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ABSTRACT: This work describes for the first time the identification of a reaction intermediate, C4a-
hydroperoxyflavin, during the oxidative half-reaction of a flavoprotein oxidase, pyranose 2-oxidase (P20)
from Trametes multicolor, by using rapid kinetics. The reduced P20 reacted with oxygen with a forward
rate constant of 5.8 x 10* M~! s7! and a reverse rate constant of 2 s™!, resulting in the formation of a
C4a-hydroperoxyflavin intermediate which decayed with a rate constant of 18 s~!. The absorption spectrum
of the intermediate resembled the spectra of flavin-dependent monooxygenases. A hydrophobic cavity
formed at the re side of the flavin ring in the closed state structure of P20 may help in stabilizing the

intermediate.

Flavin-dependent oxidases contain flavin adenine dinucle-
otide (FAD)' or flavin mononucleotide (FMN) as a cofactor
for the oxidation of a wide variety of substrates, including
amino acids, carbohydrates, amines, fatty acids, alcohols, and
others (/-3). The overall reaction can be divided into a
reductive and an oxidative half-reaction. In the reductive half-
reaction, the flavin cofactor is reduced concomitantly with
the oxidation of an electron donor substrate. In the following
oxidative half-reaction, the cofactor is reoxidized concur-
rently with the reduction of molecular oxygen, which is
converted to H,O,. This latter half-reaction involves the
chemistry of reduced flavin and dioxygen, one of the most
fascinating and complex subjects in enzymology that has
been investigated extensively over the past few decades (4-7).

The first step of the reaction of reduced flavin and oxygen
is believed to involve a one-electron transfer from the
reduced flavin to dioxygen to form a radical pair of a neutral
flavin semiquinone and a superoxide, FIH +O,'~ (Figure 1,
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FIGURE 1: Reaction of reduced flavin and oxygen in flavoprotein
monooxygenases (path A) and oxidases (path B).
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step 1) (2, 4, 5). In the flavin-dependent monooxygenase
reaction, the radical pair collapses into a flavin C4a-peroxide,
which is then protonated to yield a C4a-hydroperoxyflavin
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intermediate that is able to eliminate H,O, rapidly in the
absence of monooxygenating targets (Figure 1, path A).
Stopped-flow studies have shown that the C4a-hydroper-
oxyflavin or C4a-peroxyflavin is a common intermediate in
the reactions of flavin-dependent monooxygenases. The C4a-
hydroperoxyflavin usually acts as an electrophile, while the
C4a-peroxyflavin performs a nucleophilic attack in the
monooxygenation reaction (1, 5, 8). Only in the C42S mutant
of NADH oxidase, a member of the glutathione reductase
class of pyridine nucleotide-dependent flavoprotein disulfide
reductases, was the C4a-hydroperoxyflavin intermediate
found outside the reaction of flavin-dependent monooxyge-
nase (9). For flavin-dependent oxidases described above,
however, attempts to detect intermediates in the oxidative
half-reaction have failed, thus rendering the detailed reaction
pathway subsequent to the formation of the radical pair an
unanswered question and a matter of debate (I, 2, 10).

The formation of a C4a-hydroperoxyflavin intermediate
has been considered a possible pathway for flavoprotein
oxidases since the intermediate can eliminate H,O, (Figure
1, path A). In the case of glucose oxidase (GO) from
Aspergillus niger, the generation of a flavin semiquinone—
superoxide radical pair using pulse radiolysis suggested the
presence of a putative C4a-hydroperoxyflavin intermediate
(11). However, the observed intermediate decayed to the
oxidized enzyme at a rate of 350 s™!, a rate which should
make it possible to detect the intermediate by stopped-flow
techniques. The failure to do so implies either that the rate
of decay of the natural C4a-hydroperoxy-flavin is consider-
ably more rapid than that of the intermediate generated by
radiolysis or that the observed intermediate is an experimental
artifact and not part of the authentic reaction mechanism (7).

Alternatively, after the flavin semiquinone—superoxide
radical pair is formed, a second, direct one-electron transfer
can take place, giving the same product outcome as in path
A but without formation of a flavin intermediate (Figure 1,
path B). Since there is no need for the flavin to perform
nucleophilic or electrophilic attack as in the case of flavin-
dependent monooxygenases, the stabilization of C4a-hydro-
peroxyflavin in flavoprotein oxidases is not a functional
requirement. The architecture of the active sites in several
flavoprotein oxidases would support the direct formation of
H,0, since the formation of C4a-hydroperoxyflavin is
disfavored due to spatial constraints (2, 12, 13). However,
the generality of this hypothesis is contradicted by the
recently determined crystal structure of Arthrobacter globi-
formis choline oxidase (ChO) with a flavin C4a-adduct of
unknown identity (PDB entry 2JBV) (/4), showing that a
flavin C4a-adduct can indeed be accommodated chemically,
structurally, and spatially through a major conformational
change in the flavin pyrimidine ring as a result of sp?
hybridization at the C4a position. Therefore, the existence
of a C4a-hydroperoxyflavin along the reaction coordinate of
flavoprotein oxidases remains an open question.

Pyranose 2-oxidase (P20, pyranose:oxygen 2-oxidoreduc-
tase, glucose 2-oxidase, EC 1.1.3.10) from Trametes multi-
color is a 270 kDa homotetrameric flavoprotein oxidase, in
which each subunit carries an 8a-(N3)-histidyl-linked FAD
molecule, i.e., covalent attachment of the FAD C8 M atom
to His167 N#2 (15). The enzyme catalyzes the oxidation of
D-glucose and other aldopyranoses at the C2 position,
yielding 2-ketoaldose and H,O, as products (/6). It has
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previously been suggested that the closed, acetate-bound,
state of P20 (/7) provides a solvent-shielded environment
for oxygen reactions and is a structural mimic for the active
site during the oxidative half-reaction, whereas the complex
of P20 with 2-fluoro-2-deoxy-D-glucose (2FG) (18) is
compatible with only the active site during the reductive half-
reaction.

Using transient-kinetics studies of P20, we present here
the first unambiguous direct evidence of a C4a-hydroper-
oxyflavin intermediate in the oxidative half-reaction of a
flavoprotein oxidase. In the closed state of P20, an elongated,
mainly hydrophobic cavity was located at the re side of the
flavin ring and may account for stabilization of the inter-
mediate. This finding implies that P20 may represent a
missing link in enzyme evolution and that monooxygenases
capable of performing sophisticated oxygenation chemistry
might have evolved from rather simpler oxidases.

EXPERIMENTAL PROCEDURES

Determination of P20 Molar Absorptivity. A solution of
wild-type P20 was added to 6 M guanidinium hydrochloride
(pH 7.0) to denature the enzyme (/9). The flavin concentra-
tion of the denatured enzyme solution was calculated on the
basis of the solution absorbance at 450 nm using an &4509 of
11.3 x 10> M~ cm™!, the known value for free FAD (/9).
The molar absorptivity of wild-type P20 at 458 nm (&4s3)
was calculated, on the basis of the flavin content, to be 11.3
x 10° M~! cm™!, and this value was used throughout for
preparation of P20 solutions.

Rapid-Kinetics Experiments. Unless otherwise specified,
reactions were carried out in 50 mM sodium phosphate buffer
(pH 7.0) at 4 °C. Rapid-kinetics measurements were per-
formed using a stopped-flow spectrophotometer (Hi-Tech
Scientific model SF-62DX) in single-mixing mode with an
optical path length of the observation cell of 1 cm. The
stopped-flow apparatus was made anaerobic by flushing the
flow system with an anaerobic buffer solution containing
protocatechuate/protochatechuate dioxygenase as described
previously (20). The reduced enzyme was prepared in a glass
tonometer and was stoichiometrically reduced with a solution
of 10 mM D-glucose in 50 mM sodium phosphate buffer
(pH 7.0) delivered from a syringe attached to the tonometer.
The reduced enzyme solution was loaded onto the stopped-
flow machine, and the reaction was monitored at various
wavelengths. Apparent rate constants (k.,p) from kinetic
traces were calculated from exponential fits using KinetAsyst3
(Hi-Tech Scientific, Salisbury, U.K.) or Program A (devel-
oped by R. Chang, C-J. Chiu, J. Dinverno, and D. P. Ballou,
The University of Michigan, Ann Arbor, MI). Determinations
of rate constants by a graphical method were performed on
the basis of plots of k., versus oxygen concentration using
a Marquardt—Levenberg nonlinear fit algorithm implemented
in KaleidaGraph (Synergy Software, Reading, PA). Simula-
tions were performed by numerical methods using the
Runge—Kautta algorithm implemented in Berkeley Madonna
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8.3 with a time step of 1073 s. A model of a two-step
reversible reaction provided in the program was used.

Analysis of Kinetic Parameters. The sum and product of
the two apparent rate constants of a two-step model can be
described by eqs 1 and 2 (21, 22).

koy keg
A=B=D
koy kea

Kyppr T kyppo =k +k_y +ky +k_, )
Kypp1Kappn = Ky (ky ko) +k_1k_, 2)

Specify
Kopp1 T kdpp2 A)
kﬂppldePZ )

Substitute kypp1 = A — kapp2 into eq 4 to obtain

2 —
~Kypps” + KyppA — B=0
L _AxW"—4p _A A [ B
app?2 2 2752 a2
1-— 4B l—ﬁwhenA>B
A A

Therefore, kypp» = A — B/A or B/A and kypp1 = A — B/A or
B/A
Since kappi > kapp2

koot =A = B/A; kypyy =k +k_ +ky+k_,—
keky + kk_y +k_k_y
hAk thtk, O
Kk + ke k_y + k_k_y
Kapr =B/ A hapen = 0 Tk ©)

In the P20 reaction, the first step is a bimolecular reaction
under a pseudo-first-order condition (Scheme 1); k; is thus
substituted with ki[O,]. Since from simulations k—» = 0, kypp:
and k. of the oxidative half-reaction of P20 can be
described by eqs 7 and 8.

k. =k[O,]+k +k—M )
appt — LA TR TR T O Yk, + &y
k,[0,]k
k, 22# 8)
P2k [0,] +k_, +k
RESULTS

Kinetics of the Oxidative Half-Reaction of P20. A solution
of reduced P20 was mixed with buffers containing various
oxygen concentrations using a stopped-flow spectrophotom-
eter. The reactions were monitored at 458 nm and at various
wavelengths in the 320—400 nm region. Traces at 395 nm
indicate biphasic kinetics with an absorbance increase during
the first phase and a decrease during the second phase (Figure
2A). Apparent rate constants of the first phase are linearly
dependent on oxygen concentration (inset of Figure 2A). The
slope of the plot indicates a bimolecular rate constant of 4.3
+ 0.4) x 10* M~! s~ ! and an intercept value of 18 s~! (inset
of Figure 2A). The decrease in absorbance at 395 nm in the
second phase was concurrent with an increase in absorbance
at 458 nm, indicating that the oxidized enzyme was formed
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FIGURE 2: Reaction of reduced P20 with oxygen. A solution of
the reduced enzyme (23 M) was mixed with buffers containing
various concentrations of oxygen [0.130 (1), 0.31 (2), 0.61 (3), and
0.96 mM (4)]. The reactions were performed in sodium phosphate
buffer (pH 7.0) at 4 °C in a stopped-flow spectrophotometer, and
all concentrations shown are final concentrations after mixing. [The
highest oxygen concentration (1.9 mM before mixing) was achieved
by bubbling the buffer syringe with 100% oxygen gas on ice.] The
absorbances of the reactions were monitored at 395 (A) and 458
nm (B). The results indicate biphasic kinetics with an intermediate
formed during the first phase (absorbance increase at 395 nm) and
decayed during the second phase (absorbance decrease at 395 nm
and increase at 458 nm). The second phase also coincided with the
flavin oxidation, as shown by a large increase in absorbance at 458
nm. The inset in panel A shows a plot of apparent rate constants
(kapp) of the first phase vs oxygen concentration. The inset in panel
B shows a plot of the apparent rate constant (k) of the second
phase vs oxygen concentration. Dotted lines represent simulations
using the model in Scheme 1 and the following parameters: k; =
5.8 x 10* M~! S_I, k—oy =2 S_], k, = 18 S_], €395 of E—Floq =
4100 M~! em™!, €395 of E-FI—OOH = 10300 M~! cm™!, €395 of
E—Fl,, = 5210 M Tem™! g453 of E=Flieg = 1980 M~ ! cm ™!, 458
of E-=FI—OOH = 2000 M U'em™!, and &453 of E—Fly, = 11330
M~ lcm™L

during this phase (Figure 2A,B). Apparent rate constants of
the second phase are hyperbolically dependent on oxygen
concentration (inset of Figure 2B), approaching a value of
21 + 2 s7L Traces of the wavelengths at 320—400 nm
exhibited kinetics similar to the trace at 395 nm (data not
shown). These data are consistent with a model in which
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Table 1: Comparison of Apparent Rate Constants (kypp) Obtained from
Exponential Fits and Simulations

kapp of the kapp of the kapp of the kapp of the
[oxygen] first first second second
(uM) phase’ (s™!)  phase’ (s7!)  phase? (s7!)  phase” (s7!)
130 24.7 22.6 6.0 49
310 30.0 29.5 11.6 8.5
610 45.0 43.6 14.6 114
960 58.0 62.7 16.0 133

“ Apparent rate constants from exponential fits. “ Apparent rate
constants calculated from simulation parameters.

one intermediate with a Anm.x of approximately 330—400 nm
exists during the oxidative half-reaction of P20.

The data were analyzed using kinetic simulations as
described in Experimental Procedures. Simulations of the
data using a model in Scheme 1 and kinetic parameters (k;
=58 x 10* M~ s kg =2s7!, and k, = 18 s7!) agree
well with the experimental data (dashed versus solid lines
in panels A and B of Figure 2). Calculations of apparent
rate constants based on these numbers and the exact solution
of a two-step consecutive reaction model (Experimental
Procedures) were carried out to verify if the calculated and
experimental values agreed. The results show that apparent
rate constants calculated from simulation parameters using
eqs 7 and 8 (Experimental Procedures) are similar to those
obtained from exponential fits (Table 1). This suggests that
kinetic constants of the reaction of reduced P20 with oxygen
should be consistent with the values obtained by the
simulations (Scheme 1). In the model in Scheme 1, the first
step is a bimolecular reaction of the reduced enzyme with
oxygen, resulting in formation of a C4a-hydroperoxyflavin
intermediate which subsequently decays to yield the oxidized
enzyme and H,O,. Using this kinetic model, a majority of
the absorbance signal detected at the end of the first phase
(Figure 2A) should be that of the C4a-hydroperoxyflavin.

Absorbance Characteristics of the Flavin Intermediate.
Reaction of reduced P20 with the highest oxygen concentra-
tion similar to that in Figure 2 was monitored at 5 nm
intervals in the 310—550 nm region using stopped-flow
spectrophotometry. Simulations of the reaction of the reduced
enzyme and oxygen according to the model in Scheme 1
allow for the determination of the concentration of each
species at various stages of the reaction. Therefore, the
absorbance of each flavin species can be calculated using
the stopped-flow data. Using 23 uM reduced enzyme and
960 uM oxygen, the time when the intermediate was
maximally formed (#,,x) was calculated to be 0.0298 s. At
this point, concentrations of E—Fl.y, E—FI—OOH, and
E—Fl, were 4.78, 13.1, and 5.12 uM, respectively. Since
the spectra of E—Fl,.q and E—Fl, are known, the absorbance
of both species according to their concentrations was
subtracted from the absorbance of the stopped-flow data. By
performing this calculation at various wavelengths in the
310—550 nm region, we obtained a spectrum of E—FI—OOH
(13.1 uM) (the lower black-circle line in Figure 3). A factor
of 1.8 was used to multiply this spectrum to increase the
absorbance to be equivalent to 23 uM, resulting in a spectrum
of the intermediate shown as the higher black-circle line in
Figure 3.

The maximum absorbance of the intermediate is observed
at 375 nm with no absorption around 450 nm (Figure 3,
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FIGURE 3: Spectra of flavin species, including the intermediate of
P20. An experiment similar to that in Figure 2 was carried out
with 0.96 mM oxygen after mixing, and the absorbance was
monitored at selected wavelengths between 310 and 550 nm. Data
obtained were used to calculate a spectrum of the intermediate.
The lower black-circle line represents the spectrum of E-F1I-OOH
(13.1 uM) obtained from direct subtraction of the absorbance of
E—Fly and E—Fl;¢q from the stopped-flow data. The spectrum was
multiplied by a factor of 1.8, resulting in the higher black-circle
line which represents a spectrum of the intermediate at 23 uM. A
spectrum of the reduced enzyme (starting species) is shown as the
line with white circles, and that of the fully oxidized enzyme (final
species) is shown as the solid line. As a reference, the spectrum of
a C4a-hydroperoxyflavin intermediate obtained from a flavoprotein
monooxygenase (C,) (24, 25) is shown as the dashed line.

black-circle line), and the spectral characteristics are very
similar to those of flavin C4a-adduct intermediates regularly
encountered in flavoprotein monooxygenases (5, 23). For the
sake of comparison, the spectrum of C4a-hydroperoxyflavin
found in the reaction of the monooxygenase component of
p-hydroxyphenylacetate hydroxylase (C,) from Acinetobacter
baumannii (24, 25) has been superimposed (Figure 3, dashed
line).

DISCUSSION

In this work, we show that C4a-hydroperoxyflavin occurs
as an intermediate during the oxidative half-reaction of P20.
To the best of our knowledge, this is the first report showing
stabilization of a C4a-hydroperoxyflavin under natural
turnover conditions by a flavoprotein oxidase. The reaction
of reduced P20 with oxygen can be described as in Scheme
1, indicating formation and decay of the intermediate. The
spectrum of the C4a-hydroperoxyflavin intermediate reported
here (Figure 3) is very similar to the spectra found in the
oxidative half-reaction of flavoprotein monooxygases such
as aromatic hydroxylases (26—28), cyclohexanone monooxy-
genase (29), and bacterial luciferase (30, 37). In these
enzymes, two types of intermediates, C4a-hydroperoxyflavin
or C4a-hydroxyflavin (the intermediate resulting after the
oxygenation step), are found to have similar spectral
characteristics. Since P20 cannot perform a monooxygen-
ation reaction (/6) and generates only H,O, during the
oxidative half-reaction, the flavin intermediate found in the
P20 reaction must be C4a-hydroperoxyflavin.

Until now, only the reaction of P20 reported in this study
shows spectroscopic evidence of the formation of C4a-
hydroperoxyflavin. The other evidence of the existence of
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FIGURE 4: Cavity surrounding the FAD molecule in the closed
conformation of P20. In the closed state of P20 (17), the active
site is completely closed off from the solvent, creating a cavity at
the re face of the flavin ring which is rather hydrophobic and
provides enough space for accommodation of a peroxide group at
the flavin C4a position or any necessary conformational change of
the flavin ring that may be needed for formation of the intermediate
(C. Divne, personal communication). The gray color represents
empty space surrounding the FAD molecule.

the intermediate in flavoprotein oxidase was the detection
of a flavin C4a-adduct in the crystalline state of ChO (/4).
Although the FAD C8 M atoms in both P20 and ChO are
covalently linked to the proteins via an 8a-(N3)-histidyl
linkage (15, 32), it is unlikely that the stabilization of the
flavin C4a-adduct is due to the covalent attachment. In the
oxidative half-reaction of AldOx, another oxidase carrying
a covalent attachment of the FAD C8 M atom via His, no
flavin C4a-adduct was detected (33).

It should be noted that, although P20 forms the C4a-
hydroperoxyflavin in a manner similar to that of the
monooxygenase reaction, the reaction of P20 differs in the
sense that the apparent rate constant of the step following
formation of the C4a-hydroperoxyflavin is hyperbolically
dependent on oxygen concentration (inset of Figure 2B). This
behavior is caused by the reversibility of the previous step
(Scheme 1, kinetic equations in Experimental Procedures)
and is not commonly found in the reactions of flavoprotein
monooxygenases (/, 5). In monooxygenases, the formation
of the C4a-hydroperoxyflavin is usually irreversible, causing
the ensuing steps to be independent of oxygen concentra-
tion (25-29). In flavoprotein oxidases, the reaction of the
reduced enzyme with oxygen to form the oxidized enzyme
is usually monophasic as in the reaction of A. niger GO, in
which the flavin oxidation occurs at a forward rate of 2.1 x
10° M~ s7! at 0 °C, and without a reverse rate (34). An
exception was found in the reaction of cholesterol oxidase
(CO) from Brevibacterium sterolicum in which the apparent
rate for the flavin oxidation was hyperbolically dependent
on oxygen concentration (35). The result was explained by
a model in which the reduced CO exists in two forms and
only one form reacts with oxygen (35).

Structural Basis of Flavin C4a-Adduct Formation. Only
the open form of P20 can accommodate electron donor
substrates (/8) (e.g., monosaccharides during the reductive
half-reaction), whereas the closed state has a spatially
restricted active site that is fully closed off from the solvent
(17) (Figure 4). The closed form of P20 has been suggested
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to represent a conformational state of the active site relevant
during the oxidative half-reaction (17, 18).

The striking feature of the P20 active site that may
facilitate formation of the C4a-hydroperoxyflavin is an
elongated, mainly hydrophobic, cavity which is formed at
the re side of the isoalloxazine ring upon closure of the
substrate loop (Figure 4). It was mentioned in the studies of
flavin model compounds that stability of the C4a-hydrop-
eroxyflavin was increased in solvents with low dielectric
constants (36). This cavity also provides enough space to
accommodate a peroxide group at the flavin C4a position or
any necessary conformational change of the flavin ring that
may be needed for formation of the intermediate (C. Divne,
personal communication). It has been proposed that one of
the key features for stabilization of the C4a-hydroperoxy-
flavin in flavoprotein monooxygenases is the presence of a
cavity and active site residues with optimal geometry to
stabilize the intermediate as shown in the structure of the
monooxygenase component of p-hydroxyphenylacetate hy-
droxylase (C,) where such a cavity is present (/2). In the
structure of alditol oxidase (AldOx) where the intermediate
is not stabilized, steric hindrance occurred when the C4a-
hydroperoxyflavin was modeled into the active site (/3).

In conclusion, we have shown for the first time the
presence of a C4a-hydroperoxyflavin intermediate during the
oxidative half-reaction of a flavoprotein oxidase. The P20
intermediate may be a common feature of the oxidative half-
reaction of flavoprotein oxidases, but it is conceivable that
only certain enzymes are able to sufficiently stabilize the
intermediate to allow its identification. This finding should
prompt future structural and mechanistic studies of P20 and
homologous enzymes aimed at elucidating the crucial factor
that enables P20 to stabilize the C4a-hydroperoxyflavin
intermediate and what functional advantage P20 has gained
from stabilizing this compound. In addition, issues such as
what structural factors at the enzyme active site direct the
C4a-hydroperoxyflavin to perform nucleophilic/electrophilic
monooxygenation or simple H,O, elimination can be ad-
dressed in future studies.
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