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ABSTRACT: Determination of the mechanism of dioxygen activation
by flavoenzymes remains one of the most challenging problems in
flavoenzymology for which the underlying theoretical basis is not well
understood. Here, the reaction of reduced flavin and dioxygen catalyzed
by pyranose 2-oxidase (P20), a flavoenzyme oxidase that is unique in
its formation of C4a-hydroperoxyflavin, was investigated by density
functional calculations, transient kinetics, and site-directed mutagenesis.
Based on work from the 1970s—1980s, the current understanding of the
dioxygen activation process in flavoenzymes is believed to involve
electron transfer from flavin to dioxygen and subsequent proton

transfer to form C4a-hydroperoxyflavin. Our findings suggest that the first step of the P20 reaction is a single electron transfer
coupled with a proton transfer from the conserved residue, His548. In fact, proton transfer enhances the electron acceptor ability
of dioxygen. The resulting -OOH of the open-shell diradical pair is placed in an optimal position for the formation of C4a-
hydroperoxyflavin. Furthermore, the C4a-hydroperoxyflavin is stabilized by the side chains of Thr169, His548, and Asn593 in a
“face-on” configuration where it can undergo a unimolecular reaction to generate H,0, and oxidized flavin. The computational
results are consistent with kinetic studies of variant forms of P20 altered at residues Thr169, His548, and Asn593, and kinetic
isotope effects and pH-dependence studies of the wild-type enzyme. In addition, the calculated energy barrier is in agreement
with the experimental enthalpy barrier obtained from Eyring plots. This work revealed new insights into the reaction of reduced
flavin with dioxygen, demonstrating that the positively charged residue (His548) plays a significant role in catalysis by providing a
proton for a proton-coupled electron transfer in dioxygen activation. The interaction around the NS-position of the C4a-
hydroperoxyflavin is important for dictating the stability of the intermediate.

B INTRODUCTION fascinating issues in flavoenzymology.® The same reduced flavin
(FAD or FMN) when bound to different proteins reacts

Flavoenzymes not only have indispensible roles in cellular
differently with dioxygen (i.e., to form H,O, in oxidases, to

metabolism' but also are useful as biocatalysts for chemical
synthesis reactions and as bioelectrocatalysts for biofuel cell
applications.”® Baeyer—Villiger monooxygenase has been used
widely in pharmaceutical industries to synthesize drugs.*
Recently, flavin derivatives were successfully used for catalytic

form C4a-(hydro)peroxyflavin in monooxygenases, or to have
sluggish reactivity toward dioxygen in dehydrogenases in order
to transfer electrons to other acceptors). The different reaction
outcomes due to the different active site environments of these

water oxidation in a photochemical water splitting process.® proteins allow nature to use the same set of chemical reactants
Therefore, understanding how flavoenzymes function is crucial to perform a variety of flavoenzyme functions, including use of
to improving their applications and to developing biomimetic the abundant oxygen in aerobic systems as an electron acceptor
flavin derivatives for use as efficient biocatalysts and biosensors (oxidase), to incorporate an oxygen atom into an organic
and in biofuel cells.®

The physical and chemical basis underlying the reactions of Received: August 30, 2013
reduced flavin and dioxygen in flavoenzymes is one of the most Published: December 16, 2013
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Scheme 1. Flavin Reaction Mechanisms with Dioxygen®
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“Paths (a) and path (b) are conventional pathways for the reactions with O, in monooxygenases and oxidases, respectively. Path (c) is the alternative
pathway for the reactions with O, in pyranose 2-oxidase, according to the findings of the current study.

substrate (monooxygenase), or to mediate electron transfer in
complex protein systems (dehydrogenase). Most of our current
understanding of flavin chemistry in flavoenzymes is based on
work performed in the 1970s—1980s by Bruice et al.”® and
Massey et al,” and the current view of the reaction of reduced
flavin with oxygen in oxidases and oxygenases can be
summarized as depicted in Scheme 1 (paths a and b).

In chemical synthesis, catalytic oxidative reactions and
oxygen insertions with high selectivity generally require
multiple steps and often require heavy metals. Flavin is
among a few organic cofactors that can use molecular oxygen
for oxygenation reactions.” The mechanism for the control of
this reaction should be well coordinated so that leakage of
hazardous reactive oxygen species during enzyme turnover is
minimized and the oxygenases can most efficiently catalyze
oxygenation. Many research groups in the past recent years
have investigated the role of active site residues that are
important for dioxygen activation.'®™"” One of the recurrent
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features found in these systems is the presence of a positively
charged residue that is located near the flavin NS. Previous
work suggested that this positive charge provides a
preorganized environment that stabilizes the superoxide anion
species'®™*1° that forms after the first step of electron transfer
(path a and b in Scheme 1).® However, the electronic structures
and energies of key intermediates in the dioxygen activation
mechanisms have not been studied in detail.

Pyranose 2-oxidase (P20) is a suitable flavoenzyme for
exploring dioxygen activation and C4a-hydroperoxyflavin
stabilization. P20 catalyzes the oxidation of pyranose sugars
to form 2-keto-sugars and H,0, (Scheme SI, Supporting
Information [SI]). The enzyme has been applied in the
synthesis of rare sugars.” Thus far, it has been the only
flavoenzyme oxidase, in which C4a-hydroperoxyflavin has been
detected as an intermediate under natural turnover con-
ditions.'®'? The reaction of P20 could be viewed as a missing
link in evolution connecting flavin-dependent monooxygenases
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Figure 1. Active site model of P2O(WT) in the closed conformation. (a) X-ray structure of the active site model. (b) Schematic representation of
the active site model. The isoalloxazine ring of FAD is shown in blue, flexible residues in green, and constrained atoms in red.

in which formation of C4a(hydro)peroxyflavin is mandatory
and flavoenzyme oxidases in which formation of C4a-
hydroperoxyflavin is possibly just one of the means of
generating H,0, (Scheme 1). As no X-ray structure of
enzyme-bound C4a-hydroperoxyflavin is available, it remains
elusive how the intermediate is stabilized in flavoenzymes. It
has been proposed that a cavity that is commonly found above
the flavin C4a atom of monooxygenases may serve as an
entrance for oxygen diffusion and accommodate the peroxide
adduct.®

Theoretical calculations have been used to study electronic
structures and energies in enzymatic reactions.”*”>> Reaction
mechanisms have been theoretically investigated for a few
flavoenzymes, e.g.,, a Baeyer—Villiger monooxygenase (oxygen
insertion®*), p-hydroxybenzoate hydroxylase and phenol
hydroxylase (aromatic hydroxylation®*®), 2-methyl-3-hydrox-
ypyridine-S-carboxylate monooxygenase (ring-cleavage reac-
tion””?*), BluB (cleavage of riboflavin®®), glucose 1-oxidase
and aryl alcohol oxidase (oxidation of alcohol moiety®**"). The
mechanisms of H,0, elimination from a free C4a-hydro-
peroxyflavin species was recently investigated by Bach and
Mattevi.>* In combination with experimental data, computa-
tional studies can provide greater insights on the enzyme
mechanisms.*’

In this report, the reaction of reduced flavin and dioxygen
catalyzed by P20 was explored using density functional theory
(DFT). The calculated activation energies were compared to
the experimental activation enthalpies determined from the
Eyring plot based on transient kinetic studies at various
temperatures. The calculations agreed well with the results
from kinetic isotope effect (KIE) and site-directed mutagenesis
studies. DFT analysis gave the following new insights into this
reaction: (i) the protonated His548 does not stabilize the
superoxide anion via electrostatic interactions; rather, it acts as
a general acid by providing a proton for the proton-coupled
electron transfer in dioxygen activation (path c in Scheme 1)
and (ii) the —OOH moiety of C4a-hydroperoxyflavin is in the
“face-on” configuration and stabilized by a hydrogen-bonding
network from His548, Asn593, and Thr169.
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B EXPERIMENTAL PROCEDURES

Computational Details. All calculations were performed with the
Gaussian 09 program.® B3LYP**~ functional has been shown to be
suitable for the study of enzymatic reactions.””*”* Thus, B3LYP was
used for all geometry optimizations and frequency calculations in this
study. The 6-31++G(d,p)**™*' basis set was used for the H that forms
H,0, and 6-31G(d) was used for all other atoms.>*~*' The single-
point energy and solvation free energy corrections were calculated by
B3LYP/6-311+G(d,p) on the geometries based on the gas-phase
optimizations using the conductor-like polarizable continuum model
(CPCM)* with UAKS* atomic radii and a dielectric constant of 4.0
to represent the protein environment. The energy barrier based on the
electronic energy with solvation correction obtained from B3LYP/6-
311+G(d,p) calculations is lower than the electronic energy obtained
from B3LYP/6-31G(d) calculations, especially for the H,O,
elimination step (Table SI, SI). Open-shell systems were treated
using spin unrestricted B3LYP (UB3LYP).

The active site model was taken from the crystal structure of
P20(WT) in the closed conformation (1.80 A; PDB code: 1TT0).**
The model consists of 118 atoms, which includes FADH™ (the
isoalloxazine part) and the residues within ~S A radius from the N§
atom of the FADH™ (Trpl68, Thrl69, and Cys170) and the key
conserved residues™ (His167, His548, and Asn393) of the enzyme
(Figure 1). To minimize the computational power for the relevant
protein environment, only the side chains were allowed to be flexible
during the geometry optimization. Thus, the atoms on the backbone
were constrained at the initial positions in the crystal structure to
maintain a reasonable geometry of the active site while all other atoms
were optimized (Figure 1). For transition states, frequencies were
calculated to ensure that there was one imaginary frequency
corresponding to the reaction coordinate. Note that, since some
atoms in the model are constrained during optimization, the
intermediate and transition state structures are not strictly stationary
points. Thus, the zero-point vibrational energy corrections and thermal
effects are not well-defined and are not considered in this study.

To critically evaluate the extent of spin contamination in open-shell
species, the expectation value for the total spin angular momentum,
(S?), of all diradical species in this study were calculated and are shown
in Table S2 in SI. The data indicate that, for the triplet species, there is
no significant problem with the spin contamination as all of the
(SH)PIet values are close to 2. For the open-shell singlet species, the
(S?)*inget values are close to 1 and largely differ from zero. This may be
because the use of the broken symmetry approach to calculate the
open-shell singlet species can result in spin contamination from higher
spin states. As the spin projection (SP) technique was successfully
employed in the calculation of diradical energies in previous
works,*>*® we used this method to estimate the energy of the spin-
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unrestricted open-shell singlet species (eqs 1, 2).*¢ EX is the electronic
energy, and (S*)* is the expectation value for the total spin angular
momentum of the spin state X (X = singlet or triplet).*

E;glglet — Esinglet + CSC[Esinglet _ Etn’pletj (1)
< SZ>singlet
sC

- <SZ>triplet _ <52>singlet (2)

Temperature Dependence Studies. The measurements were
performed using a TgK Scientific model SF-61DX stopped-flow
spectrophotometer in single-mixing mode. The optical path length of
the observation cell was 1 cm. The experimental protocols used were
similar to those in a previous report.1 4748 1n brief, the stopped-flow
apparatus was made anaerobic by flushing the flow system with an
anaerobic buffer containing 10 mM sodium dithionite in 50 mM
sodium phosphate buffer, pH 7.0. The buffer was made anaerobic by
equilibrating with oxygen-free nitrogen (ultrahigh purity) that had
been passed through an Oxyclear oxygen removal column (Labclear).
The anaerobic buffer was allowed to stand in the flow system
overnight. The flow unit was then rinsed with the anaerobic buffer
before experiments. For studying the oxidative half-reaction, an
anaerobic enzyme solution was equilibrated in an anaerobic glovebox
(Belle Technology). The enzyme was then reduced with a solution of
10 mM p-glucose in 100 mM sodium phosphate buffer pH 7.0. While
adding the solution of D-glucose, enzyme spectra were recorded using
a spectrophotometer inside the glovebox to ensure complete
reduction. The reduced enzyme solution was placed in a glass
tonometer and loaded onto the stopped-flow spectrophotometer.

Reduced P20(WT) (53 uM) was mixed with buffers containing
1.22 mM O, (concentrations before mixing) at various temperatures
(8, 10, 18, 20, 25, and 30 °C) in a stopped-flow spectrophotometer.
Large amplitude changes were detected at 39S and 458 nm. The
reaction showed two kinetic phases. For example, at 5 °C, the first
phase (0.002—0.04 s, increase of absorbance at 395 nm) indicates the
formation of a C4a-hydroperoxyflavin intermediate that subsequently
decays in the second phase (0.04—1 s) to yield H,0, and the oxidized
enzyme. The second phase occurred simultaneously with an
absorbance increase at 458 nm (Figure 5).1849,30 Apparent rate
constants (ky,,) were calculated from the kinetic traces using
exponential fits and the software packages Kinetic Studio (TgK
Scientific, Bradford-on-Avon, UK) or Program A (developed by R.
Chang, C.-J. Chiu, J. Dinverno, and D. P. Ballou, at University of
Michigan, Ann Arbor, MI). Simulations were performed by numerical
methods with Runge—Kutta algorithms implemented in Berkeley
Madonna 8.3 with a time step of 107> s. Rate constants associated with
Scheme 2 can be analyzed according to eqs 3 and 4.'® Analysis yielded

Scheme 2. Reaction Mechanism of the Oxidative Half-
Reaction of P20(WT)
K Ky

FADH g, + 0y === C4a-OOH — FADp,, + H,0
2

a bimolecular rate constant for the formation of C4a-hydroperoxyflavin
(k;), a reverse rate constant (k,), and a rate constant for H,O,
elimination (k;). A summary of the rate constants is provided in Table
S4 in SI. The rate constants (k;, k,, and k;) were plotted against the
temperature used (see Figure SS, SI).

k1k3[02]

ko1 = k,[0,] + ky + kg — 6O + K, £ k.
1 2 2 3

(3)
k1k3[02]
k[O,] + k, + K,

obs2 —
(4)

The Eyring equation was used for determining the enthalpy of
activation (AHT) in this reaction (eq S, where k is a rate constant, T is
absolute temperature, AHT is enthalpy of activation, R is the gas
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constant (1.987 cal mol™! K™), kg is the Boltzmann constant (1.381 X
1072 JKY), h is Planck’s constant (6.626 X 107%* J s), and AS¥ is the
entropy of activation).>"** The linear form of the Eyring plot is shown
in eq 6. The plot of In(k/T) versus 1/T gives a straight line with a
slope of —AH*/R from which the value of the enthalpy of activation
can be derived.

L (kBT) AS* AHF
)R ) R
kB
= n—
T R T h

©)

ast
(6)

Reaction of Variant P20 with O,. The previous study indicated
that the HS48A, HS548C, HS48S, and HS48N variant enzymes
contained mixed populations of covalently linked and noncovalent
flavins.>® Therefore, in order to investigate the role of His548 in flavin
oxidation, double mutations containing both His548 and H167A (a
mutation in which the covalent histidyl-FAD linkage was removed) in
addition to single mutations were constructed. We have shown
previously that the H167A variant enzyme reacts with molecular
oxygen to form C4a-hydroperoxyflavin with rate constants similar to
those found for the wild-type enzyme, indicating that the covalent
linkage is not an important factor for formation of the intermediate.*’
The effects of removal of a covalent histidyl-FAD linkage are mainly
on the reductive half-reaction.*” Therefore, the absence of the covalent
histidyl-FAD linkage in P20 variants in this study should not
introduce any confounding artifacts to the kinetic analysis.

For studying the oxidative half-reaction of N593H and H167A/
HS548 variant enzymes, an anaerobic enzyme solution was equilibrated
in an anaerobic glovebox (as described above). The enzyme was then
reduced with a solution of 10 mM D-glucose in 100 mM sodium
phosphate buffer pH 7.0 for the NS93H variant enzyme. For H167A/
HS48A, H167A/HS48C, H167A/HS48S, and H167A/HS48N
variants which are catalytically inactive for the reductive half-reaction,
the enzymes were reduced with a solution of 10 mM sodium
dithionite. The oxidation of reduced variant enzyme by O, was
monitored at various wavelengths (300—500 nm) using a stopped-flow
spectrophotometer. Buffer solutions with various concentrations of O,
were made by bubbling certified O,/N, gas mixtures of 20%, 50%,
100%, and 100% on ice through syringes for 8 min. After mixing, this
procedure resulted in O, concentrations of 0.13 mM, 0.31 mM, 0.61
mM, and 0.96 mM, respectively. Equilibration of a buffer on ice with a
100% O,/N, gas mixture results in a buffer solution that contains 1.92
mM O, before mixing. Apparent rate constants (k) from kinetic
traces were calculated as described above.

Imidazole Rescue Experiment. The imidazole rescue experi-
ments on H167A/HS48 variants were investigated over a pH range
from 6.0 to 8.0 using 100 mM sodium phosphate for pH 6.0 and 7.0,
and 100 mM Tris-HCI for pH 8.0. The enzyme solution was mixed
with 100 M imidazole and exchanged into each pH buffer. The
resulting solution was equilibrated at that pH for 14—16 h (overnight).
Sodium dithionite solutions which were used for reducing the enzyme
were prepared by dissolving solid sodium dithionite powder into each
pH buffer. A reduced variant enzyme solution was prepared as
previously described, and the experiments were done at various pH
values. Experimental protocols were similar to those described above.

B RESULTS

QM Analysis of the Reaction of Reduced P20 with
Oxygen (oxidative half-reaction). The density functional
calculations described in Experimental Procedures were used to
analyze the physical parameters associated with the individual
steps and transition states of the reaction of the P20-bound
FADH™ (FADH ,,) (truncated at only the isoalloxazine ring)
and dioxygen.

The starting flavin species was assigned as an anionic form in
which the N1 position is deprotonated (species 1 in Scheme 3).
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Journal of the American Chemical Society

Scheme 3. Reaction of P20-Bound Reduced FAD (FADH §,,) with Oxygen®
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“(a) Proposed mechanisms for the reaction of FADH T, with oxygen. Stage 1 is C4a-hydroperoxyflavin formation (1—5) while Stage 2 is H,0,
elimination and oxidized flavin generation (5—7). (b) Calculated energy profiles along the proposed reaction pathway. The enthalpy of activation

obtained from the transient kinetics results in Figure S is overlaid in blue.

The relevance of this form in the P20 reaction is supported by
the fact that the oxidized enzyme can react with sulfite to form
the flavin N(5)-sulfite adduct in which the flavin N1 is in the

In general, the anionic form of the reduced
s

anionic form.>*
flavin is the form that is bound to flavoenzyme oxidases.
Based on the active site structure of P20,*° residues
approximately S A away from the NS atom of the FADH™
(Trpl68, Thr169, and Cys170) and the key conserved residues
(His167, His548, and Asn$93) were included in the QM model
(Figure 1).

Among these residues, His548 is the most likely to be in the
protonated state. According to previous studies of P20, upon
completion of the reductive half-reaction, the oxidized flavin is
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reduced by D-glucose, and HisS48 is expected to be in the
protonated state.>® Furthermore, the results of pH-dependence
studies of the oxidative half-reaction at various pH values
suggest that one of the active site residues should be protonated
to allow the reaction to proceed via formation of C4a-
hydroperoxyflavin.®® On the basis of these findings, the
calculation model was started with His548 in the protonated
state (species 1 in Scheme 3).

Transient kinetics studies of the P20 oxidative half-reaction
indicated that the reaction proceeds via two stages, involving
C4a-hydroperoxyflavin formation and decay (H,O, elimina-
tion)."®%*® Results from the density functional calculations
give insights into the electronic structures, spin states, and
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Figure 2. Optimized structures of FADH-g,,:-OOH complexes. The subscripts T and S represent triplet state and singlet state, respectively. AEg .t
represents the energy difference between the spin-unrestricted open-shell singlet state and the triplet state. Mulliken charge populations (q) on the
two oxygen atoms (qo_o) of the -OOH fragment and on the -OOH fragment (qoop) are shown. Mulliken spin populations (p) on the O, (po_o), -
OOH (poop), and flavin (pp,,;,) fragments are shown. Distances between the two oxygen atoms on the -OOH fragment (dOp-Od) are shown in A.

energies of the transition states and intermediates involved
(Figure 2—4), and point to a five-step process (Scheme 3).
Step 1: Proton-Coupled Electron Transfer to Triplet
Dioxygen (Species 1 to Species 2). The energy of the first
species, FADH},,+O,1 (or FADH},,+O,), is a combination
of the electronic energy with solvation correction from the
optimized structure of FADHg,, (species 1) and that of O,
(or Oyg). The stabilized complex of reduced flavin (FADH,,)
and dioxygen was found to be improbable through calculations.
After several attempts, when the O, was placed in the vicinity
above the C4a position and upon geometry optimization, the
proton from the protonated His548 was immediately trans-
ferred to the dioxygen. This was concomitant with the first
electron transfer from the reduced flavin to the dioxygen to
generate the flavin semiquinone:-OOH radical pair in the triplet
state (FADH-g,,,:*OOHy) (Figure 2). It should be mentioned
that when this reaction step was calculated using other
functionals such as TPSS, the concomitant proton and electron
transfer was similar to the results obtained using B3LYP.
Mulliken charge populations on the two oxygen atoms of the
FADH'g,,::OOH7 (—0.480) are relatively more negative than
that of the triplet dioxygen (0.000); this indicates that an
electron is transferred to ‘'OOH. As the charge population on
the overall OOH fragment is —0.081, the concomitant electron
and proton transfer neutralizes the negative charge of the
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superoxide species and increases the ability of dioxygen to
accept an electron from FADH ,,. Mulliken spin populations
on the OOH (+1.004) and the flavin (+0.991) fragments reveal
the identity of species 2 as the triplet FADH-g,,::OOH; (Table
in Figure 2), with a single unpaired electron located on each of
the OOH and the flavin fragments.

Note that the proton-coupled electron transfer process for
the reaction of reduced flavin and dioxygen presented here is
different from the current view”” that describes the first step as
an electron transfer to generate a radical pair of flavinsemiqui-
none and superoxide anion before the subsequent proton
transfer occurs (paths a and b in Scheme 1).

Step 2: Triplet (FADH-g,:-O0H;) to singlet (FADH-g,,:
OOHs) Spin Transition (Species 2 to Species 3). The triplet
(FADH'g,,,:-*OOHy) can undergo a spin transition with a small
energy requirement (+0.6 kcal/mol, Scheme 3, Table in Figure
2) to become an open-shell singlet diradical (FADH-g,,:
OOHy), in which the spin populations on the OOH fragment
change from +1.004 to —1.002, but remain the same on the
flavin fragment at about +0.99 (Table in Figure 2, Figure S3 in
SI). Overall, the structural geometries of the triplet FADH g,
OOH; and the open-shell singlet diradical FADH-g,,:*xOOHj
complexes are similar (Table in Figure 2). The 0,—04 bond
distance in both FADH:;,,::OOH; and FADH-g,,::OOH;
(1.33 A) is significantly longer than that in the O,1 (1.21 A),
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corresponding to the addition of one electron into the
antibonding orbital of the dioxygen.

To identify the active site residues involved in the P20
dioxygen activation process, we studied this process in the
absence of all residues. Thus, the electronic structures and
energies in both triplet and open-shell singlet states for the
dioxygen (O,), the FADH;,.:O, complex, and the FADH .-
OOH complex were investigated in order to compare them
with those for the FADH-p,,::OOH. For dioxygen (O,) in the
absence of a flavin cofactor, the spin transition process from the
triplet O,1 (Po_o = +2.000) to the singlet O,5 (po_o = 0.000)
requires a large energy input of 37.7 kcal/mol (Table in Figure
2). The 0,—0q bond distances in both spin states are similar
(121 A) (Table in Figure 2).

To explore the effects of a flavin cofactor, the FADH}...:O,
model was investigated (Figure S1, SI). The spin transition
proceeding from the triplet FADH%,:O,r to the open-shell
singlet FADH g,..:O,5 requires 7.3 kcal/mol of energy, which is
significantly lower than that of the dioxygen (37.7 kcal/mol)
(Table in Figure 2). The spin population on the O, fragment
(+1.702) of the triplet FADH '} .:O,r (Table in Figure 2 and
Figure S1, SI) is slightly less than that on the free triplet O,
(+2.000). The charge population on the dioxygen fragment is
—0.249, and the O,—O4 bond becomes slightly weaker (1.25
A) than that found in the free triplet O, (1.21 A). These
findings imply that the presence of a flavin cofactor causes some
charge transfer to the dioxygen, which also results in a decrease
in the energy gap between the singlet and the triplet states. The
C4,—O, distance is shorter in the open-shell singlet
FADH ;0,5 (3.10 A) complex when compared with that
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of the triplet FADHp.:O,1 (3.23 A) complex (Table S3, SI).
Altogether, our data indicate that the flavin cofactor partly
assists with the electron transfer and spin transition process.

To evaluate the importance of protonation in the dioxygen
activation process, an additional proton was included into the
triplet FADH¢,..:O,1 and the open-shell singlet FADH;..: O,
models giving the triplet FADH ..::OOH and the open-shell
singlet FADH-p..:*OOHg, respectively (Figure S2, SI).
Interestingly, with an additional proton, the energy difference
between the FADH-,..::OOH; and the FADH-,..::OOH;{
complexes became insignificant (0.01 kcal/mol) (Table in
Figure 2). Unlike the triplet FADH%,:O,r in which only
partial charge is transferred from the flavin to the dioxygen, the
electronic structure of the triplet FADH-..::OOHy implies
that one electron is transferred from the flavin to the OOH
fragment; the FADH-g,.:-OOH complex contains similar spin
populations on the OOH (+1.007) and the flavin (+1.015)
fragments. The O,—O4 bond distance in the FADH-g,.::OOHy
(1.32 A) complex is also weaker than that found in the
FADH p,.:O, complex (1.25 A) (Table in Figure 2).

The open-shell singlet FADH-,.:*OOHg complex was
identified as the open-shell singlet diradical species with a
spin population on the OOH fragment of +1.010 and on the
flavin fragment of —1.010 (Table in Figure 2, Figure S2, SI).
The structural geometries of the triplet FADH ¢, .::OOH7 and
the open-shell singlet diradical FADH-g,.:-OOHg complexes
are similar; the C,,—O,, distances of both spin states are about
the same (3.75 A) (Table S3, SI). Altogether, the data indicate
that the additional proton facilitates the spin transition, as the
energy required for this process is reduced.
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This result highlights the importance of the proton-coupled
electron transfer process as a driving factor that facilitates the
formation of the open-shell singlet diradical species
(FADH-p.::OOHyg). In P20, the protonated His548 plays an
important role in the supply of a proton to the dioxygen during
the first electron transfer process to mediate the formation of
FADH.;,:-OOH.

Step 3: C4a-Hydroperoxyflavin Formation and TSI
(Species 3 to Species 5). In the open-shell singlet diradical
FADH-,,::OOH; complex, the opposite spins on the -OOH
(—1.002) and the flavin (+0.990) fragments facilitate bond
formation between the proximal oxygen (O,) of -OOH and the
C4a of the isoalloxazine ring (Figure 2) to form the C4aOOH
via TS1 (Figure 3). Two hydrogen-bond interactions from the
N¢ of His548 (1.57 A) and the N°H of Asn393 (2.36 A) to the -
OOH fragment (Figure2) play a role in positioning the O,
atom of the -OOH fragment; the O, is located directly above
the flavin C4a position. In FADH',,::OOH, the C4a—0O,
distance is 3.16 A and the 0,—0 distance is 1.33 A (Figure 2,
Table in Figure 3). In TSI, the C4a—0, distance is shortened
to 2.35 A and the 0,—0y distance is lengthened to 1.37 A. The
activation energy for this step is 10.9 kcal/mol. Once TSI
transforms to the C4aOOH, the C4a—0O,, bond is completely
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formed (1.44 A) and the 0,—0O4 bond distance has a single
bond character (1.45 A) (calculated O—O bond distance in
H,0, is 1.46 A) (Table in Figure 3).

The position of the —OOH moiety of the C4aOOH
intermediate above the flavin ring is consistent with the
conventional assignment of being re-side and compatible with a
“face-on” configuration (Figure 3). As most flavoenzymes that
form C4aOOH only have space available on the re-side to
accommodate the —OOH moiety, we explored the P20
preference for C4aOOH formation on the re-side versus the si-
side.

In the absence of the active site residues of P20, we
calculated the energy of H,O, elimination from the C4aO0OH
intermediate for the free flavin model, where the —OOH
moiety is located above (re-side) and below (si-side) the C4a
position of the isoalloxazine ring (Figure S4, SI). The reaction
on both sides of the ring essentially required the same amount
of energy (29.7 kcal/mol). Thus, the preference for the re-side
reaction in P20 (and other flavoenzymes) is not attributed to
the differences in the electronic effect above and below the
isoalloxazine ring,

In the P20 active site, the si-side of the isoalloxazine ring is,
in fact, crowded with bulky active site residues (Trp168 and

dx.doi.org/10.1021/ja4088055 | J. Am. Chem. Soc. 2014, 136, 241-253
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Cys170), while the re-side has an empty cavity for
accommodating O, and the resulting —OOH moiety. There-
fore, the preference for the re-side reaction in P20 is mainly
due to the steric hindrance effects on the si-side. Trp168 and
Cys170 are thus important for directing the formation of the
C4aOO0H on the re-side in P20.

Steps 4 and 5: H,O, Elimination from C4a-Hydro-
peroxyflavin and TS2 (Species 5 to Species 7). There are
four hydrogen-bond interactions to the —OOH moiety and the
isoalloxazine ring of the C4aOOH intermediate: (1) the N® of
His548 accepts a hydrogen bond from the —OOH moiety (1.57
A), (2) the N°H of Asn593 donates a hydrogen bond to the O,
of OOH moiety (2.17 A), (3) the O of Thr169 accepts a
hydrogen bond from the NSH of the isoalloxazine (2.01 A),
and (4) the —O"H of Thr169 donates a hydrogen bond to the
04 of the isoalloxazine (2.06 A) (Figure 3). Among these
hydrogen bonds, the one from AsnS93 in the C4aOOH
intermediate (species S) is significantly stronger (2.17 A) than
the corresponding one in species 2—4 (>2.36 A). Thus, Asn593
is not only positioning the O, atom of the -OOH to be directly
above the flavin C4a position to form the C4aOOH
intermediate, it is also stabilizing the C4aOOH intermediate
by tightening the hydrogen-bond interaction.

For H,0, elimination, a direct proton transfer from the flavin
NS—H to the O, of a peroxide leaving group can occur with a
calculated activation energy (from C4aOOH to TS2) of 24.9
keal/mol (Figure 4), making it the rate-limiting step in the
oxidative half-reaction of P20. The C4aOOH has a C4a—0O,
distance of 1.44 A and an O,—H(NS) distance of 2.66 A.
(Figure 3, Table in Figure 4). In TS2, the C4a—0, distance is
lengthened to 2.55 A and the OP—H(NS) distance is shortened
to 1.54 A. As the O,—H(NS5) distance is also shortened from
2.88 A in C4a-OOH to 2.04 A in TS2, the proton transfer from
NS to O, of a peroxide leaving group is mediated through the
NS and Oy interaction.

The bond distance between the O” of Thr169 and the NSH
of the isoalloxazine in TS2 (2.60 A) is relatively weaker than
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that found in C4aOOH (2.01 A). Thus, the hydrogen bonds
from Thrl69 appear to be flexible, i.e. changing from a tight
interaction which stabilizes C4aOOH to a more relaxed
interaction in the H,O, elimination process. The loosening of
the hydrogen-bond interaction between O” of Thr169 and the
NSH of the isoalloxazine in TS2 is also consistent with
experimental observation. Variants of Thrl69, in which the
interaction at the flavin NSH is absent, do not stabilize the
C4a0OH intermediate.*®

The intramolecular proton transfer step to eliminate H,0,
via TS2 is consistent with previous experimental data showing
that H,O, elimination from the C4aOOH intermediate is
controlled by a single proton transfer from the flavin NS to an
O, of a peroxide leaving group.56 Stopped-flow experiments
showed that mutation of His548, Asn593 (see results in Figure
6 and Figures S6—S8 in SI), and Thr169*® resulted in
abolishing C4a-hydroperoxyflavin formation. This is consistent
with our calculations that reveal the importance of protonated
His548 for proton-coupled electron transfer to activate
dioxygen to form the C4aOOH intermediate and the role of
hydrogen bonds from Asn593, His548 and Thrl69 in
stabilizing the C4aOOH intermediate.

Once the proton is transferred from the flavin NS to a
peroxide leaving group to form the FADg,,:H,0, complex
(species 7), the C4a—O, distance is lengthened to 3.27 A,
confirming cleavage of the C4a—O, bond. Overall, the process
of H,0, elimination results in a release of energy of —36.2 kcal/
mol. The reverse reaction via TS2 needs to overcome an energy
barrier of +36.3 kcal/mol. Thus, formation of H,0, tends to be
irreversible, and H,0, departure from the active site is
presumably facilitated by conformational changes of the P20
enzy'me.45’ 7

Activation Energy of the Reaction of Reduced P20
with Oxygen Analyzed by the Eyring Equation. To
complement our density functional calculations, reactions of
reduced P20 with dioxygen at various temperatures (5—30 °C)
were carried out using stopped-flow spectrophotometry to
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determine the enthalpy of activation (AHY¥) for C4aOOH
formation from the reaction of FADH , and O, in both
forward and reverse directions, and for H,0, elimination
(Experimental Procedures). As determined by analysis of the
Eyring plot, the transient kinetics data (Figure S, Table S4 and
Figure S5) show that the enthalpy of activation for C4a0OOH
formation from the reaction of FADH ,, and O, in the
forward direction (AH,¥) is 6.3 kcal/mol and in the reverse
reaction (AH,¥) is 10.0 kcal/mol. The enthalpy for H,0,
elimination (AH;*) is 14.1 kcal/mol. The calculated energy
barrier is in agreement with the experimental enthalpy barrier in
that the energy barrier for C4aOOH formation is lower than
that for its reverse reaction (AE,¥ and AE,* vs AH,* and
AH,*) (Scheme 3, table in Figure S). Proton abstraction from
NSH was determined as the rate-determining step as the enerigy
barrier for H,O, elimination is the highest (AE,* and AH,%)
Since only the active site as a part of the enzyme was
considered in the model studied for computational feasibility
and the corrections for zero-point vibrational energy and
thermal effects cannot be included in the calculation, we expect
some discrepancies between the calculated energy and the
experimental enthalpy to exist. A similar level of discrepancy
between experimental and calculation results was also present
in other works.’® Overall, the results show that the relative
activation energy (AE¥) disglays the same trend as the relative
enthalpy of activation (AH¥) derived experimentally from the
Eyring plots. Specifically, this implies that the energy change for
O, activation by P20 mainly derives from the change of
electronic structures of the intermediates and transition states
involved.

Transient Kinetics of Reactions of Reduced H548 and
N593 Variants with Oxygen. Transient kinetic experiments
for Asn593 variant (NS93H), and His548 variants (H167A/
H548A, H167A/H548C, H167A/H548S, and H167A/H548N)
were performed to confirm the involvement of these two
conserved residues in stabilization of C4a-hydroperoxyflavin.
For the oxidative half-reactions of P2O(WT) and HI167A
variant enzymes,"®* the reaction shows biphasic kinetics,
indicating formation of a C4a-hydroperoxyflavin intermediate
(Figure S). For His548 and AsnS93 variants, the results showed
only one kinetic phase, indicating that only flavin oxidation was
observed (Figure 6 and Figures S6—S8 in SI). These data
indicate that a C4a-hydroperoxyflavin intermediate does not
form in these variants (Figure 6, Figures S6—S8 in SI),
confirming the findings from QM calculations that His548 and
Asn593 are important for stabilization of C4a-hydroperoxy-
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flavin. Moreover, when the imidazole rescue experiment for
His548 variants at various pHs was performed, the results were
similar to those in the absence of imidazole in which no C4a-
hydroperoxyflavin was detected (Table SS, SI). These results
indicate that not only is a proton required, but proper geometry
of the protonated His548 in the active site of the P20 enzyme
is mandatory for formation of the C4a-hydroperoxyflavin
intermediate.

Our previously published results for T169A, T169S, T169N,
and T169G variants indicated that all of these variants also void
formation of C4a-hydroperoxyflavin.*® Therefore, the QM
analysis results in which Thr169, His548, and AsnS93 were
identified as residues important for the stabilization of TS1 and
C4a-hydroperoxyflavin are supported well by stopped-flow
studies of the variant enzymes.

B DISCUSSION

Our findings based on QM analysis and transient kinetic studies
have identified the physical factors underlying the reaction of
reduced flavin and dioxygen catalyzed by P20O. The data
provide mechanistic insight that is different from the general
model currently used for explaining the reaction of reduced
flavin and oxygen.*”*> The initial protonation of dioxygen by
His548 of P20 that occurs in a concerted manner with an
electron transfer is key for the oxygen activation process. The
data obtained from QM analysis and transient kinetics indicate
that the —OOH moiety of the C4a-hydroperoxyflavin is
stabilized via a “face-on” configuration. The C4a-hydro-
peroxyflavin is stabilized by the hydrogen-bond interactions
from His548, Asn593, and Thr169. H,O, elimination occurs via
a direct proton transfer from the flavin N5—H. The trends
observed for the energy profiles based on the QM results also
correlated well with the enthalpy of activation profiles obtained
from the Eyring plots.

The data in Figure 2 suggest that the first step of the P20
reaction is a single electron transfer that is coupled with a
proton transfer. The relative timing of proton transfer in Figure
2 is different from the current views toward the reaction of
reduced flavin and oxygen in flavoenzymes which propose that
a single electron is first transferred to form the flavin
semiquinone and superoxide radical pair (paths a and b in
Scheme 1°7°). A new model based on our results can be
summarized as in Scheme 1, path C. Results from DFT
calculations agree well with the experimental data because they
suggest that no net proton transfer is involved in the TSI
transformation to the C4a-hydroperoxyflavin intermediate
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(Figure 3), which is consistent with the previous experiments
indicating that no solvent kinetic isotope effect (SKIE) was
detected for the C4a-hydroperoxyflavin formation.>® However,
with a similar calculation method, different results were
obtained for the QM analysis of flavindestructase (BluB)
because the first step of the BluB-catalyzed reaction is a single
electron transfer from reduced flavin to dioxygen to generate
the flavin semiquinone and superoxide radical pair before it
collapses to form a negatively charged C4a-flavin peroxide
intermediate. This intermediate is stabilized by two hydrogen
bonds from the backbone amide of Gly61 and the O2 hydroxyl
group of reduced FMN.? As the next step of BluB reaction is a
cleavage of the isoalloxazine ring, it can thus be seen that
protonation is not necessary for C4a-flavin peroxide in BluB
catalysis. Therefore, different active site environments can
influence the relative timing of electron and proton transfers
differently.

The DFT analysis and transient kinetics indicate that the
conserved His548 in P20 provides an internal proton for
oxygen activation. This protonation process makes oxygen a
better electron acceptor as the Mulliken charge of dioxygen
atoms on the -OOH molecule in the active site model (—0.480)
is more negative than in the free flavin model (—0.249)—the
model that describes the unprotonated His548 condition
(Figure 2). The His548 and Asn$93 help in aligning a -OOH
radical such that it is properly oriented for the next step in C4a-
hydroperoxyflavin formation. The DFT results agree well with
the experimental data because the reaction at lower pH is much
faster than that at higher pH and formation of C4a-
hydroperoxyflavin can only be detected at pH values lower
than 8.0.5° Moreover, results from studies of the reductive half-
reaction of P20 indicate that the conserved His548, which acts
as a general base during the reductive half-reaction, likely exists
in the protonated form at the initial stage of the oxidative half-
reaction.” Therefore, the functional role of His548 in P20 can
be viewed as that of a general base in the reductive half-reaction
and a general acid in the oxidative half-reaction (path c in
Scheme 1).

In addition to P20, many studies of other flavoenzyme
oxidases have shown that positive charges near the flavin N5 are
important for the oxygen activation process. For glucose
oxidase, the protonated HisS16 is required because the pH-rate
profiles showed that the k,./K;,(0z) is 2600-fold higher at lower
pH than at higher pH.>*® In contrast, for choline oxidase,
oxygen activation is thought to be caused by the positive charge
of the substrate.'® For monomeric sarcosine oxidase, N-
methyltryptophan oxidase, and fructosamine oxidase, mutation
of Lys 256 to a neutral amino acid results in a 550—9000-fold
decrease in oxygen reactivity.">'> More moderate effects were
observed for similar mutations in polyamine oxidase and
dihydroorotate dehydrogenase.”>” In most of these studies,
the role of the positively charged residues was proposed to
provide electrostatic interactions to stabilize the formation of a
negatively charged superoxide radical. Our current findings
suggest that quantum mechanical calculations for these
enzymes should be useful for analyzing whether these positively
charged residues can act as proton donors similar to what is
observed in the P20 reaction.

The DFT optimized structure of C4a-hydroperoxyflavin
(Figure 3) offers a molecular view of the physical and chemical
interactions required for stabilization of the intermediate in a
flavoenzyme. The data show that the intermediate is closely
interacting with the side chains of Thr169, His548, and Asn593.
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Experimental evidence also confirms that these interactions are
important because mutation of His548, AsnS93 (Figure 6,
Figures $S6—S8 in SI), and Thr169 variants*® failed to stabilize
the C4a-hydroperoxyflavin intermediate. Moreover, the imida-
zole rescue experiment for the His548 variants could not
restore the formation of C4a-hydroperoxyflavin (Table SS, SI),
implying that the geometry of the general acid (His548) in
relation to the flavin position is very important for stabilization
of TS1 or C4a-hydroperoxyflavin. It is interesting to note that
the —OOH moiety in Figure 3 is configured in a “face-on”
configuration. In most of the X-ray structures of enzymes that
can form C4a-hydroperoxyflavin, a cavity above the re-face of
the flavin C4a atom is common.® Therefore, the “face-on”
configuration can fit in active sites and may be prevalent in
many enzymes.

Data in Figure 4 also confirm that the C4a-hydroperoxyflavin
can undergo a unimolecular reaction to generate H,0,, and the
relaxed H-bond interaction between the Oy of Thr169 and the
NSH of the isoalloxazine in TS2 (bond length of 2.60 A) could
be a key feature that enables this process. In previous studies,
when the reduced enzyme which was specifically labeled with a
single deuterium atom to give flavin N5-D reacted with
dioxygen, a KIE of ~3 for the H,0, elimination was observed.
The KIE is the same as that observed when the reaction was
carried out in D,0.%® These experimental results agree well
with the formation of species S, TS2, and species 7. They also
provide evidence supporting a unimolecular mechanism of
H,O0, elimination consisting of a single proton transfer from
NS-H to a peroxide leaving group. The importance of H-bond
interactions at the flavin NS in stabilization of the C4a-
hydroperoxyflavin has been observed in many systems. For
Thr169 variants of P20 in which a H-bond interaction at the
flavin NS is absent, the C4a-hydroperoxyflavin intermediate
could not be detected.*® In the oxygenase component of p-
hydroxylphenylacetate hydroxylase, upon removal of the
residue (Serl171) that forms hydrogen bonds with the flavin
NS, the rate of H,O, elimination increased by ~1400-fold.*!
For a Baeyer—Villiger monooxygenase, the interaction between
the flavin NS and a bound NADP" is necessary in order to
stabilize the C4a-hydroperoxyflavin.’> A recent DFT calculation
by Bach and Mattevi®> suggests that in the absence of protein
environment, the H,0, elimination from C4a-hydroperoxy-
flavin is not feasible. When H,0 or CH;OH (to model Thr or
Ser) was included to serve as a proton shuttle path, the energy
barrier for H,O, elimination significantly decreased. Interaction
of amine or amide residues with the NS locus of C4a-
hydroperoxyflavin also markedly reduces the energy barrier for
H,O, elimination. The interaction of Thr169 and flavin NS-
locus shown in TS2 (Figure 4) may be similar to those found in
the Bach and Mattevi study.>> On the basis of our data in
Figures 3—4, we propose that a more relaxed H-bond
interaction to the flavin N5-H in TS2 when compared to a
tighter H-bond interaction in C4a-OOH (bond length of 2.01
A) is important for allowing H,0, elimination to occur.

In summary, the combined usage of QM analysis and
transient kinetics provides the theoretical basis underlying
oxygen activation and the C4a-hydroperoxyflavin stabilization
in P20. Results in this report represent the chemical reaction in
a flavoenzyme oxidase that uniquely stabilizes C4a-hydro-
peroxyflavin. It should be interesting to explore in future studies
whether a similar basis holds for monooxygenases in which
C4a-hydroperoxyflavin is utilized as a reactive intermediate.
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