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Pharmacokinetics 
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Abstract: Three xanthine oxidase substrates (i.e., xanthine, adenine, and 2-amino-4-hydroxypterin) show a “substrate in-

hibition” pattern (i.e., slower turnover rates at higher substrate concentrations), whereas another two substrates (i.e., xan-

thopterin and lumazine) show a “substrate activation” pattern (i.e., higher turnover rates at higher substrate concentra-

tions). Binding of a 6-formylpterin at one of the two xanthine oxidase active sites slows down the turnover rate of xan-

thine at the adjacent active site from 17.0 s
-1

 to 10.5 s
-1

, and converts the V-[S] plot from “substrate inhibition” pattern to a 

classical Michaelis-Menten hyperbolic saturation pattern. In contrast, binding of xanthine at an active site accelerates the 

turnover rate of 6-formylpterin at the neighboring active site. The experimental results demonstrate that a substrate can 

regulate the activity of xanthine oxidase via binding at the active sites; or a xanthine oxidase catalytic subunit can simul-

taneously serve as a regulatory unit. Theoretical simulation based on the velocity equation derived from the extended 

Michaelis-Menten model shows that the substrate inhibition and the substrate activation behavior in the V-[S] plots could 

be obtained by introducing cooperative interactions between two catalytic subunits in homodimeric enzymes. The current 

work confirms that there exist very strong cooperative interactions between the two catalytic subunits of xanthine oxidase.  

Keywords: Cooperativity, 6-formylpterin, regulation, substrate inhibition, substrate activation, xanthine oxidase.  

INTRODUCTION 

In the study of enzyme kinetics, the Michaelis-Menten 
model, E + S  [ES]  E + P, was commonly adopted to 
describe the kinetic behavior of single site enzymes. The 
velocity equation in the Michaelis-Menten model can be 
expressed by equation (1),  

 V =

[E]T (
k3[S]

Km

)

(1+
[S]

Km

)

      

 (1), 

where [S] is the substrate concentration, V is the velocity, 
and Km is the Michaelis constant. The Michaelis-Menten 
model predicts that the velocity, V, will increase hyperboli-
cally to reach a maximum as the substrate concentration in-
creases. The classical Michaelis-Menten model, however, 
cannot describe well the kinetics of enzymes with multiple 
catalytic subunits, of which the V-[S] plot very often shows 
non-hyperbolic saturation patterns; for example, sigmoidal 
shape [1], “substrate inhibition” behavior (i.e., gradual in-
crease to reach a maximum, and then decrease at high sub-
strate concentrations) [2,3], or “substrate activation” behav-
ior (i.e., increase to reach a platform, and then further in-
crease at high substrate concentrations) [4,5]. The substrate 
inhibition behavior in the V-[S] plot has been observed in 
many enzyme systems, such as, human prostatic acid phos-
phatase, and human glutathione synthetase [2,3]. The sub-
strate activation behavior was observed in some other en-
zyme systems, such as, methylamine dehydrogenase and  
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acetylcholinesterase [4,5]. The substrate inhibition and sub-
strate activation behaviors have never been observed in the 
same enzyme systems. The extreme case of substrate inhibi-
tion behavior was also known as the “half-of-the-sites” reac-
tivity, that is, only half of the active sites in a homodimeric 
(or homo-tetrameric) enzyme can carry out catalysis at a 
time [6,7]. Many enzyme systems (such as, yeast glyceralde-
hydes-3-phosphate dehydrogenase and cytidine triphosphate 
synthetase), have been shown to exhibit “half-of-the-sites” 
reactivity behavior [6,7]. The origins of substrate inhibition 
and substrate activation phenomena are often attributed to 
the presence of a presumed peripheral regulatory site in the 
catalytic subunits [8,9]. At very high substrate concentration, 
substrate molecules start to bind to the reputed regulatory 
site, and feeds back to regulate (either activate or inhibit) the 
catalytic rate/ binding affinity of the substrate itself at the 
active site. Such type of substrate regulation of enzyme ac-
tivity occurs only at very high substrate concentrations, and 
requires the presence of a regulatory site having low binding 
affinity toward substrates.  

Xanthine oxidase (XOD) is a 290 kD homodimer protein 
having four cofactors in each monomer subunit, namely, a 
Mo(VI) ion at the active site, two 2Fe-2S clusters, and a 
FAD cofactor [10].

 
XOD activates a water molecule and in-

serts an oxygen atom into C-H bonds of many substrates, 
such as, xanthine and its analogs (see equations 2 & 3) [11].

  

The Mo(VI) ion at the active site is reduced to Mo(IV), 
which then transfers two electrons, via the 2Fe-2S clusters, 
to the FAD cofactor. The reduced flavin moiety then passes 
electrons to molecular oxygen to generate superoxide (O2

–.
) 

or hydrogen peroxide (H2O2). Hydrogen peroxide can be 
further converted to the much more reactive hydroxyl radical 
(

.
OH) by reducing metal ions (e.g., ferrous and cuprous 

ions). XOD is associated with many diseases (e.g., gout), 
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ischemia-reperfusion injuries, and inflammation in many 
diseases [12,13].

 
It was also demonstrated that XOD is capa-

ble of converting nitrates to nitric oxide (NO), a species well 
known to be involved in blood pressure regulation and im-
muno-response to antigens [14]. Understanding the mutual 
interactions between the two XOD catalytic subunits, and 
thus the catalysis/inhibition kinetics of XOD is very crucial 
to the development and pharmacokinetics of drugs (or inhibi-
tors) for treatments of XOD-related diseases.  

During the past 60 years, it was generally assumed that 
the two homo-catalytic subunits of XOD carry out catalysis 
independently [10,15,16]. However, many experimental re-
sults cannot be rationally explained by the independent ca-
talysis model. For example, the turnover rate decreases at 
higher substrate concentrations (i.e., the “substrate inhibi-
tion” phenomenon) [17,18]. Previously, it was reported for 
the first time that there exist very strong cooperative interac-
tions between the two homodimer subunits of XOD [19]. In 
this paper, we confirm the presence of strong cooperative 
interactions between the two XOD catalytic subunits. We 
show that both the substrate inhibition and substrate activa-
tion behaviors can occur in the xanthine oxidase system, 
which can be well described using the velocity equation de-
rived from the extended Michaelis-Menten model [20]. The 
kinetic parameters indicate that there exist very strong coop-
erative interactions between the two XOD catalytic subunits, 
which lead to the observed substrate inhibition and substrate 
activation phenomena. Our data also demonstrate that en-
zyme activity can be regulated by substrates at active sites, 
and enzyme active sites can also simultaneously serve as 
regulatory sites.  

RESULTS AND DISCUSSION 

Cooperative interactions in the case of homo-substrates. 
Fig. (1a) shows the structures of five substrates used in this 
study. The star symbol indicates the position of the carbon 
atom where insertion of an oxo atom to the C-H bond occurs. 
The catalytic velocities of these substrates by XOD were 
measured individually (one substrate at a time) as a function 
of the substrate concentration in a PBS buffer solution at pH 
7.5 and 22 °  These catalysis velocities were normalized to 
the 2k3[E2]0 (i.e., Vmax) value of individual substrate and 
plotted in the same figure for the purpose of comparison. As 
shown in Fig. (1b), three (i.e., xanthine, adenine, and 2-
amino-4-hydroxypterin) of the five substrates show a so-
called “substrate inhibition” behavior, i.e., the velocity 

reaches a local maximum and then decreases at higher sub-
strate concentrations. In contrast, the other two substrates 
(i.e., xanthopterin and lumazine) exhibit a “substrate activa-
tion” pattern, i.e., the velocity reaches a local maximum, and 
then further increases at higher substrate concentrations. Al-
though both “substrate inhibition” and “substrate activation” 
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Fig. (1). (a) The structures of five substrates used in the studies. 

The star symbol labels the position of oxo atom insertion. (b) The 

normalized catalytic velocities of five different substrates as a func-

tion of the substrate concentrations. The catalytic velocities of all 

substrates were normalized to a local maximum of lumazine for the 

sake of easy comparison. The concentration of XOD functional 
active sites is in the range of 0.01 ~ 0.1 in a PBS buffer solu-

tion at pH 7.5 and 22 °C. The solid lines are calculated curves ac-

cording to the equation (4) in the text. The values of the parameters 

Km, k3, Km´, and k3´ used to calculate the solid lines were listed in 

Table 1. 
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phenomena have been observed before in many enzyme sys-
tems, they were never observed to occur in the same enzyme. 
To rationalize the results shown in Fig. (1b), we applied the 
velocity equation (see equation (4)) derived from the ex-
tended Michaelis-Menten model [20] (see Scheme 1) to 
simulate the catalytic velocity, and compare with the ex-
perimental results shown in Fig. (1b). The km and k3 values 
listed in Table 1 were used for the simulation curves (see the 
solid lines in Fig. (1b), which match with the experimental 
results the best. One of the unique features of the extended 
Michaelis-Menten model is that the values of Km and k3 for 
the first substrate molecule can be different from those (Km´ 
and k3´) of the second substrate molecule. 

V =

[E2 ]0 (
k3[S]

Km

+
k3'[S]

2

KmKm'
)

(1+
[S]

Km

+
[S]2

KmKm '
)

     

 (4),  

The values of Km, k3, Km´, and k3´ in the equation (4) can 
be systematically changed using the Origin software to look 
for a set of values having a minimum summation of differ-
ence between the calculated velocities and the experimental 
data at different substrate concentrations. The best-fit 
Michaelis constants and the turnover rates for the calculated 
curves are listed in Table 1 for the five substrates. In order to 
compare whether there are mutual interactions between the 
two XOD catalytic subunits, the kinetic parameters in Table 
1 were converted to the intrinsic parameters of individual 
active site by the following relationships: Km,intr = 2 Km, k3,intr 

= k3, Km,intr
”
= 0.5 Km’ , and k3,intr

’
= 0.5 k3

’
. From Table 1, we 

can see that pre-occupation of a homo-substrate at an active 
site often leads to a lower binding affinity (i.e., a larger value 
of Km,intr´) at the adjacent XOD active site. In the cases of 
xanthine, adenine, and 2-amino-4-hydroxypterin, smaller 
turnover rates (k3,intr’) were observed when a molecule of the 
same substrate binds at the adjacent active site. In the cases 
of xanthopterin and lumazine, the turnover rates (k3,intr’), by 
contrast, increase from 0.24 to 0.69 s

-1
, and from 1.0 to 1.1 s

-

1
, respectively, when a molecule of the same kind binds at 

the adjacent XOD active site. Different substrates have dif-
ferent catalytic rates (or the rate of oxo insertion to a C-H 
bond of a substrate), which is strongly related to the enzyme 
conformation and the substrate binding position at an active 
site. Conformational changes in an enzyme catalytic subunit 
induced by binding of a molecule at the adjacent catalytic 
subunit may lead to different binding affinity and catalytic 
rate at the active site being monitored. Decrease in the bind-
ing affinity (i.e., a larger Km,intr’ value) may or may not be 
accompanied with decrease in the turnover rate, depending 
on the nature of the substrates and the way the conformation 
of a catalytic subunit being changed. In the case of xanthine, 
the far larger Km,intr´ value (67.5μM vs. original Km,intr of 
4.6μM ) implies that pre-occupation of a xanthine molecule 
at an active site can effectively forbid entering of another 
xanthine molecule into the other active site. An extreme 
condition of this kind is the so-called “half-of-the-sites” re-
activity [6,7], where only one of the two active sites can 
catalyze conversion of substrates at a time, and a homodimer 

 

Scheme 1. The balanced chemical equations for the extended 

Michaelis-Menten (or the Adair-Pauling) model, where the values 

of Km, k3, Km´, and k3´ have the usual meanings as those in the clas-

sic Michaelis-Menten model for single site enzymes. A simple 

kinetic derivation based on a steady state condition results in a 
velocity equation (4). 

Table 1. Michaelis constants and turnover rates. The intrinsic values of Michaelis constant (Km) and the turnover Rate (k3) for an 

individual XOD active site was obtained under the condition of homo- and hetero-substrate cooperative interactions. All 

experiments were carried at 22°C and pH 7.5. For the definition of parameters, please see the Scheme 1.  

 XOD
[a]

 XOD-S1
[a],[b]

 XOD-6FP
[c]

 

Substrate Km,intr 

(μM) 

K3,intr 

(s
-1

) 

Km,intr’ 

(μM) 

k3,intr’ 

(s
-1

) 

Km,6FP’ 

(μM) 

k3,6FP’ 

(s
-1

) 

Xanthine 4.6 17.0 67.5 2.75 5.0 10.5 

Adenine 7.2 0.13 130 0.005 15.7 0.058 

2-Amino-4-hydroxypterin 3.8 3.0 150 0.9 10.6 2.1 

Xanthopterin 0.4 0.24 320 0.69 0.55 0.2 

Lumazine 0.15 1.0 1000 1.1 0.73 0.62 

[a] The kinetic parameters Km, Km’, k3 and k3’ obtained from the extended Michaelis-Menten model were converted to the intrinsic parameters of each individual active site by the 
following relationships: Km,intr = 2 Km, k3,intr = k3, Km,intr

”= 0.5 Km’ , and k3,intr
’= 0.5 k3

’.  

[b] XOD-S1 represents that one of the two XOD active sites was pre-occupied by a substrate molecule of the same kind, which was being catalyzed by XOD.  
[c] XOD-6FP1 represents that one of the two XOD active sites was pre-occupied by a 6FP molecule. The terms Km,6FP´ and k3,6FP´ are the Michealis–Menten constant and the turnover 

rate, respectively, for a substrate when one of the two XOD active sites was pre-occupied by a 6-formylpterin.  
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enzyme behaves in a manner similar to that of a single-site 
enzyme, that is, it follows the classic Michaelis-Menten ki-
netics for single-site enzymes and shows a hyperbolic satura-
tion pattern in the V-[S] plot. In the literature, observation of 
hyperbolic saturation curve in the V-[S] plot was very often 
mistakenly used as a supporting evidence for the absence of 
cooperativity among enzyme subunits. Both the cases of 
“absence of cooperativity” and “super-strong negative coop-
erativity” (and the “half-of-the-sites” reactivity) follow the 
same (classic Michaelis-Menten) hyperbolic saturation pat-
tern in the V-[S] plot. In the case of XOD, only half of the 
active sites carry out their catalytic function under a low xan-
thine concentration (< 67.5μM) condition. The current k3,intr 
value of 17.0 s

-1
 (at 22 °C and pH 7.5, see Table 1) obtained 

using the above extended Michaelis-Menten model is nearly 
twice the literature value of 8.7 s

-1
 (at 25 °C and pH 7.5) [21]

 

which was obtained by assuming that two of XOD active 
sites carry out catalysis simultaneously, but, in fact, only one 
active site does catalysis. Therefore, the current k3,intr value 
of 17.0 s

-1
 represents the correct value of the turnover rate of 

an individual XOD subunit. Such an under-estimation in the 
value of k3 most probably also occurs in many other oli-
gomeric enzyme systems. Our results demonstrate a few 
salient features: (a) substrates can regulate an enzyme’s ac-
tivity via binding at active sites; (b) a catalytic subunit of an 
oligomeric enzyme can simultaneously serve as a regulatory 
subunit; and (c) the mode of regulation is determined by the 
structure of the substrates, instead of the location of the regu-
latory site. 

The velocity equation derived from the extended Micha-
elis-Menten model [20] (see Scheme 1 and the equation (4)) 
includes both positive and negative cooperative interactions, 
as well as non-cooperative interaction between two catalytic 
subunits. In the case of non-cooperative interaction, the val-
ues of Km and k3 (for the first active site) are equal to those 
of Km’ and k3’ (for the second active site), respectively. 
Based on the velocity equation (4), we did theoretical simu-
lation to identify the effects of relative magnitudes of Km, 
Km’, k3 and k3’ on the catalytic pattern. From the simulation, 
we found that the catalysis patterns in the V-[S] plot are 
solely determined by the relative magnitude of k3’ to k3. 

When k3’ is larger than k3 (i.e., binding of the first substrate 
molecule at an active site A accelerates the catalysis rate at 
the adjacent active site B), the V-[S] plot shows a substrate 
activation pattern. In other words, the catalysis velocity 
reaches a local maximum, and then further increases at 
higher substrate concentrations (see, Fig. (2a)). When k3’ is 
smaller than k3 (i.e., binding of the first substrate molecule at 
an active site A slows down the catalysis rate at the adjacent 
active site B), the V-[S] plot shows a substrate inhibition 
pattern. That is, the catalysis velocity reaches a local maxi-
mum, and then further increases at high substrate concentra-
tions (see, Fig. (2b)). The magnitudes Km and Km’ do not 
affect the catalysis pattern, but determines the location of the 
local maximum point (or a transition point) in the V-[S] plot 
(see the arrow signs shown in Fig. (2a) & (2b)). When Km´ is 
far smaller than Km (i.e., Km´ << Km), binding of the first 
substrate at an active site dramatically promotes binding of a 
second substrate at the other active site, and the local maxi-
mum (or the transition point) appears at low substrate con-
centration regime. In such a case, the enzyme substrate com-
plex E2S2 is predominantly formed over the E2S form. At 
very high substrate concentrations, the contribution of the 
[S]/Km term in the equation (4) becomes negligible as com-
pared to the [S]

2
/KmKm’ term. The velocity, V, now ap-

proaches the value of k3´[E2]0, which is the final limiting 
value of the velocity at extremely high substrate concentra-
tions. Overall, as the substrate concentration is increased 
from low to very high, the dominant catalysis species 
switches from E2S to E2S2. The velocity (V) increases gradu-
ally, through a hyperbolic saturation region, to reach a local 
maximum where the dominant catalysis species is the E2S, 
and then further approaches the ultimate limit value, k3´[E2]0. 
If the E2S2 species has a slower catalytic rate than does E2S 
(i.e., k3´ < k3), the velocity will decrease from the local 
maximum to approach the smaller final k3´[E2]0 value. This 
case accounts for the commonly observed “substrate inhibi-
tion” behavior. From the results in Fig. (1) and Table 1, one 
can see that the k3,intr’ values of xanthine, adenine and 2-
amino-4- hydroxypterin (see the middle, homo-substrate 
column in Table 1) all are smaller than their individual k3 
values obtained at very low substrate concentrations. There-

 

Fig. (2). Theoretical simulation using the velocity equation derived from the extended Michaelis-Menten model. (a) When k3’ is larger than 

k3, the V-[S] plot shows a substrate activation pattern. (b) When the magnitude of k3’ is smaller than k3, the V-[S] plot shows a substrate 

inhibition pattern. The magnitudes of km, km’, k3 and k3’ used in the simulation are listed in the Figure. The location of arrow sign is a local 

maximum (or a transition point) in the velocity curve. 
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fore, these three substrates show a “substrate inhibition” be-
havior. If the E2S2 species has a faster catalytic rate than 
does E2S (i.e., k3´ > k3), the velocity will further increases 
from the local maximum (or the transition point indicated by 
an arrow, see Fig. (2a)) and approach to the larger final 
k3´[E2]0 value. This case accounts for the commonly ob-
served “substrate activation” phenomenon. As shown in Fig. 
(1) and Table 1, the k3,intr’ values of xanthopterin and lumaz-
ine (see the middle, homo-substrate column in Table 1) all 
are larger than their individual k3 values obtained at very low 
substrate concentrations. Therefore, these two substrates lead 
to a “substrate activation” behavior. Our simulation results 
indicate that the key factor determining substrate inhibition 
or substrate activation is the relative magnitude of k3´[E2]0 to 
k3[E2]0, but not by the relative magnitude of Km to Km’. A 
larger Km’ value than Km simply shifts the local maximum 
location (or the local Vmax in the V-[S]) toward a higher sub-
strate concentration region. For a system of Km’ < Km, the 
local Vmax will shift to a smaller substrate concentration re-
gion in the V-[S] plot. The simulation results are consistent 
with the experimental observation shown in Fig. (1) and Ta-
ble 1.  

In the literature, the “substrate inhibition” and “substrate 
activation” phenomena were often rationalized by assuming 
that a substrate molecule might also serve as a regulator by 
binding at a reputed peripheral regulatory site [8,9] at very 
high substrate concentrations. The presence of a peripheral 
regulatory site was observed in the AChE [22,23], Bro-
melain/Papain [24,25] systems, but was never observed in 
XOD. By using the extended Michaelis-Menten model, the 
substrate inhibition and substrate activation phenomena can 
be well described and understood as a natural subsequence of 
cooperative interactions between two active sites. It is not 
necessary to assume the presence of a reputed peripheral 
regulatory site. The presumed regulatory site in each cata-
lytic subunit, however, has never been proven to exist ex-
perimentally in the XOD system. An XOD crystal was suc-
cessfully grown in complex with an inhibitor, salicylate 
[10,26]. In the 3D crystal structure, the inhibitor molecule 
was found at the two XOD active sites only, and no other 
peripheral binding site was found. In another studies, a crys-
talline structure of XOD in complex with a slow substrate, 
namely, 2-hydroxy-6-methylpurine, was obtained [27]. The 
crystalline structure shows that the two XOD catalytic 
subunits have slightly different conformations and the sub-
strate molecules in the two active sites are in different cata-
lytic stages, indicating that the two XOD catalytic subunits 
take turn in catalysis motion, with the first one in action and 
the other resting [27]. The result implies that there exists 
some cooperative relationship between the XOD active sites 
(or subunits). In an inhibition experiment, it was found that 
the amount of alloxanthine bound to XOD enzyme was pro-

portional to the percentage of functional XOD active sites in 
a nearly 1:1 stoichiometric ratio [28].

 
All these results indi-

cate the absence of any peripheral binding site in each XOD 
subunit. In addition, the cooperative interaction between the 
two XOD active sites was previously proved experimentally 
[19]. At very high substrate concentrations (beyond the Km 
value), two substrate molecules can bind to the two adjacent 
XOD active sites simultaneously. Occupancy of a substrate 
at an active site might result in changes in the protein con-
formation of the adjacent subunit, leading to dynamic 
changes in the substrate binding affinity, as well as turnover 
rate, at the adjacent catalytic site during the short time period 
of substrate residence at the other active site (see cartoon 
pictures in Scheme 2). As schematically represented in the 
Scheme 2, the catalytic properties of an active site might be 
changed (or regulated) according to the binding states (a), 
(b), and (c) of an adjacent active site. An extreme condition 
of “substrate inhibition” behavior could lead to “half-of-the-
sites” reactivity [6,7]. 

Cooperative interactions in hetero-substrates. The ex-
tended Michaelis-Menten model shown in Scheme 1 can be 
extended to hetero-substrates (i.e., two different substrates, 
S1 and S2, instead of 2 moles of the same substrates, S); the 
cooperative catalysis model for the interactions of hetero-
substrates can also be derived in a similar, but more-
complicated, manner [29].

 
In addition to the cooperative in-

teraction observed for homo-substrates, hetero-substrates 
cooperative interaction can also be observed in the XOD 
system at low substrate concentrations. When one of the two 
XOD active sites is pre-occupied by a substrate, the binding 
and catalytic functions of the adjacent active site change 
dramatically [19].

 
One can use an inhibitor-like substrate 

(such as, 6FP) to occupy one of the two XOD active sites 
and prepare a “quasi-single site” enzyme for catalysis of 
other substrates at the other active site. During the very short 
period of turnover time, the slow-conversion of the inhibitor-
like substrate will not be converted to products and leave the 
active site. Therefore, the “quasi-single site” enzyme will 
follow the classic Michaelis-Menten hyperbolic saturation 
catalytic pattern. As displayed in Fig. (3a), the conversion 
rate of xanthine to uric acid was significantly retarded by 
pre-occupation of 6FP at the adjacent XOD active site, and 
the V-[S] plot was changed from substrate inhibition to a 
hyperbolic saturation pattern. A similar phenomenon was 
also observed for adenine (see Fig. (3b)) as well as the other 
three XOD substrates (see results in Table 1). 6FP can bind 
to the XOD active sites nearly quantitatively and irreversi-
bly, that is, 6FP can bind to each active site with a large as-
sociation constant (k1 = 1.1 x 10

6
 M

-1
s

-1
), but a very small 

dissociation constant (k2 = 0.7 x 10
-4

 s
-1

) for the enzyme-
substrate complex [19]. In the presence of 0.75 equivalent 
(relative to the XOD functional active sites) of 6FP, the rela-

 

Scheme 2. Schematic representation of homodimer enzymes having catalysis rate and turnover rate for substrate S when the adjacent active 

is (a) empty, (b) occupied by the same substrate, S; or (c) occupied by a hetero -substrate, P.  
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tive quantities of all enzyme intermediates at the mid-time 
(i.e., at 30 seconds after mixing) of the measurement are 7.3 
%, 40.6%, and 52.1 %, for free XOD, XOD-6FP1, and XOD-
6FP2, respectively. These relative percentages were calcu-
lated based on the kinetic constants of 6FP with XOD (see 
the experimental section for the calculation). The XOD con-
centration used to fit the experiment data is the sum of XOD 
and XOD-6FP1. Therefore, a majority of the XODs are in the 
form of XOD-6FP1 during the time period of rate measure-
ments in Fig. (3). One can ignore the XOD-6FP2 species 
since it does not have any empty active site available for 
substrate catalysis and thus will not contribute to the enzy-
matic conversion of xanthine to uric acid. The contribution 
from the small amount of free XOD (with two free active 
sites) was neglected for the moment for the sake of simplic-
ity. The half-life of XOD-6FP1 is ~13 minutes [19], a time 
scale far longer than a turnover cycle of most XOD sub-
strates. The XOD-6FP1 form can, therefore, be treated as a 

quasi-single-site enzyme, and the experimental turnover rates 
of xanthine to uric acid can be analyzed using the classic 
Michaelis -Menten equation (i.e., the velocity equation (1)). 
Reprocessing the data in Fig. (3) in the form of a 
Lineweaver-Burk plot (1/V vs. 1/[S]), one obtains a Micha-
elis constant (Km,6FP´) and a turnover rate (k3,6FP´) of 5.0μM 
and 10.5 s

–1
, respectively, for xanthine. The solid line was 

calculated according to equation (1) using a set of parameters 
(Km, k3) of (5.0 μM, 10.5 s

-1
). These values have an uncer-

tainty of ~15%, due mainly to the variation in the concentra-
tion of XOD-6FP1 during the time period of the experiments 
and the influence of a small amount of free XOD. When 
compared to the values of 4.6μM and 17.0 s

–1
 (see Table 1) 

obtained under a very low xanthine concentration and the 
absence of 6FP, it is very clear that pre-occupation of 6FP at 
one XOD active site results in a nearly the same binding 
affinity, but a slower turnover rate of xanthine at the adjacent 
active site. Similar experiments were carried for the other 
four XOD substrates, and the measured rate constants were 
listed in Table 1 (see the 6FP effects column in Table 1). It 
can be seen that pre-occupation of a 6FP leads to retardation 
in both the binding affinities and the turnover rates for all 
five substrates, but to different extent. 

Although the substrate inhibition/ activation phenomena 
observed in the XOD system can be well explained by the 
cooperative interactions between two catalytic subunits as 
predicted by the extended Michaelis-Menten model, we can 
further evaluate the possibility whether these phenomena can 
be due to the formation of ternary complexes between two 
substrate molecules and a XOD subunit, i.e., there exists a 
peripheral regulatory site at each XOD catalytic subunit. 
Experimentally, it is quite difficult to differentiate the ternary 
complex model from the cooperative interaction model (i.e., 
two substrates bound at two different subunits which have 
strong cooperative interactions). We can first assume that 
there exists a peripheral regulatory site at each XOD cata-
lytic subunit, and then disprove the assumption. The “sub-
strate activation” and “substrate inhibition” phenomena oc-
cur at high substrate concentrations, indicating that substrate 
binding to the peripheral regulatory site takes place only at 
high substrate concentrations. If a substrate preferentially 
bind to the peripheral site prior to the active site, a classic 
Michaelis-Menten hyperbolic saturation curve in the V-[S] 
plot should be observed, instead of the substrate activation/ 
inhibition types of catalysis patterns. In other words, the por-
tion of substrate-binding to a peripheral site, if any, is negli-
gible at very low substrate concentrations. With such an un-
derstanding in mind, we go back to examine the experimen-
tal data in Fig. (3). The experimental data show that the pres-
ence of 0.75 eq. of 6FP, a very low concentration of 30 nM, 
leads to change of the catalytic pattern of xanthine from the 
“substrate inhibition” pattern to classic Michaelis-Menten 
hyperbolic saturation. Two situations could possibly lead to 
such a change in the catalysis pattern. The first possible 
situation is that all peripheral sites in XOD homodimers were 
occupied by 6FP and no cooperative interactions between the 
two XOD catalytic subunits. This situation does not exist 
since the amount of 6FP used is less than one equivalent 
(relative to XOD active sites). If there exists a peripheral site 
in each XOD subunit, there is no way one can use less than 
one eq. of tight binding substrate (such as, 6FP) to com-

 

Fig. (3). (a) The catalytic velocity of xanthine as a function of the 

xanthine concentration in the absence ( ) and the presence ( ) of 6-

formylpterin (30 nM). The concentration of XOD functional active 

sites is 40 nM in a PBS buffer at pH 7.5 and 22 °C. Xanthine of 

different concentrations was added to the solution 1 min after mix-

ing 6FP with XOD (see the text for discussion). The solid line was 

calculated according to the equation (3) in the text using a set of 

parameters (Km, k3) of (5.0 μM, 10.5 s
-1

). (b) The catalytic velocity 

of adenine as a function of the adenine concentration in the absence 

( ) and the presence ( ) of 6-formylpterin (30 nM).  
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pletely occupy all peripheral (regulatory) site and convert the 
substrate activation/ substrate inhibition catalysis pattern to 
classic Michaelis-Menten hyperbolic pattern. In addition, we 
previously observed that addition of 1~4 eq. 6FP to a XOD 
solution leads to a formation of ES complexes having a 
charge transfer band absorption at 620 nm [24], and these 
bound 6FP could be converted to 6-carboxyperterine (6CP) 
quantitatively, indicating that the binding location of 6FP is 
the active site [19]. The experimental data in Fig. (3) has 
completely excluded the possibility of existence of a periph-
eral site in each XOD catalytic subunit. The second possible 
situation is the absence of a peripheral site in each XOD 
subunit, but accompanied with strong cooperative interac-
tions between the two XOD catalytic subunits. Under such a 
condition, less than one eq. of an inhibitor-like substrate can 

occupy part of active sites, generating some quasi-single site 
XOD homodimer enzyme species with one empty site and 
the other occupied. If there is absence of any sort of coopera-
tive interactions between the XOD subunits (i.e., independ-
ent catalysis for each subunit), one would obtain a classic 
Michaelis-Menten hyperbolic saturation pattern with the 
same catalytic parameters (Michaelis constant and turnover 
rates). This case does not match with the experimental re-
sults shown in Fig. (3). Overall, the only situation, which can 
explain our experimental observation, is the absence of a 
peripheral site in each XOD subunit and simultaneous exis-
tence of strong cooperative interactions between the two 
XOD subunits. The conclusion is supported by the x-ray 
crystallography results and our previous observation of co-
operativity in the XOD system [19]. Besides xanthine, four 
other XOD substrates (i.e., adenine, 2-amino-4-
hydoxypterin, xanthopterin, and lumazine) all change from 
their original substrate inhibition/ activation pattern to a clas-
sic Michaelis-Menten hyperbolic saturation pattern in the 
presence of 0.75 eq. of 6FP (results in Table 1). Therefore, 
the data in Fig. (3) does not support the assumptions of exis-
tence of a peripheral regulatory site in each XOD subunit 
and the absence of cooperative interactions between XOD 
subunits, but can be well explained by the cooperative inter-
action model. The data in Figs. (1 and 3) demonstrate that 
strong cooperative interactions between the two XOD 
subunits can result in “substrate activation” and “substrate 
inhibition” catalysis patterns. More importantly, the XOD 
system demonstrates a unique enzyme regulation mechanism 
via binding of its substrates at active sites.  

Regulation of enzyme activities by substrates at active 
sites. As shown above, pre-occupation of a 6FP molecule at 
an XOD active site can change the catalytic behavior of the 
neighboring catalytic subunit. Simultaneously, the substrate 
at the second active site of the neighboring catalytic subunit 
can also alternate the rate of catalysis of the pre-occupied 
6FP at the first active site. In fact, two of the same or differ-
ent substrates at the two XOD active sites have mutual regu-
lation effects on each other. In other words, an XOD cata-
lytic subunit can simultaneously serve as a regulatory unit as 
well for the adjacent subunit(s). In Fig. (3), we observe that 
the binding of 6FP could slow down the turnover rate of xan-
thine at the adjacent active site from 17.0 to 10.5 s

-1
 (see 

Table 1). By contrast, the presence of xanthine at the XOD 
active site was observed to accelerate the conversion of the 
pre-occupied 6FP to 6-carboxypterin (6CP) as evidenced by 
the enhanced activity recovery rate and faster disappearance 
of the 6FP-XOD charge transfer band at 620 nm (see Figs. 
4(a) & 4(b)). Other substrates, such as 2-amino-4-
hydroxypterin, and isoxanthopterin, were also observed and 
able to accelerate the conversion of 6FP to 6CP, but to dif-
ferent extent. To accelerate the conversion of 6FP to 6CP, 
the hetero substrates could bind to the only available free 
active site of the XOD-6FP1 species and affect the catalytic 
rate of XOD-6FP1 via cooperative interaction between the 
two XOD subunits. The acceleration effect of xanthine is 
larger than that of 2-amino-4-hydroxypterin at the same con-
centration of 0.2 mM, which is consistent with the smaller 
Km,6FP’ of xanthine (5.0 μM) than 2-amino-4-hydroxypterin 
(10.6 μM, see Table 1). A smaller Km,6FP’ of xanthine means 
that a larger portion of the only available active site of XOD-

 

Fig. (4). Normalized XOD activity as a function of time in the 

presence of different substrates: (a) 0.2 mM xanthine ( ); 0.2 mM 

2-amino-4-hydroxypterin ( ); 0.2 mM isoxanthopterin ( ); and the 

absence of other substrate ( ). The XOD solution (pH 7.5 in a 0.1 

M PBS buffer at 22 °C) was pre-mixed with 1 equivalent of 6FP to 

form XOD-6FP2 complex. 0.2 mM of hetero substrate was added 8 

min after adding the solution to affect the conversion of 6FP to 

6CP. 20 μL of the enzyme solution was removed and added to a 2 

mL solution containing 50 mM xanthine to examine for its activity. 

(b) The bleaching rate at 388 nm in the absence (solid line) and the 

presence (dot line) of 0.5 mM xanthine. An aliquot of xanthine 

solution was added to the XOD solution after mixing of XOD and 
6FP.  
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6FP1 species will be occupied by xanthine than by 2-amino-
4-hydroxypterin at the same concentration, and thus larger 
portion of XOD-6FP1 was accelerated to the product in the 
presence of xanthine. The accelerated product formation of 
XOD-6FP1 is also evidenced by the faster 6CP formation 
(i.e., bleaching at 620 nm) in the presence of xanthine (see 
Fig. (4b)). The argument of cooperativity between two XOD 
active sites was also supported by lumazine-accelerated ac-
tivity recovery rate of alloxanthine-inhibited XOD (see Fig. 
5). Allopurinol is a XOD substrate, and can be converted to a 
potent XOD inhibitor, namely, alloxanthine, which then 
binds the reduced form of XOD(-Mo

4+
) [28]. Mixing of 

XOD with allopurinol will lead to complete inhibition of 
XOD by alloxanthine. The alloxanthine-inhibited XOD has a 
half-life of ~ 5 hr. As shown in Fig. (5), the presence of 0.2 
mM lumazine significantly accelerates the activity recovery 
rate of the alloxanthine-inhibited XOD and shortens the its 
half-life from 5 hr to ~ 2 hr. The results in Figs. (4 & 5) un-
ambiguously show that there indeed exists a very strong co-
operative interactions between the two XOD subunits, and 
the presence of a second substrate can tune (or regulate) the 
catalytic pattern of XOD for other substrates. In general, the 
substrate-regulation phenomenon would be enhanced and 
readily observed if one or both of the two substrates are slow 
(or inhibitor-like) XOD substrates, and thus have a longer 
residence time (or smaller turnover rate) at active sites. Al-
lopurinol is the current clinical medicine for treatment of 
gout. Based on the previous assumption of independent ca-
talysis of XOD active sites, the subsequent metabolized 
product of allopurinol (i.e., alloxanthine) will bind to and 
inhibit the two XOD active sites independently. As shown in 
the Fig. (5), the dissociation half lift of the alloxanthine-
XOD complex changes dramatically from ~ 5 h to ~ 2 hr in 
the presence of XOD substrates. In the in-vivo systems, 
XOD substrates are abundant in biological tissues/organs, 
which will change the pharmacokinetics and thus the effica-
cies of allopurinol dramatically. Currently, the true mecha-

nisms how allopurinol inhibits XOD and how the alloxan-
thine-XOD complex is re-activated are still largely unknown. 
To have proper doses of allopurinol for treatments of gout 
and other XOD related diseases, it is necessary to figure out 
how XOD was inhibited and re-activated by its inhibitors (or 
medicinal molecules) by taking into account of the coopera-
tive interactions between the two XOD catalytic subunits.  

CONCLUSION  

In summary, we have observed the substrate inhibition 
and substrate activation phenomena occur simultaneously in 
xanthine oxidase. The substrate inhibition pattern can be 
converted to the classical Michaelis-Menten hyperbolic satu-
ration pattern by the presence (or binding) of an inhibitor-
like substrate, i.e., 6-formylperterin, in one of the two XOD 
active sites. The substrate inhibition and substrate activation 
phenomena can be well simulated using the velocity equa-
tion derived from the extended Michaelis-Menten model by 
introducing cooperative interactions between two catalytic 
subunits in homodimeric enzymes. In other words, strong 
cooperative interactions between catalytic subunits of an 
enzyme could be the origin of commonly observed phenom-
ena of substrate inhibition and substrate activation, without 
the necessity to assume the presence of a peripheral regula-
tory sites (or unit). The previous discovery that there are very 
strong cooperative interactions between the two XOD cata-
lytic subunits was further confirmed. This work also demon-
strated that the half life of the XOD-inhibitor (i.e., alloxan-
thine) complex was significantly shortened from ~5 h to ~ 2 
h in the presence of XOD substrates. Since XOD is involved 
in many important diseases, such as, gout, ischemia reperfu-
sion injury, nitric oxide formation, understanding the details 
of cooperative interactions between the two XOD catalytic 
subunits is crucial to the pharmacokinetics and treatments of 
the XOD related diseases, and will shed light on the future 
drug design.  

MATERIALS AND METHODS 

General procedure for turnover rate measurements. The 
enzyme purification procedure was described in detail in 
[19]. Briefly, the commercial XOD (Calbiochem, ~ 40 % 
activity) was purified via an EAH-Sepharose

TM
 4B/folate 

column (39) to a ~ 85% purity level. The concentration of 
functional active sites of XOD was determined by the 
AFR

25
 method [30].

 
In a typical experiment, the concentra-

tion of XOD functional active sites was in the range of 0.01 
~ 0.1μM in a PBS buffer solution at pH 7.5 and 22 °C. The 
velocity of each substrate was obtained from the slope in the 
plot of product absorbance vs. time. The absorbance was 
measured at a particular wavelength where the absorbance of 
a product was large and there was a minimal interference 
from the reactant substrate. The monitoring wavelengths for 
different substrate-product systems are listed below: 294 nm 
( product-substrate = 294nm = 11200 M

–1
cm

–1
) for xanthine, 305 

nm ( 305nm = 11800 M
–1

cm
–1

) for adenine, 294 nm ( 294nm = 
4530 M

–1
cm

–1
) for 2-amino-4-hydroxypterin, 310 nm 

( 310nm = 7180 M
–1

cm
–1

) for xanthopterin, and 284 nm 
( 284nm = 5030 M

–1
cm

–1
) for lumazine. In general, the ab-

sorption coefficient of a substrate at the monitoring wave-
length was between 20 M

-1
cm

-1
 and 2020 M

-1
cm

-1
. An ali-

quot of a XOD aqueous solution was added into a substrate 

 

Fig. (5). The recovery of the XOD activity from an alloxanthine-

XOD(Mo
4+

) complex solution in 0.1 M phosphate at pH 7.5 in the 

presence ( ) and the absence ( ) of 200 μM lumazine at 22 °C in 

air. The alloxanthine-XOD(Mo
4+

) complex solution was obtained 

by mixing a XOD solution with excess amount of allopurinol, fol-

lowed by passing the solution through a Sephadex G-25 column to 

isolate the alloxanthine-XOD(Mo
4+

) complex. The XOD activity 

was monitored by removing an aliquot of the XOD solution every 

20 min to examine for its activity using xanthine as a substrate. 
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containing solution to initiate the enzyme reaction. The ve-
locity at a given substrate concentration was obtained from 
the slope at the first 30 to 200 second in the absorbance-time 
plot, where consumption of substrate is usually below 10 %. 
The above experiments were carried out at different substrate 
concentrations. The observed initial velocity was then plot-
ted as a function of the substrate concentration. Unless oth-
erwise mentioned, all initial velocity measurements were 
repeated three times and the average values were reported.  

The turnover rate from the “quasi-single-site” XOD-
6FP1 enzyme species. Xanthine oxidase is a homodimer en-
zyme. In order to prepare a quasi-single site XOD enzyme 
species and study the catalytic activity of such a quasi-single 
site enzyme, 0.75 equivalent of 6FP was added to a XOD 
aqueous solution. By comparing the catalysis rates of free 
XOD and quasi-single site XOD species toward the same 
substrate, one can obtain information regarding how a bound 
substrate (here, 6FP in this case) at one of the two XOD ac-
tive sites affect the catalysis rate of the other active site. In 
the presence of 0.75 equivalent (relative to XOD functional 
active sites, unless otherwise mentioned) of 6FP, XOD will 
exist in the forms of XOD, XOD-6FP1, and XOD-6FP2 [19].

 

Binding of 6FP to XOD active sites is nearly quantitative 
and is irreversible with dissociation half life of ~17 minutes, 
due to the very small dissociation rate constants (k2 and k2’ in 
Scheme 2 in the results and discussion section), on the order 
of 10

-4
 ~10

-5
 s

-1
. The enzymatic conversion rates (k3, and k3’) 

of 6FP to 6-carboxylpterin (6CP) from XOD-6FP1, and 
XOD-6FP2 are 0.95 x 10

-3
 and 2.8 x 10

-3
 s

-1
, respectively 

[19].
 
After addition of XOD to an aqueous solution contain-

ing 0.75 equivalent 6FP, the solution was incubated for 10 
seconds to allow formation of XOD/6FP complexes. In the 
presence of 0.75 equivalent of 6FP, XOD and 6FP will form 
complexes and reach equilibrium within a few seconds after 
mixing. XOD molecules will populate among the forms of 
free XOD, XOD-6FP1, and XOD-6FP2 with a ratio of 6.25%, 
37.5%, and 56.25%, calculated based on a statistic distribu-
tion (for the sake of simplicity, the effect of cooperative in-
teractions on the distribution of XOD/6FP complexes is ne-
glected here). Distribution of the above three enzyme species 
will slowly change as time proceeds. The XOD-6FP2 will 
gradually convert to XOD-6FP1 by following the equation, 
[XOD-6FP2]= [XOD-6FP2]0 exp(-k3’t). Whereas, XOD-6FP1 
will gradually convert to free XOD by following the equa-
tion, [XOD-6FP1]= [XOD-6FP1]0 exp(-k3t). Therefore, the 
amount of free XOD, XOD-6FP1, and XOD-6FP2 at a par-
ticular time after mixing of 6FP and XOD can be calculated 
by the following equation (5)   

[XOD-6FP2]= [XOD-6FP2]0 exp(-k3’ t)                           (5a) 

[XOD-6FP1]= [XOD-6FP1]0 exp(-k3 t) + [XOD-6FP2]0  

[1-exp(-k3’ t)] exp(-k3 t)                                                     (5b) 

[XOD]=[XOD]0 + {[XOD-6FP1]0 + [XOD-6FP2]0  

[1-exp(-k3’ t)]} [1-exp(-k3 t)]                                             (5c) 

Overall, at 60 seconds after mixing 0.75 equivalent of 
6FP with XOD, the distribution of free XOD, XOD-6FP1, 
and XOD-6FP2 becomes 8.83 %, 43.62 %, and 47.55%, re-
spectively. The XOD-6FP2 does not have any available ac-

tive sites for substrate binding and catalysis. The dominant 
catalytic species in the solution is the XOD-6FP1, which has 
only a single active site available for other substrates and can 
be used to investigate the catalysis behavior of very fast sub-
strates. For fast substrates (such as, xanthine and xanthop-
terin) the turnover time is very short, on the order of a few 
tenths of mini seconds. The product formation velocities 
were monitored for 30 seconds after the mixing of substrates 
and enzyme. All kinetic observation was done within one 
minute. Within one minute, the conversion of xanthine to 
uric acid by XOD ends, but the distribution of free XOD, 
XOD-6FP1, and XOD-6FP2 does not change significantly. 
During this short time period, only less than 10 % of 6FP 
was converted to 6CP. Since XOD-6FP2 has no empty active 
site and could not catalyze conversion of xanthine to uric 
acid, uric acid was formed mainly from the XOD-6FP1 (in 
the amount of ~85%) and the free XOD (in an amount of 
~15%). The classic Michaelis-Menten equation was adopted 
to obtain the Km,6FP’ and k3,6FP’ value for this “pseudo-single 
site” XOD-6FP1 enzyme species. The turnover rate of xan-
thine by the XOD-6FP1 species was obtained by subtracting 
the ~15% contribution from the free XOD species of which 
the turnover rate is known and can be measured separately. 
The experiments were done at different xanthine concentra-
tions in order to collect enough data points for the V - [S] 
plot.   

The conversion of 6FP to 6CP by XOD in the presence of 
other substrates. In the previous section, the effect of a 
bound 6FP on the catalytic behavior of the other XOD active 
site was studied. In this section, experiments were designed 
to study the reverse effect, namely, the effects of substrate 
binding (at an XOD active site) on the catalysis behavior of 
6FP bound at the adjacent XOD active site. The XOD solu-
tion (pH 7.5 in a 0.1 M PBS buffer at 22 °C) was pre-mixed 
with 1.2 equivalent of 6FP to form the XOD-6FP2 complex. 
Another substrate with final concentration of 0.2 mM was 
added to the solution at 8 minutes after addition of 6FP to 
affect the conversion of 6FP to 6CP. In order to determine 
the effect of other substrates on the turnover rate of the 6FP 
to 6CP by the XOD-6FP1 species, 20μL of the 6FP/XOD 
solution was removed and added into a 2 mL solution con-
taining 50 μM xanthine to measure the enzyme activity. No-
tice that the turnover rate of 6FP to 6CP from the XOD-6FP2 
species is not expected to be influenced by the presence of 
other substrates, since XOD-6FP2 has no active site available 
for other substrates.  
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XOD = xanthine oxidase 

6FP = 6-formylpterin 

6CP = 6-carboxylpterin 

AFR = activity-flavin ratio 

ES = enzyme-substrate complex 
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