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Crystallization and preliminary crystallographic
analysis of deoxyuridine 5'-triphosphate
nucleotidohydrolase from Bacillus subtilis

Single crystals of purified homotrimeric deoxyuridine 5'-triphosphate
nucleotidohydrolase (dUTPase) from Bacillus subtilis have been
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grown under several different conditions using vapour diffusion.
X-ray diffraction data have been collected using synchrotron
radiation from three crystal forms of the unliganded enzyme and
from enzyme cocrystallized with a substrate analogue and inhibitor,
dUDP, and a metal ion, Sr**. The three crystal forms of unliganded
enzyme belong to hexagonal (P65), orthorhombic (P2,2,2) and cubic
(P2,3) space groups and data have been recorded to 1.75, 1.90 and
250 A spacing, respectively. Crystals grown in the presence of dUDP
and Sr** belong to the orthorhombic space group P2,2,2; and data
were measured to 1.90 A spacing. Solution of the hexagonal crystal
form by molecular replacement using the dUTPase from feline
immunodeficiency virus as a search model is in progress.

1. Introduction

Deoxyuridine  5'-triphosphate  nucleotido-
hydrolase (dUTPase), an enzyme involved in
nucleotide metabolism, catalyses the hydro-
lysis of dUTP to dUMP and inorganic pyro-
phosphate (Bertani er al., 1961). dUTPase
activity is essential for full viability in most
biological systems, as maintenance of a low
dUTP:dTTP ratio is required to safeguard the
integrity of the genetic information stored in
DNA (Kornberg & Baker, 1991). Perturba-
tions in dUTPase activity result in erroneous
incorporation of uracil by DNA polymerase
into newly synthesized DNA, thus activating
the base-excision repair pathway, which
proceeds through single strand breaks (Tye &
Lehman, 1977). If dUTP levels are abnormally
high in a biological system, this repair system
will expedite multiple and futile cycles of
excision and reintroduction of uracil, resulting
in increased recombination, DNA fragmenta-
tion and ultimately cell death (Richards er al.,
1984). Given the essentiality of the enzyme, its
ubiquity and its involvement in a crucial step in
nucleotide metabolism, dUTPase presents
itself as an attractive potential target for
chemotherapeutic, antiviral and antibacterial
intervention.

Despite extensive structural and kinetic
studies of various prokaryotic, eukaryotic and
viral dUTPases, the detailed mechanism of
how the enzyme facilitates the hydrolysis of
dUTP is still poorly understood. However, it is
known that all dUTPases studied so far are

dependent on the presence of a divalent metal
ion, preferably Mg, for optimal activity
(Greenberg & Somerville, 1962; Wohlrab &
Francke, 1980; Camacho et al, 2000).
dUTPases are required to maintain exquisite
specificity in choice of substrate, as imbalances
in the nucleotide pool adversely affect accurate
nucleotide metabolism. In particular, the
enzyme is compelled to discriminate against
the structurally most similar nucleotides, dTTP,
dCTP and UTP, as they are all required for
functional DNA or RNA synthesis. Kinetic
studies do indeed demonstrate almost all
known dUTPases to be highly specific for their
substrate, dUTP (Larsson, Nyman et al.,
1996; Bergman et al., 1998). Parasite-encoded
dUTPases constitute the only known exception
as they also accept dUDP, a potent inhibitor of
other dUTPases, as a substrate (Camacho et al.,
2000).

Most of the amino-acid residues involved in
substrate binding and catalysis have been
identified through structural and mutational
studies on various dUTPases. A large majority
of dUTPases function as homotrimers. The
structural layout of this group is illustrated by
the four crystal structures determined so far,
i.e. those of Escherichia coli, human, equine
infectious anaemia virus and feline immuno-
deficiency virus (FIV) dUTPases in unliganded
and liganded forms (Cedergren-Zeppezauer et
al., 1992; Larsson, Svensson et al., 1996; Mol et
al., 1996; Prasad et al., 1996, 2000; Dauter et al.,
1999). The homotrimers all contain three
identical active sites formed at the subunit
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interfaces, with each active site made up of
residues contributed by all three subunits.
One subunit provides residues vital for base
and sugar recognition, while another is
involved in phosphate interactions. The
third subunit contributes a glycine-rich
consensus motif positioned in the flexible
C-terminal region, which is suggested to
cover the active site and substrate during
catalysis (Mol et al, 1996). Within the
homotrimer, each monomer contains five
conserved motifs (McGeoch, 1990), which
are all located at the active sites. Mammalian
herpesvirus dUTPases function as mono-
mers, still containing the conserved motifs,
although in a rearranged order, but the
polypeptide chain is longer. Owing to the
similarities in sequence and metal-ion
requirements between the monomeric and
trimeric dUTPases it can be assumed that
the major aspects of the reaction mechanism
and perhaps also the layout of the active site
are closely related. Parasite-encoded
dUTPases, on the other hand, do not contain
any traces of the conserved motifs and
function as dimers (Camacho et al., 2000).
In the current study, the B. subtilis
dUTPase was chosen as a paradigm for
studies of a dUTPase encoded by a Gram-
positive bacterium. While this bacterial
enzyme retains the general features of the
five conserved motifs, some notable changes
are observed in the amino-acid sequence in
and adjacent to the motifs. The effects of
these exchanges on the overall structure of
the enzyme and on substrate recognition in
particular require elucidation. Structural
studies have therefore been initiated and
here we report the crystallization and initial
X-ray diffraction analysis of the enzyme. To
facilitate crystallization and structural
studies, the gene encoding B. subtilis
dUTPase was cloned from chromosomal
DNA, sequenced and expressed in E. coli.
The recombinant product was purified in
one step using cationic ion-exchange chro-
matography, as will be reported elsewhere.
The enzyme is, as are most other bacterial
dUTPases, active as a homotrimer and the
amino-acid sequence of each monomer
comprises 142 amino acids (16 kDa) as
deduced from the nucleotide sequence of
the dUTPase-encoding gene. Crystals of
unliganded and potentially liganded enzyme
were obtained, the latter grown in the
presence of a substrate analogue and inhi-
bitor, dUDP, and a metal ion, Sr**. The
structure of such a complex should give
insight into the nature of molecular inter-
actions between the enzyme and its
substrate and define residues participating in
catalysis. The crystals proved to be suitable

for X-ray diffraction analysis and molecular
replacement is currently in progress using
the dUTPase from FIV as a search model.

2. Materials and methods
2.1. Crystallization

The recombinant B. subtilis dUTPase was
overexpressed in E. coli and purified to
apparent homogeneity using phospho-
cellulose chromatography. Prior to crystal-
lization, the pure enzyme was extensively
dialysed against 10 mM MOPS pH 7
containing 1 mM B-mercaptoethanol and
concentrated to 20 mg ml™" using carboxy-
methylcellulose. Purity was checked by
SDS-PAGE. The final protein concentration
was estimated from the absorbance at
280 nm using a calculated extinction coeffi-
cient of Asg00.19 = 1.101.

Initial screening for nucleation and crys-
tallization conditions was performed using
sitting-drop vapour diffusion (Davies &
Segal, 1971) at 290 K. Suitable conditions
were identified using the commercially
available sparse-matrix screening  Kits
Crystal Screen and Crystal Screen II from
Hampton Research (Jancarik & Kim, 1991).
The conditions included in the ‘footprint’
screen (Stura et al., 1992) were also investi-
gated and then optimized. In all cases the
droplets contained 0.25-1.25 pl protein,

Table 1

giving a protein concentration in the final
10 ul drop of 0.525mgml~", and 5pl
reservoir solution. Complex formation with
dUDP and Sr** was enabled by inclusion of
the substrate analogue and the metal salt
(SrCly) to final concentrations of 5 and
20 mM, respectively, in the droplets. The
droplets were equilibrated against a reser-
voir volume of 1 ml.

2.2. Data collection and processing

Prior to low-temperature data collection,
crystals of unliganded enzyme were cryo-
protected through sequential transfer
through solutions of the mother liquor in
which the polyethylene glycol (PEG) 600
concentration was increased in small steps to
a final concentration of 30%. Crystals
obtained from a drop containing 30% PEG
600 required no further addition of cryo-
protectant and were harvested and vitrified
directly from the drop. For vitrification, the
crystals were mounted in loops and frozen in
liquid nitrogen. A similar procedure was
used for crystals of the putative complex,

where a final concentration of 20% ethylene
glycol was used.

X-ray diffraction data for B. subtilis
dUTPase were measured using synchrotron
radiation. Data for the orthorhombic and
hexagonal crystal forms
enzyme and for the putatively liganded

Crystallographic parameters and data-collection statistics.

of unliganded

Potential complex

Native I Native II Native IIT with dUDP/Sr**
(cubic) (orthorhombic) (hexagonal) (orthorhombic)
Beamline 14.1 (SRS) 14.1 (ESRF) 14.1 (ESRF) 14.1 (ESRF)
Image-plate system ADSC Quantum 165 mm MAR 165 mm MAR 165 mm MAR
4R CCD CCD CCD CCD
Crystal-to-detector distance (mm)  170.1 140.0 130.0 139.2
Oscillation per image (°) 0.8 0.5 0.5 0.3
No. of images 146 180 180 620
Temperature (K) 100 100 100 100
Wavelength (A) 1.244 0.934 0.934 0.934
Space group P23 P2,2,2 P63 P2,2,2,
Unit-cell parameters (Af‘) a=b=c=1169, a=1160,b=1184, a=>b=1028, a=995,
a=B=y=90 c =60.8, c =862, b=c=993,
a=B=y=90 a= =90, a=B=y=9
y =120
Asymmetric unit (monomers) 3 6 4 6
Packing density (Vi) (A>Da™") 2.8 22 2.0 2.5
Solvent content (%) 54.9 425 39.0 511
All data
Resolution range (A) 20-2.50 20-1.90 20-1.75 20-1.90
Total observations 487219 211897 303351 404962
Unique reflections 21068 67720 52846 78511
Completeness (%) 100 99.6 99.9 99.8
Io(I) 287 143 26.4 254
Rinerget (%) 9.0 83 6.1 5.4
Last shell
Resolution range (A) 2.59-2.50 1.97-1.90 1.81-1.75 1.97-1.90
Completeness (%) 100 99.6 100 99.0
Ilo(I) 7.34 21 3.0 31
Rinerget (%) 415 57.5 69.9 45.6

I Rmerge = 2pua I — (DN/ X I-
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enzyme were collected at station 14.1 at the
European Synchrotron Radiation Facility
(ESRF), Grenoble, France, while data for
the cubic crystal form of unliganded enzyme
were collected at station 14.1 at the
Synchrotron Radiation Source (SRS),
Daresbury, England. Table 1 specifies the
details of the data-collection parameters
used for each crystal form. The space groups
and unit-cell parameters were determined
using the autoindexing and parameter-
refinement procedures of DENZO and all
intensity data were integrated and reduced
with DENZO and SCALEPACK (Otwi-
nowski & Minor, 1997).

3. Results and discussion

Both uncomplexed and putatively com-
plexed B. subtilis dUTPase crystallized
rapidly (1-10d) and reproducibly under
several conditions found in the initial sparse-
matrix and ‘footprint’ screens. Presence of
PEG (of any molecular weight), ethylene
glycol or 2-methyl-2,4-pentanediol (MPD)
in the reservoir solution proved essential for
nucleation and rapid crystal formation. The
most promising crystals of unliganded
enzyme were initially found using conditions
included in a modified ‘footprint’ screen
where crystals shaped as irregular plates
were grown from a reservoir of 0.1 M
imidazolemalate buffer pH 5.5, 33%(v/v)
PEG 400. After optimization of pH and
PEG concentration and size, good-quality
single crystals of an orthorhombic crystal
form used in data collection were grown
from 0.1 M imidazolemalate buffer pH 4.0,
20%(v/v) PEG 600. Two other crystal forms,
the cubic and hexagonal forms, on which
data were also measured, were grown from
0.1 M imidazolemalate buffer pH 5.5 with 24
and 30%(v/v) PEG 600, respectively. Thus,
subtle changes in PEG concentrations
resulted in the appearance of crystals
belonging to different forms. The size and
shape of the crystals obtained varied notably
even within each single drop for all three
forms.

Crystals of putatively liganded enzyme
suitable for X-ray diffraction studies were
obtained using 0.1 M HEPES pH 7.5,
10% (w/v) PEG 8000 and 8%(v/v) ethylene
glycol as a reservoir solution. These crystals
were well shaped and had a typical edge
length of 0.25-1 mm. A representative view
of this crystal form is shown in Fig. 1.

Glycerol was initially tested as a cryo-
protectant for all crystal forms but proved
detrimental to the diffraction properties.
Instead, stepwise increase of polyethylene

glycol (for crystals of unliganded enzyme) or
ethylene glycol (for crystals of putatively
complexed enzyme) in the respective
mother liquors was successfully used for
cryoprotection.

The statistics for the X-ray diffraction
data on all four crystal forms are summar-
ized in Table 1. Initial efforts to construct a
reliable model suitable for molecular-
replacement experiments used as search
models the E. coli and equine infectious
anaemia virus dUTPase structures, which

Figure 1

A crystal of B. subtilis dUTPase grown in the
presence of dUDP and Sr**. The edge length of the
crystal is approximately 0.5 mm.

share ~28 and ~21% sequence identity with
the B. subtilis enzyme, respectively.
However, this proved unsuccessful and the
structure of dUTPase from FIV was tried
instead (PDB code 1dut). This enzyme
shares ~26% sequence identity with the
B. subtilis dUTPase and a useful molecular-
replacement solution was readily found;
structure solution is now well under way for
the hexagonal native crystal form.

In summary, the establishment of suitable
cryoprotectant conditions together with
synchrotron-radiation facilities enabled the
collection of high-resolution diffraction data
for crystals of B. subtilis dUTPase in un-
liganded and potentially liganded (with a
substrate analogue and a metal ion) forms.
In the past, crystallization of other trimeric
dUTPases has not proved to be entirely
straightforward (Persson et al., 1997; Dauter
et al., 1998). Future structural studies of a
dUTPase will therefore be aided by the ease
with which high-diffraction quality crystals
can be reproducibly generated with the
B. subtilis enzyme under the conditions
established in this study. It allows the
determination of the structures of this
dUTPase in complex with various substrate
analogues and inhibitors, thereby providing
further understanding of the features

responsible for this essential enzyme’s cata-
Iytic capability.
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