BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Biochemistry 2010, 49, 3753-3765 3753
DOI: 10.1021/bi100187b

Kinetic Isotope Effects on the Noncovalent Flavin Mutant Protein of Pyranose 2-Oxidase

Reveal Insights into the Flavin Reduction Mechanism®

Jeerus Sucharitakul,* Thanyaporn Wongnate,® and Pimchai Chaiyen**

tDepartment of Biochemistry, Faculty of Dentistry, Chulalongkorn University, Henri-Dunant Road, Patumwan, Bangkok 10330,
Thailand, and *Department of Biochemistry and Center of Excellence in Protein Structure and Function, Faculty of Science,

Mahidol University, Bangkok 10400, Thailand
Received February 6, 2010, Revised Manuscript Received March 31, 2010

ABSTRACT: Pyranose 2-oxidase (P20) from Trametes multicolor contains a flavin adenine dinucleotide (FAD)
cofactor covalently linked to the N* atom of His167. The enzyme catalyzes the oxidation of aldopyranoses by
molecular oxygen to generate 2-keto-aldoses and H,0O, as products. In this study, the transient kinetics and
primary and solvent kinetic isotope effects of the mutant in which His167 has been replaced with Ala (H167A)
were investigated, to elucidate the functional role of the 8a-N>-histidyl FAD linkage and to gain insights into
the reaction mechanism of P20. The results indicate that the covalent linkage is mainly important for a
reductive half-reaction in which the FAD cofactor is reduced by p-glucose, while it is not important for an
oxidative half-reaction in which oxygen reacts with the reduced FAD to generate H,O,. b-Glucose binds to
H167A via multiple binding modes before the formation of the active Michaelis complex, and the rate
constant of flavin reduction decreases ~22-fold compared to that of the wild-type enzyme. The reduction of
H167A using p-glucose isotopes (2-d-p-glucose, 3-d-p-glucose, and 1,2,3.4,5,6,6-d;-D-glucose) as substrates
indicates that the primary isotope effect results only from substitution at the C2 position, implying that
H167A catalyzes the oxidation of b-glucose regiospecifically at this position. No solvent kinetic isotope effect
was detected during the reductive half-reaction of the wild-type or H167A enzyme, implying that the
deprotonation of the p-glucose C2-OH group may occur readily upon the binding to P20 and is not
synchronized with the cleavage of the p-glucose C2—H bond. The mutation has no drastic effect on the
oxidative half-reaction of P20, as HI167A is very similar to the wild-type enzyme with respect to the kinetic
constants and the formation of the C4a-hydroperoxyflavin intermediate. Kinetic mechanisms for both half-
reactions of H167A were proposed on the basis of transient kinetic data and were verified by kinetic

simulations and steady-state kinetic parameters.

Flavoenzymes containing covalent linkages are less common
than flavoenzymes containing dissociable flavins. A large number
of covalently linked flavoenzymes belong to the glucose-methanol-
choline (GMC)" oxidoreductase and vanillyl-alcohol oxidore-
ductase families (/—4). The flavin linkages have been found
as single linkages of C8o-N'-histidyl, C8a-N>-histidyl, C8a-
O-tyrosyl, C8a-S-cysteinyl, C6-S-cysteinyl, or FMN-phospho-
ester-threonyl and bicovalent linkages of C8o-N'-histidyl and
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Co6-S-cysteinyl (4). Covalent flavinylation originates from an
autocatalytic process in 6-hydroxy-p-nicotine oxidase (2),
p-cresol methylhydroxylase (5), monomeric sarcosine oxidase (6),
vanillyl-alcohol oxidase (VAO) (7), and trimethylamine dehy-
drogenase (8). The biochemical significance of the covalent flavin
linkage varies among different enzymes and often includes
increasing the redox potential for efficient catalysis, enhancing
protein stability, and preventing chemical modification of the
flavin cofactor during catalysis (4).

Pyranose 2-oxidase (P20, pyranose:oxygen 2-oxidoreductase,
EC 1.13.10) from Trametes multicolor is a member of the GMC
oxidoreductase family. It catalyzes the oxidation of several
aldopyranoses by molecular oxygen at the C2 position to yield
the corresponding 2-keto-aldoses and hydrogen peroxide (9, 10).
The enzyme is useful for its application in sugar syntheses (/1)
and has recently been proposed for use in biofuel cell applica-
tions (/2). P20 is a homotetrameric enzyme with a native
molecular mass of 270 kDa (9). Each subunit contains one flavin
adenine dinucleotide (FAD) that is covalently attached to N° of
His167 (13). The catalytic reaction of P20 can be divided into a
reductive half-reaction (in which two electrons are transferred as
a hydride equivalent from a sugar substrate to generate reduced
FAD and the corresponding 2-keto sugar) and an oxidative half-
reaction (in which two electrons are transferred from the reduced
flavin to oxygen to form hydrogen peroxide) (14, 15). P20 is the
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first flavoprotein oxidase for which the formation of C4a-
hydroperoxyflavin has been observed during the oxidative half-
reaction (/5). The C4a-flavin adduct was detected in other
flavoprotein oxidases only under specific conditions such as in
the crystalline form of choline oxidase (/6) and the mutant form,
C42S, of NADH oxidase (/7). In addition, the reductive half-
reaction of P20 has exhibited a few interesting features that are
not found in other flavoprotein oxidases, such as an absorbance
increase at 395 nm and an inverse kinetic isotope effect at the
D-glucose binding step (14, 18). The catalytic dehydrogenation of
substrates containing hydroxyl groups by flavoprotein oxidases
has been proposed to be initiated by the removal of the hydroxyl
proton followed by the transfer of the hydride moiety (79). In
many flavoprotein oxidases, solvent and primary kinetic isotope
effects have been investigated to identify the relative timing
between the deprotonation and hydride transfer steps (19, 20).
The mechanism of choline oxidase, a member of the GMC
family, has been shown to occur stepwise (21, 22). For P20, no
studies have investigated whether the deprotonation of the
C2—0H group of p-glucose is synchronized with or decoupled
from the hydride transfer.

The crystal structures of wild-type P20 (WT) and the H167A
mutant in complex with a substrate analogue, 2-fluoro-2-deoxy-
p-glucose (2FG), have been reported (10, 23). The structure of
H167A shows that 2FG binds in the orientation that is optimal
for C3 oxidation (23). 2FG can reduce the wild-type enzyme
more rapidly than H167A, preventing successful crystallization
of the WT—2FG complex (23). The redox potential value of WT
is =105 mV, and that of HI167A is —150 mV (23). Comparing
these values implies that the reduction of FAD in HI67A by
D-glucose should be slower than in WT. However, the transient
kinetics of H167A has never been investigated. With the crystal
structure available and the flavin—protein covalent linkage
absent, this mutant serves as an ideal model for exploring the
functional role of the C8a- N -histidyl—FAD linkage in enzyme
catalysis. As the flavin reduction rate should be slower in HI67A
than in WT because of the decrease in the redox potential, the
binding steps prior to the reduction step should be more resolved
in the mutant than in WT.

In this study, we investigated the effects of the H167A
mutation on both the reductive and oxidative half-reactions
using transient kinetics. Reactions of H167A with 2-d-p-glucose,
3-d-p-glucose, and 1,2,3,4,5,6,6-d,-p-glucose were conducted to
identify the regiospecificity of the enzyme. Solvent kinetic isotope
effects on the reactions of H167A and WT with p-glucose and
2-d-p-glucose were measured to explore the relative timing
between the deprotonation of the C2—OH bond and the hydride
transfer reaction from the C2—H group.

MATERIALS AND METHODS

Reagents. p-Glucose (99.5% pure) and horseradish perox-
idase were purchased from Sigma-Aldrich Chemie GMG. Deut-
erated glucoses (2-d-p-glucose, 3-d-p-glucose, and 1,2,3,4,5,6,6-
d7-p-glucose), sodium deuteroxide (99%), and deuterium oxide
(99.9%) were purchased from Cambridge Isotope Laboratory.
ABTS [2,2'-azinobis(3)-ethylbenzenethiazoline-6-sulfonic acid
diammonium salt] was purchased from Sigma-Aldrich. A non-
covalent flavin mutant of P20, H167A, was cloned, expressed,
and prepared as previously described (23). This mutant was
expressed in the absence of a Hisg tag to avoid its interfering
properties. The concentrations of the following compounds
were determined using the known extinction coefficients at pH
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7.0: €403 = 1 x 10° M~ em™! for peroxidase, e45p = 1.29 x
10*M ™" em™" for HI67A, and e455 = 1.3 x 10* M~ em™" for
WT (15). These values assume one FAD bound per subunit.

Spectroscopic Studies. UV—visible absorbance spectra were
recorded using a Hewlett-Packard diode array spectrophot-
ometer (HP8453), a Shimadzu 2501PC spectrophotometer, or a
Cary 300Bio double-beam spectrophotometer. All spectrophot-
ometers were equipped with thermostated cell compartments.
Enzyme activities were determined with a continuous assay using
a coupled reaction of horseradish peroxidase and its substrate
ABTS as previously described (24). Initial rates were calculated
from the increase in absorbance at 420 nm resulting from the
oxidation of ABTS by H,0, using the molar absorption coeffi-
cient of 42 x 10°M ' em ™.

Determination of the Molar Absorption Coefficient of
H167A. The mutant was denatured to separate FAD from the
protein using TCA. In brief, a solution of HI67A was diluted in
50 mM sodium phosphate buffer (pH 7.0) to yield a maximum
absorbance at 450 nm of approximately 0.2 (I mL) and pre-
cipitated using 5% TCA (25). The pH of the solution was
adjusted to pH 7.0 using sodium carbonate (solid crystals), and
the denatured protein was removed by centrifugation at 17400g.
The concentration of the free FAD released from the denatured
enzyme was determined on the basis of the free FAD molar
absorption coefficient (e450) of 1.13 x 10*M ™' em™". The molar
absorptivity of H167A (per FAD molecule) (g45,) was calculated
tobe1.29 x 10*M™" em™".

Rapid Reaction Experiments. Reactions were conducted
in 50 mM sodium phosphate buffer (pH 7.0) at 4 °C, unless
otherwise specified. The measurements were performed using a
Hi-Tech Scientific model SF-61DX stopped-flow spectrophot-
ometer in single-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 10 mM sodium dithionite in 50 mM sodium
phosphate buffer (pH 7.0). The buffer for the sodium dithionite
solution was made anaerobic by equilibration with oxygen-free
nitrogen (ultrahigh purity) that had been passed through an
Oxyclear oxygen removal column (Labclear). The anaerobic
buffer was allowed to stand in the flow system overnight. The
flow unit was then rinsed with the anaerobic buffer before the
experiments. Apparent rate constants (k) were calculated from
the kinetic traces using exponential fits and the software packages
Kinetic Studio (Hi-Tech Scientific, Salisbury, U.K.) and Pro-
gram A [written at the University of Michigan (Ann Arbor, MI)
by R. Chang, J. Chiu, J. Dinverno, and D. P. Ballou].

For the reduction of H167A by p-glucose or deuterated 2-d-p-
glucose, a solution of the oxidized enzyme was placed in a
tonometer and equilibrated with nitrogen before being loaded
onto the stopped-flow machine. Then, a 3 mL solution of
D-glucose at the desired concentration was placed in a 5 mL
glass syringe and made anaerobic by being bubbled with oxygen-
free nitrogen for 8 min before being loaded onto the stopped-flow
machine. To study the reactions of the reduced enzyme with
oxygen, an anaerobic enzyme solution was equilibrated in an
anaerobic glovebox (Belle Technology) to control the concentra-
tion of oxygen at less than 3 ppm, and the enzyme was then
reduced with a solution of b-glucose [~10 mM in 50 mM sodium
phosphate buffer (pH 7.0)]. While a solution of p-glucose was
being added, the enzyme spectra were recorded using a spectro-
photometer inside the glovebox to ensure complete reduction.
The reduced enzyme solution was placed in a glass tonometer and
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loaded onto the stopped-flow spectrophotometer. To study the
solvent isotope effects on the kinetics of the flavin reduction, all
solutions were exchanged into sodium phosphate buffer made
with deuterium oxide. In brief, solid sodium phosphate powder
(0.69 g) was dissolved in ~30 mL of 99.9% deuterium oxide, and
the resulting solution was equilibrated for 13—15 h (overnight) in
the anaerobic glovebox. The equilibrated solution was evapo-
rated at 60 °C for 3 h using a rotary evaporator to yield H,O-free
sodium phosphate powder. The resulting powder was added to
99.9% deuterium oxide, and the same process was repeated to
ensure that the buffer contained at least 99.9% deuterium oxide.
The pD of the buffer was adjusted via addition of sodium
deuteroxide to the solution while the pH was monitored (pD =
PHineasured + 0.4) (26). D-Glucose and 2-d-p-glucose were dis-
solved in ~20 mL of 99.9% deuterium oxide, and the solutions
were dried twice, in a manner similar to the process described
above. The resulting substrate powder was dissolved in 50 mM
sodium phosphate buffer in deuterium oxide. Flavin reduction
was monitored by following the absorbance at 400 and 452 nm.
We created solutions with various concentrations of oxygen by
bubbling certified oxygen/nitrogen gas mixtures through syringes.
Rate constants were obtained from fits of k., versus the con-
centration of oxygen using Marquardt—Levenberg nonlinear fit
algorithms included in KaleidaGraph (Synergy Software). Simu-
lations were performed by numerical methods using Runge—
Kutta algorithms implemented in Berkeley Madonna 8.3 and a
time step of 3.125 x 10~*s. The proposed model was created and
used for simulations of the reductive and oxidative half-reactions.

Expression of the Observed versus Individual Rate Con-
stants. A kinetic model for flavin reduction is shown in Scheme 1.
The dotted line square defines the steps that are assumed to occur
in the two pathways for rapid equilibrium binding of the
substrate (G) to the enzyme (Ea), forming two forms of the
enzyme—substrate complexes (Eb and Ec) that further convert to
Ed and Eg, respectively. Only Ed is an active Michaelis complex
that can be reduced by G. The relaxation times of all steps inside
the square are much faster than the catalytic step (ky).

According to Cha’s method (27), all species in rapid equilib-
rium can be summed and represented as a simple term, X. This
term represents all equilibrating fast enzyme forms. A rate
constant for the conversion of X to Er is modified by a
fractionation factor (f1;), as described in eq 1.

k
X ML By p (1)

where X = Ea + Eb + Ec + Ed + Ee and
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Atequilibrium with no net reaction or with a very low value of ky;

compared to other rate constants inside the box, the ratio of each

form can be presented in the form of kinetic constants.
Therefore

ok ke
Ba/Bd = s Eb/Bd =
kgkio k1o

Ec/Bd =51 Ee/Bd =51

Substitution of the rate constant ratios specified above into eq 2
yields eq 3. |
= 3
S kake +k6+k8k10+k10+1 )
kiks|G] kiky ko

Rearrangement of eq 3 results in eq 4
1
ke kskio k
_6+8_]0+ﬂ+ 1
fll _ kS k7k9 k9 (4)
koke
kks[G]
ke  kskio ko
ks kiky Ky

+1

The observed rate constant (k) of the reduction step is equal
to ky1f11. Substitution of the factor fi; into kg, yields eq 5.
kskykoky ©
keskrko + kskakio + kskskio + kekrko'
kokekrko L [G]
ki (kskako + kskakio + kskskio + kek7ko)

(5)

kobs =

Enzyme-Monitored Turnover Experiments. Steady-state
kinetic experiments were performed using the enzyme-monitored
turnover method as described by Chance and Gibson (28, 29).
Details of the analysis of P20 kinetics were previously de-
scribed (/4). The experiments used an excess of glucose over
the concentration of oxygen (0.26 mM after mixing), and the
reactions were monitored at 452 nm to measure the concentration
of the oxidized enzyme after the steady-state period had been
reached before all the oxygen had been consumed. The area
under the curve is proportional to the amount of oxygen
remaining. Initial rates of the reaction at any remaining oxygen
concentrations were calculated according to eqs 6 and 7.

dA [Oz}tolal
dt Amtal (6)
4 — final
0] = Ol )
total

where dA is the area of each segment that corresponds to a
division on the X-axis (df),dt = 1, — t; (t > t1), Agoral 1S the total
area under the trace, 4, —ina is the area under the trace from ¢, to
the end, and [O,]io €quals 0.26 mM. Areas under the curves
(linear time) were integrated using Kaleidagraph 4.0. Steady-
state kinetic parameters were calculated from fits of the initial
rates versus the concentration of oxygen at various glucose
concentrations using Enzfitter (BIOSOFT, Cambridge, U.K.)
and eq 8 for calculation of ky, KS, K.
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KS[G] + K[0,] + [G][05]

RESULTS

Reduction of HI67A by p-Glucose. A solution of the
oxidized enzyme in 50 mM sodium phosphate buffer (pH 7.0)
was mixed with solutions of the same buffer containing various
concentrations of D-glucose using a stopped-flow spectrophot-
ometer under anaerobic conditions. Flavin reduction was mon-
itored at 10 nm intervals from 310 to 550 nm. The maximum
absorbance changes were observed at 400 and 452 nm, and
kinetic traces at these wavelengths were used for the analysis
(Figure 1A,B). Kinetic traces show four distinguishable phases
with only two or three phases observed at each p-glucose
concentration. The approximate time at the end of each kinetic
phase is represented by a number, and the letter H is used for the
highest p-glucose concentration and L for the lowest concentra-
tion. The first phase [0.002—0.036 s (1H) for 50 mM b-glucose
and 0.002—0.67 s (1L) for 0.4 mM p-glucose] is represented by an
increase in the absorbance at 400 nm (Figure 1A) and a small
change at 452 nm (Figure 1B). This phase is interpreted as the
formation of a Michaelis complex between the oxidized enzyme
and p-glucose, as found in the wild-type enzyme (/4), and it was
detected at all concentrations of p-glucose used. However, the
absorbance change after the first phase is different at different
D-glucose concentrations. At Dp-glucose concentrations of 12.8,
25.6, and 50 mM, the second phase [0.036—0.1 s (2H) in
Figure 1A] appeared as a small absorbance decrease at 400 nm,
consistent with rate constants of ~28 s~'. The second phase was
not observed at concentrations of D-glucose lower than 12.8 mM.
At p-glucose concentrations of 0.4—3.2 mM, the reactions showed
third [~0.3—15 s (3L)] and fourth [~15—120 s (4L)] phases
(Figure 1A). These two phases are likely to represent reduction
of the FAD cofactor, as they both show large absorbance decreases
at 400 and 452 nm (Figure 1A,B). The third phase at p-glucose
concentrations of 0.4—1.6 mM accounted for approximately 65%
of the total change, whereas the following fourth phase accounted
for 35% (Figure 1A). At 3.2 mM p-glucose, the amplitude of the
third phase increased to ~85%. When using p-glucose concen-
trations of 6.4—50 mM, the third and fourth phases merged to form
a single homogeneous flavin reduction phase. The amplitude of
each kinetic phase does not depend on substrate concentration
in the wild-type enzyme (/4).The data imply that the mutant
reaction may be accomplished using two pathways and that the
partition of both pathways is dependent on the concentration of
D-glucose (see later analysis using kinetic simulations).

The observed rate constants (k.,s) of the first phase, as
determined using kinetic traces at 400 nm, show a hyperbolic
dependence on the concentration of D-glucose, approaching the
limiting value (kmay) of 133 4 55~ with an intercept value (k) of
240.8s "according to eq 9. This result suggests that the binding
of D-glucose to the enzyme involves more than one step. The
observed Ky of p-glucose binding (26.5 + 2 mM) was obtained
from the p-glucose concentration that gives half of the value of
the saturating rate constant (Figure 2A, eq 9).

kmax [G]

kobs = ———-+ ke 9
obs Kd+[G]+ ()

The second phase (observed rate constant of ~28 s~') is likely to
exist at all concentrations but is masked at lower D-glucose
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FiGure 1: Kinetic traces of the reductive half-reaction of HI67A
with D-glucose. A solution of the enzyme (22 uM) was mixed with
solutions of b-glucose at concentrations of 0.4, 0.8, 1.6, 3.2, 6.4, 12.8,
25.6, and 50 mM (from right to left, respectively) in 50 mM sodium
phosphate buffer (pH 7.0). All concentrations quoted are those after
mixing, and the reactions were performed using the stopped-flow
spectrophotometer at 4 °C under anaerobic conditions. The approx-
imate times at the end of the first, second, third, and fourth phases are
specified with the corresponding numbers. L designates a p-glucose
concentration of 0.4 mM, and H designates a D-glucose concentration
of 50 mM. The reactions were monitored at 400 (A) and 452 nm (B).
The first-exponential phase is a large absorbance increase at 400 nm,
and the traces from bottom to top represent lower to higher con-
centrations of D-glucose, respectively. The dotted lines represent
simulations based on the model presented in Scheme 2 with the
kinetic parameters listed in Table 1.
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FIGURE 2: (A) Observed rate constants of the first phase (kqps) from
the kinetic traces in Figure 1 plotted vs pD-glucose concentrations. (B)
Observed rate constants of the third (O) and fourth phases (®) were
analyzed from the traces in Figure 1 at p-glucose concentrations of
0.4—3.2 mM. At p-glucose concentrations of 6.4—50 mM, the values
of kg, Of the flavin reduction are plotted as filled circles.

concentrations. Only p-glucose concentrations of 12.8, 25.6, and
50 mM (where the rate constants of the first phase are 46.5, 66.1,
and 89.65~ ', respectively) allow detection of the second phase. At
D-glucose concentrations of 0.4, 0.8, 1.6, and 3.2 mM, the
observed rate constants for the third phase are 0.13, 0.23, 0.34,
and 0.35s ", respectively [Figure 2B (O)] and for the fourth phase
0.056, 0.11, 0.17, and 0.21 s~ ' [Figure 2B (®)], respectively. At
D-glucose concentrations of 6.4, 12.8, 25.6, and 50 mM, the third
and fourth phases merge to form a single flavin reduction phase
and the values of &y, for the flavin reduction are 0.33, 0.37, 0.39,
and 0.41 s~', respectively [Figure 2B (®)]. These rate constants
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Table 1: Rate Constants Obtained from Kinetic Analysis and Simulations of the Reductive Half-Reactions of H167A with p-Glucose and 2-d-p-Glucose

rate constants

extinction coefficient (M ™' ecm™")

observed rate and calculated apparent

individual rate constants

equilibrium constants rate constants from simulations chemical species” 400 nm 452 nm

Kobs@u) 2.5+£03mM K oGy = 2.3 mM ky = 21000 £3215M ' 5™ Eox 9950 13000
Kobs(G,u) =23+03mM KD oGy = 2.3 mM ky = 2000 £ 321 57" E oG 9950 13700
kobs(mdumm = 04340015 Kh eduction) = 04457 k3 = 38000 £ 3786 M~ s~ E*, G 10000 13700
kShsreductiony = 011 £0.003 5™ KD reductiom = 0.1187" k4 = 1500 £ 153 s~ E'’ oG 11450 12700

ks =130 £ 155" E**:G 11740 14800

ke=5+1s"" Er 3467 1472

ky =130 £ 127"

kg = 12£257"

kg =20+1s""

kip=10£1s""

ki =07+0.02s""

K (Keq) = 0.7 £0.0257!
kP11 (kPreq) = 0.17 £ 0.004 s

“Rate constants and chemical species are according to the reaction mechanism presented in Scheme 2.

are hyperbolically dependent on the concentrations of p-glucose,
approaching the limit of 0.43 + 0.01 s™" (Table I and Figure 2B).
The p-glucose concentration giving a half-saturation value is
2.5 £ 0.3 mM. The results from the kinetic analysis described
above indicate that the reduction kinetics of HI167A is multi-
phasic and complex, as the substrate concentration can influence
the kinetic appearance. To identify the steps involved in the
flavin reduction unambiguously and determine whether H167A
can oxidize p-glucose at positions other than C2, we investigated
the reduction of H167A by 2-d-p-glucose, 3-d-p-glucose, and
1,2,3,4,5,6,6-d7-D-glucose.

Primary Kinetic Isotope Effects on the Reductive Half-
Reaction of HI67A and Regiospecificity of p-Glucose
Oxidation. H167A was reduced by 2-d-p-glucose in the same
fashion as described above for the reduction by p-glucose. The
reaction was monitored at 400 and 452 nm (Figure 3A,B).
The results show four distinguishable phases that are similar to
those observed during the reduction by p-glucose (Figure 1). At
all 2-d-p-glucose concentrations, the first phase (~0.002—0.036 s)
represents an increase in absorbance at 400 nm (Figure 3A), with
a slight increase in absorbance at 452 nm (Figure 3B), and this is
similar to the first phase observed in the reaction with p-glucose
(Figure 1A,B). This indicates that the first phase does not involve
cleavage of the p-glucose C2—H bond and confirms its assign-
ment as the formation of an initial enzyme—substrate complex
(Figure 1A,B). The following second phase could be detected
only when using 2-d-p-glucose at 12.8, 25.6, and 50 mM, similar
to the case with p-glucose. The following third and fourth phases,
as shown by large decreases in absorbance at 400 and 452 nm,
respectively, were clearly involved with the flavin reduction and
the cleavage of the p-glucose C2—H bond, as their rate constants
were significantly affected by 2-d-p-glucose. The observed kinetic
isotope effect (k' %y/kDh) is 3.9 + 0.1 (Table 1). The amplitudes
of both phases were also influenced by the concentration of 2-¢-p-
glucose, as was the D-glucose reaction. At 0.8 mM 2-d-p-glucose,
the amplitude of the fast reduction phase (0.5—23 s) was 53% and
the amplitude of the slow phase was 47% (23—200 s). When the
substrate concentration was increased, the amplitude of the fast
phase also increased. At 3.2 mM 2-d-p-glucose, the amplitude of
the fast reduction phase was 77% whereas that of the slow phase
was 23%. At 6.4—50 mM 2-d-p-glucose, the flavin reduction
appeared to be homogeneous, as it did for the reaction with
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F1GURE 3: Kinetic traces of the reduction of HI167A by 2-d-p-
glucose. A solution of the enzyme (21 uM) was mixed with solutions
of 2-d-p-glucose at concentrations of 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, and
50 mM (from right to left, respectively) in 50 mM sodium phosphate
buffer (pH 7.0). All the concentrations quoted are those after mixing.
The reactions were performed using the stopped-flow spectrophot-
ometer at 4 °C under anaerobic conditions. The reactions were
monitored at 400 (A) and 452 nm (B). The first exponential phase
was a large absorbance increase at 400 nm, and the traces from
bottom to top represent lower to higher concentrations of p-glucose,
respectively. The dotted lines represent simulations based on the
model presented in Scheme 2 with the kinetic parameters listed in
Table 1. The inset shows a plot of the kg, of the flavin reduc-
tion phase (with a large absorbance decrease at 400 and 452 nm) vs
D-glucose concentration.

p-glucose. A plot of the observed rate constants from the fast
reduction phase versus the 2-d-p-glucose concentrations is hyper-
bolic. The limiting rate constant is 0.11 £ 0.003 s~', and the
concentration giving a half-saturation value of the rate constant
is 2.3 = 0.3 mM (inset of Figure 3A).

To investigate whether any phase of the reductive half-reaction
of H167A is involved with the oxidation of p-glucose at C3 or
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FIGURE 4: Use of kinetic isotope effects to identify the regiospecifi-
city of the sugar oxidation in HI67A. A solution of HI67A (22 uM)
was mixed with solutions of 50 mM b-glucose, 50 mM 2-d-p-glucose,
50 mM 3-d-p-glucose, and 50 mM 1,2,3.4,5,6,6-d;-p-glucose. The
concentrations quoted represent those after mixing, and the reactions
were conducted in a fashion similar to that of the reactions described
in the legends of Figures 1 and 3. The kinetic traces shown were
monitored at 400 nm. The solid and dotted lines represent the
reduction by p-glucose and 2-d-p-glucose, respectively. The filled
circle solid and dashed lines represent the reduction by 3-d-p-glucose
and 1,2,3.4,5,6,6-d;,-D-glucose, respectively and the traces were offset
by +0.01 for the sake of clarity. The trace of 3-d-p-glucose is similar to
the trace of p-glucose, whereas the trace of 1,2,3,4,5,6,6-d;-D-glucose
is similar to that of 2-d-p-glucose.

other positions, experiments using 3-d-D-glucose and 1,2,-
3,4,5,6,6-d7-D-glucose as substrates were performed using
the same conditions described in the legends of Figures 1—3.
The detection of a primary kinetic isotope effect (KIE) from 3-d-
p-glucose or 1,2,3,4,5,6,6-d,-p-glucose (in addition to the KIE
from p-glucose C2 oxidation) would indicate oxidation of
D-glucose at another position apart from C2. The kinetic
traces presented in Figure 4 indicate that the reduction by
50 mM 3-d-p-glucose (the solid line with filled circles) is
essentially the same as that by 50 mM bp-glucose (the solid line
trace) and shows no KIE, ruling out the oxidation of b-glucose at
position C3 (the 3-d-p-glucose and 1,2,3,4,5,6,6-d;,-D-glucose
traces were offset for the sake of clarity). The second phase
(observed rate constant, ~28 s~') remained in the reaction with
50 mM 3-d-p-glucose, indicating that this phase is not involved
with the C3 oxidation. A kinetic trace of the oxidation by 50 mM
1,2,3,4,5,6,6-d;-D-glucose (the dashed line with filled circles) was
essentially the same as the trace for reduction by 2-d-p-glucose
(the dashed line trace), indicating that the oxidation of p-glucose
by this mutant occurs regioselectively only at C2. Taken together,
these results clearly indicate that the multiple kinetic phases
observed in Figure 1 are intrinsic properties of the C2 oxidation
by H167A, rather than the oxidation of p-glucose at multiple
positions.

Kinetic Model of the Reductive Half-Reaction of HI67 A
Analyzed by Kinetic Simulations and Derivations. The
kinetic data presented in Figures 1—4 can be explained using
the model shown in Scheme 2, in which a substrate can bind to the
enzyme via two possible pathways. From 14 models employed for
the simulations (data not shown), this model is the simplest one
that generates simulations agreeing well with the experimental
data (Figure 1A,B, solid vs dashed lines). Scheme 2 begins with
the binding of p-glucose to the enzyme to form the enzyme—
substrate complex, E'o:G or E*:G. The binding to the E*,:G
form is faster and tighter, with a K4 of ~39 mM (ky/k3), whereas
the formation of the E',:G complex has a lower affinity, with a
Kqof ~95mM (k»/k;). As the observed rate constants of the first
phase (the binding phase) are hyperbolically dependent on the
substrate concentration (Figure 2A), the data indicate the
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Scheme 2: Reductive Half-Reaction of the H167A Mutant
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existence of an isomerization step after the initial binding step
(Scheme 2). Simulations show that both E':G and E*,.:G
complexes isomerize to the E’ ;G and E**,:G forms with
forward rate constants of 130+ 15s~ " (ksin Scheme 2) and 130 +
12 5! (k7 in Scheme 2), respectively, but with different reverse
rate constants of 5+ 15! (k) and 12 £ 25! (kg), respectively
(Scheme 2 and Table 1). An absorbance increase at 400 nm and a
small absorbance increase at 452 nm (Figure 1A,B) occurred
because of the increase in the molar absorption coefficients upon
isomerization (Scheme 2 and Tablel).

The observed rate constant of ~28 s~ (detected at p-glucose
concentrations of 12.8, 25.6, and 50 mM) is designated as an
equilibration step between the E**,:G and E” .G forms as this
step was not affected by deuterated p-glucose or D,O (see the
following section). Analysis using simulations yielded a forward
rate constant of 20 + 1 s~ (ko in Scheme 2) and a reverse rate
constant of 10 + 1 s~! (ky in Scheme 2). The following step is
flavin reduction (k1; in Scheme 2) and has a rate constant of 0.7
0.02 s~ (Table 1).

The model in Scheme 2 can explain biphasic flavin reduction
at low concentrations of p-glucose. According to this model,
D-glucose binds via both pathways. However, at low substrate
concentrations, the rate of flavin reduction through the lower
pathway (with a lower Kj) is higher than that of the upper
pathway. Therefore, biphasic kinetics of flavin reduction was
observed at D-glucose concentrations of 0.4—3.2 mM. At high
substrate concentrations, both pathways can proceed near their
maximum rates and cannot be distinguished kinetically. Hence,
flavin reduction appears to be homogeneous at p-glucose con-
centrations of >6.4 mM. In a multistep reaction, observed rate
constants of individual steps can be differentiated if an observed
rate constant of the preceding step is at least 3-fold greater than
that of the following step (30). The model in Scheme 2 can also
explain why the observed rate constant of 28 s~ can be detected
only at high concentrations of p-glucose but not at lower
concentrations of b-glucose. According to this model, observed
rate constants for the binding of substrate to enzyme plus the first
isomerization step in both upper and lower pathways at the
saturating concentration of p-glucose (kops = k7 + kg = 1425~ ",
o kops = ks + kg = 1355~ ") are much greater than the value of
the second isomerization step (kqps = 285~ 1). At lower p-glucose
concentrations, these ks values are not 3-fold greater than the
value of the following step, thus masking the detection of a ks of
285~ Therefore, the model in Scheme 2 can explain why kinetic
traces show four distinguishable phases with only two or three
phases observed at each p-glucose concentration.

The model in Scheme 2 is also validated by comparison of the
experimentally observed rate constants with the calculated
apparent rate constants based on the model and the parameters
obtained from the simulations (Table 1). The apparent rate
constants were calculated on the basis of eq 10 (described in
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Materials and Methods) and rate constants from the simulations
(Table 1). According to the model in Scheme 2
kskykokiy ©
kskako + kskrkio + kskskio + kekrko
kokegkrkg
ky (kskakg + kskakyo + kskskio + kek7ko )

kapp(reduction) -

+[C]
(10)

At saturating concentrations of the substrate, [G], kypp(reduction)
can be described by eq 11.
i o kskakok1i
appreduction) ™ Je kg + kskkio + kskskio + kekako

(11)

Using eq 11 and individual rate constants from Table 1, we
calculated a k;'lpp(reducﬁon) of 0.44 s~'. This value agrees well
with the experimental value for the observed rate constant
[k = 0.43 4+ 0.013 5! (Table 1 and Figure 2B)]. Equation
10 also indicates that an apparent concentration of p-glucose
giving a half-saturation value [Kyppciyl can be described, as
shown in eq 12:

kokekako

X _ 12
app(Glo) = 4 (kskako + kskrki + kskskyo + kekrko) 12

Using eq 12 and rate constants from the simulations (Table 1), we
calculated a Kij Gy of 2.3 mM, in good agreement with a
Kglbs((;]u) of 2.5 &+ 0.3 mM obtained from the hyperbolic plot
(Figure 2B). Therefore, the results in Table 1 confirm that the
flavin reduction by p-glucose in H167A occurs according to the
model presented in Scheme 2. The results in Table 1 also indicate
that the intrinsic reduction rate constant (k™) is 0.7 £ 0.02 s~ ".
Simulations using the model in Scheme 2 were also conducted
for the reduction using 2-d-p-glucose. We used the same values of
the kinetic constants for the simulations as in the p-glucose case,
except with a £}, of 0.17 £ 0.004 s~'. Kinetic traces from the
simulations agree well with the experimental data (the dashed vs
solid lines in Figure 3). According to eq 11, the apparent rate
constant of the reduction [kaDpp(reducﬁon)] was calculated to be
0.11 s~!, similar to the observed rate constant [kODbsmducﬁon)] of
0.11 £ 0.003 s~ " obtained from the experiment data (inset of
Figure 3A). The value for KonS(Glu) from the hyperbolic plot is
2.3 £ 0.3 mM (data not shown), also similar to the value of
2.3 mM [Ka%p(clu)] calculated from eq 12 and the rate constants
listed in Table 1. Therefore, all the comparisons shown in Table |
indicate good agreement between the calculated and observed
values, validating the kinetic model described in Scheme 2.
Solvent Kinetic Isotope Effects on the Reductive Half-
Reaction of H167A. Effects of solvent on the reductive half-
reaction of H167A were investigated to identify the steps involved
in proton transfer. Experiments similar to those in Figures 1 and
3 with 50 mM p-glucose and 50 mM 2-d-p-glucose (after mixing)
were conducted in D>O for comparison with the control reaction
conducted in H,O that had gone through the same preparation
process (see Materials and Methods). The solid line trace (labeled
p-glucose in Figure 5A) shows the reduction of H167A by
p-glucose in an H,O buffer that was monitored using the
absorbance change at 400 nm. The observed rate constants for
the first, second, and third phases are 90 & 2, ~28, and 0.43 +
0.013 s, respectively, the same as those shown in Figure 1A,B.
This indicates that the solvent exchange process did not interfere
with the catalytic reaction. When the reaction with p-glucose was
performed in a D,O buffer, we obtained the dotted line trace
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FIGURE 5: Reductive half-reaction of the H167A mutant (A) and
wild-type P20 (B) in H,O and deuteroxide (D,0O) buffer. A solution
of HI67A or WT (22 uM) was mixed with solutions of 50 mM
D-glucose or 50 mM 2-d-p-glucose under anaerobic conditions in the
stopped-flow spectrophotometer at 4 °C. All the concentrations
quoted represent those after mixing. The reactions were performed
in 50 mM sodium phosphate buffer in D,O at pD 7.0 or in H,O at
pH 7.0. The reactions were monitored at 400 and 395 nm. (A) Reaction
traces of H167A in H,O buffer are shown as solid lines, whereas those
in D,O buffer are shown as dotted lines. (B) Reaction traces of WT
in H,O buffer (solid lines) and in D,0O buffer (dotted lines).

labeled p-glucose in Figure 5SA. This trace appeared to be the
same as the solid line trace of H,O (Figure 5A) and of the
previous section (Figure 1A). The observed rate constants for
the first, second, and third phases are 90 & 2, ~28, and 0.42 +
0.013 ™", respectively. These results do not indicate any solvent
kinetic isotope effect in the reductive half-reaction of H167A,
indicating that the C2 deprotonation of p-glucose is not the main
factor limiting any kinetic steps detected by transient kinetics.
The dotted line trace of the reduction of HI67A by 50 mM
2-d-p-glucose in D>0 and the solid line trace of the reduction of
H167A by 50 mM 2-d-p-glucose in H,O (Figure 5A) also show
no difference in kinetics when superimposed, again indicating no
solvent isotope effect. These results suggest that the hydride
transfer is decoupled from the C2 deprotonation of p-glucose, as
no solvent kinetic isotope effect was detected during the flavin
reduction phase. This implies that the mechanism of flavin
reduction may be stepwise and preceded by the C2 deprotonation
to form an alkoxide intermediate. However, the C2 deprotona-
tion of D-glucose to form the alkoxide intermediate could not be
assigned to the first and second phases, as these steps also lack a
solvent KIE. The data may be interpreted as the rapid formation
of a p-glucose alkoxide once bound to P20, preceding the
kinetics detected using the stopped-flow experiments.

Solvent Kinetic Isotope Effects on the Reductive Half-
Reaction of the Wild-Type Enzyme. To confirm that the
results presented in the previous section are not artifacts arising
from the lack of a flavin covalent linkage, we conducted reactions
of the wild-type enzyme in D-O in the same fashion as those
for H167A. The solid line trace that is labeled p-glucose in
Figure 5B depicts the reduction of WT by 50 mM bp-glucose in
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H,0. This trace exhibits biphasic kinetics with an absorbance
increase at 395 nm for the first phase (substrate binding) with a
rate constant of 80 + 5 s~ ' and a large absorbance decrease for
the second phase (16 + 1 s~") of flavin reduction. These results
are the same as those reported previously (/4). The reduction
of the wild-type enzyme by 50 mM p-glucose in D,0 buffer (the
dotted line trace labeled p-glucose in Figure 5B) yielded a kinetic
trace that is very similar to that of the reaction in H,O: the first
and the second observed rate constants were 80 = 7 and 14 £
15", respectively. These data indicate no solvent kinetic isotope
effect (SKIE) on the first phase and a SKIE of 1.1 £ 0.1 for the
second phase of the reductive half-reaction. When we reduced
the wild-type enzyme using 50 mM 2-d-p-glucose in D,O buffer
(the dotted line trace labeled 2-d-p-glucose in Figure 5B), the
kinetic trace exhibited biphasic kinetics with an absorbance
increase at 395 nm for the first phase of substrate binding
(181 + 5 s7') and a large absorbance decrease for the second
phase (1.9 + 0.1 s of flavin reduction. The reduction using
50 mM 2-d-p-glucose in H,O buffer (the solid line trace in
Figure 5B) shows observed rate constants for substrate binding
(181 4 55~ ") and flavin reduction (2.3 £ 0.1 s~ ") steps similar to
those observed for the reaction in D,O. Therefore, the WT results
also show no significant solvent isotope effect when using
p-glucose (SKIE for k.q of 1.1 & 0.1) or 2-d-p-glucose (SKIE
for kg of 0.83 £ 0.04) as substrates, again implying that the
C2—OH bond cleavage of p-glucose is not the limiting factor in
the reductive half-reaction of P20.

Oxidative Half-Reaction of H167A. Reduced H167A was
prepared as described in Materials and Methods and mixed with
buffers containing various concentrations of oxygen. Traces
monitored at several wavelengths from 310 to 550 nm exhibited
similar kinetics (Figure 6A,B). Large amplitude changes were
detected at 335 and 452 nm. Traces at 335 nm (solid lines,
Figure 6A) show biphasic kinetics at all oxygen concentrations.
At an oxygen concentration of 0.96 mM, the first phase
(0.002—0.028 s, the increase in absorbance) indicates the forma-
tion of a C4a-hydroperoxyflavin intermediate that subsequently
decays in the second phase (0.028—0.4 s) to yield H,O, and the
oxidized enzyme, as for WT (15). The observed rate constants for
the first phase are linearly dependent on the oxygen concentra-
tion, with a slope of (4.2 +0.2) x 10*M~'s™" and an intercept of
19.4 s~ (see the inset of Figure 6A). Both values are similar
to those of the wild-type enzyme [(4.3 £ 0.4) x 10* M ' s and
18 57!, respectively (15)]. The observed rate constants for the
second phase (a decrease in absorbance at 335 nm that occurred
simultaneously with an absorbance increase at 452 nm) are
hyperbolically dependent on the concentration of oxygen (see
the inset of Figure 6B). The plot shows a limiting rate constant of
25435~ ! (Figure 6B), similar to the value of 21 + 25~ observed
for WT (15).

Kinetic simulations that were conducted in accordance with
the two-step consecutive model shown in the dotted line traces
agree very well with the experimental data (Figure 6A,B). An
analysis based on kinetic simulations yielded a bimolecular rate
constant of 7.5 x 10* M~ s~ " and a reverse rate constant of 25~
for the formation of C4a-hydroperoxyflavin. The intermediate
subsequently decayed to yield H,O, with a rate constant of 25
357" (Scheme 3). The kinetic parameters of the oxidative half-
reaction of H167A are very similar to those of the wild-type
enzyme (Table 2).

The absorption characteristics of the C4a-hydroperoxyflavin
were calculated using stopped-flow data obtained with the
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FIGURE 6: Oxidative half-reaction of the HI67A mutant. A solution
of the reduced enzyme (22 uM) was mixed with the buffer containing
0.13, 0.31, 0.61, and 0.96 mM oxygen in the stopped-flow spectro-
photometer at 4 °C. Reactions from low to high concentrations of
oxygen are shown from the bottom to top, respectively, at 335 nm and
from right to left, respectively, at 452 nm. All the concentrations
quoted represent those after mixing. The reactions were performed in
50 mM sodium phosphate buffer (pH 7.0) and were monitored at
335 (A) and 452 nm (B). Both wavelengths show similar kinetics with
two exponential phases. The absorbance change at 335 nm increases
during the first phase and decreases during the second phase. The
data indicate the formation and decay of C4a-hydroperoxyflavin.
The inset in panel A shows a plot of the observed rate constants (kqps)
of the first phase vs oxygen concentration. The absorbance change at
452 nm indicates a lag during the first phase and a large absorbance
increase in the second phase. The inset in panel B shows a plot of kpg
for the second phase vs oxygen concentration. The dotted line traces
show kinetic simulations based on the model presented in Scheme 3
and the kinetic parameters listed in Table 2.

Scheme 3: Oxidative Half-Reaction of the H167A Mutant

ky, kg
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reduced enzyme (24.4 uM) reacting with the highest oxygen
concentration of 0.96 mM. The reaction was monitored at 5 nm
intervals in the 310—550 nm region. Formation of the inter-
mediate was detected maximally at 0.026 s. According to the
kinetic parameters described above, the concentrations of
each species at 0.026 s were 4.43 uM for the reduced enzyme,
14.8 uM for the C4a-hydroperoxyflavin intermediate, and
5.21 uM for the oxidized enzyme. These values were used for
the calculation of absorption spectra of the reduced and
oxidized enzymes at the specified concentrations, allowing
calculation of the C4a-hydroperoxyflavin intermediate spec-
trum at 14.8 uM (the spectrum indicated using empty circles in
Figure 7). The spectrum was multiplied by a factor of 1.58 to
obtain the intermediate spectrum equivalent to 24.4 uM (the
spectrum indicated using filled circles in Figure 7). The C4a-
hydroperoxyflavin intermediate detected in the reaction of
HI167A is slightly different compared to that of the WT (the
filled circles vs the thick dotted line spectra in Figure 7).
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Table 2: Kinetic and Simulation Parameters for the Oxidative Half-Reaction of H167A Compared to Those of the Wild-Type Enzyme

rate constants

extinction coefficient (M ™' cm™")

observed rate constants rate constants from simulations chemical species 335 nm 452 nm
(424+02) x 10°M 157! kip=75%x10*M 's! Ered 3890 990
(434+04) x 10°M 1s71e ki =58x10*M sl
- ki3 = 257" E-C4a-OOH 6650 3200
- ki3 =251
25+ 357! ki = 19s7! Eox 3749 12900
202571 ki = 18571

“Rate constants are from the oxidative half-reaction of wild-type P20 (15).
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FIGURE 7: Absorption spectrum of the C4a-hydroperoxyflavin inter-
mediate detected during the oxidative half-reaction of HI67A. An
experiment similar to that shown in Figure 5 was conducted with
0.96 mM oxygen after mixing. The reaction was monitored every 5 or
10 nm between 310 and 550 nm. Kinetic traces measured at individual
wavelengths were used to calculate the intermediate spectrum. The
empty circle spectrum is that of the C4a-hydroperoxyflavin of HI67A
(14.8 uM), and it was obtained after subtraction of the absorbance of
the reduced enzyme (4.43 uM) and the oxidized enzyme (5.21 uM).
The spectrum was multiplied by a factor of 1.58, resulting in the
spectrum shown using filled circles, representing the spectrum of
the intermediates at 24.4 uM. The bottom dotted line spectrum shows
the starting species of the reduced enzyme, whereas the solid line
spectrum shows the final species of the oxidized enzyme. The thick
dotted line spectrum shows the spectrum of the C4a-hydroperoxy-
flavin of the wild-type enzyme (22 uM) (15).

InH167A, the intermediate spectral peak is at 388 nm, whereas
the WT peak is at 375 nm.

Steady-State Kinetics. We studied the steady-state kinetics
of H167A with p-glucose and oxygen as substrates using an
enzyme-monitored turnover assay. A solution of the oxidized
enzyme (19.2 uM) in air-saturated buffer was mixed with buffers
containing various concentrations of p-glucose and 0.26 mM
oxygen using the stopped-flow spectrophotometer (the concen-
trations refer to those present after mixing). The change in flavin
absorption was monitored at 452 nm. Figure 8 shows a slow
decrease in absorbance at 452 nm, indicating that most of the
enzyme population was in the oxidized form during the steady-
state period and that the rate of flavin reduction was much slower
than that of flavin oxidation. Kinetic traces monitored at 452 nm
from low to high concentrations of p-glucose [2, 4, 8, 16, and
30 mM (from right to left, respectively, in Figure 8)] were
analyzed as a function of oxygen concentration according to
the method of Gibson et al. (14, 29). A primary plot (inset of
Figure 8) shows a set of parallel lines that, according to Dalziel’s
equation in eq 13 (37), are consistent with a ping-pong mechan-
ism, which is the case in WT. The steady-state kinetic parameters
were analyzed according to eq 8 and are summarized in Table 3.

Steady-state kinetic parameters can also be calculated from the
individual rate constants obtained from transient kinetics. On the
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FIGURE 8: Enzyme-monitored turnover experiments. A solution of
the H167A mutant (19.2 uM) in 50 mM sodium phosphate buffer
(pH 7.0) was mixed with 1, 2,4, 8, 16, and 30 mM p-glucose (from the
right to left, respectively) under air saturation (0.26 mM oxygen) in
the stopped-flow spectrophotometer at 4 °C. All the concentrations
quoted represent those after mixing. The reaction was monitored at
452 nm. The inset shows a double-reciprocal plot of the initial rates vs
oxygen concentration, indicating parallel lines representing the ping-
pong mechanism. All steady-state kinetic parameters are listed in
Table 3.

Table 3: Correlations of Kinetic Parameters from Steady-State Kinetics
and Pre-Steady-State Kinetics

kinetic experimentally obtained calculated from
parameter from steady-state kinetics pre-steady-state kinetics®
KS (mM) 1.540.1 2.26
K2 (uM) 2142 6.36
keat 571 0.39 £+ 0.020 0.43

“Kinetic parameters were calculated according to eqs 13—17.

basis of the net rate method of Cleland (32) with modifications
according to the rapid equilibrium assumption by Cha (27)
(Scheme 1), the initial rate equation can be described in terms
of the individual rate constants, KS, K2, and ke, according to
eqs 13—17.

e 96 9o,
S 4 SR + 13
e kke 1 kiztky 1
v kikskn[G]  kikis [O2]
kskykg + kskakyo 4 kskgkio + kekkg 1
+ (4
kskykoky kg (14)
kg =% (15)
o
ng :(P& (16)
o
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) kskako + kskrkyo + kskskio + kekrks 1) "

1y _ [ KsKrky + KskyKio + KsKghio +Kekrky 1

kcat(¢0 )_< k5k7k9k11 +kl4>
(17)

Analysis of steady-state kinetics data (Figure 8) according to
eq 8 (Materials and Methods) yielded a turnover number (kg,;) of
0.39 +0.02s~", a KS for p-glucose of 1.5 4 0.1 mM, and a K>
for molecular oxygen of 21 £ 2 uM. Calculation of k¢, using
eq 17 and the individual rate constants in Table 1 yielded a ke, of
0.43 s~!, which agreed well with the value (0.39 + 0.02 s ')
obtained from the steady-state kinetics experiments (Table 3).
This result also indicates that the reduction step (k;; = 0.7 £
0.02 s~ ") is the rate-limiting step of the overall catalytic reaction
of H167A. Calculation of KS using eq 15 yielded a value of
2.26 mM, in the same range as the value of 1.5 + 0. mM
obtained experimentally (Table 3). The values of KS* obtained
from steady-state and transient kinetics are quite different.
However, K9 could not be accurately determined from steady-
state kinetics, as the oxygen concentration in the K range is
almost at the end point of the enzyme-monitored turnover
experiments. Nevertheless, the excellent agreement between the
values of ke, and KS obtained from steady-state kinetics and the
value calculated according to Scheme 2 validates the proposed
model, as do the kinetic simulations shown in Figures 1, 3, and 6
and reported in Tables 1-3.

DISCUSSION

Our studies of the noncovalent flavin mutant protein, H167A,
using transient and steady-state kinetics and kinetic isotope
effects have shown that the flavin linkage is mainly important
for the reductive half-reaction and that the reduction mechanism
of P20 is stepwise. D-Glucose binds to H167A using a multistep
binding mode prior to flavin reduction. Our data have also shown
that p-glucose is oxidized regiospecifically at C2. A flavinylation
linkage is not ubiquitous in flavoenzymes and is thought to help
increase the flavin redox potential, which is beneficial for
catalysis (4, 33). In P20, upon removal of the covalent linkage,
the redox potential value of FAD decreases from —105 mV in
WT to —150 mV in H167A (23) and results in ~22-fold slower
flavin reduction in H167A than in WT (Figure 1A,B and
Table 1). This indicates that the decrease in redox potential is
not the primary contributor to the effects of the mutation.

Binding of p-glucose to HI167A increases the absorbance at
400 nm (Figures 1 and 3) in a manner similar to that seen when
D-glucose and p-galactose bind to WT and Thrl169 mutants
(14, 18). However, the binding kinetics in HI67A is more com-
plicated than in WT and T169 mutants, as shown in Scheme 2.
D-Glucose binds to the enzyme via two binding pathways, one
with a higher rate and affinity [Ky (k4/k3) ~ 39.5 mM] and the
other with a Ky (k»/k;) of ~95 mM (Scheme 2 and Table 1). Both
binding pathways merge to form a single enzyme—substrate
complex (E”,,:G) that can be reduced by p-glucose (Scheme 2).
We can envisage that the multiple binding steps shown in
Scheme 2 may account for all possible modes of binding of
D-glucose to the enzyme prior to flavin reduction. As only one
active Michaelis complex can undergo the reduction process, all
forms must interconvert to form E”,:G. The nature of these
multiple binding steps of p-glucose based on the current data is
unclear. It may arise from the binding of D-glucose in the C3 mode
prior to equilibration into the C2 mode, or it may be involved
with epimerization of the sugar. However, because the space of
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the Dp-glucose binding site is rather limited and the crystal
structure of the HI167A—2FG complex shows that only the
p-configuration of p-glucose is bound in H167A (23), the involve-
ment of sugar epimerization in the binding process is unlikely.

Using 2-d-p-glucose as a substrate in the reaction of HI67A,
no significant kinetic isotope effect was observed for the
p-glucose binding step, unlike that observed for WT. In WT,
an inverse kinetic isotope effect was detected at this step (/4),
implying that the C2—H bond is more rigid in the P20—
D-glucose complex than in free p-glucose (34, 35). This indicates
that the increased bond constraint at the C2—H bond of
p-glucose could not be detected in the H167A—b-glucose com-
plex. We propose that this difference may arise as a result of the
greater dynamics and flexibility of the noncovalent FAD cofactor
in the active site of H167A, causing no constraint of p-glucose
upon binding. A comparison of the HI67A and WT X-ray
structures has revealed a slight difference in the position of the
flavin ring upon removal of the covalent histidyl-FAD link-
age (23). In WT, the covalent bond between His167 and FAD
C8a. causes the dimethylbenzenoid ring to be 0.4—0.5 A closer to
the monosaccharide binding site than the flavin ring in the
structure of H167A (10, 23). Therefore, the noncovalent FAD
in H167A may allow multiple modes of binding of p-glucose (as
discussed above), thus alleviating the C2—H bond constraint of
p-glucose upon binding to the enzyme.

Multiphasic flavin reduction during the reductive half-reaction
of HI167A arises from two pathways of D-glucose binding, as
shown in Scheme 2. At low substrate concentrations (0.4—
3.2 mM), p-glucose binds using both pathways, but the net rate
of flavin reduction through the lower pathway (with a lower Ky)
is higher than that of the upper pathway, resulting in biphasic
kinetics of flavin reduction (Figure 1A,B). At high substrate
concentrations (= 6.4 mM), both pathways can proceed near their
maximum rates and cannot be distinguished kinetically. Hence,
the flavin reduction appears to be homogeneous (Figure 1A,B).
The reaction of 2-d-p-glucose also supports this model, as both
flavin reduction phases show the same observed primary kinetic
isotope effect of 3.9 £ 0.1 (Figures 1 and 3 and Table 1).
Equations 11 and 12 describe how the model in Scheme 2 results
in a kypp(reductiony Of 0.43 £ 0.01 s 'and a KappiGiy of 2.5 £
0.3 mM. Kinetic simulations based on this model agree with the
experimental data well (the dotted line vs the solid traces in
Figures 1 and 3), validating this model and determining the
intrinsic reduction rate constant (k;; in Scheme 2) to be 0.7 +
0.02's" (Figure 1A,B and Table 1). When other enzymes in the
same GMC oxidoreductase family were mutated at similar
residues forming the flavin covalent linkage, mixed reduction
kinetics were not observed. In the H99N mutant of choline
oxidase, the flavin reduction was ~45-fold slower than for the
wild-type enzyme (36). The rate constant of flavin reduction was
~90-fold lower for the H121A mutant of cholesterol oxidase than
for the wild-type enzyme (37). Roles of the flavin covalent linkage
appear to vary among the different flavoenzymes.

Reactions of the H167A mutant of P20 from 7. multicolor
with deuterated p-glucose compounds have shown the primary
kinetic isotope effect only at position C2, indicating that the
enzyme regiospecifically oxidizes D-glucose only at this position
(Figure 4). Therefore, the orientation of 2FG in the C3 oxidation
mode in the three-dimensional structure of H167A (and also in
one of the WT structures) does not reflect a productive binding
of p-glucose, and this may be due to the lack of a C2—OH group
in 2FG to interact with the catalytic residues, His548 and
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AsnS593 (23). It also implies that the C2—OH group of p-glucose
is crucial for the correct alignment of the substrate for C2
oxidation. It has been shown that P20 from T. multicolor
oxidizes a broad range of sugar substrates regiospecifically at
the C2 position, including p-glucose, p-xylose, and L-sorbose
(good substrates), and p-galactose and L-arabinose (poor sub-
strates) (38). However, oxidation at C3 was reported as a side
reaction of P20 from Pinguicula gigantean when 2-deoxy-
p-glucose, methyl S-p-glucosides, and methyl S-p-galactosides
were used as substrates (17, 39). As the X-ray structure of P20
from P. gigantean has not been reported, no specific comments
regarding the structural differences between the P20s of these
two species are possible at this time.

Pre-steady-state and steady-state kinetics have shown that
hydride transfer is the rate-limiting step of the overall reaction
of HI67A. The ko of the mutant is 0.7 £ 0.02 s~ ', which is
~22-fold slower than that of WT, at 15.3 s~' (I4). In the WT
reaction, the overall turnover is controlled by the flavin reduction
and C4a-hydroperoxyflavin decay steps (/4). In addition, the
results presented in Figure 5 indicate no solvent kinetic isotope
effect, implying that the deprotonation of the C2—OH group
from Dp-glucose does not limit any steps in the reductive half-
reaction. Substrate dehydrogenation by flavoenzymes (20), in-
cluding methanol oxidase (40), amino acid oxidase (/9), amine
oxidase (41), flavocytochrome b, (42, 43), glucose oxidase
(29, 44), choline oxidase (21, 22), cholesterol oxidase (45), and
cellobiose dehydrogenase (46), have been actively investigated
over the past two decades. The mechanisms of most of these
enzymes have been shown to be consistent with the hydride
transfer mechanism (79). According to the hydride transfer
mechanism, an active site base in P20 (His548) must abstract
the proton of the C2—OH group, forming a p-glucose alkoxide
intermediate, before the transfer of a hydride equivalent from the
C2—H group to flavin N5 (Figure 9). When the reaction is
conducted in D,0, the deprotonation step of the C2—OD group
should have a slower rate constant than the deprotonation step
of the C2—OH group. The fact that no solvent kinetic isotope
effect was detected suggests that the deprotonation of the
C2—OH bond is not synchronized with the hydride transfer
from the C2—H bond and does not limit any steps during the
reductive half-reaction. It also implies that p-glucose may readily
form an alkoxide intermediate once it is bound to P20 to
facilitate the transfer of a hydride equivalent to flavin N5
(Figure 9).

The kinetic isotope effects on the reductive half-reaction of
P20 are similar to those of choline oxidase (21), where the
removal of protons from the reactive hydroxyl group of choline is
proposed to be facilitated by the preorganization of the environ-
ment of the residues at the active site to allow the formation of the
alkoxide intermediate (22, 47). Similarly, no solvent isotope effect
was detected in the V/K of glucose oxidase (48) or p-amino acid
oxidase (49, 50). Solvent and primary kinetic isotope effects were
also used to probe the relative timing of lactate O—H and C—H
bond cleavage in the enzyme flavocytochrome b, (57). Direct
measurement of flavin reduction by deuterated lactate using
stopped-flow experiments indicates a Pk,eq of 5.4, whereas the
experiments conducted in D,O show a P°k,qq of 1.0. These data
were later interpreted to indicate a stepwise hydride transfer
mechanism (42). In manitol dehydrogenase, a solvent isotope
effect was not detected during the burst kinetic phase of NAD™
reduction but was found during the steady-state turnovers (52).
These results indicate that the manitol C—OH bond is cleaved
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FIGURE 9: Reaction mechanism of P20 from 7. multicolor that is
currently consistent with the stepwise hydride transfer mechanism.
Interactions between D-glucose and the active site residues are based
on ref 23.

prior to the hydride transfer step and that the solvent kinetic
isotope effect during turnover is due to NADH release (52).
These interpretations are similar to those of the P20 data
reported here, in that formation of the p-glucose alkoxide
intermediate may occur before the hydride transfer step.

Although the FAD covalent linkage with His167 is important
for the reductive half-reaction, it is clearly not involved in the
oxidative half-reaction of P20. The kinetic constants (k1, = 7.5 x
10°M™' s ki3 =2s"", and k4 = 19 57" in Table 2) and
absorption characteristics of the C4a-hydroperoxyflavin inter-
mediate in the mutant are similar to those of WT (Figure 7). In
noncovalent flavin mutants of enzymes in the GMC oxidoreduc-
tase superfamily, the kinetic parameters of the oxidative half-
reaction were not significantly affected. The keu/Koxyeen Of the
H99N mutant of choline oxidase is 12.4 x 10* M~ ' s™!, whereas
that of the wild-type enzyme is 8.6 x 10* M~'s~! (21, 36). In the
HI2IA mutant of cholesterol oxidase (from Brevibacterium
sterolicum), the rate constant for flavin oxidation is approxi-
mately half that of the wild type (37). Enhanced-statistics mole-
cular dynamics simulations have shown that in a flavin mono-
oxygenase (C,), multiple diffusion pathways are employed to
absorb and converge oxygen molecules to a hydrophobic pocket
near the flavin C4a atom, forming the C4a-hydroperoxyflavin
intermediate (53, 54). In P20, it has been proposed that the active
site hydrophobic pocket that results from the closed loop con-
formation (15, 23) may accommodate a peroxide group at the
flavin Cda position (/5). Therefore, the removal of a flavin
covalent linkage in H167A (which is far from the flavin C4a
position) did not affect the stability of the C4a-hydroperoxyflavin
(Figure 7). This clearly shows that the covalent linkage is not a
factor that enables P20 to form the C4a-hydroperoxyflavin. On
the contrary, residue changes around the active site (such as
mutations of Thrl169 located around the flavin N5 region)
resulted in the abolishment of intermediate formation (/8).

In summary, the studies of the HI167A mutant of P20
presented here provide insights into the reaction mechanisms of
P20. The FAD covalent linkage through His167 is important
mainly for the reductive half-reaction, as the flavin reduction rate
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decreased ~22-fold and the mode of b-glucose binding was more
complex in the mutant. Studies of p-glucose variants deuterated
at various positions indicate that the enzyme oxidizes D-glucose
regiospecifically at C2. On the basis of the solvent kinetic iso-
tope effects on the reductive half-reaction of the wild-type and
mutant enzymes, it appears that the deprotonation of the
C2—O0H group of b-glucose is not synchronized with the cleavage
of the p-glucose C2—H bond and may readily occur upon the
binding of p-glucose as an alkoxide form.
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