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ABSTRACT: Galactose oxidase (GO) is a member of the family of radical-coupled copper oxidases, enzymes
containing a free radical coordinated to copper in the active site. In catalysis GO cycles between an
oxidized state (comprising Cu(II) with a unique cysteinyl-tyrosine radical) and a reduced state (comprising
Cu(I) with the singlet cysteinyl-tyrosine) as it catalyzes the two-electron oxidation of alcohols to aldehydes
and the subsequent reduction of O2 to H2O2. A ping-pong mechanism involving radical intermediates
has been proposed for GO catalysis. Previous steady-state kinetics studies have demonstrated a KIE of
7-8 that was attributed to substrate oxidation, a process involving the stereospecific abstraction of the
pro-S hydrogen from the 6-hydroxymethyl group of galactose. We have used rapid kinetics methods to
measure the anaerobic reduction of GO substrate at 4°C and carry out enzyme-monitored turnover
experiments using 6-protio and 6-deutero substrates, both in H2O and D2O. At concentrations belowKm,
the apparent second-order rate constant for protio-substrate oxidation,kred, was 1.59× 104 M-1 s-1, while
that for deuterated substrate was 7.50× 102 M-1 s-1, a KIE of 21.2. Steady-state measurements of
oxygen consumption at low galactose concentrations reveal an unusually large isotope effect (kH/kD )
22.5 ( 2) for oxidation of 1-O-methyl-6,6′-di-[2H]-R-D-galactopyranoside, and at high galactose
concentrations, where the oxygen half-reaction is rate-limiting in catalysis, a surprisingly large KIE (kH/
kD ) 8 ( 1) for the reduction of O2 to H2O2. There is no detectable solvent isotope effect (<5%) on any
of these measurements. This shows that there are no exchangeable protons involved in any kinetically
significant step and that the hydrogen atom removed from galactose is not lost to solvent during catalysis;
instead, it also participates in the rate-limiting step of the subsequent reaction with oxygen. At
concentrations belowKm, apparent second-order rate constants for protio-substrate oxidation (kred ) 1.5
× 104 M-1 s-1) and O2 reduction (kox ) 8× 106 M-1 s-1) have been estimated from measurements both
by steady-state oxygen electrode and by enzyme-monitored turnover. This is completely consistent with
the anaerobic studies mentioned above. Our results show that the enzyme is essentially fully oxidized
while in steady-state turnover, consistent with the reduction step being nearly fully rate-limiting at practical
substrate concentrations, due to the very fast reaction with physiological concentrations of O2. Overall,
the catalytic reaction is in concordance with a ping-pong mechanism. The large KIE associated with
reduction of the enzyme in all three methods appears to reflect hydrogen atom radical abstraction by the
active site tyrosine radical in the rate-determining step, in agreement with the previously proposed radical
mechanism for GO. The KIE determined at low substrate concentrations (where oxidation of substrate
is rate determining) from steady-state oxygen consumption measurements, varies from 22.5 at 4°C to 13
at 45°C, consistent with tunneling being involved in the hydrogen atom transfer step.

Galactose oxidase is the most extensively studied of a
recently recognized family of redox metalloenzymes, the
radical copper oxidases (1), that are found in fungi [galactose
oxidase (2,3), glyoxal oxidase (4,5)] and prokaryotes [where
a structural homolog, the FbfB protein (6), has recently been
reported]. One of the remarkable features of these enzymes
is the presence of an unusually stable tyrosine free radical
which is coordinated to the copper and imparts to this center
its distinctive optical and EPR spectra (1,7). The overall

reaction catalyzed by GO1 involves transfer of the equivalent
of dihydrogen from simple alcohols to dioxygen to form
hydrogen peroxide and the product aldehyde (eq 1).

Biologically, the H2O2 produced by the radical copper
oxidases is thought to serve variously as a bacteriostatic agent
or as the essential cosubstrate for peroxidases (1). Galactose
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RCH2OH+ O2 f RCHO+ H2O2 (1)
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and 1-O-methyl-6,6′-di-[1H]-R-D-galactopyranoside, which
are some of the better substrates for GO, are oxidized at the
6-position (2). Galactose oxidase can also slowly oxidize
the aldehydes produced in the reaction to carboxylic acids
(9). Galactose oxidase has an unusually broad substrate
tolerance for an enzyme, oxidizing a wide variety of primary
alcohols to the corresponding aldehydes (2); this property
makes it useful in a variety of bioanalytical applications (8).
Although the catalytic reaction involves a two-electron

oxidation of galactose, the presence of a free radical in the
active site suggests a homolytic radical hydrogen transfer
mechanism for substrate oxidation rather than a mechanism
involving heterolytic closed shell hydride transfer chemistry
more commonly encountered in oxidative enzymes, such as
alcohol dehydrogenase. Previous mechanistic studies have
demonstrated that GO stereospecifically abstracts thepro-S
hydrogen atom from the methylene group alpha to the
substrate hydroxyl (10), and that there is a substantial kinetic
isotope effect with galactose containing deuterium in the
6-methylene position (kH/kD ) 7.7 (for 1-O-methyl-6,6′-di-
[2H]-â-D-galactopyranoside using a peroxidase-coupled as-
say)(10), 8.7 (fromV/Kmmeasurements for 1-O-methyl-6,6′-
di-[2H]-R-D-galactopyranoside)(11)). Smaller isotope effects
(3.1-3.9) have been reported for galactose oxidase turnover
using simpleâ-haloethanols (12). The reactions with the
â-haloethanols leads to rapid enzyme inactivation by either
reduction of the radical center by one electron (reversible)
or irreversible halogenation or alkylation of the protein. A
solvent isotope effect (kH2O/kD2O ) 1.55) has also been
reported for the oxidation of galactose catalyzed by GO (13).
Current understanding of the catalytic mechanism of

galactose oxidase is based on both structural and biochemical
results. The three-dimensional structure of galactose oxidase
is now known at high resolution (14,15). Figure 1 shows
the crystallographically determined environment of the
catalytic metal center, which includes as ligands a molecule
of solvent (H2O), two histidine imidazoles (H496 and H581),
and two tyrosinates (Y272 and Y495). These are arranged in
approximately square pyramidal coordination with Y495 at
the apex. Crystallographic analyses have revealed a unique
thioether bridge between the 3-position of the Tyr-272 ring
and Cys-228. This modified tyrosine has been shown to be
the site of the stable protein free radical that was character-
ized in earlier spectroscopic studies (7,16). On the basis of

these findings, a mechanism has been proposed involving
free-radical chemistry in the active site (1,17). The present
experiments were designed to test and refine the understand-
ing of the mechanism of this interesting free-radical enzyme.

MATERIALS AND METHODS

Galactose oxidase (E.C. 1.1.3.9) was purified fromDac-
tylium dendroides(ATCC 46032) cultures (identical to the
Fusarium spp.strain NRRL 2903) as previously described
(7) and converted to the catalytically active form (AGO) by
oxidation with 50 mM K3Fe(CN)6, followed by desalting
over a Bio Rad Laboratories BioGel P-30 column equili-
brated with 50 mM sodium phosphate buffer, pH 7 (7). All
spectroscopic and kinetic measurements were performed on
protein samples prepared in 50 mM sodium phosphate buffer,
pH 7. For kinetic experiments, the buffers were prepared
by weighing the components and dissolving them in known
volumes of H2O or D2O. Protein concentration was deter-
mined by optical absorption measurements, using the previ-
ously reported molar extinction coefficient [ε280 ) 1.05×
105 M-1 cm-1 (18)]. The pH dependence of the optical
absorption spectrum of the active enzyme was investigated
by diluting AGO in sodium phosphate buffer, recording the
absorption spectrum, and measuring the pH of the protein
solution with a calibrated Beckman combination electrode.
The stability of the active enzyme was determined by
incubating a 0.1 mM protein solution in a quartz optical
cuvette, sealed to prevent evaporation of the solvent. Optical
absorption spectra were recorded on a Varian Cary 5 UV-
vis-NIR absorption spectrometer interfaced with a PC for
data acquisition. All reagents for preparation of culture
media and buffers were from commercial sources and were
used without purification.
Isotopic substrates were synthesized by modification of

previously reported procedures (19,20). Commercial galac-
turonic acid (25 g, 0.12 mol) was converted to a mixture of
R- andâ-anomers of 1,6-dimethyl-D-galacturonate ester by
refluxing for 24 h in anhydrous methanol (1.25 L) with
methanol-washed Dowex 50× 2-400 (25 g, H+ form) as a
catalyst (19). TheR-anomer crystallizes first from concen-
trated solution. This product was isolated, recrystallized from
ethanol, and characterized by elemental analysis (Galbraith
Laboratories, Knoxville, TN) (calcd. for C8H14O7 C: 40.00%,
H:6.70%; found: C: 39.95%, H:6.79%) and1H NMR (300
MHz, D2O,δ): 3.27 (s, 3H,-OCH3), 3.66 (s, 3H,-OCH3),
3.71 (m, 1H, C-H), 3.79 (d, 1H, C-H), 4.18 (m, 1H, C-H),
4.50 (d, 1H, C-H), 4.76 (d, 1H, C-H). 1-O-Methyl-6,6′-
di-[2H]-R-D-galactopyranoside was prepared by reduction of
1,6-dimethyl galacturonate (1.0 g, 0.0042 mol) by slow
addition of a solution of [2H]-NaBH4 (98 atom %2H) (0.5
g, 0.012 mol) to the ester in 10 mL water (20). After being
stirred for 10 min, the mixture was acidified to pH 3-4 by
dropwise addition of approximately 50 mL of 1 M acetic
acid, and was then purified by passing the reaction mixture
over a column (2.5× 16 cm) containing Bio-Rad Labora-
tories AG 501-X8(D) mixed bed ion-exchange resin. The
deuterated substrate was recrystallized from ethanol. The
monohydrate product was characterized by elemental analysis
with both1H and2H evaluated as1H (calcd. for C7H14O7 C:
39.25%, H 7.48%; found C: 39.24%, H 7.74%) and1H NMR
(300 MHz, D2O, δ): 3.23 (s, 3H,-OCH3), 3.65 (d, 1H,
C-H), 3.72 (s, 1H, C-H), 3.79 (d, 1H, C-H), 4.68 (d, 1H,

FIGURE 1: The active site of galactose oxidase. (Based on
crystallographic coordinates from PDB ID 1GOG, see refs14, 15).
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C-H). The1H NMR analysis and comparison with authentic
1-O-methyl-6,6′-di-[1H]-R-D-galactopyranoside confirmed the
identity and anomeric purity of the product.
Rapid kinetics measurements were performed using a

Kinetic Instruments Rapid Mixing Spectrophotometer with
circulating water bath temperature control. All stopped flow
measurements were carried out at 4°C. Glassware used in
handling enzyme samples was washed with hexane, scoured
with hot nitric acid, and rinsed with distilled water to remove
impurities that can reductively inactivate the enzyme.
Galactose oxidase was diluted fresh daily from samples
stored at 77 K, transferred to a glass tonometer, and made
anaerobic by pump/purge cycling with O2-free Ar before
filling the drive syringes of the rapid mixing spectropho-
tometer. Substrate solutions prepared in 10 mL syringes
were made anaerobic by bubbling with Ar gas pretreated
with an Oxiclear O2 scrubbing cartridge (Labclear, Oakland,
CA). Enzyme-monitored turnover reactions were performed
using sample buffer equilibrated with pure O2 gas mixed with
anaerobic enzyme. Reactions in D2O were set up using
enzyme and substrates dissolved in D2O buffer. Data were
recorded and analyzed using the DOS-based Program A
designed by Rong Chang, Chung-Jeu Chiu, and David
Ballou, University of Michigan. Analysis is based on the
Marquardt algorithm for solving differential equations (21,-
22). Fits to enzyme-monitored turnover reactions were
carried out using Scientist from MicroMath, Salt Lake City,
UT.
Steady-state kinetic measurements were performed using

a YSI (Yellow Springs, OH) Clark oxygen electrode and a
high-accuracy oxygen polarograph circuit (23). The tem-
perature of the reaction mixture was controlled by a
circulating water bath connected to the water-jacketed
reaction chamber. Atmosphere was excluded from the
reaction by a standard taper ground glass plug. A calibrated
gas mixture (5.09% O2 in N2) was obtained from Matheson
Gas Products. The concentration of dissolved O2 in solutions
equilibrated with calibrated gas mixtures was calculated
according to standard methods (24). For measurement of
oxygen uptake kinetics at reduced O2 concentrations, the
buffers, wash solutions, and substrates were equilibrated by
bubbling with the calibrated gas mixture, which was previ-
ously hydrated by sparging through water in a bubbling
tower. To standardize the reaction conditions and to help
maintain fully active enzyme, 1 mM K3Fe(CN)6 was
routinely included as a component of the assay mixture.
Variation of oxygraph performance with changing reaction
rates at low temperature was minimized by adjusting the
enzyme concentration in the reactions to give approximately
uniform rates for both protio- and deutero- substrates. The
response of the Clark electrode was calibrated for absolute
rate measurements by measuring the amplitude of the oxygen
uptake signal in the protocatechuate dioxygenase-catalyzed
reaction of aliquot quantities of protocatechuic acid. Pro-
tocatechuate dioxygenase was prepared fromPseudomonas
cepaciaDB01 as described by Bull and Ballou (25).

RESULTS

Stability of the ActiVe Enzyme.The intense absorption
spectra of the active enzyme are virtually unchanged between
pH 5.6 and 7.3 in 50 mM sodium phosphate buffer solutions,

aside from a slight sharpening of the 445 nm absorption band
at lower pH. On prolonged standing, the optical spectra
progressively lose intensity as a result of loss of the active
site radical. Figure 2 (inset) illustrates the kinetics of decay
of the radical in active galactose oxidase in an optical cuvette
followed by monitoring the intense visible absorption bands
(ε445[active enzyme]) 1.0 × 104 M-1 cm-1) (Figure 2,
spectrum A) associated with the presence of the radical in
the protein complex. The decrease inA445 at room temper-
ature is consistent with effective first-order decay of the
active enzyme, d[AGO]/dt ) - k1[AGO] with a rate constant
k1 ) 0.004 h-1. Thus the predicted half-life for the active
enzyme in 50 mM sodium phosphate buffer, pH 7, is
approximately one week (t1/2) 7.2 d) at ambient temperature
in the absence of exogenous reductants.
Anaerobic Reduction of the ActiVe Enzyme.Although the

isolated radical-containing enzyme is remarkably stable in
the absence of adventitious reductants, a variety of redox-
active small molecules [including hydroxyl-containing buff-
ers such as tris(hydroxymethyl)aminomethane (Tris) and
N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonate (HEPES)]
will reduce the active site, quenching the radical by one-
electron reduction (Figure 2, spectrum B). In contrast,
hydroxylic compounds that can serve as substrates reduce
the enzyme in a two-electron process in the absence of
oxygen, converting the active site to the colorless Cu(I) form
(Figure 2, spectrum C). We have found that even stopcock
grease, or impurities therein, can slowly reduce the enzyme
to the inactive form.
The reaction with 1-O-methyl-R-D-galactopyranoside is

very fast and can be followed by rapid reaction techniques
at low temperature (Figure 3; note that the time scale is
logarithmic). Anaerobic reduction of the active enzyme by
substrate results primarily in a simple exponential relaxation
from active to reduced forms, and>95% of the full

FIGURE2: Optical spectra of galactose oxidase species and stability
of the active enzyme. Galactose oxidase (70µM) in 50 mM sodium
phosphate buffer, pH 7, unless otherwise noted. (A) Redox-activated
enzyme (- - -) in 50 mM sodium phosphate buffer, pH 5.6, (s) in
50 mM sodium phosphate buffer, pH 7.3. (B) One-electron reduced
inactive enzyme. (C) Substrate-reduced anaerobic enzyme, prepared
by addition of a slight excess of 1-O-methyl-â-D-galactopyranoside
to active enzyme under argon. The extinction coefficients shown
are based on the fraction of catalytically competent enzyme (See
Discussion). Inset: Fraction of active enzyme (in 50 mM sodium
phosphate buffer, pH 7) as a function of time indicated byA445.
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amplitude of the visible absorption change at 445 nm is
associated with the reaction. Two exponentials are required
to accurately fit the entire timecourses, but the amplitudes
associated with the second phases are relatively small
(typically about 5% of the total amplitude at 445 nm) with
relatively slow decay kinetics (k2 less than 10% ofkred) and
appear to reflect a minor component of the sample. Typical
reaction timecourses are displayed in Figure 3 for reactions
with 0.5 mM of either 1-O-methyl-6,6′-di-[1H]-R-D-galac-
topyranoside ([H2]-gal) or 1-O-methyl-6,6′-di-[2H]-R-D-ga-
lactopyranoside ([D2]-gal) substrates with D2O as the solvent.
The use of pyranoside substrates rather than the simple sugars
avoids complications from anomeric equilibria in the reac-
tions.
The difference in rates associated with protio versus

deutero substrates is emphasized dramatically in Figure 4,
where the observed rate constants for reduction of the active
site (obtained as described above) are plotted as a function
of the concentration of [H2/D2]-gal. These plots appear
second order, because the [H2/D2]-gal concentrations are,
Kd ≈ 200 mM (see below). The calculated second-order
rate constants and their ratios (KIE) are given in Table 1.
At higher temperatures the reaction with [H2]-gal becomes

too fast to accurately measure, even in the stopped-flow
spectophotometer. Further analysis of the reaction of deu-
terated substrate over a wider range of concentrations (0.5-
200 mM) shows that the reduction step is saturable with a
dissociation constant (Kd) of 180( 20 mM for the formation
of the initial complex (data not shown).
Since protons are likely to be involved in various steps of

the mechanism, we determined the effect of replacing the
solvent with D2O in a parallel series of experiments. These
yielded results nearly identical to those found for the reaction
in H2O (Figure 4, Table 1), with a substrate deuterium isotope
effect (kH/kD) ) 21.3( 2.5 in D2O at 4°C and a negligible
normal solvent isotope (kH2O/kD2O ) 0.99 ( 0.05) for the
reaction. Thus there is no evidence for exchangeable protons
being involved in any rate-determining step of the reductive
half-reaction.
Enzyme-Monitored TurnoVer (26). To complement the

transient state redox kinetics described above and obtain
some measure of the oxygen kinetics, steady-state turnover
kinetics were performed by mixing the anaerobic enzyme
with substrate prepared in O2-containing buffer. Under the
reaction conditions used in this experiment (5 mM galacto-
pyranoside-reducing substrate and 0.58 mMO2 after mixing),
dioxygen stoichiometrically limits the number of catalytic
turnovers, while the reducing substrate limits the catalytic
rate. In this case, catalysis will proceed at a rate primarily
determined by the kinetically limiting substrate until the
stoichiometrically limiting component (in this case O2) is
exhausted. This endpoint is signaled when the active enzyme
is reduced by the excess alcohol and loss of visible absorption
occurs as shown in Figure 5. The number of turnovers until
O2 is exhausted is the same for both [H2]-gal and [D2]-gal,
and therefore the time to reach the endpoint of the reaction
reflects directly the turnover time for protio and deutero
substrates. The durations of the reactions at 4°C in D2O
were 0.76 s for [H2]-gal using 11µM AGO, and 18.0 s for
[D2]-gal using 11.2µM AGO (Figure 5). The ratio of these
times, corrected for AGO concentration, is 24.1. A similar

FIGURE 3: Reduction of active galactose oxidase by substrate.
Anaerobic AGO was mixed with anaerobic substrate (0.5 mM [H2]-
gal or [D2]-gal) in the stopped flow spectrophotometer thermostated
at 4 °C and the reaction was monitored at 445 nm. Buffer was 50
mM sodium phosphate, pH 7. The concentration of AGO (after
mixing) was 9.4µM in the [D2]-gal experiment (O) and 7.7µM in
the [H2]-gal experiment (b).

FIGURE 4: Dependence of the observed rate of reduction on
substrate concentration for [H2]-gal and [D2]-gal in H2O and D2O.
Observed rate constants for [H2]-gal (open squares, H2O; filled
circles, D2O) or [D2]-gal (open circles, H2O; filled triangles, D2O).

Table 1: Observed Rate Constants and KIE for Reaction of AGO
with [H2/D2]-gala

solvent kH (M-1 s-1) (× 10-4) kD (M-1 s-1) (× 10-2) kH/kD

H2O 1.58 7.49 21.1
D2O 1.60 7.52 21.3
aReactions were carried out as described in the legend to Figure 3,

and rate constants were calculated as described in the text.

FIGURE 5: Enzyme-monitored turnover reactions. Anaerobic AGO
(final concentrations: 11µM for [H2]-gal and 11.2µM for [D2]-
gal) was mixed with 5 mM [H2]-gal (open circles) or 5 mM [D2]-
gal (filled circles) in 50 mM sodium phosphate buffer with D2O as
solvent at 4°C. Fits (see Discussion) to eqs 5 and 6 using the
parameters in Table 2 are plotted as dotted lines.
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analysis using H2O as solvent gives a ratio of 23.8. This
number, even with the uncertainty associated with choosing
an end point, is very close to the KIE values determined
from the analysis of the anaerobic reduction reactions. The
fact that GO is essentially fully oxidized during turnover
indicates that the reduction of the enzyme by substrate is
almost entirely rate-limiting in this turnover experiment. It
is clear from these experiments that no solvent isotope effect
can be discerned.
Isotope Effects on Steady-State Kinetics.At limiting low

and high substrate concentrations, the enzyme-monitored
turnover experiments become progressively less accurate and
alternative approaches are required to measure the kinetics.
Oxygen uptake measurements have been performed under
conditions closely paralleling the transient-state reactions,
allowing direct comparison between the results of these
experiments. A small amount of inorganic oxidant (1 mM
K3Fe(CN)6) was included in these reactions to ensure
maintenance of the enzyme in the fully active form.
Hamilton and colleagues (27) have shown that at this
concentration the reduction of O2 is 4 orders of magnitude
faster than reduction of ferricyanide; therefore, the observed
oxygen uptake rate is not likely to be affected by inclusion
of ferricyanide. Substrate kinetic isotope effects (KIE) (kH/
kD)obs, measured with an oxygen electrode, vary with the
substrate concentration as shown in Figure 6. At low
substrate concentrations where the reduction step is clearly
rate determining in catalysis, the KIE approaches 22.5, but
at higher substrate concentrations the KIE decreases signifi-
cantly to a value near 8. The observed KIE is also sensitive
to the amount of dissolved O2 present. Figure 6 shows that
at higher oxygen concentration the curve is displaced to the
right. When [H2/D2]-gal concentrations are atKm (≈200
mM) or higher, the reaction with oxygen becomes (partly)
rate-limiting. It can be seen that at such high galactose
concentrations, where reoxidation by O2 is kinetically rate-
limiting, a significant KIE (≈8) remains, suggesting that there
is also a strong primary KIE on the oxygen half-reaction. If
true, the hydrogen giving rise to the KIE of 22 in the

reductive half-reaction must also particpate in a kinetically
significant step in the reaction with oxygen. At concentra-
tions used in these studies, which are mostly below theKm

values for either of the substrates, the point at which
crossover for the rate-determining step changes from reduc-
tion to oxidation depends on the concentration of both
substrates.
Temperature Dependence of the Isotope Effect.To test

whether the KIE depends on temperature, the steady-state
kinetic parameters were determined at low galactose con-
centration (1 mM) over the temperature range 4-45 °C
measuring the oxygen uptake rate. The KIE was 22.5 at 4
°C and decreased to approximately 13 at 45°C (Figure 7).

DISCUSSION

Earlier studies (1,7) have shown that galactose oxidase
occurs in three distinct redox states: (1) a redox activated
form (AGO) containing a free-radical-Cu(II) complex that
gives rise to intense absorption bands in visible-near-IR
spectra; (2) a catalytically inactive form (IAGO) containing
Cu(II), but no radical; and (3) an O2-reactive form that is
reduced at both the radical site and the metal center and
which therefore lacks any significant visible absorption
features. Under anaerobic conditions, the reduced enzyme
can be prepared by successive one-electron steps from the
redox-activated AGO complex or directly by two-electron
reduction by reaction with substrates as shown in eq 2,

where YC represents the cross-linked Y272-C228 tyrosine-
cysteine protein redox site. Distinct optical absorption
spectra associated with these species (Figure 2) provide
information on the active site structure and interactions in
each of these forms. In particular, Y495 phenolate coordina-
tion to the Cu(II) metal center can be monitored by the
presence of the low-energy NIR absorption feature near 900

FIGURE 6: Dependence of the isotope effect in galactose oxidase
steady-state kinetics on substrate concentration. Absolute rates
measured by oxygen uptake using [H2]-gal or [D2]-gal substrate
were used to evaluate an effective kinetic isotope effect (kH/kD)obs
for the steady-state reaction over a range of substrate concentrations.
Buffer was 50 mM sodium phosphate, pH 7.0, 4°C. Reactions
were performed at both atmospheric [20.9%, 360µM O2 (b)] and
reduced (5.09%, 88µM O2 (O)) oxygen concentrations. Oxygen
was equilibrated with buffer solutions at 4°C. The results are shown
together with fits to kinetic rate equations with parameterskred,H)
1.5× 104 M-1 s-1, (kH/kD)red ) 22; kox,H ) 5.1× 106 M-1 s-1,
(kH/kD)ox ) 8.5.

FIGURE7: Temperature dependence of the isotope effect. Reactions
were performed using a thermostated oxygen electrode with
solutions equilibrated with atmosphere. All reactions were in 50
mM sodium phosphate buffer (pH 7), with final concentration of
AGO being 41 nM for [H2]-gal and 810 nM for [D2]-gal. The linear
regression fit to the data is also shown.

(2)
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nm in the active enzyme [assigned to ligand-to-ligand charge
transfer (LLCT) absorption in the radical complex (28)] and
the 450 nm absorption band in the inactive enzyme [arising
from phenolate-to-Cu(II) ligand-to-metal charge-transfer
absorption (LMCT) (17)]. The lack of pH sensitivity of the
active enzyme spectrum between pH 5.6 and 7.3 demon-
strates the unusual stability of the Cu(II)-phenolate coor-
dination in this complex. The active site phenolate thus
appears to be essentially uncoupled from bulk solution proton
equilibria. A recent report that the active site of AGO titrates
with a pKa of 6.7 (29) may be the result of interactions with
hydroxylic buffers and anions.
The absorptivities shown in Figure 2 are based on the

concentration of catalytically competent active sites rather
than, as previously reported (7), on the protein concentration.
This accounts for a molar absorptivity of AGO at 445 nm
being 10 mM-1 cm-1, whereas previously, a value of 5.5
mM-1 cm-1 has been reported (7). The values shown in
Figure 2 are based on metal analysis and quantitative EPR
spectroscopy of the redox-activated protein as previously
described (7). Consistent with this, we have determined a
value of 10.3 mM-1 cm-1 from enzyme-monitored turnover
experiments using the substrate stoichiometry as a calibration
(see below). These results support the conclusion that a
significant fraction of activated AGO is depleted in copper
and does not contribute to either catalytic activity or visible
absorption (7).
The native enzyme as isolated is a mixture of active and

inactive forms that may be converted nearly quantitatively
to the radical-containing active state by treatment with mild
oxidants such as ferricyanide (7). The protein free radical
in this active complex is remarkably stable (Figure 2, inset),
quite distinct from transient biological radicals typically
generated by radiolysis or oxidative damage. The only other
protein radical of comparable stability is the noncatalytic
tyrosine free radical in ribonucleotide reductase (30,31),
whose stability is attributed to its isolation in the hydrophobic
core of the protein. In contrast, the radical site in galactose
oxidase lies in the active site close to the protein surface
(14,15), making its stability all the more remarkable.
Previous reports of autoredox instability of the active enzyme
(29) likely relate to reactions with buffer or with small
quantities of reducing impurities in the sample preparation
that serve as inactivators or as substrates. The reduction
experiment (Figures 3 and 4) required scrupulous care in
removing (or oxidizing) reducing substances on the glassware
and in the stopped-flow spectrophotometer.
The stability of the redox activated enzyme species has

permitted us to investigate the transient state anaerobic
substrate reduction reaction under conditions in which both
O2 and adventitious reductants are excluded (Figures 3 and
4). This reaction represents half of the catalytic turnover
cycle and can be studied separately from the reaction of the
reduced enzyme with dioxygen. The results obtained here
lead to a description of the reaction of active galactose
oxidase (AGO) with reducing substrate (alcohol or aldehyde,
S) leading to product (aldehyde or carboxylate, P) in a
process that involves initial formation of a weak collision
complex within which redox occurs (eq 3):

TheKd determined for the anaerobic substrate reduction
step (180 mM with [D2]-gal) is comparable to the Michaelis
constant for 1-O-methyl-â-D-galactopyranoside derived from
steady-state kinetic analysis (Km ) 175 mM at saturating
concentration of O2)(32); this indicates that at the lower
concentrations of [H2/D2]-gal used in these experiments, the
reaction behaves essentially bimolecularly. The low affinity
for substrate is consistent with the well-known lack of
substrate selectivity exhibited by this enzyme, which may
imply a tradeoff in the design of the active site for catalytic
speed at the expense of selectivity, or may simply reflect
the possibility that H2O2 is the biologically important product
and that it is advantageous to be able to use a variety of
reducing substrates as a generic source of hydrogen.

Recent enzyme-monitored turnover kinetics studies on
galactose oxidase (29) have reported kinetic constants
somewhat different from those found here. In particular, a
reduction rate constant ofkred ) 1.2× 104 M-1 s-1 (25 °C)
was reported (29), which is somewhat lower than the value
1.5× 104 M-1 s-1 (4 °C) found in our transient reduction
experiments. A normal Arrhenius factor for the temperature
dependence would predict an approximately 4-fold greater
rate at the higher temperature. The results can, however,
be partially reconciled by examining the assumptions on
which these values are based. Our transient kinetics
measurement ofkred is independent of the amount of enzyme
present, and therefore does not depend on knowing the molar
absorptivity of the active enzyme. In contrast, evaluation
of kred from the enzyme-monitored turnover experiment
requires accurate knowledge of the amount of active enzyme
in the sample. The total absorption change (∆A450) 0.025)
reported in the earlier study was interpreted in terms of
reducing 8.7µM of active galactose oxidase. Using the
correct∆ε ) 9450 M-1 cm-1 for reduction of AGO (Figure
2) indicates that the actual concentration of active enzyme
was only 2.6µM, yielding a revised estimate ofkred ) 4 ×
104 M-1 s-1 (25 °C) which is close to the expected value (6
× 104 M-1 s-1).

We have used enzyme-monitored turnover experiments
(Figure 5) to explore the kinetic isotope effects in the steady-
state turnover reaction. The experimental reaction traces for
5 mM [H2]-gal and [D2]-gal in D2O are shown in Figure 5.
Initially, the absorbance traces indicate that during turnover
the enzyme is nearly fully oxidized, implying that even
though the reaction with substrate is very fast, the reaction
with O2 is at least an order of magnitude faster, making the
reducing substrate almost completely rate-limiting for turn-
over. Thus the time required to complete a single catalytic
turnover cycle is equal to the reciprocal of the reduction rate
constant (kobs) at a given concentration of reducing substrate
(for 5 mM galactose in D2O, kH-1 ) 0.0125 s;kD-1 ) 0.266
s). Since [H2]-gal is greatly in excess and can be considered
nearly constant during the turnover, the duration (T) of the
turnover is determined by the number of catalytic cycles
required to exhaust the stoichiometrically limiting substrate
(O2). This can be calculated from eq 4 where [E] is the
concentration of active enzyme:

AGO+ Sa
Kd

{AGO-S} f
k1

RGO-P (3)
T) ([O2]

[E] )kobs-1 (4)
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For 11µM active galactose oxidase and 585µM O2, 53
turnover reaction cycles are required to completely consume
the dissolved oxygen, after which the enzyme becomes
reduced and bleaches. Neglecting the change in the reaction
rate as both [H2]-gal and [O2] decrease (especially as [O2]
becomes low), as well as any loss of activity during turnover,
the duration of the steady-state turnover phase is predicted
to be 0.67 s, in reasonable agreement with the observed value
of 0.76 s. Similarly, based on the anaerobic reduction rate
constant for the deuterated [D2]-gal substrate, a duration of
14 s is predicted for the turnover phase compared to the 18
s observed. The ratio, (18 s)/(0.76 s) gives an apparent full
KIE (kH/kD ) 24) from these enzyme-monitored turnover
measurements at 5 mM substrate. This suggests that under
physiological conditions substrate oxidation is rate-limiting
in turnover.
We also fit the data in Figure 5 to eqs 5 and 6 using the

program, Scientist, and the appropriate differential equa-
tions.

Eox and S att ) 0 were fixed as described in the legend
to Figure 5. Parameters fitted arekred, kox, εox,445, andεred,445
in the [H2]-gal experiment. For analysis of the [D2]-gal
experiment, the values ofεox,445andεred,445were fixed to those
determined in the [H2]-gal fits. The fits are indicated in
Figure 5 as dotted lines, and they demonstrate that the
assumption of a bimolecular approximation at substrate
concentrations well belowKm is quite reasonable. The fitted
parameters (Table 2) are in remarkable agreement with both
the reduction studies and the oxygen uptake studies (see
below). In addition, they are in accord with the corrected
absorptivity of the active site as shown in Figure 2 and
discussed above. Using the lower, protein-based absorptivity
values, we would have calculated a higher enzyme concen-
tration in these experiments; the fits would then have yielded
a correspondingly smallerkred, in conflict with the reduction
studies.
Oxygen uptake studies have also allowed us to detect the

kinetic isotope effects for both the reductive and the oxidative
half-reactions. The most obvious feature of the data from
oxygraph measurements (Figure 6) is the strong dependence
of KIE on substrate concentration, a characteristic not
observed for the isolated anaerobic reduction reaction. The
sensitivity to substrate concentration can be understood in
terms of a ping-pong kinetic mechanism for AGO. The
overall rate depends on both half-reactions, with reduction
of AGO being limiting at low concentration of [H/D]-gal,
and oxidation by O2 being limiting at high concentrations

of the reducing substrate. The dependence of the KIE on
substrate (S) and O2 can be predicted from the reciprocal
rate eqs 7 and 8:

Dividing eq 8 by eq 7 and rearranging gives an expression
for the effective isotope effect:

Accordingly, at low substrate concentration, where sub-
strate oxidation is rate-limiting, the experimentally deter-
mined (kH/kD)obsshould approach the full value of the kinetic
isotope effect expressed in the anaerobic substrate reduction
reaction, (kH/kD)red. Conversely, at high [H2/D2]-gal con-
centration, where dioxygen reduction becomes rate-limiting,
the measured value of (kH/kD)obs should reflect the kinetic
isotope effect for the O2 half-reaction, (kH/kD)ox. Figure 6
shows that this value approaches a value of about 8 at
“infinite” reducing substrate, implying a significant KIE on
the O2 half-reaction. A similar value was obtained previously
from steady-state kinetic analysis with extrapolation to
infinite [S]; this KIE was attributed at that time to substrate
oxidation (11). The observed KIE on the oxygen reaction,
coupled with the determinations of the KIE extrapolated to
infinite substrate concentrations by Villafranca et al. (11),
suggests that at infinite concentrations of both substrates the
overall rate of catalysis is limited by the transfer of the
hydrogen from tyrosine-272 (originally thepro-S hydrogen
of the substrate) to oxygen rather than transfer from galactose
to tyrosine-272. At concentrations of galactose normally
encountered (which are well belowKm values), the very high
apparent second-order reaction of oxygen masks the isotope
effect on the oxidative half-reaction and the KIE of 22 for
the reduction reaction is observed.
The transition between these two limiting values of KIE

occurs within a substrate concentration range that depends
on the relative rates of each of the four reactions (substrate
oxidation and O2 reduction with both protio and deutero
substrates). The oxygen half-reaction becomes rate-limiting
at lower substrate concentrations for the1H-galactopyrano-
side than for the corresponding2H derivative, resulting in
the characteristic behavior shown in Figure 6. Equation 9
predicts that the transition range will be shifted to lower
substrate concentrations at reduced oxygen concentrations.
As shown in Figure 6, this behavior is observed experimen-
tally, with the transition curve for solution equilibrated with
5% O2 (88µM) lying below the curve for equilibration with
atmospheric oxygen (approximately 21% or 360µM at 4
°C). Knowing the apparent second-order substrate reduction
rate constant from both anaerobic transient reaction kinetics
and calibrated oxygraph turnover kinetics, as well as the
concentration of dissolved oxygen computed according to
standard methods, the value ofkox and the corresponding
KIE for the O2 half-reaction can be determined by fitting
the experimental data to eq 9. We obtain values ofkox,H )

Table 2: Fitted Parameters for Figure 5a

parameter [H2]-gal [D2]-gal KIE

kred 1.53× 104 M-1 s-1 6.3× 102 M-1 s-1 24.3
kox 7.99× 106 M-1 s-1 1.02× 106 M-1 s-1 7.8
εox,445 10.3 mM-1cm-1 10.3 mM-1 cm-1

εred,445 0.8 mM-1cm-1 0.8 mM-1 cm-1

a See text for description of how values were determined.

Eox + Sf
kred

Ered+ P (5)

Ered+ O2 f
kox

Eox + H2O2 (6)

(kH)obs
-1 ) (kred,H[S])

-1 + (kox,H[O2])
-1 (7)

(kD)obs
-1 ) (kred,D[S])

-1 + (kox,D[O2])
-1 (8)

(kH/kD)obs)
(kH/kD)red

(1+ ( (kred,H[S])(kox,H[O2])))
+

(kH/kD)ox

(1+ ((kox,H[O2])

(kred,H[S]) ))
(9)

8432 Biochemistry, Vol. 37, No. 23, 1998 Whittaker et al.



7 × 106 M-1 s-1 and (kH/kD)ox ) 8, which are consistent
with the enzyme-monitored turnover experiments (Table 2)
and with the previously reported KIE for this substrate.
The observation of a substrate KIE in both half-reactions

implies that the isotope is retained in the active site during
catalysis. Based on this interpretation, the absence of any
detectable solvent isotope (kH2O/kD2O) effect requires that any
solvent exchange reaction for protons involved in kinetically
significant reactions must be much slower than the reoxi-
dation rate, even at reduced oxygen concentrations. It might
be possible, however, to detect a solvent KIE on reoxidation
of reduced Cu(I) enzyme that has been fully equilibrated with
H2O or D2O. Alternatively, the apparent KIE on the
oxidative half-reaction may simply result from the relative
limiting rates (Kred andKox) of the two half-reactions being
similar. In a ping-pong mechanism, the overall limiting rate
for protio and deutero substrates is related to the individual
half-reaction rates as shown in eqs 10 and 11:

whereVmax,H andVmax,D are the maximum velocities with
protio and deutero substrates, andKred,H) KIE • Kred,D, KIE
being the full isotope effect measured in the substrate
reduction half-reaction withKox,H ) Kox,D. The apparent
isotope effect extrapolated to infinite concentrations of both
substrates will then be given by eq 12:

If both half-reactions had the same limiting rateK in the
presence of protio substrate, one would predict an apparent
overall isotope effect half that observed in the isolated
substrate reduction step, which is about what we observe.
Thus, at this time we cannot distinguish whether our results
are due to a KIE on the oxygen reaction or to a serendipitous
similarity of the intrinsic oxidation and reduction rates (Kox

andKred).
These results lead to a detailed picture of galactose oxidase

redox catalysis that is initiated by weak (almost collisional)
association with the reducing substrate (Figure 8). The
orientation of the bound substrate shown in the figure is
consistent with the stereospecific abstraction of thepro-S
hydrogen (10) by the nearby (1.2 Å) Y272 phenoxyl radical.
Knowles and Ito (33) have modeled galactose into the site
in a similar manner and have shown that this orientation also
accounts reasonably for the substrate selectivity of AGO (i.e.,
the lack of turnover with isomeric substrates such as
D-glucose andL-galactose) as well as for thepro-S hydrogen
stereospecificity.
Replacing water by alcohol in the axial position of the

Cu(II) complex (defined as the direction of weakest ligand
interaction) initially results in weak coordination of substrate
to the active-site metal ion. Deprotonation of the alcohol
strengthens this interaction, stabilizing the complex and
activating substrate for oxidation. Y495 is within 2.8 Å of
the alcoholic proton and is positioned to function as a general
base, accepting a proton in the ligand binding process as
shown previously (17). When the phenolate of Y495abstracts
the hydroxylic proton of the coordinated substrate [acidified

by interaction with the Cu(II) Lewis acid (34)], a change in
ligand interaction occurs giving a new geometry at the metal
center. This pseudorotation at copper puts the protonated
tyrosine in the weak axial position in the complex (Figure
9, top left). The equatorial alkoxide now interacts strongly
with the Cu(II) and has direct covalent interactions with the
dx2-y2 metal redox orbital that projects in the plane of a square
pyramidal complex. There are at least two reasonable
scenarios for completion of the reduction of the enzyme. The
first has electron transfer followed by H-atom transfer (Figure
9, top), and the second has the steps in reverse order (Figure
9, bottom).
In the first proposal, the new coordination geometry

permits fast inner sphere electron transfer, reducing the metal
ion [Cu(II)fCu(I)] (Figure 9, top). The ketyl radical
generated by this one-electron oxidation would then undergo
C-H bond cleavage with hydrogen atom transfer to the
phenoxyl oxygen of the cysteinyl-tyrosine radical site,
yielding the aldehyde and converting the radical to the singlet
modified tyrosine (Figure 9, top). The rate-limiting step in
reduction is the H-atom transfer. This mechanism is
attractive because the radical character of the enzyme active
site is reflected in the radical character of the catalyzed
reaction, and the rapid electron transfer is consistent with
the fast charge transfer expected for inner sphere processes.
However, because bleaching at 445 nm would be expected
in the electron transfer step, the only way a significant KIE
would be observed by this mechanism is if the electron
transfer step significantly favors Cu(II), so that the rate-
limiting H-atom transfer would drive the overall reaction to
the full reduction of the enzyme. The large KIE (22.5) could
thus arise from a combination of factors. The H-atom
transfer could have a KIE between 7 and 10. If the electron-

(Vmax,H)
-1 ) (Kred,H)

-1 + (Kox,H)
-1 (10)

(Vmax,D)
-1 ) (Kred,D)

-1 + (Kox,D)
-1 (11)

(Vmax,H/Vmax,D) ) (KIE • Kox,H + Kred,H)/(Kox,H + Kred,H)

(12)

FIGURE 8: Galactose oxidase turnover cycle. The hydroxylic
substrate is modeled in the galactose oxidase active site by
conservative replacement of crystallographic water in the metal
coordination sphere with a primary alcohol in an orientation
consistent with stereospecificpro-S hydrogen abstraction from the
methylene carbon. Predicted hydrogen-bonded distances from the
hydroxylic proton to the Y495 phenolate oxygen and from the
methylenepro-S hydrogen to the Y272 phenoxyl oxygen are
indicated.
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transfer step were to exhibit an equilibrium isotope effect
(35) arising from the two deuteriums in [D2]-gal, a fraction-
ation factor of 0.8 would be sufficient to account for the
observed KIE of 22.5, since the KIE’s of the two steps are
multiplicative.
The second possibility has the H-atom transfer occurring

first (Figure 9, bottom). In this mechanism, which has been
proposed previously (17), the bleaching would not occur until
the H-atom transfer permitted the very rapid inner sphere
reduction of Cu(II). Although this mechanism can easily
explain a fully observable isotope effect, accounting for a
KIE as large as 22.5 is more difficult. This value is far
greater than the theoretical limit defined by the force
constants for C-1H and C-2H bond stretching modes (kH/
kD ) 9), although it might be consistent with the larger
normal deuterium kinetic isotope effect predicted if softening
of C-H bending modes also occurs in the transition state
(kH/kD ) 15-20) (36). Secondary deuterium isotope effects
associated with the change in C-H bonding as the carbon
undergoes rehybridization (sp3fsp2) are generally relatively
small, typically below 1.4 (36) and therefore do not fully
explain our observations. The two reactions (electron and
hydrogen atom transfer) probably do not occur in a concerted
fashion, as previously proposed (12), because the redox sites
are chemically distinct and the activation barriers are
expected to be quite different. Moreover, since the hydroxy-
lic proton of substrate exchanges rapidly in D2O, the absence
of any significant solvent KIE for substrate oxidation
mitigates against a concerted proton/hydrogen-atom transfer
process. Nevertheless, it is clear that C-H bond cleavage
via a radical reaction is fully rate-limiting for substrate
oxidation.
Large, nonclassical KIE, such as those found here, have

been attributed to tunneling processes, where the different
localization of vibrational wave functions for deuterium and
hydrogen becomes important (37). A strong temperature
dependence of the KIE is normally expected for tunneling
kinetics (37). The studies reported here demonstrate such a
strong temperature dependence of KIE and are therefore
consistent with a tunneling mechanism. The slope of the

temperature dependence plot (Figure 7), equal to (Ea(D) -
Ea(H))/R, reflects an apparent difference in activation ener-
gies for C-H bond cleavage in protio- and deutero-galactose.
This is expected because of the different zero-point energies
for C-1H and C-2H bonds. However, the strong temper-
ature dependence observed in the experiment (Figure 7)
implies a large apparent activation parameter (Ea(D) - Ea-
(H)) ) 10.4 kJ/mol, exceeding the semiclassical upper limit
(5.8 kJ/mol)(38). Similarly, the intercept of the temperature
dependence yields an estimate of the ratio of Arrhenius
parameters for the protio- and deutero-reactions (AH/AD )
0.25) lower than the absolute minimum semiclassical lower
limit (0.7-0.9)(39). These anomalous results are charac-
teristic of processes involving barrier-tunneling contributions
to the reaction, resulting in a breakdown of the semiclassical
barrier-hopping kinetic theory. The strong temperature
dependence of KIE observed in these experiments is therefore
consistent with a mechanism for galactose oxidase involving
tunneling of a hydrogen atom in the rate-determining step.
Catalytic conversion of the alcohol substrate to aldehyde

completes the reductive half-reaction of the turnover cycle,
leaving the enzyme in the Cu(I) [RGO] reduced state. This
intermediate state, which we have previously characterized
both biochemically and structurally (7,40,41), is stable in
the absence of oxygen and is competent for rapid reaction
with O2 to complete the catalytic cycle (Figure 8). In this
state Cu(I) is coordinated by 2-3 ligands, most likely the
two histidines, with possible additional weak interactions
with the Y272 phenol, resulting in T-coordination at copper
that is relatively favorable for the univalent Cu(I) oxidation
state (41). The existence of this stable reduced intermediate
has provided strong evidence in support of a ping-pong
mechanism for enzyme turnover:

A ping-pong mechanism for galactose oxidase turnover
was originally proposed by Hamilton (42), but (at that time)
was excluded by reports that the enzyme remains in the Cu-

FIGURE 9: Radical mechanism for reduction of the active site of AGO by an alcohol. Three key steps of the proposed radical redox
mechanism are illustrated here: proton transfer from coordinated substrate hydroxyl to the Y495phenolate activates the substrate for oxidation
chemistry; inner sphere electron-transfer reduces the Cu(II) metal center; hydrogen atom transfer associated with homolytic C-H bond
cleavage and reduction of the Y272 phenoxyl. The ordering of electron transfer and atom transfer steps are reversed between the top and
bottom sequences.
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(II) state in the presence of reducing substrate. This
observation is now known to be a consequence of the redox
heterogeneity of the native enzyme that leads to a significant
amount of EPR-active Cu(II)-containing IAGO species that
does not respond to addition of either the reducing substrate
or oxygen (7). Since neither of the states involved in the
substrate redox reaction (the active oxidized nor the fully
reduced forms) is detectable by EPR spectroscopy, the
catalytic complexes were not observed in these earlier studies.
More recently, the ping-pong mechanism has been brought
into question by steady-state kinetics studies in which the
deuterium isotope effect for galactose substrate was measured
over a range of substrate and oxygen concentrations (11).
In that case, the presence of a kinetic isotope effect associated
with the O2 reaction was interpreted as evidence for a rapid
equilibrium ordered mechanism in which both substrates are
simultaneously bound in the active site before the hydrogen
is transferred. This interpretation is based in part on the
reasonable assumption that a substrate KIE will only appear
in the half-reaction in which bond cleavage occurs (the
oxidation of substrate). If, as our studies suggest, isotope is
retained in the active site, it will give rise to an isotope effect
in the second half-reaction, which will be observed only
when that reaction becomes rate-limiting, at high concentra-
tions of galactose as shown by eq 7. Recent studies by
Borman et al. (29) also appear to support this ping-pong
kinetic mechanism. They carried out kinetic studies of
galactose by enzyme-monitored turnover methods (25) using
five different substrates, each at several pH values. Although
kred varied severalfold among the substrates,kox was 1×
107 M-1 s-1 for all determinations. This implies that O2
reacts with free Ered rather than with Ered•P as would be
required in a ternary complex mechanism.

CONCLUSIONS

The mechanism of substrate oxidation by galactose oxidase
has been probed by isotopic perturbation of the turnover
reaction. Methylene di-deuterated substrate introduces a
dramatic 22-fold KIE on substrate reduction, which is also
detected in the oxygen-limited enzyme-monitored turnover
reaction at low substrate concentrations. A large KIE of
about 8 persists in the O2 reaction, apparently resulting from
retention of isotope that is then involved in the rate-limiting
step for formation of H2O2. We have presented a scheme
involving a radical redox mechanism in which hydrogen
atom transfer occurs in the transition state for both substrate
oxidation and O2 reduction half-reactions to account for these
experimental results.
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