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The catalytic mechanism of dUTP pyrophosphatase
(dUTPase), responsible for the prevention of uracil incor-
poration into DNA, involves ordering of the flexible C
terminus of the enzyme. This conformational shift is in-
vestigated by multidimensional NMR on the Drosophila
enzyme. Flexible segments of the homotrimer give rise to
sharp resonances in the 1H-15N heteronuclear single-
quantum coherence (HSQC) spectra, which are clearly
distinguishable from the background resonances of the
well folded protein globule. Binding of the product dUMP
or the analogues dUDP and �,�-imino-dUTP to the en-
zyme induces a conformational change reflected in the
disappearance of eight sharp resonances. This phenome-
non is interpreted as nucleotide binding-induced order-
ing of some residues upon the folded protein globule.
Three-dimensional 15N-edited 1H-15N HSQC total correla-
tion spectroscopy (TOCSY) and 1H-15N HSQC nuclear
Overhauser effect spectroscopy measurements allowed
clear assignment of these eight specific resonance peaks.
The residues identified correspond to the conserved C-
terminal sequence motif, indicating that (i) this confor-
mational shift is amenable to NMR studies in solution
even in the large trimeric molecule and (ii) formation of
the closed enzyme conformer in the case of the Drosophila
enzyme does not require the complete triphosphate chain
of the substrate. NMR titration of the enzyme with the
nucleotide ligands as well as kinetic data indicated signif-
icant deviation from the model of independent active
sites within the homotrimer. The results suggest alloster-
ism in the eukaryotic dUTPase.

The vital role of dUTPases1 in preventing uracil incorpora-
tion into DNA by strict control of cellular dUTP/dTTP levels

prompts mechanistic investigations on these enzymes. Emerg-
ing data indicate that homotrimeric eukaryotic, bacterial, and
retroviral dUTPases can be classified into two subfamilies
based on the hydropathy of subunit interfaces and the schedule
of conformational changes along the catalytic cycle (1, 2). In
particular, a conformational switch of the flexible C terminus
containing dUTPase conserved motif 5 seems to be induced in
an altered fashion between Escherichia coli and human or
Drosophila melanogaster dUTPases (1, 3). In the previous
study, experimental evidence has been presented arguing for
an increased ordering of the fruit fly enzyme conformation that
is induced by both the product dUMP and the nonhydrolyzable
�-phosphate lacking substrate analogue dUDP. Limited prote-
olysis experiments suggested that a conformational switch
within the C-terminal segment contributes to the observed
ordering. The experimental techniques, however, allowed only
a low resolution structural estimation of the conformational
changes. The conformational switch of the C terminus is essen-
tial in dUTPase function because it contributes to the forma-
tion of the catalytically competent closed enzyme molecular
species (4–6). A central question in the catalytic mechanism of
dUTPase is whether this closed conformer may be induced only
by binding of the �-phosphate containing substrate dUTP, as in
the case of the E. coli enzyme, or whether it may be retained in
the product-enzyme complex. A high resolution experimental
technique was sought that can provide adequate localization of
the nucleotide-induced structural changes. It was also desira-
ble to avoid crystallization-induced potential artifacts that may
be especially misleading in the investigation of flexible loops
capable of adopting an ordered conformation because of crystal
packing interactions. The experiments were therefore re-
stricted to the solution phase, and multidimensional NMR
spectroscopy was considered to be the method of choice.

High resolution structural analysis in the solution phase still
presents a considerable challenge because of the presently ob-
served size limitations of multidimensional NMR spectroscopy.
We therefore anticipated that complete structural analysis of
the 60-kDa Drosophila dUTPase trimer by NMR spectroscopy
is not yet accessible. However, investigations restricted to the
flexible regions of the protein were considered to be potentially
rewarding. The flexible segments are expected to provide con-
siderably sharper resonance peaks as compared with the reso-
nances associated with atoms in the main bulk globule of the
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homotrimer. A similar approach was presented for investiga-
tions on E. coli and retroviral dUTPases (7). This study showed
that sharp resonances observed in the ligand-free enzyme
spectrum disappear upon formation of the complex between
dUTPase and �,�-imino-dUTP but do not change when dUDP
binds to the enzyme. However, it failed to provide assignment
to the observed resonances.

The major aim of the present study was to localize and assign
the enzyme conformational changes induced by binding of
dUMP, dUDP, or �,�-imino-dUTP in a eukaryotic dUTPase.
The Drosophila enzyme was considered to be an excellent ex-
perimental object for this attempt because it was shown to
contain three segments with distinct degrees of increased flex-
ibilities (3). These segments are as follows: residues 1–15, the
15-residue Drosophila-specific N-terminal region; residues
160–187, the 28-residue Drosophila-specific C-terminal region;
and residues 149–159, the 11-residue segment just preceding
the Drosophila-specific extension; this last segment contains
conserved motif 5, characteristic for all dUTPases throughout

evolution (cf. Figs. 1 and 5 in Ref. 3). HSQC, TOCSY, and
NOESY spectra of 15N-labeled fly dUTPase allowed clear dis-
tinction of NMR resonance peaks and provided complete as-
signment for residues of dUTPase conserved motif 5. Retention
of these segments during the lengthy NMR experiments was
controlled by mass spectroscopic measurements. Kinetic anal-
yses and NMR titration experiments suggested cooperativity in
saturation of the three active sites.

EXPERIMENTAL PROCEDURES

Chemicals, Enzyme Preparation, and Purification—dUDP and �,�-
imino-dUDP were obtained from Jena Bioscience. �,�-Imino-dUTP was
prepared by enzymatic phosphorylation of �,�-imino-dUDP (8). The
other chemicals were of pro analysi quality from either Merck or Sigma.
Recombinant Drosophila dUTPase constructs 1–187 and 1–159 labeled
with 15N were expressed in BL21 E. coli cells as described in the
previous study (3) grown either on M9 minimal medium containing
15NH4Cl (National Institute of Research & Development for Isotopic
and Molecular Technologies, Cluj-Napoca, Romania) or on fully labeled
complete 15N medium (Silantes GmbH, Munich, Germany). The super-
natant of lysed cells was purified by use of ion exchange chromatogra-

FIG. 1. 1H-15N HSQC spectra of D. melanogasterdUTPase alone (A) and with �,�-imino-dUTP (B), dUDP (C), and dUMP (D). Lines
indicate peaks that diminish in intensity and disappear upon enzyme-ligand complexation.
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phy (Q-Sepharose column) performed by a Gradifrac system (Amer-
sham Biosciences) and gel filtration (Superdex 200HR column) by a fast
protein liquid chromatography system, as detailed in the previous study
(3). The protein concentration was determined with a JASCO-V550
UV-visible spectrophotometer at 280 nm, using A1 cm, 280 nm

0.1% � 0.32 or
0.26, and molecular masses of 19,829 g/mol and 17,199 g/mol for the
D. melanogaster dUTPase constructs 1–159, and 1–187, respectively
(3). Molar enzyme concentration is given in monomers throughout the
text.

NMR Spectroscopy—For NMR measurements, enzyme samples at a
concentration of 1.75 mM were dialyzed against 81 mM sodium phos-
phate buffer, pH 6.5, also containing 5 mM MgCl2, 0.001% NaN3, and
10% D2O. 15N-1H HSQC (with 4096 data points in the direct dimension
and 256 increments) as well as three-dimensional 1H-15N HSQC
TOCSY and 1H-15N HSQC NOESY spectra of dUTPase (with 2048 data
points in the direct dimension, 180 increments in the indirect 1H, and
64 in the 15N dimension) were recorded on a Bruker DRX 500 spectrom-
eter at T � 283 K. Apoenzyme was first measured, and then titration
was carried out by stepwise addition of 3–5-�l aliquots of dUMP, dUDP,
or �,�-imino-dUTP stock solutions into the enzyme solution. At each
titration step, full HSQC spectra were recorded. At the end of the
titrations, both types of the three-dimensional spectra were collected
again. Resonance assignment was carried out in two steps. The results
of HSQC TOCSY experiments were used to assign the residue types
giving rise to the peak patterns, whereas the results of HSQC NOESY
measurements were necessary to establish sequential connectivity be-
tween the identified spin systems. Analysis of the spectra was carried
out by the programs XEASY and SYBYL.

Mass Spectroscopy Measurements—Samples before and after NMR
spectroscopy were submitted to mass spectrometric measurements to
confirm the presence of the flexible N- and C-terminal enzyme segments
during the lengthy NMR experiments. Frozen samples were thawed,
and each was prepared for mass analysis following three different
methods: either diluted 10-fold with 1% trifluoroacetic acid in water,
dialyzed against 0.1% trifluoroacetic acid in water, or purified on a C4
ZipTip (Millipore) and eluted with 0.1% trifluoroacetic acid in ethanol:
propanol (5:2). Mass spectra were recorded on a matrix-assisted laser
desorption ionization-time-of-flight mass spectrometer (Reflex III,
Bruker, Germany) using sinapinic acid as the matrix. Horse heart
myoglobin in the same matrix was used for external calibration. The
spectra were measured in positive linear mode with delayed extraction.
150–200 laser shots were summed. The molecular masses were deter-
mined as the averages of seven independent mass measurements. The
mass accuracy was �0.1%. The three different sample preparation
methods yielded the same results.

Enzyme Kinetic Measurements—The substrate saturation curves
were recorded using the continuous spectrophotometric dUTPase en-
zyme activity assay at enzyme concentrations of 50 nM in 1 mM TES-
HCl, pH 7.5, containing 40 �M dUTP, 5 mM MgCl2, 150 mM KCl, and 40
�M Phenol Red indicator (assay buffer) (3, 9). A JASCO-V550 spectro-
photometer and 10-mm-pathlength 25 °C thermostatted cuvettes were
used.

RESULTS AND DISCUSSION

NMR Assignment of Nucleotide Binding Affected Motif 5
Residues in Drosophila dUTPase—In the 1H-15N HSQC spec-

tra of full-length (1–187) D. melanogaster dUTPase, �50 sharp
resonance lines could be identified (Fig. 1A). In addition, a wide
background is also observable, with a high number of broad
complex resonances. Under our experimental conditions with a
500-MHz frequency, it is expected that resonances that corre-
spond to the main chain and side chain atoms well folded
within the 60-kDa homotrimeric dUTPase will be observed only
in a broad background (10). Poor dispersion of many H� and
side chain resonances is also apparent from three-dimensional
1H-15N HSQC TOCSY experiments (not shown). The existence
of clear sharp resonances indicates, however, that some moi-
eties of the protein are characterized with an increased confor-
mational freedom. The number of sharp resonances roughly
corresponds to the number of residues in the flexible N- and
C-terminal segments of the dUTPase chains (cf. protein amino
acid sequence in Fig. 1 of the previous study (3)). In the 1H-15N
HSQC spectrum of the 1–159 Drosophila dUTPase construct
lacking the C-terminal 28 residues (not shown), the number of
observable sharp resonances is only 22, i.e. 28 resonances are
missing as compared with the spectrum of the full-length con-
struct. These results, together with the limited proteolysis-
based identification of the N- and C-terminal flexible segments
(3), reinforce the interpretation that the sharp resonances orig-
inate from those segments that possess enhanced conforma-
tional freedom relative to the rest of the molecule. The reten-
tion of these flexible segments during the lengthy NMR
experiments was confirmed by mass spectroscopic analysis of
the protein before and after NMR spectroscopy (data not
shown). No significant loss of protein segments was detected.

The addition of �,�-imino-dUTP to dUTPase resulted in the
disappearance of eight sharp resonance peaks from the HSQC
spectrum (Fig. 1, A and B, lines identify affected residues). The
analogue �,�-imino-dUTP is used in this study as an isosteric
mimic of the true substrate dUTP (11, 12) that is largely
resistant to hydrolysis. The same changes were also induced by
the addition of either dUDP (a nonhydrolyzable derivative) or
dUMP (product of the enzymatic reaction) to the enzyme solu-
tion (Fig. 1, C and D). With the information provided by the
three-dimensional TOCSY and NOESY spectra, together with
the connectivity requirements of the polypeptide chain in the C
terminus, an unequivocal assignment of the affected reso-

FIG. 2. Intensity changes of 1H-15N HSQC peaks upon titration
of dUTPase with �,�-imino-dUTP (solid symbols), dUDP (open
symbols), and dUMP (X-centered symbols). Titration curves are
presented for the resonance peak of Ser155 (square) that represent
residues from motif 5 and the resonance peak of a Gly (circle) from the
D. melanogaster-specific 28-amino acid C-terminal segment.

FIG. 3. Substrate saturation curve of D. melanogaster dUTPase.
Enzymatic dUTP hydrolysis was followed spectrophotometrically. Ini-
tial velocity data are plotted versus dUTP concentration. The data
represent the averages of 5–10 parallel measurements with a standard
error of 22%. The data points were fitted to the Hill equation. Param-
eters of the best fit curve are as follows: turnover number, 12 s�1;
substrate concentration at half-saturation, 1.2 �M; and Hill coefficient,
2.8.
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FIG. 4. Structural model of the nucleotide-induced conformational changes in Drosophila dUTPase. A, overall model of the homotri-
mer. The homology model of Drosophila dUTPase (2) is shown in the ribbon representation of color-coded subunits. The ligand dUDP is in
ball-and-stick model, colored according to atoms (carbon, white; oxygen, red; nitrogen, blue; and phosphorus, orange). The C-terminal conserved
phenylalanine side chain from each subunit is shown stacking over the uracil ring. The model does not contain the flexible N- and C-terminal
Drosophila-specific extensions. The white rectangle depicts the model segment detailed in B. B, close-up of one active site. Segments of the protein
subunits are shown in the same color code as in A. In addition to the peptide backbone, residues of the C-terminal Gly149–Thr156 octapeptide (blue),
as well as the conserved tyrosine at the base of the deoxyuridine accommodating �-hairpin (yellow) and a segment from the third subunit
participating in phosphate binding (green), are also shown. Residues Ser155 and Thr156, not localized in the human crystal structure (1), were built
in the model using SYBYL (22). Amino acids (Gly154, Ser155, and Thr156 from the blue subunit as well as Arg80 and Ser81 from the green subunit)
forming contacts with the phosphate groups and the ligand dUDP are colored according to atoms. Hydrogen bonds connecting protein atoms and
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nances was possible. The assigned segment corresponds to resi-
dues Gly149-Glu-Ala-Gly-Phe-Gly-Ser-Thr, located right after the
strictly conserved arginine (Arg148) in the protein sequence.
These residues comprise conserved motif 5 of dUTPases (13).

Other observed sharp peaks, as far as can be assessed from
the analysis of the TOCSY spectra, may well correspond to the
other residues in the N- and C-terminal segments of the mol-
ecule. The number of resonances assignable as glycines agrees
well with that expected from the sequence. Other residues
cannot be identified unambiguously, mainly because of the
high number of alanine and proline residues in the N- and
C-terminal segments, but the information obtainable from the
spectral data is in good agreement with the sequence. For
instance, the number of strips belonging clearly to U-type
residues (Glu, Gln, and Lys) corresponds to the expected
composition.

The NMR spectroscopy experiments showed that among the
flexible N- and C-terminal residues of Drosophila dUTPase, all
residues belonging to conserved motif 5 are modulated by bind-
ing of dUMP, dUDP, or �,�-imino-dUTP. Complexation of the
product or the di- or triphosphate analogues of the substrate
dUTP with the Drosophila enzyme induced broadening of the
sharp resonance peaks of motif 5 residues into the background
of the folded protein globule. This broadening indicates that the
conformational freedom of the residues affected is largely de-
creased because of binding of dUMP or the other nucleotide
phosphates and that in the enzyme-nucleotide complex, motif 5
residues are in a folded conformation in the protein structure.
Interestingly, the ordered conformation of motif 5 in Drosoph-
ila dUTPase is induced in the same fashion no matter whether
the dUMP product or the �,�-imino-dUTP substrate analogue
binds to the enzyme. This is in contrast to results reported for
E. coli and retroviral dUTPases, where only binding of the
triphosphate analogue could induce broadening of some NMR
spectral peaks (7). In addition to the suggestions based on
previous low resolution data (3), the present NMR experiments
provide clear and adequate experimental proof for the hypoth-
esis that the closed enzyme conformer is present with high
probability in the enzyme-product complex in the case of a
eukaryotic dUTPase. In the closed enzyme conformer, crystal
structure data indicate that motif 5 acts as a lid over the
nucleotide ligand in the active site. Retention of this conformer
in the enzyme-product complex, as shown by the present
NMR data, prompts for a mechanism that allows product
escape from under the lid. Nonindependent behavior of the
three active sites in the homotrimer may provide such a mech-
anism where subunit communications can modulate active site
conformation.

Active Site Saturation in Drosophila dUTPase—Titration
experiments were carried out to investigate this possibility.
Intensity of all eight resonance peaks shown to broaden upon
nucleotide binding, as well as intensity of several other reso-
nance peaks, was followed by NMR spectroscopy along the
stepwise titration of the enzyme with either dUMP, dUDP, or
�,�-imino-dUTP. At the enzyme concentration of 1.75 mM used
in these experiments, the apparent dissociation constants of
the dUTPase-dUMP, dUTPase-dUDP, and dUTPase-�,�-imi-
no-dUTP complexes (21, 5, and 0.5 �M, respectively; this last
estimated based on the Michaelis constant for dUTP) (3) pre-
dicted that after each ligand addition step, the amount of
noncomplexed ligand would be under 0.5%, and the concentra-
tion of complexed enzyme species would be equal to the con-

centration of the added ligand up to 100% saturation. A linear
relationship between the area under the resonance peaks and
the concentration of the chemical species responsible for induc-
ing the resonance peak was assumed. During the titration
experiments, the intensity of all the eight decreasing peaks
diminished to less than 10% at only 50% saturation. A repre-
sentative titration curve is shown on Fig. 2 for the resonance
peak of residue Ser155. This same behavior was observed dur-
ing stepwise titration with either dUMP, dUDP, or �,�-imino-
dUTP for all eight disappearing peaks. The results suggest that
in all the three titrations, partial saturation of the active sites
already induces the completion of the conformational shift with
regard to folding of motif 5 residues upon the protein globule.
These results argue for some cooperativity in the homotrimer
that is reflected in the NMR signals.

Kinetic experiments provided an independent assessment of
the suggested cooperative behavior. The substrate saturation
curve of dUTPase with dUTP (Fig. 3) shows significant devia-
tion from the hyperbolic Michaelis-Menten kinetics. Instead, a
strong sigmoid character is evident. Experimental data fitted
to the Hill equation (14) resulted in estimation of a Hill coeffi-
cient of close to 3 that argues for a quite strong cooperative
character in the homotrimer.

Taken together, NMR titration experiments and the kinetic
data both indicate a strong deviation from the model of inde-
pendent active sites in the Drosophila dUTPase homotrimer.
Such behavior has not yet been reported for any dUTPase.
Instead, based on kinetic and nucleotide binding data, the
absence of any cooperativity was ascertained in several refer-
ences (15, 16). In the previous study, ligand binding data as
followed by circular dichroism difference signals could also be
fitted to the simplest model. The information content of these
data seems to be surpassed here by the highly sensitive NMR
spectroscopic experiments. The physiological significance of the
cooperative behavior observed in the Drosophila dUTPase ho-
motrimer is not yet evaluated. We propose that this character
increases the sensitivity of the enzyme toward regulatory
mechanisms eventually required in the more developed organ-
isms. Lack of such sensible character in the E. coli enzyme
might be due to the fact that in pyrimidine metabolism of
enterobacteria, dUTP is an obligate precursor for dTTP biosyn-
thesis (17). In eukaryotes, dUMP is also available for dTTP
biosynthesis as the product of dCMP deaminase. This enzyme
is not present in enterobacteria that rely entirely on formation
of the uracil ring from cytosine at the level of triphosphate
nucleotides by dCTP deaminase. It is therefore probable that
the increased dUTP load in E. coli requires the presence of a
robust enzyme that can efficiently remove dUTP from the DNA
polymerase route under varied cellular conditions. Multiple
examples indicate that enzyme regulation in eukaryotes is
more complex in many cases to enhance fine-tuning of cellular
pathways (18–20). The difference in subunit interaction inter-
faces between prokaryotic and eukaryotic dUTPases may pro-
vide a structural reason for the observed absence or presence of
cooperative character in E. coli and D. melanogaster enzymes.

In addition to the observed decrease of motif 5-associated
spectral peaks, the NMR titration experiments also showed
that resonances from several side chains of the Drosophila-
specific 28-residue-long C-terminal segment are characterized
by a minor but significant increase in intensity induced by the
dUDP or �,�-imino-dUTP binding to dUTPase. These reso-
nances, however, do not change during titration of the enzyme

phosphate oxygens are shown as thick gray dotted lines. Hydrogen bonds within the C-terminal octapeptide are shown as thin gray dotted lines.
C, schematic representation of the catalytic cycle. Color code of protein subunits is the same as in A. dUTP and dUMP are shown as dark and light
gray circles, respectively. The orange circle with Mg in the central position of the homotrimer represents the structural Mg2� site (3).
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with dUMP. Fig. 2 plots the data for a representative glycine
from this region. These data indicate that binding of substrate
to the dUTPase active site may induce conformational pertur-
bations in the Drosophila-specific 28-residue-long C-terminal
flexible extension, whereas product binding has no such effect.

Structural Model for Motif 5 Conformation—The results
from the multidimensional NMR spectroscopy showed that the
conformation of motif 5 residues is closely similar in enzyme-
dUMP and enzyme-�,�-imino-dUTP complexes. Modeling of
these residues was attempted based on crystal structure data
for dUTPase-ligand complexes, and the previously reported
homology modeling of Drosophila dUTPase structure (1, 2, 21)
(Fig. 4A). The last two residues (Ser155 and Thr156) in the
peptide segment that are modulated by nucleotide ligand bind-
ing to the enzyme could not be localized in the previous human
crystal structure. We therefore simulated the possible confor-
mation of these two residues by energy minimalization (22).
Analysis of the modeled structure revealed that the Gly152-Phe-
Gly-Ser-Thr pentapeptide of motif 5 forms multiple interac-
tions with the phosphate chain of �,�-imino-dUTP (Fig. 4B).
The hydroxyl side chain groups of both Ser155 and Thr156 form
hydrogen bonds to the oxygens of the �-phosphate group of the
ligand. These interactions may well be determinant in the
ordering of motif 5 even in the dUTPase-dUMP complex, be-
cause the �-phosphate oxygens in dUMP may also be expected
to form the same hydrogen bond with the Ser155 and Thr156

side chain hydroxyl groups. In addition to side chain interac-
tions, main chain carbonyl oxygen and amide nitrogen atoms
also participate in hydrogen bonding to phosphate oxygens.
Interactions between residues and main chain atoms of the
Gly149–Thr156 octapeptide (e.g. an hydrogen bond network from
Ser156 side chain oxygen through Gly152 main chain nitrogen to
Gly151 carbonyl oxygen) contribute to the stabilization of the
phosphate chain accommodating conformation of the C-termi-
nal segment (Fig. 4B). The Gly149–Gly152 tetrapeptide also
forms interactions with the surface of the neighboring protein
subunit (not shown) that help in orienting the C-terminal seg-
ment toward the ligand phosphate chain.

Based on the experimental results of ligand-induced cooper-
ative conformational changes in Drosophila dUTPase, we pro-
pose the following scheme for the catalytic cycle (Fig. 4C).
Binding of one molecule of substrate to the homotrimeric
apoenzyme induces conformational changes in all the three
active sites that will facilitate binding of further molecules of
substrate. Cleavage of the scissile bond does not necessarily
induce major conformational changes; the uracil, deoxyribose,
and �-phosphate moieties of the substrate and the product
experience the same binding environment before and after
catalysis. The similar cooperative ordering of the C-terminal
segment in the enzyme-dUTP or enzyme-dUMP complexes ar-
gue that a homotrimer partially saturated with either the
substrate dUTP or the product dUMP may be equally primed
for the binding of additional substrate molecules. The phys-

iological relevance of this possibility is that within the cell,
dUTPase may respond to both dUTP and dUMP concentrations
and will be present in the catalytically competent conformation
with a higher probability. An interesting hypothesis is put
forward in this scheme, namely that product escape or product-
substrate exchange in one of the active sites may be coupled to
catalytic cleavage in the neighboring active sites. The lack of
cooperative characteristics and product-induced ordering of
the active site in the prokaryotic E. coli dUTPase (5, 7, 15) on
one hand and the high similarity of human and Drosophila
dUTPases (2) on the other hand suggest that the dUTPase
homotrimer has acquired cooperativity during evolution.

Conclusions—Multidimensional NMR spectroscopy is shown
to be adequate to provide high resolution conformational char-
acterization of flexible segments of a 60-kDa protein in the
solution phase. In Drosophila dUTPase, this method reveals
that motif 5 residues adopt the same ordered conformation in
the enzyme-product complex as in the enzyme-�,�-imino-dUTP
complex. The retention of the closed enzyme conformer within
the enzyme-product complex is coupled to cooperativity within
the eukaryotic dUTPase homotrimer.
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