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Abstract The kinetic properties of dUTPase from equine 
infectious anemia virus (EIAV) were investigated. KM 
(1.1 +0.1 gM) and k~t  (25 s n) were found to be independent 
of pH in the neutral pH range. Above pH 8.0, KM increases 
slightly. Below pH 6.0, the enzyme is rapidly deactivated. 
Detergent was found to enhance activity, leaving KM and k~,t 
unaffected. Compared to the Escherichia coil dUTPase, the 
EIAV enzyme is equally potent in hydrolyzing dUTP, but less 
specific. Inhibition of the viral enzyme by the nucleotides dTTP, 
dUMP and a synthetic analogue, 2'-deoxyuridine 5'-(ct,[3- 
imido)triphosphate, is stronger by one order of magnitude. 
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I. Introduction 

d U T P  pyrophosphatase  (dUTPase,  EC 3.6.1.23) catalyzes 
the hydrolysis of d U T P  to d U M P  and pyrophosphate  [1 3], 
thereby preventing hazardous incorporat ion of  uracil into 

DNA.  Mutants  with reduced dUTPase  activity exhibit DNA 
fragmentat ion with concomitant  increase in mutat ion and re- 

combinat ion [4]. dUTPase  has been reported from a variety of  
cellular and viral systems, it has been shown to be essential 
lot  the viability of  E. colt [5] and Saccharomyces  cerevisiae [6] 

and to be a target for a cytotoxic drug in human cancer cells 
[7]. The crystal structures of  dUTPase  from E. coli, man, and 

the retrovirus leline immunodeficiency virus have been solved 
[8 10]. 

The genomes o f  retroviruses are small and contain only a 
few genes, and the occurrence o f  an encoded dUTPasc in 
several o f  these viruses is therefore notable, dUTPase null- 
mutants o f  ]entiviruses, a subgroup o f  retroviruses, replicate 
to wi ld- type levels in d iv id ing cells, but are attenuated for  
repl icat ion m resting cells, in which the wi ld- type virus is 
able to replicate [ ] I  13]. Apparent ly ,  these viruses cannot 
depend on their host dUTPasc, which makes their dUTPascs 
possible targets for antiviral drugs. Kinetic and structural 
characterizations of  viral and host dUTPases  would be requi- 
sites for design of such virus-specific inhibitors. 
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To enable detailed studies of  the EIAV dUTPase,  a method 
for high-level overproduction of  recombinant  cnzymE has 

been developed in our laboratory [14]. ThE enzyme has rc- 
cently been crystallized [15] and X-ra~ studies arc under 

way. Here, we describe the kinetic properties of the euzymc, 
assessed mainly by using a stopped-flow spectrophotornetric 
method [16]. For  the first time, inhibition const~,tnls arid lurn- 

over rates for various nuclcotides arc presented for a viral 
dUTPase.  So lar. the only dUTPase  thoroughly characterized 

kinetically is the one from E colt [16]. Here. the kinetic con- 
stants t\3r the bacterial enzyme are compared with those ob- 

tained in the present study. 

2. Materials and methods 

2.1. ChemieaL~ 
2'-Deoxyuridine 5'-(o<~3-imidoltriphosphate ((,.[~-imido-dUTP) ~as 

synthesized as described [17]. Other nucleotides and pit indicators 
were from Sigma, USA. All other chemicals were of highest available 
quality. Nucleotides were purified on a Mono Q anion-exchange col- 
umn from Pharmacia, using 10 mM KC1 m a I() 200 mM HC1 gra- 
dient. Recombinant E1AV dUTPase, carrying an extra Met at the 
amino terminus not encoded in the native sequence [18], was prepared 
according to Bergman et al. [14], and slored at -20°C. The concen- 
trations of enzyme [I4,19] and nucleotides were determined speclro- 
photometrically (Shimadzu [IV- 160, Japan). 

2.2. Sl~eezroseolfie mollilor#1~ c~/ mu'leotide hv~h'olv.vis 
The kinetic properties o[" the EIAV dUTPase were studied b,x mix- 

ing enzyme and substrate in a slopped-flow spectrophotometcr (Dur- 
rum D130, USA), using a pH indicator as reporting agent [16]. The 
reaction ~as t\~llowed to completion under multiple (CI: <<[S},) and 
single (CI >> [S],,) turnover conditions. Experiments were carried out 
at 25°C with deaerated solutions of dUTPuse, nuc]eotides, bufl'er (50 
~JM to 1.3 mML indicator (5 25 p.M), and MgCI._, (5 mM. unless 
otherwise statedL keeping the ionic strength at 0,10 M with K('I. 
When used. the monodisperse detergent, octa ethylene glycol mono 
n-dodecylether (Cr_,E,, Nikkol Chemicals, Japan), was kept at a con- 
centration of 0.01%. (w/v). The indicator/buffer systems were bromo- 
thymol blue/MOPS (pH 6 8) and cresol red/BICINE (pH 7.4 9). The 
apparent pK. wdues of the indicators were determined by titration, in 
the stopped-flm~ apparatus, of solutions identical to lhose used in lhe 
kinetic experiments, but without enzyme and substrate. 

Multiple turnover was accomplished by reacting 0.04 0.50 b[M 
dUTPase with 6 25 ~M dUTP. The inhibition by nucleotides other 
than dUTP was studied by including inhibitor at 5 I{) differenl con- 
centrations ranging flom zero to twice the K~ of the inhibitor. 1",,,,,:, 
Kxl and K, were evaluated by fitting the integrated Michaelis-Menten 
equation to the resulting absorbance traces [16,20]. Data poinls in the 
region of equilibrium and the immediate start of the trace were omit- 
ted (l-'ig. I AI. The reproducibility o|" the method was tested by delcr- 
mining the Kxl of  E. colt dUTPase at pl-I 7.8 [16]. 

Single turnover of the dUTPase-dUTP system was efliectuated by 
mixing 5 35 btM dUTPase with (1.5 1 laM dt~TP. The rate conslant 
observed for the exponential absorbance traces is given b x l,,,b,,-~1,,.~/ 
(I+Kxl/CI) [16] The measurements were conducted wilh no buffer 
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added to the system, and with saturating enzyme concentration (due 
to the low signal to noise ratio obtained at low enzyme and substrate 
concentration) giving k,,~,~ ~ k,,~t. 

The single-turnover approach was not applicable when determining 
k,,~t for dCTP, due to the high Ki for this nucleotide. Instead, the 
constant was determined at multiple turnover conditions by mixing 
enzyme with dCTP at a subsaturating concentration, dUTP at a sat- 
urating concentration was included as internal standard. This resulted 
in a biphasic curve (Fig. 1B), the first phase reflecting the complete 
hydrolysis of dUTP at a rate given by kca,,dt:Tl' X [dUTPase], and the 
second one the slow hydrolysis of dCTP at the rate 
kc~.d(:xp × [dUTPase] x [dCTP]0/([dCTP]0+Ki.acTp). k,~t.,l(,~i,~, was ob- 
tained by dividing the slope of dCTP hydrolysis with the slope of 
dUTP hydrolysis and substituting with the values for Ki.dCTV and 
kcat.dlTTP determined as above. 

The effect of detergent was analyzed by combining the results from 
single- and multiple-turnover measurements. The fraction of available 
active sites in the presence and absence of detergent was estimated as 
Vmax/k(at.dUTt, divided by the spectrophotometrically determined en- 
zyme concentration. 

2.3. Chromatographic analysis of nucleotide hydrolysis 
Reaction mixtures (200 gl) with cresol red (15 gM), BICINE (2 10 

mM) pH 8.0, MgCI2 (5 mM), KCI (85 raM), dUTPase (10 gM) and 
nucleotide (380 gM) were incubated over night at 25°C. Each tube 
had a reference treated in the same way but without enzyme. To 
calculate kcat/KM for dCTP, the exponential rate constant for dCTP 
hydrolysis was determined at known concentration of active enzyme 
by taking samples at time intervals and quenching by the addition of 
EDTA (final concentration, 50 mM). After chromatography on a 
Mono Q column as described in section 2.1, hydrolysis was estimated 
as the change in the absorbance-peak area on the chromatogram. 

3. Resul ts  

3.1. Measurements at multiple turnover conditions 
As demonstrated by Fig. IA, the integrated Michaelis- 

Menten equation could be nicely fitted to the data obtained 
by continuous spectroscopic monitoring of  multiple-turnover 
hydrolysis of  dUTP.  There was no second-order dependence 
on substrate concentration (which could indicate cooperativity 
between the subunits). KM and V, ..... were insensitive to var- 
iations in the composit ion of  the reaction mixture, e.g., var- 
iations in buffer concentration, increase in the Mg 2+ concen- 
tration up to 20 raM, and the interchange of  the two 
indicator/buffer systems in an overlapping pH interval (pH 
7-8). As judged by V, ...... k~,t is relatively constant over the 
pH range investigated. However,  at low pH, the stability of  
the enzyme is poor :  at pH-< 6, the activity decreases rapidly 
and irreversibly. KM is a constant 1.1+0.1 gM between pH 
6.2 and 8.0. It raises slowly above pH 8.0, to reach 1.4 ~tM at 
pH 9.0. The hydrolysis product,  d U M P ,  as well as the other 
nucleotides investigated caused competit ive inhibition (Table 
1 and Fig. 1B). The concerted inhibitory effect of  d U M P  and 
PP~ was not significantly different from the inhibition by 
d U M P  alone. 

Chromatographic  experiments showed that the EIAV dUT-  
Pase hydrolyzes UTP,  dTTP and dCTP to their corresponding 
monophosphates ,  with no nucleotide diphosphate formed. 
d U D P  and c~,13-imido-dUTP are not hydrolyzed by the viral 
enzyme. 

3.2. Turnover-rate constants 
The V, .... values obtained indicate a k~,t for d U T P  greater 

than 10 s 1 and approximately constant in the neutral pH 
range. When the concentration of  enzyme was increased, the 
reaction curve obtained at multiple-turnover conditions (Fig. 

1) gradually changed into an exponential course of  reaction. 
At  saturating enzyme concentration (i.e., at single-turnover 
conditions) and pH 7.4, a first-order rate constant of  around 
25 s ~ was obtained (Fig. 2). Similar exponential rates were 
obtained from single measurements using a saturating enzyme 
concentration at pH 7.0 and pH 8.0, which confirmed that kc~t 
is approximately constant in the neutral pH range, k,,at for 
dCTP was estimated by measuring relative rates of  dCTP and 
d U T P  hydrolysis (Fig. 1B). This value together with the K~ 
determined for dCTP is in accordance with the apparent sec- 
ond-order rate constant, kcat/KM, determined chromatograph- 
ically for dCTP (Table 1). dTTP is hydrolyzed at a signifi- 
cantly lower rate, i.e. kcat.dTrP <0 .5  S 1, and was not 
investigated further (Fig. 1B). 
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Fig. 1. (A) dUTP (8.9 gM) hydrolyzed by EIAV dUTPase (0.2 glM 
active sites) at pH 7.8 and multiple-turnover conditions. The best fit 
of the integrated Michaelis-Menten equation is superimposed 
(Kxl=l.1 gM, and V . . . . . .  =2.5 gM/s). (B) Hydrolysis of 10.9 IaM 
dUTP with dCTP (1.9 mM) or dTTP (250 gM) present. After the 
hydrolysis of dUTP has reached completion, hydrolysis of dCTP 
and dTTP continues at a slower rate. The hydrolysis of dCTP is 
clearly visible, while that of dTTP is too slow. Inset: Inhibition of 
dUTP hydrolysis by dTTP (apparent KM for dUTP as a function of 
the concentration of dTTP). 
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3.3. Eff~,ct qf detergent  
Upon the addition of  detergent, the activity of  the E1AV 

dUTPase  increases, as noted previously [14]. V, ..... was found 
to increase by 70 90%. while Kxl remained unaffected. The 
integrated Michaelis-Menten equation could be nicely fitted 
to the multiple-turnover data. Also k,.,t was found to be un- 
affected, according to single-turnover experiments carried out 
as described in Fig. 2 but with detergent present (Table 1). 
This result indicates that the increase in activity upon addition 
of detergent is due to an increase in the fraction of  available 
active sites. Without  detergent, this fraction was estimated to 
30 50%, occasionally as low as 10%. In the presence of  de- 
tergent, the fraction increased to 70 90% of the total amount  
of  sites present. 

4.  D i s c u s s i o n  

Earlier investigations of  cellular dUTPases in general report 
a low KM (0.1 12 btM) and a dependence upon divalent metal 
ions such as Mg 2~ [3,9,16,21 24]. Similar properties have been 
reported t\~l" viral dUTPases,  with K M < I  pM [12,25 27]. 
However,  up to now, the only dUTPase  for which turnover 
numbers and inhibition constants for nucleotides have been 
investigated is the E. coil dUTPase  [16]. Here, we present 
those constants tbr the EIAV dUTPase  and compare them 
with those of  the bacterial enzyme (Table 1). 

Among  the properties of  the E1AV dUTPase  are a low Kxi, 
a broad pH optimum (in contrast to the narrow one reported 
for the dUTPase  of  the feline immunodeficiency virus), and 
first order Michaelis-Menten kinetics (contradicting the pro- 
posal that the intertwined quaternary structure of  trimeric 
dUTPase should render its active sites cooperative [9]). The 
EIAV dUTPase  is a potent catalyst of  d U T P  hydrolysis. Its 
specificity constant (k,.,~JKx[) for d U T P  is close to the diffu- 

Table 1 
Kinetic properties of the EIAV dUTPase at pH 8 (unless otherwise 
stated) 

Nucleotide species EIAV dUTPase E. coli dUTPase 

dUTP -- 
Kxl (}aM, pH 6.2 8.0) 1.1 _+0.1" 0.2 
/,,,t {s ], pH 7.41 25" 7 
~',~,t/Kxl (m Is ill, 2×107 3.5X10 r 

dCTP 
Kx] (~a M)' 3000 4000 
k,~t (S 1) 2 0.4 S ii, 
k,[t/Kxl (M is I) 1000 100 

dTTP 
Kxi (BM) < 260 ± 20 > 20000 i' 
k,.,~ (s i} <0.5 - 
k,.,,llK\[ (M ts i} <2000 i, 

Ki of non-substrate species 
0t,13-iinido-dtITP (p.M) 0.60±0.03 5 <l 

dUDP (p.M) 3.6_+0.1 15 
dUMP (pM) 130_+ 10 1500 

150_ + 10 (pH 7) 150 (pH 5) 
deoxyuridine (BM) 1500 + 50 [ 000 

The kinetic constants (with standard deviations) were assessed as de- 
scribed in Section 2. As a comparison, the properties of the El coli 
dUTPase are also included [16], see Section 4. 
~The same values were also obtained with 0.01% (w/v) of the deter- 
gent CI,E, added, i'Calculated value. ~KM ~Ki. <1117]. 
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Fig. 2. dUTP hydrolysis catalyzed b.',. EIAV dUTPase at single-turn- 
over conditions at pH 7.4 and exponential regression of the data 
(grey). Inset: the rate constants (k,,~,~) obtained at difl'crent concen- 
trations of dUTPase (CI:, active sites). The equation l,'<,i,,=k,,~/ 
(l+Kx[/Ci:) [16] is fitted to the data. tisiug ;i K\I of l.l ,tiM, to give 
a k,,,, of 25 s i 

sion controlled rate limit, as l\}und for the E. coil dUTPase 
[16]. However. it is significantly less specific and exhibits a 
specificity constant for dCTP ten times that of  the E. coil 
dUTPase.  Also, despite a five times higher Kxl for dUTP,  
the binding of  the analogous nucleotides dTTP, (x,~-imido- 
d U T P  and dUMP,  is at least one order of magnitude stronger 
in the viral dUTPase (Table 1). If Kxi li)r d U T P  is used to 
normalize inhibitor binding by the two enzymes (which is 
allowed if the association rate constant of  substrate and en- 
zyme is assumed to be equal in the two systems), the binding 
discrimination between dUTP and the other nucleotides 
would be more than 40 times better by the E. coil dUTPase 
than in the case of the EIAV enzyme. For dtTDP, the factor 
would be greater than 20. These observations are interesting, 
since viral dUFPases  have earlier been reported to be highly 
specific [12,27]. 

The data reported here should l:acilitate an understanding 
of  the molecular interactions between enzyme and substrate. 
In the absence of  the crystal structure, the lbllowing observa- 
tions can be made. In the E. coli dtlTPasc,  d U M P  is bound 
more weakly than dUrd,  which suggests a repelling force act- 
ing on the o~-phosphate of  a nucleotidc when bound to the 
active site. In the EIAV dUTPase,  d U M P  is instead bound 
more strongly than dUrd. Comparison of Kxi<~ i i', /Q<i~:i~i', 
Ki.4t ~li' and K ,il ,4 of  the two enzymes at ptt  8 suggests that, 
in the viral d t T P a s e - d U T P  complex, the triphosphate moiety 
is bound mainly via the c~- and [3-phosphates, whereas in the 
complex with the bacterial enzyme, il is bound preferentially 
via the [3- and y-phosphates. This notion is consistent with the 
weaker binding of  magnesium pyrophosphatc to the vil+al 
dUTPase  than to the bacterial enzyme [16]. 

dTTP is bound more strongly by the EIAV dUTPase com- 
pared to the bacterial dUTPase,  with a Ki for dTTP lower by 
2 orders of  magnitude. Predicted l'rom structural data for the 
E. coli and human dUTPases,  the binding of  dTTP is pre- 
vented by a steric clash of  the th,,mine methyl group with 
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residues in the wall of  the nucleotide-binding pocket [8,9]. 
According to our kinetic data, the pocket of  the EIAV dUT-  
Pase would be more prone to accept the methyl group. How- 
ever, the k,,~,t for dTTP is low, suggesting that the enzyme 
dTTP complex is distorted and non-optimal for hydrolysis. 
dCTP is weakly bound by both enzymes. However, for the 
EIAV dUTPase,  k,.~.,icrl, is fairly high. The data obtained 
here will be useful in a mechanistic interpretation of  a future 
X-ray structure of  the EIAV dUTPase,  and in understanding 
the role of  dUTPase in the life cycle of  lentiviruses. 
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