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Abstract

Galactose oxidase is a radical copper oxidase, an enzyme making use of a covalently modified tyrosine residue as a free
radical redox cofactor in alcohol oxidation catalysis. We report here a combination of spectroscopic and magnetochemical

Ž .studies developing insight into the interactions between the active site Cu II and two distinct tyrosine ligands in the
Ž . Ž .biological complex. One of the tyrosine ligands Y495 is coordinated to the Cu II metal center as a phenolate in the resting

enzyme and serves as a general base to abstract a proton from the coordinated substrate, thus activating it for oxidation. The
structure of the resting enzyme is temperature-dependent as a consequence of an internal proton equilibrium associated with

Ž .this tyrosine that mimics this catalytic proton transfer step. The other tyrosine ligand Y272 is covalently crosslinked to a
cysteine residue forming a tyrosine–cysteine dimer free radical redox site that is required for hydrogen atom abstraction
from the activated substrate alkoxide. The presence of the free radical in the oxidized active enzyme results in formation of

Ž .an EPR-silent Cu II complex shown by multifield magnetic saturation experiments to be a diamagnetic singlet arising from
antiferromagnetic exchange coupling between the metal and radical spins. A paramagnetic contribution observed at higher
temperature may be associated with thermal population of the triplet state, thus permitting an estimate of the magnitude of

Ž y1 .the isotropic exchange coupling J)200 cm , JS PS in this complex. Structural correlations and the possible1 2

mechanistic significance of metal–radical coupling in the active enzyme are discussed. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Enzymatic catalysis has emerged in this cen-
tury as the ultimate refinement of reaction
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chemistry, combining extraordinary catalytic
rate enhancements with exquisite selectivity. The
subtlety of enzyme design, now revealed in
hundreds of atomic resolution protein crystal
structures, has inspired synthetic chemists aim-
ing to reproduce the essential features of these
biological active sites in small molecule models.
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However, in spite of exciting developments in
recent years, biological catalysts are still unsur-
passed by their synthetic analogs, and in general
it appears to be much easier to imitate structure
than to reproduce function. Success may ulti-
mately depend on deeper insight into the cat-
alytic principles expressed in enzyme com-
plexes, reaching beyond the atomic coordinates
available from crystallography to understand
both their dynamical implications in protein mo-
tion and their consequences at the level of elec-
tronic structure.

The structural elements from which proteins
form their catalytic complexes are deceptively
simple: an alphabet of 20 L-amino acids, each
contributing unique chemical and structural
characteristics. Proteins can extend this basic
20-letter alphabet by covalent modification of
protein side chains, generating novel structures
with essential new properties and reactivities.
Nearly two decades ago, the work of Duine
w x w x1–4 and others 5–7 brought to light a new
class of modifications that confer on the protein
the ability to directly participate in oxidation–
reduction chemistry through the formation of

w xredox active amino acid side chains 8 . Post-
translational covalent modification of trypto-
phan and tyrosine residues leads to the forma-

Žtion of a variety of quinonoid derivatives pyr-
Ž . w xroloquinoline quinone PQQ 1–4 ; tryptophan

Ž . w xtryptophylquinone TTQ 5 ; topa quinone
Ž . w x Ž . w x .TPQ 6 ; lysine tyrosylquinone LTQ 7 ; etc.
that can serve as prosthetic groups in catalysis.
These redox active amino acid side chains give
rise to special reactivities characteristic of
quinoproteins and are often associated with free

w xradical mechanisms of catalysis 9,10 .
A distinct type of modification is represented

by the free radical enzyme, galactose oxidase
w x11 . The unique features of galactose oxidase
redox site have emerged from a combination of

w x w xbiochemical 12 and spectroscopic 13–18
studies that have revealed a free radical-coupled
copper complex in the active enzyme. This re-
markably stable free radical complex was over-
looked in earlier spectroscopic studies which

principally focussed on a catalytically inactive
w xform of the enzyme lacking the radical 19 .

Detailed characterization of the radical in the
oxidized enzyme has led to assignment of the
radical to a modified or perturbed tyrosine
residue in the protein based on resonance Ra-

w xman spectra 14 and analysis of the unusual
EPR spectrum of the protein free radical and

w xisotopic labelling experiments 13 . Crystallog-
raphy has subsequently revealed an unusual fea-

w x Žture of the active site metal center 20,21 Fig.
.1 . One of the two tyrosine ligands coordinating

Ž .the active site metal ion Y272 is found to be
covalently crosslinked at a position ortho to the
phenolic oxygen to the Sg of a cysteine residue
Ž .C228 . This tyrosine–cysteine dimer is re-
stricted to one-electron reactivity, making it dis-
tinct from other quinocofactors. Model studies
on thioether substituted phenols and their metal

w xcomplexes 22–26 as well as advanced spectro-
Ž w xscopic experiments resonance Raman 14,16 ,

w x w x.ENDOR 17 , high field EPR 18 on the en-
zyme have confirmed that this modified tyrosine
is redox active in the protein.

The active site of galactose oxidase thus
brings together a core of catalytic features in-
cluding three essential elements: the redox ac-
tive metal ion, which interconverts between

Ž . Ž .Cu II and Cu I in the course of reaction; a
Ž .simple tyrosine phenolate Y495 , coordinated

Ž .to the Cu II metal ion in the resting enzyme at
ambient temperature and serving as a proton
coupling element of the catalytic complex; and

ŽFig. 1. The active site of galactose oxidase based on crystallo-
w w xx.graphic coordinates PDB ID 1GOG Refs. 20,21 .
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the Y272–C228 tyrosine–cysteine dimer which
serves as a one-electron redox cofactor. This
phenoxyl forms the free radical-coupled copper
complex in the active enzyme.

The interactions between the metal ion and
the two tyrosines is of central importance in the

w xcatalytic mechanism of galactose oxidase 27 .
We report here on an intrinsic instability of the
active site structure resulting from a transition

Ž .in Cu II -Y495 phenolate interactions in the
inactive enzyme. Multifield magnetic suscepti-
bility measurements further explore the elec-
tronic interactions between the metal and phe-
noxyl redox orbitals in the active enzyme com-
plex.

2. Materials and methods

2.1. Biological materials

Ž .Galactose oxidase E.C. 1.1.3.9 was purified
Ž .from Dactylium dendroides ATCC 46032 cul-
w xtures as previously described 12 and converted

to the catalytically active form by oxidation
Ž .with 50 mM K Fe CN followed by desalting3 6

over a Bio Rad Laboratories BioGel P-30 col-
umn equilibrated with 50 mM sodium phos-

w xphate buffer pH 7 12 . For spectroscopic exper-
iments the reductively inactivated enzyme was
prepared in the same fashion with 50 mM

Ž .K Fe CN as reductant. For susceptibility4 6

studies reduction was accomplished by addition
of one equivalent of sodium ascorbate to the
enzyme under an argon atmosphere. All spec-
troscopic and magnetochemical measurements
were performed on protein samples transferred
to 50 mM sodium phosphate buffer pH 7 in

Ž 2 .D O 99 atom% H by dilutionrconcentration2

cycles in an ultrafiltration cell. This reduces
background hysteresis in the magnetization data
resulting from nuclear susceptibility of slowly
relaxing solvent protons and reduces vibrational
overtone absorption in the NIR. Samples for
variable temperature absorption measurements

Ž .were prepared in 50% vrv glycerol glassing
solvent and injected into a cell formed from a

pair of quartz disks separated by a silicone
rubber spacer with a circular bore holding 120
ml of solution. Susceptibility samples were pre-
pared in quartz buckets, degassed by pumpr
purge cycling with argon to remove dissolved
oxygen, and frozen slowly in liquid nitrogen.
Molecular oxygen is a common paramagnetic
Ž .Ss1 impurity in susceptibility experiments.
Protein concentration was determined by optical
absorption measurements, using the previously

Žreported molar extinction coefficient ´ s280
5 y1 y1. w x1.05=10 M cm 28 . All reagents for

preparation of culture media and buffers were
from commercial sources and were used without
purification.

2.2. Spectroscopic instrumentation

Optical absorption spectra were recorded on
a Varian Instruments Cary 5E UV–vis–NIR
absorption spectrometer interfaced with a mi-
crocomputer for data acquisition. To avoid con-
densation artifacts in the NIR, the sample cham-
ber was purged with dry nitrogen gas. Variable
temperature measurements were made using a

Ž .Cryo Industries model RC-152 VT 5–300 K
vapor immersion optical cryostat, with a dual
sample holder. Temperature at the sample was
measured using a calibrated silicon diode sensor
and a Lakeshores Cryotronics model 330 tem-

Žperature controller. Samples were cooled -1
.Krmin in a stream of helium gas at atmo-

spheric pressure, and absorption measurements
were referenced to a solvent blank prepared in
parallel with the protein sample and mounted in
tandem on the sample block. EPR spectra were
recorded on a Bruker ER300 EPR spectrometer
equipped with a Bruker ER4116 DM bimodal
cavity and an Oxford Instruments ESR900 he-
lium flow cryostat. Spin quantitation was per-

w xformed as previously described 12 .

2.3. Multifield magnetization experiments

Multifield saturation magnetization studies
made use of a fully automated Quantum Design
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ŽSuperconducting Susceptometer Quantum De-
.sign, San Diego, CA . programmed to collect

data at several fixed fields over the temperature
w xrange 2–200 K as previously described 29,30 .

Theoretical powder magnetization curves were
calculated and the experimental data fit using

Žcommercial software WEB Research, Edina,
.MN to analyze the data.

3. Results

3.1. Temperature-dependent actiÕe site struc-
ture

Galactose oxidase undergoes distinctive color
changes on cooling to liquid nitrogen tempera-

Ž .ture 77 K . The characteristic intense green
color of the radical-containing active enzyme
Ž .AGO is replaced by a straw yellow at low
temperature, and the blue color of the radical-

Ž .free inactive enzyme IAGO turns to red under
similar conditions. The latter complex can be
prepared in 50% glycerol glassing solvent, al-
lowing the spectral changes associated with this
transformation to be measured over the entire
transition region and thus permitting a more
detailed analysis.

The optical absorption spectrum of IAGO
progressively shifts as the temperature is varied

Ž . Ž .from ambient 300 K to cryogenic 20 K
reflecting a smooth interconversion between

Žlimiting high- and low-temperature forms Fig.
. Ž .2 . At ambient temperature, the active site Cu II

center gives rise to transitions at 350, 440 and
635 nm, while the low temperature spectrum
has features at 345 and 532 nm. Between these
limits, the intermediate spectra maintain an isos-
bestic at 380 nm. These spectral changes are
independent of the buffer used, and appear to
reflect an internal temperature-dependent equi-
librium in the active site metal complex. The
temperature profile of the absorption changes at
650 nm is shown in the lower panel of Fig. 2.
Below 150 K, there is a small-amplitude in-
crease in intensity which has been fit to a linear

function of temperature and subtracted from the
entire data set. The most dramatic feature of the

Žprofile is the relatively abrupt appearance near
.150 K of a transition region over which the

majority of the spectral change occurs. This
transition region spans approximately 200 K
and has a sigmoidal profile suggesting simple
interconversion between two discrete limiting
structures, one stable at lower temperature and
the other becoming stabilized as the temperature
is raised:

K eq

L°H 1Ž .
where L and H represent the structures stable at
low and high temperature and K is the tem-eq

perature-dependent equilibrium constant that de-
termines the partitioning between these limiting
forms at a given temperature.

The thermochemical parameters associated
with this type of transition can be estimated
from a van’t Hoff analysis of the spectral data.
Defining K in terms of the fractional conver-eq

Ž .sion f between the limiting forms using the
absorption intensity as a measure of the compo-

Ž Ž Ž . Ž ..sition of the sample fs D A T r A yA :L H

K s fr 1y f s H r L 2Ž . Ž .eq

Since the total absorption A at a given wave-
length is the sum of weighted fractional contri-
butions

A T s 1y f A q f A 3Ž . Ž . Ž . Ž .L H

the equilibrium constant may be written in terms
of absorbance:

K s A T yA r A yA T 4Ž . Ž . Ž .Ž . Ž .eq L H

Žwith the limiting absorbance values A andL
.A being determined by least-squares analysisH

of the transition data at a given wavelength. Fig.
3 shows the results of analysis of the IAGO
data, allowing estimates of the van’t Hoff en-

Žthalpy and entropy D H s4.9 kcalrmol;vH
.DS s19 calrmol K . The solid line in Fig. 2vH

indicates the quality of the fit over the transition
region.

The interconversion of structures implied by
this analysis predicts that distinct ground states
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Ž . ŽFig. 2. Variable temperature optical spectra for IAGO. Top Optical absorption spectra recorded for IAGO 0.9 mM protein in 50 mM
. Ž .potassium phosphate buffer pH 7, 1 mm path length in 50% glycerol glassing solvent between 150 and 300 K in 8 K intervals. Bottom

Normalized 650 nm absorption profile for IAGO between 20 and 300 K after subtraction of low temperature linear dependence from entire
Ž .dataset as described in the text. Insert models the thermal transition in terms of internal proton transfer from coordinated solvent H O to2

tyrosine Y495 phenolate.

are associated with the two limiting forms. EPR
spectra recorded for IAGO at cryogenic and
ambient temperatures are shown in Fig. 4. The

Ž .low temperature 20 K EPR spectrum has a

Žrelatively large Cu hyperfine splitting a s1795

. ŽG compared to the ambient temperature 298

. Ž .K solution spectrum a s127 G . This de-5

crease in copper nuclear hyperfine coupling may
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Fig. 3. van’t Hoff analysis of IAGO transition. Linear regression
of the normalized experimental data with respect to the van’t Hoff

Ž .equation y RT ln K sDS yD H rT yield estimates ofeq vH vH
Žthe thermochemical parameters D H s4.9 kcalrmol, DS svH vH

.19 calrmol K with a midpoint for the transition T s255 K.m

reflect greater covalent delocalization in the am-
bient temperature complex. In addition to the
decreased hyperfine interaction, there is a slight
shift in the parallel component of the g-tensor

Ž . Ž Ž .for the Cu II ion g s2.29 20 K vs. 2.275

Ž ..298 K that likely reflects a change in the
orbital wavefunctions and splittings in the metal
valence shell.

The low temperature optical spectrum for
ligand free enzyme resembles the spectra ob-

w xserved for anion complexes of IAGO 15 , lead-
ing to identification of the low temperature
structure as a hydroxide complex. Anion bind-
ing has been shown to be associated with dis-

Žplacement of a tyrosinate ligand leading to loss
Ž .of the 450 nm phenolate-to-Cu II ligand-to-

Ž . .metal charge transfer LMCT absorption and
uptake of a single proton by a base with pK )9a

assigned to the unmodified tyrosine ligand Y495
w xin the active site complex 15 . Mutagenesis of
Ž .tyrosine to phenylalanine Y495F has been

w xshown to eliminate proton uptake 31 , consis-
tent with this interpretation. A temperature-de-
pendent thermal equilibrium between hydroxide
and aquo complexes accounts for these observa-
tions and implies a facile pathway for transfer

of a solvent proton to tyrosine, which can be
understood from the crystal structure showing
water and tyrosine occupy adjacent positions in

w xthe metal complex 20,21 . In the ambient tem-
perature structure of the resting enzyme, water
is bound in the pseudoaxial position associated

˚Ž .with the longest M–L bond distance 2.81 A .
Ž .The Cu–O Y495 bond distance is slightly

˚Ž . w xshorter 2.56 A 20,21 . Although hydrogens
are not resolved in protein structures, the heavy
atom positions are consistent with the structure
shown in Fig. 1, having a water proton oriented
to permit hydrogen bonding to the Y495 pheno-
late oxygen. Analysis of this model suggests a

˚2–3 A hydrogen bond could be accommodated,
defining a proton transfer coordinate for cat-
alytic movements in the active site. The pro-
posed transition between aquo- and hydroxide-
complexes is illustrated in the Insert of Fig. 2.

The mechanistic significance of this proton
transfer coordinate is shown in Fig. 4. In the
absence of crystallographic characterization of
the galactose oxidase substrate complex, coordi-
nating anions may serve as models for exoge-

Fig. 4. Groundstates of the IAGO complex at cryogenic and
Žambient temperatures monitored by EPR spectroscopy. IAGO 50

.mM in 50 mM sodium phosphate buffer, pH 7 in solution
Ž .containing 50% glycerol, 1 mm path length. —— 290 K

Ž . Žspectrum; – – – 20 K spectrum. Instrumental parameters: Mi-
Ž .crowave frequency, 9.76 GHz; microwave power, 0.5 mW 20 K

Ž .or 10 mW 298 K ; modulation frequency, 100 kHz; modulation
.amplitude, 10 G .
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Ž .nous ligand interactions. Anions acetate, azide
are known to replace the solvent in the active

w xsite, forming pyramidal complexes 20,21 . The
substrate complex may thus be modelled by
conservative substitution of water by a primary
alcohol under the constraint of stereospecific
pro-S hydrogen abstraction from the substrate

w x6-hydroxymethyl group 32 by the Y272 phen-
oxyl implying a structure similar to that shown
in Fig. 5. Coordination of the substrate hydroxyl
to the metal cation will initially lead to a dra-
matic acidification of the hydroxylic proton.
Ž Ž .For comparison, alcohols coordinated to Zn II
are acidified by at least ten log units with a

Ž . w x .reported pK s7.2 258C 33 . In this orienta-a

tion, the substrate may be hydrogen bonded to
the Y495 phenolate. This hydrogen bond de-
fines a proton transfer coordinate in the active
site. Transfer of the hydroxylic proton from
substrate alcohol to protein phenolate will lead
to a change in geometry at the metal center,
driven by the changing interactions with the two
ligands involved in the reaction. Relatively weak
pseudoaxial interactions with the substrate hy-
droxyl are replaced by strong equatorial interac-
tions with alkoxide, while tyrosine phenolate
interactions are replaced by a weak pseudoaxial
phenolic perturbation. This change in geometry

Fig. 5. Proton transfer coordinate for substrate activation by
galactose oxidase. Transfer of the hydroxylic proton from the

Ž .coordinated substrate alcohol left to the bound phenolate oxygen
of tyrosine Y495 results in displacement of tyrosine from the

Ž .metal complex Cu–oxygen stretch and contraction of the alkox-
Ž .ide–Cu II bond.

is the origin of the spectral changes observed
for the aquoenzyme complex in variable tem-
perature spectroscopy. Proton abstraction is
likely to be an essential initial step in galactose
oxidase catalysis, activating the substrate for
redox. The low energy barrier expected for the
proton shift implies that these two limiting
structures will be in rapid equilibrium, the rela-
tive stabilities determining the extent to which
the ionized substrate is available for subsequent
reaction steps. This implies a fairly subtle tun-
ing of the active site that we believe is reflected
in the thermal conversion of aquorhydroxo
forms and the observation that the conversion is
just approaching completion at the physiological
temperature range. The thermochromic color
changes observed for the active enzyme imply a
similar isomerization in the radical copper com-
plex.

3.2. Electronic interactions in the radical cop-
per actiÕe site

One of the most distinctive features of the
active enzyme complex is the electronic cou-

Ž .pling of the free radical ligand Y272 phenoxyl
Ž .with the Cu II metal ion. These interactions

give rise to the unusual absorption spectra of the
active enzyme complex, and also account for
the absence of an EPR signal from this form of

w xthe enzyme 11,12 . Both the protein radical and
Ž .Cu II ion have a single unpaired electron in

their valence shells resulting in a spin doublet
Ž .Ss1r2 electronic ground state which are
individually paramagnetic and EPR active. The

Ž .Cu II resonance is observed in the IAGO com-
plex, and the free radical EPR signal can be
detected in the oxidized apoenzyme. The ab-
sence of EPR spectra for the active enzyme
complex is consistent with antiferromagnetic
exchange coupling of radical and metal spins
leading to a diamagnetic, EPR silent ground

Ž .state Fig. 6 with a paramagnetic triplet state at
w xhigher energy 12 . The singlet–triplet splitting

defines the magnitude of the exchange coupling



( )M.M. Whittaker et al.rJournal of Molecular Catalysis B: Enzymatic 8 2000 3–1510

Fig. 6. Exchange coupling diagram for the free radical coupled
copper complex of active galactose oxidase. Antiferromagnetic
exchange coupling leads to stabilization of a diamagnetic EPR-si-

Ž .lent singlet S s0 ground state, with the paramagnetic tripletT
Ž .S s1 state at higher energy.T

Ž .J given by the Heisenberg isotropic exchange
Hamiltonian:

HH sJS PS 5Ž .exch 1 2

where S and S are local spin operators and J1 2

is the exchange coupling constant. In principle,
the population of the excited triplet may be
detected by EPR spectroscopy. However, if the
zero field splittings within the non-Kramers
multiplet are larger than the microwave quan-
tum no transitions will be observed. No EPR
resonances are observed for AGO in either par-
allel or perpendicular microwave polarizations

Ž .other than those arising from the minority Cu II
and free radical impurities which are also pre-
sent at low temperature. The absence of an EPR
signal implies electronic coupling within the
complex but is not definitive regarding the na-
ture of the coupling.

Magnetic susceptibility provides a sensitive
approach to detecting the paramagnetic compo-

w xnents in a sample 29,30 . This nonresonant
technique overcomes the limitations of spectro-
scopic detection of paramagnetic species and
allows the effects of temperature and magnetic
field perturbations to be systematically explored
through multifield, variable temperature magne-
tization measurements. The results of multifield
measurements on redox-activated galactose oxi-

Ž .dase are shown in Fig. 7 Top . The magnetiza-
tion profile plotted in Fig. 7A in terms of the
saturation parameter bHrkT has the character-
istic form of a simple Curie paramagnet but the
asymptotic magnetization at the saturation limit
is significantly less than predicted for an Ss
1r2 ground state. The majority of this contribu-
tion arises from a fraction of the enzyme which
is unable to be oxidized to the radical-contain-
ing active enzyme complex. This fraction is
estimated at approximately 17% based on spin

Ž .quantitation of the Cu II EPR signal in this
sample. Using this value and the average g-value
Ž . Ž .g for the Cu II ground state measured inav

Ž .EPR 2.112 a theoretical magnetization curve
Ž .can be calculated Fig. 7A . The close corre-

spondence between experiment and theory, es-
pecially at the lower temperature range, con-
firms that the only paramagnetic contribution in
the active enzyme at low temperature arises

Ž .from the minority Cu II species. The absence
of other paramagnetic contributions in magnetic
fields from 1.375 to 5.5 T demonstrates that the
free radical coupled copper complex has a dia-

Ž .Fig. 7. Multifield saturation magnetization studies of galactose oxidase complexes. A Magnetization of active galactose oxidase plotted vs.
bHrkT. The sample contained 320 nmol of protein. The top solid line indicates the expected signal were the entire protein in the Ss1r2

Ž .ground state with g s2.112 as seen by EPR. The fit to the data indicates 54 nmol 17% of the sample was in a spin Ss1r2 groundav
Ž . Ž . Ž . Ž .state. Data were collected at fields of 5.500 T ' , 2.750 T B , and 1.375 T v over the temperature range from 2 K to 200 K. B The

Ž . 2same data and fit to the data shown in panel A are plotted as m vs. temperature. The high temperature data indicates a contribution fromeff
y1 Ž .an antiferromagnetically coupled dimer of Ss1r2 spins with J)200 cm JS PS in addition to the ground state Ss1r2 already1 2

Ž . Ž .described in A . C Magnetization of reduced galactose oxidase plotted vs. bHrkT. The sample contained 280 nmol of protein. The top
solid line indicates the expected signal were the entire protein in the Ss1r2 ground state with g s2.112 as seen by EPR. The fit to theav

Ž . Ž .data indicates 220 nmol 79% of the sample was in a spin Ss1r2 ground state. Data were collected at fields of 5.500 T ' , 2.750 T
Ž . Ž . Ž . Ž .B , and 1.375 T v over the temperature range from 2 to 200 K. D The same data and fit to the data as shown in panel C are plotted
as m2 vs. temperature. The high temperature data indicates the absence of any paramagnetic component other than the spin Ss1r2eff

Ž .ground state as seen in C .
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magnetic ground state and thus exhibits antifer-
romagnetic exchange coupling between radical
and copper spins. The deviations between the
theoretical line and the experimental data in-
crease somewhat at higher temperatures, as can
be more clearly shown by plotting the effective

Ž .2magnetic moment m as a function of tem-eff
Ž .perature Fig. 7B . The growth in the excess

magnetic moment as the temperature is raised is
consistent with population of a low-lying para-
magnetic state. The trend toward higher mag-
netic moment in increasing magnetic fields is
characteristic of a Zeeman perturbation within a
non-Kramers triplet state for which the angular
momentum is quenched in the absence of a
magnetic field by zero field splittings that re-
move the multiplet degeneracies. Admixture of
zero-field states by the magnetic field progres-
sively unquenches the angular momentum,
which is reflected in the field-dependence of the
magnetic moment. The data shown are not suf-
ficient to determine the magnitude of the ex-
change coupling accurately but imply a lower
limit of about 200 cmy1 for the singlet–triplet
splitting due to moderately strong antiferromag-
netic coupling within the complex.

Magnetization studies on the reductively in-
Ž .activated Cu II enzyme prepared by ascorbate

Ž .reduction are shown in Fig. 7 Bottom for
comparison. In this case, the multifield satura-
tion data are fit cleanly to a Curie paramagnet
Ss1r2 with g s2.112 quantitating to 79%av

of the active sites as determined by complemen-
Žtary EPR characterization of the sample Fig.

.7C . The deviations from Curie behavior that
are characteristic of a spin-coupled ground state
are absent from this sample, as is clearly shown
in Fig. 7D where the high-temperature devia-
tions have the opposite sign and lack any con-
sistent field dependence.

The form of the temperature dependence ob-
served for the magnetization behavior is differ-
ent from that observed for chemical isomeriza-
tion of the IAGO enzyme complex, particularly
with respect to the lower energy over which the
magnetization develops and the relatively broad

profile. This makes it unlikely that the growing
magnetization arises from ground state ferro-
magnetism in a higher temperature isomer, al-
though it does not completely rule out that
possibility. More likely, the isomerization would
not significantly alter the electronic coupling
between radical and copper spins, although the
coupling to the Y495 phenolate will change
depending on its protonation state.

w xIn the natural magnetic orbital picture 34 ,
spatial overlap between half-occupied orbitals
on two paramagnetic fragments is the key fea-
ture leading to stabilization of the singlet ground
state of the complex. The origin of the elec-
tronic coupling in galactose oxidase should
therefore relate to orbital overlaps between MOs
containing the unpaired electrons on the metal

Ž .and phenoxyl free radical. In Cu II electronic
structure, spatial quantization of the highest va-

Ž .lence orbital the metal redox orbital is deter-
Ž .mined by the strongest and weakest interac-

tions in the complex. The energy of the com-
plex is minimized if this half-occupied orbital is
directed at the strongest antibonding ligand di-
rections. In a tetragonal complex, these direc-
tions are associated with the equatorial ligand
positions and define a d 2 2 orbital groundstatex yy

Ž .for Cu II . In lower symmetry the same princi-
ples apply, although the description of the
SOMO as a simple cubic d-orbital component
becomes progressively less accurate. Based on

w xthe crystal structure 20,21 , the strongest ligand
perturbations in the protein complex will be

Ž .associated with the two histidines H496, H581
Ž .and tyrosine Y272 , with the trans H496–Y272

interactions defining one component of the
equatorial ligand field. The form of the EPR

Ž .signal from Cu II in both aquo and hydroxo
Ž .complexes of IAGO g )g )2 is character-5 H

w x2 2istic of a d orbital ground state 11 . Thex yy

distribution of the unpaired electron in a
thioether-substituted phenoxyl radical has been
determined both experimentally and computa-

w xtionally 18 . The unpaired electron is localized
in the pi-system molecular orbital having contri-
butions from valence p atomic orbitals on thez
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Fig. 8. Unpaired electron distribution in the ground state of the
S-methyl substituted phenoxyl free radical. The atomic orbital
coefficients of the highest-lying occupied MO were calculated
using spin unrestricted density functional methods. The size of the
p orbitals are scaled to reflect relative contributions to thez

molecular radical.

Ž .exocyclic oxygen 0.19 , the exocyclic sulfur
Ž .0.28 with lesser contributions from the ring
carbons in the positions ortho and para to the

Ž .phenoxyl oxygen Fig. 8 .
Depending on their relative orientations, the

interacting magnetic orbitals may have direct
sigma overlaps, leading to substantial mixing
and antiferromagnetic exchange. Otherwise, the
magnetic orbitals will be weakly interacting or
orthogonal, leading to weak antiferromagnetic
or ferromagnetic coupling in the complex. A
more detailed analysis of phenolate–metal coor-
dination in galactose oxidase is required to ad-
dress these questions. In general, phenolate co-
ordination may be defined in terms of a M–O

Ž .bond distance and two angles, theta u and tau
Ž . Ž .t Fig. 9 . u represents the angle between
C–O and O–M bond vectors while t is the
dihedral or torsion angle of the M–O vector

Fig. 9. Coordination modes for tyrosine-metal interactions. In
addition to the M–O bond distance, two angles are required to
uniquely specify the geometry of the phenolate complex, the

Ž . Ž ./C–O–M bond angle u and the dihedral or torsion angle t

that determines the rotation of the M–O vector out of the plane of
the aromatic ring.

Table 1
Geometric parameters for tyrosinate coordination in galactose
oxidasea

Ž . Ž .d u 8 t 8M – O

Y495 2.56 105 53
Y272 1.91 127 y72

a Based on crystallographic coordinates reported in PDB ID 1GOG
w w xxRefs. 20,21 .

defined relative to the ring plane. A value of the
Ž .angle t near 908 perpendicular coordination

implies strong sigma p overlap of the oxygenz
Žvalence shell in which the unpaired electron

.resides with the metal d-orbital set whereas tau
Ž .near 08 parallel coordination implies pi inter-

actions will dominate. Both of the tyrosine lig-
ands in galactose oxidase have a strong perpen-

Ž .dicular tendency Table 1 , particularly Y272
Ž .tsy728 that may be expected to result in
strong electronic coupling between copper and
the free radical, indirectly reflected in the anti-
ferromagnetic exchange interactions. The geo-
metric arrangement of phenoxyl and metal or-

Ž .bitals Fig. 10 appears favorable for antiferro-
magnetic coupling, with the spin-occupied Opz

of the phenoxyl pi-system oriented to permit

Fig. 10. Orientation of tyrosine ligands in the galactose oxidase
copper complex. The p orbitals of the aromatic pi-systems liez

perpendicular to the ring planes emphasized here.
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Fig. 11. Spin selection rules for redox chemistry in the free radical
Ž . Ž .coupled Cu II complex in galactose oxidase. A Singlet substrate

coordinated to antiferromagnetically coupled radical copper com-
Ž .plex. B Pauli principle constraint on initial inner sphere electron

Ž .transfer to Cu II and polarized hydrogen atom transfer to the
Ž .Y272 phenoxyl. C Singlet complex of product aldehyde with

Ž . w 10 xCu I 3d and Y272 phenol.

strong sigma overlaps. Experimentally, antifer-
romagnetic coupling is observed, and mag-

netism thus provides useful information on the
interactions between the redox orbitals in the
oxidized complex. The exchange coupling be-
tween radical and metal spins found in these
experiments for the biological active site is
similar in magnitude to the antiferromagnetic
exchange interactions reported for a spin-label

Ž y1.free radical copper complex J)450 cm
w x35 . The crystal structure of that complex shows

Žthe nitroxyl oxygen on which the unpaired
.electron is localized is directly coordinated to

Ž . w xthe Cu II metal center 36 .
Radical–copper interactions may play a role

in the catalytic redox mechanism of galactose
oxidase through spin selection rules for chem-

Ž .istry Fig. 11 . In the course of turnover, the
Žsubstrate a closed shell molecule having a sin-

.glet ground state is converted to a singlet closed
shell product by reaction with a free-radical

Ž .Cu II complex, whose overlapping orbital com-
ponents give rise to an antiferromagnetic align-
ment of electronic spins. Inner sphere electron

Ž .transfer from the alkoxide substrate to Cu II
will be constrained by the Pauli principle to
select the antiparallel spin, leaving a ketyl radi-
cal having molecular polarization that, if it per-
sists, would permit hydrogen atom transfer to
the phenoxyl without relaxation of the spins.
This requirement on spin chemistry becomes
important for chemical reaction rates faster than
the relaxation time of the electronic spins, which
can be as long as seconds for organic free
radicals.

4. Conclusions

Thermal instability of the active site complex
results in a structural transition at low tempera-
tures, mapping out a proton transfer coordinate
that is expected to be important in the catalytic
mechanism of galactose oxidase. Electronic
coupling between the Y272 phenoxyl and the

Ž .Cu II metal center stabilize a diamagnetic sin-
glet ground state as a consequence of moder-

Ž y1.ately strong JG200 cm antiferromagnetic
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exchange coupling in the free radical copper
complex. This interaction may be significant in
correlating spins for rapid two-electron redox
chemistry in the active site.
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