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dUTPases are a ubiquitous family of enzymes that are essential

for all organisms and catalyse the breakdown of 2-deoxy-

uridine triphosphate (dUTP). In Bacillus subtilis there are two

homotrimeric dUTPases: a genomic and a prophage form.

Here, the structures of the genomic dUTPase and of its

complex with the substrate analogue dUpNHpp and calcium

are described, both at 1.85 Å resolution. The overall fold

resembles that of previously solved trimeric dUTPases. The

C-terminus, which contains one of the conserved sequence

motifs, is disordered in both structures. The crystal of the

complex contains six independent protomers which accom-

modate six dUpNHpp molecules, with three triphosphates

in the trans conformation and the other three in the active

gauche conformation. The structure of the complex confirms

the role of several key residues that are involved in ligand

binding and the position of the catalytic water. Asp82, which

has previously been proposed to act as a general base, points

away from the active site. In the complex Ser64 reorients in

order to hydrogen bond the phosphate chain of the substrate.

A novel feature has been identified: the position in the

sequence of the ‘Phe-lid’, which packs against the uracil

moiety, is adjacent to motif III, whereas in all other dUTPase

structures the lid is in a conserved position in motif V of the

flexible C-terminal arm. This requires a reconsideration of

some aspects of the accepted mechanism.
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1. Introduction

Deoxyuridine 50-triphosphate nucleotidohydrolases (dUTPases)

catalyze the hydrolysis of dUTP to dUMP and inorganic

pyrophosphate in an ion-dependent manner (Shlomai &

Kornberg, 1978; Bertani et al., 1963). They are ubiquitous

enzymes that are found in eukaryotes, prokaryotes and viruses

(Baldo & McClure, 1999) and are essential for viability, as

proven in Escherichia coli (el-Hajj et al., 1988) and

Saccharomyces cerevisiae (Gadsden et al., 1993). Their role in

ensuring the fidelity of DNA replication, transcription and

uracil base-excision repair is achieved by reducing the dUTP

concentration while simultaneously increasing the concentra-

tion of the dTTP precursor dUMP. The dTTP:dUTP ratio is

thereby increased, reducing the likelihood of dUTP misin-

corporation. dUTPases are classified into three different

families based on their oligomeric assembly: monomeric,

homodimeric (termed dUTPase/dUDPase) and homotrimeric.

While the homotrimeric and monomeric dUTPases share a

common fold, with a gene duplication giving rise to the

monomeric form, dUTPase/dUDPases show no sequence or

structural similarity to the other two families.

The homotrimeric dUTPases are the most studied family

and all share a common fold (Vértessy & Tóth, 2009). The first



crystal structure of a dUTPase was the homotrimeric E. coli

enzyme (Cedergren-Zeppezauer et al., 1992), but several

structures of orthologues from a number of organisms and

complexes with dUMP, dUDP, dUTP and dUpNHpp and Mg2+

have subsequently been reported (Varga et al., 2008; Chan et

al., 2004; González et al., 2001; Prasad et al., 1996, 2000; Dauter

et al., 1998, 1999; Larsson et al., 1996; Mol et al., 1996). They

form trimers around a threefold axis and have a central

channel with extensive subunit interactions.

These structures, when combined with kinetic data, have

provided detailed insights into the active-site geometry and

composition as well as the catalytic mechanism. There are

three active sites per trimer, formed by five conserved motifs

(McGeoch, 1990), and all three subunits contribute to the

formation of each active site. Four of the motifs are contrib-

uted by two adjacent subunits. Motif V comes from the third

subunit and is located in the C-terminal arm, which is dis-

ordered in most of the published structures. However, the arm

takes up an ordered conformation in the structures of Myco-

bacterium tuberculosis dUTPase in complex with Mg2+–

dUpNHpp, the feline immunodeficiency virus (FIV) dUTPase

in complex with dUDP and the human dUTPase complexes

with dUMP, dUDP and dUTP (Prasad et al., 2000; Chan et al.,

2004; Tóth et al., 2007; Varga et al., 2008).

Bacillus subtilis has two distinct trimeric dUTPases, a pro-

phage enzyme (YosS) and a genomic enzyme (YncF), with

93% sequence identity (Fig. 1). The structure of YosS has been

reported previously (PDB code 2baz; J. Wang, Y.-H. Liang &

X.-D. Su, unpublished work) and crystals diffracting to 2.7 Å

resolution have been reported for YncF (Li et al., 2009). In the

present work, the genomic YncF has been expressed, purified

and crystallized and structures have been solved at 1.85 Å

spacing for the apoenzyme and the complex with dUpNHpp, a

nonhydrolysable analogue of dUTP. While the two structures

are very similar to known homotrimeric dUTPases, the com-

plex with dUpNHpp reveals novel features in the active site.

2. Methods

2.1. Expression and purification

The DNA containing the coding sequence for the B. subtilis

genomic dUTPase was cloned into the pET-26(+) (Novagen)

vector. The plasmid was transformed into B834 (DE3) com-
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Figure 1
Sequence alignment of a set of representative trimeric dUTPases for which structures are known. Conserved residues are shown on a black background,
while boxes indicate the conservation of residues with similar physicochemical properties. The secondary-structure depiction and residue numbering
above the sequences corresponds to YncF. The five conserved functional motifs are labelled below the sequences and outlined by dashed boxes. YncF is
the only dUTPase that lacks an aromatic residue at position 138 (indicated by a star) and YncF and YosS are the only dUTPases that have an aromatic
residue at position 93 (indicated by a triangle), the main chain of which is responsible for uracil binding. The conserved arginine of motif V is indicated by
a circle.



petent cells and expression was carried out by auto-induction

at 303 K overnight (Studier, 2005). The cells were harvested by

centrifugation and the resulting pellet was resuspended in

buffer A (50 mM NaCl, 20 mM MES, 1 mM DTT pH 5.5) and

lysed by sonication. The supernatant was loaded onto a

phosphocellulose cation-exchange column and the protein was

eluted with a gradient of buffer B (20 mM MES pH 5.5, 1 M

NaCl, 1 mM DTT). The resulting sample was dialysed against

50 mM Tris–HCl pH 8, 150 mM NaCl, concentrated and stored

at 193 K.

2.2. Crystallization

Protein at 15 mg ml�1 in 50 mM Tris pH 7.5, 150 mM NaCl

was screened for crystallization. The commercial screens

PACT (Molecular Dimensions), Index, Crystal Screen and

Crystal Screen 2 (Hampton Research) were used to set up

96-well screens with 150 + 150 nl drops in MRC plates using

Hydra 96 (Robbins Scientific) and Mosquito (TTP LabTech

Ltd, UK) robots. This protocol was followed for both the

apoenzyme and the enzyme complexed with dUpNHpp at a

5:1 ratio (ligand:protein) and 10 mM MgCl2.

Crystals of the apoenzyme that were suitable for data

collection were obtained using protein at 8 mg ml�1 from

0.2 M MgCl2, 28% PEG 550 and 0.1 M HEPES pH 7.5 and

were cryoprotected with 30% PEG 550 prior to exposure.

Crystals of the complex were optimized at 12 mg ml�1 using

0.2 M CaCl2, 16% PEG 6K and 0.1 M HEPES pH 7 and were

cryoprotected with 20% glycerol.

2.3. Data collection

For the apoenzyme, data were collected on ESRF beamline

ID14-2 (� = 0.933 Å) to a d-spacing of 1.85 Å. For the

complex, data to 1.85 Å resolution were collected on Diamond

Light Source beamline I04 (� = 0.9704 Å). The data are

summarized in Table 1.

2.4. Structure solution and refinement

Crystallization experiments were performed using full-

length YncF (residues 2–144; the mature enzyme lacking the

N-terminal methionine). The crystals of the apoenzyme and

of the complex were isomorphous, belonging to space group

P212121 with six protomers in the asymmetric unit arranged as

two trimers. The structure of the apoenzyme was solved by

molecular replacement using the program Phaser (McCoy et

al., 2007) with the B. subtilis prophage YosS structure (PDB

entry 2baz) as the search model. The structure of the complex

was solved using the native enzyme. For both structures,

manual corrections were performed with Coot (Emsley &

Cowtan, 2004) and refinement was carried out using

REFMAC (Murshudov et al., 1997). The crystals of the apo-

enzyme showed pseudo-merohedral twinning and the twin-

ning factor was refined in REFMAC. The structure of the

complex was refined using TLS refinement. A calcium ion was

bound to the dUpNHpp in all six active sites, though at two

different positions reflecting the gauche or trans conformation

of the trinucleotide (see below). When the ion was refined as

magnesium there was positive difference density at the metal
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Table 1
X-ray data and refinement statistics for the crystals of the B. subtilis
genomic dUTPase (YncF) and its complex with the non-hydrolysable
substrate analogue dUpNHpp.

For data collection, the values in parentheses correspond to the outer shell of
reflections. For refinement deviations, the values in parentheses are the target
values.

Apo YncF Complex with dUpNHpp

Data collection
Source ESRF Diamond Light Source
Beamline ID14-2 MX306I04
Wavelength (Å) 0.933 0.9704
Space group P212121 P212121

Unit-cell parameters (Å) a = 98.81, b = 98.84,
c = 99.11

a = 99.12, b = 99.25,
c = 99.35

Resolution (Å) 31.33–1.85 (1.95–1.85) 40.54–1.85 (1.95–1.85)
Rsym or Rmerge (%) 7.4 (88.1) 11 (94.4)
I/�(I) 12.8 (1.5) 15.6 (2.4)
Completeness (%) 97.9 (99.2) 99.9 (100)
Redundancy 5.5 (5.0) 9.4 (7.4)

Refinement
No. of reflections 77321 78918
Rwork/Rfree (%) 15.4/18.4 15.1/18.7
Twinning operators h, k, l, 0.51;

k, �l, �h, 0.31;
�l, �h, k, 0.18

Untwinned

Protein atoms 6402 6397
Ligand/ion atoms 17 212
Water molecules 737 793
B factors (Å2)

Protein 28.5 36.1
Ligand/ions 30.1 24.8
Waters 34.4 35.1

R.m.s. deviations
Bond lengths (Å) 0.013 0.023
Bond angles (�) 1.424 2.007

Ramachandran plot (%)
Most favoured 90.9 91.8
Additionally allowed 8.2 7.3
Generously allowed 0 0
Disallowed 0.9 0.9

Figure 2
The triphosphate chain of dUpNHpp in coordination with a calcium ion.
The triphosphate moiety in the gauche conformation coordinating a
calcium ion is shown as cylinders. The metal is coordinated by the
triphosphate and by waters, with distances (shown in Å) that are typical
for a calcium ion and too long for a magnesium ion. Figs. 2–5 were
produced using CCP4MG (Potterton et al., 2004).



sites; the difference peaks disappeared when the ion was

refined as calcium. Furthermore, the coordination distances

(2.2–2.5 Å) were found to be more typical of calcium than of

magnesium (Fig. 2), with the typical ranges of distances being

2.3–2.5 Å for calcium and 2.0–2.15 Å for magnesium (Harding,

1999). The preferred coordination number for both atoms is

six. This result is in keeping with the presence of 200 mM

calcium in the crystallization drop.

There was a significant positive difference peak (17�) on the

threefold axes of both trimers. A Tris buffer molecule was

reported at this position in other dUTPases, but attempts to

model a Tris molecule in YncF did not provide a chemically

satisfying depiction of the density. A calcium ion provided a

good model for the central peak, leaving some weaker positive

difference peaks around the metal. The parameters of the

refined models are presented in Table 1.

Only residues 2–130 of each chain were included in the final

model; there was no observable density for the C-terminal 14

residues in either structure. Superposition of the six inde-

pendent protomers in the asymmetric unit of the apoenzyme

using SSM (Krissinel & Henrick, 2004) demonstrated that

they were very similar, with an overall r.m.s.d. in C� positions

of 0.4 Å. A similar analysis of the complex yielded an overall

r.m.s.d. of 0.5 Å. The main differences were found to be in

a flexible surface segment between residues 14 and 22, well

away from the active site, which appears to have no functional

significance. All residues were within favoured regions of the

Ramachandran plot, except for the 8.2 and 7.3% of residues

that were in additionally allowed regions for the native and

complexed enzyme, respectively. Only Ser77 in each chain is in

a disallowed region.

3. Results and discussion

3.1. Structure of YncF: the B. subtilis genomic dUTPase

The overall fold is similar to those of previously published

dUTPase structures and is extremely similar to that of the

B. subtilis prophage YosS, with an r.m.s.d. of 0.39 Å (PDB

entry 2baz). The subunit has a conical shape formed by 12

�-strands and a single �-helix. �5 is split into two sections by

the insertion of Ser77, the single Ramachandran outlier, which

causes a bulge that is essential for the formation of the active

site. This feature is present in other dUTPases, such as Ala75

in the human enzyme (Mol et al., 1996).

YncF is a trimer with a pyramidal shape, with a central

channel running along the threefold axis. The trimer shows the

characteristic subunit interactions of homotrimeric dUTPases,

with extensive binary protein–protein interactions between

adjacent subunits formed by the C-terminal strand �12 of each

subunit extending into the adjacent subunit and quaternary

contacts around the threefold axis. Most of the trimer inter-

face comes from �4, �5a, �6 or �8, and equivalent residues

from each of the three subunits form symmetrical triads along

the channel. The intersubunit interactions are species-specific

as the residues in the axial interface are not highly conserved,

but the central channel interactions do show some trends:

eukaryotic/DNA viral sequences always contain charged or

polar residues, while prokaryotic and retroviral sequences

mainly contain apolar residues (Fiser & Vértessy, 2000) which

may give them additional structural stability (Takács et al.,

2004). The central channel of the YncF trimer is essentially

identical to that of YosS and otherwise is most similar to that

seen in FIV dUTPase (Prasad et al., 1996). It is formed by

alternating hydrophobic and hydrophilic residues with

ordered water molecules through the entire channel. Some

dUTPases, such as those from FIV and Chlorella virus, have

been shown to contain a metal ion in the threefold-axis

channel (Homma & Moriyama, 2009; Prasad et al., 1996), but

this metal is trapped inside the channel, in contrast to that in

YncF which is positioned on the surface of the trimer.

Within the trimer, three hydrophobic clefts symmetrically

positioned in the interface of the subunits correspond to the

three active sites, each composed of the five conserved motifs

(McGeoch, 1990). Motifs I, II and IV from one subunit

interact with motif III of the adjacent subunit and motif V of

the third subunit, which lies in the flexible C-terminal arm.

In apo YncF the arm is disordered, a feature that has been

observed in several other dUTPase structures (Prasad et al.,

1996; Larsson et al., 1996; Cedergren-Zeppezauer et al., 1992).

This is also true for the complex with dUpNHpp and Ca2+,

which has been proposed to induce the arm to close down over

and complete the active site as a prerequisite for hydrolysis

(Vertessy et al., 1998).

3.2. The dUpNHpp/Ca2+ complex: the three gauche active
sites

The conformation and position of the protein residues in

the complex are the same as in the apoenzyme for both the

subunit and for the trimer (Fig. 3), as evidenced by the low
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Figure 3
Overall fold of the YncF trimer with the ligands shown. The YncF trimer
is depicted as a ribbon, with the three subunits coloured blue, yellow and
red. Each subunit contributes one �-strand to the adjacent subunit. There
are three active sites positioned at the interfaces of the different subunits;
the dUpNHpp ligands are depicted as cylinders.



r.m.s.d.s (0.21 and 0.38 Å, respectively). There are only two

significant changes. Firstly, the side chain of Phe93 in those

active sites in which the polyphosphate chain is in the gauche

conformation (below) flips from its position in the apoenzyme

to stack over the uracil in the complex. The residues around

Phe93 retain their apoenzyme conformations. Secondly, the

position and orientation of Ser64 vary. The main chain of

Ser64 is slightly displaced from the active site upon substrate

binding in order to accommodate the trinucleotide and the

side chain reorients to contact the imino group between the �-

and �-phosphates, while in the apoenzyme it points in the

opposite direction (Fig. 4).

The conformation of the nucleotide triphosphate chain is

not the same in all six protomers. In the three active sites

positioned between subunits A–B, A–C and F–D it is in a trans

conformation, while for those between subunits B–C, D–E

and E–F it is gauche. Thus, one trimer

contains two trans ligands and one gauche

ligand, while the second trimer contains two

gauche ligands and one trans ligand. This

variation in conformation has been

observed in previously determined trimeric

dUTPase structures, as first described for

the M. tuberculosis enzyme (Chan et al.,

2004). The three active sites with the trans

conformation are assumed to reflect crystal

packing, as the ligand forms lattice contacts

to the adjacent trimer, including hydrogen

bonds from the triphosphate to Lys105

(Fig. 4a). In contrast, there are no crystal

contacts for the three gauche active sites

which are able to assume the catalytically

active conformation.

In this section, the description and com-

parison will focus on the three ligands in the

gauche conformation (Figs. 4b and 4c);

differences between the trans and gauche

ligands will be summarized later. The uracil

and the sugar moiety are recognized by the

�-hairpin between �5 and �6. The uracil O2

and N3 atoms hydrogen bond to the Phe93

main-chain N and O atoms, respectively.

The O2 atom of the uracil also makes a

weak hydrogen bond (3.5 Å) to the
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Figure 4
Stereo representation of the YncF active sites with
dUpNHpp and calcium. (a) The trans active site.
Residues are depicted as light yellow and pink
cylinders for the subunits responsible for the
biological accommodation of the ligand, while
residues from an adjacent subunit forming crystal
contacts are depicted as light green cylinders. (b, c)
The gauche active site. Residues are represented as
green cylinders for the complex and as red cylinders
for the apoenzyme. For the latter, only those
residues that change position upon ligand binding
are displayed. Interactions of the ligand with
enzyme residues are shown as dashed lines. (b)
The 2Fo � Fc map at 1� is shown for the ligand.
Phe93 is seen to flip out of the active site to stack
against the uracil ring. Ser64 is displaced to
accommodate the substrate and changes its direc-
tion so as to make contact with the triphosphate
moiety. (c) Stereoview of the active site from a
different angle. The catalytic water positioned at a
distance of 3.4 Å to attack the �-phosphate is shown.
Asp82, the proposed general base for catalysis, is
seen to point away from the active site.



carbonyl group of Phe93. The aromatic side chain of Phe93

stacks against the uracil. This interaction keeps the substrate

bound to the enzyme and helps to exclude water molecules

from the active site. The amido group of the Asn76 side chain

forms a stabilizing interaction with the ligand via the uracil O4

atom. The uracil-binding pocket excludes other nucleotides by

steric hindrance. The side-chain O atom of Asn76 is hydrogen

bonded to Gln74, exposing its amide group to the incoming

base and discriminating against cytosine. The conserved Tyr85

stacks over the deoxyribose and discriminates against ribose,

while its hydroxyl group is hydrogen bonded to the Phe91

main-chain carbonyl.

It has previously been shown that the gauche conformation

is correctly positioned to allow the catalytic water to perform

an in-line nucleophilic attack on the �-phosphate of the dUTP

(Kovári et al., 2008; Varga et al., 2007). In the gauche confor-

mation in YncF a calcium ion is bound to the O atoms of the

trinucleotide, favouring the active conformation, at essentially

the same place as the Mg2+ in similar dUTPase trinucleotide

complexes from other organisms (Mol et al., 1996; Chan et al.,

2004; Barabás et al., 2004).

The triphosphate interacts with several residues in the

active site as well as with a number of water molecules. Ser64,

Ser65, Arg63 and Gln112 are responsible for binding the

phosphates. Ser64 O� forms a direct contact with the imino

group of the dUpNHpp. This latter residue is strictly con-

served amongst monomeric and trimeric dUTPases (Chan et

al., 2004) and has been shown to have two roles in the reaction

mechanism whereby it electrostatically stabilizes the transition

state and destabilizes the reactant ground state (Palmén et al.,

2008). The O1 of the �-phosphate forms hydrogen bonds to

the amine group of Ser64 and to the amino group of Gln112.

The �-phosphate forms hydrogen bonds to Ser65 O� and

Arg63 N� and NH. Ligand binding is further stabilized by

multiple hydrogen bonds to surrounding water molecules and

the coordination of the calcium ion to the triphosphate tail.

The bivalent metal ion is key to the binding of the triphos-

phate in the gauche geometry (Kovari et al., 2008) via tri-

dentate coordination to the three negatively charged O atoms

of the triphosphate tail and three water molecules. Thus,

calcium can take the place of magnesium and still induce the

change to the gauche conformation.

The catalytic water can be identified (W233, W506 and

W680 in the three gauche active sites) lying in an equivalent

position to the catalytic water seen in the M. tuberculosis

enzyme (336 in PDB entry 2py4; Varga et al., 2008) and is in

a position to carry out in-line nucleophilic attack on the

�-phosphate (Fig. 4c). This water is hydrogen bonded to the

main-chain carbonyl of Val80 and two other water molecules,

but not to Asp82, which has previously been proposed to act

as a general base in other structures. In the YncF complex

Asp82 points away from the active site, implying that it

changes its conformation prior to catalysis, assuming that it

acts as a general base in this enzyme. In other dUTPase

structures the equivalent aspartate points in the opposite

direction towards the active site, contacting the catalytic

water, with the exception of the monomeric dUTPase from

Epstein–Barr virus (Tarbouriech et al., 2005).

3.3. The ‘Phe-lid’

In previously determined structures of trimeric dUTPases

in which the C-terminus is ordered, an aromatic residue has

been shown to stack over the uracil and this was presumed

to be necessary for hydrolysis of the �–� phosphate bond. It

was seen for the first time in human dUTPase (Mol et al.,

1996), where it was termed the ‘Phe-lid’. Subsequent studies

have shown that the lid does not need to be a phenylalanine

but can also be a histidine as in M. tuber-

culosis dUTPase (Varga et al., 2008). A

structural alignment showing the Phe-lid

residues in the different species is shown in

Fig. 5. The alignment of 19 sequences

confirmed the conservation of an aromatic

residue at this position (Vertessy & Toth,

2009). We have aligned more than 200

dUTPase sequences (not shown) and

confirmed that there is a Phe, Tyr or His at

this position in motif V with only one

exception, YncF, in which the equivalent

residue is Leu138 (Fig. 1).

Phe93 is the residue which shows the most

significant conformational change in YncF

induced by the binding of dUpNHpp in the

gauche conformation. The side chain, which

lies on the edge of motif III, flips from its

position in the apoenzyme (where it points

away from the active site) by roughly 150� to

stack over the uracil. This completes the

uracil-binding pocket in the complex, in

which the dUpNHpp is in the gauche
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Figure 5
Structural comparison of the YncF, M. tuberculosis and human dUTPase Phe-lids. The
structures were superimposed using SSM (Krissinel & Henrick, 2004) and are shown as worms:
YncF in green, human in light blue and M. tuberculosis in yellow. The ligand of YncF as well as
the Phe-lid residues of the three enzymes are represented as cylinders. The Phe-lid residue is
Phe158 in the human enzyme and His145 in M. tuberculosis. The calcium ion is depicted as a
grey sphere.



conformation, and helps to exclude water molecules from the

active site. This new feature requires some reconsideration of

the catalytic mechanism (discussed below) as until now the

Phe-lid was always part of the flexible motif V.

Thus, in YncF Phe93 plays two key functional roles, with the

main chain forming most of the interactions with the base and

the side chain acting in place of a Phe-lid. It is worthy of note

that other dUTPases utilize two different residues to perform

these separate functions

3.4. Comparison of the gauche and trans conformations

In addition to the change in the conformation of the tri-

phosphate moiety itself, there are three key differences

between the trans and gauche active sites. Firstly, while the

calcium ion is bound to the three phosphates in the gauche

conformation, it is located in a quite different position and is

only bound to one of the O atoms of the �-phosphate of the

trans ligand. Secondly, the position of the side chain of Phe93

varies from a totally open form in the apoenzyme to a fully

rotated position stacked against the uracil in the gauche active

sites. It is distributed between the two conformations for the

trans ligands, with the relative occupancy varying between the

three trans active sites. Thirdly, Ser64 moves from a position

contacting the imino group of the phosphate chain to a posi-

tion where the hydroxyl group is pointing away from the

ligand. In the trans conformation, as for Phe93, the Ser64 side

chain is distributed between the two conformations, with

different occupancies among the three active sites. The occu-

pancies of the Ser64 and Phe93 correlate with one another.

4. Conclusions

The structure of YncF, the B. subtilis genomic dUTPase, was

solved in its apoenzyme form and in complex with the non-

hydrolysable substrate analogue dUpNHpp. In the crystal of

the complex, the trinucleotide was bound in all six active sites

in the two trimers. However, two different sets of conforma-

tions of the phosphate moieties were seen: three trans and

three gauche. The gauche active sites allowed us to confirm the

key residues involved in catalysis as well as the catalytic water.

The metal ion places the �-phosphate in a conformation where

the nucleophilic water can perform an in-line attack on the

phosphorus, breaking dUTP into dUMP and pyrophosphate,

as seen in complexes of the human, FIV and M. tuberculosis

enzymes. The catalytic water lies in-line with the �-phosphate

at a distance of 3.4 Å, which makes it a good candidate for the

catalytic nucleophile. The calcium site in YncF lies very close

to the magnesium site seen in these enzymes. The Ser64 side

chain changes its position from the apoenzyme to the ligand-

bound form in order to make contacts with the ligand.

YncF contains a novel Phe-lid residue (Phe93) which packs

against the uracil of the substrate in a distinctly different

location in the sequence compared with all other known

dUTPases. The gauche and trans conformations and the

position of the calcium ion correlate with the flipping of the

Phe-lid over the uracil and the change in position of Ser64. It

appears that all these changes, including the Phe-lid, the ion

and Ser64, work together to place the substrate and enzyme in

the correct conformation for catalysis. The aromatic side chain

of the YncF Phe-lid seems to stack even more directly over the

uracil ring than do the side-chain lids from the C-terminal

extension of the M. tuberculosis and human enzymes, which

have a somewhat poorer stacking of the two rings.

4.1. Mechanistic implications

A number of structures of trimeric dUTPases with different

ligands have been solved and, together with kinetic and

mutational data, have shed light on the mechanism of catalysis.

The currently accepted mechanism involves at least four steps

(Toth et al., 2007).

(i) Fast substrate binding. The active site is open with the

C-terminal arm disordered. The trinucleotide diffuses rapidly

into the active site and the magnesium ion helps to order the

triphosphate moiety in the gauche conformation.

(ii) Conversion of the initial complex into the catalytically

competent conformation. The C-terminal arm becomes

ordered and produces the closed form of the active site. The

primary contributor to this is the Phe-lid (from motif V),

which stacks over the uracil moiety. In addition, a conserved

arginine (Arg135 in YncF), as well as other conserved

elements of the C-terminus, become ordered. The importance

of the Phe-lid has been shown to be critical in EBV dUTPase

as mutation to alanine totally abolished the activity (Freeman

et al., 2009). In contrast, mutating the conserved arginine left

some residual activity.

(iii) The hydrolysis (chemical) step.

(iv) Product release. The C-terminus opens, followed by

rapid release of the products. The interaction of the Phe-lid in

motif V has been proposed to drag the uracil of the dUMP

product with it as the C-terminal arm moves to the open form

and becomes disordered (Vertessy et al., 1998; Mol et al., 1996).

The YncF complex structure brings new features into con-

sideration. In the complex crystal, the phosphate moieties that

are in the catalytically relevant gauche conformation have

Ser64 in the correct place for catalysis and the catalytic water

is in place for in-line attack on the �-phosphate. However, in

YncF, Phe93, the Phe-lid residue, is not part of motif Vand can

be seen to stack over the uracil ring while the C-terminal arm

is still disordered.

In the gauche active sites Phe93 is completely flipped to

stack against the uracil, but it is partitioned between the two

conformations in the trans ligands. Ser64 also has two alter-

nate conformations in the trans complexes. The observation of

the two alternative conformations suggests that the flipping of

the Phe93 over the uracil trinucleotide is probably a conse-

quence of the ligand adopting the active gauche conformation.

This implies that Phe93 is not involved in the initial binding

of the ligand, but rather flips over it coupled with the change

from trans to gauche. Ser64 also appears to contact the

phosphate chain more directly in the gauche conformation, so

that the change in the ligand conformation can bring the Ser64

hydroxyl into contact with the phosphate chain. As the
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different positions of Phe93 correlate with the positions of

Ser64, the change in Ser64 may be the trigger for the Phe-lid to

flip over the uracil ring, leaving the sequence of the events as

follows.

(i) Diffusion of the ligand to the active site with metal (in the

gauche conformation) or without metal (in the trans confor-

mation). If the latter occurs, then binding of the metal would

subsequently induce the gauche conformation.

(ii) Flipping of the aromatic side chain of Phe93 to stack

over the uracil ring of the ligand.

(iii) Displacement and reorientation of Ser64 to make

contact with the phosphate chain.

Events (ii) and (iii) may well happen in the reverse order or

indeed be coupled together. Confirmation of this sequence of

events will require further experiments.

Nevertheless, we propose that the binding of the gauche

ligand with the metal ion together with the stacking of Phe93

and positioning of Ser64 appears to be sufficient to place the

key elements, including the hydrolytic water, in the appro-

priate positions for catalysis.

A general problem for dUTPases, which is shared with

other DNA-repair enzymes, is product inhibition: the dUMP

product is itself a potential inhibitor, with the level of inhibi-

tion varying amongst different species. For example, the

Plasmodium falciparum trimeric dUTPase showed Kd values

of 77 � 12 and 1.87 mM for dUMP and dUTP, respectively

(Quesada-Soriano et al., 2007, 2008), while the human ortho-

logue showed Kd values of 366 � 72 and 1 mM for the same

compounds, respectively (Quesada-Soriano et al., 2008). In

previous studies it has been proposed that removal of the

dUMP product is achieved by the opening of the C-terminal

arm with the Phe-lid, the latter carrying the product with it as

it is stacked against the uracil base (Mol et al., 1996). The

situation in YncF is different as the Phe-lid is not in the

C-terminal arm and so disordering of the arm is no longer

directly linked to the movement of the lid.

In summary, the structure of YncF provides new insight into

the dUTPase mechanism since it separates the functions of the

Phe-lid and the C-terminal arm and this information may be

relevant to other dUTPases. A remaining question in YncF

is why the C-terminal arm does not become ordered in the

dUpNHpp/Ca2+ complex, in contrast to what is observed in

M. tuberculosis dUTPase. It would seem, at least for this

B. subtilis dUTPase, that there is a second step that is required

to achieve catalytic competence that involves the ordering of

the arm. This would involve additional features including the

glycine-rich loop. In addition, in the YncF complex Asp82

points away from the active site, where it is generally assumed

to act as a general base activating the catalytic water. Some

reordering upon closure of the C-terminal arm is almost

certain to occur, as the proposed general base points away

from the active site in the present gauche complexes. A second

possibility is that the calcium does not completely fulfil the

role of the magnesium ion and fails to induce ordering of the

arm. Resolution of this question will require a structure with

magnesium rather than calcium bound. Enzymatic activity

data in the presence of Ca2+ versus Mg2+ would provide insight

into the metal-ion preference of this enzyme. Further bio-

chemical and structural data are needed in order to reach to

a better understanding of this already well characterized

essential enzyme.
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