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ABSTRACT: The kinetics and thermodynamics of the reductive half-reaction of xanthine oxidase with xanthine 
as substrate have been investigated by stopped-flow kinetic measurements. The temperature dependence 
of the steady-state and transient kinetics of the reductive half-reaction reveals the existence of a t  least three 
molecular intermediates during this half-reaction. All the microscopic rate constants and the thermodynamic 
activation parameters of the elementary steps of the reductive half-reaction have been determined for the 
first time. The microscopic rate constants and the thermodynamic activation parameters of the individual 
steps show wide variations in their magnitudes. The present work provides the most detailed and incisive 
description of the reaction of xanthine oxidase with its physiological substrate xanthine. 

Xanthine oxidase (xanthine:oxygen oxidoreductase, EC 
1.2.3.2) is a complex metallo-flavo enzyme with two inde- 
pendent subunits each containing four redox centers: a 
molybdenum(V1) center; two iron-sulfur (2Fe-2s) clusters, 
called Fe-S I and Fe-S 11; and a flavin adenine dinucleotide 
(FAD) unit (Bray, 1975, 1988; Hille & Massey, 1985). 
Xanthine oxidase (XO) catalyzes the oxidation of xanthine 
in the presence of oxygen to form uric acid, and in the process, 
hydrogen peroxide or superoxide radical is formed from 
oxygen. The steady-state conversion reaction of xanthine to 
uric acid by the oxidized form of the enzyme is known as the 
reductive half-reaction, while the conversion of oxygen to 
hydrogen peroxide by the reduced enzyme is known as the 
oxidative half-reaction. The molybdenum cofactor of the 
enzyme consists of a molybdenum pterin ring, and the 
molybdenum atom is bonded to a sulfur atom by a double 
bond (Mo=S). The presence of a sulfur atom has been shown 
to be catalytically important (Kramer et al.,  1987; Wilson et 
al., 199 I) ,  as it takes part in simultaneous nucleophile-hydride 
transfer during the reductive half-reaction, making partial 
negative charge in the substrate, which helps the formation 
of uric acid (Skibo et al., 1987). The reductive half-reaction 
takes place at the molybdenum center of the enzyme (Bray 
et al., 1964; Hille et al., 1989). Xanthine transfers two 
electrons to the molybdenum atom and reduces the enzyme 
chromophores, resulting in a decrease of the absorbance in 
the optical spectrum. During the reductive half-reaction, 
intramolecular electron transfer (ET) takes place within four 
redox centers of the enzyme (Olson et al.,  1974a,b). The 
steady-state kinetics of the reaction of XO with various 
substrates has been studied extensively (Bunting & Gu- 
nasekara, 1982; Morpeth, 1983; Skibo, 1986; Skibo et al., 
1987; Escribanoetal., 1988; D'Ardenne & Edmondson, 1990; 
Hille & Massey, 1991; Rubbo et al.,  1991; Radi et al., 1992) 
and so has the reductive half-reaction of XO (Olson et al., 
1974a,b; Daviset al., 1982, 1984; McWhirter & Hille, 1991; 
Hille & Massey, 1991; Kim & Hille, 1993). Olson et al. 
(1 974b) studied the steady-state and transient kinetics of the 
reaction of xanthine with XO and suggested a two-step 
breakdown of the enzyme-substrate complex. The difficulty 
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in detecting the intermediates of the reaction of xanthine with 
XO is due mainly to their very rapid formation. Skibo et al. 
(1987) have studied the steady-state kinetics of the reaction 
of XO with quinazoline and have suggested a three- 
intermediate mechanism of the reductive half-reaction. The 
steady-state and reductive half-reaction studies of XO with 
2-hydroxy-6-methylpurine as substrate have been reported 
by McWhirter and Hille (1 991), which also show the existence 
of three intermediates. Kim and Hille (1993) showed the 
existence of three intermediates during the reductive half- 
reaction with xanthine as substrate. Two of these intermedi- 
ates differ only in the oxidation state of the molybdenum 
atom. Xanthine is the physiological substrate for XO. Despite 
several previous studies, the mechanism of the reductive half- 
reaction involving different microscopic rate constants and 
their thermodynamic processes throughout the individual steps 
of the half-reaction is not yet fully understood, nor is there 
any kinetic and thermodynamic characterization of more than 
two intermediates in the molecular mechanism of the reductive 
half-reaction of XO with xanthine as substrate. The need for 
an understanding of these aspects of the reductive half-reaction 
has led us to the present detailed study of the reaction of XO 
with xanthine. 

We have used the rate of the reduction of enzyme 
chromophores by xanthine as a probe for determining the 
binding and kinetic parameters of the intermediate molecular 
complexes. The effect of temperature on the steady-state 
and reductive half-reactions has been studied to detect the 
intermediates involved and to determine the kinetic and 
thermodynamic parameters of elementary reactions. Our 
results suggest that there are at least three intermediates 
observable during the reductive half-reaction of XO when 
xanthine is used as substrate. The kinetics and thermody- 
namics involved with these intermediates have been investi- 
gated. The study allows us to construct an energy diagram 
of the species involved in the reductive half-reaction of XO 
with xanthine. 

MATERIALS AND METHODS 
Fresh unpasteurized cow's milk was obtained from Aarey 

Milk Colony, Goregaon, Bombay. XO was isolated by the 
reported procedure (Massy et al., 1969). The activity of the 
enzyme was measured spectrophotometrically by monitoring 
the formation of uric acid from xanthine at 295 nm. The 
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calculated AFR (activity to flavin ratio) value of the enzyme 
was in the range of 100-120 which corresponds to 45-55% 
functional enzyme (Edmondson et al., 1972). The concentra- 
tion of the enzyme was determined spectrophotometrically by 
using the molar extinction coefficient of the enzyme as 37 800 
M-l cm-l at 450 nm (Massey et al., 1969). 

Analytical grade buffers were used. The experiments were 
done in 100 mM NaH2P04 buffer, pH 7.1. 

The oxygen concentration in the sample was measured by 
an oxygen electrode. The concentration of oxygen in the 
sample and buffer was increased by purging with high-quality 
oxygen gas. The conversion reaction of NADH to NAD 
catalyzed by submitochondrial particles was used for stan- 
dardizing the electrode. All spectrophotometric experiments 
were performed on a Shimadzu UV-2 100 spectrophotometer. 

The stopped-flow kinetic experiments were performed on 
a Biologic-made (Instruments de Laboratories) stopped-flow 
machine (SFM3) with three microprocessor-controlled 
(MPS5 1) machined syringes. Measurements were done 
spectrophotometrically by monitoring the wavelength of 
interest. For the steady-state studies, the syringes were loaded 
with oxygen-purged samples. The temperature of the syringe 
reservoir was maintained within f 0 . 5  "C using a circulating 
water bath. Sufficient time was allowed to reach each desired 
temperature. The transient kinetic studies were performed 
by loading the argon-purged anaerobic samples. The experi- 
ments were performed within 2 h of loading the samples. Two 
syringes were used for mixing the samples. Whenever 
necessary, the samples were properly diluted using buffer from 
the third syringe. Thedata for the rapid kinetics were analyzed 
from the exponential fitting using Biologic-developed software. 

Steady-State Kinetics. The ping-pong mechanism for the 
steady-state formation of uric acid from xanthine catalyzed 
by XO can be represented by considering the two independent 
half-reactions (Hille & Massey, 1991). These reactions can 
be described by considering the model that xanthine binds to 
XOvery rapidly, forming an enzyme-substratecomplex, which 
subsequently breaks down to the product uric acid by the 
transfer of two electrons at a comparatively lower rate (Olson 
et al., 1974b). The mechanism of the reactions is given as 
(Hille & Massey, 1991) 

reductive half-reaction 
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ki  k2 
(XO),, + Xan + (XO),,.Xan - (XO),, + urate (1) 

k-i 

oxidative half-reaction 

k3 k4 

k-3 
(xo),,d + 0 2  (xo),4*02 --* (xo)ox + H2°2 (Or O2-) 

(2) 

The following steady-state rate equation can be derived 
from the above reaction scheme using the general procedure 
of King and Altman (1956) (Radi et al., 1992): 

Mondal and Mitra 

where 

yo is the initial steady-state rate for the conversion of 
xanthine to uric acid. KmXan and Kmo2 are the apparent 
Michaelis constants for xanthine and uric acid, respectively. 
V,,, is the maximum velocity for the overall steady-state 
turnover of the enzyme. [Xan]~ ,  [ 0 2 ] 0 ,  and Eo are the initial 
concentrations of xanthine, oxygen, and XO, respectively. 
Under the condition [ 0 2 ] 0  >> K m 0 2 ,  eq 3 can be written as 

(4) 

A plot of 1/70 vs l/[Xan]o is a straight line, which 
determines values of KmXan and Vmax. 

Transient Kinetics. The reductive half-reaction of XO with 
xanthine can be monitored anaerobically by observing the 
enzyme absorbance in the visible region. The measurements 
of this half-reaction show a monophasic exponential decrease 
in absorbance, indicating that only the overall rate of the 
reductive half-reaction can be measured and the substrate 
binding process is too fast to be observed on this time scale. 
The pseudo-first-order rate constant (Kobs) of the reductive 
half-reaction of the enzyme can then be given as below (Olson 
et al., 1974a,b; Davis et al., 1984): 

A plot of Kobs-l against [Xanlo-' would allow determination 

Determination of Microscopic Rate Constants. From eq 
of the dissociation constant (KD)  and k2. 

3, we can write 

Combining with eq 5, eq 6 can be rearranged to 

Vmax 

(7) 

The values of KD (k - l /k l )  and k2 are known from eq 5 and 
KmXan and V,,, from eq 4. Thus, eq 7 can be used to obtain 
the value of kl .  Substitution of kl in eq 5 would then give k-1. 

Olson et al. (1974b) have suggested a two-step breakdown 
of the enzyme-substrate complex of the reductive half-reaction 
(eq 1) which considers the existence of the enzyme-product 
complex as intermediate. This conversion can be represented 
as (Olson et al., 1974b) 

Thus the rate constant value k2 can be given as (Hille & 
Massey, 1991) 

k21k21' 1 1 1 
k2 = ,, or - = 7 + - k,'+ k ,  k ,  k2 k2" (9) 

The Arrhenius equation ( k  = A exp(-E/RT)) for the 
microscopic rate constant can be introduced into eq 9 to obtain 
an expression for the temperature dependence of the rate 
constant due to the breakdown of the enzyme-substrate 
complex. The expression can be written as 
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where A2/ and A2" are the frequency factors for the 
corresponding individual reactions. E2' and E2" are the 
corresponding activation energies. The temperature depen- 
dence of k2 can be fitted to eq 10 to obtain A2', A2/', E2/, and 
E2/', which allow the determination of the rate constant values 
k i  and k2" with the help of the Arrhenius equation. 

Determination of Thermodynamic Activation Parameters. 
Since all the microscopic rate constants ( k l ,  k-l, k2/, and k2") 
for the reductive half-reaction can be calculated by methods 
described above, the temperature dependence of the steady- 
state and transient experiments can be used to calculate the 
enthalpy ( A H * ) ,  free energy (AG*), and entropy (AS*) of 
activation of the individual steps of the enzymatic reactions. 
The equations relating these thermodynamic parameters are 

AH* = E,,, 4- R T  (11) 

k = - ~ B T  exp( -AG* m) 
h 

or 

k = - e x p ( s ) e x p ( x )  kBT -AH* (13) 
h 

where kB and h are the Boltzmann constant and Planck's 
constant, respectively. The thermodynamic parameter for 
the binding of xanthine to XO was calculated from the van't 
Hoff equation given as 

-AH AS 
log KD = ( W T )  -I- R 

A G = A H - T A S  (15) 

RESULTS 

Steady-State Measurements of the Reaction of XO with 
Xanthine. The steady-state measurements of XO-catalyzed 
oxidation of xanthine to uric acid were carried out between 
14 and 42 OC by monitoring the increase of uric acid absorption 
at 295 nm. The oxygen concentration was kept constant at 
5 15 pM for all individual experiments; the oxygen concentra- 
tion is thus about 10 times larger than its Michaelis constants 
(Kmo2 = 50 pM) (Massey et al., 1969; Olson et al . ,  1974a). 
The higher concentration of oxygen simplifies eq 3 (in the 
limit of [ 0 2 ]  >> Km02) and makes the analysis of the 
experimental data easier (see eq 4). The steady-state 
production of uric acid with time was found to increase with 
the increase in the concentration of xanthine (plot is not shown). 
The Lineweaver-Burk (LB) (Lineweaver & Burk, 1934) plot 
of the steady-state kinetics in this temperature range is shown 
in Figure 1. The straight line behavior of the experimental 
results in Figure 1 is consistent with eq 4 under the experimental 
condition [04 >> Kmo2. By fitting the data to eq 4, KmXan and 
Vmax were calculated at different temperatures. These values 
are listed in Table 1. Our value of KmXan at 25 O C  (4 pM) 
is in agreement with that reported earlier (Olson et al., 1974a; 
Escribano et al., 1988; Morpeth, 1983; Jezewska, 1973; Hille 
& Massey, 1991). A logarithmic plot of KmXan against inverse 
temperature shows a nonlinear behavior with KmXan being 
minimum at about 25 "C (Figure 2A). The nonlinear 
dependence of KmXan on temperature is, however, expected 
from eq 3, since KmXan is composed of linear combinations of 
the microscopic rate constants which are individually related 
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FIGURE 1 : Lineweaver-Burk plot for XO-catalyzed steady-state 
production of uric acid from xanthine, performed by stopped-flow 
kinetic measurements. The formation of uric acid at  295 nm was 
monitored at  different temperatures a t  pH 7.1. The straight lines 
drawn through the points are a t  42 O C  (O) ,  37 OC (0), 30 OC (v), 
25 OC ( O ) ,  20 OC (A), and 14 OC (0). The enzyme concentration 
was 1.1 X 1 O-' M, and the oxygen concentration was kept constant 
at  515pM. Thevaluesoftheapparent KmXmand V-werecalculated 
from the slope and the intercept of the different straight lines. 

Table 1 : Steady-State and Transient Kinetic Parameters 

T(OC)  KmXan (pM) (pM min-') (min-I) kz (s-l) KO (pM) 
14 8.3 1.6 0.9 1.4 5 
20 1.9 9.4 1.1 2.1 8 
25 4.0 15 3.5 8 12 
30 5.9 22 3.8 10 14 
31 1.1 35 4.5 15 19 
42 12 68 5.1 22 22 
50 25 26 

Vmax Vmax JKmxan 

- - - 

k' -4 .8 

-5.2 
-5.6 

+ 

3.2 3.3 3.4 3.5 

FIGURE 2: Logarithmic plot (A) of KmXan against 103/T for the 
steady-state conversion reaction of xanthine to uric acid catalyzed 
byXOat pH 7.1. Thelogarithmicplotof Vm',,against 103/Tobtained 
from the same steady-state experiments has been shown in B. 

to temperature by the Arrhenius equation. Vmax, on the other 
hand, shows a linear variation with temperature (see Figure 
2B). The linear dependence of V,,, on temperature indicates 
that this velocity is controlled mainly by one composite rate 
constant, though eq 3 shows that V,,, depends on both k2 and 
kq. Since V,,, appears to depend on only one "composite" 
rate constant, the data in Figure 2B were used to evaluate the 
corresponding activation energy with the help of the Arrhenius 
equation, which gives the value of EaCtvmx as 14 kcal/mol. 
Vmax/KmXan is related to the specificity of the enzyme and was 
found to increase with temperature (see Table 1). The 
activation energy obtained from the Arrhenius plot (not shown 
here) of Vmax/KmXan vs inverse temperature was found to be 
11 kcal/mol. 

Reductive Half-Reaction of XO with Xanthine. The 
mechanism of the reductive half-reaction of XO involves the 
transfer of six electrons to the enzyme in three consecutive 
steps. Davis et al .  (1982) and Olson et al. (1974b) have 
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FIGURE 3: Typical stopped-flow trace for the change in absorbance 
of the anaerobic transient reaction of XO (4.8 pM) with xanthine 
(63 pM) a t  pH 7.1 showing the decrease in enzyme absorbance at  
450  nm. The line drawn through the experimental trace is the 
computer fit to the single-exponential function At = A0 exp(-kt) + 
B, where Af  is the absorbance signal with time, A0 is the amplitude 
of the absorbance change, k is the observed rate constant, t is the 
time in seconds, and B is the equilibrium signal absorbance (offset). 
Upper curve in the figure: the residual (A,k - ACPlC) plot shows the 
accuracy of the computer-generated fit. The inset in the figure shows 
a representative plot of KOb-l of the reductive half-reaction against 
[xanthine]-1. The solid line in the inset through the experimental 
points is the fit of the experimental data to eq 5. 

observed a monophasic decrease in the enzyme absorbance 
and explained it on the basis of eq 1. We have carried out 
temperature dependent reductive half-reaction studies at 450 
nm for different concentrations of xanthine by stopped-flow 
technique. The reaction of xanthine with XO decreases the 
absorbance of the oxidized form of the enzyme at 450 nm. 
Figure 3 shows the trace of such experiments at 25 OC, which 
was fitted to a single exponential function to determine the 
pseudo-first-order rate constant ( K o ~ ) .  The plot of Kobs-l vs 
[Xanl-' gives a straight line, which readily allows determina- 
tion of the dissociation constant (KD) and k2 (see eq 5 ) .  One 
such plot at 25 O C  is shown as an inset in Figure 3. Similar 
studies were carried out at different temperatures, which gave 
the values of KD and k2 between 14 and 50 OC. These values 
are listed in Table 1. The values of k2 and KD have previously 
been reported at 25 OC (7.7 and 5 pM, respectively, at pH 
6.0) (Olson et al.,  1974a). Our value of k2 agrees with the 
reported one. However, the value of K D  obtained from our 
measurement is higher than the reported value. This may be 
due to the difference in pH (7.1 as compared to 6.0 in the 
reported experiment) in the two measurements. Using the 
steady-state (KmXan and Vmx) and transient kinetic parameters 
(KD and k2), the rate constants kl and k-1 were calculated at 
different temperatures (see eqs 5 and 7), which are listed in 
Table 2. The thermodynamic parameters (AH, AS, and AG) 
associated with the binding of xanthine to XO were calculated 
using eqs 14 and 15 from a linear logarithmic plot of KD vs 
1 / T (not shown here). A H  was considered to be temperature 
independent in the temperature range of the present study 
(Moratal et al., 1992). The values of AH, AS, and AG were 
found to be 8.2 kcal/mol, 2.1 cal mol-' deg-l, and 7.6 kcal/ 
mol, respectively. The activation energy calculated from the 

Table 2: Microscooic Rate Constants at Various TemDeratures 
T ("C) kl (M-I s-') k-l (s-') k2' (s-') k2" (s-') 

14 2.8 x 105 1.5 82 1.4 
20 4.0 x 105 3.3 66 3.6 
25 2.3 X lo6 28 55 7.4 
30 2.6 X lo6 35 46 15 
37 5.9 x 106 112 37 39 
42 8.6 X lo6 197 31 76 
50 24 208 - - 

0.6 

0.4 J" 
aN 0.2 

L U  

, 
3.0 3.1 3.2 3.3 3.4 3.5 

1 0 ~ 1 ~  (K-') 
FIGURE 4: Arrhenius plot (A) of the rate constant (k2) for the 
dissociation of the enzyme-substrate complex showing nonlinear 
dependence on inverse temperature. The solid line indicates the trend 
of the data points. The plot of 1 /k2 against 1 / T has been shown in 
the upper panel (B). The diameter of the circles in B represents the 
error in data. The solid line through the points is the fit to the 
experimental data according to eq 10 with Ad (1.36 X lO-a), A2)' 
(3.61 X 1019), E2' (6.3 kcal/mol), and EP (25 kcal/mol). These 
parameters were used to calculate the rate constants k2' and k f l .  

h 

2 4.0 

J f 0.0 2.5 LIIz2L4 
E - 2.0 
3 1.5 

2.0 
1 .o 
0.0 

3.1 3.2 3.3 3.4 3.5 

I O ~ / T  (K-') 
FIGURE 5: Arrhenius plot of the microscopic rate constants showing 
straight line behavior. The solid lines are fitted through the 
experimental data points. 

logarithmic plot of k2/& against 1 / T  (not shown here) was 
6.6 kcal/mol, 

The Arrhenius plot of k2 shows a nonlinear behavior (see 
Figure 4A). The plot of l / k 2  vs 1 / T  shows an interesting 
behavior (Figure 4B), which was fitted to eq 10 to obtain A2', 
A*'', E$, and E P .  The solid line in Figure 4B is the best 
theoretical fit. The values of Az', A2", Ez', and E2" obtained 
from the fitted curve are 1.36 X and 3.62 X lOI9 S-I and 
-6.3 and 25 kcal/mol, respectively. It is noted here that the 
sign of E2' and E2'' are opposite (see also the Discussion). 
Using these parameters, the values of k2' and k2" were 
calculated at different temperatures with the help of the 
Arrhenius rate law. The activation energies for kl and k-1 
were obtained from their linear Arrhenius plots (Figure 5 ) .  
Thevalues of the activation energies are listed in Table 3. The 
Arrhenius plots of the individual rate constants have been 
shown in Figure 5 .  

Once all these microscopic rate constants were known, eqs 
11-1 3 were used to calculate the thermodynamic parameters 
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The Arrhenius plot of Vmax shows a linear behavior (Figure 
2B) which is not apparent from the relation for V,,, (see eq 
3), unless one of the rate constants (k2 or k4) is comparatively 
much smaller. Olson et al. (1974a) have shown that k4 > k2; 
this could be a reason for the observed linear dependence. The 
apparent activation energy (1 4 kcal/mol) calculated from 
the Arrhenius plot of V,, must then correspond to a composite 
rate constant involving kz and kq. 

The concentrations at which the physiological substrates 
function are generally low and sometimes in the nanomolar 
region. These concentrations are too low to saturate the 
enzyme and are negligible compared to their apparent 
Michaelis constant values. The enzymatic reaction rates under 
such conditions are closer to Vmax/KmXan rather than to only 
Vmax. In other words, this ratio is biologically more relevant 
to the overall conversion of the substrate to the product. 
Moreover, the ratio Vmax/KmXan represents the specificity of 
the enzyme toward its substrates. The increase of this ratio 
with increasing temperature (data not shown) indicates the 
decrease in the specificity of the enzyme at higher temperature. 
It may be due to the temperature dependent change in the 
thermodynamic parameter of the reaction intermediates. The 
activation energies calculated for Vmax and Vmax/KmXan are 
14 and 11 kcal/mol, respectively, which indicate that low 
concentration of xanthine in the biological system decreases 
the activation barrier toward its conversion to uric acid. 

Reductive Half-Reaction of XO. The thermodynamic 
parameters associated with the binding of xanthine to XO, as 
derived from the temperature dependence of KD,  show that 
AH (8.2 kcal mol-'), AS (2.1 cal mol-' deg-I), and AG (7.6 
kcal mol-') are positive. This suggests that the dissociation 
of the enzyme-substrate complex (XO - xanthine XO + 
xanthine) is an endothermic process. The positive value of 
enthalpy change may becalled "unfavorable" as it is responsible 
for making free energy change positive (eq 15). The increase 
in entropy indicates that the dissociation process is mainly an 
entropy-driven process which is opposed by the unfavorable 
change in the enthalpy. 

The nonlinear Arrhenius plot of k2 (Figure 4A) indicates 
involvement of other intermediate species in the breakdown 
of the enzyme-substrate complex and suggests that k2 may 
be composed of other rate constants operative in the mechanism 
of the reaction. Olson et al. (1974) have suggested a two-step 
breakdown of the enzyme-substrate complex (see eq 8) to 
explain the results on the time course of the reductive half- 
reaction. The activation energies for k2'and k2/1 were obtained 
by fitting the experimental data of k2 to eq 10 (Figure 4B). 
It is obvious from the nature of the curves in Figure 4B that 
both the activation energies can not be negative. Hence they 
may either be both positive or have opposite signs. Attempts 
to fit the experimental data with both the activation energies 
being positive always gave one of the activation energies as 
zero (28 and 0.001 kcallmol). Mcwhirter and Hille (1991) 
observed that the formation of the different intermediate 
species of the reductive half-reaction is highly temperature 
dependent. Since the formation of these intermediates is 
temperature dependent, the magnitude of the activation energy 
of any of its microscopic steps can not be zero. Hence, the 
possibility of both the activation energies being positive can 
also be ruled out. The observed fit of the experimental data 
in Figure 4B to the opposite signs of the activation energies 
is thus a physically meaningful and unique description of the 
experimental observations. We have taken the magnitude of 
E2" to be positive and that of E i  to be negative. The positive 
value of the activation energy may correspond to an elementary 

Table 3: Activation Energies' Corresponding to Different Rate 
Constants 

kl k-1 kz' k2" ~ ~ I K D  V m  VmaxIKm 
22 32 -6.3 25 6.6 14 1 1  

In kcal/mol. 

Table 4: Thermodynamic Activation Parameters (Enthalpy, 
Entrow, and Free Energy) at 25 OC 
parameter AH* (kcal/mol) AS* (cal mol-' deg-I) AG* (kcal/mol) 

ki 22.6 46 8.7 
k- I 32.0 57 15.4 
k2' -5.7 -70 15.1 
k2/l 25.6 31 16.2 

I 
r, 

F 
C 
w 

$ 

E 4 S  E 4 P  i ES 

EP 

Reaction Co-ordinate - 
FIGURE 6: Energy profiles showing the changes in standard enthalpy, 
entropy, and free energy at 25 OC of the different intermediates of 
the reductive half-reaction of XO. Equations 11-13 were used for 
calculation of the energy values. 

for the activation of individual steps of the reactions. The 
values of these parameters are listed in Table 4. The energy 
profiles for the enthalpy, entropy, and free energy at 25 "C 
are shown in Figure 6. The energies (A@, AS*, and AH*) 
of the free enzyme and substrate have been taken as zero in 
the diagram for convenience. The values of the thermody- 
namic activation parameters at different temperatures were 
calculated from the temperature dependence of the rate 
constant. It was observed that these thermodynamic param- 
eters remain nearly constant with temperature. 

DISCUSSION 

Steady-State Kinetics. Equation 3 shows that KmXan and 
V,,, are combinations of several microscopic rate constants. 
The temperature dependence of the experimentally determined 
K,Xan would therefore depend on independent contributions 
of the temperature dependence of these microscopic rate con- 
stants. The expression for KmXan can be written as KmXan = 
(VmaxEo)(k-l + k2)/kt. Since V,,, gives a linear Arrhenius 
plot with negative slope (Figure 2B), the nonlinear temperature 
dependence of KmXan (Figure 2A) must be attributed to the 
factor (k-1 + kz)/k2. Since the Arrhenius plot of k-1 gives 
a linear plot with negative slope (Figure 3, the nonlinearity 
in the Arrhenius plot of KmXan must be attributed to k2. 



10310 

step during the dissociation of the enzyme-substrate complex 
to the product, but the negative value of the activation energy 
would be the result of more than one elementary step, 
corresponding to a composite value of the rate constants. Thus, 
k2’ is actually the resultant rate constant of more than one 
elementary step. There is some uncertainty in assigning these 
two rate constants to the elementary steps of eq 8. The first 
step in eq 8 involves electron transfer from substrate to the 
molybdenum center of the enzyme accompanied by concerted 
nucleophile-hydride transfer from the substrate, whereas the 
second step represents only the dissociation of the reduced 
enzyme-product complex (Skibo et al., 1987). Thus the first 
step is much more complex and may involve additional 
intermediates. Since the rate constant k2/ may be resolved 
into more than one intermediate, this rate constant may be 
assumed to be associated with the first step, i.e., the conversion 
of (XO),,.Xan - (XO),,.urate. The rate constant k2” may 
then be attributed to the last step of the reductive half-reaction 
((XO),durate-. (XO),, + urate). These arguments suggest 
that there should be an intermediate species during the 
conversion of (XO),,.Xan -. (XO),durate (eq 8). The 
introduction of an irreversible formation of intermediate within 
the above conversion reaction as 

Biochemistry, Vol. 33, No. 34, 1994 

ki km 
(XO),,-Xan -. [(XO).Xan] - (XO),,-urate (16) 

leads to the following relation: 

Mondal and Mitra 

Since the Arrhenius plot of the calculated k2’ shows straight 
line behavior (Figure 5), one of these constants has to be 
negligible with respect to the other. Such a situation will 
result inonlyonemicroscopicrateconstant in eq 17. However, 
since k2’ is a composite rate constant (see above), the 
mechanism given in eq 16 does not give a complete description 
of the reaction. If, on the other hand, the mechanism is 
considered as 

ki kr 
(XO),,.Xan + [(XO).Xan] -. (XO),,.urate (18) 

k-i 

then the following relation can be obtained 

(19) 

Equation 19 would give a linear Arrhenius plot if k-f >> k,, 
which is consistent with the temperature dependence of k2‘ 
(see Figure 5 ) .  Thus the mechanism suggested in eq 18 appears 
to be valid, and k$ may be a composite rate constant involving 
kf, k-f, and k,.  However, these individual rate constants cannot 
be determined from the present set of experimental data. The 
apparent activation energies calculated from the Arrhenius 
plot of k2’ then include three terms due to k f  ( E f ) ,  k-f (E- f ) ,  
and k ,  (E,)  which can be equated to E f  - E-f + E,, i.e., AEf 
+ E,. Since k-f >> k,, the formation of (XO),durate from 
[ (XO).Xan] would involve higher activation energy (Er ,  see 
Figure 7). In order to reach this activation energy level, the 
species (XO),,.Xan has to first reach [(XO)-Xan], which has 
higher energy (by AEf) than the former species. With 
additional energy E,, the system will reach the activated species 
[ (XO).Xan] *, corresponding to the conversion [ (XO).Xan] - (XO),,curate. The situation has been shown in Figure 7. 

# 
[ (xo) .   an] 

I 
(XO),,dUrate 

Reaction co ordinate 
FIGURE 7: Schematic representation of the energy diagram of 
(XO),-Xan, (XO).Xan, and (XO),durateduring the reductive half- 
reaction. 

Microscopic Rate Constants and Their Activation Energies. 
The rate constants kl and k-1 were calculated following eq 7. 
Olson et al. (1974b) had calculated kl = 2.0 X lo6 M-l s-1 
from the steady-state and transient experiments assuming k-1 
as zero. Our value of kl compares favorably with the value 
of Olson et al. (1974b); the small difference could arise from 
their assumption of k-1 being nearly zero. A comparison of 
the magnitudes of the rate constants for kl and k-1 indicates 
very fast attainment of equilibrium during the binding process 
of xanthine to XO. Since the values of microscopic rate 
constants kf and k-f could not be determined here, we have 
used kz’ for analysis of the thermodynamic parameters of the 
overall reaction in eq 18. Figure 5 shows that at  lower 
temperatures k2‘ > k2” and at  higher temperatures kz’ < k2”. 
This indicates that the rate-determining step of the reductive 
half-reaction changes with temperature. This might be due 
to stabilization of the species [(XO)*Xan] (eq 18) at low 
temperature, which decreases the magnitude of k,. The values 
of the activation energies (Table 3) show that thedissociation 
of the enzyme-substrate complex (k-1) experiences maximum 
activation barrier, thus facilitating the conversion of the 
enzyme-substrate complex to the enzyme intermediates. 

Thermodynamic Activation Parameters. The reaction 
sequence for the formation of the activated complex may be 
given as below: 

E + s + ES* + ES + EP* -+ EP + EP** - E + P (20) 

where E, S, and P represent XO, xanthine, and uric acid, 
respectively, and the daggered notations refer to the activated 
complexes. The ES and EP represent the enzyme-substrate 
((XO),,.Xan) and the enzyme-intermediate ((XO),Nurate) 
complexes, respectively. 

The irreversible mechanisms of the formation of EP and E 
+ P (ES - EP and EP - E + P) (eq 8) do not allow the 
calculation of energy values for entropy, enthalpy, and free 
energy of EP and E + P. One of the reasons for this 
irreversibility may be the high activation barrier for the reverse 
transformations EP -. ES and E + P - EP as compared to 
their forward reactions. Such a higher activation barrier would 
arise from a high value of enthalpy of activation (eq 11). The 
low value of the entropy of activation for the reverse reaction 
may also make the rate of the backward reaction slow to such 
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action of the enzyme. It is also interesting to note that the 
change in temperature alters the rate-determining step of the 
half-reaction. The conversion reaction of the enzyme- 
substrate complex to the enzyme-product complex (kz’) is 
the rate-limiting step at  higher temperature; however, at  lower 
temperature, the dissociation of the enzyme-product complex 
(ki’) is the rate-limiting step. Our results suggest the existence 
of three molecular intermediates during the reductive half- 
reaction. The rate constant k2’ refers to electron transfer 
from the substrate to the enzyme and to the subsequent 
concerted nucleophile-hydride transfer from the substrate. 
Hille and Anderson (1991) have shown that the rates of 
intramolecular electron transfer among the redox activecenters 
are fast (>90 s-I at 20 “C). However, the magnitudes of k2’ 
and k2” obtained from our study are lower than those of the 
intramolecular electron-transfer rate. This indicates that these 
rate constants (k2’ and k2”) are also associated with the 
involvement of bond-breaking and bond-making steps of the 
reductive half-reaction. It has been observed from the EPR 
studies that at low pH (<7.5) the intensity of the “very rapid 
EPR signal” is small (Edmondson et al.,  1973). Hille and 
Anderson (1991) have ascribed this low intensity to the direct 
release of uric acid from the Mo(IV).urate complex. Hence 
the species described as X0,durate in the present paper would 
refer to the Mo(1V) complex of the enzyme with urate. Since 
the XO,,.xanthine complex is formed due to the interaction 
of xanthine with the oxidized enzyme, it can be represented 
as Mo(V1)-xanthine. McWhirter and Hille (1991) have 
discussed the reductive half-reaction on the basis of single- 
step conversion of the Mo(V1)esubstrate complex to the Mo- 
(1V)aproduct complex and indicated that another intermediate 
may be involved during this conversion reaction. The results 
from our experiment suggest that there may be an intermediate 
species between the above two complexes which has been 
represented here as ‘XO-Xan’ (see eq 18). The two different 
processes occurring in the conversion of Mo(V1)sxanthine to 
Mo(IV).urate are the electron transfer and the bond breaking/ 
bond making. Since the electron-transfer rates are faster than 
the bond-breaking/bond-making processes, it is likely that 
these two conversions will occur through the two different 
processes giving rise to two different intermediates. The rate 
constant kz’corresponds to kfk-f/kp Skibo et al .  (1987) have 
shown that the bond-breaking and bond-making processes of 
the enzyme-substrate complex make partial negative charge 
in the substrate and this partial negativecharge facilitates the 
electron transfer from the substrate to the molybdenum atom. 
On the basis of the above discussion, we are tempted to suggest 
that the species “XO.Xan” may arise due to the bond breaking 
and bond making of xanthine in the enzyme-substrate complex 
without any electron transfer from xanthine to molybdenum. 
Thus, the conversion of (XO).Xan to ( X 0 ) d u r a t e  may involve 
electron transfer from the substrate to the oxidized Mo(V1) 
atom. 

an extent that the reaction becomes virtually irreversible (eq 
13). Equation 13 shows that the rate constant would be 
affected more by the entropy term than by the enthalpy term. 
Whether the irreversibility of these reactions arises due to 
both entropy and enthalpy or to only one of them is not clear. 
Hence for the construction of the energy diagram, we have 
chosen arbitrary values for EP and E + P. 

Figure 6 shows that the formation of the activated complex 
(E + S - ES*), during the substrate-binding process, is an 
endothermic process. The plot for the free energy also shows 
that the process is exoergonic and the entropy of activation 
is positive. AH* and AS* contribute to the AG* in a 
compensatory manner, which results in a low value of free 
energy of activation (eq 12). The positive AG* observed in 
the present case is due to a very high value of AH* compared 
to its entropy of activation. The change in the entropy of 
activation may arise due to the solvent and structural effects. 
The solvent effect may involve interaction between the solvent 
and the reaction system which could change during the course 
of the reaction. The structural effects refer to the reversible 
change in the conformation of the enzyme during the course 
of the reaction. Since xanthine binds to XO at the molyb- 
denum atom, there might be some electrostriction between 
xanthine and XO which would make the xanthine molecule 
polar in the enzyme-substrate activated complex. This would 
result in the abstraction of the solvent molecule, which in the 
process should decrease the entropy of the system. However, 
the experimental observation shows that the entropy of 
activation increases. This anomaly may be due to the transient 
structural changes in the enzyme associated with the binding 
of the substrate. The conversion of the activated species to 
the enzyme-substrate complex (ES* -+ ES) decreases free 
energy, enthalpy, and entropy. But the conversion of ES to 
EP* increases free energy while enthalpy and entropy decrease. 
It should be recalled that the thermodynamic parameters 
associated with this step are the summation of other micro- 
scopic rates and reflect the character of the overall process. 
For the conversion of EP to EP* *, the enthalpy, the free energy, 
and the change in entropy are positive. One general feature 
of the reaction sequence (eq 20) is the positive values for the 
AG for all the activated complexes in the forward direc- 
tion. 

CONCLUSION 

In the present study, we have examined the mechanism of 
the reductive half-reaction of XO with xanthine as a substrate. 
The results of the temperature dependent steady-state and 
transient kinetic studies have been combined to determine the 
microscopic rate constants (k-1, k2’, and k2”) of the half- 
reaction for the first time. This has also allowed us to evaluate 
the thermodynamic activation parameters of the microscopic 
steps involved in the mechanism of the reductive half-reaction. 
The knowledge of the kinetics and thermodynamics of the 
microscopic steps of the enzymatic reactions, in general, is 
limited due to the involvement of the multiple steps in the 
reaction mechanism, for which the evaluation of microscopic 
rate constants is difficult. Although catalysis by XO involves 
multiple steps in its reductive half-reaction, we have been 
able to describe the thermodynamics and kinetics of the 
reaction intermediates for the first time from our measure- 
ments. Both kinetic and thermodynamic parameters of the 
intermediates in the present report are due to the interactions 
of physiological substrate xanthine with XO; thus all these 
parameters are directly relevant toward the mechanism of 
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