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C4a-hydroperoxyflavin is found commonly in the reactions of
flavin-dependent monooxygenases, in which it plays a key role
as an intermediate that incorporates an oxygen atom into sub-
strates. Only recently has evidence for its involvement in the
reactions of flavoprotein oxidases been reported. Previous stud-
ies of pyranose 2-oxidase (P2O), an enzyme catalyzing the oxi-
dation of pyranoses using oxygen as an electron acceptor to gen-
erate oxidized sugars and hydrogen peroxide (H2O2), have
shown that C4a-hydroperoxyflavin forms in P2O reactions
before it eliminatesH2O2 as aproduct (Sucharitakul, J., Prongjit,
M., Haltrich, D., and Chaiyen, P. (2008) Biochemistry 47, 8485–
8490). In this report, the solvent kinetic isotope effects (SKIE) on
the reaction of reduced P2O with oxygen were investigated
using transient kinetics. Our results showed that D2Ohas a neg-
ligible effect on the formation of C4a-hydroperoxyflavin. The
ensuing step of H2O2 elimination from C4a-hydroperoxyflavin
was shown to be modulated by an SKIE of 2.8 � 0.2, and a proton
inventory analysis of this step indicates a linear plot. These data
suggest that a single-proton transfer process causes SKIE at the
H2O2 elimination step. Double and single mixing stopped-flow
experiments performed inH2Obuffer revealed that reduced flavin
specifically labeledwith deuteriumat the flavinN5position gener-
atedkinetic isotopeeffects similar to those foundwithexperiments
performed with the enzyme pre-equilibrated in D2O buffer. This
suggests that the proton at the flavinN5 position is responsible for
the SKIE and is the proton-in-flight that is transferred during the
transition state. The mechanism of H2O2 elimination from C4a-
hydroperoxyflavin is consistent with a single proton transfer from
the flavinN5 to the peroxide leaving group, possibly via the forma-
tion of an intramolecular hydrogen bridge.

Hydrogen peroxide (H2O2), a molecule known to induce cel-
lular oxidative stress, can be generated from reactions of flavin-

dependent oxidases or monooxygenases (1, 2). Flavoprotein
oxidases catalyze two-electron transfer from organic substrates
to oxygen, generating oxidized substrates andH2O2 as products
(3). A flavin cofactor (flavin mononucleotide or FAD) plays a
central role in this redox process by receiving the two electrons
from organic substrates during the first (reductive) half-reac-
tion and transferring them to oxygen during the second (oxida-
tive) half-reaction.H2O2 can also be generated by flavin-depen-
dent monooxygenases, which catalyze the monooxygenation
of organic compounds using reactive C4a-hydroperoxyflavin
intermediates as monooxygenating reagents (1, 2, 4, 5). In the
absence of organic substrates, the C4a-hydroperoxyflavin
intermediate eliminates H2O2 instead of performingmonooxy-
genation (4–11). However, the mechanism by which H2O2 is
eliminated from free or enzyme-bound C4a-hydroperoxyflavin
remains unknown.
Although the formation of C4a-hydroperoxyflavin com-

monly occurs in flavin-dependent monooxygenase reactions,
its existence in flavoprotein oxidases reactions under natural
turnover conditions has only been observed with pyranose
2-oxidase from wood-rotting fungi Trametes multicolor (12–
14). Based on investigations by Bruice and co-workers (15- 17),
the initial step in the reaction of reduced flavin and oxygen
occurs through the formation of a radical pair of flavin semiqui-
none and superoxide (see Fig. 1) via a single electron transfer.
For monooxygenases and pyranose oxidase, it is clear that this
radical pair collapses to form C4a-hydroperoxyflavin prior to
monooxygenation or H2O2 elimination (see path 1 in Fig. 1).
The lack of a C4a-hydroperoxyflavin in other flavoprotein oxi-
dase reactions could be explained by two possible reaction
routes (18). The first route involves a direct second electron
transfer from flavin semiquinone to superoxide to generate
H2O2 as a product, bypassing the formation of C4a-hydroper-
oxyflavin (see path 2 in Fig. 1). The second route involves the
formation of a C4a-hydroperoxyflavin intermediate, but the
H2O2 elimination step occurs so rapidly that the kinetic detec-
tion of C4a-hydroperoxyflavin is prevented (1, 18). However,
these two possibilities have not been distinguished because the
mechanism of H2O2 elimination from C4a-hydroperoxyflavin in
the free or an enzyme-bound form is not known. Previous studies
of solvent kinetic isotope effects (SKIE)with flavoprotein oxidases
(3, 19–26) havemostly focused on themechanismof flavin reduc-
tionoroxygenactivation, and theenzymesused in these studiesdo
not stabilize C4a-hydroperoxyflavin as an intermediate. There-
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fore, the unique property of P2O2 in that the enzyme reacts with
oxygen and stabilizes the C4a-hydroperoxyflavin intermediate
makes theP2Osysteman idealmodel for investigatingSKIEonthe
H2O2 elimination step in a flavoprotein oxidase and for under-
standing the general mechanism underlying H2O2 elimination
from enzyme-bound C4a-hydroperoxyflavins.
P2O is a flavoprotein oxidase containing an FAD covalently

linked to the N3 atom of His167. This enzyme catalyzes the
oxidation of a wide variety of aldopyranoses at the sugar C2
position (27) and uses oxygen as an electron acceptor to gener-
ate H2O2. The x-ray structures of wild-type and mutant
enzymes in free and sugar-bound forms have shown that the
enzyme exists in open and closed conformations, which are
relevant for sugar oxidation (reductive half-reaction) and the
oxidation of reduced enzyme (oxidative half-reaction), respec-
tively (28–32). The results from pre-steady state kinetics inves-
tigations using 2-d-D-glucose and other D-glucose isotopes as
substrates have shown that a hydride equivalent is transferred
regiospecifically from the D-glucoseC2position to the flavinN5
position during the reductive half-reaction (13, 14). In the ensu-
ing oxidative half-reaction, the reduced enzyme reacts with
oxygen to form a C4a-hydroperoxyflavin intermediate, which

eliminates H2O2 (path 1 in Fig. 1) (12–14). The formation of
C4a-hydroperoxy-FAD in P2O is known to require optimized
interactions, especially around the FAD N5/C4a locus because
mutations of Thr169 to Ser/Ala/Asn/Gly resulted in the abolish-
ment of the intermediate formation (31).
In this report, we elucidated the mechanism underlying the

elimination of H2O2 fromC4a-hydroperoxy-FAD in P2O using
the results of kinetic isotope effects and transient kinetics. The
data clearly show that the transfer of the flavinN5 proton to the
peroxide leaving group is the key step controlling the process of
H2O2 elimination from C4a-hydroperoxyflavin.

EXPERIMENTAL PROCEDURES

Reagents—D-glucose (99.5% purity) and horseradish peroxi-
dase were purchased from Sigma-Aldrich Chemie GMG. Deu-
terated glucose (2-d-D-glucose), sodium deuteroxide (99%
purity), and deuterium oxide (99.9% purity) were purchased
from the Cambridge Isotope Laboratory. ABTS was purchased
from Sigma-Aldrich.Wild-type P2Owas cloned and expressed
without a His6 tag, to avoid the interfering properties of the tag,
and prepared as described previously (12). Concentrations of
the following compounds were determined using the known
absorption coefficients at pH 7.0: �403 � 1 � 105 M�1 cm�1 for
peroxidase and �458 � 1.13 � 104 M�1 cm�1 for the wild-type
enzyme (12). The flavin absorption coefficient assumes one
FAD bound per subunit.
Spectroscopic Studies—UV-visible absorbance spectra were

recordedusing aHewlett-Packarddiode array spectrophotometer
(HP8453), a Shimadzu 2501PC spectrophotometer or a Cary
300Bio double-beamspectrophotometer.All spectrophotometers
were equipped with temperature-controlled cell compartments.
Enzyme activities were determined by continuous assays using
coupled reactions of horseradish peroxidase and its substrate,
ABTS, as described previously (33). Initial rates were calculated
from the increase of absorbance at 420 nm resulting from the oxi-
dation ofABTS byH2O2 using themolar absorption coefficient of
4.2 � 104 M�1cm�1 (per onemolar of D-glucose consumed).
Rapid Reaction Experiments—Reactions were conducted in

100 mM sodium phosphate buffer (pH 7.0) at 4 °C, unless oth-
erwise specified.Measurements were obtained using aTgK Sci-
entific Model SF-61DX stopped-flow spectrophotometer in
either single-mixing or double-mixing mode, as described pre-
viously (14). The optical path length of the observation cell was
1 cm.Thestopped-flowapparatuswasmadeanaerobicby flushing
the flow system with an anaerobic buffer solution containing 10
mM sodiumdithionite in 50mM sodiumphosphate buffer, pH 7.0.
The buffer for the sodiumdithionite solutionwasmade anaerobic
by equilibration with oxygen-free nitrogen (ultra high 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 anaero-
bicbufferprior toperforming theexperiments.Apparent ratecon-
stants (kobs) were calculated from the kinetic traces using expo-
nential fits and the software packages Kinetic Studio (TgK
Scientific, Salisbury, UK) and ProgramA.32 The abbreviations used are: P2O, pyranose 2-oxidase; FMN, flavin mononu-

cleotide; KIE, kinetic isotope effect; SKIE, solvent kinetic isotope effect(s);
ABTS, 2,2�-azino-bis(3)-ethybenzenethiazoline-6-sulfonic acid diammo-
nium salt; D/H, D2O/H2O; N5-D, the deuterium incorporated flavin N5;
N5-H, the protium incorporated flavin N5.

3 Program A was written at the University of Michigan by Rong Chang, Jung-
yen Chiu, Joel Dinverno, and David Penfield Ballou.

FIGURE 1. The reaction of reduced flavin and oxygen. Path 1 is generally
observed for flavin-dependent monooxygenases and P2O, whereas path 2 is
observed for most flavoprotein oxidases.
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To study the reactions of the reduced enzymewith oxygen in
H2O buffer, an anaerobic enzyme solution was equilibrated in
an anaerobic glove box (Belle Technology, Weymouth, UK) to
maintain the concentration of oxygen at levels below 3 ppm,
and the enzyme was then reduced with a solution of 10 mM

D-glucose in 100 mM sodium phosphate buffer, pH 7.0. While
adding the solution of D-glucose, enzyme spectra were re-
corded using a spectrophotometer inside the glove box to
ensure complete reduction. The reduced enzyme solution
was placed in a glass tonometer and loaded onto the stopped-
flow spectrophotometer.
To study solvent kinetic isotope effects on flavin oxidation,

all solutions were exchanged with sodium phosphate buffer
made with deuterium oxide as described previously (13). In
brief, solid sodium phosphate powder of 1.38 g was dissolved in
�30ml of 99.9%purity deuteriumoxide, and the resulting solu-
tion was equilibrated for 13–15 h (overnight) inside the anaer-
obic glove box. The equilibrated solution was then evaporated
at 60° C for 3 h using a rotary evaporator to obtain H2O-free
sodium phosphate powder. The resulting powder was added to
deuterium oxide, and the same process was repeated to ensure
that the buffer contained at least 99.9% deuterium oxide (v/v).
The dried powder was then redissolved in �95 ml of 99.9%
purity deuterium oxide. The buffer pD was adjusted by adding
sodium deuteroxide solution into the solution while monitor-
ing pH using a pH meter (pD � pH measured � 0.4) (34). The
volume of the resulting buffer was adjusted to 100mlwithD2O.
D-glucose (0.018 g) was dissolved in �30 ml of 99.9% purity
deuterium oxide, and the solutions were dried twice as
described above. To prepare a 10 mMD-glucose stock solution,
the dried substrate powder was dissolved in 10 ml of 100 mM

sodium phosphate buffer in deuterium oxide. The enzyme in
D2O buffer was reduced byD-glucose, and the reduced enzyme
solution was left overnight (�18 h) prior to the stopped-flow
experiment. This was to assure that the enzyme was well equil-
ibrated in D2O, and all exchangeable sites of the reduced
enzyme were incorporated with deuterium.
The oxidation of reduced P2O by molecular oxygen was

monitored using the stopped-flow spectrophotometer by fol-
lowing the absorbance at 395 nm for detection of C4a-hy-
droperoxyflavin and 458 nm for oxidized flavin. Solutions with
various concentrations of oxygen were made by bubbling certi-
fied oxygen/nitrogen gas mixtures (v/v) of 20%, 50%, 100%, and
100% on ice through syringes for 8 min. After mixing, this pro-
cedure resulted in oxygen concentrations of 0.13, 0.31, 0.61,
and 0.96 mM, respectively. Equilibration of a buffer on ice with
a 100%oxygen/nitrogen gasmixture enables the buffer solution
to contain 1.92 mM oxygen before mixing.
P2O was kept at �80 °C in 100 mM MOPS buffer, pH 7.0,

prior to its use in solvent kinetic isotope experiments. The con-
centration of the thawed enzyme solution was increased by
reducing the solution volume to�200�l using a 15-mlAmicon
concentrator device with a membrane cut-off size of 10 kDa.
The concentrated enzyme was loaded onto a PD-10 column
(GEHealthcare) that had been equilibrated with either 100mM

sodium phosphate buffer in D2O, pD 7.0, or 100 mM sodium
phosphate in H2O, pH 7.0. D2O or H2O buffer was added to
elute the enzyme from the column. The resulting solution of

P2O inD2O orH2O buffer (�2.5ml) was retrieved, andD2O or
H2Obufferwas added to obtain the desired volume and enzyme
concentration (�0.6 of absorbance or �53 �M).

Rate constants were obtained from plots of kobs versus the
concentration of oxygen using Marquardt-Levenberg nonlin-
ear fitting algorithms included in KaleidaGraph (version 4.0;
Synergy Software). Simulations were performed by numerical
methods using Runge-Kutta algorithms implemented in Berke-
ley Madonna 8.3 and a time step of 1 � 10�4 s. The model and
methods used for simulations of the P2O oxidative half-reac-
tion have been described previously (12–14).
Proton Inventory—Two hundred microliters of the solution

of concentrated enzyme were loaded onto a PD-10 column
equilibrated with either 100 mM sodium phosphate buffer in
D2O, pD 7.0, or 100 mM sodium phosphate in H2O, pH 7.0.
D2O, or H2O buffer was added to the column to elute the
enzyme. H2O or D2O buffer was added to the equilibrated
enzyme solution to obtain a final volume of 9 ml with absor-
bance at 458 nm� 0.6. The enzyme solutions were equilibrated
inside the anaerobic glove box for 30 min to remove oxygen. A
solution of 10 mM D-glucose in 100 mM sodium phosphate
buffer, pH 7.0, or 10mM2-d-D-glucose in 100mM sodiumphos-
phate buffer in D2O, pD 7.0, was added to the enzyme solution
to generate the reduced enzyme in H2O or D2O buffer, as
described in the previous section. Reduced enzyme solutions in
various mixtures of H2O and D2O buffers were placed inside
tonometers under anaerobic conditions. The atom fractions of
D/H (n) were prepared and calculated based on the volume
ratios of D2O and H2O in a total volume of 3 ml according to
methods described previously:n� 0 (100% (v/v)H2O),n� 0.25
(2.25 ml of H2O � 0.75 ml of D2O), n � 0.50 (1.5 ml of H2O �
1.5ml ofD2O), n� 0.74 (0.75ml ofH2O� 2.25ml ofD2O), n�
1 (100% (v/v) D2O) (34).

All tonometers containing different mole fractions of deute-
rium were left overnight (�18 h) at 4 °C to ensure complete
equilibration between the enzyme and deuteroxide buffer. Buf-
fers used in substrate syringes (total volume of 5 ml) were pre-
pared with the same volume ratios of D2O and H2O as in the
enzyme tonometers to ensure that the atom fractions of D/H
were equivalent in both sides of the stopped-flow syringes. The
resulting buffers were bubbled with certified oxygen/nitrogen
gas mixtures to achieve the desired oxygen concentrations and
left overnight (�18 h) in tightly closed screw cap tubes inside an
anaerobic glove box.

RESULTS

Reaction of Reduced P2OwithOxygen inD2O—The reactions
of reduced P2O with oxygen in this report were conducted in
100 mM sodium phosphate, pH(D) 7.0, rather than 50 mM as in
previous reports (12, 14) because increased ionic strength
improves the solubility of reduced enzymes in both H2O and
D2O buffers (13).
The oxidation of the reduced enzyme (26 �M) by 0.96 mM

oxygen (the concentrations after mixing) in H2O (filled circle
traces in Fig. 2A) and D2O (solid traces in Fig. 2A) were moni-
tored at 395 and 458 nm. The kinetic traces in Fig. 2 show that
the reactions were biphasic in both D2O and H2O buffers. The
first phase (0.002–0.04 s) was characterized by an increase of
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absorbance at 395 nm due to the formation of a C4a-hydroper-
oxyflavin intermediate (Fig. 2A) (12). The second phase (0.04–
0.86 s) consisted of an absorbance decrease at 395 nm and an
absorbance increase at 458 nm because of the elimination of
H2O2 to form the oxidized enzyme (Figs. 2A and 3). The
observed rate constants (kobs1) for the first phase of the reac-
tions in H2O buffer were dependent on the oxygen concentra-
tion and exhibit a slope of 5.6� 0.2� 104M�1 s�1 (k1app inTable
1) and an intercept of 23� 1 s�1 (� symbols in Fig. 4A), similar
to the values reported previously (12). A plot of the observed
rate constants of the second phase versus the oxygen concen-
trations shows the apparent rate constant of the H2O2 elimina-
tion from C4a-hydroperoxyflavin (k2app) of 24 � 2 s�1 (� sym-

bols in Fig. 4B, Table 1). The plots of the first and second
observed phases in H2O buffer (Fig. 4, A and B) were analyzed
according to Equations 1 and 2, respectively (12). The deriva-
tions of Equations 1 and 2 have been demonstrated in Ref. 12.

kobs1

H2O � k1�O2	 � k�1 � k2 �
k1k2�O2	

k1�O2	 � k�1 � k2
(Eq. 1)

kobs2
H2O �

k1k2�O2	

k1�O2	 � k � 1 � k2
(Eq. 2)

According to Equation 1, the intercept of the plot in Fig. 4A
(� symbols) is equal to k�1 � k2. Therefore, kinetic simulations
using a two-step consecutive model (Fig. 3), as described previ-
ously (12), were used to estimate the k�1 and k2 values and to
confirm the validity of the kinetic constants calculated from the
graphic method described. Simulations using the parameters
listed in Table 1 yielded kinetic traces that agree well with the
experimental data (Table 1, data not shown). The analysis based
on the kinetic simulations indicates a bimolecular rate constant
for the formation of C4a-hydroperoxyflavin (k1sim) of 6.5 �
0.3� 104 M�1s�1, a reverse rate constant (k�1

sim) of 2.0� 0.1 s�1,
and a rate constant forH2O2 elimination from the intermediate
(k2sim) of 18 � 1 s�1 in H2O (Table 1 and Fig. 3).
For the reactions in D2O buffer, the enzyme oxidation

observed using various oxygen concentrations (0.13, 0.31, 0.61,
and 0.96 mM from the lower to upper traces in Fig. 2B) yielded
kobs1 for the formation of C4a-hydroperoxyflavin as shown in
Fig. 4A (open circles). A plot of the kobs1 versus the oxygen con-
centration shows a slope of 5.9 � 0.3 � 104 M�1 s�1 and an
intercept of � 8.5 s�1 (open circles in Fig. 4A and Table 1). A
plot of the observed rate constants of the second phase versus
the oxygen concentration yielded an apparent rate constant for
the H2O2 elimination from C4a-hydroperoxyflavin (k2app) of
6.9 � 0.5 s�1.

Equations 1 and 2 and kinetic simulations using themodel in
Fig. 3, similar to those used for the analysis of the H2O reaction
described above, were used for the analysis of the data of the
D2O reaction. The analysis yielded a bimolecular rate constant
(k1sim) for the formation of C4a-hydroperoxyflavin of 6.5 �
0.3 � 104 M�1 s�1 and a reversible rate constant of 2 � 0.1 s�1

(k�1
sim), which are similar to the rate constants of the reaction in

H2O buffer (Table 1). The rate constant for H2O2 elimination
from C4a-hydroperoxyflavin (k2sim) in D2O was 6.4 � 0.3 s�1

(Table 1), showing an SKIE of 2.8 (18 s�1 versus 6.4 s�1). Kinetic
traces obtained from the simulations using these kinetic
parameters agree well with the experimental data (dotted-line
traces versus solid line traces, Fig. 2B).
The results above indicate that there is a negligible SKIE on

k1 (formation of the C4a-hydroperoxyflavin intermediate)

FIGURE 2. The reactions of reduced P2O with oxygen in H2O and D2O
buffers. A, filled circle traces are the kinetics monitored from mixing reduced
P2O (26 �M) in H2O buffer (100 mM sodium phosphate, pH 7.0) with the same
buffer containing 0.96 mM oxygen under a stopped-flow spectrophotometer
at 4 °C. Solid line traces are the kinetics monitored from mixing reduced P2O
(26 �M) in D2O buffer (100 mM sodium phosphate, pD 7.0), with the same D2O
buffer under a similar condition as the reaction in H2O. All of the concentra-
tions described are after mixing. The kinetics of the absorbance change at 395
nm shows two phases, with the absorbance increase resulting from the for-
mation of C4a-hydroperoxyflavin and the absorbance decrease due to the
H2O2 elimination from the intermediate; the kinetics of the flavin oxidation
monitored at 458 nm coincided with the absorbance decrease of the inter-
mediate at 395 nm. B, the solid lines show the reactions shown in A, but they
were carried out in D2O buffer at oxygen concentrations of 0.13, 0.31, 0.61,
and 0.96 mM (shown as the lower to upper traces). The dotted lines are kinetic
simulations using the rate constants listed in Table 1 and the model in Fig. 3,
as described in Ref. 12.

FIGURE 3. The reaction mechanism of the reduced P2O with oxygen.
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because D2Ok1sim � 1 (6.5 s�1/6.5 s�1) (Table 1), whereas D2O
significantly diminishes the value of k2 (Fig. 4B andTable 1).We
determined that the SKIE of D2Ok2sim was 2.8 (18 s�1/6.4 s�1)
(Table 1). This SKIE value is not an artifact of the �0.49 unit
increase of the pKa associated with a reaction when a pH-de-
pendent reaction is performed in D2O (34) because the
observed rate constants for H2O2 elimination from C4a-hy-
droperoxyflavin in the pH range of 6.5–7.5 are pH-independent
and deviate within �0.5 s�1 (data not shown).
Proton Inventory Analysis—Reactions of reduced P2O with

oxygen at various atom fractions of D/H were carried out to
analyze the number of proton sites involved in the elimination

of H2O2 from the C4a-hydroperoxyflavin. The proton inven-
tory was analyzed according to the Gross-Butler Equation (34,
35) (Equation 3),

kn � ko


�1 � n � n�T�


�1 � n � n�R�
(Eq. 3)

where n is the atom fraction of D2O in the solventmixture, kn is
the observed rate constant in a D2O/H2O mixture, k0 is the
observed rate constant inH2O, and�T and�R are fractionation
factors for proton sites at the transition state and the initial
state, respectively.
Solutions of the reduced enzyme in bufferswith various atom

fractions of D/H were mixed with the same buffers containing
0.96mMoxygen (the concentration aftermixing). Kinetic traces
monitored at 395 nm are shown in Fig. 5A, in which the traces
from the lowest to the highest correspond to the n values of 0,
0.25, 0.50, 0.74, and 1.00, respectively. The reactions in the
medium with n � 0 (100% v/v H2O, the bottom trace) and n �
1 (100% (v/v) D2O, the top trace), and in the mixtures of D2O/

FIGURE 4. The kinetic analysis of the reactions of reduced P2O with oxy-
gen in D2O and H2O buffers. The observed rate constants from the kinetic
traces in Fig. 2 versus the oxygen concentrations (0.13, 0.31, 0.61, and 0.96
mM) are shown. A shows a plot of the observed rate constants for the first
phase (kobs1) in H2O (� symbols) and in D2O (open circles). The kobs1

H2O values
from the low to high oxygen concentrations are 25.9 � 0.9 s�1, 29.5 � 0.3 s�1,
44.8 � 0.1 s�1, and 62.2 � 0.7 s�1, respectively, whereas the kobs1

D2O values are
10.6 � 0.04 s�1, 19.2 � 0.24 s�1, 35.5 � 0.16 s�1, and 63.4 � 0.48 s�1, respec-
tively. B shows plots of the observed rate constants of the second phase
(kobs2) from the reaction in H2O (� symbols) and D2O (open circles). The kobs2

H2O

values according to the low to high oxygen concentrations are 5.99 � 0.02
s�1, 12.0 � 0.07 s�1, 15.9 � 0.03 s�1, and 17.1 � 0.09 s�1, respectively,
whereas the kobs2

D2O values are 4.81 � 0.02 s�1, 6.43 � 0.08 s�1, 6.63 � 0.03 s�1,
and 6.08 � 0.05 s�1, respectively. A vertical line at each data point indicates
the S.D. of the measurement.

TABLE 1
The effects of the solvent isotope on the kinetics of the P2O oxidative
half-reaction
The reactions were performed in 100 mM sodium phosphate pH(D) 7.0, at 4 °C in a
stopped-flow spectrophotometer.

Parameters H2O buffer D2O buffer

k1app (M�1 s�1) 5.6 � 0.2 � 104 5.9 � 0.3 � 104
k1sim (M�1 s�1) 6.5 � 0.3 � 104 6.5 � 0.3 � 104
k�1
sim (s�1) 2 � 0.1 2 � 0.1
k2app (s�1) 24 � 2 6.9 � 0.5
k2sim (s�1) 18 � 1 6.4 � 0.3

FIGURE 5. The proton inventory analysis for the observed constants of
the H2O2 elimination from C4a-hydroperoxyflavin. Solutions of the
reduced enzyme (26 �M) were mixed with buffer solutions containing 0.96
mM oxygen in a stopped-flow spectrophotometer at 4 °C. Both solutions of
the reduced enzyme and the oxygenated buffers were prepared in various
atom fractions of D/H, and the solutions with the same mole fractions were
mixed under the stopped-flow experiments (see “Experimental Procedures”).
A, the reactions were monitored at 395 nm for measuring the kinetics of the
formation and H2O2 elimination of the C4a-hydroperoxyflavin intermediate
at various atom fractions of D/H (n). Mixtures of 100 mM sodium phosphate,
pH 7.0, in H2O and 100 mM sodium phosphate, pD 7.0, in D2O were employed
to attain n � 0, 0.25, 0.50, 0.74, and 1.00, and their results are shown according
to the lower to upper traces. All of the concentrations described are after mix-
ing. B, a plot of the observed rate constants (kn) for the H2O2 elimination from
C4a-hydroperoxyflavin is shown; the second phase with a decrease in absor-
bance at 395 nm in A versus the atom fractions of D/H (n) shows a linear
relationship. The observed rate constants (kn) according to the low to high
values of D/H (n) are 17.1 � 0.09 s�1, 14.0 � 0.17 s�1, 11.2 � 0.23 s�1, 8.21 �
0.04 s�1, and 6.12 � 0.04 s�1, respectively. The data are consistent with a
model involving one proton-in-flight during the transition state. A vertical line
at each data point indicates the S.D. of the measurement.
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H2O mixtures, each showed biphasic kinetics; the first phase
corresponded to the formation of the C4a-hydroperoxyflavin
intermediate, and the second phase corresponded to the H2O2
elimination from the C4a-hydroperoxyflavin, which was simi-
lar to the results in Fig. 2 and Table 1. For example, the reaction
with n � 0.74 (the second kinetic trace from the top, Fig. 5A)
showed that the first phase (0.002–0.04 s) was the intermediate
formation with an observed rate constant of 70 s�1, and the
second phase (0.04–0.5 s) was theH2O2 elimination fromC4a-
hydroperoxyflavin with an observed rate constant of 8.2 s�1. A
slow third phase (�2.4 s�1), which accounted for �10% of the
total absorbance change at 458 and 395 nm, was observed in
the reaction with n � 0.25. This phase was a small decrease in
the absorbance at 395 nm and a small increase in the absor-
bance at 458 nm. The origin of this slow phase is unknown,
though it might be due to the slow equilibration of the newly
generated oxidized enzyme, which resulted from the H2O2
elimination, with the outside solvent of a D2O/H2O mixture.
Although this small additional kinetic phase may suggest some
hidden complexity of the reaction in the D2O/H2O mixture, it
did not affect the rate constants of the preceding two major
phases used for the evaluation of SKIE and does not disagree
with the kinetic model in Fig. 3.
The observed rate constants of the second phase (kobs2) were

used for proton inventory analysis to identify the number of
protons associated with the elimination of H2O2 from C4a-
hydroperoxyflavin. Plotting the kobs2 versus the atom fraction of
D (n) (Fig. 5B) reveals a linear relationship, suggesting that only
a single proton site contributes to the SKIE on k2. Therefore, the
plot was analyzed according to Equation 4, a simplified form of
Equation 3 in which only one proton bridge is involved during
the transition state.

kn � k0�1 � n � n�T� (Eq. 4)

The analysis yielded a fractionation factor�T of 0.34� 0.02 and
an SKIE (D2Okobs2) of 2.9. Because the rate constant for the
H2O2 elimination in H2O is dependent on the oxygen concen-
tration (12), the proton inventory was also performed at a lower
oxygen concentration (0.61 mM after mixing) to verify whether
the same result is observed at lower oxygen concentrations. The
results obtained using an oxygen concentration of 0.61 mM

(�T � 0.32� 0.03 and SKIE (D2Okobs2)� 3.1) were quite similar
to those observed using 0.96mM oxygen. These results confirm
that both the fractionation factor and SKIE are independent of
the oxygen concentration and are derived from intrinsic prop-
erties associated with H2O2 elimination from C4a-hydroper-
oxyflavin. Although the plot in Fig. 5B is linear and fits with a
one-proton transfer model, another independent piece of evi-
dence was sought to confirm this conclusion. Therefore, exper-
iments (presented in Figs. 6 and 7) were carried out to identify
the nature and the identity of the proton involved with the
H2O2 elimination process.
Nature of Proton Site Causing SKIE—The results from the

previous section suggest that only one proton site is likely to
be responsible for the SKIE on the H2O2 elimination step. The
experiments in this section were carried out to determine
whether the proton-in-flight can be rapidly exchanged with the

outside solvent. A reduced enzyme solution (�26 �M in H2O)
was mixed with 100 mM sodium phosphate buffer (in either
D2OorH2O) equilibratedwith an oxygen concentration of 0.96
mM (after mixing). The reactions were monitored at 395 nm to
detect the formation and decay of the intermediate. The dotted-
line trace (Fig. 6) represents the reaction of reduced enzyme
prepared in H2O buffer that was mixed with the oxygenated
D2O buffer. This kinetic trace is similar to that of the control
reaction, which was mixed with the oxygenated H2O buffer
(solid trace in Fig. 6). For a reference, the trace of the reaction
carried out in D2O (from Fig. 2B) is shown as the open circle
trace (Fig. 6). These results indicate that the reaction kinetics
are primarily dependent on the buffer in which the enzyme was
prepared, not the buffer added during the stopped-flowmixing.
These data also suggest that the exchange rate of the proton-in-
flight takes longer than the period monitored in the stopped-
flow experiment (�1 s).

In another experiment, the exchange rate of the proton
responsible for the SKIE on the H2O2 elimination step was
investigated using double-mixing spectrophotometry. A solu-
tion of the reduced enzyme (78 �M before mixing) in 100 mM

sodium phosphate in D2O, pD � 7.0, was mixed with the same
buffer in H2O under anaerobic conditions during the first mix-
ing step of the double-mixing stopped-flow experiments. The
second mixing step added an aerobic buffer (100 mM sodium
phosphate, pH 7.0 equilibrated with 0.96 mM O2) to the solu-
tion resulting from the first mixing step. The effects of various
age times between the first and second mixings (0.01 s, 0.1, 1,
100, 200, and 300 s) were also examined. A longer age time
should allow the exchange process to bemore complete, that is,
more of the deuterium in the reduced P2O should be replaced
by protium. Reactions were monitored at 395 nm to measure
the kinetics of C4a-hydroperoxyflavin formation and H2O2
elimination, and at 458 nm to detect flavin oxidation. The

FIGURE 6. The nature of a proton site causing the solvent kinetic isotope
effect. The dotted-line trace was obtained from mixing reduced enzyme (22
�M), which was prepared in H2O buffer (100 mM sodium phosphate pH 7.0),
with 0.96 mM oxygen in D2O buffer (100 mM sodium phosphate, pD 7.0). All of
the concentrations described are after mixing. The solid line trace is from mix-
ing reduced enzyme (22 �M), which was prepared in H2O buffer (100 mM

sodium phosphate, pH 7.0), with 0.96 mM oxygen in H2O buffer (100 mM

sodium phosphate, pH 7.0). The reaction was monitored as the absorbance
change at 395 nm in a stopped-flow spectrophotometer at 4 °C. The results
show that the kinetics of the H2O2 elimination (the second phase) of both
traces are similar and only dependent on the solution in which P2O was pre-
pared and independent of the buffer in the substrate syringe. For a reference,
the kinetic trace of the reaction of the reduced enzyme, which was prepared
in D2O buffer, mixed with oxygen (0.96 mM) in D2O buffer (data from Fig. 2) is
shown as the open circle trace. The open circle trace was multiplied by a factor
of 0.85 to bring the absorbance signal to a similar range as the other traces.
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observed rate constants for the H2O2 elimination from C4a-
hydroperoxyflavin at 0.96mMO2 aftermixing (�6.1 s�1 inD2O
versus�17 s�1 inH2O, Fig. 4)were used to indicatewhether the

proton-in-flight causing the SKIE was exchangeable within the
age times examined. The results indicated that the rate con-
stant for the H2O2 elimination did not exceed 6.1 s�1 (data not
shown) for any time point examined. This result suggests that
the t1⁄2 of the exchange rate was 300 s or the rate constant of
the exchange was equivalent to or�2.3� 10�3 s�1. These data
also indicate that the exchange of the dissociable proton caus-
ing the SKIE on theH2O2 elimination stepwas negligiblewithin
a period of 300 s.
Origin of Proton-in-flight Causing SKIE on H2O2 Elimination

from C4a-hydroperoxyflavin—To identify the location of the
proton-in-flight that controls the process of H2O2 elimination
from C4a-hydroperoxyflavin, a reduced enzyme in H2O buffer
that was specifically labeledwith deuterium at the flavinN5was
prepared using two stopped-flowmixingmethods and tested to
determine whether the labeled enzyme generated a similar KIE
as the reaction in D2O (Fig. 2). The first method used double-
mixing stopped-flow spectrophotometry. A solution of oxi-
dized P2O inH2Obuffer (78�Mbeforemixing) wasmixedwith
an equal volume of a solution of 100 �M 2-d-D-glucose in H2O
buffer (before mixing) under anaerobic conditions in the first
mixing of the double-mixing stopped-flow experiment to pro-
duce a reduced enzyme specifically labeled with deuterium at
the flavin N5 by a hydride transfer from 2-d-D-glucose (13, 14).
This mixing process was continued for 80 s to allow for com-
plete flavin reduction by 2-d-D-glucose prior to the secondmix-
ing with an aerobic buffer (a final oxygen concentration of 0.96
mM). This experiment allowed theN5-D-reduced flavin to react
with oxygen. All buffers employed in this experiment were pre-
pared in H2O (100 mM sodium phosphate buffer, pH 7.0).
Therefore, under these conditions, any kinetic isotope effect
detected should be due to the N5-D of the reduced P2O.
Kinetic traces detected at 395 nm showed that the kinetic

isotope effect resulting from the N5-D of the reduced P2O
(filled circle trace, Fig. 7A) was similar to the effect detected
when the reactionwas carried out in all D2O buffers at the same
oxygen concentration (0.96 mM, Fig. 2A) because both traces
yielded a similar kobs2 for the H2O2 elimination step. C4a-hy-
droperoxyflavin resulting from the reaction of reduced P2O
labeled with N5-D in H2O buffer eliminated H2O2 at a rate
constant of 7.6 s�1 (t1⁄2 � 0.09 s) (filled circle trace in Fig. 7A),
which is similar to the rate constant of 6.08 s�1 (t1⁄2 � 0.11 s)
observed for the reaction inD2Obuffer (data in Figs. 2 and 4). A
control experiment in which the oxidized enzyme was reduced
by a solution of 100 �M D-glucose (before mixing) using the
same double-mixing stopped-flow spectrophotometry setup
resulted in an observed rate constant of 19 s�1 (solid line trace
in Fig. 7A), which is similar to the rate constant observed using
H2O buffer (17.1 � 0.09 s�1, data from Fig. 4 were overlaid for
a reference as the dotted line). The slight difference between the
observed rate constant of 7.6 s�1 for the H2O2 elimination of
N5-D C4a-hydroperoxyflavin (filled circle trace in Fig. 7A) ver-
sus the value of 6.08� 0.05 s�1 observed when the reaction was
pre-equilibrated and carried out in all D2O buffers may be due
to the small loss of N5-D caused by an exchange with the out-
side H2O buffer. The results in Fig. 7A clearly suggest that the
bond breakage of N5-D during the transition state gives rise to
the observed KIE of 2.5 (19 s�1/7.6 s�1) and that this step

FIGURE 7. The kinetic isotope effects of the reduced enzyme specifically
labeled with deuterium at the flavin N5 position in H2O buffer. A, oxida-
tion of the reduced enzyme labeled with N5-D was investigated using dou-
ble-mixing stopped-flow spectrophotometry. During the first mixing, a solu-
tion of the oxidized enzyme (78 �M before mixing) was mixed with an equal
volume of 100 �M 2-d-D-glucose (before mixing) in H2O buffer under anaero-
bic conditions. The mixture was continued for 80 s after the first mixing,
before the reduced enzyme was mixed with 100 mM sodium phosphate
buffer containing 0.96 mM oxygen (final concentration) (filled circle line). Only
H2O buffers were employed in this experiment. The reaction was monitored
at 395 nm to determine the rate constant for the H2O2 elimination from C4a-
hydroperoxyflavin. The control experiment, where a solution of 100 �M D-glu-
cose was used instead of 100 �M 2-d-D-glucose, was carried out in a similar
fashion and is shown as a solid line trace. The results show that the kinetics of
the trace with filled circles (N5-D reduced flavin) was similar to that of the
reduced enzyme in D2O buffer reacting with 0.96 mM oxygen in D2O buffer
(data in Fig. 2), whereas the kinetics of the double-mixing reaction employing
D-glucose (solid line) was similar to the reaction carried out in H2O buffer
(dotted line trace, data from Fig. 2). The dotted line trace was multiplied by a
factor of 0.7 and offset by � 0.005 absorbance units to bring the absorbance
signal to a similar range as the traces from the double-mixing experiment.
B, oxidation of the reduced enzyme labeled with N5-D was carried out using a
single-mixing stopped-flow spectrophotometer. Equal volumes of solutions
of the oxidized enzyme 88 �M in H2O buffer (before mixing) in syringe A and
100 �M 2-d-D-glucose in H2O buffer (before mixing) in syringe B were manu-
ally pushed and mixed in syringe D under anaerobic conditions. The reaction
in syringe D was allowed to proceed for 80 –100 s to obtain the completely
reduced P2O labeled with N5-D before the single-mixing stopped-flow
experiment took place by mixing syringe D solution with an aerobic buffer in
syringe C. The final reaction contained 22 �M of the reduced enzyme specifi-
cally labeled with N5-D and 0.96 mM oxygen in 100 mM sodium phosphate in
H2O, pH 7.0 (open circle trace). The open circle trace is similar to the kinetic trace
from the reduced enzyme in D2O buffer reacting with 0.96 mM oxygen in D2O
buffer (Fig. 2). For a reference, the trace from Fig. 2B was multiplied by a factor
of 0.66, offset by � 0.044 absorbance units and is shown as a dotted line. The
solid line trace was obtained from the control reaction, in which a solution of
100 �M D-glucose was used instead of 100 �M 2-d-D-glucose, and the reaction
was carried out in a similar fashion to that for the open circle trace. The results
of the single-mixing stopped-flow in Fig. 7B are similar to the results of the
double-mixing stopped-flow experiment in Fig. 7A. The data in this figure
indicate that the solvent kinetic isotope effect on the H2O2 elimination from
C4a-hydroperoxyflavin is mainly contributed by the N5-H bond breaking.
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is the rate-limiting factor for the H2O2 elimination from
C4a-hydroperoxyflavin.
In another experiment, the KIE resulting from the N5-D of

the reduced P2O was measured using the stopped-flow single-
mixing mode. We used the internal flow paths of the stopped-
flowmachine to generate theN5-D-labeled reduced P2Ounder
anaerobic conditions. A solution of oxidized P2O (88 �M,
before mixing) in H2O buffer was loaded into syringe A of the
stopped-flow machine (TgK Scientific) and then was mixed
with an equal volume of a solution of 100 �M 2-d-D-glucose in
H2O buffer, which was loaded into syringe B. Both solutions
were manually mixed under anaerobic conditions by pushing
the solutions of syringes A and B into syringe D to produce the
reduced P2O specifically labeled with deuterium at the flavin
N5 (13, 14). This process was allowed to proceed for 80–100 s
to achieve complete reduction before the solution in syringe D
was mixed with aerobic buffer in syringe C using the single-
mixing mode of the stopped-flow machine and monitored at
395 and 458 nm. After mixing and under the stopped-flow
measurement, the reaction contained 22 �M of the reduced
P2O labeled with N5-D and 0.96 mM O2 in 100 mM sodium
phosphate buffer, pH 7.0. The kinetics of the reaction is shown
as the open circle trace in Fig. 7B, which indicates a rate con-
stant for H2O2 elimination from the intermediate of 7.2 s�1.
The kinetic trace of the reduced P2O that was prepared by
reduction with 2-d-D-glucose in H2O buffer (open circle trace)
is similar to the reaction in D2O buffer (Fig. 2, overlaid dotted
line trace in Fig. 7B). When the control reaction for which the
same mixing setup was carried out as in the open circle trace in
Fig. 7B, but with D-glucose as a reductant, the observed rate
constant of the H2O2 elimination was 17.1 s�1 (solid line in Fig.
7B). The results in Fig. 7B indicate that the reduced P2O labeled
with N5-D shows a KIE of 2.4 (17.1 s�1/7.2 s�1) for the H2O2
elimination step, which is similar to the observed KIE of 2.5
from the result in Fig. 7A. The two different mixing setup
experiments confirm that the reaction of reduced P2O specifi-
cally labeled at N5-Dwith oxygen in H2O buffer gives rise to an
observedKIE that is similar to the observed SKIE of the reduced
P2O pre-equilibrated in D2O buffer reacting with 0.96mM oxy-
gen (SKIE of 2.8 from 17.1 s�1/6.08 s�1 (data from Fig. 4)).
These results suggest that the observed SKIE is mainly a result
of the flavin N5-H(D) breakage and that this step mainly con-
trols the H2O2 elimination from C4a-hydroperoxyflavin.

DISCUSSION

This work has provided the first evidence of SKIE on H2O2
elimination fromC4a-hydroperoxyflavin. The results indicated
that for P2O from T. multicolor, an SKIE (D2Ok2) of 2.8 � 0.2
was found for theH2O2 elimination step and that theN5proton
of reduced flavin is the proton-in-flight that causes this SKIE.
Another group has examined SKIE using bacterial luciferase
reactions but did not detect SKIE for the formation anddecay of
C4a-hydroperoxyflavin mononucleotide (36).
Our results (Figs. 2 and 4 and Table 1) show that D2O had a

negligible effect on the bimolecular rate constant for C4a-hy-
droperoxyflavin formation (k1 in Fig. 3) and the intermediate
decay (k�1). The currently acceptedmechanism of the reaction
between reduced flavin and oxygen (Fig. 1) predicts that the

first step of the reaction involves a one-electron transfer to form
a radical pair of flavin semiquinone and superoxide radical,
which rapidly collapses to form C4a-hydroperoxyflavin (1, 2,
15–18). Although anet transfer of one proton is required for the
formation of C4a-hydroperoxyflavin (path 1 in Fig. 1), our
results do not identify any solvent kinetic isotope effect on this
step. These data indicate that the protonation process to form
C4a-hydroperoxyflavin is rapid and is not the rate-limiting step
in the formation of the intermediate. We propose that the res-
idue His548, which is located near the flavin ring, may donate a
proton for this rapid protonation (29, 30). Because this residue
is proposed to be a catalytic base that deprotonates a proton
from D-glucose C2-OH during the reductive half-reaction (13),
it may be possible for the resulting protonated His548 to donate
a proton for the C4a-hydroperoxyflavin formation during the
oxidative half-reaction.
The proton inventory analysis revealed that the plot of the

rate constants for H2O2 elimination fromC4a-hydroperoxyfla-
vin at various D2O fractions (kn) versus n is linear (Fig. 5B),
suggesting that a one-proton transfer process is a major factor
controlling the rate of this step (35). This result suggests that
only one proton-in-flight was involved during the transition
state. The proton inventory analysis also yielded an SKIE of �
2.9 � 0.2 and a fractionation factor for the transition state (�T)
of 0.34 � 0.02 (Fig. 5B), implying that deuterium binds to the
exchangeable site less tightly than it binds average bulk water
molecules (34). A value of �T in the range of 0.3–0.6 is typically
found with proton transfers among oxygen, nitrogen, or sulfur
atoms (34, 35, 37, 38). Our results in Fig. 7 have confirmed that
a single proton bridge contributes to the SKIE.
The results in Figs. 5–7 clearly show that the proton bridge

responsible for the SKIE in the H2O2 elimination step is the
flavin N5 proton and that the environment surrounding this
site is rather enclosed. The first mixing in the stopped-flow
experiments (Fig. 7) specifically labeled the flavin N5 position
with deuterium by transferring a hydride equivalent from 2-d-
D-glucose. Although these experiments were performed in an
H2Omedium, the kinetics of the reaction were similar to those
observed in aD2Omedium, inwhich the enzymewas pre-equil-
ibrated �18 h in the D2O buffer (Fig. 2). The observed KIE of
theH2O2 elimination step (at 0.96mMO2) for theN5-D-labeled
flavin performed in the H2O buffer was 2.5 (19 s�1/7.6 s�1)
from the experiment shown in Fig. 7A that used a double-mix-
ing stopped-flow set up to generate the N5-D-labeled flavin,
and 2.4 (17.1 s�1/7.2 s�1) from the experiment that manually
mixed the oxidized enzyme with 2-d-glucose and used the sin-
gle-mixing mode of the stopped-flow machine to follow the
reaction (Fig. 7B); these results were similar to an observed
SKIE of 2.8 (17.1 s�1/6.08 s�1) (data in Fig. 4) for the reaction
performed inD2O at 0.96mMO2. Therefore, the bond breaking
of the flavin N5-H is the key step controlling the overall pro-
cess of H2O2 elimination from C4a-hydroperoxyflavin. The
exchange rate between deuterium and protium at the flavin N5
site was shown to be quite slow by the fact that the deuteriumof
theN5-D-labeled flavin remained intact inH2Omediumbefore
the second stopped-flow mixing (�80–100 s, Fig. 7). Based
on the stopped-flow double-mixing experiment with different
buffers, the exchange rate constant at the flavinN5positionwas
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estimated to be �2.3 � 10�3 s�1 (data not shown). Previous
work has shown that the exchange rate constant of the N5 pro-
ton of free reduced flavin mononucleotide at pH � 7 is �242
s�1, which is equivalent to a t1/2 of � 0.0029 s at 25 °C (39).
These results indicate that the active site environment sur-
rounding theN5 proton in P2Omust be enclosed to impede the
exchange rate with the outside solvent. During the oxidative
half-reaction of P2O, the substrate loop is thought to be in a
closed conformation, which is thought to increase the hydro-
phobicity of the active site environment (12, 29, 30, 32).
Based on the current data, the reaction mechanism underly-

ing the H2O2 elimination from C4a-hydroperoxyflavin is pro-
posed to involve an intramolecular H-bridge that facilitates the
H2O2 elimination (as shown in Fig. 8). The data reported here
clearly show that theN5 proton is responsible for SKIE, and it is
the proton-in-flight during the transition state. The mecha-
nism of H2O2 elimination fromC4a-hydroperoxyflavin is likely
to involve a single proton bridge transfer from the flavin N5
position to a peroxide leaving group (Fig. 8). Although an x-ray
structure of the C4a-hydroperoxyflavin transient intermediate
of P2O is not available, a potential configuration at the C4a
position of the intermediate can be postulated based on the
structure of the C4a-flavin oxygen adduct of choline oxidase, a
flavoprotein oxidase in the same superfamily (glucose-metha-
nol-choline oxidoreductases) as P2O (40). According to the
choline oxidase adduct structure, the C4a carbon of the flavin
adduct assumes an sp3 configuration, similar to that which
would be expected if the flavin adduct were a free compound
(40). Based on this information, a three-dimensional represen-
tation of C4a-hydroperoxyflavin was generated using Chem-
Draw three-dimensional Pro to approximate the distance
between the flavin N5 proton and the proximal oxygen atom of
the intermediate. Because the configuration of the proximal
oxygen is fixed in the structure of C4a-hydroperoxyflavin,
measurements based on this theoretical structure estimate that
the distance between the flavin N5 proton and the proximal
oxygen is �2.2 Å (data not shown). This distance is too far to
allow the flavin N5 proton and proximal oxygen to engage in
direct H-bonding interactions to facilitate a one-step proton
transfer. Therefore, we propose that the flavin N5-H may ini-
tially form an H-bond with the distal oxygen (Fig. 8). When the
reaction proceeds, the bond between the flavin C4a and the
proximal oxygen becomes more extended because the flavin
ring becomes more planar when the flavin N5 and C4a assume
their new hybridization and the iminium double bond starts to
form. This should decrease the distance between the flavin
N5-H and the proximal oxygen and permit the H-bond inter-

actions (Fig. 8) that facilitate the protonation of the proximal
oxygen to generate a stable H2O2 leaving group (Fig. 8).

The intramolecular H-bridge facilitating the H2O2 elimina-
tion mechanism proposed in Fig. 8 is also supported by our
previous results showing that mutations of Thr169 (a residue
with its side chain [O�] close enough to interact with the flavin
N5) to Ser, Ala, or Gly, abolish the formation of the C4a-hy-
droperoxyflavin intermediate (Fig. 9A) (31). For the wild-type
enzyme, the H-bond interaction between the flavin N5 and the
O� of the Thr169 side chain may divert the interaction of the
intramolecular H-bridge that facilitates H2O2 elimination (Fig.
9B). In Thr169 mutants, the optimum H-bonding interaction
between the O� of Thr169 and the flavin N5 is removed, result-
ing in an environment with lower dielectric constants, which
promotes the intra-molecular H-bridge formation and thus
facilitates H2O2 elimination. Therefore, the abolishment of
C4a-hydroperoxyflavin that is observed in Thr169 mutants may
be due to an increased decay of the intermediate (31), that is, an
increased rate constant of H2O2 elimination. The model in Fig.
8 is also supported by the recent investigation of a flavin-con-
taining monooxygenase showing that an N78S mutant, in
which the site near the C4a/N5 locus is widened and in which
the H-bonding interaction between the flavin N5 and NADP�

is altered, voids its ability to form a C4a-hydroperoxyflavin
intermediate (41).
The intramolecular H-bridge proton transfer proposed in

Fig. 8 would be supported if the pKa values of the flavin N5-H
and the peroxide leaving groupwere in the same range. The pKa
of H2O2 is known to be�11.8 (42), whereas a hydroperoxide of
a free flavin derivative is�9.2 (16).When bound to the enzyme,
the pKa of flavin-C4a-hydroperoxide may be significantly var-
ied. Indeed, it has been reported to be 8.4 for the reaction of
cyclohexanone monooxygenase (43) or 10.0 for the oxyge-

FIGURE 8. The proposed reaction mechanism for the H2O2 elimination from C4a-hydroperoxyflavin. Dotted lines represent hydrogen bonds that may
form between the flavin N5 proton and the distal and proximal oxygen during the transition state.

FIGURE 9. The P2O active site structure. A, the active site of P2O in the closed
conformation indicates that the O� of Thr169 can make an H-bond interaction
with the flavin N5 (29, 30). B, this H-bonding interaction in the wild-type
enzyme may divert the intramolecular H-bridge proton transfer, which assists
in the H2O2 elimination from C4a-hydroperoxyflavin. Therefore, C4a-hy-
droperoxyflavin is observed in the wild-type enzyme but not in the Thr169

variants (31).
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nase component of p-hydroxyphenylacetate 3-hydroxylase
(44). The pKa of the N5-H of C4a-hydroperoxyflavin has not
been measured experimentally but has been estimated to be
�17 (45). According to NMR studies, the pKa of the N5-H in
free reduced flavin mononucleotide is high (�20) (42) because
it is the second deprotonation of the flavin ring. Merenyi et al.
(45) argued that the pKa of the flavin N5-H in the presence of a
C4a-hydroperoxy substituent would likely be decreased to
below �17 because the flavin ring is neutral. In addition, the
change of nitrogen hybridization from the amine (pKa � 17) in
the C4a-hydroperoxyflavin (a reactant) to the imine with sp2
hybridization in the oxidized flavin (a product) should help
lower the pKa of the flavin N5-H to significantly �17. The pKa
of C4a�N5-H in the oxidized flavin was estimated to be about
�8.3 (16). Recently, we have shown that the pKa associated
with the H2O2 elimination from C4a-hydroperoxyflavin in the
reaction of the oxygenase component of p-hydroxyphenylac-
etate hydroxylase is9.4 (44). Taken together, our data suggest
that the pKa values of the flavin N5-H and the C4a-flavin
hydroperoxidemay not differ significantly andmay permit pro-
ton transfer via an intra-molecular H-bridge as proposed in
Fig. 8.
In conclusion, our results clearly show for the first time that

the H2O2 elimination from C4a-hydroperoxyflavin in a flavo-
protein oxidase reaction is controlled by a proton transfer from
the flavin N5 to the peroxide leaving group. Our data indicate
that themechanismmight involve the formation of an intramo-
lecular H-bridge that facilitates the H2O2 elimination process.
The findings in this report also provide a framework to explain
the mechanism that might be involved in the elimination of
H2O2 from the C4a-hydroperoxyflavin in other flavin-depen-
dent oxidases and monooxygenases.
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