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The complete catalytic mechanism of xanthine
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In this article, quantum mechanical/molecular mechanical (QM/MM) methods were used to study the full

catalytic mechanism of xanthine oxidase (XO). XO catalyzes the conversion of xanthine (XAN) to uric acid

(URC), in the presence of a molybdenum cofactor (Moco). The mechanism occurs through four reaction

steps. Initially, the proton from the hydroxyl group of Moco passes to Glu1261 and the activated hydroxyl

group makes a nucleophilic attack on XAN. Then, a hydride is transferred from the tetrahedral intermediate

to the sulfur atom of the Moco, reducing Mo(VI) to Mo(IV). In the third step, one molecule of URC is formed

through its protonation by Arg880. Once this reaction is complete, FAD is reduced to FADH2, oxidizing Mo

(IV) to its initial oxidation state of Mo(VI). The enzymatic turnover is achieved with the reaction of one water

molecule with the Moco. The rate-limiting step of the full catalytic mechanism is the hydride transfer that

requires a free activation barrier of 16.9 kcal mol−1, which closely agrees with the experimental kcat value

(18.3 s−1), which corresponds to approximately 15.7 kcal mol−1. This work also elucidates the key role played

by Arg880 in the catalytic mechanism and the importance of Glu802 in the binding of the substrate. Both

residues were previously shown to be important by mutagenesis studies, but their role was still not clearly

understood. Additionally, it was observed that the presence of a tunnel of water molecules located close to

Moco and Glu1261 is important for the enzymatic turnover. The determined transition state structures can

now be used to help the development of transition-state analog inhibitors targeting XO.

Introduction

Xanthine oxidase (XO), E.C. 1.17.3.2, is a Mo-dependent enzyme
involved in the catalysis of the two rate-limiting steps in the
degradation of purine nucleotides. XO catalyzes the oxidation of
hypoxanthine (HPA) into xanthine (XAN) and XAN into uric acid
(URC). The full process requires two water molecules and two
dioxygen molecules that are converted into two hydrogen per-
oxide molecules1 (Fig. 1). Structurally, XO is a homodimer
enzyme-containing 1333 amino acid residues per subunit.

XO has been extensively studied throughout the years due
to the relationship of this enzyme with some diseases such as
gout, the formation of uric acid stones, and xanthinuria. Gout
and uric acid stone formation (hyperuricemia)2–7 are caused

by intense activity of XO that increases the levels of URC.
Consequently, uric acid tends to precipitate in joints, skin, and
blood capillaries in the form of needle-like crystals causing
pain.7 URC can also originate kidney stones in the form of
sodium urate crystals. Xanthinuria is a rare genetic disorder
that is associated with low XO activity and that can lead to
high levels of circulating XAN and is responsible for some
disease conditions such as renal failure.8,9

The main research is devoted to the search for inhibitors of
XO that could be used to treat diseases such as gout. Actually,
there are already a few commercial inhibitors used in the
clinic: e.g. allopurinol10,11 and 6-mercaptopurine.12 However,
the search for better new inhibitors continues,13–21 largely
because of the increase in gout incidence6,7 which reached
almost 6 million cases in 2013.22

A lot of information regarding the catalytic mechanism of
XO has been obtained through the years. Kinetic parameters
of XO were determined experimentally, revealing a reaction
rate of 30.0 s−1 for the conversion of HPA into XAN, and 18.3
s−1 for the oxidation of XAN into URC (pH 8.5 and 25 °C).23 In
terms of mutagenesis studies, Yamaguchi and collaborators23

addressed the impact of the mutation of two residues at the
active site of XO: Glu802 and Arg880 residues. The Glu802Val
mutant showed a kcat reduction to 1.35 s−1, while the

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0qi01029d
‡Both authors have equally contributed to the calculations presented in this
article.

aUCIBIO@REQUIMTE, BioSIM, Departamento de Biomedicina, Faculdade de

Medicina da Universidade do Porto, Alameda Professor Hernâni Monteiro, 4200-319

Porto, Portugal. E-mail: nunoscerqueira@med.up.pt
bLAQV, REQUIMTE, NOVA School of Science and Technology, Campus de Caparica,

2829-516 Caparica, Portugal

This journal is © the Partner Organisations 2021 Inorg. Chem. Front., 2021, 8, 405–416 | 405

Pu
bl

is
he

d 
on

 0
2 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 R
SC

 I
nt

er
na

l o
n 

4/
25

/2
02

1 
4:

43
:0

3 
A

M
. 

View Article Online
View Journal  | View Issue

www.rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-9280-1838
http://orcid.org/0000-0002-6901-6591
http://orcid.org/0000-0002-6560-5284
http://orcid.org/0000-0002-4726-2388
http://orcid.org/0000-0003-0342-7424
http://crossmark.crossref.org/dialog/?doi=10.1039/d0qi01029d&domain=pdf&date_stamp=2021-01-20
https://doi.org/10.1039/d0qi01029d
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI008002


Arg880Met completely inactivates the enzyme. In spite of this
knowledge, the specific steps involved in the catalytic mecha-
nism are still poorly understood. Currently, there are two main
proposals: one suggested by Yamaguchi and co-workers,23

based on the kinetic data from mutations and X-ray structures;
and a second one based on the QM and QM/MM work of Metz
and Thiel24,25 (Fig. 2).

Although Yamaguchi’s proposal provides a simple expla-
nation about how the mechanism occurs, it does not provide
insights about the importance of a crystallographic water
molecule placed between Glu1261 and Arg880. Moreover, the
mechanism does not explain the importance of Arg880 since
its mutation completely inactivates the enzyme.

In the proposal of Metz and Thiel, there is no explanation
for the release of the product (URC), and the role of Arg880 is
not completely clarified.

Those are the main pitfalls of the previously available
mechanism proposals that were considered in this work which
aims to provide, for the first time, a complete and atomistic
detailed description of the catalytic mechanism of XO.

Methodology
Structure preparation

Among the structures of XO available in the Protein Data Bank
(PDB), the structure deposited under the code 3AMZ26 was
used in this study. Although this structure is for bovine XO,

the structure was solved with a good resolution (2.1 Å) and is
the only XO structure co-crystallized with the product of the
reaction in the active site. In fact, the existing structures of the
human XO have worse resolution (2.6 Å (ref. 27) and 3.59 Å
(ref. 28)) and do not include the substrate, product or ana-
logues. Moreover, the sequence of the bovine form of XO has a
similar identity of 89.65% when compared with the human
form (BLAST).29,30 In particular, the structure of both active
sites is perfectly superimposable (Fig. S1†). The gaps present
in the PDB structure 3AMZ, 166–191, 520–537, and 1321–1325,
were filled by homology modeling (SWISS-model
software).31–34 The homology modeling was only used to fill
the gaps in the PDB structure, accounting only about 4% of
the entire protein sequence. Additionally, these gaps corres-
pond to flexible loops in the enzyme’s surface and are con-
siderably far from the active site (Fig. S2†).

The final structure contains the entire homodimer, where
each subunit includes two [2Fe–2S] clusters, a flavin adenine
nucleotide (FAD) molecule, a molybdopterin cofactor (Moco),
and a substrate (XAN) molecule.

Molecular dynamics simulation

A 22 ns molecular dynamics (MD) simulation was conducted
to equilibrate the system and to provide a sample for choosing
the initial structure for studying the catalytic mechanism. All
the energy minimizations and MD simulations were conducted
using GAFF35 and ff99SB36 force fields. The molecular mech-
anics (MM) parameters for Moco were obtained from the pub-

Fig. 1 Reactions catalyzed by XO: (1) oxidation of HPA to XAN and (2) oxidation of XAN to URC.

Fig. 2 Proposals of Yamaguchi Y. (2007)23 and Metz and Thiel (2009)24,25 for the catalytic mechanism of XO.
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lication by Ferreira P. and co-workers,37 whereas the para-
meters for [2Fe–2S], FAD, and XAN molecules were obtained
through geometry optimization (HF/6-31G(d)) for charge deter-
mination and atomic topology assignment by antechamber
software from the AMBER12 package.38 The protonation of all
amino acid residues of the protein was assessed using
PROPKA39,40 software.

Four sequential minimization steps were performed: (1)
minimization of water molecules, (2) hydrogens, (3) all atoms
except the backbone, and finally (4) the entire system. The MD
simulation was performed using PMEMD software from the
AMBER12 package,38 a solvation box of TIP3P41 type of water
molecules, cutting-off non-bond interactions at 10.0 Å, and an
integration time-step of 1 fs at the temperature of 310.15 K
and pressure of 1.0 bar using the Langevin thermostat42 and
Berendsen barostat.43

QM/MM calculations

The initial structure for the QM/MM calculations was retrieved
as a representative structure of the most populated cluster
from the MD simulation.44 The model was built using the
molUP45 plugin for Visual Molecular Dynamics (VMD)46 soft-
ware. The QM/MM model includes the full protein, the sub-
strate (XAN), the Moco, and a 4.0 Å coating of water molecules
around the full protein. The coating of water molecules
mimics the solvent effect (water) around the enzyme, through
intermolecular interactions and limiting the free movements
of the solvent-exposed parts of the enzyme. The total system is
composed of about 24 500 atoms that were treated using two
different theoretical methods following a 2-layer subtractive
ONIOM QM/MM approach.47–49 The high-level (HL) layer
included the Moco, a water molecule (two in the last step), the
XAN molecule (except for the last step), and the Ala1043,
Ser1044, Arg844, Glu1225, Glu766, and Gln731 amino acid
residues, accounting for 84 to 97 atoms (Fig. S3†). The remain-
ing atoms of the system were included in the low-level layer.

The geometry optimization of the HL layer was performed
using the B3LYP50 functional (DFT), based on the very good
results in the study of biological systems. The 6-31G(d)51–55

basis set and LanL2dz56 pseudo-potential (Mo atom) were
employed for the geometry optimizations as available in
Gaussian 09.57 During the catalytic mechanism, the oxidation
state of the Mo atom changes from +6 to +4, and back to +6
during the enzymatic turnover. Accordingly, the spin multi-
plicity was set to 1 for all the calculations described in this
manuscript.

The zero-point energy (ZPE) and thermal and entropic
energy corrections were estimated at 310.15 K and 1.0 bar
during the frequency calculations of TS and related minima
structures. The activation and reaction Gibbs free energies, for
each step, were calculated through the difference between the
computed Gibbs free energies of TS or the product and the
reactant, respectively.

The final energies were refined through single-point energy
calculations using a more complete basis set: 6-311++G
(3df,3pd).54,58–62

All the calculations were accomplished using Gaussian 09
software,57 whereas the preparation of input files and analysis
of results were made using the molUP45,63 plugin for VMD.46

This general protocol has been used with success in the
study of the catalytic mechanism of several different
enzymes,64–73 including other important Mo-dependent
systems.24,25,74–78

The structures (PDB files) for the reactant, TS, and the
product of each step as well as a detailed description of the
QM/MM methodology are available in the ESI.†

Results and discussion

Based on the calculations performed and in comparison with
the available experimental data, it can be concluded that the
catalytic mechanism of XO occurs in four steps involving the
oxidation of XAN (Fig. 3) to URC and a subsequent enzymatic
turnover. During the two initial steps, a XAN molecule is oxi-
dized to an anionic form of URC (URT). In the third step, URT
is protonated before being released as URC. Finally, the Moco
(Fig. 3) is oxidized, and a water molecule becomes coordinated
to Mo, closing the catalytic cycle, and making XO ready to cata-
lyze a new cycle.

Oxidation of XAN

The oxidation of XAN to URT is the main stage of the entire
catalytic mechanism, and it happens in two sequential steps.

In the first step, Glu1261 abstracts the proton (HR) from
the hydroxyl group that is coordinated to the Mo(VI) ion (R:
1.88 Å to P: 1.00 Å in the optimized minima), enhancing the
nucleophilic character of the OR oxygen atom. Simultaneously,
the OR oxygen makes a nucleophilic attack on carbon C11 of
the XAN molecule (R: 2.59 Å; P: 1.46 Å). The negative charge,
which is transferred to the XAN molecule, is stabilized by reso-
nance through the conjugated π-system involving C11, N8, C7,
C6, C3, and N4 atoms (Fig. 4). The charge transfer from
Glu1261 to XAN is corroborated by the analysis of the electro-
static potential surfaces represented in Fig. 5.

In this step, Glu802 plays a key role in the stabilization of
the negative charge that is generated in the transition state
structure. The strengthening of this interaction is supported
by the decrease of the hydrogen bond distance from 2.31 Å to
1.86 Å in the optimized structures.

Fig. 3 Wedge-dash representation of XAN and Moco molecules.
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The important role played by Glu802 goes in line with the
experimental results obtained by Yamaguchi and co-workers,23

since the Glu802Val mutation decreases the kinetics of the
reaction (kcat (WT) = 18.3 s−1 vs. kcat (Glu802Val) = 1.35 s−1).
Glu802 not only seems to be important to position the XAN
molecule in the active site, but also to stabilize the intermedi-
ate generated after the first step.

The TS of this reaction was confirmed by a single imaginary
frequency at 275.0i cm−1. This reaction requires an activation
Gibbs free energy of 16.6 kcal mol−1 and is endergonic at
11.7 kcal mol−1.

The second step of the oxidation of XAN involves the
hydride transfer (H12) from carbon C11 to sulfur SO (R:
2.25 Å; P: 1.35 Å). The results suggest that this reaction is
favored by the covalent bond established between oxygen OR
and carbon C11 that decreases the distance between the hydro-
gen H12 to the sulfur SO that is coordinated to Moco.
Consequently, the H12 hydride transfer is favored by the
spatial proximity of the intermediate and the Moco, and the
high electron density of the product of step 1, as represented
in Fig. 5.

Although the overall reaction involves the transfer of two
electrons and one proton (hydride) from XAN to Moco, this
process can occur through three different mechanisms: a
hydride transfer, a hydrogen–one electron-coupled transfer, or
a proton–two electron-coupled transfer.

The hydride transfer is the simplest case where H12 and
the two electrons are passed directly to sulfur SO. In this
process, it is expected that H12 assumes a negative charge in
the TS.

The hydrogen–one electron-coupled transfer occurs when
H12 and one electron are passed to sulfur SO, and the second
electron is transferred through the oxo-bridge established
between Moco and XAN (Mo-OR-C11). In this case, the hydro-
gen H12 would assume a neutral charge during the TS.

Finally, the proton–two electron-coupled transfer involved
the transfer of a proton (H12) directly to sulfur SO, and the

two electrons are transferred to Moco via the oxo-bridge
between Moco and XAN.

According to our calculations, the transference should
follow a hydrogen–one electron-coupled mechanism, since the
H12 hydrogen assumes an almost neutral atomic charge
(Merz–Singh–Kollman) during the TS (charge: −0.019 a.u.).

During this second step, the Mo ion is reduced from oxi-
dation number Mo(VI) to Mo(IV), triggering the cleavage of the
bond between the Mo ion and oxygen OR (R: 2.00 Å; P: 2.20 Å)
and consequent release of URT to the active site (Fig. 6).

This second step is considerable faster than step 1, account-
ing for an activation Gibbs free energy of 5.2 kcal mol−1, and it
is also a thermodynamically more favorable reaction (ΔGR =
−20.1 kcal mol−1). The energies involved in this step makes
the reverse reaction not possible under physiological con-
ditions (due to the high activation energies for the reverse reac-
tion), ensuring the continuity of the catalytic process.

The TS of this reaction is characterized by one imaginary
frequency, at 1028.7i cm−1, corresponding to the vibration of
the atoms involved in the reaction.

The results demonstrate that after this reaction, URT is no
longer bonded to the Mo ion, but remains in the active site
waiting for its protonation on the N8 atom.

During this second step, the electron density that was
lodged at XAN in the first step is now transferred to the Moco,
where it is deeply stabilized (as can be seen in Fig. 5), contri-
buting to an extremely favorable reaction.

Protonation of URT

The protonation of URT precedes the release of the product
(URC) from the active site. For this step, two hypotheses were
possible and were evaluated in this study: (1) protonation by
the Arg880 residue and (2) protonation by the Glu1261
residue, both mediated by the same water molecule (Fig. 7).

According to the computed energies for the two hypotheses,
the protonation of URT can be accomplished by Arg880 or
Glu1261 residues. The activation free energies for the protona-

Fig. 4 Tridimensional representation of the active site residues, Moco, and XAN molecule at the active site of XO in the TS of step 1. The red arrows
represent the vectors assigned to the atoms’ vibrations associated with the imaginary frequency of the TS structure. Relevant interatomic distances
for the reactant, TS, and product are labeled. Wedge-dash representation of the reaction and product of the reaction. The activation and reaction
Gibbs free energies for this step, and the imaginary frequency assigned to the TS are shown.
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tion by Arg880 and Glu1261 are 4.6 kcal mol−1 and 1.8 kcal,
respectively. The main difference between both reactions is
that the protonation promoted by Arg880 originates a more
stable product (ΔGR = −26.6 kcal mol−1) when compared with
the protonation mediated by Glu1261 (ΔGR = +2.6 kcal mol−1).
In sum, one of the hypotheses (Glu1261) is kinetically more
favorable, whereas the other one (Arg880) is thermo-
dynamically more advantageous. However, we also observed
that the product of the protonation by Glu1261 can be easily
converted into the product of Arg880-mediated protonation.
Consequently, the reaction where URT is protonated by
Glu1261 can reach the same final product after a subsequent
proton transfer from Glu1261 to Arg880.

Although both hypotheses are possible and interconverti-
ble, it is more likely that XO follows the shortest and thermo-
dynamically more favorable process, in which Arg880 is
involved in the protonation of the URC molecule.

Fig. 5 Electrostatic potential mapped in the surface of the molecules involved in the reaction of steps 1 and 2.

Fig. 6 Tridimensional representation of the active site residues, Moco, and XAN molecule at the active site of XO in the TS of step 2. The red arrows
represent the vectors assigned to the atoms’ vibrations associated with the imaginary frequency of the TS structure. Relevant interatomic distances
for the reactant, TS, and product are labeled. Wedge-dash representation of the reaction and product of the reaction. The activation and reaction
Gibbs free energies for this step, and the imaginary frequency assigned to the TS are shown.

Fig. 7 Representation of the two hypotheses for the catalytic mecha-
nism of step 3. (Red) Protonation of the URC molecule by the (red)
Arg880 residue or (green) Glu1261 residue.
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Fig. 8 Tridimensional representation of the active site residues, Moco, and URC molecule at the active site of XO in the TS of step 3. The red arrows
represent the vectors assigned to the atoms’ vibrations associated with the imaginary frequency of the TS structure. Relevant interatomic distances
for the reactant, TS, and product are labeled. Wedge-dash representation of the reaction and product of the reaction. The activation and reaction
Gibbs free energies for this step, and the imaginary frequency assigned to the TS are shown.

Fig. 9 Tridimensional representation of the active site residues, the two [2Fe–2S] clusters, and the FAD cofactor. Scheme of the oxidation of the Mo
ion, the consequent flow of electrons through the [2Fe–2S] clusters, and reduction of the FAD cofactor into FADH2.

Fig. 10 Tridimensional representation of Moco, Glu1261, Arg880, and the water molecules filling the protein tunnel from the solvent to the bottom
region of the active site obtained from the MD simulations.

Research Article Inorganic Chemistry Frontiers
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In fact, this process, which involves a proton transfer from
Arg880 to nitrogen N8 of URT mediated by a water molecule
(as shown in Fig. 8), is very exergonic (ΔGR = −26.6 kcal
mol−1), contributing (together with step 2) to the irreversibility
of the XAN oxidation to URC. At this stage, URC becomes
ready to be released from the active site as the final product of
the reaction.

The simulations performed for this step provide an expla-
nation for the importance of Arg880 for the mechanism, as
suggested by the mutagenesis studies in which the Arg880Met
mutation inactivates the enzyme.23 The results of the present
work show that Arg880 is the critical residue involved in the
final protonation of URC and its release from the active site.

Enzymatic turnover

According to the calculations performed, at the end of step 3,
URC is completely formed and is released from the active site
of the enzyme.

At this moment, based on experimental evidence, the Mo
ion is oxidized from Mo(IV) to Mo(VI). The two resulting elec-
trons are transferred over ∼24 Å through two [2Fe–2S] clusters
until they reach the FAD cofactor. FAD acts as an electron
acceptor species, being reduced to FADH2

79,80 (Fig. 9).
Once the URC molecule is generated, the next step of the

catalytic mechanism involves the oxidation of the cofactor and
reaction of Moco with one water molecule. This can happen in
several ways: (i) the water molecule binds to Mo(IV) and only
afterwards occurs the oxidation process (Mo(IV) to Mo(VI)); (ii)
first occurs the reduction of the cofactor from Mo(IV) to Mo(VI)
and only after, the reaction with the water molecule takes
place; or (iii) the reduction of the cofactor occurs in a stepwise
manner and involves the formation of transient Mo(V) species,
which react with the water molecule.

Our calculations have shown that the water molecule can
only coordinate with the Mo cofactor with Mo(VI) species. The
same reaction cannot occur with the Mo(IV) or Mo(V) species.
This goes in line with the theoretical results obtained in a
recent study involving hAOX, which has the same cofactor and
a similar active site.81

Once the Moco is oxidized again to Mo(VI), a water molecule
can diffuse to the Moco’s proximity, and bind to the Mo ion.
To assess this hypothesis, the movement of the water mole-
cules in the MD simulations was analyzed. The MD simu-
lations performed in this work show that this water molecule
can be supplied by a water tunnel located between Arg880 and
Glu1261 residues (Fig. 10). The tunnel is approximately 18 Å in
length and allows water molecules to flow inside the active
site. Consequently, water molecules can occupy the active site
simultaneously with the release of the URC molecules.

Once the water molecule fills the active site of XO, there are
two possibilities for its reaction with the Mo ion: (i) the water
molecule binds directly to the Mo ion with Glu1261 protonated
or (ii) Glu1261 is deprotonated first and only afterwards one
water molecule binds to the Mo ion. It is worth
mentioning that nothing is known regarding how the proton
is removed from Glu1261, but it is believed to involve the water
molecules present on the XO active site once URC leaves the
active site.

Fig. 12 Complete energy profile (B3LYP/6-311++G(3df,3pd),LanL2DZ:
ff99SB) for the catalysis of the oxidation of XAN into URC by XO.

Fig. 11 Wedge-dash representation of the reaction and product of step 4, and the consequent deprotonation of the water molecule closing the
enzymatic cycle. The reaction Gibbs free energy for this step is shown.
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The two hypotheses were explored. The calculated free ener-
gies show that the first scenario is less favored from the
kinetic and thermodynamic point of view (ΔG‡ = 17.6 kcal
mol−1; ΔGR = 15.2 kcal mol−1) when compared with the
second scenario in which the reaction is spontaneous (ΔGR =
−3.3 kcal mol−1). At the end of this reaction, the water
molecule becomes coordinated to the Mo ion (2.20 Å) and
stabilized by one hydrogen bond provided by Glu1261 (1.50 Å)
(Fig. 11).

The formation of this interaction justifies the more favor-
able nature of the reaction when Glu1261 is deprotonated. The
transient positive charge developed on the water molecule is
compensated (−0.04 a.u. versus 0.09 a.u. in the products) with
the increase of the negative charge on the Moco cofactor.

Consequently, both pterin’s sulfur atoms become more distant
from the Mo ion ([pterin]S–Mo R: 2.35 Å and 2.34 Å; P: 2.43 Å
and 2.43 Å) (Fig. 11).

The results demonstrate that Glu1261 needs to lose its
proton first in order to promote a spontaneous binding of the
water molecule to the Mo ion. Afterward, the bonded water
molecule loses one of its protons to a water molecule of the
active site, completing the enzymatic turnover (Fig. 11).

Energy profile

The complete energy profile (Fig. 12) obtained for the mecha-
nism of XO shows two initial energy-demanding steps, where
the oxo group is transferred to the XAN molecule, followed by
the hydride transfer that makes the reverse reaction

Fig. 13 Overview of the catalytic mechanism of the XAN oxidation into URC by XO.
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impossible. The hydride transfer results in a very stable
product (ΔGR = −20.2 kcal mol−1) that makes the reverse reac-
tion impossible to occur under biological conditions.
Furthermore, the subsequent step is even more exergonic,
agreeing with the fact that this reaction should be irreversible.
This idea is supported by the fact that, under biological con-
ditions, high concentrations of URC are accumulated and are
not converted again in XAN. The high stabilization of URC in
the enzyme and the impairment of the reverse reaction explain
how it was possible to obtain the crystallographic structure of
such an intermediate using a reduced form of the XO.26 This
stabilization allows URC to stay in the active site of XO for
enough time, preventing the reaction with water, and allowing
its isolation, which is determined by X-ray crystallography.

In the last step, a water molecule coordinates with the Mo
ion closing the catalytic cycle.

The two steps involved in the oxidation of the XAN mole-
cule are the rate-limiting steps of the entire mechanism. The
barrier of 16.9 kcal mol−1 of step 2 closely agrees with the pre-
dicted value (15.7 kcal mol−1) based on the available kinetic
parameters.23

Conclusions

In this work, the catalytic mechanism of the oxidation of XAN
to URC by XO was studied using a computational ONIOM QM/
MM approach.

The results provide, for the first time, a detailed and com-
plete description of the entire catalytic mechanism of XO,
completing previous works from Yamaguchi Y.,23 and Metz
and Thiel.24,25 Moreover, it was possible to rationalize the role
of Arg880 and Glu802 that have been previously shown to be
important by mutagenesis studies.23

The complete catalytic mechanism is summarized in
Fig. 13. Initially, one XAN molecule enters the active site of XO
and undergoes a nucleophilic attack by a hydroxyl group co-
ordinated to Moco (Fig. 13 – 1). This attack is enhanced by
Glu1261 when it abstracts the proton from the hydroxyl group.
Then, a hydride is transferred from the previous tetrahedral
intermediate to the sulfur atom coordinated to the Mo ion
(Fig. 13 – 2). At this moment, the Mo ion is reduced from Mo
(VI) to Mo(IV), and the URT molecule is formed. Finally, the
Arg880 residue protonates the URT molecule triggering the
release of the URC molecule from the active site to the solvent
(Fig. 13 – 3).

At this stage, FAD is reduced to FADH2, oxidizing Mo(IV) to
its initial oxidation state of Mo(VI), promoting the deprotona-
tion of the sulfur SO. This process is only possible due to two
[2Fe–2S] clusters that establish a connection between Moco
and FAD cofactors for the electron flow.

Afterward, a water molecule diffuses from a water tunnel
settled between Glu1261 and Arg880 into the active site where
it coordinates with the Mo ion (Fig. 13 – 4). Finally, the co-
ordinated water molecule loses one proton to the solvent, and
the enzymatic turnover is accomplished.

The description of the catalytic mechanism presented in
this work provides new insights into the catalytic behavior of
these types of enzymes, and the transition state structures can
now be used to help in the development of transition state
analogous inhibitors targeting XO.
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