 M. The viscosity of the medium was regulated
by the inclusion of sucrose to final concentrations in the range
0-50% (w/w), in both the enzyme and substrate solutions.
The viscosity at each sucrose concentration was obtained
from published tables (30, 31). Relative viscosities were
calculated as η/η0, where η is the viscosity of the aqueous
sucrose solution and η0 the viscosity of pure water, both valid
at the temperature of the experiment.

Substrate Binding Kinetics. The transient state kinetics of
substrate binding to the S72A mutant dUTPase was studied
at pH 7.5 by stopped-flow fluorometry using a SF-61DX2
instrument (Hi-Tech Ltd., Salisbury, U.K.). The enzyme (2
and 4 µM) was reacted with dUTP (6 and 12 µM) both
dissolved in a reaction buffer (Hepes, 20 mM; NaOH, ∼10
mM) containing MgCl2 (5 mM) and KCl (85 mM). The
reaction mixture was excited at 275 nm and the emission
observed through a 330 nm cut-on filter. A Durrum D-100
stopped-flow instrument was used for a direct comparison
of the kinetics of substrate binding to the wild-type and S/2A
mutant dUTPases. For reasons explained below, the latter
studies were performed at pH 6, by mixing the respective
dUTPase, at 2 and 4 µM, with dUTP and MgCl2, both at 20
µM. Bromocresol purple (50 µM) was used as reporting
agent and Mes (50 µM) as the adjuvant buffer (11). The
ionic strength was adjusted to 0.1 M by the inclusion of KCl.
The reactions were monitored at 590 nm.

Thermal Stability of Wild-Type and S72A dUTPase. Each
form of the enzyme was dissolved to a final concentration
of 2 µM in 2.5 mL of a 10 mM Hepes buffer, pH 7.5,
containing KCl (80 mM). The fluorescence of the respective
dUTPase solution was monitored in the temperature range
25-80 °C under continuous heating and stirring. The

temperature was measured with a thermistor submersed into
the cuvette solutions. In a second study, the solutions were
equilibrated at stepwise higher temperatures, and the fluo-
rescence was registered at each step.

Stability toward Guanidine Hydrochloride. The kinetics
of GuHCl-induced denaturation of the two E. coli dUTPase
forms was studied at pH 7.5, 4 °C, using the intrinsic protein
fluorescence as signal, by mixing enzyme into solutions of
GuHCl at various concentrations (1.5-4 M). The final
concentration of enzyme was 1 µM.

Data Analysis and Parameter EValuation. Rate and
equilibrium parameters were evaluated by nonlinear, or
linear, regression using SigmaPlot or Dynafit (32). Specif-
ically, the program Dynafit was applied for evaluating
complete reaction progress curves obtained in the fluores-
cence studies on the S72A kinetics and in the stopped-flow
studies on the effects of viscosity on the kinetics of the
reactions catalyzed by the E. coli and EIAV wild-type
dUTPases. Using a numerical approach, Dynafit is capable
of fitting the differential equations describing the rate of
change of the species in the mechanistic model applied,
which in this study is the Michaelis-Menten mechanism.

RESULTS

Mutant Isolation and Purification. The purified S72A
dUTPase fraction was analyzed by SDS-PAGE. Except for
minor impurities, the gel revealed a single major band that
ran in parallel with the wild-type E. coli dUTPase reference.

ActiVity Assay. The mutant active site concentration was
calculated based on the 280 nm absorbance and a purity of
85%, as estimated by SDS-PAGE. The time course of the
reaction, measured chromatographically, was linear until
completion. It indicated a k′cat for the mutant of 0.008 s-1,
a number reduced more than 700 times compared to that
reported for the wild-type enzyme (11). A prime, as above
in k′cat, will be used to distinguish rate and equilibrium
constants that characterize the mutant from those that
characterize the wild-type enzymes. The chromatograms
further revealed that dUTP and dUMP were the only
nucleotides present during the hydrolysis process.

Binding of Metal-Free dUTP to S72A. When solutions of
dUTP or ATP, containing EDTA to quench divalent metal
ion activity, were run over the column with immobilized
S72A, dUTP was retarded by the column whereas ATP was
not, indicating specific binding of metal-free dUTP to the
mutant enzyme (Figure 2, inset). The number of dUTP
molecules bound to the immobilized mutant is given by (V
- V0)CdUTP. Here CdUTP is the concentration of dUTP in the
liquid applied to the column, V0 is the column void volume,
as determined with ATP, and V the volume of the column
eluate preceding the dUTP front. The latter depends on CdUTP

according to eq 1 (33).

V-V0 )
NE

KE·dUPT +CdUPT
(1)

In eq 1, NE is number of immobilized mutant binding sites
and KE ·dUTP is the equilibrium constant for dissociation of
the S72A ·dUTP complex. Using eq 1, the data in Figure 2
were evaluated by nonlinear regression. This gave NE ) 11.7
( 0.5 nmol and KE ·dUTP ) 13.4 ( 0.7 µM. The latter number
is close to that (16 µM) reported for the dissociation of the
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corresponding complex formed with the wild-type enzyme
and which was determined by an indirect kinetic method (11).

Determination of k′cat. Studies on the homotrimeric dUT-
Pases have shown that their kinetic behavior is adequately
described by the Michaelis-Menten mechanism (with the
Briggs-Haldane extension) (Scheme 1) and that this can be
appliedtoanalyzecompletereactionprogresscurves(11,29,34).

These studies have shown that KM is more than 2000 times
lower than the Ki (0.7 mM) of the combined dUMP and
pyrophosphate products (11). For this reason, the time
derivative of progress curves that provide information on
both kcat and KM is given by the Michaelis-Menten rate
equation throughout the complete reaction.

In search of a suitable signal, fluorescence excitation
spectra of S72A were recorded in the absence and presence
of dUTP and Mg2+ at saturating concentrations. The spectra
demonstrated that binding of dUTP ·Mg to S72A causes a
15% quench of the protein fluorescence (λex ) 275 nm; data
not shown). This quenching was used as a signal to monitor
the reaction catalyzed by the mutant preparation, through
the appearance of free S72A. Curve A in Figure 3 was
obtained by reacting S72A (4 µM) with dUTP (10 µM) in
the presence of Mg2+ (5 mM). It displays an extensive zero-
order lag, indicating 1.5 rounds of enzyme turnover at CS .
K′M, abruptly followed by a first-order rise toward the
maximum fluorescence, reflecting the release of free mutant
in a last single turnover of the system at CE . K′M. Under
such circumstances, the data cannot be used for an evaluation
of K′M, but the time constant of the exponential transient is
a close estimate of k′cat (11). This was evaluated to 0.008
s-1 by nonlinear regression, confirming the number obtained
for k′cat in the activity assay, and identical to the number
obtained by numerical fitting of Scheme 1 to the complete
trace, using Dynafit.

Determination of K′M. Two experiments were designed
specifically for this purpose. First we studied the effects on
the progress of the reaction of including catalytic amounts

of the wild-type enzyme in the reaction mixture. As
demonstrated by curves B and C in Figure 3, inclusion in
the reaction mixture of increasing amounts of the wild-type
dUTPase progressively shortened the lag phase and resulted
in a significantly faster initial release of free mutant. The
differential equations, defined by Scheme 1 for both the wild-
type and mutant dUTPase reactions, were solved and fitted
simultaneously to the experimental data in curves B and C
using Dynafit. With the rate constants of the wild-type
enzyme set to satisfy kcat ) 5.8 s-1 and KM ) 0.21 µM (11),
this gave values for k′-1 in the range 0.05-0.6 s-1, depending
on the value of k′1 used, but invariably k′cat ) 0.008 s-1.
Based on these values, and indifferent to the choice of k′1,
K′M was calculated to be 0.006 µM. Simulation of the
reactions using the best fit rate constants resulted in the solid
gray lines drawn in Figure 3.

Second, the concentration of free Mg2+ in the reaction
mixture was reduced and buffered with EDTA. This should
result in an apparent increase in K′M by a factor (1 +
KdUTP ·Mg/[Mg2+]buf), where KdUTP ·Mg is the equilibrium con-
stant for dissociation of the dUTP ·Mg complex and [Mg2+]buf

the EDTA-buffered concentration of free Mg2+. This factor
was determined by analyzing the effects of using EDTA in
excess over Mg2+ on the reaction catalyzed by the wild-
type dUTPase. With EDTA at 1 mM and MgCl2 at 0.4, 0.6,
and 0.75 mM, the apparent KM increased 80, 43, and 24
times, respectively. The effects of using MgCl2 reduced to
0.75 and 0.40 mM in the presence of 1 mM EDTA on the
S72A reaction with dUTP are demonstrated in Figure 4. The
apparent K′M values governing the shape of curves B and C
in Figure 4 were evaluated using Dynafit. The numbers
obtained, 0.100 µM (B) and 0.534 µM (C), were divided by
24 (B) and 80 (C), respectively, to yield 0.0042 and 0.0067
µM, for K′M.

Kinetic Titration of S72A ActiVe Sites. With a K′M that
low, additions of S72A to solutions containing excess Mg2+-
saturated dUTP will result in an essentially stoichiometric
occupation of the S72A sites by dUTP ·Mg, such that
[dUTPMg] ≈ CdUTP - CE′. This was exploited to establish
the mutant active site concentration based on the k′cat

evaluated above and the duration tzo of the flat, zero-order,
lag phase of the reaction as a function of the initial

FIGURE 2: Frontal chromatography of metal-free dUTP on S72A
dUTPase. The inset shows the ascending part of the elution profiles
of ATP (2 µM, dashed line) and dUTP (from left to right: 6, 4,
and 2 µM, solid lines). The main panel shows the dependence of
the retention volume on the concentration of dUTP in the injected
solution. The plot combines data from two separate measurements
as indicated by different symbols.

Scheme 1

FIGURE 3: Hydrolysis of dUTP by the purified S72A mutant
monitored by changes in the intrinsic protein fluorescence. The
reaction was studied in the absence (curve A) and presence of added
E. coli wild-type dUTPase at 0.025 (curve B) and 0.05 µM (curve
C), respectively. The solid gray lines represent the kinetic model
in Scheme 1 with the best fit rate constants. The dashed line is the
course curve A would have taken if the activity observed derived
from the E. coli endogenous dUTPase.

E-S Complex Destabilization in E. coli dUTPase Biochemistry, Vol. 47, No. 30, 2008 7867



concentration of dUTP. The tzo was determined using dUTP
at six concentrations (data not shown) and CE′ evaluated by
fitting eq 2 to the experimental data (the corresponding
double reciprocal plot was linear).

tzo )
CdUPT -CE

k′catCE
(2)

This called for only a minor adjustment of the number
determined spectrophotometrically for the assay.

Linking the ActiVity ObserVed to the Mutant. When
working with mutant enzymes with drastically reduced
activity, in particular if homologous expression is practiced,
it is important to establish that the activity observed derives
from the mutant and not from the endogenously produced
enzyme, and several steps were taken to secure this link.
The purified bacterial extract obtained from expression of
the pET3a plasmid lacking the dut gene revealed the same
sets of electrophoretic bands as the extracts containing the
wild-type and S72A dUTPase forms, except for a distinct
dUTPase band. When the fractions normally carrying the
dUTPase were combined and incubated with the assay
solution, hydrolysis of dUTP could not be detected even after
8 h of incubation. The purified double mutant dUTPase
protein, obtained from expression of the S72A plasmid with
an additional mutation in the dut gene, displayed no
hydrolytic activity toward dUTP ·Mg when incubated with
the substrate for 8 h, at the same protein and substrate
concentrations that were used to assay the S72A single
mutant (manuscript in preparation). These results strongly
suggest that the activity observed in the S72A extract derives
exclusively from the mutant.

Moreover, because the data in Figure 3 were collected at
CE′ . K′M (or the corresponding K′d, had the mutant been
inactive), it follows that the concentration of dUTP ·Mg will
become effectively buffered by equilibrium binding to the
excess mutant as it is continuously hydrolyzed and reduced
below CE′. Under such circumstances, an endogenous dUT-
Pase activity, capable of hydrolyzing only 6 µM free
dUTP ·Mg in 200 s, as indicated by the lag in curve A of
Figure 3, cannot proceed to hydrolyze also those bound to
S72A at the rate observed, and not at a rate that decreases

exponentially with time. These facts are emphasized by the
dashed line in Figure 3, which is the course the reaction
would take if the activity were caused exclusively by a
contaminating E. coli wild-type dUTPase. The curve was
obtained using the simulation capability of Dynafit. It is based
on the kinetic parameters of the E. coli wild-type dUTPase
(11), the activity observed, and a Kd for dUTP ·Mg binding
to the S72A mutant equal to the K′M reported in Table 1.
Data obtained in a large number of measurements under
different conditions with respect pH, metal ion, substrate,
and enzyme concentration are constant with respect to the
exponential nature of the fluorescence increase associated
with the release of mutant active sites (for examples, see
Supporting Information (SI)). Also, the fact that the rising
portion in curves B and C in Figure 3 does not, as opposed
to curve A, follow an exponential course shows that each of
curves B and C is generated by the activity of two different
enzymes, which compete for the common substrate.

Hence we conclude that the S72A mutation causes a 725-
fold reduction in kcat and a 35-fold reduction in KM. Because
KM ) (k-1 + kcat)/k1, the entire reduction in KM could result
from the reduction in kcat. This, however, requires that (k-1

+ 5.8)/(k-1 + 0.008) ) 35, by which k-1 evaluates to 0.16
s-1. A k-1 that much lower than kcat would make the wild-
type dUTPase substrate interaction an unusually “sticky” one.

Kinetics of Substrate Binding to the S72A dUTPase. The
quenching of the intrinsic protein fluorescence, caused by
substrate binding to S72A, made it possible to follow the
process in real time by stopped-flow fluorometry (Figure 5).
The rate constants for the exponential fluorescence decay
observed at excess concentrations of substrate, 6 and 12 µM,
were 104.6 ( 3.2 and 231.2 ( 10.9 s-1, respectively, hence
indicating k′1 to be 17 s-1 and 19 s-1. Using these numbers,
and those reported above for k′cat (0.008 s-1) and K′M (0.006
µM), k′-1 evaluates to a number close to 0.1 s-1.

Kinetics of Substrate Binding to the Wild-Type dUTPase.
Attempts at using stopped-flow fluorescence for monitoring
substrate binding to the wild-type enzyme failed because of
a weaker signal and faster kinetics. In the pH range 6.5-8.5
substrate binding is pH neutral, precluding the pH indicator
approach for transient state kinetic measurements. However,

FIGURE 4: Hydrolysis of dUTP by the S72A mutant with the
magnesium ion reduced and buffered at subsaturating levels. Curve
A was obtained by reacting the mutant (4 µM) with dUTP (8 µM)
at a saturating magnesium ion concentration (5 mM) and serves as
a reference. Curves B and C were obtained with EDTA (1 mM)
included in the reaction mixture and with the total magnesium ion
concentration reduced to 0.75 and 0.4 mM, respectively. The gray
lines represent the kinetic solution to the reaction in Scheme 1 using
the best fit parameter values.

Table 1: (A) Kinetic Constantsa Determined for the E. coli Wild-Type
and S72A Mutant dUTPases and (B) Equilibrium Constantsa Determined
for the Dissociation of the Complexes Formed with the E. coli
Wild-Type and S72A Mutant dUTPases and the Listed Ligands

dUTP ·Mg

(A) k1 (µM-1 s-1) k-1 (s-1) kcat (s-1) KM (µM)

wild type 42 ( 0.5b 6.2 ( 1.1b 5.8 ( 0.4e 0.21 ( 0.04e

47.6 ( 1.2c

S72A 17.0 ( 0.5b 0.10 ( 0.04 0.008 ( 0.002 0.006 ( 0.002
17.3 ( 0.5h

dUTP ·Mg dUTP R,�-imido-dUTP ·Mg
(B) Kd (µM) Kd (µM) Kd (µM)

wild type 0.15 ( 0.02d 16f 3.9 ( 0.5
0.13 ( 0.01d 5.0g

S72A 0.006 ( 0.002 13.4 ( 0.5 2.1 ( 0.5
a Except when otherwise indicated constants were determined at pH

7.5. All values represent the average of at least four independent
measurements. b From substrate binding kinetics at pH 6. c From
viscosity effects on KM/kcat. d Calculated as k-1/k1. e From ref 11 and
confirmed here. f From ref 11. g From ref 10. h Determined by direct
stopped-flow measurements.
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if k-1 is comparable to, or smaller than, kcat, an estimate of
k1 can be obtained by determining KM/kcat as a function of
the viscosity of the reaction medium (35, 36). This technique
was applied to evaluate the kinetics of substrate binding to
the wild-type dUTPase. Because of the indirect nature of
the method, the study was expanded to include the effects
of viscosity on the steady-state kinetics of the EIAV
dUTPase. This enzyme is structurally and functionally
homologous to the E. coli enzyme, and the rate constants
defining its KM (k-1, k1, and kcat) have all been determined
by direct methods (29, 34). The effects of medium viscosity
on the kinetic properties of the E. coli and EIAV wild-type
dUTPases were studied in parallel, using sucrose as the
viscous agent. Complete reaction curves for the hydrolysis
of dUTP ·Mg (2 or 4 µM) by the respective dUTPase (0.1
or 0.05 µM) in a reaction medium of pH 8 (to permit
comparison with the previously published data), containing
from 0% to 50% (w/w) sucrose, were recorded by the pH
indicator method (11) (see below). The reaction curves
obtained with the E. coli enzyme are presented in Figure
6A. Data of the same quality were obtained using the EIAV
enzyme. The kcat and KM values governing the shape of each
curve were evaluated with Dynafit, using enzyme concentra-
tions determined spectrophotometrically. The reciprocal
catalytic efficiency, KM/kcat, was plotted against the relative
viscosity (ηrel) of the medium and the slope and intercept of
eq 3 (36) evaluated by linear regression (Figure 6B).
(Alternative graphical representations of the data are available
in SI.)

KM

kcat
)

k-1

kcatk1
+

ηrel

k1
(3)

With the EIAV dUTPase, the intercept and slope were
0.030 ( 0.001 and 0.0094 ( 0.002 µM s, respectively. That
is, with the viral enzyme k1 ) 106 µM-1 s-1 and, using kcat

) 25 s-1 (34), k-1 ) 79 s-1, in close agreement with the
data previously reported for this enzyme (29). With the E.
coli dUTPase the intercept and slope were 0.023 ( 0.004
and 0.0210 ( 0.0005 µM s, which gave k1 ) 47.6 µM-1 s-1

and, using kcat ) 5.8 s-1, k-1 ) 6.2 s-1.
A Comment on the Method. The pH indicator method used

in this study to monitor the hydrolysis of dUTP is described
in detail in ref 11. In brief, a pH indicator is used to sense

the release or uptake of protons associated with the reaction
studied. An additional buffer can be included to limit the
pH changes, protect against accidental changes in pH, and
mask the buffer capacity of functional groups in the
components of the system studied. The molecular indicator
absorbance response is given by ∆Ai ) qin∆εi, where n is
the number of protons exchanged in the reaction, ∆εi the
difference between the molecular absorbance of the basic
and acidic form of the indicator at the wavelength studied,
and qi, finally, the relative buffer capacity provided by the
indicator. The method is conveniently applied to systems
where the reaction can be followed to completion, such as
the dUTPase system, because the molecular response coef-
ficient can be calculated directly from ∆Aı́ and the substrate
concentration used. It should be noted that each single trace
in Figure 6A represents a large number of traditional initial
rate measurements and covers concentrations of substrate
ranging from well above KM to zero. To emphasize this, the
inverse of the first derivative of a reaction trace for the wild-
type E. coli dUTPase was plotted as a function of the reverse
residualsubstrateconcentration,generatingtheLineweaver-Burk
diagram in Figure 7. The tendency to an upward curvature
at high [S]-1 is a consequence of the fact that the plot was
generated using the total residual [S], which (with CE ≈ KM

≈ 0.2 µM) has a significant contribution from [ES] toward
the end of the reaction. The latter fact makes a numerical
fitting more appropriate than fitting of the implicit integrated
rate equation.

FIGURE 5: Stopped-flow fluorescence trace showing the time course
of substrate binding to the S72A E. coli dUTPase at pH 7.5. The
displayed graph represents the average of seven traces obtained by
reacting the enzyme (2 µM) with dUTP ·Mg2- (6 µM). The dashed
line represents an exponential decay function with the best fit rate
constant 104 s-1.

FIGURE 6: Effects of medium viscosity on the kinetics of the
dUTPase reaction. The complete hydrolysis of dUTPMg by the E.
coli and EIAV dUTPases was recorded at increasing medium
viscosities, using sucrose (0-50%) as the viscous agent and a pH
indicator (cresol red) as reporting agent. (A) The progress curves
obtained with the E. coli enzyme as catalyst at (from left to right)
0%, 10%, 20%, 30%, 40%, and 50% sucrose. Data are shown as
solid black lines and the best fit progress curves, based on the
mechanism in Scheme 1, as dashed lines. (B) The linear dependence
of the reciprocal catalytic efficiency (KM /kcat) of the E. coli (b)
and EIAV (2) dUTPases on the relative viscosity of the reaction
medium (ηrel).
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Direct Comparison of Substrate Binding Kinetics. The
kinetics of dUTP ·Mg binding to the wild-type and S72A E.
coli dUTPases were studied in parallel under pseudo-first-
order conditions. These studies were performed at pH 6 and
with MgCl2 reduced to 20 µM, both measures taken to
provide a suitable signal. The pK4 of the nucleotide phosphate
moiety is 6.55 (11) so, at pH 6, the nucleotide will exist
primarily as (dUTPH3-). At the same pH, the Kd of the
dUTP ·Mg complex is increased (1 + 10pK4–pH) times, that
is, from 47 to 214 µM, so, with dUTP also at 20 µM, there
is essentially no preformation of dUTP ·Mg. However,
addition of enzyme to this system will trigger formation of
the respective enzyme substrate complex and cause displace-
ment of the substrate-bound H+ in direct proportion to the
amount of complex formed. The proton expelled is detected
instantaneously by the pH indicator. To examine to what
extent binding of dUTPH3- to the enzymes interferes with
binding of the substrate proper, we determined Kd for binding
of metal-free dUTP to the S72A dUTPase by frontal
chromatography at pH 6.0. The number obtained (49 µM)
indicates a much weaker binding of dUTPH3- than of
dUTP4-, and a maximum reducing effect on association rate
constants of 1 + CdUTP/Kd, or 1.4. The kinetic properties of
the wild-type dUTPase are not much altered over the pH
range 6 - 9 (11), and there is little to suggest that the S72A
mutant differ in this respect. We found that in the pH range
5.5-7.5, over which kcat drops from 9 to 5.8 s-1, k′cat drops
from 0.014 to 0.008 s-1 (this and related effects are
documented in SI). As a precaution, the two reactions were
studied in parallel and under identical conditions. As
predicted, when the wild-type and S72A dUTPases each were
mixed with the reaction solution described above, to final
concentrations of 4 µM, this resulted in a pre-steady-state
release of protons at exponentially decaying rates, as shown
in Figure 8. The associated time constants, r, were evaluated
by nonlinear regression using A ) A0 + VAt + ∆Ae-rt as
model for the reaction. In this model A is the absorbance at
time t, ∆A the amplitude of the exponential phase of the
reaction, ∆A + A0 the initial absorbance, and VA the steady-
state rate of absorbance change (set to 0 for evaluation of
the reaction traces obtained with S72A). With the wild-type
enzyme we obtained r ) 84 s-1, and with the S72A mutant
we obtained r ) 29 s-1. The time constants were interpreted
as shown by eq 4 (11).

r) k1

CdUPT

1+
KdUPT·Mg

[Mg2+]

+ k-1 + kcat (4)

Because the factor CdUTP/(1 + KdUTP ·Mg/[Mg2+]) was
identical in the two experiments, the sum k-1 + kcat ) 12
s-1 was subtracted from the time constant obtained with the
wild-type enzyme and k1/k′1 calculated to be 72/29 ) 2.5.
Using this ratio and k1 ) 47.6 µM-1 s-1, as determined in
the viscosity measurements, k′1 calculates to 19 µM-1 s-1.
Direct evaluation of k1 and k′1 by multiplying 72 and 29,
respectively, with (1 + KdUTP ·Mg/[Mg2+])/CdUTP gave k1 )
42 µM-1 s-1 and k′1 ) 17 µM-1 s-1. Taking into account
the inhibition by dUTPH3-, these numbers convert to 59 and
24 µM-1 s-1, respectively. Application of the viscosity
method on the wild-type enzyme at pH 6 gave k1 ) 66 µM-1

s-1. The numbers thus derived for k′1 are all consistent with
the number (17 s-1) obtained by the direct stopped-flow
fluorometric measurement.

Thermal Denaturation Studies. The intrinsic fluorescence
of the wild-type and S72A dUTPase forms decreased
sigmoidally with temperature (Figure 9). Taking the point
of inflection of each curve as the respective transition
temperature, we have 48 °C for the wild-type enzyme and
60 °C for the mutant. The former temperature is close to
the 49 °C reported earlier to represent a nonenthalpic
transition in the wild-type dUTPase (37). The reversible or
nondestructive nature of the process was confirmed by
incubating the respective enzyme at 60 °C for 10 min
followed by activity measurements at 25 °C. The activity of
both enzyme forms was retained completely following this
treatment (SI). Repeating the incubation at 70 °C led to
precipitation of both enzyme forms, consistent with a melting

FIGURE 7: Lineweaver-Burk representation of a reaction trace,
obtained with the pH indicator method by reacting the wild-type
E. coli dUTase (0.2 µM) with dUTP ·Mg (2 µM) in the standard
reaction solution.

FIGURE 8: Comparative kinetics of formation of the enzyme-substrate
complexes of the wild-type and S72A E. coli dUTPases. The black
curves in panels A and B show the pH indicator absorbance changes
triggered at pH 6 by reacting dUTP (20 µM) with the wild-type
and S72A mutant dUTPase, respectively, both at 4 µM and in the
presence of Mg2+ (20 µM). The gray lines represent the kinetic
models with the best fit parameter values. The inset in panel A
displays the pH indicator absorbance changes associated with the
complete reaction catalyzed by the wild-type enzyme. Under the
conditions prevailing the net reaction is best described by dUTPH3-

+ H2O f dUMPH- + (1 - n)H2PPi
2- + nHPPi

3- + nH+, where
n < 1/2. This explains the pH drop in the multiple turnover “steady-
state” phase of the reaction. The initial drop reflects the displace-
mentofthesubstrate-boundH+uponformationofthedUTPase-dUTP ·Mg
complex. Toward the end of the reaction the main event is the
decomposition of this complex, which results in the uptake of 1 -
n protons, consistent with the ascending tail of the course in the
inset.
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temperature of 74 °C, reported for the wild-type E. coli
dUTPase (37).

Stability toward Guanidine Hydrochloride. At all concen-
trations of the chaotropic agent tested (1.5, 2.0, 2.5, and 4.0
M) most of the fluorescence decrease followed a single
exponential decay function with a rate constant that was
about twice as high for the wild type as for the mutant form,
indicating that the mutant is the more stable of the two forms.
Apart from the rate difference, at 2 M GuHCl, the fluores-
cence change of the mutant was initiated by a lag phase
(Figure 10) that could be observed with the wild type only
at the lowest concentration of GuHCl tested and where it
was even more extensive with the mutant form.

Binding of R,�-Imido-dUTP ·Mg. The Ki for inhibition of
the wild-type E. coli dUTPase by the analogue was deter-
mined to 3.9 µM, in agreement with the number (5 µM)
previously reported (10). At 50 µM, the analogue had no
obvious effect on the hydrolysis of dUTP ·Mg (10 µM) by
the S72A mutant (4 µM), indicating that binding of the
analogue to the E. coli dUTPase is not significantly enhanced
by the mutation. Consistently, the Kd for binding R,�-imido-
dUTP ·Mg to the mutant was determined by frontal chro-
matography to be 2.1 µM. The fact that the activity linked
to the mutant is not significantly affected by the inhibitor,
at a concentration that causes an apparent 14-fold increase

in KM for the wild-type dUTPase (to 3 µM), clearly indicates
that an endogenous dUTPase does not contribute to this
activity.

Hydrolysis of R,�-Imido-dUTP. The analogue (20 µM) was
spontaneously hydrolyzed, and dUMP was the only nucle-
otide product detected by chromatography. Assuming a first-
order and complete decay, the rate constant was calculated
to ∼1 × 10-6 s-1 based on the linear first 5% of the reaction.
The rate was not affected by the addition of the S72A
dUTPase (4 µM) but was reduced to about 0.7 and 0.6 ×
10-6 s-1 in the presence of 4 and 8 µM wild-type dUTPase.
The inability of the E. coli dUTPase to catalyze the
hydrolysis of the analogue contrasts to an earlier report,
which states that this occurs with a kcat of 2 × 10-5 s-1, but
which does not consider the spontaneous hydrolysis (10).

Summary of Results. Rate and equilibrium binding data
for the E. coli wild-type and S72A mutant dUTPases are
presented in Table 1. The effect of the S72A mutation on
the energies of the reactant states in the dUTPase reaction
were calculated based on the data in Table 1 and are shown
by the difference energy diagram in Figure 11.

DISCUSSION

A serine is strictly conserved at the active site of the
monomeric and trimeric dUTPases, as well as at the active
site of the likewise trimeric dCTP deaminases. To disclose
the role in substrate binding and catalysis of the conserved
serine side chain, we replaced S72 in the well-studied E.
coli dUTPase with an alanine. Our results show that, with
the hydroxyl group of the wild-type enzyme in place of the
hydrogen of the alanine mutant, kcat is drastically enhanced.
They also show that this enhancement is caused as much by
a destabilization of the reactant ground state as by a
stabilization of its transition state (Scheme 2).

The opposing effects of the serine hydroxyl on the stability
of the two reactant states are not covered by the uniform,
specific, or differential binding effect of a functional group
discussed in the literature (38–40). The possibility that the
energetically opposite but catalytically cooperative effects
of the S72 hydroxyl group are exercised at different positions
will be discussed with reference to structural information
available and experimental support obtained here.

FIGURE 9: The effect of temperature on the intrinsic fluorescence
of the wild-type (b) and S72A (9) E. coli dUTPases.

FIGURE 10: Fluorescence traces demonstrating different kinetics of
the denaturation of the wild-type and S72A E. coli dUTPases at 4
°C by GuHCl. The upper two traces were recorded at 1.5 M and
the lower two at 2.0 M GuHCl. In both sets, the upper trace
represents the S72A mutant form of the dUTPase. A double and
single exponential decay function was fitted to respectively the
S72A and wild-type traces recorded at 2.0 M GuHCl, and the best
fitted functions are superimposed as gray lines on the data traces.

FIGURE 11: Difference energy diagram, showing the effects of
changing serine 72 in the E. coli dUTPase to an alanine on the
energy of the reactant states in the dUTPase reaction. The states
are the free reactants (E + S), the transition state in substrate binding
(E∼Sq), the enzyme substrate ground state (ES), and transition state
(EXq) complexes. If the 2.8-fold reduction in k1 results from a
destabilization of E∼Sq, rather than a stabilization of E + S, as
indicated here, the corresponding 2.6 kJ of energy should be added
to each bar.
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Based on our observation that S72A (E′) is more stable
than the wild-type enzyme (E), both against a thermal
transition in the molecule and GuHCl-induced denaturation,
we conclude that some folding or assembly energy is used
to bring S72 into its position. From the atomic resolution
structure of the unligated E. coli dUTPase (16) we learn that
the serine side chain reaches freely into a water-filled cleft
between the subunits, where it exhibits considerable con-
formational freedom. It is thus not obvious how the �-OH
interferes with the folding or assembly of the protein. We
suggest, however, that with a hydrogen in place of the polar
hydroxyl, fewer water molecules are retained at the subunit
interface permitting a closer packing of the subunits, which
stabilizes the protein and causes it to associate more slowly
with its substrate (it is not a farfetched thought that the
transition states in enzyme denaturation and substrate binding
have features in common). However that may be, the
destabilizing effect of the �-OH on the free enzyme is
consistent, both with the observation that mutations that
stabilize enzymes also reduce their catalytic efficiency (41)
and with the view that polar groups are assembled into the
active site at the expense of folding energy (42).

The S72A mutation caused a net increase in substrate
binding energy of RT ln(k-1k′1/(k1k′-1) ≈ 8 kJ mol-1. This
effect was shown to depend on the presence of the Mg2+

ion, which also appears to be required to bind the flexible
C-terminus on top of the active site in the bacterial dUTPase
enzyme substrate complexes (6). We take this to indicate
that the stronger binding in E′S compared to ES depends on
interactions involving primarily the flexible C-terminus. The
question then arises how this can be accomplished by
removing the �-OH of S72. Our interpretation is that a more
favorable interaction with the C-terminus in E′S is made
possible by a narrowing of the intersubunit cleft. Now,
assuming that the hydroxyl group occupies the same position
in ES as in the D90N E. coli dUTPase-dUTP ·Mg complex
(Figure 1B), a narrowing of the cleft in ES would be
prevented because of steric interference between the �-OH
and the pyrimidine ring. At any rate, the ground state in ES
is destabilized compared to E′S by at least2 8 kJ mol-1 and
must stop at just encounter strain or stress, possibly toward
the more narrow cleft and the more favorable interaction with
the C-terminus that we presume is realized in E′S.

Regarding the orientation of the S72 side chain in ES, we
argue that this is reproduced in theD90NdUTPase-dUTP ·Mg
complex. The alternative orientation, seen in complexes with
the R,�-imido-dUTP ·Mg substrate analogue, and which
results in formation of a hydrogen bond between the serine
�-OH and the R,�-bridging nitrogen of the analogue (Figure
1C), could depend on the imido group being the hydrogen
donor, a possibility not previously discussed. This would be
consistent with our observation that, whereas the analogue
is spontaneously hydrolyzed at an appreciable rate, this
reaction is not catalyzed by the E. coli dUTPase. The small
effect of the S72A mutation on the binding of the analogue
is likely to be apparent only; i.e., the loss of the hydrogen
bond is compensated for by the same mechanism that
accounts for the much stronger binding of the substrate in
E′S than in ES.

The strain and stress encountered in ES would be of no
value to catalysis unless relieved in EXq, the enzyme
transition state complex. We therefore suggest that a nar-
rowing of the cleft occurs also in EXq. The question then is
how this is accomplished with the �-OH of the conserved
serine in place? As a solution, we suggest that transition state
formation in the dUTPase reaction involves a rotation of the
S72 side chain around its R-� carbon bond that brings the
hydroxyl group out of the cleft and into a position equal or
similar to that observed in the complexes of dUTPases with
R,�-imido-dUTP ·Mg (Figure 1C). In this new position, it
may induce its second effect and electrostatically stabilize
the transition state. This may involve formation of a hydrogen
bond with the �-OH as donor, either to the R,�-bridging
oxygen of the transition state or to a nonbridging oxygen of
a pentacoordinated R-phosphorus.

The conformational ambiguity of the conserved serine side
chain is observed also in the bifunctional dCTP deaminases:
the �-OH of the M. jannaschii enzyme is hydrogen bonded
to the R,�-bridging nitrogen of a bound R,�-imido-dUTP ·Mg
but points in an opposite direction in the corresponding
complexes with dCTP and dUTP (PDB 2hxd). In the
complex of an inactive mutant of the strict E. coli deaminase
with dCTP ·Mg (18), the position of the conserved serine
�-OH equals that observed in the D90N dUTPase-dUTP ·Mg
complex, discussed above (10). In this position, it has been
implicated to promote the deamination of the pyrimidine (18).
As absolutely conserved, the serine side chain is likely to
occupy the same position and have the same function in the
productive dCTP ·Mg complexes of all these dCTP deami-
nases. We suggest that the position of the conserved serine
side chain determines the order of events in the bifunctional
dCTP deaminases: only after the exchange of H2O for NH3

at the pyrimidine, the serine side chain is set free to promote
the hydrolysis of the triphosphate moiety by the mechanism
described above for the dUTPases.

In conclusion, we argue that the S72A mutation in the
E. coli dUTPase has generated a “transition state ana-
logue” of the enzyme, which reacts with the substrate to
release part of the energy normally released only upon
formation of the enzyme transition state complex and
which for this reason is catalytically compromised. We
suggest that this effect is associated with interactions
involving the flexible C-terminus. In view of the much
tighter binding in E′S than in ES we postulate that the
C-terminus is more intimately integrated with the active

2 If the higher k1 of the wild-type enzyme results from a destabiliza-
tion of the reactants, as indicated in Figure 11 and Scheme 2, rather
than a stabilization of the transition state in substrate binding, then ES
would be destabilized by RT ln(k-1/k′-1) ≈ 10 kJ mol-1 compared to
E′S.

Scheme 2
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site in E′S and exhibits a more transition state-like
conformation than hitherto observed. Catalysis by the
mutant is further compromised by the loss of a potentially
transition state stabilizing polar group at the active site.

SUPPORTING INFORMATION AVAILABLE

Graphs describing (a) the dependence of pH on the activity
of the E. coli S72A mutant dUTPase in the pH range 5-10.6,
(b) the effect of enzyme concentration on the activity of the
S72A mutant, (c) the effect on the wild-type and S72A
dUTPase activities at 25 °C of exposing them to elevated
temperatures in the range 20-60 °C, (d) the effects of
viscosity on the activity of the S72A mutant, (e) a plot of
1/kcat versus 1/ηrel (wild-type enzyme data), and (f) a plot of
KM/kcat versus the concentration of sucrose (wild-type
enzyme). This material is available free of charge via the
Internet at http://pubs.acs.org.
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compared for homotrimeric dUTPases of bacterial, human and viral origin. In 

complexes of these enzymes with substrate or analogues, the 3´-OH is hydrogen 

bonded to a strictly conserved and catalytic aspartate. Whereas kcat remains 

unaltered in the absence of the 3´-OH, KM increases, ten times with the cellular 

dUTPases and 50 times with the viral form, a difference which could influence 

the design of species specific inhibitors. The exclusive KM-effect, which has 

mechanistic implications, most likely results from an equal destabilization of 
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1. Introduction 

 

The dUTPases (EC 3.6.1.23) catalyze the hydrolysis of dUTP into dUMP and 

pyrophosphate. Because the dUMP product is a precursor for dTTP synthesis 

via thymidylate, the dUTPase reaction effectively reduces the cellular 

dUTP/dTTP ratio. In the absence of dUTPase there is an excessive 

incorporation of uracil into DNA, which leads to fragmentation of nascent DNA 

and cell death [1-4]. Consequently, inhibitors of the human dUTPase are 

potential anti-cancer drugs, whereas inhibitors of protozoan, bacterial and viral 

dUTPases could serve as precursors for drugs against infectious diseases. The 

latter type of drugs would necessarily have to be specific for the dUTPase of the 

pathogen in order to prevent general cytostasis. The highly conserved nature of 

the homotrimeric dUTPase substrate pocket makes it difficult to achieve this 

goal. 

 

The subunits of the homotrimeric dUTPase are arranged symmetrically around a 

central axis. The substrate pockets are at the subunit interfaces, each lined by 

five conserved sequence motifs [5,6].  With reference to the orientation of the 

structure in Fig. 1, motif I, II and IV are located in the right subunit, motif III in 

the left, whereas motif V is contributed by the distal subunit and located at the 

end of the flexible C-terminus. The latter is only partially resolved in the 

structure presented in the figure [7].  In keeping with the apparent lack of 

cooperativity in substrate binding and catalysis [8,9], deoxyuridine nucleotide 

binding to the substrate pocket causes only marginal structural changes in the 

core of the enzyme and affects mainly the side chains that interact with the 

bound nucleotide [7,10,11]. In dUTPase crystals containing the α,β-imido-

dUTP⋅Mg substrate analogue in the gauche conformation, considered 

appropriate for catalysis, there is a partial [7,10] or complete [12,13] 

immobilization of the flexible C-terminus over the bound analogue, an event 
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assumed to occur also in the catalytic cycle [14,15]. This proceeds by an in-line 

nucleophilic displacement of pyrophosphate by an enzyme bound water 

molecule secluded from the reaction medium [7,8,10]. Interestingly, binding of 

α,β-imido-dUTP⋅Mg to the human dUTPase appears to trigger a steric clash 

between the oxygen of the substrate water molecule and the α-phosphorus [12]. 

Immobilization of the C-terminus has previously been observed in complexes of 

the human and feline immunodeficiency virus dUTPases with deoxyuridine 

nucleotides [16,17], but seems here to depend on a trans-conformation of the 

ribo-phosphorus moiety [10]. 

 

Site directed mutagenesis has proven an effective tool in defining the role of 

individual groups in enzyme substrate binding and catalysis [18], and this 

technique has recently been practiced on the dUTPase system. In the E. coli 

dUTPase, mutation of a strictly conserved aspartate to an asparagine (motif III: 

Asp90 → Asn) results in a 40000-fold decrease in kcat, but in no change to KM 

[7], indicating that the basicity of the Asp90 carboxylate group is of 

fundamental importance for catalysis but not for substrate binding. Substitution 

of hydrogen for the β-OH of a likewise strictly conserved serine (motif II: Ser72 

→ Ala), also in the E. coli dUTPase, causes a 700-fold reduction in kcat and a 

35-fold reduction in KM, indicating that the serine β-OH contributes to catalysis 

both by destabilizing the enzyme substrate complex and by stabilizing the 

enzyme transition state complex [19]. In the present study, we take an approach 

analogous to site directed mutagenesis of the enzyme, and let native dUTPases 

operate on a modified substrate, namely the dideoxy-UTP (ddUTP), known to 

be a substrate for the human dUTPase [20]. This is done both to address the role 

of the dUTP 3´-OH in the dUTPase catalytic cycle and to identify differences 

among the human, the E. coli and the equine infectious anemia virus (EIAV) 

homotrimeric dUTPases. In complexes of homotrimeric [7,10,11,21] and 

monomeric [22] dUTPases with substrate or substrate analogues, the 3´-OH of 



 4 

the ribose is within hydrogen bond distance to the carboxylate and the main 

chain nitrogen of the strictly conserved aspartate (Asp90 in the E. coli 

dUTPase), which in turn forms a hydrogen bond to the proposed nucleophilic 

water. The hydrogen bonds from the 3´-OH to the catalytic aspartate could be 

important for the proper alignment of the carboxylate group with the substrate 

water molecule and may affect both substrate binding and catalysis (Fig. 1).  

 

2. Materials and methods 

 

2.1. Materials 

Nucleotides were obtained from Jena Bioscience GmbH (Jena, Germany). 

Other chemicals were of analytical grade and obtained through Sigma Aldrich 

(Sweden AB). Equipment and material for protein purification were purchased 

from GE Healthcare Bio-Sciences AB, (Uppsala, Sweden) and the 

electrophoresis equipment from BioRad (Bio-Rad Laboratories AB, Sweden). 

The concentration of the uridine nucleotide solutions were determined 

spectrophotometrically at 260 nm using ε = 104 cm-1 M-1 [23]. 

 

2.2. Enzyme expression, extraction and purification 

Plasmids containing the gene (dut) coding for the respective dUTPase were 

used to transform E. coli BL21 competent cells according to standard protocols 

[24]. Single positive colonies, selected for with Ampicillin 100 (µg/ml), were 

used as starting material for cultures. The cultures were incubated at 37 °C, 

grown to an OD600 of 0.5-0.7 and then induced with IPTG (1 mM) for 5 hours at 

37 °C. The cells were harvested by centrifugation at 6650×g for 45 minutes at 4 

°C. The supernatant was discarded and the pellets were stored at -20 °C. The 

pellets were thawed and the bacteria resuspended in extraction buffer (Hepes 20 

mM, pH 7.5, containing EDTA, EGTA, PMSF and DTT, all at 1 mM, and 

Glycerol to 10%). Extraction was initiated by three cycles of freezing and 
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thawing. The resulting slurry was kept on ice and subjected to three sonication 

cycles, each lasting for 4 minutes and consisting of 2 seconds interval pulses of 

60 mA. The suspension was centrifuged at 6650×g for 25 minutes at 4 °C, 

which resulted in a clear extract. Enzymes were purified as described previously 

[25]. Accordingly, the clear extracts were subjected to chromatography on 

phosphocellulose (P11, Whatman International Ltd., England) packed in a 

column to a volume of 16 ml. The proteins were eluted using a KCl gradient 

ranging from 0.04 to 1 M in Hepes buffer (20 mM, pH 7.5). The dUTPase 

fractions were analyzed by SDS-PAGE [26]. Based on the relative density of 

the bands in the gel the purity of the preparations was estimated to be 80-90% in 

the respective dUTPase. The concentration of each dUTPase was determined 

spectrophotometrically, taking the degree of purity into account, using the 

following extinction coefficients: 0.51 ml mg-1 cm-1, 8490 M-1 cm-1 and 15300 

M-1 cm-1 for the bacterial, human and viral forms respectively [27–29]. Enzyme 

concentrations are reported throughout as the active site concentration.   

 

2.3. Kinetic Measurements 

Enzyme activity was measured by a method that uses a pH-indicator to 

signal the protons released in the dUTPase reaction [8], and which has been 

well established [9,19,30]. In addition to the respective enzyme and substrate, 

the reaction mixtures contained MgCl2 (5 or 0.5 mM), Cresol Red (50 µM), 

Bicine (50 µM) and KCl sufficient to adjust the ionic strength to 0.1 M. In this 

mixture, the MgCl2 provides the metal ion cofactor, the Cresol Red pH-

indicator serves as buffer and reporting agent, whereas Bicine provides 

additional buffer capacity [8]. The reactions were monitored in a Durrum D-100 

stop-flow spectrophotometer at 573 nm, where the basic form of the indicator 

absorbs at maximum. Reactions were initiated by mixing equal volumes of the 

reaction mixture containing substrate and enzyme, respectively. Prior to each 

measurement the pH of the reactant solutions was carefully adjusted to pH 7.5 
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using dilute HCl or NaOH. The final concentrations of enzymes were 0.2 µM in 

active sites. The substrates were dissolved to a final concentration of either 2 

µM (for the E. coli and human dUTPases) or 50 µM (for the EIAV dUTPase). 

All reactions were studied three times or more.  

 

3. Results 

 

The indicator absorbance progress curves reflecting the complete hydrolyses of 

the dUTP and ddUTP substrates by the E. coli, human and EIAV dUTPases 

were collected. The resulting traces were normalized to show product formation 

[8] and are displayed in Fig. 2. The differential equations describing the rate of 

change of [S], [E], [ES] and [P], according to the Michaelis-Menten reaction in 

Scheme 1, were fitted numerically to the curves using the program Dynafit [31]. 

 

With the experimental conditions chosen, the dUTPase reaction is free of 

product inhibition and its rate throughout the reaction given by d[P]/dt = Vmax/(1 

+ KM/[S]) [8]. In this expression, [S] is the concentration of residual free 

substrate, Vmax = kcat CE (the total concentration of enzyme active sites) and KM 

= (k-1 + kcat)/k1. This means that we may choose, depending on previous 

knowledge, to evaluate kcat or CE, and k-1 or k1. We used fixed numbers for k1 

and CE as initial input to Dynafit and fitted the differential equations via kcat and 

k-1. For evaluation of the data obtained with the E. coli and EIAV dUTPases, k1 

was set to 47 and 70 s-1 µM-1 , respectively [19,32]. For the human enzyme k1 

was fixed at 100 s-1µM-1, a number suggested by observations made in our lab1. 

For each enzyme, KM was calculated using the associated k1 and best fit 

numbers for k-1 and kcat. As a control we let all rate constants float in the fitting 

                                                 
1 Unpublished data 
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procedure, which gave the same values of Vmax and KM. The parameter values 

obtained are listed in Table 1. Each reaction was simulated using Dynafit and 

the respective set of fixed and best fit rate constants. The resulting progress 

curves superimpose on the corresponding data traces (Fig. 2). This, and the fact 

that the values determined with dUTP⋅Mg as substrate are in agreement with 

previous reports [8,9,33], attest to both accuracy and precision in the evaluation. 

To illustrate the amount of information contained in a single complete progress 

curve, those obtained with the human enzyme were transformed into the 

corresponding Lineweaver-Burk plot, using the first derivative as the rate (Fig. 

3). Reaction curves for the hydrolysis of dUTP and ddUTP by the E. coli 

dUTPase obtained at MgCl2 reduced to 0.5 mM were indistinguishable from 

those obtained at 5 mM, thus excluding that weaker metal ion binding to ddUTP 

than to dUTP contributes to the higher KM generally seen with the former.  

 

4. Discussion 

 

4.1. Differences among viral and cellular dUTPases 

The homotrimeric dUTPases of bacterial, viral and human origin have 

largely overlapping structures and almost identical substrate pockets. The task 

of designing an inhibitor that binds to this pocket, and which is specific for a 

dUTPase of a certain origin, is therefore formidable. This process must exploit 

any subtle differences that distinguish the target enzyme from its relatives. In an 

attempt to demonstrate such differences, we have compared the effects of 

replacing the 3´-OH of dUTP with hydrogen on the steady-state kinetic 

parameters kcat and KM of three well-studied homotrimeric dUTPases, namely 

the human, the E. coli and the EIAV enzymes. From the data in Table 1 it is 

evident that, independent of enzyme source, kcat is essentially unaffected by the 

loss of the 3´-OH of the substrate. On the other hand, KM increases (and the 

catalytic efficiency hence decreases) by at least a ten-fold. This clear-cut KM -

effect, becomes directly visible in the Lineweaver-Burk representation of the 
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traces obtained with the human dUTPase (Fig. 3). Apart from this, the most 

striking result is the 5-fold stronger effect observed with the viral dUTPase 

compared to that observed with the two cellular forms. The more pronounced 

dependence of the EIAV-dUTP⋅Mg complex integrity on the 3´-OH 

interactions, revealed in this study, is consistent with the weaker binding of the 

substrate to the viral dUTPase. The latter is evidenced by the larger KM 

observed for the EIAV dUTPase than for the cellular enzymes [8,9,33], and 

more directly by the much faster dissociation of dUTP⋅Mg from the viral 

dUTPase (k-1 = 70 s-1) [32] than from the bacterial (k-1 = 6.2 s-1) [19] and 

human2 forms. We conclude that ddUTP⋅Mg in itself is not an inhibitor of the 

dUTPases tested and, by inference, should be effectively hydrolyzed by any 

homotrimeric or homologous monomeric dUTPase. Our data suggest that a 

substrate analogue dUTPase inhibitor lacking the 3´-OH should be more 

effective towards the cellular dUTPases than towards the viral form. 

Conversely, attempts at building a substrate analogue inhibitor that binds 

preferentially to the viral dUTPase could benefit from including the 3´-OH 

group. 

 

The current level of structural characterization does not offer a convincing 

explanation to the weaker binding of dUTP⋅Mg to the viral enzyme. In 

principle, any sequence difference along the peptide chain may account for this 

effect. Specifically, the flipping of a Gly-Gly backbone sequence in the uracil-

binding β-hairpin loop, and a C-terminus which in the apo-protein may interact 

with the globular core of the enzyme, or adopt an ordered conformation [15,21], 

are factors which would tend to weaken substrate binding to the viral dUTPase. 

However, these factors should have the same negative influence on the binding 

of α,β-imido-dUTP⋅Mg, which nevertheless binds ten times stronger to the 

                                                 
2  Using k1 = 100 s-1 (see footnote 1) and the KM (0.12 µM) and kcat (4 s-1) determined 

here, k-1 for the human dUTPase evaluates to 8 s-1. 
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EIAV enzyme than to the E. coli form [9,19,32,34]. Incidently, the latter fact 

suggests that a substrate based inhibitor with preference for binding to the viral 

form should, like the α,β-imido-dUTP⋅Mg, not only retain the 3´-OH but 

engage the β-OH of the strictly conserved serine in a hydrogen bond to the 

phosphate moiety (Fig. 1). This do not occur in the E. coli dUTPase complex 

with dUTP⋅Mg, or dUDP, and not in the EIAV dUTPase complex with 

dUDP⋅Sr, in all of which the serine β-OH points towards the pyrimidine ring 

[7,11,21]. In fact, besides α,β-imido-dUTP⋅Mg, the only deoxyuridine ligand 

reported to bind stronger to the EIAV enzyme than to the bacterial form is 

dUMP [9], which is also the only other deoxyuridine ligand known to invariably 

trigger formation of a hydrogen bond between the β-OH of the conserved serine 

and the phosphate moiety of the ligand [7]. 

 

4.2. Mechanistic implications 

Because kcat is essentially independent of the presence of the 3´-OH, the 

increase in KM for ddUTP⋅Mg compared to dUTP⋅Mg must be caused by a 

reduction in k1, an increase in k-1, or by a reduction in both (Fig. 4).  If the effect 

is limited to a reduction in k1 (Fig. 4B) this would have to depend on a 

stabilization of the reactant ddUTP⋅Mg relative to dUTP⋅Mg and should 

increase KM by the same factor independent of enzyme. Consequently, a relative 

stabilization of ddUTP⋅Mg could account for the similar effects on KM seen with 

the cellular dUTPases, but it is insufficient to explain the much stronger effect 

seen with the viral form. Because KM = k-1/k1 + kcat/k1, a destabilization of the 

transition state in binding (E~S‡), which reduces k-1 and k1 by the same factor, 

could, at least in principle, account for the elevated KM via the second term (Fig. 

4C). However, we argue that a loss of bonds between enzyme and substrate 

should reduce rather than increase the barrier against substrate dissociation. It 

then remains to explain the extra increase in KM associated with the loss of the 

3´-OH observed with the EIAV dUTPase, by an increase in k-1. It is attractive to 
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assume that ddUTP⋅Mg, through the loss of the 3´-OH, is bound less firmly to 

the enzyme surface than is dUTP⋅Mg and that, independent of dUTPase, the 

complex formed with ddUTP⋅Mg is destabilized relative to that formed with 

dUTP⋅Mg. An increased k-1 could thus be the dominating effect of the 3´-OH 

loss with all three dUTPases, as indicated by Fig. 4A, and the larger effect seen 

with the viral enzyme result from its generally weaker binding of the substrate. 

 

Irrespective of whether an increase in k-1 accounts for, or only contributes to, the 

elevated KM with ddUTP⋅Mg, our data show that kcat, and hence the energetic 

gap between the enzyme substrate ground and transition states, remains 

unaltered by the loss of the 3´-OH (Fig. 4). The hydrogen bond from 3´-OH to 

the carboxylate of the catalytic aspartate should reduce the basicity of the latter, 

such that kcat is anticipated to increase in its absence. A tendency in that 

direction is observed in our results with the E. coli dUTPase (Table 1). In 

general, however, our data suggest that a negative effect by the 3´-OH on kcat is 

compensated for by an appropriate orientation of the catalytic aspartate imposed 

by the hydrogen bond, with an all together positive effect on the catalytic 

efficiency. The equal destabilization of the enzyme bound ground and transition 

states, caused by the loss of the 3´-OH, indicates a mechanistic model in which 

interactions between deoxyuridine part of the substrate and the left subunit (Fig. 

1), including those of the 3´-OH, serve mainly binding purposes and change 

only marginally as the reaction proceeds from ground to transition state. The 

static situation at the left subunit surface contrasts to the flexibility in other parts 

of the dUTPase active site. We have suggested [19] that catalysis is associated 

with a rotation of the side chain of the conserved serine (S72) to bring its β-OH 

away from the pyrimidine ring and into hydrogen bonding distance of the α-

phosphate. This enables a narrowing of the intersubunit cleft and provides for a 

complete immobilization of the C-terminus of the distal subunit over the bound 

substrate [19]. This fits nicely with the earlier structural study of the human 
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dUTPase in complex with α,β-imido-dUTP⋅Mg, mentioned in the introduction, 

and which reports that the immobilization of the C-terminus closes the active 

site and reduces the distance between the oxygen of the substrate water 

molecule and the α-phosphorus below the sum of their respective van der Waals 

radius [12]. In our model, catalysis is completed by the stabilizing action 

exercised by the β-OH of the rotated serine on the transition state, accomplished 

by a hydrogen bond from the β-OH to a non-bridging oxygen, or to the α-β-

bridging oxygen, at the presumably pentacoordinated α-phosphate. With the 

current results, we conclude that the left subunit takes the role of a ‘vise’ that 

holds the substrate in proper alignment with the catalytic aspartate and the 

associated substrate water, whereas the right and the distal third subunits 

provide the flexibility and tools required to complete catalysis. 
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6. Figure Legends 

Figure 1: Close-up of the E. coli dUTPase centering on one of three identical 

intersubunit substrate pockets with bound substrate analogue (α,β-imido-

dUTP⋅Mg) (PDB 1RN8). The enzyme is shown as a surface with residues of the 

adjacent left and right and distal third subunits colored green, purple and 

yellow, respectively. The substrate analogue, as well as the side chains of the 

conserved aspartate (left subunit) and serine (right subunit) are shown with 

sticks (D90 and S72 in the E. coli dUTPase). For clarity, only interactions 

involving these residues are indicated here. The analogue and the oxygens of 

Asp90 and S72 are colored according to the CPK standard (C = grey; O = red; 

N = blue; P = orange). The figure was generated with PyMol (DeLano, W.L. 

(2002) Pymol, DeLano Scientific, San Carlos, CA, USA).  

 

Figure 2: Completed reaction curves for the hydrolysis of dUTP and ddUTP at 

saturating [Mg2+] catalyzed by the E. coli (A), human (B) and EIAV (C) 

dUTPases. Solid line: dUTP, dashed line: ddUTP. The superimposed grey lines 

were calculated numerically based on the best fit rate constants as obtained by 

the numerical regression analyses. 

 

Figure 3: Lineweaver-Burk representation of the progress curves obtained with 

the human dUTPase as catalyst. The slope of the tangent to the progress curves 

were obtained pointwise along the curves as the local first derivative. The 

slopes were used as the reaction rates (ν) resulting at the corresponding 

concentrations of residual free substrate [S]. 

 

Figure 4: Changes (dashed lines) to the energy profile of the dUTPase reaction 

(solid line) that individually or in combination can account for that KM is 

increased and kcat unaffected by the replacement of the 3´-OH group of the 

substrate by hydrogen. 
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Table 1: Kinetic constants for the hydrolysis of ddUTP and dUTP at saturating 

[Mg2+] by the homotrimeric dUTPases from the sources indicated. Values for 

the natural substrate dUTP are shown within parenthesis. The assays were 

repeated three or more times for each condition tested. 

 

dUTPase 

source 

kcat  

(s-1) 

KM  

(µµµµM) 

kcat / KM 

( s-1 µµµµM -1) 

Catalytic 

efficiency 

reduction 

(fold) 

E. coli 
8.1 ± 1.2 

(6.1 ± 0.9)  

2.5 ± 0.4 

(0.21 ± 0.03) 

3.3  

(29) 

8.8 

 

Human 
4.1 ± 0.6 

(4.0 ± 0.6) 

1.2 ± 0.2 

(0.12 ± 0.02) 

3.4  

(33) 

9.6 

 

EIAV 
23.0 ± 3.4 

(25.0 ± 3.7) 

49.0 ± 5.3 

(1.0 ± 0.1) 

0.47  

(24) 

52 
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Differential Inhibition of Homotrimeric dUTPases by the 

3’-Azido derivative of dideoxy-UTP 
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Abstract The inhibitory effects of 3′-azido-2′,3′-dideoxyuridine-5′-triphosphate 

(azido-ddUTP), on the human, the E. coli and the equine infectious anemia 

virus dUTPases have been compared. The azido-ddUTP substrate analogue 

inhibits competitively the bacterial enzyme (Ki = 9.3 µM), but exhibits only 

marginal or no binding to the human and viral dUTPases, respectively. The 

exclusive binding to the E. coli dUTPase, is surprising in view of the close to 

identical substrate pockets among the three dUTPases tested. The 3′-azido-

ddUTP is slowly hydrolyzed in aqueous solution (t1/2 ≈ 10 min), a reaction not 

catalyzed by the E. coli dUTPase. The results are discussed with reference to 

the possibility of designing active site directed inhibitors that bind to the 

homotrimeric dUTPase of a pathogen but not to the human form. 
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1. INTRODUCTION 

The ubiquitous enzyme deoxyuridine triphosphatase, or dUTPase, catalyzes the 

hydrolysis of dUTP into dUMP and pyrophosphate. This reaction forms an 

integral part of the DNA nucleotide metabolism where the dUMP formed serves 

as precursor for the synthesis of dTTP. Proliferating cells that lacks dUTPase 

will accumulate dUTP and incorporate uracil instead of thymine in the growing 

DNA-chain, which leads to fragmentation of nascent DNA and cell death [1-4]. 

This makes the dUTPases attractive as targets for drugs against cancers and 

infectious diseases [5-9]. In fact, a drug that effectively inhibits the human 

dUTPase should have cytotoxic effects similar to those induced by the 

fluoropyrimidine or antifolate agents currently administered in cancer 

chemotherapy. It follows that a drug intended to cure an infectious disease by 

inhibiting the dUTPase of the pathogen, be this Herpes virus, Mycobacterium 

tuberculosis or Plasmodium falciparum, must exhibit poor binding to the human 

dUTPase. However, the substrate pockets of the dUTPases of these and most 

other pathogens are closely homologous with that of the human enzyme [10], 

which makes the development of pathogen specific dUTPase inhibitors a 

difficult task. 

 

To reduce the occurrence of resistance, it is desirable that an inhibitor drug 

interacts primarily with conserved and functionally important groups of the 

target protein, which suggests that a drug should be directed towards the 

substrate pocket. This is most easily accomplished by modifying the substrate 

itself. However, a drug based on dUTP and which is too small to reach out of 

the substrate pocket is not likely to achieve sufficient specificity and binding 

strength. Most likely, it will be necessary to add groups to the deoxyuridine 

frame large enough to explore less conserved binding sites outside the substrate 

pocket. This will increase the chances for both tight and pathogen specific 



binding. Some progress along these lines towards an inhibitor of the P. 

falciparum dUTPase has recently been reported [11-13]. Also, triskelion shaped 

molecules carrying uracil at one or two of their flexible legs were recently 

shown to inhibit the human enzyme [14]. 

 

The above is not meant to say that pathogen specificity and tight binding has 

nothing to gain from more limited changes to the dUTP frame. We recently 

published data indicating that dideoxy-UTP⋅Mg has a much stronger preference 

than dUTP⋅Mg for binding to the human and E. coli dUTPases over that of the 

equine infectious anemia virus (EIAV) [15]. In the present work, we test the 

reactivity of the same three dUTPases with 3´-azido-dideoxy-UTPMg. This 

derivative has been reported to inhibit the HIV reverse transcriptase [16]. It is 

analogous to the anti HIV drug 3´-azido-dideoxy-thymidine (AZT, Zidovudine), 

which inhibits the HIV reverse transcriptase, as well as other enzymes involved 

in nucleotide metabolism [17].  

 

 

2. MATERIALS AND METHODS 

Materials The nucleotide dUTP was purchased from Jena Bioscience GmbH 

(Jena Germany) and 3’-azido-ddUTP from TriLink Bio Technologies (San 

Diego, USA). Other chemicals used were ordered from Sigma Aldrich (Sweden 

AB) and were of analytical grade. Equipment for electrophoresis was from 

BioRad (Bio-Rad Laboratories AB, Sweden), and for protein purification was 

from GE Healthcare Bio-Sciences AB (Uppsala, Sweden). 

 

Enzyme expression, extraction and purification The respective plasmids 

containing the E. coli, the human and the EIAV dUTPases coding gene 

(pET3A/dut) were used to transform competent cells E. coli BL21(DE3)pLysS 

(Novagen, U.K) according to standard protocols [18]. A single colony, selected 



with Chloramphenicol (34 µg/ml) and Ampicillin (100 µg/ml) was used as 

starting point for each culture. The cultures were grown to an OD600 of 0.5-0.7, 

after which they were induced with IPTG (1 mM, final concentration) over 5 

hours at 37 °C. The cells were harvested by centrifugation at 6650g (Beckman) 

for 45 minutes at 4 °C. The supernatant was discarded and the pellets were 

stored at -20 °C for extraction. The pellets were suspended in extraction buffer, 

Hepes (20 mM, pH 7.5) with the following additives: EDTA, EGTA, PMSF and 

DTT, all at 1 mM, and Glycerol to 10%. The extraction protocol involved three 

cycles of freezing and thawing, followed by three sonication cycles of 4 minutes 

each and performed on ice. The sonication was set to pulses of 2 seconds with a 

60 mA pulse. The sonicated suspension was centrifuged at 6650g for 25 

minutes at 4 °C.  The three dUTPases were isolated as described previously 

[19]. In short, the respective cleared extract was loaded on Phosphocellulose 

(P11 Whatman International Ltd., England) packed in a XK26 column to a final 

bed volume of 16 ml. The proteins were eluted using a KCl gradient (0.04-1 M) 

in Hepes buffer (20 mM, pH 7.5). The fractions eluted were analyzed by SDS-

PAGE [20]. Fractions containing dUTPase were pooled. Each of the resulting 

enzyme solution was estimated to be about 85% pure in dUTPase on a protein 

basis, as judged from the bands in the gel. The concentration of each enzyme 

was calculated based on its 280 nm absorbance and the associated extinction 

coefficient [21-23]. It is expressed throughout as the active site concentration.  

Activity measurements The hydrolysis of dUTP catalyzed by the three enzymes 

was monitored spectrophotometrically using the equipment and assay method 

described previously [24].  In addition to enzyme (0.2 µM) and substrate (2 

µM), the reaction mixture contained MgCl2 (5 mM), Cresol red (50 µM), bicine 

(50 µM) and KCl to a final ionic strength of 0.1 M [24].  With each enzyme the 

reaction was studied also in the presence of 3’-azido-ddUTP at three different 

concentrations in the 10 – 100 µM range. Each experiment was repeated three 

times or more. 



Data evaluation The differential equations describing the rate of change of the 

species of the Michaelis-Menten reaction were fitted numerically to the 

normalized data traces, using the program Dynafit [25]. The apparent Vmax and 

KM associated with each reaction were calculated based on the best fit rate 

constants. 

 

3. RESULTS 

The indicator absorbance progress curves reflecting the complete hydrolyses of 

the dUTP, in the absence and presence of 3’-azido-ddUTP, by the E. coli, 

human and EIAV dUTPases were collected. The resulting traces were 

normalized to show product formation [24] and are displayed in Fig. 1.  A 

qualitative difference in the response to the presence of 3’-azido-ddUTP among 

the three dUTPases is immediately obvious: the bacterial form is clearly 

affected in a dose dependent manner whereas only a marginal or no effect at all, 

is observed with the human and viral enzymes, respectively. A quantitative 

evaluation of the data obtained with the E.coli dUTPase in the absence and 

presence of azido-ddUTP, at 20, 40 and 60 µM, respectively, indicated that the 

inhibition is competitive and corresponds to Ki:s of 8.7, 8.9, 10.6 µM (average 

9.3 ± 1.2 µM) at the concentrations of inhibitor tested. To illustrate the 

competitive nature of the inhibition and the amount of information contained in 

each complete reaction trace, the traces obtained with the E. coli dUTPase as a 

catalyst, without or with azido-ddUTP (60 µM), were converted to the 

corresponding Lineweaver-Burk plot (Fig. 2), as described in the legend to the 

figure. Simulations of the reactions catalyzed by the human and viral enzymes 

indicated that an effect of azido-ddUTP at the highest concentration tested (100 

µM) should be clearly visible if the Ki is 1 mM or less, suggesting this number 

as the lower limit for the Ki of binding azido-dUTP to the human and viral 

dUTPases.  

 



4. DISCUSSION 

This is the first demonstration of an inhibitor with a strong preference for 

binding to a bacterial dUTPase over the human form of the enzyme. The 

binding to the E. coli dUTPase is weaker than anticipated for a typical drug but 

substitutions at other positions in the 3´-azido-dUTP frame may increase the 

binding strength and at the same time retain or improve the specificity. 

Although there are pathogenic forms of the E. coli bacterium, this may not be 

the most urgent of targets. Our results do not suggest that 3´-azido-dUTP binds 

to other bacterial dUTPases, unless they are closely homologous to the E. coli 

form. Among pathogen dUTPases, drug specificity most likely has to be 

engineered on an individual pathogen basis. The virtue of the present study is of 

more principal nature: it demonstrates that an analogue of the substrate shows a 

strong preference for binding to one form of a homotrimeric dUTPase, despite 

the close to identical substrate pockets, and it suggests that substitutions at the 

3´-carbon of the deoxyribose moiety may prove fruitful in achieving specificity. 

 

Aligning the 3´-azido-dideoxy-dTDP bound to nucleoside diphosphate kinase 

(pdb id: 1lwx) with the α,β-imido-dUTP bound to the bacterial (1rn8) and 

human (2hqu) dUTPases, respectively, or with the dUDP bound to the EIAV 

enzyme (1duc), indicated nothing to suggest that the exclusion of the azido-

ddUTP from the pockets of the human and viral enzymes is caused by a direct 

steric clash between the 3´-azido group and a functional group, which is present 

in the human and viral dUTPases but not in the bacterial form. We suggest 

instead that the E. coli dUTPase substrate pocket is more flexible than those of 

the human and viral forms, such that it can accommodate the bulkier 3´-azido-

dUTP. Despite the almost identical substrate pockets the association of the three 

subunits is notably different among the three dUTPases tested here, a difference 

which may provide for significant differences also in substrate pocket 

flexibility. Apparently, with the bacterial dUTPase a sufficient number of the 

interactions characterizing the enzyme substrate complex are retained in its 



complex with the 3´-azido analogue. Using classical terminology, we conclude 

that a fit of the analogue can be induced with the bacterial dUTPases, whereas 

with the human and viral forms the energetic cost of this inducement is too high 

to allow significant binding at an analogue concentration of 100 µM. 
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6. FIGURE LEGENDS 

 

Figure 1: Inhibition of homotrimeric dUTPases by 3-́Azido-ddUTP. 

Reaction traces showing the effects of 3´-azido-ddUTP on the reactions 

catalyzed by (A) the E. coli (B) the human and (C) the EIAV dUTPases. The 

traces were obtained by reacting the enzymes (0.2 µM) with substrate (2 µM) in 

the presence of  Mg2+ (5 mM) before (solid black lines) and after including 3´-

azido-ddUTP (10 – 100  µM) (dashed black lines) in the reaction mixtures. The 

grey lines were obtained by simulating the reactions using the associated best fit 

parameters, as estimated by Dynafit. 

 

Figure 2: Lineweaver-Burk interpretation of data. The slope of the tangent 

to the progress curves obtained with the E. coli dUTPase before and after 

inclusion of 3´-Azido-ddUTP (40 µM) were obtained pointwise along the 

curves as the local first derivative. The slopes were used as the reaction rates (ν) 

resulting at the corresponding concentrations of residual free substrate [S]. 



  

Table 1: Kinetic constants estimated by the best fit parameters for the three 

homotrimeric dUTPases, with the natural substrate, dUTP, and in presence of 

3’azido-ddUTP, both at saturating Mg2+. Each measurement was repeated three 

times or more. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 E. coli Human EIAV 

KM,dUTP (µµµµM) 0.22 ± 0.03 0.17 ± 0.02 0.96 ± 0.1 

KI (µµµµM) 9.3 ± 1.2 Ki > 1000 no effect 
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Abstract Inhibitors of the ubiquitous enzyme dUTPase are potential drugs 

against cancers and infectious diseases. In this study we compare the effects of 

two triskelion shaped compounds, carrying uracil at the end of one or two of 

their flexible protrusions, on the catalytic activity of the human, the E. coli and 

the equine infectious anemia virus dUTPases, all belonging to the dominating 

group of homotrimeric dUTPases. Both compounds inhibited the cellular 

dUTPases, with the strongest effect on the human enzyme. At the 

concentrations tested, they had no effect on the viral dUTPase. 
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1. INTRODUCTION 

The ubiquitous dUTPases catalyze the hydrolysis of dUTP into dUMP and 

pyrophosphate.  Because the dUMP product is processed ultimately to dTTP via 

the thymidylate synthase pathway, the dUTPase reaction has a pivotal role in 

maintaining a low cellular dUTP/dTTP ratio. The DNA polymerase uses dUTP 

as a substrate in place of dTTP at a frequency determined by this ratio, and the 

uracils thus incorporated, although basically non-mutagenic, are recognized by 

the excision repair system that replaces the mismatched uracils generated 

through spontaneous deamination of cytosines. In the absence of dUTPase this 

system appears to manage excision but not repair, leading to DNA-

fragmentation and cell death [1-3].  Towards this background, the dUTPase 

enzymes have emerged as attractive targets for drugs against cancers and 

infectious diseases [4,5]. A drug inhibiting the human dUTPase can be 

anticipated to have cytostatic effects similar to the thymidylate synthase 

inhibitors currently used in cancer chemotherapy. It could be administered as a 

stand-alone drug, or be given to enhance the effect of other cytostatic drugs. It 

has been suggested that a retrovirus like the HIV, which do not incorporate 

information for a dUTPase in its genome, may depend on the human enzyme for 

successful proliferation in certain types of cells [6]. Other viruses, such as the 

Epstein-Barr herpes virus, express a dUTPase of their own [7], as do all 

bacterial and protozoan pathogens [8-10]. Inhibitors of dUTPase administered 

to fight infections, such as malaria or tuberculosis, would have to spare the 

human enzyme in order to prevent a general cytostasis. This distinction is 

probably more easily achieved with dUTPase inhibitors directed against the 

dimeric form of the dUTPase [11], which is carried by only a few organisms 

and which is non-homologous to the homotrimeric form expressed by human 

and most other organisms. 

The desire is to direct inhibitors of enzymes of pathogens towards highly 

conserved and functionally important regions of the proteins, in order to reduce 

the occurrence of resistance. This, combined with the almost identical nature of 



the substrate binding pocket among the monomeric and homotrimeric 

dUTPases, turns the task of designing an effective dUTPase inhibitor that binds 

only weakly, or not at all, to the human form a tough challenge. 

An approach using a homotrimeric triskelion shaped alcohol as parent 

compound for the generation of potential inhibitors of enzymes that recognize 

uracil has recently been presented [6]. Two of the heterotrimers generated by 

this approach, denoted 51 and 52, carried uracil at the end of one or two of their 

three flexible legs and cathecols at the end of the others (Fig. 1). Both 

compounds proved by IC50 measurements to be effective inhibitors of the 

human enzyme [6]. The same two compounds have now been tested for the type 

of inhibition they exercise, and for binding to trimeric dUTPases other than the 

human form. The additional enzymes tested are the E. coli and the Equine 

Infectious Anemia Virus (EIAV) dUTPases. 

 

2. MATERIALS AND METHODS 

Chemicals Nucleotides were obtained from Jena Bioscience GmbH (Jena, 

Germany). The triskelion uracil derivatives depicted in Fig. 1, 2-{O-[2-(N1-

uracil)-acetaldoximyl]-methyl}-1,3-bis[O-(3,4-dihydroxy-5-methoxy-

benzaldoximyl)]-propane and 2-[O-(3,4-Dihydroxy-5-methoxybenzaldoximyl)-

methyl]-1,3-bis{O-[2-(N1-uracil)-acetaldoximyl]}-propane, here denoted 

compound 51 and 52, respectively,  were synthesized as previously described 

[6]. All other chemicals were purchased from Sigma Aldrich (Sweden AB). 

Equipment for protein purification was purchased from GE Healthcare 

Pharmacia (Uppsala, Sweden). 

Enzyme expression and purification The human, E. coli and equine infectious 

anemia virus (EIAV) dUTPases were obtained as described previously [12]. 

Enzyme concentrations were determined spectrophotometrically based on 

published extinction coefficient [13-15] and is expressed throughout as the 

active site concentration. 



Inhibition studies The activity of the respective dUTPase was measured 

spectrophotometrically using a mechanically and electronically updated Durrum 

D-100 stop-flow apparatus.  The reaction solution contained Bicine (50 µM), 

Cresol red (50 µM), MgCl2 (5 mM) and KCl sufficient to adjust the ionic 

strength to 0.1 M. In this mixture MgCl2 provides the metal ion cofactor, the 

Cresol red pH-indicator serves as buffer and reaction reporting agent, whereas 

Bicine provides additional buffer capacity [16]. The reactions were initiated by 

mixing equal volumes of the reaction solution containing dUTP (4 µM) and 

enzyme (0.4 µM), respectively, and were monitored to completion at 573 nm 

where the basic form of the indicator absorbs at maximum. Inhibition by 

compound 51 and 52 at two concentrations (10 and 20 µM) was tested in 

parallel experiments by including the respective compound at twice the above 

concentrations in the substrate syringe. 

Data analysis The steady-state kinetic parameters kcat and KM where evaluated 

from each complete progress curve using the numerical fitting procedure of 

Dynafit [17].  

 

3. RESULTS 

The pH-indicator absorbance versus time curves reflecting the complete 

hydrolysis of the dUTP substrate, in the absence or presence of inhibitors, 

catalyzed by the human, E. coli and EIAV dUTPases, were collected. The 

absorbance traces were normalized to show product formation [16], and are 

displayed in Figs. 2-4. A qualitative difference in the response to the presence 

of compound 51 or 52 among the three dUTPases is immediately obvious: the 

cellular forms are both inhibited, but with a stronger effect on the human form, 

whereas, at the concentrations of inhibitors tested here, no effect is seen on the 

kinetics of the viral enzyme. The numerical fitting procedure [17] was applied 

to extract kcat and KM from each curve. The grey lines in Figs. 2-4 are the 

progress of the respective reaction calculated numerically with Dynafit, using 



the corresponding best fit parameter values. Traces obtained in the absence of 

inhibitor gave numbers in good agreement with those previously published 

[16,18,19]. Inclusion of compound 51 or 52 had no effect on kcat but lead, with 

the human or E. coli dUTPase as catalyst, to an apparent increase in KM, 

showing that the inhibition was competitive in nature, as previously predicted 

[6]. This particular circumstance is clearly demonstrated by the Lineweaver-

Burk representation of two of the traces obtained with the human dUTPase, 

presented in Fig. 5. The respective inhibition constant Ki was calculated using 

Eqn. 1. 
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In this equation KM,app denotes the KM obtained in the presence of the inhibitor I 

at the total concentration CI. The results are presented in Table 1. 

 

4. DISCUSSION 

The rational behind the design of 51 and 52, presented in [6], was to create 

flexible substances carrying a uracil moiety that would guide the compound to 

the substrate pocket of the target enzyme, and two auxiliary groups that could 

explore the area around the uracil pocket for additional binding sites. Two of the 

compounds synthesized, denoted 51 and 52, were shown by IC50 measurements 

to be efficient inhibitors of the human dUTPase [6]. The results presented here 

show that both compounds act as competitive inhibitors of the human and E. 

coli dUTPases, strongly suggesting that the uracil moiety fulfill the function it 

was intended for. Moreover, they show that the strength of inhibition depends 

on the source of the dUTPase, i.e., the two triskelion compounds exhibited 

species specificity with a clear preference for the human enzyme. In view of 

what was mentioned in the introduction, this may appear to go in the wrong 

direction. However, the differential binding reflects the fact that outside the 

substrate pocket the dUTPases exposes considerable differences in surface 



pattern such that, with a change of nature of the triskelion legs or the auxiliary 

groups they carry, it should be possible to obtain an inhibitor with a preference 

for binding to the viral or bacterial form.  
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6. FIGURE LEGENDS 

 

Figure 1 The triskelion-shaped uracil derivatives tested in this study, designed 

and synthesized by Dr. Stivers and co-workers [6]. They are named in 

accordance to their original library number, as 51 and 52, respectively. 

Figure 2 Effects of compound 51 (panel A) and 52 (panel B) on the human 

dUTPase. In each panel, the solid black line is the time course of complete 

hydrolysis of dUTP (2 µM) by the enzyme (0.2 µM) in the absence of inhibitor. 

The dashed and dotted black lines show the effect on this course by the addition 

to the reaction system of compound 51 and 52, respectively, both tested at 10 

and 20 µM. The superimposed grey lines resulted when the system of 

differential equations governing the rate of change of the species in the 

Michaelis-Menten reaction scheme were solved numerically using the best fit 

rate constants and concentration factors. 

Figure 3 Effects of compound 51 (panel A) and 52 (panel B) on the bacterial 

(E. coli) dUTPase. Experimental conditions and symbols are the same as 

described in the legend to Fig. 2. 

Figure 4 Effects of compound 51 (panel A) and 52 (panel B) on the viral 

(EIAV) dUTPase. Experimental conditions and symbols are the same as 

described in the legend to Fig. 2. 

Figure 5 Lineweaver-Burk representation indicating competitive inhibition by 

compound 51 on Human dUTPase. 

 

 



 

 

Table 1 Inhibition of the human and the E. coli dUTPases by the triskelion-

shaped uracil derivatives 51 and 52. 

 

 E. coli dUTPase Human dUTPase 

dUTP KM (µµµµM) 0.22 0.26 

KM, app (µµµµM) 0.28a, 0.36b 0.69a, 0.88b C51 

 
Ki (µµµµM) 32 4.6 

KM, app (µµµµM) 0.25a, 0.28b 0.67a, 0.96b 
C52 

Ki (µµµµM) 73 6.9 

 
a CI = 10 µM; b CI = 20 µM 
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Figure 4  
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A Double Mutant of the E. coli dUTPase with Tighter 

Substrate Binding but No Activity 

Lorena González Palmén‡*, Kristian Becker§, Leif Bülow§, and Jan-Olov 

Kvassman‡* 
‡Department of Chemistry and Biomedical Sciences, School of Pure and Applied 

Natural Sciences, University of Kalmar, Kalmar, Sweden.  
§Department of Pure and Applied Biochemistry, Lund University, Lund, Sweden. 

 

In the Escherichia coli dUTPase, Asp90 and Ser72 are positioned in the active 

site and on opposite sides of the reactive α-phosphate of a bound dUTP⋅Mg 

substrate.  Both residues are strictly conserved throughout the family of 

homotrimeric dUTPases. Mutation of the aspartate to an asparagine has been 

shown do reduce kcat by a factor 40000 but to leave KM essentially unaffected, 

corroborating the role of this residue as a base activator of the substrate water. 

We have recently shown that mutation of the serine to an alanine results in a 

700-fold reduction in kcat but also in a 35-fold reduction in KM indicating a dual 

role for this residue in catalysis as destabilizer of the ground state and a 

stabilizer of the transition state. Here we study the effects of the Ser72-

Ala/Asp90-Asn double mutation on the binding and catalytic properties of the 

E. coli dUTPase. The double mutant is shown to be devoid of dUTPase activity 

but to retain an affinity for the substrate almost as high as that of the Ser72A 

single mutant. (Kd = 0.02 µM), which lend support to the idea that the serine 

side chain destabilizes the ground state of the reaction.  

Keywords: E. coli dUTPase, TNP-UTP, kinetics 
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1. INTRODUCTION 

The enzyme dUTPase catalyzes the hydrolysis of dUTP into dUMP and PPi 

preventing uracil incorporation into DNA. It has emerged as a potential target 

for development of inhibitors that could be used in cancer chemotherapy as well 

as in the treatment of infectious diseases. The E.coli dUTPase is one of the most 

well characterized dUTPases [1-5]. Together with the human [6] and most 

bacterial and viral forms [7,8], it belongs to the homotrimeric family of 

dUTPases. The homotrimeric dUTPases are all closely homologous [1,4,9]. 

They differ from the dimeric forms both with respect to structure and catalytic 

mechanism [10,11]. The subunits of the homotrimer are related by a three-fold 

symmetry axis with the substrate pockets at the subunit interfaces. The pockets 

are lined primarily by conserved residues of the two adjacent subunits, but all 

three subunits participate in formation of each active site. The C-terminus of the 

distal subunit constitutes a mobile arm which wraps around the trimer and cover 

the substrate in the catalytic reaction [4,12]. Hydrolysis apparently occurs by an 

in-line nucleophilic attack by the substrate water on the α-phosphorus, making 

pyrophosphate the leaving group [2]. A strictly conserved aspartate (D90 in the 

E. coli dUTPase) was early suggested to participate as a base activator of the 

substrate water in catalysis [1], a supposition later supported by both functional 

and structural studies [3,4]. The D90N E. coli single mutant dUTPase exhibits a  

40000-fold reduced kcat but retains a KM close to that of the wild type enzyme 

[4], indicating that the basicity of the Asp90 carboxylate group is of 

fundamental importance for catalysis but not for substrate binding. 

Based on the structure of the Mycobacterium tuberculosis dUTPase in complex 

with the substrate analogue α,β-imido-dUTP⋅Mg, it was suggested that a strictly 

conserved serine (S72 in the E. coli dUTPase) participates in catalysis by 

balancing negative charge on the oxygen that bridges the α- and β-phosphorus 

[10]. In this dUTPase complex with the imido analogue, as well as in all 

subsequently documented [4,12,13], a hydrogen bond is established between the 
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β-hydroxyl group of the conserved serine and the α,β-bridging nitrogen of the 

analogue. We recently showed that the single S72A mutation in the E. coli 

dUTPase causes a 700-fold reduction in kcat and a 35-fold reduction in KM, 

indicating that the Ser72 β-OH contributes to catalysis both by destabilizing the 

enzyme substrate complex and by stabilizing the enzyme transition state 

complex [5]. 

 

In the present study we report the generation of the S72A/D90N double mutant 

of the E. coli dUTPase. We compare its ligand binding and catalytic properties 

with those of the E. coli wild type and S72A single mutant enzymes. One aspect 

of ligand binding to the double mutant is shown to differ drastically from that of 

the parent wild type enzyme.  In contrast to the wild type enzyme, the double 

mutant, as well as the S72A single mutant, readily accepts the bulky 2´,3´-O-

trinitrophenyl- 2´,3´-dideoxy-UTP⋅Mg.  

 

2. MATERIALS AND METHODS 

2.1. Chemicals and Materials 

Nucleotides dUTP were purchased from Jena Bioscience GmbH (Jena, 

Germany). Other chemicals were of analytical grade and obtained through 

Sigma Aldrich (Sweden AB). Material and equipment for protein purification 

were purchased from GE Healthcare Bio-Sciences AB, (Uppsala, Sweden) and 

the electrophoresis equipment from BioRad (Bio-Rad Laboratories AB, 

Sweden). 

 

2.2. Construction of the S72A/D90N E. coli dUTPase. 

The E. coli strains TG1 (supE thi-1 ∆(lac-proAB) ∆(mcrB-hsdSM)5 (rK
- mK

-) [F' 

traD36 proAB lacIqZ∆M15]) and BL21(DE3)pLysS (Novagen, U.K.) were used 

as hosts in all experiments and plasmid pET3a (Novagen, Madison, WI) was 

used as the expression vector. 



 4 

Restriction endonuclease DpnI and pfuUltra DNA polymerase were obtained 

from Stratagene (La Jolla, CA), nucleotides from Roche (Mannheim, Germany) 

and the plasmid purification kit from Qiagen (Basel, Switzerland). All other 

chemicals were of analytical grade and obtained from Sigma-Aldrich (St. Louis, 

MO). All cloning procedures were performed as described by Sambrook et al. 

[14] The dUTPase mutant gene S72A [5] was amplified with plasmid pET3a as 

template and complementary oligonucleotides carrying mismatches for the 

specific modification (D90N) as primers, obtained from MWG Biotech AG 

(Ebersberg, Germany). Except for the mismatches the sense primer was 

identical to the coding strand of the mutant S72A dUTPase gene. Sense primer: 

5'-GTA ACC TGG TAG GAT TGA TCA ATT CTG ACT ATC AGG GCC 

AG-3'. Antisense primer: 5'-CTG GCC CTG ATA GTC AGA ATT GAT CAA 

TCC TAC CAG GTT AC-3'. 

After digestion with DpnI, the newly constructed plasmid (S72A/D90N) was 

used to transform competent E. coli TG1 cells. The cells were spread over 

Luria-Bertani (LB) agar plates supplemented with Ampicillin (100 µg/ml). 

Colonies were selected randomly and sequenced using BigDye-terminators 

version 3.0 from Applied Biosystems (Warrington, U.K.) according to the 

supplier’s instructions. The results were analyzed on an ABI 3100 DNA 

sequencer by BM-laboratory (Lund, Sweden). 

 

2.3. Enzyme Expression, Extraction and Purification 

Plasmids containing the gene (dut) coding for the wild type or for the double 

mutant E. coli dUTPases were used to transform E. coli BL21 competent cells 

according to standard protocols [14]. Single positive colonies, selected for with 

Ampicillin 100 (µg/ml), were used as starting material for cultures. The cultures 

were incubated at 37 °C, grown to an OD600 of 0.5-0.7 and then induced with 

IPTG (1 mM) for 5 hours, at 37 °C. The cells were harvested by centrifugation 

at 6650×g for 45 minutes at 4 °C. The supernatant was discarded and the pellets 
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were stored at -20 °C. The pellets were thawed and the bacteria re suspended in 

extraction buffer (Hepes 20 mM, pH 7.5, containing EDTA, EGTA, PMSF and 

DTT, all at 1 mM, and Glycerol to 10%). Extraction was initiated by three 

cycles of freezing and thawing. The resulting slurry was kept on ice and 

subjected to three sonication cycles, each lasting for 4 minutes and consisting of 

2 seconds interval pulses of 60 mA. The suspension was centrifuged at 6650×g 

for 25 minutes at 4 °C, which resulted in a clear extract. Enzymes were purified 

as described previously [15]. Accordingly, the clear extracts were subjected to 

chromatography on phosphocellulose (P11, Whatman International Ltd., 

England) packed in a column to a volume of 16 ml. The proteins were eluted 

using a KCl gradient ranging from 0.04 to 1 M in Hepes buffer (20 mM, pH 

7.5). The dUTPase fractions were analyzed by SDS-PAGE [16]. Based on the 

relative density of the bands in the gel the purity of the preparations was 

estimated to be > 90% in the wild type and in the D90/S72A E. coli dUTPases 

respectively. The concentrations of wild type and mutant dUTPases were 

determined spectrophotometrically, taking the degree of purity into account, 

using the extinction coefficient 0.51 ml mg-1 cm-1 reported for E. coli dUTpase 

[17]. Enzyme concentrations are reported throughout as the active site 

concentration.  

 

2.4. Mutant dUTPase Activity Assay 

The S72A/D90N E. coli dUTPase (0.5 µM) was incubated with dUTP (60 µM) 

and MgCl2 (5 mM) in Hepes (20 mM, pH 7.5). The ionic strength was adjusted 

to 0.1 M with KCl. At timed intervals, an aliquot (1 ml) of the reaction mixture 

was subjected to ion chromatography on Q-Sepharose (Pharmacia, HiTrap, 5 

ml). The column was developed using a KCl salt gradient (40 – 500 mM) in 

Hepes buffer (20 mM, pH 7.5). The column eluate was analyzed by flow 

photometry (254 nm). Incubation was extended to last for 8 hours. 
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2.4. Kinetic Measurements 

The wild type E. coli dUTPase was used as a reference in this study. 

Complete curves for its reaction with substrate were monitored 

spectrophotometrically by the pH-indicator method described elsewhere [3,5]. 

The standard assay uses enzyme and substrate at 0.2 and 2 µM, respectively. 

Binding of dUTP⋅Mg to the S72A/D90 double mutant was assessed by 

including it at 0.75 and 1.4 µM, respectively, in the standard mixture. This 

experimental set up tests the ability of the double mutant to compete for the 

substrate.  

 

2.5 Binding Studies by Frontal Chromatography 

The S72A/D90N dUTPase was immobilized on agarose in pre-packed 

columns (HiTrap, 1 ml NHS-activated). Following the procedure recommended 

by the manufacturer, the column was incubated with solutions of S72A/D90N 

dUTPase (50 nmol active sites) in 1 mL 0.1 M Hepes/NaOH pH 8.3. The 

column with immobilized dUTPase was attached to an FPLC system (Äkta 

Explorer, GE Healthcare Bio-Sciences AB, Uppsala, Sweden). To test the 

binding of metal-free dUTP to the double mutant, solutions of dUTP (2 -12 

µM), in a pH 7.5 buffer containing Hepes (10 mM), NaOH (~4 mM), Na2EDTA 

(1 mM), and with the ionic strength adjusted to 0.1 M with KCl, were run 

through the column and the elution volume for the ligand determined at each 

concentration. The effective void volume of the system was determined by 

running a solution of ATP through the column, at otherwise identical 

conditions. Under the conditions described, ATP shows no binding to the E. coli 

wild type dUTPase [3]. 

 

2.6 Fluorimetric Titrations 

 The fluorescence emission spectrum of the S72A/D90N mutant was recorded 

at 25 °C on a Fluoromax 3 fluorescence spectrophotometer (Horiba Jobin 

Yvon), with the enzyme dissolved to 4 µM in buffer Hepes (20 mM, pH 7.5), 



 7 

containing KCl (80 mM) and MgCl2 (5 mM). The excitation wavelength was set 

to 290 nm and the slits to 5 nm. Emission profiles were collected between 290 

and 450 nm, both in the absence of dUTP and after the additions of dUTP to 

final concentrations ranging from 4 to 20 µM. The effect of TNP-UTP (4 µM) 

on the S72A/D90N dUTPase emission profile was studied, before and after 

addition of dUTP (4 µM). 

 

3. RESULTS 

The extended chromatographic assay failed to detect any formation of dUMP 

even after 8 hours of incubation which means that, in practical terms, the 

S72A/D90N mutant is inactive as a dUTPase. 

 

Indicator absorbance traces reflecting the complete hydrolysis of dUTP 

catalyzed by the wild type E. coli dUTPase, in the absence and presence of the 

double mutant, were recorded and normalized to show product formation [3]. 

The normalized traces are displayed in Fig. 1A. Simulations of the reaction 

under the presumption that the double mutant binds dUTP⋅Mg as strong as the 

wild type enzyme (0.13 µM) are displayed in Fig. 1B. In comparison with the 

real data obtained, the simulation reveals that binding of dUTP⋅Mg to the 

double mutant is considerably stronger than to the wild type form of the 

enzyme. Evaluation of the data in Fig. 1 gave kcat = 6 s-1 and KM = 0.21 µM for 

the reaction of dUTP⋅Mg with the wild type dUTPase, in agreement with 

previous reports [3,5], and a KD in a range of 0.016-0.031 µM for its interaction 

with the double mutant. This number is 3-4 times higher than the KD governing 

dUTP⋅Mg binding to the S72A single mutant, indicating that the D90N 

mutation has the same limited influence on binding irrespective of whether 

residue 72 is a serine or an alanine. With the D90N single mutant a KM (=KD) of 

0.5 µM was reported [4]. This number is 3.8 times larger than the KD = 0.13 µM 
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we have determined for the wild type dUTPase [3,5]. The fitting procedure was 

made with the program Dynafit [18]. 

 

Binding of metal free dUTP to the double mutant was determined by the frontal 

chromatography approach [19] to be 13 µM (Fig. 2). This number is identical to 

that we have determined for binding of metal free dUTP to the S72A single 

mutant [5], and very close to that (16 µM) reported for the corresponding 

binding to the wild type enzyme [3]. 

 

Two things can be inferred from the data presented in Fig. 3. Binding of 

dUTP⋅Mg induces the same 15% quench of the intrinsic protein fluorescence in 

binding to the S72A/D90N double mutant as it does in binding the S72A single 

mutant (Fig. 3A). The TNP-UTP⋅Mg binds somewhat weaker to the double 

mutant than dUTP⋅Mg does (Fig. 3B). 

 

4. DISCUSSION 

The homotrimeric dUTPases are potential targets for drugs against cancers and 

infectious diseases, including tuberculosis and malaria. A wealth of structural 

information on the homotrimeric dUTPases and their complexes with the 

substrate and substrate analogues has accumulated. Functional studies, however, 

are lagging behind.  Despite intense efforts, partly within two projects financed 

by the European Union, only a couple of reports on the inhibition of these 

enzymes have been published [38,20-23], and none appears to have triggered 

the development of a drug. More basic research may have a positive influence 

on this development.  

 

The complete loss of activity and a strong affinity for dUTP⋅Mg resulting by 

combining the S72A and D90N mutations in the same molecule emphasizes the 

catalytic roles previously assigned to the two mutated residues [4,5]. The higher 
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affinity for dUTP⋅Mg, compared to the wild type and D90N dUTPases confirms 

that the conserved serine β-hydroxyl group destabilizes the enzyme substrate 

complex. We postulate that, unlike the situation in the complex of the D90N 

single mutant with dUTP⋅Mg, or the wild type enzyme with α,β-imido-

dUTP⋅Mg, binding of dUTP⋅Mg to the D90N/S72A double mutant should 

immobilize the C-terminus in a complete fashion. The basis for this would be a 

narrowing of the intersubunit cleft made possible by the removal of the serine 

β-hydroxyl group, making the complex more like that with the transition state 

of the reaction. Structural studies of the dUTP⋅Mg-double mutant complex may 

provide additional insights into the structure-function relationships of the 

dUTPase. 

 

The substrate derivative 2´,3´-O-trinitrophenyl-uridine-5’-triphosphate (TNP-

ddUTP⋅Mg) was shown to bind to the double mutant but not to the wild type 

enzyme. TNP-ddUTP is fluorescent and binding to the double mutant increased 

and blue-shifted its emission (data not shown). The changes were however 

small, indicating that the environment of the TNP moiety of the bound ligand is 

rather polar. We reasoned that it is the removal of the serine hydroxyl group, 

rather than the exchange of Asp for Asn, that permits binding of the bulky 

derivative to the substrate pocket. To test this hypothesis, the S72A single 

mutant was titrated with TNP-ddUTP and shown to bind the derivative as tight 

as the double mutant. There is little reason to believe that TNP-UTP is excluded 

from the pocket of the wild type enzyme by direct steric interference by the 

serine β-hydroxyl group. More likely is that the removal of the hydroxyl group 

provides space for an accommodation of the bulky TNP substituent at a position 

close to that of the 3´-hydroxyl group of the bound dUTP⋅Mg through a change 

of conformation of the bound derivative compared to that of the bound 

substrate.  
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6. FIGURE LEGENDS 

 

Figure 1. Competitive binding of dUTP⋅⋅⋅⋅Mg to the wild type and 

S72A/D90N E.coli dUTPases. A) Wild type enzyme (0.2 µM) was reacted with 

dUTP⋅Mg (2 µM) in the absence (solid line) and presence (dashed lines) of the 

double mutant dUTPase (0.75 and 1. 4 µM). B) The experimental reactions in 

panel A were simulated assuming that the double mutant binds dUTP⋅Mg with 

the same affinity as the wild type form. 

 

Figure 2. Binding of metal-free dUTP to immobilized S72A/D90N double 

mutant. Elution front volume data were obtained by running solutions 

containing dUTP at increasing concentrations through the column with 

immobilized double mutant. The result was analyzed in view of the equation 

(V-V 0)/V0 = (KD + CdUTP)/CE [19], where CE denotes the total concentration of 

enzyme active sites in the column, CdUTP the concentration of dUTP in the 

solutions applied, V0  the system void volume and V, the volume displaced in 

front of the dUTP applied. 

 

Figure 3. Effects on the intrinsic protein fluorescence by ligand binding to 

S72A/D90N E. coli dUTPase. (A) Emission profiles of the S72A/D90N double 

mutant E. coli dUTPase, before (solid black) and after additions of dUTP (4-20 

µM). (B) Emission profiles of the double mutant before (solid line) and after 

(dashed line) addition of TNP-UTP (4 µM) and the subsequent addition of 

dUTP (4 µM) (dotted line).  
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Figure 1 
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Figure 2 

dUTP (µµµµM)
0 2 4 6 8 10 12 14

V
o

/(
V

-V
o

)

0

4

6

8

10

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 17 

Figure 3 
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