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Members of the Leishmania genus are the causative agents of
the life-threatening disease leishmaniasis. New drugs are being
sought due to increasing resistance and adverse side effects with
current treatments. The knowledge that dUTPase is an essential
enzyme and that the all �-helical dimeric kinetoplastid dUT-
Pases have completely different structures compared with the
trimeric �-sheet type dUTPase possessed by most organisms,
including humans, make the dimeric enzymes attractive drug
targets. Here, we present crystal structures of the Leishmania
major dUTPase in complex with substrate analogues, the prod-
uct dUMP and a substrate fragment, and of the homologous
Campylobacter jejuni dUTPase in complex with a triphosphate
substrate analogue. The metal-binding properties of both
enzymes are shown to be dependent upon the ligand identity, a
previously unseen characteristic of this family. Furthermore,
structures of the Leishmania enzyme in the presence of dUMP
and deoxyuridine coupled with tryptophan fluorescence
quenching indicate that occupation of the phosphate binding
region is essential for induction of the closed conformation and
hence for substrate binding. These findings will aid in the devel-
opment of dUTPase inhibitors as potential new lead anti-
trypanosomal compounds.

Various members of the genus Leishmania cause leishmani-
asis, which threatens �350million people worldwide and gives
rise to about two million clinical cases each year, of which
�25% are of the fatal visceral form (1). The disease is largely
endemic to developing countries, and current treatments are
expensive and can result in undesirable side effects for the
patient (1). This, combined with the increasing drug resistance
that is developing in the Leishmania species, means that new
and novel anti-parasitic drug targets are urgently required.

Deoxyuridine triphosphate nucleotidohydrolase (dUTPase)2
represents such a target. dUTPases catalyze the hydrolysis of
dUTP to dUMPand pyrophosphate (2). This provides the start-
ingmaterial for the synthesis of dTMP by thymidylate synthase
and in additionmaintains the ratio of dTTP:dUTP in the cell at
a high enough level to prevent excessive misincorporation of
dUMP into the genome during DNA replication (3). dUTPase
activity is essential as was shown by gene knock-outs in Esche-
richia coli and Saccharomyces cerevisiae. Inhibition of dUTPase
activity results in futile cycles of DNA repair that ultimately
cause the fragmentation of DNA and cell death (4, 5). dUTPase
activity also appears to be essential in L. major (6) and the
related parasiteTrypanosoma brucei, where an RNAi approach
was used to knock down dUTPase expression, resulting in
decreased cell proliferation and growth in both procyclic and
bloodstream forms of the organism (7).
dUTPases have been characterized extensively both bio-

chemically and structurally in many species. Most organisms,
including humans, have trimeric dUTPases with structures
largely consisting of �-pleated sheet (8). Three active sites are
formed at the trimer interfaces by five characteristic sequence
motifs. Each subunit contributes to every active site present in
the trimer, with a single divalent metal ion bound in each of the
active sites in the presence of substrate (9, 10). This metal ion
has been implicated in substrate binding and catalysis as the
presence of Mg2� reduces the Km of the E. coli enzyme by a 0.5
to 1 order of magnitude and increases the value of kcat 2- to
3-fold in the Drosophila melanogaster enzyme (11, 12). Mono-
meric dUTPases also have been identified that appear to have
arisen by gene duplication merging two protomers of the tri-
meric enzyme into a single polypeptide (13). These monomeric
enzymes are found only in mammalian herpes viruses and have
the same five characteristic sequence motifs as the trimeric
enzymes but in a different order.
The enzymes from L. major (LmdUTPase), Trypanosoma

cruzi (TcdUTPase), and Trypanosoma brucei (TbdUTPase) as
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well as some bacterial species show markedly different struc-
tural and biochemical properties to the trimeric enzymes (14).
These enzymes act as dimers and are able to hydrolyze not only
dUTP but also dUDP (15), whereas dUDPhas been shown to be
an inhibitor of the trimeric enzyme in E. coli (16). They are, in
addition, subject to product inhibition by dUMP (17). The
structure of TcdUTPase revealed a dimeric all �-helical struc-
ture that is very distinct from the trimeric enzymes (18), with
which they share no sequence similarity. The dimeric dUT-
Pases also have five sequencemotifs responsible for forming the
active site, but these are quite different from those in the tri-
meric dUTPases. The structure of theT. cruzi enzyme has been
determined in the apo open form and in the closed form in
complexwith dUDP (18). These structures revealed a large con-
formational change in the protein upon substrate binding with
the mobile domain moving as much as 20 Å with the concom-
itant rearrangement of secondary structure elements in this
domain. Subsequently, a structure of the closed form of the
dimeric dUTPase fromCampylobacter jejuni (CjdUTPase) was
determined in the presence of the nonhydrolyzable substrate
analogue dUpNp (19). This revealed the presence of three
Mg2� ions in the active site adjacent to the phosphate groups of
the substrate. The metals were implicated in substrate binding
and led to the proposal that these dimeric dUTPases utilize a
mechanism of reaction similar to that used in the phosphoryl
transfer reactions catalyzed by DNA polymerases (20, 21).
Indeed, the dimeric enzyme, like the trimeric one, requires
divalent metal ions for activity (17).
The essential nature of dUTPases and themarked differences

between the two forms of the enzyme in different species make
the dimeric dUTPases an attractive target for anti-parasitic
drug development. With this in mind, we have undertaken a
structural characterization of the L. major dUTPase in complex
with various substrate fragments to better understand the sub-
strate binding determinants and the requirements to induce
closure of this family of enzymes. Here, we present crystal
structures of the closedL. majordUTPase in the presence of the
non-hydrolyzable substrate analogues�,�-imino-deoxyuridine
triphosphate (dUpNpp) and �,�-imino-deoxyuridine diphos-
phate (dUpNp) and divalent metal ions supporting the pro-
posed mechanism for these dimeric enzymes. Subsequent
structures with deoxyuridine monophosphate (dUMP) and
deoxyuridine (dU) bound reveal a completely closed conforma-
tionwith sulfate ions bound to the enzyme, showing the impor-
tance of the negatively charged 5� region of the substrate to
induce enzyme closure. We also present the structure of the
CjdUTPase in complex with dUpNpp with important implica-
tions for themetal-binding properties of this family of enzymes.

EXPERIMENTAL PROCEDURES

Cloning and Expression of L. major dUTPase—The coding
sequence for the dimeric dUTPase from L. major 252 was
amplified by PCR, using genomicDNAas template, and cloned.
For expression, two constructs were created using the forward
primers LmDUT3C-F (5�-CCAGGGACCAGCAATGAAG-
CGCGCTCGCAGC-3�) and LmDUTLIC-F (5�-CACCACC-
ACCACATGAAGCGCGCTCGCAGC-3�) with the reverse
primer LmDUT-R (5�-GAGGAGAAGGCGCGTTATGCCT-

TGATCGCCAGCCG-3�) common to both constructs. The
underlined overhangs were included to allow cloning into the
pET-YSBL3C and pET-YSBLLIC vectors, respectively (22). 0.2
pmol of PCR product were treated with T4 DNA polymerase
(New England Biolabs) in the presence of dATP to produce
large overhangs for cloning into the Ligation Independent
Cloning vectors. The Ligation Independent Cloning vector was
linearized with the restriction enzyme BseRI and treated with
T4 DNA polymerase in the presence of 2�-deoxthymidine
5�-triphosphate to produce complementary overhangs to the
PCRproduct. The PCRproduct and the vectorwere thenmixed
in a 2:1 ratio of insert to vector and allowed to anneal at room
temperature for 30 min. The mixture was then used to trans-
form NovaBlue singles competent cells (Novagen). Colonies
were picked and grown in 5-ml cultures overnight. Plasmids
were isolated from cells using theQiagenmini-prep kit, and the
presence of insert in the vector confirmed by sequencing from
theT7 promoter. The vectorswere designated pET-LmDUT3C
and pET-LmDUTLIC. BL-21 (DE3) competent cells were then
transformed with these vectors to allow protein expression. Six
500-ml cultures derived from a single colony of BL-21 (pET-
LmDUT3C) or BL-21 (pET-LmDUTLIC) were grown in LB
medium containing 30 �g/ml kanamycin at 37 °C to an A600 of
0.6–0.8. Expression of dUTPase was then induced by the addi-
tion of isopropyl 1-thio-�-D-galactopyranoside to a final con-
centration of 1 mM, and the temperature was lowered to 25 °C
for the LmDUT3C construct but maintained at 37 °C for the
LmDUTLIC construct, as these were the conditions deter-
mined to be optimal for soluble expression of protein in small
scale expression trials. After 4 h, cells were harvested by centri-
fugation at 8000 rpm in a Sorvall F-10 rotor for 20min. The cell
paste was stored at �20 °C until required for purification.
Purification of L. major dUTPase—Typically �2.5 g of cell

paste were resuspended in 10� volumes of lysis buffer (50 mM

HEPES, pH 7.0, 50 mM NaCl, 5 mM MgCl2, 1 mM PMSF), and
cells were lysed using three 10-s pulses of sonication at maxi-
mum amplitude using an MSE Soniprep 150 sonicator. Cell
debris was removed by centrifugation at 18,000 rpm in a Sorvall
SS-34 rotor for 20 min at 4 °C. Supernatants were removed and
applied to a 5-ml GE Healthcare HiTrap nickel-nitrilotriacetic
acid column that had been equilibrated in Buffer A (50 mM

HEPES, pH 7.0, 50 mM NaCl, 5 mM MgCl2, 1 mM imidazole).
The column was washed with 3 column volumes of Buffer A
before a 50-ml gradient of Buffer B (Buffer A � 300 mM imida-
zole) was applied to elute the protein. 5-ml fractions were col-
lected along the gradient. For the LmDUT3C construct, peak
fractions containing the enzyme were pooled for treatment
with human rhinovirus 3C protease (Novagen). 1 unit of prote-
ase was added permg of dUTPase, and the solutions were incu-
bated at 4 °C overnight. The protein was concentrated using a
10-kDa molecular mass cut off Millipore concentrator by cen-
trifugation at 4 � g to a volume of �1 ml. The protein was
diluted 10-fold with Buffer A to dilute the imidazole, and the
protein was applied back onto the nickel column used in the
previous step. The flow-through was collected, and the column
was washed with 2 column volumes of Buffer A. The untagged
proteinwas in the flow-through, whichwas concentrated to�1
ml for gel filtration. The LmDUTLIC construct lacks the 3C
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protease site and therefore was concentrated following the ini-
tial nickel column for gel filtration.Gel filtrationwas performed
in the same way for both constructs using a GE Healthcare
16/60 HiLoad Superdex S75 column, which had been equili-
brated with gel filtration buffer (10mMHEPES, pH 7.0, 200mM

NaCl, 5 mM MgCl2). Following a void volume of 45 ml, 2.5-ml
fractions were collected. Fractions containing LmdUTPase
were combined, and the buffer was exchanged into 10 mM

HEPES, pH 7.0, 5 mM MgCl2 on a Millipore concentrator. The
LmDUT-3C and LmDUTLIC protein samples were concen-
trated to 80mg/ml and 15mg/ml, respectively, as judged by the
absorbance at 280 nm using an extinction coefficient of 53,900
M�1 cm�1 for both proteins. 50-�l aliquots of protein were
flash-frozen under liquid nitrogen and stored at �80 °C for
future use.
Crystallization of L. major dUTPase in Complex with dUpNp

and dUpNpp—The LmDUTLIC sample was used for crystalli-
zation with the dUpNp substrate analogue (Jena Biosciences).
Prior to crystallization, dUpNp was added to the protein to a
final concentration of 2 mM. Initial crystallization trials were
performed using a Mosquito robot (TTP Labtech) leading to
crystals in the Index screen (Hampton Research), condition
G10: 0.2 MMgCl2, 0.1 M Bis-Tris, pH 5.5, 25% PEG-3350. How-
ever, these were small clusters of needles that were unsuitable
for x-ray analysis and step-by-step seeding was used to increase
the size. The clusters were crushed using a needle and were
used to seed fresh hanging drops set up in similar conditions
with a precipitant range of 20–25%. Bigger crystals grew fol-
lowing this procedure, which was repeated until diffraction
quality crystals were obtained. Finally, single crystals were
obtained in 20% PEG MME 3350, 0.2 M MgCl2, 0.1 M Bis-Tris,
pH 5.5.
For the dUpNpp complex, LmDUT3C protein at 70 mg/ml

wasmixedwith an equal volume of 10mMdUpNpp to give final
concentrations of 35 mg/ml protein and 5 mM ligand. Initial
crystallization trials were set up as for the dUpNp complex
leading to crystals in the PACTscreen (MolecularDimensions),
condition B11: 0.2 M CaCl2, 0.1 MMES, pH 6.0, 20% PEG-6000.
Repeating the condition in larger hanging drops varying the
concentration of PEG-6000 from 15–25% yielded quality crys-
tals suitable for data collection.
Crystallization of L. major dUTPase in Complex with dUMP

and dU—The LmDUT3C protein was used for crystallization
of both the dUMP and dU complexes. To form the 2�-dUMP
complex, 2.5 �l of a 200 mM nucleotide stock was diluted
20-fold with 80 mg/ml protein to yield a final concentration of
10 mM dUMP and 76 mg/ml protein. To obtain the dU com-
plex, protein was mixed with a 200 mM stock of 2�-dU and a 0.5
M stock of sodium pyrophosphate (PPi) to give final concentra-
tions of 10 mM dU, 10 mM PPi, and 75 mg/ml dUTPase. Initial
crystallization trials were set up using a Mosquito robot as for
the other complexes. Crystals of both complexes grew in the
same condition in the index screen (Hampton Research), con-
dition C6: 0.1 M NaCl, 0.1 M Bis-Tris, pH 6.5, 1.5 M (NH4)2SO4.
Larger crystals were then obtained in hanging drop vapor dif-
fusion experiments using the same condition but varying the
(NH4)2SO4 concentration over the range of 1.0–2.0 M.

X-ray Data Collection, Processing, and Structure Determina-
tion for L. major dUpNp and dUpNpp Complexes—Crystals of
the dUpNp complexwere cryo-cooled to 120Kusing 30%PEG-
3350, 0.2 M MgCl2, 0.1 M Bis-Tris, pH 5.5, as the cryo-protect-
ant. Data were collected at the European Synchrotron Radia-
tion Facility (Grenoble, France; station ID29) (wavelength 0.97
Å) and processed using DENZO and SCALEPACK to 2.34 Å
resolution in the space group P6522 with cell dimensions a �
b � 87.9 Å, c � 146.5 Å, and � � 120.0°. The dUDP-bound
structure of the T. cruzi enzyme was used as the search model
for molecular replacement using MOLREP (23). Following an
initial refinement with REFMAC (24), a partial model was con-
structed using ARP/wARP (25). This was completed manually
over several rounds of rebuilding and refinement using COOT
(26) and REFMAC, respectively. The TLS optionwas utilized in
REFMAC, splitting the rigid andmobile domains of the protein
into three TLS groups. In the later stages of refinement, the
contribution of hydrogen atoms to the structure factors was
taken into account. The results of refinement are shown in
Table 1.
dUpNpp complex crystals were cryo-cooled to 120 K using

mother liquor supplemented with 15% ethylene glycol as the
cryo-protectant. Data were collected from these crystals at the
European Synchrotron Radiation Facility (station ID14-2) at a
fixed wavelength of 0.933 Å. Images were indexed using iMos-
flm (27), which showed they belonged to the same space group
as the dUpNp complex crystals. Data were scaled and merged
using SCALA (28) to a resolution of 1.9 Å. The Free-R set was
taken from the dUpNp complex data and extended to higher
resolution for use in structure refinement. The starting model
was the dUpNp structure after removing ligand, solvent mole-
cules, and flexible loops formed by residues 61–68, 195–205,
and 212–217. The structure was rebuilt and refined using
COOT and REFMAC5. TLS refinement was performed again,
using the same TLS groups as used earlier and also including
hydrogens later in the refinement.
X-ray Data Collection, Processing and Structure Determina-

tion for dUMP and dU Complexes—Data were collected from
crystals of the dUMP and dU complexes at station IO4 of the
Diamond Light Source at a wavelength of 0.976 Å. Images were
indexed using iMosflm and integrated in the space group P3.
POINTLESS (28) identified the point group as P3121 or P3221.
Data were reindexed into both these space groups and were
scaled using SCALA to 2.4 Å resolution for the dUMP complex
and 2.3 Å for the dU complex crystals (see Table 1 for scaling
and refinement statistics). The structure of the dUMP complex
was determined by molecular replacement with MOLREP
using the dUpNp complex determined previously as the search
model with the ligand, solvent molecules, and the flexible loops
formed by residues 61–68, 195–205, and 212–217 were
removed to avoid bias. Searches were performed in both P3121
and P3221 with a good solution identified in P3121 with four
protomers in the asymmetric unit. The crystals grown in the pres-
ence of dU and PPi were isomorphous to the dUMP crystals, and
so this molecular replacement solution was also used as a starting
point for the dU structure. The models were refined and rebuilt
using REFMAC5 and COOT. Two TLS groups were defined for
each protomer in the asymmetric unit using the TLSMD server

Crystal Structures of L. major dUTPase Complexes

16472 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 18 • MAY 6, 2011

 at U
N

IV
E

R
SIT

Y
 O

F L
E

E
D

S on June 11, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


(29). The quality of the model was checked throughout model
building and refinement usingMolProbity (30). The Protein Data
Bank codes are shown in Table 1.
Crystallization of C. jejuni dUTPase in Complex with

dUpNpp—Protein was purified as described in Moroz et al.
(19). Briefly, recombinant protein was purified in a two-step
procedure consisting of a phosphocellulose column followed by
size exclusion chromatography. Purified protein was concen-
trated to 15 mg/ml, and buffer was exchanged into 10 mM

HEPES, pH 7.0. Protein wasmixed with dUpNpp to yield a final
concentration of 2mMprior to setting up crystallization screens
in the same way as for the L. major dUTPase. Initial microcrys-
tals were obtained in the index screen, condition C1: 3.5 M

sodium formate, pH 7.0. These crystals were optimized manu-
ally with the addition of 20 mM magnesium acetate to produce
diffraction quality crystals.
X-ray Data Collection, Processing, and Structure Determina-

tion for C. jejuni dUpNpp Complex—Crystals were cryo-cooled
to 120 K in a nitrogen stream from an Oxford Cryosystems
device using 3.5 M sodium formate, pH 7.0, 12.5% glycerol as a
cryo-protectant. Crystals belonged to the space group I4122,
with cell dimensions a � b � 93.4 Å and c � 143.6 Å, and data
were collected to 1.7 Å resolution at the European Synchrotron
Radiation Facility beamline BM14. There was a single subunit
in the asymmetric unit with a VM of 2.9 Å3/Da and a solvent
content of 57%. Data were processed using DENZO and
SCALEPACK (31) before structure determination bymolecular
replacement in MOLREP using the C. jejuni dUpNp complex
structure as the search model. The model was completed man-
ually using the XFIT option of the program QUANTA (Accel-
rys, San Diego, CA) and refined using REFMAC with the TLS
option. The rigid andmobile domains ofCjdUTPase were used
as two separate TLS groups. Processing and refinement statis-
tics are shown in Table 1.
Tryptophan Fluorescence Quenching—Titrations monitor-

ing the tryptophan fluorescence of L. major dUTPase were
performed using a Horiba Jobin Yvon Fluoromax-4 spectro-
fluorometer with a 5-mm path length quartz cuvette. The
dUTPase was present in solution at a dimer concentration of
1 �M to which 1 �l of concentrated ligand was added per
injection. The solutions were mixed thoroughly and allowed
to equilibrate for 1 min before measurements were taken. An
excitation wavelength of 295 nm was used, and fluorescence
was measured at 330 nm using excitation and emission slit
widths of 2 and 3 nm, respectively. The buffer used through-
out the experiments was 10 mM HEPES, pH 7.0, with either 5
mMMgCl2 or 1 mM EDTA.When pyrophosphate was used in
the measurements, it was present at a concentration of 1 mM.
Data for the dU and dUMP titrations were plotted and ana-
lyzed using SigmaPlot in a similar manner to that used by
Ortiz-Salmeron et al. (32). No significant inner filter effects
were experienced due to the ligands used during the course
of this work.
For the dUpNpp titrations where the ligand to protein con-

centration ratio was lower, data were fitted to the quadratic
equation below,

Fnorm � Bm � Bq��L0 � M0 � Kd	 � ��L0 � M0 � Kd	
2 � 4L0M0


(Eq. 1)

where Fnorm is the normalized protein fluorescence, Bm is the
maximum protein fluorescence, Bq is the fluorescence change
upon ligand binding, L0 is the ligand concentration corrected
for dilution,M0 is the protein concentration corrected for dilu-
tion, and Kd is the dissociation constant for the ligand.

RESULTS

L. major dUTPase Overall Fold—The structure was deter-
mined in two different crystal forms. The dUpNp and dUpNpp
complexes were in space group P6522 with a single protomer in
the asymmetric unit (Table 1). Structures of the dUMP and dU
complexes were in space group P3121, with two dimers in the
asymmetric unit (Table 1). The structures in both space groups
are very similarwith the protomer inP6522 superimposingwith
each protomer inP3121with r.m.s.d. of 0.67, 0.60, 0.78, and 0.65
Å over 257 residues for chains A, B, D, and E, respectively.
TheLmdUTPase protomer ismadeupof 10�-helices (residues

11–29, 32–35, 38–53, 70–92, 135–150, 154–168, 172–188, 218–
222,224–242, and252–262) linkedby flexible loops (Fig. 1A).Two
domains were identified previously in theTcdUTPase structure, a
“rigid” domain that mediates the dimerization and a “mobile”
domain that undergoes significant domain movement upon sub-
strate binding (18). Similar toCjdUTPase, LmdUTPase structures
could only be determined in the closed form, but the domains can
be defined similarly (Fig. 1A). The rigid domain is formed by resi-
dues 32–169 and the mobile domain by residues 8–31 and 170–
265. In the TcdUTPase structure, there were two regions that
could not bemodeled in themobile domain, residues 94–103 and
119–139 (18). There was good density for the equivalent loops
(residues 94–103 and 117–125, respectively) in L. major, so most
of the sequence could be modeled into the electron density
with the exception of the first eightN-terminal residues inmost of
the structures and two residues at the very C terminus that are
likely to be flexible.
LmdUTPase, similar to the T. cruzi (18) and C. jejuni (19)

enzymes, is a dimer (Fig. 1B), with dimerization largely medi-
ated via the rigid domains of the protein. In the P6522 crystals,
the dimer is formed about a crystallographic 2-fold symmetry
axis burying 5530Å2 and 5700Å2 of surface area in the dUpNpp
and dUpNp complexes, respectively. In P3121, there are two
dimers in the asymmetric unit with 5380 Å2 (chains A and B) and
5530 Å2 (chains C and D) surface area buried in the dUMP com-
plex and 5790 Å2 (chains A and B) and 5500 Å2 (chains C and D)
surface area buried in the dU complex. In all of the structures, a
loop from one subunit reaches over to contact the ligand in the
other member of the dimer. The interactions at the dimer inter-
face in the CjdUTPase were slightly different to those of the
T. cruzi enzyme (18). The interactions at the interface in L. major
resemble those of the T. cruzi enzyme with many of the residues
here conserved between the two species (Fig. 1C).
CjdUTPase dUpNpp Complex Structure—We sought to obtain

further information on binding of the triphosphate moiety by
determining theCjdUTPase dUpNpp complex, following our ear-
lier study of the closed structure of the dUpNp complex (19). The
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structure in complex with the triphosphate substrate analogue
determinedherebelongedtoadifferentcrystal form(Table1)with
a single subunit in the asymmetric unit, the dimer being formed
about a crystallographic 2-fold symmetry axis. The protomer in
theCjdUTPase dUpNpp complex can be superimposed onto that
of the diphosphate analogue complex with an r.m.s.d. of 0.67Å
over 223 �-carbons showing that the overall fold of the protein is
essentially identical in the two complexes. The biggest difference
between the two complexes is the presence of only twoMg2� ions
in the dUpNpp active site compared with three in the dUpNp
complex. This will be discussed inmore detail below.
Protein Ligand Interactions—Structures of LmdUTPasewere

determinedwith four ligands bound (dUpNpp, dUpNp, dUMP,
and dU). The interactions formed between the five sequence
motifs of this family of enzymes and their substrates have been
described previously (18, 19), and so will not be discussed in
detail here. The five motifs form the active site in the same
way as in the closed TcdUTPase structure (Fig. 2A). The
LmdUTPase and CjdUTPase dUpNpp complexes are the first
structures for this family of enzymes to contain the triphos-
phate moiety. Both reveal that there are surprisingly few direct
hydrogen bonds between the �-phosphate of the substrate and
the protein. Indeed, the only residue within hydrogen bonding
distance of the �-phosphate in LmdUTPase is Glu51, which is
also involved in coordinating the catalytically important metal
ions. The �-phosphate makes two contacts in CjdUTPase
hydrogen bonding to Asn202 and Lys194. These differences do
not appear to be due to movements in side chain positions as

these arewell conserved between the two species but rather due
to a different positioning of the �-phosphate of the substrate
(Fig. 2B). Therefore, it would appear that there is a degree of
flexibility in the positioning of the �-phosphate in the active
site. This is additionally supported by the fact that theB-factors
for the �-phosphate atoms are higher than for the rest of the
ligand, indicating a substantial degree of mobility.
Theonlyotherdifference in ligandbindingbetweenCjdUTPase

andLmdUTPase is at the bottomof the active site pocket adjacent
to theO4 group of the uracil ring. In theCjdUTPase complex, the
O4 group hydrogen-bonds to theN�2 group of Asn21. The equiv-
alent residue inL. major isAsp29, whichhas its side chain pointing
away fromtheactive site.This sidechain is involved inahydrogen-
bonding network throughwatermolecules to theO4 group of the
uracil ring, resulting in the presence of a small water filled cavity at
the bottom of the pocket, which is also seen in the TcdUTPase.
This featuremightbeexploitable in thedevelopmentofnewinhib-
itors of the kinetoplastid enzymes.
Sulfate Ions in Active Site—The aim of obtaining the dU- and

dUMP-bound LmdUTPase crystal structures was to determine
whether the phosphate groups were required for closure of the
enzyme upon binding. These complexes reveal that the inter-
actions between the protein and the uracil and deoxyribose
moieties are identical when these ligands are bound compared
with dUpNpp and dUpNp. However, large tetrahedral electron
density peaks were observed, which were interpreted as SO4

2�

ions from the crystallization medium (Fig. 2, C and D).

TABLE 1
Data Processing and Refinement Statistics for the Lm and CjdUTPase Structures
Statistics in parentheses represent data in the highest resolution shell. The �B values refer to the difference in B values between pair of bonded atoms.
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In both of the dUMP and dU complexes, there was electron
density for a tetrahedral group adjacent to the 5� end of the
ligand. These were modeled as sulfate ions (Fig. 2, C and D),

based on the presence of ammonium sulfate as the crystalliza-
tion precipitant. In the dUMP complex, a single sulfate was
modeled into each of the four protomers. These sulfate ions

FIGURE 1. A, structure of the LmdUTPase protomer. Secondary structures are numbered in order from the N to C terminus. The rigid domain is colored green,
and the mobile domain is colored blue. Orange spheres represent the Ca2� ions present in the active site adjacent to the dUpNpp ligand. (Sticks are colored by
atom type.) B, the LmdUTPase dUpNpp complex dimer formed about a crystallographic 2-fold. C, structure-based sequence alignment of Lm-, Tc- and
CjdUTPases. Residues that interact across the dimer inteface are highlighted with green stars, orange squares, and red circles in Lm-, Tc-, and CjdUTPase,
respectively, illustrating that the dimer interface in LmdUTPase resembles more closely the interface in T. cruzi than in C. jejuni. All molecular graphics figures
were generated using CCP4mg (35), and sequence alignments were made using ALINE (36).
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hydrogen-bond to the side chains of Lys59, Lys62, and Asn63,
except in chain A, where the sulfate is positioned slightly differ-
ently and hydrogen-bonds to the side chain of Lys62, and the
main chain amide groups of Lys198 and Val199; all of which are
conserved among the kinetoplastid dimeric dUTPases (supple-
mental Fig. 1). Superposition of the various chains reveals that
the loop formed by residues 198–205 occupies a different posi-
tion in chain A, leading to this difference in positioning of the
sulfate ion in this chain, a result of crystal packing as this loop
mediates interactions with chain D of a symmetry related mol-
ecule (supplemental Fig. 2).
In the dU co-crystallizations, PPi was added, as this was

expected to aid binding of the dU moiety. Additional electron

density present in the active site could not be modeled as PPi
and was again interpreted as sulfate ions (Fig. 2D). There were
more sulfates than in the dUMP complex. Chains B, D, and E
have two sulfates bound. One occupies a position intermediate
to that taken up by the�- and�-phosphate groups of the longer
substrate. This hydrogen bonds to a water molecule bridging it
to the 5�-OH group of the dU moiety and the sidechains of
Lys59, Trp61, Lys62, Tyr191, and Lys198. The second sulfate binds
in a similar position to that taken up by those in the equivalent
chains of the dUMP complex. As in the dUMP complex, chain
A differs from the other three protomers as it has three sulfate
ions bound. Two of these are equivalent to those in the other
chains, with the third occupying a similar position to that taken

FIGURE 2. A, stereo diagram of the interactions between the L. major dUTPase and the substrate analogue dUpNpp (ball and stick). Protein residues are shown
in stick representation colored by atom type with the carbon atoms from motif I colored green, motif II colored pink, motif III colored yellow, motif IV colored
orange, and motif V colored purple. Calcium ions are shown as green spheres, and water molecules are shown as smaller red spheres. Black dashed lines show
hydrogen bonds, and red solid lines show the metal coordination geometry. B, stereo diagram of the Lm- (green carbons, magenta phosphorous atoms) and
CjdUTPase dUpNpp (orange carbon and phosphorous atoms) complexes superposed on their ligands giving an r.m.s.d. of 0.39 Å over 28 atoms. The �-phos-
phates in the two complexes occupy slightly different positions, but the arrangement of the residues in contact with these groups shown as sticks are largely
conserved between the two structures. C and D, regions of the 2Fobs � Fcalc electron density maps for chain A of the L. major dUTPase in the presence of dUMP
(A) and dU (B) contoured at 1	 (maps clipped at a 2.5 Å radius around the ligand, sulfates, and metal ion). Chain A is colored pink and purple, and chain B is
colored green and orange in the dUMP and dU complexes, respectively.

Crystal Structures of L. major dUTPase Complexes

16476 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 18 • MAY 6, 2011

 at U
N

IV
E

R
SIT

Y
 O

F L
E

E
D

S on June 11, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M111.224873/DC1
http://www.jbc.org/cgi/content/full/M111.224873/DC1
http://www.jbc.org/cgi/content/full/M111.224873/DC1
http://www.jbc.org/


up by the sulfate in chain A of the dUMP complex, which
hydrogen-bonds to the main chain amide groups of Lys198 and
Val199 and the side chain of Lys62.
Identification of Metal Binding Sites—Use of non-hydrolyz-

able substrate analogues resulted in the binding ofmetal ions in
the active sites. As the equivalentCjdUTPase complex (19), the
LmdUTPase dUpNp contains three metal ions adjacent to the
phosphate tail of the substrate. These were assigned as Mg2�,
based on the octahedral coordination geometry and bond
lengths (33), and are coordinated by the side chains of four
conserved acidic residues, Glu48 and Glu51 from motif II and
Glu76 and Asp79 from motif IV. The phosphate groups of the
dUpNp and water molecules provide the remaining metal
coordination.
Both the Lm- and CjdUTPases dUpNpp triphosphate ana-

logue complexes surprisingly contained only two metal ions.
The twometals inCjdUTPase were again identified asMg2� on
the basis of octahedral coordination geometry and bond
lengths. There was an electron density peak �1 Å from the
third metal binding site in the dUpNp complex in both species,
but it did not have coordination geometry consistent with a
metal ion and was thus interpreted as a water molecule (Fig. 3,
A and B). In the LmdUTPase structure, the metal ions showed
octahedral coordination geometry, but the bond lengths were
slightly longer and were assigned as Ca2� from the crystalliza-
tion solution. Calculation of anomalous difference Fourier
maps revealed two strong electron density peaks at these posi-
tions, confirming them as Ca2�with no peak present that could
represent a third calcium (supplemental Fig. 3). It would there-
fore appear that the presence of the �-phosphate displaces the
third metal ion from the active site.
A single Mg2� ion was modeled into the active sites of three

of the four protomers in the asymmetric unit in the dUMP
complex. The electron density for these was somewhat weak,
and the bond lengthswere longer thanwould be expected for an
Mg2� ion. However, superposition of the dUMP bound struc-
ture with the dUpNp-bound structure shows that the Mg2�

modeled into the dUMP complex occupies a similar position to
the central magnesium in the dUpNp complex coordinated by
Glu48, Glu76, and Asp79. In the dU complex, there was an elec-
tron density feature lying between the two metal ions in the
dUpNpp complex. The bond lengths to this feature were too
long, and the coordination geometry was not correct for it to be
a magnesium. It was therefore modeled as a water, which
hydrogen bonds to a sulphate ion.
Tryptophan Fluorescence Quenching—The presence of one

of the sulfate ions in the dU complex at the phosphate binding
region of the active site suggested that occupation of this site
was likely to be an important factor in inducing closure of the
enzyme around the substrate. To probe this further, binding
assays were performed with dUpNpp, dUMP, and dU in the
presence and absence of pyrophosphate, using tryptophan
fluorescence quenching.
Representative binding curves are shown in Fig. 4. As would

be expected, the affinity of the protein ligand interactions fol-
lows the pattern dUpNpp � dUMP � dU in the absence of
pyrophosphate and in the presence of Mg2�. Binding of all of
the ligands is weakened severely in the absence of Mg2�, indi-

cating that it must play a role in dU binding, even though it was
not seen in the crystal structure. The presence of pyrophos-
phate had a significant influence on the affinity of the enzyme
for dU, reducing the dissociation constant from an immeasur-
ably high value to 140 �M. In contrast, pyrophosphate had very
little influence upon dUMP binding, with closely similar Kd
values of 7.3 �M without PPi and 17 �M in its presence. This
suggests that the �-phosphate plays a major role in inducing
closure of the enzyme, and from the point of view of inhibitor
design, the presence of a negatively charged moiety, which
would interact with the phosphate binding region of the pro-
tein, will be required to lock the protein into the higher affinity
closed conformation.

DISCUSSION

Active Site and a Likely Mechanism of Action—The active
sites of all of the dimeric dUTPase structures determined to
date are very similar. TheT. cruzi dUDP complex lackedmetals
in the active site, and so a mechanism of reaction could not be
proposed (18). The subsequent structure of the C. jejuni
enzyme bound to the diphosphate substrate analogue dUpNp
revealed the presence of three Mg2� ions adjacent to the phos-
phate groups of the substrate (19). Metals are clearly important
for substrate binding (17), supported by the tryptophan fluores-
cence quenching experiments on the L. major enzyme (Fig. 4)
and data reported previously (34). In theC. jejuni dUpNp com-
plex (19), one of the water molecules coordinating the central
Mg2� ion was positioned in line with the scissile bond, leading
to the suggestion that this was a likely nucleophile with the
reaction proceeding by a similar two ion mechanism to that
proposed for the phosphoryl transfer reactions performed by
DNA polymerases and many other enzymes (20, 21).
We describe here the structure of L. major dUTPase in com-

plex with the two substrate analogues dUpNpp and dUpNp
(Fig. 3A). The positions of essentially all of the ligand atoms are
close to identical in both complexes. There is a small rotation in
the position of the �-phosphate. More importantly, there are
only two metal ions (Ca2�) in the dUpNpp structure. In the
dUpNpp complex, the�-phosphate causes a 0.8Åmovement of
Glu51, distorting the active site slightly, which is perhaps related
to the loss of the thirdmetal ion. The two structures are both in
keepingwith the previously proposedmechanism, with the cat-
alytic water molecule positioned in the same place in both
structures, but 0.2/0.4 Å from that in theC. jejuni dUpNp com-
plex (Fig. 3C) (19).
It is curious that in the presence of the triphosphate substrate

analogue, only two metal ions are bound in the active site. The
C. jejuni dUpNpp complex reported here also only has two
metal ions, although these are bothMg2� ions. There is a more
dramatic difference between theC. jejuni dUpNpp and dUpNp
complexes, where the side chain ofGlu49 (equivalent toGlu51 in
LmdUTPase) is flipped away from the active site in the presence
of the triphosphate, such that it no longer coordinates any
metal ions (Fig. 3B). This is quite different to its position in the
C. jejuni dUpNp complex, and indeed, the two Leishmania
complexes, where a much smaller movement of Glu51 was
observed between the equivalent structures. The 0.8 Å shift in
the position of Glu51 in the LmdUTPase complex could result
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from the presence of Ca2� rather than Mg2� in this structure,
with the longer coordinating bond lengths causing the loss of
the third metal site. However, the loss of the third metal site
in the presence of the triphosphate substrate analogue is com-
mon to both enzymes, and so this appears to be a general fea-
ture of this family of enzymes. In addition, the presumed
nucleophilic water is displaced by 1.2/1.5 Å from that observed
in the two Leishmania structures.

The differing metal-binding properties depending upon
the identity of the substrate may be necessary for the correct
positioning of the nucleophile for attack on the scissile bond.
In the presence of the diphosphate substrate, three metals
are bound with the proposed catalytic water molecule coor-
dinated by metals 2 and 3, aligning it for an in-line attack on
the �–�-phosphate bond. In the presence of the triphos-
phate, the third metal is lost, but the proposed nucleophile is

FIGURE 3. A, stereo view of the L. major dUpNpp (green carbons, orange phosphorous) and dUpNp (purple carbons, magenta phosphorous) complexes
superposed. Ligands are shown as ball and stick, metals are shown as large spheres, and the protein residues coordinating the metals are shown as sticks. The
water structures for the two complexes are shown with smaller spheres with their coordination geometry illustrated by solid lines. Structures were superposed
using secondary structure matching giving an r.m.s.d. of 0.38 Å over 257 �-carbon positions. B, stereo view of the C. jejuni dUpNpp (yellow carbons, orange
phosphorous) and dUpNp (blue carbons, magenta phosphorous) complexes superposed. Ligands, metals, water molecules, and protein residues are depicted
in the same way as for A. Structures were superposed using the ligands with an r.m.s.d. of 0.18 Å over 24 atoms. C, stereo view of the superposition of Cj-dUpNp
(pink carbons, brown phosphorous), Cj-dUpNpp (yellow carbons, orange phosphorous), and Lm-dUpNp (purple carbons, magenta phosphorous) complexes
onto the LmdUpNpp complex (green carbons and phosphorous). Superpositions were performed using the ligands giving r.m.s.d. values of 0.17 Å over 24
atoms, 0.39 Å over 28 atoms, and 0.18 Å over 24 atoms, respectively. D, stereo view of the LmdUTPase active site showing the water molecules present in
cavities adjacent to the substrate. Residues that contact these waters are shown as sticks colored by atom type, and the hydrogen bonds that the water
molecules make are shown as black dashed lines.
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still present, albeit in a slightly different position to that in
the diphosphate complex, �0.3 Å away in the Leishmania
and �1.3 Å in the C. jejuni enzyme. The third metal ion may
no longer be required, as the �-phosphate itself aids in align-
ing the nucleophile for an in-line attack on the scissile bond.
This certainly seems to hold for the C. jejuni enzyme; how-
ever, in the LmdUTPase dUpNpp complex, the third phos-
phate group occupies a slightly different position to that
taken up in the C. jejuni enzyme and is too far away from the
proposed catalytic water to interact with it.
From an inhibitor design point of view, there is little space

in or around the active site in the closed form of the enzyme
to allow binding of substrate derivatives (Fig. 3D). One ave-
nue that may be exploited is at the bottom of the ligand
binding pocket. In the C. jejuni enzyme, there is an Asn res-
idue that hydrogen-bonds to the O4 group of the uracil ring.
In the kinetoplastids, this residue is replaced by an Asp,
which is rotated away from the active site with the hydrogen
bond to the O4 group of the substrate provided by a water

molecule in both the L. major structures presented here and
theT. cruzi dUDP complex. Thus, this deeper cavity could be
exploited by a modification to the O4 group of the uracil
ring. Another site for modification could be the water-occu-
pied pocket adjacent to the deoxyribose moiety of the sub-
strate (Fig. 3D). However, both of these positions pose cer-
tain difficulties in terms of synthetic chemistry. In principle,
there is the possibility of modifying the phosphate moiety,
but this was rather tightly packed against the surrounding
protein.
Importance of Phosphate Groups for Enzyme Closure—Di-

meric dUTPases represent a potential drug target and a better
understanding of the requirements for enzyme closure will
clearly aid in the design of new inhibitors. The structures of
the LmdUTPase in complex with the substrate fragment dU
revealed a completely closed enzyme with sulfate ions from
the crystallization liquor present in and near the active site.
A single sulfate was observed in the dUMP complex, binding
at a distinct site from that taken up by the other phosphate

FIGURE 4. Curves obtained for binding of ligands to the LmdUTPase determined from tryptophan fluorescence quenching. A, dUpNpp binding in the
presence of Mg2� (filled circles, Kd � 0.8 �M) and in its absence (open circles). B, dUMP binding in the presence of Mg2� (filled circles, Kd � 7.3 �M), Mg2� � PPi
(open circles, Kd � 17 �M), and in the absence of Mg2� (filled triangles). C, dU binding in the presence of Mg2� (filled circles), Mg2� � PPi (open circles, Kd � 140
�M), and in the absence of Mg2� (filled triangles).
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groups of the larger substrate analogues. These sulfate ions
are positioned 5–6.5 Å away from the phosphate group of
the dUMP molecule and are bound by residues that are con-
served among the dimeric dUTPases of the kinetoplastids
(supplemental Fig. 1). This positioning may represent the
site occupied by the pyrophosphate moiety following the
reaction.
Sulfates occupy the same sites in the dU as in the dUMP

complex with the exception of an additional sulfate, which
binds in a position intermediate to that taken up by the �-
and �-phosphate groups of the larger dUpNp and dUpNpp
ligands (Fig. 2D). The presence of the sulfate ion here sug-
gested that occupation of the phosphate binding region by a
negatively charged group is likely to be important to induce
closure of the enzyme. Tryptophan fluorescence quenching
with the LmdUTPase revealed that the presence of pyro-
phosphate had a marked influence on the dissociation con-
stant for dU reducing the Kd from an immeasurable number
to 140 �M (Fig. 4C). In contrast, the effect of pyrophosphate
on the affinity for dUMP was negligible suggesting that a
single phosphate group is sufficient to induce closure of the
enzyme, as would be expected given that dUMP is an inhib-
itor of the dimeric dUTPases. Inspection of the interactions
between the protein and dUpNpp reveals that of the 13
hydrogen bonds between protein and ligand, four are
directed toward the �-phosphate group, three toward the
�-phosphate, and none toward the �-phosphate, with the
remainder involved in binding to the uracil ring and deoxy-
ribose moieties. Further contribution comes from the active
site metals, one of which coordinates to the �-phosphate
group, and this region does indeed appear to be very impor-
tant for substrate binding. It would therefore appear that any
compounds that are likely to induce closure and inhibit
dimeric dUTPases must bear a suitable negative charge that
would enable them to interact efficiently with the phos-
phate-binding region.
Conclusions—The fact that structures of the dUTPases from

trypanosomes are vastly different from the human trimeric
enzymes makes them an attractive drug target for the devel-
opment of new drugs against the diseases caused by these
organisms. We have determined structures of the enzyme
from L. major in complex with substrate analogues (dUpNpp
and dUpNp), the product dUMP, and a substrate fragment
(dU). The resulting information reveals a very tight ligand-
binding pocket in this family of dUTPases with little room
for modifications of the uracil and ribose rings without per-
turbation of binding features. The structures in complex
with dUMP and dU revealed the presence of sulfate ions in
the active site. In the dU complex, a sulfate was observed
binding in a position between that taken up by the �- and
�-phosphates of the larger substrate analogues, and, in line
with this observation, binding data showed that affinity for
dU was dependent on PPi. Taken together, the structural and
biophysical evidence indicates that the presence of a single
phosphate or similarly charged group is important to induce
closure and formation of a high affinity conformation of the
enzyme. Work is ongoing to try and develop new inhibitors

of these enzymes that exploit these observations and are
amenable to use as anti-trypanosomals.
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