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dUTPase is essential to keep uracil out of DNA. Crys-
tal structures of substrate (AUTP and a,B-imino-dUTP)
and product complexes of wild type and mutant dUT-
Pases were determined to reveal how an enzyme respon-
sible for DNA integrity functions. A kinetic analysis of
wild type and mutant dUTPases was performed to ob-
tain relevant mechanistic information in solution. Sub-
strate hydrolysis is shown to be initiated via in-line
nucleophile attack of a water molecule oriented by an
activating conserved aspartate residue. Substrate bind-

ing in a catalytically competent conformation is
achieved by (i) multiple interactions of the triphosphate
moiety with catalysis-assisting Mg?", (ii) a concerted
motion of residues from three conserved enzyme motifs
as compared with the apoenzyme, and (iii) an intricate
hydrogen-bonding network that includes several water
molecules in the active site. Results provide an under-
standing for the catalytic role of conserved residues in
dUTPases.

This article was selected as a Paper of the Week by the Editor.
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Papers of the Week

dUTP Cleavage Clarified ¢

Because of its chemically reactive nature,
the mammalian genome experiences numer-
ous mutagenic and carcinogenic modifica-
tions on a daily basis. Fortunately, there are
enzymes, such as dUTPase, whose sole duty
is to preserve the integrity of DNA. dUT-
Pase prevents the incorporation of uracil
into DNA by catalyzing the cleavage of
dUTP into dUMP and pyrophosphate. How-
ever, up until now the exact means by which
dUTPase cleaved dUTP was a mystery. Al-
though many crystal structures of dUTPase
had been solved, no structure was able to
provide an understanding of the enzyme’s
catalytic mechanism.

Orsolya Barabas and colleagues tackled
this problem by doing three things: 1) the
researchers replaced dUTP with the less re-
active but similar interacting substrate an-
alogue «,B-imino-dUTP; 2) they included the
catalytic co-factor Mg®" during complex for-
mation; and 3) they used site-directed mu-

Locations of Mg?* (purple) and catalytic water (red) in the
dUTPase active site.

tagenesis to replace the strictly conserved Asp®®, which is thought to activate a water molecule
for nucleophilic attack, with asparagine. By comparing the crystal structures of these varia-
tions on dUTPase, Barabas et al. confirmed that substrate hydrolysis is initiated via in-line
nucleophile attack of a water molecule oriented by Asp®’. The investigators also determined
that catalytic substrate binding is achieved by multiple interactions between the triphosphate
moiety and Mg?™, as well as by a hydrogen-bonding network that includes several waters in

the active site.

¢ See referenced article, JJ. Biol. Chem. 2004, 279, 42907—42915

€99915
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dUTPase is essential to keep uracil out of DNA. Crys-
tal structures of substrate (dUTP and «,B-imino-dUTP)
and product complexes of wild type and mutant dUT-
Pases were determined to reveal how an enzyme respon-
sible for DNA integrity functions. A kinetic analysis of
wild type and mutant dUTPases was performed to ob-
tain relevant mechanistic information in solution. Sub-
strate hydrolysis is shown to be initiated via in-line
nucleophile attack of a water molecule oriented by an
activating conserved aspartate residue. Substrate bind-
ing in a catalytically competent conformation is
achieved by (i) multiple interactions of the triphosphate
moiety with catalysis-assisting Mg?*, (ii) a concerted
motion of residues from three conserved enzyme motifs
as compared with the apoenzyme, and (iii) an intricate
hydrogen-bonding network that includes several water
molecules in the active site. Results provide an under-
standing for the catalytic role of conserved residues in
dUTPases.

Due to the chemical reactivity of DNA, numerous mutagenic
and carcinogenic modifications to mammalian genome occur
daily (1). Preserving DNA integrity is of vital importance. The
ubiquitous enzyme dUTPase performs a key role in preventing
uracil incorporation into DNA by catalyzing the cleavage of
dUTP into dUMP and pyrophosphate (2). This reaction contrib-
utes to thymidylate biosynthesis and strictly controls cellular
dUTP/dTTP ratios (3).

Targeting enzymes of de novo thymidylate biosynthesis by
fluorouracil or methotrexate is a widely used approach in an-
ticancer chemotherapy (4). These drugs perturb the cellular
dUTP/dTTP pool resulting in synthesis of highly uracil-substi-
tuted DNA. Uracil-DNA transforms base-excision repair into a
hyperactive cycle inducing DNA double-strand breaks and thy-
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mine-less cell death. This pathway preferentially kills cells
actively synthesizing DNA, such as tumor and virus-infected
cells. Moreover, in human cancer cell lines, dUTPase overex-
pression leads to development of fluorouracil resistance (5).
Therefore, the clinical benefits of an anticancer therapy based
on inducing thymine-less cell death may ultimately depend on
the critical interplay among several enzymes involved in thy-
midylate metabolism. The recent finding of activation of dUT-
Pase gene expression in p53 mutant tumor cells has reinforced
the notion that this enzyme plays a significant role in tumor
development and survival (6). The potential initiative role of
dUTPase antagonism in thymine-less cell death has prompted
investigations into the enzymatic mechanism.

Detailed description of the catalytic mechanism is central to
enzymology (7-9). Although several dUTPase crystal struc-
tures at atomic to moderate resolution have already been pub-
lished (10-14), mechanistic issues remain obscure. Using wa-
ter labeled with 80, it was established that the water oxygen
gets bonded to dUMP and not to the pyrophosphate, arguing for
initiation of the reaction by nucleophilic attack at the a-phos-
phorus (15). A strictly conserved aspartate residue (Asp® in
the Escherichia coli enzyme) in a conserved sequence motif of
dUTPases was suggested to activate a water molecule for the
nucleophile attack (12, 13, 15). However, since the presumed
catalytic water molecule could not be identified in the struc-
tures available to date, there are no reliable structural data
about protein side chains involved in the hydrolytic reaction.
Moreover, the possibility of a protein atom executing the initial
nucleophilic attack could not have been excluded. The binding
site of the Mg?" co-factor was also not localized in the previ-
ously reported structures preventing structural insights into
its functional role. Recently, the presence of Mg?" was shown to
facilitate substrate binding to both E. coli (16) and Drosophila
dUTPases (17) (K,,, decreases by ~0.5-1 order of magnitude)
and to increase the value of %k ., 2—3-fold.

In the present work, we addressed the unresolved mechanis-
tic issues by three-dimensional structural investigations and
kinetic/mutagenesis studies. We determined crystal structures
of the wild type E. coli dUTPase:q,B-imino-dUTP:Mg?*, wild
type dUTPase:dUMP, Asp®® — Asn mutant dUTPase:dUTP:
Mg?* and Asp®® — Asn mutant dUTPase:a,B-imino-dUTP:
Mg2* complexes (at 1.9-, 1.6-, 1.95-, and 1.7-A resolution) com-
plexes to identify conformational changes of protein side chains
and their interactions with the ligand. A kinetic analysis was
performed for the reaction of «,3-imino-dUTP hydrolysis by wild
type dUTPase, as well as for the reaction of dUTP hydrolysis by
Asp?® — Asn mutant dUTPase. Stepwise comparisons among
these structures and the apoenzyme structure (11) together with
the kinetic results revealed essential interactions required for
catalysis and allowed novel insights into the mechanism.
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EXPERIMENTAL PROCEDURES

Chemicals, Enzyme Preparation, and Purification—a,B3-Imino-dUDP
was obtained from Jena Bioscience. «,3-Imino-dUTP was prepared by
enzymatic phosphorylation of «,B-imino-dUDP (18) and was shown to
be over 98% pure by ion exchange chromatography (Fig. 14). Other
chemicals were of proanalysis quality from either Merck or Sigma.

The Asp® — Asn mutant E. coli enzyme was created by QuikChange
(Strategene) with mutagenic primers 5’-cctggtaggattgatcAACtctgactat-
cagggccag-3' and 5'-ctggeectgatagtcagaGTTgatcaatectaccagg-3' on plas-
mid pET3a-dut (19). Wild type and Asp®® — Asn mutant E. coli dUT-
Pase was expressed and purified as described previously (16). Enzyme
kinetic parameters toward dUTP were measured by the continuous
spectrophotometric assay as described in Refs. 17 and 20. «,B-Imino-
dUTP hydrolysis was followed in reaction mixtures of 3 mg/ml E. coli
dUTPase and 1-10 mM «,B-imino-dUTP in 0.1 M Tris buffer, pH 7.8, 5
mM MgCl,, also containing 400 mM sodium acetate, at room tempera-
ture. The decrease of «,B-imino-dUTP levels and production of dUMP
was followed in aliquots taken at different time points to be analyzed
either on a Mono Q anion exchange column or by thin layer chroma-
tography (17).

Protein Crystallization and Data Collection—Crystals were obtained
at 20 °C by hanging-drop vapor diffusion. The protein/ligand solution
prepared for co-crystallization contained 3 mg/ml enzyme, 1.25 mMm
a,B-imino-dUTP, or 5 mm dUTP, or 1.25 mMm dUMP, and 10 mm MgCl,
in 10 mm Tris/HCI buffer, pH 7.0, and 50 mM NaCl. dUTPase:ligand:
Mg?" solution was mixed with equal volume of reservoir solution (0.1 M
Tris/HCI buffer, pH 7.8, containing 18 -20% polyethylene glycol 3350
and 400 mM sodium acetate). For data collection, crystals were intro-
duced into cryoprotectant containing 10% glycerol and appropriate
amounts of ligand in reservoir solution, then flash-frozen in a 100 K
nitrogen stream. Three data sets were collected at various synchrotron
beamlines at European Molecular Biology Laboratory/German Electron
Synchrotron Facility (DESY) (Hamburg, Germany): wild type E. coli
dUTPase:a,B-imino-dUTP:Mg>* at PX11, wild type E. coli dUTPase:
dUMP:Mg?* at PX13, and mutant E. coli dUTPase:dUTP:Mg?" at
BW7B; while the fourth data set of the mutant E. coli dUTPase:a,B-
imino-dUTP:Mg?* was collected at the ID14-4 European Synchrotron
Radiation Facility (Grenoble, France). Data processing and scaling
were carried out using MOSFLM (21) and SCALA (22) or XDS (23).

Catalytic competence of the enzyme in the crystal phase was checked
by competition experiments with the native substrate dUTP. Crystals
of wild type dUTPase containing «,B-imino-dUTP were washed with
reservoire solution and dUTP was added at 10 mM concentration. Hy-
drolysis was followed by discontinuous thin layer chromatography ac-
tivity test (24).

Structure Determination and Refinement—Structures of wild type
and Asp? — Asn mutant dUTPases, in complexes with «,B-imino-
dUTP:Mg?*, dUTP:Mg?*, and dUMP, were solved by molecular replace-
ment (MOLREP (25)). The apo-dUTPase structure (11) was used as
search model for all the four presently determined structures to exclude
any model bias with respect to the ligand position. The asymmetric unit
contained one monomer. In each case, the resultant initial maps were of
exceptional quality, allowing residues 1-136 and entire ligands to be
built with ease.

Generation of monomer libraries for the ligands («,B-imino-dUTP,
dUTP) and refinement were carried out using CCP4i and Refmac5 (22).
Positional and B-factor refinement rounds were altered with manual
rebuilding steps using the graphics program O (26), and ARP/wARP
(27) was used for water building. Residues belonging to the C-terminal
Motif V (residues 137-152) are hardly visible even in the final maps
and are therefore mostly omitted from the model. A summary of the
crystallographic data collection and refinement statistics is given in
Table II.

Coordinates and structure factor data have been deposited in the
Protein Data Bank with accession codes 1RN8, 1RNJ, 1SYL, and 1SEH,
for the wild-type enzyme-a,B-imino-dUTP complex, the Asp® — Asn
enzyme-a,B-imino-dUTP complex, the Asp®® — Asn enzyme-dUTP com-
plex, and the wild type enzyme-dUMP complex, respectively.

The figures were produced using Molscript v2.1.2 (28), Raster3D
v2.7b (29), and Bobscript v2.6b (30).

Simulated annealed omit electron density maps (sigma-weighted
2F  — F. maps) were calculated using CNS v1.1, omitting the entity in
question and a 3.5-A region surrounding it. The figures are restricted to
show only the entity in question.

Catalytic Mechanism of dUTPase

RESULTS

The Experimental Approach—Previous dUTPase complex
structures identified the protein fold and the overall character-
istics of active site architecture; however, they failed to provide
an understanding of the catalytic mechanism (10, 12-14). This
failure was probably due to the fact that these structures
represented dead-end enzyme-inhibitor complexes. To produce
the relevant enzyme-substrate complexes with lifetimes allow-
ing crystallographic characterization, we considered the follow-
ing potentials.

First, the substrate dUTP was replaced by the substrate
analogue a,B-imino-dUTP. Imino analogues of nucleotide phos-
phates are commonly used as isosteric mimics of the natural
substrates (31, 32) both with respect to bond distances (1.63
and 1.68 A, for P-O—P and P-N-P moieties, respectively) and
bond angles (128.7° and 127.2°, for P-O-P and P-N-P, respec-
tively) (33). The lower electronegativity of the nitrogen atom
results in less reactivity of the phosphate ester imino ana-
logues. Nevertheless, several enzymes (e.g. small GTPase p21
(34), sarcoplasmic reticulum ATPase (35), and alkaline phos-
phatase (36)) were reported to catalyze imino-linkage cleavage,
arguing for some reactivity associated with the P-N-P moiety.
Fig. 1A demonstrates that dUTPase is also capable of hydro-
lyzing the imino-linkage of «,B-imino-dUTP, while no detecta-
ble hydrolysis of the B-y bond occurs, i.e. the exclusive speci-
ficity of dUTPases for a-8 bond cleavage is retained in the
reaction with the imino analogue as well. Table I summarizes
kinetic and ligand binding data for the dUTPase-catalyzed
dUTP and a,B-imino-dUTP hydrolysis. The very low %, value
in the a,B-imino-dUTP hydrolysis reaction rendered K,, deter-
mination unreliable; therefore the previously determined K,
value is presented for comparison (37). Assuming rapid equi-
librium reactions, as suggested by an earlier kinetic analysis
(15), K,,, and K, values are expected to be the same. The very
close agreement in the nucleotide interaction data (K,,, K, cf.
Table I) for dUTP and the analogue «,B-imino-dUTP strongly
suggests highly similar accommodation patterns for these two
hydrolysable nucleotides in the dUTPase active site, although
the rate of hydrolysis differs by almost 6 orders of magnitude.
Based on these kinetic and ligand binding data, both the en-
zyme-dUTP and the enzyme-a,B-imino-dUTP complex will be
termed in the present work as enzyme-substrate complexes
(Fig. 1B).

Second, the dUTPase catalytic co-factor Mg?" ion (15, 16),
not yet localized in any previously reported crystal structure
(10-14, 38, 39), was also included during complex formation.
Mg?* binding in the enzyme:a,B-imino-dUTP/dUTP complexes
was promoted by novel crystallization conditions at neutral or
slightly basic pH values, since deprotonation of side chains has
a well known positive effect on metal ion coordination capabil-
ity. Earlier crystallization solvents contained either acidic buff-
ers (11, 12, 38) or high concentrations of metal-chelating citrate
(13, 39).

Third, a site-directed mutation was designed to exchange the
strictly conserved aspartate side chain (Asp®®) within the ac-
tive site into an asparagine residue. This mutation was ex-
pected to decrease the reaction rate and allow for a structural
analysis of the enzyme-dUTP complex in the presence of the
co-factor Mg®" ion.

Structure of Enzyme-Substrate Complex—dUTPases show
exquisite substrate specificity with respect to base, sugar, and
phosphate chain moieties of dUTP that is essential to prevent
unintended hydrolysis of other high energy-containing nucleo-
tides. Most dUTPases are homotrimers (Fig. 2A) with five
conserved sequence motifs in each monomer (Fig. 2B) (10,
12-14). Consensus sequences for conserved dUTPase motifs
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Fic. 1. Reactions catalyzed by dUTPase. A, experimental observation of «,B-imino-dUTP hydrolysis. Reaction mixtures (¢f. “Experimental
Procedures”) were set up in the absence (¢thick dashed trace) or in the presence (thick solid trace) of E. coli dUTPase and were incubated for 2 weeks
at room temperature. Chromatograms represent the nucleotide composition; arrows indicate the corresponding elution positions of dUMP and
«,B-imino-dUTP standards. The ¢hin line represents the salt gradient applied in the chromatography. B, theoretical reaction schemes of dUTP (X =
0) or a,B-imino-dUTP (X = N) hydrolysis. The catalytic water molecule initiating nucleophile attack and the Mg?* ion coordinated to the
triphosphate chain are shown as determined in the crystal structure (D). In the reaction products, the Mg?"-pyrophosphate interaction is
hypothetic, the hypothesis being based upon the apparent absence of the Mg?* from the dUTPase:dUMP structure. C, D, and E, active-site
close-ups of apoenzyme, dUTPase:«,3-imino-dUTP:Mg?*, and dUTPase:dUMP structures, respectively. In the subunit-color-coded ribbon model of
the protein, the side chain and/or main chain atoms of some conserved residues (Tyr®?, Asp®’, Leu®® from monomer A, Ala®®, Asp®?, Arg™, Ser’?,
Gly”, and GIn''® from monomer B) important in active site architecture are also shown, together with some significant water molecules. For
denominations of these residues and waters, omitted from this figure to avoid small print details, please refer to Fig. 3A that presents the active
site in the same orientation. The ligands and the non-carbon protein atoms are in atom coloring bonds model (carbon, dark gray; oxygen, red;
phosphorus, orange; nitrogen, blue; magnesium, purple). The apoenzyme structure was taken from the literature (11).

are: Motif I, Ala-Gly-(Pho)-Asp-Leu; Motif II, (Pro/Gly)-(Arg/  Gly-(Ser/His)-(Thr/Ser)-Gly (amino acids in three-letter codes:
Lys)-Ser; Motif III, Gly-(Pho),-Asp-(Nnn),-Tyr-(Nnn)-Gly; Mo-  Pho, hydrophobic residue; Nnn, any residue) (10, 40). Overall
tif IV, Arg-(Pho)-Ala-Gln; Motif V, Arg-Gly-(Nnn),-Gly-Phe- fold and active site architecture are notably well conserved
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TABLE I
Kinetic and ligand binding data for wild type and Asp®® — Asn mutant E. coli dUTPase
Data represent the average of three to five independent measurements. Standard error of k., and K,, determination was 12 and 17%,
respectively. ND, not determined.

Wild type Asp® — Asn mutant
Nucleotide
keat K, keat/K eat K, keat/ K
s! M uls? st w uls?
dUTP 11 0.5 1.4 x 107 2.55 X 1074 0.45 850
a,B-Imino-dUTP 2 X 10°° 1.0 20° ND ND ND
“ K, from Ref. 37.
® kea/Ka

Monomer A

Eucarya DMEL (15)KIDTCVLRFAKLTENALEFPVRGSA
HSAP (18)EVGGMOLRFARLSEHATAPTRGSAR
SCER (2) ATSDKVLNIQLRSASATVPTKGSAT.

SN LGVVLENHS -
ENVGVVLENEG-
VKWLFNHS—

Eubact. MTUB --MSTTLAIVRLDPGLPLPSRAHDG
ECOL (2) KKIDVKILDPRVGKEFPLPTYATSG

WY S - - AEDVELAPGRRALVRTGVAVAVPFG-MVGLVH LATRVGLSIVNSPET)En BE T KVALINLDP
ACLNDAVELAPGDTTLVPTGLAIHIADPSLAAMM. LGHEHGIVLGNLVES

HINF (1) KKIDVKILDSRIGNEFPLPTYATEGSHIEH ALIDESFEIQPGETELIPTGLSIYIADPNLAAVI LGHEHGIVLGNLVEAeY LMVSMWNRG-
Ratrovir, EIAV @~ -————--=——-] MLAYQGTQIKEKRDE CVEP--YDIMIPVSDTEKIIPTOVEIQVPPN-SFGHVT) MAKQGLLING-— IQVICTNIG-
IFTV  Seesssdsds| MIIEGDGILDKRSE! AR IGSKGLDVLG- IGVIMINVS-
MPMV (12) SLWGSQLCSSQQKQPISKLTRATPGSH] A ITMREGLOVYP- IR IMAKAVN-

Eucarya DMEL DVDFEVEHG!

HSAP KEKFEVKKG ICERIF-YPEIEEVQALDDT-~ S EYER e N = = == === == === mmmm e mmae 163
SCER QRDFATKKGD ILEKIVDDAQIVVVDSLEES—---Aj] 3 G 147
Eubact. MTUB ARPIVVHRG LVQRVELVELVEVSSFDEAGLASTSEE HASL-—————————————————— 154
ECOL QDSFTIQFGE IFVPVV-QAEFNLVEDFDAT -~~~ Ditee GEIEIEIER 0 -~~~ — == == = == === === ===~ 151
HINF NEPFEIEVG! VEVPVV-QAEFNIVEDFQQT--— Q 151
Retrovir. EIAV KGNIKLIEG IILS JPWDENKIS--- F 134
1FIV RESITLME! IILPCKHEVLEQGKVVMDS-—~— EVE 133
MEMV ~NIVTVSOGNG ILLELI----ETDNKVQQP---- 1Y 152

FiG. 2. A, overall structure of dUTPase. Enzyme-substrate (E. coli dUTPase:q,B-imino-dUTP:Mg?") complex. The trimer is shown with ribbon
model of color-coded (code retained throughout the present study, where applicable) subunits and bonds model of the nucleotide ligand molecule
in the three active sites. Mg®*-ions are represented as purple balls. B, Sequence alignments of dUTPases. Conserved residues within the five (I-V)
dUTPase motifs are in bold white on black background. Arrowhead points at the conserved aspartate in Motif III, Asp90 in the E. coli sequence,
which was selected for the Asn mutation.

among dUTPases from retroviruses and bacteria to man (10, conserved Motif III from monomer A accommodates the uracil
12-14). and sugar rings. A conserved tyrosine (Tyr®®) stacks to the

To study the first step of the reaction, the structure of the 2’-deoxyribose ring and sterically excludes ribonucleotides.
dUTPase:a,B-imino-dUTP:Mg?* complex (Figs. 1D, 2A, 3, A, B, Phosphate chain recognition is provided by conserved Motifs I,
D, E, and 4A and Table II) was determined at 1.9-A resolution. II, and IV of monomer B (Figs. 1, D and E, and 3). Therefore,
In agreement with previous studies (10, 12-14), each B-pleated active site architecture ultimately depends on correct oligomer-
subunit forms jellyroll topology and contributes the C-terminal ization of the homotrimer. To our present knowledge, this
B-strand to the neighboring subunit. The three active sites of organization of ligand binding sites is unique among proteins.
the homotrimer are located in clefts between neighboring The present structure localizes the catalysis-assisting phys-
monomers and recruit conserved motifs from different subunits  iological co-factor Mg?", not seen in any previously reported
in a 3-fold symmetric pattern (Fig. 2A). A B-hairpin formed by structure, and the entire triphosphate chain of the hydrolyz-
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TaBLE II
Crystallographic data collection and refinement statistics

WT indicates wild type enzyme. Values in parentheses correspond to the highest resolution shell.

WT-dUTPase:q, g;imino—

D90N mutant
DION mutant WT-dUTPase:dUMP

dUTP:-Mg dUT‘fgfr‘};‘fﬁfgg’Pm”' dUTPase:dUTP:Mg>*
Space group . P6,22 P6,22 P6,22 P6,22
Cell parameters a, ¢ (A) 74.6, 99.6 74.9, 99.6 75.3, 98.8 75.3, 100.5
Data collection
Wavelength gA) 0.8110 0.9392 0.8414 0.8040
Resolution (A) 27.1-1.9 22.0-1.7 20.0-1.91 20.0-1.5
(1.98-1.93) (1.74-1.70) (2.03-1.91) (1.60-1.47)

Measured reflections
Unique reflections

128,620 (6,183)
12,804 (819)

Completeness (%) 99.2 (99.2)
I/a(I) 10.3 (2.8)
R, (%) 6.1(26.8)
Refinement statistics
Resolution (A) 20.0-1.93
Nonhydrogen atoms 1317
Water molecules 191
Data:parameter:restraint 12,892:5,278:16,976
r.m.s. deviation bonds (A)? 0.016
r.m.s. deviatoin angles (°)° 1.60
R, (%) 13.7
R (%) 18.0

372,822 (26,388)
18,346 (1,268)

38,679 (6,077)
13,413 (2,085)

930,805 (129,002)
29,251 (6,421)

98.2 (98.2) 98.3 (98.5) 99.9 (100.0)
8.4 (2.0) 15.0 (2.5) 27.6 (4.9)
5.9 (38.0) 6.3 (48.4) 8.3 (73.0)
20.0-1.70 20.0-1.95 20.0-1.47
1353 1250 1298
221 167 194
18,811:5,422:17,195 13,200:5,010:16,328 29,279:5,202:16,906
0.019 0.020 0.021
1.54 1.69 1.38
15.7 15.8 15.8
18.7 18.9 18.4

B I), i _
Root mean square deviation from ideal/target geometries.
;Rwork, oo = 2 Fobsl = [Fearel/1Fopgl-

free

able substrate «,B-imino-dUTP in the enzyme active site with
low crystallographic B-factors, indicating a well ordered assem-
bly (¢f. Table II, first data column). Detailed analysis of the
catalytically competent enzyme conformation provides novel
determinant features of the enzymatic mechanism. All three
phosphate groups are within the coordination sphere of the
well defined metal ion that also receives coordination through
water molecules coordinated by Asp®? and GIn''® of subunit B
(Figs. 3A and 4A). The a-phosphate oxygens are contacted by
Ne2 of the same GIn''?, and the main chain NH of Ser’? from
subunit B, while Arg”! of subunit B reaches toward the - and
y-phosphates (Figs. 3A and 4A). Some water molecules are well
localized (with temperature factors 17, 8, 18, 14, and 12 AZ, for
W1, W2, W4, W15, and W21, respectively, to be compared with
the average temperature factor of 17.4 A%) around the phos-
phate oxygens. These waters play a crucial role in mediating
interactions between the protein residues and the phosphate
oxygens.

Comparison of apoenzyme and enzyme-substrate complex
shows only minor conformational shifts in the active site, and
most of these are involved in residues of subunit B, responsible
for phosphate accommodation. The movement of Arg!'® and
Arg”' by 1.23 and 0.88 A, respectively, provide phosphate chain
interactions, while GIn'!® adopts an altered conformation for
proper hydrogen-bonding geometry. The catalytic site in the
apoenzyme already presents side chain conformations ade-
quate for binding of the uracil and deoxyribose moieties, alle-
viating the need for significant changes induced by the incom-
ing dUTP (Figs. 1, C and D, and 3D).

Identification of the Nucleophile Responsible for Attack at the
a-Phosphorus—The present dUTPase-substrate complex struc-
ture allows identification of the attacking nucleophile. A search
along the axis of the a-phosphorus-imino nitrogen bond located
a single possible candidate for in-line nucleophile attack: a
water oxygen (termed W, numbered as W5 in the 1RN8
coordinate file, red arrow in Figs. 1D and 3, A and B, cf. also Fig
4A) coordinated to Asp®® in monomer A (previously suggested
to be a catalytic residue (12)). No other protein or water atoms
were found within 4.0 A to the a-phosphorus, emphasizing the
special role of the proximal water (W_,,). A simulated annealed

=3 Ej|I [ — (D)|/34Iy, where I [ is the recorded intensity of the jth reflection and (I) is the average intensity over multiple recordings.

values are calculated for a randomly selected 5% of the data that was excluded from the refinement.

omit map, calculated with omission of entities in the 3.5 A
radius region around this water, was created for its clear local-
ization (Fig. 34). Both carboxyl oxygens of Asp®® may partici-
pate in hydrogen-bonding to W_,,. AspOé2 is also within H-
bonding distance to the deoxyribose 3'-OH group, while
AspOs1 is H-bonded to monomer B Ala?® main chain NH and
another water (W4) that contacts monomer B Gln119 through
W1 (Figs. 3A and 4A). The monomer B Ala?® main chain H-
bond may play a role in orienting the Asp®® side chain. No other
side chain atoms were closer than 4.0 A to this putative cata-
lytic water. However, another protein atom (Leu88 main chain
carbonyl O) is also within H-bonding distance to W, as dis-
cussed below. This arrangement suggested that replacing only
one side chain oxygen of Asp?® with an amino group might
drastically affect enzyme function. The Asp®® — Asn mutant
was constructed and proved to be largely compromised in cat-
alytic efficiency (Table I). k_,/K,, for the mutant was deter-
mined to be 850 M~ 1 s~ ! as compared with 3.5 X 107 M~ s~ ! for
wild type, a decrease of almost 5 orders of magnitude. Impor-
tantly, K,, was the same for both mutant and wild type en-
zymes (0.45 versus 0.5 um) (Table I), indicating that substrate
accommodation is the same in both species. The crystal struc-
ture of the Asp®® — Asn mutant in complex with Mg?* and
a,B-imino-dUTP was solved at 1.7-A resolution and is shown as
superimposed on the wild type complex structure (Fig. 3B, cf.
also Fig 3F, and Table II). The superimposed structures are
practically indistinguishable (r.m.s.! for fitting of all atoms is
0.12), except for the catalytic water electron density (Fig. 3, A,
B, E, and F) that is missing from the mutant complex structure.
A straightforward interpretation of this result is that replacing
AspOé82 with an NH, group with altered H-bonding charac-
teristics adversely interferes with W_,, coordination in the
Asp®® — Asn mutant. A rotation of AsnO81 (the corresponding
atom for AspOd1) into the AspOd2 position could theoretically
provide proper coordination for W,,, but this rotation is im-
peded by the AsnO81-monomer B Ala?® main chain H-bond,
also present with AspOd1 in the wild type complex.

! The abbreviation used is: r.m.s., root mean square.
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Fic. 3. Identification of the nucleophile water. A, simulated annealed omit electron density map, restricted to exclusively show the exact
position of the catalytic water molecule in the wild type dUTPase:a,B-imino-dUTP:Mg®" structure. The figure also shows the hydrogen-bonding
network involving the phosphate chain in this complex structure. In addition to the catalytic water, Mg®*-coordinating waters, W1, W2, W4, W15,
and W21, also participate in the primary hydrogen-bonding interactions. B, superimposed structures of wild type (dark tones) and Asp®® — Asn
mutant (light tones) dUTPase:a,B-imino-dUTP:Mg?* complexes. Note that the only remarkable difference between the superimposed structures is
the disappearance of W, from the mutant complex. Atomic color code: carbon, dark/light gray; oxygen, dark/light red (pink); phosphorus,
darkllight orange (yellow); nitrogen, dark/light blue; magnesium, dark/light purple. C, superimposed structures of Asp®® — Asn mutant dUTPase:
dUTP:Mg?* (dark tones) and Asp®® — Asn mutant dUTPase:q,B-imino-dUTP:Mg?* (light tones) complexes. Note the close identity in the positions
of the nucleotide ligands. D, apoenzyme retains a water closely corresponding to the W_,, position. 3-Fold superimposition of the apoenzyme (green
carbons and water, otherwise standard atom coloring), enzyme-substrate (dark tones), and enzyme-product (light tones) structures. Note the
position of the catalytic water from the apoenzyme to the enzyme-substrate and enzyme-product complexes. E, F, and G, simulated annealed omit
electron density maps for the substrates in wild type E. coli dUTPase:a,B-imino-dUTP:Mg?*, the Asp®® — Asn E. coli dUTPase:a,B-imino-dUTP:
Mg?", and the Asp®® — Asn E. coli dUTPase:dUTP:Mg?" structures, respectively. Maps are restricted to show the nucleotide ligand, the Mg?*, the
three water molecules coordinating to the metal ion, as well as the catalytic water, if present.

The very low enzymatic activity of the Asp®® — Asn mutant
rendered it possible to determine the crystal structure of the
mutant enzyme:dUTP:Mg?" complex (Figs. 3, C and G, Table
ID). In this structure, substrate and Mg2* accommodation pat-
terns are highly similar to those realized in the enzyme:qa,p-
imino-dUTP:Mg®" complex (Fig. 3, C, F, and G). All atoms of
the imino analogue and the physiological substrate, including
the a-phosphate group where nucleophilic attack occurs, are
well superimposable (r.m.s. is 0.179).

These structures, together with the kinetic data, clearly
demonstrate that the water molecule termed W, provides the

attacking nucleophile oxygen. Although the structures that
identified W_,, have been determined for the «,B-imino-dUTP
complexes of wild type and Asp®® — Asn mutant dUTPases, the
catalytic incompetence of the Asp?® — Asn mutant was proved
in the physiological reaction (dUTP hydrolysis). Therefore, the
Asp?° residue plays a determinant role in dUTP hydrolysis, too.
Two roles have been associated with this residue: (i) coordi-
nation of deoxyribose 3'OH (Figs. 3A and 4A, cf. also Refs.
10, 12-14) and (ii) H-bonding to W, (Figs. 3A and 4A). The
Asp®® — Asn (i.e. Asp®°082 — Asn?°N$2) mutant is not com-
promised in the first role (¢f. equal accommodation of dUTP as
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evidenced by K,, values in Table I and three-dimensional struc-
tures in Fig. 3, B, E, and F). Consequently the attenuated
catalytic efficiency of the mutant enzyme is most probably due
to lack of proper coordination to the catalytic water molecule in
the physiological reaction. In addition, phosphate chain confor-
mations in the dUTPase:a,B-imino-dUTP:Mg?* and dUTPase:
dUTP:Mg?* complexes are identical (Fig. 3C), indicating that
the nucleophile attack mechanism should be similar in both
cases.

Interestingly, the catalytic water molecule seems to be pres-
ent in the apoenzyme structure (1IEUW (11)), as well (W334 at
a distance of 0.86 A to the W,,, position, ¢f. also Fig 3D). It is
coordinated to Asp?°0682, as well as to the Leu®® main chain
carbonyl oxygen, just as it is found in the presently determined
enzyme:a,B-imino-dUTP:Mg?" complex (Fig. 3D). In the latter
complex, W, clearly adopts a closely co-linear location to the
scissile bond to carry out nucleophilic attack on the a-phos-

phate. In the enzyme-product complex structure, as detailed
below (Table II, Figs. 1E, 3D, and 4B), the W, proximal water
(W49) has again the same coordination pattern. In summary,
W, (or the W_,, proximal water) coordinates to the same
protein atom ligands (Asp®°082 and Leu®® main chain O) in all
these structures. We propose that these two protein ligands,
with the possible participation of other water molecules, create
a binding site for W, that is, in fact, one of the substrates
required for the dUTP hydrolysis reaction (dUTP + H,0O =
dUMP + PP;, ¢f. Fig 1B). This binding site is already available
in the absence of the nucleotide substrate. After completion of
the catalytic reaction, products (dUMP and PP;) are expected to
be exchanged for substrates (dUTP and H,0). Following the
two-substrate analogy, the presence of W_,, in the enzyme-
product complex may be interpreted as recruitment of a solvent
water molecule in such an exchange reaction.

Completion of the Catalytic Cycle—The pyrophosphate group
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at the entrance of the active site is expected to exit freely as it
can easily make numerous contacts with the bulk solvent. The
metal ion may facilitate pyrophosphate discharge since it is
more likely to bind to the pyrophosphate (charge minus 4) as
compared with dUMP (charge minus 2 at physiological pH).
Accordingly, no electron density could be assigned to Mg?* in
the enzyme-product structure, although the dUTPase-dUMP
complex has been crystallized in the presence of the metal ion
(Table II and Figs. 3D and 4B). The C-terminal Motif V from
monomer C, mostly disordered in our present and also in pre-
viously reported structures, may also participate in pyrophos-
phate escape via charge stabilization with its strictly conserved
Arg'*! side chain. Preferential discharge of the pyrophosphate
moiety over the dUMP is also strengthened by x-ray crystallo-
graphic investigations carried out on dUTPase crystals soaked
into substrate containing solution that retained dUMP, but not
the pyrophosphate moiety, in the enzyme active site (14).

Figs. 3D and 4, A and B, indicate that the reaction product
dUMP retains most of the binding interactions found with the
substrate with respect to the sugar and base moieties. How-
ever, some side chains providing interactions with the triphos-
phate moiety (e.g. monomer B side chains Asp®2, Arg”!, Ser’?,
and GIn''®) are shifted back to their positions occupied in the
apoenzyme (Fig. 3D). This shift may contribute to the signifi-
cant decrease of dUMP binding affinity to dUTPase, when
compared with dUDP, dUTP, and «,B3-imino-dUTP (15, 37).
Less tight binding of dUMP as compared with dUTP facilitates
exchange of product with substrate in the active site whenever
substrate is available in the bulk phase.

DISCUSSION

The side-by-side three-dimensional structural analysis of the
apoenzyme, as well as substrate, and product complexes delin-
eated atomic interactions crucial to the catalytic mechanism of
dUTPase. The conclusions were based on structures and ki-
netic data determined with the imino substrate analogue, as
well as the physiological substrate and the physiological prod-
uct. Several results indicate that the reaction pathway may
well be of similar character with both dUTP and «,B-imino-
dUTP. First, a water molecule in the immediate vicinity to the
presently determined W, is localized already in the apoen-
zyme structure and is also present in the enzyme-dUMP com-
plex (Fig. 3D). Second, the binding position of the physiological
substrate dUTP, most importantly the entire phosphate chain
conformation, is equivalent to that of the imino analogue (Fig.
3.C, F, and G). Third, the Asp®® — Asn mutation was shown to
adversely affect W_,, coordination and, parallel to this, to in-
activate the enzyme in the physiological reaction. It is therefore
reasonable to assume that (i) a water molecule coordinated to
Asp®® and Leu®® is present with high probability in the active
site of the wild type enzyme when dUTP is also bound, and (ii)
this water molecule is poised for in-line attack, well within 4.0
A to the a-phosphorus. Given such an arrangement, it can be
assumed that this specific water will act as the nucleophile in
dUTP hydrolysis.

The Metal Ion Site—The localization of the site for the catal-
ysis-assisting Mg?* provided significant novel insights, as well.
Its important role in providing catalytically competent accom-
modation of the substrate in the dUTPase active site, as judged
by k.., and K,, determinations in the presence and absence of
the metal ion, was well established in a number of earlier
studies on dUTPases from diverse sources (1517, 24). It was
also well known that divalent metal ions usually contribute to
enzymatic reactions of nucleotides by coordinating the other-
wise quite flexible phosphate chain. Consequently, absence of
the active site Mg2" from the earlier determined crystal struc-
tures prevented the definition of the catalytically competent
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phosphate chain conformation, thereby rendering the identifi-
cation of the nucleophile attacker impossible. The data on the
dUTPase:dUDP:Sr?* complex were a significant step forward
in this problem (10). However, due to the diminished catalytic
competence of the Sr?" substitution as well as the altered
coordination geometry of the Sr®* (coordination number 8) as
compared with Mg2* (coordination number 6), the character of
the nucleophile attack could not be determined before. In fact,
in the dUTPase:dUDP:Sr?* complex, the critical position of the
a-phosphorus is 3.2 A away from its competent site as deter-
mined in our present dUTPase:dUTP:Mg?* and Mg?":a,B-im-
ino-dUTP:dUTPase structures. The coordination of Mg?* to all
the three phosphate groups is not very common in other nucle-
otide-protein structures where the metal ion is frequently seen
as coordinating to only two phosphate groups (41-44). In the
dUTPase structures, the triple phosphate coordination of Mg?*
contributes to an increasingly compact phosphate chain confor-
mation presumably optimal for catalysis.

Role of Conserved Residues—The enzymatic reaction is facil-
itated by non-covalent bonding interactions and involves resi-
dues from different monomers, as well as several water mole-
cules bound within the active sites. All residues proposed to
interact with ligand and W, are strictly conserved among
dUTPase sequences. The contacts and role of some of these
residues, like those of the B-hairpin, I1e%°, Asp®®, Tyr?3, Ser?,
Arg™, Arg!''®, and GIn!'®, were already suggested based on
previously determined crystal structures of E. coli, equine in-
fectious anemia virus (EIAV), feline immunodeficiency virus
(FIV), and Homo sapiens dUTPases (10, 12—-14). However, as
previous studies failed to define a catalytically competent sub-
strate conformation, the relevant roles of conserved residues
need to be reinterpreted in the light of our present data.

In general, the conclusions drawn from our structures con-
cerning the role of Gly”® main chain nitrogen and Arg’! gua-
nidino group in coordination and charge distribution of the
phosphate chain, especially the B- and y-phosphates corre-
spond well with suggestions supported by previously deter-
mined structures of dUTPases from various sources (10, 12—
14). However, the interaction between the phosphate chain and
Arg™ became water-mediated in our structures. This differ-
ence might be ascribed to the effective charge stabilization
provided by the Mg2" in our structures. Due to the presence of
Mg?*, the triphosphate chain adopts a more compact confor-
mation that increases its distance from the Arg” guanidino
group. The weaker charge stabilization effect of the Arg”! side
chain is probably compensated for by the Mg?* ion.

The compact character of the phosphate chain in the present
structures also shifts the interaction between the Ser’? main
chain NH and an oxygen in the B-phosphate group to another
oxygen in the a-phosphate group. This shift may contribute to
activation of the a-phosphorus for the nucleophile attack and
might stabilize the developing charge in the transition state.

The present data provide detailed characterization of role of
Asp®? as well. In the previous retroviral dUTPase:dUDP:Sr?*
complex structure (10), one of the carboxyl oxygens of this
conserved residue (Asp2° in the retroviral sequence) was within
H-bonding distance to one of the eight coordinating ligands of
the Sr?" jon. The large size of Sr?", its altered coordination
geometry, and poor catalytic competence, however, attenuated
the relevance of the Mg?* — Sr2?" substitution for mechanistic
conclusions. In the present structures, both side chain oxygens
of Asp®? take part in coordination of two water molecules in the
coordination sphere of the physiological metal ion that has six
ligands.

The Catalytic Water—We presented a description of the cat-
alytic pathway via identification of the nucleophile agent and
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characterization of interactions responsible for building up the
required arrangement and initiating the reaction. The key
residue here, Asp?®, was previously shown to contribute to
substrate binding via H-bonding to the OH group of the ribose.
A general base-like role was also suggested, but in the absence
of the identification of the nucleophile attacker atom, this role
could not have been clarified. In the present structures, one of
the side chain oxygens of Asp?° (082) provides close coordina-
tion to the catalytic water, and Asp®°081 is also nearby (Fig.
4A). Importantly, the present structural data also show that
the proper orientation of the critical Asp®® side chain is pro-
vided by an interaction between one of its other carboxyl oxy-
gens (081) and the main chain NH of the conserved Ala?® from
the neighboring subunit. This connection is strictly retained in
all other dUTPase structures, as well, but no importance was
ascribed to it. It also explains why the Asp®® — Asn mutant is
so much attenuated in catalytic efficiency and ineffective in
coordinating the W_,,. In the mutant, the Ala?® main chain NH
retains its interaction with 081 of the Asn®° residue, leaving
only the nitrogen atom of the mutant (N62) for the role of close
coordination to the catalytic water molecule. The nitrogen
atom, however, cannot fulfill this role efficiently.

We also identified a second protein atom ligand of W_,,. The
main chain carbonyl oxygen of Leu®®, a conserved hydrophobic
residue together with Asp®° creates a well defined binding site
for this water that is the second substrate of the enzyme.

At last, significance of GIn''® (Motif IV) has also been dis-
covered in this study. Its side chain oxygen (Oel) coordinates a
water molecule (W1) that provides H-bonding in the water
network around W,,. The GIn''® side chain amino group par-
ticipates in H-bonding to one of the oxygens on the reaction
center a-phosphorous.

The Character of Phosphate Ester Hydrolysis—Available
data for non-enzymatic phosphate diester hydrolysis reactions
are in favor of a mechanism with significant associative char-
acter, since the metaphosphate transition state required for the
dissociative mechanism is highly unstable when an additional
bulky ligand is present (45, 46). Our present results for the
dUTPase-catalyzed reaction are in agreement with this expecta-
tion. In our structure, the distance between the entering oxygen
and the phosphorus reaction center is 3.6 A with an experimental
error of 0.164 A based on the Luzzati plot (47), while a minimum
of 4.9 A is considered to be required for the dissociative mecha-
nism (cf. Ref. 48). The present data show co-linearity of W, with
the scissile bond for in-line attack that can also be reconciled with
a mechanism of significant associative character.
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