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Abstract

Galactose oxidase is a free radical metalloenzyme containing a novel metalloradical complex, comprised of a protein radical
coordinated to a copper ion in the active site. The unusually stable protein radical is formed from the redox-active side chain of
a cross-linked tyrosine residue (Tyr–Cys). Biochemical studies on galactose oxidase have revealed a new class of oxidation mecha-
nisms based on this free radical coupled-copper catalytic motif, defining an emerging family of enzymes, the radical–copper oxi-
dases. Isotope kinetics and substrate reaction profiling have provided insight into the elementary steps of substrate oxidation in
these enzymes, complementing structural studies on their active site. Galactose oxidase is remarkable in the extent to which free
radicals are involved in all aspects of the enzyme function: serving as a key feature of the active site structure, defining the charac-
teristic reactivity of the complex, and directing the biogenesis of the Tyr–Cys cofactor during protein maturation.
� 2004 Elsevier Inc. All rights reserved.
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Free radicals have emerged as a fundamental feature
of biochemical catalysis [1–7], associated with enzymes
that have evolved strategies to take advantage of radical
chemistry in bond activation and molecular rearrange-
ments. The unusual chemical reactivity of free radicals
can be traced to the presence of unpaired electrons in
their electronic valence shell, making them in some ways
the organic analog of transition metal ions [8,9]. Radi-
cals are known to play important roles in biology, and
although historically the initial focus was on their dele-
terious effects, there is now abundant evidence that rad-
icals are involved in many essential life processes
including DNA replication, respiration and photosyn-
thesis. Free radicals have been recognized as key ele-
ments in the mechanisms of a wide range of enzymes,
including ribonucleotide reductase [10–12], lysine-2,3-
aminomutase [13,14], pyruvate-formate lyase [15], biotin
0003-9861/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.abb.2004.08.034

* Fax: +1 503 748 1464.
E-mail address: jim@ebs.ogi.edu.
synthase [16], prostaglandin H synthase [17], cyto-
chrome c peroxidase [18], DNA photolyase [19], lipoyl
synthase [20], and diol dehydrase [21], among others.
Galactose oxidase [22–24], a fungal secretory enzyme
widely used in bioanalytical and histological applica-
tions, is one of the best-characterized of these free radi-
cal enzymes.

The overall reaction catalyzed by galactose oxidase is
the oxidation of a primary alcohol to the corresponding
aldehyde, coupled to the reduction of dioxygen to
hydrogen peroxide [25], the biologically important
product:

RCH2OHþO2 ! RCHOþH2O2 ð1Þ

Since both alcohol oxidation and O2 reduction
are two-electron processes, the catalytic reaction is
conceptually equivalent to a transfer of the elements
of dihydrogen between the two substrates. Biological
hydrogen transfer generally involves specialized organic
redox cofactors (for example, flavins, nicotinamide,
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Fig. 1. The active site of galactose oxidase. The active site metal ion
(Cu), inner coordination sphere (Tyr272, Tyr495, His496, His581, and
coordinated solvent) and Trp 290 in the outer sphere of the complex.
Based on PDB ID 1gog. Rendered using ORTEP-III [36].
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quinones), with well-characterized reaction mechanisms.
Galactose oxidase does not contain any of these con-
ventional redox cofactors, and instead utilizes a very
different type of active site, a free radical-coupled copper
complex, to perform this chemistry [26]. The new type
of active site structure implies that the reaction follows
a novel biochemical redox mechanism based on free
radicals and the two-electron reactivity of the metallo-
radical complex.

X-ray crystallographic studies on galactose oxidase
have revealed the structural basis for the unusual reac-
tivity of galactose oxidase: the protein contains a novel
post-translational covalent modification, a cross-link be-
tween tyrosine and cysteine side chains, forming a tyro-
syl–cysteine (Tyr–Cys)1 dimeric amino acid [27].
Spectroscopic and biochemical studies have demon-
strated that this Tyr–Cys site is the redox-active site in
the protein, forming a stable free radical upon mild oxi-
dation [28–30]. The structural data available from crys-
tallography is complemented by extensive kinetic and
spectroscopic studies [31–35], making possible a detailed
structure-based analysis of the enzyme mechanism.
Scheme 1.
Active site structure

The active site of galactose oxidase is a shallow,
exposed copper complex, in which the metal is bound
by four amino acid side chains: two tyrosines (Tyr272
and Tyr495) and two histidines (His496 and His581)
(Fig. 1) [27]. As indicated above, one of the two tyro-
sines (Tyr272) has been found crystallographically to
be cross-linked at the Ce carbon of the phenolic side
chain to the Sc sulfur of Cys228, forming tyrosyl–cys-
teine (Tyr–Cys) (Scheme 1). The thioether bond that
links the two residues affects both the structure and reac-
tivity of the protein. Structurally, the cross-link contrib-
utes to the rigidity of the active site, similar to the effect
a disulfide bond would have on the protein. However,
unlike a disulfide bond, the thioether bond is formed
irreversibly and is not susceptible to reductive cleavage.
The cross-link forms spontaneously in the protein in the
presence of reduced copper (Cu1+) and dioxygen (vide
infra) [37].

The presence of a thioether substituent on the aro-
matic ring system of the Tyr–Cys cross-link site also al-
ters the chemical reactivity of the side chain, making it
easier to oxidize. Studies on model compounds have
provided valuable insight into the properties of the
Tyr–Cys cofactor [38–40]. Photoelectron spectroscopy
of model compounds indicates that the one-electron oxi-
dized state of the thioether-substituted phenol is stabi-
1 Abbreviations used: Tyr–Cys, tyrosyl–cysteine; SKIE, solvent
deuterium kinetic isotope effect; SET, single-electron transfer; HAT,
hydrogen atom transfer; PCET, proton-coupled electron transfer.
lized nearly 0.5V relative to the corresponding
unsubstituted phenol, based on differences in ionization
thresholds for the molecules in vacuo [39,40]. Electronic
structure calculations on Tyr and Tyr–Cys species also
support a substantial stabilization of the one-electron
oxidized (phenoxyl) form in the cross-linked structure
[41]. The altered reactivity of thioether-substituted tyro-
sine is, in some ways, reminiscent of the behavior of qui-
no-cofactors [42], a family of protein post-translational
oxidative modifications that transform tyrosine and
tryptophan side chains into analogs of ortho- or para-
quinone. However, quino-cofactors typically exhibit
two-electron reactivity and characteristically form
nucleophilic adducts with substrates during turnover.
In contrast, the thioether substitution of the Tyr–Cys
group restricts it to one-electron oxidation processes,
resulting in stabilization of a protein free radical in the
active site of galactose oxidase, and the Tyr–Cys ring-
system does not typically undergo nucleophilic addition.

Another distinction between the Tyr–Cys in galactose
oxidase and the quino-cofactors is the involvement of
the former in direct metal interactions. In galactose oxi-
dase, the Tyr–Cys is a ligand to the active site metal ion
(a redox-active copper center), forming a metalloradical
complex in the oxidized, active form of the enzyme
(Scheme 2A). This free radical-coupled copper complex
is extremely stable, and in the absence of reducing



Scheme 2.

Scheme 3.
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agents has been shown to persist for weeks at room tem-
perature [34]. However, it reacts readily with a variety of
electron donors, undergoing single-electron reduction to
form a catalytically inactive non-radical–Cu2+ complex
(Scheme 2B) [26]. Further reduction converts the Cu2+

center to Cu1+ (Scheme 2C), forming a fully reduced
complex that is competent for reaction with O2 and rep-
resents a catalytic intermediate in the turnover cycle
(vide infra) [26].

The coordination environment of the metal center is
altered during redox and ligation changes in the active
site. X-ray crystallographic data on galactose oxidase
is restricted to states that are stable in the presence of
crystallization reagents, effectively limiting structural
data to the non-radical, inactive form (Scheme 2B).
The metal environment in this form may be described
as a distorted trigonal bipyramidal coordination polyhe-
dron, with the long axis (the direction of weakest metal–
ligand interaction) aligned with the coordinated solvent
molecule. Acetate and azide ions displace the water and
coordinate directly to the metal center [24], mimicking
the ligand exchange reaction that has been proposed
to occur during turnover, when primary alcohols bind
to the metal ion in place of water [26]. The anionic li-
gands (acetate, azide) interact more strongly with the
metal cation than neutral water molecule, and the in-
creased bond strength is reflected in shorter bond dis-
tances to the exogenous ligands in crystal structures
for the anion complexes. This increase in copper–exoge-
nous ligand interaction occurs at the expense of the Cu–
Tyr495 interactions, reflected in a stretch in the Cu–
Tyr495 bond distance in the anion adducts, effectively
lowering the coordination number of the metal ion to
four in these complexes [43]. The reorganization of the
inner sphere of the metal complex in response to changes
in bonding strength is a characteristic of the plasticity of
copper coordination chemistry [44].

Displacement of Tyr495 in the anion complexes is ex-
pected to affect the basicity of the phenolic side chain.
Coordinated phenols are relatively acidic, exhibiting
perturbed pKas that are reflected in the higher metal
binding affinity of the phenolate. As the metal interac-
tions are decreased the basicity is expected to return to
a more typical value (pKa = 10). Studies on reductively
inactivated galactose oxidase (Scheme 2B) have demon-
strated that anion binding is coupled to uptake of a sin-
gle proton by a group in the protein with a pKa > 9,
consistent with Tyr495 functioning as a general base in
this context [45]. Mutagenesis experiments in which
Tyr495 is replaced by Phe lead to a loss of this proton
uptake behavior, supporting identification of Tyr495
as the site of proton uptake [46–48].

Reduction of the metal ion [forming the fully reduced
state of the enzyme, (Scheme 2C)] leads to further
changes in the active site structure. Although no X-ray
crystallographic data is presently available for this form,
X-ray absorption studies have shown that the metal ion
becomes three-coordinate on reduction, with T-shaped
coordination geometry, indicating that the Cu1+ com-
plex most likely retains a planar (His2,Tyr) ligand set
involving His496, His581 and Tyr272 [49]. Three-coor-
dinate structures are very favorable for Cu1+ [44], and
the decrease in interaction with the exogenous solvent
and Tyr495 in the reduced complex is likely to be mech-
anistically significant.

The active enzyme, comprising the Tyr–Cys free rad-
ical complexed to the Cu2+ metal ion, is too reactive for
X-ray crystallographic analysis (due to sensitivity to
reduction by precipitants, cryo-stabilizers, or photoelec-
trons generated by X-ray beam) although on the basis of
X-ray absorption spectroscopy its structure is expected
to be very similar to that reported for the inactive form
[50]. What kind of chemistry might be expected of this
complex? What aspects of its structure are likely to be
important? Free radical–metal interactions are rare in
biochemistry, so there is no real reference point to an-
swer these questions. We can, however, view the active
site structure in the context of related molecules for in-
sight into its structure and reactivity.

The core of the catalytic complex may be idealized
as a simple inorganic species, a cuproxyl complex
(Scheme 3A) in which the metal center is associated
with a monoatomic oxygen free radical. This is known
to be an extremely ‘‘hot’’ oxidant (E > 1V) that is in-
volved in copper-based Fenton chemistry and is capa-
ble of oxidizing unactivated protein side chains.
Substitution with a phenolic ring (Scheme 3B) provides
a mechanism for electronic delocalization, stabilizing
the free radical complex. Although there are no known
biological complexes with precisely this structure, re-



230 J.W. Whittaker / Archives of Biochemistry and Biophysics 433 (2005) 227–239
lated inorganic complexes have been synthesized and
characterized, demonstrating the degree of stabilization
afforded by the phenolic ring system. Thioether substi-
tution of the phenoxyl ligand (Scheme 3C), corre-
sponding to the Tyr–Cys site in galactose oxidase,
confers additional stability to the free radical complex.

Coordination by a second phenolic group (Scheme
3D) will further stabilize the metalloradical complex,
accounting for the unusually low redox potential of
the free radical site in galactose oxidase (Em = 0.45V)
[26,31]. Stabilization in the bis-phenol complex has been
attributed to the extended electronic delocalization that
can occur via ligand-to-ligand charge transfer [51],
allowing the unpaired electron to be delocalized over
two (nearly) identical ligands. The superposition of
two limiting resonance forms (Scheme 4) illustrates the
delocalization pathway, mediated by covalent interac-
tions with the metal ion. The situation is exactly analo-
gous to resonance stabilization that occurs in mixed
valent bridged binuclear metal complexes, but inverted
so that the metal ion serves the role of the bridge in this
case. The geometry of the metalloradical complex in
galactose oxidase is very favorable for the electronic
interactions required for resonance stabilization. In par-
ticular, the orientation of Tyr272 maximizes overlap be-
tween the redox orbital on the phenoxyl oxygen and the
half-occupied d-orbital on Cu, reflected in a strong anti-
ferromagnetic exchange splitting in the electronic
ground state of the complex (J > 200 cm�1) [43,52,53].

This analysis of the active site structure underlines the
essential role of individual metal ligands in the reactivity
of the complex, each serving a distinct function as redox
cofactor (Tyr–Cys), ligand exchange site (H2O) or a gen-
eral base (Tyr495). However, interactions between li-
gands and with the extended outer sphere environment
are clearly also important. Electronic coupling between
ligands (Tyr–Cys–Cu; Tyr495 Cu) may play a role in
tuning the reactivity of the site, and the outer sphere
tryptophan residue (W290) (Fig. 1) appears to have a
role in stabilizing the free radical complex, perhaps by
shielding the Tyr–Cys from solvent.
Scheme 5.
Reaction stereochemistry

The stereochemistry of substrate oxidation by galac-
tose oxidase has been investigated using partially re-
solved mixtures of (R)- and (S)-[62H1] monodeuterated
Scheme 4
galactose, in which either the pro-R or pro-S hydrogen
of the a-methylene group in the substrate has been re-
placed by deuterium (Scheme 5). Analysis of the alde-
hyde product indicates a pro-S stereoselectivity for
alcohol oxidation [54], although the degree of stereo-
specificity and the generality of the result for other sub-
strates has not been established.

Inspection of the galactose oxidase active site pro-
vides some insight into the enzymatic stereoselectivity
(Fig. 2). With the Tyr272 phenoxyl oxygen serving as
a hydrogen acceptor (vide infra), stereoselective atom
abstraction will depend on the relative proximity of
the two a-hydrogens to the phenoxyl oxygen. The orien-
tation of the Ca–H bond vectors is determined by the
\Cu–O–Ca�Cb dihedral angle, (x) (Scheme 6), which
in turn depends on the position of Cb of the substrate.
Access to the active site is constrained by several surface
residues (Phe194, Phe464, P463, R330, and W290) that
define a solvent channel opening asymmetrically above
the metal complex. Computer modeling indicates that
the steric bulk of these residues restricts the orientation
of a metal-coordinated galactose as shown in Scheme 6
and Fig. 3, with the pro-S hydrogen projected towards
the Tyr–Cys redox cofactor (x = 100 �). The stereospec-
ificity of galactose oxidase can thus be understood in
terms of basic features of the active site structure.
Kinetic analysis

Kinetic studies of galactose oxidase are complicated
by the existence of three distinct oxidation states of
the enzyme (Schemes 2A–C) and the possibility of
reversible activation/inactivation by interconversion be-
tween these states [26]. In practice, it is generally possi-
ble to avoid this complication by using freshly prepared,
fully active enzyme, or by including oxidant in the reac-
tion mixture to reactivate any enzyme inactivated during
turnover [31]. For example, when the enzymatic reaction
is monitored by oxygen uptake, ferricyanide is routinely
included in the reaction mixture. At the concentration of
oxidant used in the assay (K3Fe(CN)6, 1mM) the rate of
.



Fig. 2. Active site access at the surface of galactose oxidase. Space-
filling stereoview of the solvent channel opening above the surface-
exposed catalytic complex. Key residues in the extended outer sphere
of the complex are identified. Heteroatoms are indicated by shading.
Rendered using InsightII.

Scheme 6.

Fig. 3. Model for substrate complex with galactose oxidase. The
orientation of the substrate is constrained by steric interference with
Phe194, Trp290, Phe464, and Arg330. Prochiral hydrogens of the
substrate a-methylene group are labeled.

Scheme 7
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reaction of fully reduced enzyme with dioxygen is 104·
faster than the rate of reaction with ferricyanide, ensur-
ing that the its presence does not significantly affect the
observed reaction rate [31]. Because ferricyanide acti-
vates the enzyme, these reaction conditions are not suit-
able for determining the activation state of the enzyme.
For that purpose, the direct assay (oxidation of 3-meth-
oxy benzyl alcohol in the absence of co-oxidant) is more
appropriate [55]. Once formed, each of these states ap-
pears to be stable in the presence of the others
[26,34,37], and auto-redox behavior reported for galac-
tose oxidase [56] is likely to be an artifact of the enzyme
reacting with stoichiometric impurities in the samples.

The overall catalytic reaction (Eq. (1)) may be written
as separate reduction and reoxidation steps, consistent
with a ping–pong mechanism [26]. In the first (reductive)
half-reaction, the oxidized free radical–Cu2+ complex
reacts with the primary alcohol (with rate constant kred)
to form two-electron reduced enzyme complex and the
aldehyde product (Scheme 7A). In the second (oxida-
tive) half-reaction, the reduced enzyme reacts with diox-
ygen (with rate constant kox), converting the active site
to the metalloradical complex and forming hydrogen
peroxide (Scheme 7B). The observation that the enzyme
can be prepared in a stable, fully reduced form (Scheme
2C) that is competent for reaction with dioxygen sup-
ports this picture of independent reductive and oxidative
turnover reactions, defined by distinct rate constants,
kred and kox (Scheme 7) [26]. The rate constants kred
and kox have been reported for reaction of the enzyme
with both reducing substrates and dioxygen for a wide
range of substrates [33]. For substrates exhibiting a rel-
atively wide range of substrate oxidation rate constants
(kred = 0.8–2.7 · 104M�1 s�1), the reoxidation rate is
remarkably constant (kox = 0.98–1.02 · 107M�1 s�1),
which provides additional evidence for a ping–pong
turnover mechanism [34].

Steady-state kinetics experiments have provided
important information on catalytic constants for the reac-
tion: Km(galactose) = 175mM at saturating O2 concen-
trations; Km(O2) > 3mM [32]. The high Km for the
.
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reducing substrate may reflect an enzymatic strategy for
broadened substrate specificity at the expense of binding
affinity, as a result of limited interactions between the pro-
tein and the substrate alcohol in theMichaelis complex; a
coupling between substrate binding and energetics of ac-
tive site reorganization that masks the true binding affin-
ity; or high affinity binding (KD = k2/k1)maybe expressed
in a largeKm value (Km = (k2 + k3)/k1) as a result of a rel-
atively high commitment to catalysis (Eq. (2)).

Eþ S ¢
k1

k2
ES!k3 EP ð2Þ

In Eq. (2) k1 and k2 represent the on and off rate con-
stants for substrate binding, respectively, and k3 defines
the commitment to the catalytic reaction.

Rapid reaction techniques have been used to investi-
gate the reductive half-reaction (Scheme 7A) [34]. Under
anaerobic conditions, the reaction between the active en-
zyme and galactose can be monitored as a decrease in the
intense optical absorption of the enzyme on reduction of
the metalloradical complex. Since the reduced enzyme re-
acts rapidly with any O2 present, dioxygen must be rigor-
ously excluded to ensure that the kinetics accurately
reflect the substrate interactions and are not affected by
turnover. This problem is especially challenging in the
case of galactose oxidase, which is readily inactivated by
the usual oxygen scrubbing agents, and requires that
alternative approaches [57] be used. At low substrate con-
centrations (<10mM galactose) the reaction is found to
be essentially bimolecular, with an effective second order
rate constant of 1.58 · 104M�1 s�1 [34]. At higher sub-
strate concentration, the rate begins to exhibit saturation
effects consistent with a Km = 180mM, compared to
Km(galactose) = 175mM found in the steady-state reac-
tion. The absorption transient is a simple exponential de-
cay with no evidence for intermediate states of the
enzyme.
Fig. 4. QSAR analysis of the galactose oxidase turnover reaction.
Rate data for enzymatic oxidation of a series of para-substituted
benzyl alcohols is plotted versus the electronic substituent parameter
Hammett r+. The correlation slope is q = �0.09 ± 0.32.
Substrate reaction profiling

The nature of the catalytic reaction may also be
probed by systematically varying the structure of the
substrate. The relatively broad substrate specificity of
galactose oxidase has made it possible to study turnover
of a series of substituted benzyl alcohols with para-sub-
stituents including strongly electron-donating (HO–,
CH3O–, CH3S–, CH3–) and electron-withdrawing (F–,
Cl–, Br–, I–, CF3–, and NO3–) groups [35]. This series
spans a broad range of electronic substituent parame-
ters, allowing the rate data to be analyzed by quantita-
tive structure–activity relationship (QSAR) [58]
methods (Fig. 4). A linear free energy relationship is
clearly evident when the rate data (log k) is plotted ver-
sus the Hammett substituent parameter r+ (which is
generally appropriate for benzylic oxidation processes),
with a correlation slope near zero (q = �0.09). The ab-
sence of a strong substituent sensitivity is evidence for
absence of a buildup of electronic charge on the Ca car-
bon during substrate oxidation and is considered a char-
acteristic of a free radical transition state [59]. Similar
behavior has been observed for a functional model com-
plex designed to mimic the free radical–copper catalytic
motif of galactose oxidase [60].
Isotope kinetics

The sensitivity of enzymatic reactions to isotopic per-
turbations of the substrates makes isotope kinetics one
of the most powerful probes of catalytic reaction mech-
anism [61]. The magnitude, temperature dependence and
site-dependence of the kinetic isotope effect (KIE) yields
essential information on the nature of the catalytic tran-
sition state. Deuterium kinetic isotope effects tend to be
relatively large, because of the large isotopic mass ratio
(2H/1H) compared to carbon, for example (13C/12C). Ki-
netic isotope effects may be classified as primary or sec-
ondary, depending on whether or not the labeled atom is
directly involved in bond making/bond breaking in the
transition.

For an enzyme like galactose oxidase which follows
ping–pong kinetics, the analysis of the reaction is compli-
cated by occurrence of two distinct half reactions, each
involving distinct bond-making and bond-breaking pro-
cesses. Adjusting the concentrations of the substrates for
the two half-reactions allows their rates to be indepen-
dently varied. In practice, the extraordinarily fast reac-
tion of galactose oxidase with O2 ensures that the
alcohol oxidation half-reaction is fully rate limiting for
turnover in air-saturated buffer when the reducing sub-
strate is kept below 10mM. Conversely, the O2 reduction
half-reaction becomes fully rate-limiting for turnover at
low concentrations of dissolved O2 and high concentra-
tions of the reducing substrate. Alternatively, the two



Fig. 5. Substituent dependence of the deuterium kinetic isotope effect
for benzyl alcohol oxidation. Semi-log plot of observed kH/kD rate
ratio versus the electronic substituent parameter Hammett r+ for a
series of para-substituted benzyl alcohol derivatives.
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half-reactions may be resolved by monitoring single-
turnover processes using rapid reaction techniques.

In the substrate oxidation half-reaction of galactose
oxidase, two bonds (the hydroxyl O–H and methylene
C–H) are broken in the conversion of alcohol substrate
into aldehyde product. The two methylene hydrogens of
galactose (and other primary alcohols) may be labeled
by standard synthetic methods in order to determine
the extent to which C–H bond cleavage contributes to
the rate determining step of the catalytic reaction. For
galactose oxidase, an unusually large KIE (kH/
kD = 23) on V/K has been measured in the steady state
under conditions where substrate oxidation is fully rate
limiting to turnover, indicating that C–H bond cleavage
dominates the chemistry of the catalytic oxidation pro-
cess [34]. The KIE is anomalously large compared to
the theoretical range for primary KIE predicted for C–
H bond cleavage (kH/kD = 2–10) [62], an observation
that may be interpreted as evidence for hydrogen tunnel-
ing. The strong temperature-dependence of the KIE is
also consistent with a quantum mechanical contribution
to the oxidation reaction [34].

In the experiments described above, both of the meth-
ylene hydrogens were labeled in the a,a 0-[2H2] substrate.
The observed KIE in this case is actually a product of
primary KIE for the reaction (associated with C–H
bond cleavage for the hydrogen abstraction) and a sec-
ondary KIE (associated with the hydrogen that is re-
tained in the product). A significant secondary KIE
might be expected for the oxidation reaction, since the
methylene group undergoes a change in bonding from
sp3 to sp2 when the alcohol is converted to an aldehyde.
Secondary KIEs ranging from 1.1 to 1.4 are typically
associated with this type of rehybridization [62]. In or-
der to resolve the primary and a-secondary KIE contri-
butions to the observed KIE it will be necessary to
prepare stereospecifically mono-deuterated substrates
in which the pro-R (or pro-S) is selectively labeled.

In contrast to the methylene hydrogens, which are
stable elements of the substrate structure, the hydroxyl
proton readily exchanges in solution. Thus, labeling
the hydroxyl group involves performing the reaction in
D2O solvent and measuring an effective solvent deute-
rium kinetic isotope effect (SKIE) [63]. No detectable
SKIE can be measured on the substrate oxidation reac-
tion either in steady-state or transient kinetics when care
is taken to avoid artifacts associated with reductive inac-
tivation of galactose oxidase by impurities in the D2O
solution [34]. Earlier reports of a substantial SKIE for
the galactose oxidase reaction [64] may have been the re-
sult of artifacts reflecting the sensitivity of this enzyme
to trace amounts of reductant in the isotopic solutions.

The magnitude of the KIE depends on the substrate
structure. In the homologous series of substituted benzyl
alcohols described above, the substrate KIE was found
to vary systematically from a low value of 3.63 (for
the most readily oxidized, 4-OCH3 derivative) to a high
value of 12.3 (for the least easily oxidized, 4-NO2 deriv-
ative) [35]. A strong log-linear correlation trend extends
over the KIE values for all of these substrates when plot-
ted versus the Hammett r+ parameter (Fig. 5). This
empirical observation may be understood as evidence
for a change in the nature of the transition state over
this substrate series, effectively profiling the reaction
by projecting over substrates with varying transition
states. In this picture, C–H bond cleavage dominates
the transition state for oxidation of 4-NO2 benzyl alco-
hol, while other elements of the reaction begin to be-
come kinetically important in the limit of 4-OCH3

benzyl alcohol oxidation. This is supported by measure-
ment of the solvent isotope sensitivity for these reac-
tions. While no significant SKIE is detectable for the
4-NO2 benzyl alcohol reaction ðkH2O=kD2O ¼ 1:05Þ, a sig-
nificant SKIE ðkH2O=kD2O ¼ 1:22Þ is found for oxidation
of the 4-OCH3 derivative, indicating a substantial con-
tribution from proton transfer in the transition state
for the latter reaction [35].
Elements of the substrate oxidation reaction

Substrate oxidation may be conceptually decom-
posed into discrete elements based on the transforma-
tions that are known to occur in the substrate and the
active site. The key transformations are:

(a) removal of the hydroxylic proton of the substrate on
conversion to aldehyde product (proton transfer, PT);

(b) removal of one of the hydrogens from Ca of the sub-
strate (atom abstraction, HAT);

(c) reduction of the active site metal ion (Cu2+ fi Cu1+)
(single-electron transfer, SET);

(d) reduction of the Tyr–Cys free radical (Tyr–
Cys� fi Tyr–Cys).
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Proton transfer will be facilitated by the acidification
of the substrate hydroxyl on coordination to Cu2+ ion in
the active site. Coordination of a simple alcohol to a me-
tal cation has a dramatic effect on the hydroxyl pKa as a
result of both Coulombic and covalency effects. For
example, methanol coordinated to Zn2+ becomes a rela-
tively strong acid, its effective pKa being lowered by 10
pH units [65]. The coupling of proton uptake to anion
binding in galactose oxidase suggests that the PT step
may be facilitated in the substrate complex through this
pertubation of the acidity of the coordinated alcohol as
well as by the proximity of a proton acceptor, the gen-
eral base that is unmasked by anion interactions in the
active site. Previous assignment of this base to Tyr495
based on spectroscopic, biochemical and mutational
analysis of the proton uptake process has led to a pro-
posal for the existence of a direct proton transfer coor-
dinate between the substrate hydroxyl and the Tyr495
phenolate (Scheme 8). The temperature dependence of
a transition between Tyr495-bound and Tyr495-free
forms of the enzyme has been used to estimate the ther-
modynamic parameters for PT along this reaction coor-
dinate (DH = 4.9 kcal/mol, DS = 19 kcal/mol) [53].

While abstraction of the hydrogen of the hydroxyl
group is expected to occur by this proton transfer mech-
anism, abstraction of hydrogen from the methylene car-
bon must be associated with oxidative chemistry. The
unusually large KIE observed for oxidation of a-deuter-
ated substrates implies a hydrogen atom transfer (HAT)
mechanism, representing one limit of a continuum of
proton-coupled electron transfer (PCET) processes. A
generalized PCET reaction involves transfer of one elec-
tron and one proton along a reaction coordinate that
may span a spectrum of possibilities from concerted to
step-wise e�/H+ transfer and even distinct acceptor sites
for the electron and the proton. The fundamental prin-
ciple underlying PCET is a change in the basicity of
the acceptor group during oxidation–reduction, re-
flected in a change in bond enthalpies for the oxidized
and reduced species [66,67]. Phenoxyl groups (including
tyrosine and Tyr–Cys free radicals) undergo dramatic
shifts in acidity for the phenolic oxygen on reduction
(tyrosine phenoxyl pKa = �2; phenol pKa = 10;
DpKa = 12) [68] and thus are well-suited to a role as a
PCET site. This role is well-established in the tyrosine
free-radicals of oxygenic photosynthesis and in ribonu-
cleotide reductase free radical chemistry, and is likely
an important aspect of the chemistry of the Tyr–Cys site
Scheme 8.
in galactose oxidase. The fact that the Tyr–Cys oxygen
appears to be coordinated to copper in both oxidized
and reduced complexes raises a question regarding the
protonation state of the Tyr–Cys in the reduced form.
Although models for the Cu1+–[Tyr–Cys] complex have
been synthesized, the pKa of the coordinated phenolic
group is not known. The active site tryptophan
(Trp290), which lies over the Tyr–Cys cofactor with
the indole nitrogen adjacent to the coordinated oxygen
of the Tyr272 side chain may play a role in the stabiliza-
tion of the substrate-derived proton in this complex.

Reduction of the metal center most likely occurs via
inner sphere single-electron transfer (SET). The rate of
SET will depend on overlaps between the valence orbital
on the coordinated substrate and the redox orbital
(partly occupied d-orbital) on the Cu2+ ion. One-elec-
tron oxidation of a coordinated alcohol is predicted to
yield an alkoxyl free radical. This redox equilibrium
may be unfavorable for most substrates, although it is
difficult to address the question quantitatively because
of the lack of data on one-electron redox potentials
for simple alcohols. However, the trend in one-electron
oxidation potentials may be expected to parallel the
trend in two-electron oxidation potentials that are rela-
tively well-characterized. This would imply that in the
benzyl alcohol series, an initial SET step would be less
rate-limiting for the 4-OCH3 derivative than for the 4-
NO2 derivative. However, it is found experimentally
that the C–H bond cleavage, rather than SET, domi-
nates in the latter case. Also, to the extent that an unfa-
vorable initial SET is rate limiting in substrate
oxidation, we might expect a significant equilibrium ki-
netic isotope effect on the redox equilibrium as a result
of the decrease in C–H bonding in the alkoxyl form.
This effect may be experimentally testable using mono-
deuterated substrates, which should exhibit half the
equilibrium isotope effect of the doubly-labeled
substrate.

These two oxidation steps (SET and HAT) both
generate free radicals, but with distinct structures. The
substrate free radical formed by SET is an alkoxyl, with
the unpaired electron localized on the oxygen atom
(Scheme 9A), while the radical formed by HAT is a ke-
tyl, in which the unpaired electron is localized on the Ca

carbon of the substrate (Scheme 9B). There is no clear
experimental evidence for the ordering of these steps
in the reaction mechanism, and to some extent this
Scheme 9.
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may not be a valid issue, since both processes are likely
to contribute to the rate-determining step in catalysis as
illustrated in Scheme 10.
Dioxygen reduction

The oxygen reduction half-reaction is the least-well
characterized aspect of the galactose oxidase turnover
mechanism. The reaction is known to be extremely fast,
approaching the diffusion limit. The most important
observation regarding the dioxygen reduction chemistry
is that the enzyme is able to control the number of elec-
trons delivered to O2, avoiding the escape of one-elec-
tron reduction products (superoxide), although there is
some evidence for an inactivation process resulting from
loss of superoxide at a rate of one every 2000–5000 turn-
overs [31].

Synthetic chemistry has provided some valuable
models for the nature of the oxygenated complex in
galactose oxidase. Mononuclear copper coordination
complexes have been prepared that contain dioxygen
bound to the metal in two distinct coordination modes:
side-on (Scheme 11A) [69] and end-on (Scheme 11B)
[70]. Side-on coordination in the oxy complex is charac-
teristic of strong metal–ligand covalent interactions and
the bonding in the complex leads to a description as
Cu3+–peroxide, containing a highly oxidized trivalent
copper ion. The end-on geometry, on the other hand,
Scheme 11.
is described as a Cu2+–superoxide adduct. Side-on oxy-
gen-binding essentially requires the availability of two
adjacent coordination sites on the metal ion, and there-
fore end-on ligation is favored in sterically congested
complexes. As a result of the differences in valence elec-
tron distribution in these two classes of complexes, they
are expected to exhibit distinct reactivity, with the side-
on complex favoring inner sphere (metal-centered)
reduction and the end-on complex favoring outer sphere
(oxygen-centered) reduction.

Inspection of the active site of galactose oxidase
shows that access to the metal center is quite restricted
even for a diatomic substrate like O2. His496, His581
and Tyr272 appear to occupy three of four equatorial
positions in the complex, and the EXAFS evidence cited
earlier suggests that all three ligands are retained in the
reduced complex. The position of the Tyr496 phenolic
oxygen is also quite constrained by the structure of the
protein, and is unlikely to provide room for a second
coordination position for oxygen binding at the front
face of the metal center. Based on these structural con-
siderations, the end-on oxygenated complex seems more
likely in this case. The positions of crystallographically
defined water molecules in the active site may provide
a clue. In other oxygen-reactive enzymes, the pattern
of interactions that stabilize the oxygenated intermedi-
ate also stabilize a special pair of water molecules in
the absence of oxygen, forming a ‘‘ghost’’ of the perox-
ide molecule. Two water molecules in the active site of
galactose oxidase, one being the metal-bound solvent,
occupy positions that are separated by 3.2 Å, possibly
defining the outline of the peroxide-stabilization site
[71].

Reduction of dioxygen is expected to essentially re-
verse the sequence of steps involved in substrate oxida-
tion (Fig. 6). Inner sphere reduction (SET) and outer
sphere atom transfer (HAT) to an end-on bound dioxy-
gen species will generate a Cu2+–hydroperoxide adduct.
Protonation of the proximal, coordinated oxygen atom
(PT across the proton transfer coordinate from
Tyr495) would serve to displace the coordinated perox-
ide and complete the turnover cycle.
Mechanism of cofactor biogenesis in galactose oxidase

The Tyr–Cys cofactor appears to be the key to the
free radical chemistry of galactose oxidase and related
enzymes. The origin of this feature in the mature protein
has been the focus of considerable interest, particularly
following a report that the Tyr–Cys cross-link can form
spontaneously in vitro with formation of free radical
coupled-Cu2+-containing active enzyme product [72].
The reaction was reported to depend on the presence
of Cu2+ and dioxygen and to be independent of any
other proteins. Early work on self-processing of an



Scheme 12.

Fig. 6. Proposed mechanism for dioxygen reduction by galactose oxidase. Reaction of O2 with the Cu1+ active site (A) is predicted to involve
formation of an adduct (B) that will undergo single-electron transfer to form an oxy radical complex (C). Hydrogen abstraction reduces the complex
to a hydroperoxide adduct (D) which may be protonated at the proximal oxygen (E) leading to displacement of the product (F).
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immature form of galactose oxidase (retaining a 17-res-
idue N-terminal pro-peptide extension and lacking the
Tyr–Cys site) secreted by metal-starved Aspergillus cul-
tures lead to a suggestion that the pro-peptide serves
as a chaperone for delivery of copper to the active site
and the maturation of the metal complex [73]. However,
this proposal is at odds with the observation that galac-
tose oxidase and related enzymes are efficiently ex-
pressed in their mature, functional form from chimeric
fusion protein precursors containing widely divergent
leader sequences [74].

Further progress on the mechanism of cofactor bio-
genesis in galactose oxidase has been made possible by
the availability of large quantities of pregalactose oxi-
dase (with a mature N-terminal but lacking the Tyr–
Cys cross-link) resulting from high level expression in
Pichia pastoris methylotrophic yeast fermentation cul-
tures [37]. Using this well-defined precursor, the metal
oxidation state dependence of the self-processing reac-
tion has been investigated. Interestingly, the rate of
Cu2+-dependent cross-linking (kxl = 3.8 · 10�5 s�1) is
nearly 104 · slower than the Cu1+-dependent rate
(kxl = 0.4s�1), demonstrating that the reduced metal
ion is required for the reaction to proceed efficiently.
This sensitivity of the cross-linking reaction to metal
oxidation state had actually been predicted on the basis
of the overall electron count for conversion of Cu1+ or
Cu2+ precursor complexes into the active enzyme, as
illustrated in Scheme 12. The overall reaction involves
oxidative coupling of tyrosine and cysteine side chains
(a two-electron process) and further oxidation of the
Tyr–Cys cofactor to the free radical. In the absence of
metal-centered oxidation, this would be a three-electron
process, which would require unfavorable odd-electron
reduction of dioxygen. Metal-centered redox increases
this to four-electron overall reaction which is more
favorable for coupling to dioxygen, as shown in Eq. (2):
ðaÞ oxidative coupling 2e�

ðbÞ Tyr–Cys ! Tyr–Cys� 1e�

ðcÞ Cu1þ ! Cu2þ 1e�

9>=
>;

Total 4e�

ð3Þ

In fact, kinetic analysis of the cross-linking reaction is
consistent with the slow Cu2+-dependent process occur-
ring via reduction to Cu1+ by adventitious reductants in
the sample.

Analysis of the dioxygen stoichiometry for the cross-
linking reaction gives further information on the cofac-
tor biogenesis mechanism. Titration of an anaerobic
solution of preformed pregalactose oxidase Cu1+ com-
plex with O2-containing buffer yielded a dioxygen stoi-
chiometry of 1.8 O2/active enzyme product, indicating
that two molecules of dioxygen are consumed in the ac-
tive site maturation process. This is a significant con-
straint on any detailed mechanistic proposal for this
reaction, and on the basis of evidence for a four-electron
overall reaction suggests that two molecules of hydrogen
peroxide are generated in the process [37].

Transient kinetics studies of the Cu1+-dependent bio-
genesis reaction have revealed a pH sensitivity, with the
rate maximizing at higher pH above an effective pKa

of 7.5 characteristic of ionization of cysteine thiols in
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solvent-exposed environments in proteins. A significant
solvent kinetic isotope effect is also observed on the reac-
tion at lower pH, which vanishes in the higher pH range,
following a pH profile exactly mirroring the rate profile.
This suggests that the proton giving rise to the isotope
effect at low pH is the same proton that ionizes to give
the rate enhancement at high pH.

The reaction of dioxygen with the Cu1+ precursor
complex is expected to result in one-electron reduction
of O2, implying the involvement of free radical inter-
mediates in the biogenesis reaction, although there is
no spectroscopic evidence for build-up of radicals in
the rapid reaction experiments and further investiga-
tion will be necessary to identify the radicals involved.
A detailed mechanism consistent with the experimental
results has been proposed (Fig. 7) [37]. The reaction is
initiated by Cu1+ binding to a pre-organized active site
(Figs. 7A and B). Dioxygen reacts with this complex to
produce an oxygenated species (e.g., Schemes 11A or
B). An end-on superoxo complex (Fig. 7C) would be
Fig. 7. Proposed mechanism for biogenesis of the Tyr–Cys cofactor in gala
reduced metal complex (B). Oxygen reacts directly with the metal center to fo
atom from the active site cysteine Cys228 to form a thiyl free radical (D). A
proton restores aromaticity to the ring system and reduces the metal center (F
complex (G).
expected to react in the outer sphere with the Cys228
thiol to form a thiyl free radical (Fig. 7D). The pH
and isotope effect measurements described above may
reflect this reactivity of the Cys228 side chain. Addition
of the thiyl free radical to the Tyr272 ring system
would break the aromatic conjugation of the ring
(Fig. 7E) which would be restored on deprotonation
and reduction of the metal ion (Fig. 7F). This mature,
cross-linked complex corresponds to the fully reduced
active site formed during turnover, and is expected to
undergo very rapid reaction with a second molecule
of O2 to form the oxidized metalloradical complex.
An alternative path, involving side-on bound oxy spe-
cies and inner-sphere reaction of the initial complex,
might proceed via a tyrosyl phenoxyl free radical inter-
mediate (Scheme 13). This mechanism accounts for the
metal oxidation-state dependence of the reaction, the
O2 stoichiometry, the pH and isotope sensitivity and
the requirement for a metalloradical complex in the
product.
ctose oxidase. Cu1+ binds to a pre-organized active site (A) to form a
rm a reactive oxygenated adduct (C) capable of abstracting a hydrogen
ddition of the free radical to the Tyr272 ring system (E) and loss of a
) allowing a second molecule of O2 to react to form the metalloradical



Scheme 14.

Scheme 13.
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Conclusions

The active site of galactose oxidase has evolved a
structure capable of controlling the reactivity of free
radicals for enzymatic oxidation chemistry. The two
tyrosines in the active site (Scheme 14) each perform a
distinct function in concert with the redox-active metal
ion. Tyr495 serves as a general base that activates the
reducing substrate by proton abstraction during the
reductive half-reaction, and facilitates displacement of
hydrogen peroxide product by protonation in the oxida-
tive half-reaction. The metal ion functions as a one-elec-
tron storage site, complemented by the hydrogen-atom
transfer reactivity of the Tyr–Cys cofactor. Together,
these components form an efficient two-electron cata-
lytic complex that can be turned on and off by reversible
one-electron reduction, controlling the enzyme activity
in the extracellular space.
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