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Catalytic Mechanism
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ABSTRACT: Ser72 at the active site of the Escherichia coli dUTPase has been mutated to an alanine, and
the properties of the mutant have been investigated. The serine is absolutely conserved among the
monomeric and trimeric dUTPases (including the bifunctional dCTP deaminase:dUTPases), and it has
been proposed to promote catalysis by balancing negative charge at the oxygen that bridges the a- and
pB-phosphorus of the substrate. In all reported complexes of dUTPases with the substrate analogue o,(3-
imido-dUTP-Mg, the serine 3-OH is indeed hydrogen bonded to the o, /3-bridging nitrogen of the analogue.
However, in the complex of the Asp90 — Asn mutant dUTPase with the true substrate dUTP+-Mg, the
serine 3-OH points in the opposite direction and may form a hydrogen bond to Asn84 at the bottom of
the pyrimidine pocket. Here we show that the replacement of the 5-OH by hydrogen reduces k., from 5.8
to 0.008 s~ ! but also k—;, the rate of substrate dissociation, from 6.2 to 0.1 s™! (Kyy = 6 x 1072 M). We
conclude that the serine 5-OH exercises both ground state (GS) destabilization and transition state (TS)
stabilization, effects not usually linked to a single residue. With experimental support, we argue that the
B-OH destabilizes the GS by imposing conformational constraints on the enzyme and that formation of
the TS depends on a rotation of the serine side chain that not only relieves the constraints but brings the
pB-OH into a position where it can electrostatically stabilize the TS. This rotation would also allow the
B-OH to promote both deamination and hydrolysis in the bifunctional deaminases. We find that the E.
coli dUTPase does not catalyze the hydrolysis of the a,-imido-dUTP+Mg, suggesting that the analogue

7863

A Double Role for a Strictly Conserved Serine: Further Insights into the dUTPase

Department of Chemistry and Biomedical Sciences, School of Pure and Applied Natural Sciences, University of Kalmar,

provides the hydrogen in the bond to the serine 5-OH.

The ubiquitous enzyme dUTP' diphosphatase (EC 3.6.1.23),
or dUTPase, catalyzes the hydrolysis of the dUTP*~ Mg>*
complex (dUTP+Mg) into dUMP and pyrophosphate. This
reaction effectively reduces the cellular dUTP/dTTP ratio
by removing dUTP and providing dUMP as the precursor
for dTTP synthesis via the thymidylate synthase pathway.
An elevated dUTP/dTTP ratio results in fragmentation of
nascent DNA and cell death. For this reason, members of
the dUTPase family of enzymes are currently recognized as
potential targets for drugs in the treatment of cancers and
infectious diseases (/-3).

The human dUTPase (4) and most bacterial (5, 6) and viral
dUTPases (7-9) are Cs-symmetric entities with the three
substrate pockets located at the subunit interfaces (Figure
1A). An unusual feature is that all subunits contribute to each
site. The C-terminus of one subunit is integrated as a /3-strand
with its neighbor and extends from this to interact with the
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! Abbreviations: dUTP, deoxyuridine triphosphate; dUMP, deox-
yuridine monophosphate; dUDP, deoxyuridine diphosphate; dTTP,
deoxythymidine triphosphate; dCTP, deoxycytidine triphosphate; a.,3-
imido-dUTP, 2’-deoxyuridine 5-(a.(-imido)triphosphate; ATP, ad-
enosine triphosphate; IPTG, isopropyl [-D-thiogalactoside; EDTA,
ethylenediaminetetraacetic acid; EGTA, ethylene glycol tetraacetic acid;
DTT, 1,4-dithiotheitol; PMSF, phenylmethanesulfonyl fluoride; GuHCl,
guanidine hydrochloride.
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remote site. The representation of the Escherichia coli
dUTPase trimer shown in Figure 1A does not include the
last 15 residues of the C-termini. This part of the subunit
was not resolved in the crystal study (/0). It constitutes a
flexible arm which becomes ordered upon formation of the
productive enzyme substrate complex (6). Despite the
intertwined nature of the trimer, the sites appear independent
in substrate binding and catalysis (/7).

Dimeric dUTPases have been found in protozoans (12, 13)
and bacteria (/4). They show no homology to the trimeric
dUTPases and catalyze the reaction by a different mecha-
nism. In contrast, the monomeric dUTPases, which only
occur in the herpes viruses, such as the Epstein—Barr virus
(EBV), have a single active site that mimics in detail that of
the trimeric dUTPases (/5). The monomeric and trimeric
dUTPases catalyze a direct in-line nucleophilic attack by
water on the a-phosphorus with displacement of pyrophos-
phate. The substrate water becomes enclosed at the active
site upon formation of the productive complex and does not
share its protons with the reaction medium. Instead, a strictly
conserved aspartate, D90 in the E. coli dUTPase, activates
the water by temporarily harboring one of its protons (6, 10, 11).
Apart from the aspartate, a strictly conserved serine, S72 in
the E. coli dUTPase, at the opposite side of the reactive center
has been proposed to play a direct role in dUTPase catalysis
(Figure 1B,C) (6).
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FIGURE 1: E. coli dUTPase, structure, catalysis, and side chain conformational ambiguity (/0). (A) The complex of the Asp90 — Asn
mutant with dUTP-Mg is displayed to demonstrate the C3-symmetric architecture of the trimeric dUTPase (PDB 1syl). Note in particular
the position of the active sites at the subunit interfaces and how all subunits participate in the formation of each of these sites. (B) Close-up
of the Asp90 — Asn mutant active site region with bound substrate. The hydroxyl of the conserved Ser72 forms a hydrogen bond to Asn84
at the bottom of the pyrimidine pocket, which in turn is linked to the pyrimidine ring of the substrate (dashed lines). (C) The active site of
the wild-type enzyme occupied by the substrate analogue a,f3-imido-dUTP+-Mg (PDB 1rn8). Here the side chain of Ser72 has rotated to
bring the hydroxyl group within hydrogen bond distance of the o.,3-bridging nitrogen of the analogue. As indicated by the arrow, the
catalytic reaction is assumed to be initiated by the nucleophilic attack of a water molecule, which is enclosed at the active site and activated
by the conserved Asp90 base. The pictures were generated with PyMol (DeLano Scientific).

The side chain of S72 exhibits conformational freedom
in the apoenzyme (/6)but is fixed in complexes with the
substrate (/0) and the substrate analogues o.,3-imido-
dUTP-Mg (6, 10, 15) and o,(-methylene-dUDP (17).
However, the orientation of the side chain differs drastically
depending on which ligand is bound to the enzyme The
structures of the complexes formed with o,B-imido-
dUTP-Mg and the trimeric dUTPases from E. coli and
Mycobacterium tuberculosis, as well as with the monomeric
EBV dUTPase, are essentially superimposable with respect
to the analogue and the enzyme functional groups with which
it interacts. Invariably, the nitrogen that bridges the o- and
[B-phosphorus of the analogue is engaged in a hydrogen bond
to the 3-OH of the conserved serine residue. The observation
of this bond in the M. tuberculosis dUTPase complex led to
the proposal that the serine 5-OH promotes catalysis by
balancing negative charge that develops at the a,/3-bridging
oxygen in the course of the reaction (6). However, in the
complex of the DOON E. coli dUTPase with the substrate
proper, the 5-OH of S72 points away from the a,/3-bridging
oxygen and may form a hydrogen bond to the amide group
of N84 at the bottom of the pyrimidine pocket (Figure
1B) (10, 17).

The dCTP deaminases, which in Gram-negative bacteria
provide for a route of dUTP formation additional to the
ribonucleotide reductase pathway, have a core and active site
architecture homologous to that of the dUTPases (1/8-20).
Interestingly, the dCTP deaminase of the thermophile Metha-
nocaldococcus jannaschii is a bifunctional enzyme catalyzing
the hydrolysis of the intermediate dUTP+Mg product by the
same mechanism as the trimeric dUTPases (21, 22). Re-
cently, the list of organisms that expresses such bifunctional
dCTP deaminases has expanded to include the M. tubercu-
losis pathogen (23). The dUTPase active site residues “D90”
and “S72” are conserved also in the dCTP deaminases, as is
the conformational freedom of the serine side chain. In the
strict deaminases an arginine side chain blocks the pocket
for a putative dUTPase substrate water molecule, which

explains why these enzymes do not catalyze hydrolysis of
the dUTP-Mg product (/8).

In the present study we have replaced the -hydroxyl group
of S72 at the active site of the E. coli dUTPase by hydrogen,
effective in the S72A mutant, and probed the effects of the
mutation on the properties of the enzyme. The results were
at first surprising to us, in particular a drastically reduced
K. But after dissecting the kinetics of the wild-type and
mutant enzyme systems down to the magnitude of the
individual rate constants and after probing the binding of
metal-free dUTP and the a,3-imido-dUTP-Mg complex to
the two enzyme forms and testing the latter as a substrate, a
pattern emerged, which we believe is best explained by a
dual and dynamic role for the conserved serine, in both the
dUTPases and the bifunctional deaminases.

EXPERIMENTAL PROCEDURES

The genes coding for the enzymes used in this study were
supplied in plasmids through the courtesy of Dr. Per-Olof
Nyman (retired from Lund University, Lund, Sweden). If
not otherwise indicated, chromatographic equipment and
media were obtained from GE Healthcare Bio-Sciences AB,
Uppsala, Sweden. The concentration of enzymes is given as
the respective active site concentration throughout this paper.

Construction of the S72A E. coli dUTPase. The E. coli
strains TG1 (supE thi-1 A(lac-proAB) A(mcrB-hsdSM)5 (rx~
my") [F’ traD36 proAB lacl"ZAM15]) and BL21(DE3)pLysS
(Novagen, U.K.) were used as hosts in all experiments, and
the plasmid pET3a (Novagen, Madison, WI) was used as
the expression vector. Restriction endonuclease Dpnl and
DNA polymerase pfu Ultra were both obtained from Strat-
agene (La Jolla, CA). Nucleotides were from Roche (Man-
nheim, Germany), and the plasmid purification kit was from
Qiagen (Basel, Switzerland). Other chemicals were of
analytical grade and obtained from Sigma.

All cloning procedures were performed as described by
Sambrook et al. (24). The dUTPase gene was amplified with
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plasmid pET3a as template. Complementary oligonucleotides
carrying mismatches for the specific modification as primers
were obtained from MWG Biotech AG (Ebersberg, Ger-
many). Except for the mismatches, the sense primer was
identical to the coding strand of the dUTPase gene. Sense
primer: 5-CGG CAA TGA TGC TGC CGC GCG CCG
GAT TGG GAC ATA AGC-3'. Antisense primer: 5-GCT
TAT GTC CCA ATC CGG CGC GCG GCA GCA TCA
TTG CCG-3’. After digestion with Dpnl, the newly con-
structed plasmid was used to transform competent E. coli
TG1 cells. The cells were spread over Luria—Bertani (LB)
agar plates containing 100 #g/mL ampicillin. Colonies were
selected randomly and sequenced using BigDye terminators
version 3.0 from Applied Biosystems (Warrington, U.K.)
according to the supplier’s instructions. The results were
analyzed on an ABI 3100 DNA sequencer by the BM unit
at Lund University.

Expression of the S72A E. coli dUTPase. The plasmid
containing the S72A dUTPase gene was used to transform
E. coli BL21(DE3)pLysS competent cells according to a
standard protocol (heat shock at 42 °C). Streaking on LB
plates containing ampicillin (100 pg/mL) provided positive
colonies of transformants. Shaking flasks containing 250 mL
of LB medium with ampicillin (200 xg/mL) were each
inoculated with transformed bacteria from an isolated single
colony on the LB plate, and the flasks were incubated on a
shaker at 37 °C. The bacteria were grown to an ODggy of
0.5—0.7 and then induced with IPTG to a final concentration
of 1 mM. The induced cultures were incubated on the shaker
at 37 °C for another 5 h. Cells were harvested by centrifuga-
tion at 6650g for 20 min at 4 °C, and the pellets were stored
at —20 °C.

Extraction and Purification of the S72A E. coli dUTPase.
The pellet obtained from a 250 mL culture was dissolved in
24 mL of extraction buffer, pH 7.5, containing Hepes (20
mM), NaCl (50 mM), EDTA, EGTA, DTT, PMSF (all 1
mM), and glycerol (10%). The cells were lysed, and their
content was extracted by three cycles of freezing and
thawing, followed by three cycles of sonication on ice (60
mA for 2 min). The resulting suspension was centrifuged at
6650g for 45 min at 4 °C. The clear extract in the supernatant
was stored at —20 °C.

The bacterial extract was subjected to chromatography on
phosphocellulose (P11; Whatman International Ltd., En-
gland) (25) packed in a XK26 column. The column was
preequilibrated with a pH 5.5 buffer, containing NaCl (0.04
M), sodium acetate (20 mM), and DTT (I mM), and
developed with a linear gradient in NaCl (0.04—1.0 M) in
the same buffer. Chromatographic fractions were analyzed
by SDS—PAGE (Mini PROTEAN 3; Bio-Rad). Fractions
containing highly purified dUTPase were combined, and the
protein content was fractionated with ammonium sulfate. The
fraction that precipitated in the 35—75% range of ammonium
sulfate saturation was collected by centrifugation and redis-
solved in a minimum volume of the buffer described above.
The dissolved protein was stored at —20 °C.

The purified mutant dUTPase fraction was analyzed by
SDS—PAGE (26). The mutant active site concentration was
determined ultimately through a kinetic titration procedure
described in the Results section. The other dUTPases used
in this study, i.e., the E. coli wild-type and the equine
infectious anemia virus (EIAV) dUTPases, were produced
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and analyzed by identical, or similar (25), protocols. The
concentrations of the E. coli dUTPases and the EIAV
dUTPase preparations were determined spectrophotometri-
cally using the extinction coefficients 0.51 mL mg~! cm™!
and 15300 M~ cm™!, respectively (27, 28).

Prior to each experiment the frozen dUTPase solution was
thawed on ice and desalted on a PD-10 column equilibrated
with the appropriate buffer. The desalted stock was subse-
quently diluted into the buffer system of the experiment. The
assay, frontal chromatography, and viscosity measurements
were carried out at a constant ambient temperature in the
range 23—25 °C.

Activity Assay. The purified mutant dUTPase (0.5 uM)
was incubated with dUTP (60 M) in a pH 7.5 buffer,
containing MgCl, (5 mM), Hepes (0.025 M), and NaOH
(~0.0125 M), and adjusted to 0.1 M ionic strength with KCI
(=buffer A). The reaction mixture was transferred to a
syringe attached to the loading loop of an FPLC system (Akta
Explorer). At timed intervals, 1.0 mL aliquots of the reaction
mixture were subjected to analysis by ion-exchange chro-
matography on Q-Sepharose (HiTrap, 5 mL), using a linear
0.04—1.0 M NaCl gradient in buffer A, lacking MgCl,, for
elution. The same technique was applied to measure the rate
of hydrolysis of the o.,5-imido-dUTP+Mg complex (20 uM)
in the absence and presence of the wild-type dUTPase (4
and 8 uM) and the S72A mutant (4 uM). The well-separated
dUMP and dUTP elution peaks were integrated, and the area
of the respective peak was divided by the total peak area
and multiplied by 60 (=[dUTP],) to obtain the amount of
product formed and substrate remaining. The former was
plotted against time to obtain the progress of the reaction.
The dUTP and dUMP positions in the chromatograms were
determined by running a mixture of the respective pure
nucleotide over the column.

Control of Endogenous Expression. To evaluate the
expression of the endogenous dUTPase in the E. coli
BL21(DE3)pLysS cells, the expression procedure was re-
peated twice using one pET3a plasmid lacking the dut gene
and one carrying the S72A dut gene with an additional point
mutation (manuscript in preparation). The proteins of the
cells were extracted, purified, and analyzed using the same
protocols as described above.

Frontal Chromatography. The S7T2A dUTPase was im-
mobilized on agarose in prepacked columns (HiTrap, 1 mL
NHS-activated) following the procedure recommended by
the manufacturer. In brief, each column was incubated with
solutions of S72A dUTPase (50 nmol active sites) in 1 mL
0.1 M Hepes/NaOH, pH 8.3. Columns thus prepared were
attached, three in series, to the FPLC system. Solutions of
dUTP (15 uM) or a,B-imido-dUTP (2—6 uM), in a pH
7.5 buffer containing Hepes 10 mM, NaOH (~4 mM), and
NaEDTA (1 mM), and with the ionic strength adjusted to
0.1 M with KCI, were run through the columns, and the
elution volume for the ligand was determined at each
concentration. Binding of the monoprotonated form of dUTP
was studied at pH 6.0 (MES, 10 mM; KCI, 80 mM;
Na,EDTA, 1 mM). Binding of the a,3-imido-dUTP-Mg
complex was probed by excluding EDTA and including
MgCl, (5 mM) in the ligand solution. The effective void
volume of the system was determined by running a solution
of ATP through the column, at otherwise identical conditions.
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Under the conditions described, ATP shows no binding to
the E. coli wild-type dUTPase (/7).

Protein Fluorescence. The fluorescence excitation spec-
trum of the S72A mutant was recorded at 25 °C on a
Fluoromax 3 fluorescence spectrophotometer (Horiba Jobin
Yvon), with the enzyme dissolved to 4 uM in buffer A. The
emission wavelength was set to 335 nm, and the excitation
and emission bandwidths were set to 1 and 5 nm, respec-
tively. The effect of substrate binding on the spectrum was
measured by making the enzyme solution 8 uM in dUTP.
The spectrum was recorded within 100 s to ensure that
sufficient dUTP remained to keep the mutant saturated.

Steady-State Kinetic Characterization of S72A. The activity
of the S72A mutant was studied at 25 °C by monitoring the
changes in the intrinsic protein fluorescence (Aex = 275 nm,
Aem = 335 nm). The corresponding signal has been used to
study the transient state kinetics of substrate binding to the
EIAV dUTPase (29). The reactions were initiated by mixing
dUTP (6—10 uM) with the mutant (2—4 uM) in the presence
of saturating MgCl, (5§ mM). The inhibition of wild-type and
S72A E. coli dUTPase by a,3-imido-dUTP-Mg was studied
spectrophotometrically using the pH indicator method with
cresol red as reporting agent (/7).

Viscosity Effects. The pH indicator method was applied
for measurements of the effects of viscosity on the reaction
catalyzed by the E. coli and EIAV wild-type dUTPases. The
bacterial and viral enzymes, at 0.12 and 0.015 uM, respec-
tively, were reacted with dUTP, at 2 and 4 uM, respectively,
in a pH 8 reaction medium containing MgCl, (5§ mM), cresol
red (25 uM), Bicine (50 uM), and KClI to adjust the ionic
strength to 0.1 M. The viscosity of the medium was regulated
by the inclusion of sucrose to final concentrations in the range
0—50% (w/w), in both the enzyme and substrate solutions.
The viscosity at each sucrose concentration was obtained
from published tables (30, 31). Relative viscosities were
calculated as /10, where 7 is the viscosity of the aqueous
sucrose solution and 7, the viscosity of pure water, both valid
at the temperature of the experiment.

Substrate Binding Kinetics. The transient state kinetics of
substrate binding to the S72A mutant dUTPase was studied
at pH 7.5 by stopped-flow fluorometry using a SF-61DX2
instrument (Hi-Tech Ltd., Salisbury, U.K.). The enzyme (2
and 4 uM) was reacted with dUTP (6 and 12 uM) both
dissolved in a reaction buffer (Hepes, 20 mM; NaOH, ~10
mM) containing MgCl, (5 mM) and KCI1 (85 mM). The
reaction mixture was excited at 275 nm and the emission
observed through a 330 nm cut-on filter. A Durrum D-100
stopped-flow instrument was used for a direct comparison
of the kinetics of substrate binding to the wild-type and S/2A
mutant dUTPases. For reasons explained below, the latter
studies were performed at pH 6, by mixing the respective
dUTPase, at 2 and 4 uM, with dUTP and MgCl,, both at 20
uM. Bromocresol purple (50 uM) was used as reporting
agent and Mes (50 uM) as the adjuvant buffer (/7). The
ionic strength was adjusted to 0.1 M by the inclusion of KCI.
The reactions were monitored at 590 nm.

Thermal Stability of Wild-Type and S72A dUTPase. Each
form of the enzyme was dissolved to a final concentration
of 2 uM in 2.5 mL of a 10 mM Hepes buffer, pH 7.5,
containing KCI (80 mM). The fluorescence of the respective
dUTPase solution was monitored in the temperature range
25—80 °C under continuous heating and stirring. The
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temperature was measured with a thermistor submersed into
the cuvette solutions. In a second study, the solutions were
equilibrated at stepwise higher temperatures, and the fluo-
rescence was registered at each step.

Stability toward Guanidine Hydrochloride. The kinetics
of GuHCl-induced denaturation of the two E. coli dUTPase
forms was studied at pH 7.5, 4 °C, using the intrinsic protein
fluorescence as signal, by mixing enzyme into solutions of
GuHCI at various concentrations (1.5—4 M). The final
concentration of enzyme was 1 uM.

Data Analysis and Parameter Evaluation. Rate and
equilibrium parameters were evaluated by nonlinear, or
linear, regression using SigmaPlot or Dynafit (32). Specif-
ically, the program Dynafit was applied for evaluating
complete reaction progress curves obtained in the fluores-
cence studies on the S72A kinetics and in the stopped-flow
studies on the effects of viscosity on the kinetics of the
reactions catalyzed by the E. coli and EIAV wild-type
dUTPases. Using a numerical approach, Dynafit is capable
of fitting the differential equations describing the rate of
change of the species in the mechanistic model applied,
which in this study is the Michaelis—Menten mechanism.

RESULTS

Mutant Isolation and Purification. The purified S72A
dUTPase fraction was analyzed by SDS—PAGE. Except for
minor impurities, the gel revealed a single major band that
ran in parallel with the wild-type E. coli dUTPase reference.

Activity Assay. The mutant active site concentration was
calculated based on the 280 nm absorbance and a purity of
85%, as estimated by SDS—PAGE. The time course of the
reaction, measured chromatographically, was linear until
completion. It indicated a k’.,, for the mutant of 0.008 s~!,
a number reduced more than 700 times compared to that
reported for the wild-type enzyme (/7). A prime, as above
in kK., will be used to distinguish rate and equilibrium
constants that characterize the mutant from those that
characterize the wild-type enzymes. The chromatograms
further revealed that dUTP and dUMP were the only
nucleotides present during the hydrolysis process.

Binding of Metal-Free dUTP to S72A. When solutions of
dUTP or ATP, containing EDTA to quench divalent metal
ion activity, were run over the column with immobilized
S72A, dUTP was retarded by the column whereas ATP was
not, indicating specific binding of metal-free dUTP to the
mutant enzyme (Figure 2, inset). The number of dUTP
molecules bound to the immobilized mutant is given by (V
— Vo)Caurp. Here Cyyrp is the concentration of dUTP in the
liquid applied to the column, Vj is the column void volume,
as determined with ATP, and V the volume of the column
eluate preceding the dUTP front. The latter depends on Cyyzp
according to eq 1 (33).

V-V, Ne 1
* Kpaurr T Caver M

In eq 1, Ng is number of immobilized mutant binding sites
and Kg.qurp is the equilibrium constant for dissociation of
the S72A -dUTP complex. Using eq 1, the data in Figure 2
were evaluated by nonlinear regression. This gave Ny = 11.7
4 0.5 nmol and Kg.yrp = 13.4 £ 0.7 uM. The latter number
is close to that (16 uM) reported for the dissociation of the
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FIGURE 2: Frontal chromatography of metal-free dUTP on S72A
dUTPase. The inset shows the ascending part of the elution profiles
of ATP (2 uM, dashed line) and dUTP (from left to right: 6, 4,
and 2 uM, solid lines). The main panel shows the dependence of
the retention volume on the concentration of dUTP in the injected
solution. The plot combines data from two separate measurements
as indicated by different symbols.
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corresponding complex formed with the wild-type enzyme
and which was determined by an indirect kinetic method (/7).

Determination of k' . Studies on the homotrimeric dUT-
Pases have shown that their kinetic behavior is adequately
described by the Michaelis—Menten mechanism (with the
Briggs—Haldane extension) (Scheme 1) and that this can be
applied to analyze complete reaction progress curves (1, 29, 34).

These studies have shown that K, is more than 2000 times
lower than the K; (0.7 mM) of the combined dUMP and
pyrophosphate products (/7). For this reason, the time
derivative of progress curves that provide information on
both k., and Ky, is given by the Michaelis—Menten rate
equation throughout the complete reaction.

In search of a suitable signal, fluorescence excitation
spectra of S72A were recorded in the absence and presence
of dUTP and Mg?* at saturating concentrations. The spectra
demonstrated that binding of dUTP+Mg to S72A causes a
15% quench of the protein fluorescence (Aex = 275 nm; data
not shown). This quenching was used as a signal to monitor
the reaction catalyzed by the mutant preparation, through
the appearance of free S72A. Curve A in Figure 3 was
obtained by reacting S72A (4 uM) with dUTP (10 uM) in
the presence of Mg?* (5 mM). It displays an extensive zero-
order lag, indicating 1.5 rounds of enzyme turnover at Cg >
Ky, abruptly followed by a first-order rise toward the
maximum fluorescence, reflecting the release of free mutant
in a last single turnover of the system at Cr > K’y Under
such circumstances, the data cannot be used for an evaluation
of K’y, but the time constant of the exponential transient is
a close estimate of k., (11). This was evaluated to 0.008
s~! by nonlinear regression, confirming the number obtained
for k', in the activity assay, and identical to the number
obtained by numerical fitting of Scheme 1 to the complete
trace, using Dynafit.

Determination of K'y. Two experiments were designed
specifically for this purpose. First we studied the effects on
the progress of the reaction of including catalytic amounts
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FIGURE 3: Hydrolysis of dUTP by the purified S72A mutant
monitored by changes in the intrinsic protein fluorescence. The
reaction was studied in the absence (curve A) and presence of added
E. coli wild-type dUTPase at 0.025 (curve B) and 0.05 uM (curve
C), respectively. The solid gray lines represent the kinetic model
in Scheme 1 with the best fit rate constants. The dashed line is the
course curve A would have taken if the activity observed derived
from the E. coli endogenous dUTPase.

of the wild-type enzyme in the reaction mixture. As
demonstrated by curves B and C in Figure 3, inclusion in
the reaction mixture of increasing amounts of the wild-type
dUTPase progressively shortened the lag phase and resulted
in a significantly faster initial release of free mutant. The
differential equations, defined by Scheme 1 for both the wild-
type and mutant dUTPase reactions, were solved and fitted
simultaneously to the experimental data in curves B and C
using Dynafit. With the rate constants of the wild-type
enzyme set to satisfy k.., = 5.8 s~ and Kyy = 0.21 uM (11),
this gave values for X’_; in the range 0.05—0.6 s!, depending
on the value of k’; used, but invariably k., = 0.008 s~
Based on these values, and indifferent to the choice of k’;,
K’y was calculated to be 0.006 uM. Simulation of the
reactions using the best fit rate constants resulted in the solid
gray lines drawn in Figure 3.

Second, the concentration of free Mg?t in the reaction
mixture was reduced and buffered with EDTA. This should
result in an apparent increase in K’y by a factor (1 +
Kavre-me/IMg* Tour), where Kyyrp.a is the equilibrium con-
stant for dissociation of the dUTP-Mg complex and [Mg>" ¢
the EDTA-buffered concentration of free Mg?*. This factor
was determined by analyzing the effects of using EDTA in
excess over Mg?" on the reaction catalyzed by the wild-
type dUTPase. With EDTA at | mM and MgCl, at 0.4, 0.6,
and 0.75 mM, the apparent Kj, increased 80, 43, and 24
times, respectively. The effects of using MgCl, reduced to
0.75 and 0.40 mM in the presence of 1 mM EDTA on the
S72A reaction with dUTP are demonstrated in Figure 4. The
apparent K’y values governing the shape of curves B and C
in Figure 4 were evaluated using Dynafit. The numbers
obtained, 0.100 uM (B) and 0.534 uM (C), were divided by
24 (B) and 80 (C), respectively, to yield 0.0042 and 0.0067
uM, for K'y.

Kinetic Titration of S72A Active Sites. With a K’y that
low, additions of S72A to solutions containing excess Mg?*-
saturated dUTP will result in an essentially stoichiometric
occupation of the S72A sites by dUTP<Mg, such that
[dUTPMg] =~ Caurp — Cg. This was exploited to establish
the mutant active site concentration based on the k.
evaluated above and the duration ., of the flat, zero-order,
lag phase of the reaction as a function of the initial
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FIGURE 4: Hydrolysis of dUTP by the S72A mutant with the
magnesium ion reduced and buffered at subsaturating levels. Curve
A was obtained by reacting the mutant (4 4uM) with dUTP (8 uM)
at a saturating magnesium ion concentration (5 mM) and serves as
a reference. Curves B and C were obtained with EDTA (1 mM)
included in the reaction mixture and with the total magnesium ion
concentration reduced to 0.75 and 0.4 mM, respectively. The gray
lines represent the kinetic solution to the reaction in Scheme 1 using
the best fit parameter values.

concentration of dUTP. The ¢,, was determined using dUTP
at six concentrations (data not shown) and Cg evaluated by
fitting eq 2 to the experimental data (the corresponding
double reciprocal plot was linear).

;= Caver — Cr @)
“ k’catCE

This called for only a minor adjustment of the number
determined spectrophotometrically for the assay.

Linking the Activity Observed to the Mutant. When
working with mutant enzymes with drastically reduced
activity, in particular if homologous expression is practiced,
it is important to establish that the activity observed derives
from the mutant and not from the endogenously produced
enzyme, and several steps were taken to secure this link.
The purified bacterial extract obtained from expression of
the pET3a plasmid lacking the dut gene revealed the same
sets of electrophoretic bands as the extracts containing the
wild-type and S72A dUTPase forms, except for a distinct
dUTPase band. When the fractions normally carrying the
dUTPase were combined and incubated with the assay
solution, hydrolysis of dUTP could not be detected even after
8 h of incubation. The purified double mutant dUTPase
protein, obtained from expression of the S72A plasmid with
an additional mutation in the dut gene, displayed no
hydrolytic activity toward dUTP+Mg when incubated with
the substrate for 8 h, at the same protein and substrate
concentrations that were used to assay the S72A single
mutant (manuscript in preparation). These results strongly
suggest that the activity observed in the S72A extract derives
exclusively from the mutant.

Moreover, because the data in Figure 3 were collected at
Cr > K’y (or the corresponding K’;, had the mutant been
inactive), it follows that the concentration of dUTP+-Mg will
become effectively buffered by equilibrium binding to the
excess mutant as it is continuously hydrolyzed and reduced
below Cg. Under such circumstances, an endogenous dUT-
Pase activity, capable of hydrolyzing only 6 uM free
dUTP-Mg in 200 s, as indicated by the lag in curve A of
Figure 3, cannot proceed to hydrolyze also those bound to
S72A at the rate observed, and not at a rate that decreases
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Table 1: (A) Kinetic Constants® Determined for the E. coli Wild-Type
and S72A Mutant dUTPases and (B) Equilibrium Constants® Determined
for the Dissociation of the Complexes Formed with the E. coli
Wild-Type and S72A Mutant dUTPases and the Listed Ligands

dUTP-Mg
(A) ky M~ s7h) kg (s7h kear (571 Ky (uM)
wild type 42 £ 0.5” 62+1.1> 58+04° 0.21 4 0.04¢
47.6 4+ 1.2¢
ST2A 1704+ 0.5 0.10£0.04 0.008 & 0.002 0.006 = 0.002
17.340.5"
dUTP-Mg dUTP a,B-imido-dUTP-Mg
(B) Ky (uM) Ky (uM) Ky (uM)
wild type  0.15 4 0.02¢ 16/ 39405
0.134+0.01¢ 5.0¢
ST2A 0.006 £ 0.002 134405 21405

“ Except when otherwise indicated constants were determined at pH
7.5. All values represent the average of at least four independent
measurements. ” From substrate binding kinetics at pH 6. ¢ From
viscosity effects on Kylkear 4 Calculated as k—/k;. € From ref 1/ and
confirmed here. /From ref /1. ¢ From ref 10. " Determined by direct
stopped-flow measurements.

exponentially with time. These facts are emphasized by the
dashed line in Figure 3, which is the course the reaction
would take if the activity were caused exclusively by a
contaminating E. coli wild-type dUTPase. The curve was
obtained using the simulation capability of Dynafit. It is based
on the kinetic parameters of the E. coli wild-type dUTPase
(11), the activity observed, and a K, for dUTP-Mg binding
to the S72A mutant equal to the K’y reported in Table 1.
Data obtained in a large number of measurements under
different conditions with respect pH, metal ion, substrate,
and enzyme concentration are constant with respect to the
exponential nature of the fluorescence increase associated
with the release of mutant active sites (for examples, see
Supporting Information (SI)). Also, the fact that the rising
portion in curves B and C in Figure 3 does not, as opposed
to curve A, follow an exponential course shows that each of
curves B and C is generated by the activity of two different
enzymes, which compete for the common substrate.

Hence we conclude that the S72A mutation causes a 725-
fold reduction in k., and a 35-fold reduction in Kj,. Because
Ky = (k—; + kea)lk;, the entire reduction in Ky, could result
from the reduction in k.. This, however, requires that (k—;
+ 5.8)/(k—; + 0.008) = 35, by which k_; evaluates to 0.16
s~ A k_; that much lower than k., would make the wild-
type dUTPase substrate interaction an unusually “sticky” one.

Kinetics of Substrate Binding to the S72A dUTPase. The
quenching of the intrinsic protein fluorescence, caused by
substrate binding to S72A, made it possible to follow the
process in real time by stopped-flow fluorometry (Figure 5).
The rate constants for the exponential fluorescence decay
observed at excess concentrations of substrate, 6 and 12 uM,
were 104.6 &+ 3.2 and 231.2 £ 10.9 s7!, respectively, hence
indicating k’; to be 17 s and 19 s™!. Using these numbers,
and those reported above for k', (0.008 s™!) and K"); (0.006
uM), k’—; evaluates to a number close to 0.1 s7.

Kinetics of Substrate Binding to the Wild-Type dUTPase.
Attempts at using stopped-flow fluorescence for monitoring
substrate binding to the wild-type enzyme failed because of
a weaker signal and faster kinetics. In the pH range 6.5—8.5
substrate binding is pH neutral, precluding the pH indicator
approach for transient state kinetic measurements. However,
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FIGURE 5: Stopped-flow fluorescence trace showing the time course
of substrate binding to the S72A E. coli dUTPase at pH 7.5. The
displayed graph represents the average of seven traces obtained by
reacting the enzyme (2 uM) with dUTP-Mg?~ (6 uM). The dashed
line represents an exponential decay function with the best fit rate
constant 104 s,

if k—; is comparable to, or smaller than, k.4, an estimate of
k; can be obtained by determining Ky/k., as a function of
the viscosity of the reaction medium (35, 36). This technique
was applied to evaluate the kinetics of substrate binding to
the wild-type dUTPase. Because of the indirect nature of
the method, the study was expanded to include the effects
of viscosity on the steady-state kinetics of the EIAV
dUTPase. This enzyme is structurally and functionally
homologous to the E. coli enzyme, and the rate constants
defining its Ky (k—;, k;, and k) have all been determined
by direct methods (29, 34). The effects of medium viscosity
on the kinetic properties of the E. coli and EIAV wild-type
dUTPases were studied in parallel, using sucrose as the
viscous agent. Complete reaction curves for the hydrolysis
of dUTP-Mg (2 or 4 uM) by the respective dUTPase (0.1
or 0.05 uM) in a reaction medium of pH 8 (to permit
comparison with the previously published data), containing
from 0% to 50% (w/w) sucrose, were recorded by the pH
indicator method (/1) (see below). The reaction curves
obtained with the E. coli enzyme are presented in Figure
6A. Data of the same quality were obtained using the EIAV
enzyme. The k., and K, values governing the shape of each
curve were evaluated with Dynafit, using enzyme concentra-
tions determined spectrophotometrically. The reciprocal
catalytic efficiency, Ky/k.., was plotted against the relative
viscosity (17,.;) of the medium and the slope and intercept of
eq 3 (36) evaluated by linear regression (Figure 6B).
(Alternative graphical representations of the data are available
in SI.)

KM k—] + M el

kcat kcark] k]

With the EIAV dUTPase, the intercept and slope were
0.030 £ 0.001 and 0.0094 £ 0.002 uM s, respectively. That
is, with the viral enzyme k; = 106 uM~' s™! and, using ke
= 25571 (34), k—-; = 79 s7!, in close agreement with the
data previously reported for this enzyme (29). With the E.
coli dUTPase the intercept and slope were 0.023 + 0.004
and 0.0210 4 0.0005 uM s, which gave k; = 47.6 uM ™! s7!
and, using k., = 5.8 s, k-; = 6.2 871,

A Comment on the Method. The pH indicator method used
in this study to monitor the hydrolysis of dUTP is described
in detail in ref 7/. In brief, a pH indicator is used to sense
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FIGURE 6: Effects of medium viscosity on the kinetics of the
dUTPase reaction. The complete hydrolysis of dUTPMg by the E.
coli and EIAV dUTPases was recorded at increasing medium
viscosities, using sucrose (0—50%) as the viscous agent and a pH
indicator (cresol red) as reporting agent. (A) The progress curves
obtained with the E. coli enzyme as catalyst at (from left to right)
0%, 10%, 20%, 30%, 40%, and 50% sucrose. Data are shown as
solid black lines and the best fit progress curves, based on the
mechanism in Scheme 1, as dashed lines. (B) The linear dependence
of the reciprocal catalytic efficiency (K /k.,) of the E. coli (@)
and EIAV (A) dUTPases on the relative viscosity of the reaction
medium (77,).

the release or uptake of protons associated with the reaction
studied. An additional buffer can be included to limit the
pH changes, protect against accidental changes in pH, and
mask the buffer capacity of functional groups in the
components of the system studied. The molecular indicator
absorbance response is given by AA; = gnAe;, where n is
the number of protons exchanged in the reaction, Ag¢; the
difference between the molecular absorbance of the basic
and acidic form of the indicator at the wavelength studied,
and g;, finally, the relative buffer capacity provided by the
indicator. The method is conveniently applied to systems
where the reaction can be followed to completion, such as
the dUTPase system, because the molecular response coef-
ficient can be calculated directly from AA; and the substrate
concentration used. It should be noted that each single trace
in Figure 6A represents a large number of traditional initial
rate measurements and covers concentrations of substrate
ranging from well above Ky, to zero. To emphasize this, the
inverse of the first derivative of a reaction trace for the wild-
type E. coli dUTPase was plotted as a function of the reverse
residual substrate concentration, generating the Lineweaver—Burk
diagram in Figure 7. The tendency to an upward curvature
at high [S]™! is a consequence of the fact that the plot was
generated using the total residual [S], which (with Cg &~ Ky
~ 0.2 uM) has a significant contribution from [ES] toward
the end of the reaction. The latter fact makes a numerical
fitting more appropriate than fitting of the implicit integrated
rate equation.
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FIGURE 7: Lineweaver—Burk representation of a reaction trace,
obtained with the pH indicator method by reacting the wild-type
E. coli dUTase (0.2 uM) with dUTP-Mg (2 uM) in the standard
reaction solution.
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Direct Comparison of Substrate Binding Kinetics. The
kinetics of dUTP+Mg binding to the wild-type and S72A E.
coli dUTPases were studied in parallel under pseudo-first-
order conditions. These studies were performed at pH 6 and
with MgCl, reduced to 20 uM, both measures taken to
provide a suitable signal. The pKy of the nucleotide phosphate
moiety is 6.55 (/1) so, at pH 6, the nucleotide will exist
primarily as (dUTPH?"). At the same pH, the K, of the
dUTP-Mg complex is increased (1 + 10°X~7H) times, that
is, from 47 to 214 uM, so, with dUTP also at 20 uM, there
is essentially no preformation of dUTP-Mg. However,
addition of enzyme to this system will trigger formation of
the respective enzyme substrate complex and cause displace-
ment of the substrate-bound H™ in direct proportion to the
amount of complex formed. The proton expelled is detected
instantaneously by the pH indicator. To examine to what
extent binding of dUTPH?" to the enzymes interferes with
binding of the substrate proper, we determined K, for binding
of metal-free dUTP to the S72A dUTPase by frontal
chromatography at pH 6.0. The number obtained (49 uM)
indicates a much weaker binding of dUTPH?~ than of
dUTP*", and a maximum reducing effect on association rate
constants of 1 + Cyyrp/Ky, or 1.4. The kinetic properties of
the wild-type dUTPase are not much altered over the pH
range 6 — 9 (/1), and there is little to suggest that the S7T2A
mutant differ in this respect. We found that in the pH range
5.5—7.5, over which k., drops from 9 to 5.8 s™!, k’.., drops
from 0.014 to 0.008 s~' (this and related effects are
documented in SI). As a precaution, the two reactions were
studied in parallel and under identical conditions. As
predicted, when the wild-type and S72A dUTPases each were
mixed with the reaction solution described above, to final
concentrations of 4 uM, this resulted in a pre-steady-state
release of protons at exponentially decaying rates, as shown
in Figure 8. The associated time constants, r, were evaluated
by nonlinear regression using A = Ay + vat + AAe™ as
model for the reaction. In this model A is the absorbance at
time 7, AA the amplitude of the exponential phase of the
reaction, AA + Ay the initial absorbance, and v the steady-
state rate of absorbance change (set to O for evaluation of
the reaction traces obtained with S72A). With the wild-type
enzyme we obtained r = 84 s~!, and with the S72A mutant
we obtained r = 29 s~!. The time constants were interpreted
as shown by eq 4 (11).
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Because the factor Cuyrp/(1 + Kaurp-mo/[Mg?™]) was
identical in the two experiments, the sum k—; + k., = 12
s~ ! was subtracted from the time constant obtained with the
wild-type enzyme and k;/k’; calculated to be 72/29 = 2.5.
Using this ratio and k; = 47.6 uM™! s™!, as determined in
the viscosity measurements, k’; calculates to 19 uM~! g7,
Direct evaluation of k; and k’; by multiplying 72 and 29,
respectively, with (1 + Kuyrp-u/[IMg? 1)/Caurp gave k; =
42 uM~! s7land k', = 17 uM~! s7L. Taking into account
the inhibition by dUTPH?", these numbers convert to 59 and
24 uM™! s7!, respectively. Application of the viscosity
method on the wild-type enzyme at pH 6 gave k; = 66 uM ™!
s~!. The numbers thus derived for k’; are all consistent with
the number (17 s~!) obtained by the direct stopped-flow
fluorometric measurement.

Thermal Denaturation Studies. The intrinsic fluorescence
of the wild-type and S72A dUTPase forms decreased
sigmoidally with temperature (Figure 9). Taking the point
of inflection of each curve as the respective transition
temperature, we have 48 °C for the wild-type enzyme and
60 °C for the mutant. The former temperature is close to
the 49 °C reported earlier to represent a nonenthalpic
transition in the wild-type dUTPase (37). The reversible or
nondestructive nature of the process was confirmed by
incubating the respective enzyme at 60 °C for 10 min
followed by activity measurements at 25 °C. The activity of
both enzyme forms was retained completely following this
treatment (SI). Repeating the incubation at 70 °C led to
precipitation of both enzyme forms, consistent with a melting
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FIGURE 8: Comparative kinetics of formation of the enzyme—substrate
complexes of the wild-type and S72A E. coli dUTPases. The black
curves in panels A and B show the pH indicator absorbance changes
triggered at pH 6 by reacting dUTP (20 M) with the wild-type
and S72A mutant dUTPase, respectively, both at 4 uM and in the
presence of Mg?* (20 uM). The gray lines represent the kinetic
models with the best fit parameter values. The inset in panel A
displays the pH indicator absorbance changes associated with the
complete reaction catalyzed by the wild-type enzyme. Under the
conditions prevailing the net reaction is best described by dUTPH3~
+ H,O — dUMPH™ + (1 — n)H,PP~ + nHPP?~ + nH', where
n < 1/,. This explains the pH drop in the multiple turnover “steady-
state” phase of the reaction. The initial drop reflects the displace-
mentofthe substrate-bound H" upon formation of the dUTPase—dUTP+Mg
complex. Toward the end of the reaction the main event is the
decomposition of this complex, which results in the uptake of 1 —
n protons, consistent with the ascending tail of the course in the
inset.
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FIGURE 9: The effect of temperature on the intrinsic fluorescence
of the wild-type (@) and S72A (M) E. coli dUTPases.
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FiGURE 10: Fluorescence traces demonstrating different kinetics of
the denaturation of the wild-type and S72A E. coli dUTPases at 4
°C by GuHCI. The upper two traces were recorded at 1.5 M and
the lower two at 2.0 M GuHCI. In both sets, the upper trace
represents the S72A mutant form of the dUTPase. A double and
single exponential decay function was fitted to respectively the
S72A and wild-type traces recorded at 2.0 M GuHCI, and the best
fitted functions are superimposed as gray lines on the data traces.

temperature of 74 °C, reported for the wild-type E. coli
dUTPase (37).

Stability toward Guanidine Hydrochloride. At all concen-
trations of the chaotropic agent tested (1.5, 2.0, 2.5, and 4.0
M) most of the fluorescence decrease followed a single
exponential decay function with a rate constant that was
about twice as high for the wild type as for the mutant form,
indicating that the mutant is the more stable of the two forms.
Apart from the rate difference, at 2 M GuHCl, the fluores-
cence change of the mutant was initiated by a lag phase
(Figure 10) that could be observed with the wild type only
at the lowest concentration of GuHCI tested and where it
was even more extensive with the mutant form.

Binding of o, 3-Imido-dUTP+Mg. The K; for inhibition of
the wild-type E. coli dUTPase by the analogue was deter-
mined to 3.9 uM, in agreement with the number (5 uM)
previously reported (/0). At 50 uM, the analogue had no
obvious effect on the hydrolysis of dUTP-Mg (10 uM) by
the S72A mutant (4 4M), indicating that binding of the
analogue to the E. coli dUTPase is not significantly enhanced
by the mutation. Consistently, the K, for binding a.,3-imido-
dUTP-Mg to the mutant was determined by frontal chro-
matography to be 2.1 uM. The fact that the activity linked
to the mutant is not significantly affected by the inhibitor,
at a concentration that causes an apparent 14-fold increase
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FiGUure 11: Difference energy diagram, showing the effects of
changing serine 72 in the E. coli dUTPase to an alanine on the
energy of the reactant states in the dUTPase reaction. The states
are the free reactants (E + S), the transition state in substrate binding
(E~S¥), the enzyme substrate ground state (ES), and transition state
(EX*) complexes. If the 2.8-fold reduction in k; results from a
destabilization of E~S¥, rather than a stabilization of E + S, as
indicated here, the corresponding 2.6 kJ of energy should be added
to each bar.

in Ky for the wild-type dUTPase (to 3 uM), clearly indicates
that an endogenous dUTPase does not contribute to this
activity.

Hydrolysis of o, -Imido-dUTP. The analogue (20 uM) was
spontaneously hydrolyzed, and dUMP was the only nucle-
otide product detected by chromatography. Assuming a first-
order and complete decay, the rate constant was calculated
to ~1 x 1076 s7! based on the linear first 5% of the reaction.
The rate was not affected by the addition of the S72A
dUTPase (4 uM) but was reduced to about 0.7 and 0.6 x
107° s~ ! in the presence of 4 and 8 uM wild-type dUTPase.
The inability of the E. coli dUTPase to catalyze the
hydrolysis of the analogue contrasts to an earlier report,
which states that this occurs with a k. of 2 x 107 s7!, but
which does not consider the spontaneous hydrolysis (/0).

Summary of Results. Rate and equilibrium binding data
for the E. coli wild-type and S72A mutant dUTPases are
presented in Table 1. The effect of the S72A mutation on
the energies of the reactant states in the dUTPase reaction
were calculated based on the data in Table 1 and are shown
by the difference energy diagram in Figure 11.

DISCUSSION

A serine is strictly conserved at the active site of the
monomeric and trimeric dUTPases, as well as at the active
site of the likewise trimeric dCTP deaminases. To disclose
the role in substrate binding and catalysis of the conserved
serine side chain, we replaced S72 in the well-studied E.
coli dUTPase with an alanine. Our results show that, with
the hydroxyl group of the wild-type enzyme in place of the
hydrogen of the alanine mutant, &, is drastically enhanced.
They also show that this enhancement is caused as much by
a destabilization of the reactant ground state as by a
stabilization of its transition state (Scheme 2).

The opposing effects of the serine hydroxyl on the stability
of the two reactant states are not covered by the uniform,
specific, or differential binding effect of a functional group
discussed in the literature (38—40). The possibility that the
energetically opposite but catalytically cooperative effects
of the S72 hydroxyl group are exercised at different positions
will be discussed with reference to structural information
available and experimental support obtained here.
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Scheme 2
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Based on our observation that S72A (E’) is more stable
than the wild-type enzyme (E), both against a thermal
transition in the molecule and GuHCl-induced denaturation,
we conclude that some folding or assembly energy is used
to bring S72 into its position. From the atomic resolution
structure of the unligated E. coli dUTPase (/6) we learn that
the serine side chain reaches freely into a water-filled cleft
between the subunits, where it exhibits considerable con-
formational freedom. It is thus not obvious how the 5-OH
interferes with the folding or assembly of the protein. We
suggest, however, that with a hydrogen in place of the polar
hydroxyl, fewer water molecules are retained at the subunit
interface permitting a closer packing of the subunits, which
stabilizes the protein and causes it to associate more slowly
with its substrate (it is not a farfetched thought that the
transition states in enzyme denaturation and substrate binding
have features in common). However that may be, the
destabilizing effect of the $-OH on the free enzyme is
consistent, both with the observation that mutations that
stabilize enzymes also reduce their catalytic efficiency (41)
and with the view that polar groups are assembled into the
active site at the expense of folding energy (42).

The S72A mutation caused a net increase in substrate
binding energy of RT In(k—;k";/(k;k’~;) ~ 8 kJ mol~!. This
effect was shown to depend on the presence of the Mg?t
ion, which also appears to be required to bind the flexible
C-terminus on top of the active site in the bacterial dUTPase
enzyme substrate complexes (6). We take this to indicate
that the stronger binding in E’S compared to ES depends on
interactions involving primarily the flexible C-terminus. The
question then arises how this can be accomplished by
removing the 3-OH of S72. Our interpretation is that a more
favorable interaction with the C-terminus in E’S is made
possible by a narrowing of the intersubunit cleft. Now,
assuming that the hydroxyl group occupies the same position
in ES as in the DOON E. coli dUTPase—dUTP+Mg complex
(Figure 1B), a narrowing of the cleft in ES would be
prevented because of steric interference between the 5-OH
and the pyrimidine ring. At any rate, the ground state in ES
is destabilized compared to E’S by at least® 8 kJ mol~! and
must stop at just encounter strain or stress, possibly toward
the more narrow cleft and the more favorable interaction with
the C-terminus that we presume is realized in E’S.

2 If the higher k; of the wild-type enzyme results from a destabiliza-
tion of the reactants, as indicated in Figure 11 and Scheme 2, rather
than a stabilization of the transition state in substrate binding, then ES
would be destabilized by RT In(k—;/k’~;) ~ 10 kJ mol~! compared to
E’S.
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Regarding the orientation of the S72 side chain in ES, we
argue that thisis reproduced in the DOON dUTPase—dUTP Mg
complex. The alternative orientation, seen in complexes with
the o,fB-imido-dUTP+Mg substrate analogue, and which
results in formation of a hydrogen bond between the serine
p-OH and the o.,5-bridging nitrogen of the analogue (Figure
1C), could depend on the imido group being the hydrogen
donor, a possibility not previously discussed. This would be
consistent with our observation that, whereas the analogue
is spontaneously hydrolyzed at an appreciable rate, this
reaction is not catalyzed by the E. coli dUTPase. The small
effect of the S72A mutation on the binding of the analogue
is likely to be apparent only; i.e., the loss of the hydrogen
bond is compensated for by the same mechanism that
accounts for the much stronger binding of the substrate in
E’S than in ES.

The strain and stress encountered in ES would be of no
value to catalysis unless relieved in EX*, the enzyme
transition state complex. We therefore suggest that a nar-
rowing of the cleft occurs also in EX*. The question then is
how this is accomplished with the 5-OH of the conserved
serine in place? As a solution, we suggest that transition state
formation in the dUTPase reaction involves a rotation of the
S72 side chain around its o.—/3 carbon bond that brings the
hydroxyl group out of the cleft and into a position equal or
similar to that observed in the complexes of dUTPases with
o,B-imido-dUTP-Mg (Figure 1C). In this new position, it
may induce its second effect and electrostatically stabilize
the transition state. This may involve formation of a hydrogen
bond with the 8-OH as donor, either to the a,3-bridging
oxygen of the transition state or to a nonbridging oxygen of
a pentacoordinated a-phosphorus.

The conformational ambiguity of the conserved serine side
chain is observed also in the bifunctional dCTP deaminases:
the 5-OH of the M. jannaschii enzyme is hydrogen bonded
to the a,3-bridging nitrogen of a bound a,3-imido-dUTP-Mg
but points in an opposite direction in the corresponding
complexes with dCTP and dUTP (PDB 2hxd). In the
complex of an inactive mutant of the strict E. coli deaminase
with dCTP-Mg (I8), the position of the conserved serine
B-OH equals that observed in the D9ON dUTPase—dUTP-Mg
complex, discussed above (/0). In this position, it has been
implicated to promote the deamination of the pyrimidine (/8).
As absolutely conserved, the serine side chain is likely to
occupy the same position and have the same function in the
productive dCTP+-Mg complexes of all these dCTP deami-
nases. We suggest that the position of the conserved serine
side chain determines the order of events in the bifunctional
dCTP deaminases: only after the exchange of H,O for NH;
at the pyrimidine, the serine side chain is set free to promote
the hydrolysis of the triphosphate moiety by the mechanism
described above for the dUTPases.

In conclusion, we argue that the S72A mutation in the
E. coli dUTPase has generated a “transition state ana-
logue” of the enzyme, which reacts with the substrate to
release part of the energy normally released only upon
formation of the enzyme transition state complex and
which for this reason is catalytically compromised. We
suggest that this effect is associated with interactions
involving the flexible C-terminus. In view of the much
tighter binding in E’S than in ES we postulate that the
C-terminus is more intimately integrated with the active
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site in E’S and exhibits a more transition state-like
conformation than hitherto observed. Catalysis by the
mutant is further compromised by the loss of a potentially
transition state stabilizing polar group at the active site.

SUPPORTING INFORMATION AVAILABLE

Graphs describing (a) the dependence of pH on the activity

of the E. coli ST2A mutant dUTPase in the pH range 5—10.6,
(b) the effect of enzyme concentration on the activity of the
S72A mutant, (c) the effect on the wild-type and S72A
dUTPase activities at 25 °C of exposing them to elevated
temperatures in the range 20—60 °C, (d) the effects of
viscosity on the activity of the S72A mutant, (e) a plot of
1/keqs versus 1/1,. (wild-type enzyme data), and (f) a plot of
Kulke,s versus the concentration of sucrose (wild-type
enzyme). This material is available free of charge via the
Internet at http://pubs.acs.org.
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