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another route for flavin oxidationt
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p-Amino acid oxidase (DAAQ) is a flavoenzyme whose inhibition is expected to have therapeutic potential

in schizophrenia. DAAO catalyses hydride transfer from the substrate to the flavin in the reductive half-

reaction, and the flavin is reoxidized by O, in the oxidative half-reaction. Quantum mechanical/molecular

mechanical calculations were performed and their results together with available experimental infor-

mation were used to elucidate the detailed mechanism of the oxidative half-reaction. The reaction starts

with a single electron transfer from FAD to O,, followed by triplet—singlet transition. FAD oxidation is
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Introduction

p-Amino acid oxidase (DAAO) regulates the p-amino acid levels
in the brain, kidney and liver by degrading them through oxi-
dative deamination.’ p-Serine, the main substrate of DAAO in
the brain, is the co-agonist of the N-methyl-p-aspartic acid
(NMDA) receptor,” whose malfunction is linked to the nega-
tive, positive and cognitive symptoms of schizophrenia.?
Increased DAAO expression manifested in post-mortem brain
samples of schizophrenic patients.* Moreover, genetic studies
have identified association between schizophrenia and single
nucleotide polymorphisms in DAAO.” These findings suggest
that raising the p-serine level through DAAO inhibition offers a
potential therapeutic route to alleviate the symptoms of schizo-
phrenia. Although the validation of the efficacy of DAAO inhi-
bition therapy requires further studies,® significant effort has
been devoted to the development of novel, small molecule
inhibitors of DAAO.” However, until now only a single mole-
cule (benzoate) has reached the clinical trial phase of develop-
ment.® Owing to the intense research on DAAO inhibition sig-
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completed by a proton coupled electron transfer to the oxygen species and the reaction terminates with
H,O, formation by proton transfer from the oxidized substrate to the oxygen species via a chain of water
molecules. The substrate plays a double role by facilitating the first electron transfer and by providing a
proton in the last step. The mechanism differs from the oxidative half-reaction of other oxidases.

nificant knowledge on the structure and function of DAAO
enzymes has accumulated.

DAAO belongs to the amino oxidase family of flavoproteins
and it catalyses the degradation of p-amino acids into imino
acids, which are further converted into a-keto acids in solution
non-enzymatically. In humans, the enzyme functions as a
homodimer,” and in addition to the active site pocket, it has a
pocket with unknown functionality at the dimer interface.'
Human DAAO binds FAD, the natural cofactor, with fairly low
affinity (8 pM Ky), though substrate binding decreases the Ky
to 0.3 uM.>'" The active site residues are highly conserved
across species suggesting a common reaction mechanism.
DAAO works optimally around pH 8, where the amino acids
bind negatively charged to the enzyme.'* The bound substrate
is coplanar with the isoalloxazine moiety of the FAD and inter-
acts by hydrogen bonds with the conserved arginine (Arg283 in
human DAAO (hDAAO) and Arg285 in Rhodotorula gracilis
DAAO (RgDAAO)), glycine backbone and water (Fig. 1a).

A notable feature of mammalian DAAOs is the presence of a
flexible active site loop'® missing in yeast DAAOs (Fig. 1b).
This structural variation is proposed to be responsible for the
differences in the rate limiting step of the DAAO catalysed
reaction'*® that is the product release for mammalian
DAAO,"” and the reductive half-reaction (see below) for yeast
DAAO."

The catalytic cycle can be divided into two parts
(Scheme 1). The reductive half-reaction includes the reduction
of FAD by the substrate and leads to the anionic hydroquinone
state of FAD. Both experimental (kinetic studies, X-ray
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Fig.1 (a) The active site of DAAO with bound bp-alanine (PDB code
1COP; FAD orange, p-alanine cyan, protein wheat cartoon, H-bonds
dashed yellow lines. (b) The active site and its environment of the
human (green) and Rhodotorula gracilis (tan) DAAO; the active site loop
in the human enzyme is coloured purple and the corresponding shorter
segment in Rg is orange. The FAD cofactor and the bound ligand are
coloured cyan (human) and yellow (Rg).

structures) and quantum mechanics (QM) based -calcula-
tions support a hydride transfer mechanism from the
substrate,">'>* which is a general feature of flavoprotein
oxidases.*"*?

The mechanism of reoxidation of reduced FAD with mole-
cular oxygen (oxidative half-reaction) is still the subject of
intense research.”>”> The two groups of flavoproteins that
readily react with O,, namely monooxygenases and oxidases,
follow different mechanisms leading to different products.
Both are proposed to start with a single electron transfer from
the flavin to the oxygen resulting in a caged diradical
pair.>>**?¢% The reaction with monooxygenases proceeds
through a covalent intermediate (C4a-(hydro)peroxy adduct;
see Scheme 1 for atom numbering) and completes with water
formation. In contrast, the covalent adduct is typically not
detected with oxidases. The end-product in the oxidative half-
reaction of oxidases is hydrogen-peroxide that is formed
together with the reconstituted FAD. This general picture of
the mechanism has been challenged by recent combined
experimental and computational studies suggesting that the
first step is a proton coupled electron transfer to O, in p-hydro-
xyphenylacetate 3-hydroxylase®® and pyranose 2-oxidase.*®
Moreover, in contrast to many other oxidases, the formation of
the C4a-(hydro)peroxy adduct was observed for pyranose
2-oxidase.?*
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Scheme 1 The general mechanism of the DAAO catalysed reaction.

The O, molecule accesses the FAD buried in the interior of
the protein by diffusion through tunnels. Molecular dynamics
studies identified oxygen tunnels and two high affinity oxygen
sites in DAAO. Moreover, mutations near the highest affinity
oxygen locus at the FAD Si side were shown to influence O,
reactivity.>> The oxygen probably approaches “edge-on” the
flavin, which was proposed to be characteristic of oxidases and
Stopped-flow
kinetic studies suggest that the reoxidation process progresses
differently in the absence and in the presence of the oxidized
substrate; the reoxidation of the substrate-enzyme complex is
faster than that of the free reduced DAAO®'®*® showing that
the presence of the ligand is beneficial in the oxidative half-
reaction.

To the best of our knowledge, the mechanism of the oxi-
dative half-reaction was investigated in detail in three oxidases,
namely pyranose 2-oxidase,’®?' choline oxidase®** and aryl-
alcohol oxidase.®® It was found that their mechanisms con-

might facilitate the non-covalent pathway.>*

This journal is © The Royal Society of Chemistry 2019
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cerning the sequence and relative energetics of the elementary
steps are different. In the present study QM/MM calculations
were performed for the oxidative half-reaction of DAAO.
Mechanistic details of this reaction are not readily attainable
for experiments, primarily because the first step is rate
limiting and no intermediates of the subsequent steps are
observed.'®?*® The combination of computational and experi-
mental results was used to identify the reaction steps and to
explore the role of the ligand, as well as the electronic states
and configurations of the intermediates. The details of the
reaction are compared to the mechanism of flavin oxidation
found in other oxidases.

Computational methods
Model building

The models applied in the calculations were based on the
high-resolution X-ray structure of the Rhodotorula gracilis
DAAO (RgDAAO) (PDB code 1COP, 1.2 A).*” The dioxygen
species was deleted and the protein was prepared with
Schrodinger’s Protein Preparation Wizard;*® missing hydro-
gen-atoms were added, protonation states were assigned and
the H-atom network was optimized. Two models of enzyme
complexes were developed for the mixed quantum mechanics/
molecular mechanics calculations; one with p-alanine and oxi-
dized flavin and another containing the reduced FAD with the
2-iminopropanoate species. Both models were solvated in a
TIP3P*® water box and neutralised with Na™ ions. (~29 000
water molecules and 1 Na' ion were added.) Molecular
dynamics simulations were carried out with GROMACS*® using
Amber14 force field** and GAFF** to assign parameters to the
protein and to the ligands, respectively. Periodic boundary
conditions with particle mesh Ewald electrostatics*® were
applied. The system was first minimized in 5000 steepest
descent steps, and then it was heated to 300 K in three 100 ps
equilibration steps in an NVT ensemble applying velocity-
rescaling temperature coupling and using positional restraints
of 1000 k] mol™" nm™ for the protein backbone and ligand
atoms. The final equilibration step contained 1 ns run in an
NPT ensemble with 2 fs integration step at 300 K and 1.013 bar
pressure applying a Parrinello Rahman barostat with restraints
only on the ligand atoms. Molecular dynamics simulations
were then performed for 50 ns at 300 K in a canonical ensem-
ble. Due to the instability of the oxidized FAD-p-alanine
complex in our test simulations we added restraints on the iso-
alloxazine part of the FAD and the substrate heavy atoms to
avoid significant changes compared to the X-ray structure. The
observed instability is attributed to the close distance between
the FAD and substrate and, in particular, its Ca-H moiety. It is
to be noted that our model is derived from an X-ray structure
containing simultaneously the pre- and post-reaction species,
and the substrate is not expected to form a stable complex in
the pre-reaction phase. The reduced flavin iminopropanoate
complex remained stable during the equilibration and in the
production run, thus no constraints were applied in that case.

This journal is © The Royal Society of Chemistry 2019
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QM/MM calculations

Starting structures for the QM/MM calculations were selected
from the MD simulations. For the oxidative half-reaction, we
selected a frame, where a water network was observed between
the substrate and four water molecules, one of them occupying
the previously proposed high affinity oxygen site.>* This water
was replaced by an O, molecule for further calculations and
the structure was fully minimized at the QM/MM level. A 10 A
water shell (~4800 water molecules) was kept in the QM/MM
calculations. The neutral QM region consisted of the isoalloxa-
zine ring system of the FAD with a capping methyl group, the
substrate and the Arg285 residue in calculations for the reduc-
tive half-reaction. The oxygen with the three water molecules
connecting it to the substrate was also part of the QM system
for the oxidative half-reaction. The link atom approach was
applied to separate the QM and MM regions that were interact-
ing with electronic embedding. Atoms in a shell of 15 A
around the QM region were allowed to move, while the rest of
the model was kept frozen.

Relaxed coordinate scans were carried out applying
sander***® combined with Gaussian09*® at the B3LYP/
6-31G**7*® level of theory, which was successfully applied pre-
viously in complex systems.>***>° The step size used to scan
the reaction coordinates was 0.1 A. The transition states were
identified as the highest energy points of the scans. The reac-
tant, intermediate and final states were further minimized
without constraints. For each minimum, derivatives were
evaluated at small displacements in both directions along
each QM coordinate to verify the positive diagonal elements of
the Hessian. Minimizations starting from both sides of the
transition states and reaching the neighbouring minima were
performed to confirm that each transition state connects the
minima at the endpoints of the scan. For the optimized geo-
metries B3LYP/6-31+G** energies were calculated. The unrest-
ricted formalism (UB3LYP) was applied both in the triplet and
open-shell singlet calculations.

Due to spin-contamination in the unrestricted singlet calcu-
lations, we applied spin projection to obtain the energy of the

.29,51,52

open shell singlet state (35°E) using eqn (1) and (2):

SSSE — EOSS + CSC(EOSS _ ET) (1)
Csc = (Soss)/({St) — (Soss)) (2)

The open shell singlet diradical character (Y%) was esti-
mated using eqn (3).”*

Y% =100 x (1 —/(1- <52>°SS)) (3)

Natural bond orbital (NBO) analysis®™ as implemented in
Gaussain09 was performed.

Minimum energy crossing point (MECP) estimation

The MECP was located by applying a special minimization
procedure.”>® The main idea is to follow the effective gradient
calculated as aV(V;, — V,)*> + P(VV;) during the minimization,
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where V; and V, are the potential energies on the two surfaces
and P(VV;) projects out the direction corresponding to the
difference in the gradient of the two surfaces from the gradient
on surface 1. The original program code’® written for Gaussian
by Prof. Jeremy Harvey was adapted to estimate the MECP in
AMBER-Gaussian QM/MM calculations. The MECP was
located at the UBLYP/6-31+G** level of theory due to the severe
instability of the open shell singlet diradical with the hybrid
UB3LYP functional. The UB3LYP/6-31+G** energies for the
open shell singlet and triplet states differ by less than 0.3 kcal
mol ™" at the geometry corresponding to the UBLYP/6-31+G**
MECP and, therefore, this geometry and the UB3LYP/6-31+G**
energies were accepted as the MECP.

Results and discussion

Reductive half-reaction

The first step of the catalytic cycle of DAAO starts with a
hydride transfer from the bound substrate to the FAD cofac-
tor.’” As the details of this reaction step are well
established,"*” it provides a good basis for validating our
model system and the method applied.

The B3LYP/6-31+G** QM/MM energies calculated with the
relaxed coordinate scan along the substrate a-CH FAD-N5 dis-
tance give a 15.4 kcal mol™" barrier for the reductive half-reac-
tion of DAAO with p-alanine as a substrate (Fig. 2, red). This is
in reasonable agreement with the experimental value of
13-15 keal mol™ (1.8 x 10°-2.4 x 10> M™" min™")*’ calculated
from stopped flow rate constant measurements at 25 °C,'%>®
and also with ab initio QM MD simulations performed for a
smaller model system."” The slight overestimation might be
explained by the lack of dynamical and entropic effects in the
calculations as well as the lack of tunnelling, which might con-
tribute to the observed faster kinetics rates. NBO analysis of

25
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Fig. 2 Energy diagrams of the reductive half-reactions for DAAO with
p-alanine (red) and 3,3,3-trifluoro-p-alanine (CFz—p-alanine) (blue). See
Scheme 1 for the meaning of R1 and R2.
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Table 1 Charge transfer during the reductive half-reaction with the
p-alanine substrate calculated from NBO analysis. See Scheme 1 for the
meaning of R1, RITS and R2. The partial charge of the transferred H
moiety is shown separately from the substrate and the FAD cofactor

p-Alanine

R1 R1TS R2 Change
FAD -0.128 —0.568 -1.114 —-0.987
Substrate -0.967 —-0.635 -0.195 0.772
H 0.253 0.346 0.437 0.185
Arg285 0.842 0.857 0.872 0.030

Table 2 Charge transfer during the reductive half-reaction with the
CF3z-p-alanine substrate calculated from NBO analysis

CF;-p-alanine

R1 R1TS R2 Change
FAD —0.099 —0.540 —0.901 —0.805
Substrate —1.033 -0.701 —0.422 0.611
H 0.274 0.374 0.454 0.180
Arg285 0.858 0.867 0.872 0.014

the optimized geometries (Fig. S1f) shows charge transfer
from the substrate to the cofactor in line with the previously
proposed hydride transfer mechanism (Table 1). Charges of
the transition state (R1TS) are in between those of states R1
and R2 being slightly closer to the former.

Despite the structural similarity of the bound form of 3,3,3-
trifluoro-p-alanine (subsequently will be denoted as CF;-b-
alanine)’” compared to the substrate p-alanine,?” the trifluoro-
methyl derivative inhibits the enzyme likely due to the strong
electron withdrawing nature of the —-CF; group. To further test
the capabilities of our model, we calculated the reductive half-
reaction with this inhibitor ligand, as well. The reaction
barrier was slightly higher (17.6 kcal mol™") compared to the
native substrate; however, the energy of the product is
10.3 keal mol™" higher than that of the reactants suggesting a
thermodynamically controlled inhibition by CF;-p-alanine
(Fig. 2, blue). NBO analysis showed significantly less charge
transfer from the ligand to the cofactor (Table 2) in line with
the strong electron withdrawing nature of the trifluoromethyl
group.

The above results are in accordance with both experimental
data'®® and Car-Parinello QM MD simulations'® performed
for the active site model without considering the effect of the
protein environment. These findings support that our model
system and the applied method are suitable to study the reac-
tion mechanism of p-amino acid oxidase.

Oxidative half-reaction

Model system - water network. The oxidative half-reaction of
oxidases includes the transfer of two electrons and a proton
from the FAD to the oxygen molecule that also abstracts an
additional proton to form H,0,. The source of the proton in
the latter step and the sequence of the reaction steps appear to

This journal is © The Royal Society of Chemistry 2019
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vary among oxidases (the general scheme for DAAO is drawn
in Scheme 1).

The oxygen reaction with flavin is rather slow in solution,
mainly due to the poorly catalysed first single-electron transfer
step. Flavoenzymes accelerate this reaction up to several orders
of magnitude showing that the protein environment effectively
controls the reactivity of the partners. Positively charged resi-
dues (histidines, lysines) play a crucial role in many flavo-
protein oxidases e.g. in glucose oxidase®® and sarcosine
oxidase®”® leading to a general consensus on the importance
of the positive charge around the oxygen locus.®® Its proposed
role is the stabilization of the superoxide anion O, and pro-
viding a transferable proton. However, in choline oxidase a
positively charged ammonium moiety plays the same key role
in the catalysis®* showing that not only protein side chains can
provide the electrostatic stabilization and the proton.>
Similarly, the active centre of the DAAO enzyme lacks acidic
and basic residues; thus the protein is unable to provide the
positive charge or the necessary proton for the catalytic cycle
to conclude. The significant increase of the reaction rate
measured by stopped flow spectrometry in the presence of the
substrate suggests the involvement of the ligand in the reac-
tion and supports a ternary complex mechanism.'®***% The
oxygen and the substrate binding site are in the opposite sides
of the FAD isoalloxazine ring thus prohibiting a direct proton
transfer between the two species. MD simulations proposing
the high affinity O, binding site also revealed a water network
connecting the O, binding cavity on the FAD Si side to the Re
side,*? where the substrate is bound.

Our MD simulations of the RgDAAO - reduced FAD -
2-iminopropanoate complex also revealed a water network
between the Re and Si side of the flavin moiety providing a
route to protonate the oxygen. A water molecule occupying the
previously proposed high affinity O, binding site was trans-
formed into an O, molecule for the further calculations of the
oxidative-half reaction.

First electron transfer step. There is a general consensus
that electron transfer from the FAD to the O, molecule is
either the first step of the oxidative half-reaction or it is part of
the first step that might also include a concomitant proton
transfer. It was convincingly shown by the O'® kinetic isotope
effect that single electron transfer is the rate determining first
step in glucose-oxidase.>*>*°" Several computational studies
agreed that positioning the O, molecule near to the FADH™
results in a system with an electron transferred to the oxygen
species.?*?%%*% Wwe performed QM/MM calculations for the
DAAO-complex with 2-iminopropanoate and FADH™ (i.e. after
hydride transfer) both with and without O,. In the latter case,
the O, molecule was placed at the high affinity binding site
(see above).

The charge distribution of the system with and without the
O, molecule was calculated by NBO analysis. The negative
charge of the reduced FAD is localized on C4a, N5 and the O4
carbonyl oxygen atom before the oxygen binding (see Scheme 1
for atom numbering). These findings are supported by X-ray’”
and "*C-NMR data® and also by Car-Parinello QM MD results"”

This journal is © The Royal Society of Chemistry 2019
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proposing high electron density on C4a. These atoms are all
close to the binding site of the oxygen molecule and this facili-
tates the electron transfer between the FAD and the oxygen.
Indeed, the NBO analysis of the oxygen bound structure both in
the O17 triplet, and the 01°%° singlet states (see Scheme 2 for
the designation of intermediate states and Table S1t for a com-
plete list of QM atomic charges in the 017, 01°%, 02a°%, and
03°%S states) showed that the majority of the negative charge is
on the oxygen molecule (Table 3) and the largest change in the
partial charges upon oxygen binding is observed for these
atoms (Table S1}). These results suggest that the first step is a
single electron transfer from FADH™ to O, resulting in the semi-
quinone-superoxide anion containing system.
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Scheme 2 Reaction pathways investigated for the oxidative half-reac-
tion of DAAO. T denotes triplet, OSS open shell singlet and CSS closed
shell singlet states. The protonated imino compound in O2a“%S and the
FAD semiquinone in the O2b°SS systems are not shown as they do not
change with respect to the preceding state. Purple arrows indicate
proton transfer from the FAD, while green arrows indicate proton trans-
fer from the substrate. The transfer of electrons as obtained from NBO
analysis is also shown. The pathway with covalent adduct formation was
also investigated as shown in Scheme S1.1
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Table 3 Charges calculated from the NBO analysis (T means triplet,
OSS open-shell singlet and CSS closed-shell singlet states). Most nega-
tive charges in each system are in italics

OlT OlOSS OZaCSS 03CSS
FADH/FAD —0.104 —0.097 —0.187 —0.025
0,/0,H/H,0, —0.846 —0.850 —0.713 ~0.089
Substrate 0.068 0.068 0.066 —0.736

Triplet-singlet transition. The ground state of an isolated
oxygen molecule is a triplet, just as the DAAO-O, system at the
beginning of the oxidative half-reaction. The product with oxi-
dized FAD and H,0, is in a closed shell singlet state; thus the
system has to undergo formally forbidden triplet-singlet tran-
sition during the reaction. This transition is most likely near
the minimum energy crossing point (MECP), at a geometry
where the triplet and singlet energy surfaces cross.>® We opti-
mized the geometries of the semiquinone-superoxide anion
system in the triplet (T), open shell singlet (OSS) and closed
shell singlet states to compare their geometries, energies and
orbitals. The optimized geometries of the open-shell singlet
(01°%) and the triplet (01") are highly similar (0.005 A RMSD
for the atoms in the QM region) just like the energies that
differ by ~1 kcal mol™" (Tables S2 and S37 contain the energy
values of all calculated structures corresponding to stationary
points). Their energies are lower by more than 20 kcal mol™
than the closed shell singlet energy. We estimate 89% open
shell singlet diradical character for the 0195 state based on
eqn (3). The singly occupied molecular orbitals, SOMO and
SOMO-1 of the open-shell singlet state, support the diradical
character showing that one electron is mainly delocalized on
the FAD and one electron is located on the O, molecule
(Fig. 3). The highest energy singly occupied open shell singlet
orbitals are qualitatively equivalent with the corresponding
triplet molecular orbitals.

The high similarity of the triplet and open shell singlet
states of the semiquinone-superoxide anion system suggests
that a minimum energy crossing point (MECP) can be found
that is similar both in geometry and energy. Therefore, we
initiated a MECP search from the triplet state at the UB3LYP/
6-31+G*, level; however, we were only able to locate a MECP at
a geometry, in which the H-atom attached to N5 in the semi-
quinone-superoxide anion complex was largely transferred to
the oxygen species. The singlet state of the MECP was
essentially a closed shell and the corresponding energy is
9 keal mol™" higher than that of the semiquinone-superoxide
anion. Although this is a valid MECP, we assumed that
another one exists near the semiquinone-superoxide anion
system and we were unable to identify it owing to the known
spin contamination of the unrestricted DFT with hybrid func-
tionals.®® Therefore, we repeated the MECP search at the
UBLYP/6-31+G** level, and a MECP was located at a geometry
close to the optimized semiquinone-superoxide anion system.
The UB3LYP/6-31+G** energies of the singlet and triplet state
at this MECP geometry agree within 0.3 kcal mol™" and they
are higher by 3.8 kcal mol™" than the triplet energy at the

7978 | Org. Biomol. Chem., 2019, 17, 79737984
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a) J"J

Fig. 3 (a) SOMO (mainly located on FAD) and (b) SOMO-1 (mainly
located on O,"") orbitals for the semiquinone-superoxide open-shell
singlet system.

corresponding optimized geometry. The open shell character
of the singlet state at the MECP is 95%. These results show
that the system can undergo spin-transition after the first elec-
tron transfer and the subsequent reaction steps start from an
open shell singlet state (0195 see Scheme 2). Therefore, the
optimized open shell singlet geometry was used as the starting
point in analysing further steps of the reaction.

Reaction pathways for the oxidative half-reaction after the
first electron transfer. After the single electron transfer from
FAD to O, and transition from the triplet to open shell singlet
state, the resulting semiquinone-superoxide anion system
abstracts an H-atom from FAD and a proton most probably
from the substrate. Our forthcoming calculations focused on
clarifying the details of these steps. The tested mechanisms
are shown in Scheme 2. Since we expect the system to relax
into a closed shell singlet state by the completion of the reac-
tion, we also followed the electronic configurations as the reac-
tion proceeds.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Energy diagrams of the non-covalent reaction pathways investi-
gated in this study for the oxidative half-reaction of DAAO. See
Scheme 2 for the designation of the intermediate states. The barrier of
the first electron transfer step (00" — O1") corresponds to the experi-
mental rate constant.*88

First, we investigated the proton transfer from the FAD
semiquinone to the superoxide anion. During the relaxed scan
of the FAD-N5H-O distance to simulate the FAD deprotonation
step, the obtained transition state is characterized by 1.2 A
O-H distance and 2.2 kcal mol™" energy (Fig. 4). The opti-
mized geometry of the intermediate state with the proton
transferred to the oxygen species (02a°%%) is characterized by
an O-H bond length of 0.99 A, and with an energy lower by
10.4 keal mol™" than that of the reactants in the triplet state.

NBO analysis of the intermediate state (02a°%S) clearly
shows that the proton transfer is accompanied by the transfer
of an electron, since the resulting HOO™ species has a charge
close to that of the O, superoxide anion (Table 3).

We followed the open-shell singlet diradical character (¢f.
eqn (3)) during the scan and its continuous decrease was
observed while approaching the 02a°%S state containing
HOO™. The reactant state (01°%%) includes 89% open shell di-
radical character that decreases to 70% in the transition state,
while the 02a“5" state is a pure closed shell singlet with an S*
value of 0. The singly occupied orbitals in the transition state
(Fig. 5) are similar to those before the proton transfer (see
Fig. 3 for the orbitals of the 019 state); the SOMO is mainly
located on the FAD and the SOMO-1 resembles an O, non-
bonding orbital. The HOMO of the closed shell singlet state
(02a°%%) after the proton transfer also looks like an O, non-
bonding orbital (not shown). This suggests that the electron is
transferred from a high energy FAD orbital to a non-bonding
orbital of the O, molecule and neither of them include orbitals
assigned to proton binding. The proton moves along a line
where no appreciable electron density of the singly occupied
orbitals appears. Indeed, the orbitals bonding the proton to
FAD-N5 (019 state) and O (02a°° state) are lower energy
orbitals. These observations suggest that the electron and the
proton are exchanged between different sets of orbitals and

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

Fig. 5 (a) SOMO and (b) SOMO-1 orbitals of the open-shell singlet
transition state for the proton-coupled electron transfer step (01°%% —
02a),

the process can be classified as a proton-coupled electron
transfer rather than as a H-atom transfer.*”

Following the proton-coupled electron transfer from the semi-
quinone to the superoxide anion, the formed HOO™ abstracts a
proton from the substrate to complete the reaction. The proton
is transferred via a chain of water molecules (see above). The cal-
culated energy of the transition state of the proton transfer com-
pared to the energy of the reactants (O1") is —0.7 kcal mol™* and
the energy drops to —18.9 kcal mol™ in the final product state
(Fig. 4). The optimized geometries and some characteristic geo-
metric parameters are shown in Fig. 6. The reasonable barrier
estimated for the 022 — 03“%% step supports that in the
absence of a proton source in the vicinity of the protein active
site the proton can be transferred from the positively charged
imino group of the substrate via a chain of water molecules.

The alternative route, where the proton transfer from the
substrate to the O, superoxide anion precedes the proton
transfer from the FAD, was also investigated. The calculated
20.0 kcal mol™" barrier, however, is significantly higher than

Org. Biomol. Chem., 2019, 17, 7973-7984 | 7979
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Fig. 6 Characteristic geometrical parameters of selected intermediates and transition states. (a) FAD semiquinone-superoxide anion open shell
singlet: 01955, The oxygen species is stabilized by further H-bonds to a water molecule and to the backbone NH of Gly54 not shown for the sake of
clarity. (b) Transition state of proton-coupled electron transfer: 0195 — 02a“%S. (c) Oxidised FAD and HOO™: O2a“%S. (d) Transition state of proton

transfer: 02a“5% — O35, (e) Oxidised FAD and H,0,: O35S,

2.2 keal mol™" obtained when the reaction starts with proton
transfer from the FAD semiquinone (Fig. 4). The obtained
open shell singlet intermediate with protonated oxygen
species has an energy of 11.1 kecal mol™, significantly higher
than the highest energy transition state of the other route.
Therefore, the route with proton transfer from the substrate
(01955 = 02b°%) preceding proton transfer from the FAD
(02b°%% — 039%9) is highly unfavourable.

It was investigated if the proton transfer from the FAD and
from the substrate can proceed in a concerted way. Two-dimen-
sional relaxed scans for the transfer of the two protons were
performed; however they do not reveal a lower energy con-
certed pathway. These results show that in the lowest barrier
pathway a proton transfer from the FAD essentially precedes
that from the substrate.

7980 | Org. Biomol. Chem., 2019, 17, 7973-7984

The formation of a covalent adduct between the O, species
and FAD was also investigated (Scheme S17). The oxidative
half-reaction with the formation of the C4a-(hydro)peroxy
adduct is characteristic of monooxygenases and it is also
observed for pyranose-2-oxidase. The calculated reaction
barrier for the adduct formation in DAAO is over 11 kcal mol ™
and thus it is highly unfavoured compared to the non-covalent
pathway (Fig. S27).

Detailed mechanism of the oxidative half-reaction. The cal-
culations show that the FAD semiquinone-superoxide anion
system obtained after a single electron transfer from the
reduced FAD to O, is in a potential minimum both on the
singlet and triplet surfaces without further stabilization
observed in some other oxidases.’®*® Similar results were
obtained for glucose oxidase in ref. 63, where it was proposed

This journal is © The Royal Society of Chemistry 2019
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that the barrier of the oxidative half-reaction corresponds to
the triplet-singlet transition after the first electron transfer.
Furthermore, the spin transition was associated with the O™
species that was not significantly perturbed by the environ-
ment, and the estimated transition rate was in reasonable
agreement with the observed rate that, in turn, is similar in
DAAO. However, it was later pointed out®” that if the triplet-
singlet transition in the FAD semiquinone-superoxide anion
system were the rate limiting step then it would result in the
build-up of the triplet FAD semiquinone-superoxide anion not
observed experimentally. It was proposed instead®” that the
energy change associated with the first electron transfer can
be discussed in the framework of the Marcus theory,*®® and it
is dominated by the reorganization energy of the environment.
Although the arguments in ref. 27 and 57 refer to glucose
oxidase and the catalytic role of a protonated His near to the
FAD-O, complex is emphasized, the electron transfer from the
reduced FAD to O, was also observed in the optimization of
the corresponding DAAO complex. This is remarkable, because
no positively charged residue in a position similar to that of
the His in glucose oxidase is present in DAAO. In contrast, the
presence of the oxidized zwitterionic substrate was found to
accelerate the oxidative half-reaction'® and thus it facilitates
the rate determining reaction step.

The first electron transfer appears to be rate limiting also in
the oxidative half-reaction of DAAO as no intermediates were
observed.'®*® The experimental rate constant of the oxidative
half-reaction in yeast DAAO is in the 10° M~" min~" range'®°®
corresponding to ~11 kcal mol™" barrier.”” Assigning this
barrier to the electron transfer is also consistent with the cal-
culated transition states if we make the reasonable assumption
of exothermic electron transfer. Then the energies of the tran-
sition states of the subsequent reaction steps exceed the
energy of the reactants by less than 4 kcal mol™" with barriers
lower than 10 kcal mol™ (Fig. 4), and a mechanism with the
rate limiting first step emerges.

The oxidative half-reaction has to include spin transition
since the system is in the triplet state before the reaction
owing to the presence of the O, molecule, and it is in a closed
shell singlet state with oxidized FAD and H,0O, molecules at
the completion of the reaction. Our calculations show that the
FAD semiquinone-superoxide anion system has similar geome-
tries and energies in triplet and open shell singlet states
suggesting that the minimum energy crossing point (MECP) is
in the vicinity. Indeed, a MECP was identified that has an
energy higher by 3.8 kcal mol™" than that of the triplet
minimum. The actual rate constant may be lower than that for
a spin-allowed reaction with the same barrier since the surface
hopping probability is typically lower than 1. The reaction rate
lowering was estimated to be equivalent with 1.4-5.5 kcal
mol ™" barrier height increase at room temperature for a wide
range of reactions.’® These considerations suggest that the
spin transition can occur with a substantially lower barrier
than 11 kcal mol™" assigned to the electron transfer. Taking
into account that the subsequent proton-coupled electron
transfer occurs via a 2.2 kcal mol™" barrier and is significantly

This journal is © The Royal Society of Chemistry 2019
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exothermic (10.4 keal mol™" lower in energy than the starting
017 state) no accumulation of the intermediates is predicted
in accordance with the experimental observations.®3°

The proton-coupled electron transfer from the FAD
semiquinone to the oxygen species proceeds with a barrier
(2.2 kecal mol™) that is significantly lower than the barrier of
the proton transfer from the substrate to the oxygen species
(20.0 keal mol™"). Therefore, the spin transition step is fol-
lowed by a proton-coupled electron transfer and this completes
the reoxidation of the FAD. The oxidized FAD-HOO™ system
adopts a closed shell singlet configuration and this does not
change as the system is transformed to the product by a
proton transfer to the oxygen species discussed below.

The oxidative half-reaction is completed by a proton trans-
fer from the substrate to the oxygen species via a water chain.
In contrast to other oxidases where the proton source is an
amino acid side chain®® there is no amino-acid in the close
environment of the oxygen species that could be a candidate
for proton donation. However, the substrate was found to
remain in the complex and to facilitate the electron transfer
rate limiting to the oxidative half-reaction.'®** In addition, the
substrate that is in a zwitterionic state after oxidation is able to
donate a proton when it forms a neutral imine group.’>®
Although the positions of the oxygen species and the substrate
do not allow a direct proton transfer, it is feasible via a water
chain observed in previous molecular dynamics simulations®
and also in the present study.

The reactions of flavoenzymes are typically monitored
spectrophotometrically by measuring the absorbance depend-
ing on the oxidation state of the FAD. The rate constant
of ~10° M~ min™" (~11 kcal mol™" barrier’’) for the
oxidative half-reaction of DAAO was also determined
spectrophotometrically'®*® and thus it refers to the reaction
up to the proton-coupled electron transfer accompanied by a
change of the electronic configuration of the FAD from the
open shell to closed shell singlet. The last step of the reaction,
namely the proton transfer from the substrate to the oxygen
species via the water network, does not change the electronic
structure of the FAD and is not included in the measured reac-
tion rate. However, the calculated energy of the transition state
of the last step does not exceed those of the previous steps.
Similarly, the calculated barrier of the last step does not
exceed the barrier (~11 kcal mol™") corresponding to the
experimentally determined rate constant of the previous steps.
These findings show that the proton transfer does not affect
the overall reaction rate of the oxidative half-reaction.

It has to be noted that the quantum tunnelling effect was
not considered in our calculations; thus, the above con-
clusions are valid within the transition state theory with the
assumption that calculated enthalpy differences well approxi-
mate free-energy differences.

The results are obtained for yeast (Rhodotorula gracilis)
DAAO, where the rate limiting step of the whole catalytic reac-
tion includes the hydride transfer in the reductive half-
reaction.">?%”° The corresponding barrier is 13-15 kcal mol ™"
(ref. 57) (1.8 x 10°-2.4 x 10° M~" min™")'®%% and our calculated
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barrier of 15.4 keal mol™ for the hydride transfer is in reason-
able agreement with the experimental values. It has to be also
noted that the turn-over of human DAAO is lower than that of
yeast DAAO”" since the rate limiting step in the former is the
conformational change of the loop covering the active site and
this loop is not present in the yeast enzyme. However, the
flavin oxidation rates in DAAO from various species are
between 1.9 x 10° and 1.0 x 10" M™* min™" (ref. 9, 18 and 58)
corresponding to barriers within 1 kcal mol™" (ref. 57) vari-
ation thus suggesting that these orthologs share the same
mechanism for the oxidative half-reaction.

The proposed mechanism of FAD oxidation in DAAO differs
from the FAD oxidation put forward for other oxidases. In
glucose oxidase, although the reaction was proposed to start
similarly with a rate determining single electron transfer,””*
the subsequent steps as suggested by calculations on model
systems® are different; a proton transfer from the FAD to the
oxygen species is followed by a proton coupled electron trans-
fer where the proton comes from a charged HIS residue and
the electron from the FAD. In contrast, a synchronous H-atom
transfer from FAD N5 and proton transfer from a solvent
exchangeable site is proposed in choline oxidase where the
positive charge of the oxidized substrate contributes to O, acti-
vation.** The proton transfer from a charged His residue is
possibly coupled with the first electron transfer from the FAD
and precedes the slow H-atom transfer from the FAD in aryl-
alcohol oxidase.?® The first electron transfer was postulated to
be coupled with the proton transfer from a charged His
residue to form a hydroperoxy-flavin intermediate in pyranose
2-oxidase.?® The reaction is completed by the rate determining
proton abstraction from FAD N5 leading to H,O, elimin-
ation.! This versatile mechanism of FAD oxidation in oxidases
is in line with the structural differences on the one hand, and
with the modest energy differences among the various mecha-
nisms, on the other hand. A characteristic structural variation
among oxidases is the presence or absence of a charged
residue capable of facilitating electron transfer to O, and
donating proton to the oxygen species. Concerning the energy
differences among the potential routes for FAD oxidation, the
calculated small energy variations for the open shell singlet
and triplet states of the FAD semiquinone-superoxide contain-
ing system, just as the appearance of another MECP for the
proton transfer suggest that small structural variations may
produce changes in the dominating reaction route of the oxi-
dative half-reaction. This argument is corroborated by the
highly varying reaction rates of reduced flavin with oxygen
among flavin dependent enzymes>*’* and the different routes
followed by the two classes of flavoenzymes, oxidases and
monooxygenases, the latter typically forming quasi-stable C4a
(hydro)peroxyflavin.

Conclusions

The mechanism of the oxidative half-reaction of the p-amino
acid oxidase enzyme was elucidated by combining the results
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of DFT level QM/MM calculations with experimental data from
the literature. The oxidative half-reaction starts with a single
electron transfer from the reduced FAD to the O, molecule.
The resulting FAD semiquinone-superoxide anion system is a
stable intermediate. The system is in the triplet state at the
start of the oxidative half-reaction and the triplet-singlet tran-
sition occurs in the semiquinone-superoxide anion system
with a low barrier. The next step is a proton-coupled electron
transfer between the FAD and the oxygen species, and this is
accompanied by a change in the electronic configuration from
an open shell to closed shell singlet. The reaction completes
with proton abstraction from the oxidized substrate via a
chain of water molecules. The experimentally observed reac-
tion barrier for the oxidative half-reaction is ~11 kcal mol™*
(ref. 57) (10° M™" min~" range)'®® and it is assigned to the
first electron transfer as no intermediates of the oxidative half-
reaction were experimentally observed.'®?® This is consistent
with the calculated energy surface of the subsequent low
barrier steps. The oxidized substrate contributes to O, acti-
vation in the rate-determining single-electron transfer as its
presence lowers the barrier of the oxidative half-reaction."® Our
calculations confirm its additional role of providing a proton
in the last step of H,0, formation as suggested in ref. 32. The
proposed detailed mechanism of the oxidative half-reaction
of DAAO does not agree with the mechanism of other
oxidases®>?7:29731:343%,60.63 and provides another example for
the versatility of oxidation in flavin-dependent enzymes.
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