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[. Introduction

The copper metalloenzyme, galactose oxidase [E.C.
1.1.3.9] (GO),* 8 is an efficient oxidation—reduction
catalyst utilizing an unusual free radical-coupled
copper catalytic motifl45 in its active site for alcohol
oxidation chemistry. This site combines two distinct
one-electron acceptors, a Cu(ll) metal center and a
stable protein free radical, into a metalloradical
complex that functions as a two-electron redox unit
during catalytic turnover. The overall catalytic reac-
tion is comprised of two separable half-reactions,
oxidation of a primary alcohol and reduction of
dioxygen to hydrogen peroxide:%’
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RCH,OH — RCHO + 2¢~ + 2H"
(substrate oxidation; oxidative half-reaction)

1)

0, +2e~ + 2H" —H,0,
(dioxygen reduction; reductive half-reaction)

)

The recognition that free radical processes underlie
all of the chemistry of galactose oxidase, from active
site biogenesis and activation to catalytic turnover
reactions, is contributing insight into the essential
biochemical roles of free radicals. Interest in free
radical catalysis®*® has been growing rapidly in
recent years, driving the expanding field of free
radical enzymology.'4%°

Galactose oxidase is the best-characterized member
of a family of enzymes known as radical-copper
oxidases that includes another fungal enzyme, gly-
oxal oxidase,6~20 the physiological partner of lignin
peroxidase, and manganese peroxidase. The radical
copper oxidase family has a broad phylogenetic
distribution, and a prokaryotic homologue of galac-
tose oxidase, the product of the Stigmatella auran-
tiaca fbfB gene, has recently been identified on the
basis of nucleotide sequence analysis,?* although the
protein product of this gene, which appears to be
involved in the developmental biology of the myxo-
bacteria,?® has not yet been characterized. Earlier
structural®® and spectroscopic work* on galactose
oxidase, as well as current synthetic research aimed
at synthetic modeling of active site structure and
function,?#?% has been thoroughly reviewed recently
and will not be covered here. Theoretical approaches
to understanding the chemistry of free radical en-
zymes is covered in a separate contribution in this
issue.?® This review will instead focus on research
aimed at understanding the nature of the free radical
site, the reactivity of the unique metalloradical
complex, and the mechanism of free radical catalysis
by galactose oxidase. A recent review of galactose
oxidase in the context of bioinorganic enzymology
concluded that “the time is now ‘ripe’ for an in-depth
examination of the properties of the C—H bond
cleavage step as well as the details of interaction with
dioxygen”,?” and the present work may serve to
measure progress toward understanding the mech-
anism of this interesting enzyme.

© 2003 American Chemical Society

Published on Web 04/05/2003



2348 Chemical Reviews, 2003, Vol. 103, No. 6

James W. Whittaker received a B.Sc. in Biological Sciences from Sir
George Williams University (now Concordia University) in Montreal and a
Ph.D. in Biochemistry from the University of Minnesota (Minneapolis). He
was an NIH postdoctoral fellow in Chemistry at Stanford University and
subsequently joined the faculty of the Department of Chemistry of Carnegie
Mellon University in Pittsburgh. In 1996, he moved to the Oregon Graduate
Institute in Portland and is currently an Associate Professor in the
Department of Environmental and Biomolecular Systems in the OGI School
of Science & Engineering at Oregon Health & Science University. His
research interests include free radical biochemistry and manganese
metalloenzymes.

Il. Protein Structure

Galactose oxidase is a 68 kDa monomeric fungal
copper metalloenzyme enzyme secreted by Fusarium
spp. into the extracellular environment, where it
functions as a broad-spectrum catalyst for alcohol
oxidation and a source of hydrogen peroxide.* The
X-ray crystal structure of galactose oxidase?~2° (Fig-
ure 1) shows that the folded polypeptide comprises
three distinct domains. The N-terminal 155 residues
form a globular domain containing a structural
divalent metal binding site and a noncatalytic car-
bohydrate binding site that may function in targeting
the enzyme. The catalytic domain (residues 155—552)
comprises a 7-fold 5 propeller based on the kelch
structural motif.3 This g-propeller modular organi-
zation is common to a wide variety of eukaryotic
ligand binding proteins, as well as a number of
enzymes more closely related to galactose oxidase,
including neuraminidase® (six-bladed propeller),
methylamine dehydrogenase®* (seven-bladed propel-
ler), and methanol dehydrogenase®® and nitrite re-
ductase®® (eight-bladed propellers). In galactose ox-
idase, this fold has been adapted to binding a single
copper metal ion on the axis of the propeller domain
to form a catalytic active site. The C-terminal domain
(residues 553—639) caps the propeller on one face and
donates a looping strand that threads through the
axis of the propeller domain and contributes one of
the metal ligands (His581) to the metal binding site.

The active site involves residues arising from
remote regions of the polypeptide chain, brought
together in the folded protein. Four amino acid side
chains (from Tyr272, Tyr495, His496, and His581)
directly coordinate a mononuclear Cu center in the
protein, which is also bound by a solvent molecule
to form a distorted five-coordinate metal complex
(Figure 2). The bis-tyrosinate coordination of the
copper ion in GO is unique among metalloenzymes.
The organization of the metal complex places one of
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Figure 1. X-ray crystal structure of galactose oxidase. Two
orthogonal views are shown, parallel (top), and perpen-
dicular (bottom) to the axis of the -propeller. Elements of
protein secondary structure are color-coded (yellow, S sheet;
magenta, o helix). The copper binding site is indicated by
the cyan sphere. Based on PDB ID 1GOG and rendered
with Rasmol (ref 31).

the tyrosines (Tyr272) roughly in the plane of the
other ligands, leaving the second tyrosine (Tyr495)
in the axial position of a fairly regular square-based
pyramid. Alternatively, the coordination polyhedron
may be viewed as a highly distorted trigonal bipyra-
mid with the relatively long Cu-solvent vector defin-
ing the axial direction, and distortions between these
limiting structures are involved in exogenous ligand
interactions.>® The orientation of the tyrosine rings
within this complex is an important geometric factor
determining the electronic interactions between the
aromatic systems and the metal ion.®® Ring torsion
angles for both tyrosine ligands (Y272, Y495) in the
galactose oxidase active site tend toward the perpen-
dicular orientation that maximizes orbital overlap
between the Cu valence shell and the O 2p, orbital
that is a part of the delocalized aromatic w-system
of the ligand. These overlaps are predicted to be
particularly critical for electronic coupling between
the free radical Tyr272 phenoxyl ligand and the Cu-
(I1) metal center.

The environment of the metal ion supports oxida-
tion—reduction role by changing coordination number
on reduction. X-ray absorption spectroscopy (XANES
and EXAFS) probing the Cu(l)-containing GO sup-
ports a three-coordinate site for the reduced metal
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Figure 2. Stereoview of active site of galactose oxidase. Heteroatoms (O,N,S,Cu) are indicated by a shaded quadrant.

Based on PDB ID 1GOG and rendered using ortep-3 (ref 37).
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Figure 3. Structure of the tyrosine—cysteine cross-link
site.

center,3%40 consistent with retention of the trigonal
planar set of Tyr272, His496, and His 581 in the
complex and dissociation of Tyr495 and solvent. This
type of low-coordinate ligand set is expected to be
favorable for stabilizing a Cu(l) site in the protein
during substrate oxidation. Further evidence for
catalytic roles for specific residues in the active site
complex is summarized below.

The most striking feature of this complex is the
presence of a novel modified amino acid residue
resulting from a covalent linkage between the S, of
Cys228 and the C3 ring carbon of the Tyr272
aromatic side chain,*! forming a Tyr—Cys cross-link
(Figure 3). This cross-linked structure arises during
protein biosynthesis through posttranslational cova-
lent modification of the tyrosine side chain in a self-
processing reaction that appears to occur spontane-
ously in the presence of copper and dioxygen without
involvement of any other protein component.*?> The
covalent cross-link is an essential feature of the active
site structure. The Tyr—Cys cross-link has been
shown to be redox-active and has been identified as
the protein free radical site in galactose oxidase*3~4°
(see below), where it functions as a redox cofactor.
Although there is ample precedence for thiolate and
thioether coordination to copper centers in proteins,
there is no evidence for direct sulfur coordination to
the metal ion in either oxidized or reduced form of
galactose oxidase on the basis of either X-ray crystal-

Table 1. Catalytic Proficiency of Galactose Oxidase
Variants

mutational relative catalytic
variant activity ref
WT 1.0 7
C228G 0.00012 46
W290H 0.0005 46
Y495F 0.001 51
Y272F n.d. 46

a For preparation containing 0.26 g-atom/mol Cu.

lography or EXAFS spectroscopy. The C228G variant
is virtually inactive*®*’ (Table 1), leaving an ex-
tremely low residual level of activity that is in the
range of missense translation errors in protein bio-
synthesis, making further quantitative interpretation
somewhat equivocal.*8

Tyrosine-495, the axial tyrosinate ligand in the
copper complex, may function as a general base
during catalysis. This role has been proposed on the
basis of spectroscopic evidence for displacement of the
axial tyrosine in anion complexes associated with
uptake of a single proton.*® This role is supported by
structural studies, which show that the Cu—OTyr495
bond distance increases slightly (from 2.59 to 2.69
A) when acetate replaces water in the complex.
Conservative mutagenesis of Tyr495 to phenylala-
nine (Y495F) results in a 1100-fold decrease in
catalytic activity and loss of proton uptake associated
with anion binding.°~52 Further evidence for a role
of Tyr495 as a general base is provided by the
temperature dependence of the structure of the Cu-
(I1) complex of WT enzyme, reflected in the ligand
field (d — d) spectra of the metal ion. The transition
has been interpreted as a conversion of an aquo
complex with Tyr495 bound to a hydroxide complex
with Tyr495 displaced, mimicking the changes that
occur on anion binding and defining a putative
proton-transfer coordinate in the active site involving
Tyr495 and a cis-coordinated hydroxylic species®®
(Figure 4).

In addition to the four metal ligands and the
cysteine component of the Tyr—Cys cofactor, a tryp-
tophan residue (Trp290) has attracted special atten-
tion because of its close proximity to the Tyr—Cys
cross-link. The tryptophan side chain lies parallel to
the plane of the Tyr—Cys cofactor, the thioether side
chain centered below the indole ring. The tryptophan
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Figure 4. Proton-transfer coordinate in the galactose
oxidase active site. Proton abstraction from hydroxylic
ligands by Tyr495 results in displacement of tyrosine from
the metal complex. The arrows indicate the direction of
transfer of the proton across the hydrogen bond. The

weakest interactions are indicated by broken lines. (From
ref 53, reprinted with permission from Elsevier Science.)

side chain is oriented such that the indole N—H
group is approximately aligned with the Tyr272
phenolic C—O vector. The role of Trp290 in the
structure and function of the active site has been
investigated by mutagenesis, replacing the indole
ring with the imidazole side chain of histidine
(W290H).5* The W290H variant has been character-
ized both structurally (by X-ray crystallography) and
functionally.>* The stability of the active enzyme is
reported to be significantly lower in the W290H
mutant, supporting a role for the active site tryp-
tophan in shielding the Tyr—Cys cofactor from ex-
posure to solvent. The stacking of W290 with the
Tyr—Cys cofactor is reminiscent of a related motif
found in the quinoprotein methanol dehydrogenase,
where a tryptophan residue lies parallel to the PQQ
quinocofactor.3®

[ll. The Free Radical Site

The unusual two-electron reactivity of the mono-
nuclear copper active site in galactose oxidase has
been explained in terms of the direct participation
of the protein in the redox chemistry of the active
site, forming a stable free radical—copper complex in
the active enzyme.” The copper-free apoprotein is
readily oxidized under mild conditions, forming a
stable free radical, with distinctive optical absorption
and electron paramagnetic resonance (EPR) spectra*®
(Figure 5). A single free radical species is observed,
implying a unique reactive site in the protein. At
X-band (9 GHz) the EPR spectrum exhibits an
average g-value of 2.005 and a complex pattern of
fine structure splittings. Isotopic labeling demon-
strates that the free radical site in the apoprotein is
derived from a tyrosine residue, and it allows the
major splittings to be assigned to hyperfine interac-
tions between the unpaired electron and the f
hydrogens in the side chain of a perturbed tyrosine
residue.*®* ENDOR spectroscopy (also at X-band)
yields more refined estimates of the hyperfine cou-
pling constants and provides evidence for hydrogen
bonding to the phenoxyl oxygen** (Table 2).

High-frequency EPR spectroscopy has proven to be
a particularly effective tool in the characterization
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Figure 5. Free radical spectra for apo-galactose oxidase.
(a) Optical absorption spectrum for free radical containing
apogalactose oxidase (15 mg/mL, following treatment with
hexacyanoferrate(l11)). (b) EPR spectrum for apogalactose
oxidase free radical. Instrumental parameters: microwave
power, 0.03 microwatts; microwave frequency, 9.220 GHz;
modulation amplitude, 5 G; temperature, 8 K. (c) Expan-
sion of X-band EPR spectrum for apogalactose oxidase free
radical. (From ref 1.)

of this (and other) biological free radicals,% since at
high magnetic field the intrinsic electronic g-anisot-
ropy dominates over the electron—nuclear hyperfine
interactions, allowing a more detailed analysis of the
spectrum. The high frequency (139.5 GHz) EPR
spectrum for the apogalactose oxidase free radical*®
shown in Figure 6 illustrates the dramatic simplifi-
cation that is achieved by this approach. The spec-
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Table 2. Spectroscopic Characterization of Apogalactose Oxidase and Model Free Radicals
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free radical v (GHz) T (K) spectroscopic parameters ref
ApoGOe
EPR 9 7 Jav = 2.005 AP =15G 43
139.5 10 ox = 2.00741 AL7T=155G 45
gy = 2.00641 A7 =142G
g, = 2.00211 AS7T=142G
AS8=95G
Af8=8.0G
AS8=85G
ENDOR 9 10 A’ =146 G 44
optical absorption 300 320 nm (9000)2 43
400 nm (5500)
800 nm (1800)
mtce®
EPR 9 7 Jav = 2.005 56
9 120 gx = 2.0095 A/ =9.28G 57
gx = 2.0067
gx = 2.0023
9 243 Jav = 2.006 AP =86G 58
139.5 10 gx = 2.0072 Af=92G 45
gx = 2.0062 AS=92G
gx = 2.0019 S =9.2G
calcd gx = 2.0060 45
gx = 2.0044
gx = 2.0023
calcd® gx = 2.0079 61
gx = 2.0052
gx = 2.0025
optical absorption 77 400 nm¢ 56
830 nm
77 350 nm¢ 57
400 nm
850 nm

a Jmax (extinction coefficient, M~cm™1). ® mtce, 2-(methylthio)cresyl phenoxyl free radical. ¢ Prepared by photooxidation in
propionitrile:butyronitrile glass. ¢ Prepared by pulse radiolysis in N,O-saturated aqueous solution (pH 11). ¢ Calculated for 2-thio

phenoxyl free radical.

L 1 ]
4.9550 4.9625 4.9700 4.9775 4.9850

Magnetic Field (T)

Figure 6. High-frequency (139.5 GHz) EPR spectra for
biological free radicals. (a) Apogalactose oxidase free radi-
cal. (b) 2-(Methylthio)cresyl phenoxyl free radical. (c)
Ribonucleotide reductase free radical. (From ref 1.)

trum displays an axial line shape (gx = gy > g;) that
is clearly distinct from the rhombic line shape
(9x = gy > 0, characteristic of a simple tyrosyl

phenoxyl free radical like that found in ribonucleotide
reductase. The axial spectrum of the apogalactose
oxidase free radical is reproduced nearly exactly by
the 2-(methylthio)cresyl free radical formed by pho-
tooxidation of a model for the Tyr—Cys site in the
protein. Thioether substitution restricts the oxidation
chemistry of the phenol to well-resolved single-
electron steps, in contrast to hydroquinones which
readily undergo two-electron oxidation. This con-
straint ensures that the Tyr—Cys cofactor in the
protein serves as a free radical redox site. The optical
absorption spectrum of the 2-(methylthio)cresyl free
radical®®57 (Figure 7) closely resembles the spectrum
of the apogalactose oxidase radical, confirming that
the free radical is localized on the Tyr—Cys side
chain.

The spectroscopic analysis has been complemented
by theoretical studies aimed at understanding the
unique characteristics of the tyrosyl-cysteinyl free
radical*>5"~%2, Calculations of the free radical ground-
state electronic structure of the 2-(methythio)cresyl
model radical agree that the spin occupied molecular
orbital (SOMO, a” symmetry) is delocalized over the
ring system, with a major contribution from the
phenoxyl oxygen p, orbital (Figure 8). The thioether
sulfur also involved in the SOMO wave function, with
normalized orbital contributions ranging from 0.12
to 0.28, depending on the method used for the
calculation. Despite being fairly small values, the
thioether sulfur contributions are expected to be
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Figure 7. Low-temperature optical absorption spectra for
model phenoxyl free radicals. (top) Cresyl phenoxyl free
radical. (middle) 2-(Methylthio)cresyl phenoxyl free radical.
(bottom) 2-(Methylsulfinyl)cresyl phenoxyl free radical. All
samples prepared by UV photooxidation in propionitrile:
butyronitrile glass; temperature, 77 K. (From ref 56.)

Figure 8. Electronic structure of the thioether-substituted
phenoxyl free radical. (A) SOMO contoured at 0.05 e/aus.
(B) Total spin density for phenoxyl ground state, evaluated
over surface raised 1.5 au above the plane of the ring
carbon atoms. (a spin density, —; B spin density, ---).
Rendered using molden (ref 63.)

important for the stabilization of the radical. The
calculations support a picture of odd-alternant spin
distribution in which the unpaired electron density
is greatest on alternating atoms within the delocal-
ized m-system, reflecting the nodal character of the
SOMO electronic wave function.

The analysis of the ground-state electronic struc-
ture has been extended through calculations of the
g-tensor for the protein and model radicals.*>6!
Interestingly, the calculations that predict a rela-
tively small involvement of the thioether sulfur in
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Figure 9. Model for orbital g-shifts for substituted phe-
noxyl free radicals. cre, cresyl phenoxyl free radical; mtc,
2-(methylthio)cresyl phenoxyl free radical. Components of
the g-tensor (Agx, Agyy) arise from spin—orbit mixing (via
matrix elements of L,, L,) in a gauge invariant sum over
all atomic contributions.

the SOMO lead to more rhombic g-tensor, while the
calculations that indicate a more substantial contri-
bution of the Tyr—Cys sulfur lead to more axial
g-values, closer to the experimental results. A simple
model has been proposed* to explain the distinctive
axial spectrum observed for the apogalactose oxidase
and 2-(methylthio)cresyl free radicals, on the basis
of the origin of the g-shifts in atomic valence spin—
orbit mixing effects. The molecular g-shift arises as
a gauge-invariant sum over the individual atomic
contributions that result from coupling between the
electronic spin angular momentum localized on the
atom and the orbital angular momentum of the
valence orbital set. In the thioether substituted
phenoxyl free radicals, the oxygen and sulfur atoms
will contribute the largest spin—orbit effects. The
largest orbital contributions for those two atoms (g,
gy) lie in the plane of the aromatic ring and are
mutually orthogonal, as a result of the orientation
of the nonbonding valence orbitals on the two atoms
(Figure 9). As a consequence, the g-anisotropy that
would result from either of the two contributions
individually is approximately canceled out, and an
approximately axial g-tensor is observed. This de-
tailed characterization of the free radical site in
apogalactose oxidase has provided important infor-
mation on the nature of the thioether substituted
phenoxyl free radical that is the protein redox site
in the copper-containing holoenzyme.

The protein may be expected to perturb the struc-
ture of the free radical through hydrogen-bonding
and ring-stacking interactions, altering the pattern
of unpaired electron density and providing mecha-
nisms for delocalization of the unpaired electron over
a more extended region. As indicated above, the
ENDOR studies on the apogalactose oxidase free
radical provide evidence for hydrogen bonding be-
tween the phenoxyl oxygen and neighboring residues
or solvent. On the other hand, high-frequency EPR
measurements demonstrate that there is no signifi-
cant delocalization of the unpaired electron spins into
the z-system of the stacked tryptophan W290.
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Scheme 1. Redox Interconversion of Galactose
Oxidase Species

H20 o
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Figure 10. Optical absorption spectra for galactose oxi-
dase in accessible redox states. (A) Redox-activated enzyme
(AGO) (pH 5.6, ---; pH 7.3, —). (B) One-electron reduced
inactive enzyme (IAGO). (C) Substrate-reduced anaerobic
enzyme. (D) Metal-free apoprotein. The insert shows the
kinetics of spontaneous decay of the active enzyme, with
typ = 7.2 d. (From ref 71)

IV. The Radical Copper Complex

A. Spectroscopic Characterization

In contrast to the one-electron reactivity typical of
a mononuclear copper complex converting between
Cu(ll) and Cu(l) oxidation states, galactose oxidase
exhibits three distinct redox forms associated with
two one-electron oxidation—reduction steps, each
form being distinguished by a characteristic spectro-
scopic signature.*784 The fully oxidized (AGO) and
fully reduced (RGO) forms are catalytically active,
while the intermediate oxidation level is catalytically
inactive (IAGO) (Scheme 1). The fully reduced form
contains Cu(l) in a low-coordinate complex. EXAFS
studies are consistent with three-coordination at
copper in the reduced complex, suggesting that the
trigonal planar set of ligands (Tyr272, His496, and
His581) is retained, forming a favorable T-shaped
arrangement of ligands.*® The inactive form has been
characterized as a simple Cu(ll) complex on the basis
of EPR and XANES.”® Oxidation of this complex
with mild oxidants (e.g., hexacyanoferrate (I11))
results in conversion to active enzyme exhibiting an
unusual intense optical spectrum (Figure 10). This
active oxidized species contains Cu(ll) and results
from oxidation of the protein rather than the metal
ion, forming a free radical-coupled copper active site.

Chemical Reviews, 2003, Vol. 103, No. 6 2353

Scheme 2. Ground State Interactions in the Free
Radical-Coupled Copper Complex

Hexch =JS1°Sz

Table 3. Reduction Potentials for Galactose Oxidase
Species

E°'[Cu(ll)/Cu(l)] E°'[TyrCyse/TyrCys]
(mv)?

(mv)2 ref
WT +450° 7
+150¢ +400° 67
—300—-500¢ 68
C228G +630 67
W290H +730 67
Y495F +169 +450 67
Apo +570 67

aVersus NHE. ? Spectrophotometric titration. ¢ Kinetic meth-
od. 9 Predicted on the basis of semiquantitative reaction energy
profile.

Antiferromagnetic coupling of unpaired electron spins
on the copper ion, and the free radical ligand leads
to stabilization of an EPR-silent diamagnetic ground
state (Scheme 2). A paramagnetic triplet state is
found by multifield magnetic susceptibility® to lie at
least 200 cm™ higher in energy.>® Resonance Raman
spectroscopy of the radical copper complex shows that
both modified and unmodified tyrosines contribute
to the valence shell excitations, suggesting that the
radical copper complex may be stabilized in the
protein by delocalization of the radical character over
both tyrosine ligands, a ligand-to-ligand charge trans-
fer (LLCT) mechanism.6®

B. Redox Chemistry

The redox potential for conversion of GO to the
active form by oxidation of the Tyr—Cys cofactor has
been determined by spectrochemical titration as
+0.45 V (vs NHE),” significantly lower than that
estimated for oxidation of the 2-(methylthio)cresol
phenolic model compound.5¢~5° Reduction potentials
have been determined for WT and mutant GO vari-
ants for both the free radical site and the metal
center (Table 3).5” Elimination of the axial tyrosine
interaction (Y495F) results in a modest increase of
the Cu(l)/Cu(ll) redox couple (+16 mV) but has a
more substantial effect on the Tyr—Cys redox poten-
tial, which is raised by 50 mV in the mutant. This
supports a role for Tyr495 in stabilizing the free
radical complex through LLCT delocalization in the
resting enzyme. The consequences of W290H GO
mutagenesis are even more dramatic, raising the
Tyr—Cys redox potential to 730 mV, a 330 mV shift
to higher potential from the value obtained for the
WT enzyme. The strong perturbation of W290H
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mutagenesis implies that the interaction between the
Tyr—Cys and tryptophan side chains has a signifi-
cant stabilizing effect on the Tyr—Cys redox couple,
even though there is no evidence for delocalization
of the radical over the indole moiety. Solvent shield-
ing may be a more important role for the tryptophan,
restricting the hydrogen bonding character of the
cofactor environment. The analysis of the C228G
variant is more problematic, since the protein con-
tained only about 26% of the full copper complement
and the spectral changes that were induced by
titration with a strong oxidant could not be assigned
to a specific process.

The as-isolated enzyme typically is a mixture of
oxidation states, with IAGO and AGO forms pre-
dominating (in a ratio ranging between 20:1 to 1:1
between preparations'”:8%). This variability in the
oxidation state, and the instability of the redox-
activated enzyme under normal handling and its
sensitivity to commonly used buffers, has led to a
proposal that the enzyme undergoes “autoredox in-
terconversion” between IAGO and AGO forms in
solution.®® The autoredox process is proposed to
determine the steady-state level of AGO through
competition between reductive and oxidative reac-
tions, and a disulfide group in the protein has been
identified as an important relay point involving a
disulfide radical anion intermediate.5%7° However, the
source of the extremely low-potential reducing equiva-
lents required for disulfide radical anion formation
driving the autoredox interconversion has never been
established. In any case, the autoredox behavior
appears to be inconsistent with the observation that
the AGO enzyme is stable for weeks in the absence
of exogenous reductants.’ This stability allows the
enzyme to be prepared in a homogeneous active form
in order to characterize its catalytic properties. The
discussion of the free radical mechanism of galactose
oxidase catalysis will be introduced with a brief
summary of the special features associated with free
radical catalysis.

V. Principles of Free Radical Catalysis

Free radicals are molecules with unpaired electrons
in their valence shell either as a consequence of
having an odd number of electrons (leaving at least
one unpaired, as in one-electron oxidized amino acid
side chains in proteins) or an orbital degeneracy that
leads to stable electron unpairing in the ground state
(as occurs in dioxygen). These molecules are intrinsi-
cally different from the majority of chemical species
in which electrons are fully paired, and the differ-
ences are clearly expressed in their chemical reactiv-
ity. The chemistry of free radicals is dominated by
one-electron reactions, including single electron trans-
fer (SET), hydrogen atom transfer (HAT), and proton-
coupled electron transfer (PCET). These three el-
ementary processes underlie the vast majority of free
radical mechanisms in organic chemistry, and a
comprehensive review of the field has recently ap-
peared. Each process will be briefly summarized in
this section, providing the framework for discussion
of the catalytic mechanism of galactose oxidase.
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A. Single Electron Transfer

Single electron-transfer involves simple one-elec-
tron oxidation of a redox partner, resulting in reduc-
tion of the radical. Conservation of electronic charge
results in complementary changes in the net charges
on each of the species involved, and conservation of
angular momentum requires that SET involving a
free radical reactant (S > 0) must lead to formation
of at least one radical product:

Xe + YH— X + YHe" ©)

The reaction is written in terms of reduction of the
free radical, although for quinonoid species, oxidation
would also be possible. The hydrogen in eq 3 is
included to emphasize that the oxidized and reduced
species often exhibit dramatically perturbed pK,
values for hydrogens associated with heteroatoms in
the structures. The electrostatic consequences of
electron transfer are reflected in acidity, with X~
being more basic and YHe™ more acidic than their
precursors, leading to a pH dependence of SET rates.
The rate of SET is governed by both the driving force
and geometric factors involving orbital overlaps,
which have been extensively discussed in the more
general terms of long-range SET.”27® The quantum
mechanical character of the electron is reflected in
the geometric (orbital) dependence of the SET pro-
cess, involving overlap of the donor and acceptor
orbital wave functions.

The change in electronic occupation of molecular
orbitals has important consequences for chemical
reactivity. Removing electrons from bonding orbitals
(or, conversely, adding electrons to antibonding orbit-
als) will result in molecular destabilization that may
contribute significantly to catalytic activation. To the
extent that the orbital is localized, singly occupied
MO can be described as a one-electron bond, which
is weaker than the typical two-electron bond in which
much of chemistry is framed. Free radicals thus make
molecules more susceptible to bond cleavage pro-
cesses.

B. Hydrogen Atom Transfer

The most common bond cleavage process associated
with free radical reactions is hydrogen atom transfer
(HAT)™" " in which the elements of hydrogen (a
proton and an electron) are simultaneously ab-
stracted from the substrate. This reaction is favorable
for several reasons. Hydrogen is univalent, and its
bonding patterns lead to exposure on the molecular
periphery. Hydrogen abstraction involves breaking
a single bond. Concerted transfer of a proton and
electron provides charge compensation that avoids
unfavorable charge separation in the reaction

Xe + YH — XH + Yo (4)

The hydrogen atom is sufficiently light to exhibit
guantum mechanical effects, e.g., tunneling through
a barrier, as a consequence of its relatively long de
Broglie wavelength. The amplitude of the nuclear
coordinate wave function that permits transmission
of a particle through a potential barrier decays
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Scheme 3. Alternative Pathways for
Proton-Coupled Electron Transfer
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rapidly away from the equilibrium position, resulting
in a strong orientation and distance dependence for
hydrogen atom tunneling. The experimental signa-
ture of tunneling kinetics is anomalous isotope effects
and temperature dependence. The driving force for
HAT is based on the relative stability of the hydrogen
in the initial and final states of the reaction, which
in simplest terms can be analyzed in terms of X—H
and Y—H bond enthalpies.” The bond dissociation
energy for the phenolic O—H group is 86.2 kcal/mol,&°
strong enough to support hydrogen atom abstraction
and to contribute to the surprisingly high reactivity
of phenoxyl radicals.®! Bond strength is an important
determinant of reactivity and determines the strength
of coupling between proton and electron transfer. In
recent years theoretical and experimental studies
have explored the spectrum of reactions, and it is now
clear that there is a continuous spectrum of processes
involving proton-coupled electron transfer.

C. Proton-Coupled Electron Transfer

Proton coupled electron transfer (PCET) is the
most general process, associated with nonconcerted
or stepwise reaction. The nonconcerted transfer of a
proton and an electron implies either spatial or
temporal resolution of the two elementary processes,
and the two components (H*,e”) may take distinct
paths between donor and acceptor forming discrete
reaction intermediates (Scheme 3). Alternatively, the
electron and proton donor/acceptor pairs may be
distinct species, the coupling defined by the energet-
ics of the interacting groups. Hydrogen atom transfer
thus represents a limiting case of PCET in which
both proton and electron motions are concerted and
synchronous. More generally, PCET can occur in
discrete, sequential steps with either proton or
electron-transfer events occurring first, although all
degrees of dynamical correlation are in principle
possible.82:83

VI. Experimental Approaches to the Catalytic
Mechanism

The galactose oxidase turnover reaction may be
functionally decomposed into two separate and dis-
tinct half-reactions (substrate oxidation, O, reduc-
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tion).” These half-reactions are resolved in practice
by eliminating one or other of the reactants (sub-
strate, O,), allowing the enzyme to be reduced by its
hydroxylic substrate anaerobically and subsequently
reoxidized by O,. This behavior is consistent with
ping-pong reactivity:’.71.8485

kre
E,+S——E,+P (5)
kDX
Erea T O, — B + H,0, (6)

Kinetic analyses can be performed either through
measuring the biomolecular reaction with one sub-
strate to characterize a single half-reaction, or by
monitoring turnover. Both approaches have proven
useful in studies of galactose oxidase catalysis.

A variety of steady-state methods have been de-
veloped for measuring galactose oxidase turnover.
Many of these take advantage of well-developed
techniques for measuring oxygen and its reduction
product, hydrogen peroxide. Polarographic methods
for determining O, concentration (e.g., the Clark
oxygen electrode) provide a convenient approach for
monitoring the oxygen uptake in the oxidizing half-
reaction (eq 7) using a variety of reducing sub-
strates.®® These assays are typically performed in the
presence of an oxidant (ferricyanide) which ensures
that the full activity is expressed.®® Galactose oxidase
turnover may also be coupled to a peroxidase-linked
chromogenic reaction providing high sensitivity de-
tection of galactose oxidase activity.®” In the coupled
reaction, the peroxidase enzyme is able to activate
galactose oxidase, eliminating the need for additional
oxidants. A direct assay has also been developed on
the basis of the absorption of the conjugated carbonyl
product from benzyl alcohol (alternative substrate)
oxidation.®” The direct assay method has been used
to distinguish between catalytically active and inac-
tive forms of the as-isolated enzyme.”

A. Rapid Kinetic Studies

Both oxidation and reduction half-reactions are
extremely fast and push the limits of stopped flow
kinetic analysis. Studies of the alcohol oxidation half-
reaction are additionally challenging because of the
requirement for strict anaerobiosis (to avoid turnover
processes) combined with the restriction that reduc-
tants (such as dithionite) typically used to establish
anaerobic conditions must also be excluded, to main-
tain the oxidized state of the active enzyme. This
problem has been successfully solved by using a
efficient oxygenase-based scrubbing system to remove
oxygen from the stopped flow instrument.® Using
these approaches it has been possible to measure the
direct reduction of active GO by its reducing sub-
strate at reduced temperature (4 °C).”* The kinetic
parameters for this reaction are similar to those
obtained by monitoring the reaction in the steady
state. The bimolecular reaction is saturable with a
Kq of 180 + 20 mM for formation of the initial
complex, similar to the Michaelis constant obtained
by monitoring the steady-state reaction (175 mM at
saturating concentrations of O,).5*
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Figure 11. Enzyme monitored turnover reactions. Galac-
tose oxidase (approximately 11 uM final concentration) was
mixed with 5 mM reducing substrate (either 1-O-methyl-
6,6'-di-[*H]-a-D-galactopyranoside, O, or 1-O-methyl-6,6'-
di-[?H]-a-p-galactopyranoside, ®) in air-saturated buffer (50
mM sodium phosphate) at 4 °C. The experimental curves
were fit to the differential equations for ping pong turnover
reaction using the kinetic parameters in Table 4. (From
ref 71.)

Table 4. Kinetic Parameters for Galactose Oxidase
Turnover?

Kred (x10*  Kox (x108

substrate M1s) M1s1) ref
1-O-methyl-o-p-galactopyranoside 1.53 7.99 71
D-galactose 0.93 0.98 90
2-deoxy-p-galactose 0.8 1.03 90
1-O-methyl-S-p-galactopyranoside 1.2 1.0 90
p-raffinose 1.72 1.01 90
dihydroxyacetone 2.74 1.02 90

2 In buffered solution, pH 7.

An alternative method for kinetic characterization
of the turnover reaction is based on the enzyme-
monitored turnover method,® taking advantage of
the chromophoric character of the enzyme to monitor
its state during turnover. The relatively fast reaction
of GO with O; ensures that the enzyme is essentially
all in the oxidized state during turnover until virtu-
ally all the dioxygen is consumed, at which point the
excess of reducing substrate rapidly converts the
enzyme to the colorless reduced form. This second
phase provides a direct measure of the kinetics of
reoxidation by dioxygen. Since the overall reaction
is rate-limited by substrate reduction, the duration
of the first phase reflects the time required to perform
the discrete number of catalytic turnovers and pro-
vided information on the substrate oxidation kinetics.
Typical kinetic traces” are shown in Figure 11. One
advantage of this approach is that it permits Kinetic
characterization of both reductive and oxidative half-
reactions from a single timecourse and is relatively
independent of hydrodynamic mixing constraints of
the stopped flow system.

Kinetic parameters extracted from enzyme moni-
tored turnover measurements (Table 4) are very
similar to those obtained by measuring direct reduc-
tion in the isolated half-reaction and by oxygen
uptake steady-state kinetics. This supports the bi-
molecular character of substrate interactions well
below the K, and an essentially collisional reaction
with substrate under physiological conditions. The
enzyme monitored turnover studies have been ex-
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tended® to include a range of reducing substrates
(Table 4), and the interesting result emerges that the
reoxidation kinetics are virtually independent of the
nature of the reducing substrate, even when the
reduction rates varied 5-fold. Slightly different values
for the individual Kinetic constants obtained in these
independent studies by two groups have been at-
tributed to differences in estimating the concentra-
tion of active enzyme in the reactions.”

B. Isotope Kinetics

Isotope effects on enzyme kinetics can provide
important insight into reaction mechanisms. Isotope
studies in early work on galactose oxidase established
the pro-S stereospecificity of hydrogen abstraction
from the substrate alcohol®* and provided an estimate
of the deuterium Kinetic isotope effect of methylene-
deuterated substrate under steady-state turnover
conditions (kn/kp = 7.7 for 1-O-methyl-6,6'-di-[?H]-
pB-D-galactopyranoside using peroxidase coupled as-
say,® and ku/kp = 8.7 for 1-O-methyl-6,6'-di-[?H]-o-
D-galactopyranoside from V/K;,, measurements moni-
tored by oxygen uptake®?). Simple halo alcohols give
smaller KIEs in the range 3.1—3.9% and measure-
ment of KIE for a homologous series of substituted
benzyl alcohol derivatives shows a significant sub-
stituent dependence (see below).

The KIE measured for direct reduction of GO by
1-O-methyl-6,6'-di-[?H]-a-p-galactopyranoside reveals
that the value measured in the steady-state repre-
sents a lower limit of isotope sensitivity of the
catalytic reaction, and that the KIE is, in fact, much
higher on the isolated substrate oxidation step,
measured on kg Using transient kinetics methods
(kw/kp = 21.1).7* This observation is reinforced by
evaluation of the substrate KIE using enzyme-
monitored turnover measurements, which yields an
estimate of kn/kp = 24.3, in good agreement with the
value obtained for stoichiometric substrate oxi-
dation. Enzyme-monitored turnover also suggest the
existence of an additional, smaller, substrate KIE
(kn/kp = 7.8) on the O, reoxidation step. This rather
surprising result has been further investigated using
oxygen uptake measurements, which demonstrate a
striking substrate- and dioxygen-concentration de-
pendence of the KIE on V/K (evaluated in the linear
region of the reaction, [S] < K,;;) 7* (Figure 12). The
origin of this sensitivity can be traced to the ping
pong kinetic mechanism underlying GO turnover. At
low substrate concentrations, the overall turnover is
rate-limited by substrate oxidation and the full
substrate KIE is expressed. On the other hand, at
high concentrations of the reducing substrate, reac-
tion with O, becomes rate-limiting, and the observed
KIE is reduced. The concentration of substrate at
which the oxygen reaction becomes rate limiting
depends on the oxygen concentration. Interestingly,
the observed KIE does not approach a value of 1 at
the highest substrate concentrations but, rather, a
relatively large value near 8.5. This is close to the
values previously reported for GO substrate oxidation
obtained from extrapolation to infinite concentration
of both substrates, suggesting that under those
conditions, the overall rate is dominated by the
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Figure 12. Oxygen and temperature dependence of ga-
lactose oxidase isotope effect from steady-state oxygen
uptake. (top) Variation of the observed KIE on V/K with
substrate concentration, for two dissolved oxygen concen-
trations, 360 mM (®) and 88 mM (O). (bottom) Temperature
dependence of the observed KIE on V/K. (From ref 71.)

'0.0037

dioxygen reduction process. The substrate KIE also
exhibits strong temperature dependence (Figure 12)
implying a large activation parameter E,(D) —
Ea(H) = 10.4 kJ/mol, which exceeds the semiclassical
upper limit of the effect of differences in zero-point
energies on a barrier hopping trajectory. Extrapolat-
ing the temperature dependence of the KIE to infinite
temperature yields an intercept value that is an
estimate of the ratio of Arrhenius parameters for the
protio and deuterio reactions, which for galactose
oxidase substrate oxidation is found to be An/Ap =
0.25, below the absolute minimum lower limit based
on semiclassical reaction theory. In combination, the
anomalously high substrate oxidation KIE and anoma-
lous values found for the temperature dependence of
the KIE provide evidence for nonclassical behavior
involved in substrate oxidation, including the pos-
sibility of hydrogen tunneling®~°¢ during the reac-
tion. Unusually large isotope effects have also been
observed in quinoprotein amine dehydrogenases,®’-%8
lipoxygenase,® and methane monooxygenase,'® all
of which are believed to have substrate oxidation
mechanisms involving hydrogen atom tunneling. In
the latter two examples, extremely large KIEs of 40—
150 have been reported.®%100

A solvent isotope effect, attributed to the presence
of a solvent molecule coordinated to the active site
metal ion, has been reported for oxidation of 1-O-
methyl-6,6'-di-[?H]-a-p-galactopyranoside.’®* How-
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Figure 13. QSAR correlations for homologous benzyl
alcohols. (top) Semilog linear free energy plot for para-
substituted o,a’-protio (M) or o,a'-deuterio (@) benzyl
alcohols over Hammett o*. Correlation slopes are shown
(o = —0.09 + 0.32; pp = —0.49 =+ 0.61). (bottom) Substitu-
ent dependence of the deuterium KIE on V/K for substrate
oxidation. (From ref 102.)

ever, further investigation has shown that there is
no detectable solvent KIE for this reaction (kn/kp =
0.99 + 0.05),”* and that the earlier observation was
likely an artifact resulting from partial inactivation
of GO by contaminants in the deuterated solvent.

C. Reaction Profile Analysis

Steady-state kinetics studies have been performed
for a homologous series of benzyl alcohol derivatives
with varying para substituents to explore the sub-
stituent effects on the substrate oxidation reaction.%
Homologous benzyl alcohols have also proven useful
in studies of flavoenzyme oxidases,'% allowing the
substrate to be systematically perturbed to probe the
substrate oxidation mechanism. QSAR analysis04105
of the rate data for galactose oxidase over the entire
substrate series indicates a very low level of correla-
tion over the electronic substitutent parameter Ham-
mett 0", corresponding to a reaction coefficient, p =
0 (Figure 13). The relative insensitivity of the sub-
strate oxidation reaction to electronic effects ranging
from strong electron withdrawal (—NO,, —CF3) to
strong electron donation (—OH, —OCH35) is remark-
able. This type of weak dependence of the rate on the
nature of the remote substituent is often cited as
evidence for radical character (bond homolysis) or a
cyclic transition state,° which avoids charge buildup
or charge separation during the reaction.

Isotope effects on V/K from steady-state turnover
measurements for this series of benzyl alcohols have
also been subjected to QSAR analysis, revealing a
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Figure 14. Anticorrelation of substrate and solvent kinetic
isotope effects for galactose oxidase turnover with para-
substituted benzyl alcohols. The horizontal and vertical
bars indicate the magnitudes of the standard deviations.
(From ref 102.)

strong log-linear correlation of the KIE with Ham-
mett ot (Figure 13). In contrast to the reaction rates
themselves, the KIE values for the reactions exhibit
a strong substituent dependence, ranging from 3.6
(for the p-methoxy derivative) to 12.3 (for the p-nitro
compound). The sensitivity of the magnitude of the
observed KIE for oxidation of a-deuterated benzyl
alcohols to the nature of the substituent is somewhat
surprising. Since KIEs reflect specific bond-making
and bond-breaking contributions to the transition
state of the reaction, smooth variation of KIE with
the electronic component of the substituent perturba-
tion must reflect a smooth change in the extent to
which C—H bond cleavage dominates the transition
state through this series of substrates. However, the
relatively small rate dependence implies that the
activation energy is fairly constant over this series.
The correlation between KIE and the alcohol redox
potential suggests an increase in C—H bond-breaking
character for substrates that are more difficult to
oxidize, possibly revealing a competition between
electron transfer and atom transfer components of
the reaction (see below).

A change in the nature of the transition state is
also apparent in the values of the SKIE found for
these reactions, which range from Kyo/kpo =
1.22 + .02 (for 4-methoxybenzyl alcohol oxidation) to
Kn2o/kpzo = 1.05 £ 0.03 for 4-nitrobenzyl alcohol
(Figure 14). Fractionation factors for the ground state
solvent isotope-exchange equilibria are expected to
be very close to 1 for both reactant and product
complexes, so the observed SKIE represents the full
extent of the isotope effect associated with the
exchangeable proton. In reactions for which PT is
fully rate limiting, SKIEs in the range Ky2o/kp2o =
3—5 have been reported. The smaller SKIE associ-
ated with benzyl alcohol oxidation suggests either
that PT character does not dominate the transition
state or that the hydrogen bond through which PT
occurs is very weak. The former explanation suggests
that a large SET contribution in the transition state
accounts for the modest isotope-sensitivity of these
reactions. The correlation of reactivity over a homolo-
gous set of substrates forms the basis for analysis of
the profile of the substrate oxidation reaction (see
below).
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D. Mechanism-Based Inactivation by Substrate
Analogues

The mechanism of galactose oxidase has also been
probed using alcohol derivatives which stoichiomet-
rically inactivate the enzyme by a one-electron reduc-
tion pathway®3107-10° Some, including quadricyclane
methanol round trip radical probe,?” -halo etha-
nols,®® and phenylcyclopropylmethanols,®” are po-
tentially capable of rearranging during reaction via
a ketyl intermediate, but no information is available
on product distributions generated during the inac-
tivation process. Thiol analogues have also been
investigated in the inactivation studies.'®® Highly
efficient inactivation is observed with all of these
analogues, and significant KIEs are observed on the
inactivation rate. All appear to convert the enzyme
to the one-electron reduced, catalytically inactive
form, implying that they serve as one-electron re-
ductants toward the active site, although some
processes exhibit unexplained multiphase Kinetics.
Since the copper remains in the oxidized, Cu(ll) state,
these reactions have been interpreted as evidence for
free radical chemistry during substrate oxidation.

VII. Substrate Oxidation Mechanism

The emerging view of the galactose oxidase cata-
lytic mechanism is a synthesis of the work described
in the previous section and represents a minimalist
picture of a reaction for which no resolved intermedi-
ates have yet been identified, involving proton trans-
fer, single electron transfer, and hydrogen atom
transfer components (Figure 15). The absence of
detectable intermediates may itself be significant,
reflecting the extremely simple character of the
overall reaction, involving transfer of the elements
of dihydrogen between sites, as illustrated in Figure
16.

A. Substrate Binding

Evidence for the structure of the galactose oxidase
substrate complexes is indirect, since it has not yet
proven possible to prepare crystals with substrate
bound in the active site.?® Crystals of GO soaked with
substrate show a single specific interaction site in the
N-terminal domain,?® which likely represents a tar-
geting feature of the enzyme structure, immobilizing
the extracellular enzyme on polymeric carbohydrates.
The difficulty of preparing a substrate complex for
crystallography can be traced to the low affinity of
substrate interactions (Kg = 180 mM estimated from
rapid kinetics studies™). In addition, there may be
complications associated with crystal packing of
molecules in the lattice, interfering with access to the
active site in the crystalline enzyme.

The evidence for direct coordination of substrate
alcohols includes, first of all, the crystal structure of
the active site revealing exchangeable solvent bound
at the surface-exposed metal complex. Water, HOH,
may be viewed as the simplest homologue of the
alcohol series, ROH, and its complex interpreted as
a substrate analogue complex. Other small molecules
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Figure 15. Elementary resolved components of the galactose oxidase substrate oxidation reaction. PT, proton transfer;
SET, single electron transfer; HAT, hydrogen atom transfer. (From ref 102.)
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Figure 16. Turnover cycle proposed for galactose oxidase
catalysis. (From ref 71.)

also have access to the active site, including acetate,
which has been shown to directly coordinate to
copper, replacing the exchangeable solvent in the
complex. NMR relaxivity measurements also provide
evidence that an alternative substrate for galactose
oxidase (dihydroxyacetone) displaces the coordinated
water in complexes with the catalytically inactive
form of the enzyme.*° In addition to the experimental
evidence for substrate binding to copper, simple
docking analysis as well as more elaborate molecular
mechanics calculations provide theoretical justifica-
tion for substrate binding in the active site and
suggest a specific steric factor is responsible for the
strong selectivity for galactose over glucose as sub-
strate.?®!!1 These studies also provide a rationale for
the experimentally observed prochiral selectivity of
hydrogen abstraction by galactose oxidase during
turnover based on proximity of the pro-S hydrogen
of the substrate to the Tyr272 oxygen in the most
favorable binding mode.

B. Substrate Activation by Proton Abstraction

There is ample chemical precedence for activation
of substrates for oxidation by deprotonation. loniza-
tion of an alcohol has a dramatic effect on its redox
potential, as well as the strength of the C—H bonds
of the a-methylene group.''? Direct coordination of
alcohols to metal cations is known to significantly
increase the acidity of the hydroxyl group through
both electrostatic and covalent mechanisms. There
is experimental evidence for a dramatic perturbation

of the pKa, (>7 units) of simple alcohols bound to
divalent metal ions.'*3

Ligand interactions with galactose oxidase also
provide evidence for proton transfer processes in the
active site. The proton uptake by Tyr495 associated
with anion binding and the thermally driven solvent
deprotonation in the active site complex reveals
essential chemistry of the site.*%3 Crystallographic
data shows that the site undergoes a subtle reorga-
nization between ligand-free and ligand-bound com-
plexes that has been described in terms of a pseu-
dorotation redefining the strong and weak interactions
within the complex that may provide the driving force
for proton abstraction. The observation of a signifi-
cant solvent isotope effect on turnover of some
substrates indicates that under some circumstances
proton transfer may become partially rate-limiting
for substrate oxidation. Proton abstraction may thus
represent a gating process allowing the overall oxida-
tion to proceed.

C. Electron Transfer and C-H Bond Cleavage

The chemistry of substrate oxidation involves loss
of two electrons and cleavage of one of the C,—H
bonds within the hydroxymethylene headgroup of the
substrate alcohol. The bond cleavage may in principle
occur either through homolytic (hydrogen transfer)
or heterolytic (hydride transfer) processes. Since
there are two distinct sinks for the electrons in the
metalloradical complex (Cu(ll) metal ion and Tyr—
Cys phenoxyl) the active site is clearly much better
suited for a combination of SET and HAT processes.
However, the ordering of these two processes is
problematic.”

One-electron oxidation of the coordinated alkoxide
anion by initial inner-sphere SET would reduce the
metal center (Cu(ll) — Cu(l)), forming an alkoxyl free
radical (Scheme 4). The loss of one electron from the
valence shell of the alcohol is predicted to strongly
perturb the C—H bonding, providing a trigger for
homolytic cleavage and hydrogen atom transfer
reducing the Tyr—Cys phenoxyl. The sum of these
two processes transforms the alcohol substrate into
aldehyde product and leaves the enzyme in the fully
reduced Cu(l) state. Alternatively, the ordering of the
two processes may be reversed, with atom transfer
(more generally, PCET) occurring initially, followed
by inner sphere SET. In the latter case, the substrate
is transformed sequentially through a ketyl radical
(Scheme 4) which is capable of rapidly reducing the
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Scheme 4. Free Radicals Generated by Alcohol
Oxidation
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Scheme 5. Five-atom Cyclic Transition State for
Substrate Oxidation by Galactose Oxidase
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Cu(ll). Both sequences result in the same overall
transformation of the substrate and the active site.

The large substrate KIE that is observed in the
reductive half-reaction clearly requires that the
transition state for substrate oxidation includes
substantial C—H bond cleavage character consistent
with atom transfer. The presence of a phenoxyl
acceptor in the active site argues in favor of hydrogen
atom transfer rather than a more generalized se-
qguential PCET process. The anomalously large val-
ues for the substrate KIE, even though they are well
below the extreme values reported for some other
enzymes, as well as the anomalous temperature
dependence of the KIE, are both consistent with a
tunneling contribution associated with atom transfer,
which may occur through a five-atom ring transition
state (Scheme 5). One of the important determinants
for atomic tunneling is rigidity of the reactants,”>76
and it is possible that the active site tryptophan
(W290) contributes to the rigidity of the a-methylene
in the complex.

The fact that the KIE is measured on a kinetic
transient monitored as loss of absorption from the
metalloradical complex suggests that atom transfer
is the first event in substrate oxidation, since prior
formation of a Cu(l) complex would mean that the
complex expressing the isotope perturbation would
lack the spectroscopic signal required for its detec-
tion. However, this assumes that discrete intermedi-
ates are formed along the reaction path. It appears
more likely that substrate oxidation is a single-
barrier process without resolved kinetic intermedi-
ates. The observation of smooth trends in the mag-
nitude of the substrate KIE over a homologous series
of alcohols'®? strongly supports a view in which
substrate-level perturbations shift the transition
state earlier or later along the reaction path thereby
altering the Kinetic sensitivity to different processes.

The effect of systematically varying the substrate
properties has been interpreted in terms of mapping
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Figure 17. Reactlon profile for substrate oxidation chem-
istry. Hypothetical reaction coordinates for two alternative
substrates (S; and S;) representing less easily oxidized (S;)
or more easily oxidized (S,) variants are shown to illustrate
the proposed correlation between the nature of the transi-
tion state and the overall driving force for the reaction.

a reaction profile for substrate oxidation. Substrates
that are more difficult to oxidize (e.g., 4-nitrobenzyl
alcohol) exhibit a large substrate KIE reflecting rate-
limiting C—H bond cleavage, while the most easily
oxidized substrates (e.g., 4-methoxybenzyl alcohol)
exhibit a much smaller substrate KIE but a larger
SKIE. The SKIE are expected to reflect the earliest
contributions to the reaction associated with abstrac-
tion of the hydroxylic proton, implying that the rate-
limiting contribution to the transition state is an
isotope-insensitive SET process in that limit. It is
important to distinguish between sequential pro-
cesses associated with discrete activation barriers
leading to the possibility of kinetic resolution of
metastable intermediates, and the picture emerging
from kinetic studies on galactose oxidase, pointing
to a complex four-particle reaction coordinate without
energetic resolution of individual steps (Figure 17).
The fact that only the lightest species (electrons and
protons) are required to move in this reaction dis-
tinguishes it from mechanisms involving molecular
rearrangements that can give rise to intermediate-
trapping barriers along the reaction coordinate.

The mechanistic significance of the antiferromag-
netic coupling of free radical ligand and Cu(ll) spins
in the ground state of the metalloradical active site
has yet to be determined>%3114, Spin conservation in
the substrate oxidation reaction provides a rationale
for a diamagnetic active site, since both reactants and
products are singlets, S = 0. This suggests the
possibility that spin selection rules may apply to SET
and HAT processes during substrate oxidation.53

VIIl. Dioxygen Reduction

Much less is known about the mechanism of O,
reduction, the second half-reaction comprising the
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galactose oxidase turnover cycle. Although it is
thought to represent the biologically relevant reac-
tion, supplying hydrogen peroxide for extracellular
peroxidases or as bacteriostatic agent, it is not
required for galactose oxidase catalysis. Alternative
oxidants, including hexacyanoferrate(l11), can replace
O, and support turnover under anaerobic conditions,
although at a much lower rate than is found for the
oxygen-driven reaction.8

The observation of a significant substrate KIE on
the dioxygen reduction step is a particularly interest-
ing aspect of the active site chemistry, in view of
evidence that substrate oxidation and reaction with
O, occur in distinct half reactions. If substrate
oxidation is complete when dioxygen reduction oc-
curs, there is no obvious reason for the latter reaction
to be sensitive to substrate isotopic labeling. How-
ever, all the elements involved in O, reduction (two
electrons and two protons) ultimately originate in the
substrate molecule, and deuterium abstracted from
the substrate alcohol during the oxidative half reac-
tion may be retained in the active site between the
two half reactions.”* The KIE observed on O, reduc-
tion could then arise as a transferred isotope effect.
The magnitude of the KIE for O, reduction (kn/kp =
8.5) would then imply that hydrogen transfer is fully
rate limiting in the oxygen half-cycle.

One of the most important features of O, reduction
chemistry in the GO active site is that it is nearly
exclusively two-electron reaction. In other words, the
amount of superoxide leaking from the active site
during turnover (which results in a turnover-based
inactivation of the enzyme) is small, and is estimated
at <1 in 2000 turnovers.® Also, the active site does
not appear to support further reduction of the ini-
tially formed peroxide product. The oxygenated com-
plex is very unstable, so the structural basis for this
controlled reactivity is still unclear, but the crystal-
lographic data already available for the resting
enzyme may provide a clue in the organization of
solvent within the active site.'®> The stabilization of
dioxygen species by proteins through hydrogen bond-
ing interactions in some cases appears to be mim-
icked by water “ghosts” in the absence of dioxygen.
A pair of water molecules resembling the dioxygen
species reproduces some of the essential structural
features of the oxygenated complex. In galactose
oxidase, the active site contains a pair of solvent
molecules, one coordinated to the copper ion and the
other hydrogen bonded to the active site tyrosines.
In the absence of other structural information, this
suggests a model for a coordinated hydroperoxide
product complex, which during turnover would sub-
sequently be displaced by protonation of the coordi-
nated oxygen atom.

IX. Conclusions

While much work remains to definitively resolve
the outstanding questions of cofactor biogenesis and
oxygen interactions, our understanding of the un-
derlying chemistry of free radical catalysis by galac-
tose oxidase has greatly increased in recent years.
The combined structural, spectroscopic, and biochemi-
cal work has advanced the mechanistic insights into
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this remarkable metalloradical active site. Galactose
oxidase is emerging as one of the best-characterized
of the free radical enzymes, and the fundamental
principles of free radical catalysis that are being
revealed in detailed studies on galactose oxidase and
other radical-copper oxidases may be expected to
contribute to a better understanding of free radical
mechanisms in other enzymes.

X. Abbreviations

EPR electron paramagnetic resonance
ENDOR electron nuclear double resonance
NMRD  nuclear magnetic relaxation dispersion
XANES X-ray absorption near-edge structure
EXAFS extended X-ray absorption fine structure

GO galactose oxidase

AGO oxidatively activated galactose oxidase
IAGO eductively inactivated galactose oxidase
RGO fully reduced, active galactose oxidase
SET single electron transfer

HAT hydrogen atom transfer

PCET proton coupled electron transfer
PT proton transfer
KIE kinetic isotope effect

SKIE solvent Kinetic isotope effect
LLCT ligand-to-ligand charge transfer
SOMO  spin-occupied molecular orbital
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