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The structure of Mycobacterium tuberculosis dUTP nucleotidohydrolase
(dUTPase) has been determined at 1.3 Å resolution in complex with mag-
nesium ion and the non-hydrolyzable substrate analog, a,b-imido dUTP.
dUTPase is an enzyme essential for depleting potentially toxic concen-
trations of dUTP in the cell. Given the importance of its biological role, it
has been proposed that inhibiting M. tuberculosis dUTPase might be an
effective means to treat tuberculosis infection in humans. The crystal
structure presented here offers some insight into the potential for design-
ing a specific inhibitor of the M. tuberculosis dUTPase enzyme. The struc-
ture also offers new insights into the mechanism of dUTP hydrolysis by
providing an accurate representation of the enzyme–substrate complex
in which both the metal ion and dUTP analog are included. The structure
suggests that inclusion of a magnesium ion is important for stabilizing the
position of the a-phosphorus for an in-line nucleophilic attack. In the
absence of magnesium, the a-phosphate of dUTP can have either of the
two positions which differ by 4.5 Å. A transiently ordered C-terminal
loop further assists catalysis by shielding the general base, Asp83, from
solvent thus elevating its pKa so that it might in turn activate a tightly
bound water molecule for nucleophilic attack. The metal ion coordinates
a, b, and g phosphate groups with tridentate geometry identical with
that observed in the crystal structure of DNA polymerase b complexed
with magnesium and dNTP analog, revealing some common features in
catalytic mechanism.
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Introduction

Depletion of cellular levels of 20-deoxyuridine 50-
triphosphate (dUTP) is crucial for maintaining
genome integrity. Because dUTP differs from
dTTP by only a single methyl group it can be
readily accepted as a substrate by DNA poly-
merases, leading to the substitution of uracil for
thymidine in the genetic material. Incorporation of
uracil into DNAwould overwhelm the DNA repair
system, leading to multiple DNA strand breaks
and eventually, cell death. Nearly all prokaryotes,
eukaryotes and a majority of viruses encode an
enzyme called dUTPase to deplete the potentially
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toxic concentration of dUTP in the cell.1 dUTPases
are primarily homotrimeric and catalyze the metal
ion dependent hydrolysis of dUTP to 20-deoxy-
uridine 50-monophosphate (dUMP) and pyro-
phosphate. Clearly, inhibition of dUTPase would
be detrimental to the cell and has been recognized
as a potential means of slowing viral replication
and cancer growth.2–4

The crystal structure of Mycobacterium tuberculosis
dUTPase presented here is one facet of a much
larger effort undertaken by the M. tuberculosis
Structural Genomics Consortium to develop leads
for the treatment of tuberculosis infections in the
human population. Approximately one third of
the world’s human population is infected with
M. tuberculosis and nearly two million people die
every year from the infection.5 The emergence of
drug resistant strains of M. tuberculosis has made
the search for new drugs more urgent. Because
dUTPase is essential for cell viability,6 inhibition of
dUTPase might be a means to slow or stop the
growth of M. tuberculosis in humans. Obtaining the
crystal structure of M. tuberculosis dUTPase is a
necessary first step in the process of designing a
drug specific for inhibiting this target.

One important concern in designing an inhibitor
of M. tuberculosis dUTPase is the possibility of
cross-reaction with the human dUTPase. The
human dUTPase shares 34% sequence identity
with the M. tuberculosis enzyme and so conceivably
could be inhibited by the same drug designed to
inhibit the M. tuberculosis enzyme. Ideally, cross-
reaction could be prevented by engineering species
specificity into the drug, i.e. designing a drug
molecule that is exquisitely complementary to the
active site of the M. tuberculosis enzyme but poorly
complementary to the human enzyme. Con-
ceptually, specificity could be more readily
achieved if large structural differences exist
between the active sites of the host and pathogen
enzymes. Structural comparisons between
M. tuberculosis and human7 dUTPase suggest a
means of exploiting these differences for selectivity
in drug design.

The structure of M. tuberculosis dUTPase com-
plexed with Mg2þ·a,b-imido dUTP offers new
insights into the mechanism of dUTP hydrolysis.
Previous proposals for a catalytic mechanism8,9

have been lacking in detail despite the availability
of a wealth of biochemical data and a large gallery
of crystal structures from Escherichia coli,10–13

human,7 EIAV,14 and FIV8 sources. The structures,
though numerous, have provided only a distorted
view of the enzyme–substrate (E·S) complex. They
offer glimpses of either dUTP or divalent metal
ion in the active site, but not in combination.
Indeed, the true E·S complex would be unstable
over the course of a conventional crystallographic
experiment. We offer a more accurate view of the
E·S complex by presenting the structure of
dUTPase complexed with Mg2þ and the non-
hydrolyzable substrate analog, a,b-imido dUTP.15

The analog differs from dUTP solely by the

replacement of an imido group for the oxygen
bridging the a–b phosphate groups. The
decreased electrophilicity of the imido group
renders the a-phosphate less electropositive and
thus less susceptible to nucleophilic attack.16 Thus,
both metal ion and nucleoside triphosphate can
bind stably to the enzyme allowing the capture of
a crystallographic snapshot.

The catalytic roles of the metal ion and the 50-tri-
phosphate tail of the substrate become evident by
comparison of the Mg2þ·a,b-imido dUTP complex
with structures of three other complexes (Table 1):
(1) the Mg2þ·dUDP complex, which contains
divalent metal but lacks the g-phosphate; (2) the
dUTP complex, which contains a 50-triphosphate
tail but lacks a metal ion; and (3) the Cr3þ·dUTP
complex, which contains both a 50-triphosphate
tail and a metal ion, but also an extra positive
charge. The last complex is bound stably to the
enzyme because chromium has a 1013 times slower
exchange rate with its ligands than does
magnesium.17,18 We show that both the metal ion
and triphosphate tail are required to achieve a
catalytically productive conformation of the sub-
strate and suggest a modified mechanism for
nucleotide hydrolysis that appears more consistent
with biochemical data.

Results and Discussion

The dUTPase fold: structural comparisons
among five homologs

Crystal structures have been determined of
dUTPases from four other sources: E. coli,10–13

human,7 EIAV,14 and FIV8 (Table 2). All have been
determined in the unliganded form and in
complex with the inhibitor dUDP. Both human
and FIV dUTPase have been determined in the
presence of substrate, dUTP. FIV dUTPase has
additionally been determined in the presence of
product. All these homologs share five conserved
sequence motifs that form the active site
(Figure 1(c)). All share a common distorted b-
barrel fold and are domain swapped trimers
(Figure 1(b)). Structural variation caused by ligand
binding is small (rms deviation in a-carbon
positions ¼ 0.5(^0.1) Å) and limited to local
regions of the structure (see below). All homolog
structures can be readily superimposed on the
M. tuberculosis structure (Figure 1(a)). However,
the fit to M. tuberculosis dUTPase is
somewhat better for two chromosomal dUTPases
(rmsMTb-E. coli ¼ 1.1 Å for 122 a-carbon atoms;
rmsMTb-human ¼ 1.0 Å for 120 a-carbon atoms) than
the viral dUTPases (rmsMTb-FIV ¼ 1.0 Å for 106
a-carbon atoms; rmsMTb-EIAV ¼ 1.2 Å for 105
a-carbon atoms). An all versus all comparison of
dUTPase homolog structures using the program
MAPS19 confirms that the chromosomal dUTPases
(M. tuberculosis, E. coli, and human) form a group
somewhat set apart from the viral dUTPases (FIV
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and EIAV). The larger structural difference
between viral and chromosomal dUTPases is con-
sistent with evidence from sequence analysis.20

Some of the differences between the viral and
chromosomal dUTPases can be readily seen in the
outlying loops in Figure 1(a).

Within the chromosomal dUTPases there is
conflicting evidence as to whether M. tuberculosis
dUTPase more closely resembles E. coli or human
dUTPases. Analysis of conserved dUTPase
sequence motifs20 suggests that M. tuberculosis
dUTPase is evolutionarily closer to the E. coli
enzyme than the human enzyme. This analysis is
consistent with what would be expected based on
phylogeny (i.e. M. tuberculosis and E. coli are both

prokaryotic, whereas humans are eukaryotic). But,
further comparison of overall sequence identity
among three homologs (using default parameters
within the BLAST alignment tool21) reveals that
M. tuberculosis dUTPase shares more sequence
identity with human dUTPase (43/108 identity,
E ¼ 2e212) than E. coli dUTPase (38/107
identity, E ¼ 4e209) (Figure 1(c)). Furthermore,
M. tuberculosis and human dUTPases share the
same number of residues in three of their surface
loops (Figure 1(a) and (c)), whereas the E. coli
enzyme contains short insertions in these loops.
One interpretation of this apparent conflict is
that M. tuberculosis dUTPase is closer to neither
E. coli nor human dUTPases, but is instead

Table 1. Data collection and refinement statistics

Ligand None dUMP dUTP dUTP dUDP a,b-Imido dUTP a,b-Imido dUTP
Metal None Mg2þ None Cr3þ Mg2þ Mg2þ Mg2þ

Data collection statistics
Resolution (Å) 1.95 1.85 2.05 2.90 3.00 1.30 1.80
Space group I23 P212121 P212121 P212121 P3121 P63 P212121
Unit cell dimensions
a (Å) 98.82 58.23 58.60 57.95 108.27 54.82 57.52
b (Å) 98.82 77.50 77.70 77.72 108.27 54.82 78.51
c (Å) 98.82 93.95 94.78 91.61 100.79 84.21 94.51
Radiation source ALS 5.0.1 NSLS X8C Rigaku

FR-D
Rigaku
FR-D

Rigaku
FR-D

ALS 8.2.2 ALS 8.2.2

Radiation wavelength (Å) 1.000 1.100 1.542 1.542 1.542 0.979 1.127
Measured reflections 208,809 125,532 364,403 82,930 119,311 426,063 197,772
Unique reflections 11,592 36,211 27,903 10,004 14,054 35,121 39,997
Overall completeness (%) 97.1 97.9 100.0 98.3 99.9 99.8 98.8
Last shell completeness (%) 100.0 98.7 100.0 98.5 100.0 100.0 99.7
Overall Rsym

a 0.078 0.070 0.109 0.143 0.161 0.125 0.069
Last shell Rsym 0.393 0.462 0.453 0.473 0.524 0.319 0.325
Overall I/s(I) 62.7 14.7 22.7 15.5 14.8 18.1 20.0
Last shell I/s(I) 13.5 2.9 5.8 5.1 3.9 7.3 5.7

Refinement statistics
Rwork

b 0.197 0.169 0.166 0.235 0.224 0.120 0.168
Rfree

c 0.226 0.204 0.207 0.282 0.265 0.138 0.198
rmsd bond lengths (Å) 0.02 0.02 0.02 0.01 0.01 0.01 0.02
rmsd bond angles (deg.) 2.0 2.7 2.2 1.5 1.8 2.0 1.9
PDB ID code 1mq7 1snf 1smc 1sm8 1slh 1six 1sjn

a RsymðIÞ ¼
P

hkl ðð
P

i lIhkl;i 2 kIhklllÞ=
P

i Ihkl;iÞ.
b Rwork ¼

P
hkl lFobs 2 Fcalcl=

P
hkl Fobs.

c Rfree ¼
P

hkl lFobs 2 Fcalcl=
P

hkl Fobs, where all reflections belong to a test set of 5% randomly selected data.

Table 2. Accession codes of dUTPase crystal structures deposited in PDB

Unliganded dUMP dUDP dUTP a,b-Imido dUTP

M. tuberculosis 1mq7 1snf (Mg2þ) 1slh (Mg2þ) 1smc 1sm8 (Cr3þ) 1six (Mg2þ) 1sjn (Mg2þ)

E. coli 1dup 1dud
1eu5
1euw

Human 1q5u Not in PDB 1q5h Not in PDB

EIAV 1dun 1duc (Sr2þ)

FIV 1dut 1f7k 1f7p 1f7q
1f7d 1f7n 1f7r
1f7o

When metals are included in the crystal structure, they are indicated in parenthesis next to the PDB ID code.
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approximately evolutionarily equidistant from
the two. Structural comparisons among the
three dUTPases support this interpretation
(rmsMTb-E. coli ¼ 1.1 Å for 122 a-carbon atoms;
rmsMTb-human ¼ 1.0 Å for 120 a-carbon atoms,
rmsE. coli-human ¼ 1.32 Å for 115 a-carbon atoms).
Interestingly, the structural differences between
human and E. coli dUTPases are significantly
greater than in the other two pairwise compari-
sons suggesting that M. tuberculosis dUTPase
may somehow represent a composite (or
chimera) between E. coli and human “extremes”.

It might seem peculiar that the similarity
between dUTPase homologs within the same

kingdom (i.e. M. tuberculosis and E. coli) is no
stronger than the similarity across kingdoms (i.e.
M. tuberculosis and human). However, this
peculiarity is not limited to dUTPase, but may be
true of many enzymes encoded by M. tuberculosis.
Three other metabolic enzymes have been
structurally determined from M. tuberculosis, E. coli
and human sources. When the structures from
M. tuberculosis encoded genes are compared to
their E. coli and human homologs, only one of
these enzymes, dihydrofolate reductase, shows a
clear adherence to phylogeny (rmsMTb-E. coli ¼ 0.7 Å
for 126 a-carbon atoms; rmsMTb-human ¼ 1.0 Å for
128 a-carbon atoms).22 Thymidylate kinase, as in

Figure 1. (a) Structure of the dUTPase monomer. a-Carbon traces of five dUTPase homologs are shown super-
imposed. Regions that are structurally equivalent among all five homologs are colored gray. Regions of structural
variation are colored by source according to the key indicated in the panel. (b) Structure of the M. tuberculosis dUTPase
trimer complexed with magnesium and a,b-imido dUTP. The view is related to (a) by a 908 rotation about the
horizontal axis. The cyclic domain swap of C-terminal b-strands can be readily seen. (c) Sequence alignment for the
five dUTPase homologs. Boxed residues are absolutely conserved among the five dUTPases. The secondary structure
of the M. tuberculosis dUTPase is indicated above the sequence. Locations of the five conserved sequence motifs are
indicated above the secondary structure. The prokaryote specific two-residue insertion in the uracil-binding pocket is
highlighted in magenta.

506 Crystal Structure of dUTPase



the case of dUTPase, is structurally equidistant
between E. coli and human (rmsMTb-E. coli ¼ 1.5 Å for
160 a-carbon atoms; rmsMTb-human ¼ 1.6 Å for 137
a-carbon atoms)23 with sequence and kinetic
properties closer to eukaryotic than bacterial
homologs.24 Lastly, purine nucleoside phosphoryl-
ase clearly resembles the human enzyme more
closely than the E. coli enzyme (rmsMTb-E. coli ¼ 1.6 Å
for 140 a-carbon atoms; rmsMTb-human ¼ 1.2 Å for
225 a-carbon atoms).25 The unexpected blurring of
phylogenetic relationships might cause one to sus-
pect the involvement of horizontal gene transfer.26

Structural conservation of the uracil-binding
pocket: prospects for drug design

The organization of the ligand-binding pocket is
conserved among all structurally determined tri-
meric dUTPases to date, including M. tuberculosis
dUTPase. Trimeric dUTPases contain three identi-
cal ligand binding sites located at clefts between
adjacent molecules (Figure 1(b)). A single pocket
is composed of five conserved sequence motifs.
Motifs I, II, and IV from one molecule contribute
to binding the triphosphate moiety (colored blue,
green, and orange, respectively, in Figure 2(a) and
(c)). Motif III from the adjacent molecule contri-
butes primarily to binding the nucleoside moiety
(colored yellow in Figure 2(a) and (c)). Motif V
from the remaining molecule is a domain swapped
element that contributes an arginine residue
involved in a bifurcated hydrogen bond with the
ligand’s phosphate moiety (colored red in
Figure 2(a) and (c)). Motif V has been reported to
contain sequence similarity to the P-loop motifs
commonly employed in nucleotide binding
enzymes to bind phosphate groups.9

The deoxyuridine moiety binds in a gap between
b-strands 5 and 6 (motif III) (Figure 2(a)). Backbone
nitrogen and oxygen atoms of b-strand 6 (Lys91 in
M. tuberculosis) provide hydrogen bond partners
for O2 and N3 of uracil (Figure 2(a)). Similarly,
Asn77(Nd2), which resides on a bulge in b-strand
5, donates a hydrogen bond to O4 (Figures 2(a),
and 3(a) and (b)). The loop which connects b-
strands 5 and 6 further contributes to deoxyuridine
binding and selectivity. The side-chain of Tyr86
provides van der Waals contacts with the deoxyri-
bose pentose ring and at the same time it excludes
UTP binding by steric interference with a potential
20-OH of ribose (Figure 2(a)). The side-chain of
Asp83 accepts a hydrogen bond from the deoxy-
ribose 30-OH. These interactions are conserved
whether dUMP, dUDP, or dUTP is bound.

Because the residues in the ligand-binding
pocket are well conserved, most of the details of
deoxyuridine binding geometry are analogous to
what has been reported for dUTPases homologs in
the literature. However, there is one significant
difference in the architecture of the uracil-binding
pocket of prokaryotic dUTPases that sets them
apart from dUTPases from other sources. It was
mentioned above that a residue from b-strand 5

provides a hydrogen bond donor for O4 of uracil.
But this donor can be a backbone atom or side-
chain depending on the enzyme source (Figure 3).
In the non-prokaryotic dUTPases, the hydrogen
bond donor is a backbone amide nitrogen atom
(e.g. Gly76 in human). But, in the prokaryotic
dUTPases there is a two-residue b-bulge insertion
in b-strand 5 (Ser78 and Pro79 in M. tuberculosis)
which places the Nd2 atom of an asparagine side-
chain (Asn77 in M. tuberculosis) in the position of
hydrogen bond donor to O4. It might be expected
that the insertion of two residues would signifi-
cantly change the volume of the nucleotide-
binding pocket. But, because the b-bulge is
directed toward the trimer axis and away from the
uracil-binding pocket, the volume of the pocket
changes only slightly (Figure 3). Hence, the struc-
tural complementarity between ligand and enzyme
is remarkably similar in both dUTPase homologs.
Exploiting the small, species-specific

differences between binding pockets of human
and M. tuberculosis dUTPases would present a
challenging hurdle to overcome in drug design.
Instead, it might be simpler and equally effective
to exploit the larger species-specific differences in
the trimer interface channel caused by the Ser78,
Pro79 insertion. The insertion constricts the
diameter of the trimer interface channel relative to
the human enzyme (Figure 3), reducing the
volume of the channel from 673 Å3 in the human
enzyme to 309 Å3 in the M. tuberculosis enzyme.27

Furthermore, side-chains lining the channel differ
significantly between species. A non-nucleoside
inhibitor targeted to bind in this channel would
likely interfere with dUTP binding by distorting
the conformation of residues directly contacting
the uracil moiety (Asn77, Gly80). In addition,
proximity of the drug to the 3-fold symmetry axis
of the trimer might allow it to disrupt the catalytic
activity by interfering with the geometry of trimer
assembly. A well ordered molecule of Tris buffer
was found in this channel, only 5 Å from the
b-bulge in the crystal structure of the unliganded
M. tuberculosis dUTPase as well as complexes with
dUMP and dUDP (Figure 3(b)). The Tris molecule
might even provide an initial lead for the design
of bulkier inhibitors that would disrupt the active
site.

Triphosphate–metal interactions: a,b,g
tridentate chelation

Electron density maps of the M. tuberculosis
dUTPase·Mg2þ·a,b-imido–dUTP complex (2Fobs2
Fcalc as well as omit maps) reveal the triphosphate
moiety chelating the metal ion as an a,b,g tri-
dentate; each phosphate contributes one oxygen
atom to magnesium’s coordination sphere
(Figure 2(b)). The structure has been determined
at high resolution in two different crystal pack-
ings (1.3 Å resolution in space group P63 and
1.8 Å resolution in space group P212121), lending
accuracy to our observations and allowing us to
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conclude that crystal packing forces play no sig-
nificant role in altering the geometry of ligand
binding (Table 1).

The coordination geometry observed here
closely resembles the a,b,g tridentate coordination
geometry observed in the structure of DNA poly-
merase b complexed with gapped DNA, mag-
nesium, and incoming dNTP analog (Figure 4).28

This similarity is not surprising given that like
dUTPases, DNA polymerases also catalyze the in-
line nucleophilic attack on the a-phosphate of a
dNTP. The difference is that the nucleophile in the
polymerase reaction is the 30-hydroxyl of the
primer strand rather than a water molecule as it is
in dUTPase. This tridentate coordination geometry

is also consistent with expectations from kinetic
experiments that the a-phosphate would be
involved in metal ion coordination.29 In these
experiments, the use of racemic mixtures of 20-
deoxyuridine-50-(a-thio)-triphosphate (dUTPaS),
showed that only one enantiomer of the substrate
analog was hydrolyzed by the enzyme. Based on
the crystal structure we presume that the enantio-
mer which is unable to serve as a substrate for
dUTPase contains the S configuration at the
a-phosphate moiety. In this configuration the
favorable Mg2þ–O interaction seen in the crystal
structure would be replaced with an unfavorable
Mg2þ–S interaction, thus preventing the reaction
from proceeding.

Figure 2. dUTPase·Mg2þ·a,b-imido dUTP complex (PDB ID 1six). (a) Stereo view of the active site. The a,b-imido
dUTP atoms are colored by atom type. Enzyme residues are colored according to conserved motif. Colors are as
follows: motif I (blue), motif II (green), motif III (yellow), motif IV (orange), motif V (red). The active site is a composite
of all three molecules. Motifs I, II, and IV are contributed by molecule A. Motif III is contributed by molecule B. Motif V
is contributed by molecule C. (b) Simulated annealing omit map showing the density for the ligand, magnesium, and
coordinated water molecules (1.6 Å resolution, contoured at 4.2s). Density is also shown for the proposed nucleophilic
water molecule, 336. (c) Schematic of the dUTPase reaction mechanism.
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The coordination geometry of the magnesium
ion is nearly perfectly octahedral; half of mag-
nesium’s coordination shell is contributed by the
a,b,g phosphate groups as described above and
the other half is contributed by three enzyme
bound water molecules. These water molecules
are hydrogen bonded to conserved active site
residues: Asp24, Asp28 (motif I), and Arg140
(motif V). These water molecules have low
B-factors (under 30 Å2) and are present in both
crystal forms of the dUTPase·Mg2þ·a,b-imido–
dUTP complex (Figure 2).
Interestingly, there is a water molecule situated

3.4 Å from the a-phosphorus (water 336 in the P63
structure), uniquely positioned for a direct in-line
nucleophilic attack (Figure 2).
In addition to the metal ion mediated contacts

with the triphosphate, there are several enzyme
mediated contacts (primarily from motif II) involv-
ing most, but not all of the remaining oxygen
atoms on the triphosphate. These are illustrated in
Figure 2. Most notable is the appearance of a
bifurcated hydrogen bond between the Arg140
side-chain (motif V) and the g-phosphate of a,b-
imido–dUTP. Arg140 is part of the domain
swapping loop and is disordered in all the other
M. tuberculosis complexes.

The structural role of the b and g
phosphate moieties

The b and g phosphate groups might facilitate
nucleophilic attack at the a-phosphate by sterically

Figure 3. Comparison of uracil binding pockets of M. tuberculosis and human dUTPases. (a) The two-residue b-bulge
insertion in conserved motif III of M. tuberculosis dUTPase (Ser78-Pro79) is one of the largest structural differences in
comparison to the human enzyme. The hydrogen bond donor to O4 of uracil is a side-chain residue (Asn77(Nd2)) in
the M. tuberculosis enzyme, but it is the backbone amide of Gly76 in the human enzyme. (b) Cut-away view of the
trimer interface channel of M. tuberculosis dUTPase and (c) human dUTPase. The broken line marks the position of
the 3-fold symmetry axis. The channel surface is colored by electrostatic potential. Red and blue colors correspond to
negative and positive potential, respectively. The insertion in the M. tuberculosis enzyme (colored yellow in (b))
produces only a small increase in the breadth and width of the uracil-binding pocket, but it profoundly constricts the
diameter of the trimer interface channel relative to the human enzyme. A non-nucleoside inhibitor targeted to bind
in this channel would likely interfere with dUTP binding by distorting the conformation of residues lining the uracil-
binding pocket and/or the trimer assembly.

Figure 4. Comparison of conformation of Mg2þ·a,b-
imido dUTP bound to dUTPase with the conformation
of the incoming ddCTP in DNA polymerase b (1bpy).
(The 30-hydroxyl of the primer was modeled based on
the position of the dideoxyribose ring.) Both enzymes
use a metal ion to coordinate the triphosphate moiety
with a,b,g tridentate geometry. Both enzymes catalyze
the in-line nucleophilic attack on the a-phosphorus of a
dNTP. Even the nucleophiles in both enzymes have the
same position with respect to the a-phosphorus. The
difference is that the nucleophile in the polymerase reac-
tion is the 30-hydroxyl of the primer strand rather than a
water molecule as it is in dUTPase.
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crowding the a-phosphorus closer to the
nucleophilic water molecule. Crystal structures of
Mg2þ·dUDP, and Mg2þ·dUMP closely resemble the
Mg2þ·a,b-imido–dUTP geometry described above,
but there is a small displacement in the position of
the a-phosphate that varies with the number of
phosphate groups in the 50 tail. Water 336 was
described earlier as a potential candidate for mak-
ing a nucleophilic attack on the a-phosphorus in
the dUTPase reaction. The distance between this
water and the a-phosphate of dUMP, dUDP, and
a,b-imido–dUTP was measured after super-
imposing the Mg2þ·dUDP, and Mg2þ·dUMP
complexes on the Mg2þ·a,b-imido–dUTP complex.
This distance was found to decrease from 4.0 Å to
3.8 Å to 3.4 Å for the mono, di-, and tri-phosphate
ligands, respectively. The observation also suggests
that the inability of dUTPase to catalyze the
hydrolysis of dUDP29 might arise in part from the
increased distance between the a-phosphate and
the nucleophilic water molecule. The g-phosphate
appears to help position the a-phosphate for
catalysis, but it likely performs other catalytic
roles as well (see below).

The role of the metal ion in ordering the 50-
phosphate tail of dUTP

The structure of the dUTPase·dUTP complex in
the absence of metal ion reveals two conformations
of the 50-triphosphate tail (Figure 5(b)). The two
conformations differ in the position of the 50-phos-
phate tail. The difference can be roughly described
by a 1208 rotation about the C40–C50 bond of the
deoxyribose moiety. The predominant confor-
mation of the triphosphate tail closely resembles
the a,b,g-tridentate conformation described above
for the Mg2þ·a,b-imido–dUTP complex and main-
tains the same set of interactions with enzyme
residues, even though the metal ion is absent.
However, B-factors are approximately 50 Å2 higher

in the absence of metal. The value of the C30 –C40 –
C50 –O50 torsion angle is close to þ608 in this con-
formation and so will be referred to as the gauche
conformation. In the less occupied conformation of
dUTP, the value of this torsion angle is 1808 and so
will be referred to as the trans conformation. The
overall appearance of the trans conformation is that
the a and g phosphate groups have swapped places
with respect to their positions in the gauche confor-
mation (Figure 5(b)). The result is that many of the
enzyme–phosphate interactions in the trans confor-
mation involve the same enzyme residues as in the
gauche conformation. This flexibility was not
observed in any of the liganded complexes contain-
ing metal ion, suggesting that the metal ion plays a
significant role in positioning the a-phosphorus for
nucleophilic attack. Indeed, the dUTPase reaction is
known to be metal ion dependent and the Kd for
dUTP binding to E. coli dUTPase increases by a
factor of 100 in the absence of magnesium.29

Conformational variability about the C40 –C50

bond has been reported in crystallographic studies
of dUTPases from other organisms as well. The
gauche conformation is found in the E. coli–dUDP
complex and FIV–dUMP complexes and the trans
conformation is found the dUDP complexes of
human, FIV, and EIAV dUTPase (Figure 5(a)).
Apparently there is a low energy barrier between
the two conformations. Given our understanding
of how metal ions stabilize the gauche conformation
of triphosphate binding geometry in M. tuberculosis
dUTPase, it is our hypothesis that if a non-
hydrolyzable dUTP analog with magnesium were
included in these complexes, the predominant con-
formation of the triphosphate would be the gauche
conformation.

Ligand induced ordering of the active site
loop, motif V

There is little overall structural variation caused

Figure 5. (a) Superposition of ligands bound to dUTPases from all five sources. The structures may be divided into
two groups, differing primarily in the torsion angle about the C40 –C50 bond. One group binds with trans geometry
(black). The other group binds with gauche geometry (gray). (b) Trans (black) and gauche (gray) geometry of dUTP
bound to M. tuberculosis dUTPase in the absence of metal ions. The distance between aP positions of the two confor-
mations is approximately 4.5 Å.
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by ligand binding in M. tuberculosis dUTPase (rms
deviation in a-carbon positions ,0.5(^0.1) Å for
130 residues). Most of the variation is limited to
motif V (131–154), the C-terminal active site loop
and is observed in dUTPases from all five sources.
The kinetic behavior of motif V, the C-terminal
loop is of particular interest because it is known to
be essential for catalysis; proteolytic removal of
these C-terminal residues30,31 or point mutations of
certain key residues in this motif result in complete
loss of activity.32

Crystallographic and kinetic evidence suggests
that both the divalent metal ion and the tri-
phosphate moiety are required to order the
loop. Among the seven reported structures of
M. tuberculosis dUTPase, motif V appears
ordered in only two structures, both containing
Mg2þ·a,b-imido dUTP. The loop remains
disordered in the other enzyme–substrate analog
complexes: dUTP, Mg2þ·dUDP, and Cr3þ·dUTP,
as well as the unliganded enzyme and
Mg2þ·dUMP product complex. Consistent with
this observation, far UV circular dichroism and
NMR spectral shifts indicate that ordering of the
C-terminal loop is strictly Mg2þ dependent and
is elicited by binding a,b-imido–dUTP but not
dUDP.16

A possible mechanism for ordering the loop
might be that the divalent metal ion first orders
the g-phosphate through direct coordination, and
then the g-phosphate orders the loop through a
bifurcated hydrogen bond with motif V residue
Arg140. Thus, loop disorder in the Mg2þ·dUDP
and Mg2þ·dUMP complexes can be explained by
the lack of one of the participants in this
hydrogen bond, the g-phosphate. Loop disorder in
the Cr3þ·dUTP complex might be the result of
decreased electrostatic attraction between Arg140
and the g-phosphate imparted by the extra positive
charge carried by the chromium ion. Loop disorder
in the dUTP complex probably arises from the
increased mobility in the g-phosphate caused by
the lack of a chelating metal ion; a larger entropic
barrier to ordering the loop is incurred. It should
be further noted that even in the Mg2þ·a,b-imido
dUTP complex structure, the ordered portion of
the loop does not involve the full length of motif
V. Only the N-terminal half of motif V (residues
131–144) becomes ordered. Residues 145–154
remain disordered.

Crystal structures of four homologous dUTPases
largely support our hypothesis that ordering of the
C-terminal loop requires both metal and
nucleoside triphosphate. However, there are four
exceptions. Four crystal structures (human dUMP,
dUDP (1q5h), and dUTP complexes; FIV com-
plexes with dUDP (1f7r)) show clearly resolved
active site loops yet lack the combination of a
metal ion and triphosphate. Furthermore, these
crystal structures contain the trans conformation of
nucleotide binding, which we claim to be non-
productive. In the following section, we propose
that the ordering of the loop in these complexes is

stabilized fortuitously by the non-productive trans
conformation.

A mechanism for activating the
nucleophilic water

The crystal structures of M. tuberculosis dUTPase
complexed with Mg2þ·a,b-imido dUTP suggest the
identity of a nucleophilic water molecule and
general base that conform well to the accepted geo-
metric requirements of an in-line nucleophilic
attack and are consistent with kinetic data avail-
able on dUTPases. Water molecule 336 (using
nomenclature from the P63 structure) is located
3.4 Å away from the a-phosphate and deviates
only 158 from making a direct in-line attack
(Figure 2), i.e. the water molecule, aP and O3 are
positioned nearly in a line. This water is well
ordered and completely shielded from solvent,
with a B-factor of 30 Å2. The shielded environment
of water 336 is consistent with steady state kinetic
studies of E. coli dUTPase which established that
kcat is insensitive to pH.29 It was proposed that the
nucleophilic water molecule becomes trapped in
the substrate pocket on formation of the enzyme–
substrate complex and is shielded from the sur-
rounding medium. Indeed, this appears to be the
case in the structure of the M. tuberculosis complex.
Anchoring water 336 near the a-phosphate is a

pair of hydrogen bonds to the O11 atom of con-
served glutamate residue Gln113 (motif IV) and
absolutely conserved aspartate side-chain of
Asp83 (motif III) (Figure 2(b) and (c)). Asp83
appears to be well suited to play the role of general
base for the buried water molecule. Binding of sub-
strate, in addition to burying water 336 also shields
Asp83 from solvent, increasing its pKa significantly.
Shielding of Asp83 provides a mechanism by
which the carboxylate may abstract a proton from
water 336 to generate a nucleophilic hydroxide
ion. The role of Asp83 as general base is further
supported by mutational studies in which the
homologous aspartate in human endogenous retro-
virus dUTPase (Asp84 to Asn) was found to
abolish activity.33 The role of Gln113, in addition to
positioning the nucleophilic water molecule, may
be to direct the lone pair of electrons on the water
molecule’s oxygen atom toward the phosphorus.
Gln113 does this through a hydrogen bond
between O12 and water molecule’s remaining
hydrogen atom.
Further stabilization of the transition state is

derived from additional hydrogen bonds formed
between conserved enzyme residues and the phos-
phate oxygen atoms. Negative charges developing
on the non-bridging oxygen atoms of the a-phos-
phate are stabilized by contact with Mg2þ and a
hydrogen bond to the backbone nitrogen atom of
Ser65 (motif II) (Figure 2). The leaving group, pyro-
phosphate, is stabilized by hydrogen bonds to the
backbone nitrogen atom of Gly66 (motif II), the
side-chain of Arg64 (motif II), and a bifurcated
hydrogen bond with Arg140 (motif V). The largest
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change in charge upon reaching the transition state
is likely to be in the a–b bridging oxygen.34 The
developing negative charge in this oxygen atom
(an imido nitrogen atom in the crystal structure)
would appear to be stabilized by a hydrogen bond
to the absolutely conserved hydroxyl side-chain of
Ser65 (motif II). In G proteins, a class of enzymes
that hydrolyzes GTP, a hydrogen bond to the
bridging oxygen atom is donated by a backbone
amide.

The nearly ideal geometry for nucleotide
hydrolysis described above is largely dependent
on the gauche conformation of nucleotide binding.
If the nucleotide bound in the trans conformation
as hypothesized8,9 the a-phosphate would be
shifted 4.5 Å away and many of the requirements
for in-line nucleophilic attack would be lacking.
Indeed, in crystal structures where the trans confor-
mation is observed (human and FIV dUTPase
structures complexed with dUTP and dUDP),
there is no suitably located molecule between the
aspartate and the a-phosphate. Furthermore, if a
water molecule were modeled between the aspar-
tate and a-phosphate, it would be 608 away from
the proper angle to make an in-line attack and in
steric conflict with the conserved arginine residue
from motif V. Lastly, the enzyme’s ability to electro-
statically stabilize the transition state would
appear to be compromised by partial solvent
exposure of the a-phosphate.

Catalytic role of conserved sequence motif V,
the C-terminal loop

Kinetic and structural studies suggest that motif
V plays an important role in activating the nucleo-
philic water molecule for attack on dUTP. In the
crystal structure of M. tuberculosis dUTPase com-
plexed with Mg2þ·a,b-imido-dUTP, the arginine
side-chain (Arg140) is positioned so that it can
shield the general base (Asp83) from solvent.
Asp83 is solvent accessible in the unliganded
enzyme (36 Å2 of accessible surface area). Ordering
of Arg140 through its bifurcated hydrogen bonding
interaction with the g-phosphate reduces the
solvent accessibility of Asp83 to 0 Å2 thus increas-
ing its pKa and enhancing its ability to activate
the nucleophilic water for attack (Figure 2(a)).
The crystal structure of the E·P complex
(dUTPase·Mg2þ·dUMP) suggests that after the
nucleophilic attack, the loop again becomes dis-
ordered and the pyrophosphate product diffuses
from the active site. Thus, the role of motif V
appears to be to act as a gate, facilitating substrate
binding and product release when disordered,
then transiently altering the environment of the
active site to promote the chemical step. Such a
role is in keeping with the flexibility of this loop
and is typical of active site loops in general. This
proposed role is also consistent with kinetic studies
indicating that motif V is essential for catalysis;
removal of these C-terminal residues30,31 or point

mutations of certain key residues in this motif
result in complete loss of activity.32

Although important for catalytic activity, motif V
appears to contribute little to dUTP-binding
affinity. Kinetic studies on E. coli and EIAV
dUTPase report little change in KM after the
loop is proteolyzed.30,31 Consistent with this obser-
vation, the structure of the M. tuberculosis
dUTPase·Mg2þ·a,b-imido–dUTP complex reveals
few contacts between motif V and the dUTP
analog. The strongest of these few contacts is pro-
vided by Arg140, through a pair of hydrogen
bonds with the g-phosphate (Figure 2(a) and (c)).
The observation that motif V interacts most
strongly with the g-phosphate is supported by
NMR studies which have shown that the g-phos-
phate is required for ordering the C-terminal tail
of E. coli dUTPase in solution.35 There are virtually
no contacts involving conserved glycine residues
of motif V (RGXXGfGXXG). The first two glycine
residues (G141 and G144) make a series of hairpin
turns that meander over the active site and
position a conserved aromatic side-chain over the
uracil base. The aromatic side-chain is proposed to
act like a lid, providing additional stability to the
“closed loop” conformation during the chemical
step. (In M. tuberculosis dUTPase, the aromatic
residue is His145, but it is invisible in the crystal
structure due to disorder. In crystal structures of
the FIV and human dUTPases, the aromatic residue
is a phenylalanine and is somewhat more ordered.
The increased order observed in the latter struc-
tures might be due to improved stacking inter-
actions between the uracil base and the larger
surface area of the phenyl group of Phe compared
to the imidazole group of His.) The lack of inter-
actions observed between these conserved glycine
residues and a,b-imido–dUTP conflicts with the
role implied by motif V’s sequence resemblance to
a P-loop motif (e.g. GXXGXGKS/T).9 P-loops are
glycine-rich sequence motifs known to provide the
majority of binding energy between a nucleotide
binding enzyme and the phosphate portions of its
ligand. In this particular case, the functional role
implied by sequence similarity appears to be mis-
leading. The structural and kinetic evidence pre-
sented here suggests that the role of these glycine
residues is to enable formation of the hairpin struc-
ture while providing the overall flexibility needed
to facilitate substrate binding and product release.

Conclusions

The crystal structure of M. tuberculosis dUTPase
has been determined as part of a Structural
Genomics Consortium effort to provide leads for
the development of new anti-tuberculosis drugs.
As dUTPase is also encoded by the human genome
and provides an essential housekeeping function
for host as well as pathogen, it would be beneficial
for the host if the inhibitor drug were designed
to be specific for the M. tuberculosis enzyme.
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Comparison of M. tuberculosis and human
dUTPase structures reveals few differences in the
active site that can be exploited for engineering
species specificity. However, there are large differ-
ences in the trimer interface channel, which lies
directly behind the active site. A drug molecule
binding in the M. tuberculosis dUTPase channel
might disrupt the dUTPase active site with little
or no chance of inhibiting the human enzyme.

In addition to the unliganded M. tuberculosis
dUTPase, crystal structures have also been deter-
mined in complex with Mg2þ·dUMP, Mg2þ·dUDP,
Cr3þ·dUTP, dUTP, and Mg2þ·a,b-imido–dUTP.
These structures imply that both magnesium and
the complete triphosphate tail are required for
positioning the a-phosphate for nucleophilic attack
and for transiently ordering part of the C-terminal
loop, a 15 residue segment containing conserved
sequence motif V. The metal ion coordinates a, b,
and g phosphate groups with tridentate geometry
identical with that observed in the crystal structure
of DNA polymerase b complexed with magnesium
and dNTP analog, revealing some common
features in reaction mechanism. Catalytically
important residues identified from kinetic and
mutagenesis studies are optimally positioned
around the a-phosphate to participate in an in-line
nucleophilic attack. The C-terminal loop appears
to aid in activating the nucleophilic water for
attack by temporarily shielding the general base
from solvent and elevating its pKa.

Materials and Methods

Enzyme preparation

Recombinant M. tuberculosis dUTPase was produced
and purified from two different constructs: one with an
N-terminal His tag (LANL), the other with a C-terminal
His tag (UCLA).

Cloning, production, and purification of the N-terminally
tagged dUTPase

Cloning. A 0.47 kb DNA fragment containing the dut
gene (Rv2697c), was amplified by PCR from
M. tuberculosis H37Rv genomic DNA as the template,
using the following oligonucleotide primers: 50-AGA
TATACATATG TCGACCACTCTG GCGATCGTCCGC-30

and 50-AATTCGGATCCCAAACTCGCATGTCCGCCG
GAGGA-30. The underlined bases represent the NdeI
and BamHI sites, respectively. The amplified DNA frag-
ment was digested with NdeI and BamHI restriction
enzymes, and subcloned into the corresponding restric-
tion sites in modified pET28b vector which provided an
N-terminal 6-His tag upstream of the NdeI site. Thus,
the expressed protein has amino acid residues exten-
sion MGSSHHHHHHSSGLVPRGSH N terminus. E. coli
BL21PRO (Clontech) cells were transformed with the
dut-modified pET28b/His vector.

Production. The transformed cells were grown to expo-
nential phase at 37 8C in 5 ml EZMix LB broth medium

(Sigma) containing 30 mg/ml kanamycin and 50 mg/ml
spectinomycin. This seed culture was transferred to a
0.5 l EZMix Terrific broth medium (Sigma) and the
expression was induced with 0.5 mM IPTG at an A600 of
approximately 0.5. The growth was continued at 20 8C
for approximately 21 hours until the A600 reached
approximately 15 (as inferred from dilutions). The cells
were harvested and stored at 280 8C.

Purification. The cell pellet was lysed by sonication in
10 ml of buffer A (20 mM Tris (pH 8.0), 100 mM NaCl)
per gram of cells for ten minutes in 30 second pulses at
10 8C. The cell debris was removed by ultra-centri-
fugation for 30 minutes at 38,000 rpm using a Ti 60
rotor (Beckman). The clear supernatant was filtered
through a 0.2 mm pore membrane and loaded onto a
5 ml Talon superflow affinity column equilibrated with
buffer A. After washing with 50 ml buffer A, the His-
tagged dut was eluted from the cobalt affinity column
using buffer B (20 mM Tris–HCl (pH 8.0), 500 mM
NaCl and 300 mM imidazole). The elutant was dialyzed
against buffer C (20 mM Tris (pH 8.0), 100 mM NaCl,
10 mM b-mercaptoethanol) and purified by gel filtration
on a Superdex-75 column using buffer C for equi-
libration and elution (Amersham Pharmacia Biotech).
The peak fractions (monitored at A280) were analyzed
by SDS-PAGE and the pooled protein fractions were
concentrated to 140 mg/ml using a Centriprep YM-3
(Millipore). The 95% pure dut, which was estimated by
SDS-PAGE and MALDI-TOF mass spectroscopy
(Applied Biosystem), was used for crystallization.

Cloning, production, and purification of the C-terminally
tagged dUTPase

Cloning. The dut gene was amplified by PCR, in which
M. tuberculosis H37Rv genomic DNA was used as the
template. The forward primer: 50-GATCCATATG GCT
GTGTCGACCACTCTGGCGATCGTCCGCCTC-30 intro-
duced an NdeI site (underlined) and inserted an ala-
nine codon (GCT) immediately following the start
codon to enhance protein expression.36 The reverse
primer: 50-CCACGGTTCCTCCGGCGGACATGCGAGTT
TGGGTGTACCACGAGGTGCGGCCGCAAAT-30 intro-
duced a NotI site (underlined) and a thrombin recog-
nition sequence to the C terminus. The PCR product
was cloned into pCR-Blunt II-TOPO (Invitrogen),
followed by sequence confirmation. The gene was sub-
cloned into pET22b (Novagen), which appended a
hexa-histidine tag to the expressed recombinant protein,
trailing the thrombin recognition sequence. The result-
ing C-terminal extension had the amino acid sequence
of GVPRGAAALEHHHHHH, immediately following
the natural protein sequence.

Production. The recombinant protein was expressed in
BL21-Gold (DE3) (Stratagene) E. coli in a 10-l batch
fermentation, using a BioFlo 3000 (New Brunswick
Scientific) fermentor. Enriched ECPM1 medium37 was
used with 100 mg/ml ampicillin.

Purification. Each gram of cell pellet was resuspended
and lysed in 5 ml of lysis buffer (20 mM Tris (pH 8.0),
0.3 M NaCl, 10% (v/v) glycerol, 0.2% (w/v) NP40,
2 mg/ml DNase I, 0.2 mg/ml lysozyme, 2 mM
b-mercaptoethanol, and 1 : 100 protease inhibitor cock-
tail (Sigma, cat. no. P8849)). The lysate was clarified by
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centrifugation at 27,000g for 30 minutes. The soluble
recombinant protein was initially purified using
Ni-NTA Superflow resin (Qiagen). The protein was
batch-eluted in buffer containing 300 mM imidazole.

Non-reducing Coomassie stained SDS-PAGE and
Western blot indicated the presence of monomer, dimer,
and trimer. However, only monomer is present upon
treatment with approximately 20% (2.8 M) b-mercapto-
ethanol. While SDS-PAGE illustrated different polymeric
forms of the protein, native-PAGE showed a homo-
geneous sample, suggesting that the protein existed in
only one polymeric form in solution. Liquid chromato-
graphy/mass spectrometry (LC/MS) was carried out to
confirm the molecular mass of the recombinant protein.
It was found that the first methionine residue of the
recombinant protein was proteolytically removed.

Gel filtration chromatography was subsequently per-
formed on a Superdex 75 column (Amersham
Biosciences) equilibrated with 20 mM Tris (pH 8.0),
0.3 M NaCl, 10% glycerol, and 0.2% NP40. According to
the standard curve created using BioRad Gel Filtration
Protein Standard (cat. no. 151-1901), the extrapolated
molecular mass of the purified recombinant protein was
roughly three times (3.3 times) the size of a monomer.
The recombinant protein was purified to .99% purity
after the two steps of chromatography, which was con-
firmed by SDS-PAGE and LC/MS.

Crystallization

Recombinant M. tuberculosis dUTPase was concen-
trated to approximately 60–100 mg/ml concentration in
a Centricon YM10 (Millipore). The concentration of
dUTPase was quantified by measurement of the optical
density at 280 nm wavelength and use of an extinction
coefficient of 2560 M21 cm21. Buffer was exchanged with
10 mM NaCl, 20 mM Tris (pH 8.0), 5 mM b-mercapto-
ethanol with three consecutive washes in the Centricon
using 2 ml volumes of buffer. Both His-tagged
versions of the protein (N-terminal His-tagged
version ¼ 17.9 kDa; C-terminal His-tagged version¼
17.7 kDa) were used in screening for crystals of unli-
ganded enzyme and liganded complexes. Frequently,
results differed depending on the location of the His-
tag. The particular His-tagged version used for crystalli-
zation of each crystal form is noted below. Both versions
were stored at 4 8C. Crystals were grown using either
the hanging or sitting drop vapor diffusion method.
Reservoirs contained 0.5 ml of solution. All crystals
were grown at room temperature. Unless otherwise
noted, crystals were cryo-protected by swiping the crys-
tal quickly through a solution containing 65% (v/v)
reservoir solution and 35% glycerol.

Crystallization of unliganded dUTPase

The unliganded enzyme was crystallized by the LLNL
crystallization facility using the N-terminal His-tagged
version (60 mg/ml). Protein (0.5 ml) was mixed with
0.5 ml of reservoir in a sitting drop vapor diffusion tray.
The reservoir solution was composed of 16% (w/v) PEG
4000, 0.13 mM EDTA, and 0.1 M Tris–HCl (pH 8.5).
Cubic shaped crystals were visible approximately three
days after setting the drop and reached a full size in
approximately one week. The crystals grew to approxi-
mately 0.2 mm £ 0.2 mm £ 0.2 mm and diffracted to
1.95 Å at UC Berkeley’s Advanced Light Source (ALS),
beamline 5.0.1. They belonged to space group I23 with a

single molecule in the asymmetric unit. The dUTPase
with the C-terminal His-tag was crystallized at the
UCLA facility by mixing 1.5 ml of complex with 1.5 ml of
reservoir in a sitting drop vapor diffusion tray. The reser-
voir solution was composed of 20% (w/v) PEG 3350 and
0.2 M KSCN (pH 7.0). Cubic shaped crystals appeared
within one week. The crystals grew to approximately
0.2 mm £ 0.2 mm £ 0.2 mm. The crystals apparently
belonged to space group P23 with a single molecule in
the asymmetric unit. However, the crystals were
diagnosed as merohedrally twinned using the UCLA
twinning server.38 The true space group was R3 with
twinning fraction near 0.5. Because these crystals were
twinned and diffracted poorly relative to the N-terminal
His-tagged protein (3 Å), refinement was abandoned
after receiving the LLNL data.

Crystallization of the dUTPase·Mg2þ·a,b-imido
dUTP complex

The complex was prepared by mixing 10 ml of 100 mg/
ml dUTPase (N-terminal His-tagged version ¼ 17.9 kDa;
C-terminal His-tagged version ¼ 17.7 kDa) with 10 ml of
10 mM a,b-imido dUTP (Jena Bioscience), yielding a
protein : ligand molar ratio of approximately 1 : 2. Both
His-tagged versions of the protein were used in crystalli-
zation. Both yielded crystals under the same conditions,
though they belonged to different space groups. Com-
plex (1.5 ml) was mixed with 1.5 ml of reservoir in a hang-
ing drop vapor diffusion tray. The reservoir solution was
composed of 16% PEG 3350 and 0.33 M Mg(NO3)2. The
dUTPase with the N-terminal His-tag produced a crystal
visible approximately 11 days after setting the drop and
reached a full size in approximately two weeks. The
crystal grew to approximately 0.3 mm £ 0.3 mm £ 0.3
mm. It belonged to space group P63 with a single mol-
ecule in the asymmetric unit. It diffracted to 1.3 Å using
a wavelength of 0.9786 Å at UC Berkeley’s Advanced
Light Source (ALS), beamline 8.2.2. The crystal was
diagnosed as merohedrally twinned using the UCLA
twinning server.38 The approximate twin fraction was
0.16. The dUTPase with the C-terminal His-tag produced
a crystal in approximately one week. The crystal grew to
approximately 0.3 mm £ 0.2 mm £ 0.1 mm. It belonged
to space group P212121 with a single molecule in the
asymmetric unit.

Crystallization of the dUTPase·Mg2þ·dUDP complex

The complex was prepared and crystallized in a
manner analogous to the dUTPase-a,b-imido dUTP–
Mg2þ complex, using the same reservoir conditions. The
N-terminal His-tagged version of dUTPase was used.
The ligand, dUDP, was purchased from Jena Bioscience
as a 10 mM solution. Hexagonal rod shaped crystals
grew to approximately 0.4 mm £ 0.2 mm £ 0.2 mm
shape. The crystals belonged to space group P3121.

Crystallization of the dUTPase·dUTP complex

This complex was prepared by soaking crystals of the
unliganded enzyme with dUTP. To prepare enzyme
crystals, 1.5 ml of dUTPase (60 mg/ml) was mixed with
1.5 ml of reservoir in a hanging drop vapor diffusion
tray. The reservoir solution was composed of 10% PEG
3350 and 0.40 M NH4NO3. Crystals were visible approxi-
mately three days after setting the drop and reached a
full size in approximately one week. The crystals grew
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to approximately 0.4 mm £ 0.3 mm £ 0.2 mm having the
appearance of a plate with an ellipsoidal face. They
belonged to space group P212121 with a trimer in the
asymmetric unit. To soak in the ligand, an artificial
mother liquor was prepared containing 10% PEG 3350,
400 mM NH4NO3 and 40% of a solution containing
100 mM dUTP. Unliganded enzyme crystals were trans-
ferred to the artificial mother liquor and soaked for
overnight at room temperature.

Crystallization of the dUTPase·Cr3þ·dUTP complex

This complex was prepared by soaking crystals of the
unliganded enzyme with dUTP-Cr3þ. To prepare enzyme
crystals, 1.5 ml of dUTPase (60 mg/ml) was mixed with
1.5 ml of reservoir in a hanging drop vapor diffusion
tray. The reservoir solution was composed of 10% PEG
3350 and 0.40 M NH4NO3. Crystals were visible approxi-
mately three days after setting the drop and reached a
full size in approximately one week. The crystals grew
to approximately 0.4 mm £ 0.3 mm £ 0.2 mm having the
appearance of a plate with an ellipsoidal face. They
belonged to space group P212121 with a trimer in the
asymmetric unit. To soak in the ligand, an artificial
mother liquor was prepared containing 10% PEG 3350,
400 mM NH4NO3 and 40% of a solution containing
100 mM-Cr3þ·dUTP. The later solution was prepared by
mixing CrCl3·6H2O with dUTP (Sigma). Unliganded
enzyme crystals were transferred to the artificial mother
liquor and soaked for one hour at room temperature.
The crystal was cryo-protected by swiping the crystal
through a 65% : 35% mixture of the same artificial
mother liquor and glycerol.

Crystallization of the dUTPase·Mg2þ·dUMP complex

The complex was prepared by mixing dUTPase
(N-terminal His-tag) (60 mg/ml) with dUTP (Sigma) in
a 1 : 5 molar ratio and allowing the hydrolysis reaction
to proceed to completion. Complex (1.5 ml) was mixed
with 1.5 ml of reservoir in a sitting drop vapor diffusion
tray. The reservoir solution was composed of 16% PEG
3350 and 0.22 M Mg(NO3)2. A crystal was visible
approximately three days after setting the drop and
reached a full size in approximately two weeks. The
crystal grew to approximately 0.4 mm £ 0.4 mm £ 0.2
mm. It belonged to space group P212121 with a trimer in
the asymmetric unit. It diffracted to 1.85 Å at National
Synchrotron Light Source (NSLS), beamline x8c,
Brookhaven National Laboratory.

X-ray data collection and processing

Diffraction data were collected on the unliganded
dUTPase enzyme at the Advanced Light Source (ALS),
beamline 5.0.1 equipped with an ADSC Quantum 4
CCD detector. Data were collected on the Mg2þ·dUMP
complex at the National Synchrotron Light Source at
Brookhaven National Laboratory using beamline X8C
and a Quantum 4 CCD detector. Data were collected on
the dUTP, Mg2þ·dUDP, and Cr3þ·dUTP complexes using
a Rigaku FR-D rotating anode generator equipped with
R-AXIS IVþþ detector. Data were collected on
Mg2þ·a,b-imido dUTP complexes at ALS beamline 8.2.2
equipped with an ADSC Quantum 315 CCD detector.
Data collection was performed at 100 K. Unless stated
otherwise above, crystals were cryo-protected in a mix-
ture of 65% reservoir solution and 35% glycerol by a

quick dunk, then flash freezing. Data were processed
and reduced using Denzo/Scalepack from the HKL
suite of programs.39

Structure solution and refinement

Molecular replacement operations were performed
with the program EPMR.40 The initial molecular
replacement solution for the unliganded M. tuberculosis
dUTPase was obtained using E. coli dUTPase as a
model. The refined M. tuberculosis dUTPase coordinates
were then used as a molecular replacement model to
solve the complexes in other space groups. Initial crystal-
lographic refinement was performed for all dUTPase
complexes using the CNS suite of programs.41 Specifi-
cally, simulated annealing was performed, followed
by conjugate gradient refinement and B-factor refine-
ment. To aid in the medium resolution refinement of the
Mg2þ·dUDP complex, hydrogen bonding restraints were
included during refinement.42 Model building was per-
formed with the aid of the graphics program “O”.43 To
model anisotropic displacements of the molecules, TLS
parameterization44 was implemented with the program
REFMAC45 for the following complexes: Mg2þ·dUMP,
dUTP, and Mg2þ·a,b-imido-dUTP (in space group
P212121). Diffraction data collected on the
dUTPase·Mg2þ·a,b-imido dUTP complex were tested
positive for merohedral twinning using the UCLA twin-
ning server.38 To benefit from twin fraction refinement
and individual anisotropic temperature refinement at
1.3 Å resolution, the structure was refined using
SHELXL.46 The twin operator used was k; h;2l. The
twin fraction was refined to 16% by SHELXL. All struc-
tures were validated with ERRAT,47 PROCHECK,48 and
WHATIF49 structure validation tools. The program,
ERRAT, reported overall quality factors of 97.5% or
higher. PROCHECK reported no Ramachandran outliers.
All structural superpositions were performed using the
program MAPS.19 Protein structures were illustrated
using the program PyMOL.50

Protein Data Bank accession numbers

Atomic co-ordinates and structure factors have been
deposited in the Protein Data Bank. Codes for the indi-
vidual complexes are listed in Table 1.
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