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ABSTRACT: The fungal enzyme galactose oxidase is a radical copper oxidase that catalyzes the oxidation
of a broad range of primary alcohols to aldehydes. Previous mechanistic studies have revealed a large
substrate deuterium kinetic isotope effect on galactose oxidase turnover whose magnitude varies
systematically over a series of substituted benzyl alcohols, reflecting a change in the character of the
transition state for substrate oxidation. In this work, these detailed mechanistic studies have been extended
using a series of stereospecifically monodeuterated substrates, including 1-O-methyl-R-D-galactose as well
as unsubstituted benzyl alcohol and 3- and 4-methoxy and 4-nitrobenzyl derivatives. Synthesis of all of
these substrates was based on oxidation of theR,R′-dideuterated alcohol to the corresponding2H-labeled
aldehyde, followed by asymmetric hydroboration usingR-pinene/9-BBN reagents to form the stereoisomeric
alcohols. Products from enzymatic oxidation of each of these substrates were characterized by mass
spectrometry to quantitatively evaluate the substrate dependence of the stereoselectivity of the catalytic
reaction. For all of these substrates, the selectivity forpro-Shydrogen abstraction was at least 95%. This
selectivity appears to be a direct consequence of constraints imposed by the enzyme on the orientation of
substrates bearing a branchedâ-carbon. Steady state analysis of kinetic isotope effects onV/K has resolved
individual contributions from primary andR-secondary kinetic isotope effects in the reaction, providing
a test for the involvement of an electron transfer redox equilibrium in the oxidation process. Multiple
isotope effect measurements utilizing simultaneous labeling of the substrate and solvent have contributed
to refinement of the relation between proton transfer and hydrogen atom transfer steps in substrate oxidation.

Biological oxidation mechanisms underlie a wide range
of processes, including oxygenic photosynthesis (1), respira-
tion (2), and the interconversion of metabolic intermediates.
Oxidation-reduction processes that involve transfer of
hydrogen equivalents are especially common, and two classes
may be conveniently defined, depending on whether they
are based on heterolytic bond cleavage (typically associated
with hydride transfer in a polar mechanism) or homolytic
bond cleavage (leading to hydrogen atom transfer and a free
radical mechanism). The former, heterolytic pathway has
been demonstrated in many enzymes that utilize quinone,
nicotinamide, or flavin cofactors (3-5), whereas the latter,
homolytic pathway is generally associated with the presence
of transition metal ions or redox-active amino acid side
chains (e.g., tyrosyl phenoxyl) in the enzyme active site (6-
8). These free radical enzymes have evolved mechanisms
for controlling free radicals in catalysis, taking advantage
of lower activation barriers that can be accessed through
homolytic reaction paths.

Galactose oxidase (9-13, and references therein), one of
the most extensively studied of the free radical enzymes, is
a member of the family of radical copper oxidases [that also
includes glyoxal oxidase (14)] characterized by the presence
of a stable metalloradical complex in the active enzyme (15)

(Scheme 1). The active site is comprised of a copper ion
coordinated to a redox-active amino acid side chain (15) that
has been identified as a tyrosylcysteine (TyrCys) cofactor
formed by post-translational cross-linking between a tyrosine
(Y272) and a cysteine (C228) residue (16). A second tyrosine
ligand (Y495) appears to serve as a general base in catalysis
(17, 18). The intrinsic redox cofactor in galactose oxidase
has been shown to form spontaneously in the precursor
protein (19) upon addition of Cu(I) and dioxygen in a radical-
dependent fashion (20). The radical-copper active site serves
as a two-electron redox unit, undergoing reduction and
oxidation during successive reactions with alcohol and
dioxygen in a ping-pong turnover mechanism (15, 21)
(Scheme 2). The elements of dihydrogen are transferred from
the substrate to the enzyme active site during turnover,
forming a reduced Cu(I)-TyrCys nonradical species that is
subsequently rapidly reoxidized by dioxygen. One of the
hydrogens transferred in the substrate half-reaction is thought
to be removed by deprotonation of the coordinated hydroxyl
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Scheme 1: Galactose Oxidase Metalloradical Active Site
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of the substrate (RCH2OH) by a second coordinated tyrosi-
nate (Y495) in a proton transfer (PT)1 step, activating the
substrate for oxidation. The modified TyrCys side chain in
its oxidized, phenoxyl form appears to serve as a hydrogen
atom acceptor in the oxidation chemistry, which has been
proposed to involve single-electron transfer (SET) and
hydrogen atom transfer (HAT) components (22).

Galactose oxidase accommodates an unusually broad range
of substrate alcohols (10,23). However, alcohol oxidation is
strictly regioselective, and only primary alcohols serve as
substrates. For these alcohols, the chiral environment of the
enzyme active site allows resolution of the two methylene
hydrogens, identified aspro-R (HR) or pro-S(HS) depending
on the stereochemical consequence of substitution with a
higher-priority atom, e.g., deuterium (Scheme 3). Earlier
studies, using partially resolved mixtures of the monodeu-
terated (6R)-6-[2H]galactose and (6S)-6-[2H]galactose deriva-
tives, showed that galactose oxidase exhibits a high degree
of stereoselectivity for oxidation of the canonical substrate,
with preferential abstraction of thepro-S hydrogen (24),
although neither the degree of stereoselectivity of substrate
oxidation nor the tacit assumption that the stereoselectivity
is independent of the substrate structure has been rigorously
tested.

Here we address some of the outstanding mechanistic
questions for galactose oxidase substrate oxidation, using
isotope methods. Stereospecific deuterium labeling of the
R-methylene hydrogens in a series of substrate alcohols
(Scheme 4) has allowed us to evaluate the substrate
dependence of the reaction stereospecificity, resolve the
elementary contributions frompro-R andpro-S hydrogens
in the substrate oxidation transition state for each of these
substrates, test alternative reaction mechanisms, and apply
multiple simultaneous isotope perturbations to determine the
concerted or stepwise character of proton transfer (PT) and
hydrogen atom transfer (HAT) steps in substrate oxidation.
The alcohols used in these experiments include the canonical
substrate, galactose, as well as a series of benzyl alcohol
derivatives, including 3-methoxy benzyl alcohol, which is
commonly used in galactose oxidase assays, and a set of
benzyl alcohol derivatives (benzyl alcohol, 4-methoxy benzyl

alcohol, and 4-nitro benzyl alcohol) spanning a broad range
of observed substrate deuterium kinetic isotope effects (kH/
kD ) 4-12) (22). This series of substrates, differing in
structure and substitution pattern, have allowed us to
investigate the substrate dependence of galactose oxidase
stereoselectivity, and gain insight into the structural deter-
minants of stereoselectivity in this enzyme.

EXPERIMENTAL PROCEDURES

Reagents.All chemicals were purchased from Aldrich and
used as received exceptR-pinene, which was distilled from
LiAlH 4. Solvents of anhydrous or highest available purity
were used. Chromatography medium (Davisil grade 633
silica gel) was obtained from Aldrich.

Synthesis.Unsubstituted, 4-methoxy, and 4-nitroR,R′-
dideuterated benzyl alcohols were synthesized by reduction
of the corresponding methyl benzoates with LiAlD4 (98 at.
% D) (25). R,R′-Dideuterated benzyl alcohols were used as
the starting materials for asymmetric synthesis of stereospe-
cifically labeled monodeuterated benzyl alcohols.R,R′-
Dideuterated benzyl alcohols were converted to benzalde-
hydes by oxidation with ammonium cerium(IV) nitrate (26).
The deuterated benzaldehydes were subsequently reduced
asymmetrically to the corresponding monodeuterated benzyl
alcohols with the (1S)-(-)-R-pinene/9-borabicylco[3.3.1]-
nonane (9-BBN) adduct [for (R)-benzyl-R-[2H]alcohols] or
the (1R)-(+)-R-pinene/9-BBN adduct [for (S)-benzyl-R-[2H]-
alcohols] as previously described (27, 28) with slight
modifications, as described below.

(R)-Benzyl-R-[ 2H]alcohol. Methyl benzoate (20.1 g, 148
mmol) in THF (150 mL) was added dropwise to a chilled
solution of LiAlD4 (98 at. % D) (4.2 g, 10.0 mmol) in THF
(150 mL). After the mixture had been stirred for 2 h, the
reaction was quenched and the mixture acidified to pH 1
and extracted. Following purification by distillation, benzyl-
R,R′-[2H2]alcohol (9.0 g, 82 mmol) was suspended in
degassed H2O (300 mL) and heated to 45°C. Ammonium
cerium(IV) nitrate (92 g, 168 mmol) in H2O (300 mL) was
added and allowed to react for 30 min. The aqueous solution
was extracted, neutralized, and evaporated. Purification by

1 Abbreviations: KIE, kinetic isotope effect; SKIE, solvent kinetic
isotope effect; PT, proton transfer; SET, single-electron transfer; HAT,
hydrogen atom transfer; 9-BBN, 9-borabicyclo[3.3.1]nonane;RMF,
Saccharomyces cereVisiae R-mating factor leader peptide; gla,As-
pergillus nigerglucoamylase leader peptide.

Scheme 2: Turnover Reactions for Galactose Oxidase

Scheme 3: Stereochemical Assignments ofR-Methylene
Hydrogens in Galactose Oxidase Substrates

Scheme 4: Structures of Stereospecifically Deuterated
Galactose Oxidase Substrates
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simple distillation afforded benz[2H]aldehyde as a clear, pale
yellow liquid.

(1S)-(-)-R-Pinene (97% ee; 4.70 mL, 29.5 mmol) and
9-BBN (54 mL, 0.5 M in THF) were refluxed under argon
for 2 h and cooled to 25°C. Benz[2H]aldehyde (2.60 g, 24.3
mmol) THF (ca. 5 mL) was added by syringe to the
R-pinene/9-BBN solution. The yellow mixture was refluxed
for 1 h and cooled to 0°C, and the reaction was quenched
with acetaldehyde (1 mL). Following evaporation, the residue
was dissolved in ether and cooled to 0°C. A white precipitate
formed on addition of ethanolamine (1.75 mL, 31.6 mmol),
was removed by filtration in a Buchner funnel, and was
washed with ether. The ether solution was washed with 1
M KH2PO4 to efficiently remove traces of the amine, dried
with MgSO4, and distilled to yield a clear, colorless liquid
(1.41 g, 53.1%):1H NMR (CDCl3, reference CHCl3) δ 7.34
(m, 4H), 7.28 (m, 1H), 4.64 (s, 1H), 1.87 (s, 1H).

(S)-Benzyl-R-[ 2H]alcohol. Preparation was exactly the
same as with the (R) enantiomer, except 2.23 g (20.4 mmol)
of the aldehyde was used, along with appropriate amounts
of the other reagents, including (1R)-(+)-R-pinene (97% ee)
to direct the stereospecific reduction. Purification by simple
distillation afforded a clear, colorless liquid (1.36 g,
61.1%): 1H NMR (CDCl3, reference CHCl3) δ 7.34 (m, 4H),
7.28 (m, 1H), 4.64 (s, 1H), 1.86 (s, 1H).

Reaction progress was monitored by thin-layer chroma-
tography, using a 1:1 hexane/ethyl acetate mixture as the
developing solvent. The products were purified by vacuum
distillation or by a combination of silica gel chromatography
and vacuum distillation. Enantiomeric purities of all products
were evaluated by esterifying theR-monodeuterated alcohols
with (S)-(+)-O-acetylmandelic acid (98% ee) and integrating
the resolved peaks assigned to the two diastereotopic
R-methylene protons in the1H NMR spectrum (29). NMR
spectra were recorded at ambient temperature on a Bruker
Advance-400 spectrometer. Stereospecifically monodeuter-
ated 4-methoxy, 4-nitro, and 3-methoxy benzyl alcohols were
synthesized by the same procedure except dideuterated
3-methoxy benzyl alcohol was oxidized with pyridinium
chlorochromate (30) to the corresponding [2H]aldehyde prior
to reduction with theR-pinene/9-BBN reagent.

Stereospecifically monodeuterated 1-O-methyl-D-(+)-ga-
lactopyranosides were prepared from 1,6-dimethyl-D-galac-
turonic acid (1) in a five-step synthetic procedure, as
described below. Commercial galacturonic acid was con-
verted to 1,6-dimethyl-R-D-galacturonate ester as previously
described (31). 1-O-Methyl-6,6′-di[2H]-R-D-(+)-galactopy-
ranoside was prepared by reduction of 1,6-dimethyl-R-D-
galacturonate ester by NaBD4 as previously described (21,
32).

2,3,4-Tris(tert-butyldimethylsilyl)-1,6-dimethyl-R-D-galac-
turonate Ester (2). 1,6-Dimethyl-R-D-galacturonate ester1
(24.7 g, 0.104 mol) was suspended in CH2Cl2 (500 mL) and
exposed totert-butyldimethylsilyl trifluoromethanesulfonate
(211 g, 0.800 mol) and 2,6-lutidine (120 mL, 1.03 mol) (33)
for 15 min before the reaction was quenched with methanol.
The mixture was diluted with CH2Cl2, washed with 0.1 M
HCl and saturated NaHCO3, dried with MgSO4, and evapo-
rated. The residue was reserved for use in the next step
without further purification: 1H NMR (CDCl3, reference
CHCl3) δ 4.76 (d, 1H,J ) 3.5 Hz), 4.38 (d, 1H,J ) 1.3
Hz), 4.21 (dd, 1H,J ) 2.9, 1.5 Hz), 3.99 (dd, 1H,J ) 9.6,

3.5 Hz), 3.87 (dd, 1H,J ) 9.6, 2.9 Hz), 3.78 (s, 3H), 3.41
(s, 3H), 0.91 (s, 18H), 0.88 (s, 9H), 0.14 (s, 3H), 0.10 (m,
9H), 0.08 (s, 3H), 0.07 (s, 3H).

1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-6,6′-di[ 2H]-
R-D-galactopyranoside (3). LiAlD 4 (98 at. % D) (7.27 g, 173
mmol) was added slowly to a chilled solution of2 in THF
(2 L). The internal temperature was kept below-5 °C during
the addition, and then stirred for an additional 10 min to
complete the reaction. The mixture was diluted with ether,
washed consecutively with 0.1 M HCl and saturated NaH-
CO3, dried with MgSO4, and evaporated for immediate use:
1H NMR (CDCl3, reference CHCl3) δ 4.72 (d, 1H,J ) 3.0
Hz), 4.0 (m, 2H), 3.93 (dd, 1H,J ) 8.76, 2.33 Hz), 3.81 (s,
1H), 3.39 (s, 3H), 0.96 (s, 9H), 0.94 (s, 9H), 0.94 (s, 9H),
0.18 (s, 3H), 0.17 (s, 3H), 0.15 (s, 3H), 0.13 (s, 3H), 0.12
(s, 3H), 0.12 (s, 3H).

1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-6-[2H]-R-D-
galactopyran-6-aldehyde (4). CrO3 was added slowly to a
chilled solution of pyridine (190 mL, 2.36 mol) in CH2Cl2
and the mixture stirred at-10 °C for 1 h. A solution of3 in
CH2Cl2 was added, and the mixture was stirred for 12 h while
warming to room temperature. Filtration through silica gel
and evaporation afforded the aldehyde which was used
immediately without further purification:1H NMR (CDCl3,
reference CHCl3) δ 4.87 (d, 1H,J ) 1.7 Hz), 4.53 (br, 1H),
4.09 (d, 1H,J ) 5.4 Hz), 3.87 (dd, 1H,J ) 5.7, 2.1 Hz),
3.78 (m, 1H), 3.53 (s, 3H), 0.91 (s, 18H), 0.88 (s, 9H), 0.14
(s, 3H), 0.10 (m, 9H), 0.08 (s, 3H), 0.07 (s, 3H).

1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-(6R)-6-[2H]-
R-D-galactopyranoside (5). (1S)-(-)-R-Pinene (6.8 mL, 42.7
mmol) and 9-BBN (80 mL, 0.5 M in THF) were refluxed
for 2 h and then cooled to room temperature.4 (17.5 g, 32.2
mmol) was dissolved in a small amount of THF and added
by syringe to theR-pinene/9-BBN solution. The yellow
mixture was brought to reflux for an additional 1 h and then
cooled to 0°C and the reaction quenched with acetaldehyde.
After evaporation of the volatiles, the residue was redissolved
in ether and cooled to 0°C. A white precipitate formed upon
addition of ethanolamine (1.75 mL, 31.6 mmol), which was
removed by filtration. The ether solution was washed with
KH2PO4 (1.0 M in H2O), dried with MgSO4, and evapo-
rated: 1H NMR (CDCl3, reference CHCl3) δ 4.72 (d, 1H,J
) 2.98 Hz), 4.01 (m, 2H), 3.93 (dd, 1H,J ) 8.8, 2.3 Hz),
3.81 (m, 2H), 3.38 (s, 3H), 0.92 (s, 9H), 0.91 (s, 9H), 0.91
(s, 9H), 0.15 (s, 3H), 0.14 (s, 3H), 0.11 (s, 3H), 0.09 (s,
3H), 0.08 (s, 3H), 0.07 (s, 3H).

1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-(6S)-6-[2H]-
R-D-galactopyranoside (6) was generated by following the
procedure for the preparation of5, using (1R)-(+)-R-
pinene: 1H NMR (CDCl3, reference CHCl3) δ 4.71 (d, 1H,
J ) 2.99 Hz), 4.01 (m, 2H), 3.93 (dd, 1H,J ) 8.8, 2.3 Hz),
3.83 (m, 2H), 3.38 (s, 3H), 0.92 (s, 9H), 0.91 (s, 9H), 0.91
(s, 9H), 0.15 (s, 3H), 0.14 (s, 3H), 0.11 (s, 3H), 0.09 (s,
3H), 0.08 (s, 3H), 0.07 (s, 3H).

1-O-Methyl-(6R)-6-[2H]-R-D-galactopyranoside (7). Dowex
50W X2-400 (ca. 220 g) was added to a solution of5 (12.0
g, 22.0 mmol) in methanol (200 mL), and the mixture was
stirred at room temperature for 16 h. The mixture was
filtered, washed with hexane, and concentrated. The final
product crystallized after the mixture had stood at a reduced
temperature for several days:1H NMR (D2O, reference
HDO) δ 4.86 (d, 1H,J ) 2.9 Hz), 3.99 (m, 1H), 3.92 (d,
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1H, J ) 4.2 Hz), 3.84 (m, 2H), 3.75 (d, 1H,J ) 4.1 Hz),
3.44 (s, 3H).

1-O-Methyl-(6S)-6-[2H]-R-D-galactopyranoside (8) was
prepared by following the procedure for the preparation of
7, from 6: 1H NMR (D2O, reference HDO)δ 4.86 (dd, 1H,
J ) 2.7, 0.5 Hz), 3.99 (m, 1H), 3.92 (dt, 1H,J ) 8.2, 0.5
Hz), 3.84 (m, 2H), 3.76 (d, 1H,J ) 8.2 Hz), 3.44 (s, 3H).

The isomeric purity of the monodeuterated sugars was
evaluated by1H NMR analysis of the products, integrating
the resolved peaks arising from the two stereochemically
distinct R-hydrogens.

Biological Materials.Recombinant galactose oxidase (EC
1.1.3.9) was purified from high-density methanol fermenta-
tion medium (34, 35) of Pichia pastoris transformants
prepared by multicopy chromosomal integration of an
expression cassette comprising the pPICZ Zeocin-selection
plasmid (Invitrogen) with either theAspergillus nigerglu-
coamylase leader peptide (Gla) (36) or theSaccharomyces
cereVisiaeR-mating factor leader peptide (RMF) (20) spliced
with the cDNA sequence encoding the galactose oxidase
protein. The galactose oxidase concentration was determined
by optical absorption measurements, using the previously
reported molar extinction coefficient [ε280 ) 1.05× 105 M-1

cm-1] (37). Bovine liver catalase (EC 1.11.1.6) was pur-
chased from Sigma. Protocatechuate 3,4-dioxygenase (EC
1.13.11.3) was isolated fromBreVibacterium fuscumas
previously described (38). Deuterium oxide (99.9 at. % D)
was from Aldrich.

Biochemical Methods.Galactose oxidase activity was
measured using a thermostated (25°C) Clark oxygen
electrode attached to a high-accuracy polarographic amplifier
(21). Reactions were carried out in 50 mM air-saturated
sodium phosphate buffer (pH 7.0) with 5 mM 1-O-methyl-
R-D-galactopyanoside or benzyl alcohol substrate in the
presence of 2 mM K3Fe(CN)6. For absolute rate measure-
ments, the response of the Clark oxygen electrode was
calibrated by stoichiometric oxidation of 0.1µmol of
protocatechuic acid by protocatechuate 3,4-dioxygenase (39).
For isotope effect measurements, protio, monodeuterio, and
dideuterio forms of a given substrate were assayed in parallel.
Benzyl alcohol substrates were dissolved in assay buffer by
sonication, and the concentrations of the samples were
checked by UV absorption spectroscopy. Slight differences
in the substrate concentration detected by absorption spec-
troscopy were typically normalized by adjusting the volumes
of the substrate stock solution in the assay mixture according
to the observed sample UV intensity. For solvent isotope
effect measurements, reactions in D2O were set up using
enzyme and substrates dissolved in buffered D2O, with the
pD of the solution defined by the composition of the buffer
salts. For mass analysis of turnover products of the benzyl
alcohol substrates, 2 mL of the assay mixture containing 0.2
mg of galactose oxidase and 500 units of bovine catalase
was incubated overnight at 30°C in a shaking water bath.
The reaction mixture was heated in boiling water for 2 min
and centrifuged for 10 min to precipitate the protein, and
the product was extracted with methylene chloride for mass
analysis. For analysis of sugar oxidation products, 50 mM
1-O-methyl-R-D-galactopyranoside, 0.2 mg of galactose
oxidase [for 6,6′-[H2]galactose and (6R)-6-[2H]galactose] or
2 mg of galactose oxidase [for (6S)-6-[2H]galactose and 6,6′-
[2H2]galactose], and 1000 units of catalase were present in

the 2 mL reaction mixture. After incubation at 30°C for 24
h, the reaction mixture was heated in boiling water for 2
min and centrifuged for 10 min to precipitate the protein,
and the supernatant containing 1-O-methyl-D-galactose-6-
aldehyde was concentrated by lyophilization. The aldehyde
product was converted to the trimethylsilyl derivative for
mass analysis (40). Mass spectral analysis was performed
using a Perkin-Elmer TurboMass Gold GC/MS instrument
for chemical ionization (CI+) using methane as the reagent
gas.

RESULTS AND DISCUSSION

Characterization of Labeled Substrates.The molecular,
isotopic, and isomeric purity of the labeled substrates was
evaluated by1H NMR and corrected for a small fraction (2%)
of diprotio product predicted based on the1H present in the
98 at. % D LiAlD4 reductant used in the synthetic procedures
(Table 1). Similarly small (1.5%) enantiomeric impurities
in theR-pinene chiral agents used to direct the stereochem-
istry of the R-monodeuterated alcohols and a 1% enantio-
meric impurity in the chiral resolution reagent (O-acetyl-
mandelic acid) used to analyze the product stereochemistry
can account for the observed (real or apparent) defects in
the enantiomeric purity of each of the benzyl alcohol
products. The results, shown in Table 1, reflect the well-
established high degree of stereoselectivity afforded by the
R-pinene/9-BBN reagent (27, 28, 41). Assignment of absolute
stereochemistry of the monodeuterated benzyl alcohol de-
rivatives was based on both the preferred stereochemistry
of the R-pinene/9-BBN reduction (27, 28) and 1H NMR
chemical shift correlations for theO-acetyl mandelate esters
(29).

The synthesis of stereochemically defined monodeuterated
galactose derivatives followed a novel approach that is
somewhat more straightforward than the previously reported
method (42), allowing for parallel synthesis of both (6R) and
(6S) stereoisomers. The assignment of absolute stereochem-
istry for the diastereomericR-monodeuterated products was
based on the previously reported1H NMR characterization

Table 1: Summary of1H NMR Data Used To Determine the
Isomeric Purity of Substrates

major peaka minor peaka

substrate isomer
chemical
shift (δ) area

chemical
shift (δ) area

isomeric
purityb (%)

4-H R 5.162 370 5.102 19.5 97
4-H S 5.106 394 5.166 11.0 99
4-NO2 R 5.242 70.5 5.225 3.58 97
4-NO2 S 5.225 100.0 5.24 6.5 96c

4-OCH3 R 5.109 846 5.032 52.3 96
4-OCH3 S 5.031 813 5.109 39.8 97
galactose R 3.75 20.3 3.76 1.8 94
galactose S 3.76 18.0 ndd ndd 100

a 1H NMR resonance forR-methylene hydrogens of the monodeu-
terated alcohols. Benzyl alcohols were analyzed as (S)-(+)-O-acetyl-
mandelic acid esters prepared as described in Experimental Procedures.
b Minimum values, estimated by dividing the area of the major
diastereotopicR-methylene proton resonance by the sum of both
R-methylene proton resonances, after correcting each of the values for
the predicted presence of 2% of the diprotio form in the product.
c Integration determined manually; the peak corresponding to the minor
diastereotopicR-methylene proton resonance was not resolved by
automated Lorentzian line fit analysis.d Not detected.
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of these compounds (43). Subtle differences in chemical
shifts found for the 6-1H atoms (but not others) in the
monodeuterated galactose derivatives compared to the dipro-
tio form (∆δ < 0.02 ppm) may reflect chemical shift isotope
effects that are well-known to occur in the1H NMR of
polyatomic molecules, as a result of either geminal electronic
perturbations or deuterium isotope effects on conformational
equilibria (44). The1H NMR analysis also provides evidence
for a small amount (<6%) of (6S)-6-[2H1]galactose in the
(6R) product (Table 1), suggesting a slight relaxation of the
stereospecificity of the asymmetric hydroboration reaction
in the presence of steric congestion associated with nearby
stereocenters. Reduction of there and si faces of the
galactose-6-aldehyde by (R)- and (S)-pinene reagents would
occur via four distinct diastereomeric transition states, so
there is no symmetry constraint on the reaction preference
in this case. The fact that none of the alternate isomer is
present in the (6S)-6-[2H1]galactose product is consistent with
the previously observed pattern of stereoselectivity forsi and
re face reduction of galactose-6-aldehyde with achiral
reductants (24).

Product Analysis.Isotopic distributions in the enzyme
turnover products ofR-monodeuterio substrates were evalu-
ated by GC-MS using chemical ionization (CI+) methods
(Table 2). Products of enzymatic oxidation ofR,R′-diprotio
and R,R′-dideuterio substrates were run in parallel as
calibration standards. CI+ mass spectra for the benzyl
alcohol oxidation products are dominated by the protonated
molecular ion peak (m/z ) M + 1) (Figure 1). The spectra
also include the predicted M+ 2 13C enrichment peak (13C,
1.11% natural abundance, isotopic peak intensity predicted
to be 7.7% of the molecular ion peak for benzyl alcohol). In
addition, characteristic fragmentation products are observed
at lower masses, including a significant peak nearm/z 79
for the parent benzyl alcohol corresponding to loss of the
aldehyde carbonyl with transfer of the aldehydic hydrogen
to the ring system. The products formed by oxidation of
diprotio and dideuterio alcohols exhibit the expected 1 mass
unit difference inm/z for the major ion peak. Comparison
of the mass spectra for the products of all four isomeric and
isotopic forms of the benzyl alcohol derivatives (Table 2)
demonstrates a high degree of stereoselectivity for the

Table 2: Mass Spectral Data for Oxidation Products

product mass relative intensities (%)b

substrate isotopomera m/z 106 m/z 107 m/z 108 m/z 109

benzyl alcohol HH 4.3( 1.9 100 7.1( 0.2
SD 7.6( 1.7 100 13.1( 0.3
RD 29.1( 0.7 100 7.64( 0.05
DD 16.3( 1.9 100 7.6( 0.3

product mass relative intensities (%)b

substrate isotopomera m/z 151 m/z 152 m/z 153 m/z 154

4-NO2 benzyl
alcohol

HH 2.6( 0.5 100 4.9( 0.5

SD 2.3( 0.6 100 9.1( 0.9
RD 3.9( 0.2 100 7.9( 0.1
DD 4.4( 0.3 100 7.5( 0.1

product mass relative intensities (%)b

substrate isotopomera m/z 136 m/z 137 m/z 138 m/z 139

4-OCH3 benzyl
alcohol

HH 26.8( 0.5 100 5.7( 0.4

SD 26.3( 1.1 100 10.6( 0.4
RD 36.0( 0.5 100 6.7( 0.4
DD 33.1( 0.3 100 7.1( 0.4

product mass relative intensities (%)b

substrate isotopomera m/z 136 m/z 137 m/z 138 m/z 139

3-OCH3 benzyl
alcohol

HH 42.3( 0.3 100 5.4( 0.4

SD 40.7( 0.2 100 7.4( 0.1
RD 42.8( 0.3 100 5.3( 0.1
DD 45.8( 1.0 100 5.2( 0.2

product mass relative intensities (%)b

substrate isotopomera m/z 409 m/z 410 m/z 411 m/z 412

1-O-methyl-R-D-
galactopyranoside

HH 100 32.5( 0.9 16.9( 1.1

SD 100 35.6( 1.3 15.8( 2.1
RD 7.7( 2.3 100 33.0( 1.0 17.1( 0.9
DD 6.8( 1.8 100 31.7( 1.9 15.7( 0.6

a HH, R,R′-di-[1H]; SD, (S)-R-[2H]; RD, (R)-R-[2H]; DD, R,R′-di-[2H]. b GC-MS CI+ data using methane reagent gas as described in Experimental
Procedures, without correction for enantiomeric and isotopic purity.c The intensity values shown in boldface type are predicted to be equal within
pairs of products (HH and SD, RD and DD) for strictly stereospecific atom abstraction following correction for enantiomeric and isotopic purity,
as described in Product Analysis in the Results and Discussion.
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oxidation step is maintained over this entire set of alternative
substrates. If the reactions were performed with 100%
stereoselectivity, the mass spectra of diprotio (HH) and (S)-
[2H] (SD) oxidation products would be expected to be
identical, after correction for enantiomeric and isotopic
purity, as would the mass spectra of dideuterio (DD) and
(R)-[2H] (RD) oxidation products. If the reaction were
completely unselective, on the other hand, the oxidation
products of the SD and RD stereoisomers would be identical,
with a pair of ion peaks of nearly equal intensity differing
by a single mass unit, while the HH and DD products would
be the same as for 100% stereoselective oxidation. The
experimental results for 4-nitro benzyl alcohol, 3-methoxy
benzyl alcohol, and 4-methoxy benzyl alcohol are very close
to the ideal limit for complete stereoselectivity. The results
for benzyl alcohol suggest the possibility of a slight relaxation
of stereoselectivity for oxidation of this simplest congener,
perhaps a consequence of less steric hindrance for the
unsubstituted ring system; however, the maximum amount
of the alternative oxidation stereochemistry allowed by these
results is still only∼5%. This analysis is also consistent with

the pattern of intensities observed in the carbonyl fragmenta-
tion region (M- 27) of the mass spectra.

The products of oxidation of galactose derivatives by
galactose oxidase were also analyzed by GC-MS CI+
methods following derivatization with trimethylsilyl chloride
(40) (Table 2). The mass spectra of the silylated sugar
derivatives reflect contributions from natural abundance13C
(for the C16H36O6Si3 molecule) as well as silicon isotopes
(29Si, 4.68% natural abundance;30Si, 3.09% natural abun-
dance). The predicted isotopic abundances result in a pattern
of intensities with a predominant M+ 1 ion peak (100%) at
m/z 409 (for the [1H]aldehyde) orm/z 410 (for the [2H]-
aldehyde product) together with significant M+ 2 (32.8%)
and M + 3 (16.2%) intensities. This pattern is evident in
the CI+ mass spectral data (Table 2). The analysis of the
patterns observed for HH, RD, SD, and DD oxidation
products is identical to that followed for the benzaldehydes
(Vide infra) and provides strong evidence for nearly exclusive
pro-S hydrogen abstraction from the 6-methylene group of
galactose by galactose oxidase. These results represent a
stringent test of the stereoselectivity of the galactose oxidase
catalytic chemistry. Similar methods have recently been
applied in investigating the stereoselectivity of substrate
oxidation by the quinohemoprotein amine dehydrogenase
(45).

The strong stereoselectivity expressed in the oxidation of
substrate by galactose oxidase implies that the enzyme strictly
constrains the orientation of the substrate in the active site.
Inspection of the structure of galactose oxidase (PDB entry
1gog) reveals a shallow channel through which substrates
in solution may reach the catalytic site (Figure 2), bounded
by Phe194, Phe464, R330, and W290 and opening asym-
metrically above the metal complex. Modeling galactose into
the crystal structure of the native enzyme, with the 6-hy-
droxyl coordinated to copper as previously proposed for the
catalytic complex (12, 13), leads to severe steric interference
except for orientations that permit the pyranose ring to project
out through this channel (Figure 3). Similar results have been
reported in theoretical studies of the substrate complex (46,
47). This conformation constrains the Cu-O-CR-Câ torsion
angleω to ∼100° (Scheme 5), bringing thepro-SR-hydrogen
within hydrogen bonding distance (approximately 2.5 Å) of
the TyrCys phenoxyl oxygen while projecting thepro-R
hydrogen away from the cofactor (Figure 3). The geometry
of this complex can account for the observedpro-S stereo-
selectivity of hydrogen abstraction, with the TyrCys phenoxyl
playing the role of hydrogen acceptor. The steric constraints
that lead to this stereoselectivity are not limited to pyranose
sugars, and in fact, we expect similar selectivity will be
demonstrated for any substrate bearing a branched Câ,
including benzyl alcohols and other substrates having two
sterically demanding atoms (C, N, O, etc.) at Câ. This
prediction is supported by the observed stereoselectivity of
the benzyl alcohol series of substrates, which share a
branched Câ as a selectivity determinant. Substrates that
permit greater rotational flexibility in the torsion angleω
would be predicted to exhibit lower stereoselectivity on the
basis of this analysis. The constraints imposed on substrate
binding geometry that are reflected in the stereoselectivity
of the turnover reaction may also make significant contribu-
tions to catalytic rate enhancement, since a rigid and well-
defined orientation of the substrate hydroxyl group is likely

FIGURE 1: Mass spectra for products of oxidation of benzyl alcohols
by galactose oxidase: HH,R,R′-[1H2]benzyl alcohol oxidation
product; SD,R-(S)-[2H1]benzyl alcohol oxidation product; RD,
R-(R)-[2H1]benzyl alcohol oxidation product; DD,R,R′-[2H2]benzyl
alcohol oxidation product. Samples were prepared as described in
Experimental Procedures and analyzed by GC-MS CI+ using
methane as the reagent gas.
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to be important for efficient atom transfer in the oxidation
mechanism. Atom transfer processes are known to depend
strongly on the geometry of the complex, being favored by
proximity and in-line geometry for the atom transfer reaction
coordinate (48).

Substrate Kinetic Isotope Effect.The analysis of stereo-
selectivity of substrate oxidation by galactose oxidase is an
essential step in analysis of the kinetic isotope effects for
the stereoisomeric monodeuterated substrates, since inter-
pretation of the kinetic data in terms of primary orR-second-
ary isotope effects presumes knowledge of the reaction
stereochemistry. Reaction rates measured for the series of
stereospecifically monodeuterated substrates, including 3- or
4-substituted benzyl alcohols and 1-O-methyl-R-D-galacto-
pyranoside (Table 3), demonstrate a dramatic sensitivity to
the stereochemistry of the isotopic labeling. In all cases, the
(R) isomer (in which thepro-R hydrogen of the alcohol
R-methylene group is replaced with deuterium) supports a

faster oxidation rate than the (S) isomer (Table 3, columns
3 and 4). For this set of substrates, the (R) isomers are
oxidized 3-10 times faster than the corresponding (S)
isomers. The strong selectivity between isomeric isotopic
substrates implies a significant stereoselectivity associated
with substrate oxidation, consistent with the mass spectral
data (Vide infra). This selectivity is also reflected in the
variation in deuterium isotope effects measured onV/K
observed for the stereochemically distinctR-monodeuterated
and theR,R′-dideuterated substrates (Table 3, columns 6-8).
The product analysis (Vide supra) allows us to identify the
KIEs associated with (S) and (R) deuteriation as resolved
primary andR-secondary substrate deuterium kinetic isotope
effects,R(1) andR(2). The primary deuterium KIE [R(1)]
arises from the isotopic substitution of the atom transferred
from the methylene position of the alcohol during oxidation,
while the R-secondary deuterium KIE [R(2)] arises from
isotopic substitution of the nontransferred hydrogen, which
is retained in the product (49, 50). Even though the bond to
the nontransferred hydrogen is not broken in the transition
state, the change in bonding associated with rehybridization
at theR-carbon (sp3 to sp2) during oxidation of the alcohol
to aldehyde is expected to result in a substantialR-secondary
kinetic isotope effect. The values ofR(2) found experimen-
tally (Table 3) range from 1.19 to 1.44, all of which are
consistent with the range of values predicted by theory (1.1-
1.4) (50), but range toward the higher limit, a trend that
reflects substantial rehybridization at CR during C-H bond
cleavage and may be interpreted as indicating quantum
mechanical tunneling of the hydrogen (51). The magnitudes
of the primary kinetic isotope effects are large, but clearly
lower than the overall values observed with dideuterated
substrates, which correspond to the product of primary and
secondary isotope effects [R(1) × R(2)].

An alternative interpretation of the kinetic isotope effects
in the galactose oxidase reaction has been suggested,
involving a contribution from a partially rate-limiting electron
transfer redox equilibrium (SET) in the substrate oxidation
step (21) (Figure 4). Oxidation of an alcohol to an alkoxyl
free radical also affects the bonding within the methylene
group, affecting both C-H bonds equally and resulting in

FIGURE 2: Space-filling stereoview of the extended active site of galactose oxidase. The active site copper ion (Cu) and directly coordinated
amino acid side chains (Tyr272-Cys228 redox cofactor, Tyr495, His496, and His581) are shown in the context of the outer sphere residues
(Phe194, Trp290, Arg330, Pro463, and Phe464) which define the substrate access channel. The structure is based on PDB entry 1gog and
rendered with InsightII.

FIGURE 3: Steric constraints on substrate binding geometry in the
galactose oxidase active site. A primary alcohol bearing a branched
Câ is shown modeled into the galactose oxidase active site,
illustrating the steric conflicts with channel residues (Phe194) which
restrict the orientation of the substrate in the enzyme complex. The
diastereotopicpro-R (HR) andpro-Shydrogens (HS) are identified.

Scheme 5: Methylene Torsion Angle in the Substrate
Complex
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an equilibrium deuterium isotope effect on electron transfer.
We have previously indicated that the anomalously large
substrate deuterium KIE observed forR,R′-dideuterated
galactose can be ascribed to a modest primary KIE (kH/kD

∼ 10) combined with an isotope fractionation factor (1/â)
of 0.8 (per deuterium) on a prior unfavorable electron transfer
equilibrium. These effects occur within the same catalytic
step and are multiplicative (52-54), so the overall observed
effect (involving an unfavorable equilibrium) is the product
of three terms (eq 1):

whereR(1) is the primary deuterium kinetic isotope effect,
R(2) is theR-secondary kinetic isotope effect, andâ is the
reciprocal fractionation factor for the deuterium isotope effect
on the (unfavorable) electron transfer equilibrium (Keq,H/
Keq,D). The factor 2â - 1 includes the correction for the
presence of two isotopic nuclei. For the monodeuterated
substrates, one of the kinetic isotope effect terms or the other
vanishes, and the fractionation factor is reduced to the value
for a single deuterium nucleus (eqs 2 and 3):

To evaluate these data, we have defined an empirical
parameterγ, the ratio of the observed isotope effect for the
dideuterated substrate to the product of observed isotope
effects for (R) and (S) monodeuterated substrates (eq 4):

Deviation of this parameter from an ideal value of 1 serves
as an experimental criterion for the existence of an electron
transfer redox equilibrium in the rate-determining step, since

on the basis of eqs 1-3, γ is given by eq 5 in the equilibrium
SET model.

As shown in Table 4, the deviations ofγ from unity do not
appear to be statistically significant for most of the substrates
that were tested, including benzyl and 4-methoxy benzyl
alcohols, and 1-O-methyl-R-D-galactopyranoside, indicating
that at least in those cases there is no need to invoke the
existence of a redox equilibrium. However, for completeness,
we report the value of the equilibrium isotope effect that is
allowed by the data, and the consequence that the equilibrium
isotope effect would have on the magnitude of the actual
kinetic isotope effects. For the two substrates exhibiting a
statistically significant deviation ofγ from unity (4-nitro and
3-methoxy benzyl alcohols) (Table 4), the analysis leads to
the prediction of relatively large equilibrium isotope effects
(â) and inverse secondary kinetic isotope effects [R(2)′],
raising questions about the validity of the apparent equilib-
rium isotope effect. In this context, it is important to note
that galactose oxidase kinetics are particularly susceptible
to artifacts arising from inhibitory impurities, since the
enzyme may be inactivated (either reversibly or irreversibly)
by reaction of the active site radical with minor components,
and a small amount of inhibitory impurity in the (S)-[2H]-
benzyl alcohol samples (stoichiometric with enzyme) that
is not offset by the presence of ferricyanide in the assay
mixture could account for the observed behavior. The value
of â shown here for the oxidation of galactose (1/â ) 0.78-
0.8) clearly justifies our previous analysis, although the fact
that there is no consistent behavior over the five substrates
suggests caution in the interpretation of an electron transfer
redox equilibrium as an element of the galactose oxidase
turnover mechanism.

Multiple Simultaneous Kinetic Isotope Effects.The comple-
mentary expression of solvent and substrate kinetic isotope
effects has previously been reported as evidence for a shift

Table 3: Kinetic Parameters for Oxidation ofR,R′-Diprotio, R-Monodeuterio, andR,R′-Dideuterio Substrates by Galactose Oxidase

substrate
kHH

(M-1 s-1)a
kRD

(M-1 s-1)
kSD

(M-1 s-1)
kDD

(M-1 s-1) (kHH/kDD)obs (kHH/kRD)obs
b (kHH/kSD)obs

c
(kHH/kRD)obs×
(kHH/kSD)obs

benzyl alcohol 363( 4 272( 2 68.3( 0.7 51.6( 0.5 7.05( 0.13 1.34( 0.02 5.32( 0.08 7.13( 0.2
4-nitro benzyl alcohol 326( 3.5 260( 4.5 30.7( 0.6 27.2( 0.6 12.0( 0.3 1.25( 0.03 10.6( 0.2 13.3( 0.4
4-methoxy benzyl alcohol 487.3( 6 408( 10 138.6( 2 116.4( 3 4.19( 0.1 1.19( 0.03 3.52( 0.07 4.19( 0.1
3-methoxy benzyl alcohol 4472( 22 3522( 9 1163( 3 980( 12 4.57( 0.06 1.27( 0.01 3.85( 0.08 4.89( 0.1
1-O-methyl-R-D-
galactopyranoside

29466( 500 20484( 300 2242( 60 1632( 10 18.0( 0.33 1.44( 0.03 13.1( 0.4 18.9( 0.7

a Measured polarographically at 25°C as described in Experimental Procedures.b ExperimentalR-secondary deuterium kinetic isotope effect,
R(2). c Experimental primary deuterium kinetic isotope effect,R(1).

FIGURE 4: Proposed mechanism for alcohol oxidation by galactose oxidase. (A) Substrate binding results in formation of a hydrogen bond
between the coordinated hydroxyl group and the Tyr495 phenolate and constrains HS to a position close to the Tyr272 phenoxyl oxygen.
(B) Proton transfer (PT) involving Tyr495 as a general base activates the substrate for oxidation. (C) An unfavorable single-electron transfer
(SET) redox equilibrium generates an alkoxyl complex. (D) Hydrogen atom transfer (HAT) to the phenoxyl free radical acceptor results in
formation of the aldehyde product. This figure is based on PDB entry 1gog and rendered with InsightII.

(kHH/kDD)obs) R(1) × R(2) × (2â - 1) (1)

(kHH/kRD)obs) R(2) × â (2)

(kHH/kSD)obs) R(1) × â (3)

γ ) (kHH/kDD)obs/[(kHH/kRD)obs(kHH/kSD)obs] (4)

γ ) (2â - 1)/â2 (5)
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in the nature of the rate-determining transition state from
hydrogen atom transfer limiting (in the case of 4-nitro benzyl
alcohol) to partially proton transfer limiting (in the case of
4-methoxy benzyl alcohol) (22). In these studies, we have
extended this analysis by examining the effect of applying
multiple simultaneous isotope perturbations (Table 5) as a
test of the stepwise or concerted nature of the isotope-
sensitive steps (53-56). For 4-nitro benzyl alcohol, there is
virtually no detectable solvent kinetic isotope effect (SKIE)
(57) for eitherR,R′-[1H] or R,R′-[2H] isotopomers, and the
observed SKIE values are statistically identical. Similarly,
the substrate KIE values are independent of the presence or
absence of isotope in the solvent for this substrate. On the
other hand, for benzyl alcohol, there is a small but statistically
significant difference in the observed SKIE values depending
on the labeling of the substrate, with the larger SKIE
associated with theR,R′-[1H] form of the substrate. In the
same way, a small but statistically significant difference was
observed for the substrate KIE value depending on the
presence of isotope in the solvent, the larger KIE being
associated with the unlabeled solvent (H2O). An even larger
variation in SKIE and KIE multiple isotope data is observed
for 4-methoxy benzyl alcohol, with the same pattern of
interdependences on the isotope perturbations. The small
variations make the interpretation of these results problem-
atic, but they are consistent with a picture in which the PT

step becomes energetically resolved and kinetically signifi-
cant with increasing electron-releasing character of the
substituents in the benzyl alcohol series. An isotopic
perturbation that makes a given step more rate-limiting
decreases the rate-determining character of the other step,
leading the pattern of interdependences that we observe. This
allows a refinement of the catalytic reaction profile for benzyl
alcohol oxidation as indicated in Figure 5.

CONCLUSIONS

Synthesis of a series of stereospecifically deuterated
primary alcohol substrates for galactose oxidase has permitted
the investigation of the substrate dependence of oxidation
stereoselectivity for the first time. Galactose oxidase oxidizes
galactose and benzyl alcohol derivatives with a wide range
of rates but exhibits uniformly high (>95%) stereoselectivity
for abstraction of thepro-S hydrogen of the substrate, with
steric constraints on Câ of the substrate appearing to serve
as a stereoselectivity determinant. Analysis of rate data for
oxidation of (R) and (S) R-monodeuterated alcohols has
allowed the substrate primary and secondary kinetic isotope
effects to be resolved. The ratio of observed kinetic isotope
effects measured with theR,R′-dideuterated substrate to the
product of isotope effects observed for the (R) and (S)
monodeuterated stereoisomers is defined as a parameter,γ,
that serves as a criterion for the existence of an electron
transfer redox equilibrium in the rate-determining step. A
prior electron transfer equilibrium is permitted (but not
required) by the experimental data. Multiple kinetic isotope
studies have extended and refined the detailed mechanism
of galactose oxidase, showing that for 4-methoxy benzyl
alcohol the enzymatic oxidation mechanism involves step-
wise proton abstraction and atom transfer, while for the other
substrates that were tested, atom transfer dominates as the
rate-limiting step in the reaction.
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Table 4: Evaluation of Substrate Kinetic Isotope Effects within a Redox Equilibrium Model

substrate γa âb R(1)′ c R(2)′ d

benzyl alcohol 0.99( 0.03 1.11( 0.03 4.8( 0.1 1.21( 0.04
4-nitro benzyl alcohol 0.90( 0.04 1.46( 0.05 7.3( 0.3 0.86( 0.04
4-methoxy benzyl alcohol 1.00( 0.03 1.00( 0.03 3.5( 0.1 1.19( 0.05
3-methoxy benzyl alcohol 0.93( 0.02 1.35( 0.04 2.85( 0.10 0.94( 0.03
1-O-methyl-R-D-galactopyranoside 0.95( 0.04 1.28( 0.05 10.2( 0.5 1.13( 0.05

a Defined asγ ) (kHH/kDD)obs/[(kHH/kRD)obs(kHH/kSD)obs)]. b Evaluated by solving eq 5 forâ: â ) [1 ( (1 - γ)1/2]/γ. c Apparent primary kinetic
isotope effect for substrate oxidation (kHH/kSD)obs corrected for the presence of an equilibrium isotope effect on electron transfer (â). d Apparent
secondary kinetic isotope effect for substrate oxidation (kHH/kRD)obs corrected for the presence of an equilibrium isotope effect on electron transfer
(â).

Table 5: Multiple-Kinetic Isotope Analysis of the Galactose Oxidase Turnover Reaction

substrate (kH2O/kD2O)HH (kH2O/kD2O)DD (kHH/kDD)H2O (kHH/kDD)D2O

benzyl alcohol 1.17( 0.02 1.065( 0.04 7.12( 0.28 6.48( 0.19
4-nitro benzyl alcohol 1.07( 0.03 1.03( 0.02 11.8( 0.5 11.4( 0.3
4-methoxy benzyl alcohol 1.23( 0.02 1.07( 0.03 4.29( 0.09 3.73( 0.08

FIGURE 5: Hypothetical free energy reaction profiles for oxidation
of benzyl alcohol by galactose oxidase. In the top trace, oxidation
of 4-nitro benzyl alcohol is dominated by electron transfer and
hydrogen atom transfer (SET+HAT), with no evidence for a proton
transfer (PT) contribution in the rate-determining step. In the bottom
trace, oxidation of 4-methoxy benzyl alcohol shows evidence for
partially limiting PT in a stepwise mechanism.
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