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and XO is with the electron donator domain and not the xanthine binding electron 

acceptor domain. 

The aldehyde oxido-reductase (AOR) from Desulfovibro gigas is the first represen­

tative of the xanthine oxidase type enzymes for which the three-dimensional structure 

is available (Romao, 1995). Although there are differences between XO and AOR, a 

wealth of information can be extrapolated from AOR about the structure and enzyme 

reactions of XO. Multiple alignment with the family of XO's from mammalian, insect 

and fungal sources showed that the AOR amino acid sequence is highly conserved 

with ca. 52% homology and 25% identity, suggesting a close structural relationship 

(Fig. 3.4) (Romao, 1998). The homology is particularly high in those segments associ­

ated with binding of the redox cofactors as well as within residues of the substrate­

binding pocket, and for the residues of the substrate tunnel. The segment binding to 

the cytosine dinucleotide substructure is not conserved because XO, isolated form 

bovine milk, has the monophosphate variant of the Moco. In Fig. 3.4 it can be seen 

that the binding segments of the cofactors are well conserved with a high proportion 

of invariant residues and secondary structures. Interruptions by deletions and inser­

tions occur only in loop regions and at the N- and C-termini. The long deletion of 

about 400 residues in the AOR structure between residues 176 and 177, corresponds 

to the F AD (electron donating) domain in the xanthine dehydrogenases and is absent 

in AOR. This additional domain must be placed, in the XO family of enzymes, some­

where along the extended connecting segment (white part in Fig. 3.5). The FAD bind­

ing domain has been tentatively assigned on the basis of mutant studies. A mutation 

that has received considerable attention, was the Y395F xanthine dehydrogenase from 

Drosophila melanogaster, which has shown to be enzymatically inactive. 
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Figure 3.5 Molecular structure of aldehyde oxid<>-reductase and ligands. The helical and p-sheet 

secondary structures are drawn as rods and arrows with WebLab ViewerLite. The sulfurs of the 

cofactofS are yellow, and the metal atoms are silver. The substrate binding tunnel is in the middle lower 

third of the molecule. The view is onto the molybdenum from the approaching substrate. The blue and 

green domains are the first [2Fe-2S] and second [2Fe-2S] domains respectively. The white domain is 

the connecting domain where the FAD site of XO and XDH is presumably inserted. The light brown 

and dark brown domains are the Mol aod M02 domains respecti"'ly. The molydopterin cofactor is 

bound in between the Mo I and M02 domains, seen as a ball aod stick model. 
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During the oxidative cycle the reducing equivalents obtained by the Mo-center are 

transferred to dioxygen at the flavin to form either peroxide or superoxide. These 

electrons are transferred via the Moco and iron-sulfur centers to the FAD site where it 

is transferred to molecular oxygen. The reducing equivalents are transferred through 

the partially conjugated system of the pterin and a hydrogen bond to the first Fe/S 

center. Electron transfer then proceeds via several covalent bonds and one hydrogen 

bond towards the second Fe/S center. From here the electrons will flow to FAD as an 

electron acceptor probably in a similar manner through covalent bonds and conjuga­

ted systems. The electron transfers are made possible by redox potential differences 

and reorganization energies. At the end of the oxidative cycle the MOIV is oxidized 

back to Mo VI . 

Allopurinol, a structural analogue of xanthine is the best known inhibitor of XO. Allo­

purinol is converted to oxypurinol in the catalytic center of XO. Both compounds 

compete with the physiological substrates for the active center of the enzyme. Once 

oxypurinol has formed a complex with the enzyme, it dissociates very slowly from the 

active center of the enzyme. Oxypurinol is an efficient tight binding inhibitor of XO 

and exerts non-competitive type inhibition (Massey, 1970). 

The majority of XO inhibitors are heterocyclic aromatic compounds and aldehydes or 

alcohols that mimic purine and aldehyde substrates of XO. Most of the inhibitors 

exert non-competitive or mixed type inhibition. Uric acid and 8-bromoxanthine are 

two compounds that show uncompetitive type inhibition (Hille, 1984), (Radi, 1992). 

Natural plant products such as polyphenols and coumarins have also been shown to 
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inhibit XO (Chang, 1995 (c)). Although the types of inhibition for these inhibitors are 

known, the exact mode of action has not been investigated. 

2 Materials and Method 

2.1 Materials 

XO Grade III from buttermilk (1.2 units/mg), quercetin, kaempferol and allopurinol 

were purchased from Sigma Chemical Company (St Louis, MO, USA). (+)-C, (-)-EC, 

(-)-EGC, (-)-ECg and (-)-EGCg were gifts from Mutsui Norin (Tokyo, Japan). All 

buffer salts and solvents needed for assay or running buffers were of analytical grade. 

2.2 Xanthine Oxidase assay 

All assays were done aerobically at 20°C. The enzyme activity was measured spectro­

photometrically by determining uric acid formation at 295 nm with xanthine as 

substrate (Kalckar, 1947). The XO assay consisted of 200 III reaction mixture contain­

ing phosphate buffer pH 7.4, 0.05 M; 0.004 U/ml XO and xanthine substrate. The 

. assays that were conducted without inhibitors, were started by addition of the enzyme 

to the reaction mixture. The reference cuvette was identical and only enzyme was 

absent. The assay mixture was incubated for 3 minutes and absorbency readings were 

taken every 20 seconds. 

The inhibitor concentrations were selected by assaying at a substrate concentration 

equal to Km (2.5 11M) (White, 1981). Three inhibitor concentrations were chosen by 

pre-trails to give approximately 50%, more than 30% and less than 70% inhibition at 

a substrate concentration equal to Km. All inhibitors were pre-incubated with enzyme 

for 10 minutes. The reaction was started by addition of the substrate. A substrate 
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range of 1.25 I!M (0.5 Km) to 10 I!M (4 Km) was used to avoid substrate inhibition, 

which was evident above 25 I!M xanthine in our assay (Aucamp, 1997). EDT A was 

added to the assay mixture (33.3 I!M for EGC, ECg and EGCg, since color changes 

were noticed on standing at room temperature or on ice in the dark. 

2.3 Molecular modeling of XO inhibitors 

Various inhibitors of XO were taken from the literature and modeled in the CORINA 

software package (http://www2.ccc.uni-erlangen.de/software/corinalfree_struct) . 

CORINA generates a low energy conformation structure for each inhibitor or 

substrate. The 3D structures of the inhibitors were compared in pursuit of identifying 

a structure-activity relationship and to evaluate the possibilities of designing other XO 

inhibitors. 

3 Results and Discussion 

3.1 Inhibition of XO with tea polyphenols 

The compounds tested are shown in Table 3.1 together with their K i, K, and apparent 

Ki values and types of inhibition displayed. The Lineweaver-Burk method was used to 

confirm the Km of xanthine, the type of inhibition and apparent Ki value of each inhi­

bitor. The Km value for xanthine was found to be 1.25 I!M, (Fig. 3.7). For mixed type 

inhibition the secondary plots of IN max vs [I] and slope vs [I] were used to determine 

Ki and K, respectively. The secondary plots of the mixed type inhibitor (-)-EC are 

shown in Fig. 3.8. Linear secondary plots indicate the formation of dead-end com­

plexes and parabolic non-linear plots indicate that more than one inhibitor molecule 

binds per enzyme. Non-linear secondary plots were only observed for quercetin and 

kaempferol. The secondary plots of the mixed type inhibitor kaempferol are shown in 
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form an ESI enzyme complex, but since both S and I binds to the electron acceptor 

domain it is impossible to form an ESI complex. Thus single-substrate Michaelis-

Menten kinetics is not a suitable model for explaining this inhibition. 

In explaining this inhibition behavior, the inhibitors should be seen as competing with 

the substrate for the electron acceptor domain of the enzyme. The inhibitors simulate 

"alternative substrates" for the enzyme. This allows the implementation of the math-

ematical procedures used for explaining the effects of alternative substrates on the 

enzyme activity for physiological substrates (Huang, 1979). From the schematic 

presentation of the XO ping-pong bi-bi reaction, it can be seen that there is an 

oxidized (Eox) and a reduced (Ered) form of the enzyme to which competitive inhibi-

tors can bind (Fig. 3.11). 

Model A 

Model B 

Model C 

Figure 3.11 A possible model by which the tea polyphenols as well as XO substrate and product 

analogues exert their inhibitory effects . 
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Three-dimensional structures obtained from X-ray crystallography data of oxidized, 

reduced and partially reduced Desulfovibrio gigas AOR indicated that the major 

differences are in the structures of the Mo coordination complex and the Moco. The 

Mo VI is reduced to MOIV, a substantial bond lengthening is observed for the apical 

sulfur ligand and the Mo deviates from the equatorial plane with 0.4 - 0.7 A towards 

the apical ligand. In the reduced form the dithiolene sulfurs are also wider apart which 

results in a considerable puckering of the dithiolene molybdenum ring. Other struc­

tural differences are far from the molybdenum and presumably insignificant for the 

enzymatic reaction. There are no structural differences in the spatial arrangement of 

the amino acids in the substrate binding domains of the oxidized and reduced enzyme 

forms. Reduction of the Fe/S cofactors also resulted in no structural differences . Since 

the only major structural change in the active center involves the MOIV, it is most 

probably the factor that permits binding of the inhibitor to the Ered enzyme form. This 

is a reasonable assumption since 8-bromoxanthine has been shown to bind only to the 

Ered form. 

When an inhibitor binds to the Eox form of the enzyme it is clear that it competes with 

the xanthine for binding to the electron acceptor domain. With the inhibitor binding to 

the Ered form of the enzyme, it seems as if it is competing with the oxygen for a 

binding site. Oxygen is reduced at the FAD cofactor binding domain (electron dona­

ting) which is far from the electron acceptor domain. XO can potentially 

accommodate six reducing equivalents under anaerobic conditions and is thus able to 

complete three catalytic turnovers in the absence of oxygen. This means that xan­

thine is able to bind to the enzyme even if the Fe/S co factors are in the reduced or 

partially reduced forms. It is possible that the same inhibitor can also compete with 
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xanthine for the electron acceptor domain of Ered. Alternatively it is possible that the 

binding of the inhibitor to Ered prevents the reducing equivalents from being trans­

ferred to oxygen. 

Since polyphenols are structurally similar it is possible that they all might bind to the 

same binding site with varying affinities. Circumstantial evidence suggests that the 

polyphenols may bind to the electron acceptor domain. The XO enzyme is not very 

substrate specific and the basic structural requirements for substrates are the presence 

of aromatic heterocycles containing nitrogen or oxygen or a carbonyl group in the 

position a to the carbon that will be oxidized. The polyphenol EGCg exerts competi­

tive inhibition with varying xanthine concentration. The secondary plots indicate lin­

ear competitive inhibition with the formation of a dead-end complex. All these results 

are indications that EGCg may bind to the electron acceptor domain ofXO. 

Models are proposed where the polyphenols and other structurally related inhibitors 

bind to the electron acceptor domain of either Eox (Model A) or Ered (Model B) or to 

both forms of the enzyme (Model C) (Fig. 3.11). These models represent the initial 

reaction conditions where no products are present in the system. Under these condi­

tions the product formation steps are far from equilibrium and essentially unidirec­

tional. The reverse reaction where xanthine is produced from uric acid is also ex­

tremely slow and virtually non-existent. The water molecule that takes part in the 

reaction is ignored in the theoretical model. The reaction takes place in an aqueous 

medium where the concentration of water is not a rate-limiting factor. Two inhibitor 

constants KI and Ki are used to define the affinity of the inhibitor for the oxidized or 

reduced forms of the enzyme respectively. The King-Altman procedure has been used 
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to derive the Alberty equation for each model. The inhibitory Alberty equation for 

each model will be derived mathematically. 

King and Altman developed a schematic method for determining the rate laws for en-

zyme catalyzed reactions. For a scheme containing n enzyme forms n different 

steady-state equations are derived. The concentration of each enzyme form is defined 

as the sum of all the products of (n-I) rate constants and substrate concentrations 

(King, 1956). 

Model A 

Enzyme form Paths forming enzyme form Sum of kappa products 

k_lk)k4k_S [0] + k2k)k4k_S [0] 
= (k_, + k2 )k)k4k_s [0] 

klk2k_)k_S [X] + klk2k4k_s [X] 
= (k_) + kJk1k2k_s [X] 

k_lk)k4kS [0][1] + k2k)k4kS [0][1] 
= (k_, + k2 )k)k4ks [0 ][1] 

 
 
 





In vitro & in silico XO studies 78 

Under saturating O2 conditions the Alberty equation can be reduced to a pseudo-

single substrate Michaelis-Menten equation. This equation shows that inhibitors bind-

ing to the Eox form (Model A) exhibits only competitive inhibition where V max is un-

affected and Km is reduced. 

Model B 

Enzyme form Paths forming enzyme form 

and 

Sum of kappa products 

k_lk3k4k_s [0] + k2k3k4k_s [0] 
= (k_l + k2 )k3k4k_s [0] 

klk2k_3 k_S [X] + klk2k4k_s [X] 
= (k_3 + k4 )klk2k_s [X] 

klk2k_3kS [X ][1] + k1k2k4ks[X][I] 
= (k_3 + k4)k1k2ks[X][I] 
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