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The metal ion dependence of the catalytic activity of recombinant
Escherichia coli dUTP pyrophosphatase (dUTPase), an essential
enzyme preventing incorporation of uracil into DNA, has been
investigated by steady-state kinetic, electron paramagnetic reso-
nance, and electron nuclear double resonance methods. Values of
keat and keat/Km were 4.5 = 0.1 s~1 and 0.49 = 0.1 x 106 M—1s—1
in the absence of divalent metal ions, 14.7 + 2.2 s~ and 25.1 +
7.4 x 106 M—"s~1in the presence of Mg2* or Mn2*, and 24.2 + 3.6
s™1 and 2.4 = 0.7 x 105 M~'s=' when supported by VO?* or
bis(acetylacetonato)oxovanadium(lV). Binding of VO?* to the en-
zyme in the presence of dUDP, a nonhydrolyzable substrate ana-
log, was specific and competitive with Mg2*. Electron paramag-
netic resonance spectra of the ternary enzyme-VOZ*+-chelate-
dUDP complex revealed a pattern of 3'P superhyperfine coupling
specifying two structurally equivalent phosphate groups equato-
rially coordinated to the VOZ2* ion. Proton electron nuclear double
resonance spectra revealed an equatorial acetylacetonate ligand,
indicating that one of the organic ligands had been displaced. By
molecular graphics modeling, we show that the diphosphate group
of enzyme-bound dUDP is sterically accessible to a hemi-chelate
form of VO2+. We propose a similar location compatible with all
kinetic and spectroscopic results to account for the reactivity of
VO2* and the VO2*-chelate in dUTP hydrolysis. In this location the
metal ion could promote an ordered conformation of the C-
terminal fragment that is obligatory for catalysis but dynamically
flexible in the free enzyme.

ontrary to ordinary expectation, the nucleic acid uracil can
be incorporated into DNA in the cell because DNA poly-
merases do not distinguish between thymine and uracil. The
most important cellular vehicle for hindering this process is the
enzyme dUTP pyrophosphatase (dUTPase) (1, 2). This enzyme
hydrolyzes dUTP into dUMP and pyrophosphate, thereby re-
moving dUTP from the DNA biosynthetic pathway. Although
several high to medium resolution x-ray studies of dUTPases
from human (3), bacterial (4-6), and viral (7, 8) sources have
been reported, there is no understanding of the structural basis
of the catalytic mechanism. The C-terminal portion of each
subunit of this trimeric enzyme is partly disordered in crystals
and does not contribute to the electron density map. Further-
more, the binding site of Mg?" in the active site has not been
identified. In the crystal structure of the equine infectious
anemia virus (EIAV) enzyme, a Sr2* ion bound to both the a-
and B-phosphate groups of dUDP has been localized (7), but in
a position that would sterically prevent nucleophilic attack by a
hydrolytic water molecule. Nonetheless, the catalytic importance
of the C-terminal residues and the dependence of dUTPase
action on Mg?>" have been amply demonstrated by studies of the
enzyme in solution (9-12). Because dUTPase has acquired
increasing attention as a potential target enzyme in cancer and
antiretroviral chemotherapy, determination of the structural
basis of its catalytic action is important in the design of chemo-
therapeutic agents.
The most thoroughly studied species of dUTPases belong to
the Eu(karyotic), Ba(cterial), and R(etroviral), or EuBaR, sub-
group in which the protein consisting of 133-168 amino acid
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residues per subunit forms a homotrimeric complex (3-8, 13).
Although sequence identity is as low as 31%, all members of this
subgroup exhibit a similar fold with unusual intimacy between
neighboring subunits. Each of the three active sites is comprised
of residues from two subunits, while the C-terminal region of the
third subunit partially covers the entrance. This arrangement of
the three polypeptide chains is illustrated in Fig. 1 for the
Escherichia coli enzyme. Correspondingly, amino acid sequences
of the ordered and disordered segments of the C-terminal
portions of the E. coli and human enzymes are compared in
Table 1. In the E. coli enzyme the C-terminal region is ordered
only on binding 2'-deoxyuridine with a 5'-triphosphate group in
the presence of a divalent metal ion (9, 10, 14). Because ordering
of the C-terminal region of the polypeptide chain has been
shown to be required for catalytic action by the enzyme (9-11),
an approach must be adopted for structural analysis that can be
applied to macromolecules in solution.

In a series of investigations from this laboratory, we have
shown that vanadyl (VO?") is a sensitive paramagnetic probe of
Mg?" and Ca?" binding sites in nucleotides and proteins for
structure analysis by electron paramagnetic resonance (EPR)
and electron nuclear double resonance (ENDOR) spectroscopy
(15-19). Not only can 3'P superhyperfine (shf) structure of
coordinating phosphate groups in nucleotide complexes be
resolved (16, 17), but the observed EPR intensity derives only
from macromolecule-bound VO?* because free VO?* near
neutral pH polymerizes to form an EPR-silent precipitate (20).
Therefore, spectra are not complicated by separate contributions
from macromolecule-bound and unbound VO?*.

In steady-state kinetic studies, we have observed that VO?*
supports hydrolysis of dUTP catalyzed by E. coli dUTPase. The
catalytic efficiency of the enzyme increased nearly 2-fold in
comparison to the turnover rate in the presence of Mg>*, and
binding of VO?* to the enzyme is specific and competitive with
Mg?*. Of particular interest is our observation that the enzy-
matic action of dUTPase is supported with equivalent catalytic
efficiency by an organic chelate of VO?*, namely, bis(acetylac-
etonato)oxovanadium(IV) [VO(acac),]. This observation, cou-
pled with evidence on the basis of EPR and ENDOR spectros-
copy that the organic chelate is bound to the enzyme in the
presence of nucleotide, indicates that the Sr2* site (7) cannot
account for dUTP hydrolysis into dUMP and pyrophosphate.
These results require complete alteration of all previous sug-
gestions for the catalytic and structural role of Mg?* in dUTP
hydrolysis catalyzed by dUTPase.

Materials and Methods

General. Q-Sepharose and Sephacryl S-200 were purchased from
Amersham Biosciences; dUTP, dUDP, and buffer materials
were purchased from Sigma; phenol red indicator was purchased

Abbreviations: dUTPase, dUTP pyrophosphatase; EIAV, equine infectious anemia virus;
ENDOR, electron nuclear double resonance; EPR, electron paramagnetic resonance; shf,
superhyperfine; VO(acac),, bis(acetylacetonato)oxovanadium(IV).
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Fig. 1. X-ray determined structure of Escherichia coli dUTPase (4, 5). The
subunits of the trimericenzyme are shown in different colors: A, red; B, yellow;
and C, blue. The light-blue ribbon structure illustrates one subunit of the
human enzyme (3) superpositioned according to structurally equivalent res-
idues (7). The yellow arrow identifies the ultimate C-terminal residue, Phe-
136, that is observed by x-ray in the E. coli enzyme (4-6). Rendering this
residue in ball-and-stick form highlights its location in each subunit of the
enzyme. The dUDP inhibitor bound to the E. coli enzyme (5) and Sr2* in the
EIAV enzyme (7) in green identify the location of one of the active sites.

from Merck; Chelex resin (sodium form) was purchased from
Bio-Rad; and vanadyl sulfate hydrate and VO(acac), were
purchased from Sigma-Aldrich. VO(d7-acac), was synthesized
from perdeuterated starting materials following the procedure
described for the synthesis of 1*C-enriched VO(acac), (21). All
other materials were of analytical reagent grade; deionized
distilled water was used throughout.

Enzyme Preparation and Assay. dUTPase from E. coli was purified
as described by Persson et al. (22). The purified preparation
appeared as a single band on SDS/PAGE [14% (wt/vol) gels;
ref. 23]. Protein bands were visualized with Bio-Safe Coomassie
stain (Bio-Rad); quantitative analysis was done by densitometry
on a Gel Doc densitometer (Bio-Rad). The protein by this
method is shown to be of at least 95% purity. Protein concen-
tration was measured spectrophotometrically by using an extinc-
tion value for A%!% 0f 0.52 at 280 nm (11) and a molecular weight
of 49,000 for the trimeric enzyme (24). Enzyme concentrations
are reported in this communication with respect to the monomer
content of solutions.

Enzyme activity was measured under steady-state conditions
with the phenol red indicator method (9, 12). Enzyme concen-
tration was varied over the 5-10 X 1078 M range and dUTP

Table 1. Comparison of the C-terminal amino acid residues of
E. coli and human dUTPases

Amino acid sequence
position* 136 152
| |
.FDATDRGEGGFGHSGRAQ
.LDDTERGSGGFGSTGKN

| \
125 141

E. coli
Human

*Residues in bold letters in the human and E. coli enzymes are observed as
ordered in electron density maps (refs. 3—-6; see Fig. 1).
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concentration was varied from 5 to 200 X 107° M in 0.001 M
N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid ad-
justed to pH 7.5, containing 0.15 M KCl and 4.0 X 10~ M phenol
red indicator. Proton release was followed at 559 nm by spec-
trophotometry on a Jenway 6105 (Dunmow, U.K.) or a Jasco
V550 (Easton, MD) with thermostated cuvettes at 25°C. Initial
velocity was determined from the slope of the initial part of the
progress curve. The integrated Michaelis—Menten equation was
also applied to evaluate progress curves (12). The results were in
good agreement with initial velocity data.

To avoid adventitious divalent metal ions in assays, buffer and
nucleotide solutions were treated first with a 70-ml Chelex
column. Divalent cations Mg?*, Mn?*, and VO?* were added in
1:1 stoichiometric ratio to the dUTP content. For addition of
V0?7, all solutions were first freshly purged with N,. Stock
solutions of ~0.001 M VO?* with dUTP in 1:1 molar ratio were
prepared by addition of aliquots of 0.2 M VOSO, in H,O (pH
<2.0) to an appropriate aliquot of 0.1 M dUTP (pH <5.0). The
pH was then adjusted to 7.0 with small amounts of 0.2 M NaOH.
Preparation of the VO?*-dUTP mixture in this manner was
required to keep VO?* in solution and to prevent pH jumps in
the enzyme activity assay mixtures. Alternatively, 0.005 M stock
solutions of VO(acac); in ethanol/water (50:50 vol/vol) were
added to appropriate aliquots of the 0.1 M dUTP, and the pH
similarly adjusted. All VO?*-containing solutions were freshly
prepared before enzyme activity assays or EPR studies.

Atomic absorption measurements of buffer solutions and of
the stock enzyme solution, determined with a Varian Spectra
AA220 spectrometer, showed no detectable Mg?*. The lower
limit of Mg?* detection was =0.1 ppm.

EPR and ENDOR Spectroscopy. Concentrated stock solutions of
VO?* were prepared by dissolving VOSOy, in a small volume of
H,O under an N, atmosphere. The desired quantity of the VO2*
ion was then added to dUDP or dUTP solutions as described
above for enzyme activity assays. The final concentration of
VO?* was generally ~0.002 M for nucleotide complexes and
~0.001 M for dUTPase complexes. All solutions were purged
with nitrogen gas before use and stored frozen in EPR sample
tubes to prevent oxidation of the metal ion.

EPR and ENDOR spectra were recorded with a Bruker
ESP300E (Billerica, MA) spectrometer operating at 9.5 GHz
and equipped with an Oxford Instruments ESR910 (Concord,
MA) liquid helium cryostat and a Bruker ENDOR accessory, as
described (17, 25). Typical experimental conditions for EPR
measurements were as follows: sample temperature, 20 K;
microwave frequency, 9.45 GHz; incident microwave power, 64
wW; modulation frequency, 12.5 kHz; and modulation ampli-
tude, 0.8 G. Typical experimental conditions for ENDOR were
as follows: microwave power, 6.4 mW,; rf power, 50 W; rf
modulation frequency, 12.5 kHz; and rf modulation depth, 10
kHz. The static laboratory magnetic field was not modulated for
ENDOR.

Molecular Modeling. Molecular modeling of dUTPase was carried
out with INSIGHT 95 (Accelrys, San Diego) running on an R4400
Indigo? (Silicon Graphics, Mountain View, CA) work station
with High Impact Graphics. The atomic coordinates were ob-
tained from the Protein Data Bank for E. coli (4, 5) and EIAV
(7) enzymes. Coordinates for human UTPase were provided by
J. A. Tainer (3). For modeling of the vanadyl cation, the V=0
bond length was fixed at 1.59 A (26). Valence angles involving
equatorial donor-ligand atoms and equatorial and axial metal-
ligand bond lengths were applied as determined for the
[VO(CH30H)s]?>* complex (15).
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Table 2. Comparison of the influence of divalent metal ions on
steady-state kinetic parameters governing hydrolysis of dUTP
catalyzed by recombinant E. coli dUTPase

Metal ion Keat (s71) keat/Km (M~ 1s=1 X 106)
No metal ion 4.5+ 0.1 0.49 + 0.1

Mg2+ 14.7 £ 2.2 25.1+7.4

Mn2+ 145 + 2.2 —

VO2+ 27.3 4.1 2.8 +09
VO(acac), 242 + 3.6 24 +0.7

—, Not determined.

Results and Discussion

Steady-State Kinetic Analysis of Metal lon Substitution. From initial
velocity data we have estimated the steady-state kinetic param-
eters for hydrolysis of dUTP catalyzed by E. coli dUTPase in the
presence of three different divalent metal ions. In these studies
we observed that Mg?" can be replaced by either Mn?* or VO2*
with retention of comparable catalytic activity. The results are
summarized in Table 2. Whereas the reaction in the presence of
Mn?* is governed by kinetic parameters identical to those for
Mg?*, the value of k¢, for hydrolysis supported by VO?2T is 2-fold
greater. Nonetheless, because of decreased affinity of the en-
zyme for the substrate in the presence of VO27, as reflected in
the K, value, the value of k./K, indicates that catalytic
efficiency is greatest in the presence of Mg?*.

On the basis of EPR titrations in parallel experiments, we have
observed that VO?* is chelated by dUTP and dUDP near neutral
pH, forming a VO?*—deoxyuridine nucleotide (dUXP) complex
of limiting 1:2 stoichiometry in the presence of excess nucleotide.
This behavior is identical to that observed for binding of adenine
and guanine nucleotides by VO?* (16, 17). The binding affinity
of VO?* for pyrophosphate is ~103-fold greater than that of
Mg?* (27). Therefore, the VO?* jon exists either bound to
nucleotide or precipitated as an EPR-silent polymeric species
near neutral pH (20). To avoid complications arising from either
excess VO27 or excess nucleotide, aliquots of equimolar mixtures

of dUTP and VO?** were added to the buffered enzyme solution
to determine kinetic parameters. For direct comparison, steady-
state kinetic parameters are also reported in Table 2 for Mg?*-
and Mn?*-supported hydrolysis under similar conditions. In
separate experiments, we observed that the apparent K, of
dUTPase for Mg?* is 8.0 = 1.0 X 107° M in the presence of
saturating concentrations of dUTP. Also, Viax is increased by
17% when the Mg?* concentration is raised from 4.0 X 107> M
to 1.0 X 1073 M. These results are in accord with the observa-
tions of others (12).

The results in Table 2 show that there is significant substrate
turnover in the absence of added divalent metal ions. As
described in Materials and Methods, we found that the level of
adventitious Mg?* in solutions of the purified enzyme and
buffers was below the detection limit of the atomic absorption
instrumentation. Therefore, we cannot attribute the observed
catalytic activity of ~4.5 s™! to contaminant divalent metal ions,
and conclude, therefore, that the enzyme catalyzes hydrolysis of
dUTP in the absence of added divalent metal ion. On this basis,
Mg?* must be viewed as enhancing the catalytic action of the
enzyme rather than as an obligatory cofactor. Comparison of the
results in Table 2 indicate that substrate affinity for the enzyme
in the absence of added Mg?™" is considerably lower than in its
presence, indicating that Mg?* is involved in binding of dUTP
to the enzyme. Larsson et al. (12) also observed low sub-
strate turnover rates in the absence of added metal ion but
assumed that this activity was due to low levels of Mg?*
retained through the preparation. No analytical data were
presented in confirmation.

EPR and ENDOR of VO2* in Ternary dUTPase-VO2*-dUXP Complexes.
In frozen solution, the EPR spectrum of VO™ is characterized
by an axially symmetric g matrix and exhibits eight parallel and
eight perpendicular absorption lines due to the (I = 7/2) 'V
nucleus (28, 29). This pattern is observed in Fig. 2 for VO in
the ternary dUTPase-VO?"~dUDP complex (spectrum a) and
the ternary complex formed with VO(acac), and dUDP (spec-
trum c). By analysis of the prominent spectral components due
to hyperfine coupling of the unpaired electron with the >'V

19.78 G

‘ 719G 719G
T

EPR Intensi
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Fig. 2. Comparison of first-derivative EPR absorption spectra of VO2*. (Left) a, dUTPase-VO2*—~dUDP complex; b, identical conditions to those in a but after

addition at 5°C of a 10-fold excess of Mg?*; and ¢, dUTPase-(VO?2*-chelate)-dUDP complex. (Right) An expanded comparison of the —3/2, feature of the EPR
spectrum (indicated by an arrow in Left) of the VO(acac),—~dUDP mixture in the absence (black spectrum) and presence (red spectrum) of dUTPase. The intensity
ratios of 1:2:1, the three hyperfine lines with a, = 7.19 G, and the total line width of 19.78 G are also indicated in red. Molar ratios of enzyme-VO2*-dUDP or
of enzyme-VO(acac),-dUDP were 1.25:1:1, respectively, at a dUTPase concentration of 1.35 X 1073 M buffered to pH 7 in 0.1 M NaCl with 0.01 M Hepes.
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Fig. 3. Comparison of first-derivative ENDOR spectra of the ternary dUT-
Pase-(VO%*-chelate)-dUDP complex resulting from addition of dUTPase,
VO(acac),, and dUDP in 1.25:1:1 molar ratio as in spectrum c of Fig. 2. (Upper)
ENDOR (black) spectrum of the dUTPase-(VO2*-chelate)-dUDP complex. The
red dots represent the ENDOR spectrum of VO(acac); in the presence of only
dUDP (added in 1:1 stoichiometry). It is seen that the resonance features of the
methyl groups of VO(acac), free in solution (30), labeled Hf"® and H™,
directly overlap with the prominent features of the spectrum of the ternary
enzyme complex. The weaker resonance features belonging to the bridge
hydrogens of the acetylcacetonate ligand are identified by arrows. Also, the
A, component of a solvent hydroxyl proton, labeled HOH, that is observed for
H,O coordinated in the axial position trans to the vanadyl oxygen (15) is
shown. (Lower) Proton ENDOR spectrum of the ternary dUTPase—(VOZ2*-
chelate)-dUDP complex formed with VO(d;-acac),. The loss of the prominent
methyl proton resonances seen in Upper confirms their chemical origin. The
central Larmor frequency region shows only broad overlapping resonance
features of protein residues.

nucleus, we estimated values for 4 and g of 180.5 X 10~% cm ™!
and 1.936, respectively, for VO?>* in the ternary dUTPase—
VO?"—dUDP complex and 179.1 X 107* em~! and 1.931,
respectively, in the [VO(dUDP),] complex. These values are
characteristic of complexes with only oxygen-donor atoms in the
equatorial plane (18, 28). As shown in spectrum b, loss of EPR
absorption is observed only on addition of at least a 10-fold
molar excess of Mg?*. Because no EPR absorption was observed
on addition of VO?* to the enzyme alone or after displacement
by Mg?*, we conclude that VO?* binds specifically to the enzyme
and only in the same site as Mg>".

Fig. 2 Right compares the —3/2, feature of the EPR absorp-
tion spectra of VO(acac), in the presence of an equimolar
amount of dUDP before and after addition of dUTPase. The
EPR and ENDOR spectra of VO(acac), in the presence or
absence of dUDP alone were identical. However, comparison of
the two spectra in Fig. 2 Right shows that a complex between
VO(acac),; and dUDP is formed only in the presence of dUT-
Pase. In the absence of the enzyme, a weakly resolved doublet

Mustafi et al.

underlying the —3/2, spectral feature is observed (in the black
spectrum) through an inflection point at ~3,268 G. [In contrast
to frozen aqueous solutions, a doublet is prominently observed
for VO(acac), in frozen methanol.] The line width is increased,
however, from 14.8 to 19.8 G on addition of enzyme together
with appearance of a new feature at 3,278 G (red spectrum). We
attribute the increase in line width to shf coupling of 3!'P with the
unpaired electron, as observed in other VO?"-nucleotide com-
plexes (16, 17). Whereas the low-field component of the shf
pattern is not resolved because of the underlying doublet nature
of the —3/2, component, the high-field feature provides a
measure of its peak-to-peak amplitude. Together with the in-
crease in line width, this is consistent with a shf pattern of three
components of 1:2:1 relative amplitude, as indicated in Fig. 2
Right. Such a pattern expected for two structurally equivalent
3!P-containing groups coordinated directly to V#*, and the
estimated magnitude of the coupling, 1.85 X 10~% cm™1, is
similar to values observed for other VO?*—nucleotide complexes
(16, 17).

Fig. 3 compares proton ENDOR spectra of the ternary
enzyme complex formed with VO(acac), or VO(d7-acac); in the
presence of dUDP. Comparison of the spectrum of the ternary
enzyme complex to that of free VO(acac), shows that the
characteristic resonance features attributable to acetylacetonate
methyl hydrogens (30) are recognizable but overlap significantly
with resonance features of protein residues. The characteristic
ENDOR features of the methyl groups are absent in the
spectrum of the ternary complex formed with VO(d7-acac),,
confirming their chemical origin. In all three spectra, the A
hyperfine component characteristic of a water molecule bound
axially to V#* (15) is observed. Therefore, the results in Figs. 2
and 3 specify that the equatorial coordination sites of the VO?*
moiety in the ternary complex are occupied by oxygen atoms of
two structurally equivalent phosphate groups on one side and
two carbonyl oxygens of the acetylacetonate ligand on the other.

Modeling VO2+—Nucleotide and VO2+—Protein Interactions in dUTPase.
Fig. 4 illustrates the coordination geometry of [VO(acac)*] with
dUDP bound in the active site of dUTPase that accounts for 3'P
shf coupling to V#* observed by EPR and the VO?*-bound
acetylacetonate ligand detected by ENDOR. Although the uracil
base and the deoxyribose moiety are positioned so as to preserve
their interactions with the Bs—f hairpin turn in the protein,
which is important for nucleotide recognition (3-8), the two
phosphate groups remain sterically accessible for binding of
[VO(acac)*]. Both the phosphate oxygens and the organic ligand
are coordinated in the equatorial plane of the metal ion,
perpendicular to the V=0 bond, as required by our spectro-
scopic observations. The only well defined metal ion binding site
in dUTPase is that of Sr>* in the ternary dUTPase-Sr>"—dUDP
complex of the EIAV enzyme (7). The hemi-chelate form of
VO?* revealed by ENDOR cannot be sterically accommodated
into the Sr?* site, and hydrolysis of dUDP catalyzed by dUTPase
has not been observed. Moreover, dUDP in the presence of
divalent metal ions does not elicit the ordered conformation of
C-terminal residues detected by circular dichroism that is oblig-
atory for enzyme-catalyzed substrate turnover (9-11).

Because the VO?*-chelate supports substrate hydrolysis with
kinetic efficiency comparable to that of Mg?* and VO?* alone
and because the Sr?>* site cannot sterically accommodate the
hemi-chelate form of VO?*, we have inspected the active site of
the enzyme by molecular graphics to identify the most likely
position for binding a divalent metal ion in its catalytically active
form. In our graphics analysis we reasoned that a catalytically
competent metal ion binding site must account for the following
experimental observations:

(i) enhancement of the rate of substrate hydrolysis on addition
of Mg?" or other catalytically facilitatory divalent metal ions;
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Fig.4. Stereoview of the coordination geometry of [VO(acac) *] in the active site of E. coli dUTPase with dUDP proposed on the basis of EPR and ENDOR results.
The uracil and deoxyribose moieties were superpositioned onto their counterparts of dUDP in EIAV dUTPase (7). Atoms of the acetylacetonate ligand, color-coded
according to element and labeled “acac,” are shown on the front side of the metal ion with the a- and p-phosphate oxygens of dUDP coordinated to the metal
ion from the back side. Both supply equatorial oxygen-donor atoms to the vanadium (rendered as a mauve sphere). Subunit A residues are red, subunit C residues
are blue, and residues corresponding to the structurally disordered C-terminal fragment of the B subunit in the E. coli enzyme and modeled according to the
conformation of ordered C-terminal residues of human dUTPase (ref. 3; cf. Table 1) are cyan. Also shown is the 5'-triphosphate moiety of dUTP (light purple and
labeled dUTP) coordinated to the V4* ion (orange sphere) to illustrate a possible mode of metal ion binding in the catalytically competent ternary complex and
its interaction with C-terminal residues. The Sr?* ion, as coordinated to the diphosphate moiety of dUDP in the homologous EIAV enzyme (7), is yellow. The
light-blue crosses indicate the corresponding locations of three hydrogen-bonded water molecules in the active site of the human enzyme (3) nearest to the
a-phosphorus of the 5’-triphosphate group. It is seen that these water molecules overlap significantly with the Sr2* ion. The Lee-Richards solvent-accessible
surface (31) of active site residues is color-coded according to subunit. Active-site residues are labeled for purposes of orientation and are color-coded according

to subunit origin.

(if) enhancement of the rate of substrate hydrolysis in the
presence of VO?* compared with that in the presence of Mg?™;

(#if) nucleophilic attack by the hydrolytic water molecule at the
a-phosphorus position of the dUTP substrate as demonstrated
with 80-enriched water (12);

(iv) compatibility of the metal ion binding site to accommo-
date VO?* chelated by two phosphate groups of the nucleotide
in structurally equivalent equatorial positions on one side with
the carbonyl oxygens of the acetylacetonate ligand on the other
side; and

(v) metal ion-assisted ordering of the C-terminal fragment
(9-11) in a manner compatible with kinetic enhancement of
substrate hydrolysis.

None of these experimental observations can be accounted for
by the x-ray-defined Sr>* binding site in the ternary dUTPase—
Sr2*—dUDP complex (7).

As seen in Fig. 4, we find that the [VO(acac)*] species can
occupy a similar position in the presence of dUTP to that shown
for dUDP. In the ternary complex with dUTP, however, coor-
dination of the metal ion to oxygen atoms of the B- and
v-phosphate groups of the substrate positions it closer to C-
terminal residues of the neighboring subunit so as to be able to
accept the carbonyl oxygen of Gly-147 as an axial ligand. This
coordination geometry could facilitate stabilization of an or-
dered conformation of other C-terminal residues through the
side-chain interactions identified by graphics modeling. The
most important of these interactions in the ordered C-terminal
conformation are those of His-148 with the terminal phosphate
group of the substrate and Ser-149 with Lys-77. The latter two
residues are conserved in all species. Also, Arg-151 can readily
interact with the side chain of Asp-107. Modeling of the dUTP

5674 | www.pnas.org/cgi/doi/10.1073/pnas.1031504100

substrate by superpositioning uracil and deoxyribose moieties
onto their counterparts of the dUDP molecule (7) showed that
the phosphate groups of the substrate can interact favorably with
residues Arg-141, -116, or -71. Thus, while the substrate is firmly
anchored into the active site at one end through these interac-
tions, binding of the metal ion to the 8- and y-phosphate groups
at the other allows it to serve in a bridging capacity to mediate
stabilization of the C-terminal region of the third subunit
comprising the active site. Conformational ordering of the
C-terminal fragment is obligatory for catalytic activity (9-11).

In identifying the divalent metal ion binding site to account for
observed catalytic properties detailed above, of importance is
our observation that catalysis in the presence of VO?** is
associated with a 2-fold increase in kca Over that for Mg?* (cf.
Table 2). As pointed out above, the affinity of pyrophosphate for
VO?* is ~10°-fold higher than for Mg?* (27). The higher rate of
substrate turnover and higher affinity of pyrophosphate for
VO?* are directly compatible with binding to the B- and
y-phosphate groups because product stabilization would be
more favorably facilitated by VO2?* through increased covalent
metal-ligand interactions. Moreover, through enhanced product
stabilization, the proposed metal binding site can similarly
account for enhancement of the catalytic rate constant in the
presence of divalent metal ions over that observed in their
absence.

The x-ray structure of human dUTPase, having dUDP in the
active site, shows a cluster of water molecules hydrogen bonded
to each other and to the side chains of Asp-32 and GIn-119 (3).
On the basis of homology and the similar protein folds of the two
enzymes, a comparable cluster of hydrogen-bonded water mol-
ecules is likely to be found also in the E. coli enzyme. As seen

Mustafi et al.



in Fig. 4, when the human and E. coli structures are superposi-
tioned according to structurally homologous residues (3-7),
Wat-277 is poised for inline nucleophilic attack on the a-phos-
phorus of the substrate. The geometry of nucleophilic attack
could occur within a trigonal bipyramidal configuration, in which
the bridging oxygen to the B-phosphorus becomes the leaving
group. Nucleophilic attack at the a-phosphorus by a solvent
molecule is required on the basis of isotope studies (12). The
cluster of water molecules hydrogen bonded to each other and
to the side chain of Asp-32 is consistent with a general-base
catalyzed mechanism activating the nucleophilic water. The
x-ray-defined Sr?* site (7) cannot account for these catalytic
properties. Moreover, binding of Sr2*, as shown in Fig. 4, would
lead to displacement of the three clustered water molecules
closest to the Sr?* ion.

General Conclusions. Based on steady-state kinetic studies, we
have concluded that dUTPase can catalyze hydrolysis of dUTP
in the absence of divalent metal ions. The divalent metal ions
used in this study, Mg?*, Mn?*, or VO?*, only enhanced the
catalytic action of the enzyme and, therefore, do not act as
obligatory cofactors. The most interesting result in Table 2,
showing that the organic chelate VO(acac), supports hydrolysis
comparable to that by VO?*, was unusual and unanticipated.
EPR and ENDOR results demonstrated that VO?* was bound
to the phosphate groups of dUDP together with a chelating
acetylacetonate ligand. Because the VO?*-chelate supports sub-
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strate hydrolysis essentially as efficiently as VO?*, Mg?*, or
Mn?*, we conclude that these metal ions all bind in the same site
of the catalytically competent enzyme—substrate complex and
that this site is shared by the VO?* moiety of the hemi-chelate.

We have rationalized the enhancement of the rate of hydro-
lysis of dUTP catalyzed by dUTPase on addition of divalent
metal ion as a general base catalyzed process in which a cluster
of hydrogen-bonded water molecules in the active site provides
the attacking nucleophilic water at the a-phosphorus atom.
Nucleophilic attack is accompanied by binding of the divalent
metal ion to the terminal 8- and y-phosphate groups promoting
product stabilization. Through molecular modeling we have
identified a metal ion binding site that is compatible with
previously reported kinetic (12) and structural (9, 10) observa-
tions and is sterically compatible with binding of a [VO(acac)™]
ligand. These requirements cannot be satisfied by the x-ray-
defined position of the Sr?* site in the EIAV enzyme (7). These
results thus provide new insight into the role of divalent metal
ions in the mechanism of action of dUTPase.
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