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ABSTRACT: Pyranose 2-oxidase (P20) from Trametes multicolor is a flavoprotein oxidase that catalyzes
the oxidation of aldopyranoses by molecular oxygen to yield the corresponding 2-keto-aldoses and
hydrogen peroxide. P20 is the first enzyme in the class of flavoprotein oxidases, for which a C4a-
hydroperoxy-flavin adenine dinucleotide (FAD) intermediate has been detected during the oxidative
half-reaction. In this study, the reduction kinetics of P20 by b-glucose and 2-d-p-glucose at pH 7.0 was
investigated using stopped-flow techniques. The results indicate that p-glucose binds to the enzyme
with a two-step binding process; the first step is the initial complex formation, while the second step is
the isomerization to form an active Michaelis complex (E-Fl,,:G). Interestingly, the complex (E-Fl,:
G) showed greater absorbance at 395 nm than the oxidized enzyme, and the isomerization process
showed a significant inverse isotope effect, implying that the C2—H bond of b-glucose is more rigid in
the E-Fl,,:G complex than in the free form. A large normal primary isotope effect (ky/kp = 8.84) was
detected in the flavin reduction step. Steady-state kinetics at pH 7.0 shows a series of parallel lines.
Kinetics of formation and decay of C-4a-hydroperoxy-FAD is the same in absence and presence of
2-keto-Dp-glucose, implying that the sugar does not bind to P20 during the oxidative half-reaction.
This suggests that the kinetic mechanism of P20 is likely to be the ping-pong-type where the sugar
product leaves prior to the oxygen reaction. The movement of the active site loop when oxygen is
present is proposed to facilitate the release of the sugar product. Correlation between data from pre-
steady-state and steady-state kinetics has shown that the overall turnover of the reaction is limited by
the steps of flavin reduction and decay of C4a-hydroperoxy-FAD.

oxygen at the C2 position to yield the corresponding
2-keto-aldoses and hydrogen peroxide (Scheme 1) (/).
The enzyme was identified and isolated from several
species of fungi (2) and is thought to be involved in lignin
degradation by providing H,O, for lignin peroxidase (3).

Pyranose 2-oxidase (P20;' pyranose:oxygen 2-oxidor-
eductase; EC 1.13.10) is a flavoprotein oxidase cataly-
zing the oxidation of several aldopyranoses by molecular
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H,0,; production by P20 can also be important for main-
taining an oxidative stress level that helps control the
growth of other competing organisms (4). The regiospe-
cific oxidation at the pyranose C2 position catalyzed by
P20 is a very useful reaction for carbohydrate syntheses
since it can be applied in the syntheses of D-tagatose (5),
cortalcerone (6), and other valuable sugar synthons (2, 4).

P20 from Trametes multicolor is a homotetrameric
enzyme with a native molecular mass of 270 kDa (subunit
molecular mass of 68 kDa) (/). Each subunit contains one
flavin adenine dinucleotide (FAD) covalently attached to
the N3 of His167 (7). The enzyme sequence and structure
indicate that P20 belongs to the glucose—methanol—cho-
line (GMC) oxidoreductase enzyme superfamily of flavo-
proteins (8, 9). The three-dimensional structures of P20
show the involvement of a dynamic loop located at the
active site of the enzyme in substrate binding. The loop

© 2009 American Chemical Society



Atrticle
Scheme 1: Reaction of Pyranose 2-Oxidase
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swings out (open conformation) when the substrate ana-
logue (2-fluoro-2-deoxy-p-glucose, 2FG) (10) or the
2-keto-p-glucose product is bound (//) and closes in
(closed conformation) to shield the active site from the
bulk solvent upon the binding of a small molecule such as
acetate (9). The reaction catalyzed by P20 can be divided
into a reductive half-reaction where the FAD cofactor is
reduced by a sugar substrate and an oxidative half-reaction
where the reduced FAD is oxidized by molecular oxygen or
other electron acceptors such as benzoquinones or metal
ions (/). It has been proposed that the enzyme assumes the
open conformation during the reductive half-reaction and
the closed conformation during the oxidative half-reaction
(10). Recent investigation on steady-state kinetics of P20
from T. ochracea shows the difference in the kinetic
mechanism at pH below and above 7.0 (12). Investigation
on the oxidative half-reaction of P20 has shown for the
first time the presence of a C4a-hydroperoxy-flavin inter-
mediate in the class of flavoprotein oxidases (/3). Simi-
larly, the C4a-adduct intermediate was detected in the
crystal structure of choline oxidase (/4). These two reports
suggest that the C4a-hydroperoxy-flavin, although it has
long been thought to be common only in flavoprotein
oxygenases (15, 16), may also be common for flavoprotein
oxidases. The finding also implies that the active sites of
oxidases and oxygenases, although different, are both
capable of accommodating the formation of the C4a-
hydroperoxy-flavin. Therefore, a thorough understanding
of the reaction mechanism of P20 is necessary for serving
as a foundation for future in-depth investigations on the
structure and mechanism of P20.

In this study, the reduction kinetics of P20 by D-glucose
was investigated using stopped-flow techniques to measure
rate constants associated with each step in the reaction.
The reduction by 2-d-p-glucose showed a large normal
primary isotope effect at the step involved with the hydride
transfer. Interestingly, an intermediate with an absorption
coefficient at 395 nm greater than that of the oxidized
enzyme was detected upon the binding of p-glucose, and
this binding showed a significant inverse isotope effect.
Comparison between pre-steady-state and steady-state
kinetics has identified the steps that limit the overall turn-
over of the reaction.

MATERIALS AND METHODS

Reagents. D-Glucose (99.5% purity), 2-d-p-glucose,
and horseradish peroxidase were purchased from
Sigma-Aldrich. ABTS [2,2'-azino-bis(3 -ethylbenze-
nethiazoline-6-sulfonic acid) diammonium salt] was pur-
chased from Roche (Germany). Concentrations of the
following compounds were determined using the known
absorption coefficients at pH 7.0: 493 = 100 x 10° M ™!
cm ! for horseradish peroxidase; e4s5 = 11.3 x 10° M ™!
cm ™! for the value of FAD covalently linked to each
subunit of P20 (13).
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Spectroscopic Studies. UV —visible absorbance spectra
were recorded with a Hewlett-Packard diode array
spectrophotometer (HP8453), a Shimadzu 2501PC spec-
trophotometer or a Cary 300Bio double-beam spectro-
photometer. All spectral instruments were equipped with
thermostatted cell compartments. Enzyme activity was
determined by a continuous assay based on a coupled
reaction of horseradish peroxidase and its substrate
ABTS as previously described (/7). Initial rates were
monitored from the increase of absorbance at 420 nm
resulting from the oxidation of ABTS by H»O, using
the molar absorption coefficient of 4.2 x 10° M~ cm™!
(per one mole of bD-glucose consumed). Steady-
state kinetics data were analyzed using the Enzfitter
program (BIOSOFT, Cambridge, UK) for a bisubstrate
reaction.

Rapid Reaction Experiments. Reactions were carried
out in 50 mM sodium phosphate, pH 7.0, 4 °C, unless
otherwise specified. Rapid kinetics measurements
were performed with a Hi-Tech Scientific model
SF-61DX stopped-flow spectrophotometer in single-
mixing or double-mixing mode. The optical path length
of the observation cell was 1 cm. The stopped-flow
apparatus was made anaerobic by flushing the flow
system with an anaerobic buffer solution containing
400 uM protocatechuic acid (PCA) and ~1 ug/mL
protocatechuic acid dioxygenase (PCD). The buffer
was made anaerobic by equilibrating with oxygen-free
nitrogen (ultrahigh pure grade) that had been passed
through an Oxyclear oxygen removal column (Labclear)
using an anaerobic glovebox or an anaerobic train (/8).
The PCA/PCD solution was allowed to stand in the
flow system overnight. The flow unit was then rinsed
with the anaerobic buffer before experiments. For study-
ing the reduction of the enzyme by p-glucose and 2-d-
D-glucose, the oxidized enzyme solution was made
anaecrobic and placed in a tonometer before being loaded
onto the stopped-flow machine. The substrate solutions
(~3 mL) at various concentrations were placed in
5 mL glass syringes, made anaerobic by bubbling
with oxygen-free nitrogen for 8§ min, and loaded onto
the stopped-flow machine. The oxidized enzyme
and substrate solutions were mixed under the stopped-
flow spectrophotometer and monitored at various
wavelengths in the region of 350—530 nm. For studying
reactions of the reduced enzyme with oxygen, an anaero-
bic solution of the oxidized enzyme was placed in a
glass tonometer and stoichiometrically reduced with
a solution of sugar substrate (~10 mM in 50 mM sodium
phosphate, pH 7.0) or dithionite solution (5 mg/mL
in 100 mM potassium phosphate, pH 7.0) delivered
from a syringe attached to the tonometer. The reduced
enzyme solution was mixed with buffers containing
various oxygen concentrations, which were prepared
by equilibrating the buffer with air, 50% of a certified
oxygen-in-nitrogen gas mixture, 100% oxygen, or
100% oxygen on ice in order to achieve 200% oxygen
saturation. Kinetics of the reactions were followed
by monitoring the flavin absorbance at various
wavelengths between 350 and 530 nm. Apparent
rate constants (k,ps) from kinetic traces were calculated
from exponential fits using the softwares Kinetic
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Studio (Hi-Tech Scientific, Salisbury, UK) or Program
A (written at the University of Michigan by Rong
Chang, Jung-yen Chiu, Joel Dinverno, and D. P. Ballou).
Rate constants were determined from plots of kgpe
versus sugar oOr oxygen concentrations using a
Marquardt—Levenberg nonlinear fit algorithm that
is included in KaleidaGraph (Synergy Software). Simula-
tions were performed by numerical methods using
the fourth-order Runge—Kutta algorithm implemen-
ted in Berkeley Madonna 8.3 with time step of 10~ s.
A model of four-step reversible reaction was used.

Analysis of Kinetic Parameters of a Three-Step Reac-
tion. Expression of experimental observed rate constants
(reciprocal of relaxation time (1/7)) in terms of specific
rate constants was derived according to the method
described by Hammes and Schimmel (79, 20); n relaxation
times according to the kinetic model in Scheme A1 are the
n eigenvalues of the secular eq Al.

Scheme Al

ki[G] k> k3
Eox k‘——‘ Eox : G*;——:EOX :G=E;q:P

-1 /\’_3

=0 (A1)
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T

where |h — (1/7)| is the determinant of the matrix | —
(1/0)1|, I is the unit matrix (identity matrix), and b is a
matrix with all elements equal to zero except

bij = ki +k—;
by = —kiy j=i—l, i#l
bgj:_k_i; ]:l+1, l7él’l

Therefore, for a three-step reaction as in Scheme A1, the
matrix b is

k,l +k—1 _k—l 0
b = —ky  ka4ko  —k— |; k), =k[G]
0 —k3 ki +k—3

Reciprocal of relaxation times can be calculated by the
determinantal method. If the jth reaction is assumed to be
slowly equilibrated relative to all other reactions, then the
relaxation time for this step is

L)

7 |byl

b;; is the matrix obtained by deleting the jth row and jth
column of b.

kR ke ke
B —k> ky + k-
L b
h =3, — =—— = kobslil A2
when j =3, = bsfil (A2)

Analysis of the data in Figure | indicated that the rate of
the flavin reduction is about 10-times slower than the
rates of the two preceding steps. This indicates that the
assumption above is valid for our case and eq A2 can be
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used for calculating kgpsiii.
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Likewise, ks of the previous step can be calculated from

L bl i
T |bsy,| 7
.. ks [G]
ko sl = 7> <7 k-
bsll K £ [C] + K-

RESULTS

Reduction of P20 by p-Glucose. A solution of the
oxidized enzyme in 50 mM sodium phosphate, pH 7.0,
was mixed with solutions of the same buffer containing
various concentrations of D-glucose using the stopped-
flow spectrophotometer under anaerobic conditions
(Figure 1). The flavin reduction was monitored in
10 nm intervals within the range of 350—530 nm. The
data at 395 and 458 nm, where maximum changes in
absorbance were attained, were used for kinetic analysis.
Kinetic traces at 395 nm showed three exponential phases
(Figure 1A). At the highest concentration of p-glucose
(50 mM), the data showed an absorbance increase during
the first phase (0.002—0.02 s), while the second phase
(0.02—0.5 s) was characterized by a decrease in absor-
bance. Only the kinetics of the second phase coincided
with the kinetics of a large amplitude decrease at 458 nm,
whereas the first phase detected at 395 nm occurred
without any correlation to the flavin reduction monitored
at 458 nm (Figure 1A,B). The third phase showed very
slow kinetics with a small amplitude change at 395 nm
and no change at 458 nm. The change of this phase
completed at ~2000 s and corresponded to a rate constant
0f 0.002 s~ ! (inset in Figure 1A).
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FIGURE 1: Kinetic traces of the reduction of P20 by p-glucose. A
solution of the enzyme (28 #M) was mixed with solutions of D-glucose
at concentrations of 0.8, 1.6, 3.2, 6.4, 12.8, 25, and 50 mM in 50 mM
sodium phosphate (pH 7.0). All concentrations are as after mixing.
The reactions were performed using the stopped-flow spectrophot-
ometer at 4 °C under anaerobic conditions. Data were fitted with
three exponentials and show that kinetics of both wavelengths (395
and 458 nm) are similar. (A) The reactions monitored at 395 nm show
a large absorbance increase for the first exponential phase. The lower
to upper traces are from lower to higher concentrations of b-glucose.
Dotted lines represent simulations using the model in Scheme 2 and
the following parameters: k1 = 5.8 x 10 ko =25%10°s 5 ks
=160s 5k =10s ks = 155 S k_3 = 0s ks = 0.0015s7;
kg = 05" e395(E-Floy) = 6300 M~ cm™'; e395(E-Flo:G*) =
6300 M~ cm™ ! £305(E-Flox:G) = 7600 M~ cm™; £305(E-Fl,eq:P) =
5300M 'em ! and £395(E-Fl..q )= 4100 M 'cm ! Inthe inset, the
third phase showing a decrease in absorbance at 395 nm was very
slow and independent of substrate concentration. (B) Kinetic traces
from the absorbance change at 458 nm. Traces from the right to the
left are from lower to higher concentrations of D-glucose. Inset shows
spectra of the flavin species including the oxidized enzyme (solid line),
the intermediate formed after the first observed phase using 25 mM
p-glucose (E-Fl,:G, open-circle line), and the reduced enzyme (filled-
circle line).

The kops values of the first and second phases were
separated by the ratio of kgpg1/kobs2 = 10 throughout all
D-glucose concentrations, which is well above the limit
value (the ratio of kops1/kons> = 3) that does not allow two
consecutive exponentials to be unambiguously identified
(21). Therefore, kg, of both phases in Figure 1 can be
accurately estimated; k.5, however, cannot be simply
equated with a specific rate constant of any particular
step as illustrated in refs (/3, 22). Since observed rate
constants (kops) of the first phase (data from Asgs) are
hyperbolically dependent on D-glucose concentrations
(Figure 2A), this indicates that the first observed phase
is not a direct binding of D-glucose to the enzyme but it is
an isomerization of an initial enzyme—substrate complex
after the initial binding (27). The second observed phase
must be the flavin reduction as indicated by a large change
in absorbance at 458 and a large primary isotope effect
when 2-d-p-glucose was used (see below). Therefore, a
minimal kinetic scheme required for explaining behavior of
the first and second observed phases is a three-step reaction
as shown in Scheme 2. Using the method described in
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FiGure 2: Kinetics of the reductive half-reaction of P20 at various
D-glucose and 2-d-p-glucose concentrations. The observed rate con-
stants (kops) Were obtained from kinetic analysis of the traces from
Figures 1 and 3. (A) The filled-circle line (®) shows a plot of kg
obtained from the first phase of the reduction (large absorbance
change at 395 nm) versus p-glucose concentrations. The open-circle
line (O) shows a plot of kyps obtained from the first phase of the
reduction versus concentrations of the deuterated substrate (2-d-p-
glucose). (B) A plot of ks obtained from the second phase of the
reduction (large absorbance change at 458 nm) versus D-glucose
concentrations.

refs (19 and 20), one can derive relationships of ks and
individual rate constants (Materials and Methods) and are
related to our data as shown in eqs 1 and 2.

kovs (firstphase) = % +k_» (1)
koks G
kovs(secondphase) = (k2 +k —2) Gl +k—5  (2)

Ki(h5) + 1G]

A plot of ks of the first phase versus D-glucose concen-
trations yielded the limiting value of ~162 £40s™ ' and an
intercept of 8 & 55! (filled-circle line in Figure 2A). This
observed phase is interpreted as a rapid binding of p-
glucose to form an initial enzyme—substrate complex
(E-Fl,,/G*) that is further isomerized with a forward rate
constant of ~162 4 40 s~ and a reverse rate constant of
8+ 557" (eq 1) to form an active complex (E-Fl,,/G) prior
to the next reduction step (Scheme 2). The dissociation
constant (Ky) for the initial binding was calculated from
the plot in Figure 2A and eq 1 to be 52 + 28 mM. It should
be mentioned that high error values for k> and Ky are due
to limitation of the measurement; ks of the first phase at
D-glucose concentration of 100 mM and above cannot be
accurately measured since viscosity of the p-glucose solu-
tion starts to interfere with the initial part of the flow.
However, the values of k, and Ky were further verified by
analysis of the second phase and kinetic simulations (see
below). Absorbance at the reaction time of 0.0207 s of
wavelengths in the region of 350—530 nm when 25 mM
D-glucose was used was plotted in the inset of Figure 1B to
represent a spectrum of the intermediate at the end of this
phase.
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Scheme 2: Kinetic Mechanism of the Reductive Half-Reaction of Pyranose 2-Oxidase

Ky ~ 45 mM
E-Fl, + G E-Floy:G*

3 4
E-Flox:G —> E-Floq:P = E-Fl,eq+P

Table 1: Rate Constants According to the Kinetic Mechanism Described in Scheme 3

from stopped-flow experiments from simulations

kinetic parameters D-glucose 2-d-p-glucose D-glucose 2-d-p-glucose
KAk _/ky) 45 mM ~60 & 24 mM 43 mM 43 mM

ki 58 x 10*s7! 58 x 10*s7!
k_y 25%x10%s7! 25 % 10%s7!
k> ~162 +£40s7! ~269 + 615! 1605~ 270 57"

ko, 8+ 55! 9+ 45! 10s7! 357!

ks 1534+ 045" 1.73 4 0.05s ™" 155! 175!

ks ~0.002 s~ ~0.002s7" 0.0015s~! 0.0015s~!
ks 43404 x 10*M 157! 58 x 10*M1s7le

k75 2 Sila

ke 18571

“Rate constants taken from the previous report (13).

Observed rate constants of the second phase (the flavin
reduction) determined from the decrease in absorbance at
both 395 and 458 nm are also hyperbolically dependent
on D-glucose concentrations with the limiting value of
14.5 + 0.4 s~ ' and a concentration that gives half of the
maximum rate of 2.1 mM (Figure 2B). According to eq 2,
the limiting value is equal to k>ks3/(k, + k_;), and the p-
glucose concentration giving half of the limiting value is
equal to Ky(k_»/(k, + k_5)). Since k, and k_, are known
from the previous analysis of the first phase and eq 1, k5 or
arate constant for the flavin reduction step was calculated
to be 15.3 s~ ! (Table 1 and Scheme 2). The Ky can be
calculated from eq 2 to be 45 mM (Tablel), which is in
agreement with the value obtained from analysis of the
first phase (52 £ 28 mM). The intercept of zero from the
hyperbolic plot (Figure 2B) indicates that the reduction is
essentially irreversible (k_3 = 0) in agreement with the
model described in Scheme 2.

Analysis of the third phase showed that the rate is too
slow (0.002 s ") to be relevant to the overall turnover (see
the steady-state kinetics results) and independent of p-
glucose concentration. During this phase, the flavin
cofactor is in the reduced form since there is no change
in the absorbance at 458 nm. This slow phase is proposed
to be the release of the oxidized sugar from the reduced
enzyme active site under anaerobic conditions (k4 in
Scheme 2). The independence of the rate of this phase
on D-glucose concentration agrees with the model pro-
posed in Scheme 2, which depicts the prior step, the flavin
reduction, to be irreversible. The kinetic scheme proposed
in Scheme 2 was further validated in the next experiment
using a deuterated substrate (2-d-p-glucose).

In addition, the data were analyzed using kinetic
simulations as described in Materials and Methods.
Simulations of the data using a model in Scheme 2 and
kinetic parameters k| = 5.8 x 10*s ko, =25%x 10371,
kry =160s ', ko = 10s L ks = 158 ks = 0s !,
ks = 0.0015s L and k4, = 0 s_l) agree well with the

experimental data (dashed versus solid lines in
Figure 1A). All rate constants are summarized in Table 1.

Kinetic Isotope Effects on the Reductive Half-Reaction.
The reduction of P20 by 2-d-D-glucose was investigated
under the same conditions as in the previous D-glucose
section. This experiment can unambiguously identify a
step involved with the transfer of a hydride equivalent
from 2-d-p-glucose at the C2 position to the oxidized
flavin. Kinetics of the reaction was monitored at the
wavelengths 395 and 458 nm. The flavin reduction mon-
itored at 395 nm showed three phases similar to the
reaction of p-glucose (Figure 3). Surprisingly, observed
rate constants of the first phase when 2-d-p-glucose was
used showed faster rate constants than those of the
reaction of D-glucose at all concentrations used (open-
circle versus filled-circle lines in Figure 2A). The observed
rate constants were hyperbolically dependent on 2-d-p-
glucose concentrations with the limiting value of 269 +
61s7 ! the intercept of 9 + 4 s~ !, and the K for the initial
binding of ~60 + 24 mM (eq 1). Therefore, binding of the
deuterated substrate is a two-step process similar to
binding of the native substrate. Although the error values
of ky and Ky are quite high due to limitation of the
measurement as mentioned in the p-glucose experiment,
kops of the first phase at all concentrations of 2-d-p-glucose
are higher than those of p-glucose, tentatively showing
an inverse kinetic isotope effect of ~0.60 (Figure 2A).
Simulations using the model described in Scheme 2 and
parameters in Table 1 indicated that for the reaction of
2-d-p-glucose, besides the primary isotope effect of the
reduction step (below), k» with the value of 270 s™' (kap)
is necessary for obtaining simulations that agree well
with the data (Tablel). This supports that an inverse
isotope effect of ~0.6 is observed for k,. Observed rate
constants of the second phase of the 2-d-p-glucose reac-
tion were significantly lower than those of the p-glucose
reaction and hyperbolically dependent on the sugar
concentrations with the limiting value of 1.67 & 0.05 s "
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(inset in Figure 3). This flavin reduction step was calcu-
lated to be 1.73 £0.005 s~ from eq 2. These data indicate
a normal primary kinetic isotope effect of 8.84 for the step
of hydride transfer from p-glucose to FAD. The slow third
phase found in the reaction of bp-glucose (inset of
Figure 1A) was also detected in the reaction of 2-d-p-
glucose. No kinetic isotope effect was detected for this
phase since the rateis in the same range as the reaction of b-
glucose, ~0.002 s ' (data not shown), supporting the idea
that the last step is a slow product releasing step from the
enzyme under anaerobic conditions (Schemes 2 and 3).
Kinetics of the Oxidation of the Reduced Enzyme in
Absence and Presence of 2-Keto-p-glucose. Data from the
previous experiment suggest that under anaerobic condi-
tions, the 2-keto-p-glucose product slowly dissociates
from the enzyme after the FAD is reduced (Scheme 2).
Although this process is too slow to be involved in the
overall turnover, it raises the question whether 2-keto-p-
glucose is bound to the active site during the reaction of
P20 with oxygen. Therefore, the oxidative half-reaction
of P20 in the absence and presence of 2-keto-p-glucose
were investigated and compared for their rates of the
oxygen reaction. Previously, the oxidative half-reaction
of P20 where the reduced enzyme was prepared by
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F1GURE 3: Kinetic isotope effects on the reduction of P20. Reac-
tions similar to those in Figure 1 were performed but using 2-d-p-
glucose instead of pD-glucose. The left trace shows the reduction of
enzyme (28 uM) with 50 mM p-glucose, whereas the right trace shows
the reduction of enzyme (28 M) with 50 mM of 2-d-p-glucose. Both
traces are monitored at 395 nm. The kinetic data show that the
isotope substrate significantly lowers the rate of the second phase,
indicating that this step involves a C2—H bond cleavage or a hydride
transfer from p-glucose to FAD. The inset shows that the k. are
hyperbolically dependent on 2-d-p-glucose concentrations. Rate
constants from the analysis are shown in Table 1 and Scheme 3.
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adding a stoichiometric amount of Dp-glucose was re-
ported (/3). Under this condition, 2-keto-p-glucose is
likely to be absent from the enzyme active site since the
preparation process prior to the experiments is longer
than the rate of 2-keto-D-glucose release (k4 in Scheme 2).
The reduced P20 reacts with oxygen to form a C4a-
hydroperoxy-FAD intermediate with the rate of 5.8 x
10* M~! 57! (ks), which further decays to yield the
oxidized enzyme and H,O, with the rate constants of 18
s~ ! (ke) as shown in Scheme 3 and Table 1 (13).

In order to explore the oxidative half-reaction of P20
under conditions when 2-keto-p-glucose is strictly absent,
the reduced enzyme (20 M) was prepared in this study by
using a dithionite solution as a reducing agent as de-
scribed in Materials and Methods. Oxidation of the free
reduced enzyme was monitored using the stopped-flow
spectrophotometer (Figure 4) under the same conditions
as when D-glucose was used as a reducing reagent (/3).
The reaction was monitored at 395 nm for measuring the
rates of the intermediate formation and decay whereas the
FAD oxidation was monitored at 458 nm. The reaction
showed two exponential phases (Figure 4). Observed rate
constants of the first phase are linearly dependent on
oxygen concentrations (The upper inset in Figure 4). A
slope of the plot indicates an apparent bimolecular rate
constant of (4.8 + 0.2) x 10* M~ s™! with an intercept
value of 19 s~! (Table 2). These values are in the same
range as when p-glucose is used as a reductant, (4.3 +0.4)
x 10* M~ ' s " and 18 s™! for the apparent bimolecular
rate constant and the intercept value, respectively (Fig-
ure 4, Table 2). Observed rate constants of the second
phase are hyperbolically dependent on oxygen concentra-
tions, approaching a value of 22 + 2 s~ ' (The lower inset
in Figure 4), which is not different from the reaction of the
enzyme reduced by p-glucose, 21 & 2 s~ ' (Table 2).

Kinetics of the oxidation of the reduced enzyme in the
presence of 2-keto-p-glucose was furthermore explored
using double-mixing stopped-flow spectrophotometry
(Figure 4). The first mix was performed under anaerobic
conditions by mixing the oxidized enzyme with an equiva-
lent concentration of D-glucose. The enzyme was allowed
to be fully reduced by using an age time of 350 s. Then, on
the second mix, the solution from the first mix was
allowed to react with buffers containing various oxygen
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Scheme 3: Kinetic Mechanism of the Reaction of Pyranose 2-Oxidase
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concentrations. In this experiment, the second mix was
designed to take place before product release under
anaerobic conditions completed (k4, Schemes 2 and 3).
The reactions were monitored at 395 and 458 nm. The
traces at 395 nm from the double-mixing experiment
show similar kinetics for formation and decay of C4a-
hydroperoxy-FAD compared with those without 2-keto-
p-glucose (dotted versus solid lines of Figure 4; Table 2).
A plot of observed rate constants from the first phase
versus oxygen concentration was linear (The upper inset
in Figure 4), yielding the apparent bimolecular rate
constant of (4.3 £ 0.2) x 10* M~ s™! and the intercept
of 18 s~'. Observed rate constants of the second phases
were also hyperbolically dependent on oxygen concentra-
tions with the saturation rate constant of 24 +£2s~'. All of
these values are similar to those of the reactions when
2-keto-p-glucose is strictly absent.

The results given in Figure 4 and Table 2 indicate that
the reduced P20, regardless of the method used for
enzyme reduction, reacts with oxygen in the same fashion,
suggesting two possible explanations. First, the pre-
sence of oxygen induces the immediate release of
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FIGURE 4: Oxidative half-reaction of P20 in the presence and
absence of the 2-keto-p-glucose product. The dotted line shows
kinetics of the oxidation of reduced P20 in presence of the sugar
product (2-keto-p-glucose) using double-mixing stopped-flow spec-
trophotometry ( Y-scale on the left axis). All reactions were performed
in 50 mM sodium phosphate (pH 7.0) at 4 °C, and the absorbance
change at 395 nm was monitored to detect the formation and decay
of C4a-hydroperoxy-flavin. The first mix combined the oxidized
enzyme (15.4 uM after mixing) with a stoichiometric amount of
D-glucose (~16 uM after mixing) under anaerobic conditions using
an age time of 350 s to allow the enzyme to be fully reduced. The
second mix combined a solution of the reduced enzyme with the same
buffer containing 0.13, 0.31, 0.61, and 0.96 mM oxygen (concentra-
tion as after mixing). The solid lines show the oxidation of the reduced
enzyme (20 uM after mixing) prepared by dithionite reduction, which
represents the condition when 2-keto-p-glucose is strictly absent
(Y-scale on the right axis). Upper inset shows ks of the first phase,
which is the formation of C(4a)-hydroperoxy-flavin, and lower inset
show kqps Of the second phase, which is the decay of C(4a)-hydro-
peroxy-flavin. Open-circle lines are data from the double-mixing
experiment, and filled-circle lines are those of the dithionite-reduced
enzyme.
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2-keto-p-glucose to form the free reduced enzyme prior
to formation of the C4a-hydroperoxy-FAD intermediate
(upper pathway of Scheme 3). It can be envisaged that the
substrate loop movement in the structure of P20 can, in
principle, facilitate this release of 2-keto-p-glucose (10),
see more in the Discussion). Another explanation for this
result is that the oxidation occurs when 2-keto-p-glucose
is still bound (lower pathway of Scheme 3) but the
presence of 2-keto-p-glucose in the active site does not
affect the oxygen reaction. Based on current data, the
lower pathway of Scheme 3 is unlikely, and the upper
pathway is preferred (see more in the Discussion).

Enzyme-Monitored Turnover Experiments. Steady-
state kinetics of P20 was investigated using the enzyme-
monitored turnover method (23, 24). A solution of P20
(42.4 uM) in 50 mM in sodium phosphate, pH 7.0, at4 °C
(air-saturation) was mixed with various concentrations of
glucose in the same buffer (50% oxygen) using the
stopped-flow spectrophotometer. After mixing, the oxy-
gen concentration was 0.44 mM, and the enzyme con-
centration was 21.2 uM. The reactions were monitored at
the wavelength 458 nm for measuring the amount of the
oxidized enzyme after reaching the steady-state period
(~0.5 s) until all oxygen was consumed (Figure 5A). The
area under the curves in Figure 5A is therefore propor-
tional to the amount of oxygen left. Initial rates of the
reaction at any remaining oxygen concentrations were
calculated according to the eqs 3 and 4.

o dA4 [OZ}total
' E Atolal (3)
Ay —final
(03] = [Oa] 10— (4)

A total

where d4 = area of each segment that corresponds to a
division on the X-axis (d7), dt = ¢, — t; for t, > ¢,
Ajoral = total area under the trace, 4, —final = area under
the trace from #; to the end, and [O5];oia1 = 0.44 mM.

A double-reciprocal plot of initial rates versus oxygen
concentrations at various glucose concentrations shows a
series of parallel lines (Figure 5B). These results were
analyzed according to Dalziel’s equation (eq 5) (25) and
eq 6 as described in ref 26 for a bisubstrate reaction using
the Enzfitter program (BIOSOFT, Cambridge, UK) for
global analysis; v and J are initial and maximum velocity,
respectively. K, and K}, are the Michaelis constants (K,,,)
for substrates A and B, respectively. The global analysis
indicated the turnover number (k) of 8.15 £ 0.15 s L,
KS for p-glucose of 1.90 £+ 0.07 mM, and K9 for

Table 2: Apparent Rate Constants of the Oxidative Half-Reaction

reduced P20 prepared Kapp (M~ 's7!) for formation

by reduction with

of C4a-hydroperoxy-flavin of the first phase

Kapp (s7") for the decay of the
C4a-hydroperoxy-flavin of the second phase

intercept of the
first phase (s~ )

(4.34+0.4) x 10*
(4.34£0.2) x 10
(4.8+£0.2) x 10*

p-glucose

dithionite solution

18¢ 21+£2¢
18" 24 44"
19 242

“ Apparent rate constants (k,p,) from single-mixing stopped-flow spectrometry taken from the previous report (13)). b Apparent rate constants (Kapp)

from double-mixing stopped-flow spectrometry (Figure 4).
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FIGURE 5: Enzyme-monitored turnover experiments. A solution of
P20 (42.4 uM) in 50 mM sodium phosphate, pH 7.0, was mixed with
D-glucose concentrations of 2, 4, 8, 16, and 32 mM (from right to left
traces). Concentrations are as after mixing. (A) The reactions were
monitored at 458 mM. (B) A double-reciprocal plot of initial rates
versus oxygen concentrations. Lower to upper lines of the primary plot
are from the reactions with 32, 16, 8, 4, and 2 mM glucose. In the inset
of panel B, the ordinate intercepts from the double-reciprocal plot are
plotted as a function of the reciprocal of glucose concentrations.

molecular oxygen of 0.22 £ 0.008 mM (Table 3). The
value of key (8.15 & 0.15 s~ ') can rule out the involve-
ment of the slow step of 2-keto-p-glucose release (k4 of
0.002 s~ in Scheme 3) in the catalytic turnover of P20
since this rate is much lower than the k,;. Derivation of
the initial rate equation for the model in the upper path-
way in Scheme 3 describes the relationship of keu, K5,
K>, and the microscopic rate constants as in eqs 7— 10.

e ¢G ¢02
- + = 4 5
v ¢0 [G] [02] ( )
VAB
" “K.B 1 KA + AB (6)
e k) +ks 1 1 (k- +k3) 1
- =+ +— 7
v k2k3 k3 k(, k2k3[G] k5[02] ( )
K,
Klg - a d K (8)
k 2i/<3 (1 +1;_;> +1
KO = 1 9)
ks(bat + L+ 1)
koy +hks 1 117!
keat = — 10
‘ [ ks ks +kJ (10)
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keats KS, and K9> were calculated from eqs 8—10, and
microscopic rate constants obtained from stopped-flow
experiments (Table 1) were found to be 7.67 s~ ", 3.2 mM,
and 0.132 mM (Table 3). This indicates a reasonable
agreement between steady-state kinetics parameters ob-
tained from the direct measurement and from calcu-
lation according to the model in the upper path of
Scheme 3. These data also indicate that the steps of flavin
reduction (k3) and decay of the C4a-hydroperoxy-flavin
intermediate (k¢) are main limiting factors in the turnover
of P20.

DISCUSSION

This study reports investigation of the reaction mechan-
ism of pyranose 2-oxidase from Trametes multicolor using
rapid and steady-state kinetics. The overall kinetic scheme
and the individual rate constants associated with each step
are described in Scheme 3 and Table 1. Results of steady-
state kinetics show a parallel-line pattern instead of an
intersecting-line pattern. These data fit with the interpreta-
tion that the mechanism of P20 is of the ping-pong-type
where the 2-keto-p-glucose product leaves prior to the
oxygen reaction (upper path in Scheme 3). Alternatively,
the parallel-line pattern also fits with the model that the
sugar product remains bound during the reaction with
oxygen but the reduction step is essentially irreversible
(k3> k_5). Therefore, the binding of oxygen is virtually cut
off from the binding of p-glucose, giving a parallel pattern
for the double-reciprocal plot (lower path in Scheme 3). In
the reaction of p-amino acid oxidase, which occurs
through a ternary complex mechanism, the steady-state
kinetics shows a parallel-line instead of an intersecting-line
pattern because the reverse rate of the flavin reduction step
is very small (27). This implies that when only steady-state
kinetics data alone is considered, the lower pathway of
Scheme 3 cannot be ruled out.

However, based on the results of the oxidative half-
reaction in the absence and presence of 2-keto-p-glucose,
the reaction mechanism of P20 is more likely to be of the
ping-pong-type as described in the upper path of Scheme 3.
Reoxidation of the reduced enzyme prepared by the
reduction with dithioinite ((4.8 £ 0.2) x 10* M ' s~ ") or
p-glucose (4.3 + 0.4) x 10* M ™' s! (13)) yielded similar
observed rate constants for formation and decay of C4a-
hydroperoxy-FAD. These rate constants are also similar to
those from the double-mixing experiment where 2-keto-p-
glucose is present ((4.3 £ 0.2) x 10* M~ s 1) (Figure 4,
Table 2). It is difficult to perceive that kinetics of the
oxygen reaction in the absence and presence of 2-keto-p-
glucose are the same as shown in Figure 4 if the sugar
product remains bound during the oxidative half-reaction
as in the lower pathway of Scheme 3. Most of flavoprotein
oxidases employing the ternary complex mechanism show
effects of product binding on their bimolecular rate con-
stants for flavin oxidation (/6). In monoamine oxidases
(28, 29) and lactate monooxygenase (30), the oxidation
rates are significantly increased when the products are
bound. In dimethylglycine oxidase from Arthrobacter
globiformis, binding of the product decreases a bimolecular
rate constant of the flavin oxidation from 3.42 x 10° to
2.01 x 10°M~'s™ 1 (31). In the case of alditol oxidase from
Streptomyces coelicolor, the bimolecular rate constant for
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Table 3: Steady-State Kinetics Parameters

enzyme-monitored calculation from microscopic

kinetic parameters turnover rate constants and eq
K& 1.9+ 0.07 mM 3.2mM

KS: 0.22 + 0.008 mM 0.132 mM

Kear 8.15+0.15s" 7.67s "

the flavin oxidation is only slightly affected by the presence
of the sugar product, 1.7 x 10° M~ "s™! for the reaction of
the free enzyme versus 1.4 x 10° M~' s~! when p-xylose
was used for preparing the reduced enzyme (32). However,
there is no direct evidence confirming that the oxidized
D-xylose was still bound when the reduced enzyme reacted
with oxygen during the stopped-flow experiments. In
addition, steady-state kinetics of alditol oxidase shows a
parallel-line pattern (32). In our opinion, it is possible that
the oxidized p-xylose product dissociates before the re-
duced enzyme reacts with oxygen and the reaction of
alditol oxidase is a ping-pong-type. In P20 reaction, it is
likely that during the double-mixing experiment (Figure 4),
although 2-keto-p-glucose was present, it might not re-
main bound when oxygen diffuses into the active site of the
reduced enzyme.

When the kinetic data are considered together with the
previous structural knowledge of P20, the kinetic model as
in the upper pathway of Scheme 3 is also favored. The
X-ray structure of P20 from T multicolor shows that when
it binds to a small molecule such as acetate, the active site of
P20 is closed off (closed conformation) from the internal
cavity by a dynamic loop, which is similar to the lid
structure found in other GMC oxidoreductases (9). The
loop is in the open conformation when a sugar substrate
(2-fluoro-2-deoxy-p-glucose) (10) or 2-keto-p-glucose is
bound (/7). The open conformation is proposed to be
relevant to the reductive half-reaction since there is more
space at the active site to accommodate the sugar binding;
in fact the loop in its closed conformation would interfere
with the sugar substrate binding (/0). The closed confor-
mation is compatible with the oxidative half-reaction since
the active site is more closed off from the bulk solvent,
providing a suitable environment for the formation of a
C4a-hydroperoxy-FAD intermediate (13, 33). In this view,
the structural data also support the mechanism in the
upper pathway of Scheme 3 since the restricted space in
the active site of P20 would require the sugar product to
leave prior to the formation of C4a-hydroperoxy-FAD. It
can be envisaged that during the reductive half-reaction
and under anaerobic conditions as in Figure 1, the sub-
strate loop is in the open conformation and the sugar
product releases at the rate of 0.002 s~ ' (k4 in Scheme 3).
The slow releasing of the sugar product in the open
conformation may be due to similarity in the structures
of p-glucose and 2-keto-p-glucose. In the structure of P20
from Peniophora sp, 2-keto-p-glucose is bound at the
enzyme in the open conformation (//). However, when
oxygen is present, the substrate loop moves to attain its
closed conformation, causing the active site to be more
spatially restricted and unsuited to accommodate simulta-
neously the formed C4a-hydroperoxy-flavin adduct and
2-keto-p-glucose. Therefore, we propose that the substrate
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loop movement may be the main feature facilitating the
quick release of the sugar product, and it is triggered when
oxygen is present during the oxidative half-reaction. It
should be mentioned that although a specific binding site
for oxygen in flavoenzymes has been a matter of debate, it
cannot be completely ruled out since the recent study of
cholesterol oxidase shows a hydrophobic tunnel that may
serve as a specific binding pathway for oxygen to reach the
reduced flavin cofactor (34). In P20 case, it may be either
the presence of oxygen in the enzyme active site triggering
this conformational change or direct diffusion of oxygen to
form the C4a-hydroperoxy-flavin adduct intermediate
causing the loop movement, resulting in the release of
2-keto-D-glucose.

The proposed ping-pong mechanism in the upper path-
way of Scheme 3 was tested for its validity by comparing
kinetic constants obtained from pre-steady-state and stea-
dy-state kinetics data. The initial rate equation for the
upper pathway of Scheme 3 was derived as shown in eq 7.
Based on eqs 8—10 and microscopic rate constants ob-
tained from pre-steady-state kinetics, the KS of glucose
was calculated to be 3.2 mM whereas the KS measured
from the steady-state kinetics is 1.9 & 0.07 mM (Table 3).
The K9 of oxygen calculated from microscopic rate con-
stants and eq 9 is 0.132 mM, whereas the K5 measured
from the steady-state kinetics is 0.22 + 0.008 mM (Table 3).
The experimental and calculated values of KS and K9 are
in the same range, indicating that the ping-pong model as
in the upper path of Scheme 3 is valid for the reaction
mechanism of P20. In addition, simulations of the kinetic
mechanism of Scheme 2 yielded kinetic traces that agree
well with the experimental data (Figure 1A) and simula-
tions of the oxidative half-reaction reported previously
also show good agreement with the experimental data (/3).

Pre-steady-state kinetics studies on the reductive half-
reaction of P20 using 2-d-p-glucose showed interesting
results that gave additional insight into the reaction me-
chanism of P20. The reaction with the deuterated sub-
strate (2-d-p-glucose) shows a large primary kinetic isotope
effect (ksp/ksp = 8.84) on the FAD reduction (Figure 3),
confirming that P20 oxidizes D-glucose at position C2 as
previously reported (/). It also indicates that the C—H
moiety at the C2 position is the reducing equivalent used
for FAD reduction and that breakage of this C—H bond
occurs simultaneously with FAD reduction. The reaction
mechanism of P20 possibly occurs by the hydride transfer
mechanism generally proposed for the enzymatic oxida-
tion of alcohols (35). Activation for alcohol substrates has
been proposed to be initiated by the removal of the
hydroxyl proton from the alcohols, followed by the trans-
fer of the hydride moiety (35—37). This mechanism pro-
ceed stepwise by initially forming an alkoxide species that
is decoupled from the following C—H bond cleavage as
found in the reaction of choline oxidase (38) or concerted.
In the GMC oxidoreductase family, histidine residues are
generally found to be conserved and were proposed as a
general catalytic base in the deprotonation of the substrate
hydroxyl group in order to promote the hydride transfer
(35, 39). His516 is probably the base abstracting the
hydroxyl proton in the reaction of glucose oxidase (40),
and homologous histidines in methanol oxidase (39) and
cellobiose dehydrogenase (47) are proposed to fulfill the
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same function. In P20, the residues His548 and Asn593 are
conserved as found in most members of the GMC family
except glucose oxidase in which only the histidine—
histidine pair was found instead (9). The three-dimensional
structure of P20 modeled with the substrate p-glucose has
shown that the distance from the C2 site of -glucose to the
N(5) of the flavin ring is 3.1 A, suggesting that the hydride
transfer mechanism is possible (/0). In addition, the resi-
dues His548 and Asn3593 can participate in hydrogen
bonding of the C2—OH of the sugar (/0), indicating that
His548 may act as a reactive base in proton abstraction.
However, the direct role of the histidine residue in the
hydroxyl proton abstraction in the GMC family has never
been clearly demonstrated. The high-resolution X-ray
structure of cholesterol oxidase (type I) from Streptomyces
sp. shows that the conserved histidine residue (His447) is
protonated and therefore cannot act as a catalytic base (42).
The pH—rate profiles of His466Ala and His351Ala of
choline oxidase are similar to that of the wild-type enzyme.
This indicates that a base that is required to be in the
deprotonated state still remains in these mutants, implying
that neither His466 nor His351 alone act as the active-site
base (43, 44). These histidine residues in both cholesterol
and choline oxidases may help in providing the suitable
environment for catalysis (42) or hydride tunneling (45).
The detection of the formation of the enzyme—substrate
complex as evident by the increase of absorbance at 395
during the first phase of the reductive half-reaction of P20
(Figure 1A) and the inverse isotope effect associated with
this step (Figure 2A and 3, Table 1) are quite intriguing and
provide useful information about the nature of the sub-
strate binding. The spectroscopic change upon substrate
binding has not been shown for other enzymes in the GMC
oxidoreductase family such as methanol oxidase (46),
glucose oxidase (47, 48), cholesterol oxidase (49, 50), and
choline oxidase (38, 51). This absorbance change cannot be
flavin semiquinone formation or N(5) or C(4a) flavin
adduct formation since there is no absorbance change at
458 nm. Although a similar absorbance increase at 400 nm
was documented for the ionization of the imidazole moiety
of 8a-histidylriboflavin, which displays a pK, of 4.7 (52),
it is unlikely that in the case of P20, the intermediate
spectrum is caused by the same ionization. Absorption
spectra of P20 in the pH range of 5.5—9 are the same and
indicate no change in this area (data not shown). It is
possible that this absorbance change is due a close contact
between D-glucose and the oxidized FAD. However, based
on current data, the structural nature of this intermediate
cannot be identified and requires future investigation (see
paragraph below) before any conclusion can be drawn.
The binding of D-glucose or 2-d-p-glucose to the enzyme
isa two-step process (Schemes 2 and 3). The initial complex
formation in the first step (Scheme 2) shows an insignif-
icant isotope effect on the initial binding since the Ky
values are in the same range, ~45 mM for p-glucose versus
~60 mM for 2-d-p-glucose (Figure 2B). This indicates that
the C2—H bonds in the free p-glucose and in the p-glucose
of the initial complex are similar. Interestingly, the follow-
ing isomerization step (k; in Schemes 2 and 3) shows an
inverse isotope effect (kop/kyp of ~0.60). This indicates
that upon isomerization to the active P20—glucose com-
plex, the C2—H bond is stiffer and more constrained
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compared with thatin the free p-glucose (53, 54). However,
since the accuracy of k»y/k>p measured experimentally is
limited due to limitation of the measurement, at this point,
we refrain from making any mechanistic interpretation of
the inverse isotope effect observed.

In conclusion, this study has elucidated the kinetic
mechanism of pyranose 2-oxidase from Trametes multi-
color. Our results suggest that at pH 7.0, the P20 reaction
is likely to be the ping-pong type where the sugar product
leaves prior to the oxygen reaction. Binding of the oxidized
enzyme to D-glucose shows an absorbance increase at 395
nm and an inverse isotope effect, indicating that the C2—H
bond of p-glucose is more rigid in the Michaelis complex
compared with that in the free form. This information can
serve as the grounds for future in-depth investigation into
the reaction and mechanism of P20.
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