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Abstract
Motivation. Xanthine oxidase is a very important enzyme that catalyzes the oxidation of xanthine to uric acid,
which plays a crucial role in gout. The search for new compounds that are capable of inhibiting the activity of
XO therefore constitutes a field of investigation that attracts great interest. As a continuation of studies
performed on benzophenones, in this work we determine the inhibition of XO by 2,4—dihydroxybenzophenone
and 2,3,4—trihydroxybenzophenone. We propose a model for the representation of the active site of XO, which
was used to describe the possible enzyme—substrate and enzyme—inhibitor interactions.

Method. The ICs, of the compounds was determined using a UV—visible spectroscopic kinetic method. Basis
sets at B3LYP/6-31+G(d) and HF/3-21G were used for performing the calculations that permitted to describe
the interactions involving the enzyme, the substrate and the inhibitors.

Results. The ICs, data obtained indicate that 2,4—dihydroxybenzophenone and 2,3,4—trihydroxybenzophenone
exert a moderate inhibiting activity on XO, which is comparable to that exhibited by other polyphenolic BPs, but
is lower to that of potent inhibitors of XO like allopurinol or quercetin. On the other hand, a model for the active
site of XO was proposed, which includes a pentaheteroatomic ring and two extracyclic heteroatoms (S and O).
The structures of the enzyme—substrate and enzyme—inhibitor—complex were calculated using this model.

Conclusions. The inhibition of XO by 2,4—dihydroxybenzophenone and 2,3,4-trihydroxybenzophenone is
produced by a Michaelis—Menten mechanism of the competitive reversible type. It was also established that the
inhibiting activity of the compounds is determined by the stability of the enzyme—inhibitor complex and is
independent of their acidity constants.

Keywords. Xanthine oxidase; inhibiting activity of benzophenones; inhibitor—enzyme interactions; mechanism;
ab initio and DFT calculations.

Abbreviations and notations

BPs, benzophenones K, acid ionization constant

X0, xanthine oxidase K, formation constant of the enzyme—drug complex
X, xanthine PEC, potential energy curve

TRIS, tris(hydroxymethyl)aminomethane IHB, intramolecular hydrogen bond

DMSO, dimethylsulphoxide DM, dipole moment

DFT, density functional method A, bond angle

TE, total energy r, bond length

D, dihedral angle ASXO, active site model of XO

U, uric acid
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1 INTRODUCTION

Benzophenones (BPs) are matter of continuous biological and industrial investigations due to
their insecticide [1], platelet—aggregation inhibiting [2], UV radiation absorbing [3] and enzyme
inhibiting (xanthine oxidase) [4] properties, among others. On the other hand, xanthine oxidase
(XO) is a fundamental oxomolybdoenzyme [5] in the human purines metabolism. The inhibition of
XO i1s very important because this enzyme catalyzes the oxidation of xanthine (X) to uric acid [6],

which plays a crucial role in gout [7].

The demonstration that XO is involved in free radical production [8] led to an increasing interest
in the study of other enzyme properties and related topics. Thus, advances have been made on
adsorptive properties (size and molecular area) in bovine milk [9], the increase of antioxidant
activity and XO inhibition of catechin by enzymatic polymerization [10], the microfabrication of
bioreactor chips for immobilized enzyme assays [11], the X-ray absorption spectroscopy of a
structural analogue of the oxidized active sites in the sulfite oxidase enzyme family and related
molybdenum (V) complexes [12], as well as the redox interplay of oxo—thio—tungsten centers with

sulfur—donor co—ligands [13].

On the other hand, although information on the quantitative inhibition of XO for BPs is scarce
[4], the kinetic study of the inhibition degree of this enzyme by polyphenolic BPs, and the probable
anti—oxidizing properties of these compounds with potential pharmaceutical applications is of major
interest. In this work kinetic experiments of enzymatic inhibition were carried out with the main
purpose of accurately determining the inhibition degree of XO by 2,4—dihydroxy—benzophenone (1)
and 2,3,4-trihydroxy—benzophenone (2). In addition, and taking into account that for many
pharmacological agents the main mechanism of action involves drug—enzyme interactions, as in the
case of XO inhibition by allopurinol [14,15], to explain the relative inhibitory capability of 1 and 2,
we also analyze theoretically the possible interactions of these compounds and of X, with the

catalytic center of XO by means of ab initio a DFT methods.

2 MATERIALS AND METHODS

2.1 Reagents

Compounds 1 and 2 from Sigma Chemical Co were purified by repeated crystallization from
ethanol-water mixtures. Purity control was performed determining their melting points [16]
(mp(1) = 144°C, mp(2) = 140-141°C) as well as their thin—layer chromatographic and UV—visible
spectroscopic properties [17]. X and XO (EC 1.1.3.22, grade IV from bovine milk) were obtained
from Sigma Chemical Co. The enzymatic preparation of XO contains 4.37 U/mL.
Dimethylsulphoxide (DMSO), used to dissolve the BPs, was purchased from Merck and employed

without further purification.
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Figure 1. Structure and practical numbering system adopted in the calculations of the hydroxy—benzophenones studied.
(1) 2,4—-dihydroxy—benzophenone; (2A) First conformer of 2,3,4-dihydroxy—benzophenone; (2B) Second conformer of
2,3,4—dihydroxy—benzophenone.

686
Bi1oCHEM Press http://www.biochempress.com



Inhibition of Xanthine—Oxidase by 2,4-Dihydroxy—Benzophenone and 2,3,4-Trihydroxy—Benzophenone
Internet Electronic Journal of Molecular Design 2004, 3, 684—703

H(12)

H(13)

0(10)
~ "H(Q5)

Figure 2. Lactim structure of xanthine and practical numbering system used in the calculations.
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Figure 3. Potential energy curve for the hydroxyl group bound to Cs (ring A) of 2,3,4—trihydroxy—
benzophenone, computed at HF/6-31+G(d) in vacuum, at 298 K.

2.2 Experimental Procedures

Preliminary experiments of XO inhibition were carried out in order to select the best working
conditions. The concentration of X was 2.71x107 mol L™ in TRIS buffer (510~ mol L' pH 8.1).
BPs 1 and 2 were added to the reaction mixture dissolved in DMSO. The final concentration of
DMSO in the reaction medium was 0.34% (v/v). The inhibition of XO was determined by
monitoring the formation of urate at 290 nm, on a Shimadzu UV 160A double beam
spectrophotometer with 1 cm thermostatically controlled cells, at 303.0 K. In the procedure
followed for quantitative determinations, 2.9 mL reaction mixtures were prepared containing X
(2.71x107° mol L") and BP (1 or 2) in variable concentrations (between 1.69x107 and 1.07x10™*
mol L™). The reaction was initiated by adding 3pL of XO solution and the absorbances were read
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every 5 seconds for 10 min. Control experiments (without BP) were carried out simultaneously. The

percent inhibition degree was calculated with Eq. (8).

2.3 Calculations

The structure and practical numbering system adopted in the calculations of the hydroxy—
benzophenones studied are shown in Figure 1. Figure 2 shows the lactim structure of X and
corresponding practical numbering system. The structure of 1 has been recently analyzed in vacuum
and water [18], with the B3LYP/6-31G(d) method. In this work, the stereochemical characteristics
of 1 and 2 and the molecular properties of the monoanions of both BPs were determined at HF/6—
31+G(d) and B3LYP/6-31+G(d). For the determination of the potential energy curve (PEC) of 2 in
vacuum at HF/6-31+G(d) (Figure 3), the total energy (TE) of molecular structures were calculated
as a function of the dihedral angle o using 10° increments in the —10° to 210° interval. It was
proposed that dihedral angle a (Figure 1, D—H,70,7CsC,4) is formed by the plane containing the
hydroxyl group bound to Cs and the plane containing the rest of the substituted aromatic ring A of
the molecule. The two planes intersect along the single bond O;7—Cs. The potential energy curve
minima obtained by the scan of 2 (Figure 3) were optimized with the Gaussian 98 [19] program
packages, using the HF/6-31G+(d) and B3LYP/6-31+G(d) methods and the default convergence
criteria. Tomasi’s [20] method was used to analyze the solvent effects on all the species studied as

well as the conformational equilibrium constant that involves conformers 2A and 2B.

On the other hand, considering that molybdenum (atomic number 42) is outside the range of
most standard basis sets used by the programs included in the Gaussian 98 package, the study of the
drug—enzyme interactions was carried out at HF/3-21G. Moreover, the specific calculations to
obtain the molecular properties of the inhibitor-enzyme complex in water were performed with the

Tomasi’s method using the uahf atomic radii [21].

3 RESULTS AND DISCUSSION

The mechanism by which molybdenum enzymes such as XO carry out substrate hydroxylation
has been the subject of continued interest. Thus, the crystal structure of XO from bovine milk has
been reported recently [22]. The active sites of these enzymes have the basic structure
LMo"'OS(OH), where L represent a pyranopterin cofactor common to all mononuclear
molybdenum and tungsten enzymes; this ligand binds to the metal via a side chain with and
RC(SH)=C(SH)R' structure. The coordination geometry is square pyramidal, with Mo=0O, Mo—OH,

and pyranopterin in the equatorial plane and Mo=S in the apical position.

The available evidence favor a mechanism in which and active site base (proposed to be a

conserved glutamate residue, [22]) abstracts the proton from the Mo—OH group, initiating
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nucleophilic attack on substrate with concomitant hydride transfer from C—8 of substrate to the
Mo=S. This yield an LMo O(SH)(OR) species, where OR represents product coordinated to the
metal via the newly introduced hydroxyl group. Voityut et al. [23], by density functional
calculations has considered a mechanism for the transformation of a substrate (choosing
formaldehyde) at the Mo center (Figure 4, adapted from ref [23]).
o
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Figure 4. Reaction mechanism of xanthine oxidase (adapted from Ref. [23]).
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Figure S. ggmpetitive inhibition mechanism of xanthine oxidase.

These molybdenum enzymes catalyze the transfer of an oxygen atom between water and a
substrate, which may rang from an aromatic heterocycle (e.g., xanthine) to a simple aldehyde. This
oxygen transfer is coupled to a two—electron redox reaction. The catalytic reaction can be thought of
as proceeding in two half—cycles. Within the first (reductive) half cycle, the oxidation of a substrate
occurs at the Mo site, accompanied by a reduction of the metal center from Mo(VI) to Mo(IV). In
the course of the second (oxidative) half cycle, the Mo(IV) state is regenerate due to two one—
electron transfer processes from the molybdenum center to the other redox—active cofactors (e.g., to
the FAD cofactor in XO) [24,25]. On the other hand, Stockert et al. [26] have realized kinetic
studies using a homologous series of substrates and concluded that XO most likely operates via
two—electron chemistry, with formation of the initially appearing LMo''O(SH)(OR) intermediate in
a single two—electron process involving nucleophilic attack on substrate followed by hydride

transfer to the molybdenum center.

For its great importance XO has been under investigation for decades and numerous inhibitors of

this enzyme were informed, such as allopurinol [15], pteridines [27], phytic acid [28], flavonoids
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[29-31] and medicinal plants used to treat the gout [32]. In particular, for flavonoids, the structure—
function relationships have been discussed [30] and different types of inhibition mechanisms have
also been reported. For example, Van Hoorn et al. [31] reported competitive inhibition (Figure 5)
by quercetin and mixed—type inhibition by morin and galangin. Cotelle et al. [33], reported
noncompetitive inhibition for 3',4',5'-trihydroxyflavone, and competitive inhibition for luteolin and
two 7-hydroxyflavones. The results of these authors suggest that these flavonoids inhibit XO
activity not only by competitive mode, but also by interaction with the enzyme at a site other than
the active center. Further detailed work is needed to clarify inhibition mechanism by flavonoids and
related compounds. Recently, Lin ef al. [34], to obtain more stereochemical data of the interactions
of flavones on XO, have performed a study based on molecular modeling. As occurs with apigenin,
the most potent inhibition ability it is associated with the most favorable interaction in the reactive
site. Thus, the bicyclic benzopyranone ring of apigenin stacked with phenyl of Phe 914, and the

phenolic group stretched to the space surrounding with several hydrophobic residues.
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Figure 6. Variations of the molar concentration of uric acid as a function of the time of reaction, for a control
experiment and four experiments with 2,3 4—trihydroxy—benzophenone added to the reaction medium.

3.1 Initial Rates

Considering only the species that absorb radiation at 290 nm, the oxidation reaction of X to uric
acid (U) by XO, can be expressed as,
X —>U (1)

The global reaction rate (V, mol L™' s™') of the above reaction is

690
Bi1oCHEM Press http://www.biochempress.com



Inhibition of Xanthine—Oxidase by 2,4-Dihydroxy—Benzophenone and 2,3,4-Trihydroxy—Benzophenone
Internet Electronic Journal of Molecular Design 2004, 3, 684—703

_dul_,

Y
d t obs

[X] (2)
where t is the reaction time (s), [U] and [X] are the molar concentrations of U and X at any time,
and ks 1s the pseudo first order rate constant (s_l). Using Beer’s law, the following expression was

obtained,

A -A
[U]=——" 3)

&y — Ex
In the above equation, A is the total solution absorbance; A, is initial solution absorbance (=0),
and ey and &x are the molar absorptivities (L mol”' cm ™) of U and X, respectively. As an example,
Figure 6 shows the variations of [U] as a function of the reaction time, for a control experiment and
four experiments with inhibitor 2 added to the reaction medium. As expected, when the
concentration of 2 in the reaction medium increased, the progress of the enzyme—catalyzed reaction

and the corresponding initial rates decreased.
According to Hall et al. [35], [U] may be formulated by means of powers of time, such as:

[Ul=B, +B, t+B,t> +B, t’ +.... 4)

In the above equation, B, B;, B,, etc. are numeric coefficients that can be easily determined by

non—linear regression [36]. By deriving Eq. (4) with respect to time,

V:dgtJ]:Bl+2B2t+3B3t2+ ..... (5)
When t =0, it is clear that:
d[U]
B =|—— =V
1 (dt jt:O 0 (6)

Eq. (6) indicates that the B, coefficient is equal to V, (mol L™ s™), i.e., the initial rate of the
enzymatic reaction. The V, of all the kinetic experiments performed was calculated by this

procedure.

3.2 Percent Inhibition Degree and IC;

In order to explain XO inhibition by BPs and taking into account the results of additional
experiments carried out in our laboratory, it is reasonable to suggest that this inhibition takes place
by a Michaelis—Menten mechanism of the competitive reversible type, as occurs with the inhibition
of XO by flavones [33]. It must be noted that several flavones with varied biological activities
present hydroxyl groups in positions similar to the BPs here studied [37,38]. The rate equation for

the mentioned mechanism is:
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VO — Vmax [X]O (7)
Ky (1+ K [BP]y) +[X],

where V, and Vi, are the initial and maximum rates (mol L™ s™') of the enzymatic reaction,
respectively; [X], and [BP], are the initial molar concentrations (mol L") of X (substrate) and BP
(inhibitor), respectively, Ky is the Michaelis—Menten constant and Kr is the formation constant of

the enzyme—inhibitor complex.

On the other hand, to analyze quantitatively XO activity inhibition by BPs, the percent inhibition
degree (PID), was defined as

pID = oc = Vo 100 (8)
0C
where V,c is the initial rate (mol L' s™") of the control enzymatic reaction ([BP]=0) and V, is the
initial rate of the enzymatic reaction in presence of the inhibitor. From Egs. (7) and (8), the
following expression was obtained:
PID K, [BP], K, 9
100-PID K, +[X], ©)

By definition, magnitude ICsy is the concentration of inhibitor required to produce 50%

inhibition in an enzyme—catalyzed reaction. Consequently, from Eq. (9) it is inferred that:

K X
1y (BP) = = (10)

If in the experiments of enzymatic inhibition by BPs the same concentrations [BP] and [X], are
used, it becomes clear that:

ICy (BP)= (1)

F
where Q is a constant. The previous equation indicates that the BP that forms the most stable
enzyme—drug complex, i.e., a complex with a high Ky value, will have the greatest XO inhibiting

activity.

Table 1 summarizes the results of the experiments of XO inhibition by 1 and 2. This Table
includes the molar concentrations of substrate and inhibitor used in the experiments, and the
corresponding values of V,, PID and ICs,. It must be noted that according to Eq. (11), the ICs
values obtained suggest that the constant Ky (2) should be greater than Ky (1). Furthermore, it
should also be observed that the ICs values of 1 and 2 are high compared with those exhibited by
potent inhibitors of XO like allopurinol (ICsy = 10.66 uM) or 3,5,7,3',4'(OH)s—flavone (quercetin,
ICso=7.23 uM) [4].
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Table 1. Results of the experiments of XO inhibition by 2,4(OH),—benzophenone and 2,3,4(OH);—benzophenone.
[X], = initial molar concentration of xanthine; [BP], = initial molar concentration of inhibitor (1 and 2); V, = initial
global rate (mol L' s™"), Eq. (6); PID = percent inhibition degree, Eq. (8); ICsy = Concentration of inhibitor required to
produce 50% inhibition in the enzymatic reaction (umol L")

2,4(OH),—Benzophenone 2,3,4(OH);—Benzophenone
Run (X1 [BP], A PID  ICs v, PID 1Cso
1 271107 0 6.087 1078 0 6.087 10°° 0
2 271107 1.686 107 5.469 107° 10.16 184 473910 22.14 12
3 271107 3.287 107 4832107 20.61 M 4.17110°% 31.48 M
4 2.7110° 5.859 107 4256107 30.08 H 3.65110°° 40.02 H
5 2.7110° 10.73 107 3.627 107° 40.41 3.08110° 49.39

Table 2. Calculated structural magnitudes at B3LYP/6-31+G(d) for 2,4(OH),—Benzophenone (1) and the conformers
(2A, 2B) of 2,3,4(OH);—Benzophenone (2) in vacuum, at 298 K. AG;® = Standard energy of formation, cal mol™’; K=
Conformational equilibrium constant, Eq. (12); DM = dipolar moment (Debye); a, = molecular radii, A; D-0,C,C;C4 =
dihedral angle O;C,C;C4 (°); D—Hy¢016CsCs = dihedral angle H,50,6C¢Cs (°); g = total atomic charge (Mulliken), a.u.;
dO\—Hys, dO;s—Hy;, dO6—H,; = distance of the intramolecular hydrogen bond between the indicated atoms, A (Figure
1), A-01H25015, A-015H27017, A-016H27017 = H-bond angles (0)).

Magnitude " Vaczlzlm 3B
AGY -8515 -9231 -9326
Ke2 - 1.17

DM 5.24 4.76 6.20
ap 4.75 5.04 5.02
D-0,C,C5Cy 10.7 10.2 11.4
D—H,50,6C¢Cs 179.2 179.2 178.6
q0, —0.503 —0.489 —0.484
4016 —0.667 —0.660 —0.769
qHos 0.481 0.490 0.508
dO—H,s 1.682 1.677 1.691
A-O1H505 147.1 146.1 146.7
dO;s—Hy; - 2.125 -
A*015H27017 - 113.5 -
dO6—Has - - 2.163
A—015H27017 — — 112.3

3.3 Conformational Properties of Benzophenones

It 1s well-known that the number of conformers of a compound depends on the number of
rotatable bonds it possesses [39]. Thus, BP 2 has one more pair of conformers than BP 1. The
existence of these conformers of 2 was detected by rotation of the plane that involves the O;7H,;
group bound to Cs and the plane containing the rest of the substituted aromatic ring A (Figure 1,
dihedral angle a = D-H;70,7CsC4) around the single bond Cs—O;7H,;. Figure 3 shows the
calculated potential energy curve (PEC) in vacuum at HF/6-31+G(d). In the interval —10° to 210°, it
can be observed that the PEC exhibits two different energy minima, characterized by dihedral
angles o = 0° and o = 180°. The energy of the involved rotation barrier (RBE) is 7.31 kcal mol ™,
approximately. As in a previous work [40], it was proposed that the following conformational

equilibrium exists between 2A and 2B,
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2A 2B (12)

which is characterized by the conformational equilibrium constant K¢,. Tables 2 and 3 summarize
the optimized values of molecular properties of 2,4—dihydroxy—benzophenone and the conformers
(2A, 2B) of 2,3,4—trihydroxy—benzophenone (Figure 1) obtained at B3LYP/6-31+G(d) at 298 K, in

vacuum and water, respectively.

Table 3. Calculated structural magnitudes using the Tomasi’s method at B3LYP/6-31+G(d) for 2,4(OH),—
benzophenone (1) and the conformers (2A, 2B) of 2,3,4(OH);—benzophenone (2) in water, at 298 K. G°%, = total free
energy in solution, kcal mol™'; K¢, = conformational equilibrium constant, Eq. (12); DM = dipolar moment (Debye); v
= molecular volume, A*; D-0,C,C;C, = dihedral angle O;C,C5C4 (°); D—Hy016C¢Cs = dihedral angle Hys014CCs (°); g
= total atomic charge (Mulliken), a.u.; dO;—H,s, dOs—H,7, dO;s—H,; = distance of the intramolecular hydrogen bond
between the indicated atoms, A (Figure 1); 4—0,H,50,s, A—0,sH,,0,7, 4-0,¢H,,0,; = H-bond angles (°)).

Magnitude ] W;;er 3B
G —456276 -503480 -503479
Ke — 0.185

DM 7.88 7.13 9.41
v 227.02 233.94 23443
D-0,C,C5Cy 10.7 10.2 11.4
D-H,50,4C4Cs 179.2 179.2 178.6
q0, -0.594 -0.586 -0.580
qO015 -0.738 -0.757 -0.822
gqHyg 0.553 0.565 0.576
dO—Hos 1.682 1.677 1.691
A-O1H»50;5 147.1 146.1 146.7
dO,5s—Hy; - 2.125 -
A—015H27017 — 113.5 —
dOs—Hyy — — 2.163
A—016H27017 — — 112.3

Our data indicate that the substituted aromatic ring A of 1, 2A and 2B have a practically planar
structure, while the total molecules possess non—planar structures. This is due to the fact that the
plane containing the unsubstituted aromatic ring B forms an inclination angle (0) of 47.8—49.0° with
the plane that comprises the rest of the molecule. These two planes intersect along the single bond
C—Cy (Figure 1). The data of Tables 2 and 3 reveal that in solution, the relative thermodynamic
stability of the 2A and 2B conformers is opposite to that observed in vacuum. Furthermore,
practically all geometrical parameters of the compounds calculated in vacuum and in water are
identical. This implies that the solvent does not affect the molecular geometry of 1, 2A and 2B. On
the contrary, the Mulliken’s atomic charges (¢) and corresponding dipole moments (DM) show
important variations between the values calculated in vacuum and those calculated in water. This
means that the polarity of the solvent increases the ¢ (in absolute value) and DM of the species. On
the other hand, it must be noted that the solvent decreases K¢,. Consequently, it can be concluded
that the conformational reaction described by Eq. (12) is not favored by the solvent. This fact is
reflected on the theoretical values of K¢. The K¢ value obtained in water (K¢, = 0.185) is 6.3 times

smaller than the calculated value in vacuum (K¢, = 1.17). Moreover, the value K¢ = 0.185
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indicates that in aqueous medium at 298 K there exists 84.4% of 2A and 15.4% of 2B in
equilibrium. This means that in water conformer 2A is the predominant form of 2. Consequently,

we shall consider only this compound to represent BP 2 in all the discussions that follow.

3.4 Inhibitory and Acid—Base Properties of Flavones and Benzophenones

All flavones with high inhibiting activity on XO exhibit an a,—unsaturated carbonyl group and
OH groups at positions 7 and 5 [37,41]. The 7 and 5 positions of flavones are equivalent,

respectively, to the para and ortho positions of the investigated BPs in this work.

Table 4. Calculated structural properties using the Tomasi’s method at HF/3-21G for the anions 4(07),2(OH)-
benzophenonate (17), 4(07)2,3(OH),—benzophenonate (2A"), (O,y )—xanthinate (X") in water, at 298 K. G°,, = total free
energy in solution, kcal mol™'; K, = acid dissociation constant, Egs. (13) and (14); AGs,va = free energy of solvation,
keal mol™'; v = molecular volume, A%; D-0,C,C5C4 = dihedral angle 0;C,C5Cy (°); D-014C4CsC,4 = dihedral angle
016CCsCy (°); g = total atomic charge (Mulliken), a.u.; dO—Hys, dO;s—H,; = distance of the intramolecular hydrogen
bond between the indicated atoms, A; 4-0,H,50,5, 4-0,5sH,,0,; = H-bond angles (°)).

Magnitude X (Figure 2) 1~ (Figure 1) 2A" (Figure 1)
G, ~348659 ~450683 ~497395
AGqoiva ~79.66 —54.76 -57.74
K, 3.80 107" 235107 1.51107"¢
v 161.01 270.84 278.60
D-0,C,C+Cy - 9.7 9.2
D—0,4C¢CsCs - 179.6 179.6
D-C¢N,C,N; 0.0 - -
D—C4N;CsNy 0.0 - -
q0, - —0.747 —0.744
qO016 - —0.807 -0.791
o —0.758 - -
dO,—Hys - 1.677 1.680
A-0H15015 - 145.9 145.1
dO,s—H,, - - 2.093
A-0,5H,,045 - - 114.7

Cotelle et al. [33] determined that several 7-hydroxy—flavones are potent competitive inhibitors
of XO and proposed that the OH group at position 7 of flavones may take the place of the HO
groups bonded to C, or Cs of X (Figure 2) in the active site of the enzyme. Costantino et al. [42,43]
synthesized and tested a new series of 7-hydroxyflavones as XO inhibitors and concluded that: (a)
in solution, there exists an equilibrium between the neuter and dissociated forms of the compounds;
(b) the flavones act as donors of electrons in the interaction with the enzyme by means of the
anionic forms that were originated from proton dissociation of the group HO—-C5. Other authors [41]

also proposed that a planar structure is important for inhibition of XO.

Taking into account the notable structural similarity that exists between the substituted aromatic
rings A of biologically active flavones and those of 1 and 2A, we shall assume that the knowledge
on bioactivity—structure relationships developed for the mentioned flavones can be applied to these

compounds. From the structures of 1 and 2A (Figure 1), it can be observed that the Hys atom of the
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hydroxyl (O16—Ha6) group bound to C¢ (para—position of ring A) is more acidic than the H,s atom of
the hydroxyl (O;s—Hjys) group bound to Cs (ortho—position of ring A), due to the strong
intramolecular hydrogen bond (IHB) that characterizes all o—hydroxy—benzophenones [44]. The
referred THB involve to the o—hydroxyl and carbonyl groups of these compounds. On the other
hand, the OH groups attached to two adjacent carbon atoms C; and Cs of 2A also form an IHB,
which specifically involves the H,; atom of the hydroxyl (O;7—H»7) group and the oxygen atom of
the hydroxyl (O;s5—Hys) group. These facts help to explain that the H,¢ atom of hydroxyl (O16—Hze)
of the p—position of 1 and 2A is the most acidic hydrogen of all the hydroxyl groups. Consequently,
we shall assume that the p—monoanionic forms of BP 1 (17) and BP 2A (2A") are their active forms,
this is to say, that the p—monoanions 1~ and 2A™ are those that have interactions with the active sites
of XO.

Table 4 summarizes the calculated molecular properties for 1~ and 2A™ at HF/3-21G in water, at
298 K. It also includes the calculated properties for the lactim anion of X, 10(O )—xanthinate
(Figure 2), which we shall represent as X . The first ionization constants (K,) of 1 and 2A were

calculated by means of the conventional equations,

1+H,0<1 +H,0" (13)
2A+H,0 < 24 +H,0° (14)

From Table 4 it can be observed that the substituted aromatic rings A of 1~ and 2A™ practically
possess a planar structure, as occurs with the corresponding neuter molecules. Thus, the values of
the dihedral angles D-0O;C,C;C4 and D-0;6sCsCsC4 are close to 0° and 180°, respectively.
However, the total molecules of these anions have non—planar structures. The two principal planes
containing the A and B aromatic rings of 1" (or 2A7) form an inclination angle 6 of 44.6° (or 44.2°)
with each other. These 6 values reveal that the 17 and 2A™ possess a higher coplanarity between
their rings A and B with respect to 1 and 2A (0 = 48°). Moreover, it can also be noted that the
geometric parameters and atomic charges which characterize 1~ and 2A™ are very similar. Likewise,
the K, values obtained for both compounds allow to conclude that the acidity of the Has atom of the
p—OH groups is approximately equivalent. On the other hand, it can also be observed that X~ has a
totally planar structure. All its dihedral angles are equal to zero. Moreover, the K, constant of X
indicates that the acidity of the H;s atom of O;oH;s group bonded to Cs is higher than those of the
H,¢ atom of 1 and 2A.

3.5 Interactions in the Active Site Model of XO

It is well-known that the molybdenum cofactor (Mo-molybdopterin) of XO has one oxo ligand
and one sulfide ligand. The crystalline structure of the molybdenum cofactor reported by several
authors [45-47] is shown in Figure 7, while the structural model of the catalytic center of XO
proposed by Romao et al. [48] and Degtyarenko et al. [49] is shown in Figure 8.
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Figure 7. Molybdenum cofactor (Mo-molybdopterin). R = H (eukaryotic
enzymes), AMP, CMP, GMP (prokaryotic enzymes).
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Figure 8. Molybdenum active site of XO ([MoSO](Smotybdopterin)2 H20).
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Figure 9. Model of the active site of XO proposed to analyze the
inhibitor—enzyme interactions at HF/3-21G in water at 298 K.
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The theoretical methods of the Gaussian 98 program packages do not permit to analyze the
polycoordinated molybdenum atom with the geometry square pyramidal and double bonds that
characterize the real active site of XO (Figure 8). For this reason, it was necessary to propose a
simpler model for the active site of XO (ASXO), as the one shown in Figure 9. This model
comprises a pentaheteroatomic ring, which includes two sulfur atoms of the thiophene type, and two

extracyclic heteroatoms (a thiol-type sulfur atom and a hydroxyl oxygen atom). Obviously, the
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model proposed for ASXO has been simplified with regard to the real model (Figure 8). However, it
is useful for describing the conformational differences between the free and complexed 1™ and 2A™
anions at HF/3-21G as well as for explaining the different inhibiting capability on XO of these

compounds.

- _H(2 H(13)
0(20)
HZ2 <~ <§(?6b HES) €501 O(10—{C(6 (NG)—H(12
N ~—
INOh——c(2
o

Figure 10. Calculated structure at HF/3-21G in water at 298 K, for the complex
formed between the 10(O")—xanthinate anion and the active site model of XO.
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Figure 11. Calculated structure at HF/3-21G in water at 298 K, for the complex formed between the 4(0")-2(OH)—
benzophenonate monoanion and the active site model of XO.

It was previously suggested that XO inhibition by BPs takes place by a Michaelis—Menten
mechanism of the competitive reversible type (Eq. (7)). Consequently, and considering the above
discussion, it is clear that 17 and 2A™ compete with X~ when interacting with the ASXO.
Furthermore, from Eq. (11) it was inferred that the XO inhibiting activity of an inhibitor is large
when it forms a complex of high thermodynamic stability with the ASXO. Table 5 gives the
molecular magnitudes that characterize the free ASXO and the enzyme—drug complexes formed
between the ASXO and the X7, 1" and 2A™ anions. As an example, Figures 10 and 11 show the
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structures of the ASXO-X" and ASXO-2A", respectively. These structures were calculated at
HF/3-21G, in water at 298 K.

Table S. Calculated structural magnitudes using the Tomasi’s method at HF/3-21G for the free active site model of XO
(ASXO) and for the complexes formed between the ASXO and the 10(O")—xanthinate (X7), 4(O")-2(OH)-
benzophenonate (17) and 4(0")-2,3(OH),—benzophenonate (2A7) anions in water, at 298 K. G°%, = total free energy in
solution, kcal mol™!; Ky = equilibrium constant of formation of the complexes ASXO—substrate or ASXO—-inhibitor; v =
molecular volume, A%; D-0,C,C;C, = dihedral angle 0;C,C3C4 (°); D—0414C4CsCy4 = dihedral angle O,,C¢CsCy4 (°); D—
CeNC,N; = dihedral angle CsN;C,N; (°); D-C4N;CgNy = dihedral angle C4N;CgNy (°); D-MoS,C;C, = dihedral angle
MoS,C;C, (°); g = total atomic charge (Mulliken), a.u.; rMo—QOg, rM0—S;, rMo—0O;y, YM0o—O1¢ = bond length between
the indicated atoms, A; 4-OsMoS; = bond angle between the indicated atoms (°)).

Magnitude ASXO (Figure 9) ASXO-X" ASXO-1" ASXO-2A"
G, ~3323024 ~3671747 ~3773773 ~3820485
Kr - 4.68 10% 1.53 10% 1.69 10%
v 215.21 357.45 472.70 477.86
D-0,C,C+Cy - - 14.4 13.3
D-0,4C¢CsCs - - 177.8 178.0
D-C¢N,C,N; 0.4 - -
D-C4N,CsNo 0.0 - -
D-MoS,C5Cy 6.1 11.3 11.5 12.2
g0, - ~0740 —0724
qO16 - —0.864 —0.850
q010 —0.820 - -
gMo 1.108 1.071 1.093 1.080
q0s —0.786 ~0.798 —0.798 —0.785
qS —0.450 ~0.505 -0.510 -0.531
rMo—Og 1.814 1.807 1.823 1.824
rMo-S, 2.385 2.462 2471 2.480
A-OgMoS, 124.1 110.4 110.6 110.3
Mo-0Oy - 2.056 - -
Mo—O¢ - 2.004 2.032
A-Mo00;(Cs 142.8 - -
A-Mo00;¢Cs - - 139.5 139.2

From a joint analysis of the data from Tables 4 and 5 the following can be concluded:

(a) The molecular volume of the enzyme-substrate or enzyme—inhibitor complexes is
approximately 5% lower than the sum of the molecular volumes of the species that form these

complexes.

(b) In the ASXO-X" complex, the X~ moiety maintains the totally free structure of the free X~
anion. However, in the ASXO-1" and ASXO-2A™ complexes, the structure of the BPs suffers some
changes. For example, the coplanarity of the carbonyl group with ring A is lower (by approximately
4-5°) than that exhibited in the 1" and 2A™ free anions.

(c) The coplanarity of the pentaheteroatomic ring of the complexed ASXO also decreases by 5—
6° with respect to the free ASXO. The dihedral angle D-MoS,C;C4 (Figure 9) increases as follows:
Free ASXO < ASXO-X" < ASXO-1" < ASXO-2A" (15)

699
BioCHEM Press http://www.biochempress.com



G. T. Castro, S. E. Blanco, and F. H. Ferretti
Internet Electronic Journal of Molecular Design 2004, 3, 684—703

The above ordering matches that exhibited by the Ky constants, i.e., the formation equilibrium
constants of the respective complexes. The Kr values increase as follows:

Kr (ASXO-X") < Kr (ASXO-17) < Kr (ASXO-2A") (16)

(d) From Table 4 it can be observed that the acid ionization constants of the compounds vary as

follows:

Ka (X) >> K, (1) and K, (2A) ; Ka (1) > K, 2A) (17)

(e) The atomic charges of the main atoms of ASXO, X, 1" and 2A™ in their free forms suffer
random changes when the referred species form the enzyme-substrate or enzyme—inhibitor
complexes. An obvious exception is seen in the extracyclic sulfur atom of ASXO, the charge of
which (¢S7, Figure 9) increases in its absolute value as follows:

4S7 (ASXO0) < ¢S7 (ASXO-X") < ¢S7 (ASXO-17) < ¢S7 (ASXO-2A") (18)

() The length of the bonding between the central atom and the extracyclic sulfur atom varies in a
similar fashion to that described in the above equation. From Table 5, it can be observed that:

rMo-S7 (ASXO) < "Mo-S; (ASXO-X") < rMo-S7 (ASXO-17) < rMo-S; (ASXO-2A7) (1)

Considering Eqgs. (11) and (16), it can be theoretically concluded that: (1) The fact that the K¢
(ASXO-1") and K¢ (ASXO-2A") constants are greater that Kr (ASXO-X") reveals that the
investigated BPs might hinder the oxidation of X by XO; (2) Similarly, since Kr (2A7) > Kg (17), it
is clear that the inhibiting capacity of 2A™ is greater than that of 1”. These conclusions totally match

our experimental determinations (Table 1).

Considering Egs. (18) and (19), it may be inferred that of the two extracyclic atoms of ASXO (O
and S), the sulfur atom plays a more important role. In addition, from Eq. (15), it can be concluded
that the compound with the greatest inhibiting capacity on XO is that which, in its interaction with

the enzyme, produces a greatest distortion of the pentaheteroatomic ring of ASXO.

On the other hand, it might be expected that the values of the K, constants of the analyzed
substrate and inhibitors directly correlate with their physico—chemical behavior. However, as shown
by Egs. (16) and (17), there is no simple relation between the K, constants and the corresponding
Ky constants. It might be argued that the strong solvation of X~ (AGgova= —79.66 kcal molfl, Table
4) gives this anion an elevated stability in solution, which is markedly higher than that of 1~ and
2A7 (AGgolva = —55 to —58 keal molfl). Yet, the elevated stability of X~ can strongly hinder its
interaction with ASXO. On the other hand, the lower stability of 1" and 2A™ in solution could

facilitate and intensify the interactions between ASXO and the 1™ and 2A™ anions.
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4 CONCLUSIONS

As part of a program aimed at investigating new biological and physicochemical properties of
BPs, in this paper we determined the inhibition of XO by 2,4-dihydroxybenzophenone (1) and
2,3,4—trihydroxybenzophenone (2). Using X as substrate, it was determined that 1 and 2 inhibit the
activity of XO by 40% and 50%, respectively. These inhibition percentages implicate that ICs
(1)=184 uM and ICsy (2) = 112 uM. The obtained data of ICsy indicate that 1 and 2 exert a
moderate inhibitory activity on XO, comparable to that exhibited by other polyphenolic BPs but
lower than that of potent inhibitors of XO like allopurinol or 3,5,7,3',4'(OH)s—flavone (quercetin).
Furthermore, modification of enzyme kinetics equations permitted to conclude that the inhibition of
XO by 1 and 2 is produced by means of a Michaelis—-Menten mechanism of the competitive
reversible type. The calculations performed at B3LYP/6-31+G(d) using Tomasi’s method allowed
to prove that in water 2,3,4—trihydroxy—benzophenone has two rotamers that depend on the position
of the 3(OH) group. In addition to the strong molecular hydrogen bond (IHB) that characterizes all
o-hydroxy—benzophenones, these conformers exhibit another IHB of moderate intensity that
involves the OH groups attached to two adjacent carbon atoms (meta and para position). On the
other hand, a model to represent the active site of XO was proposed that comprises a
pentaheteroatomic ring and two extracyclic heteroatoms (S and O). The results obtained at HF/3—
21G permit to suggest that the inhibitory activity of 1 and 2 is mainly determined by the stability of
the enzyme—inhibitor complex and is independent of the acidity constants of the compounds. It was
also concluded that the compound with the greatest inhibitory capacity on is the one that, in its
interactions with the enzyme, produces the greatest variations of the coplanarity of the

pentaheteroatomic ring of the enzyme active site model.
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