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ABSTRACT: Xanthine oxidase (XO) is a member of the
molybdopterin-containing enzyme family. It interconverts xanthine
to uric acid as the last step of purine catabolism in the human body.
The high uric acid concentration in the blood directly leads to
human diseases like gout and hyperuricemia. Therefore, drugs that
inhibit the biosynthesis of uric acid by human XO have been
clinically used for many years to decrease the concentration of uric
acid in the blood. In this study, the inhibition mechanism of XO
and a new promising drug, topiroxostat (code: FYX-051), is
investigated by employing molecular dynamics (MD) and quantum
mechanics/molecular mechanics (QM/MM) calculations. This
drug has been reported to act as both a noncovalent and covalent
inhibitor and undergoes a stepwise inhibition by all its
hydroxylated metabolites, which include 2-hydroxy-FYX-051, dihydroxy-FYX-051, and trihydroxy-FYX-051. However, the detailed
mechanism of inhibition of each metabolite remains elusive and can be useful for designing more effective drugs with similar
inhibition functions. Hence, herein we present the computational investigation of the structural and dynamical effects of FYX-051
and the calculated reaction mechanism for all of the oxidation steps catalyzed by the molybdopterin center in the active site.
Calculated results for the proposed reaction mechanisms for each metabolite’s inhibition reaction in the enzyme’s active site, binding
affinities, and the noncovalent interactions with the surrounding amino acid residues are consistent with previously reported
experimental findings. Analysis of the noncovalent interactions via energy decomposition analysis (EDA) and noncovalent
interaction (NCI) techniques suggests that residues L648, K771, E802, R839, L873, R880, R912, F914, F1009, L1014, and A1079
can be used as key interacting residues for further hybrid-type inhibitor development.

(8€+= 23 kcal mol
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1. INTRODUCTION molecule.' "¢ After fulfilling the hydroxylation at the Moco
Molybdenum hydroxylases are a family of enzymes that active site, the electron transfer occurs via the iron—sulfur
catalyze the hydroxylation of various heterocyclic substrates clusters to the FAD, where the oxidization of the enzyme is
like purines, pyrimidines, and aldehydes, which can be found in completed by the physiological electron acceptor, NAD* or
nearly all eukaryotic and prokaryotic organisms.' '’ Mamma- 0,."" Coded by the same gene, the mammalian XOR exists in
lian xanthine oxidoreductase (XOR) is a member of this family two alternative forms, XO (xanthine oxidase) and XDH
and catalyzes the sequential hydroxylation of hypoxanthine to (xanthine dehydrogenase).'”'* In contrast with XDH, which

xanthine and xanthine uric acid during the last two steps of the can utilize either the NAD* or O, as the oxidizing substrate,

purine degradation pathway.'”'> The molecular mass of this XO—the oxidized form of the XDH by oxidation of sulfhydryl
homodimeric enzyme is around 300 kDa. As shown in Figure

1A, each subunit contains one pterin-based molybdenum
cofactor (Moco), one flavin adenine dinucleotide (FAD), and
two iron—sulfur clusters (FES)."*™"® The active site of XOR
includes the Moco center, where the hydroxylation of the Received: March 18, 2023
natural substrates, i.e., xanthine or hypoxanthine, takes place Revised:  April 3, 2023
and results in the reduction of the molybdenum cation from Published: April 18, 2023
Mo% to Mo** (see Scheme 1A).'"7

Contrary to most oxidases that use molecular oxygen for the
oxidation reaction, the oxygen source for the XOR is a water

residues or by limited proteolysis—can exclusively react with
molecular oxygen (see Figure 1B).'®
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Figure 1. (A) Crystal structure of the bovine xanthine oxidoreductase dimer (white and gray) along with the molybdenum cofactor (blue), iron—

sulfur clusters (green), and the flavin adenine dinucleotide (mauve)

in each subunit (PDB ID: 1JRO).** The magnified close-up of the XOR’s

active region in the reductive—oxidative half-reactions shows Moco (right), Fe,—S, clusters, each bridged between four cysteine residues (middle),
and the FAD (left). Hydrogen atoms are not presented for more clarity, and four cysteine residues bound to the irons of each Fe,—S, cluster are
shown in the sticks. (B) The scheme of the reductive—oxidative half-reactions occurring in XOR and XDH during the hydroxylation of xanthine to

uric acid. The scheme is adapted from Metz and Thiel.”®

(C) The irreversible production of uric acid and hydrogen peroxide by human XO. The

superoxide dismutase enzyme (SOD) catalyzes the transformation of superoxide anion radicals into molecular oxygen and hydrogen peroxide.

Production of uric acid and hydrogen peroxide by XOR in
humans is the final, irreversible step without further
metabolism (see Figure 1C). The produced uric acid is
excreted mainly by the kidneys and partly by the intestinal
tract.'”” Clinical studies showed that high blood concen-
trations of uric acid lead to gout and hyperuricemia, associated
with other medical conditions such as diabetes and the
formation of kidney stones.”'~>” To cure the diseases above,
uric acid excretion has to be increased or its production needs
to be decreased.”™”” Several investigations demonstrated that
the later treatment, by which inhibitors hinder the function of
XOR, not only cures §out and hyperuricemia but may also help
treat other diseases.””*'

Allopurinol, a hypoxanthine analog, was the first drug that
emerged as a “gold-standard” inhibitor of xanthine oxidase in
the early 1960s.>>*" Later, it was realized that the xanthine
oxidase hydroxylates allopurinol to give oxipurinol, the active
form that inhibits XOR (see Scheme 1B).** With its excellent
pharmacokinetic properties, oxipurinol has been widely
prescribed for decades. However, because of the short
dissociation half-life (f,,, ~ 300 min),** high doses of this
drug are usually administered, which may cause severe side
effects such as Stevens—Johnson syndrome (SJS), renal failure,

and fulminant hepatitis.”> " Several potent and longer-lasting
inhibitors with structural or/and mechanistic inhibition have
been introduced to cope with these drawbacks.’® > Some of
these candidates with promising inhibitory effects, such as TEI-
6720 (febuxostat),*°™>* Y.700 (piraxostat),"****° BOF-
4272,"°%°! and FYX-051 (topiroxostat),"**”%*"% have been
studied more extensively (chemical structures are given in
Scheme 1B,C).

Among the mentioned candidates, febuxostat obtained
approval from the U.S. FDA, the European medicine agency,
and the Japanese authorities to treat gout. Furthermore, in
2013, topiroxostat was accepted in Japan based on its better
therapeutic effects on gout and hyperuricemia. In addition,
long inhibition half-life (t,,, ~ 20.4 h) after administration, **’
good oral bioavailability, and other pharmacological features
made topiroxostat a new-generation inhibitor.”® Despite the
advanta§es of topiroxostat, searching for new drugs contin-
ues”’ ™" due to the increasing number of reported cases
suffering from gout.”>~"”

Unlike the mechanism-based inhibitors, which bind
covalently to the molybdenum cofactor,”* **’ or the
structure-based inhibitors having noncovalent interactions—
such as hydrogen bonds, salt bridges, hydrophobic interactions,
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Scheme 1. (A) Suggested Mechanism for XO’s Catalytic Hydroxylation of Xanthine; (B, C) Some Known XOR Inhibitors:
Allopurinol and Oxipurinol Are Mechanism-Based Inhibitors; BOF-4272, TEI-6720, and Y-700 Are Nonpurine Structure-
Based Inhibitors, While FYX-051 and Its Hydroxylated Derivatives Are Hybrid-Type Inhibitors; (D) Left: Coordination Mode
in Moco—FYX-051, Showing a Covalent Linkage between the Bridging Oxygen of Moco and the C2 Atom of the Substrate
(PDB ID: 1V97). s Middle: Coordination Mode in Moco—trihydroxy-FYX-051, Showing a Direct Bond between the Nitrile’s
Nitrogen Atom and the Molybdenum of Atom Moco (PDB ID: 3AM9).*” Right: Coordination Mode in Moco—oxipurinol, in
which the Water-Exchangeable Hydroxide (OH™) Is Replaced by N2 Nitrogen of Oxipurinol (PDB IDs: 1JRP and 3BDJ).***°
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n—7 interactions, and van der Waals interactions—with the the surrounding amino acids. This hybrid performance
protein matrix,*>*>"7* topiroxostat is a hybrid-type inhibitor efficiently prevents substrate binding and inhibits XOR’s
showing both inhibitory traits. In the remainder of this work, activity for up to 20.4 h.
we will refer to topiroxostat by its code, FYX-051. Nishino and Another effort by Nishino and co-workers*” indicated that

co-workers*® showed that FYX-051 forms a covalent bond with FYX-051 goes through sequential XOR-mediated hydroxyla-
the Moco (Scheme 1D, left), undergoes hydroxylation by the tion during prolonged incubation for up to 72 h. LC/MS
enzyme, and fills up the active site channel by interacting with analysis coupled with NMR spectroscopy showed that FYX-
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051 converts to 2-hydroxy-FYX-051, dihydroxy-FYX-051, and
trihydroxy-FYX-0S1 (structures are shown in Scheme 1C).
Their crystallographic analysis revealed the new crystal
structure of Moco—trihydroxy-FYX-051, which is entirely
different from Moco—FYX-051. Similar to the Moco—
oxipurinol (Scheme 1D, right),"* the substrate in this
structure is directly coordinated to the reduced molybdenum
ion via the nitrogen atom (see Scheme 1D, middle). Steady-
state kinetic studies provided the K; values for the noncovalent
inhibition by the FYX-051 and its first hydroxylated
metabolite, 2-hydroxy-FYX-051 (5.7 X 107 and 1.5 X 107¢
M, respectively). However, the kinetics of the chemistry step,
i.e., the reduction half-reaction, as well as probable inhibition
effects by the other metabolites, remains to be investigated.
So far, several experimental® ™** and computational’®*°~%*
studies have been reported on the hydroxylation reaction of
hypoxanthine/xanthine and other purine- or nonpurine-based
inhibitors by the XOR. Considering all of the mentioned
features of FYX-051 and the possible inhibitory effects of its
hydroxylated metabolites, a comprehensive atomistic inves-
tigation of the kinetics of the inhibition reaction can aid in
further developing more efficient hybrid-type XOR inhibitors.
In this study, we employed classical molecular dynamics (MD)
and quantum mechanics/molecular mechanics (QM/MM) to
study the thermodynamics and kinetics of the hydroxylation
reaction between the Moco center and FYX-051, including all
its possible metabolites. The remainder of the paper is as
follows; in the next section, we describe the approach for the
MD and QM/MM simulations, including the relative binding
affinity determination for all metabolites, reaction path
optimization, and structural, dynamical, and kinetic analyses
for all of the ligands. Subsequently, the results for each
metabolite and their implication with respect to each other are
presented and discussed, followed by concluding remarks.

2. COMPUTATIONAL METHODS

2.1. Molecular Dynamics (MD) Simulations.
2.1.1. Structural Model. The crystal structures of bovine
milk xanthine dehydrogenase bound to FYX-051 (PDB ID:
1V97)*° and trihydroxy-FYX-051 (PDB ID: 3AM9)*" were
used as the initial models. The starting structures for XO—2-
hydroxy-FYX-051 and XO-—dihydroxy-FYX-051 were con-
structed from 1V97. The sequence alignment via
BLAST?”'% between the human XOR*”'*" and the bovine
form shows a similarity of £90%. The missing regions in 1V97
include residues 1, 2, 166—191, and 531—536, while in 3AM9,
residues 1321—1325 were also missing. These gaps account for
less than 3% of the entire amino acid sequences, located in
flexible loops of the protein’s surface and far from the redox
reaction region, i.e., Moco, iron—sulfur clusters, and the FAD
(see Figure S1A,B). MODELLER 10.1'°%'® was used to
perform comparative modeling of XOR’s three-dimensional
structure and incorporate the missing residues into the PDB
structures. CASP'* and CAMEO'® assessment techniques
were used to evaluate the accuracy of the computed models by
MODELLER, and the best-fitted PDB structures were
employed for further MD simulations (see Figure S1C,D).

2.1.2. MD Setup. In addition to the studied substrates, i.e.,
FYX-051, 2-hydroxy-FYX-051, dihydroxy-FYX-051, and trihy-
droxy-FYX-051, molybdenum cofactor (Moco), flavin adenine
dinucleotide (FAD), and iron—sulfur cluster (FES) needed to
be parameterized (see Figure S2). The AMBER force field
parameters for the Moco were obtained from the publication
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by Ramos and co-workers.'”® Parameters for the iron—sulfur
cluster were calculated via the MCPB.py module (version 3.0)
of AMBER138,'"” while the remaining missing parameters were
obtained from Ramos and co-workers.'® All of the substrates
and the FAD were initially parameterized by the R.E.D.
Server,'” """ whereas the missin§ bonded parameters were
added by ANTECHAMBER."'>'"> The protonation of all of
the amino acid residues was assessed via the PROPKA
software.'" !5 In addition, the protonation state of E1261 and
E802 in the active site is a key factor in the system setup.
Experimental “***%!1%117 and computational''® results show
that E1261 is deprotonated before the redox reaction. E802 is
commonly assumed to be in its protonated form when the
natural substrate or oxipurinol is in the binding pocket,
articipating in hydrogen-bonding interaction, albeit deproto-
Eationpis fa%ile.44’X8'80’ e ’ ’

The LEaP module'** in AMBER18'*" was used to add the
hydrogen atoms, neutralize the system with the corresponding
number of required counterions, and solvate the structure in a
cubic box filled with TIP3P'** water, extending at least 12 A
from the protein surface. The ff14SB'** and GAFF''" force
fields were used to describe the system. The MD simulations
were done via AMBER18 pmemd.cuda.'”' Seven minimization
steps were performed with decreasing restraint (10.0—0.0 kcal
mol™ A7%) on the solute’s heavy atoms. In each stage, the
system was minimized within 5000 cycles of minimization via
the steepest descent algorithm, continuing with 5000 cycles via
the conjugated gradient algorithm. In the next step, each
system was heated to 300 K using Langevin dynamics'**~"*
with a collision frequency of 2 ps™" followed by 7 ns of NVT
equilibration with decreasing restraint (10.0—0.0 kcal mol™
A=%) on the protein’s heavy atoms. Lastly, the production
calculations for each system were accomplished in 500 ns of
NPT ensemble'**'*® without restraint in triplicate—a total of
1.5 ps for each system. All bonds involving hydrogen atoms
were treated using SHAKE,"”” and long-range Coulomb
interactions'** were handled with the smooth particle mesh
Ewald method'” using a 10 A cutoff for nonbonded
interactions.

2.1.3. Structural Analysis. The CPPTRAJ"* module in
AMBERI18 was used to analyze production dynamics, ie.,
RMSD, RMSF, and correlation matrices. Normal mode
analysis was performed using the ProDy code."”" In addition,
Python libraries NumPy,">*>'* Mat};lotlib,134 Pandas,'*
statsmodels'*® module, and Gnuplot'*’ command-line were
also employed for further data processing and graphing. All of
the studied systems were stable without significant fluctuations
during the production MD simulations (Figures S3—S17),
which were used for further clustering analysis. To perform the
clustering analysis, 150,000 trajectories from 300 to 500 ns of
three replicates of each system were used for a multidimen-
sional analysis via the k-means algorithm'*® implemented in
AMBER’s CPPTRAJ. Each dimension of this analysis on the
reaction’s active site corresponds to important distances and
angles between the Moco, substrate, and E1261 (except in
trihydroxy-FYX-051). Ten clusters containing three represen-
tatives were initially obtained to find the closest representatives
to the centroids of each cluster in the studied systems. In the
next step, three clusters (nine representatives) for XO—FYX-
051 and XO-—dihydroxy-FYX-051 and two clusters (six
representatives) for XO—2-hydroxy-FYX-051 and XO—trihy-
droxy-FYX-0S51 with the highest population abundance and the
best orientations of the active site’s residues involved in the

https://doi.org/10.1021/acscatal.3c01245
ACS Catal. 2023, 13, 6023-6043


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01245/suppl_file/cs3c01245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01245/suppl_file/cs3c01245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01245/suppl_file/cs3c01245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01245/suppl_file/cs3c01245_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

inhibition reaction were selected for further QM/MM
optimizations (Figures S18—S21).

2.2. MM/GBSA Analysis. Binding affinities between the
ligand (FYX-051 metabolites) and the receptor (XO) were
studied by calculating the total binding energies via molecular
mechanics/generalized Born surface area (MM/ GBSA).'7~1#!
MM/GBSA computations were performed based on the
“single-trajectory” protocol, that is, one trajectory of the
system,142 in which the last 10,000 frames of all three replicates
of each structure were used for the calculations (30,000 frames
in total). Relative binding enthalpy computations were
performed via the MMPBSA.py internal module of Amber-
Tools, employing the default values for the offset and surface
tension to correct the nonpolar contribution to the solvation
free energy, and salt concentration was set to 150 mM.'*
Entropy contributions were neglected, given the focus of the
calculations on relative binding affinities only, the similarity of
the ligands, and to avoid potential convergence issues.'**~"*

2.3. QM/MM Calculations. All of the QM/MM
calculations of the studied systems were carried out via
LICHEM,'S"152 interfacing between Gaussian16'>® and
TINKER."* The QM region and the MM environment
were described with the @B97X-D/def2-SVP'>>'>¢ level of
theory and the AMBER ft14SB force field, respectively. The
basis set for the QM atoms was obtained from the basis set
exchange library.'”” The QM/MM long-range electrostatic
correction (QM/MM-LREC) method"*® with a 25 A cutof,
along with the particle mesh Ewald'*® (PME) method, was
employed for the QM subsystem and the MM calculations,
respectively. The QM subsystem in each structure includes
Moco, the substrate of interest, E1261, E802, and Q767 (a
total of 87—92 atoms, depending on the substrate), while the
remaining residues and all solvent molecules were described
with ff14SB potential. In the case of the complexation between
Moco and the first three metabolites, in which the oxidation
state of the Mo atom is (VI), the sinéglet spin multiplicity is
preferred, as reported previously.””'%° Various multiplicities
were tested regarding the last metabolite coordinating with the
reduced Moco during the enzymatic turnove_r.159 However, in
agreement with Cerqueira and co-workers,”” the most stable
state corresponds to a singlet multiplicity. To treat the covalent
boundaries of the QM subsystem’s amino acids, the
pseudobond approach'® was applied. The iterative QM/
MM optimization protocol implemented in LICHEM'>"'>*
was carried out for the optimization, in which all atoms in the
MM subsystem within a radius of 27 A from the Mo center
were optimized and the rest were kept frozen.

After optimizing each system’s selected representatives, the
one with the lowest QM/MM optimization energy was
considered the most stable reactant, and the product was
designed based on that structure. The designed products were
then used for further QM/MM calculations at the same level of
theory. Based on the optimized reactant and the product
structures of each system, the quadratic string method (QSM)
combined with the restrained-MM procedure implemented in
LICHEM'* was used to obtain and compare the potential
energy surface of the reaction path. The initial restraint on the
MM environment was set to 50 kcal mol™ A~ and removed
stepwise. The reaction path was considered a chain of 14 beads
between the reactant (bead 0) and the product (bead 15),
resulting in 16 total beads.

2.4. NCI and ELF Analyses. The noncovalent interactions
(NClIs) between the ligand (FYX-051 and its metabolites) and
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the surrounding amino acids in the binding pocket were
analyzed via the promolecular density method'®' embedded in
the Multiwfn V. 3.8 program.'®® This analysis qualitatively
illustrates the chemical bonding and weak noncovalent
interactions based on the relationship between the electronic
density and the reduced density gradient in regions of low
electron density. The strength and characteristics of the NCI
surfaces are color-coded in the RGB scale, in which green and
blue surfaces represent strong and weak interactions like
hydrogen bonds and van der Waals, whereas the red surfaces
show repulsive interactions. These surfaces were visualized
with an isovalue of 0.4 a.u. and a color scale of —0.05 a.u. <
sign(4,)p < 0.05 a.u. All of the wave functions for the electron
localization function (ELF) analysis163 were obtained from the
structures of the reactant, product, and the approximate TS
optimized by the QM/MM calculations. The ELF calculations
were performed via the basin analysis'®"'®> embedded in the
Multiwfn V. 3.8 program.'®> A cubic grid of 200 a.u. with an
isovalue of 0.8 a.u. and medium quality grid with a spacing of
0.10 Bohr were selected for the basin illustration. Visual
molecular dynamics (VMD)'®® was used for rendering the
images.

2.5. Energy Decomposition Analysis (EDA). Energy
decomposition analysis is an approach to investigate the nature
of the intermolecular interactions between the protein and any
fragment(s) of interest, which is based on the calculation of the
averaged energies of the nonbonded intermolecular inter-
actions as a function of a particular reference residue(s). EDA
has been used to analyze the MD and QM/MM calculations of
several protein systems,'®’”'"® which gives a qualitative
assessment of the catalytic role of amino acid residues
surrounding the active site. In this study, EDA was employed
on both the MD simulations and QM/MM optimizations to
investigate the intermolecular effects of the enzyme on the
dynamics of the structural-based inhibition and kinetics of the
mechanism-based inhibition. In both cases, an in-house
Fortan90-based EDA code was employed to calculate the
nonbonded intermolecular interaction energies.l74_176 Due to
performing the EDA on the metabolite-bound precatalytic
structures of each inhibitor, the analysis was run on 12500
snapshots of the 500 ns of the MD simulations. The obtained
results were then averaged over the three replicates of each
system to qualitatively investigate the stabilizing and
destabilizing effects of the enzyme’s amino acids on the active
site’s residues during the noncovalent inhibition. The total
difference in the nonbonded intermolecular interaction energy
between the selected residues of the active site (termed as the
QM region below) and the protein environment during the
MD simulation, AERE, can be calculated as

AEI}\);;_Cat = <EI}\)I§_Cat>XO—inhibitor - <EII\JIli3e_cat>Apo—XO (1)
where (ERG “)x0-inhibicor and (Egﬁg_catﬂpoxo represent the
average of nonbonded intermolecular interactions between
the selected residues and each residue of the MM environment
for the XO—inhibitor system and the apo-XO, respectively,
over the ensembles where the dynamics are sampled.

Due to performing the EDA on the catalytic reactions, i.e.,
reactant—TS pathway, the analysis was applied to the QM/
MM-optimized structures of the reactant and the approximate
TS of each system to study the stabilizing and destabilizing
effects of the amino acids on the kinetics of the inhibition
reaction. MD-simulated trajectories of each hydroxylation step
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Scheme 2. Catalytic Hydroxylation Reactions of the FYX-051, 2-Hydroxy-FYX-051, and Dihydroxy-FYX-051 by the XO at the

Moco Center
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were used by considering the changes in Coulomb and van der
Waals interaction energies between the QM subsystem and the
residues of the MM region when the system goes from the
reactant to the TS. In all cases, in addition to the optimized
coordinates, the calculated ESP charges of the QM region
(QM atoms and pseudobond atoms) were employed and
transferred to the new topology files by the AMBER’s ParmEd
module'”” for further MD simulations with restraints on the

6028

QM region. 10 ns of MD simulation with a 50 kcal mol™ A~
restraint on the QM atoms was performed at a temperature of
310 K via NVT ensemble. A 10 A cutoff for nonbonded
interactions via the smooth particle mesh Ewald method was
set for the long-range Coulomb interactions. SHAKE was
employed to handle bonds involving hydrogen atoms. The
CPPTRAJ module was used to analyze the RMSD and RMSF
values of the MD simulations to monitor the stability of the

https://doi.org/10.1021/acscatal.3c01245
ACS Catal. 2023, 13, 6023-6043


https://pubs.acs.org/doi/10.1021/acscatal.3c01245?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01245?fig=sch2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

FAD

© stabilizing residues
@ de-stabilizing residues

K1045 __

Figure 2. Illustration of the PCA root-mean-square fluctuations and the residue-wise correlation with respect to Moco as a heatmap projected on
the protein for (A) apo-XO (B) XO—FYX-051, (C) XO—2-hydroxy-FYX-051, (D) XO—dihydroxy-FYX-051, and (E) XO—trihydroxy-FYX-051.
The black arrows point along the direction of the highest-ranked eigenvector (mode 1 in the PCA fluctuation plot), and the amplitude is directly
proportional to the length of the arrow. Only fluctuations greater than 1.0 A are displayed. Areas with correlated movements in the heatmap are
colored blue (0.5), noncorrelated areas are white (0.0), and areas with anticorrelated movements are red (—0.5). The first replicate of each MD
simulation was used for both the PCA and correlation matrix illustrations. (F) Three-dimensional representation of the residues with considerable
nonbonded intermolecular interactions (IERg“ > 35 kcal mol™") with the Moco residue of the XO—FYX-051 system (FYX-051 is omitted for
clarity). Residues in the sticks have stabilizing (green) and destabilizing (purple) interactions with the Moco shown in ball-and-sticks.

reactant and the TS during the restrained-MD simulation
(Figures S22 and S23). The total difference in the nonbonded
intermolecular interaction energy between the QM region and
the MM environment during the reactant—TS pathway, AES,
can be calculated as

TS
<EQM/ i, ()

where (EQg/ivm) and (EGifvu) represent the average of
nonbonded intermolecular interactions between the residues of
the QM region and each residue of the MM environment (i) of
the TS and the reactant structures, respectively. The R code'”®
and Python libraries NumPy,**>"** Matplotlib,"** and
Pandas' > were used for generating and illustrating the graphs.

MBS = (E8a o) — (EGTn0)

3. RESULTS AND DISCUSSION

3.1. Structural Effects of the Incoming Inhibitors. As
described before, some amino acid residues of the binding
pocket are vital for the catalytic hydroxylation of the substrate
by the XO, of which E1261 is shown to participate in the
proton transfer step.’®’**”?* Nishino and co-workers have
demonstrated that the mutagenesis of E1262 (in humans) and
E730 (in Rhodobacter capsulatus) to alanine completely
abolishes enzyme activity.*”'”” Even in the case of structure-
based substrates, the presence of these amino acids is of high
importance.””***® It is also known that XO typically catalyzes
the hydroxylation of the carbon atom adjacent to the
heterocyclic nitrogen of the inhibitor at the Moco center.*’
The proposed mechanism involves an initial proton transfer
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from Moco to E1261, followed by a nucleophilic attack of the
Moco to the substrate (here FYX-051 and its metabolites) and
the Moco—substrate complexation (see steps A and B in
Scheme 2). Thus, suitable distances between these entities are
necessary for the reaction to occur.

Here, we study the effects of the FYX-051 and its
hydroxylated metabolites and compare the changes with the
apoenzyme. Our MD results show that the presence of the
substrate is necessary for the enzyme to keep its active-state
conformation at the reaction center. Results of the MD
simulations for the apoenzyme show that the Moco and E1261
move away from each other as the simulation time elapses (see
Figures S3—S5). The distances between the hydrogen atom of
Moco’s hydroxide ligand and oxygen atoms of E1261 are
around 2—3 A in the XO—inhibitor structures, while the
distances considerably increase to 6—8 A in the apoenzyme
during the simulation. Unlike the apo-XO, the Moco, E1261,
and all of the inhibitors in each system remained at reasonable
distances for the proton transfer and complexation during the
simulation (see Figures S6—S17).

The residue-wise correlation analyses with respect to Moco
as a heatmap projected on the protein structure are shown in
Figure 2A—E. It can be observed in Figure 2A that the
movements of FES and FAD domains are noncorrelated in the
apo-XO, while the Moco domain’s movements are mostly
anticorrelated. Interestingly, upon binding the first metabolite,
FYX-051, the motions of nearly all of the domains become
correlated with respect to Moco (Figure 2B). As the
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Figure 3. Optimized geometries of the reactant, approximate transition state (Approx. TS), and the product of the complexation reaction of Moco
with (A) FYX-051, (B) 2-hydroxy-FYX-051, and (C) dihydroxy-FYX-051. Selected distances and corresponding values (A) are shown as black
dashed lines and red labels. The Moco, E1261, and FYX-051, directly involved in the reaction, are shown as ball-and-sticks, while all of the other
important residues in the binding pocket are illustrated as sticks on a ribbon model background of the protein. (D) The minimum energy path for
the reduction half-reaction of each system modeled by the QSM. The QM/MM optimization energies are calculated at the @B97X-D/def2-SVP
level of theory with the AMBER ff14SB Force Field.
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hydroxylation proceeds to the second metabolite, 2-hydroxy-
FYX-051, some parts of the FES and FAD domains become
noncorrelated; however, the Moco domain remains correlated
(Figure 2C). For the third metabolite, dihydroxy-FYX-051, the
FAD domain and some parts of the Moco domain become
anti- and noncorrelated (Figure 2D). Finally, in the XO—
trihydroxy-FYX-051 system, the FES domain becomes mostly
noncorrelated, while the FAD domain becomes completely
anticorrelated. However, the Moco domain residues remain
correlated with the molybdenum cofactor, except for the
regions neighboring the FAD domain, which become non-
correlated (Figure 2E). By proceeding with the hydroxylation,
the XO—inhibitor seems to become more similar to the apo-
XO, except for the Moco domain’s movements, which are
considerably correlated to Moco in the presence of the
inhibitors.

The EDA analysis for all of the systems (apo-XO and XO—
inhibitor) in Figure 2F shows that most of the residues around
the active site have negative values of nonbonded interaction
with the Moco, suggesting stabilizing effects of the protein
residues around the active site on the Moco. The complete
graph of the EDA analysis in Figure S24 shows that the total
contribution of ERf“* between the Moco and the MM
environment for all of the studied systems has similar trends
along the simulations. The difference in the nonbonded
intermolecular interactions (AERF ") between the protein and
the Moco considering the apo-XO as a reference suggests that
the binding pocket’s environment becomes more stabilized by
the incoming inhibitors (see Figure S25 and Table S1).

Results of the principal component analysis (PCA) in
Figures S3—S17 show that the first two normal modes in all of
the structures comprise more than 85% of the movement
modes of the systems. Since the first normal mode comprises
more than 70% of the movement modes in all of the structures,
it was used to interpret the systems (see animations in the
Supporting Information). As shown in Figure 2A—E, the
directionality of the first normal mode is most similar in the
FES and FAD domains of all of the structures. On the other
hand, the movements of the Moco domain in XO—2-hydroxy-
FYX-051 are similar to the apo-XO, while the other three
metabolites are similar to each other. This may suggest that 2-
hydroxy-FYX-051 has less stabilizing effects on the Moco
domain than the other three metabolites.

3.2. Inhibitor Relative Binding Affinities. Previous
experimental results show that after the reduction/oxidation
half-reactions, the hydroxylated FYX-051 undergoes a second
hydroxylation by XO. Similar to FYX-051, 2-hydroxy-FYX-051
performs time- and concentration-dependent inhibitions.
However, a relatively large amount of this metabolite is
needed to achieve a potent inhibition (K; = 1.5 X 107 M and
K/ = 9.2 x 107° M), which is suggested to be related to the
lower binding affinity of 2-hydroxy-FYX-051 for the enzyme."’
Since the experimental inhibition constants (K;) are related to
the whole reaction, it is not clear whether the necessity of using
a relatively large amount of 2-hydroxy-FYX-051 to achieve
potent inhibition is due to the lower binding affinity of this
metabolite to the active site (chemistry step) or it is related to
other steps of the inhibition process. Moreover, the binding
affinities and the inhibition constants of the further
metabolites, i.e., dihydroxy-FYX-051 and trihydroxy-FYX-051,
have not been studied and need more clarification.

The relative binding affinities of each metabolite with
respect to FYX-051 were estimated by calculating the relative
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binding enthalpies between each substrate and the XO enzyme
using MM/GBSA. Calculated values of the relative binding
affinities (including individual components) are reported in
Table S2. The relative AH,; 4 values with respect to FYX-051
show that dihydroxy-FYX-051 has the largest relative binding
affinity, —4.88 kcal mol™’, with the corresponding values of
AHy,,4 for 2-hydroxy-FYX-051 of —2.64 and —0.18 kcal mol™!
for trihydroxy-FYX-051. Interestingly, the calculated relative
binding enthalpies show larger affinities for the first two
metabolites compared with FYX-051, suggesting a possible
explanation for the driving force for the changes in orientation,
which will be further discussed below.

3.3. Catalytic Hydroxylation Reactions. The proposed
reaction mechanism by Nishino and co-workers™ for the
hydroxylation reaction of FYX-051 by the XOR at the Moco
center (STEP 1 in Scheme 2) is similar to the hydroxylation of
the natural substrates (hypoxanthine or xanthine) proposed by
Yamaguchi et al.*” and Metz and Thiel’®”* (see Scheme 1A).
Based on this mechanism, a proton transfer from Moco occurs
to E1261 (step A). Subsequently, the negatively charged
oxygen of the Moco performs a nucleophilic attack on the C2
carbon of FYX-051 (adjacent to N) with a concomitant
hydride transfer to the sulfur, which reduces Mo(VI) to
Mo(IV) and a Mo—O—C2 bond forms (step B).

Since the first hydroxylation occurs at the C2-position of the
pyridine ring, two different positions are available for the
second hydroxylation: the C6-position of the pyridinecarboni-
trile ring or the C6-position of the hydroxypyridine (STEP 2 in
Scheme 2). LC/MS analysis results have shown that the
second hydroxylation occurs at the former position.*” For the
second hydroxylation to occur at this position, it seems more
likely that 2-hydroxy-FYX-051 leaves the active site and
reenters the binding pocket with its pyridinecarbonitrile ring,
After entering the active site, the complexation reaction can be
similar to FYX-051, in which the hydrogen of the hydroxyl
ligand transfers to E1261, followed by the formation of Mo—
O—C6 bridge (adjacent C to N) and Mo—S—H bond between
the Moco and the inhibitor.

Similar to the previous step, since the second hydroxylation
occurred at the Cé6-position of the pyridinecarbonitrile ring,
the last hydroxylation step occurs at the C6-position of the
hydroxypyridine (STEP 3 in Scheme 2). LC/MS analysis also
shows that the third hydroxylation occurs at the mentioned
position.”” Similar to 2-hydroxy-FYX-051, for the third
hydroxylation to occur, it seems more likely that the
dihydroxy-FYX-051 has to leave the active site and reenters
the binding pocket but with its hydroxypyridine ring. After
entering the active site, the complexation reaction can be
similar to the previous steps. It is suggested that the proton
transfers from the hydroxyl ligand to E1261, followed by the
formation of XO—dihydroxy-FYX-051 complex via a Mo—O—
C6 bridge and hydrogen and charge transfer to the Moco.

Herein, we studied the mechanism of the reduction half-
reaction pathway of all three metabolites along with the
optimized structures of the reactant, product, and the
approximate TS (see Figure 3). The calculated values for the
Mo—0O—C2 angle and Mo—O and O—C2 in the XO—FYX-
051 complex are 153°, 2.10 A, and 1.47 A, respectively (Figure
3A). These values agree with the experimental ones observed
in the 1V97 crystal structure (152°, 2.07 A, and 1.37 A,
respectively). The RMSD of the active site’s atoms and the
RMSD of the backbone atoms of the protein in the product
with respect to the crystal structure are 1.5 and 3.4 A,
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respectively. It can also be seen that E1261 is hydrogen-
bonded to Moco’s hydroxyl ligand and R880 in the reactant.
After the proton transfer, the protonated E1261 makes a new
hydrogen bond to the substrate yet maintains its hydrogen
bond with R880 and N768. Geometries of the optimized
structures also show that in addition to the new hydrogen
bond that FYX-051 forms with E1261 (via the nitrogen of its
pyridine ring) in the product, it maintains its hydrogen bond
with N768 (via its C=N group) during the reaction, which
may help stabilize the product than the reactant.

The reaction path of the second hydroxylation step was
investigated to understand if it follows a similar mechanism as
for the FYX-051 or a different one. Calculated values for the
Mo—0—-C6 angle and Mo—O and O—C6 distances in the
product are 143°, 2.18 A, and 1.41 A, respectively (see Figure
3B), which are close to the respective values in XO—FYX-0S1.
Unlike the FYX-051, 2-hydroxy-FYX-051 is hydrogen-bonded
to E802 in the reactant, while the amino acid turns its —OH
head to the oxo ligand of the Moco in the product. In the
reactant, both carboxylic oxygen atoms of the E1261 are
hydrogen-bonded to R880, while in the product, it maintains
one of its hydrogen bonds with R880 and forms a new
hydrogen bond with the substrate. The OH of the
hydroxypyridine ring and the C=N of the pyridinecarbonitrile
ring are both hydrogen-bonded to water molecules of the
solvent.

Calculated values for the Mo—O—C6 angle and Mo—O and
O—C6 distances in the XO—dihydroxy-FYX-051 complex are
144°, 2.18 A, and 1.39 A, respectively (see Figure 3C), which
are close to the same values in the products of the previous
steps. In the reactant, the substrate is hydrogen-bonded to
E802 and R880, while E1261 has hydrogen bonds with Moco’s
hydroxyl ligand and R880. After the complexation in the
product, in addition to its previous hydrogen bonds, the
substrate forms a new hydrogen bond with E1261. At the same
time, it also has other hydrogen bonds via its two hydroxyls
and nitrile groups to water molecules of the solvent.

Experimental values of the k., for the hydroxylation of the
natural substrates by the XOR are 10—16 and 30 s~ for
hypoxanthine®”'* and 7—18 s~ for xanthine®*#*86~8181
corresponding to AG* ~ 15.4—16.8 and ~ 15.8—16.3 kcal
mol ™!, respectively. Calculated QM/MM barrier energies for
the reduction half-reaction from two exhaustive studies by
Metz and Thiel”® and Cerqueira and co-workers”” are 10—18.3
kcal mol™" (different setups) and 16.9 kcal mol ™, respectively.
Calculated reaction free energy by the earlier study differs from
—9.3 to 4.9, while the latter study showed that the
complexation occurs in two sequential steps with AGy of
11.7 and —8.5 kcal mol™". An experimental study by Spector et
al. on the inhibition of XO with oxipurinol, a competitive-type
inhibitor of this enzyme, showed that the K; of the inhibition
reaction is 1.8 min~! (AG* ~ 31.0 kcal mol™") and 1.4 min~!
(AG* ~ 28 kcal mol™) for human and bovine enzymes,
respectively.” Although the barrier energy for oxipurinol is
around double the value for xanthine, it is shown to be an ideal
mechanism-type inhibitor of the XO. As mentioned before, the
K; values for the XOR inhibition by the FYX-051 are 2 orders
of magnitude smaller than that of allopurinol (5.7 X 107 and
7.0 X 1077 M, respectively). However, these results are related
to the noncovalent inhibition, not the chemistry step, i.e., the
reduction half-reaction.

Our QM/MM results show that the complexation reaction
between XO and FYX-051 is exoergic with a reaction energy
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and barrier energy of —23.84 and 17.12 kcal mol™,
respectively (red trace in Figure 3D). In the approximate TS,
the hydroxyl ligand’s proton is transferring to E1261, while the
Mo—0--C2 and Mo==S---H-bonds are forming in a
tetrahedral geometry of the metal center. These results suggest
that FYX-051 can act as a competitive inhibitor of XO and
might be a more efficient inhibitor than oxipurinol. The blue
trace in Figure 3D shows that the second hydroxylation step is
also exoergic with the reaction energy and the barrier energy of
—10.61 and 22.70 kcal mol ™}, respectively. As can be seen, the
approximate transition state of the XO—2-hydroxy-FYX-051
complex is similar to the TS of the first step but ~5.6 kcal
mol™" more endergonic than that for XO—FYX-051. This
might be the reason (or at least one of the reasons) for the
larger experimental inhibition constant (K;) of the 2-hydroxy-
FYX-0S1.

The third hydroxylation step is also exoergic with a similar
TS to the previous steps and the reaction and barrier energies
of —5.43 and 19.19 kcal mol™’, respectively (green trace in
Figure 3D). The approximate TS of the XO—dihydroxy-FYX-
051 complex is ~2.1 kcal mol™" larger than that for XO—FYX-
051, while ~3.5 kcal mol™" lower than that for XO—2-hydroxy-
FYX-051. Moreover, the XO—dihydroxy-FYX-051 complex is
around 5.2 kcal mol™" less stable than the XO—2-hydroxy-
FYX-051 complex. These differences in the barrier and
reaction energies might be one of the reasons for the quick
conversion of the dihydroxy-FYX-051 to trihydroxy-FYX-051,
as seen in the experimental results.

3.4. Characterization of the Mo Reduction Pathway
during Hydroxylation Catalysis. Experimental studies on
the XOR inhibition by xanthine®**® and FYX-051*° have
proposed that the negative charge responsible for the reduction
of Mo(VI) to Mo(IV) is transferred via a H™ ion,"®* which is
computationally believed to be the rate-limiting step of the
XO-—xanthine reduction reaction.”***”°* However, in some
studies on xanthine or other substrates like formaldehyde,
acetaldehyde, formamide, and formamidine, the activation
barriers for this step, i.e., transfer of a hydride ion to a sulfido
ligand, are excessively hi§h (AE > 30 kcal mol™) and not
catalytically feasible.”"*>?*%°~"% Since the complexation
reaction involves transferring a proton and two electrons,
three mechanisms are plausible: the hydride transfer
mechanism, in which the H and two electrons are directly
transferred to the sulfido ligand of the Moco. In the second
mechanism, the hydrogen is transferred as a proton, and a pair
of electrons are transferred via the oxo-bridge. Finally, the third
mechanism consists of a hydrogen atom transfer to the sulfido
group, while the second electron is transferred via the oxo-
bridge. Each of these mechanisms reflects a specific electro-
static potential charge in the reaction’s transition state.

A topological and population analysis was employed to
investigate the electronic structure of the critical points along
the reaction pathway to investigate which of the above-
mentioned mechanisms seems more probable in the studied
hydroxylation reactions. The changes in the electrostatic
potential charges (ESP) and the electron localization functions
(ELFs) were calculated for the hydroxylation of each
metabolite. According to the calculated electrostatic potentials
along the hydroxylation reactions, the transferring hydrogen is
almost neutral at the transition state (see Figure S26). An
exhaustive study by Cerqueira and co-workers”™ on the
catalytic mechanism of XO with its natural substrate, xanthine,
showed similar results, suggesting that the transfer occurs via a
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Scheme 3. Proposed Mechanism for the Final Step of the XOR Inhibition by Trihydroxy-FYX-051 at the Moco Center

STEP 4
OH~—
YCN\ N g
HN L N R T VL B G VI - Rt I B _N Ci
Ji /) N 7 N
Rotstlon = oH Eb /(IV)\OH \CZ\ C 2 - /"V\Nf \ ?7 =
HO— ) I T OH
N o HO N7
orH OH
trihyd -FYX-051
g1281” C PSSRy E‘\261)§O
) ’ F 72 y
Reactant Appréx. TS “Product
W / / "»" - /
/ € L
I Qre7 !%-‘; ~/ 186 L Qre7 ;%‘ 9 Q787 %
‘.. 214 175« ' "(. f“
4 /
15? 212 ’ﬂ ’
gﬁ ¢ el i
»C& o O sm ” :
A 191 ¥
N
), % W > [ )
fm,/J N 4 Rsao (;{/ . Vi W ”i~;
| . r'h / [ F  / 1261 k v /4 7. .
y P2 Wi ty = i B/ oMonc=ginr
~ 20 Approx. TS XO-trihydroxy-FYX-051
s
g 18 18.1
§ 10
Y &
>
] 0
LICJ u 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
4 =5
2
T -0
@«
o
15

Bead number

-14.5

Figure 4. (A) Optimized geometries of the reactant, approximate transition state (Approx. TS), and the product of the binding reaction between
XO and trihydroxy-FYX-051. Selected distances and corresponding values (A) are shown as black dashed lines and red labels, respectively. The
Moco and trihydroxy-FYX-051 are shown as ball-and-sticks, while all of the other important residues of the binding pocket are illustrated as sticks
on a ribbon model background of the protein. (B) The minimum energy path for the complexation modeled by the QSM. The QM/MM
optimization energies are calculated at the ®B97X-D/def2-SVP level of theory with the AMBER ff14SB Force Field.

“hydrogen—one electron-coupled mechanism”, which is
consistent with the third plausible mechanism discussed
above. Moreover, a computational study'®® by Kirk and co-
workers on purine- and nonpurine-based substrates and a
hybrid spectroscopic/electronic structure study'®* by them on
aldehyde substrate revealed that the hydrogen of C—H for all
their studied XO substrates is transferred to the terminal
sulfido at the transition state with a near-neutral (or slightly
positive) charge. Calculated ELF basins in Figure S27 and
Table S4 show the formation of Mo—S—H and Mo—O-C
trisynaptic basins during the reactant—TS—product pathway in
all three systems (electron population &~ 1.0—1.2e”). Taken
together, these results suggest that the hydroxylation reaction
steps occur via the third proposed mechanism.

3.5. XO-Trihydroxy-FYX-051 Complexation (Final
Step). Nishino and co-workers®’ showed that the product of
the last hydroxylation step, i.e., trihydroxy-FYX-051, acts as the
final inhibitor of XO. Like oxipurinol, the substrate in this
structure is directly coordinated with the molybdenum atom

~
~
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via the nitrile nitrogen of the ligand. It is believed that both the
trihydroxy-FYX-051 and oxipurinol coordinate with the
reduced cofactor during the enzymatic turnover, in which
the molybdenum is still in its (IV) oxidation state."*” Thus, the
final inhibition reaction by the oxipurinol’**® and trihydroxy-
FYX-051""""? seems to occur before the oxidation half-
reaction and enzymatic turnover are completed.

As discussed in the previous section, the final hydroxylation
occurs at the C6-position of the hydroxypyridine leading to the
formation of trihydroxy-FYX-051. To form the XO-—
trihydroxy-FYX-051 complex via the C=N group, it seems
more likely that the substrate leaves the active site and reenters
the binding pocket with its hydroxypicolinonitrile ring facing
the Moco. The proposed mechanism for the complexation
between XO and trihydroxy-FYX-051 suggested by Nishino
and co-workers'"? is given in Scheme 3, in which the water-
exchangeable OH ligand of the reduced molybdenum (Mo**)
is replaced by the nitrogen atom of trihydroxy-FYX-0S1 to
form a stable complex (step A).""” Furthermore, a nucleophilic
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Figure S. Calculated QM/MM relative energies for individual metabolites in consecutive reaction steps.
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Figure 6. Plots of the noncovalent interactions (NCIs) between the substrate and the surrounding residues in the reactant and product of XO—
FYX-0S51. The isovalue for the NCI visualization is 0.4 with a color scale of —0.05 a.u. < sign(4,)p < 0.05 a.u. The Moco and the substrate are
illustrated in ball-and-sticks, while the amino acids and water molecules are given in sticks. The protein chain and H atoms of the Moco and amino

acids are not shown for clarity.

attack by the OH™ breaks down the complex, and the
molybdenum is reoxidized to its initial oxidation state (Mo™®)
by proton/charge transfer (this step is not shown in the
scheme).

The QM/MM-optimized geometries of the critical struc-
tures during the complexation reaction are given in Figure 4A.
Calculated values for the Mo—N=C and N=C-C2 angles
and Mo—N, N=C, and C—C2 distances in the XO-—
trihydroxy-FYX-051 complex are 119°, 138°, 2.06 A, 1.24 A,
and 1.47 A, respectively. These values are in good agreement
with the experimental values in PDB 3AM9 of 111°, 127°, 2.14
A, 1.06 A, and 1.61 A, respectively. The RMSD of the active
site’s atoms and the RMSD of the backbone atoms of the
protein in the product with respect to the crystal structure are
1.1 A and 3.2 A, respectively. It can also be seen that in the
reactant, trihydroxy-FYX-051 is H-bonded to R880, Ser876,
and three water molecules, which are observed to remain after
the complexation. Furthermore, in the product, Moco’s
exchangeable hydroxyl is placed between E1261, R880, and
the hydroxyl group of the substrate and is stabilized by forming
two hydrogen bonds with the substrate and E1261. As shown
in Figure 4A (middle), in the approximate TS, the Mo---OH
bond breaks, while the Mo---N=C bond forms, and the N=
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C—C2 angle changes to ~165°. It should be mentioned that
based on the experimental results,*” the substrate has hydrogen
bonds with R880 and E802 in its bound form, while in our
optimized product, trihydroxy-FYX-051 forms H-bonds with
R880, Ser876, and three water molecules.

Based on the QM/MM optimization results in Figure 4B,
the product of the XO—trihydroxy-FYX-051 complexation is
14.47 keal mol™ more stable than the reactant, and the energy
barrier is 18.09 kcal mol™". There is no experimental K; for the
inhibition of XO by trihydroxy-FYX-051. However, as
mentioned before, the corresponding value for the inhibition
by oxipurinol, which might have a similar mechanism (see
Scheme 1D), is ~28—31 kcal mol™". Our calculated energy
barrier is ~10—13 kcal mol™" less endergonic than the
oxipurinol. This might come from factors such as more
stabilizing contributions between the enzyme and the TS and
the number of noncovalent interactions between the
trihydroxy-FYX-051 and the binding pocket’s residues during
the reaction, which are discussed below.

As discussed previously, the calculated AH™ for the
consecutive metabolites provides a possible explanation for the
driving force of the reorientation. This is further supported by
the calculated relative QM/MM energies for the individual
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Figure 7. Three-dimensional representation of the residues with considerable nonbonded intermolecular interactions (|ENp

O stabilizing residues

@ de-stabilizing residues

| > 60 kcal mol™") with

the active site of the XO—FYX-051. Residues in the sticks have stabilizing (green) and destabilizing (purple) interactions with the active site (in
ball-and-sticks) on a ribbon model background of the protein. The same residues with slightly different intermolecular interactions were seen for

the other metabolites.

metabolites in the sequential steps. The calculated AE, e
values in Figure 5 show that the reactant for the respective
metabolite of each step is more stable than the product of the
corresponding metabolite in the previous step. These results
are consistent with the calculated relative binding affinities
above, suggesting that the metabolites’ reorientation is
energetically favorable to drive the reaction forward (detailed
results in Table S4). Based on the comparative similarity in
relative binding affinities and relative QM/MM energies for
the different metabolites, the larger amount of 2-hydroxy-FYX-
051 needed for in vitro inhibition may be related to the
nonchemistry steps of the inhibition reaction or the higher
energy barrier of the hydroxylation reaction.

3.6. Noncovalent Interactions between the XO and
Studied Inhibitors. As mentioned before, unlike allopurinol,
FYX-051 also behaves as a structure-based inhibitor and blocks
the substrate channel by forming interactions with the
surrounding amino acids. Some residues were found in the
crystal of the XOR—FYX-051-bound structure, including
N768, E802, F914, F1009, and E1261. 6 However, these
interactions are related to the structure of the XO—FYX-051
and do not provide much information about the noncovalent
interactions between the inhibitor and the residues of the
active site before the complexation, ie., structure-based
inhibition characteristics of the FYX-051. Plots of the
noncovalent interactions (NCIs) in Figure 6 illustrate the
binding pocket’s residues having interacting surfaces with FYX-
0S51. It can be seen that in addition to the mentioned residues
in the experimental studies, several other residues such as
L1648, K771, L873, S876, R880, V1011, and L1014 and various
water molecules have weak and strong attraction interactions
(in the NCI scale) with the substrate before and after the
complexation.

These interactions help stabilize the inhibitor in the binding
pocket and help explain the structure-based inhibition by the
FYX-051. The NCI surfaces for the other three metabolites in
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Figure S28 show slight changes; however, based on the
detailed results in Table S5, there is no significant difference
between the noncovalent interactions of the studied metabo-
lites with the residues of the active site. This may explain why
the binding affinities between all of the substrates and the XO
are not considerably different. Moreover, several residues with
NCIs are common between all of the metabolites, i.e., L648,
E802, L873, R880, F914, F1009, L1014, P1076, A1078, and
A1079. Many of these residues were seen in a study by Nishino
and co-workers'® on the structure-based inhibition of
mammalian and bacterial XOR by febuxostat, which is one
of the best noncovalent inhibitors of XOR and administered to
patients worldwide. This might be the reason for the high
structure-based inhibition potential of the FYX-051 metabo-
lites.

Another helpful tool to evaluate the contributions of the
enzyme’s residues to the active site is analyzing the
intermolecular interactions between individual residues and
the different metabolites using energy decomposition analysis
(EDA). This analysis can be used as a qualitative indicator to
facilitate the understanding of the electrostatic effects of the
enzyme’s environment on either the MD simulation or the
QM/MM reaction pathway. The three-dimensional arrange-
ments of the amino acids in Figure 7 show that the residues
with significant nonbonded contributions are concentrated
around the active site. Our EDA on the metabolite-bound
precatalytic structures suggests that the active site experiences
similar intermolecular interactions with the enzyme’s residues
in all of the metabolites (more details in Figure $29 and Table
S6), which is consistent with the binding enthalpies and the
NClIs show that the environmental effects of the enzyme are
not considerably different from the studied metabolites.

EDA was also performed on the reactant and TS’s structures
along each metabolite’s reactant — TS step. The calculated
graphs of the per-residue intermolecular interaction energy
differences (AES] in eq 2) between the reactant and TS of all
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of the XO—inhibitor systems are given in Figure S30, and
detailed results are listed in Table S7. These results suggest
that significant nonbonded interactions mostly come from
residues located in the Moco and FES domains, while the FAD
domain does not contribute considerably to stabilizing or
destabilizing the catalytic reaction. Therefore, the sum of the
nonbonded interactions can be a relatively good approximation
of the environmental effects of the enzyme on the reactant—TS
pathway."®® The sum of the nonbonded interactions (Y AES,
for the reactant—TS pathways in XO—FYX-051, XO-2-
hydroxy-FYX-051, XO—dihydroxy-FYX-051, and XO-—trihy-
droxy-FYX-0S1 are —20, 12.3, —2.8, and —17.0 kcal mol ™},
respectively (see Table S7). This suggests that the enzyme
environment stabilizes the TS of XO—FYX-051 and XO—
trihydroxy-FYX-051, thus favoring the complexation reaction
for these two systems. For the XO-—dihydroxy-FYX-051
system, the protein appears to provide only slight stabilization
to the TS. By contrast, the TS associated with the reaction for
the XO—2-hydroxy-FYX-051 system shows destabilizing
interactions with the protein environment. Although these
results are consistent with the calculated QM/MM barrier
energies, results of the nonbonded interactions also show less
stability of the TS in the XO—2-hydroxy-FYX-051 system
compared to the other three metabolites. More details
regarding the orientations and effects of the residues with
considerable nonbonded contributions to the reactant—TS
pathway of each metabolite are shown in Figure S31.

A study by Nishino and co-workers®” showed that E802V
and R880V mutations considerably abrogate the XO’s activity
toward hypoxanthine and xanthine, respectively. Their results
also showed that, unlike the wild type, the mutants were not
subject to time-dependent inhibition by allopurinol. The
crystal structure of the E802V mutant showed that the
positions and orientations of the residues of the active center
are very similar to that in the wild type, indicating that the
decrease in the enzymatic activity is not related to the
conformational changes. Hille and co-workers also suggested
that R880"'“'”? and E802'*”'*® (R310 and E232 in R
capsulatus enzyme) are involved in the transition-state
stabilization of XO—xanthine by compensation of negative
charge accumulation on xanthine (R880) and proton
tautomerization (E802). Another exhaustive study by
Scazzocchio and co-workers'®” showed that G799S, R880Q/
G, H884Y, N887K, and A1079T mutations lead to a partial or
total loss of XO function. They also showed that the mutations
in R880 are all unable to accept xanthine or oxipurinol as a
substrate. Hiratsuka and co-workers'”” found a deficiency in
the XO activity in R149C and T909K mutants, a low XO
activity in P554S, R606Q, N908K, and C1317Y mutants, and a
high activity in 1702V and HI220R mutants. In addition,
several clinical studies have been performed on the muta-
genesis of XO, in which either the mutations led to xanthinuria
(XOR deficiency leading to hypouricemia) or hyperuricemia
(higher activity of XOR). Some of these trials on human cases
with xanthinuria have reported XO mutants corresponding to
R149C,"”" R228T,'"* K721X,'”® R824X,'°* R880X,'"*
T909M,"”* R912W,"”® and R1282X."”

Investigating the effects of the mutations on xanthine and
allopurinol and comparing the results with our nonbonded
contributions can provide a good insight into the residues with
significant effects on the XO inhibition. This can be used in
future studies on designing more efficient drugs with better
covalent inhibitory effects and better noncovalent inhibition of
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the XO by interacting with the candidate residues. Some of the
mutated residues in the XO enzyme are located far from the
active site, which is not helpful for designing hybrid-type
inhibitors. However, according to the detailed results of the
precatalytic and catalytic EDAs (in Tables S6 and S7,
respectively), many of these mutated residues have a significant
stabilizing effect. When these residues were mutated, it caused
a partial or total loss of XO function, such as R149, R228,
R606, E802, R824, R880, H884, R912, A1079, and RI1282.
This agreement between the experimental/clinical mutagenesis
studies and our findings based on the EDA suggests that the
predicted effects of the binding pocket residues can be
considered for further hybrid-type inhibitor developments.

As shown earlier, NCI results also suggest several residues of
the binding pocket forming noncovalent surfaces (green and
blue) with the studied inhibitors. Therefore, by considering the
obtained results via the EDA and NCI, it seems that residues
L648, K771, E802, R839, L873, R880, R912, F914, F1009,
L1014, and A1079 that significantly interact with the studied
inhibitors can be considered as potent interacting targets for
further hybrid-type inhibitor developments (see Figure 8).
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Figure 8. Residues around the binding pocket (in the sticks) with
significant noncovalent interactions—stabilizing contributions in EDA
and green/blue surfaces in NCI—with the molybdenum cofactor (in
ball-and-sticks). Hydrogen atoms are not shown for clarity.

Taken together, our results suggest that topiroxostat can act
as a hybrid-type inhibitor. In line with experimental reports by
the discoverers of this drug, our insights show the favorability
of the sequential hydroxylation of topiroxostat by XO. Various
analyses on the precatalytic inhibition not only suggest that the
binding pocket’s environment becomes more stabilized by the
incoming inhibitors but also that the presence of the substrate
is necessary for the enzyme to keep its active-state
conformation. Several amino acids around the binding cavity
play important stabilizing roles via noncovalent interactions
during the inhibition process. These results also suggest that in
addition to the concentration of the stabilizing residues around
the binding pocket, distal nonbonded interactions mostly come
from residues of the Moco and FES domains. The kinetics of
the catalytic reactions suggests the probable inhibition effects
by all of the metabolites and provides a possible explanation
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for why a relatively larger amount of the first hydroxylated
metabolite is needed for a potent inhibition. The mechanistic
insights of this study on how the reduction half-reaction occurs
and the suggested residues influencing the inhibition can be
used to design hybrid-type inhibitors with more structure- and
mechanism-based features.

4. CONCLUSIONS

In this study, molecular dynamics (MD) simulations and
quantum mechanics/molecular mechanics (QM/MM) opti-
mizations were employed to study the mechanism of the
sequential hydroxylation reaction of FYX-051 and its
metabolites, 2-hydroxy-FYX-051 and dihydroxy-FYX-051, by
the active site of the xanthine oxidase. The complexation
reaction between XO and the final hydroxylated metabolite,
trihydroxy-FYX-051, which binds to the active site in a
different mode, was also investigated. MD simulations showed
that the presence of the substrate is essential for the enzyme to
keep its active-state conformation at the reaction center.
Similar to the proposed hydroxylation mechanism for the
hypoxanthine and xanthine, our reaction path optimizations for
all three hydroxylation reactions suggest a proton transfer from
the Moco to E1261 with a nucleophilic attack by Moco’s
oxygen to the inhibitor’s carbon (adjacent to N)). However, the
changes in the electrostatic potential charges (ESP) and the
electron localization functions (ELFs) suggest that the
reduction of Mo(VI) to Mo(IV) occurs via a hydrogen atom
transfer to the sulfido group, while the second electron is
transferred via Mo—O—C bond’s oxo-bridge. In the proposed
mechanism for the complexation between XO and trihydroxy-
FYX-051, the water-exchangeable OH ligand of Mo(IV) is
replaced by the nitrogen atom of trihydroxy-FYX-051 to form a
stable complex. The experimental values of K; for FYX-051 and
2-hydroxy-FYX-051 obtained via steady-state kinetic studies
have shown the necessity of a larger amount of the latter
metabolite for in vitro potent inhibition (5.7 X 107 and 1.5 X
107% M, respectively). Molecular dynamics simulations and
calculated binding enthalpies (AHy;,4) suggest that 2-hydroxy-
FYX-051 exhibits a modestly larger relative binding affinity
than the other studied metabolites, consistent with the
noncovalent (structure-based) inhibition mechanism. Our
QM/MM calculations on the reaction mechanisms indicate
that 2-hydroxy-FYX-051 has the largest energy barrier
compared with the other metabolites, 22.7 kcal mol™' in
comparison with 17.1, 19.2, and 18.1 kcal mol™" for FYX-051,
dihydroxy-FYX-051, and trihydroxy-FYX-051, respectively
(Figures 3D and 4B). These combined results help explain
why a relatively larger amount of this inhibitor is needed for a
potent inhibition. Calculated QM/MM reaction energies
showed that the complexation reactions between the XO and
all of the studied metabolites are exergonic. In addition, a
comparison between the barrier energies of the studied
metabolites and the experimental values of the k., for XO’s
natural substrates (hypoxanthine and xanthine) and oxipurinol
(the “gold-standard” inhibitor of XO) clearly shows the
promising mechanism-based (covalent) inhibitory effects of
the studied metabolites. The analysis of the nonbonded
interactions between the XO and the studied metabolites and
comparing the obtained results with the mutagenesis studies
suggested that several residues of the binding pocket with
significant nonbonded contributions (L648, K771, E802,
R839, L873, R880, R912, F914, F1009, L1014, and A1079)
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can be considered as potent interacting targets for further

hybrid-type inhibitor developments.
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