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ABSTRACT

Here we present a docking model that ranks
compounds according to their potential effec-
tiveness as a potential substrate or inhibitor. We
utilize xanthine oxidase (XO), a multi-cofactor
oxido-reductase which converts hypoxanthine
to xanthine and xanthine to uric acid. During the
reductive half reaction, electrons flow from the
molybdopterin, to each of two Fe/S centers, and
finally to FAD. During the oxidative half reaction,
electrons are passed from the FAD to O,. Under
ideal physiological conditions, this reduction of
oxygen generates H,O, and, under multiple turn-
over conditions, superoxide in amounts which is

regulated by catalase and superoxide dismutase.

Utilizing computer modeling predictions of the
docking orientations and energies of a group of
purine based structures was selected. Correlat-
ing computer estimations with steady state ki-
netic data, a rapid screening process for inhibit-
tor prediction was highlighted. This method al-
lows educated selection of likely inhibitors,
thereby decreasing the time and supplies requi-
red to complete a traditional kinetic analysis
screening. Results demonstrate the functionality
and reliability of this method and have proven
particularly useful in understanding binding ori-
enttations or poses of each compound.

Keywords: Xanthine Oxidase; Computer Modeling;
Docking; Inhibitor Design; Active Site Model

1. INTRODUCTION

Docking is a method which predicts the preferred ori-
entation of one molecule to a second molecule. It is a
useful method of identifying different modes of binding
for an inhibitor in an enzyme active site. By docking, one
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can identify which binding mode is more favorable and
the results can be used to find inhibitors for target pro-
teins and thus to design new drugs. Therefore, we use
Glide® (Grid-base Ligand Docking with Energetics) pro-
gram to generate ligand poses to search for possible lo-
cations of ligand molecules in the active-site region of
the receptor. Our goal was to develop a more effective
and high throughput method of ranking compounds ac-
cording to potential function as inhibitors to the enzyme.
We selected bovine xanthine oxidase based on its well
characterized mechanism, available structures, and pro-
pensity to accept a wide variety of compounds in its ac-
tive site. Additionally, the similarities between bovine
xanthine oxidase and human xanthine oxidase make the
bovine enzyme an appropriate medical target [1-9].

Xanthine oxidase (XO) is an enzyme that converts
hypoxanthine to xanthine and xanthine to uric acid, the
last two steps in purine metabolism. XO is a molybde-
num enzyme, which uses a unique mechanism of sub-
strate hydroxylation. Unlike mono-oxygenase systems,
the mechanism of molybdenum enzymes contains reduc-
tive and oxidative half reactions that are mediated by
iron sulfur centers and uses oxygen gas as its final elec-
tron acceptor; other enzymes such as cytochrome oxidase
¢ in the electron transport chain use O, which is then
reduced to H,O allowing the reaction to move forward
[4].

Because O, is the final electron receptor, XO generates
reducing equivalents as a product of reaction. These re-
ducing equivalents do not pose a threat under normal
conditions because they are released at a rate that can be
easily broken down by enzymes such as catalase and
superoxide dismutase. However, during an ischemic
condition such as a stroke or a heart attack, the oxidative
half reaction is inhibited, leading to a stockpile of reduc-
ing equivalents, particularly on the flavin coenzyme.
These reducing equivalents remain in the enzyme until
oxygen is available to accept the electrons and restart the
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oxidative half reaction. Upon reintroduction of oxygen,
these reducing equivalents rapidly convert oxygen to
H,0, and O, at a rate that cannot be broken down by
other enzymes, leading to oxidative tissue damage, the
primary cause of post myocardial infarction resulting in
the decline of heart function [10-18].

Allopurinol, a common XO inhibitor, is most recog-
nized for its use in the treatment of gout where its effi-
cacy is substantial [19]. Despite the success of allopuri-
nol, exploration for new inhibitors is necessary due to
potentially severe hypersensitivity and intolerance for
patients with renal failure [20]. Additionally, allopurinol
has been shown to reduce the severity of oxidative da-
mage following ischemia; however, this helps only in
patients already on allopurinol therapy [18,21-32]. Al-
lopurinol originally binds to the active site of XO and is
converted to alloxanthine and then must rebind in the
active site to exert its inhibitory action. The nitrogen in
position 8 prevents the carboxylic acid from forming at
that position and also stops the flow of electrons to oxy-
gen and therefore the number of reactive equivalents
produced will be reduced [4].

Through the recent advent of computer modeling tech-
nology various compounds can be tested, their binding
energies estimated, and their inhibitory potential evalua-
ted. This will reduce the timely and costly kinetic studies
required to screen any potential number of inhibitors
which do not bind favorably. This particular study was
conducted in order to verify that the computer model
could provide a positive correlation between the two
methods of kinetic spectroscopy and computer docking.
The hypothesis tested was that Glide” docking energies
would correlate with spectroscopic kinetic assays con-
ducted with xanthine oxidase and potential substrates
[33]. This method was also utilized to identify important
contacts between the enzyme and the inhibitor, which
may aid in the design of more effective inhibitors.

2. MATERIALS AND METHODS
2.1. Kinetic Analysis

Xanthine oxidase was purified from cow’s milk using
ammonium sulfate precipitation, butanol extraction and
size exclusion chromatogaraphy as previously described
[34]. Enzyme concentration was measured by examining
the absorbance at 450 nm and calculated using the ex-
tinction coefficient 37.8 mM/cm AU. Enzyme activity
was estimated by measuring the uric acid production at
295 nm upon addition of xanthine and ranged from 37%
to 57%. Final reaction concentration was corrected based
on the percent of active enzyme. Reactions were run in
triplicate with varying concentrations of compounds 1H
-benzotriazole, 1H-benzotraizole-1-methanol, 1H-ben-
zotraizole-5-carboxylic acid. Kinetic data was collected
over a time interval of 4 minutes using and Hew-
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lett-Packard 8424A spectrophotometer and a regression
analysis using Chemstation biochemical software was
preformed to provide and initial kinetic rate. Initial rates
were averaged and plotted in a Lineweaver-Burke Plot
allowing estimation of KI. The kinetic values were cor-
related to docking energies (using an ordinal classifica-
tion), which take into account electrostatic and hydro-
phobic forces only, and therefore do not represent cova-
lent binding energy. KI is the most appropriate parameter
for comparison to docking energies for potential inhibitors.

2.2. Model Development

The coordinates file for bovine xanthine oxidase (PDB
code 1FIQ) [35] was downloaded from the protein data
bank (www.pdb.org). It could not be determined whether
oxygen number two of the molybdopterin cofactor is
ionized or neutral, Figure 1. The iron in the iron sulfur
clusters was treated at Fe’". The iron sulfur clusters in
this enzyme are far from the active site where inhibitors
were docked and, therefore, Fe?* does not interact with
the inhibitors. Therefore there are no contributions from
Fe’" to the docking energy estimated results will not be
affected by the iron. Therefore, two copies of the coor-
dinates file were prepared. In the first (ionized), the pro-
ton attached to oxygen two of molybdopterin was re-
moved and a negative charge was added on that oxygen,
Figure 1 panel A. In the second (neutral), the proton was
not removed and the oxygen was left neutral, Figure 1
panel B. All bonds from protein atoms to the metal co-
factors (the iron sulfur clusters and molybdenum (MO))
were deleted and hydrogen was added to all the atoms.
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Figure 1. Panel A the ionized form of oxygen
number 2. Panel B the neutralized oxygen num-
ber 2.
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2.3. Docking

Glide"” was used to calculate binding energies and ori-
entations on 1H-benzotriazole, 1H-benzotriazole-1-me-
thanol, and 1H-benzotriazole-5-carboxylic acid [33]. A
grid box of 20 A dimension in each direction was built
around the active site centered on MO. A smaller region
of 12 A in each direction within this box was defined for
inhibitor docking. Docking was performed with Glide®
in the extra precision mode (XP) with the ligand poses
per docking run was set to 2000 and the number of poses
to be generated per ligand was set to 5. For each com-
pound docked, any docked conformation with an energy
value of more than 3 kCal/mol was discarded and only
the five lowest energy poses were saved. The Root Mean
Square (RMS) deviation was set to 1.0 A and the maxi-
mum atomic displacement was set to 1.3 A to insure that
each of the generated five poses is significantly different
from the other. All other docking parameters were left to
their default values.

3. RESULTS

To test if the active site was represented correctly and
to validate our docking protocol, a potent known inhibi-
tor that has been crystallized with xanthine oxidase (TEI;
PDB code IN5X) [36,37] was docked into our model as
prepared. Figure 2 shows that the docked conformation
of TEI to be almost identical to its conformation in the
crystal indicating the validity of our docking model and
protocol.

Three substrates (1H-benzotriazole, 1H-benzotria-
zole-1-methanol, and 1H-benzotriazole-5-carboxylic acid)
were analyzed kinetically in addition to being doc- ked in
the model active site their docking energies along
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Figure 2. The crystal structure conformation of bovine xan-
thine oxidase with the inhibitor TEI bound (panel A, bottom).
Panel B represents our docking model with the inhibitor TEI
docking pose.
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with their KI are shown in Table 1. Docking energies
were selected from multiple binding poses selecting the
lowest energy values. The calculated KI, based on kinetic
data, is shown for each compound. The correlation be-
tween docking energies and KI support the use of this
computer model to screen for potential inhibitors of this
enzyme system. Compounds with predicted greater
specificity result in greater affinity and lower binding
energies. The prediction made about the KI based on the
computer model came from individual poses which were
taken and then analyzed in terms of functional groups
relative to the position in the active site. The docking
energies were then obtained compared experimental ki-
netic data. Figure 3 shows the docking pose of 1H-
benzotriazole-5-carboxylic acid in the ionized and neu-
tral forms. In the neutral form, a hydrogen bond is pre-
ferred between the carboxylic acid group and the mo-
lybdopterin oxygen thus allowing the substituted group
to have a greater interaction with the active moiety. In
the ionized form, the hydrogen bond is formed between
triazole nitrogen and the molybdopterin oxygen, which
changed the orientation of the inhibitor so that it was
opposite the neutralized form in the active site. Additio-
nally, the phenyalanines in the active site adi to orient the
substrate ring horizontal relative to the phenylalanines.
Electrostatic interactions exist between the negative
electron density on the triazole nitrogen and arginine 880.
The differences in the interaction between the ionized
and the neutral carboxylic acid group also accounts for
the ionized group having a slower turnover and therefore
a lower KI. Kinetic analyses reveal a KI of 12.8 uM for
1H-benzotriazole-5-carboxylic acid determined from the
x-intercept of a secondary plot of the slopes from the
Lineweaver-Burk plot.

1H-benzotriazole-1-methanol docking orientation is
shown in Figure 3. Computer estimations predicted two

Figure 3. Docking pose A for 1H-benzotriazole-5-carboxylate
with a docking energy of —31.6 kJ/mol
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Table 1. The docking energies calculated for each pose of the compound correlated to the experimentally derived KI.

Compound pose Calc. Energy of docking KI Structure
1H-benzotriazole (Pose A) (—)25.3 kcal/mol 7 N
1H-benzotriazole (Pose B) (—)23.3 kcal/mol 428 uM N | N

N
1H-benzotriazole (Pose C) (—)22.3 kecal/mol H
1H-benzotriazole-1-methanol (Pose A) (—)30.1 kcal/mol = \\[N‘N
97 uM e N
1H-benzotriazole-1-methanol (Pose B) (—)27.3 kcal/mol o
(0]
1H-benzotriazole-5-carboxylic acid (Pose A) (—)31.6 kcal/mol
HO = N,
12.8 uM | “N
1H-benzotriazole-5-carboxylic acid (Pose A”) (—)31.6 kcal/mol N
H

docking poses for this compound. The first pose has the
hydroxyl group up and oriented towards the molybde-
num cofactor. This pose also has electrostatic interact-
tions between the triazole nitrogen and arginine 880.
Hydrogen bonding exists between the substituent and the
molybdenum coordination sphere. This pose also has
phenylalanine sandwiching with the inhibitor seen in
Figure 4. The second pose (not shown) orients the car-
boxyl away from the molybdenum and down. The pose
demonstrates phenylala nine sandwiching of the inhibitor
as well. In the second pose the triazole nitrogen in ori-
ented toward the molybdenum coordination sphere with
the methanol group down, potentially interacting with
arginine 880. The energies for these poses showed little
difference with, —29.2 kJ/mol and —30.8 kJ/mol, respec-
tively. This pose and kinetic data for 1H-benzotriazole-1-
methanol suggests an extremely slow turnover and mo-
derate overall catalytic inhibition. Based on the energy
rankings, this compound uter docking estimations pre-
dicted 14 binding poses (not shown), for this compound
suggesting little specificity and supports the high ex-
perimental value of KI, 428 puM. Interactions that do
exist in each of these poses include the phenylalanine
sandwiching of the inhibitor. This is as expected for a
relatively small compound with few substituents.

All of the inhibitors maintained the hydrophobic in-
teractions created by the phenylalanines. In general, tria-
zole nitrogens were either oriented toward the molybde-
num coordination sphere or towards arginine 880. the
inhibitor ring

4. DISCUSSION

The results of the Glide® docking represented the
docking energies of the various substrates within the ac-
tive site. The docking energies represent electrostatic
effects and hydrogen bonding, but do not include effects
from entropy or hydrophobic interactions. For this reason
the docking energies obtained from Glide™ represent an
overestimate of KI and are typically only used to rank
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Figure 4. One of two docking poses for 1H-benzotriazole-1-
methanol with a docking energy of —30.1 kJ/mol.

compounds for potential effectiveness. Energy ranking
from docking results correlate well with steady state ki-
netic results obtained experimentally as shown in Table
1, thereby fulfilling the aims of the proposed hypothesis
and revealing an effective rapid screening model for
ranking potential effectiveness of a compound as an in-
hibitor or substrate. The docking results ranked 1H-
benzotriazole as the least specific compound in the active
site which was evidenced by the 14 energetically favora-
ble binding poses predicted. The expectation of this
small unmodified 1H-benzotriazole was that it would
bind in multiple orientations with little specificity due to
the fact that no substituents were present to moderate
binding orientation. 1H-benzotriazole-1-methanol was
the second most specific inhibitor according to the dock-
ing model with two binding poses predicted with favora-
ble docking energies. These two predicted binding poses
represent drastically different orientations within the ac-
tive site with equally favorable docking energies. 1H-
benzotriazole-5-carboxycylic acid ranked first in its do-
cking energy which corresponded well with the smallest
KI obtained kinetically. The docking program predicted
five binding poses for this compound differing in the
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orientation of the carboxyl group. Both the neutral and
charged forms of this compound were docked for com-
parison in this study. The docking orientation suggests
that arginine 880 is involved in electrostatic interaction
with the negatively charged carboxyl group. In the neu-
tral form of the carboxyl group, the negative electron
density from the triazole ring is stabilized by the positive
charge on arginine 880.

Results from our study demonstrate the effectiveness
of our model for correlating docking energies to experi-
mental analyses. Our successful model is revealed at a
time when the development of new inhibitors is still
necessary and will serve as a method for testing these
inhibitors rapidly without extensive kinetic experiments.
Additionally, our model can be used to predict effective-
ness of theoretical substrates of the enzyme. Exploration
of substrate orientation is also possible, which was re-
cently associated with the enzyme’s catalytic power [38].
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